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PREFACE TO THE NINTH REVISED: EDITION 

This edition of the Smithsonian Physical Tables consists of 901 tables giv- 
ing data of general interest to scientists and engineers, and of particular inter- 
est to those concerned with physics in its broader sense. The increase in size 
over the Eighth Edition is due largely to new data on the subject of atomic 
physics. The tables have been prepared and arranged so as to be convenient 
and easy to use. The index has been extended. Each set of data given herein 
has been selected from the best sources available. Whenever possible an expert 
in each field has been consulted. This has entailed a great deal of correspond- 
ence with many scientists, and it is a pleasure to add that, almost without 
exception, all cooperated generously. 
When work first started on this edition, Dr. E. U. Condon, then director of 

the National Bureau of Standards, kindly consented to furnish any assistance 
that the scientists of that institution were able to give. The extent of this help 
can be noted from an inspection of the book. Dr. Wallace R. Brode, associate 
director, National Bureau of Standards, gave valuable advice and constructive 
criticism as to the arrangement of the tables. 

D. H. Menzel and Edith Jenssen Tebo, Harvard University, Department of 
Astronomy, collected and arranged practically all the tables on astronomy. 
A number of experts prepared and arranged groups of related data, and 

others either prepared one or two tables or furnished all or part of the data 
for certain tables. Care has been taken in each case to give the names of those 
responsible for both the data and the selection of it. A portion of the data was 
taken from other published sources, always with the.consent and approval of 
the author and publisher of the tables consulted. Due credit has been given in 
all instances. Very old references have been omitted. Anyone in need of these 
should refer to the Eighth Edition. 

It was our intention to mention in this preface the names of all who took part 
in the work, but the list proved too long for the space available. We wish, 
however, to express our appreciation and thanks to all the men and women 
from various laboratories and institutions who have been so helpful in con- 
tributing to this Ninth Edition. 

Finally, we shall be grateful for criticism, the notification of errors, and 
new data for use in reprints or a new edition. 

W. Eo FORSYTHE 
Astrophysical Observatory 
Smithsonian Institution 
January 1951 

EDITOR’S NOTE 

The ninth edition of the Physical Tables was first published in June 1954. 
In the first reprint (1956), the second reprint (1959), and the third (1964) 
a few misprints and errata were corrected. 

ili 
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INTRODUCTION 

UNITS OF MEASUREMENT 

The quantitative measure of anything is expressed by two factors—one, 
a certain definite amount of the kind of physical quantity measured, called the 
unit; the other, the number of times this unit is taken. A distance is stated 
as 5 meters. The purpose in such a statement is to convey an idea of this dis- 
tance in terms of some familiar or standard unit distance. Similarly quantity 
of matter is referred to as so many grams; of time, as so many seconds, or 
minutes, or hours. 

The numerical factor definitive of the magnitude of any quantity must de- 
pend on the size of the unit in terms of which the quantity is measured. For 
example, let the magnitude factor be 5 for a certain distance when the mile is 
used as the unit of measurement. A mile equals 1,760 yards or 5,280 feet. The 
numerical factor evidently becomes 8,800 and 26,400, respectively, when the 
yard or the foot is used as the unit. Hence, to obtain the magnitude factor for 
a quantity in terms of a new unit, multiply the old magnitude factor by the ratio 
of the magnitudes of the old and new units; that is, by the number of the new 
units required to make one of the old. 

The different kinds of quantities measured by physicists fall fairly definitely 
into two classes. In one class the magnitudes may be called extensive, in the 
other, intensive. To decide to which class a quantity belongs, it is often helpful 
to note the effect of the addition of two equal quantities of the kind in question. 
If twice the quantity results, then the quantity has extensive (additive) mag- 
nitude. For instance, two pieces of platinum, each weighing 5 grams, added 
together weigh 10 grams; on the other hand, the addition of one piece of 
platinum at 100° C to another at 100° C does not result in a system at 200° C. 
Volume, entropy, energy may be taken as typical of extensive magnitudes ; 
density, temperature and magnetic permeability, of intensive magnitudes. 

The measurement of quantities having extensive magnitude is a compara- 
tively direct process. Those having intensive magnitude must be correlated 
with phenomena which may be measured extensively. In the case of tempera- 
ture, a typical quantity with intensive magnitude, various methods of measure- 
ment have been devised, such as the correlation of magnitudes of temperature 
with the varying lengths of a thread of mercury. 

Fundamental units.—It is desirable that the fewest possible fundamental 
unit quantities should be chosen. Simplicity should regulate the choice— 
simplicity first, psychologically, in that they should be easy to grasp mentally, 
and second, physically, in permitting as straightforward and simple definition 
as possible of the complex relationships involving them. Further, it seems de- 
sirable that the units should be extensive in nature. It has been found possible 
to express all measurable physical quantities in terms of five such units: first, 
geometrical considerations—length, surface, etc.—lead to the need of a length; 
second, kinematical considerations—velocity, acceleration, etc.—introduce 
time; third, mechanics—treating of masses instead of immaterial points—in- 
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troduces matter with the need of a fundamental unit of mass; fourth, electrical, 
and fifth, thermal considerations require two more such quantities. The dis- 
covery of new classes of phenomena may require further additions. 

As to the first three fundamental quantities, simplicity and good use sanction 
the choice of a length, L, a time interval, 7, and a mass, W. For the measure- 
ment of electrical quantities, good use has sanctioned two fundamental quan- 
tities—the dielectric constant, K, the basis of the “electrostatic” system, and 
the magnetic permeability, », the basis of the “electromagnetic” system. Be- 
sides these two systems involving electrical considerations, there is in common 
use a third one called the ‘‘absolute” system, which will be referred to later. 
For the fifth, or thermal fundamental unit, temperature is generally chosen.’ 

Derived units.—Having selected the fundamental or basic units—namely, 
a measure of length, of time, of mass, of permeability or of the dielectric 
constant, and of temperature—it remains to express all other units for physical 
quantities in terms of these. Units depending on powers greater than unity of 
the basic units are called “derived units.”” Thus, the unit volume is the volume 
of a cube having each edge a unit of length. Suppose that the capacity of some 
volume is expressed in terms of the foot as fundamental unit and the volume 
number is wanted when the yard is taken as the unit. The yard is three times 
as long as the foot and therefore the volume of a cube whose edge is a yard is 
3x 3x3 times as great as that whose edge is a foot. Thus the given volume 
will contain only 1/27 as many units of volume when the yard is the unit of 
length as it will contain when the foot is the unit. To transform from the foot 
as old unit to the yard as new unit, the old volume number must be multiplied 
by 1/27, or by the ratio of the magnitude of the old to that of the new unit of 
volume. This is the same rule as already given, but it is usually more con- 
venient to express the transformations in terms of the fundamental units 
directly. In the present case, since, with the method of measurement here 
adopted, a volume number is the cube of a length number, the ratio of two units 
of volume is the cube of the ratio of the intrinsic values of the two units of 
length. Hence, if / is the ratio of the magnitude of the old to that of the new 
unit of length, the ratio of the corresponding units of volume is /*. Similarly 
the ratio of two units of area would be /?, and so on for other quantities. 

CONVERSION FACTORS AND DIMENSIONAL FORMULAE 

For the ratio of length, mass, time, temperature, dielectric constant, and 
permeability units the small bracketed letters, [/], [m], [t], [@], [A], and [z] 
will be adopted. These symbols will always represent simple numbers, but the 
magnitude of the number will depend on the relative magnitudes of the units 
the ratios of which they represent. When the values of the numbers represented 
by these small bracketed letters as well as the powers of them involved in any 
particular unit are known, the factor for the transformation is at once obtained. 
Thus, in the above example, the value of / was 1/3, and the power involved 
in the expression for volume was 3; hence the factor for transforming from 
cubic feet to cubic yards was /* or 1/33 or 1/27 These factors will be called 
conversion factors. 

1 Because of its greater psychological and physical simplicity, and the desirability that 
the unit chosen should have extensive magnitude, it has been proposed to choose as the 
fourth fundamental quantity a quantity of electrical charge, e. The standard units of electri- 
cal charge would then be the electronic charge. For thermal needs, entropy has been pro- 
posed. While not generally so psychologically easy to grasp as temperature, entropy is of 
fundamental importance in thermodynamics and has extensive magnitude. (Tolman, R. C., 
The measurable quantities of physics, Phys. Rev., vol. 9, p. 237, 1917.) 
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To find the symbolic expression for the conversion factor for any physical 
quantity, it is sufficient to determine the degree to which the quantities, length, 
mass, time, etc., are involved. Thus a velocity is expressed by the ratio of the 
number representing a length to that representing an interval of time, or 
[L/T], and acceleration by a velocity number divided by an interval-of-time 
number, or [L/T?], and so on, and the corresponding ratios of units must 
therefore enter in precisely the same degree. The factors would thus be for 
the just-stated cases, [//t] and [//t®?]. Equations of the form above given for 
velocity and acceleration which show the dimensions of the quantity in terms of 
the fundamental units are called dimensional equations. Thus [E]=[ML?T*] 
will be found to be the dimensional equation for energy, and [ML?T~*] the 
dimensional formula for it. These expressions will be distinguished from the 
conversion factors by the use of bracketed capital letters. 

In general, if we have an equation for a physical quantity, 

C=C VET: 

where C is a constant and L, M, T represent length, mass, and time in terms 
of one set of units, and it is desired to transform to another set of units in terms 
of which the length, mass, and time are L,, M,, T,, we have to find the value of 
L,/L, M,/M, T,/T, which, in accordance with the convention adopted above, 
will be J, m, t, or the ratios of the magnitudes of the old to those of the new 
units. 

Thus L,=Ll, M,=Mm, T,=Tt, and if Q, be the new quantity number, 

OF;= CL eee 
— CLYU4M>mT¢te = Ol*m't?, 

or the conversion factor is [/%mt°], a quantity precisely of the same form as 
the dimension formula [L°M°T°]. 

Dimensional equations are useful for checking the validity of physical equa- 
tions. Since physical equations must be homogeneous, each term appearing in 
them must be dimensionally equivalent. For example, the distance moved by 
a uniformly accelerated body is s=vot+ at?. The corresponding dimensional 
equation is [L]=[(L/T)T]+[(L/T?)T?], each term reducing to [L]. 

Dimensional considerations may often give insight into the laws regulating 
physical phenomena.” For instance, Lord Rayleigh, in discussing the intensity 
of light scattered from small particles, in so far as it depends upon the wave- 
length, reasons as follows: * 

The object is to compare the intensities of the incident and scattered ray; for these will 
clearly be proportional. The number (7) expressing the ratio of the two amplitudes is a 
function of the following quantities:—V, the volume of the disturbing particle; r, the 
distance of the point under consideration from it; A, the wavelength; c, the velocity of 
propagation of light; D and D’, the original and altered densities: of which the first three 
depend only on space, the fourth on space and time, while the fifth and sixth introduce the 
consideration of mass. Other elements of the problem there are none, except mere numbers 
and angles, which do not depend upon the fundamental measurements of space, time, and 
mass. Since the ratio 1, whose expression we seek, is of no dimensions in mass, it follows 
at once that D and D’ occur only under the form D: D’, which is a simple number and may 
therefore be omitted. It remains to find how i varies with V’,r,X,c. 

Now, of these quantities, c is the only one depending on time; and therefore, as i is of no 
dimensions in time, c cannot occur in its expression. We are left, then, with ,r, and \; and 
from what we know of the dynamics of the question, we may be sure that i varies directly as 
V and inversely as r, and must therefore be proportional to V ~ d*r, V being of three di- 

2 Buckingham, E., Phys. Rev., vol. 4, p. 345, 1914; also Philos. Mag., vol. 42, p. 696, 1921. 
8 Philos. Mag., ser. 4, vol. 41, p. 107, 1871. See also Robertson, Dimensional analysis, 

Gen. Electr. Rev., vol. 33, p. 207, 1930. 

SMITHSONIAN PHYSICAL TABLES 



4 

mensions in space. In passing from one part of the spectrum to another \ is the only 
quantity which varies, and we have the important law: 
When light is scattered by particles which are very small compared with any of the 

wavelengths, the ratio of the amplitudes of the vibrations of the scattered and incident light 
varies inversely as the square of the wavelength, and the intensity of the lights themselves 
as the inverse fourth power. 

The dimensional and conversion-factor formulae for the more commonly 
occurring derived units are given in Table 30. 

TABLE 2.—SOME FUNDAMENTAL DEFINITIONS 

Part 1.—Geometrical and mechanical units 4 

Activity (power).—Time rate of doing work; unit, the watt. 

Angle (¢).—The ratio of the length of its circular arc to its radius; unit, 
the radian. 

Angstrom.— Unit of wavelength= 107° meter. (See Table 522.) 

dw 

dt 

Angular momentum (/w).—The product of its moment of inertia about 
an axis through its center of mass perpendicular to its plane of rotation and its 
angular velocity. 

Angular acceleration («= ) —The rate of change of angular velocity. 

Angular velocity.—The time rate of change of angle. 

Area.—Fxtent of surface. Unit, a square whose side is the unit of length. 
The area of a surface is expressed as S=CL?, where the constant C depends 
on the contour of the surface and L is a linear dimension. If the surface is a 
square and L the length of a side, C is unity ; if a circle and L its diameter, C 
is 7/4, (See Table 31.) 

Atmosphere.— Unit of pressure. (See Table 260.) 

English normal= 14.7 lb/in.2=29.929 in. Hg =760.18 mmHg (32°F) 
Un S:=760 mmbtes(0°C) 29.92 inte =14 7 Oba: 

Avogadro number.—Number of molecules per mole, 6.0228 x 10”? mole- 
cules/mole. 

Bar.**—International unit of pressure 10° dyne/cm?. 
Barye.—cgs pressure unit, one dyne/cm?. 

Carat.—The diamond carat standard in U. S.=200 mg. Old standard= 
205.3 mg=3.168 grains. The gold carat: pure gold is 24 carats; a carat is 
1/24 part. 

Circular area.—The square of the diameter = 1.2733 x true area. True 
area = 0.785398 x circular area. 

Circular inch.—Area of circle 1 inch in diameter. 

Cubit = 18 inches. 

4 For dimensional formula see Table 30, part 2. 
4a Some writers have used this term for 1 dyne/cm?. 
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Dalton (atomic mass unit M,).—Unit of mass, 1/16 mass of oxygen (,07°) 
atom, 1.66080 x 10°** g (Phys. scale). (See Table 26.) 

Density.—The mass per unit volume. The specific gravity of a body is the 
ratio of a density to the density of a standard substance. Water and air are 
commonly used as the standard substance. 

Digit.—3/4 in.; 1/12 the apparent diameter of the sun or moon. 

Diopter.— Unit of “power of a lens.”” The diopter = the reciprocal of the 
focal length in meters. 

Dyne.—The cgs, unit of force = that unbalanced force which acting for 
1 second on body of 1 gram mass produces a velocity change of 1 cm/sec. 

Energy.—The work done by a force produces either a change in the velocity 
of a body or a change of its shape or position or both. In the first case it pro- 
duces a change of kinetic energy, in the second, of potential energy. 

Erg.—The cgs unit of work and energy = the work done by 1 dyne acting 
through 1 centimeter. 

Fluidity.— Reciprocal of viscosity. 

Foot-pound.—The work which will raise 1 pound. body 1 foot high for 
standard g. 

Foot-poundal.—The work done when a force of 1 poundal acts through 
1 foot. 

Force (f).—Force is the agent that changes the motion of bodies and is 
measured by the rate of change of momentum it produces on a free body. 

Gal = gravity standard = an acceleration of 1 cm sec’. 

Giga = 10°. 

Gram.—The standard of mass in the metric system. (See Table 31.) 

Gram-centimeter.—The cgs gravitation unit of work. 

Gram-molecule.—The mass in grams of a substance numerically equal to 
its molecular weight. 

Gravitation constant.—(G, in formula F=Gm,m,/r’) =6.670 x 10° dyne 

em", 

Gravity (g).—The attraction of the earth for any mass. It is measured by 
the acceleration produced on the mass under standard conditions. This ac- 
celeration g equals 980.665 cm sec or 32.17 ft sec’. 

Horsepower.—A unit of mechanical power. The English and American 
horsepower is defined by some authorities as 550 foot-pounds/sec and by 
others as 746 watts. The continental horsepower is defined by some authori- 
ties as 75 kgm/sec and by others as 736 watts. 

Joule.—Unit of work (energy) = 10’ ergs. Joules = (volts? x sec)/ 
ohms = watts X sec = amperes” X ohms X sec = volts X amperes X sec. 

Kilodyne.—1,000 dynes. About 0.980 gram weight. 
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Kinetic energy.—The energy associated with the motion = —— in ergs if 

2 
m is in grams and v in cm/sec. 

Linear acceleration («= )—The rate of change of velocity. 

Liter.—See Table 32. 

Loschmidt number.—The number of molecules per cm® of an ideal gas at 
0°C and normal pressure = 2.6870 x 10? molecules/cm*. 

Megabaryes.— Unit of pressure = 1,000,000 baryes = 1 bar = 0.987 at- 
mosphere. 

Meter.—See Table 31. 

Micro.—A prefix indicating the millionth part. (See Table 901.) 

Micron () = one-millionth of a meter = one-thousandth of a millimeter. 

Mil.—One-thousandth of an inch. 

Mile.—Statute = 5,280 feet ; nautical or geographical = 6,080.20 feet. 

Milli.—A prefix denoting the thousandth part. 

Modulus of elasticity.—Ratio of stress to strain. The dimension of strain, 
a change of length divided by a length, or change of volume divided by a 
volume, is unity. 

Mole or mol.—Mass equal numerically to molecular weight of substance. 

Momentum (M = mv).—The quantity of motion in the Newtonian sense ; 
the product of the mass and velocity of the body. 

Moment of inertia (/) of a body about an axis is the Smr?, where m is 
the mass of a particle of the body and r its distance from the axis. 

Newton.—The unit of force in the MKS system = 10° dynes. (See Table 
3, part 2.) 

Pound weight.—A force equal to the earth’s attraction for a mass of 1 
pound. This force, acting on 1 Ib mass, will produce an acceleration of 32.17 
ft/sec?. 

Poundal.—The ft-lb sec unit of force. That unbalanced force which acting 
on a body of 1 Ib mass produces an acceleration of 1 ft/sec’. 

Pi (7) =3.1416. (See Table 11.) 

th dW \ . : 
Power.— Activity arog the time rate of doing work. 

Radian.—An angle subtended by an arc equal to the radius. This angle 
equats’ 180" /x= 57295787957 17/457 — 200205 - 

Resilience.—The work done per unit volume of a body in distorting it to 
the elastic limit or in producing rupture. 

Slug.—Mass (32.17 Ib) acquiring acceleration 1 ft sec’? when continuously 
acted upon by force of 1 lb weight. 
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Strain——The deformation produced by a stress divided by the original di- 
mension. 

Stress.—The force per unit area of a body that tends to produce a deforma- 
tion. 

Tenth-meter.—10°*° meter = 1 angstrom. 

Torque, moment of a couple, about an axis is the product of a force and the 
distance of its line of action from the axis. 

Volume.—Extent of space. Unit, a cube whose edge is the unit of length. 
The volume of a body is expressed as V = CL’. The constant C depends on 
the shape of the bounding surfaces. 

dt 

Viscosity.—The property of a liquid by virtue of which it offers resistance 
to flow. The coefficient of viscosity is the tangential force that must be applied 
to the upper surface of a l1-cm cube of the liquid on an edge to produce a 
velocity of 1 cm/sec in the face when the lower face is at rest. 

; GION We ne 
Velocity (v= =) is distance traversed per unit time. 

Work (W).—The work done by an unbalanced force is the product of the 
force by the component of the resulting displacement produced in the direction 
of the force. 

Young’s modulus.—Ratio of longitudinal stress within the proportional 
limit to the corresponding longitudinal strain. 

Part 2.—Heat Units 5 

Blackbody.—A body that absorbs all the radiation that falls upon it. From 
this definition and certain assumptions it can be shown that its total radiation = 
oT* (Stefan-Boltzmann Law) and that the spectral distribution of the radia- 
tion is given by the Planck Law: ** 

Brightness temperature (5).—The temperature of a non-blackbody de- 
termined from its brightness (with an optical pyrometer, see Table 77) as if 
it were a blackbody. Such temperatures are always less than the true tempera- 
tures. ; 

British thermal unit (Btu).—The amount of heat required to raise 1] 
pound of water at 60°F, 1°F. This unit is defined for various temperatures, 
but the general usage seems to be to take the Btu as equal to 252 calories. (See 
calorie. See Table 7.) 

Calorie.—The amount of heat necessary to raise 1 gram of water at 15°C, 
et 

5 For dimensional formulas see Table 30, part 2. 
5a An easier way to write this exponential term is: 

= ear (exp (4))- 1] 
This form will be used hereafter. 
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There are various calories depending upon the interval chosen. Sometimes 
the unit is written as the gram-calorie or the kilogram-calorie, the meaning of 
which is evident. There is some tendency to define the calorie in terms of its 
mechanical equivalent. Thus the National Bureau of Standards defines the 
calorie as 4.18400 joules. At the International Steam Table Conference held 
in London in 1929 the international calorie was defined as 1/860 of the inter- 
national watt hour (see Table 7), which made it equal to 4.1860 international 
joules. With the adoption of the absolute system of electrical units, this be- 
comes 1/859.858 watt hours or 4.18674 joules. The Btu was defined at the 
same time as 251.996 international calories. Thus, until such a time as these 
differences are taken care of, there will be some confusion. 

Celsius temperature scale.—The present-day designation of the scale 
formerly known as the Centigrade scale. 

Centigrade temperature scale.—The temperature scale that divides the 
interval between the ice point, taken as 0°C, and the boiling point of water 
with 100°. 

Coefficient of thermal expansion.—Ratio of the change of length per 
unit length (linear), or change of volume per unit volume (voluminal), to the 
change of temperature. 

Color temperature ® (7s).—The color temperature of a non-blackbody is 
the temperature at which it is necessary to operate the blackbody so that the 
color of its emitted light will match that of the source studied. 

Emissivity.—Ratio of the energy radiated at any temperature by a non- 
blackbody to that radiated by a blackbody at the saine temperature. The 
spectral emissivity is for a definite wavelength, and the total emissivity is 
for all wavelengths. 

Enthalpy.—Total energy that a system possesses by virtue of its tempera- 
ture. Thus, where U is the internal energy, then the enthalpy =U+PV where 
PV represents the external work. 

Entropy.—A measure of the extent to which the energy of the system is 
unavailable. 

Fahrenheit temperature scale.—A scale based on the freezing point -of 
water taken as 32° and the boiling point of water taken as 212°. 

Graybody.—A body that has a constant emissivity for all wavelengths. 

Heat.—Energy transferred by a thermal process. Heat can be measured 
in terms of the dynamical units of energy, as the erg, joule, etc., or in terms of 
the amount of energy required to produce a definite thermal change in some 
substance, as for example the energy required per degree to raise the tempera- 
ture of a unit mass of water at some temperature. The mechanical unit of 
heat has the dimensional formula of energy (ML?T*). The thermal unit 
(7), as used in many of these tables, is (1/6) where 6 denotes a temperature 
interval. 

Joule’s equivalent (J) or the mechanical equivaient of heat.—Con- 
version factor for changing an expression of mechanical energy into an ex- 
pression of thermal energy or vice versa (4.1855 J/cal). 

8 Gen. Electr. Rev., vol. 47, p. 26, 1944. 
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Kelvin temperature scale.—Scale of temperature based on equal work for 
equal temperatures for a working substance in a carnot cycle = Celsius (Centi- 
grade) scale + 273.16. 

Langley (/y).—A new unit of radiation, surface density, has been sug- 
gested * which equals 1 calorie (15°C) per cm?. 

Latent heat.—Quantity of heat required to change the state of a unit mass 
of matter. 

Pyron.—A unit of radiant intensity = 1 cal cm? min?, 

Radiant energy.—Energy traveling in the form of electromagnetic waves. 

_ Radiant temperature.—The temperature obtained by use of a total radia- 
tion pyrometer when sighted upon a non-blackbody. This is always less than 
the true temperature. 

Rankin temperature scale.—Absolute Fahrenheit scale = Fahrenheit 
scale + 459.7, 

Reaumur temperature scale.—A scale based upon the freezing point of 
water taken as 0°R and the boiling point of water taken as 80°R. 

Specific heat.—Ratio of the heat capacity of a substance to the heat capacity 
of an equal mass of water. When so expressed, the specific heat is a dimen- 
sionless number. 

Standard temperature.—A temperature that depends upon some char- 
acteristic of some substance, such as the melting, boiling, or freezing point, that 
is used as a reference standard of temperature. 

Thermal capacitance.—The heat capacity of a hody is the limiting value, 

. WO Shes 
as T approaches zero, of the ratio —~» where AT is the rise in temperature 

AD 

resulting from the addition to the body of a quantity of heat equal to AQ. 

Thermal conductivity.—Quantity of heat, Q, which flows normally across 
a surface of unit area per unit of time and per unit of temperature gradient 
normal to the surface. In thermal units it has the dimensional formula 
(Ags Tt) on (Mb i*). inemechanicaliumts (VET 6): 

Thermodynamic temperature.—See Kelvin temperature scale. 

Thermodynamics.—Study of the flow of heat. 

Thermodynamic laws: Zcroth law—Two systems that are in thermal 
equilibrium with a third are in thermal equilibrium with each other. /’irst law: 
When equal quantities of mechanical effect are produced by any means what- 
ever from purely thermal effects, equal quantities of heat are put out of 
existence or are created. Second law: It is impossible to transfer heat from 
a cold body to a hot body without the performance of mechanical work. Third 
law: It is impossible by any means whatever to superpose only the images of 
several light sources to obtain an image brighter than the brightest of the 
source. 

7 Aldrich et al., Science, vol. 106, p. 225, 1947. 
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Part 3.—Electric and Magnetic Units 

A system of units of electric and magnetic quantities requires four funda- 
mental quantities. A system in which length, mass, and time constitute three 
of the fundamental quantities is known as an “absolute” system. There are 
two absoluce systems of electric and magnetic units. One is called the electro- 
static, in which the fourth fundamental quantity is the dielectric constant, and 
one is called the electromagnetic, in which the fourth fundamental quantity is 
magnetic permeability. Besides these two systems there will be described a 
third, to be known as the absolute system, that was introduced January 1, 1948. 
(See Table 4.) 

In the electrostatic system, unit quantity of electricity, Q, is the quantity 
which exerts unit mechanical force upon an equal quantity a unit distance from 
it in a vacuum. From this definition the dimensions and the units of all the 
other electric and magnetic quantities follow through the equations of the 
mathematical theory of electromagnetism. The mechanical force between two 
quantities of electricity in any medium is 

_ 2 
om Kr? 

where K is the dielectric constant, characteristic of the medium, and 7 the dis- 
tance between the two points at which the quantities Q and Q’ are located. K 
is the fourth quantity entering into dimensional expressions in the electrostatic 
system. Since the dimensional formula for force is [MLT~?], that for Q is 
[Mee Ke, 
The electromagnetic system is based upon the unit of the magnetic pole 

strength (see Table 466). The dimensions and the units of the other quantities 
are built up from this in the same manner as for the electrostatic system. The 
mechanical force between two magnetic poles in any medium is 

mm’ 
n= 

ne 
in which p is the permeability of the medium and r is the distance between two 
poles having the strengths m and m’. yp is the fourth quantity entering into 
dimensional expressions in the electromagnetic system. It follows that the 
dimensional expression for magnetic pole strength is [M?L?7p3]. 

The symbols K and p are sometimes omitted in the dimensional formulae so 
that only three fundamental quantities appear. There are a number of objec- 
tions to this. Such formulae give no information as to the relative magnitudes 
of the units in the two systems. The omission is equivalent to assuming some 
relation between mechanical and electrical quantities, or to a mechanical expla- 
nation of electricity. Such a relation or explanation is not known. 

The properties K and » are connected by the equation 1/V Ky=v, where v 
is the velocity of an electromagnetic wave. For empty space or for air, K and 
» being measured in the same units, 1VKu=c, where c is the velocity of 
light in vacuo, 2.99776 x 10'° cm pey sec. It is sometimes forgotten that the 
omission of the dimensions of K or p is merely conventional. For instance, 
magnetic field intensity and magnetic induction apparently have the same di- 
mensions when p» is omitted. This results in confusion and difficulty in under- 
standing the theory of magnetism. The suppression of p has also led to the use 
of the ‘‘centimeter”’ as a unit of capacity and of inductance ; neither is physically 
the same as length. 
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ELECTROSTATIC SYSTEM 

Capacitance of an insulated conductor is proportional to the ratio of the 
quantity of electricity in a charge to the potential of the charge. The dimen- 
sional formula is the ratio of the two formulae for electric quantity and 
potential or [M?L?T7K*/M'L'T 7K" ] or [LK]. 

Conductance of any part of an electric circuit, not containing a source of 
electromotive force, is the ratio of the current flowing through it to the differ- 
ence of potential between its ends. The dimensional formula is the ratio of the 
formulae for current and potential or [M?L?T?K#/M*L?T?K™] or [LT"K]. 

Electrical conductivity, like the corresponding term for heat, is quantity 
per unit area per unit potential gradient per unit of time. The dimensional 
fermilais ae TK iL? (MEL TK AE TL vor [det KI, 

Electric current (statampere-unit quantity) is quantity of electricity flow- 
ing through a cross section per unit of time. The dimensional formula 1s the 
ratio of the formulae for electric quantity and for time or [M*L?TK?/T] or 
[MBL AKT. 

Electric field intensity strength at a point is the ratio of the force on a 
quantity of electricity at a point to the quantity of electricity. The dimensional 
formula is therefore the ratio of the formulae for force and electric quantity or 
eT) PEP Kor [ME ea 

Electric potential difference and electromotive force (emf) (statvolt- 
work = 1 erg).—Change of potential is proportional to the work done per unit 
of electricity in producing the change. The dimensional formula is the ratio of 
the formulae for work and electrical quantity or [ML?7~?/M'L?T*K?] or 
PM BAT HGA | 

Electric surface density of an electrical distribution at any point on a sur- 
face is the quantity of electricity per unit area. The dimensional formula is the 
ratio of the formulae for quantity of electricity and for area or [M*L?T*K’]. 

Quantity of electricity has the dimensional formula [M'L?T“*K*], as 
shown above. 

Resistance is the reciprocal of conductance. The dimensional formula is 
he Bigs A 

Resistivity is the reciprocal of conductivity. The dimensional formula 1s 
(Keay 

Specific inductive capacity is the ratio of the inductive capacity of the 
substance to that of a standard substance and therefore is a number. 

Exs.—Find the factor for converting quantity of electricity expressed in ft-grain-sec 
units to the same expressed in cgs units. The formula is [m4/?t7k?], in which m = 0.0648, 
1 = 30.48, t= 1, k=1; the factor is 0.0648! 30.482, or 42.8. 

Find the factor required to convert electric potential from mm-mg-sec units to cgs 
units. The formula is [m/#t7k-4], in which m = 0.001, 1 = 0.1, t= 1, k = 1; the factor 1s 
0.001? « 0.1%, or 0.01. 
_ Find the factor required to convert electrostatic capacity from ft-grain-sec and specific- 
inductive capacity 6 units to cgs units. The formula is [/k] in which / = 30.48, k= 6; 
the factor is 30.48 6, or 182.88. 
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ELECTROMAGNETIC SYSTEM 

Many of the magnetic quantities are analogues of certain electric quantities. 
The dimensions of such quantities in the electromagnetic system differ from 
those of the corresponding electrostatic quantities in the electrostatic system 
only in the substitution of permeability » for K. 

Conductance is the reciprocal of resistance, and the dimensional formula is 

[LT yp}. 
Conductivity is the quantity of electricity transmitted per unit area per unit 

potential gradient per unit of time. The dimensional formula is [M?#Liy4/ 
ACMEE 2a) A | ot, (aca. 

Current, / (abampere-unit magnetic field, r=1 cm), flowing in circle, 
radius r, creates magnetic field at its center, 27//r. Dimensional formula is 
product of formulae for magnetic field intensity and length or [M?L?T y+]. 

Electric field intensity is the ratio of electric potential or electromotive 
force and length. The dimensional formula is [M?*L?T*,']. 

Electric potential, or electromotive force (emf) (abvolt-work=1 erg), 
as in the electrostatic system, is the ratio of work to quantity of electricity. 
The dimensional formula is [ML?7~?/M'Lin™] or [M?L? Tp}. 

Electrostatic capacity is the ratio of quantity of electricity to difference of 
potential. The dimensional formula is [L*T?p"]. 

Intensity of magnetization (/) of any portion of a magnetized body is 
the ratio of the magnetic moment of that portion and its volume. The dimen- 
sional formula is [M*L!?Ty?/L?] or [M*L7T"p']. 

Magnetic field strength, magnetic intensity or magnetizing force (J/) 
is the ratio of the force on a magnetic pole placed at the point and the magnetic 
pole strength. The dimensional formula is therefore the ratio of the formulae 
for a force and magnetic quantity, or[MLT?/M?L?T"p}] or [M?L?T 1p]. 

Magnetic flux (®) characterizes the magnetized state of a magnetic circuit. 
Through a surface enclosing a magnetic pole it is proportional to the magnetic 
pole strength. The dimensional formula is that for magnetic pole strength. 

Magnetic induction (B) is the magnetic flux per unit of area taken per- 
pendicular to the direction of the magnetic flux. The dimensional formula is 
UE Derry Beal aay oa Ee Ca aera | 

Magnetic moment (J) is the product of the pole strength by the length of 
the magnet. The dimensional formula is |[M!L?7T71y?]. 

Magnetic pole strength or quantity of magnetism (m) has already 
been shown to have the dimensional formula [M?L?Tn}]. 

Magnetic potential or magnetomotive force at a point is measured by 
the work which is required to bring unit quantity of positive magnetism from 
zero potential to the point. The dimensional formula is the ratio of the formulae 
for work and magnetic quantity [ML?7-?/M?L!T"p'] or [M?L?T 43]. 

Magnetic reluctance is the ratio of magnetic potential difference to mag- 
netic flux. The dimensional formula is [L741]. 
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Magnetic susceptibility (x) is the ratio of intensity of magnetization 
produced and the intensity of the magnetic field producing it. The dimensional 
formulaise| MiLe Top /MIL OT pt) or [p]s 

Mutual inductance of two circuits is the electromotive force produced in 
one per unit rate of variation of the current in the other. The dimensional 
formula is the same as for self-inductance. 

Peltier effect, coefficient of, is measured by the ratio of the quantity of 
heat and quantity of electricity. The dimensional formula is [ML?T°/M?L?y*] 
or [/*L?Ty*], the same as for electromotive force. 

Quantity of electricity is the product of the current and time. The dimen- 
sional formula is [M/*L*p7*]. 

Resistance of a conductor is the ratio of the difference of potential be- 
tween its ends and the constant current flowing. The dimensional formula is 
M2 MEE FE | oreded ae: 

Resistivity is the reciprocal of conductivity as just defined. The dimen- 
sional formula is [L?7“*p]. 

Self-inductance is for any circuit the electromotive force produced in it by 
unit rate of variation of the current through it. The dimensional formula is 
the product of the formulae for electromotive force and time divided by that 
for current or [M*L?T-*y? xX T+ M?L?T 1p? ] or [Lp]. 

Thermoelectric power is measured by the ratio of electromotive force and 
temperature. The dimensional formula is [M?L?7~*p'@" |. 

Exs.—Find the factor required to convert intensity of magnetic field from ft-grain-min 
units to cgs units. The formula is [m2/?t'*w?]; m= 0.0048, 1] = 30.48, t= 60, and u=1; 
the factor is 0.0048? x 30.482, or 0.046108. 
How many cgs units of magnetic moment make one ft-grain-sec unit of the same quan- 

tity? The formula is [ml tu]; m= 0.0648. / = 30.48, t=1, and »=1; the number 
is 0.0648? & 30.482, or 1305.6. 

If the intensity of magnetization of a steel bar is 700 in cgs units, what will it be in 
mm-mg-sec units? The formula is [#/}t"u!]; m= 1000, /=10, t=1, »=1; the in- 
tensity is 700 & 1000? x 10?, or 70000. 

Find the factor required to convert current from cgs units to earth-quadrant-10™ 
gram-sec units. The formula is [m/#t7y7?]; m=10", 1=10°, »=1; the factor is 
103\ 1072, or 10. 

Find the factor required to convert resistance expressed in cgs units into the same ex- 
pressed in earth-quadrant-10-" gram-sec units. The formula is [/t’"#]; /= 10°, t=1, 
Ne themMactor1s) 0m. 

TABLE 3.—FUNDAMENTAL STANDARDS 

Part 1.—Selection of fundamental quantities 

The choice of the nature of the fundamental quantities already made does 
not sufficiently define the system for measurements. Some definite unit or 
arbitrarily chosen standard must next be taken for each of the fundamental 
quantities. This fundamental standard should have the qualities of perma- 
nence, reproducibility, and availability and be suitable for accurate measures. 
Once chosen and made it is called the primary standard and is generally kept 
at some central bureau—for instance, the International Bureau of Weights 
and Measures at Sévres, France. A primary standard may also be chosen and 
made for derived units (e.g., the new absolute (1948) ohm standard), when 
it is simply a standard closely representing the unit and accepted for practical 
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purposes, its value having been fixed by certain measuring processes. Second- 
ary or reference standards are accurately compared copies, not necessarily 
duplicates, of the primaries for use in the work-of standardizing laboratories 
and the production of working standards for everyday use. 

Standard of length.—The primary standard of length which now almost 
universally serves as the basis for physical measurements is the meter. It is 
defined as the distance between two lines at 0° C on a platinum-iridium bar 
deposited at the International Bureau of Weights and Measures. This bar is 
known as the International Prototype Meter, and its length was derived from 
the “métre des Archives,” which was made by Borda. Borda, Delambre, 
Laplace, and others, acting as a committee of the French Academy, recom- 
mended that the standard unit of length should be the ten-millionth part of the 
length, from the equator to the pole, of the meridian passing through Paris. In 
1795 the French Republic passed a decree making this the legal standard of 
length, and an arc of the meridian extending from Dunkirk to Barcelona was 
measured by Delambre and Mechain for the purpose of realizing the standard. 
From the results of that measurement the meter bar was made by Borda. The 
meter is now defined as above and not in terms of the meridian length; hence, 
subsequent measures of the length of the meridian have not affected the length 
of the meter. 

Standard of mass.—The primary standard of mass now almost universally 
used as the basis for physical measurements is the kilogram. It is defined as 
the mass of a certain piece of platinum-iridium deposited at the International 
Bureau of Weights and Measures. This standard is known as the International 
Prototype Kilogram. Its mass is equal to that of the older standard, the “kilo- 
gram des Archives,’ made by Borda and intended to have the same mass as a 
cubic decimeter of distilled water at the temperature of 4° C. 

Copies of the International Prototype Meter and Kilogram are possessed by 
the various governments and are called National Prototypes. 

Standard of time.—The unit of time universally used is the mean solar 
second, or the 86400th part of the mean solar day. It is based on the average 
time of one rotation of the earth on its axis relatively to the sun as a point of 
reference = 1.002 737 91 sidereal second. 

Standard of temperature.—The standard scale of temperature, adopted by 
the International Committee of Weights and Measures (1887), depends on 
the constant-volume hydrogen thermometer. The hydrogen is taken at an 
initial pressure at 0° C of 1 meter of mercury, 0° C, sea-level at latitude 45°. 
The scale is defined by designating the temperature of melting ice as 0° and of 
condensing steam as 100° under standard atmospheric pressure. 

Thermodynamic (Kelvin) Scale (Centigrade degrees).—Such a scale 
independent of the properties of any particular substance, and called the 
thermodynamic, or absolute scale, was proposed in 1848 by Lord Kelvin. The 
temperature is proportional to the average kinetic energy per molecule of a 
perfect gas. 

International temperature scale.—See Table 37. 

Numerically different systems of units.—The fundamental physical 
quantities which form the basis of a system for measurements have been chosen 
and the fundamental standards selected and made. Custom has not however 
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generally used these standards for the measurement of the magnitudes of 
quantities but rather multiples or submultiples of them. For instance, for very 
small quantities the micron (#) or one-millionth of a meter is often used. The 
following table ® gives some of the systems proposed, all built upon the funda- 
mental standards already described. The centimeter-gram-second (cm-g-sec or 
cgs) system proposed by Kelvin is the only one generally accepted. 

Part 2.—Some proposed systems of units 

Giorgi Practical 
Weber MKS B. A. ( : 
and Kelvin Moon (Prim. France Com., Com., Strout 

Gauss cgs 1891 Stds.) 1914 1863 1873) 1891 

Bengthy wecyee- mm cm dm m m m 10°cm_=—-:10°cm 
Mass yet iss mg g Kg Kg 10° g g 10mto One 

sec 
Minie wee. sec sec 10 sec sec sec sec sec 

Further, the choice of a set of fundamental physical quantities to form the 
basis of a system does not necessarily determine how that system shall be used 
in measurements. In fact, upon any sufficient set of fundamental quantities, a 
great many different systems of units may be built. The electrostatic and elec- 
tromagnetic systems are really systems of electric quantities rather than units. 
They were based upon the relationships F=QQ’/Kr? and min’/pr?, respec- 
tively. Systems of units built upon a chosen set of fundamental physical quan- 
tities may differ in two ways: (1) the units chosen for the fundamental 
quantities may be different; (2) the defining equations by which the system is 
built may be different. 

The electrostatic system generally used is based on the centimeter, gram, 
second, and dielectric constant of a vacuum. Other systems have appeared, 
differing from this in the first way—for instance using the foot, grain, and 
second in place of the centimeter, gram, and second. A system differing from 
it in the second way is that of Heaviside which introduces the factor 47 at 
different places than is usual in the equations. There are similarly several 
systems of electromagnetic units in use. 

Gaussian systems.—‘‘The complexity of the interrelations of the units is 
increased by the fact that not one of the systems is used as a whole, consistently 
for all electromagnetic quantities. The ‘systems’ at present used are therefore 
combinations of certain of the systems of units.” 

Some writers ° on the theory of electricity prefer to use what is called a 
Gaussian system, a combination of electrostatic units for purely electrical quan- 
tities and electromagnetic units for magnetic quantities. There are two such 
Gaussian systems in vogue—one a combination of cgs electrostatic and cgs elec- 
tromagnetic systems, and the other a combination of the two corresponding 
Heaviside systems. 
When a Gaussian system is used, caution is necessary when an equation 

contains both electric and magnetic quantities. A factor expressing the ratio 
between the electrostatic and electromagnetic units of one of the quantities 
has to be introduced. This factor is the first or second power of c, the number 

8 Circular 60 of the National Bureau of Standards, Electric Units and Standards, 1916. 
The subsequent matter in this introduction is based upon this circular. 

® For example, A. G. Webster, Theory of electricity and magnetism, 1897; J. H. Jeans, 
Electricity and magnetism, 1911; H. A. Lorentz, The theory of electrons, 1909; and 
O. W. Richardson, The electron theory of matter, 1914. 
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of electrostatic units of electric charge in one electromagnetic unit of the same. 
There is sometimes a question as to whether electric current is to be expressed 
in electrostatic or electromagnetic units, since it has both electric and magnetic 
attributes. It is usually expressed in electrostatic units in the Gaussian system. 

It may be observed from the dimensions of K given in Table 2, part 3, that 
[I/Kp] =[L?/T?] which has the dimensions of a square of a velocity. This 
velocity was found experimentally to be equal to that of light, when K and pu 
were expressed in the same system of units. Maxwell proved theoretically that 
1/V Kp. is the velocity of any electromagnetic wave. This was subsequently 
proved experimentally. When a Gaussian system is used, this equation becomes 
c/V Ky=v. For the ether K=1 in electrostatic units and »=1 in electromag- 
netic units. Hence c=v for the ether, or the velocity of an electromagnetic 
wave in the ether is equal to the ratio of the cgs electromagnetic to the cgs 
electrostatic unit of electric charge. This constant c is of primary importance 
in electrical theory. Its most probable value is 2.99776 x 10° centimeters per 
second. 

Part 3.—Electrical and magnetic units 

Absolute (“practical”) electromagnetic system (1948).—This electro- 
magnetic system is based upon the units of 10° cm, 107 g, the sec and wu of 
the ether. The principal quantities are the resistance unit, the ohm=10° emu 
units; the current unit, the ampere=107 emu units; and the electromotive 
force unit, the volt=10* emu units. (See Table 6.) 

The International electric units.—The units used before January 1, 
1948, in practical electrical measurements, however, were the “International 
Units.” They were derived from the “practical” system just described, or as 
the latter is sometimes called, the “‘absolute” system. These international units 
were based upon certain concrete standards that were defined and described. 
With such standards electrical comparisons can be more accurately and readily 
made than could absolute measurements in terms of the fundamental units. 
Two electric units, the international ohm and the international ampere, were 
chosen and made as nearly equal as possible to the ohm and ampere of the 
“practical” or “absolute” system.?° 

QUANTITY OF ELECTRICITY 

The unit of quantity of electricity is the coulomb. The faraday is the 
quantity of electricity necessary to liberate 1 gram equivalent in electrolysis. 
It is equivalent to 96,488 absolute coulombs (Birge). 

Standards.—There are no standards of electric quantity. The silver voltam- 
eter may be used for its measurement since under ideal conditions the mass 
of metal deposited is proportional to the amount of electricity which has flowed. 

CAPACITY 

The unit used for capacity is the microfarad or the one-millionth of the farad, 
which is the capacity of a condenser that is charged to a potential of 1 volt by 
1 coulomb of electricity. Capacities are commonly measured by comparison 
with standard capacities. The values of the standards are determined by 

10 There was, however, some slight error in these values that had to be taken into 
account for accurate work. (See Table 5.) 
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measurement in terms of resistance and time. The standard is some form of 
condenser consisting of two sets of metal plates separated by a dielectric. 
The condenser should be surrounded by a metal shield connected to one set 
of plates rendering the capacity independent of the surroundings. An ideal 
condenser would have a constant capacity under all circumstances, with zero 
resistance in its leads and plates, and no absorption in the dielectric. Actual 
condensers vary with the temperature, atmospheric pressure, and the voltage, 
frequency, and time of charge and discharge. A well-constructed air con- 
denser with heavy metal plates and suitable insulating supports is practically 
free from these effects and is used as a standard of capacity. 

Practically, air-condenser plates must be separated by 1 mm or more and so 
cannot be of great capacity. The more the capacity is increased by approaching 
the plates, the less the mechanical stability and the less constant the capacity. 
Condensers of great capacity use solid dielectrics, preferably mica sheets with 
conducting plates of tinfoil. At constant temperature the best mica condensers 
are excellent standards. The dielectric absorption is small but not quite zero, 
so that the capacity of these standards found varies with different methods of 
measurement, so for accurate results care must be taken. 

INDUCTANCE 

The henry, the unit of self-inductance and also the unit of mutual inductance, 
is the inductance in a circuit when the electromotive force induced in this 
circuit is 1 volt, while the inducing current varies at the rate of 1 ampere per 
second. 

Inductance standards.—Inductance standards are measured in interna- 
tional units in terms of resistance and time or resistance and capacity by alter- 
nate-current bridge methods. Inductances calculated from dimensions are in 
absolute electromagnetic units. The ratio of the international to the absolute 
henry is the same as the ratio of the corresponding ohms. 

Since inductance is measured in terms of capacity and resistance by the 
bridge method about as simply and as conveniently as by comparison with 
standard inductances, it is not necessary to maintain standard inductances. 
They are however of value in magnetic, alternating-current, and absolute 
electrical measurements. A standard inductance is a circuit so wound that 
when used in a circuit it adds a definite amount of inductance. It must have 
either such a form or so great an inductance that the mutual inductance of the 
rest of the circuit upon it may be negligible. It usually is a wire coil wound all 
in the same direction to make self-induction a maximum. A standard, the in- 
ductance of which may be calculated from its dimensions, should be a single 
layer coil of very simple geometrical form. Standards of very small inductance, 
calculable from their dimensions, are of some simple device, such as a pair of 
parallel wires or a single turn of wire. With such standards great care must 
be used that the mutual inductance upon them of the leads and other parts of 
the circuit is negligible. Any inductance standard should be separated by long 
leads from the measuring bridge or other apparatus. It must be wound so that 
the distributed capacity between its turns is negligible; otherwise the apparent 
inductance will vary with the frequency. 

POWER AND ENERGY 

Power and energy, although mechanical and not primarily electrical quanti- 
ties, are measurable with greater precision by electrical methods than in any 
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other way. The watt and the electric units were so chosen in terms of the cgs 

units that the product of the current in amperes by the electromotive force in 

volts gives the power in watts (for continuous or instantaneous values). The 

watt is defined as the energy expended per second by an unvarying electric 

current of 1 ampere under an electric pressure of 1 volt. 

Standards and measurements.—No standard is maintained for power or 

energy. Measurements are always made in electrical practice in terms of some 

of the purely electrical quantities represented by standards. 

MAGNETIC UNITS 

Cgs units are generally used for magnetic quantities. American practice is 
fairly uniform in names for these units: the cgs unit of magnetomotive force 
is called the gilbert; magnetic intensity, the oersted; magnetic induction, the 
gauss; magnetic flux, the ma+well, following the definitions of the American 
Institute of Electrical Engineers (1894). 

Oersted, the cgs emu of magnetic intensity exists at a point where a force 
of 1 dyne acts upon a unit magnetic pole at that point, 1.e., the intensity 1 cm 
from a unit magnetic pole. 

Maxwell, the cgs emu magnetic flux is the flux through a cm? normal to a 
field at 1 cm from a unit magnetic pole. 

Gauss, the cgs ernu of magnetic induction has such a value that if a con- 
ductor 1 cm long moves through the field at a velocity of 1 cm/sec, length and 
induction mutually perpendicular, the induced emf is 1 abvolt. 

Gilbert, the cgs emu of magnetomotive force is a field such that it requires 
1 erg of work to bring a unit magnetic pole to the point. 
A unit frequently used is the ampere-turn. It is a convenient unit since it 

eliminates 47 in certain calculations. It is derived from the “ampere turn per 
cm.” The following table shows the relations between a system built on the 
ampere-turn and the ordinary magnetic units." 

11 Dellinger, International system of electric and magnetic units, Nat. Bur. Standards 
Bull., vol. 13, p. 599, 1916. 

Part 4.—The ordinary and the ampere-turn magnetic units 

¥ Ordinary 
Ordinary units in 1 
magnetic Ampere-turn ampere- 

Quantity units units turn unit 

Magnetomotive force ....... F gilbert ampere-turn 47/10 
Magnetizing force .......... H gilbert per ampere-turn per 41/10 

cm cm 
Magnetic flux’ S02. sce aoe. } maxwell maxwell 1 
Magnetic induction ......... B maxwell per maxwell per cm’ 1 

cm’ gauss gauss 
Bermeability sacs m 1 
IRGUCAINGS godcee suoduncdudd R oersted { ampere-turn per 43/10 

ies y maxwell 
Magnetization intensity ..... J maxwell per cm® 1/49 
Magnetic susceptibility ...... k 1/40 
Magnetic pole strength...... m maxwell 1/49 
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TABLE 4.—THE NEW (1948) SYSTEM OF ELECTRICAL UNITS 12 

In pursuance of a decision of the International Committee on Weights and 
Measures, the National Bureau of Standards introduced, as of January 1, 
1948, revised values of the units of electricity. This consummated a movement, 
initiated in 1927 by the American Institute of Electrical Engineers, asking that 
the National Bureau of Standards undertake the additional research necessary 
in order that the absolute ohm and absolute ampere based on the cgs electro- 
magnetic system and the absolute volt, watt, and other units derived from 
them could be legalized in place of the international ohm and ampere and their 
derived units. This work was done, and the magnitude of the old international 
units in terms of the adopted absolute units is given in Table 5. This means 
that the electrical units now in use represent, as nearly as it is possible to make 
them, exact multiples of the cgs emu system, with the numerical relations 
shown in Table 6. Units of the new system will actually be maintained, as 
were the old international units, by groups of standard resistors and of standard 
cells, and consequently the change to be made is most simply represented by 
stating the relative magnitudes of the ohms and of the volts of the two systems. 

During the period of transition to the new units, in order to avoid any doubt 
as to the units used in giving precise data, the International Committee on 
Weights and Measures recommended that the abbreviations int. and abs. be 
used with the names of the electrical units. In a few years this will be un- 
necessary, except when referring to old data. 

The international units were intended to be exact multiples of the units of 
the centimeter-gram-second electromagnetic system, but to facilitate their re- 
production, the ampere, the ohm, and the volt were defined by reference to 
three physical standards, namely (1) the silver voltameter, (2) a specified 
column of mercury, and (3) the Clark standard cell. This procedure was 
recommended by the International Electrical Congress of 1893 in Chicago and 
was incorporated in an Act of Congress of July 12, 1894. However, modifica- 
tions of the international system were found to be necessary or expedient for 
several reasons. The original proposals were not sufficiently specific to give 
the precision of values that soon came to be required, and the independent defi- 
nitions of three units brought the system into confiict with the customary 
simple form of Ohm’s Law, J/=E/R. Furthermore, with the establishment 
of national standardizing laboratories in several of the larger countries, other 
laboratories no longer needed to set up their own primary standards, and 
facility of reproduction of those standards became less important than the 
reliability of the units. 

In preparation for the expected change in units, laboratories in several 
countries made absolute measurements of resistance and of current. The re- 
sults of these measurements and the magnitudes of the international units as 
maintained in the national laboratories of France, Great Britain, Germany, 
Japan, the U.S.S.R., and the United States were correlated by periodic com- 
parisons of standard resistors and of standard cells sent to the International 
Bureau of Weights and Measures. Nearly all the absolute measurements at 
the National Bureau of Standards were carried out under the direct supervision 
of Harvey L. Curtis, and the results of such measurements at the Bureau 

accepted by the International Committee on Weights and Measures at its 
meeting in Paris in October 1946 are as follows: 

1 mean international ohm = 1.00049 absolute ohms 
1 mean international volt = 1.00034 absolute volts 

12 Nat. Bur. Standards Circ. C-459, 1947. 
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The mean international units to which the above equations refer are the 
averages of units as maintained in the national laboratories of the six countries 
(France, Germany, Great Britain, Japan, US.S.R., and U.S.A.) which took 
part in this work before the war. The units maintained by the National Bureau 
of Standards differ from these average units by a few parts in a million, so 
that the conversion factors for adjusting values of standards in this country 
will be as follows: 

1 mean international ohm U.S. = 1.000495 absolute ohms 
1 mean international volt U.S. = 1.000333 absolute volts 

Other electrical units will be changed by amounts shown in Table 5. The 
factors given should be used in converting values given in international units 
in National Bureau of Standards certificates to the new absolute system. 

TABLE 5.—RELATIVE MAGNITUDE OF THE OLD INTERNATIONAL 

ELECTRICAL UNITS AND THE NEW 1948 ABSOLUTE 

ELECTRICAL UNITS 

mean international ohm 
mean international volt 
international ohm (U.S.) 
international volt (U.S.) 
international ampere 
international coulomb 
international henry 
international farad 
international watt 
international joule 

1.00049 absoiute ohms 
1.00034 absolute volts 
1.000495 absolute ohms 
1.00033 absolute volts 
0.999835 absolute ampere 
0.999835 absolute coulomb 
1.000495 absolute henries 
0.999505 absolute farad 
1.000165 absolute watts 
1.000165 absolute joules WW WET We 

TABLE 6.—RELATIVE VALUES OF THE THREE SYSTEMS OF 

ELECTRICAL UNITS 

Electromagnetic Electrostatic 
Absolute system system * 

Quantity Symbol unit emu esu 

Current strength ... I 1 ampere = 107 abampere = 3 10°statampere 
Potential difference... E 1 volt = O72 abvolts = 1/300 statvolt 
Resistance ads R 1 ohm = 0? abohms = Gl/9) <GlOseestatohm 
EOLA ay Rec oor ore W 1joule = 10° ergs = E lOmergs 
LOSE h RSS E 1 watt = 10° ergs/sec = ‘10° ergs/sec 
Ganacitancema eerie c Mtarad) =" 10s abtarads) = o> 10 Sestatatarad 
Mductancem ise eee 1B 1Mhenrys) F102 abhenries (1/9) * 10™ si i 

enry 
(Chetan Gere & (0) 1 coulomb= 107 abcoulomb= 3X 10° statcoulomb 

* Where 3 occurs it is to be taken as 2.99776 (from velocity of light). Where 9 occurs (not as an 
exponent), it is the square of this number. 
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22 TABLE 8.—FORMER ELECTRICAL EQUIVALENTS * 

Abbreviations: int., international; emu, electromagnetic units; esu, electrostatic units; 
cgs, centimeter-gram-second units. 

RESISTANCE: 

1 international ohm = 
1.00051 absolute ohms 
1.0001 int. ohms (France, before 1911) 
1.00016 Board of Trade units (England, 

1903) 
1.01358 B. A. units 
1.00283 “‘legal ohms” of 1884 
1.06300 Siemens units 

1 absolute ohm = 
0.96949 int. ohms 
1 “practical” emu 
10° cgs emu 
1.11262 « 10-* cgs esu 

CURRENT: 

1 international ampere = 
0.99995 absolute ampere 
1.00084 int. amperes (U. S. before 1911) 
1.00130 int. amperes (England, before 

1906) 
1.00106 int. amperes (England, 1906- 

08) 
1.00010 int. amperes (England, 1909- 

10) 
1.00032 int. amperes (Germany, before 

1911) 
1.0002 int. amperes (France, before 

1911) 
1 absolute ampere = 

1.00005 int. amperes 
1 “practical” emu 
0.1 cgs emu 
2.99776 * 10° esu 

ELECTROMOTIVE FORCE: 

1 international volt = 
1.00046 absolute volts 
1.00084 int. volts (U. S. before 1911) 
1.00130 int. volts (England, before 1906) 
1.00106 int. volts (England, 1906-08) 
1.00010 int. volts (England, 1909-10) 
ars int. volts (Germany, before 

1 
1.00032 int. volts (France, before 1911) 

1 absolute volt = 
0.99954 int. volt 
1 “practical” emu 
10° cgs emu 
0.00333560 cgs esu 

QUANTITY OF ELECTRICITY : 

(Same as current equivalents. ) 
1 international coulomb = 

1/3600 ampere-hour 
1/96494 faraday 

CAPACITY: 

1 international farad = 
0.99949 absolute farad 

1 absolute farad = 
1.00051 int. farads 
1 “practical” emu 
10° cgs emu 
8.98776 10” cgs esu 

INDUCTANCE: 

1 international henry = 
1.00051 absolute henries 

1 absolute henry = 
0.99949 int. henry 
1 “practical” emu 
10° emu 
1.11262 x 10°” cgs esu 

ENERGY AND POWER: 

(standard gravity = 980.665 cm/sec~) - 
1 international joule = 

1.00041 absolute joules 
1 absolute joule = 

0.99959 int. joule 
10’ ergs 
0.737560 standard foot-pound 
0.101972 standard kilogram-meter 
0.277778 & 10° kilowatt-hour 

RESISTIVITY : 

1 ohm-cm = 0.393700 ohm-inch 
= 10,000 ohm (meter, mm’) 
= 12,732.4 ohm (meter, mm) 
= 393,700 microhm-inch 
= 1,000,000 microhm-cm 
= 6,015,290 ohm (mil, foot) 

1 ohm (meter, gram) = 5710.0 ohm (mile, 
pound ) 

MAGNETIC QUANTITIES: 

1 int. gilbert = 0.99995 absolute gil- 
bert 

= 1.00005 int. gilberts 
= 1.00046 absolute 

1 absolute gilbert 
1 int. maxwell 

maxwells 
1 absolute maxwell = 0.99954 int. max- 

well 
1 gilbert = 0.7958 ampere-turn 
1 gilbert per cm =0.7958 ampere-turn 

per cm 
= 2.021 ampere-turns 

per inch 
= || line 

= 10° volt-second 
= 6.452 maxwells per 

in.” 

1 maxwell 

1 maxwellper cm? 

* This table is now superseded by the adoption of the new system of electrical units in January 1948 
and is given for reference only. 
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= log sinh x 

= 2 tance? = gd 

x 
= log tanh 2 

= rcosh + — sinh x 

= r sinh x —coshr 

= $ (sinh x cosh x — x) 

= }$ (sinh x cosh x + +r) 

= cosh (2%) 
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24 TABLE 10.—MATHEMATICAL SERIES 

eae 

—1 2 y? 

(++9)"= ep tamtyy GU, Sets 

Ha DOMED gemyn (y? < x”) 

(#e)"altne+ n(n — Vet mane riya 

(2 1)¥n Vx 
(n—k)!k! ace Gan <1) 

eee ee ae ep Mat, + Mt D2) i i 

a (n+k—1)-+* 2 

(Qtr)t=lert Per 4 e7eH t+... GaN) 

ee ee aie Gi) 

Taylor’ 

aes of + I(x) $e Weenies 
Maclaurin’ 

(2) = f(0) +2 f(0) + 3 F"(0) +.-. $0) +. senseries 
IE es Oren | Se OR saree 

as = ara + 34 it+agita +... 

ealtet 5th T+ pe, (47 <100) 

a r= 14x logo +(tlone)” 5 loge)” (2? < ©) 

loge = 4—=143(4—*) 4 4() +.. («>4) 

= (r—1) —$ (4-1)? +3 (4-1)? — (2>2>0) 

x—l x—l x—l 

= 2[2=54+5 (55) tsa a, pale 

NT hah San ge 8 (a 1) 

sing = 4 (ee) = 2-5 +5- -F 4... (x? < 0) 

cos + = 5 (et pet) = eoe ska 1 — versin x (2? < 0) 
ie x 2\ 4p © Gil i 

17x" 62" ©, Ue: 
tanz=*+5 +e 4 Ue + ag tte. (2 <7) 

é 7 soan), 2 ‘ 5 
sinter = 5 —costeae+ 245° E45 : . = + (4? <1) 

tanty= 2 —cottwar— ttt te igalt (G1) 

r i 1 1 2 

355 ap oe nea, 

sinh x = 5 (¢* *let)artht+htht.. (a? < 00) 

- ey Me seni, ete p 
cosh r= 5 (¢ +e J=1+ 544 aye 61tee (4? < 00) 

(continued) 
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TABLE 10.—MATHEMATICAL SERIES (concluded) 

ie 1 3 2. 5 alt u tanh r= + — 3 iF a 15 v 315 = 

ie Lh erg OPS soul Ce Bae sinh ¥= ¥— ZA tG 4 G2 ae 7 
1a ee es a a Hh 

ae OS oie wD A 4r*° "246 6x° 
J ee ee ee heh or 

cosh += log2v—5 35 4 4p 246 6x 

fanh oy = te 4 r44 aE 
Seis: = 7 i 

1 eee 61 
DUE SS Oe cree = ayy 

1 3 sech’x pag 5 eee ee 
mioee 2 3 24 INS 

1 
* I 

61 -1 = is 43 pil 5 7 ed VEO sew + 34% + sqa ? Jy 

1 wr Qrx 
(eo) = 7 be + bi cos i + b2 cos aa +... 

Am 
Lake Ree cu tia X: 
=7 - f(+) sin - dx 

Uae a ee (Ee max bu = =f TE f(x) cos ; dx 

. re a 
+ asin a + az cos 

TABLE 11.—MATHEMATICAL CONSTANTS 

e = 2.71828 18285 

e* = 0.36787 94412 

M = logwe = 0.43429 44819 

(M )-* = loge10 = 2.30258 50930 

logy logiwe = 9.63778 43113 

logio2 = 0.30102 99957 

loge2 = 0.69314 71806 

logux = M:loger 

logsr = logex:logne 

= logex + log-B 

logem = 1.14472 98858 

p = 0.47693 62762 * 

log p = 9.67846 03565 

* Probable error, modulus of precision. 

Numbers 

m = 3.14159 26536 

nm = 9.86960 44011 

= 0.31830 98862 

Vm = 1.77245 38509 

ve — 0.88622 69255 

i — 0.56418 95835 
Tv 

2 Fe = 1.12837 91671 
Tv 

Tv Nes = 1.25331 41373 

4] 2 = 0.79788 45608 

= = 0.78539 81634 

“ — 0.44311 34627 

tn = 4.18879 02048 

£ — 1.08443 75514 
On 

25 

(4? < 4n*) 

(47 <1) 

Ge) 

(?>1) 

(4? <1) 

(x small) 

(* large) 

(»<3) 

“te +...(—e< *<c) 

Logarithms 

0.49714 98727 

0.99429 97454 

9.50285 01273 

0.24857 49363 

9.94754 49407 

9.75142 50637 

0.05245 50593 

0.09805 99385 

9.90194 00615 

9.89508 98814 

9.64651 49450 

0.62208 86093 

0.03520 45477 
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26 TABLE 12.—FACTORIALS 

Part 1.—Numerical 

a ae ne e234 5 n 

1 1. 1 1 
2 0.5 2 Z 
3 16666 66666 66666 66666 66667 6 3 
4 04166 66666 66666 66666 66667 24 4 
5 00833 33333 33333 33333 33333 120 5 

6 0.00138 88888 88888 88888 88889 720 6 
7 00019 84126 98412 69841 26984 5040 7 
8 00002 48015 87301 58730 15873 40320 8 
9 .00000 27557 31922 39858 90653 3 62880 9 

10 00000 02755 73192 23985 89065 36 28800 10 

11 0.00000 00250 52108 38544 17188 399 16800 11 
12 .00000 00020 87675 69878 68099 4790 01600 12 
13 .00000 00001 60590 43836 82161 62270 20800 13 
14 00000 00000 11470 74559 77297 8 71782 91200 14 
15 .00000 00000 00764 71637 31820 130 76743 68000 15 

16 0.00000 00000 00047 79477 33239 2092 27898 88000 16 
17 .00000 00000 00002 81145 72543 35568 74280 96000 7 
18 .00000 00000 00000 15619 20697 6 40237 37057 28000 18 
19 .00000 00000 00000 00822 06352 121 64510 04088 32000 19 
20 .00000 00000 00000 00041 10318 2432 90200 81766 40000 20 

= x SOONRM NAWH = 
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log (/) 

0.000000 
0.301030 
0.778151 
1.380211 
2.079181 

2.857332 
3.702431 
4.605521 
5.559763 
6.559763 

7.601156 
8.680337 
9.794280 
10.940408 
12.116500 

13.320620 
14.551069 
15.806341 
17.085095 
18.386125 

19.708344 
21.050767 
22.412494 
23.792706 

Part 2.—Logarithmic 

Logarithms of the products 1.2.3....... n, n from 1 to 100. 

n log (n!) n log (n!) n 

26 26.605619 51 66.190645 76 
27 28.036983 52 67.906648 77 
28 29.484141 53 69.630924 78 
29 30.946539 54 71.363318 79 
30 32.423660 55 73.103681 80 

31 33.915022 56 74.851869 81 
32 35.420172 57 76.607744 82 
33 36.938686 58 78.371172 83 
34 38.470165 59 80.142024 84 
35 40.014233 60 81.920175 85 

36 41.570535 61 83.705505 86 
37 43.138737 62 85.497896 87 
38 44.718520 63 87.297237 88 
39 46.309585 64 89.103417 89 
40 47.911645 65 90.916330 90 

41 49.524429 66 92.735874 91 
42 51.147678 67 94.561949 92 
43 52.781147 68 96.394458 93 
44 54.424599 69 98.233307 94 
45 56.077812 70  100.078405 95 

46 57.740570 71 ~=101.929663 96 
47 59.412668 71  103.786996 97 
48 61.093909 73 ~=105.650319 98 
49 62.784105 74  107.519550 99 
50 64.483075 75 109.394612 100 25.190646 

log (n/) 

111.275425 
113.161916 
115.054011 
116.951638 
118.854728 

120.763213 
122.677027 
124.596105 
126.520384 
128.449803 

130.384301 
132.323821 
134.268303 
136.217693 
138.171936 

140.130977 
142.094765 
144.063248 
146.036376 
148.014099 

149.996371 
151.983142 
153.974368 
155.970004 
157.970004 



Zi 

TABLE 13—FORMULAS FOR MOMENTS OF INERTIA, RADII OF GYRATION, AND 

WEIGHTS OF VARIOUS SHAPED SOLIDS 

In cach case the axis is supposed to traverse the center of gravity of the body. The axis is one of 

symmetry. The mass of a unit of volume is 7. 

Square of 
Moment of radius of 

Rody Axis Weight inertia Iy gyration py? 

, ; 4rwr* Srwr* 2r° 
Sphere of radius 7.-..:..- Diameter 3 15 a 

Spheroid of revolution, po- 
lar axis 2a, equatorial di- 2 mir 22 

MELE ter. . Roe os Polar axis ‘ruer arin = 

: 5 : 4rwabe 4mwabe (b? + c*) P+c 
Ellipsoid, axis 2a, 2b, 2c.. Axis 2a “Sree | Areal 5 

Spherical shell, external ra- +35 4mw(r> — r'3) Saw (r® — 1°) 2(r> —r’) 

Gis seinteniial 2... a-0- Jiameter 4 a ee mae ie Se (rey) r) 

Ditto, insensibly thin, ra- ; , em rersar ay? 

dius r, thickness dr..... Diameter 4rwr'dr im Gar “9 

Circular cylinder, length 2a, Longitudinal 2 

PEG DG eee Ge SM cy. axis 2a 2rwar* mwar* 2 

Elliptic cylinder, length 2a, Longitudinal Deitel (aoe Ga) oats: 

transverse axes 2), 2c... axis 2a 2rwabe i ee er 

Hollow circular cylinder, ey 
length 2a, external ra- Longitudinal k pe ¢ ie oe? 

dius r, internal r’....... axis 2a 2mrwa(r? — r'*) mwa (rt — r'*) 5 

Ditto, insensibly thin, thick- Longitudinal ; 

CESS Somes a 4 pe ae axis 2a 4nrwardr 4rwar'dr r 

Circular cylinder, length 2a, Transverse . 2( 2,2 2 2 2 
RAMSoFe = 6 BSP Se. docs diameter 2rwar — wm a 40) a -F z 

Elliptic cylinder, length 2a, Transverse rwabe(3c? + 4a?) Pog oe 

transverse axes 2a, 2h... axis 2b 2rwabe r a + rs 

Hollow circular cylinder, 4 
length 2a, external ra- ransverse nwa (3(r!—r'*) 4 7! Ae 

dias yeaintennal 7s... 4: diameter 2mwa(r? — r'*) 7 a Aga (he —39r a) } wh 4 + a 

Ditto, insensibly thin, thick- Transverse 4 Pe Az 
HOSS UP VOR Ree sarees diameter 4nwardr awa (2r* + a a’r)dr > + 3 

Rectangular prism, dimen- 8 2 2 2 2 : ’ : zoabe (b c b c 
SIONS LUE CO, 2oeees. cbs: Axis 2a 8wabe Sober) re 

Rhombic prism, length 2a Don 2 2 2 2 : ’ 5 , : 2wabe(b c b c 
diaronals 2b, 2c. *...... Axis 2a 4wabc mwabete pe) ore 

: : 2wabe(c? + 2a? a a° 
POCO Ps sry, « taisiaiate. + abil Diagonal 2) 4wabce ruabele fat) 7 + a 

For further mathematical data see Smithsonian Mathematical Tables, Becker and Van Orstrand 
(Hyperbolic, Circular and Exponential Functions) ; Smithsonian Mathematical Formulae and Tables 
of Elliptic Funettous, Adams and Hippisley; Smithsonian Elliptic Functions Tables, Spenceley ; 
Smithsonian Logarithmic Tables, Spenceley and Epperson; Functionentafeln, Jahnke und Emde (xtgx, 
x'tgx, Roots of Transcendental Equations, a + bi and re®', Exponentials, Hyperbolic Functions, 

a (ee (ee =F 

| = E iu. | a | — dt, Fresnel Integral, Gamma ‘Function, Gauss Integral 

" ES 

at T 

e dx, Pearson Function c 3” sin’ e’’dx, Elliptic Integrals and Functions, Spherical and 
i) 

2 
NG 

0 

Cylindrical Functions, etc.). For further references see under Tables, Mathematical, in the 16th ed. 
Encyclopedia Britannica. See also Carr’s Synopsis of Pure Mathematics and Mellor’s Higher Mathe- 
matics for Students of Chemistry and Physics. 
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28 TABLE 14.—LOGARITHMS 

Er 

N 0 1 2 3 4 5 6 7 8 9 3.4 5 

10 0000 0043 0086 0128 0170 0212 0253 0294 0334 0374 12g 2k 
11 0414 0453 0492 0531 0569 0607 0645 0682 0719 0755 5 OR bpm) 
12 0792 0828 0864 0899 0934 0969 1004 1038 1072 1106 10: 14. TZ 
13 1139 1173 1206 1239 1271 1303 1335 1367 1399 1430 10° 13° 46 
14 1461 1492 1523 1553 1584 1614 1644 1673 1703 1732 9 ZnS 

15 1761 1790 1818 1847 1875 1903 1931 1959 1987 2014 11 14 
16 2041 2068 2095 2122 2148 2175 2201 2227 2253 2279 115.13 
17 2304 2330 2355 2380 2405 2430 2455 2480 2504 2529 10 12 
18 2553 2577 2601 2625 2648 2672 2695 2718 2742 2765 i 

20 3010 3032 3054 3075 3096 3118 3139 3160 3181 3201 11 
21 3222 3243 3263 3284 3304 3324 3345 3365 3385 3404 10 
22 3424 3444 3464 3483 3502 3522 3541 3560 3579 3598 10 

— \O LS) “NI [e,2) ie) bo oo — i=) i) (oe) WwW Ww i) [o.<) wm an ine) oO Ni (o.<) bo ve) S =) bho No) N w is) Ve) > nN 8 N tN Ns) (o-e} \o 

DMN PD DON Dh he NWNNWW WWwWWwlhL = 

> w WNW iS) Ni iS) nN wn wm 3 5S a LSS) BR = an wn wn LS) fon S > Wo) n Ww y= n nN on wn iS) NI (=) on (=) NI w nn Ne) n nn wn S = S 

— 

w N iss) 8 x 2 N ty (=) p= 6 on g i a [o2) 4 C — L S No} 8 i va Ne} wn WwW & Nh N g x a j=) [on > os (oe) mn jon on on Ww NI i (= NI > mn ve) 2 es e 

NI 

bo N a R SS 

— te ee el tet eh et pet 

BSS N joy) “NI iS) — nN NI Ww So nN “I iss) ‘© nN a | — \© nN NI nN (o<) nN NI lon N nN N a | fo.) nN “NI 0° mn nN NI ‘© as % Oo Ww 

— tt 

DO DO DY DY DO DOM DH dN bo DOD NY DY PO DOD NH DY PO WWWW WwW WWWW Ww -hhDHH kom ANANCOCO NS NNNMWW WWWWWH WWWWW Wwwtht hHAAALHL HUN NANAYNA NNN WWwWWWwWWwW HHAHH AHLAAH AUN NANNAH ADAAANN NNOOWO Oo AHHDAH HAUUNH NAMM DAANAADAHD AANNN NOOWO WOO 

on iss) “NI — nN S “NI L mel aN oo “I — N N NI —_ oo mn N — \O wn “NI iss) So bo “NI iss) — oO N iss) — ee) “NI is) iss) nN “NI iss) 1s) mn 

tt et et pt 

(continued) 
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N 0 
55 7404 
56 7482 
57. 7559 
58 7634 
59 7709 

60 7782 
61 7853 
62 7924 
63 7993 
64 8062 

65 8129 
66 8195 
67 8261 
68 8325 
69 8388 

70 8451 
71 8513 
72 8573 
73 8633 
74 8692 

75 8751 
76 8808 
77 8865 
78 8921 
79 8976 

80 9031 
81 9085 
82 9138 
83 9191 
84 9243 

85 9294 
86 9345 
87 9395 
88 9445 
89 9494 

90 9542 
91 9590 
92 9638 
93 9685 
94 9731 

95 9777 
96 9823 
97 9868 
98 9912 
99>, «649956 

1 

7412 
7490 
7566 
7642 
7716 

7789 
7860 
7931 
8000 
8069 

8136 
8202 
8267 
8331 
8395 

8457 
8519 
8579 
8639 
8698 

8756 
8814 
8871 
8927 
8982 

9036 
9090 
9143 
9196 
9248 

9299 
9350 
9400 
9450 
9499 

9547 
9595 
9643 
9689 
9736 

9782 
9827 
9872 
9917 
9961 

TABLE 14.—LOGARITHMS (continued) 

2 

7419 
7497 
7574 
7649 
7723 

7796 
7868 
7938 
8007 
8075 

8142 
8209 
8274 
8338 
8401 

8463 
8525 
8585 
8645 
8704 

8762 
8820 
8876 
8932 
8987 

9042 
9096 
9149 
9201 
9253 

9304 
9355 
9405 
9455 
9504 

9552 
$600 
9647 
9694 
9741 

9786 
9832 
9877 
9921 
9965 

3 
7427 
7505 
7582 
7657 
7731 

7803 
7875 
7945 
8014 
8082 

8149 
8215 
8280 
8344 
8407 

8470 
8531 
8591 
8651 
8710 

8768 
8825 
8882 
8938 
8993 

9047 
9101 
9154 
9206 
9258 

9309 
9360 
9410 
9460 
9509 

9557 
9605 
9652 
9699 
9745 

9791 
9836 
9881 
9926 
$969 
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4 

7435 
7513 
7589 
7664 
7738 

7810 
7882 
7952 
8021 
8089 

8156 
8222 
8287 
8351 
8414 

8476 
8537 
8597 
8657 
8716 

8774 
8831 
8887 
8943 
8998 

9053 
9106 
9159 
9212 
9263 

9315 
9365 
9415 
9465 
9513 

9562 
9609 
9657 
9703 
9750 

9795 
9841 
9886 
9930 
9974 

5 

7443 
7520 
7597 
7672 
7745 

7818 
7889 
7959 
8028 
8096 

8162 
8228 
8293 
8357 
8420 

8482 
8543 
8603 
8663 
8722 

8779 
8837 
8893 
8949 
9004 

9058 
9112 
9165 
9217 
9269 

9320 
9370 
9420 
9469 
9518 

9566 
9614 
9661 
9708 
9754 

9800 
9845 
9890 
9934 
9978 

(continued) 

6 
7451 
7528 
7604 
7679 
7752 

7825 
7896 
7966 
8035 
8102 

8169 
8235 
8299 
8363 
8426 

8488 
8549 
8609 
8669 
8727 

8785 
8842 
8899 
8954 
9009 

9063 
O1T7 
9170 
9222 
9274 

9325 
9375 
9425 
9474 
9523 

9571 
9619 
9666 
9713 
9759 

9805 
9850 
9894 
9939 
9983 

7 

7459 
7536 
7612 
7686 
7760 

7832 
7903 
7973 
8041 
8109 

8176 
8241 
8306 
8370 
8432 

8494 
8555 
8615 
8675 
8733 

8791 
8848 
8904 
8960 
9015 

9069 
9122 
9175 
9227 
9279 

9330 
9380 
9430 
9479 
9528 

9576 
9624 
9671 
9717 
9763 

9809 
9854 
9899 
9943 
9987 

8 
7466 
7543 
7619 
7694 
7767 

7839 
7910 
7980 
8048 
8116 

8182 
8248 
8312 
8376 
8439 

8500 
8561 
8621 
8681 
8739 

8797 
8854 
8910 
8965 
9020 

9074 
9128 
9180 
9232 
9284 

9335 
9385 
9435 
9484 
9533 

9581 
9628 
9675 
9722 
9768 

9814 
9859 
9903 
9948 
9991 

7474 
7551 
7627 
7701 
7774 

7846 
7917 
7987 
8055 
8122 

8189 
8254 
8319 
8382 
8445 

8506 
8567 
8627 
8686 
8745 

8802 
8859 
8915 
8971 
9025 

9079 
9133 
9186 
9238 
9289 

9340 
9390 
9440) 
9489 
9538 

9586 
9633 
9680 
9727 
9773 

9818 
9863 
9908 
9952 
9996 

29 

PoP: 
a 

16h27° 3 

Leer 2 
Leen 2 
hag 2284 
gla 2 
1 Serle 2 

ae Ss 
ign lk ye 
ali 9 a 
WP ae ge 
1 AES |b A 

1 eal 
Mall 
| is 
ee | 
Pcl 

a as ay ye 

SSS SOS Sey 

— pp — pt pt ee ae —t pt pet ps 

a 

mre DO DO DOM KD bo NN KD KD dO DOM ND dO DOM DY D bo 

— ee 

— pt ps ps DO DOD bo PO DO DO DO DY bo DO DODD bo NMNMNH bd DO DO DY bh bo DOD DOD dO WWWWwW WWWWw WWWWWH DODO DO DY PO DOM DD bdo DON DW Ww WWWWW WWWW Ww WWWWWw WWWW WwW WWwWwbh bHpphph ui 



30 TABLE 14.—LOGARITHMS (continued) 

N 0 1 2 
100 0000 0004 0009 
101 0043 0048 0052 
102 0086 0090 0095 

104 0170 0175 0179 

105 0212 0216 0220 
106 0253 0257 0261 
107 0294 0298 0302 

109 0374 0378 0382 

110 0414 0418 0422 
ity 0453 0457 0461 
112 0492 0496 0500 

124 0934 0938 0941 

125 0969 0973 0976 
126 1004 1007 1011 
127 1038 1041 1045 

129 1106 1109 1113 

130 1139 1143 1146 
131 1173 Iver 79 
132 1206 1209 1212 
133 1239 1242 1245 
134 1271 1274 1278 

135 1303 1307 1310 
136 1335 1339" 1342 
137 1367 1370 1374 
138 1399 1402 1405 
139 1430 1433 1436 

140 1461 1464 1467 
141 1492 1495 1498 
142 1523 1526 1529 
143 1553 1556 1559 
144 1584 1587 1590 

145 1614 1617 1620 
146 1644 1647 1649 
147 1673 1676 1679 
148 1703 1706 1708 
149 1732 L739 L738 
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3 
0013 
0056 
0099 
0141 
0183 

0224 
0265 
0306 

(continued ) 

7 
0030 
0073 
0116 
0158 
0199 

0241 
0282 
0322 
0362 
0402 

0441 
0481 
0519 
0558 | 
0596 

0633 
0671 
0708 
0745 
0781 

0817 
0853 
0888 
0924 
0959 

0993 
1028 
1062 
1096 
1129 

1163 
1196 
1229 
1261 
1294 

1326 
1358 
1389 
1421 
1452 

1483 
1514 
1544 
1575 
1605 

1635 
1664 
1694 
1723 
1752 



N 0 
150 1761 
151 1790 
152 1818 
153 1847 
154 1875 

155 1903 
156 1931 
157 1959 
158 1987 
159 2014 

160 2041 
161 2068 
162 2095 
163 2122 
164 2148 

165 2175 
166 2201 
167 2227 
168 2253 
169 2279 

170 2304 
171 2330 
172 2355 
173 2380 
174 2405 

175 2430 
176 2455 
177 2480 
178 2504 
179 2529 

180 2553 
181 2577 
182 2601 
183 2625 
184 2648 

185 2672 
186 2695 
187 2718 
188 2742 
189 2765 

190 2788 
191 2810 
192 2833 
193 2856 
194 2878 

195 2900 
196 2923 
197 2945 
198 2967 
199 2989 

TABLE 14.—LOGARITHMS (concluded) 

1 
1764 
1793 
1821 
1850 
1878 

1906 
1934 
1962 
1989 
2017 

2044 
2071 
2098 
2125 
2151 

2177 
2204 
2230 
2256 
2281 

2307 
2333 
2358 
2383 
2408 

2433 
2458 
2482 
2507 
2531 

2555 
2579 
2603 
2627 
2651 

2674 
2697 
2721 
2744 
2767 

2790 
2813 
2835 
2858 
2880 

2903 
2925 
2947 
2969 
2991 

2 
1767 
1796 
1824 
1853 
1881 

1909 
1937 
1965 
1992 
2019 

2047 
2074 
2101 
2127 
2154 

2180 
2206 
2232 
2258 
2284 

2310 
2335 
2360 
2385 
2410 

2435 
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3 
1770 
1798 
1827 
1855 
1884 

1912 
1940 
1967 
1995 
2022 

2049 
2076 
2103 
2130 
2156 

2183 
2209 
2235 
2261 
2287 

2312 
2338 
2363 
2388 
2413 

2438 
2463 
2487 
2512 
2536 

2560 
2584 
2608 
2632 
2655 

2679 
2702 
2725 
2749 
2772 

2794 
2817 
2840 
2862 
2885 

2907 
2929 
2951 
2973 
2995 

4 
1772 
1801 
1830 
1858 
1886 

1915 
1942 
1970 
1998 
2025 

2052 
2079 
2106 
2133 
2159 

2185 
2212 
2238 
2203 
2289 

2315 
2340 
2365 
2390 
2415 

2440 
2465 
2490 
2514 
2538 

2562 
2586 
2610 
2634 
2658 

2681 
2704 
2728 
2751 
2774 

2797 
2819 
2842 
2865 
2887 

2909 
2931 
2953 
2975 
2997 

5 
1775 
1804 
1833 
1861 
1889 

1917 
1945 
1973 
2000 
2028 

2055 
2082 
2109 
2135 
2162 

2188 
2214 
2240 
2266 
2292 

2317 
2343 
2368 
2393 
2418 

2443 
2467 
2492 
2516 
2541 

2565 
2589 
2613 
2636 

6 
1778 
1807 
1836 
1864 
1892 

1920 
1948 
1976 
2003 
2030 

2057 
2084 
ZA 
2138 
2164 

2191 
2217 
2243 
2269 
2294 

2320 
2345 
2370 
2395 
2420 

2445 
2470 
2494 
2519 
2543 

2567 
2591 

7 
1781 
1810 
1838 
1867 
1895 

1923 
1951 
1978 
2006 
2033 

2060 
2087 
2114 
2140 
2167 

2193 
2219 
2245 
2271 
2297 

2322 
2348 
2373 
2398 
2423 

2448 
2472 



Sz TABLE 15.—CIRCULAR (TRIGONOMETRIC) FUNCTIONS * 

Sines Cosines Tangents Cotangents 
Radi- De- 
ans grees Nat. Log. Nat. Log. Nat. Log. Nat. Log. 

0.0000 0°00’ .0000 ©O 1.0000 0.0000 .0000 © ee) ©0 90°00’ 1.5708 
0.0029 10 0029 7.4637. 1.0000 .0000 .0029 7.4637 343.77 2.5363 50 1.5679 
0.0058 20 0058 .7648 1.0000 .0000 .0058 .7648 171.89 2352 40 1.5650 
0.0087 30 .0087 .9408 1.0000 .0000 .0087 .9409 114.59 0591 30 = =1.5621 
0.0116 40 0116 8.0658 .9999 .0000 .0116 8.0658 85.940 1.9342 20 1.5592 
0.0145 50 0145 1627. .99S9 .0000 .0145 .1627 68.750 .8373 10 1.5563 

0.0175 1°00’ 0175 8.2419 .9998 9.9999 .0175 8.2419 57.290 1.7581 89°00’ §=1.5533 
0.0204 10 0204 .3088 .9998 .9999 .0204 .3089 49.104 .6911 50 1.5504 
0.0233 20 0233 .3668 .9997 .9999 .0233 .3669 42.964  .6331 40 1.5475 
0.0262 30 0262 .4179 .9997 .9999 0262 .4181 38.188  .5819 30 1.5446 
0.0291 40 0291 .4637 .9996 .9998 .0291 .4638 34.368  .5362 20 1.5417 
0.0320 50 .0320 .5050 .9995 .9998 .0320 .5053 31.242 .4947 10 1.5388 

0.0349 2°00’ .0349 8.5428  .9994 9.9997 .0349 8.5431 28.636 1.4569 88°00’ 1.5359 
0.0378 10 0378 .5776 .9993 .9997 .0378 .5779 26.432  .4221 50 1.5330 
0.0407 20 0407. .6097 .9992 .9996 .0407 .6101 24.542 .3899 40 1.5301 
0.0436 30 0436 .6397 .9990 .9996 .0437  .6401 22.904  .3599 30. = 1.5272 
0.0465 40 0465 .6677 .9989 .9995 .0465 .6682 21.470  .3318 20 1.5243 
0.0495 50 0494 6940 .9988 .9995 .0495 .6945 20.206  .3055 Ope 1eS213 

0.0524 3°00’ .0523 8.7188  .9986 9.9994 .0524 8.7194 19.081 1.2806 87°00’ 1.5184 
0.0553 10 0552. .7423 =.9985 .9993. 0553. .7429 18.075 —.2571 50 1.5155 
0.0582 20 0581 .7645 .9983 .9993 .0582 .7652 17.169 .2348 40 1.5126 
(1.0611 30 0610 .7857  .9981 .9992 .0612 .7865 16.350 2135 30 =1.5097 
0.0640 40 .0640 .8059 .9980 .9991 .0641 .8067 15.605 1933 20 1.5068 
0.0669 50 0669 .8251 .9978 .9990 .0670 .8261 14.924 1739 10 1.5039 

0.0698 4°00! .0698 8.8436  .9976 9.9989 .0699 8.8446 14.301 1.1554 86°00’ 1.5010 
0.0727 10 0727 .8613 .9974 .9989 .0729 .8624 13.727 .1376 5& 1.4981 
0.0756 20 0756 .8783 .9971 .9988 .0758 .8795 13.197 .1205 40 1.4952 
0.0785 30 0785 .8946 .9969 .9987 .0787 .8960 12.706  .1040 30 =: 1.4923 
0.0814 40 0814 .9104 .9967 .9986 .0816 .9118 12.251 .0882 20 1.4893 
0.0844 50 0843 .9256 .9964 .9985 .0846 .9272 11.826 .0728 10 1.4864 

0.0873 5°00’ 0872 8.9403 .9962 9.9983 .0875 8.9420 11.430 1.0580 85°00’ 1.4835 
0.0902 10 0901 .9545 .9959 .9982 .0904 .9563 11.059 .0437 50 1.4806 
0.0931 20 .0929 .9682 .9957 .9981 .0934 .9201 10.712 .0299 40 1.4777 
0.0960 30 0958 .9816 .9954 .9980 .0963 .9836 10.385 .0164 30. =—-1.4748 
0.0989 40 0987 .9945 .9951 .9979 .0992 .9966 10.078 .0034 20 1.4719 
0.1018 50 1016 9.0070 .9948 .9977 .1022 9.0093 9.7882 0.9907 10 1.4690 

0.1047 6°00’ 1045 9.0192 ..9945 9.9976 .1051 9.0216 9.5144 0.9784 84°00’ 1.4661 
0.1076 10 1074 .0311 .9942 .9975 .1080 .0336 9.2553 .9664 50 =1.4632 
0.1105 20 1103 .0426 8.9939 .9973 .1110 .0453 9.0098 .9547 40 1.4603 
0.1134 30 1132 .0539 =.9936 )=—.9972 )~— 1139 = .0567 8.7769 .9433 30 1.4574 
0.1164 40 1161 .0648 .9932 .9971 .1169 .0678 8.5555 .9322 20 1.4544 
0.1193 50 1190 .0755 .9929 .9969 .1198 .0786 8.3450 .9214 10. 1.4515 

81222 7200! 1219 9.0859 .9925 9.9968  .1228 9.0891 8.1443 0.9109 83°00’ 1.4486 
0.1251 10 1248 .0961 .9922 .9966 .1257 .0995 7.9530 .9005 50 1.4457 
0.1280 20 1276 1060 .9918 .9964 .1287 .1096 7.7704 .8904 40 1.4428 
0.1309 30 3050 S57 8:99.45 L99G3HVsISiI7. enlo4 7.5958 .8806 30 =—-:1.4399 
0.1338 40 n1I334) 252)" 991 PeSOGIEEealS46 Sa1291 7.4287 .8709 20 =1.4370 
0.1367 50 51363) 21345 9907 97-9959) Vs1376 Tass85 7.2687 .8615 10 1.4341 

0.1396 8°00’ .1392 9.1436 .9903 9.9958  .1405 9.1478 7.1154 0.8522 82°00’ 1.4312 
0.1425 10 1421 .1525 .9899 .9956 .1435 .1569 6.9682 .9431 50 1.4283 
0.1454 20 1449 1612 .9894 .9954 1465 .1658 6.8269 8342 40 1.4254 
0.1484 30 1478 .1697 .9890 .9952 1495 .1745 6.6912 .8255 30 =1.4224 
0.1513 40 1507 .1781 .9886 .9950 .1524 .1831 6.5606 .8169 20 1.4195 
0.1542 50 1536 .1863 =.9881 .9948 .1554 .1915 6.4348  .8085 10 1.4166 

0.1571 9°00’ 1564 9.1943 .9877 9.9946  .1584 9.1997 6.3138 0.8003 81°00’ = 1.4137 
Nate) lnore Nat. leors Nat. Lor: Nat. Log. 
SS SSS —Ss—" De- Radi- 

Cosines Sines Cotangents Tangents grees ans 

* Taken from B. O. Peirce’s Short table of integrals, Ginn & Co. 
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TABLE 15.—CIRCULAR (TRIGONOMETRIC) FUNCTIONS (continued) 

Radi- De 
ans grees 

0.1571 9°00’ 
0.1600 10 
0.1629 20 
0.1658 30 
0.1687 40 
0.1716 50 

0.1745 10°00’ 
0.1774 10 
0.1804 20 
0.1833 30 
0.1862 40 
0.1891 50 

0.1920 11°00’ 
0.1949 10 
0.1978 20 
0.2007 30 
0.2036 40 
0.2065 50 

0.2094 12°00’ 
0.2123 10 
0.2153 20 
0.2182 30 
0.2211 40 
0.2240 50 

0.2269 13°00’ 
0.2298 10 
0.2327 20 
0.2356 30 
0.2385 40 
0.2414 50 

0.2443 14°00’ 
0.2473 1 
0.2502 20 
0.2531 30 
0.2560 40 
0.2589 50 

0.2618 15°00’ 
0.2647 10 
0.2676 20 
0.2705 30 
0.2734 40 
0.2763 50 

0.2793 16°00’ 
0.2822 10 
0.2851 20 
0.2880 30 
1.2909 40 
).2938 50 

0.2967 17°00’ 
0.2996 10 
0.3025 20 
0.3054 30 
0.3083 40 
0.3113 50 

0.3142 18°00’ 

Sines 
= 

Nat. Log. 

1564 9.1943 
.1593 
1622 
.1650 
.1679 
.1708 

1736 9.2397 
.1765 
1794 
.1822 
1851 .2674 
.1880 

1908 9.2806 
BIEY: 
1965 
1994 
.2022 
.2051 

.2079 9.3179 

.2108 

.2136 

.2164 

.2193 
2221 

2250 9.3521 
.2278 
.2306 
.2334 
.2363 
.2391 

2419 9.3837 
.2447 
.2476 
.2504 
2932 
.2560 

.2588 9.4130 

.2616 

.2644 

.2672 

.2700 

.2728 

.2756 9.4403 

.2784 

.2812 

.2840 

.2868 

.2896 

.2924 9.4659 
2952 
2979 
.3007 
3035 
.3062 

.3090 9.4900 

.2022 

.2100 

.2176 
2251 
2324 

.2468 

.2538 

.2606 

.2740 

.2870 

.2934 
2997 
.3058 
3119 

3238 
3296 
.3353 
3410 
3466 

3575 
3629 
3682 
3734 
.3786 

.3887 
3937 
3986 
.4035 
.4083 

4177 
4223 
.4269 
4314 
4359 

4447 
4491 
4533 
4576 
4618 

.4700 
4741 
.4781 
4821 
.4861 

Nat. Log. 
a 

Cosines 

SMITHSONIAN PHYSICAL TABLES 

Cosines Tangents 

Nat. Log. Nat. Log. 

.9877 9.9946  .1584 9.1997 
9872 .9944 1614 .2078 
9868 .9942 1644 .2158 
9863 .9940 .1673 .2236 
9858 .9938 1703 .2313 
9853 .9936 .1733 .2389 

.9848 9.9934 1763 9.2463 
9843 .9931 1793 .2536 
.9838 .9929 1823 .2609 
9833  .9927 1853 .2680 
9827 .9924 1883 .2750 
9822 .9922 1914 .2819 

9816 9.9919  .1944 9.2887 
9811 .9917 .1974 .2953 
9805 .9914 .2004 .3020 
9799 .9912 .2035 .3085 
9793 9909 §=.2065—-.3149 
9787 .9907 .2095 .3212 

9781 9.9904  .2126 9.3275 
9775 .9901 .2156 .3336 
9769 9899 2186 .3397 
9763 .9896 .2217 .3458 
97575 9893— 22475 3510 
9750 .9890 .2278 .3576 

.9744 9.9887  .2309 9.3634 
9737 = .9884 = .2339—S- 3691 
9730 .9881 .2370 .3748 
9724 9878  .2401 .3804 
9717 9875 .2432 .3859 
9710 .9872 .2462 .3914 

.9703 9.9869  .2493 9.3968 

.9696 .9866 .2524 .4021 
9689 .9863 .2555 .4074 
.9681 .9859 .2586 .4127 
.9674 .9856 .2617  .4178 
.9667 .9853  .2648 .4230 

.9659 9.9849  .2679 9.4281 
9652 9846 .2711 .4331 
9644 .9843 .2742 .4381 
9636 .9839 .2773 .4430 
9628 .9836 .2805 .4479 
9621 .9832 .2836 .4527 

.9613 9.9828 .2867 9.4575 
9605 .9825 .2899 .4622 
9596 .9821 .2931 .4669 
9588 .9817 .2962 .4716 
9580 .9814 .2994 .4762 
9572 .9810 .3026 .4808 

.9563 9.9806  .3057 9.4853 
9555 .9802 .3089 .4898 
9546 .9798  .3121 .4943 
9537 .9794 3153 .4987 
9528 .9709  .3185 .5031 
19520)» 9786')" 23217-5075 

9511 9.9782  .3249 9.5118 
Nat. Log. Nat. Log. 

Sines Cotangents 

(continued) 

Cotangents 

Nat. Log. 

6.3138 0.8003 
6.1970 .7922 
6.0844 .7842 
5.9757 .7764 
5.8708 .7687 
5.7694 .7611 

5.6713 0.7537 
5.5764 .7464 
5.4845 .7391 
5.3955 .7320 
5.3093 .7250 
5.225% .7181 

5.1446 0.7113 
5.0658 .7047 
4.9894 .6980 
4.9152 .6915 
4.8430 .6851 
4.7729 6788 

4.7046 0.6725 
4.6382 .6664 
4.5736 .6603 
4.5107 .6542 
4.4494 .6483 
4.3897 .6424 

4.3315 0.6366 
4.2747 .6309 
4.2193 .6252 
4.1653 .6196 
4.1126 .6141 
4.0611 .6086 

4.0108 0.6032 
3.9617 .5979 
3.9136 .5926 
3.8667 .5873 
3.8208 .5822 
3.7760 .5770 

3.7321 0.5719 
3.6891 .5669 
3.6470 .5619 
3.6059 .5570 
3.5656 .5521 
3.5261 .5473 

3.4874 0.5425 
3.4495 5378 
3.4124 .5331 
3.3759 .5284 
3.3402 .5238 
3:3052° S192 

3.2709 0.5147 
3.237 be 5102 
3.2041 .5057 
3.1716 .5013 
3.1397 .4969 
3.1084 .4925 

3.0777 0.4882 
Nat. Log. 

Tangents 

81°00’ 

33 



34 

Radi- 
ans 

0.3142 
0.3171 
0.3200 
().3229 
0.3258 
0.3287 

0.3316 
0.3345 
0.3374 
0.3403 
0.3432 
0.3462 

0.3491 
0.3520 
0.3549 
0.3578 
0.3607 
0.3636 

0.3665 
0.3694 
0.3723 
0.3752 
0.3782 
0.3811 

0.3840 
0.3869 
0.3898 
0.3927 
0.3956 
0.3985 

0.4014 
0.4043 
0.4072 
0.4102 
0.4131 
0.4160 

0.4189 
0.4218 
0.4247 
0.4276 
0.4305 
0.4334 

0.4363 
0.4392 
0.4422 
0.4451 
0.4480 
0.4509 

0.4538 
0.4567 
0.4596 
0.4625 
0.4654 
0.4683 

0.4712 

TABLE 15.—CIRCULAR (TRIGONOMETRIC) FUNCTIONS (continued) 

27°00’ 

Sines 

Nat. Log. 

3090 9.4900 
3118 
3145 
3173 
3201 
3228 

3256 9.5126 
.3283 
3311 
3338 
3365 
3393 

3420 9.5341 
3448 
3475 
3502 
B22) 
3557 

3584 9.5543 
3611 
3638 
3665 
3692 
3719 

3746 9.5736 
3773 
.3800 
3827 
.3854 
3881 

3907 9.5919 
3934 
3961 
3987 
4014 
4041 

.4067 9.6093 

4939 
4977 
.9015 
9052 
.5090 

5163 
5199 
6250 
5270 
.5306 

BSA) 
.5409 
5443 
5477 
5510 

5576 
5609 
5641 
5673 
5704 

5767 
9798 
.9828 
.9859 
9889 

5948 
5978 
.6007 
.6036 
.6065 

6121 

4540 9.6570 
Nat. Log. 

Cosines 
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Cosines Tangents 

Nat. Log. Nat. Log. 

9511 9.9782  .3249 9.5118 
9502 .9778 .3281 .5161 
9492 9774 3314 .5203 
9483 .9770 .3346 .5245 
9474 9765 .3378 .5287 
9465 .9761 3411 .5329 

9455 9.9757 .3443 9.5370 
9446 .9752 .3476 .5411 
9436 .9748 3508 .5451 
9426 .9743 3541 .5491 
9417 .9739 3574 .5531 
9407 .9734 .3607 .5571 

.9397 9.9730  .3640 9.5611 
(9387 9725) 3073) 5050) 
9377 9721 3706-5689 
9367. .9716 .3739 .5727 
10356 Oe 3772) 07200 
9346 .9706 .3805 .5804 

9336 9.9702  .3839 9.5842 
9325 .9697 .3872 .5879 
9315 .9692 .3906 .5917 
9304 9687 .3939 .5954 
9293 .9682 .3973 .5991 
9283 .9677  .4006 .6028 

.9272 9.9672  .4040 9.6064 
9261 .9667 .4074 .6100 
9250 .9661 .4108 .6136 
9239 .9656 .4142 .6172 
9228 .9651 .4176 .6208 
9216 .9646 .4210 .6243 

9205 9.9640 .4245 9.6279 
9194 .9635 .4279 .6314 
9182 .9629 4314 .6348 
9171 .9624 .4348 .6383 
9159 .9618 .4383 .6417 
9147 9613 .4417 .6452 

9135 9.9607  .4452 9.6486 
9124 9602 .4487 .6520 
9112 .9596 .4522 .6553 
9100 .9590 .4557 .6587 
9088 .9584  .4592 .6620 
9075 .9579 .4628 .6654 

.9063 9.9573  .4663 9.6687 
9051 .9567 .4699 .6720 
9038 .9561 .4734 .6752 
9026 .9555 .4770 .6785 
9013 .9549 .4806 .6817 
9001 .9543 .4841 .6850 

8988 9.9537  .4877 9.6882 
8975 .9530 .4913 .6914 
8962 .9524 .4950 .6946 
8949 9518  .4986 .6977 
8936 .9512 .5022 .7009 
8923 .9505 .5059 .7040 

8910 9.9499 .5095 9.7072 
Nat. Log. Nat. Log. 

Sines Cotangents 

(continued ) 

Cotangents 

Nat. Log. 

3.0777 0.4882 
3.0475 .4839 
3.0178 .4797 
2.9887  .4755 
2.9600 .4713 
2.9319 .4671 

2.9042 0.4630 
2.8770 .4589 
2.8502 .4549 
2.8239 .4509 
2.7980 .4469 
2.7725 4429 

2.7475 0.4389 
2.7228 .4350 
2.6985 .4311 
2.6746 .4273 
2.6511 .4234 
2.6279 .4196 

2.6051 0.4158 
2.5826 .4121 
2.5605 .4083 
2.5386 .4046 
2.5172 .4009 
2.4960 .3972 

2.4751 0.3936 
2.4545 .3900 
2.4342 .3864 
2.4142 3828 
2.3945 .3792 
2.3750" 3797 

2.3559 0.3721 
2.3369 .3686 
2.3183 .3652 
2.2998 .3617 
2.2817 3583 
2.2637 .3548 

2.2460 0.3514 
2.2286 .3480 
2.2113 .3447 
2.1943 .3413 
Z7S 3580 
2.1609 .3346 

2.1445 0.3313 
2.1283 .3280 
2.1123 .3248 
2.0965 .3215 
2.0809 .3183 
2.0655 .3150 

2.0503 0.3118 
2.0353 .3086 
2.0204 .3054 
2.0057 .3023 
1.9912’ 2991 
1.9768 .2960 

1.9626 0.2928 
Nat. Log. 

Tangents 

72°00’ 



Radi- 
ans 

0.4712 
0.4741 
0.4771 
0.4800 
0.4829 
0.4858 

0.4887 
0.4916 
0.4945 
0.4974 
0.5003 
0.5032 

0.5061 
0.5091 
0.5120 
0.5149 
0.5178 
0.5207 

0.5236 
0.5265 
0.5294 
0.5323 
0.5352 
0.5381 

0.5411 
0.5440 
0.5469 
0.5498 
0.5527 
0.5556 

0.5585 
0.5614 
0.5643 
0.5672 
0.5701 
0.5730 

0.5760 
0.5789 
0.5818 
0.5847 
0.5876 
0.5905 

0.5934 
0.5963 
0.5992 
0.6021 
0.6050 
0.6080 

0.6109 
0.6138 
0.6167 
0.6196 
0.6225 
0.6254 

0.6283 

TABLE 15.—CIRCULAR (TRIGONOMETRIC) FUNCTIONS (continued) 

36°00’ 

4720 

4823 

4924 

5025 
5050 

Sines 

Nat. Log. 

.4540 9.6570 
4500 .0595 
4592 .6620 
4617 .6644 
4643 ©.6668 
.4669 = .6692 

4095 9.6716 
.6740 
.6763 
.6787 
.6810 
6833 

4848 9.6856 
4874 6878 
4899 6901 

6923 
4950 .6946 
4975 .6968 

9000 9.6990 
7012 
7033 
.7055 

4746 
4772 
4797 

.5075 
9100 .7076 
125) .7097 

5150 9.7118 
al7a 7139 
5200 .7160 
19229)\. 7181 
5250 .7201 
O27 oN Pee 

5299 9.7242 
5324 .7262 
9348 .7282 
5373 
5398 
5422 

5446 9.7361 
9471 
5495 
ky 
5544 
5568 

5592 9.7476 
5616 .7494 
5640 .7513 
5664 .7531 
5688 .7550 
5712” .7968 

5736 9.7586 
5760 .7604 
5783 .7622 
5807 .7640 
‘Seats, 52057 
5854 .7675 

5878 9.7692 
Nat. Log. 
———_—_——' 

Cosines 
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Cosines 

Nat. Log. 

.8910 9.9499 

.8897 .9492 
8884 .9486 
8870 .9479 
8857 .9473 
.8843 .9466 

.8829 9.9459 
8816 9453 
8802 .9446 
8788 9439 
8774  .9432 
8760 .9425 

8746 9.9418 
8732 .9411 
8718 .9404 
8704 —.9397 
8689 .9390 
8675 .9383 

8660 9.9375 
8646 .9368 
8631 .9361 
8616  .9353 
8001 .9346 
8587 .9338 

8572 9.9331 
S50, IS2S 
8542 .9315 
8526 .9308 
8511 .9300 
8496 .9292 

8480 9.9284 
8465 .9276 
8450 9268 
8434 .9260 
8418 9252 
8403 .9244 

8387 9.9236 
8371 .9228 
0309) 9219 
BOGS OZ 
8323 .9203 
8307 9194 

8290 9.9186 
8274 .9177 
8258 .9169 
8241 .9160 
8225 9151 
8208 .9142 

8192 9.9134 
Bly oe O len 
8158 .9116 
8141 .9107 
8124 .9098 
8107 .9089 

.8090 9.9080 
Nat. Log. 
a 

Sines 

9905 

Tangents 
SS 
Natasa ore 

9095 9.7072 
olS2. 7103 
5169 .7134 
9200" ./ 165 
0240") 196 
9280 .7226 

OSLO 257 
304) 7287 
959277 
5430 .7348 
9467 = .7378 

.7408 

5543 9.7438 
5581 .7467 
5619 7497 
5658 .7526 
5096 .7556 
730 4.7585 

9774 9.7614 
812.7044 
851.7673 
5890 .7701 
S930. 7730 
9909" 27759 

6009 9.7788 
6048 .7816 
6088  .7845 
6128 .7873 
6168 .7902 
6208 .7930 

6249 9.7958 
6289 .7986 
6330 .8014 
6371 8042 
6412 .8070 
0453 8097 

6494 9.8125 
6536 8153 
6577 8180 
6619 8208 
6661 .8235 
.6703 8263 

6745 9.8290 
6787 8317 
6830 8344 
6873 .8371 
6916  .8398 
6959 8425 

7002 9.8452 
7046 8479 
7089 8506 
7133" 85338 
1177-8559 
7221 8586 

7265 9.8613 
Nat. Log. 

Cotangents 

(continued ) 

Cotangents 

Nat. Log. 

1.9626 0.2928 
1.9486 .2897 
1.9347 .2866 
1.9210 .2835 
1.6074 .2804 
1.8940 .2774 

1.8807 0.2743 
1.8676 .2713 
1.8546 .2683 
1.8418 .2652 
1.8291 .2622 
1.8165 .2592 

1.8040 0.2562 
1.7917 .2533 
1.7796 .2503 
1.7675  .2474 
1.7556 .2444 
1.7437 .2415 

1.7321 0.2386 
1L.7205>...2356 
1.7090 .2327 
1.6977 .2299 
1.6864  .2270 
1.6753 .2241 

1.6643 0.2212 
1.6534 .2184 
1.6426 .2155 
163190 2127 
1.6212 .2098 
1.6107 .2070 

1.6003 0.2042 
1.5900 .2014 
1.5798 .1986 
1.5697 .1958 
1.5597 .1930 
1.5497 1903 

1.5399 0.1875 
1.5301 .1847 
1.5204 .1820 
1.5108 .1792 
1.5013 .1765 
1.4919 .1737 

1.4826 0.1710 
1.4733 .1683 
1.4641 .1656 
1.4550 .1629 
1.4460 .1602 
1.4370 1575 

1.4281 0.1548 
1-41939, 1521 
1.4106 .1494 
1.4019 .1467 
1.3934 .1441 
1.3848 .1414 

1.3764 0.1387 
Nat. Log. 
A 

Tangents 

54°00’ 

De- 
grees 

35 

1.0996 
1.0966 
1.0937 
1.0908 
1.0879 
1.0850 

1.0821 
1.0792 
1.0763 
1.0734 
1.0705 
1.0676 

1.0647 
1.0617 
1.0588 
1.0559 
1.9530 
1.0501 

1.0472 
1.0443 
1.0414 
1.0385 
1.0356 
1.0327 

1.0297 
1.0268 
1.0239 
1.0210 
1.0181 
1.0152 

1.0123 
1.0094 
1.0065 
1.0036 
1.0007 
0.9977 

0.9948 
0.9919 
0.9890 
0.9861 
0.9832 
0.9803 

0.9774 
0.9745 
0.9716 
0.9687 
0.9657 
0.9628 

0.9599 
0.9570 
0.9541 
0.9512 
0.9483 
0.9454 

0.9425 

Radi- 
ans 
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Radi- 
ans 

0.6283 
0.6312 
0.6341 
0.6370 
0.6400 
0.6429 

0.6458 
0.6487 
0.6516 
0.6545 
0.6574 
0.6603 

0.6632 
0.6661 
0.6690 
0.6720 
0.6749 
0.6778 

0.6807 
0.6836 
0.6865 
0.6894 
0.6923 
0.6952 

0.6981 
0.7010 
0.7039 
0.7069 
0.7098 
0.7127 

0.7156 
0.7185 
0.7214 
0.7243 
0.7272 
0.7301 

0.7330 
0.7359 
0.7389 
0.7418 
0.7447 
0.7476 

0.7505 
0.7534 
0.7563 
0.7592 
0.7621 
0.7650 

0.7679 
0.7709 
0.7738 
0.7767 
0.7796 
0.7825 

0.7854 

TABLE 15—CIRCULAR (TRIGONOMETRIC) FUNCTIONS (concluded) 

De- 
grees 

36°00" 

45°00’ 

Sines 

Nat. Log. 

5878 9.7692 
5901 .7710 
9925 
5948 
9972 
S995 

6018 9.7795 
6041 
£6065 
.6088 
6111 
6134 

6157 9.7893 
.6180 
6202 
.6225 
6248 
6271 

6293 9.7989 
.6316 
.6338 
6361 
.6383 
.6406 

6428 9.8081 
.6450 
.6472 
6494 
6517 
6539 

.6561 9.8169 
6583 
.6604 
.6626 
6648. 
6670 .8241 

.6691 9.8255 
6713 
.6734 

.7071 9.8495 
Nat. Log. 
SY 

Cosines 

7735 

Cosines 

Nat. Log. 

.8090 9.9080 

.8073  .9070 
8056 .9061 
8039 .9052 
8021 .9042 
8004 .9033 

7986 9.9023 
7969 9014 
7951  .9004 
7934 .8995 
7916 8985 
7898 .8975 

7880 9.8965 
7862  .8955 
7844 8945 
7826 8935 
7808 8925 
7790 8915 

7771 0.8905 
7753 8895 

8884 
.8874 

7698 .8864 
7679 8853 

.7660 9.8843 
7642 8832 
7623 8821 
.7604 .8810 
7585 .8800 
7566 .8789 

7547 9.8778 
7528 .8767 
7509 .8756 
7490 8745 
7470 8733 
4514 8722 

7431 9.8711 
7412 8659 
7392 8688 
7373 .8676 
7353 .8665 
7333 8653 

7314 9.8641 
7294 8629 
7274 
7254 
7234 
7214 

7193 0.8569 
7173 
AS 
.7133 
lz 
7092 

.7071 9.8495 
Nat. Log. 

7716 

Sines 
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.7310 
FRE) 
.7400 
7445 
.7490 

7581 
7627 
7673 
7720 
.7766 

.7860 
7907 
7954 
.8002 
.8050 

8146 
8195 
8243 
8292 

8541 
8591 

8796 
.8847 

9163 
9217 

9435 
.9490 
9545 

9713 

9884 
9942 

1.0000 0.0000 

Tangents 

Nat. Log. 

7265 9.8613 
8639 
.8666 
8692 
8718 
8745 

7536 9.8771 
8797 
8824 
.8850 
.8876 
.8902 

7813 9.8928 
8954 
8980 
.9006 
9032 
9058 

8098 9.9084 
9110 
9135 
9161 
9187 

8342 9212 

8391 9.9238 
8441 9264 
8491 .9289 

9315 
9341 

8642 .9366 

8693 9.9392 
8744 9417 

9443 
.9468 

8899 .9494 
8952 .9519 

9004 9.9544 
9057 .9570 
9110 .9595 

9621 
.9646 

9271 .9671 

.9325 9.9697 
9380 .9722 

9747 
9772 
.9798 

9601 .9823 

.9657 9.9848 
9874 
.9899 
9924 
.9949 
9975 

9770 
9827 

Nat: . Teog: 
al 

Cotangents 

Cotangents 

Nat. Log. 

1.3764 0.1387 
1.3680 .1361 
1.3597 .1334 
1.3514 .1308 
1.3432 .1282 
S35 1e 1255 

1.3270 0.1229 
1.3190 1203 
1.3111. .1146 
1.3032 .1150 
1.2954 .1124 
1.2876 .1098 

1.2799 0.1072 
1.2723 .1046 
1.2647 .1020 
1.2572 .0994 
1.2497 .0968 
1.2423 .0942 

1.2349 0.0916 
1.2276 .0890 
1.2203 .0865 
1.2131 .0839 
1.2059 .0813 
1.1988 .0788 

1.1918 0.0762 
1.1847 .0736 
Lig 07M 
1.1708 .0685 
1.1640 .0659 
1.1571 0634 

1.1504 0.0608 
1.1436 .0583 
1.1369 .0557 
1.1303 .0532 
1.1237 .0506 
1.1171 .0481 

1.1106 0.0456 
1.1041 .0430 
1.0977 .0405 
1.0913 .0379 
1.0850 .0354 
1.0786 .0329 

1.0724 0.0303 
1.0661 .0278 
1.0599 .0253 
1.0538 .0228 
1.0477 .0202 
1.0416 .0177 

1.0355 0.0152 
1.0295 .0126 
1.0235 .0101 
1.0176 .0076 
1.0117 .0051 
1.0058 .0025 

1.0000 0.0000 
Nat. Log. 

Tangents 

54°00’ 

50 
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TABLES 16-25—TREATMENT OF EXPERIMENTAL DATA* 

TABLE 16—METHODS OF AVERAGING DATA 

When a number of measurements are made of any quantity variations will be found. 
The question is: What is the best representat've value for the quantity thus measured: 
and how shall the precision of the measurements be stated? The arithmetic mean of all 
the readings is generally taken as the best value. To tell something about the precision 
of the final result any one of five measures of variation which are discussed in books dealing 
with this subject may be given. These measures of deviation arc: 

p = probable error 

a II the average deviation (from the arithmetic mean) 

o = the standard deviation 

L/h 

b/w = the reciprocal of the “precision constant” 

the reciprocal of the modulus of precision 

Of these precision indexes the standard deviation, ¢, is most easily computed. For the 
set of observed values .r1, 2. .-1n of equal weight, the o for a single observation is given by 

= 25" J 
GS aaa Reh See tus 

n— 1 vai Nn 

atksiep,. \ SC Gee 
en eo eS ee 

Vin n(a—1) ==) w 

_The ratios of these precision indexes to one another for a normal (or Gaussian) 
distribution are: 

and for the mean by 

pene ors) | Sa ee ae 2 0.476936 2 -1'Ve 2 VC 2): 1.000: Vr 

Gu soughiveasep sad. 0 l/h oboe 7 8 Ou Ia 25 

Most experimental data can be represented by an equation of some form. One of the 
recommended methods for determining the coefficients of such equations is the use of a 
least-squares solution. This means that an attempt is made to find values for the coefhcients 
such that the sum of the squares of the deviations of the experimental points from the 
resulting curve has the least possible value. Certain tables are of help in making such 
solutions (Tables 16-26), and reference shouid be made to books or papers on this subject 
for their use. 
An example of one method of finding the coefficients of such selected equations (based 

on “Treatment of Experimental Data,” by Worthing and Geffner, published by Wiley, 
1943) follows. 

Part 1—Least squares adjustment of measurements of linearly related quantities 

Let O:, Q2...Qx be the k adjusted, but initially unknown, values of the linearly related 

quantities. Let Xi, V2.... be (>) measured values of O's or of linear combinations 

of two or more, Q's. 
Let Ai, A:...An be the adjustments or corrections that must be applied to the measured 

X's to yield consistent least-squares values for the Q's. See below for a simple illustration. 
As observation equations we have 

aQ, —- biQ2 Soc ki Ox — N= 

aQi + b:Q2 +...h:0% — Wo Ae (1) 

of which a;, bi...k; are constants, whose values are frequently + 1, — 1, or 0. 

From the observation equations k normal cguations are formed. For equally weighted 
observed values of VY, they are 

[aiaiJOs + [aids JO» + Farci Qs +... LaikiTOx — faiXi] =0 

[biaiOs + [bib O02 + Pci Ga +... bik TQx — [hiNi] =0 (2) 

[hia O. + [hibs VO: + [hie Qs 4... heii VOx — [2 Ni] =0 

* Prepared by the late A. G. Worthing. of the University of Pittsburgh. 

(continued ) 
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38 TABLE 16.—METHODS OF AVERAGING DATA (continued) 

of which, as representative bracketed | ] coefficients, we have 

[avai] = aia: + arad2 + azd3 +... ndn 

[arbi] = aiby -|- Azb2 a. asbs = os -AnDn (3) 

[acX] = ai.X1 + a2X2 + asX3+...anXn 

[kia:] = kia: + Rode + sas ++... Rndn 

Solutions of equation (2) yield'the least-squares adjusted values of Q:, Q2...Qx. 

For unequally weighted values of X, that is w:, w»,...W@n for X:X2...Xn, the normal 
equations become 

[wraias JO: + [wiaibs]O2 + [wiaici]Os +... [wiaiki] Ox — [wiaiXi] =0 

[zwibsiai QO: a [wibibi] Oz — [wibici1Os +... [wibsikil Ox = [wibiXi] = (() (4) 

[wikiailQ: -b [wikibilQz2 ok [wikici]Os +... [wikikilOx — [w,kiX,] =0 

of which 

[eerasai] = wWidids + Wedede + WsAsA3 +... WnOndn 

[zwsaibs] = wrairbs + wedeb: + wsasbs +... tWndnDn (5) 

Lwikia:] = wikias + ae + Wsaksds +.. .Wnkndn 

The weights Wi, We. ..Wn associated with the X1, X2...Xn and with the successive ob- 
servation equations are taken as inversely proportional to the squares of the probable 
errors (or of the standard deviations) of the corresponding X’s. It is customary to take 
simple rounded numbers for the proportional values. A precise set of 28, 50, 41, and 78 
may be rounded to 3, 5, 4, and 8. 

As a simple application, consider the elevations of stations B, C, and D above A. Let 
those elevations in order be Q:, Q2, and Qs. Let the quantities measured and the observed 
elevations be such as to yield the following observation equations: 

Q:—10 ft = A: 

Q2 —18 ft =A, 

Q:— 4ft=A:; (6) 
—0:+ 0.— 9ft=A, 

QO.2— O; —12 ft = As 

0O;— Q3— Shit — Ac 

The coefficients a:, bi, and c: are seen to be 1, 0, and 0. The values of the other coefficients 
are obvious. Substitution in equation (2) yields for the normal equations 

302 — QO2— O03 — Gtt— 0 

—0:+ 30: — QO; — 39 ft =0 (7) 

— Oi— QO.+ 30; + 13 ft=0 

Solutions of equation (7) yield 94 ft, 172 ft, and 43 ft for the elevations of B, C, and D 
above A 

Part 2—Least-squares equations of the type y—a-4 bx, to represent a series of 
observed (x,y) values 

For equally weighted pairs of (x,y) of which the errors of measurement are associated 
with the determinations of the y’s 

LrSy—Urdry _ yan 

oS sg ae yr 

PE ERIN xy— xy (8) 

Wy nia? — (2e)F Px 

of which os he 

1G — aS tN a) 

Nx = (27)*, ete 

(continued) 
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TABLE 16.—METHODS OF AVERAGING DATA (concluded) 39 

The probable errors of the a and the b of equation (8) are given by 

it) I peva2eyayt ey, Pagel os —a | 
OIG 

en ae — v* | (9) 
ve x 

For unequally weighted measurements of which the errors of measurement are associ- 
ated with the determinations of the y’s, 

LwixPDwiys — LDwWirtilwirivi 

Dwrlwir’? — (wir)? 

_— ZWLUAL Vi — LMT i DWivi (10) 

7 Dwdwix? — (Dweix,)? 

Where the errors of measurement are associated with the x-determination only, the cor- 
responding coefficients of an equation of the type + =a’ + b’y can be obtained by merely 
interchanging x and y in equation (8). 
Where the errors of measurement are associated with both the x- and the y- determina- 

tions, the expressions are complicated.* 

13 Worthing, A. G., and Geffner, J., Treatment of experimental data, p. 259, John Wiley and Sons, 
New York, 1943. Used by permission. 

Part 3,—Least-squares equation of the type y—a-4 bx + cx?+ dx® to represent a 
series of observed (x, y) values 

For the general case involving irregularly spaced x-values, the formulae for a, ), c, etc., 
are very complex.* However, for the case of equally weighted observations with errors 
of measurement associated entirely with the y-values in which succeeding +-values are 
equally spaced, the mechanics of the computations for least-squares constants are very 
greatly simplified, thanks to tables computed by Baily * and by Cox and Matuschak. ashe 
procedure requires a change of the x-variable to yield a new X-variable with a zero-value 
at the midpoint of the series. In case of an even number of terms, the shift is given by 

a—x4 
Xe 11 ee (11) 

of which Ax is the even spacing between successive +-values ; and, if the number of terms 
is odd, the shift is given by 

x—X 
Xo Ag/2 (12) 

The further procedure consists in determining the appropriate summations indicated in 
Table 17, the appropriate k-terms given as a function of the number of terms n in Tables 19 
and 20, combining the appropriate summations and k-terms, to give parameters for the 
equation y = f(X), and finally transferring the function to the original coordinate system 
to yield y = f2(r 
How to apply the simplified procedure to determine the coefficient of +” in the least- 

squares equation y =a -+ bx + cx’ to represent the + values of the first two columns of 
the following tabulations is shown in the remainder of the tabulation. 

x y X?y Vigs 5 i ; 
ieee) (em) x (am) —— ksz X74 “SE Rdy 

3 12.0 —5 300.0 n= 6 

6 20.6 —3 185.4 ks = 16,741,071 x 10 

9 33.7 —1 33.7 ka = 19,531,250 & 10° 

12 51.1 +1 51.1 ks=X’y = 6.2005 cm 

15 72.9 + 3 656.1 kay = 5.6523 cm 

18 99.1 SE) ALVES c’ = 0.5482 cm 

oe se Se Ax = 3 sec 

289.4 3703.8 c= 4c'/ (Ax)? = 0.244 cm/sec? 

144 Birge, R. T., and Shea, J. D., Univ. California Publ. Math., vol. . 67, 1927; Worthing, A. G., 
and Geffner, Je Treatment of experimental data, p. 250, John W iley sae ons, New York, 1943. 

1 Baily, if Ann. Math. Statistics, vol. 2, p. 355, 1931. 
16 Cox, G. “ by and Matuschak, Margaret, Journ. Phys. Chem., vol. 45, p. 362, 1941. 
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TABLE 17.—SHOWING THE MAKE-UP OF THE CONSTANTS OF THE LEAST- 

SQUARES EQUATION OF THE TYPE y=a-4 bx 4+ cx? + dx? FOR EQUA- 

TIONS OF VARYING DEGREES WHEN THE ABBREVIATED METHOD OF 

BAILEY AND OF COX AND MATUSCHAK IS USED * 

This method is applicable only when succeeding values of x have a common difference 
and are equally weighted. The independent variable, changed if necessary, must have a 
zero value at the midpoint of the series with succeeding values differing by unity if the 
number of terms is odd and by two if even. Values for the various k’s, as computed by 
Cox and Matuschak, are to be found in Tables 14 and 20. 

Parameters 
Degree of ee ee eee 

equation a b c d 

1 k,Zy kody 

2 ksdy — kadx?y koDxy ksdx’y — kaly 

3 ksdy — kilax’?y kodxy — kDa y ksdx’?y — kidy ksdax’y — kidery 

* l’or references, see footnotes 15 and 16, p. 39. 

hx 

TABLE 18.—VALUES OF p= f e-)2q (hx) 
Tv ti) 

P, the probability of an observational error having a value positive or negative equal to 
; = 2 ae 

or less than x when h is the measure of precision, P = a ec"? (hx) -h? = (4mAx’) 
Tv C1) 

where m = no. obs. of deviation Ax. 

hx 0 1 2 3 4 5 6 7 8 9 
0.0 01128 = .02256 = 03384 = .04511 =—.05637 =—.06762 »=—.07886 )3=—.09008~— 10128 

11246) 12362) 13476 = 14587 15695-16800 =.17901_ = 18999) .20094_—.21184 
22270 = .23352 = .24430 = .25502 3.26570 3=—.27633 28690 §=—.29742_ = .30788 = «31828 
32863 33891 = 34913 35928 = 36936 = 37938 = 38933. 39921 = .40901_~—.41874 
42839 = 43797. 44747-45689 = 46623. .47548 = 48466 = 49375 5027551167 

52050 .52924 =.53790 = 54646) =—.55494. 56332.) =—.57162.) 5798258792 59594 
60386 .61168 .61941 .62705 .63459 64203 = .64938 »=— 65663 »=—.66378 ~—-.67084 
67780 .68467. 69143. 69810 = .70468 = 71116 .71754 72382 = 73001 ~—.73610 
74210 .74800)—.75381_ = 75952) .76514 77067-77610 78144-78669 = .79184 
79691 .80188 .80677 81156 81627 .82089 .82542 82987 83423-83851 

84270 84681 .85084 =.85478 =.85865 = 86244 = 86614 ~=—.86977 ~=—.87333 87680 
88021 88353 .88679 =—-.88997 89308 ~=—.89612,—- 89910 =.90200 §=.90484 ~=—.90761 
91031 91296 91553 .91805) 92051 .,,.92290....92524, 92751. .92973 .. .93190 
93401 .93606 .93807 .94002 .94191 .94376 94556 .94731 .94902  .95067 
95229 = 95385. 95538 = .95686 = 95830 §=.95970 =—.96105. 96237 — 96365 = 96490 
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TABLE 21.—VALUES OF e* AND e* AND THEIR LOGARITHMS 

x 

1/64 

ez 

1.0157 
0317 
.0645 
1052 
1175 

1.1331 
.1536 
1814 
2214 
.2840 

log e” 

0.00679 
01357 
.02714 
.04343 
04825 

0.05429 
.06204 
07238 
.08686 
.10857 

e-7 

0.98450 
.96923 
93941 
.90484 
89484 

0.88250 
.86688 
84648 
81873 
.77880 

a 

1/3 
1/2 
3/4 

1 
5/4 
3/2 
7/4 

z 
9/4 
5/2 

ez 

1.3956 
6487 

2.1170 
7183 

3.4903 

4.4817 
5.7546 
7.3891 
9.4877 

12.1825 

TABLE 22—FURTHER VALUES OF P 

log e? 

0.14476 
LN 
32572 
43429 
54287 

0.65144 
.76002 
.86859 
.97716 

1.08574 

43 

0.22313 
17377 
13534 
.10540 
.08208 

This table gives the values of the probability P, as defined in Table 18, corresponding to 
ee values of x/r where r¢ is the “probable error.” The probable error 7 is equal to 
0.47694/h. 

x] 

: rai ate Se aS ee SSO.) 1.Soce Ss 
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nw 
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44 TABLE 23.—VALUES OF THE FACTOR 0.6745 ea 

=v 
—1 

This factor occurs in the equation 7; = 0.6745 for the probable error of a single 
n 

observation, and other similar equations. 

n 0 1 2 3 4 5 6 7 8 9 
00 0.6745 0.4769 0.3894 0.3372 0.3016 0.2754 0.2549 0.2385 
10 0.2248 0.2133 .2034 1947 .1871 1803 1742 .1686 .1636 .1590 
20 1547, 1508 =.1472, 1438 = 1406 al377_ 2lS49 13257 212985. 5.1275 
30 M252 esl wuz © 1O2 ge M74 LE57 = 8a0140, 1124= 110990 + 1094 
40 1080 .1066 .1053 .1041 .1029 1017-1005 + -.0994— 9.0984): 0974 

50 0.0964 0.0954 0.0944 0.0935 0.0926 0.0918 0.0909 0.0901 0.0893 0.0886 
60 0878 .0871 .0864 .0857 = .0850 0843 .0837 .0830 .0824 .0818 
70 0812 .0806 .0800 .0795 .0789 0784 .0779 0774 0769 0764 
80 0759. =.0754 = 0749. 0745 ~— 0740 107368 AOZ3AT 0727 0723 ..0719 
90 0715 0711 0707 0705 0699 0696 .0692 .0688 .0685 .0681 

TABLE 24.—VALUES OF THE FACTOR 0.6745 Vaan) 

This factor occurs in the equation 7. = 0.6745 Vey for the probable error of the 

arithmetical mean. 

n 1 2 3 4 5 6 7 8 9 

00 0.4769 0.2754 0.1947 0.1508 0.1231 0.1041 0.0901 0.0795 
10 0.0711 0.0643 .0587 .0540 .0500 0465 0435 .0409 .0386 .0365 
20 0346 .0329 .0314 .0300 .0287 0275 0265 .0255 0245 0237 
30 0229 0221 .0214 .0208 0201 0196 =.0190 .0185 0180 ~=.0175 
40 OLZN  -O1GZ. ws 20163. C0159 0055 0152 .0148 8.0145 0142 .0139 

50 0.0136 0.0134 0.0131 0.0128 0.0126 0.0124 0.0122 0.0119 0.0117 0.0115 
60 O13 “Oll) 0170 0108 » 0106 0105 .0103 .0101 .0100 .0098 
70 0097 = .0096 »=—- .0094_—s 0093S 0092 0091 .0089 .0088 .0087 .0086 
80 0085 .0084 .0083 .0082  .0081 0080 0079 .0078 .0077 .0076 
90 0075. 0075 = .0074 = 0073. = .0072 0071 .0071 .0070 .0069 + .0068 
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TABLE 25.—LEAST SQUARES 45 

a 

Part 1.—Values of the factor 0.8453 ————— 
n(n) 

This factor occurs in the approximate equation r = 0.8453 == for the probable 
n(n — 

error of a single observation. 

n 1 72 3 4 5 6 7 8 9 

00 0.5978 0.3451 0.2440 0.1890 0.1543 0.1304 0.1130 0.0996 
10 0.0891 0.0806 .0736 .0677 .0627 0583 »=.0546 3=.0513 Ss 0483 — 0457 
20 0434 .0412 .0393 .0376 .0360 0345 .0332 0319 .0307 .0297 
30 40287 1) 02770268 220260 40252 102455) 02380520252 02250 55.0220 
40 0214 .0209 .0204 .0199 .0194 0190 .0186 .0182 .0178 .0174 

50 0.0171 0.0167 0.0164 0.0161 0.0158 0.0155 0.0152 0.0150 0.0147 0.0145 
60 OLAZE SE MOL4OF PAOISZS OLSSy ae OlSS OUGIE Ve O29 O27 O12 Se 0123 
7 10022 Se 0120) FOL lSin eOltiZs e011 ONS SOM Zae Oli SOLOS as 010s 
80 0106 .0105 .0104 ##.0102 ~#&.0101 0100 .0099 .0098 .0097 .004%0 
90 0094 0093 .0092 .0091 .0090 0089 .0089 .0088 .0087 .0086 

Part 2.—Values of 0.8453 \ 
nv ny ae 

This factor occurs in the approximate equation ro = 0.8453 = for the probable 
nVn — 

error of the arithmetical mean. 

n 1 2 3 4 5 6 7 8 9 

00 0.4227 0.1993 0.1220 0.0845 0.0630 0.9493 0.0399 0.0332 
10 0.0282 0.0243 .0212 .0188 .0167 0151 .0136 ©0124 §©6©.0114 ~#.0105 
20 0097. =.0090 = .0084_ ~—s 0078 ~=—.0073 0069 .0065 .0061 .0058 .0055 
30 0052 .0050 .0047 .0045 .0043 0041 .0040 .0038 .0037 .0035 
40 0034 0033 .0031 .0030 .0029 0028 .0027 .0027 .0026 .0025 

50 0.0024 0.0023 0.0023 0.0022 0.0022 0.0021 0.0020 0.0020 0.0019 0.0019 
60 0018 .0018 .0017 .0017 .0017 0016 .0016 .0016 .0015 .0015 
70 0015 .0014 .0014 .0014 .0013 OOS 001s 0013" 0012 20012 
80 OOZES OUT Z S000 e* O01 OO 0011 0011 .0010 .0010 .0010 
90 0010 .0010 .0010 .0009 .0009 0009 =.0009 = .0009 .0009  .0009 
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46 TABLES 26-28.—GENERAL PHYSICAL CONSTANTS 

Some of the most important results of physical science are embodied in the 
numerical magnitudes of various universal physical constants. The accurate 
determination of such constants has engaged the time and labor of many of 
the most eminent scientists. Some of these constants can be evaluated by 
various methods. The experiments used to study and measure these constants, 
in many instances have yielded some function of two or more of the constants 
(see Table 26) such as h/e; e/m, F/N, h/m, mN, F(e/m), e?/(m/h), etc., 
rather than the direct value of the constant. Each of the many relations has 
been investigated by various experimenters at various times, and each investi- 
gation normally produces a result more or less different from that of any other 
investigation. Under such conditions there arises a general and continuous 
need for a searching examination of the most probable value of each important 
constant. This makes necessary some comparison and analysis of all these ex- 
perimental data to arrive at the most probable value. An important factor in 
such work is that there are but few of the constants that do not require for 
their evaluation a knowledge of certain other constants. These relations are so 
extensive that most of the physical constants can be calculated from the value 
of five or six of the selected principal constants and certain ratios. 

Many such critical reviews of these natural constants and conversion factors 
have appeared in the last 30 to 40 years. The data and discussion given here 
for the constants and their probable errors are the values arrived at by three 
physicists, R. T. Birge,*7 J. W. DuMond, and J. A. Bearden, and their associ- 
ates, who have made some very careful reviews and critical studies of the pub- 
lished experimental data on these general physical constants and have published 
several papers giving what they consider as the most probable value. Reference 
should be made to their original papers for details. 

Birge says in his 1941 paper that as a result of such critical work the situa- 
tion in respect to these constants has vastly improved over values of about 10 
years ago, and again one can say that such studies have resulted in more work 
and thus a more accurate set of constants. 

In 1941 Birge *” published a very extended list of physical constants and 
gave calculated values of many other physical constants that depend upon the 
fundamental constants. Because of the extent of this list, and also because so 
many of the relations among these constants are given therein, this 1941 list 
is given here. Almost all these constants in this table (Table 26) are accurate 
within the limits given. 
DuMond and Cohen ** prepared a table of some of these constants for the 

Atomic Energy Commission. A part of this appeared in the July 1953 issue 
of the Review of Modern Physics. Table 27 gives their values of a number 
of these physical constants. 

Bearden and Watts *** in 1950 made a study of values of a number of physi- 
cal constants, using some new values in their calculations. They are continuing 
this work and are now **” offering some new and more accurate values. Table 
28 contains their 1950 values (corrected for their newer values) and newer 
calculated values of some additional constants. 

A comparison of the final values of these fundamental physical constants 
arrived at by these physicists shows in a real manner the accuracy that may 
now be claimed. A number of the principal radiation constants were taken 
from these tables (Tables 26-28) and are given in Table 53. These values 
have been used for the calculations in the tables in this book since they were 
available when the work was started and since the newer values would make no 
practical changes. 

17 Phys. Rev. Suppl., voi. 1, p. 1, 1929; Rev. Mod. Phys., vol. 13, p. 233, 1941; Amer. 
Journ. Phys., vol. 13, p. 63, 1945. 

18 Phys. Rev., vol. y p. 457, 1940; Rev. Mod. Phys., vol. 20, p. 82, 1948. 
16* Bearden, J. A., and Watts, H. M., Phys. Rev., vol. 81, p. 73, 1951. 

, 18” Bearden, Earle, Minkowski, and Thomsen, private communication from J. A. Bear- 
en. 
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TABLE 26.—GENERAL PHYSICAL CONSTANTS ACCORDING TO BIRGE * 

Part 1.—Principal constants and ratios 

Vielocitymot lightensss access rae c = (2.99776 = 0.00004) x 10° cm sec™* 
Gravitationsconstant s.s- ascheee oe G = (6.670 + 0.005) x 10° dyne cm’ g” 
iter: (= 1000. ml) S04. oss tes = 1000.028 + 0.002 cm* 
Volume of ideal gas (0°C, Ao).. = (22.4146 + 0.0006) 10° cm? atm” * mole 

= = 22.4140 + 0.0006 / atm™ mole™ 
Volume of ideal gas (0°C, Ass)... Vas = (22.4157 + 0.0006) X 10° cm* atm™ mole* 

V's = 22.4151 + 0.0006 J atm mole 
Atomic weights (see Part 2). 
Standard atmosphere ............ Ao = 1.013246 + 0.000004) « 10° dyne cm” 
45° eatmospherens see ccisccces ok Aw = (1.013195 + 0.000004) 10° dyne cm” 
Ice-point (absolute scale)......... I =] Z27 9 22 DOIN 
Noulereativalents ees sacs. se: Jis = 4.1855 + 0.0004 abs joule/calis 
Joule equivalent (electrical)...... J's5 = 4.1847 + 0.0003 int joule/cal:s 
Faraday constant: 

Gi) R@hemicalescaleseenceaaeee F = 96501.. = 10 int coul/g equiv. 
= 96487., + 1.0 abs coul/g equiv. 
= 9648.7; = 1.0 abs emu/g equiv. 

F' = Fe = (2.89247 = 0.00030). x 10% abs esu/g equiv. 
(@)eEhysicali@scale maa sec: F = 96514.) + 10 abs coul/g equiv. 

= 9651.40 + 1.0 abs emu/g equiv. 
F’ = Fc = (2.89326 + 0.00030) * 10 abs esu/g equiv. 

Avogadro number (chemical scale). No = (6.0228; + 0.0011) 10” molecules/mole 
Mlectronienchangze mie cee ee ae e= F/No = (1.602033 + 0.00034) 10°” abs emu 

e’ = ec = (4.8025, + 0.0010) & 10-* abs esu 
Specific electronic charge....... e/m = (1.7592 + 0.0005) X 10’ abs emu/g 

e'/m = ec = (5.2766 + 0.0015) * 10" abs esu/g 
Rianckismconstantasnenceeercrccctes h (see Part 4) 

Part 2.—Atomic weights 

(1) Physical scale (O = 16.0000) 
1H? = 1.00813 + 0.00001, 1H? = 2.01473 + 0.00001, 
1H = 1.00827, + 0.00001, 

(from H*/H? abundance = 6900 + 100) 
»He*t = 4.00389 + 0.00007 
oC” = 12.00386 + 0.0004 eC = 13.00761 + 0.00015 
C = 12.01465 + 0.00023 

(from C”/C™ abundance = 92 + 2) 
zN* = 14.00753 + 0.00005 aN*® = 15.0049 + 0.0002 
N = 14.01121 + 0.00009; 

(from N*/N” abundance = 270 + 6) 
sO = 16.0000 sO — 720045 sO = 18.0049 
O = 16.00435,; + 0.00008. 

[from abundance O*: O¥: O = (506 + 10): 1: (0.204 + 0.008) ] 
(2) Chemical scale (0 = 16.0000) 

Ratio physical to chemical scale 
m= (6.004357, 2210: 000086) /16 — = 1.00272 + 0.000005 
H' = 1.00785. + 0.00001; (from physical scale) 
H? = 2.01418. + 0.00002; (from physical scale) 
H = 1.00800. + 0.00001; (from physical scale) 

He‘ = 4.00280 + 0.00007 (from physical scale) 
C = 12.01139 + 0.00024 (from physical scale) 
N = 14.00740 + 0.00012 (from physical scale) 
N = 14.0086 = 0.0007 (direct observation) 
Na = 22.994 + 0.003 
Cl = 35.457 + 0.001 
Ca = 40.080 + 0.005 
Ag = 107.880 + 0.002 

I = 126.915 + 0.004 

* Unless otherwise specified, all quantities in this table that involve the mol or the gram equivalent 
are on the chemical scale of atomic weights. 

(continued) 
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TABLE 26.—GENERAL PHYSICAL CONSTANTS ACCORDING TO BIRGE 

(continued) 

Part 3.—Additional quantities evaluated or used in connection with Part 1 

Ratio of esu to emu (direct)........... c’ = (2.9971. + 0.0001) « 10° cm’/? sec*/? ohm’?/? 
= (2.9978, + 0.0001.) & 10° cm/sec 

Ratio of esu to emu (indirect)........ c’ =c = (2.99776 + 0.0004) 10° cm/sec 
Average density of earth. 02/0... 5 = 5.517 + 0.004 g/cm? 
Maximum density of water..... 5m(H20) = 0.999672 + 0.000002 g/cm® 
Acceleration of gravity (standard)..... go = 980.665 cm/sec? 
Acceleration of gravity (45°)......... gas = 980.616 cm/sec? 
Density of oxygen gas (0°C, Ais)..... Li = 1.42897 + 0.0003 g/liter 
Limiting density of oxygen gas (0°C, Aas) 

Liim = 1.427609 + 0.000037 g/liter 
Factor converting oxygen (0°C, A,s) 

to idealé pas... .een cies eee 1 — a = 1.000953; = 0.000009, 
Specific gravity of Hg (0°C, Ao) re- 

ferred to air-free water at maximum 
density 25 62)... SAW aE po = 13.59542 + 0.00005 

Density ofelie: (On Gao) aaeeeeeeercia Do = 13.595040 + 0.00005; g/cm® 
Electrochemical equivalents (chemical 

scale) : 
Silver (appakent) sean reer Eag = (1.11800 + 0.00012) * 10°° g/int coul 

(corrected) (JSS. 01.8 Eag = (1.11807 + 0.00012) X 10° g/abs coul 
Todinex(apparent)? “Ssice . bea Ex = (1.315026 + 0.000025) x 10°* g/int coul 

(comrected) Qa. ssh a Ex = (1.31535 + 0.00014) x 10°* g/abs coul 
Effective calcite grating space (18°C) 

Siegbahn system d’'s3 = 3.02904 & 10°° cm 
True calcite grating space (20°C)... .d'2 = 3.029512 x 10°° cm 

Siegbahn system 
True calcite grating space (20°C)... .d2 = (3.03567. + 0.00018) K 10cm 

cgs system 

Ratio of grating and Siegbahn scales of 
Wwavelengthse: selon cme erie iano Xy/As = 1.002034 + 0.000060 

Densitvaor caleites(2Z0n@) acre seee ar p = 2.71029 + 0.00003 g/cm* 
Structural constant of calcite (20°C)...& = 1.09594 + 0.00001 
Molecular weight of calcite (chemical 

Scale) ete Meee oe Cee eee oe M = 100.091, + 0.005 
Rydberg constant for hydrogen (H*)..Ra = 109677.5812. + 0.007; cm™ (I.A. scale) 
Rydberg constant for deuterium (H?).. Ro = 109707.419; + 0.007; cm™ (I.A. scale) 
Rydberg constant for helium........ Rue = 109722.263 + 0.012 cm™ (1.A. scale) 
Rydberg constant for infinite mass....R2» = 109737.303 + 0.017 cm™ (1.A. scale) 

or + 0.05 cm™ (cgs system) 

(continucd) 
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TABLE 26.—GENERAL PHYSICAL CONSTANTS ACCORDING TO BIRGE 

(continued) 

Part 4.—Partial list of derived quantities 

Planck’s constant : 

2r°c°F* 1/3 
SSS See) Cp dooodoauon — 2 + 0.002, Ne! h Raika@an (6.6242 = 0.002,) X 10°” erg sec 

92 .3 G2 

hje= seas isa tutte ree = (4.1349, + 0.0007,) & 10-7 erg sec abs emu™ 
£ 0 

’ 2° F? 1/3 -17 = 
h/e = h/(ec) => R.Ne(e/m) => (1.3793; =o 0.0002;) x 10 erg sec abs esu 

Atomic weight of electron: ........... E = F/(e/m) 
@Bhivsicalescale)memsicnas esis cee = (5.4862, + 0.0017) & 10“ 
(Ghemicalescale)marctacacvnct cas cee = (5.4847; + 0.0017) * 10* 

Band spectra constant connecting wave 
number and moment of inertia: 

/ ==> (2) ie as ~40 h/(87°c) = aR EGTa ‘a ee = (27.98 += 0.010) * 10° g cin 

Boltzmann constant: 

1S RGM gy = Rly (ERIN No oe oo oc = (1.38047, + 0.00026) « 10° erg/deg 

Charge in electrolysis of 1 gram of H 
F/H = 9572.11 + 1.0 abs. emu/g 

Charge in electrolysis of one gram of 
15 Pe Oe Ee oe eae eee e/Mir = F H’ = 9573.50 = 1.0 abs emu/g 

Compton shift at 90°: 
J? 2 / 2 /é 

ananey {2h ae aly = (0.024265, + 0.000005;) X 10" cm 
R.No 

Energy in ergs of one abs volt-electron: 
Boil 0 =D BIN oS uch odige Shs etek = (1.60203; + 0.00034) * 10°’ er 

Energy in calories per mole for one abs volt-electron per molecule : 

F (abs coul/gram-equiv. ) he oe a5 
Jas(abs jatiles/eal) solous Sona = 23052.s5 + 3.2 calis mole 

Fine structure constant: 

/ 
eo cia) = {eRe = (7.2976, + 0.0008) X 10-* 

1/a = 137.030. + 0.016 
a? = (5:3250e= 0/0013) < 10s 

Gas constant per mole: 

Ip OAG/ TE GET ay Oo ae caeicrcinete = (8.31436 + 0.00038) « 10° erg deg mole 
Rie Ro 10s as oes cece cco. = 198046; == 0100021 cals; dezs- moles 
IE SSO IRC GS & Abe ee CREED ROD aareree e — (8.20544, + 0.00037) « 10°? 1 atm deg mole™ 
IRE STR SIP AD Su aan bone — 82.0566; + 0.0037 cm* atm deg™ mole™* 

also: 

Roig Gricde tees hhc kate bene = (2.27115, = 0.00006) « 10” erg mole 
Loschmidt number (0°C, Ao) to = No/Mo. = (2.68702 + 0.00050) X 10” molecules/cm*® 

Magnetic moment of one Bohr magneton: 

Maa = (h/42) (e/m) = 

lf 2n?c8FF (e/a)? ) 1/8 
ra aon N ES Bats A OO = (0.927345 BE 0.0003; ) >< 10— erg/gauss 

Magnetic moment per mole for one Bohr 
magneton per molecule: 

2.3 [5 2 

mo = on era — 5585.2, + 1.6 erg gauss mole 

Mass of a-particle. .Afa = (He — 2E)/No = (6.64422 + 0.0012) X 10” g 

(continucd ) 
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TABLE 26.—GENERAL PHYSICAL CONSTANTS ACCORDING TO BIRGE 

(concluded) 

Mass of atom of unit atomic weight, 
Mo=1/No = (1.66035 + 0.00031) * 10-* g 

Mass of electron; 
m = e/(e/m) = (F/No)/(e/m) = (9.10660 + 0.0032) * 10° 

Masswotelauatomeree ene Mul = H*/No = (1.67339; + 0.0031) & 10-* g 
Mass of proton...... Mp = (H'*— E)/No = (1.672482 + 0.00031) K 10° g 

Ratio mass H* atom to mass electron: 

LISA ei CHOY Oo kal C)) eee, & = 1837 25eE 0:56 

Ratio mass proton to mass electron: 

M,/m = (e/m) (F—) Jigs MIO == 183061 == 0)55) 

First radiation constant..... ci** = 8rhc = (4.9908 + 0.0024) « 10° erg cm 
= hc? = (0.59542 + 0.0024) x 10° erg cm? sec? 

= 2rhc? = (3.7403 + 0.0024) « 10° erg cm? sec 
Second radiation constant : 

‘ Tee (ie 2xcke aye es a= he/k = {aexoi TN FcTma} | = 14384 + 0.0003. em deg 

Specific charge of a-particle: 

2F A bid 
2e/M.= Heaw2k ccc = 4822.3, + 0.5, abs emu/g 

Specific charge of proton: 

e/Mp = Wop ws CERT «adh — 9578.7; + 1.0 abs emu/g 

Radiation density constant, 
a = 8r'k*/(15eh*) = 

Vcd A Ame Nee (CM) oi «oo oes s0ie's rs 45 -15 -8 -4 ae ) a oe = (7.56% + 0.004s) X 10 erg cm” deg 
Stefan-Boltzmann constant : + * aie 

0 4 @ 

o = ac/4 = Qnk*/(15c%h®) .......-. = (% muNelte (6/7) 
To 15(Fc)* 

= (5.672s3 + 0.003) & 10°° erg cm? deg sec” 

Wien’s displacement-law constant..... A = ¢2/4.965114 = 0.28971, + 0.00007 cm deg 

tak ie associated with 1 abs volt: 
Cc 2r’° FF? 1/3 

-8 2 — ——— 

= 10*%*(h/e') = 95 Ran elefm) 
Wave number associated with 1 abs volt: 

& 2 

So = 1/h = Ae Aen) om 8067.4, = 1.4 cm/abs volt 
wv 

Zeeman shales per gauss (e/m)/(4mc) = 4.6699, + 0.0013) & 10°° cm/gauss 

= (12395., = 2.) & 10° cm abs volt 

** J, may be defined in several ways and this determines the value of cy. If J,d gives the energy 

density of unpolarized radiation in range dd, then cy= 87hc. If J,dX gives the emission of linearly 

polarized light, in range dX per unit solid angles perpendicular to the surface, then cy=hc?. If this 

expression J,d\ denotes the emission of radiation in range dd, per unit surface from one side in all 
directions (2m solid angle) then cj = 2hc?. See Table 53. 

+t For 27 solid angle. 

Part 5.—Birge’s 1944 values of 3 constants 

em Mlectronicuchancesyseie eee ore = (4.8021 + 0.0006) * 10° abs esu 
Nee Avogadro number... .<ccen ce. cate = (6.02338 + 0.00043) « 10% molecules mole 

(chemical scale) 
etaradayAconstanteessee cece ee eee = 96487.7 = 10 abs coul 

(chemical scale) 
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TABLE 27.—TABLE OF LEAST-SQUARES ADJUSTED OUTPUT VALUES OF 

PHYSICAL CONSTANTS (BY DuMOND AND ASSOCIATES) 

(November 1952) 

Part 1.—Auxiliary constants used 

These auxiliary constants are quantities which are uncorrelated (observationally) with 
the variables of the least-squares adjustment. 
Rydberg wave number for infinite mass. R2 = 109737.309 + 0.012 cm™ 
Rydberg wave numbers for the light nuclei 

Ru = 109677.576 + 0.012 cm™ 
Rp = 109707.419 + 0.012 cm 

Rue? = 109717.345 + 0.012 cm 
Rae, = 109722267,=30:012;emet 

Atomic inass OLmMelthonoe qa nese n = 1.008982 + 0.000003 
Atomic mass of hydrogen............. H = 1.008142 + 0.000003 
Atomic mass of deuterium............ D = 2.014735 + 0.000006 
Gas constant per mole (physical scale). Ro = (8.31662 + 0.00038) 10’ erg mole’ deg*C 
Standard volume of a perfect gas 

(physicallscale):.,.28 25. ot eee Vo = 22420.7 + 0.6 cm* atmos™ mole 

Part 2.—Least-squares adjusted output values 

(The quantity following each + sign is the standard error by external consistency ) 
WMelocitveof light.c..cgid das sracisccre sie ¢ = 299792.9 + 0.8 km sec* 
Avogadro’s constant (physical scale)...N = (6.02472 + 0.00036) & 10°5 (molecules mol) 
Loschmidt’s constant (physical scale).... 

Lo = N/V. = (2.68713 + 0.00016)  10%® molecules cm= 
Blectronierchat, 2m sein serene. noice e = (4.80288 + 0.00021) & 10° esu 

e’ = e/c = (1.60207 + 0.00007) * 10-* emu 
Electronmestemasseace ae eee ee m = (9.1085 + 0.0006) & 10°* g 
Rrotonsrestimassaeaaen sce mM, = M,/N = (1.67243 + 0.00010) K 10 g 
INeutrom) rest amasseen see oe ie mn = n/N = (1.67474 + 0.00010) & 10% g 
Blancksmconstant jac tee ase eee eee h = (6.6252 + 0.0005) & 10-* erg sec 

hi = h/(2r) = (1.05444 + 0.00009) & 10° erg sec 
Conversion factor from Siegbahn X-units 

tommiulliangstromSiy. seek ec setae lee Ag/As = 1.002063 = 0.000034 
Faraday constant (physical scale) / = Ne = (2.89360 + 0.00007) * 10° esu (g mol)* 

F’ = Ne/c = (9652.01 + 0.25) emu (gm mol) 
Charge-to-mass ratio of the electron. .e/m = (5.27299 + 0.00016) 10 esu g* 

e’/m =e/(mc) = (L 7588 + 0.00005) * 10’ emu g 
Ratiowy/eo ese. He ete Lae Oe ak ar aes h/e = (1.37943 + 0.00005) « 10-7 erg sec (esu)™ 
Fine structure constant ...... a = e*/(%c) = (7.29726 + 0.00008) « 10° 

1/a = 137.0377 = 0.0016 
a/2mr = (1.161396 + 0.000013) « 10° 

a = (9:32501 ==0:00012) << 10> 
1 — (1 — a’)? = (0.266254 + 0.000006) 10-4 

Atomic mass of the electron (physical 
SAIS) “Saale oo es eee Nm = (5.48760 + 0.00013) « 1074 

Ratio of mass of hydrogen to mass of 
proton * 

H/ Ht = 1— Nm a a) ]> = 1.000544610 + 0.000000013 

Atomic ymass of eprotomee cscs lee: -H* = 1.007593 + 0.000003 
Ratio of proton mass to electron mass. 

H*/Nm= = 1836.13 + 0.04 
Reduced mass of electron in hydrogen 

atomy (aeacecthoen Mees uw = mH*/H = (9.1035 + 0.0006) « 10° g 
Schrodinger constant for a fixed nucleus 

2m/# = (1.63844 + 0.00016) & 107 erg cm? 
Schrodinger constant for the hydrogen 
ator tas 1k 5. een Easiness: 2u/% = (1.63755 + 0.00016) & 10° erg* cm? 

Kirsh Bohr radiusaee. 2. ee. ao = ft’ / (me?) = (5.29171 + 0.00006) & 10° cm = a/(47R.) 

a The binding energy of the electron in the hydrogen atom has been included in the quantity. The 
mass of the electron when found in the hydrogen atom is not m but more correctly m (1— 1/2 a2+ °°). 

(continued) 
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TABLE 27.—TABLE OF LEAST-SQUARES ADJUSTED OUTPUT VALUES OF 

PHYSICAL CONSTANTS (continued) 

Radius of electron orbit in normal H’, 
referred to center of MAaSS.......+.-., 

Go == 00 (li —— a=) 2 1529157 = 000006) x 10s em 
Separation of proton and coaos in nor- 

Tilal Witenes tte "= ao Rz/Ru= (5.29445 = 0.00006) & 10° cm 
Compton wavelength of the electron ie het 

Xee = h/(mc) = (24.2625 + 0.0006) & 10°" cm = a?/(2R.) 
Kee = Ace/(2r) = (3.86150 + 0.00009) & 10 cm = a?/ (47 Ra) 

Compton wavelength of the proton...... 
Nep = h/mpc = (13.2139 + 0.0004) & 10°“ cm 

Xep = Acp/(2m) = (2.10307 + 0.00007) * 10°“ cm 
Compton wavelength of the neutron..... 

Xen = h/mnc = (13.1958 + 0.0004) & 1074 em 
Xeon = Nen/ (27) = (2.10017 + 0.00007) & 10°“ cm 

Classical electron radius....ro= e*/(me*) = = (2.81784 + 0.00010) & 10 cm = a®/(4rR.) 
ro = (7.9402 + 0.0005) & 10-* cm? 

Thompson cross section........... ° mro = (6.65196 + 0.0005) & 10° cm? 

Fine structure doublet separation in 50 

hydrogen Sin) si(eh.0° 0: Sea Rau SE aRsMe ahapale RonRee = he AEn a Rua! [ 1 ob + oh (23%) a | 

= 0.365869 + 0.000008 cm? 
= 10968.49 + 0.25 Mc sec 

Fine structure separation in deuterium... 
AEn= AEn Rod/Ru = 0.365969 + 0.000008 em 

= 10971.48 + 0.25 Mc/sec* 
Zeeman displacement per gauss......... 

(e/mc)/(4mrc) = (4.66879 + 0.00015) & 10° cm gauss 
Boltzmann’s constant ......... k = R./N = (1.38042 + 0.00010) &10™* ergs deg* 

k = (8.6164 + 0.0004) & 10° ev deg* 
1/k = 11605.7 + 0.5 deg ev 

First radiation constant....... C1 = 8 rhc = (4.9919 + 0.0004) & 107% erg cm 
Second radiation constant...... C2 = he/k = (1.43884 + 0.00008) cm deg 
Atomic specific heat constant........ C2/c¢ = (4.79946 + 0.00027) & 10 sec deg 
Wien displacement law constant”. .Amax7 = C2/(4.96511423) = 0.28979 + 0.00005 cm deg 
Stefan-Boltzmann constant .,........... 

C= (x?/60) (k*/#c?) = (0.56686 + 0.00005) & 10 erg cm™ deg sec* 

Sackur-Tetrode constant .......... So/Ro =3 + In{(2rR.)*? h* N-* 

= — 5.57324 + 0.00011 
So = — (46.3505 + 0.0017) & 10’ erg mole™ deg 

Bohramasneton) ccs serio eee 

5 @ Xee = (0.92732 + 0.00006) & 10°” erg gauss 

Anomalous electron moment correction. Sic 

[is oe = 2.973 =| = e/po = 1.001145356 + 0.000000013 
Magnetic moment of the electron...... be = (0.92838 + 0.00006) & 10-* erg gauss* 
Nuweleansmrasnetenis 4 <a. s:crocyus tareng aos 

Mn = he/(4armpc) = wNm/H+t = 0.505038 + 0.000036) « 10°" erg gauss* 
ETotonmmoment) aerate eee wu = 2.79277 + 0.00006 nuclear magnetons 

= (1.41045 + 0.00009) & 10°“ erg gauss™ 
Gyromagnetic ratio of the proton in hy- 

drogen (uncorrected for diamagnetism) 
ry’ = (2.67520 + 0.00008) x 10* radians sec* gauss * 

Gyromagnetic ratio of the proton (cor- 
FECTEd)) 2 sacs coke eee ee eee y = (2.67527 + 0.00008) «10* radians sec gauss” 

Multiplier of (Curie constant)! to give 
magnetic moment per molecule. (3k/N)} = = (2.62178 + 0.00017) « 10°” (erg mole deg)? 

Mo = he/(4r mc) = 

> The numerical constant 4.96511423 is the root of the transcendental equation x = 5 (1 — e-*). 

(continued) 
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TABLE 27.—TABLE OF LEAST-SQUARES ADJUSTED OUTPUT VALUES OF 

PHYSICAL CONSTANTS (concluded) 

Mass-energy conversion factors...... 1 g = (5.60999 + 0.00025) « 10> Mev 
1 electron mass = 0.510984 + 0.000016 Mev 

1 atomic mass unit = 931.162 + 0.024 Mev 
1 proton mass = 938.232 + 0.024 Mev 

1 neutron mass = 939.526 + 0.024 Mev 
Quantum energy conversion factors..1 ev = (1.60207 + 0.00007) « 10’ erg 

E/* = (1.98620 + 0.00016) & 10% erg cm 
EX, = (12397.8 £ 0.5) & 10-Sev-cm 
E Xs = 12372.2 + 0.4k volt-x units 
E/v= (6,6252 + 0.0005) & 10” erg sec 

(4.13544 + 0.00015) « 10-* ev-sec 
v/E = (5.0347 + 0.0004) « 10% cm erg 
>/E = (8065.98 + 0.30) em ev 
v/E = (1.50938 += 0.00012) « 10* sec erg 
v/E = (2.41812 = 0.00009) & 10“ sec* ev 

de Broglie wavelengths, An of elementary 
particles © 

Electrons: =. ..4 Aen ee Ave = (7.27373 + 0.00016) cm? sec™/v 
= (1.55226 + 0.00008) x 10° cm (erg)#/V E_ 
= (1.226377 + 0.000032) « 10-7 cm (ev)?/V E 
= (3.96145 + 0.00013) K 10% cm?sec*/v ___ 

= (3.62261 + 0.00020) x 10° cm (erg)?/V E 

= (2.86208 + 0.00012) « 10° cm (ev)?/V E 
INGUtRONS: ccc ote Meld ore Aon = (3.95599 + 0.00013) K 10% cm’ sec*/y 

= (3.62005 + 0.00020) « 107° cm (erg)#/V E 

= (2.80005 + 0.00012) « 10° cm (ev)#/V E 
Energy of 2200 m/sec neutron....... E20 = 0.0252977 + 0.0000006 ev 
Velocity of 1/40 ev neutron......... Vo.028 = 2187.017 + 0.028 m/sec 
The Rydberg and related derived constants 

R;z = 109737.309 = 0.012 cm™ 
R.c = (3.289847 + 0.000008) « 10* sec* 
R.he = (2.17961 + 0.00018) & 10™ ergs 

2 -8 

ae = 13.6050 + 0.0005 ev 
Hydrogen ionization potential......... = 135978 == 0.0005 ev 

2 

= Re *14 54+] x10 

& nn 

I OTONS yo ae gape Peres eer PREIS IE App 

¢ These formulas apply only to non-relativistic velocities. If the velocity of the particle is not negligi- 
ble compared to the velocity of light, c, or the energy not negligible compared to the rest mass energy, 
we must use Ap = Ac[e€(€ + 2) ]-1/2 where Xe is the appropriate Compton wavelength and € is the kinetic 
energy measured in units of the particle rest mass. 
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TABLE 28.—GENERAL PHYSICAL CONSTANTS ACCORDING TO BEARDEN 

AND ASSOCIATES * 

Part 17 (atomic weights according to the physical scale unless otherwise indicated) 

Least-squares adjusted values of the fundamental atomic constants 

Atomic mass of hydrogen... se. 2 H = (1.008142 = .000003) 
Atomic mass of deuterium ..........-. D = (2.014735 = .000006) 
Atomic mass of deuteron .............- d = (2.014186 + .000006) 
Atomicumass Of PRotonmar se taeereete M = (1.007593 = .000003) 
Atomic mass of electron ............ Nm = (5.48756 + .00018) « 10“ 
FeIECtrom IMASSaessesw PRs he SORIA A ae m = (9.10818 + .00079) & 10-* g 
Reduced electron mass in hydrogen atom 

pw = (9.10322 + .00072) K 10" g 
Ratio proton mass to electron mass...... 

M/mN = (1836.139 + .054) 
Ratio of Siegbahn X-unit to milliangstrom 

Ay/Ae = (1.002058 + .000039) 
Ratio of physical to chemical scales of 

atomic: Weightsia.. vas <i as)ae ewer wo oe r = (1.0002783 + .0000005) 
ata CAV ig sicchaiaan Baer S «ote SACP TS eet F = (9652.14 + .33) emu (g-equiv)* 
Bectronmchancemerrcn cmc cacti e = (4.80283 + .00022) & 10° esu 
Specific electronic charge ........... e/m = (5.27309 + .00024) & 10” esu g* 
Pmeks, COMBE pscobosouddcouspodee h = (6.62509 + .00059) 10°” erg sec 
Planekistconstant ll Ziman ee oe ane 7% = (1.05442 + .00009) & 10°" erg sec 

h/e = (1.37941 + .00006) & 10-™ erg sec (esu)™ 
h/m = (7.27377 + .00017) cm? sec* 

Avovadrois) numberar + aaeeeme seers N = (6.02487 + .00045) < 10% molecules (g-mol)™ 
BONEN S COMME so accaecndossoens k = (1.38039 + .00010) * 10~*% erg deg* 
leaschmidt’s number ./..22 2... 1 6ene no = (2.68719 + .00020) 10” molecules cm™ 
Rydberg for infinite mass ............ R= (109737.311 + .012) cm™ 
Rydbece tor hydrogen “S....2.-...-- Ry = (109677.578 + .012) cm™ 
Rydberg for deuterium .............- Rp = (109707.419 + .012) cm™ 
Gas) constant, perymple. <.<20 cs rate o= (8.31665 + .00034) x 10’ erg mol” deg 
IMolarevoltimeterrrttiin: oe minnie Voz (2.24207 + .00004) « 10* cm* mol™ 
Binesstnuctunerconstantes > crosses: ee a = (7.29729 + .00008) « 107° 

1/a = (137.0371 + .0016) 
Welocitywaotliant=.ss. tet f: cee c = (2.997925 + .000008) « 10’ cm sec 
Hinsteradiation: constant: oe sens ace C1 = (4.99175 + .00044) & 10 erg cm 
Second radiation constant............. co = (1.43884 + .00004 cm deg 
Stefan-Boltzmann constant ........... o = (5.66858 + 00053) « 10° erg cm” deg“ sec* 
Wien displacement law constant...Amax 7 = (.289789 + .000009) cm deg 
Bohrsmapnetones. os. oe. cee ay eee FE fo = (.927313 + .000055) & 10-” erg gauss* 
Theoretical magnetic moment of electron 

fe = (.928375 + .000055) & 10°” erg gauss* 
ldvee IeXame eM. 54 conanonaoccoescsos do = (5.29173 + .00006) * 10° cm 
Conversion factor for atomic mass units 

Oy Ick eee ae en See See E, = (9.31145 + .0032) 10° Mev (amu)* 
Conversion factor for grams to Mev...£, = (5.61003 + .00026) « 10” Mev g* 
Wavelength associated with 1 ev...... o = (1.23976 + .00005) & 10°* cm 
Wave number associated with 1 ev..... vo = (8.05611 = .00035) & 10* cm ev 

tS For reference, see footnote 18a, p. 46. 
+ Private communication by J. A. Bearden. Data presented at May 1953 meeting of Physical Society 

at Washington by Bearden, Earle, Minkowski, Thomsen, Johns Hopkins University. 

Part 2¢t 

Multiplier of (Curie constant)’* to give 

magnetic moment per molecule. V 3k/N = (2.62173 + .00009) & 10°*' (erg mol deg™*)? 
Atomic specific heat constant........ h/k = (4.79903 + .00023) * 10-™ sec deg 
Schrodinger constant for fixed nucleus... 

2m/h? = (1.638995 + .000045) & 10” erg* cm® 
Schrodinger constant for H’ atom. .2u/h? = (1.638103 + .000045) & 10” erg? cm” 
Eee associated with unit wave num- 
(Shetek AR ET er ae Ue Ex, = (1.985698 + .000048) « 10° erg 

Speeduoim lnevaclectronee cee cee eeece Vo = (5.931098 + .000046) * 107 cm sec 

(continued) 

t For reference, see footnote 18a, p. 46. 
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TABLE 28.—GENERAL PHYSICAL CONSTANTS ACCORDING TO BEARDEN 

AND ASSOCIATES (concluded) 

Energy equivalent of electron mass. ..1tc* = (.510969 + .000009) Mev 
Energy associated with 1°K............ 

(Ro/F) & 10°? = (8.61632 + .00042) « 10 ev 
Temperature associated with | ev..... To = (11605.9 + .6) deg K 
Grating space calcite at 20°C......... doo = (3.03567 + .00005) & 10°° cm 
Density, of calcite atZ02 G2 14.4 eee p = (2.71030 + .00003) g cm“ 
Compton wavelength of electron... .4/mc = (2.420045 + .000025) & 107° cm 
Zeeman displacement per gauss ¢e/(4mimc) = (4.668885 + .00008) & 10° cm gauss 
Doublet separation in hydrogen.......... 

7 Ru a2 — (.3649900 ~ 0000037) cm 
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56 TABLES 29-36.—COMMON UNITS OF MEASUREMENT 

TABLE 29.—SPELLING AND ABBREVIATIONS OF THE COMMON UNITS OF 
WEIGHT AND MEASURE 

The spelling of the metric units is that adopted by the International Committee on 
Weights and Measures and given in the law legalizing the metric system in the United 
States (1866). The use of the same abbreviation for singular and plural is recommended. 
It is also suggested that only small letters be used for abbreviations except in the case of 
A for acre, where the use of the capital letter is general. 

Unit 

acre 
are 
avoirdupois 
barrel 
board foot 
bushel 
carat, metric 
centare 

centigram 
centiliter 
centimeter 
chain 
cubic centimeter 
cubic decimeter 
cubic dekameter 
cubic foot 
cubic hectometer 
cubic inch 
cubic kilometer 
cubic meter 
cubic mile 
cubic millimeter 
cubic yard 
decigram 
deciliter 
decimeter 
decistere 
dekagram 
dekaliter 
dekameter 
dekastere 
dram 
dram, apothecaries’ 
dram, avoirdupois 
dram, fluid 
fathom 
foot 
firkin 
furlong 
gallon 
grain 
gram 
hectare 
hectogram 
hectoliter 
hectometer 
hogshead 
hundredweight 
inch 

Abbreviation 

drav 

SMITHSONIAN PHYSICAL TABLES 

Unit 

kilogram 
kiloliter 
kilometer 
link 
liquid 
liter 
meter 

metric ton 
micron 
mile 
milligram 
milliliter 
millimeter 
millimicron 
minim 
ounce 
ounce, apothecaries’ 
ounce, avoirdupois 
ounce, fluid 
ounce, troy 

peck 
penny weight 
pint 
pound 
pound, apothecaries’ 
pound, avoirdupois 
pound, troy 
quart 

rod 
scruple, apothecaries’ 
square centimeter 
square chain 
square decimeter 
square dekameter 
square foot 
square hectometer 
square inch 
square kilometer 
square meter 
square mile 
square millimeter 
square rod 
square yard 
stere 
ton 

ton, metric 
troy 

yard 

Abbreviation 
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TABLE 30.—DIMENSIONAL EQUATIONS OF FUNDAMENTAL AND 

DERIVED UNITS 

Conversion factors.—The dimensional formulas given in this table have many uses. 
One is to assist in changing a quantity from one system of units to another (see page 2). 
A simple scheme for transforming an expression from one set of units to another is given 
in Weniger’s text, “Fundamentals of College Physics.” Place the known number of the 
quantity with its units properly given, equal to an unknown number, +, of the same 
quantity properly expressed in the desired units. Proceed to cancel, treating the units 
just like algebraic quantities. Suppose it be desired to express 60 meters per second in 
miles per hour. Write: 

(HOlsoy Se ioan 

sec hr 

Cancel sec and hr and write 3600 near the larger unit. Cancel m and mi and write 1609.3 
near the larger unit. This gives: 

: 26.82 
60m _ «mi 1609.3 

sec hr 3600 

Solving, X = 134, and the desired expression is 134 mi/hr. 
More complicated expressions are handled in a similar manner. In a heat-flow problem, 

suppose it becomes necessary to express 15 Btu hr* ft” with a temperature gradient of 
1°F per ft in terms of cal sec’ cm™ with a gradient of 1°C/cm. Write: 

15 Btu tt neical cm 

hr ft? °F sec cm? x @ 

Cancel ft in numerator and denominator, and cm similarly. Remember that 1 Btu is 252 
cal, and cancel. A sec goes into 1 hr 3600 times. Cancel cm and ft and write 30.48. 
Remember that 9°F equal 5°C. Solving, x = 0.062. (See Table 2.) 

If the numeric before the known quantity is unity, x comes out as the conversion factor 
for these units. 

The dimensional formule lack one quality which is needed for completeness, an indica- 
tion of their vector characteristics; such characteristics distinguish plane and solid angle, 
torque and energy, illumination and brightness. 

Part 1.—Fundamental units 

The fundamental units most commonly used are: length [/]; mass [m]; time [t]; 
temperature [6]; and for the electrostatic system, dielectric constant [k]; for the electro- 
magnetic system, permeability [u]. The formule will also be given for the International 
system of electric and magnetic units based on the units length, resistance [7], current [7], 
and time. 
When writing fractions, using the solidus, care is required to make the meaning definite: 

ee Pe rym); or Btu/(hr)(ft?)(°F/m) is not clear, but Btu/[hr x ft? & (°F/m] 
is definite. 

(continucd) 
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TABLE 30.—DIMENSIONAL EQUATIONS OF FUNDAMENTAL AND 

DERIVED UNITS (continued) 

Part 2.—Derived units (geometric and heat) 

Conversion Conversion 
factor Name of units factor 

[mzlv1=] [mln 4°] 
—————— 

Name of unit x y zZ (Heat and light) x y Zz v 

INE, GOIBEYES 55:5 60000 0 2 0 Quantity of heat: 
Wioluimemtemianac-ne cacee 0 3 0 thermal units) 4... . 1 (0) 1 
INCITS coh ce a eee 0 0 0 Urecmometric unitse a0) SO el 

namical units ... —2 
Siidasnsless. 4. 07. Oy ab y aoe lt : 
Cuivatune sans. see QO —1 0 Coefficient of thermal 
Angular velocity ..... 0 0 —!l Expalisionme een oes 0 Oo O-—I1 

Meineat, velocity, emcees 0 1 —1 Thermal conductivity : 
Angular acceleration .. 0 0 --—2 thermal units ..... 1 —1 —1 0 
Linear acceleration ... 0 i 2 thermometric units 

/ or diffusivity.... 0 2 —1 0 
Density ........-.++-- a ha 0 dynamical units ... 1 1 —3 —1 
Moment of inertia..... 1 Z 0 
Intensity of attraction. 0 1 —2 Dhermaleeapacitye: .4 0! 0 O  @ 

Momentum aacecee 1 1 —1 Latent heat: 
Moment of momentum. 1 2 —1 thermal units ..... O <OigenQs wal 
Angular momentum .. 1 | dynamical units ... 0 2 —2 0 

FOnCe: esses coats tae 1 1 — Joule’s equivalent.... i ==) ==)| 

Moment of couple, 
torque: ly suee. dae. 1 BN Entropy : ; 

Work. energy ........ 1 Dd heatinthermal units. 1 Oho “ONTO 
heat in dynamical 

Power, Soe satehet ; : = Tt ae ee 1 2 =H 1 
Intensity of stress..... — — ; , : 

a ye lee ae Luminous intensity .. 0 0 0 1* 
Hots ee es ! Liluninationeeeeeeeee 0 —2 0 1* 
Compressibility .... —l 1 2 Binichtiessmaee eae O27 Oe 
INesilvencer caeacdacse ook 1 —1l —-2 Warsibilitiyaameeine ace: —1 —2 3 I1* 
WiSGOSMRY Gesebesoomed 1 —1l —1 Luminous efficiency.. —1 —2 3 1* 

* For these formule the numbers in the last column are the exponents of F where J refers to the 
luminous flux. For definitions of these quantities see Tables 70 and 72. 
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TABLE 30.—DIMENSIONAL EQUATIONS OF FUNDAMENTAL AND 59 

DERIVED UNITS (concluded) 

Part 3.—Derived units (electrical and magnetic) 

Conversion factor 

Electrostatic Electromagnetic emt \bsolute 
system system Dan system 

m=lvtzhe molten" t rrinlete 
Sym- ————— h ——. 

Name of unit bol * oe y iS uv G a ie uv ip \ = 7 

Quantity of electricity..... Q : $ —1 4 4 4 Qe re 0 1 0 1 

Electric displacement ..... D $ —} —] 4 50 ee 0 i —? 1 

Electric surface density... D y, =} —] 4 , —3 O-Seh9, <c 0 1 —2 1 

Electric field intensity..... € 1S easy i ee) 4 a) ie ic 1 1 1 0 

lectric potential ......... V 4 to = Peet i 7 ==2 ty ike 1 1 0 0 

Electromotive force ...... E 4 4 —] —4 3 s —2 Baie 1 1 0 0 

Electrostatic capacity ..... ©e 0 1 0 1 0) 1 Di iN AE Sl 0 0 0 

Dielectric constant ....... K 0 0 0 1 0 —2 2=—l € =1 0 —1 1 

Specific inductive capacity. — 0 0 0 0 0 0 0 0 0 0 0 0 

IE ees ye I 4 1 —=2 4 4 Tj =} & 0 1 0 0 

Electric conductivity ..... OY 0 0 —1 1 0 —2 1 =f € sll 0 —1 0 

[25 SURRV eigiedia Oe pia reer p 0) 0) 1 —1 0 2 —1 ee lice 1 0 1 0 

@maunctance . 6. 25.8..65. g 0 1 —1 1 0 —1 1 — lec ol 0 0 0 

RBNEATICED 5.6 OG ons. tees eos R 0 —1 1 —1 0 1 —1 elec 1 0 0 0 

Magnetic pole strength.... m 4 4 0 —3 4 > —l 4 I/c 1 1 0 1 

Quantity of magnetism.... m 4 4 0 —4 5 7 —1 6 Wc 1 1 0 j 

Mieemetic flux®............ © 4 4 0 —3 4 z —] S$ 1/ 1 1 0 1 

Magnetic field intensity.... H 4 4 —2 4 $ —4 —] —4} 0 0 —1 0 

Magnetizing force ....... H 4 y —2 4 4 —} —] =} ie 0 0 —1 0 

Magnetic potential ....... Q } $3 —2 t 4 J =] =$ ¢ 0 1 0) 0 

Magnetomotive force ..... Ses 4 %  =—2 4 4 rj — E 0 1 0 0) 

‘Magnetic moment ........ = 4 : 0 —3 : 5 —] 4 1/c 1 1 1 1 

Intensity magnetization ... J t, 3 Oe y —t} —] + l/c 1 1 —2 1 

Magnetic induction ....... B + —} 0 —$ , —4 —1 $ l/c 1 1 —2 1 

Magnetic susceptibility ... x 0 —2 2 —l 0 0 0 h Vc 1 0 —1 1 

Magnetic permeability ... u 0 —2 2 —1 0 0 0 IO yice 1 0 —1 1 

@mmrent density .0........ — 4 —4$ —2 4 4 —%3 —] —}$ c¢ 0 1 —2 0 

Selieinductance .:.......% & 0 —l 2 —1 0 1 0 Ie dlyic® 1 0 0 1 

Mutual inductance ....... oy Oo —1 2 —-1 0 1 0 Ty ull/c 1 0) 0 1 

Magnetic reluctance ...... Chee 0 1 —2 1 0 —1 0-1 c -1l 0 0 —1l 

Thermoelectric power} ... — 5 4 —1] —}f 43 3 —2 $¢ 1/c 1 1 0 hi 

Peltier coefficient ....... — 4 5, —| —sr 3 3 —2 3¢ 1/c 1 1 0 Of 

* As adopted by .\merican Institute of Electrical Engineers, 1915. f 

+c is the velocity of an electromagnetic wave in the ether = 3 x 101° approximately. 
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TABLE 32.—TABLES FOR CONVERTING U. S. WEIGHTS AND MEASURES * 

Part 1.—Metric to customary 

Capacity 

Milli- 
liters or 
cubic Centi- 

Linear centi- liters Deca- Hecto- 
meters to Liters liters liters 

Metersto Metersto Meters to Kilometers to fluid fluid to to to 
inches feet yards to miles drams ounces quarts gallons bushels 

1 39.3700 3.28083 1.093611 0.62137 1 0.27 0.338 1.0567 2.6418 2.8378 
2 78.7400 6.56167 2.187222 1.24274 2 0.54 0.676 2.1134 5.2836 5.6756 
3. 118.1100 9.84250 3.280833 1.86411 Sie OST eO4 3 a70105 8792538 85135 
4 157.4800 13.12333 4.374444 2.48548 AD sllOStamlesose 4226s 10.567 lamles ois 
5 196.8500 16.40417 5.468056 3.10685 5 1.35 1.691 5.2836 13.2089 14.1891 

6 236.2200 19.68500 6.561667 3.72822 6 1.62 2.029 6.3403 15.8507 17.0269 
7 275.5900 22.96583 7.655278 4.34959 7 1.89 2.367 7.3970 18.4924 19.8647 
8 314.9600 26.24667 8.748889 4.97096 San ZAG 22205e 84537 5 211425 92227026 
9 354.3300 29.52750 9.842500 5.59233 9 2.43 3.043 9.5104 23.7760 25.5404 

Square Mass 
ee ———————————————— 
Square Hecto- Kilo- 
centi- Square Square grams to grams to 
meters meters meters Milli- Kilo- ounces pounds 

to square to square to square Hectares grams to grams to avoir- avoir- 
inches feet yards to acres grains grains dupois dupois 

1 0.1550 10.764 1.196 2.471 1 0.01543 15432.36 3.5274 2.20462 
Za OSOOMPZ1RS28) 92392 4.942 Z, i 0.03086  30864.71 7.0548 4.40924 
3 0.4650 32.292 3.588 7.413 3° 0.04630 46297.07 10.5822 6.61387 
4 0.6200 43.055 4.784 9.884 4 0.06173 61729.43 14.1096 8.81849 
5017750) 53:89) )5:980m8 12355 5 OlOZAIG W77G78. 726370) ) le023 i 

6 0.9300 64.583 7.176 14.826 6 0.09259 9259414 21.1644  13.22773 
7 NOS) SEW BWA IZ A97/ 7 0.10803 108026.49 246918 15.43236 
See eZ400 Sor S68 19768 8 0.12346 12345885 28.2192 17.63698 
9 1.3950 96.875 10.764 22.230 9 0.13889 138891.21 31.7466 19.84160 

Cubie 
: : Nt Mass 
Cubic Cubic = 
centi- deci- Cubic Cubic Milliers Kilo- 
meters meters meters to meters to or grams to ~ 

to cubic to cubic cubic cubic QOuintals to tonnes to ounces 
inches inches feet yards pounds av. pounds av. troy 

1 0.0610 61.023 35.314 1.308 1 220.46 2204.6 32.1507 
Zz 0.1220 122.047 70.269 2.616 2 440.92 4409.2 64.3015 
3 0.1831 183.070 105.943 3.924 3 661.39 6613.9 96.4522 
+ 0.2441 244.094 141.258 5.232 4 881.85 8818.5 128.6030 
5 0.3051 305.117 176.572 6.540 5 1102.31 11023.1 160.7537 

6 0.3661 366.140 211.887 7.848 6 S227. 13227.7 192.9045 
7 0.4272 427.164 247.201 9.156 7 1543.24 15432.4 225.0552 
8 0.4882 488.187 282.516 10.464 8 1763.70 17637.0 257.2059 
9 9 0.5492 549.210 317.830 177 1984.16 19841.6 289.3567 

In the United States since 1893 all units in the above table have been derived from the 
same standards oi !ength and mass. Therefore all equivalents (except those involving the 
liter) depend only on numerical definitions. The liter is the volume of one kilogram of 
pure water at the temperature of its maximum density and under a pressure equivalent to 
760 millimeters of mercury. The liter was determined by the International Bureau of 
Weights and Measures in 1910 to equal 1.000027 dm*. (National Bureau of Standards.) 

* Quoted from sheets issued by the National Bureau of Standards. 

(continued) 
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TABLE 32.—TABLES FOR CONVERTING U. S. WEIGHTS AND MEASURES 

(continued) 

milli- 
meters 

25.4001 
50.8001 
76.2002 

101.6002 
127.0003 

152.4003 
177.8004 
203.2004 
228.6005 OONNA NRW 

meters 

6.452 
12.903 
19.355 
25.807 
32.258 

38.710 
45.161 
51.613 
58.065 ONAN NLWNHN 

Cubic 
inches to 
cubic 
centi- 
meters 

16.387 
32.774 
49.161 
65.549 
81.936 
98.323 

114.710 
131.097 
147.484 WOONNAMh WH 

Part 2.—Customary to metric 

Linear 

Feet to 
meters 

0.304801 
0.609601 
0.914402 
1.219202 
1.524003 

1.828804 
2.133604 
2.438405 
2.743205 

Square 

Square 

Yards to 
meters 

0.914402 
1.828804 
2.743205 
3.657607 
4.572009 

5.486411 
6.400813 
7.315215 
8.229616 

feet to Square 
square yardsto Acres 

eci- square to 
meters meters’ hectares 

9.290 0.836 0.4047 
18.581 1.672 0.8094 
27.871 2.508 1.2141 
37.161 3.345 1.6187 
46.452 4.181 2.0234 

55.742 5.017 2.4281 
65.032 5.853 2.8328 
74.323 6.689 3.2375 
83.613 7.525 3.6422 

Cubic 
feet to 
cubic 
meters 

0.02832 
0.05663 
0.08495 
0.11327 
0.14159 
0.16990 
0.19822 
0.22654 
0.25485 

Cubic Bu 
yards to 

Miles 
to kilo- 
meters 

1.60935 
3.21869 
4.82804 
6.43739 
8.04674 

9.65608 
11.26543 
12.87478 
14.48412 

WO ONO nNbhwWN- 

shels 
to 

cubic hecto- 
meters liters 

0.765 0.35239 
1.529 0.70479 
2.294 1.05718 
3.058 1.40957 
3.823 1.76196 
4.587 2.11436 
5.352 2.46675 
6.116 2.81914 
6.881 3.17154 

Capacity 

Fluid 
drams to 
milli- Fluid 

liters or ounces Liquid 
cubic to quarts Gallons 
centi- milli- to to 
meters liters liters liters 

1 3.70 29.57 0.94633 3.78533 
2 7.39 59.15 1.89267 7.57066 
3. «11.09 88.72 2.83900 11.35600 
4 14.79 118.29 3.78533 15.14133 
5 1848 147.87 4.73167 18.92666 

6 22.18 177.44 5.67800 22.71199 
7 25.88 207.01 6.62433  26.49733 
8 29.57 236.58 7.57066  30.28266 
9 33.27 266.16 8.51700 34.06799 

Mass 
eae 

Avoir- Avoir- 
dupois dupois 

Grains to ounces pounds Troy 
milli- to to kilo ounces 
grams grams grams to grams 

64.7989 28.3495 0.45359 31.10348 
129.5978 56.6991 0.90718 62.20696 
194.3968 85.0486 1.36078 93.31044 
259.1957 113.3981 1.81437 124.41392 
323.9946 141.7476 2.26796 155.51740 

388.7935 170.0972 2.72155 186.62088 
453.5924 198.4467 3.17515 217.72437 
518.3913 226.7962 3.62874  248.82785 
583.1903 255.1457 4.08233 279.93133 

1 mile (statute) = 5280 feet 

1 mile (nautical) = 6080.20 feet 

1 Gunter’s chain = 20.1168 meters 

1 sq. statute mile = 259.000 hectares 

1 fathom 

lnautical mile = 

1 foot 

1 avoir. pound = 

15432.356 grains = 

1 liter 

1.829 meters 

1853.25 meters 

0.304801 meter 

453.5924 grams 

1.000 kilogram 

= 1000.028 + .004 cm’ 

The length of the nautical mile given above, and adopted by the U. S. Coast and Geodetic 
Survey many years ago, is defined as that of a minute of arc of a great circle of a sphere 
whose surface equals that of the earth (Clarke’s Spheroid of 1866). 
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TABLE 32.—TABLES FOR CONVERTING U. S. WEIGHTS AND MEASURES 

(concluded) 

Part 3.—Miscellaneous equivalents of U. S. and metric weights and measures * 

(For other equivalents than those below, see Tables 30, 31, and 33.) 

LINEAR MEASURES 

1 mil (.001 in.) = 25.4001 
1 in. = .000015783 mile 
l hand (4 in.) = 10.16002 cm 
1 link (.66 ft) = 20.11684 cm 
1 span (9 in.) = 22.86005 cm 
1 fathom (6 ft) = 1.828804 m 
1 rod (54 yd) (25 links) = 5.02910 m 
1 chain (4 rods) = 20.11684 m 
llight year (9.5 X 10" km) = 5.9 x 10” 

miles 
1 parsec (31 X 10° km) = 19 x 10” miles 
ain. = .397 mm 3zin. = .794mm 
35 in. = 1.588 mm tin. = 3.175 mm 
din. = 6.350 mm Sin. = 12.700 mm 
1 angstrom unit = .0000000001 m 
1 micron (x) = .000001 m = .00003937 in. 
1 millimicron (mu) = .000000001 m 
1 m = 4.970960 links = 1.093611 yd 

= .198838 rod = .0497096 chain 

SQUARE MEASURES 

1 sq. link (62.7264 in.?) = 404.6873 cm? 
1 sq. rod (625 sq. links) = 25.29295 m? 
1 sq. chain (16 sq. rods) = 404.6873 m? 
lacre (10 sq. chains) = 4046.873 m? 
1 sq. mile (640 acres) = 2.589998 km? 
1 km? = .3861006 sq. mile 
1 m* = 24.7104 sq. links = 10.76387 ft? 

= .039537 sq. rod = .00247104 sq. 
chain 

CUBIC MEASURES 

1 board foot (144 in.?) = 2359.8 cm? 
lcord (128 ft?) = 3.625 m? 

CAPACITY MEASURES 

1 minim (™) = .0616102 ml 
1 fl. dram (60 ™) = 3.69661 ml 
1 fl. oz (8 fl. dr) = 1.80469 in? 

= 29.5729 ml 
1 ou c He OZ)) =) 7.21875) ins — 18292 

1 liq. = (28.875 in.*) = .473167 1 
1 lig. qt (57.75 in.*) = .946333 1 
1 gallon (4 qt, 231 in.*) = 3.785332 1 
Idry pt (33.6003125 in.*) = 550599 1 
I dry qt (67.200625 in.*) = 1.101198 1 
1 pk (8 dry qt, 537.605 in.*) = 8.80958 1 
1 bu (4 pk, 2150.42 in.?) = 35.2383 1 
1 firkin (9 gallons) = 34.06799 1 
1 liter = .264178 gal = 1.05671 liq. qt 

= 33.8147 fl. oz = 270.518 fl. dr 
1 ml. = 16.2311 minims. 
1 dkl. = 18.1620 dry pt = 9.08102 dry qt 

= 1.13513 pk = .28378 bu 

MASS MEASURES 

Avoirdupois weights 

1 grain = .064798918 ¢g 
1 dram av. (27.34375 gr) = 1.771845 g 
1 oz av. (16 dr av.) = 28.349527 g 
1 lb av. (16 oz av. or 7000 gr) 

= 14.583333 oz ap. (3) or ozt. 
= 1.2152778 or 7000/5760 lb ap. 

or t. 
= 453.5924277 g 

1 kg = 2.204622341 Ib av. 
lg = 15.432356 gr = .5643833 dr av. 

= .03527396 oz av. 
1 short hundred weight (100 Ib) 

= 45.359243 kg 
1 long hundred weight (112 lb) 

= 50.802352 kg 
1 short ton (2000 Ib) 

= 907.18486 kg 
1 long ton (2240 Ib) 

= 1016.04704 kg 
1 metric ton = 0.98420640 long ton 

= 1.1023112 short tons 

Troy weights 

1 pennyweight (dwt 24 gr) = 1.555174 ¢ 
gr, oz, pd are same as apothecary 

A pothecaries’ weights 

1 gr = 64.798918 mg 
1 scruple (9, 20 gr) = 1.2959784 g 
1 dram (3, 3 9) = 3.8879351 g 
1 oz (3,83) = 31.103481 g 
1 1b (125,5760 gr) = 373.24177 ¢ 
1 g = 15.432356 gr =0.771618 9 

= 0.25720593 = .03215074 3 
1 kg = 32.150742 3 = 2.6792285 Ib 

1 metric carat = 200 mg = 3.0864712 gr 

U. S. 4 dollar should weigh 12.5 g and the 
smaller silver coins in proportion. 

19 Taken from Circular 47 of the National Bureau of Standards, 1915, which see for more complete 
tables. . 
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TABLE 33.—EQUIVALENTS OF METRIC AND BRITISH IMPERIAL WEIGHTS 

AND MEASURES * 

(For U. S. Weights and Measures, see Table 32.) 

Part 1.—Metric to imperial 

LINEAR MEASURE MEASURE OF CAPACITY 

1 Bae Gmim) lee 0.03937 in 1 Se ate oN } SG 0610\in? 
(.001 m - ; i : iter Siraiw : 

l centimeter (01m) = 0.39370 in. 0 : — § 0.61024 in.® 
1decimeter (1m) = — 3.93701 in. Leentilitee COL stigen) b= veqa7 gill 

39.370113 in. 1 deciliter (.1 liter) = 0.176 pint 
IEMETER (im) 3.280843 ft 1viTtErR (1,000 cu. 

1.09361425 yd centimeters or 17> = _ 1.75980 pints 
1 dekameter } ee nosGiaad cu. decimeter) 

(10 m) ae a y 1 dekaliter (10 liters) == 2.200 gallons 
1 hectometer } — 109.361425 yd l hectoliter (100 ‘‘ ) = 2.75 bushels 
rece m) ie : y 1 kiloliter (1,000 “ ) = 3.437 quarters 

ilometer : 
(1,000 m) } - .= 0.62137 mile APOTHECARIES’ MEASURE 

myriameter . 3 ; : A ee 6.21372 mil lcm 0.03520 fluid ounce 
1 (10,000 m) aan (1 gram } ={ 0.28157 fluid drachm 
MICKON.. sine 0.001 mm w’t) 15.43236 grains weight 

1 mm* = 0.01693 minim 

AVOIRDUPOIS WEIGHT 

SQUARE MEASURE 1 milligram (mg) Y= 70101543 grain 

eee i a 550 in? lcentigram (.01 gram) = 0.15432 grain 

1 dm? @Odiem?) Lae. a. Ha ee ldecigram (1 “ ) = 1.54324 grains 
Tee = 10.7639 ft? lcramM . . . . . .=15.43236 grains 

100 dm? = 1.1960 ya? 1 dekagram (10 grams) = 5.64383 drams 
i weriG non ) FONG 6a yd" l hectogram (100 “ )= naa i 

1 hectare (100 ares } = 24711 acres 1 KiLocraM (1,000 “ ) = 1é432 3564 
or 10,000 m?) a : ‘ grains 

lmyriagram (10 kg) = 22.04622 |b 
1 quintal (100 “)= 1.96841 cwt 
1 millier or tonne . .= 0.9842 

CUBIC MEASURE (1,000 kg) } on 

Le lane 4 0.0610 in.® TROY WEIGHT 
m* (1,000 cm - = | O1024in2 0.03215 oz troy 

1 m* or stere = {35.3148 ft? 1GRAM . .= 4 0.64301 pennyweight (1,000 dm’) f- + = \ 1.307954 ya® 43236 eine 

APOTHECARIES’ WEIGHT 

0.25721 drachm 
1GRAM . .=4 0.77162 scruple 

15.43236 grains 

Note.—The METER is the length, at the temperature of 0°C, of the platinum-iridium bar 
deposited at the International Bureau of Weights and Measures at Sévres, near Paris, 

rance. 
The present legal equivalent of the meter is 39.370113 inches, as above stated. 
The KriLocRaMm is the mass of a platinum-iridium weight deposited at the same place. 
The Liter contains 1 kilogram weight of distilled water at its maximum density (4°C), 

the barometer being at 760 millimeters. 

* In accordance with the schedule adopted under the Weights and Measures (metric system) Act, 1897. 

fcontinued) 
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TABLE 33.—EQUIVALENTS OF METRIC AND BRITISH IMPERIAL WEIGHTS 

AND MEASURES (continued) 

(For U. S. Weights and Measures, see Table 32.) 

Part 2.—Metric to imperial, multiples 

Millimeters 
o 

inches 

0.03937011 
0.07874023 
0.11811034 
0.15748045 
0.19685056 

0.23622068 
0.27559079 
0.31496090 
0.35433102 OONHN UNARWDYO 

Square 
centi- 
meters 

to 

square 
inches 

0.15500 
0.31000 
0.46500 
0.62000 
0.77500 

0.93000 
1.08500 
1.24000 
1.39501 COND NRWDH+- 

Linear measure 

Meters 
to 

feet 

3.28084 
6.56169 
9.84253 
13.12337 
16.40421 

19.68506 
22.96590 
26.24674 
29.52758 

Meters 
to 

yards 

1.09361 
2.18723 
3.28084 
4.37446 
5.46807 

6.56169 
7.65530 
8.74891 
9.84253 

Square measure 

Square 
meters 

to 

square 
feet 

10.76393 
21.52786 
32.29179 
43.05572 
53.81965 

64.58357 
75.34750 
86.11143 
96.87536 

Square 
meters 

to 
square 
yards 

1.19599 
2.39198 
3.58798 
4.78397 
5.97996 

7.17595 
8.37194 
9.56794 

10.76393 

Cubic measure 

Cubic 
deci- 

meters to 
cubic 
inches 

61.02390 
122.04781 
183.07171 
244.09561 
305.11952 

366.14342 
427.16732 
488.19123 
549.21513 WOONN USWH 

Cubic 
meters to 

cubic 
feet 

35.31476 
70.62952 

105.94428 
141.25904 
176.57379 

211.88855 
247.20331 
282.51807 
317.83283 

1.30795 
2.61591 
3.92386 
5.23182 
6.53977 

7.84772 
9.15568 
10.46363 
1177159 

SMITHSONIAN PHYSICAL TABLES 

Kilo- 
meters 
to miles 

0.62137 
1.24274 
1.86412 
2.48549 
3.10686 

3.72823 
4.34960 
4.97097 
5.59235 Oo ONO mbWNHr 

Hectares 

14.8263 
17.2974 
19.7685 
22.2395 COND NAPWNH-H 

Apothe- 
caries’ 
measure 

Cubic 
centi- 
meters 
to fluid 
drachms 

0.28157 
0.56314 
0.84471 
1.12627 
1.40784 

1.68941 
1.97098 
2.25255 
2.53412 \©o CONT ON makWHYre 

(continued) 

Measure of capacity 

Liters Deka- Hecto- 
to liters to liters to 

pints gallons bushels 

1.75980 2.19975 2.74969 
3.51961 4.39951 5.49938 
5.27941 6.59926 8.24908 
7.03921 8.79902 10.99877 
8.79902 10.99877 13.74846 

10.55882 13.19852 16.49815 
12.31862 15.39828 19.24785 
14.07842 17.59803 21.99754 
15.83823 19.79778 24.74723 

Weight (Avoirdupois) 

Milli- Kilo- Kilo 
grams grams grams 

to to to 
grains grains pounds 

0.01543 15432.356 2.20462 
0.03086 30864.713 4.40924 
0.04630  46297.069 6.61387 
0.06173 61729.426 8.81849 
0.07716 77161.782 11.02311 

0.09259 92594.138 13.22773 
0.10803 108026.495 15.43236 
0.12346 123458.851 17.63698 
0.13889 138891.208 19.84160 

Avoirdupois 
(cont.) Troy weight 

Milliers Grams Grams 
or to to 

tonnes to ounces penny- 
tons troy weights 

0.98421 0.03215 0.64301 
1.96841 0.06430 1.28603 
2.95262 0.09645 1.92904 
3.93683 0.12860 2.57206 
4.92103 0.16075 3.21507 

5.90524 0.19290 3.85809 
6.88944 0.22506 4.50110 
787365 9 O:257210 514412 
8.85786 0.28936 5.78713 

Kilo- 
liters to 
quarters 

3.43712 
6.87423 
10.31135 
13.74846 
17.18558 

20.62269 
24.05981 
27.49692 
30.93404 

Quintals 
t 0 

hundred- 
weights 

1.96841 
3.93683 
5.90524 
7.87365 
9.84206 

11.81048 
13.77889 
15.74730 
17.71572 

Apothe- 
caries’ 
weight 

scruples 

0.77162 
1.54324 
2.31485 
3.08647 
3.85809 

4.62971 
5.40132 
6.17294 
6.94456 
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TABLE 33.—EQUIVALENTS OF BRITISH IMPERIAL AND METRIC WEIGHTS 

AND MEASURES (continued) 

(For U. S. Weights and Measures, see Table 32.) 

Part 3.—Imperial to metric 

LINEAR MEASURE 

25.400 millimeters 
0.30480 meter 
0.914399 meter 
5.0292 meters 

20.1168 meters 

201.168 meters 
1.6093 kilometers 

“7 G14202105 > (Gd=x 

finchety 2". otawt 
Itoots (Zin) 
lyarp (3 ft) 
1 pole (54 yd) . 
l chain (22 yd oF 

100 links) 
1 furlong (220 yd) 
1 mile (1,760 yd) . 

MoU AL A A 

byards. 2) )41-= 0" (rutton 1932) 

SQUARE MEASURE 

Meine gues es = 6.4516 cm? 
Wage (Ole4 bs) 5 ge OAS) haa 
isa (@ at) 4 5 oo  ORROIZS ie 
1 perch (304 yd?) = 25.293 m? 
1 rood (40 perches) = 10.117 ares 
1 acrE (4840 yd?) 0.40468 hectare 
1 mi’ (640 acres) = 259.00 hectares 

CUBIC MEASURE 

Pierce 1G.cee cm x 
1 ft? (1728 in.*) = ete m or 28.317 

Pyar (2/7 tt). 2 “O7645oml 

APOTHECARIES’ MEASURE 

l gallon (8 pints or) _ ; 
160 Auidi ounces)ohc a2 4.5459631 liters 

1 fluid ounce, f 3 (& 
drachms) ' = AI2S cm? 

1 fluid drachm, f * 

(60 minims) } = S05) 5cm* 

Iminim, Mm (0.91146) _ castes 

grain weight) 

Note.—The apothecaries’ gallon is of the same 
eapacity as the Imperial gallon. 

MEASURE OF CAPACITY 

Lola lye ae ... . = 1.42 deciliters 
1 pint (4 gills) . . = 0.568 liter 
1 quart (2 pt) .= 1.136 liters 
1GALLon (4 qt) . = 4.5459631 liters 
l peck (2 gal) . . = 9.092 liters 
1 bushel (8 gal) . = 3.637 dekaliters 
1 quarter (8 bu) . = 2.909 hectoliters 

AVOIRDUPOIS WEIGHT 

lgrain . . . »=64.8 milligrams 
dram). eqaie esse lesa cnenams 
l ounce (16 dr). .= 28.350 grams 
1 pouND (16 oz or ) — ee ots 0.45359243 kg 
1 stone (14.1b) . .= 6.350 kg 
l quarter (28 lb) = 12.70 kg 
1 hundredweight | — {50.80 kg 

(112 Ib) ~ \ 0.5080 quintal 
1.0160 tonnes or 

1016 kilo- 
grams 

lton (20 cwt) . .= 

TROY WEIGHT 
1 troy ouNCcE (480 = 31.1035 grams grains av) 
1 pennyweight (24 = 1.5552 grams grains) 

Note.—The troy grain is of the same weight as 
the avoirdupois grain. 

APOTHECARIES’ WEIGHT 

1 ounce (8 drachms) . . = 31.1035 grams 
1 drachm, 3i (3 scruples) = 3.888 grams 
1 scruple, 0i (20 grains) = 1.296 grams 

Note.—The apothecaries’ ounce is of the same 
weight as the troy ounce. The apothecaries’ 
grain is also of the same weight as the avoir- 
dupois grain. 

Note.—The Yarp is the length at 62°F, marked on a bronze bar deposited with the 
Board of Trade. 

The Pounn is the weight of a piece of platinum weighed in vacuo at the temperature of 
0°C, and which is also deposited with the Board of Trade. 

The GALLon contains 10 lb weight of distilled water at the temperature of 62°F, the 
barometer being at 30 inches. 

(continued) 
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TABLE 33.—EQUIVALENTS OF BRITISH IMPERIAL AND METRIC WEIGHTS 

AND MEASURES (concluded) 

(For U. S. Weights and Measures, see Table 32.) 

Inches 
to 

centi- 
meters 

2.539998 
5.079996 
7.619993 

10.159991 
12.699989 

15.239987 
17.779984 
20.319982 
22.859980 COONAN NPWhHe 

Square 
inches 

to square 
centi- 
meters 

6.45159 
12.90318 
19.35477 
25.80636 
32.25794 

38.70953 
45.16112 
51.61271 
58.06430 OONA NPWH- 

Part 4.—Imperial to metric, multiples 

Linear measure 

Feet 
to 

meters 

0.30480 
0.60960 
0.91440 
1.21920 
1.52400 

1.82880 
2.13360 
2.43840 
2.74320 

Yards 
to 

meters 

0.91440 
1.82880 
2.74320 
3.65760 
4.57200 

5.48640 
6.40080 
7.31519 
8.22959 

Square measure 

Square 
feet to 
square 
deci- 

meters 

9.29029 
18.58058 
27.87086 
37.16115 
46.45144 

55.74173 
65.03201 
74.32230 
83.61259 

Square 
yards to 
square 
meters 

0.83613 
1.67225 
2.50838 
3.34450 
4.18063 

5.01676 
5.85288 
6.68901 
7.52513 

Cubic measure 

Cubic 
inches 

to cubic 
centi- 
meters 

1 = 16.38702 
2  32.77404 
3.  49.16106 
4  65.54808 
Si 81:93511 

6  98.32213 
7 114.70915 
8 131.09617 
9 147.48319 

Cubic 
feet 

to cubic 
meters 

0.02832 
0.05663 
0.08495 
0.11327 
0.14158 

0.16990 
0.19822 
0.22653 
0.25485 

Cubic 
yards 

to cubic 
meters 

0.76455 
1.52911 
2.29366 
3.05821 
3.82276 

4.58732 
5.35187 
6.11642 
6.88098 

kilo- 
meters 

1.60934 
3.21869 
4.82803 
6.43737 
8.04671 

9.65606 
11.26540 
12.87474 
14.48408 

Acres to 
hectares 

0.40468 
0.80937 
1.21405 
1.61874 
2.02342 

2.42811 
2.83279 
3.23748 
3.64216 

Apothe- 
caries’ 

Measure 

Fluid 
drachms 
to cubic 
centi- 
meters 

3.55153 
7.10307 

10.65460 
14.20613 
17.75767 

21.30920 
24.86074 
28.41227 
31.96380 

COND NLWNH- 

WOONN nkhWhHre 

COONHA NLPWHH 

Quarts 
_to 

liters 

1.13649 
2.27298 
3.40947 
4.54596 
5.68245 

6.81894 
7.95544 
9.09193 

10.22842 

Grains 
to milli- 
grams 

64.79892 
129.59784 
194.39675 
259.19567 
323.99459 

388.79351 
453.59243 
518.39135 
583.19026 

Avoirdupois 
(cont.) 

Tons to 
milliers 

5.08024 

6.09628 
7.11233 
8.12838 
9.14442 

Measure of capacity 

Gallons 
to 

liters 

4.54596 
9.09193 

Bushels 
to 

deka- 
liters 

3.63677 
7.27354 

13.63789 10.91031 
18.18385 14.54708 
22.72982 18.18385 

27.27578 21.82062 
31.82174 25.45739 
36.36770 29.09416 
40.91367 32.73093 

Weight (avoirdupois) 

Ounces 
to 

grams 

28.34953 
56.69905 
85.04858 

113.39811 
141.74763 

170.09716 
198.44669 
226.79621 
255.14574 

Pounds 
to kilo- 
grams 

0.45359 
0.90718 
1.36078 
1.81437 
2.26796 

Z/2L99 
3.17515 
3.62874 
4.08233 

Troy weight 

grams 

31.10348 
62.20696 
93.31044 

124.41392 
155.51740 

186.62088 
217.72437 
248.82785 
279.93133 

Penny- 
weights 

to 
grams 

1.55517 
3.11035 
4.66552 
6.22070 
7.77587 

9.33104 
10.88622 
12.44139 
13.99657 

Quarters 
to 

hecto- 
liters 

2.90942 
5.81883 
8.72825 

11.63767 
14.54708 

17.45650 
20.36591 
23.27533 
26.18475 

Hun- 
dred- 

weights 
to 

quintals 

0.50802 
1.01605 
1.52407 
2.03209 
2.54012 

3.04814 
3.55616 
4.06419 
4.57221 

Apothe- 
caries’ 
weight 

Scruples 

6.47989 

7.77587 
9.07185 

10.36783 
11.66381 
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TABLE 34.—VOLUME OF A GLASS VESSEL FROM THE WEIGHT OF ITS 

EQUIVALENT VOLUME OF MERCURY OR WATER 

If a glass vessel contains at t°C, P grams of mercury, weighed with brass weights in air 
at 760 mmHg pressure, then its volume in cm® 

at the same temperature, ¢: V = PR= pe, 

at another temperature, f1 : V = PR,:=P f {1+ y7(t—t)} 

p =the weight, reduced to vacuum, of the mass of mercury or water which, weighed with 
brass weights, equals 1 gram; 

a = the density of mercury or water at f°C, 
and ¥ the cubical expansion coefficient of glass. 

Tempera- Water Mercury 

bia Ike Ri, te 102 Ri, 7 20° R Ri, p= 105 R;, i 20° 

0° 1.001192 1.001443 1.001693 0.0735499 0.0735683 0.0735867 
1 eS 1358 1609 5633 5798 5982 
2 1092 1292 1542 5766 5914 6098 
3 1068 1243 1493 5900 6029 6213 
4 1060 1210 1460 6033 6144 6328 
5 1068 1193 1443 6167 6259 6443 

6 1.001092 1.001192 1.001442 0.0736301 0.0736374 0.0736558 
7 1131 1206 1456 6434 6490 6674 
8 1184 1234 1485 6568 6605 6789 
9 1252 1277 1527, 6702 6720 6904 

10 1333 1333 1584 6835 6835 7020 

11 1.001428 1.001403 1.001653 0.0736969 0.0736951 0.0737135 
12 1536 1486 1736 7103 7066 7250 
13 1657 1582 1832 7236 7181 7365 
14 1790 1690 1940 7370 7297 7481 
15 1935 1810 2060 7504 7412 7596 

16 1.002092 1.001942 1.002193 0.0737637 0.0737527 0.0737711 
17 2261 2086 2337 7771 7642 7826 
18 2441 2241 2491 7905 7757 7941 
19 2633 2407 2658 8039 7872 8057 
20 2835 2584 2835 8172 7988 8172 

72) 1.003048 1.002772 1.003023 0.0738306 0.0738103 0.0738288 
22 3271 2970 3220 8440 8218 8403 
23 3504 3178 3429 8573 8333 8518 
24 3748 3396 3647 8707 8449 8633 
25 4001 3624 3875 8841 8564 8748 

26 1.004264 1.003862 1.004113 0.0738974 0.0738679 0.0738864 
27 4537 4110 4361 9108 8794 8979 
28 4818 4366 4616 9242 8910 9094 
29 5110 4632 4884 9376 9025 9210 
30 5410 4908 5159 9510 9140 9325 
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TABLE 35.—EFFECT OF AIR ON WEIGHING 69 

Reductions of weighings in air to vacuo 

When the weight M in grams of a body is determined in air, a correction is necessary for 
the buoyancy of the air equal to M8(1/d — 1/d:) where =the density (wt. of 1 cm® in 
grams = 0.0012) of the air during the weighing, d the density of the body, d; that of the 
weights. 6 for various barometric values and humidities may be determined from Tables 
631-632. The following table is computed for 5=0.0012. The corrected weight = 
M + kM/1000. 

Correction factor, k Correction factor, k 
Density °©°£_-——______*~—__————_,, Density —©§_—-2— YY  _—7* 
of body IPtsebrs Brass Quartz or of body betsy bes Brass Quartz or 
weighed weights weights Al. weights weighed weights weights Al. weights 

d d, = 21.5 8.4 2.65 d Ch Sil 8.4 2.65 

5) + 2.34 + 2.26 + 1.95 1.6 + 0.69 + 0.61 + 0.30 
6 + 1.94 + 1.86 + 1.55 1.7 + .65 + .56 + .25 
7, + 1.66 + 1.57 + 1.26 1.8 + .62 + .52 + .21 
hs) + 1.55 + 1.46 + 1.15 1.9 + .58 + .49 + .18 
80 + 1.44 + 1.36 + 1.05 2.0 + .54 + .46 + 15 
85 + 1.36 + 1.27 + 0.96 25 + ..43 + 34 + .03 
90 + 1.28 + 1.19 + .88 3.0 + .34 + .26 — .05 
95 + 1.21 + 1.12 + .81 4.0 + 24 + .16 — 15 

1.00 + 1.14 + 1.06 + 75 6.0 + .14 + .06 — .25 
ial + 1.04 + 0.95 + .64 8.0 + .09 + .01 — .30 
1.2 + 0.94 + .86 + .55 10.0 + .06 — .02 — .33 
ES + .87 + 78 + A7 15.0 + .03 — .06 — 37 
1.4 + .80 + .71 + .40 20.0 + 004 — .08 — 39 
15 + .75 + .66 + .35 22.0 — 001 — .09 — A0 

TABLE 36.—REDUCTIONS OF DENSITIES IN AIR TO VACUO 

(This correction may be accomplished through the use of the above table for each sepa- 
rate weighing.) 

If s is the density of the substance as calculated from the uncorrected weights, S its true 
density, and L the true density of the liquid used, then the vacuum correction to be applied 
to the uncorrected density, s, is 0.0012 (1 —s/L). 

Let W. = uncorrected weight of substance, Wi = uncorrected weight of the liquid dis- 
placed by the substance, then by definition, s=LW,/W.. Assuming D to be the 
density of the balance of weights, W.{1 + 0.0012(1/S —1/D)} and W,{i + 0.0012 
(1/L — 1/D)} are the true weights of the substance and liquid respectively (assuming 
that the weighings are made under normal atmospheric corrections, so that the weight 
of 1 cm? of air is 0.0012 gram). 

W .{1 + 0.0012(1/S — 1/D)} 

W {1 + 0.0012(1/L — 1/D)} 

But from above W./W1=s/L, and since L is always large compared with 0.0012, 
S — s=0.0012(1 — s/L) 

The values of 0.0012(1 — s/L) for densities up to 20 and for liquids of density 1 (water), 
0.852 (xylene), and 13.55 (mercury) follow: 

Then the true density S = iL 

Density Corrections Density Corrections 
of sub-——_—-—- As 7. of sub- —_— A". 
stance el Ei 08852 16 SNES stance isl Te) 134515) 

$ Water Xylene Mercury Ss Water Mercury 

0.8 + 0.00024 — _ tile — 0.0120 + 0.0002 
0.9 + .00012 _ —_— 12. — .0132 + .0001 
L 0.0000 — 0.0002 + 0.0011 133 — .0144 0.0000 
2. — .0012 — .0016 + .0010 14. — .0156 0.0000 
Ss — .0024 — .0030 + .0009 15 — .0168 — .0001 
4. — .0036 — .0044 + .0008 16 — ,0180 — .0002 
Si — .0048 — .0058 + .0008 17 — .0192 — .0003 
6. — .0060 — 0073 + .0007 18 — .0204 — .0004 
Ue — .0072 — .0087 + .0006 19 — .0216 — .0005 
8. — .0084 — .0101 + .0005 20 — .0228 — .0006 
9. — .0096 — .0115 + .0004 

10. — .0108 — .0129 + .0003 
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70 TABLES 37-51—CONSTANTS FOR TEMPERATURE 
MEASUREMENT 

TABLE 37.—THE INTERNATIONAL TEMPERATURE SCALE OF 1948” 

The International Temperature Scale that was adopted in 1927 was revised during 1948 
and is designed to conform as nearly as practicable to the thermodynamic Celsius * (Centi- 
grade) scale as now known. This 1948 International Temperature Scale incorporates certain 
refinements based on experience to make it more uniform and reproducible than its pre- 
decessor. The new scale is essentially the same as the one it displaces, but it was improved 
by changing certain formulas and values for temperatures and constants. 

Only three of the revisions in the definition of the scale result in appreciable changes in 
the numerical values assigned to measured temperatures. The change in the value for the 
silver point from 960.5°C to 960.8°C changes temperatures measured with the standard 
thermocouple. The adoption of a different value for the radiation constant c2 changes all 
temperatures above the gold point, while the use of the Planck radiation formula instead 
of the Wien formula affects the very high temperatures. (See Table 40 for the magnitude 
of the changes due to these two causes for high temperatures.) The 1948 temperature scale, 
like the 1927 scale, is based upon six fixed points (Table 38) and upon specified formulas 
for the relations between temperature and the indications of the instruments calibrated at 
these fixed points. Temperature on the 1948 scale will be designated as °C, or °C (Int. 
1948) and denoted by the symbol t. 
The means available for interpolation between the fixed points lead to a division of the 

scale into four parts: 
(a) From 0°C to the freezing points of antimony the temperature ¢ is defined by the 

formula 
R: — Ro -++ At ++ Bt’) 

where FR; is the resistance, at temperature ¢, of a standard platinum resistance: ther- 
mometer. 

(b) From the oxygen point (Table 38) to 0°C the temperature ¢ is similarly defined 
by the formula 

R:= Roll + At + BH + C(#— 100) F] 

(c) From the freezing point of antimony to the gold point (Table 38) the temperature ¢t 
is defined by the formula 

E=a-+bt+ ct’, 

where E is the electromotive force of a standard thermocouple of platinum and platinum- 
rhodium alloy, when one junction is at 0°C and the other at temperature tf. 
Recommendations are given for the construction, calibration, and use of these two types 

of measuring devices. 
(d) Above the gold point the temperature ¢ is defined by the formula 

_Je _ exp [e2/(A(tau + To))] —1* 

Jan exp [c2/(ACt a To))] —1 

where J; and Jau are the radiant energies per unit wavelength interval at wavelength A, 
emitted per unit time by unit area of a blackbody at temperature ¢, and at the gold point 
tau, respectively. 
C2 is 1.438 cm degrees. 
To is the temperature of the ice point in °K. 
X is a wavelength of the visible spectrum. 
e is the base of Naperian logarithms. 

Secondary fixed points.—In addition to the six fundamental and primary fixed points 
(Table 38), a number of secondary fixed points are available and may be useful for various 
purposes. Some of the more constant and reproducible of these fixed points and their 
temperatures on the International Temperature Scale of 1948 are listed in Table 41. The 
relation between this new temperature scale and the thermodynamic Celsius scale is 
discussed in this paper also. 

The resulting changes in the 1927 International Temperature Scale below the gold point 
(1063°C) to correct it to the 1948 International Temperature Scale are given in Table 39. 
The use of the Planck formula and a wavelength interval within the visible spectrum to 

determine temperatures presupposes the use of an optical pyrometer. (See Table 77.) 

_? Nat. Bur. Standards Journ. Res., vol. 42, p. 209, 1949. 3 
oh The General Conference, held in October 1948, decided to discontinue the use of the words ‘‘Cen- 

tesimal” and “‘Centigrade’’ and to replace them by “‘Celsius.’’ See also Nat. Bur. Standards Techn. 
News Bull., vol. 33, p. 110, 1949. 

* See footnote 5a, p. 7. 
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TABLE 38.—FUNDAMENTAL AND PRIMARY FIXED POINTS UNDER THE 

STANDARD PRESSURE OF 1013250 DYNES/CM: 

Temperature of equilibrium between liquid oxygen and its 
(oxygen point) 

Temperature of equilibrium between ice and air saturated 
(ice point) fundamental fixed point 

(sulfur point) 

si’, (eile) e Tal tel.e)'e. « (es ia elas) © 2 e 6's! ule 'a,:0| © = ale 

Temperature of equilibrium between liquid water and its 
(steam point) fundemental fixed point 

Temperature of equilibrium between liquid sulfur and its 
ee! ake tae a %e ue) 0, alellee we 6 s aie)e) se a’ e's \s\.e'js es) es» ale © sya) we) 6) 6).0. 6 

Temperature of equilibrium between solid and liquid silver (silver 
point) a) pafade, © 6).0\ uke ayie%ete «0 ole & = \efvofe «|e see 9) s\ stv efere ov ele) sielsse) ee mie pie @)'e) 0.4 0 » 

Temperature of equilibrium between solid and liquid gold (gold 
point) 

Temperature 
Ae 

vapor 
— 182.970 

water 
0 

vapor 
100 

vapor 
444.600 

960.8 

1063.0 ee) eke, ©) © (0).6; ©) 8 wile, 0) ©, © 0.00 © 0 0.0.10, 0) © 0 0.0 ete. 0) .0.8).0 6 sv 6 0 sists » sfelejetrele)s) sclera = 

TABLE 39.—DIFFERENCES BETWEEN THE INTERNATIONAL TEMPERA- 

TURE SCALES OF 1948 AND 1927 IN THE THERMOCOUPLE RANGE 

— 

°C (Int. 1948) 
minus 

°C (Int. 1948) Gs (int) 1927) 

630.5 .00 
650 +.08 
700 .24 
750 35 

Temperature 

°C (Int. 1948) 

800 
839.5 
850 
900 

°C (Int. 1948) 
minus 

°C (Int. 1927) 

42 
439 (max.) 
43 
40 

950 
960.8 
1000 
1050 
1063 

minus 

°C (Int. 1948) °C (Int. 1927) 

TABLE 40.—CORRESPONDING TEMPERATURES ON THE INTERNATIONAL 

TEMPERATURE SCALES OF 1948 AND 1927 

(Int. 1948) (Int. 1927) 
630.50 630.50 
650 649.92 
700 699.76 
750 749.65 

800 799.58 
850 849.57 
900 899.60 
950 949.68 

960.80 960.50 
1000 999.80 
1050 1049.95 
1063.00 1063.00 

1100 1100-2 
1200 1200.6 
1300 1301.1 
1400 1401.7 
1500 1502.3 

1600 1603.0 
1700 1703.8 
1800 1804.6 
1900 1905.5 
2000 2006.4 

Corresponding 
Fahrenheit 

temperatures 
=== 

(1948) (1927) 

1166.9 1166.9 
1202 1201.9 
1292 1291.6 
1382 1381.4 

1472 1471.2 
1562 1561.2 
1652 1651.3 
1742 1741.4 

1761.4 1760.9 
1832 1831.6 
1922 1921.9 
1945.4 1945.4 

2012 2012 
2192 2193 
2372 2374 
2552 2555 
2732 2736 

2912 2917 
3092 3099 
3272 3280 
3452 3462 
3632 3644 

° ° 

(Int. 1948) (Int. 1927) 

2100 
2200 
2300 
2400 

2107 
2208 
2310 

Corresponding 
Fahrenheit 

temperatures 

(1948) (1927) 

3812 3825 
3992 4007 
4172 4189 
4352 4372 
4532 4554 

4712 4736 
4892 4919 
5072 5102 
5252 5285 
5432 5468 

5612 5651 
5792 5834 
5972 6018 
6152 6202 
6332 6386 

6512 6570 
6692 6754 
6872 6939 
7052 7124 
7232 7309 

7412 7495 
7592 7681 
7772 7867 
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72 TABLE 41.—SECONDARY FIXED POINTS 

Temperature 
°C (Int. 1948) 

Temperature of equilibrium between solid carbon dioxide and its vapor... — 78.5 

pee Ste 12.12(4— 1) —6a( 2 1) ; 
Po Po 

Temperature of freezing mercury..... foe ieee «iets Bares i: -F Pe oOo! 
Temperature of equilibrium between ice, water and its vapor (triple 

DOMME): cag ckcpeeatye =o elesoetae, = Staseete a EE SINS Aaah. PMI oes hele nh + 0.0100 
Temperature of transition of sodium sulfate decahydrate.............. 32.38 
Temperature of, triple point of benzoic acid 42.)..ct1-1. <;qemtast-'s) sis: -o, - @ le 122.36 
Temperature of equilibrium between naphthalene and its vapor.......... 218.0 

i, = 218.0 + 4a.a(? ud 1) 219 (2 1) : 
Po Po 

‘Temperaure:ot freezitig: tins aoc f2 cake foereecrenl sate 3 ee sei 231.9 
Temperature of equilibrium between benzophenone and its vapor........ 305.9 

_ p ipehe. tp = 305.9 + 48.8 { — —1 ) —21 —1 
Po Po 

Memperatuneror tmeezineacadmillmenee cesses eee eee: 320.9 
shempenatuer Orsineezinom | ead: -cramelat: «cienoies oes iene os ee Ieue nal etecsio nll tsters 327.3 
Temperature of equilibrium between mercury and its vapor............ 356.58 

2 8 
ty = 356.58 + 55.552 (#— 1) nu s03 ($- 1) + 14.0 (4- 1) 

Po Po Po 

Memperatune OUtecezNe ZINE. =. ket are- cvesapelokectebege ois save che saicceeetelersiniens 419.5 
Miemperature omineezine antimony gi... 2.0. os oats Ole eke eee eae s tee 630.5 
MenperatuneomineezineralUminiinitne ee essence een ooo cre 660.1 
Temperature of freezing copper ina reducing atmosphere .............. 1083 
Memperatureor treezinemickels ynssen. 5. Gia. adie hot Hate OU ere’ 1453 
Memperatieohineezing cobalt. acca... ssc ee sree saeeeineee ess oeiie weeiens 1492 
Gemperaturelof freezing, palladiimgs 4.3. Sac eh oe somes oe noes eee 1552 
Miemperatune attreezimecplat gun yopyc pes oxbekcnaer- cae cette cai heme Pate 1769 
sliemperatuneor tmeezine hnodilimn eee er eee ote ance ee we 1960 
Témperature’of freezinge-ridium, tM. Se ae oo ous dae vee eee ee meee 2443 
Temperature of-meltine tungsten. oe Oe ee eee ee 3380 

TABLE 42.—CORRESPONDING TEMPERATURES ON THE INTERNATIONAL 

TEMPERATURE SCALE OF 1948 AND RESULTS USING WIEN’S EQUATION 

b: ° ‘ ° i 2G 

(Int. 1948) tar, °C ane 1948) tw, °C (Int. 1948) tw, °C 

1063 1063.0 2500 2500.2 4000 4005.4 
1500 1500.0 3000 3000.7 4500 4511.3 
2000 2000.0 3500 3502.1 5000 5021.5 

TABLE 43.—CORRECTION FOR TEMPERATURE OF EMERGENT MERCURIAL 

THERMOMETER THREAD 

When the temperature of a portion of a thermometer stem with its mercury thread differs 
much from that of the bulb, a correction is necessary to the observed temperature unless 
the instrument has been calibrated for the experimental conditions. This stem correction is 
proportional to 8(T — t), where n is the number of degrees in the exposed stem, 8 the 
apparent coefficient of expansion of mercury in the glass, T the measured temperature, and 
t the mean temperature of the exposed stem. For temperatures up to 100°C, the value of 
B is for Jena 16" or Greiner and Friedrich resistance glass, 0.000159, for Jena 59™, 
0.000164, and when of unknown composition it is best to use a value of about 0.000155. The 
formula requires a knowledge of the temperature of the emergent stem. This may be 
approximated in one of three ways: (1) by a “fadenthermometer”; (2) by exploring the 
temperature distribution of the stem and calculating its mean temperature; and (3) by 
suspending along the side of, or attaching to, the stem, a single thermometer. 
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TABLE 44.—_STEM CORRECTION FOR CENTIGRADE THERMOMETER # 

Values of 0.000155n(T — t) 

(T —t) 

n 10° 20° 30° 40° 50° 60° 70° 80° 

10°C 0.02 0.03 0.05 0.06 0.08 0.09 0.11 0.12 
20 0.03 0.06 0.09 0.12 0.16 0.19 0.22 0.25 
30 0.05 0.09 0.14 0.19 0.23 0.28 0.33 0.37 
40 0.06 0.12 0.19 0.25 0.31 0.37 0.43 0.50 
50 0.08 0.16 0.25 0.31 0.39 0.46 0.54 0.62 

60 0.09 0.19 0.28 0.37 0.46 0.56 0.65 0.74 
70 0.11 0.22 0.33 0.43 0.54 0.65 0.76 0.87 
80 0.12 0.25 0.37 0.50 0.62 0.74 0.87 0.99 
90 0.14 0.28 0.42 0.56 0.70 0.84 0.98 112 
100 0.16 0.31 0.46 0.62 0.78 0.93 1.08 1.24 

22 Taken from Smithsonian Meteorological Tables. 

TABLE 45.—REDUCTION OF GAS THERMOMETERS TO THERMODYNAMIC 

SCALE 

The final standard scale is Kelvin’s thermodynamic scale, independent of the properties 
of any substance, a scale resulting from the use of a gas thermometer using a perfect gas. 
A discussion of this is given by Buckingham,”* “The thermodynamic correction of the 
centigrade constant-pressure scale at the given temperature is very nearly proportional 
to the constant pressure at which the gas is kept” and “the thermodynamic correction to 
the centigrade constant- volume scale is approximately proportional to the initial pressure 
at the ice point.” These two rules are very convenient, since from the corrections for any 
one pressure, one can calculate approximately those for the same gas at any other pressure. 

The highest temperature possible is limited by the container for the gas. Day and 
Sosman carried a platinum-rhodium gas thermometer up to the melting point of palladium. 
For most work, however, the region of the gas thermometer should be considered as ending 
at about 1000°C (1273°K). 

Nore: All corrections in the following table are to be added alycbraically. 

273.16°K (ice point) 

Constant pressure = 100 cm Constant vol., 9 = 100 cm, to = 0°C 
Temp. oo 
We He H N He H N 

— 240 os + 1.0 ~- + 0.02 + 0.18 — 
— 200 + 0.13 = 20 — + .01 + .06 — 
— 100 + .04 + .03 + 0.40 000 + .010 + 0.06 
= + .012 + .02 + 12 .000 + .004 + .02 
+ 25 — .003 — .003 — .020 000 000 — .006 
+ 50 — .003 — .003 — .025 .000 000 — .006 
ae 75) — .003 — .003 — .017 .000 000 — .004 
+ 150 + .007 + 01 + .04 + .000 + .001 + 01 
+ 200 + .01 + .02 + 11 .000 + .002 + .04 
+ 450 + 1 + 0.04 + 5 0.00 + 0.01 + 2 
+ 1000 + 0.3 — + 1.7 — — + 7 
+ 1500 -~ — + 3. oe — + 1.3 

22a Bull. Nat. Bur. Standards, vol. 8, p. 239, 1912. 
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TABLE 46.—SOME OLD THERMOELECTRIC TEMPERATURE SCALES * 

Comparisons 

Prior to the adoption of the 1927 International Temperature Scale, the Pt-Ptl0% Rh 
thermocouple was almost universally used for scales 450° to 1100°C, and defining equations 
were quadratic or cubic depending upon the number of calibration points. 

The scale based on the work of Holborn and Day was calibrated at the freezing point of 
Zn (419.0°C), Sb (630.6°C), and Cu (1084.1°C), and a quadratic equation, E =a+ vt + 
ct’, for interpolation. This was almost universally used from 1900-1909. Work of Waidner, 
Burgess, 1909, and Day, Sosman, 1910-1912, necessitated a readjustment. In 1912 the 
Bureau of Standards redefined its scale, assigning values determined with the resistance 
thermometer to the Zn and Sb points, while the freezing point of Cu was taken as 1083.0°C. 
This 1912 scale, used from 1912-1916, will be called the Zn, Sb, Cu temperature scale. 
A scale proposed by Sosman and revised by Adams was ‘realized by using a standard 

reference table, giving the average t-emf relation for thermocouple used by Day and 
Sosman. A deviation curve, determined by any other couple by calibration at several points 
would be plotted relating the difference between observed emf and the emf from the 
reference table against the obs. emf of the couple. This scale, although very convenient, 
is not completely defined and no comparison is made here. 

In 1916, the Physikalische-Technische Reichsanstalt adopted a scale with the couple 
calibrated at the Sd point (320.9°C), Sb (630°C), Au (1063°C), and Pd (1557°C). No 
comparison will be made here. 
A scale adopted by the Bureau of Standards in 1916 was defined by calibration at the 

Zn and Al points with a Cu point (1083.0°C). This was used from 1916-1926 and is here 
designated the Zn, Al, Cu scale. 

The scale adopted by the P.-T.R. and the Bureau of Standards in 1924 was calibrated 
at Zn and Sb points (determined by resistance thermometer), the Ag point (960.5°C), 
and the Au point (1063.0°C). It will be designated the Zn, Sb, Ag, Au scale. 

The 1927 7th Annual Conference of Weights and Measures (31 nations) unanimously 
adopted what is between 660° and 1063°C the Zn, Sb, Ag, Cu scale with the Zn point 
omitted. The table below shows a comparison of the various scales. The following values 
for the freezing points were used: 

Zn 419.47°C Al 659.23°C Au 1063.0°C 
Sb 630.52°C Ag 960.5°C Cu (reducing atm‘) 1083.0°C 

Temperature differences between 1927 I.T.S. and various older scales 

ede Stl Seon e= TeS 7 Se ley Ore Te Se STS aS 
ZnSb- ZnAl- ZnSb- ZnSb- ZnAl- ZnSb- ZnSb- ZnAl- ZnSb- 

XG Cu Cu Ag.Au cc Cu Cu AgAu A; Cu Cu AgAu 

600 —°.08 °.00 —°.04 900 — —°.21*° —°.03 1050 —°.04 —°.03 °.00 
08 950 — 23 — 18 — Ol 1063 — .O1 .00 .00 

750" =. 24 — 16 = 09 960.5 Al .16 .00 1083 + 04 + 03 — Ol 
800 — .28 — 20 — .08 1000 als IZ 01 1100 + .08 + 08 — .03 
850 — .29 — 22 — .06 

REFERENCE TABLES FOR THERMOCOUPLES # 

The emf developed by thermocouples of the same materials, even very carefully made, 
differ slightly for the same temperature. It has been found convenient to compare the 
emf of a couple being calibrated with that of a standard thermocouple of the same materials. 
If the differences in emf’s between the standard and the calibrated couple be plotted against 
the temperature, the temperature for an observed emf can be read very accurately. 
Reference tables for three types of thermocounles follow. 

* These values are now superseded by the introduction of the 1948 International Temperature Scale 
and are given for reference only. 

*3 Taken from Nat. Bur. Standards Res. Papers RP 1080, RP 767, and RP 530. 
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TABLE 49.—CORRESPONDING VALUES OF TEMPERATURE AND ELECTRO- 

MOTIVE FORCE FOR IRON-CONSTANTAN THERMOCOUPLES 

(Reference junctions at 0°C) 

Electro- Electro- Electro- Electro- 
motive motive motive motive 

Temp. force Temp. force Temp. force Temp. force 
e mv 2 mv xe mv 2¢ mv 

0 .00 400 22.06 800 45.68 
10 B52 410 22.61 810 46.33 
20 1.05 420 23.16 820 46.99 
30 1.58 430 23.71 830 47.65 
40 MZ 440 24.26 840 48.30 

50 2.66 450 24.81 850 48.96 
60 3.20 460 25.36 860 49.62 
70 375) 470 25.91 870 50.28 
80 4.30 480 26.46 880. 50.94 
90 4.85 490, 27.01 890 51.59 

100 5.40 500 21e57, 900 S222 
110 5.95 510 28.13 910 52.84 
120 6.51 520 28.69 920 53.43 
130 7.07 530 29.25 930 54.02 
140 7.63 540 29.81 940 54.61 

150 8.19 550 30.38 950 5521 
160 8.75 560 30.95 960 55.80 
170 9.31 570 S1e5Z 970 56.39 
180 9.87 580 32.10 980 56.99 
190 10.43 590 32.68 990 57.59 

— 200 =—=:27 200 10.99 600 33.26 1000 58.19 
— 190 —— 8.02 210 ESS 610 33.85 
— 180 —— fief.) 220 WAL 620 34.44 
— 170 — 7.46 230 12.67 630 35.02 
— 160 — 7.14 240 13.23 640 35.62 

— 150 — 6.80 250 13.79 650 36.22 
— 140 — 6.44 260 14.35 660 36.82 
— 130 — 6.06 270 14.90 670 37.43 
— 120 — 5.66 280 15.45 680 38.04 
— 110 — 5.25 290 16.00 690 38.66 

— 100 — 4.82 300 16.55 700 39.28 
— 90 — 4.38 310 NZI 710 39.90 
— 80 — 3.93 320 17.66 720 40.53 
— 7/0 — 3.47 330 18.21 730 41.16 
— 60 — 3.00 340 18.76 740 41.80 

—. 50 — 2.52 350 19.31 750 42.45 
— 40 — 2.03 360 19.86 760 43.09 
— 30 — 1.53 370 20.41 770 43.74 
— 20 — 1.03 380 20.96 780 44.39 
— 10 — 0.52 390 Zileon! 790 45.04 

0 .00 400 22.06 800 45.68 
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TABLE 50.—CORRESPONDING VALUES OF TEMPERATURE AND ELECTRO- 

MOTIVE FORCE FOR IRON-CONSTANTAN THERMOCOUPLES 

(Reference junctions at 32°F) 

Electro- 
motive 

Temp. force Temp. 
°F mv Se 

0 
10 
20 
30 
40 

50 
60 
70 
80 
90 

100 
110 
120 
130 
140 

150 
160 
170 
180 
190 

— 300 — 787 200 
— 290 — 7.75 210 
— 280 — 7.55 220 
—— 2A () — 7.38 230 
— 260 — 7.20 240 

25) S/W 250 
— 240 — 6.83 260 
— 230 — 6.63 270 
— 220 — 6.43 280 
— 210 — 6.22 290 

— 200 — 6.01 300 
— 190 — 5.79 310 
— 180 — 5.57 320 
— 170 — 5.34 330 
— 160 — 5.11 340 

— 10) 487, 350 
— 140 — 4.63 360 
= 1810) — 4.38 370 
— 120 — 4.13 380 
— 110 — 3.88 390 

— 100 — 3.63 400 
— 90 — 3.37 410 
— 80 — 3.11 420 
— /0 — 2.85 430 
— 60 — 2.58 440 

— 50 — 2.31 450 
— 40 — 2.04 460 
— 30 SS WHE 470 
— 20 — 1.48 480 
— 10 = 1:20 490 

0 — .92 500 
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Electro- 
motive 
force 
mv 

14.35 
14.65 
14.96 
15.27 
15.57 

15.88 
16.19 
16.49 
16.80 
17.11 

17.42 
17.72 
18.03 
18.33 
18.64 

18.94 
19.25 
19°55 
19.86 
20.17 

20.47 
20.78 
21.08 
21.39 
21.69 

22.00 
22.30 
22.61 
22.91 
23.22 

23.52 
23.83 
24.13 
24.44 
24.74 

25.05 
25.36 
25.66 
25.97 
26.28 

26.58 
26.89 
27.20 
27.51 
27.82 

28.13 
28.44 
28.75 
29.06 
29.38 

29.69 

Temp. 
Si) 

1000 
1010 
1020 
1030 
1040 

1050 
1060 
1070 
1080 
1090 

1100 
1110 
1129 
1130 
1140 

1150 
1160 
1170 
1180 
1190 

1200 
1210 
1220 
1230 
1240 

1250 
1260 
1270 
1280 
1290 

1300 
1310 
1320 
1330 
1340 

1350 
1360 
1370 
1380 
1390 

1400 
1410 
1420 
1430 
1440 

1450 
1460 
1470 
1480 
1490 

1500 

Electro- 
motive 
force 
mv 

29.69 
30.00 
30.32 
30.63 
30.95 

31.27 
31.59 
31-91 
32.23 
32.99 

32.87 
33.19 
33.92 
33.85 
34.17 

34.50 
34.83 
35.16 
35.48 
35.82 

36.15 
36.48 
36.82 
37.16 
37.50 

37.84 
38.18 
38.52 
38.86 
39.21 

39.55 
39.89 
40.24 
40.59 
40.94 

41.30 
41.65 
42.01 
42.36 
42.72 

43.08 
43.44 
43.80 
44.16 
44.52 

44.88 
45.24 
45.61 
45.97 
46.33 

46.70 

Temp. 
°F 

1500 
1510 
1520 
1530 
1540 

1550 
1560 
1570 
1580 
1590 

1600 
1610 
1620 
1630 
1640 

1650 
1660 
1670 
1680 
1690 

1700 
1710 
1720 
1730 
1740 

1750 
1760 
1770 
1780 
1790 

1800 

7 

Electro- 
motive 
force 
mv 

46.70 
47.06 
47.43 
47.79 
48.16 

48.52 
48.89 
49.25 
49.62 
49.98 

50.35 
50.71 
51.08 
51.45 
51.81 

52.17 
52:51 
52.84 
53.17 
53.50 

53.83 
54.16 
54.48 
54.81 
55.14 

55.47 
55.80 
56.13 
56.46 
56.79 

S7212 



TABLE 51.—STANDARD FAHRENHEIT TABLE FOR CHROMEL-ALUMEL * 

THERMOCOUPLES 

Electromotive force in millivolts (reference junction at 32°F) 

0 10 20 

0 — 68 — 47 — .26 
100 1/52 1.74 1.97 
200 3.82 4.05 4.28 
300 6.09 6.31 6.53 
400 8.31 8.53 8.76 
500 10.56 10.79 11.02 

600 12:85 13.08 ~ 13.31 
700 1519 15:42. 15.65 
800 175g" (17.76 "13:00 
900 1989" 20:15" 42037 

1000 2225 22.50) 322.73 

1100 24.63 2486 25.10 
1200 26.99 27.22 27.46 
1300 25134. 29.57 "29.80 
1400 SIG4! 31.87°* 332.10 
1500 35:95" 34.16" 34:39 

1600 36.19 36.41 36.64 
1700 38.43 38.65 38.87 
1800 40.62 40.83 41.05 
1900 42.78 42.99 43.21 
2000 44.90 45.11 45.32 

2100 47.00 47.21 47.41 
2200 49.05 49.25 49.46 
2300 51065" 51.25.) “S145 
2400 5S0R8 53:207°9953.39 

* Hoskins Thermocouple. 
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30 

Be 
2.20 
4.51 
6.75 
8.98 

11.25 

13.55 
15.89 
18.23 
20.60 
22.97 

25.34 
27.69 
30.03 
32.33 
34.61 

36.86 
39.09 
41.27 
43.42 
45.53 

47.62 
49.66 
51.65 
53.58 

40 

+ .18 
2.43 
4.74 
6.98 
9.20 

11.47 

13.78 
16.12 
18.47 
20.84 
23.21 

25.58 
27.92 
30.26 
32.56 
34.84 

37.09 
39.31 
41.48 
43.63 
45.74 

47.83 
49.86 
51.84 
53.78 

50 

.40 
2.66 
4.97 
7.20 
9.43 

11.70 

14.01 
16.36 
18.71 
21.08 
23.44 

25.81 
28.15 
30.49 
32.79 
35.07 

Sol 
39.53 
41.70 
43.84 
45.95 

48.03 
50.06 
52.04 
53.97 

60 

.62 
2.89 
Gly 
7.42 
9.66 
HES 

14.24 
16.59 
18.94 
21.31 
23.68 

26.05 
28.38 
30.72 
33.02 
o5-29 

37.54 
39.75 
41.91 
44.05 
46.16 

48.24 
50.26 
52.23 
54.16 

70 

84 
Sele 

80 

1.06 
3.36 
5.64 
7.87 

10.11 
12.39 

14.71 
17.06 
19.42 
21.79 
24.15 

26.52 
28.86 
31.18 
33.48 
35.74 

37.99 
40.18 
42.34 
44.48 
46.58 

48.65 
50.66 
52.62 
54.54 
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TABLES 52-57—THE BLACKBODY AND ITS RADIANT ENERGY 

TABLE 52.—SYMBOLS AND DEFINING EXPRESSIONS FOR RADIANT 
ENERGY * 

Radiant energy is energy traveling in the form of electromagnetic waves. It is measured 
in units of energy such as ergs, joules, calories, and kilowatt hours. Some units, symbols, 
and abbreviations used in discussing radiant energy are as follows: 

Symbol and 
; J defining Proposed 

Designation expression Unit term 2a 

Radiant energy ....... Ue as a) ef ery. ee Radiant energy 

: dU 
Spectral radiant energy. UK, — 37) nn coe Spectral radiant 

Na energy 

Radiant energy density. =p erg/cm?® Radiant energy density 

: dU ‘ 5 
Radiant flux 4... eee 0 2) oe aE: watt, erg/sec Radiant flux (radi- 

P ance *) 

Radiant flux density... = = watt/cm’ Radiant flux density 
; ; ; (radiancy *) 

Radiant intensity of a do 
SOURCE ay! en bto nae oO: = ag watt/steradian Radiant intensity 

teh $ dJ : . P 
Spectral radiant intensity i TaN watt/steradian Spectral radiant inten- 

Radiant flux density of any 
a source per unit solid dw 
ANBIG RASER «Goce oh B,(N) = FP watt/(steradiancm?)  Steradiancy * 

Radiant intensity of a dJ 
source per unit area.. Bi a AS watt/(steradiancm’?)  Steradiancy * 

Radiant flux per unit do 
area” SORA 2.0 eee ene ee <7 Irradiancy 

The standard radiator is the blackbody, which may be defined as a body that absorbs 
all the radiation that falls upon it, i.e., it neither reflects nor transmits any of the incident 
radiation. From this simple definition and some very plausible assumptions it can be shown 
that the blackbody radiates more energy than any other temperature radiator when both 
are at the same temperature. The total amount of energy (i-e., for all wavelengths) 
radiated by a blackbody depends upon the temperature raised to the fourth power and a 
constant o that had to be measured: = = 

—¢o 

If a blackbody is radiating to another blackbody it will at the same time receive radiation 
from the second blackbody and, under the proper geometrical conditions, the net radiation 
lost by the first blackbody is 

W = o(T;* — T:‘) 

The spectral distribution of this radiation is given by the Planck equation: 

Jn = c1d*/[exp (c2/AT) — 1] t 

For values of the product AT less than 3000u deg, the Wien equation 

Jx = e1d*/[exp (c2/AT)] 

gives values that are correct to better than 1 percent. 
The values of a number of the radiation constants have been selected from Table 26 and 

are given in Table 53. All the blackbody calculations given were made with these constants. 
Some calculated results * for the total radiation W for a series of temperatures and of J 
for a range of temperatures and for wavelengths have been calculated and are given in 
Tables 54-56. 

23a Rev. Sci. Instr., vol. 7, p. 322, 1936. * These terms apply only to a source. The term ‘“‘radiance”’ 
is not recommended as a substitute for radiant flux; however, if a single term is desired to express the 
radiant flux from a source, the word ‘‘radiance’’ is suggested as the most logical. t See footnote Sa, 

rh to 
2% For a more extensive list of values of J, reference should be made to two papers by Parry Moon: 

Journ. Math. and Phys., vol. 16, p. 133, 1937; Publ. Electr. Eng., Massachusetts Institute of Tech- 
nology, 1947. . 
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80 TABLE 53.—RADIATION CONSTANTS 

Welocity “Gfehts 2: cans. ics « sais anctalaipen mi seameerate c = 2.99776 K 10° cm sec* 

Planelc:s: constantats< ac cirei-peucp om uate gpa tea eown h = 6.6242 & 10°” erg sec 

Boltzmann's) constant ...4..:.-.--.- dee fase k = 1.3805 X 10°“ erg deg* 

Stetan-boltzmanteconstant*= ss eeme ee see o = 5.673 & 10° erg cm” deg™ sec” 

Wien'scdisplacementwlaw2n seer yk S90. PP Jy = Ac:nN*F(AT) 

The principal corollaries are: Ne 

ai =) 
The first corollary is sometimes given as the Wien’s displacement law, and b as the 

displacement constant. 

Wien displacement constant...........-........ b = 0.2897 cm deg 
First radiation constant tf 

All lengths injcm, dX = 1 em..'.. 422.2242. é: C1 = 3.740 & 10° erg sec cm? 

INFO City SS, CPN == ODI, og coedooanoode ¢: = 3.740 10° erg sec* cm? 

Second pradtationwconstants....-saee ee ero re C2 = 1.4380 cm deg 

The unit of energy chosen for the above values is the erg. Any other unit of energy (or 
power) may be used if the proper conversion factor is used (Table 7). 

Values of c. used at different times.—This second radiation constant has been de- 
termined many times in the last 40 years. Shown below are the values used at different 
times. [A new determination of the value of c2 by G. A. W. Rutgers (Physica, vol. 15, 
p. 985, 1949) gives two values: 14325. + 20 and 14310. + 20 » deg.] 

National Bureau Nela 
Date of Standards Park 

OEE TE Se sic Ae eR sorecge 14500u °K 14500u °K 
US a esesrcgtars: Seateboret a 5 Ge) sions oi EEE Rese, i oust ss — 14460 
IN oy RN ee rots os tewesrauey’a stele eget sos Alou sHANES ois ge 14350 14350 
LO ZZ ERIS. |. 2k SD TR ey. 14320 14350 
1 ho EAS RSE Petree teal Sas ates rr ice aaa Rea ie 14320 § 14320 
QS Ore crac Spee stot vas ee ico THER eivecs Stee 14320 || 14320 
TSE oe atte cea aE RN Pose Ret tec eR a RR, 14320 14320 
110) Oeste Re SCOR te Sey SeenON cae mia tac 14380 —_— 

* For 27 solid angle. + For the general case, cy may be written in the following symbolic form: 

(wavelength unit)® x power unit 

area X wavelength interval x solid angle 

This form shows that the value of the numeric depends upon the several units used—in this case 5. 
If Jno is the normal intensity, i.e., per unit solid angle perpendicular to the surface, mJ, gives the 

radiation per 27 solid angle. The energy radiated within a unit solid angle around the normal, is 0.92 Jo. 
The above values are for a plane blackbody; for a spherical blackbody the radiation for 2m solid angle 
equals 21Jo. 

For calculations the use of the radiation constants o and cy as given follows directly and causes but 
little trouble. The numeric for cy must be expressed in the unit of wavelength times the absolute tempera- 
ture. If the wavelength is expressed in um the numeric becomes 14380. 
When Planck’s equation is used for calculations, it may be written as follows for blackbody of area A: 

J\dy = (AcyA-5/ [exp (c2/AT) — 1]) dd 

where dX is the wavelength interval for which the radiation is to be calculated. The first value of c 
given in the table is for all dimensions in centimeters—a condition almost never met in practice. The 
second value is for the wavelength expressed in microns and d\ = 0.01. 

If this second value of cs be used in calculation with Planck’s equation and summed step by step, 
the results will be the total energy per second, per 27 solid angle, per unit area for the wavelength 
interval covered, \ expressed in u. 

TT. G. Priest, in January 1922, used co = 14350 in his work on color temperature. §$ J. F. Skog- 
land, in 1929, used co = 14330 in his tables of spectral energy distribution of a blackbody. DDB: 
Judd, in 1933, used co = 14350 in his calculations related to the I.C.I. standard observer. 

c; = numeric 

SMITHSONIAN PHYSICAL TABLES 



tome |
 

co 

o
S
 
B
N
 

e
l
 
O
e
 e
e
 
e
e
e
 
e
s
 

e
d
 
e
e
 

e
e
 

e
t
 

a
e
 
e
e
 

*2[qe} 
24} 

Ul 
UDdAIZ 

San[eA 

dy} 
S
W
I
]
 

QT 
I
e
 

Jey} 
Soinzesaduia} 

19430 
10} 

astmayIT 
“OT 

Aq 
HF 

Burdjdyjnur 
Aq 

ainjessdussy 
sty} 

10F¥ 
enjea 

ay} 
WOI} 

paule;qo 
oq 

ULD 
Y
N
O
O
E
 

WOrZ 
porelpLs 

A
B
1
I
U
T
 

y 

c
_
 

16ST 
S 

8S9°9 
9$ 

bree 
RODE 

S 
cSce 

c 

=
 

esol 
$ 

86r'9 
vs 

C
m
 

S
R
S
 

5 
8ST¢ 

0 

:
 

SSep 
$ 

Ire9 
cs 

Siri 
e
e
e
 

S 
L90°¢ 

G
a
 

C= 
8ZF 

I 
S 

981°9 
OS 

S
o
 

W
e
e
 

A 
LL6C 

V
e
e
 

(Cm 
cbr I 

S 
pe0'9 

8b 
Sear 

b06'9 
S 

068° 
O
a
t
 

C
c
 

90F'T 
S 

$88°S 
oF 

Case 
0029 

5 
bO8'C 

S
e
a
 

Cam 
IZe'1 

S 
6
2
S
 

v
y
 

G
i
s
 

00s'9 
a 

VARS 
)) 

Cs 

(Gm 
Leet 

S 
96'S 

cb 
o
o
 

L955 
o 

O
f
?
 

00 
= 

(rm 
boe'l 

$ 
Ssp's 

OF 
Ces. 

=80ZL8,. 
S 

£86 
1 

Of 
= 

o
r
 

Veen 
$ 

Aves 
8e 

=
 

900'b 
5 

e
e
)
 

O
V
 

O
e
 

B
e
c
 

S 
c8T'S 

9¢ 
U
a
e
 

19g°¢ 
S 

LOr'T 
OS 

= 

o
m
 

902 I 
a 

60'S 
ve 

o
S
 

86L°7 
S 

IZTl 
09 

— 

e 
cOre 

I 
Ol 

2061'S 
00SS 

C=, 
act t 

S 
616 

PF 
ce 

S
a
 

608°C 
4 

2996 
Ne 

c 
LLSS'S 

OT 
OSCEC 

OOSP 
C
=
 

S
P
I
 

S 
1
6
2
 

0¢ 
o
e
 

L881 
4 

968°2 
03 

= 

c 
BECO? 

6 
T
E
S
S
 

OOSE 
C
m
 

Suet 
a 

999'b 
8c 

S
a
 

a
e
!
 

b 
€8E'9 

06 
— 

I 
cv60'S 

6 
O
I
C
?
 

00SZ 
Camm 

980'| 
5 

ers 
p 

9¢ 
L
o
 

6121 
4 

OOT'S 
001— 

I 
S89T'¢ 

8 
cSL0°6 

0002 
Or, 

LSO'T 
S 

ecr'b 
be 

|
 a 

$09°6 
b 

020'F 
O
l
i
 

0 
bly8'9 

8 
SIZ8'Z 

OOST 
G
r
 

6c0'T 
] 

SO¢'P 
cc 

r
e
 

8Sr'Z 
4 

I
E
 

OC lie 

0 
esse 

| 
£ 

0229'S 
000T 

C
—
 

100°T 
S 

68I'F 
02 

|
 pee 

£69°S 
v 

C8EC 
O
F
S
 

Ie 
C2688 

L 
b
i
e
l
 

006 
C
m
 

OrZ6 
S 

9L0'V 
8
 

|
 

aoe 
19Z'P 

v 
e821 

O
p
l
—
 

ae 
sis¢s 

L 
C
C
E
 

008 
a
 

SLb 6 
S 

S96°¢ 
oT 

Vig: 
U
L
E
 

4 
SOe'T 

OStime 

I
s
 

cbSTE 
Zz 

619e'I 
002 

Can 
9126 

S 
LS8°¢ 

bl 
a
s
 

COEC 
¢ 

10¢°6 
O
l
]
 

(a 
BOoLiT 

2) 
60SE°2 

009 
=
 

2968 
5 

[
S
Z
 

cl 
V
e
 

1Z0'T 
£ 

clLov 
08I— 

Ome 
LOLY'8 

!) 
OSPs'¢ 

00S 
a
 

£128 
I 

9P9'€e 
Or 

Some 
cove 

€ILc 
061— 

c
s
 

O0LY'E 
v) 

OcSr 
I 

00F 
oa: 

OLP'8 
S 

SPs'¢ 
8 

Ness 
£88°e 

y 
gc9'T 

00c7— 

Sin 
0829°7 

9 
8660'T 

91EZe 
can 

1€7'8 
a 

Shr’ 
9 

(
B
o
 

668°C 
I 

rAsihy | 
0
S
7
—
 

Lie 
8260°T 

S 
b
r
e
s
 b
 

+«G0E 
o
r
 

866-2 
S 

LYE’ 
b 

O
l
—
 

ESeal 
Spee 

0227— 

hed 
i
M
 

oh 
M
 

Ho 
(fe 

i
M
 

2 
M
 

Jo 
iu 

i
M
 

w 
M
 

Je 
—
_
—
_
_
Y
 
U
Y
 

‘
d
w
a
y
 

a
 

S
S
 

—
—
 

‘
d
w
a
y
 

U
4
 

—
—
 

‘
d
w
a
y
 

y-09S 
z-UID 

[BO 
{
9
9
S
 
z
-
W
d
 
319 

y-09S 
z-UWID 

[v9 
y-09S 

z
-
W
O
 
319 

{-99S 
z-WId 

[eo 
1-098 

z
-
W
9
 
319 

7-098 
, S
o
p
 

, W
O
 

319 
, O
T
 
X
 
7
2
9
6
 
=
 9
 

e
g
 
a
 

a
 

a
 

e
e
 

ee 
e
e
 

2
 
e
e
 

O
e
 

e
e
 

SS 

M
.
0
0
6
S
 
O
L
 

M.00e 
W
O
U
S
 

L 
H
O
A
 
G
N
V
 

9
.
9
S
T
 

O
L
 
9
-
0
2
2
—
 
W
O
Y
S
 

3
 
L
V
 
H
O
L
V
I
G
V
Y
 

L
O
a
s
d
u
a
d
 

V
 
W
O
Y
S
 

‘37 
9
N
V
 
G
I
N
0
S
 

“Zz 
Y
O
4
 

‘
0
3
S
 
H
3
d
 
«
W
O
 
Y
a
d
 

(n10l 
X.M) 

S
S
I
M
O
T
V
O
-
W
V
Y
D
 

G
N
V
 

(Ol 
X
 
M
)
 
S
O
Y
A
 

NI 
N
O
I
L
V
I
G
V
Y
—
?
b
s
S
 

3T1aV1L 

SMITHSONIAN PHYSICAL TABLES 



82 TABLE 55.—CALCULATED SPECTRAL INTENSITIES J, FOR A RANGE OF 

WAVELENGTHS FOR A BLACKBODY OF UNIT AREA FOR A RANGE 

OF TEMPERATURES FROM 50°K TO 25,000°K * 

These values have been calculated for ci = 
3740 micron® watts 

cm’ dd 27 solid angles 
0.lu, J, = tabular J, X 10" watts for cm’ for 2m solid angle per 0.1y. 

50° 
a (a 

r Jy n Jy n 

1.0 4.675 —122 2.0145 —80 
1e5 2.6529 — 8&l 1.5131 —53 
2.0 4.133 — 61 2.7124 —40 
2.5 4.186 — 49 1.8865 —32 
3.0 3.5716 — 41 2.6982 —27 

3.5 1.4652 — 35 1.1519 —23 
4.0 2.1714 — 31 5.564 —21 
5.0 12515 — 25 2.6566 —17 
6.0 7.326 — 22 6.367 —15 
7.0 3.1917. — 19 2.8304 —13 

8.0 2.7831 — 17 4.455 —12 
9.0 8.386 — 16 3.5449 —1l1 

10.0 1.2094 — 14 1.7620 —10 
12.0 5.867 — 13 1.7294 —9 
14.0 8.3288 — 12 7.843 —9 

16.0 5.570 — 11 2.2284 — 8 
18.0 2.2775 — 10 4.682 — 8 
20.0 6.647 — 10 8.022 —8 
25.0 3.8640 — 9 1.7882 —7 
30.0 1.0564 — 8 2.5801 —7 

40.0 2.7563 — 8 3.0513 —7 
50.0 3.8137 — 8 2.6437 —7 
75.0 3.4809 — 8 1.3255 —7 

100.0 2.2338 — 8 6.445 —7 

273.16° 300° 

“7 
nN Jy n Jy n 

1.0 5.132 — 20 5.698 —18 
1.5 2.8227 — 13 6.520 —12 
2.0 4.329 — 10 4.562 —9 
2.5 2.7422 — 8 1.8043 —7 
3.0 3.6847 — 7 1.7710 —6 

30) 2.0910 — 6 8.031 — 6 
4.0 7.029 — 6 2.2819 —5 
5.0 3.2026 — § 8.215 —5 
6.0 7.443 — § 1.6321 — 4 
7.0 1.2065 — 4 2.3657 — 4 

8.0 1.5856 — 4 2.8600 — 4 
9.0 1.8307 — 4 3.0957 — 4 

10.0 1.9447 — 4 3.1245 — 4 
12.0 1.8931 — 4 2.8201 — 4 
14.0 1.6573 — 4 2.3425 — 4 

16.0 1.3798 — 4 1.8770 —4 
18.0 1.1229 —- 4 1.4838 —4 
20.0 9.057 — § 121-703, 5 — +4 
25.0 5.309 — § 6.600 — 5 
30.0 3.2185 — 5 3.9044 —5 

40.0 1.3385 — 5 1.5780 —5 
50.0 6.414 — 6 7.442 — 6 
75.0 1.5488 — 6 1.7613 — 6 

100.0 5.398 — 7 6.081 —7 

* For reference, see footnote 23, p. 74. 
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100° 
a 

Jy 

1.3224 
1.1427 
6.949 
4.005 
2.344 

1.0214 
8.906 
3.8701 
1.8773 
2.6652 

1.7823 
7.288 
2.1269 
9.391 
2.4062 

4.458 
6.716 
8.820 
1.2204 
1.2857 

1.0313 
7.148 
2.7160 
1.1788 

(continued) 

n 

Fsletel NAMM NbPHLAH HAHAH HAAHLAH NTWKnNO 

NNAND ADAAKDADN AANAADAN NWO 

AnDun NBHAH WWWWW WWWWWw WhUDHWO 

3 C2=14380u: deg; dA= 

—e 

NNDAD Vn UN OD 

ITI 

ANMMn HPHHHRW WWWWWH WWWWww WwHbhus 



TABLE 55.—CALCULATED SPECTRAL INTENSITIES J, FOR A RANGE OF 

WAVELENGTHS FOR A BLACKBODY OF UNIT AREA FOR A RANGE 

OF TEMPERATURES FROM 50°K TO 25,000°K (continued) 

800° 
——_——_ 

r Jy n 

.10 3.2241 — 70 

.20 1.0851 — 32 

.30 1.4647, — 20 

.40 1.1129 — 14 
45 9.103 — 13 

.50 2.9182 — 11 
aie) 4.759 — 10 
.60 4.692 — 9 
.65 3.1506 — 8 
70 1.5675 — 7 

75 6.1514 — 6 
.80 1.9924 — 6 
.90 173423 — 5 

1.00 5.840 — §5 
1.50 3.0769 — 3 

2.00 1.4607 — 2 
2.50 2.8902 — 2 
3.00 3.8565 '— 2 
4.00 4.129 — 2 
5.00 3.3793 — 2 

10.00 7.429 3 
50.00 2.7665 5 

100.00 1.8994 6 

1800° 

r Jy n 

10 7.543 —27 
.20 5.249 —1l11 
.30 4.190 — 6 
.40 7.740 —4 
45 3.9513 — 3 

.50 13771 ——<2 
{55 3.6546 — 2 
.60 7.935 —2 
.65 1.4810 — 1 
.70 2.4599 — 1 

75 3.7284 —1 
.80 5.254 —1 
90 8.845 —1 

1.00 1.2691 0 
1.50 2.4072 0 

2.00 2.1930 0 
2.50 1.6350 0 
3.00 1.1538 0 
4.00 5.735 —1 
5.00 3.0360 — 1 

10.00 3.0578 — 2 
50.00 6.908 — 5 

100.00 4.497 — 6 
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1000° 1200° 1400° 

Jy n Jy n Jy n 

1.3224 —54 3.3883 —-44 9.2178 —37 
6.949 —25 1.1123 —19 5.8022 —16 
2.3444 —15 6.9122 —12 2.0790 —9 
8.906 —l1 3.5633 —8 2.5732 — 6 
2.6834 —9 EA Sl7/ —7 2.4766 — 5 

3.8701 — 8 4.671 — 6 1.4334 — 4 
Bianze eS Piso 5 S761 = 4 
ea, USER 1.0193 f= .4 TAO 7 Feud 
7950 1 = 6 31748 0 4 at 3 
266528 S178 4 Sass 3 

TeaS. ie ees 12135 en— 3 Ie = 2 
17823 4 4 6 56500me 3 310296 f= 2 
OS =e 10450) 2 7001. (— 2 
2569 be 3 2:3367 ee 2 12945 ee 
SiaS03im pa=22 16712) S36 PA 

820) a eae OG 6916.  — 1 
12204 fea 1 3.1995) et (agi Eat 
102857 0 = 2.8908 ee 1 Bugs we oO 
10313 =< 1 110221 Weed 310340 0224 
as, My -=42 1/1984 deo 1 17507) 0 1 

11643 Ae 2 16L5e4 = =2 2.0858 — 2 
350186 —.5 44190 SS 52487 es 
2.4184 — 6 2.9379 Be 6 3.4566. b= = 6 

2000° 2200° 2400° 2600° 
===? > SSS 

Jy n Jy n Jy n Jy n 

2.2235 —23 1.5338 —20 3.5592 —18 3.5731 —16 
2.8499 —9 7.485 — 8 1.1402 — 6 1.1424 — 5 
6.007 —5 5.308 — 4 3.2616 — 3 1.5160 — 2 
5.703 — 3 2.9228 — 2 1.1408 — 1 3.6108 — 1 
2.3321 — 2 9.967 —2 3.3440 — 1 9.313 — 1 

6.806 — 2 2.5154 —1 7.477 — 1 1.8796 0 
1.5618 — 1 5.126 — 1 1.3800 0 3.1902 0 
3.0050 — 1 8.932 —1 2.2141 0 4.773 0 
5.0622 — 1 1.3838 0 3.1988 0 6.502 0 
7.701 — 1 1.9592 0 4.267 0 8.244 0 

1.0817 0 2.5864 0 5.348 0 9.890 0 
1.4265 0 3.2297 0 6.382 0 1.1360 1 
2.1492 0 4.444 0 8.146 0 1.3606 1 
2.8224 0 5.430 0 O37 0 1.4880 1 
4.115 0 6.391 0 9.241 0 1.2651 1 

3.3001 0 4.626 0 6.151 0 7.852 0 
2.2874 0 3.025 0 3.8351 0 4.707 0 
1.5411 0 1.964 0 2.4167 0 2.8935 0 
7.255 —1 8.855 —1 1.0518 0 1.2233 0 
3.7257 —1 4.439 — 1 Svs — 1 5.917 —1 

3.5536 — 2 4.054 —2 4.558 —2 5.064 —2 
7.7413 —5 8.570 —5 9.401 —5 1.0229 — 4 
5.020 — 6 5.537 — 6 6.062 — 6 6.573 — 6 

(continued) 

83 

—31 i 

len 

RRB HOOD COFFE NNNWSW AUN 

|| Aur 

fey4 

| | now | 

ARN HOSOCO BREE EHE HHOOO OF 



84 TABLE 55.—CALCULATED SPECTRAL INTENSITIES J. FOR A RANGE OF 

WAVELENGTHS FOR A BLACKBODY OF UNIT AREA FOR A RANGE 

OF TEMPERATURES FROM 50°K TO 25,000°K (concluded) 

3000° 3200° 3500° 4000° 5000° 
(ae SSS = 

X Jy n J, n Jy n Jy n Jy n 

-10 5.698 —13 1.1396 —l1 5.3650 —10 9.1199 —8 1.2094 —-4 
-20 4.562 — 4 2.0402 — 3 1.3998 — 2 1.8251 —l 6.647 0 
.30 1.7710 —41 4.807 —1 1.7358 0 9.616 0 1.0564 2 
.40 2.2819 0 4.825 0 1.2640 il 4.565 1 2.7563 2 
45 4.795 0 9.330 0 2.1962 1 6.877 1 3.4034 2 

.50 8.21 0 1.4957 1 3.2321 1 9.032 1 3.8137 2 
255 1.2195 1 2.1028 1 4.237 1 1.0789 2 4.004 2, 
.60 1.6321 1 2.6895 1 5.113 1 1.2052 2 4.018 2 
.65 2.0227 1 3.2083 1 5.807 1 1.2825 2 3.9080 2 
.70 2.3657 1 3.6313 1 6.303 if 1.3168 2 3.7175 2 

75 2.6465 1 3.9491 1 6.611 1 1.3165 2 3.4810 2 
.80 2.8600 1 4.164 1 6.754 1 1.2903 2 3.2227 2 
.90 3.0957 1 4.327 1 6.662 1 1.1884 2 2.7040 2, 

1.00 3.1245 1 4.228 1 6.248 1 1.0561 2 2.2338 2 
1.50 2.1026 1 2.5919 1 3.4032 1 4.9320 1 8.487 1 

2.00 1.1703 1 1.3818 1 1.7181 1 2.3215 1 3.6384 1 
2.50 6.600 0 7.607 0 9.178 0 1.1922 1 1.7735 1 
3.00 3.9044 0 4.432 0 5.247 0 6.650 0 9.570 0 
4.00 1.5780 0 1.7598 0 2.0369 0 2.5076 0 3.4705 0 
5.00 7.442 —1 8.217 —1 9.391 — 1 1.1372 0 1.5393 0 

10.00 6.081 —2 6.593 —2 7.361 —2 8.657 —2 1.1225 —1 
50.00 1.1897 —4 1.2732 —4 1.3978 — 4 1.6064 —4 2.0216 —4 

100.00 1.9581 —5 8.130 — 6 8.926 — 6 1.0219 —5 1.2808 —5 

6000° 8000° 10,000° 15,000° 20,000° 25,000° 
eS FS SS SS SS SS SSS SS 

r Jy n Jy n Jy n Jy n Jy n Je n 

10 1.4597. —2 5.840 0 2.1268 2 2.5671 4 2.8224 5 1.1917 6 
20 7.302 1 1.4607 3 8.820 3 9,763 4 3.3001 5 6.981 5 
30 5.223 2 3.8565 3 1.2857 | 6.571 4 1.5411 5 2.6523 5 
40 9.152 2 4.129 3 1.0313 4 3.6571 4 7.255 4 1.1370 5 
45 9.906 2 3.8032 3 8.653 3 2.7323 4 5.1415 4 7.825 4 

50 9.9983 2 3.3793 3 7.148 3 2.0625 4 3.7257 4 5.542 4 
55 9.6424 2 2.9415 3 5.869 3 1.5762 4 2.7563 4 4.026 4 
60 9.024 2 2.5311 3 4.816 3 1.2201 4 2.0780 4 2.9907 4 
65 8.279 2 2.1601 3 3.9614 3 9.563 3 1.5936 4 2.2654 4 
70 7.496 2 1.8485 3 3.2718 3 7.586 3 1.2456 4 1.7461 4 

L8 6.728 2 1.5780 3 2.7160 3 6.084 3 9.800 3 1.3667 4 
.80 6.007 2 1.3494 3 2.2670 3 4.931 3 7.836 3 1.0845 4 
.90 4.748 2 9.945 2 1.6067 3 Soo 3 5.178 3 7.078 3 

1.00 3.7449 2 7.429 2 1.1643 3 2.3256 3 3.5536 3 4.810 3 
1.50 1.2494 2 2.1278 2 3.0625 2 5.505 2 8.008 2 1.0537 2 

2.00 5.049 1 8.024 1 1.1106 2 1.9004 2 2.7017 2 3.5077 2 
2.50 2.3814 1 3.6391 1 4.926 1 8.194 1 1.1494 2 1.4804 2 
3.00 1.2584 1 1.8756 1 2.5026 1 4.088 1 5.684 1 7.280 1 
4.00 4.451 0 6.438 0 8.443 0 1.3487 1 1.8549 1 2.3625 1 
5.00 1.9460 0 2.7665 0 3.5918 0 5.664 0 7.741 0 9.818 0 

10.00 1.3811 —1 1.8994 —1 2.4184 —1 3.7177, —1 5.020 —1 6.318 —1 
50.00 2.4375 —4 3.2700 —4 4.099 —4 6.185 —4 8.254 —3 1.0318 —3 

100.00 1.5391 —5 2.0663 —5 2.5793 —5 3.8748 —5 5.194 —5 6.448 —5 
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TABLE 56.—BLACKBODY SPECTRAL INTENSITIES 85 

Auxiliary table for a short method of calculating J, for any temperature. (Menzel, Harvard Uni- 
versity.) 

Let Jo= intensity for 7>— 10,000 °K; for another temperature T °K: 

J/Jo = [do8(exp (€2/AoT 0) — 1) 1/18 (exp (¢2/AT) — 1)] 

For ease of calculation To was taken as 10,000 °K. J,= tabular J, X 10" watts, for cm’ for 2m solid 
angle per 0.lu. Choose \=o7o/T; then Jx=Jo( T/To)®. As an example find J, for 0.54 and 6000 °K 
from value of J, for 0.34 given in Table 55. 0.54=0.3« 10,000/6000. Jy for 0.34 = 1.2857 x 10°. Jy 
for \ = 0.54 = 1.2857 & 10* & (6,000/10,000)5 = 9.998 x 10?. 

10,000° 

r Jy n ny Jy " r Jy n ny dfn n 

0100 1.3224 —49 1450 © 2.8776 3 5500 5.869 3 4.500 5.383 0 
0150 1.1427. —29 1500 3.3806 3 6000 4816 3 5.000 3.5918 
0200 6.949 —20 1600 4458 3 6500 3.9614 3 6.000 1.7761 0 
0250 4.005 —14 1700 5.586 3 7000 3.2718 3 7.000 9.756 —1 
0300 2.3444 —10 1800 6716 3 7500 2:7160 “3 8.000 5.797 —1 

0350 1.0214 —7 1900 7.805 3 8000 2.2670 3 9.000 3.6548 —1 
0400 8.906 — 6 2000 8.820 3 8500 §=1.9031 3 10.00 24184 —1 
0450 2.6833 — 4 2100 9.735 3 9000 1.6067 3 12.00 1.1807 —1 
0500 3.8700 — 3 2200 1.0536 4 9500 1.3641 3 14.00 6.433 —2 
0550 3.2828 —2 2300 1.1215 4 1.000 1.1643 3 16.00 3.7904 —2 

0600 1.8773 —1 2400 1.1769 4 L100" © *S:613"% 2 18.00 23790 —2 
0650 = 7.950 — 1 2500 1.2204 4 1.200 6.494 2 20.00 1.5667 —2 
0700 2.6652 0 2600 1.2524 4 P3004 SB0R 5 Z 25.00 64692 —3 
0750 = 7.427 0 2700 1.2739 4 1.400 °°3:8782 2 30.00 3.1346 —3 
0800 1.7823 1 2800 1.2859 4 1.500 3.0625" 2 35.00 1.6954 —3 

0850 3.7891 1 2900 1.2895 4 1.600 2.4487 2 40.00 9.979 4 
0900 7.288 1 3000 1.2857 4 1.700 1.9805 2 45.00 6236 —4 
0950 1.2894 2 3200 1.2601 4 1.800 Lolssie 2 50.00 4.099 —4 
1000 2.1269 2 3400 1.2163 4 1.900 1.3348 2 55.00 2.8042 —4 
1050 3.3049 Z 3600 1.1606 4 2.000 P1106 2 60.00 1.9793 —4 

1100 4.881 2 3800 1.0977 4 2.200 7.867 1 65.00 1.4390 —4 
1150 6.899 2 4000 1.0313 4 2.400 5.724 1 70.00 1.0698 —4 
1200 9.391 2 4200 9.640 3 2.600 4.262 1 80.00 6.306 —5 
1250 = 1.2365 3 4400 8977 3 2800 7 °3:2372" 71 90.00 3.9340 —5 
1300 =1.5819 3 4600 8.335 3 3.000 2.5026 1 100.00 2.5793 —5 

1350 1.9732 3 4800 7.724 3 3.500 1.4015 1 
1400 2.4062 3 5000 7.148 3 4.000 8.443 0 
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86 TABLE 57.—CHANGES DUE TO A CHANGE IN c, 

The adoption of a new value for cz changes the calculated values for J, by an amount 
that varies indirectly with both the wavelength and the temperature for values of AT 
<3000, as follows: ay r 

Nee Ge 

Jy AT 

that is, a larger value of c2 results in a smaller value of Jy. Values of this correction factor 
for this change in cz have been calculated and are given in the tables for five temperatures 
and a range of wavelengths that cover the visible spectrum. As these percentage correction 
factors are given they are the percentage of the J, for 14320u deg that must be subtracted 
from it to give Jissso. 
A change in c: also results in a different value of the extrapolated temperature as meas- 

ured with an optical pyrometer for a definite ratio of brightness. Thus 

AD =) — Gif? 1OWeh ) 
To Ti C2 To Tio 

To the accuracy necessary for most work, values for other wavelengths, other tempera- 
tures, or other values of cz within these ranges can be found by interpolation. 

Part 1.—Percentage change in J, for a change in c, from 14320 to 14380, degrees 

2000 2300 2600 2900 3200 2000 2300 2600 2900 3200 
Neliiy its pals °K PLS FUSS °K Nin w K aks IK °K °K 

io2 9.8 8.5 73 6.7 6.0 .58 eS) 4.6 4.1 3.6 3.3 
3 Se 7.9 7.0 6.3 5.7 .60 5.1 4.4 oe) Sa 32 
.36 8.7 ee) 6.6 5.9 5.3 62 4.9 4.3 3.8 3.4 3.1 
38 8.2 7A 6.3 5.6 5.0 .64 4.8 4.1 3h a 3.0 
.40 7.8 6.7 5.9 5:3 4.8 .66 4.6 4.0 3.6 3.2 2.9 
.42 7.4 6.4 57. 5.0 4.6 .68 4.5 3.9 Si) 3.1 2.8 
.44 7.0 6.1 5.4 48 4.4 70 4.4 3.8 3.4 3.0 27 
46 6.7 5.8 Sp! 4.6 4.2 Jz 4.2 SY 3.3 2.9 2.6 
.48 6.4 5.6 4.9 4.4 4.0 74 4.1 3.6 3.2 2.8 2.6 
.90 6.2 Se) 4.7 4.2 3.8 76 4.0 5) 3.1 2.8 215 
a4 5.9 5.1 4.5 4.1 3.7 78 3.9 3.4 3.0 2:7 2.4 
54 57 4.9 4.4 3.9 3.5 80 3.8 5.3 29 26 23 
.56 5.0 48 4.2 3.8 3.4 

Part 2.—Change in temperatures, AT, extrapolated from 1336 to the temperature T 

given, c, changed from 14320 to 14380, degrees 

rk ©=«.11500°K 1800°K  2000°K 2500°K —- 3000°K 3500°K 4000°K 5000°K 
AT —.6 —2.4 —4.1 —8.7 —15.5 —22.3 —33.0 —56.4 
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TABLES 58-77—PHOTOMETRY 87 

Photometry is the measurement of light, and light has been defined by the 
Illuminating Engineering Society as radiant energy evaluated according to its 
capacity to produce visual sensations. 

TABLE 58.—THE EYE AS A MEASURING INSTRUMENT FOR RADIATION 

Part 1.—Theory 

As a measuring instrument for radiation, the eye is very selective, that is, it does not 
respond equally to radiation of various wavelengths. The data in Part 2 give the relative 
sensitivity of the eye to radiation of different wavelengths. Another peculiarity of the 
eye is that its relative sensitivity changes with the intensity of the radiation that falls upon 
it. This is shown by the data in Table 59. Also the absolute sensitivity of the eye varies 
with ne intensity of the radiation that falls upon it. This is shown by the data given in 
Table 60. 

The data * on which Table 60 is based are not very extensive, but inasmuch as there is 
now some active work on this subject by Lowry of the Eastman Kodak Co. there should 
soon be available data for a wider range of field brightness. The data in Table 59 show that 
the sensitivity of the eye to radiation of lower intensity increases faster toward the blue 
end of the spectrum than in the red end. This is called the Purkinje effect. 

For light measurement at very low brightness care must be taken as to the standards 
used. From the data given in Table 59 it can be shown that sources giving light of different 
colors that were rated as equal by the average eye adapted to a field brightness of about 
1 to 2 millilamberts would be rated quite differently for low field brightness, that is, for 
the eye adapted to a field brightness of 10° millilamberts. 

If the brightness given by two sources such as daylight and a carbon lamp be set equal 
for a field brightness 1 to 2 millilamberts and then these brightnesses both reduced 
mechanically to about 10° millilamberts, the field of the daylight source would seem to be 
about 2} times as bright as that of the carbon lamp. 

°* Blanchard, Phys. Rev., vol. 11, p. 81, 1918; Stiles and Crawford, Proc. Roy. Soc. London, ser. B, 
vol. 112, p. 428, 1933; Lowry, Journ. Opt. Soc. Amer., vol. 18, p. 29, 1929. 

Part 2.—Relative luminosity factors * [K,] (unity at wavelength of maximum luminosity) 

Values interpolated at intervals of one millimicron 
Nan Standard eA dt 
mu factors 1 2 3 4 5 6 7 8 9 

380 -00004 .000045 -000049 -.000054 .000059 -000064 .000071 .000080 .000090 .000104 
390 00012 -000138 .000155 -000173 .000193 -000215 .000241 000272 -000308 .000350 
400 .0004 -00045 .00049 -00054 .00059 .00064 00071 -00080 .00090 .00104 
410 -0012 00138 00156 .00174 -00195 .00218 00244 .00274 .00310 .00352 
420 .0040 -00455 -00515 -00581 -00651 -00726 00806 .00889 .00976 .01066 
430 .0116 .01257 -01358 .01463 .01571 -01684 01800 -01920 -02043 -02170 
440 .023 .0243 .0257 .0270 0284 -0298 -0313 -0329 .0345 0362 
450 .038 .0399 .0418 .0438 .0459 .0480 -0502 0525 .0549 .0574 
460 -060 0627 .0654 .0681 .0709 .0739 .0769 -0802 -0836 .0872 
470 .091 0950 .0992 -1035 .1080 -1126 1175 1225 .1278 "1333: 
480 .139 .1448 .1507 .1567 -1629 -1693 1761 .1833 .1909 .1991 
490 -208 a ZA a3 .2270 237 .2476 -2586 2701 -2823 .2951 .3087 
500 .323 -3382 .3544 .3714 .3890 .4073 -4259 -4450 -4642 .4836 
510 .503 5229 5436 .5648 .5865 -6082 -6299 .6511 L677 6914 
520 710 a Paeheh .7449 7615 .7776 .7932 -8082 8225 .8363 .8495 
530 .862 .8739 .8851 .8956 -9056 .9149 -9238 -9320 -9398 .9471 
540 954 .9604 -9661 713 .9760 .9803 -9840 .9873 -9902 9928 
550 .995 .9969 -9983 9994 1.0000 1.0002 1.0001 .9995 9984 .9969 
560 .995 -9926 -9898 -9865 9828 .9786 .9741 9691 9638 9581 
570 A) -9455 .9386 “9312 9235 9154 -9069 8981 .8890 .8796 
580 .870 .8600 .8496 -8388 8277 .8163 -8046 .7928 .7809 .7690 
590 757 7449 BHO .7202 7076 6949 -6822 -6694 -6565 .6437 
600 -631 -6182 .6054 5926 5797 -5668 5539 .5410 .5282 .5156 
610 .503 -4905 -4781 4658 4535 -4412 .4291 -4170 .4049 .3929 
620 .381 .3690 .3570 .3449 -3329 .3210 .3092 2977 .2864 L275 
630 .265 -2548 -2450 .2354 2261 -2170 2082 .1996 .1912 .1830 
640 175 1672 -1596 .1523 1452 .1382 .1316 1251 .1188 1128 
650 .107 .1014 .0961 .0910 .0862 .0816 .0771 .0729 0688 .0648 
660 .061 .0574 .0539 .0506 .0475 .0446 .0418 .0391 .0366 -0343 
670 .032 .0299 -0280 -0263 0247 0232 0219 .0206 .0194 _.0182 
680 -017 -01585 -01477 -01376 01281 .01192 01108 -01030 .00956 .00886 
690 .0082 .00759 .00705 -.00656 00612 .00572 -00536 .00503 .00471 .00440 
700 .0041 .00381 -00355 .00332 00310 .10291 .00273 .00256 -00241 .00225 
710 .0021 001954 .001821 .001699 001587 001483 001387 .001297 .001212 001130 
720 00105 .000975 -000907 .000845 000788 .000736 000688 .000644 -000601 -000560 
730 00052 .000482 -000447 .000415 000387 .090360 000335 000313 .000291 .000270 
740 00025 -000231 -000214 .000198 000185 000172 000160 -000149 -000139 .000130 
750 00012 000111 .000103 .000096 -.000090 000084 000078 .000074 -000069 .000064 
760 00006 .000056 -000052 .000048 -000045 -000042 .000039 -000037 .000035 .000032 

*6.T.E.S. Nomenclature and photometric standards, American Standards Association, ASA C-42. 1941. 
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88 
TABLE 59.—RELATIVE LUMINOSITY DATA FOR VARIOUS FIELD BRIGHTNESSES” 

(Logarithms of field brightness in first line) 

Wave- 
length 
mu ICI —0.5 —1.0 —1.5 —2.0 —2.5 —3.0 —3.5 —4.0 —4.187 * —4.50 —5.00 

SO tise crs eas aeayste sheqehs syerers s Bratd neha arete .0002 -000265 .0003 .0003 
SOOM terete siete Rare sweat mates ae .0003 .0004 .0007 .00073 .0008 .0008 
SVAU) ® = ont Ae Seiten .0002 .0005 .0009 -0013 .0018 .0019 .0020 .0022 
380  .00004 .0000 .0001 .0002 .0008  .0015 .0025 .0034 .0045 .0048  .0051 .0055 
390 100012 .0001 .0002 0008  .0022 .0040 .0063 .0083 0104 .0112 .0119 .0127 
400 .0004 .0004 -0008 .0022 .0059 .0098 .0147 .0185 .0228 -0243 .0253  .0270 
410 .0012 .0014 -0023 -0062 -0140 -0227 -0305 .0370 -0452 .0485 .0500 .0530 
420 .0040 .0044 -0069 .0152 -0280 -0427 -0580 -0690 -0820 .087 .0900 .0950 
430 .0116 .0121 -0165 -0292 .0505 .0755 -101 .118 -138 -145 .149 5! I5)// 
440 =.023 .0240 .0300 -0496 -0850 123 .160 .183 -216 .225 .230 .239 

450 = .038 .0395 .0490 .0810 -136 187 -237 268 .310 321 326 339 
460 .060 -0627 .0775 127 .202 dd. 309 376 -423 -434 441 455 
470 ~=—-.091 -0960 -118 191 301 394 467 -510 551 .560 .568 -576 
480 .139 .146 -180 -288 -432 -540 -604 -649 -685 -695 -702 714 
490 = .208 .220 .274 -426 -592 -688 734 -782 .814 -827 -830 .842 

500 .323 .340 -416 -603 744 -826 864 -902 -930 932 941 948 
510 = .503 924 -617 .766 .876 935 962 .977 .992 .997 997 .999 
520) 710 .726 792 -894 .965 992 999 -988 974 -963 -960 953 
530 8§=.862 872 910 972 1.000 -982 EoDIL 924 .883 871 -862 .848 
540 .954 -959 LV) 1.000 -969 -909 -842 796 744 .734 715 -697 

SOOne 2995 .997 1.000 Sal .886 785 -698 -642 -583 555 se seksi 
560) | -995 992 973 .898 .760 -640 -543 478 -419 -390 388 365. 
SAO) 9952 944 .907 .782 .617 485 384 -330 -281 -263 .260 243 
580 .870 .860 .802 .648 -468 -340 2209 .218 .182 .167 -164 155 
S90 R757, 742 -673 -509 To00 227 -166 oils ¥/ 112 -102 -101 .0945 

600 =.631 .616 544 374 .224 145 .101 -0830 .0670 .0613 .060 .0560 
610 = .503 -490 -416 7290 142 -0870 -0600 -0488 -0388 -0366 -0348  .0324 
620 ~=«.381 .366 .296 -168 -0845 -0504 -0344 -0280 .0225 .0212 .0202 = .0188 
630 =.265 -250 .197 .102 .0480 -0282 -0194 .0156 .0127 .0118 0114 ~=.0105 
640 = .175 -162 -122 .059 -0270 -0146 -0107 -0085 .0070 00653 .0062 .0058 

650 =.107 -0990 .0710 .0327 .0147 -0084 .0058 .0046 -0037 -00353 .0034 .0032 
660 ~=.061 -0560 .0390 .0174 .0078 -0045 .0031 -0025 -0020 .00189 .0018 .0017 
670 = .032 -0303 .0206 -0090 -0041 -0024 .0017 -0013 -0011 -00098 .0010 .0009 
680 =—.017 .0153 -0103 .0046 .0022 .0014 -0009 -0007 .0006 .00050 .0005 .0005 
690 .0082 .0076 -0052 -0024 .0011 .0007 .0004 -0003 -0003 .00025 .0002 .0002 

700 = =.0041 ~=.0038 .0026 -0012 -0006 -0003 -0002 -0002 -00016 .00013 .0001 -0001 
710 =.0021 .0019 -0014 -0006 .0003 .0002 -0001 3008 Soba 5609 So08 

27. A. Jones, private communication. 
* Average of Weaver and Hecht’s values. 

TABLE 60.—BLANCHARD’S DATA RELATING INSTANTANEOUS 

THRESHOLD TO FIELD BRIGHTNESS ** 

Relative Relative 
Field bright- Instantaneous sensitivity ft value of 

ness * threshold f (n) Ratio § maximum 

millilamberts 

NICO) os arcs Aree ese 1.9 « 107 047 4.6 047 
10) sera aaeoae ieee ND S< NO eA 4.7 Yl 

Mea eee 5. Semen 89 < 108 1.0 4.7 1.00 
Alte eis bd ae VOSS Or 4.67 46 4.95 
LOS 25 aeemickcee 8.9 x 10°* 10.0 ae 12.0 
LOY Meee) 2s Some a2 xl Om 21.4 4.7 29.5 
FOOS2) cS orks 5 IOS UO 46.7 ae 70.0 
(0X0) geese > a so) S< OR 100.0 4.7 161.0 
0001 ARR. «c.8 Oe lOne 467.0 4.6 822.0 
AQ000T Ae. 4.2 xX 10° 2140. a 3900. 
Elen: s eaees ieee ot 1.8 < 1077 Il 48600. prays 88500. 

** For reference, see footnote 25, p. 87. 
* The field brightnesses are values obtained by mechanically increasing or reducing values measured 

at photopic levels. — + Taken from smooth curve drawn through Blanchard’s data. The unit will 
depend upon definition. As these figures stand they are brightnesses for this radiation measured at 
photopic levels and reduced mechanically to values given. t{ For radiation from a source at a color 
temperature of 2680 °K. § This is the ratio of the eye sensitivity to that of the eye adapted to the 
next lower (one-tenth) field brightness for this radiation. || Minimum threshold from Taylor’s value. 
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TABLE 61.—THE SENSIBILITY OF THE EYE * 

Part 1.—Contrast or photometric sensibility 

89 

For the following table the eye was adapted to a field of 0.1 millilambert and the sensi- 
tizing field flashed off. A neutral gray test spot (angular size at eye, 5 X 2.5°) the two 
halves of which had the contrast indicated (4 transparent, 4 covered with neutral screen 
of transparency = contrast indicated) was then observed and the brightness of the trans- 
parent part measured necessary to just perceive the contrast after the lapse of the various 
times. One eye only used, natural pupil. Values are log brightness of brighter field in 
millilamberts. 

Time in seconds 0 1 2 5 10 20 40 60 

Gontrast: 0:00: ... —2:80 —347  —3:82 —430 —449- —4.60  —489 —5.03 
OSOccc5 BGS ~ Shs sis siz 8S =O AWG cs) 
OG7.055 2:40) —3:00) 0 Salah ——o 22 32 3:35) 3 40 348, 
8755 2-100 246 — 249 e209) 2-594 2107 2S 
VO. sc, SAD Sls ke Sl) ND SS) SL Sil} 

Part 2.—Glare Sensibility 

When an eye is adapted to a certain brightness and is then exposed suddenly to a much 
greater brightness, the latter may be called glaring if uncomfortable and instinctively 
avoided. Observers naturally differ widely. The data are the means of three observers, 
and are log brightnesses in millilamberts. The glare intensity may be taken as roughly 
1700 times the cube root of the field intensity in millilamberts. Angle of glare spot, 4°. 

3.0 
4.18 

4.0 
4.48 

Log. field 
Moreerlaren) sae 

—1.0 O +1.0 2.0 
2.90 3.28 3.60 3.90 

Part 3.—Rate of adaptation of sensibility 

This table furnishes a measure of the rate of increase of sensibility after going from 
light into darkness, and the values were obtained immediately from the instant of turning 
off the sensitizing field. Both eyes were used, natural pupil, angular size of test spot, 4.9°, 
viewed at 35 cm. Retinal light persists only 10 to 20 minutes when one has been recently in 
darkness, then in a dimly lighted room; it persists fully an hour when a subject has been 
in bright sunlight for some time. A person who has worked much in the dark “gets his 
eyes” quicker than one who has not, but his final sensitiveness may be no greater. 

Logarithmic thresholds in millilamberts after 
Sensitizing 

field Osec 1sec 2 sec 5sec 10sec 20sec 40sec 60sec S5min 30min 60min 

White 0.1 ml... —2.79 —3.82 —4.13 —4.50 —4.75 —4.96 —5.16 5.32 5.68 5.91 6.06 
1.0 ml... —2.20 2.99 3.27 3.79 4.15 —4.51 —4.82 5.06 5a52 5.86 6.04 

10.0 ml... —1.60 —2.30 —2.53 —3.08 —3.54 —3.94 —4.31 —4.61 —5.22 —5.83 —6.01 
100.0 ml... —0.90 —1.66 2.00 -—2.46 2.64 2.88 —3.20 —3.84 —4.76 —5.77 —5.97 

Blue 0.1 ml... —2.82 —3.92 —4.36 —4.91 —5.27 —5.53 —5.68 -—5.81 —6.23 — = 
Green 0.1 ml... —2.69 —4.08 —4.39 —4.82 —-5.11 —5.26 5.43 5.56 5.80 —— — 
Yellow 0.1 ml... —2.61 —3.84 4.17 4.41 4.65 —4.78 —5.02 —5.09 —5.39 — —_ 
Red 0.1 ml... —2.32 2.69 2.98 3.37 3.57 —3.65 hee/5) 3.80 4.02 — -- 

* For reference, see footnote 25, p. 87. 

TABLE 62.—MINIMUM ENERGY NECESSARY TO PRODUCE THE SENSATION 

OF LIGHT 

veSe eases 38 x 10° erg sec Astrophys. Journ., vol. 44, p. 124, 1916. 
Russell 21 SQN Es Sie Astrophys. Journ., vol. 45, p. 60, 1917. 
IReevesebasam 19-0y elmo ie Astrophys. Journ., vol. 46, p. 167, 1917. 
SinISSormye IAG Slr A a Journ. de phys., vol. 7, p. 68, 1917. 
Taylor ....Minimum threshold for dark-adapted Journ. Opt. Soc. Amer., vol. 32, p. 506, 

eye, a surface, at a brightness of 1942. 
1.8107 millilamberts, source 
color temperature 2850 °K. 

ielechtaae eet: 2:2-5.7, < 1077 ergs at icornea, (con= 
sidering losses the amount of 
energy that reaches the retina is 
such that I quanta is absorbed by 
from 5-14 retinal rods. 
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TABLE 63.—APPARENT DIAMETER OF PUPIL AND FLUX DENSITY 

AT RETINA 

Flashlight measures of the pupil (both eyes open) viewed through the eye lens and 
adapted to various field intensities. For eye accommodated to 25 cm, ratio apparent to 
true pupil, 1.02, for the unaccommodated eye, 1.14. The pupil size varies considerably with 
the individual. It is greater with one eye closed; e.g., it was found to be for 0.01 milli- 
lambert, 6.7 and 7.2 mm; for 0.6 ml, 5.3 and 6.5; for 6.3 ml, 4.1 and 5.7; for 12.6 ml, 4.1 
and 5.7 mm for both eyes and one eye open respectively for a certain individual. At the 
extreme intensities the two values approach each other. The ratio of the extreme pupil 
openings is about 75, whereas the light intensities investigated vary over 1,000,000-fold. 

Flux at 
Field (1.14/1.02) Effective retina, Jumens 

millilamberts Observed X obs. area per mm? 

.00001 8 mm 8.96 mm 64mm? 8.4 « 10°" 
001 7.6 8.51 57 Ky <a 
pil 6.5 7.28 42 Bio < NO 

10 4.0 4.48 16 Poe MOR 
1000 2.07 DS 4.3 5.85410- 

TABLE 64.—MISCELLANEOUS EYE DATA 

Light passing to the retina traverses in succession (a) front surface of the cornea 
(curvature, 7.9 mm) ; (6b) cornea (equivalent water path for energy absorption, 0.06 cm) ; 
(c) back surface cornea (curv., 7.9 mm); (d) aqueous humour (equiv. H:2O, 0.34 cm, 
n = 1.337) ; (ec) front surface lens (c, 10 mm); (f) lens (equiv. H2O, 0.42 cm, n = 1.445) ; 
(g) back surface lens (c, 6 mm); (A) vitreous humour (equiv. H2 O, 1.46 cm, 7 = 1.337). 
An equivalent simple lens has its ‘principal point 2.34 mm behind (a), nodal point 0.48 mm 
in front of (g), posterior principal focus 22.73 mm behind (a), anterior principal focus 
12.83 mm in front of (a), curvature, 5.125 mm. At the rear surface of the retina (0.15 mm 
thick) are the rods (30 & 2u) and cones (10 (6 outside fovea) w long). Rods are more 
numerous, 2 to 3 between 2 cones, over 3,000,000 cones in eye. Macula lutea, yellow spot, 
on temporal side, 4 mm from center of retina, long axis 2 mm. Central depression, fovea 
centralis, 0.3 mm diameter, 7000 cones alone present, 6 X 2 or 3u. In region of distinct 
vision (fovea centralis) smallest angle at which two objects are seen separate is 50” to 
70” = 3.65 to 5.14u at retina; 50 cones in 100u here; 4u between centers, 3u to cone, 
lu to interval. Distance apart for separation greater as depart from fovea. No vision in 
blind spot, nasal side, 2.5 mm from center of eye, 15 mm in diameter. 

Persistence of vision as related to color and intensity is measured by increasing speed 
of rotating sector until flicker disappears: for color, 0.4, 0.031 sec; 0.454, 0.020 sec; 0.5y, 
0.015 sec; 0.574, 0.012 sec; 0.68u, 0.014 sec; 0.76u, 0.018 sec; for intensity, 0.06 meter- 
candle, 0.028 sec; 1 mc, 0.020 sec; 6 mc, 0.014 sec; 100 mc, 0.010 sec; 142 mc, 0.007 sec. 

Sensibility to small differences in color has two pronounced maxima (in yellow and 
green) and two slight ones (extreme blue, extreme red). The sensibility to small differ- 
ences in intensity is nearly independent of the intensity (Fechner’s law) as indicated by the 
following data due to Konig: 

1,000,- 
T/To 000 100,000 10,000 1000 100 50 10 5 1 0.1 Io in me 

dI/I, white.... .036 .019 -018 .018 .030 .032 .048 .059 S25) Eada, Se ee 
(0 Moocn = -024 -016 -020 .028 .038 -061 .103 .212 = 0056 
0 f@.... — = .018 -018 .024 .025 -036 .049 .080 SU S}5) ‘00017 
HSI [oan .018 .025 .027 -040 .049 -074 Sllisi/ .00012 

TABLE 65.—DISTRIBUTION COEFFICIENTS FOR EQUAL-ENERGY STIMULUS 

1931 1.C.I. standard observer * 

The fact that almost any color can be produced by the proper mixture of 
red, green, and blue light, has been used as a basis of a system of color specifi- 
cations that has been adopted by the International Commission on IJlumination. 
In the system adopted by that Commission in 1931, the primaries are called the 
X, Y,and Z stimuli. The properties of the standard observer are given by his 
tristimulus specifications of the spectrum stimuli as a function of wavelength. 
This table gives this specification for the equal energy spectrum. 

28 Judd, D. B., Journ. Opt. Soc. Amer., vol. 23, p. 359, 1933. 

(continued) 
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TABLE 65.—DISTRIBUTION COEFFICIENTS FOR EQUAL-ENERGY Qj 

STIMULUS (concluded) 

Wave- Coefficients Wave- Coefficients 
length oe length 
(mu) + 5 2 (mz) # ay z 

380 .0014 0000 .0065 580 9163 .8700 .0017 
385 .0022 .0001 .0105 585 .9786 8163 0014 
390 .0042 .0001 .0201 590 1.0263 7570 0011 
395 .0076 .0002 .0362 595 1.0567 .6949 .0010 

400 0143 0004 .0679 600 1.0622 .6310 .0008 
405 .0232 0006 .1102 605 1.0456 5668 0006 
410 0435 .0012 .2074 610 1.0026 .5030 .0003 
415 !0776 0022 7/15 615 .9384 4412 0002 
420 41344 .0040 6456 620 8544 3810 .0002 

425 12148 .0073 1.0391 625 7514 3210 .0001 
430 .2839 .0116 1.3856 630 .6424 .2650 .0000 
435 3285 .0168 1.6230 635 5419 .2170 .0000 
440 3483 .0230 1.7471 640 .4479 1750 .0000 
445 3481 0298 1.7826 645 3608 1382 .0000 

450 3362 .0380 1.7721 650 2835 .1070 .0000 
455 3187 .0480 1.7441 655 .2187 .0816 .0000 
460 .2908 .0600 1.6692 660 .1649 .0610 .0000 
465 2511 .0739 1.5281 665 1212 0446 .0000 
470 1954 .0910 1.2876 670 0874 .0320 .0000 

475 1421 .1126 1.0419 675 .0636 0232 .0000 
480 .0956 1390 8130 680 .0468 .0170 .0000 
485 .0580 1693 .6162 685 .0329 0119 .0000 
490 .0320 .2080 4652 690 .0227 0082 .0000 
495 .0147 .2586 3533 695 .0158 0057 .0000 

500 .0049 3230 .2720 700 0114 .0041 .0000 
505 0024 4073 2123 705 .0081 .0029 .0000 
510 .0093 5030 1582 710 .0058 .0021 .0000 
SS 0291 6082 WU 715 0041 0015 .0000 
520 .0633 .7100 .0782 720 .0029 .0010 .0000 

525 1096 7932 0573 725 .0020 .0007 .0000 
530 1655 .8620 0422 730 0014 0005 .0000 
535 2257 .9149 0298 735 .0010 .0004 .0000 
540 .2904 9540 0203 740 .0007 .0003 .0000 
545 3597 9803 0134 745 0005 .0002 .0000 

550 4334 9950 .0087 750 .0003 0001 .0000 
555 5121 1.0002 .0057 755 0002 .0001 .0000 
560 5945 .9950 .0039 760 .0002 .0001 .0000 
565 6784 .9786 .0027 765 .0001 .0000 .0000 
570 7621 .9520 0021 770 0001 .0000 .0000 

575 8425 9154 .0018 775 .0000 .0000 .0000 
580 9163 .8700 .0017 780 .0000 .0000 .0000 

TE OLAIGR hatin ohn Sheet Gp harechate a 21.3713 21.3714) | 921-3715 

TABLE 66.—RELATIVE MAGNITUDE OF UNITS OF ILLUMINATION 

Units Lux Phot Milliphot Foot-candle 

1 lux = .0001 all .0929 
1 phot = 10,000 il 1000. 929. 
1 milliphot = 10 001 1. .929 
1 foot-candle 10.76 .001076 1.076 ik 
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Q2 TABLE 67.—VISUAL RANGE OF WHITE LIGHTS” 

Candlepower c candles at visual threshold of steady point source of white light seen 
against white background brightness ) millimicrolambert (mul) at range r sea miles 
through an atmosphere of attenuation a per sea mile is given by 

C= 3.7 X 10° + b) trae, 
which is valid within a factor of 3 for > from total darkness to full daylight. For practical 
signaling or navigation multiply c by at least 100. 

Threshold ¢ candles, b= 100 mu L, at night 
Range r / 
sea mile aS a= 028 a= 0.6 a— 0.4 

1 encase see 04 05 06 09 
De oe ra Mo os cos SIS 15 123 41 9 
SO reais 33 65 1.5 br, 
Oe GE ote ce RIES Scio & 91 2.9 12 90 
FAO A 2 anne reigns Paine S 1.8 8.6 62 1100 

OE ese |S See IE Se, Ae 3.6 34 610 35000 

** Knoll, H. .\., Tousey, R.. and Hulburt, EK. O., Journ. Opt. Soc. Amer., vol. 36, p. 480, 1946. 

TABLE 68.—THE BRIGHTNESS OF THE SUN 

From the definition of a lumen, the lumen output from a point source within a unit solid 
angle is numerically equal to the candlepower of the source. This also holds for any 
radiating source that behaves as a point, such as a spherical blackbody,* or any spherical 
radiator of uniform brightness that obeys the Lambert cosine law of radiation, providing 
the measurements are made at such a distance from the source that the inverse square 
law is obeyed. (See Table 74.) As an example of this, consider the brightness of the sun. 
The sun when directly overhead on a clear day gives an illumination of about 10,000 foot- 
candles. This is equal to 10,000 lumens per ft.?_ (See Table 73.) To change this to lumens 
for a unit solid angle, multiply by the radius of the earth's orbit squared (i.e., 2.41 * 10” 
ft"). Thus, the candlepower of the sun is 2.41 & 10°. To get the brightness per cm® divide 
this by the projected area of the sun in cm® (i.e., 1.52 & 10), which gives about 160,000 
c/cm’ for the brightness of the sun as observed at the earth’s surface. This, of course, 
assumes that the sun’s surface is of uniform brightness and that its radiation obeys the 
Lambert cosine law. The data (Table 813) on the distribution of energy of the solar 
spectrum give a brightness of the sun of 146,000 c/cm”. 

_* The lumens within a unit solid angle around the normal from a plane blackbody is equal to 0.92 
times the normal intensity. 

TABLE 69.—SOME OBSOLETE PHOTOMETRIC STANDARDS 

(In use prior to 1948.) 

In Germany the Hefner lamp was most used; in England the Pentane lamp and sperm 
candles; in France the Carcel lamp was preferred; in America the Pentane and Hefner 
lamps were used to some extent, but candles were largely employed in gas photometry. For 
the photometry of electric lamps, and in accurate photometric work, electric lamps, stand- 
ardized at a national standardizing institution, were employed. 

The “international candle” designated the value of the candle as maintained by co- 
operative effort between the national laboratories of England, France, and America; and 
the value of various photometric units in terms of this is given in the following table 
(Circular No. 15 of the Bureau of Standards) : 

1 international candle = 1 Pentane candle. 
1 international candle = 1 Bougie decimale. 
1 international candle = 1 American candle. 
1 international candle = 1.11 Hefner unit. 
1 international candle = 0.104 Carcel unit. 

1. Standard Pentane lamp, burning pentane............. 10.0 candles. 
2. Standard Hefner lamp, burning amyl acetate.......... 0.9 candles. 
3. Standard Carcel lamp, burning’ colza oil... 3.) 2 6.ceeae 9.6 candles. 
4. Standard English sperm candle, approximately........ 1.0 candles. 

The international candle was in reality taken from the candlepower of a number of in- 
candescent lamps, operated under definite conditions and kept at the standard laboratories 
of France, Britain, and the United States. 
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TABLE 70.—PHOTOMETRIC DEFINITIONS AND UNITS 93 

(Adapted from Reports of Committee on Nomenclature and Standards of Illuminating 
Engineering Society, 1942.) 

Apostilb = 0.1 millilambert. 
Brightness of a luminous surface may be expressed in two ways: 

(1) br=dI/dA cos 6 where @ is the angle between normal to surface and the line of 
sight; normal brightness when @ 1s zero. 

(2) be =dF/dA assuming that the surface is a perfect diffuser, obeying cos law of 
emission or reflection. Unit, the lambert. 

Candle per cm* = 3.1416 lamberts = 1 stilb. 
Candle per in.” = .4868 lambert = 486.8 millilamberts. 
Foot-candle = 1 lumen incident per ft* = 1.076 milliphots = 10.76 lux. 
Illumination on surface = E = flux density on surface = dF /dA (A is surface area) = 

F/A when uniform. Units, meter-candle, foot-candle, phot, lux. 
Lambert, the cgs unit of brightness, is the brightness of a perfectly diffusing surface 

radiating or reflecting one lumen per cm*. Equivalent to a perfectly diffusing surface with 
illumination of one phot. A perfectly diffusing surface emitting one lumen per ft* has a 
brightness of 1.076 millilamberts. Brightness in candles per cm” is reduced to lamberts 
by multiplying by 7. 
Lambert = 1 lumen emitted per cm’ of a perfectly diffusing surface. 
Lambert = .3183 candle per cm’ = 2.054 candles per in’. 
TLumen is emitted by .07958 spherical candle. 
Lumen emitted per ft? = 1.076 millilamberts (perfect diffusion). 
Luminous efficiency = F/® expressed in lumens/watt. 
Luminous flux =F or ¥ =rate of flow of radiation measured according to power to 

produce visual sensation. Although strictly thus defined, for photometric purposes it may 
be regarded as an entity, since the rate of flow for such purposes is invariable. Unit is the 
lumen, the flux emitted in a unit solid angle (steradian) by a point source of unit candle 
power. 

Luminous intensity of (approximate) point source = J] = solid-angle (w) density of 
luminous flux in direction considered = dF /dw, or F/w when the intensity is uniform. 
Unit, the candle. 

Luminosity factor of radiation of wave-length A = A, = ratio of luminous to radiant 
flux for that \, = [*)/®y. 

Lux = 1 lumen incident per m? = .0001 phot = .1 milliphot. 
Mechanical equivalent of light = ratio of ®@/F for the \ of max. visibility expressed in 

(ergs/sec)/lumen or watts/lumen; it is the reciprocal of max. luminosity. See Table 58. 
Millilambert = .929 lumen per ft (perfect diffusion). 
Milliphot = .001 phot = .929 foot-candle. 
Phot = 1 lumen incident per cm’ = 10,000 lux = 1000 milliphots. 
Photon = small bundle of energy (hv), also called a quantum. 
Radiant flux = ® = rate of flow of radiation as energy, measured as ergs per second 

or watts. 
Specific luminous radiation, E’ = luminous flux density emitted by a surface, or the flux 

emitted per unit of emissive area, expressed in lumens per cm*. For surfaces obeying 
Lambert’s cosine law, E’ = bo. 

Spectral luminous flux at wavelength }=(Ky,)(#,). Spectral luminous curve ex- 
presses this as a function of A and is different for various sources. 

One spherical candle emits 12.57 lumens. 
Uniform point source of one candle emits 47 lumens. 

TABLE 71.—RELATIVE MAGNITUDES OF UNITS OF BRIGHTNESS 

Candle 
per cm? Milli- Candle Foot- 

Units (Stilb) Lambert lambert per in.? lambert 

l candle per cm? = 1. 3.142 3142. 6.452 2919. 

1 lambert == Sls) iL. 1000. 2.054 929. 

1 millilambert = .000318 001 Ik .00205 .929 

lcandle per in? = .1550 487 487. iL. 452. 

1 foot-lambert = .000342 .001076 1.076 .00221 il 

1 candle per ft. = 3.142 foot-lamberts. 
1 stilb = 1 candle per cm? 
1 apostilb = 0.1 millilambert. 
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TABLE 72—THE WAIDNER-BURGESS STANDARD OF LIGHT INTENSITY ™ 

This standard of light intensity is the brightness of a blackbody at the temperature of 
freezing platinum. The blackbody used was made of thorium oxide and was immersed in 
the melting platinum: very pure platinum (99.997 percent) was used. Reproducible to 
0.1 percent, the brightness was found to be 58.84 international candles per cm.’ This 
Waidner-Burgess standard, taking the brightness of the blackbody at the freezing point of 
platinum as 60 candles per cm’, was adopted by the International Committee on Weights 
and Measures in 1937 as the new unit of light intensity and was put into effect January 1, 
1948.** 

The light from the blackbody at the temperature of freezing platinum is not greatly 
different in color from that given by carbon-filament standard lamps, as the color tempera- 
ture of the lamp filaments is about 2100 °K, whereas the freezing point of platinum is 
2042 °K. In this range of color the new unit of intensity is about 1.9 percent smaller than 
the old international candle, and sources of light are correspondingly given higher numeri- 
cal ratings. However, when light sources of higher color temperature are compared with 
these basic standards, the accepted spectral luminosity factors give slightly lower values 
for the “whiter’’ sources than were obtained by visual measurements when the present 
international units were established. The difference between the two scales therefore grows 
less as the color temperature of the sources measured is increased, and for sources in the 
range of ordinary vacuum tungsten-filament lamps, around 2500 °K, the new scale crosses 
the international scale as used in the United States. Furthermore, when the range of 
standards was extended to gas-filled tungsten-filament lamps and other new types, the 
measurements were made by methods nearly in accord with the luminosity factors. Con- 
sequently the present ratings of tungsten-filament lamps in this country will be practically 
unaffected by the change, no type being changed by more than 1 percent. 

30 Wensel, Roeser, Barbrow, and Caldwell, Nat. Bur. Standards Journ. Res., vol. 6, p. 1103, 1931. 
81 Nat. Bur. Standards Cire. C-459, 1947. 

TABLE 73.—SYMBOLS AND DEFINING EXPRESSIONS FOR .PHOTOMETRY * 

Symbol and 
defining Proposed 

Designation equation Unit term 

Luminous afltscepieiioss - sekice den ee F Lumen lm 

. ) 3 dF 
Luminous intensity (candlepower).. J = ai Candle Cc 

4 ee dF Foot-candle ft-c + per Ene Niltmination tenn eae eeeeaaee B= oy, Tae PGE ion 

Quantity, of lightesm..e emcee cea O—sEat Lumen-hour Im-hr 
t = time in hours 

' dl Candle per c/in. 
Brightness t teges cee te oe B= aol death unit area c/cm? 

A cos ? Stilb sb = c/cm? 

The mechanical equivalent of light + is the least amount of mechanical energy in watts 
necessary to produce 1 lumen. This energy must, of course, produce light at the wave- 
length (A = 0.556) where the average eye has its maximum sensitivity. 

Suppose By is the brightness of a blackbody in candles per cm’, then 

Bo = ~t [oid */(exp(c2/AT) —— 1)]AydX 

where Ay is the relative luminosity factor (Table 58). The integration is taken over the 
visible spectrum. The constant ¢: 1s to be so chosen as to give the energy per unit wave- 
length for a 2m solid angle, then + is the mechanical equivalent of light. Using the new 
value of the brightness of the blackbody at the platinum point (60 candles/cm’) and 
making the above calculation for the platinum point (2042.16 °K) using the new radiation 
constants (Table 53), gives im = 0.00147 watts/lumen. The reciprocal of this, 680 lumens/ 
watt, is the value generally given. 

Equivalents and conversion factors for photometry.—The total flux from a source 
of unit spherical candlepower is 12.57 lumens. 

1 lux = 1 lumenincident per m? 

1 phot = 1 lumen incident per cm? 

1 foot-candle = 1 lumen incident per ft? 

* For reference, see footnote 26. p. 8&7. + See Table 66. t See Table 71. 
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TABLE 74.—APPARENT CANDLEPOWER OF DISK OR LINE SOURCE AT 

VARIOUS DISTANCES 

d = distance; L = length or diameter of (disk) source. 

Candlepower, percent Candlepower, percent 

d/L Line Disk d/L Line Disk 

Ge etka: xn 99.31 99.0 1D. Nese 99.88 99.83 

LORE. Fer 99.83 99.74 ae eee fae 99.94 99.90 

ZU) occ tagetaro tits 99.98 99.95 

TABLE 75.—SPECTRAL LUMINOUS INTENSITIES 

From Planck’s equation and constants given in Table 53 and the relative luminosity 
factors (Table 58) the spectral luminous intensities were calculated for a series of wave- 
lengths (dA = .0lu), and for a number of temperatures and then reduced to equal total 
luminous intensities. These relative values tor the brightness (photometric) of the black- 
body at different temperatures hold for measurements made with a field brightness above 
about 1 millilambert but do not hold for measurements made for low field brightness. 
Some time ago some engineers engaged in photometry found a need for agreement for a 
standard for low intensity. It was then decided “ to use a source at a color temperature of 
2360 °K. Recently * the International Committee on Weights and Measures adopted the 
blackbody at the freezing point of platinum (2042°K) as the standard for low-intensity 
brightness in photometry. 

2000 2042.16 2100 2200 2300 2400 2500 2600 2700 2800 2900 3000 
Ain w PK °Ke® 2K IK °K PS oe °K °K 28 2K aK 

.38 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 

.39 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 
-40 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00000 .00001 
41 .00000 .00000 .00001 .00001 .00001 .00001 .00001 .00001 .00002 .00002 .00002 .00002 
-42 .00002 .00002 .00002 .00003 .00004 .00004 .00005 .00006 .00007 .00007 .00008 .00009 
43 .00008 .00008 .00009 .00011 .00013 .00015 .00018 .00020 .00023 .00025 .00028 .00030 
.44 .00019 .00021 .00023 .00028 .00032 .00037 .00042 .00047 .00053 .00058 .00064 .00069 
.45 .00041 .00044 .00049 .00057 .00065 .00074 .00083 .00093 .00102 .00111 .00121 .00131 
.46 .00083 .00088 .00096 .00111 .00125 .00140 .00155 .00171 .00186 .00202 .00217 .00233 
47 .00157. .00167 .00180 .00204 .00228 .00252 .00276 .00301 .00325 .00349 .00372 .00396 
.48 00297 .00313 .00336 .00374 .00413 .00452 .00490 .00528 .00565 .00602 .00638 .00673 
49 .00544 .00570 .00606 .00667 .00728 .00786 .00845 .00902 .00957 .01011 .01063 .01114 
.50 01024 .01067 .01125 .01223 .01318 .01411 .01501 .01587 .01670 .01750 .01827 .01901 
Bil 01915 .01983 .02075 .02229 .02376 .02517 .02652 .02780 .02903 .03019 .03131 .03237 
=a .03217 .03313 .03442 .03654 .03853 .04042 .04220 .04387 .04545 .04694 .04834 .04967 
.53 04609 .04721 .04871 .05112 .05336 .05544 .05739 .05919 .06087 .06243 .06388 .06524 
.54 05972 .06086 .06236 .06475 .06692 .06890 .07072 .07238 .07390 .07530 .07659 .07776 
he .07240 .07341 .07473 .07678 .07861 .08022 .08168 .08297 .08412 .08517 .08613 .08695 
-56 .08356 .08432 .08528 .08675 .08800 .08905 .08996 .09073 .09139 .09198 .09243 .09284 
E57, 09167 .09207 .09255 .09323 .09374 .09409 .09433 .09449 .09457 .09459 .09455 .09447 
58 -09545 .09544 .09539 .09518 .09488 .09449 .09405 .09358 .09307 .09256 .09203 .09150 
.59 .09408 .09366 .09307 .09203 .09098 .08992 .08889 .08786 .08686 .08591 .08498 .08409 
-60 .08833 .08757 .08654 .08483 .08319 .08163 .08013 .07873 .07739 .07611 .07491 .07379 
-61 07890 .07791 .07658 .07443 .07243 .07056 .06882 .06720 .06570 .06428 .06296 .06173 
-62 -.06663 .06554 .06409 .06178 .05966 .05774 .05595 .05432 .05281 .05141 .05012 .04893 
.63 05143 .05039 .04904 .04689 .04495 .04322 .04162 .04018 .03886 .03765 .03654 .03552 
.64 .03752 .03663 .03547 .03366 .03204 .03061 .02930 .02813 .02708 .02610 .02522 .02442 
.65 .02523 .02455 .02366 .02228 .02107 .02000 .01904 .01818 .01741 .01671 .01608 .01550 
-66 01576 .01528 .01466 .01371 .01287 .01215 .01150 .01092 .01041 .00995 .00953 .00916 
.67 .00902 .00872 .00833 .00773 .00721 .00677 .00637 .00602 .00571 .00544 .00519 .00497 
.68 .00521 .00502 .00477 .00440 .00408 .00381 .00357 .00335 .00317 .00300 .00285 .00272 
.69 .00272 .00262 .00248 .00227 .00209 .00194 .00181 .00169 .00159 .00150 .00142 .00135 
.70 00147. .00141 .00133 .00121 .00111 .00102 .00095 .00088 .00083 .00078 .00073 .00069 
E7All 00081 .00077 .00073 .00066 .00060 .00055 .00051 .00047 .00044 .00041 .00039 .00037 
he .00044 .00041 .00039 .00035 .00032 .00029 .00026 .00024 .00023 .00021 .00020 .00019 
“7/83 00023 .00022 .00020 .00018 .00016 .00015 .00014 .00013 .00012 .00011 .00010 .00009 
74 00012 .00011 .00010-. .00009 .00008 .00007 .00007 .00006 .00006 .00005 .00005 .00005 
LS 00006 .00006 .00005 .00005 .00004 .00004 .00003 .00003 .00003 .00003 .00002 .00002 
.76 .00003 .00003 .00003 .00002 .00002 .00002 .00002 .00002 .00001 .00001 .00001 .00001 

Relative 
light 
output: .775 1.000 1.399 2.398 3.927 6.178 9.383 13.810 19.765 27.594 37.661 50.372 

\ max: 5825 .5820 .5805 .5785 52770 = .5755 ~—.5745 .5730 P5715) 25705) 5695) 5685 

82 Weaver, K. S., Journ. Opt. Soc. Amer., vol. 38, p. 278, 1949; vol. 40, p. 60, 1950. 
%3-Terrien, Journ. Opt. Soc. Amer., vol. 39, p. 888, 1949. 
* Platinum point. 
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TABLE 76.—BRIGHTNESS OF BLACKBODY, CROVA WAVELENGTH, 

MECHANICAL EQUIVALENT OF LIGHT, LUMINOUS INTENSITY, 

AND LUMINOUS EFFICIENCY OF BLACKBODY 

The values of the luminous intensity J in candles and the luminous flux F in lumens 
have been calculated using Planck’s equation and the values of the luminosity factors Ky 
given in Table 58. The basis of these values is the value of the Waidner-Burgess standard 
of light intensity. 

The following equation is used: 

= == fIAT) Kd, 

where Bo = 60 candles per cm’, T = 2042.16 °K, and m = the minimum mechanical equiva- 
lent of light expressed in watts per lumen. 

The radiation constants (Table 53) used in these calculations and the value given in the 
table as the brightness of the blackbody at this temperature (2042.16) give for the reciprocal 
of the mechanical equivalent of light 680 lumens per watt. 
radiated energy at about \ = 0.555 will give 680 lumens. 

White light has sometimes been defined as that emitted by a blackbody at a temperature 
of 6000 °K 

This means that 1 watt of 

The crova wavelength for a blackbody is that wavelength \., at which the spectral 
luminous intensity varies at the same rate as the total luminous intensity varies for a 
change in the temperature. 

Total Crova 
Temperature intensity Brightness wave- 

°K watts/cm? * candles/cm? Lumens/cm? Lumens/watt length 

1200 11.16 .0140 04 003s 
1400 21.79 245 Pd, 03s 
1600 37.18 2.145 6.74 18 
1700 47.38 5.28 16.57 ‘35 584u 
1800 59.55 11.78 37.00 62 
1900 73.92 24.23 76.11 1.03 
2000 90.76 46.47 1.460 « 10? 1.61 578 
2042.16 98.65 60.00 t 1.885 < 10? 1.91 
2200 1.3288 x 10? 1.439 « 10? 4.520 « 10° 3.40 
2500 2.2158 & 10? 5.628 & 10° 1.7679 * 108 7.98 572 
2700 3.0146 « 10? 1.186 10° 3.726 < 10° 12.36 
3000 4.5946 & 10? 3.021 x 10° 9.491 « 10° 20.7 568 
3500 8.5122 10? 1.031 x 10* 3.183 & 10° 37.4 564 
4000 1.4521 « 10° 2.525 <10* 793256107 54.6 562 
4500 2.3260 * 108 Spilbrs S< Ue 1.620 « 10° 69.7 560 
5000 3. oe x< 10° 9.164 & 10° 2.879 & 10° 81.2 558 
5500 5.190 10° 1.4705 x 10° 4.620 x 10° 89.0 557 
6000 Mg 3614 x 10° 2.186 < 10° 6.868 < 10° 93.4 556 
6500 1.0126 « 10* 3.065 & 10° 9.629 « 10° 95.1 555 
7000 1.3619  10* 4.103 x 10° 1.289 x 10° 94.6 955 
7500 1.7948 x 10 5.294 « 10° 1.663 x 10° 92.7 
8000 2 3234 x 10° 6.630 & 10° 2.083 « 10° 89.6 554 

10,000 5.6724 x 10 1.3221 x 10° 4.153 x 10° 73.2 

* Calculated, o = 5.6724 x 10-22, watts cm-* deg-4. 
+ Brightness, Waidner-Rurgess standard. See Table 69. 
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TABLE 77.—OPTICAL PYROMETER 97 

An optical pyrometer is a device for measuring the temperature of a high-temperature 
radiating body by comparing its brightness for a selected wavelength interval (within 
the visible spectrum to be sure) with that of some standard selected source. The wave- 
length, or wavelength interval, is generally selected by the use of a red glass in the eye- 
piece. This gives rise to the term effective wavelength. (See Table 562.) The effective 
wavelength of a monochromatic screen for a definite temperature interval has been defined 
as the wavelength for which the relative brightness, as calculated from Wien’s equation 
for this temperature interval, is the same as the ratio of the integral luminosities for these 
two temperatures, as measured through the red screen. 

Various devices are used to make these comparisons, and different devices have been 
used as the comparison source. It seems that most users of the optical pyrometer today 
prefer to use the disappearing-filament type, which has a small filament as the comparison 
source. 

The optical pyrometer as generally calibrated gives the true temperature of blackbodies 
but not of other radiators. If one radiating characteristic of any other radiator—e.g., its 
emissivity—is known, true temperatures can be determined of such radiators, e.g., an 
incandescent tungsten filament, by the use of the optical pyrometer. The emissivities of a 
number of sources are given in Table 78. 

The true temperature T of a non-blackbody may be determined from its brightness 
temperature, S, (the apparent temperature), and its emissivity e, from the following 
relation: 

1 1 _ Alogey 

TS Sym calorie 

For some calculated values see Table 79. 
This entire subject is extensively treated in “Temperature, Its Measurement and Con- 

trol,” a report of a symposium on this subject published by the Reinhold Publishing Co. 
in 1941 
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TABLES 78-84.—EMISSIVITIES OF A NUMBER OF MATERIALS 

TABLE 78.—NORMAL SPECTRAL EMISSIVITIES FOR SOME ELEMENTS 

AND ALLOYS 

The emissivity, spectral or total, of any non-blackbody shows the relation between the 
intensity of its radiation and that of the blackbody when both are at the same temperature. 
Spectral emissivities have been measured for a number of materials for different tempera- 
tures and different wavelength intervals and are shown in Part 1. 

Part 1.—At temperatures generally above 1000 °K # 

Room temperature values are given in a few instances where they, along with values at 
higher temperatures, form a connected series and where the values given for the higher | 
temperatures depend on those given for low temperatures. 

Emissivity 

Red Green Blue Remarks 
Temperature —— ee 

Material aK Ain“ ey Nin w ey Ain pw ey 

Garbon 2.5 foes: 1600 .66 89 
2500 66 84 

Copper eaensa. 1275 66 105 Solid 
1350 .66 120 Solid 
1375 66 150 Liquid 
1450 66 140 Liquid 
1500 .66 13 Liquid 

IRON, Se oeIrette sc 1000 .66 Al Solid 
1480-1500 = .65 By) Solid and liquid 

Kona weiss ence 1200 665 43 

Molybdenum .... 300 665  .420 467. ~— 425 
1300 1665) 2378 467 ~—.395 
2000 1605) 9-353 467 ~—.380 
2750 16052) 4332 467 ~—-.365 

Nickel scat *.. 1200-1650 .665 .375 535 .425 .460 .450 Solid 

Mantalumene eee 300 665 .493 467 ~— 565 
1400 665 442 467. ~—-«.505 
2100 665  .415 .467 ~—«.460 
2800 665  .390 467 See 

3 Worthing, A. G., Temperature radiation Cmissivitics and emittances, Temperature, Its Measure- 
ment and Control, p. 1184, Reinhold Publishing Co., 

Part 2.—Emissivity of a number of metals at their melting point ® 

(e, expressed in percent) 

eS isin A= .65u NESS hyn A= .65u 
——, 

Metal Solid Liquid Solid Liquid Metal Solid Liquid Solid Liquid 

Beryllium ..... 61 81 61 61 Niobiumiy oes: 61 Bs 49 40 
Chromium ..... 53 ae 39 39 Palladium .... 38 Be 33 37 
Cobalt! Ge sess: ae 46 36 37 Platinum ..... 38 se 33 38 
Gopper seas: 38 36 10 15 Rhodium ..... i A 29 30 
ES Ditinieeeeey eee < 30 55 38 SHMEP cocacecc <a39 <5 4 7 
Golder ret. ce <38 <38 14 22 IOC soces 36 a 36 40 
Inidtum) 4.02.4: a fe 30 As ihitaniamesseees 75 75 63 65 
Tonl vases a5 e SV/ 37 Wrantumesee ee 77 = 54 34 
Manganese .... .. Ae 59 59 Wanadiuml 5.5.8 20 oe 35 32 
Molybdenum ... .. ei 43 40 VAM Goa oc oe 35 35 
INuelcell eee 44 46 36 37 ZS COnUme eee se 32 30 

%5 International Critical Tables. 

(continued) 
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TABLE 78.—NORMAL SPECTRAL EMISSIVITIES FOR SOME ELEMENTS 

AND ALLOYS (concluded) 

Part 3.—Emissivities of tungsten ™ 

Tempera: 
ture 
OES 30u 38 

1200 .503 495 
1500 -502 492 
1800 .500 488 
2000 -498 485 
2200 .496 482 
2500 .493 477 
2600 492 476 
2700 491 475 
2800 .490 473 
2900 489 472 
3000 488 470 
3200 .486 468 
3400 .484 465 

-467 = 665 

482 452 
.476 445 
BAe, 439 
-469 435 
466 431 
462 425 
E400) ates 
459 421 
458 419 
456 417 
455 415 
sto 411 
450 407 

8 
-428 
422 
417 
414 
410 
405 
403 
401 
.399 
398 
-396 
Se 
388 

Wavelength 

1.5 1.8 

275 a Zi 
280 =«.191 
284 .206 
287, 9 22,09) 
290 =. 225 
295.240 
297, 245 
9 See ste 
299) -.254 
300 © .259 
302) -26-4 
2309) =2so 
008 §©=—.283 

Total 
—~ emis- 

A) 4.0 sivity 

36 Forsythe, W. E., and Adams, E. Q., Journ. Opt. Soc. .\mer., vol. 35, p. 108, 1945. 

For \ = 1.27 the spectral emissivity is constant and equals 0.335. 

Part 4.—Emissivities of some metals specia!ly prepared by heat-treating and 
out-gassing * 

Element Nin wp 

Ghromium —@... .66 
Gonaltiy, ie... 

INTCKe] ue erie 
Niobium ..... 

and Wright, Worthing, Fiske, Phys. R 

Emis- 
sivity 

334 
2327. 
342 
344 
325 
Sy) 
382 
SHV) 
374 

Tempera- 
ture 
a 

1050-1560 
1240-1378 
1378-1450 

below 1178 
1178-1677 
1677-1725 
1300-2100 
1200-1400 
1300-2200 

* Private communication from Wahlin, taken from data by Wahlin and Knop, L. V. Whitney, Wahlin 
ev. 

Element 

Palladium 

Platinum ... 
Rhodium 
Tantalum 
Thorium 
Tungsten . 
Uranium 

Tempera- 
Emis- ture 

Ain“ sivity °K 

311 1200-1400 
291 1200-1400 
295-.310 1200-1800 
242 1300-2000 
'439-.384 1200-2400 
380 1300-1700 

= 46 1200 2200 
-.. 6605 .453 1180-1320 

416 1325-1370 

TABLE 79.—CORRECTIONS IN °C TO ADD TO BRIGHTNESS TEMPERATURE 

READINGS, FOR DIFFERENT EMISSIVITY, TO OBTAIN THE 

TRUE TEMPERATURE * 

Pyrometer using red light, wavelength, \ = .665u, and cy = 14380u4 °K at observed 

Emis- 
sivity 1000 

10 119.2 
.20 80.4 
30 59.0 
40 44.2 
50 33.1 
60 24.2 
70 16.8 
80 10.4 
85 7.5 
.90 49 
95 2.4 

1200 
175.8 
LV? 
85.9 

temperatures degrees Kelvin, of 

1300 

208.9 
139.3 
101.4 
75.8 
56.5 
41.2 
28.5 
17.7 
12.6 
8.3 
4.0 

1400 1500 
245.3 285.1 
162.8 188.5 
118.3 136.7 
88.3 101.8 
65.8 75.8 
47.9 55.1 
33.1 38.0 
20.5 23.6 
14.9 17a 
9.6 11.0 
4.7 5 

1600 

12.6 
6.1 

1700 1800 

375.7 426.8 
246.2 278.4 
1777. 2009 
132.0 148.6 
98.0 110.2 
711 79.9 
49.0 55.1 
30.3 34.1 
22.0 24.7 
14.2 15.9 
6.9 7a 

* The values given in this table also give the correction for a window having a transmission given in 
column 1 for different temperatures of the source when this window is used between the source and the 
pyrometer. 
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TABLE 79.—CORRECTIONS IN °C TO ADD TO BRIGHTNESS TEMPERATURE 

READINGS, FOR DIFFERENT EMISSIVITY, TO OBTAIN THE 

TRUE TEMPERATURE (concluded) 

Pyrometer using red light, wavelength, \ = .665u. and co = 14380u °K at observed 
temperatures degrees Kelvin, of 

sivity 1900 2000 2200 2400 2600 2800 3000 3600 

10 481.9 541.2 673.0 823.9 9 0995:2) . 1189:5 204083: 122378 
.20 312.9 349.8 430.7 521.9 623.8 737.2 862.5 1317.6 
30 224.8 250.69). 3070. 937011 440.0 517.2 601.6 902.4 
40 166.3 185.2 226.1 271-7 330.4 377.0 436.9 648.0 
.50 123.2 137.0 166.9 200.0 236.4 276.1 319.2 469.6 
.60 89.3 99.2 120.6 144.2 170.1 198.3 228.9 334.6 
70 61.5 68.2 82.8 98.9 116.5 135.6 156.2 227.2 
.80 38.0 42.1 pial 60.9 71.6 83.3 95.9 138.9 
85 20, 30,5 37.0 44.1 51.8 60.2 69.2 100.1 
.90 17.7 19.7 23.8 28.4 33:3 38.7 44.5 64.2 
95 8.6 9:5 11.5 13.7 16.1 18.7 PANS) 31.0 

TABLE 80.—COMPUTATION OF TOTAL EMISSIVITY VALUES FOR VARIOUS 

GLASS SAMPLES AT LOW TEMPERATURES * 

Apparent 
emissivity * Computed Temperature Corrected 

Thick- — —“_, transmittance f differential £ emissivity 
ness 500 320 100 ee ——— —— 

Sample (mm) °C °C 2¢ 500 320 100 500 320 100 475. 320 100 

Fused quartz ..... SG) 78 = -BOPTPE7Se 266 2334" en023 19 § 207) VEO md 
Corex (WD) he ocisco.cck 3.40 .80 .80 .76 .113 .041 -002 49 18 2 91 .90 .83 
INGNEX iS .:6 dee use 1.57 .82 .82 78 .145 041 .004 31 12 15 .82 .87 .835 

Dissipating of energy by lamp bulbs.—The bulb of a 120-volt 500-watt lamp dissi- 
pates 18.5 percent of the input energy to the lamp. About 10 percent is lost by radiation 
and 8.5 percent by conduction and convection by the surrounding air. The losses from other 
similar lamp bulbs probably agree with this. 

8 Barnes, B. T., Forsythe, W. E., and Adams, E. Q. Journ. Opt. Soc. Amer., vol. 37, p. 804, 1947, 
* Assuming no radiation transmitted through sample from heater and no temperature gradient. 
+ Assuming all of sample at heater temperature. t Between front and back surfaces. 

TABLE 81.—RELATIVE EMISSIVITIES FOR TOTAL RADIATION 

Emissive power of blackbody = 1. Receiving surface platinum black at 25°C; oxidized 
at 600 + °C. 

Temperature, °C 

200 400 600 

Siero vi cpsgee Ye ose05:5 See sinks ODEs oo oe SRS .020 .030 038 
Platinume QU)... cco peetlsncauctehGbie ach ash. os. Shee .060 086 110 
Oxidizedezine ... tehasanccit need. Ta ons Re — 110 — 
Oxidizedkaluminumines.. sessee ooo eae 113 lS 3! 192 
Calonized, copper, oxidized sa 50. ..4 a... .. aes .180 185 .190 
SCASEMTOMNY tie; «0% Sade « as REM Re OR oe .210 — — 
Oxidized ymekel ase. od ageGe bale » <a be « «ss Se BR 369 424 478 
Oxidizedamonel cs... Meee los sf Bh sooo eee 411 .439 463 
@alorized: steel; oxidized 0.4.66 54. «05 Bae oo. SRR nyt 547 570 
Oxidized jcopper’ = any. «\. ... gore does Bde os 6 eRe .568 568 568 
OxidizedUDrass 242 ade os ands oe des eae cs eae 610 600 589 
@xidizediglead |. scx tees «ic wicdict «tthe oP Aele nee See 631 — —_— 
Oxadizedgeast irons... donc ee Oe 643 710 UL 
Oxidizedisteel i. cap) .achecet co sti nora see 790 788 787 

For radiation properties of bodies at temperatures so low that the radiations of wave- 
length greater than 20% or thereabouts are important, doubt must exist because of the 
possible and perhaps probable lack of blackness of the receiving body to radiations of those 
wavelengths or greater. For instance, see Tables 568 and 573 for the trarisparency of soot. 
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TABLE 82.—TOTAL EMISSIVITY VALUES OF VARIOUS MATERIALS AT 

LOW TEMPERATURES * 

Material Condition At 100°C 320°C 500°C 

Alleghany alloy No. 66......... Polished slil 
Alllegivanyaretalla ene teieser eee oe No. 4 polish lS 
ANTM BT GOMES tO EE Se Pose RaE Commercial sheet 09 
LNT 25 gaan 65 bo og onde ooGe Polish 095 
PA inning ea kere eee Rough polish 18 
AICI ePallity earpaefeyee eos | soe 29 
BGasSe pane Stree Pee ee Polished 059 
Ga DOM eae segs evelcvatisl sions eet Rough plate Ha 77 WE 
Carbon eraphitizedie.. 4. -e ee Rough plate 76 5 71 
Glamis ger ysraporcpsroelcverore/ocefeterere . Polished 075 
Copper 2. seeks os oaks one aoe Polished 052 
Coppersnickell 20th... see. Polished 059 
Die OM er ge tor ea ieteraternch rer dovecie Peearers Dark gray surface Sil 
Trompe en Page h cos ere Pome es Roughly polished 27 
mampablackewre, seacis:.icn wa eee Rough deposit 84 78 
Molybdenum saeraeecisceeeccicnc Polished 071 
ING Kelis 24 54 OM So Gx Ser gr ee eee Polished 072 
INickel-silver, sacae0occreoc ees Polished 135 
Inevehenwore jovi, WEY saogououee  ocdcoae 84 
MAGIAtOn Palit DEONZe we nacceecn sees sl 
Radiatompaintacnean eases ase an an oan Ag) 
Radiator paintywitites ~sasdon-n se one se ee: 79 
Silveiger ace ee een Polished 052 
Staimlessisteel), vy sctscneircce toe Polished 074 
Stecleeee ith torn averenye Polished .066 
MSA ce eI css cee Polished 069 
Whi Terese tenn coe hee ocrsieeenr es Commercial coat 084 
SUNS Sten: <ccecc- AOS rev tes Pre ets Polished coat 066 
Z ANC EY RO SM Sas 5m G9 AS Commercial coat 21 

* For reference, see footnote 38, p. 100. 

TABLE 83.—PERCENTAGE EMISSIVITIES OF METALS AND OXIDES 

True temperature °C 500 600 700 800 900 1000 1100 1200 

60 FeO.40 FeO; Total 85 85 86 87 87 88 88 89 
= Fe heated 
bald Eli papoieraweeiaoe. N= O50 — — — 98 97 95 93 92 

INI OFF. Sree. set os Total — 54 62 68 Ve, aS 81 86 
Ree See AE an, N= on = = 98 96 94 92 88 87 

Platinum: 

True temp. °C... 0 100 200 300 400 500 750 1000 1200 1400 1600 1700 
App.* temp. °C... — — — ~—~ ~— —~— — 486 630 780 930 1005 
Total emiss: "Pt. SI 40-51 36.1 67.08.00 10.3. 12.4 10m ib Seleoeazs 

Liquid © Ga Sago Ss = Azer st — 169 

* As observed with total radiation pyrometer sighted on the platinum. 

TABLE 84.—TOTAL RADIATION FROM BARE AND SOOT-COVERED NICKEL * 

(watts /cm?) 

°K 400 500 600 700 800 900 1000 1200 1400 

Soot-covered Ni ........ 096 .28 59 1.87 3 3 4.8 
Polished Ni initial heat.. .0092 .032 .079 .166 31 55 91 217 4.49 

« «after above x (7.0066™ 2.023 058 © 123 24 44°94 -76 204 4490 

8° Barnes, Phys. Rev., vol. 34, p. 1026, 1929. 
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TABLES 85-102—CHARACTERISTICS OF SOME LIGHT-SOURCE 
MATERIALS, AND SOME LIGHT SOURCES 
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TABLE 86.—RADIATION AND OTHER PROPERTIES OF TANTALUM * 

Emissivity 

a6 665 4634 

300 493 56 
1000 459 £52 
1200 450 51 
1400 442 50 
1600 434 49 
1800 426 48 
2000 418 47 
2200 411 46 
2400 404 45 
2600 397 44 
2800 390 a5 
3000 384 
3300 mp _—_.375 

41 Worthing, A. G., Phys. Rev., vol. 28, p. 190, 1926. 

Temperature Resis- 
tivity 

Radia p-ohm- 
Color tion cm 

ake oiKS 

1642 1062 67.6 
1859 1222 74.1 
2075 1390 80.5 
2288 1556 86.9 
2497 1730 92.9 
2705 1901 99.1 

105.0 

Radia- 
tion 
watt/ 
cm? 

Total 

CMSs 
sivity 

.194 
-213 
.232 
251 
.269 
.287 
304 

TABLE 87.—RADIATION AND OTHER PROPERTIES OF MOLYBDENUM * 

Emissivity 

wie -665u 475 

273 420 425 
1000 390 403 
1400 RYE 393 
1600 367 388 
1800 360 383 
2000 353 379 
2200 347 375 
2400 341 371 
2600 336 368 
2800 331 365 
2895 328 .363 

Temperature 

Color 

Ks 

1004 
1411 
1616 
1823 
2032 
2244 
2456 
2672 
2891 
2997 

* For reference, see footnote 41, above. 

Radia- 
tion 

O< 

557 
864 

1024 
1187 
1354 
1523 
1693 
1866 
2039 
2122 

> 

CONINIDAUMP RW ee ee Ne) a lieg Caos PL DONNEOHNOH 

Radia- 
Bright- tion 
ness in- 

normally tensity 
candles/ watts/ 

cm? cm? 

.0001 55 

.089 3.18 
765 6.30 

4.13 NES 
15.9 19.2 
48.5 30.7 

123 47.0 
270 69.5 
540 98 
730 116 

Lumi- 
nous 

efficiency 
lumens/ 

watt 

TABLE 88.—RELATION BETWEEN BRIGHTNESS TEMPERATURE AND 

COLOR TEMPERATURE FOR VARIOUS SUBSTANCES 

Brightness 
tempera- Untreated 

ture carbon 

1400°K 1414 
1500 1515 
1600 1616 
1700 1718 
1800 1820 
1900 1923 
2000 2028 
2200 2240 
2400 SES 
2600 
3000 

SMITHSONIAN PHYSICAL TABLES 

Corresponding color temperature for— 

Platinum 

1568°K 
1692 
1821 
1952 
2086 

Nernst 
glower 

1538 
1642 
1747 
1852 
1954 
2053 
2146 
2310 

Osmium 

1444 
1562 
1680 
1799 
1919 
2045 
2168 
2427 
2688 

(a 

Tantalum 

1507 
1631 
1758 
1883 
2010 
2137 
2265 
2500 
2785 

Tungsten 

1492 
1607 
1723 
1841 
1961 
2082 
2206 
2457 
2718 
2988 
3564 
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TABLE 89.—COLOR MINUS BRIGHTNESS TEMPERATURE FOR CARBON 

Brightness temp. °K.... 1600° 1700° 1800° 1900° 2000° 2100° 2200° 
Color—brightness ..... 2 7 12 16 22 28 33 

TABLE 90.—RELATIVE BLUE BRIGHTNESS, B, AND BRIGHTNESS IN 
CANDLES PER CM? C, OF SOME INCANDESCENT OXIDES AT 
VARIOUS RED (0.665.) BRIGHTNESS TEMPERATURES, S, 

Se 1500 1700 1800 1900 2000 

Material B (G B G B E B GS B G 

Blackbod yagi ccs... debe sss os 026-291 Zhe 5.3 -ce/A~ 12,0 1.80 24.0) 6 39 
Munesten (eee... 54.2 Tfeh sce so 038 ap84 .4igie 59 ALIT 14 3.27 33 6.3 74 
Wrania, gas air and oxy-gas. 445) 028 POZ  -3itee 6:6) pe84 1/5) 95210) 485 4.578 
Ceria, pure: Oxy-gas......... 035 @l08 32: 666.3) Sa83" t14> — 1:02 San 40 62 

FEUOWRE TE cc aSece tne 032, 104 .3Z2 7.1 eSB OF 2:0 AD 40 88 
BROW.) So) wasteatce 033i 1c15 ) 30) (67 eeSseelon  168e83s 3.5 68 

Oxides of Ce group: Oxy-gas. .031 97 34 63 .92 14 23 33 5.0 71 
Neodymia: Oxy-gas ......... OVA. EIA TSS IOS EER MUG SA Ss 5.0 64 
Lanthana : ee he wits eine 08S TI "34 Go oo lo 2 8 45 64 
Erbia: ees yo ee 047 1-71, 45: - 38:1 OV aelG: «27a 33 5.6163 
Witiias piuncs.| Oxy-ease eee UGZeevlel Sis -Olun -7Z-SinleOOm li7amno OMmSe ESOS 

Sopuressis 3o.eaRee (047 7 A.20'5 4465. 23) 6119516) ya 28... 36 5D 75 
Zirconia WOxy-gas hc. ..86 5 oss O58). 7de0re55 0 23:6r 14S 83 ue sse Gels 7.0 30 
Thoria: AIRE A UTES He 2 033" 1.44" 56 — 7-5 140-16" of 32 6.3 63 
Alumina: en eee 076 1:45 87" 94 25 22° 6) (49 A3Ge 03 
Beryllia : ia ere 086,_~1:62-. 99 DT 2B 22, = O19 a9 slo 04 
Magnesia: Bah saey bia ee 2 2:4 213 MONZA *22> GaSiommess) 10279 
Whoa le ceria: (Oxy-gas... 0788945 = .70, 8:6. al Wesrat ads 8.4 90 

1% urania: eects. 2069" 1:33: 67 18 5P R77 = SOU we 451, 744 8.7 93 
trace urania: “ ..., .059 1.33 .68. 8:3: -h93< 19. 48: “44m close 93 
igeneodymig: “- ose 04605543. 4325 71 Ad. 15ee 2:6) 929 55 = 56 
ia Mnoxiaes: “8 “ge L035 13 377, Gl Sr Ol «see 4) Es 5:3 856 

TABLE 91—COLOR TEMPERATURE, BRIGHTNESS TEMPERATURE, AND 
BRIGHTNESS OF VARIOUS ILLUMINANTS 

Brightness 
Source Te S(\ = .665) c/cm? 

Gas flame: 
IB ES Wall Geece ton oxcies eco sree 2160 
Candle shape about 10 cm high.... 1875 

Reiner asa whiolesat. vs ces haa once 1880 
Candle: 

Sperm y £4242: an teres 1930 
Paral tere eg era os cnn ane as 1925 

pentane Msc pestd:. 0.2.6 ses ee oe see ec 1920 
Kerosene: 

Plat ‘wick, «. <2. eaeaala 2055 1500 1.27 
Round wicks... petro eon n 1920 1530 1.51 

AUwPCu CAnDOMayatas.« syste ee ce cistern 2080 2030 54.9 
Sliwpe treated carbonas/......-ske:-- 2165 2065 70.6 
QISE WDC: SOME Fis sicc 6 SNF wc << 2195 2130 78.1 
ZW DC OSMIUM EA 2.0.0 6 SB ooo REE oe 2185 2035 60.8 
Zawpetantalunmices... sets oo. Beet ee 2260 2000 53.1 
Acetylene as a whole................. 2380 

One: SPOte x4 occ: RAMs osc oo ahaa 2465 1660 6.69 
Mieesiburner.... 5426... <5 oe eO oe 2360 1730 10.8 

125 wpe tumesten. ... S6Ah..0. .0 Rene: 2400 2150 125 
a8 WCE NGRMSEs svic.c MRNMoins on 6 aan ee 2400 2320 258 
un: 

Outside’ atmosphere ........-...- 6500 224000 
Ataecanthisustntacen aoe ace ereee 5600 165000 

Glear tsk deseo ics 6 ve 0s Sissies eaten eine 4 
IMO OT OAR Reis oc are sis eumereiis me oe Rite 4 
Wrelsbachwmantlemsansmoriieiacae cme: a ee 9. 
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TABLE 92.—CHARACTERISTICS OF SOME CARBON ARCS * 105 

Low intensity and high intensity carbon arcs 

Arc f Lumens per 
Positive carbon Amperes volts arc watt 

Low-intensity carbons 
10 mm low intensity.......... 20 55 14.9 
1 a a a |) Sor eathere eebiGae 32 55 15.7 
Vie, ot. oon 40 55 16.3 

High-intensity projection carbons 
Guten SSrypyise yes oda no coo0e 40 37 28.6 

% I anit ARIE 50 37 29.7 
fe pene Bon eRe et tens ic 70 40 34.6 
9 “ rotating positive ...... 85 58 26.4 

AL Keto i; pee Seton 115 55 3225 
S!Ole = ae reer 125 68 27.0 
aa ee 150 78 35.0 
she ,. ed ec ruaters 170 75 33.6 

NG is aed aot 225 75 32.2 
High-intensity searchlight carbons 

10 mm rotating positive...... 100 75 325 
eae S Leanne rap me nie 120 75 33.0 
Ike * cee acs 150 78 32.0 
Gis ss Al onc 195 90 31.5 

Vertical trim ac and dc flame arcs 
Carbons 

Are Upper Lumens per 
Upper Lower Amperes volts polarity arc watt 

4” WE n” WE + 

Photo + Photo + 40 55 ac — 39 
" - 40 55 dc + 55 
i ¢ 40 55 dc _— 50 

S$” 2F 8 ce 40 55 dc —_ 44 

Alternating-current high-intensity carbon arcs 
Are Lumens per 

Carbon Amperes volts arc watt 

7mm 65 26 ac 60.5 
8mm 80 29 ac 61.5 
9mm 95 26 ac 68.5 

* Data furnished by W. W. Lozier of National Carbon Co. ¥ All direct-current power. t ‘‘Na- 
tional’”’ white flame photographic carbons, rare earth cored. § ‘“‘National’’ 2F carbon, neutral cored. 

TABLE 93.—EFFICIENCIES OF SOME EARLY INCANDESCENT LAMPS OF 

ABOUT 60-WATT SIZE *” 

Lumens 
per watt Life 

Edisonisteanly, carbontlampseeanin- tas. -sc eines «+ 1.8 600 hr 
direatedycanbonwidampuass« tiie -o sacias oe eens 3.2 600 
Genel arrive scctesees Sass Oa ees os, even eee oe ake 4.0 600 
INGMIEE OSe. Sacer AS oo cee ne orid dob cn aenee 5.0 600 
Mantalumbplar pyevvasw kee + gisieis Saree tikes cosa eae aye Sido 49 900 
(Olsrankihany) Evritoseenaee a cee coo tina oe De BUR ec dniccs ames 4.9 
angstenslamipa Gl GO7)ReM. ernoce ce gee Soe ste erties ees 7.8 1,000 
M@ungsten! lamp: (1949) icotled"coil-3..->as..eoee eens. 14.0 1,000 

42 Forsythe, W. E., and Adams, E. Q., Bull. Denison Sci. Lab., vol. 32, p. 70, 1937. 
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TABLE 94.—INCREASE IN TUNGSTEN LAMP EFFICIENCY OVER A 

Lamp 

100-watt squirted filament 
100-watt drawn wire 
100-watt drawn wire 
100-watt gas-filled 
100-watt gas-filled 
100-watt gas-filled 
100-watt gas-filled * 
100-watt gas-filled * coiled coil............. 

* 750 hours life. 

PERIOD OF YEARS 

Date 
measured 

Ce 

S50 601 ~ ete'l¢) als, «jp © .el:e)ieke) a ecele 

CeO OC ‘C.tS en ceo On ppchch Cesc) 

Bile a) a) 8 ive \a( (eke) ee! eve 0) fe se: e)18) 61.6 

© dl 6 «0-0 ehaiie, (0 see (0 afeleie ietuke ce: 

t Vacuum lamps. 

Temperature 
°K 

Efficiency 
in lumens 
per watt 

8.8 

TABLE 95.—TEMPERATURE AND EFFICIENCY OF SOME TUNGSTEN- 

Lamp watts 

64 

60 coiled coil 
100 coiled coil 
500 

1000 
1500 

Lamp 

Street series 

CX 

Studio or airport 
lighting 

Floodlight 

Monoplane 

Biplane 

Coiled coil 
4 seg. 
3 seg. 
3 seg. 

Photoflood 
No.1 
R2 
4 

10 kw. 
50 kw. 

* Data furnished by W. E. 
values furnished by W. H. Fisher, Nela Park. 
perature at junction of base and bulb. 
® Color temperature. 

FILAMENT LAMPS * 

General service 
Max. bare 

bulb ¢ 
Temperature Temp. 

Life (hrs) lpw °K Ae 

1500 6.9 2400 34 
1000 10.5 2585 43 
1000 11.9 2750 127 
1000 14.0 2770 122 
750 16.3 2850 127 

1000 20.3 2940 198 
1000 21.0 3000 
1000 22.0 3050 

Life Temp. 
Volts Current Watts (hrs) Lumens Ipw °K 

6.6 2000 1000 16.0 2870 
6.6 2000 6000 19.2 2940 

20.0 2000 6000 20.1 2995 
20.0 2000 15,000 21.0 3010 

120 60 500 13.6 2840 
120 500 500 21.8 3030 

120 5000 75 32.7 3350 * 
120 10,000 75 SAT) 3350 * 

120 500 800 17.6 2925 
120 1500 800 20.8 3170 

Projection lamps 
Area | 

120 151 500 50 =: 13,250 26.5 3270 * 

120 65 500 25 26.0 3270 * 
120 135 1000 25 27.6 3360 * 

120 19 50 50 790 15.8 2920 
120 41 100 50 1850 19.2 2950 
120 55 200 50 4240 INA 2985 

Photographic lamps 

120 250 2 8650 3430 * 
120 500 6 3350 * 
120 1000 10 33,500 3410 * 

Two large lamps (monoplane) 

120 23.3 10,000 280,000 28 3300 
120 416 50,000 1,400,000 28 3300 

|| Area of coil in mm?, 

(continued) 
SMITHSONIAN PHYSICAL TABLES 

Forsythe and E. M. Watson, of the General Electric Co. 
t Vacuum lamps, all others are gas-filled. 

4 Candlepower in direction used. 

Candle- 
power J 

1545 

1700 
4045 

80 
185 
390 

33,000 
166,000 

t These 
§ Tem- 
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TABLE 95..—TEMPERATURE AND EFFICIENCY OF SOME TUNGSTEN- 

Lamp 

Sewing machine .. 
Sign (clear) 
Photocell exciter.. 

Lamp 

Flashlight PR2 
Flashlight PR3 
Flashlight 136 
Plashlight) dl) eeese eee 
Hand lantern 248 
BilashlightsO05m ma. teee 
Radio Panel No. 44...... 
Grain-o-wheat surgical 
Christmas tree 

Ca COMCny Cty) 

CC) Ch OsCaCy Cn 

Rear, instrument bd. ..... 
Step, aux. headlight - 
Dome, panel 
Signal 
Dome, panel 

FILAMENT LAMPS (concluded) 

Lamp for type B Kodachrome 

Life 
Current Watts (hr) Lumens 

500 60 13,300 
1500 100 41,000 
5000 150 138,000 

Some small lamps 

122 
80 

1000 
1600 
680 
160 
30 

Candle 
Volts power 

baa. . pte) 80 
hive We Oe 1255 
ete? 125 19 
en) 10815 2.15 
eee ANI) 1.45 
joo ORNS 4.2 
se 6 OMS 60 
2S Shs .028 
sno Al) 4.7 

Automobile lamps 

a, 685. 2.9 
eee isis 2.9 
¥, 2269 6.3 
ioe Oe 14.4 
ore el oe 6.3 

Ipw 

OON on 

Watts per 
spherical 
candle 

1.45 

Temp. Candle- 
eK power J 

3200 * 
3200 * 
3200 * 

2345 * 
2400 * 
3100 * 
3100 * 
3200 * 
2660 * 
2935." 

Temp: 

2735 
2770 
2550 
2745 
2620 
3030 
2400 
2115 
2625 

2820 
2810 
2915 
2980 
2870 

TABLE 96.—SOME CHARACTERISTICS OF FLUORESCENT CHEMICALS * 

Phosphor 

Calcium tungstate ...... 
Magnesium tungstate ... 
Zineesilicates: aes 
Calcium halophosphates. . 
Cadmium silicate 
Cadmium borate 
oe BaSi.Os with 

sere eee 

Calcium phosphate with 
Ce and M ey 

* Data furnished by H. C. Froelich, of Nela Park. 

SMITHSONIAN PHYSICAL TABLES 

Exciting Sensitivity 
Lamp range,{ peak, 
color A A 

blue 2200-3000 2720 
blue-white 2200-3200 2850 
green 2200-2960 2537 
white 2000-2600 2500 
yellow-pink 2200-3200 2400 
pink 2200-3600 2500 

blue ultra 2200-2700 2500 

red 2200-3400 3130 

Emitted 
range, 

ix 

3100-7000 
3600-7200 
4600-6400 
3500-6800 
4800-7400 
5200-7500 

3100-4100 

5600-8100 
plus UV 

Emitted 
peak, 
A 

5250 
4800, 5800 
5950 
6150 

3500 

6500 

+ 2200 A was lower limit of measurements. 
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110 TABLE 99.—CHARACTERISTICS OF SOME FLUORESCENT LAMPS * 

Dimensions, electrical data 

in 15 40 40 
Nominal lamp 

watts: f “sie... 4 6 8 13 14 (T-8) (T-12) 20 25 30 (T-12) (T-17) 85 100 

Nom. length { EL6" 9” 12” PA le 15% 18” 18” 24” Sia 3 Gr 48” 60” 60” 60” 
Diameter ........ g” 5” g” g” 1? 1 ib 14” 1 iW 1 14” 24” Die ap 

Bulb) i.c4ue tests edie y De St-5e lO gedit) eee Dl allie wi-l2e Sat eel a) nal Z ize alta, 
Mamprampsisees Glzon 145) 16 .16 53955 ol .33 .36 252 2355) 42 -40 1.6 1.50 
Lamp volta § 36 48 57 100 38 55 46 59 53 98 106 110 57 a 

Lumen output and brightness—4500 white lamps || 

WAUNENS) Shrsiiessiscecc.s ote 200 310 545 460 585 555 860 1380 2100 2100 4000 4000 
Lumens/watt .......... 33 39 42 33 39 37 43 46 53 53 47 40 
Brightness: 
Footlamberts ......... 2500 2770 2520 1310 1980 1250 1360 2120 1610 920 1760 1760 
Gandles/int2e 05 ao. 5.5 6.1 5.6 2.9 4.4 2.8 3.0 af 3.6 2.0 3.9 4) 

4500 white slimline lamps for multiple operation 

Nominal Lamp Nominal Rec. min. Footlamberts Lumen 
length, Dim. current, lamp Lamp starting an output 
inches inches Bulb a watts volts voltage (candles/in.?) and Ipw 

42 i T-6 120 18 175 450 1570(3.5) 990(55) 
200 25 150 2090 (4.7) 1320(53) 
300 33 130 2570(5.7) 1620(49) 

64 q T-6 120 27.5 270 600 1580(3.5) 1570(57) 
200 39 230 2170(4.8) 2150(55) 
300 Si 200 2620(5.8) 2600(57) 

72 1 T-8 120 26 240 600 1200(2.7) 1590(61) 
200 38 220 1700(3.8) 2250(59) 
300 51 200 2200(4.9) 2850(56) 

96 1 T-8 120 34 320 750 1200(2.7) 2100(62) 
200 51 295 1700(3.8) 3050(60) 
300 69 265 2200(4.9) 3950(57) 

* Data taken from reports by General Electric Lamp Department and from reports 
Products. 
holders. 

+ Add auxiliary watts for total. 
§ Approximate. || See Table 96. 

~N 
by Sylvania Electric 

ominal length includes the lamp and two standard lamp- 

TABLE 100.—CHARACTERISTICS* OF TYPICAL PHOTOFLASH LAMPS 

og s z 3 

a g 2 5 8 ¢ ‘ 3 
a ol Re s 4 & a=) 2 as} on 

S : Bu oh ek Se een Bas 
a 0.09 3 ot ae selieks —=& so “Sh be 
E Eg Se fs wee SS 9 eens a Gs E 
5 ae > a Se ee = rai eee a Ps 

Bast. cscs SM 3 6 7 4.7% 908 3300 Bill 23 S.S.Bay 
SF 3-9 6 5 5.0 .80 3400 B12 2% S.C.Bay 

Medtumij) ce 5 3 21 13 16 12 3800 =B1l 23 S.C.Bay 
Press 25 3-9 20 14 20 125 - 4000 2 = B12 2% S.C.Bay 
0 3125.20 14 20 elZ 4000 $13 34% Medium 
11 3 21 13) 30) es 3800 Al5 4 Medium 
Press 40 3-125 20 17. 30) «16 4000 <Ajl5 348 Medium 
22 3=125 meee 14 63 £40 3800 Al9 5 Medium 
2 3-125 20 18, 62) 73:0 4000 Al9 43 #£=Medium 

Slows 23 tee 50 3-125 30 Wi Oy Ee 3800 =6.A21 53 Medium 
3 3-125 30 18 #110 520 4000 A23 63 Medium 

Focal plane ..... 6 3 ae 30 16 62, 38008 Bil 23 S.C.Bay 
26:7." Ba Bn ce: 24 »=15 .60 3800 5 ee Peay cere ae 
31 3 SS aa 1.5 3800 A2l1 5% Medium 
2A 3-9 64. 77, 10 4000 + @A2il 5% Medium 

Blue for color 
photography .. 5B 21% 13 75 §.5528.6000>e B11 28 S.C.Bay 

Press25B 3-9 20 14 8.0 50 6000 #£~#&B12 2%  S.C.Bay 
TUBES we”. 21 14 130 .82 #6000 Fess ba) Sea 
Press 40B_..... 20ie i727. 14 75 6000 se CA ee 
22B 3-125 © 21 14; 29% es 6000 A119 5 Medium 
2B 3-125 20 18 28 1.35 6000 <Al19 42- Medium 
50B 3-125 30 17,2 43R5 92:3 6000 + @6A2i1 5% Medium 
3B 3-125 30 18: 2%. 50k 23255 £6000) ce AZ3 6$ Medium 

* The data given for the light and time characteristics and for the color temperature of the lamps are average 
values for a large number of lamps. Individual lamps may differ considerably from these averages. Prepared 
by Adelaide Easley, General Electric Lamp Division. t Milliseconds. $x 108. § x 10° 
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TABLE 101.—PHYSICAL AND ELECTRICAL CHARACTERISTICS OF FLASHTUBES 

AND FLASHLAMPS DESIGNED PRIMARILY FOR PHOTOGRAPHIC APPLICATIONS 

Approx. helical 
source dimen. af 2 

2 = 2 

z 5 . =) re) be 
n J A= ‘Oo Ae) 

= 6 E Shia ee =e 
Bil-Z210;.e5 0-10, TEs Octal 3=Pin 14” 18” 2,000 
FT-214..-T-12} — Giant 5-Pin. 14 13 2000 
FT-220.. PAR-46 3-Scr. Term. 14 12 2,000 
FT-403.. T-18 IF Large 3-Pin 1g 22 2,000 
Bel-503 ele le  Warees-bin lg 23 4, ,000 

Maximum 
Flash Bulb energy input 
lamps ¢ diameter Base watt-sec. 

St 1” 4Pin 100 
ASW 4 tO. crak 2k 4 Pin 600 
OSNGerae ase 14 5 Pin 200 
SoIDOIML ag eaooe aieer 14 5 Pin 300 
RE Are ih 5 pe cnet ea eae A Special 1000 2000-2850 Z: 

: E 4255 
Sy ee me eee 
J. G& Xi we eT Mee 
SW Ome Wn ONY 

xon Bones WES 
2e2 Egeds Ebse 
200 7,000 25.0 
200 7,000 25.0 
200 7,000 25.0 
480 18,000 45.0 

2,000 * 100,000 150.0 

Light duration 
Volts milli-sec 

2250-2850 .09- .19 
+ 5 .27- 7 
900-1000 WY 

2000-2500 12- .6 
-4, 

* Data furnished by L. R. Benjamin, General Electric Co., Nela Park, Cleveland, Ohio. 
mately 0.5 millihenry of inductance in series with each 100 microfarads of capacity. 
circular of Amglo Corporation, Chicago, Ill. 

BER EES 
xO? Zot 
Bas 53: e238 522 
300 200 
300 ©6200 
300 200 
475 350 
700 550 

Peak 
lumens 

40 million 
62 
30 
45 
35 

TABLE 102.—COLOR OF LIGHT EMITTED BY VARIOUS SOURCES 

Color, 
percent 

Source white Hue 

Sunlighitys bysc.o0 «caret sis ce ono oka 100 — 
Average clear sky..:....... se 60 472 
Standardveandle s24%5.,... 4. ar 13 593 
einenplamp! oe .cteeh «s..0.«6 0. ees 14 593 
Bentaneglampys.ceeh «os © +t 15 592 
Tungsten glow lamp, 1.25 wpc. 35 588 
Carbon glow lamp, 3.8 wpc.... 25 592 
Nernst glower, 1.50 wpc....... 31 587 
N-filled tungsten, 1.00 wpc..... 34 586 
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Source 

N-filled tungsten, .50 wpc.... 
N-filled tungsten, .35 wpc.... 
Mercury vapor arc 
Helium tube 
Neon tube 
Crater of carbon arc, 1.8 amp.. 
Crater of carbon arc, 3.2 amp.. 
Crater of carbon arc, 5.0 amp.. 
Acetylene flame (flat) 

ey 

Ce 

+ With approxi- 
} Data taken from 
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TABLES 103-110.—COOLING BY RADIATION AND CONVECTION 

TABLE 103.—AT ORDINARY 

PRESSURES 

According to McFarlane the rate of loss of 
heat by a sphere placed in the center of a 
spherical enclosure which has a_ blackened 
surface, and is kept at a constant temperature 
of about 14° C, can be expressed by the 
equations 

e = .000238 + 3.06 X 10°t — 2.6 x 10°*??’, 

when the surface of the sphere is blackened, or 

e = .000168 + 1.98 « 10°°t — 1.7 & 10°*#’, 

when the surface is that of polished copper. 
In these equations, e is the amount of heat 
lost in cgs units, that is, the quantity of heat, 
small calories, radiated per second per square 
centimeter of surface of the sphere, per de- 
gree difference of temperature ¢, and ¢ is the 
difference of temperature between the sphere 
and the enclosure. The medium through 
which the heat passed was moist air. The 
following table gives the results. 

Differ- 
ence of Value of e 
temper- FF 
ature Polished Blackened 

t surface surface Ratio 

5 .000178 .000252 707 
10 .000186 .000266 .699 
15 .000193 .000279 .692 
20 .000201 .000289 695 
25 .000207 .000298 .694 
30 .000212 .000306 693 
$5) .000217 .000313 .693 
40 .000220 .000319 693 
45 .000223 .000323 690 
50 .000225 .000326 .690 
55 .000226 .000328 690 
60 .000226 .000328 .690 
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TABLE 104.—AT DIFFERENT 

PRESSURES 

Experiments made in Tait’s Labora- 
tory show the effect of pressure of the 
enclosed air on the rate of loss of heat. 
In this case the air was dry and the 
enclosure kept at about 8°C. 

Polished surface Blackened surface 
a SSS (SSeS SSS 

t et t et 

Pressure 76 cmHg 

63.8 .00987 61.2 01746 
57.1 .00862 50.2 01360 
50.5 .00736 41.6 .01078 
44.8 .00628 34.4 .00860 
40.5 .00562 273 .00640 
34.2 00438 20.5 00455 
29.6 .00378 oo _ 
72S) .00278 — — 
18.6 .00210 — — 

Pressure 10.2 cmHg 

67.8 .00492 62.5 .01298 
61.1 00433 57.5 .01158 
55 .00383 53.2 .01048 
49.7 .00340 47.5 .00898 
44.9 .00302 43.0 .00791 
40.8 .00268 28.5 .00490 

Pressure 1 cmHg 

65 .00388 62.5 01182 
60 .00355 57.5 .01074 
50 .00286 54.2 .01003 
40 .00219 41.7 .00726 
30 .00157 37.5 .00639 
23.5 .00124 34.0 .00569 
— — 27A5 .00446 
_— _ 24.2 .00391 
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TABLE 105.—COOLING OF PLATINUM WIRE IN COPPER ENVELOPE 

Bottomley gives for the radiation of a bright platinum wire to a copper envelope when 
the space between is at the highest vacuum attainable the following numbers: 

t = 408° C, et = 378.8 & 10%, temperature of enclosure 16° C. 

i= SOS iG ven— 7 e0Nl al On s 4 I? {C 

It was found at this degree of exhaustion that considerable relative change of the vacuum 
produced very small change of the radiating power. The curve of relation between degree 
of vacuum and radiation becomes asymptotic for high exhaustions. The following table 
illustrates the variation of radiation with pressure of air in enclosure. 

Temp. of enclosure 16° C, t = 408° C Temp. of enclosure 17° C, t= 505° C 
ae ee 

Pressure in mm et Pressure in mm et 

740. 8137.0 « 10°* 094 1688.0 « 10° 
440. 79 7TEORe 1053 125510) 
140. 1875.00 es 034 2600 
42. 759 10F a 013 920.4 “ 
4, 6036.0 “ .0046 Bsa = 
444 2083105 a .00052 1074. = 
.070 1045.0 “ .00019 746.4 “ 
034 ees Lowest reached 726.1 
.012 539 2a but not measured 7 
0051 436.4 “ 
.00007 3/8:00) 

TABLE 106.—EFFECT OF PRESSURE ON LOSS OF HEAT AT DIFFERENT 

TEMPERATURES 

The temperature of the enclosure was about 15°C. The numbers give the total 
radiation in calories per square centimeter per second. 

Pressure in mmHg 

Temp. of About 
wire in °C 10.0 1.0 25 .025 lu 

100 14 ul 05 O01 005 
200 Sill 24 stil 02 0055 
300 .50 38 18 04 0105 
400 75 53 25 07 025 
500 — 69 33 13 055 
600 — 85 45 23 alls} 
700 -- — — ou! 24 
800 — — —- 56 40 
900 — — — oa 61 

Note.—An interesting feature (because of its practical importance in electric lighting) 
is the effect of difference of surface condition on the radiation of heat. The energy 
required to keep up a certain degree of incandescence in a lamp when the filament is 
dull black and when it is “flashed” with coating of hard carbon, was found to be as follows: 

Dull black filament, 57.9 watts. 
Bright “ 5 39.8 watts. 
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114 TABLE 107.—CONDUCTION OF HEAT ACROSS AIR SPACES 
(ORDINARY TEMPERATURES) 

Loss of heat by air from surfaces takes place by radiation, conduction, and convection. 
The two latter are generally inextricably mixed. For horizontal air spaces, upper surface 
warm, the loss is all radiation and conduction; with warm lower surface the loss is 
greater than for similar vertical space. 

Vertical spaces: The following table shows that for spaces of less than 1 cm width 
the loss is nearly proportional to the space width, when the radiation is allowed for; for 
greater widths the increase is less rapid, then reaches a maximum, and for yet greater 
widths is slightly less. 

Heat conduction and thermal resistances, radiation eliminated, air space 20 cm high 

Heat conduction Thermal resistance 
cal hr—! cm—1 9 C4 ' Reciprocal of conductance 

Air Temperature difference Temperature difference 
ace, ee 

Se 10° Sie 20° 25 10° nIS\2 20° 25° 

E5 46 46 46 46 27 2.17 2.17 2.17 
1.0 24 24 24 24 4.25 4.20 4.15 4.10 
eS .160 ZZ 182 192 6.25 5.80 5.50 5.20 
2.0 161 178 .200 PN 6.20 5.60 5.00 4.60 
3.0 172 196 .208 217 5.80 5.10 4.80 4.60 

Variation with height of air space: Max. thermal resistance = 4.0 at 1.4 cm air space, 10 cm high; 
6.0 at 1.6 cm, 20 cm high; 8.9 at 2.5 cm, 60 cm high. 

TABLE 108.—CONVECTION OF HEAT IN AIR AT ORDINARY 

TEMPERATURES * 

In very narrow layers of air between vertical surfaces at different temperatures the 
convection currents, in the main, flow up one side and down the other, with eddyless 
(streamline) motion. It follows that these currents transport heat to or from the sur- 
faces only when they turn and flow horizontally, from which fact it follows, in turn, 
that the convective heat transfer is independent of the height of the surface. It is, accord- 
ing to the laws of eddyless flow, proportional to the square of the temperature difference, 
and to the cube of the distance between the surfaces. As the flow becomes more rapid 
(e.g., for a 20° difference and a distance of 1.2 cm) turbulence enters, and the above 
relations begin to change. For the dimensions tested, convection in horizontal layers was 
a little over twice that in vertical. 

Heat transfer, in the usual cgs unit, i.e., calories per second per degree of thermal 
head per cm? of flat surface at 22.8° mean temperature 

Where two values are given, they show the range among determinations with different 
methods of getting the temperature of the outer plate. It will be seen that the value of the 
convection is practically unaffected by this difference of method. 

a 8 mm gap 12 mm gap 24 mm gap 

head Total Convection Total Convection Total Convection 

99° _ — .000 083 9 
000 084 8 ee 000 065 a 

1.98° .000 109 — .000 084 0) .000 000 1 = == 
; 110 .000 085 2 000 4 

° .000 086 6 .000 002 8 
4.95 000 111 .000 001 88 1 003 7 .000 090 over .000 025 

° 000 112 .000 003 .000 093 7 .000 010 
9.89 113 003 95 2 000 O11 .000 106 over .000 040 

° .000 107 7 .000 024 
19.76 .000 116 .000 007 109 4 026 .000 126 over .000 060 

* See Table 80. 
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TABLE 109.—CONVECTION AND CONDUCTION OF HEAT BY GASES AT 

HIGH TEMPERATURES 

The loss of heat from wires at high temperatures occurs as if by conduction across a 
thin film of stationary gas adhering to the wire (vertical and horizontal losses very 
similar). Thickness of film is apparently independent of temperature of wire, but probably 
increases with the temperature of the gas and varies with the diameter of the wire 
according to the formula b log (°/a) = 2B, where B =constant for any gas, b = diameter 
of film, a, of wire. The rate of convection (conduction) of heat is the product of two 
factors, one the shape factor, s, involving only a and B, the other a function ¢ of the 
heat conductivity of the gas. If W/ = the energy loss in watts/cm, then W = s(¢2— 91), 
s may be found from the relation 

21 ‘ 
So Fad, o=419f kdt, 

where & is the. heat conductivity of the gas at temperature T in calories/em°® C. ¢2 is 
taken at the temperature 72 of the wire, ¢: at that of the atmosphere. The following may 
be taken as the conductivities of the corresponding gases at high temperatures: 

For hydrogen ......... k = 28 X 10°VT{(1 4 .00027)/(1 + 77T*)} 
AIGA? Sais soos ask k=46 X 10°VT{(1 4 .00027)/(1 + 124T*)} 

mercury vapor ... k=2.4 x 10°VT{1/(1 + 960T*)}. 

To obtain the heat loss: B may be assumed proportional to the viscosity of the gas and 
inversely proportional to the density. For air [see Table 110 part 2] B may be taken as 
0.43 cm; for H:, 3.05 cm; for Hg vapor as 0.078. Obtain s from Part 1 below from a/B ; 
then aoe Part 2 obtain ¢2 and ¢: for the proper temperatures ; the loss will be s(¢2 — ¢1) 
in watts/cm. 

Part 1.—s as function of a/B 

Ss a/B Ss a/B Ss a/B Ss a/B 

0 0 5.0 453 10 1.696 30 7.738 
*) Slo 525 558 12 2.263 32 8.370 

1.0 584 « 10% 6.0 671 14 2.844 34 8.995 
1.5 725% 107 6.5 .788 16 3.438 36 9.622 
2.0 2155 10 7.0 .908 18 4.040 38 10.25 
25 .0644 The) 1.032 20 4.645 40 10.87 
3.0 1176 8.0 1.160 22 5.263 42 11.50 
35 185 8.5 1.291 24 5.877 44 12.14 
40 265 9.0 1.424 26 6.505 46 12.77 
4.5 354 9.5 1.561 28 TN2Z2 48 13.14 
5.0 453 10.0 1.696 30 7.738 50 14.03 

Part 2.—Table of ¢ in watts per cm as function of absolute temp. (°K) 

IGP NS Ho Air Hg Tek He Air Hg 

0 .0000 .0000 —_ 1500° 4.787 744 1783 
100 .0329 .0041 _ 1700 5.945 931 .228 
200 1294 .0168 — 1900 1259 1.138 .284 
300 .278 .0387 = 2100 8.655 1.363 345 
400 470 .0669 — 2300 10.18 1.608 All 

500 .700 1017 0165 2500 11.82 1.871 481 
700 1.261 189 .0356 2700 13.56 ~ 556 
900 1.961 297 .0621 2900 15.54 — 636 

1100 2.787 426 0941 3100 17.42 a 719 
1300 3.726 576 a'335 3300 19.50 —_ 807 

1500 4.787 744 1783 3500 21.79 _— 898 
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116 TABLE 110—HEAT LOSSES FROM INCANDESCENT FILAMENTS 

Part 1.—Wires of platinum sponge served as radiators to room-temperature 

Diam- 
eter 
wire, 
cm 900° 

.0690 1.70 

.0420 1.35 
0275 1.12 
.0194 92 

.0690 91 

.0420 87 
0275 80 
.0194 70 

.0690 79 

.0420 48 
0275 OZ 
0195 rae, 

.0420 42 
0275 18 
0195 .06 

.0420 45 
0275 62 
0195 64 

* This value is 1 

surroundings 

Observed heat losses in watts per cm 

Absolute temperatures 

1000° 1100° 1200° 1300° 1400° 1500° 1600° 1700° 1800° 

2262 3.01" 3:88 84192" “GIS 87.70)» 96s. 2:15," 15.35 
iZoe 220 284 ¢305 4.29 93 + 6.00 ocs. 10:20 
MAO. 5. 1-20; 2.23.4 2:29 OLo™ aol wor aed 00 
LUSn a VSO D4 gazelle be 254: S04 e642 Old 

Heat losses corrected for radiation, watts per cm (A-C) 

1.05 e23cende86he 2.45.4 =b.Sl ; 18545" 60: 2:00ee) 2:56 
1.02. 117" PSI a4? 1.45, 57° 172108" S245 
5OP yn LODE du Cound aos ube Oca ~eltb4O, wleUhel Om s0l.9l 
81 189) Li Saete ed Saket 25 4, Lidl elk 40) wel ayy alo 

Computed radiation, watts per cm, = 5.61 x 10°" * 

E21, pl7Z8ren2520. 184708467, 6.16 «797 “VONS. 12.77 
23, sO 1 5s 2) 2 84 * 3.74 PARA G7 7.770 
.48 Ph Oi. “LS8!. a. 86. S245 MP aele se 405s 145.09 
34 50 Lal 07 ¥ "D3 P1738 82.24 WoRSS' v1i3059 

Conduction loss by silver leads, watts per cm 

46 49 61 5 188 WL OOM MEO7 SaaS aee22 
J 28 a3 5) 43 48 655 57 .60 67 
.08 .08 09 11 12 14 15 22 23 

Convection loss by air, watts per cm 

56 .68 .70 67 057, 59 69 Oy il 
al Gil 87 92 89 91 A AO, Le! 
73 81 Ot OS: lees Tee 25: IEZO Ae 1ESO 

ower than the presently (1950) accepted value of 5.67. 

Part 2.—Wires of bright platinum 40-50 cm long served as radiators to surroundings 
at 300° K 

Observed energy losses in watts per cm 
Diam- 
eter Absolute temperatures 

ver 500° 700° ~=—S—-900° 1100° 1300° 1500° 1700° 1900° 
.0510 se By .90 1.42 2.03 2.89 4.10 5.65 
.02508 ail? 39 .68 1.02 1.45 2.00 2.68 S505 
.01262 sls! ool 53 79 Ut 1.46 1.95 2.71 
.00691 a2 .29 48 Ms 99 133 1.79 2.48 
.00404 stil 24 41 61 84 1.14 1.54 2.13 

Energy radiated in watts per cm * 

.0510 002 .013 049 Msi 323 67 1.25 2.15 

.02508 .001 .007 024 067 159 ob) 62 1.06 

.01262 .001 .003 012 034 .080 Al@/ 31 ns: 

.00691 .000 .002 .007 019 044 .09 sé .29 

.00404 .000 .001 .004 011 .026 05 10 sl7/ 

“Convection” losses in watts per cm 

0510 Le soil 85 1.28 1.71 222 2.85 OU) 
.02508 17 38 .66 95 1.29 1.67 2.06 2.49 
.01262 AIS soul 252 e715 1.03 1.29 1.64 2.18 
.00691 12 29 47 70 95 1.24 1.62 2.19 
.00404 sll 24 41 .60 81 1.09 1.44 1.96 

Thickness of theoretical conducting air film in cm 

.0510 .28 30 33 33 36 SY/ 205) 36 Means .34 

.02508 30 oy) i) 41 45 45 soil 56 43 
01262 42 42 44 49 56 .69 .69 47 54 
.00691 31 32 38 40 43 47 38 26 ay 
00404 LAL 43 43 47 56 47 40 225 41 
Means “ll 37 39 42 49 49 47 38 43t 

* Computed with go = 5.32, blackbody efficiency of platinum as follows: oe and Kurlbaum): 
492°K, .039; 654°, .060; 795°, OAS eo LOSS Sel 2 4 Se eS aii Glia Ke. 

SMITHSONIAN PHYSICAL TABLES 

+ Weighted mean. 



MATERIALS 

) TABLES 111-125—TEMPERATURE CHARACTERISTICS OF 

(Metals in boldface type are often used as standard melting points.) 
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TABLE 111.—MELTING AND BOILING POINTS OF THE CHEMICAL ELEMENTS 

Symbol Melting Boiling Symbol Melting Boiling 
and point point and point point 

| Element atomic No. “{C; Xe Element atomic No. XS tC: 

Actinium ....... Ac 89 1197 Neodymium..... Nd 60 1024 
Aluminum ..... Ales 660.1 2450 Neon’ 4:.;... 24.2 Ne 10 — 248.59 — 246.08 
Antimony .....Sb 51 630.5 1637 Nickel... 83... Ni 28 1453 2850 
PATON... Sees Ar 18 — 189.37 — 185.86 Niobium Nb. 41 2480 5000 
MEESENIC Foe... INS G8 817 613 Nitrogen ...N 7 — 209.97 — 195.80 

Wastatine ........ At 85 Osmium ee OSae7.0 2700 4400 
Barium 5.2.36. Ba- -56 710 1637 Oxygen oc ceres O 8 — 218.79 — 182.97 
Beryllium ...... Be 4 1283 2480 Palladium ..... Pd 46 1552 3100 
Eismuth 2s). < «+s Bi 8&3 27 ile3 1560 Phosphorus Pe wl'S 44.2 280 
| SRO a ee B 5 Platinum). -2.- Pt 78 1769 3800 
Bromine *....... Br 35 — 7.20 59 Plutonium 2.2.4. Pu 94 639 
admium™ ....... Cd 48 321.03 765 Polonium oe HE OMGe 254 960 
alcium 2....i%: (Cay AV 850 1492 Potassmume so. oo Ke 19 63.2 766 
BBATDON= «Fo 66s wee G6 Praseodymium ..Pr 59 935 3000 
CORT Ce 58 804 2900 Promethium ....Pm 61 
Se Csm05 28.64 685 Protactinium ...Pa 91 
Mhlorine =..:... Cl17--— 10099 —= 3406 Radium ...:.... Ra 88 700 
Chromium ...... Cr 24 1903 2640 Radonteer ese Rn 8 — 71 = & 
Meealt <a... (Coy 27/ 1492 3150 Rhenium eRe 75 3150 5600 
Copper ........ Cu 29 1083.0 2580 Rhodium ......Rh 45 1960 3960 
Dysprosium ....Dy 66 1500 2300 Rubidium ......Rb 37 38.8 701 
Bebium <.. 60s. Er 68 1500 2600 Ruthenium ..... Ru 44 2400 4000 
Europium ...... Eu 63 Samarium)... Sm 62 1050 1600 
luorine .....«.. F 9 — 21961 — 188.44 Scandium PeaSciee! 1400 3900 
MranCIUM «oes... Fr 87 Selenium nase 34 217.4 684.8 
Gadolinium ..... Gd 64 1420 SiliconSen. see Si) 14 1410 
fallium ........ Ga sol 29.80 2240 Silver (a... 2. Ag 47 960.8 2190 
Germanium ..... Ge 32 938 2800 Sodiummeene ace Na ll 97.82 890 
oT ee Au 79 1063.0 2700 Strontium ......Sr 38 770 1370 

annitim .. >... Hf 72 2220 5200 Sulfur SiG 119 444.60 
Belium ....0... He 2 — 269.93 cenalum aged ‘3 2980 5500 
Molmium ....... Ho 67 1500 echnetium site ék 

Hydrogen ...... H 1 — 259.19. — 252.76 Tellurium ......Te 52 450 990 
Indi Terbium see: 169 1450 MATING 5 5 54 In 49 156.61 2000 , 

7 Thallium Jeter laawtc| 303.6 1460 BdINe .... os Sat i Be 113.6 183 : 
43 Thorium woos ttle 0) 1695 4250 Eridium ....... sp Ze 2443 i 

is Thulium sooo tay 1650 
OT yc cat ss hayes Fe 26 1535 2900 Tin Sn 50 231 91 2600 

mrypton ....... Ker $6) 0157-95 — 153.35 Titans 3 Ti 22 1675. 3300 
Lanthanum ..... an 57 920 3370 Tungsten ew 74 3380 5500 
Lene ee Pb 82 327.3 1750 Win enn ooh tise 4000 
Lithium SIGE ots. er hs 180.55 1331 Vanadiumiee.. VO 23 1890 3400 

Lutetium ....... Lu 71 — 1700 Xenon 1° S82... Xe 54 = 125 eet 
Magnesium ....Mg 12 650 1120 Ytterbium ...... Yb 70 824 
Manganese ..... Mn 25 1244 2050 Yttrium ........ Y 39 
mlercury "',...... Hg 80 — 38.87 $3657 Zinc... . ULE... Zn. 30 419.50 908 
Molybdenum .Mo 42 2610 Zirconitime.eh Zr 40 1852 4400 

TABLE 112.—MELTING PARAMETERS OF ARGON #3 

Pressure, Melting aT Ae Latent heat 
kg/cm? point dp (cm3/g) kg cal/g 

1 83.9° K. 0238 0795 280 
1,000 106.4 0211 0555 280 
2,000 126.3 .0192 0425 279 
3,000 144.9 0178 .0340 277 
4,000 161.9 0165 .0280 275 
5,000 177.8 0155 .0240 276 
6,000 192.9 0146 .0210 277 

43 Bridgman, P. W., Proc. Amer. Acad. Arts and Sci., vol. 70, p. 25, 1935. 
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TABLE 113.—MELTING TEMPERATURES IN °C FOR A NUMBER OF LIQUIDS AS A 

FUNCTION OF PRESSURE * 

rey n-Pro = lar Chloro- Methylene 

ay ea SEA MeL pene sett Fe hare benzene chloride Water 

0 —17.3°@ aoe 119°C = 110° C* = 635°C. —111.6°C =~ 45.2°C— 967°C 

5,000 — 76 —33 — 70 — 56 + 10 — 51 + a —46 

10,000 — 39 ie 279 2 BL 7G 0 Hf SO ibaa ME A 
15,000 — 5 +49 + 5 + 34 +137 + 46 +130 +42 +52,5°C 
20,000 + 25 +80 + 34 = AL +192 + 89 +166 +82 +72.8 
25,000 54 108 58 105 243 130 222 120 102.8 
30,000 82 132 80 138 170 #. 157 137.1 
35,000 109 155 Bs 169 209 166.6 
40,000 as a aa 197 AP 192.3 

44 Bridgman, P. W., Journ. Phys. Chem., vol. 9, p. 795, 1941. 
* Second modification of the solid. 

TABLE 114.-VOLUME-PRESSURE RELATION FOR ARGON * 

Volume, cm’ 

59°C 2526 0°Cc —90°C —101.4°C —117°C —135.1°C -153.5°C —172°C 

— 1.262 1.179 _ -- —_ —_ _— =— 
— 1.175 1.105 — — — -— 724 690 
— 1.060 1.006 _ -- — -- 697 — 
— 962 .920 — — — — 677 —_— 
— 898 864 _ — —_— — 657 _— 

.880 846 818 — — — — _— — 
831 808 785 — .687 _ 653 _ — 
772 751 733 661 .656 638 a — — 
.730 712 697 641 .632 —_ — _ — 
698 682 669 624 _— _— — -- — 
.685 — —_— — — _ — -— = 
617 — _ _- — _ - — — 
596 ~ _ — — — — — 
573 “= — — — _ _ — — 

* For reference, see footnote 43, p. 117. 

TABLE 115.—MELTING PARAMETERS OF NITROGEN * 

a TT 

Pressure 
kg/cm? Melting aT V Latent heat 

p point dp (cm8/g) kg cal/g 
1 63.2° K .0209 072 218 

1,000 82.3 .0176 .058 271 
2,000 98.6 0153 .047 302 
3,000 113.0 0135 .040 334 
4,000 125.8 .0124 .033 335 
5,000 137.8 0117 .029 342 
6,000 149.2 .0112 .026 346 

* For reference, see footnote 43, p. 117. 
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TABLE 116.—VOLUME-PRESSURE RELATION FOR NITROGEN* 119 

Volume, cm’ 

Sera +23.5°C OLG —50°C —100°C —140°C 

3,000 1.2374 1.2069 1.1422 1.0754 1.0226 
4,000 1.1615 1.1391 1.0881 1.0327 .9876 
5,000 1.1061 1.0870 1.0451 .9997 .9613 
6,000 1.0652 1.0487 1.0117 .9729 .9412 

* For reference, see footnote 43, p. 117. 

TABLE 117.—EFFECT OF PRESSURE ON MELTING POINT 

Melting point 
Substance at 1 kg/cm? 

ED Sher crrcvcuhe ee cmt —38.85 
BR as sia kee cenetere 59.7 
INavU sc cies cs Mes ser 97.62 
Biss cece eee tee 271.0 
Spee eee ee 231.9 
Bites deo ae 270.9 
(6 rahe Eee oO mIRC 320.9 
PDE toacrictee eee 327.4 

* At (observed) for 10,000 kg/cm? is 50.8°. 
Bi at 218.3°; Pb at 644°. 
8, 3594; 18, 3572; 28, 3564. 

Highest 
experimental 

pressure 
kg/cm? 

+ Na melts at 
Luckey obtains melting point for tungsten as follows: 

dt/dp At (observed) 
at 1 kg/cm2 for 1000 kg/cm? 

.00511 Oa 

.0136 13.8 

.00860 +12.3 + 
—.00342 — 3.57 

.00317 Suil7/ 
—.00344 — 3.44 

.00609 6.09 
00777 7.77 

177.5° at 12,000 kg/cm?; K at 179.6°; 
1 atm, 3623°K; 

TABLE 118.—EFFECT OF PRESSURE ON FREEZING OF WATER * 

Pressure kg/cm? Freezing point 

1 0 
1,000 — 88 
2,000 —20.15 
Z,115 —22.0 
3,000 —18.40 
3,530 —17.0 
4,000 —13.7 
6,000 — 16 
6,380 + .16 
8,000 12.8 

12,000 37.9 
16,000 57.2 
20,000 73.6 

* For reference, see footnote 43, p. 117. 

Ice 
Ice 
Ice 
Ice 
Ice 
Ice 
Ice 
Ice 
Ice 
Ice 
Ice 
Ice 
Ice 

Phases in equilibrium 

I—liquid 
I—liquid 
I—liquid 
I—ice III—liquid (triple point) 
III—liquid 
IIlI—ice V—liquid (triple point) 
V—liquid 
V—liquid 
V—ice VI—liquid (triple point) 
VI—liquid 
VI—liquid 
VI—liquid 
VI—liquid 

TABLE 119.—EFFECT OF PRESSURE ON BOILING POINT 

Metal Pressure “G Metal 

Bie sl0Zembcar 1200 Ag 
Bileee 25:7.cmiig) | 310 Cu 
Bie) 0:o.atm 1740 Cu 
Bie spuleatm 1950 Sn 
Bile losiatm 2060 Sn 
Ag .. 10.3cmHg 1660 Pb 

SMITHSONIAN PHYSICAL TABLES 

Pressure wie Metal Pressure 1c 

.. 26.3cmHg 1780 Pb .. 20.6cmHg 1410 

.. 10.0cmHg 1980 Phe ee .oroatm 1870 

.. 25.7cmHg 2180 Bbeeeleatm 2100 

.. 101cemHg 1970 2nteAr’ TEZatm 1230 

.. 262cmHg 2100 Zien 2e\atm 1280 
. 10.5cemHg 1315 Zn ~~). 530'atm 1510 



120 
TABLE 120.—-DENSITIES AND MELTING AND BOILING POINTS OF 

INORGANIC COMPOUNDS * 

Density 
: about Melting Boiling Pressure 

Substance Chemical formula 20°C point, ° point, °C mmHg 

Aluminum chloride ....... Al Git ctcrae te ncv Sate 2.44 190 ¢ 182.7 752 
nitrate, ere ces Al(NOs)3 + 9H:O ee 70.0 134t ant 
OXIdE™ sree HOS. saeciocias Seaerneers 4.00 2050 2580 53 

AUNINONiaseere ne sores ING eos tec se Sdn = Uh = SSS 760 
Ammonium nitrate ....... INUEISINIO se ie osc cece. 7/2 169.6 210t ae 

phosphites@)...  NisdoPOxssrere aeons ae 123 145 ¢ ee 
Sulfate see CNH) tS Og en swacus Se 1.77 146.9 t Bast, At. 

Antimony pentachloride SOG Stereos nee seco 2.35 2.8 140 68 
trichloride ..... Sb Ci eaeeaerrestes ate 3.14 73.4 223 760 

Agsenic hydride: .o.....6 «0% ASHs) oc. steps. 65 are 2. —1135 — 548 760 
trichloride) anccmes ASC utter ete «3.6 2205 — 1s 130.2 760 

Barium chloride ......... ISN G) Bis iis eats bo oe 3.86 962 1560 760 
WTS eee BEONOS)A occeshousons 3.24 592 ae mate 
perchlorate: sass B(CHOW A ovddadensoes ie 505 ae ae 

Bismuth trichloride....... BiGligs ears oss 4.75 232.5 447 760 
IBonicgacid tena ook ccc EBON ocd oc" sae 1.46 185 ane Be 

anhydride™ = nhwaane SN O}iw pAb rons cates cyt ee 1.79 450 re 2.4 
Borax (sodium borate).... Hae TEEN Bocas 2.36 741 1570? ae 
Cadmium chloride ....... Cd Gla occ ttes ss 4.05 561 ae sine 

Nitrate sere Cd( No}. + 4H,O 2.45 59.5 a ees 
Galcramechloride’......42- (GEYC) pe ARS oS be. eh 2.26 774.0 ies ae 

Chloride aseaaes (Cx(C5 HE OsHO) Seno oe ce 1.68 29.6 200 ave 
Mitgate. rawtie Gh GCaGNiOs)p ese Beller .t 2.36 561 a ie 
Nithatel essence Ca(NO3;)2 + 4H2Oa 1.82 42.3 Wes or 
OXIGEr Trot re (Ea © eee erent 3.40 2570 2850 sh 

Carbon tetrachloride ..... GG Meee ee nas 1.59 — 24 76.7 760 
dioxide s2n) sacs COR ee ses soo) = GG —a ABE subl. 
GiStndey sem eer CS bees: er a ee 1:26) »— 1116 46.2 760 
monoxide Gas..... (COS. os Cae Se en) —Z207 —192 760 
trichlonider =... CCl sare noe cee 1.63 184 185 se 

Ghloric (per) macidia-e. sees 1p K GIO AR iors oreo cen aor 16764112 39t 56 
Chlorine dioxide ......... ClO Plots 6s cee eas son OS YD) 9.9 731 
Chrometalumins.ccenae KCr(SO,)2 + 12 H20 .. 1.83 89 Bo Ls 

Nitrate. «tate se Cr2(NOs). + 18 H2O a 37 170 760 
Chromium oxide ......... CROs FA cies wacaas 5.21 1990 Ae ee 
Cobalt sulfate: ss. sce. ete cae 5 OSE ae ee 3.710 989 ae bre 
Guprie ‘chloride hin wiwid.. se@uGls Beene. ccs oes 3.05 498 t ee 

Nitrate’... 9 +200 CUeNGe JL 3) Isl) a 205 114.5 170+ 760 
Cuprous chloride ......... (GHC) Ha 5 5 Guia erenaee 3.7 421 1366+ 760 
Hydrogen bromide ....... IB te concise a ... — 885 — 67.0 760 

chloride—.. see JEKO)|) 0-4 Se ne soa NLS Ss BS 755 
fluorides sseenee LBS hl B28 Gee Crees eee ee 1995 — 92:3 19.4 755, 
iodide aan eeee TED ct Shes Bie ea soe SS SOE SIE 760 
peroxide ....... IBROR/ God Gooneien occa 1B5 — 2 152.1 47 
phosphide ..... 12D) [ACP ROUE ES, Ss eet ieee earner er: 1335)=- — 987-4 vente 
Sulfideme ener 1 AS), ee ici GRIER RA oe Sod SEQ EP os A 

Tironechloridems sae eG Seacrest earsackeo or 2.80 282 315 Sat 
mitnate: Bamciae reine Fe(NOs;); + 9 H:0 1.68 47.2 t 
Sulfatemmerert jae RESO, $6 7180) secacoc 1.90 64 t ee 

eadichloridemaa.. seca PD Girne oie 5.8 501 950= 760 
Magnesium chloride ...... Nig Gla Assiircimacterens 3 oe 2.18 708 1412 eet 

OXIdE ....detonh FO son sserresen. «-: 3.4 2800 ery ads 
Hitnate =... sem. Mg(NO:;)2 i 6 H:.0 1.46 100 t 760 
Sulfate. ...:Ge< SOM ons eel « 2.66 1124 t Me Ane 

Manganese chloride ...... Min SZ SHO) Gasones 2.01 58 t 760 
Mitrate: se. ost Mn(NO;)2+6H:O ... 1.82 26 129t 760 
Siltatey eee MnS@it oii aceeio ss 3.25 700 850t anh 

Mercuric chloride ........ Fig Glee aeicnendteds ss 5.42 276 302 

“Prepared by F. C. Kracek, Geophysics! Laboratory, Carnegie Institution of Washington. 
+ Decomposes. } At 2.5 atm pressure. 

SMITHSONIAN PHYSICAL TABLES 

At 5.2 atm pressure. 

(continued ) 



121 
TABLE 120.—DENSITIES AND MELTING AND BOILING POINTS OF 

INORGANIC COMPOUNDS (concluded) 

Density 
about Melting Boiling 

Substance Chemical formula ZOeC ea point) AG point, °C 

Mercurous chloride ....... Fic, C), See. oe 7.10 302+ 384 
Nickel ‘carbonyl “....4.4..- ING: Oy oi oes 1.32 — 25 43 

nitrate. < aster ate Ni((NQOs)2 + 6 H:O 2.05 56.7 136.77 
OXIdeEY EEE ain 1O? eye oc eee 6.69 2090 ae 

INitnc acid) see ee JR UN LO hs CORO Ress Soe 15025 42 86 
anhydride oMeo Upto N.O; eiofeRetiiyayelicte).e ope grpelisye-« 1.64 30 48t 

OXIde No cuir INIORA SA Bae esse eee 05.00 15108 
PCTOXIGC Gots cae ccoeic ING Os Pen cic EP 1.49 — 93 PASH 

Nitrous anhydride ....... NO Fiske 5 eRe ier 145) 02 SLT 
Oxide’ Ai fies the eae INE Oe noche eee -.. = 1024 3.511 

Phosphoric acide (ortho) heels O, eee eee 1.83 42.45 utes 
Phosphorous acid ........ aEOs, Fee oasis Sees 1.65 73.6 Pat 

disulfide ..... PAS at. sePek o wana Hep ae 298 337 |l 
oxychloride eae © Cla eens a. eRe: 1.68 1e3 108 
pentasulfidel seb2Ss5. ase oa. eee ae 2.03 276 514 
trichloride 1G) Breer oe Meo a sane iLSY/ = Ol 75.5 
Eris hide yee ea Sale adsense es eile 2.03 172.5 407.5 

Potassium acid phosphate... KH2PO, ............. 2.34 252.61 ahr 
carbonate ..... IGACLO aS Sore, - et 2.43 891 hire 
cChlotatem eee: KiClOS NR oo sco. 2.34 368.4 400 ¢ 
Chlorides eet. GU Pie tyke cs 1.99 776 1500 
Chromate, ee. Ke Cr Ogee na 02i. Rn Zhe, 968.3 t 
Cyanide. «> ra. « IKON Bi as os PROS: 52 634 se 
dichromate 4.5 4k Cr Oz mass cs: cee: 2.69 398 aap 
hydroxide ..... OHM es enaute ns eis: 2.04 360 1320 
Mithateywer perce TINS iraers chs A ss 2.10 334 4007 
perchlonatemn.waClOkN eas - Ania. 252 610 4107 
Sulitateiee ae. n RGES\ OMG § ROGBROIOME cua ce 2.66 1076 t 

Silvernvehloride. © dase.ce sss « NLC ae eee ee 5.56 455 1550 
Migrates n-ne cere aah INGIN @Os Garaa «co OOM. 4.35 212 444+ 
perchloratewem eases NG ClOR MR cu. ne2 6 ae 2.81 486 7+ ine 
Phosphate: een ss. eee AGP Ogos: <5. eRe 6.37 849 ae 
metaphosphate ..... ING al eX OHO) See eeenee 5 oem ee 482 “ee 
sulfate .. Sfiget ook. NEES OS Recs 2 eae 5.45 652 10857 

Sodium carbonate ........ Nazi CO ist: pthads fe ee 2:51 851 t 
chlorateeen eo Na GlOsntisncie. tees 2.48 248 t 
ANOAGS sssacccck INGCIS Rash te si Reese PV) 801 1413 
hydroxide ....... INO) las pen te 213 318 as 
hyposulfite «2 4.«.. Na.O, + 2.020 ....2.:. BAS 52a Bi 

subl. 
metaphosphate NAR OSA ae. 2 Bane. 2.18 640 >1100 
WtGAtey tek cies INaINOs Pi aeas iene 2.26 310 3807 
perchlorate ...... NaGlOl Pans... 3 eee a: 2:53 4827 if 
pyrophosphate INages Orie a: ssc obec. 2.45 880 
Sulfate: se nee coe INERSOW | Sa dannoees ome 2.67 884 t 
SUES. Sosecconde Na2SO, + 10 H.O 1.46 32.88 ieee 
tetraborate ....... INERIBAOY! SORE 5 caauone 2.36 741 1570 

Sulftim dioxide sence. sec: SOR Mee etivged. Senki: ie 372-7, — 10 
PriOxIde: merpeieniaast SOla: eee cnet: 1.91 16.8 44.9 

Sniltumepacidas sane aces HeS Oise Pere eee: 1.83 10.5 338 t 
ACG cog oer a aes HES O)-aHIc@O) eee 1.79 8.61 290 7 
acid (pyro) aeeerena 35307) we eee oe 1.89 35 U 

Tin, stannic chloride ..... Sn Gl ape oer ene 2.23 — 33 114 
Stannous chloride Soa SnCls cec6e. :>ceeee 3.39(245°) 246 623 

Wiatete« Sere. «cme oboe See ee Maser ne oe 0.998 0 100 
Zimeachlonides ener aoe ZN Glo xy POs Eee eS 2.91 262 G32 

Mithatem sce a eee ano), +6H:0O .... 2.06 36.47 131 
Sllliater meaty verter: BASOy SZ 180) gas shoe 1.97 397 t 

|| At 10.5 mmHg pressure. 
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Pressure 
mmHg 

760 
760 

700 
760 
760 
760 
760 
760 

760 
760 
760 
750 
760 

760 

760 

760 

760 

760 

760 
760 
760 
760 
760 

760 
760 
760 
760 
760 
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TABLE 121.—DENSITIES AND MELTING AND BOILING POINTS OF 

ORGANIC COMPOUNDS 

SMITHSONIAN PHYSICAL TABLES 

. Pressure 1 atm 
Melting Boiling unless 

Chemical Density Temp. point point otherwise 
Substance formula g/cm’ IC : AG stated 

Paraffin series: CnHonsz. Normal compounds only 

Methane= 4.2 60 ce GH eee. 415 64 —184 —161.4 
Eithanemneeecn cece. (GAB ih) Bese eos 546 — es) 417/208 —— Bhs 
IELOPANC. cates «cece. sisi (CA eis t Racin 595 — 44 —189.9 — 42.0 
Butane: aieeectes ce (Gish pa docucs 6011 0 —135.0 4 6 

Rentane er ce cis Cally av oseainn 631 20 —138.0 + 36.2 
Flexane! Gottie yc c.ctsi< Calne aes aeac 660 20 — 94.3 69.0 
IRIS EIN ents ododaey Colblimreed aber 684 20 — 90.0 98.4 
Octane (Gala Flee costae 704 7 == 56:5 124.6 
INCHEINS skews eeodse (Calg Ey Sis dois 718 20 — 53 150.6 
DMecaneaareme ost es Colblin acadeve 747 20 — 32.0 174 
(Wndecane see nt oe Gla kya ten 741 20 Oy 197 
Wodecane 2 mares... Callies con's: <2 768 20 — 12 216 
siridecanewrray-ce aes (Gals atarte caine 757 20 == NOEL 234 
Tetradecane ....... Gyles lin ig osonoe 765 20 +2 | 5:5 252.5 
Pentadecane = .:..." (Crglalnw Avcacapee 772 20 + 10 270.5 
Hexadecane ....... ‘qlalen* So tosine 775 20 20 287.5 
HMeptadecane™......- atldogm crests 778 20 225 303 
Octadecane ........ tefl Eee n erates 777 20 28 317 
‘Nonadecane ....... (Cralis Pardons 777 32 32 330 
IDIGORENS Gonosdoaot (Coils Pride deere 778 37 38 205 15 mmHg 
Heneicosane ....... Cala re yd setae OS 45 40.4 215 15 mmHg 
DMocosane: sees noe. (Caleb e-s4ace oun 778 44 44.4 2245 15 mmHg 
Miricosaner sets ce: (Con) lr Hens gpdeettoneincs 779 48 47.7 320.7 
Metracosaney .....-- (Cor) sy: Patera 779 61 54 324 
Rentacosanes...- osc (Gehl e Ea banrtaerciea 779 20 54 284 40 mmHg 
Hiexacosane +... 20 (Calath- oaceeac 779 20 60 296 40 mmHg 
Heptacosane ....... ylealeh ced ati 779 60 59.5 270 15 mmHg 
@ctacosane 24-5506 pclae, ecesetees 779 20 65 318 40 mmHg 
Nonacosane ....... mold eget ee sts 780 20 63.6 348 40 mmHg 
diriacontanes ="... 0.02 (Conla se hares .780 20 70 235 1.0 mmHg 
Hentriacontane Culsloeeusntins 781 68 68.1 302 15 mmHg 
Dotriacontane ..... (Can  eenienees 775 79 75 310 15 mmHg 
Tetratriacontane (Grlaliy tod nour 781 20 76.5 255 1.0 mmHg 
Pentatriacontane ... CasHz ....... 782 75 74.7 331 15 mmHg 
Hexatriacontane (Coley shasosor 782 76 76.5 265 1.0 mmHg 

Olefines or the Ethylene series: CnHon. Normal compounds only 

thy lente’. vases... (Gish, eoucoaine 566 —102 1694" = 1103:8 
Propylene) o.55.-.5: GsHe. 7 eas 609 —- 47 —185.2 — 47.0 
Butylene: paseo o ss ace Cis 2 Ge Soe 635 — 13.5 
Amiylene: “csos.4.566 (Gasliemadedos 651 20 —139 + 36.4 
lex leneme sesncersiac (Cols home syus aoe 67 0 — 98 69 

Heptyleney es". 2... Coie) Bess 703 20 — 10 96-99 

@ctylenew Fe saccosa 8 (Calabar cones BAe 17 104 123 
Nonylene)=o2s.....; Alshy ane conor 73 15 149.9 
Deeylene, avcie... + ss (Golebs asodhoe 763 0 ——a G7, 172 
Undecylene ........ ralolsy fo abode 763 20 193 
Dodecylene ........ mB goooane 762 15 == HLS 96 15 mmHg 
Mridecylenewaase «. raliakyy) aodcnde 80 0 232.7 
Tetradecylene ...... skh lccooude 775 20 — 12 246 
Pentadecylene ...... rally: ol moo oe 814 247 
Hexadecylene ...... felelsshs amyncyeone: 789 20 + 4 274 
Octadecylene ...... a8 Loe) Says cee.s'. 791 20 + 19 179 15 mmHg 
Bicosylenes ines... . lal Sones 871 0 395 
@erotenem a228 so0 6s: (Cys aeecd: 58 
Mel enemy. Sevacctnsnostne (Cals ao boson 890 20 63 380 

(continued) 
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TABLE 121.—DENSITIES AND MELTING AND BOILING POINTS OF 

Melting Boiling 
Chemical Density Temp. point point 

Substance formula g/cm? 2€ °C m 

Acetylene series: CnHen-2. Normal compounds only 

Acetylene ......... GUHs teas: 22 613 — 80 — 818 — 83.6 
Alivilenes 2-% ceeert.. « GH Teen Pe 660 — 13 —104.7. — 27.5 
Ethylacetylene ..... GH {attest 668 0 —130 + 18.5 
Propylacetylene-....°CsHs <snaw... 722 0 — 95 + 40 
Butylacetylene ..... (Cla rae ones —150 75 
Amylacetylene ..... Gioia eee 738 13 — 70 110.5 
Hexylacetylene Gate aa 770 0 125 
Undecylidene ...... 213 
Dodecylidene ...... 810 — 9 — 9 105 
Tetradecylidene .... 806 5 OS 22 49GS 134 
Hexadecylidene .... 804 20 20 160 
Octadecylidene ..... 802 30 30 184 

Monatomic alcohols: CsHensOH. Normal compounds only 

Methyl alcohol ..... CHOHe sa. 792 20 — 97:8 64.5 
Ethyl alcohol ...... GH-OH spas. 789 20 —117.3 78.5 
Propyl alcohol ..... GH,OHbie... - 804 20 —127 97.8 
Butyl alcohol ...... GHOHg ae. 810 20 — 89.8 DUZE7: 
Amyl alcohol ...... plebROlsl™e5o5 ¢ 817 20 — 78.5 137.9 
Hexyl alcohol ..... HebHOleO Gog ¢ 820 20 — 516 155.8 
Heptyl alcohol ..... GrHi.OHc..... 817 22 — 34.6 175.8 
Octyl alcohol ....... ls bOVED noo. ¢ 827 20 — 16.3 194 
Nonyl alcohol ...... (CASEOIED occ. ¢ 828 20 — § 215 
Decyl alcohol ...... CiwH2»OH 829 20 + 7 231 
Undecyl alcohol .... Ci1H2OH 833 20 + 19 146 
Dodecyl alcohol .... Ci2:H»OH 831 20 24 259 
Tridecyl alcohol .... CisH2OH 822 31 30.5 156 
Tetradecyl alcohol .. C4s4H»OH 824 38 38 167 
Pentadecyl alcohol .. Ci1sH:OH 46 
Cetyl alcohol ...... CisH30H 798 79 49.3 344 
Octadecyl alcohol .. CisHsOH ~ alZ 59 58.5 210.5 

Alcoholic ethers: CnHon+20 
Dimethyl ether ..... CHOP. ..e .6606 20 —138 — 24.9 
Diethyl ether’. ones Gi.Or 714 20 —116.3 + 34.5 
Dipropyl ether ..... GaHnO: cic i: 747 20 —122 89 
Di-n-butyl ether ... CsHisO ...... 769 20 149 
Di-sec-butyl ether .. i 756 21 121 
Di-iso-butyl ether .. “ 762 20 122.5 
Diamyl ether ...... (Cals EO)! vats otae 774 20 190 
Di-iso-amyl ether < 783 2 172.2 
Dihexyl ether ...... CabsOiings. 208.8 
Diheptyl ether ..... (Gusk{O)M esses « 815 0 260 
Dioctyl ether ....... GsHiunO pc... 820 0 291.8 

Ethyl ethers: CnaHn20 
Ethyl-methyl ...... C3HEO! oven ote 73 20 7.9 

z -propyl ee cceee ElhO) saem oc 747 20 <— 79 61.4 

“ -isopropyl s 745 0 54 
meelbutyl een. (CASON Ss oede 152 20 91.4 
“ -iso-butyl ..... ‘s 751 20 80 
aan-1SO-amyleeserr Gro Ole: coe .764 18 IZ 
any instal a a6e (CAsEO) Saxe oac 63 137 
hen pheptyle sn Cia 5. ae 790 16 166.6 
Hey nil Soacne (Gale Oren oe 794 17 183 

(continued) 

ORGANIC COMPOUNDS (continued) 
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Pressure 1 atm 
unless 

otherwise 
stated 

30 mmHg 

15 mmHg 
15 mmHg 

15 mmHg 

B—123.3 b. pt. 
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TABLE 121.—DENSITIES AND MELTING AND BOILING POINTS OF 

ORGANIC COMPOUNDS (concluded) 

Miscellaneous 
Density and 
temperature 

Chemical + @ 
Substance formula ee 

NCHS ACI gooccosabtc CHE COOH 6 i exact BIS 0 
INGETONE! Wisc c ose (CIRIKCOVEIE I) noc onoe000cs 792 0 
Adelnyde: 2). vutacel ee CFG OM escent ee 783 0 
IN biive? Beh nanereran eee ce GASIINIBE BS . copmoeeees oe 1.038 0) 
BY EYESAT¢s rc gk apa emia Melee SMD. ee ares 1 oC epecE aCackO Gn 964 Fes 
BENZENE aA hoo ce (Qa ee ad Oe eee eee 879 20 
Benzo acid. < ..ttessicle CoHGOs os serge ssi sscee ese Zoo 4 
Benzophenone ........ (CEASE AGOM . Oheecumeoe e 1.090 50 
Bartha terete vere cs soot shack oe eee aie .90 re 
Camphor aiala/ ie) 0) 6/alavetepole! (x CioHi1sO serene’ felexe eve ,i0\(ecailqua) evn 99 10 

Carinae svevl ps qebooos (CSE OUR: sarees orc cesses 1.060 21 
Carbon bisulfide ...... Coe ie ele aye 1.292 0 

(Meecevelallopatctae ans (AG. sagan cds coduomenouue 1.582 ZA 
Chlorobenzene ........ Calls Glo mcutetiaa sts chia Meal 15 
Ghlorotornineee oa (FSI gaara ° 3 ae ements ee 1.4989 15 
(Gy ANOEM cies o cterencte cbele (GAIN ig Re nens aie IO Dae Or ioe ah Hise 
Ethylebromide ences (GAS GISNe RES eae s oan 1.45 15 

Gaara cockeoae (CAR CRE s-...o eer ea one .918 8 
ether eiclioieverdlehalel elie C,Hi.O SO nO COU DOG OOF OID .716 0 

1OCIGE chee ae te (Ge) SI ee SNe i, i ce 1.944 14 
Demme BSG! soecs keno EXCOOHE arcs ccinetre. 1.242 0 
Gasoline waa -cciacie eA reke UR a ee ns oes 68 
Giucesew ses. coanaaits CHO(HCOH).CH:0H 1.56 by 
Glycerine atalis\.0, eas) ohandtetele C;HsOs eats) < O CICMCCRDAY © CL CLOND .269 0 

odotormunecyae oe ocr (Gi Ff Ap ee sg Seema oy aro 4.01 25 
lS ra latched NE cre 5 deat Te IN) 5 EES 5: hie .90 ibs 
Methyl chloride ....... GHC =: eee odes .0992 —24 

1OdIdE: saree CHG ee. scene 2.285 15 
Naphthalene! neces (GEIS IWO(CALB Vins ond omaeDe 1.152 15 
Nitrobenzene ......... Ce OrN eps «6 oom: 1.212 75) 
Nitroglycerine ........ (CASINO Sa > cnocene aa one 1.60 As 
@Oleomareanine” <0 cfewtee Mon doseemenessin sewers. 92-93 20 
Olive: Ol acters ica: sasn ahs ston eta oO ee eae 92 ee 
Oxalichactdaysss cece (CARB OPASH Os gasdoeoncae 1.68 
BAT ahiTnWar ne SOLCy eoraeic Beka ee iacere ceteris: © is oimpeieinse 

AT. is, 34 oe ee as a Ree: Pas jut 
Byrorallolieasce aces (GHEW(OMUD, seb Assaccesnos 1.46 40 
Spermacetr (tebe er. fe Toe acres cesar es 95 15 
Starch silsieliclelahed sisi etetahonens CoeHwOs eiicletalicHeiellalelsitelohiatel ete 1.56 Gos 

Steanin@m sc. voce: Aree (Gals lOMHCASIG Boas sone 925 65 

Sugarecane seen saree (Gralale(Ohn. Gs cages aciaies 1.588 20 
Mallows DEeE s.s98 aero tvdeesear ee OSE ES sn) os wales 94 15 

TITULEEOMN ees eB es ee i ao vce thle 94 LS 
Warrier ASG! sovebcoce (CAE OE eee: aaeeerenceee “tsi 1.754 aed 
MOEN. .ack eo sveras oe (CABIN CIS lepales to ae ere REP IAL S 822 0 
XGAISHE (©) aosoconhose Gold (GEG) eet. 3 aracion es 863 20 

(m) eis eheliopsliaaiets CeHs(CHs). rog60ordo0no6 864 20 

(p) AT OO CR C.Hs(CHs)2 SOO OAS can oS 861 20 
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Melting Boiling 
point point 
Xe “AG; 

16.7 118.5 
— 94.6 56.1 
—124 20.8 
— 6 183.9 

62 ie 
5.48 80.2 

121 249 
48 305.9 
25 a 

176 209 
41 182 

—108 46.2 
— 28 76.7 
— 40 132 
— 63.3 61.2 
— 35 —21 
—117 38.4 
—141.6 12 
—116 34.6 

108 72 
8.6 100.8 

Le 70-90 
146 es 
17 290 

119 Fo 
Aas aor 

— 98 —24.1 
— 64 42.3 

80 218 
5 211 
3 ite 

So=58t ger 
20== 9) 300== 

190 see 
35-52 350-390 
52-56 390-430 

133 293 
45+ ast 

none 

71 
160 
27-38 
32-41 

170 Hee 
— 92 110.31 
— 28 142 

54 140 
15 138 



TABLE 122.—MELTING POINT OF MIXTURES OF METALS 

Melting points, °C 

Percentage of metal in second column 

Metals 0 10 20 30 40 50 60 

Pb Sn 327 295. 276. 5262. 240 220. 190 
Bi 327 =—.290 _ — 179 145 126 
Te 327, 710 790 880 917 760 600 
Ag 327" =460 545 25909 620 650° 705 

a sen 360) 2420" h4A00)* 370» 330RPZ90 
Cu S2h% 870 «920° “925t 945" “950049955 
Sb S27> 250» 275. *330) «395 440), 490 

Al Sb 660 750° * 840 ©9255 945 950% +970 
Cu 660 630 600 560 540 580 610 
Au 660" “675-5 '740 (§*800 855 9115 -1:970 
Ag 660 625° 615 "600 590 S80P-11575 
Zn 660 640 620 600 580 560 530 
Ke 660 860 1015 1110 1145 1145 1220 
Sn 660-1645 635:' 5625" 620 6056.1 .590 

Sb Bi GSIE 610-:S90 4575! 555° 540: .-520 
Ag Gals S95e-.570 545° 520 500%» .505 
Sn 631" 600.570 5255 480 430%. .395 
Zn 63le=. S559 4510 "S402 570° .565»"-'540 

Ni Sn 1453 1380 =1290 1200 1235 1290 1305 
Na Bi O75 <425>++ 520 S90 645 E90i+ 720 

Cd OF 5e Za~ SSM 2458" 285 "3250 + 330 
Cd Ag 321% 420 +1520 G103 700 760+.-.805 

S20> 300 © 9285 “22708 262 258+ ~5245 
Zn SZN= (280 270 29599313 ©3278 1340 

Au Cu 10634 910» = 890 + 895.-—905 925r...975 
Ag 1063 1062 1061 1058 1054 1049 1039 
Pt 1063. 1125 1190 1250 1320 1380 1455 

K Na 63 17.5 —10 —3.5 5 11 26 
Hg 63 — — — — 904% 110 
1 pela eg Gon +133 eros, Lest 205: 215 220 

Cu Ni 1083 5 L180 24051290! 1320 ©1335 7-380 
Ag 1083 1035 Y"990' 945+ 910 ~8702"* 830 
Sn 1083" 1005 «(890 8755.) 725 6807 7630 
Zn 1083 1040 995 930 900 880 820 

Ag Zn 961 850491755 *705t 690 6607"! 630 
Sn O61" = 8709750 -F630' 550 495)4-2-450 

Na Hg 97.5) -* 90 80 70 60 45 22 

125 

TABLE 123.——MELTING POINT °C OF LOW-MELTING-POINT ALLOYS * 

Gadimtum= 4 .5-ee 10.8 
LDS 3 2) RRC ro eee 14.2 
Ieadtae . 2. 2) 2953. 24.9 
Bismmitheeeeoetnis 50.1 

Solidification at 65.5° 

Weadhans 6.55. oe eS 32.0 
BLS TU sss PS oh 1535 
Bismuth 2.5. eke. « 52.5 

Solidification at .... 96° 

* See Tabie 201. 
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10.2 
14.3 
2501 
50.4 

67.5° 

25.8 
19.8 
54.4 

101° 

25.0 
15.0 
60.0 

125° 

Percent 

13a 
13.8 
24.3 
48.8 

68.5° 

43.0 
14.0 
43.0 

128° 

6.7 

43.4 
49.9 

50.0 
33.0 
17.0 

6.2 Hell 
9.4 — 

34.4 39.7 
50.0 53.2 

765° 89.5° 95° 
Percent 

333, OR 
Seis) sy 
S80) (0a), 

145° 148° 16 

35.8 
52.1 
12.1 

181° 



126 TABLE 124.—REVERSIBLE TRANSITIONS IN CRYSTALS * 

Values are given, for the more important crystals, of the inversion temperature in °C, 
the heat of inversion in cal/g and the inversion volume change in cm*/g. No monotropic 
inversions have been included. 

hi, inversion temperature on heating; m, metastable inversion temperature; e, estimated ; 
g, gradual inversion (not to be confused with slow retarded inversions). 

Transition 
Transition volume 

Transition Pressure heat change 
Substance Phases HE atm cal/g cm3/g 

Age GlO, Geet ....22eht. «22 Sor 158 
NapeOmMa. . 208.5025 ae ae a “33 aiae 
AglI owe eee e eee ewww ree ee Ten \L 99.4 2720 4.95 0101 

I-III 99.4 2720 4.22 .0140 
II-III 99.4 2720 76 0241 

INS) ERG Go CORDS Deeean tic ses 175 ee 3.85 ie 
ANiesse . Aaah. aos ek 133 5.65 at. 
Nae Oe Tee. Mad tte ae 412 Sa eee afcnd 
ANNO Sits hee Sep orerers hee shad 159.5 See ShAY/ 0025 
ABs). Shiee itieie a octets staere 70 Shei ses apoio owefe 
As2O3 sy ehsiaue © svsveta cysts 'w wlele sone 275 6 

TENGHS Vielen’ 3.5 Smee eee red-black 267 ; 
AS Sse 2 aon «Des le red-yellow 170 ; ste sake 
i203 eee 5 ees Oe oat 704 t eee, is onc 
BaGie Wales. akc cde 924 Aes Bien 
BaGlO ene. 28 284 a aoe 
BaS OP ire: 23 AS scc tie 1149 sat RAE: 
BaG@; Ve oo A8hrn Re 811 & 982 nde ae 
BrsOs erislistolis’ wie) 6 erekatelel cletelle = SF nevane es ele 

CORRS eR 00. 2081-88 f —212.8 5.4 aos 
GHAI BRA oo BSF. GE ! —252.7 1.15 veh 
GRROHOI 45.98. ic BR 2 =e : i Bs ae 

CCl. 6 eteveve(e'e eile sheie 0.0 «esate I-II 115 8460 98 01 73 

II-III 115 8460 9 0054 
I-III ee = 1a fo 

46.2 : i 
CBr, MUchclcholvisl'clienedadenenel cheno J-II 112.6 2110 458 0150 

I-III 112.6 2110 25 .0029 
II-III 112.6 2110 4.66 0121 

GRias. eRe e rca L-I-II 8.6 180 oa ET 
L-II-III 42.8 1930 Bee 
I-II-IV 9.4 325 ale 
NEUE As 38 1825 ae 

(GEGING OWS «Figs ors repeuexsh deasyoce I-II 102.3 6535 2.34 .0480 
(Urea) I-III 102.3 6535 10.14 .0486 

II-III a a oe rie oe 
: .1560 

CH;COOH eevevatioke! upasenanecm L-I 55.7 2032 46.4 0862 

L-II 5517 2033 48.2 .0992 
I-II SEY// 2033 1.85 .0130 

GEECONTG aceon. L-I 127 5220 60.9 .0319 
(Acetamide) L-II 127 5220 58.5 .0649 

I-II 127 5220 2.41 .0330 
(GH:COH) eh iss I-II —140to—150 .... <e5 ba 
CCl eee ae ee I-II 71.1 1 6.93 .0280 

(Perchlor ethane) II-III 42.7 1 2.63 .0097 

CaH:NO: (Urethane) ... L-I { ihe ooh ane eee 

a 66.2 1 22979981, *350 0355 
76.8 4090 34.4 0184 

L-III 76.8 4090 40.6 .0640 
a { 66.2 2270 2.07 0102 

25.5 3290 1.64 .0092 
Tein { 76.8 4090 6.12 0456 

25.5 3290 5.50 0482 
I-III ZS) 5) 3290 3.87 0574 

Pe puerta’ by F. C. Kracek, Geophysical Laboratory, Carnegie Institution. All other footnotes at end 
of table. 

(continued) 
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TABLE 124.—REVERSIBLE TRANSITIONS IN CRYSTALS (continued) 

Transition 
Transition volume 

Transition Pressure heat change 
Substance Phases PENG: atm cal/g cm3/g 

C.He (Benzene) ........ -II Fe ee BO a 
Lor 5.4 1 30.2 MSZ 
ic 218 11680 SBWAY .0369 ° 

L-II 218 11680 oan ‘ Hee ¢ 
40.9 1 29.8 .056 

G;.H;OH (Phenol) eee ee Ibalt 64 2015 24.8 0270 

L-II 64 2015 30 0825 
I-II 64 2015 SW 0555 

CH;:CsH.OH (o.Cresol). LAI 30.8 1 33.8 .0838 
103.2 5900 34.2 0317 

L-II 103.2 5900 35 0555 
I-II 103.2 5900 8 .0238 

Carmitere } phooucusasour I-II 87.1 1 P25 .00187 
GabnOH | haseare.c.. I-II —9 1 9.38 sia 
COS EINVGSHSONKOR: 9 Shance sree 97.6 ese ae 
CaS Oe ee has oles sok 1193 ae 
(CACO) RS eR ae cree eee I-II 970 high CO, 
GaO'SiON 225 Oe voce sie ate NIE Dise NO! es Gayl B 3 
ZEAOSSION Genes ack 1420, 675 10%, 675 
COPE RS See AAA tine Curie point ~1100 1.3 aye 

- 1015 La 
II-III 400 Boar 

GOON: a5. 5.06 cs Sethe ecwrsovs Ao 350 + 10 BO 
COOHP nn ccwee’ aceiese 223 11.8 eA 
GS Glepia dno scae ate oe cue 0 460 8 ee 
CsGlOe feasessintes cee 219 4 ee 
(CORSOR cece Seo OOo 660 Preis 
(CONOR Sie ne sac ae e 153.5 1 4.3 00405 
Cs2,Ca2(SQO,)s svelteMelsi:6; (0 ex00 eeee 722 tae 

CusBiee loca cis acaaae esse I-II-III 390, 470 ae: mE) 
Cul, Soowctioup oodood od I-II-III 402, 440 1 AAT akenena 

II-III 200 9600 1.091 00485 
II-III 100 11560 .948 00535 

(CORSA Se eet cre ene Sint 91 atees 6 Lt 
CORSO" RoE OCR aaa J 110 5.4 : 
Gi Meme. canes mee 351, 387 oe. 
GE ates a nc.c Se sled ciarers Curie point 730 Pare G7] S= 

B-y 920 wee: O// 35 
7-5 1400 2 

He, Opewe er eee eee Curie point 570+ eae ie 
Bes@apus so. asad we II-III —163 to —148 .... 2.25 

I-II 500 + Ae 
TC Sprreetinye rose aise widdiess cat 140 
ie Sowayen. ots crate ree ores es pyrite, marcasite ofits 
Fe,P Suateekeietcieicucteneloneions (cle So Oo 80 

Hes eat se ota se atioe lates 440 
Fedi@sh . 3 -..\ eee 6s seo 215 Jas oe ai 
EL Ue i r- sacis a, Meee a8 red-yellow 127.5 ion 123 00342 
1SW2) (5 Seen ae oe 8 Reena green-yellow Sete wis ae 9) a= Bane 
1OUSS) » Bee Dene See cinnabar 386 + 

metacinnabar - 
1G tc See ruby-brown Shae EN ate 
Ki Qe. as oben one ac caves 248 5500 27.1 
NGOS ooo I-II 255 Seis Re 

II-III P5500} 10:98 
Av; = 02510 — 2.2t K 103° Ah, = .165 at 0°, .281 at 200° 

IEC) (0) ae A A ae oe aoe GGoe 
146. 76 .000 

K.2S @ latte’ © (of of 6) .e/ eyepiece: ef o) eo: e¢ et ef a! 0 J-II t eo + 0124p : 

127. 1 10. .00484 
KNO; a) a\ a) «| © | Sele) eps 6\ ea) @ « « Halve 128 81 10.3 0049 

I-III 128 81 5.6 .0138 
IL-III 128 81 4.7 .0089 

7 21.3 2840 1k3 0156 
III-IV 21.3 2840 5.1 0284 
II-IV 28 2840 3.8 .0440 

(continued) 
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TABLE 124.—REVERSIBLE TRANSITIONS IN CRYSTALS (continued) 

Transition 
Transition volume 

Transition Pressure heat change 
Substance Phases Xe atm cal/g cm3/g 

KES Opto sceanrs «acters ac oe 13 = Ge 

KHSO, Cho On Oe wt Sarva ye eer | I-II 198.6 1773 2.29 .00197 

I-III 164.2 1 3.61 .00566 
118.2 2810 3.30 .00570 

ILIV 198.6 1773 166 00113 
118.2 2810 134 .00110 

I-IV 198.6 1773 2.03 .00310 
III-IV 118.2 2810 3.44 .00680 

KORO Titsce ose. steet take coiccas ae 450 nee Sade mas 
IPH Os aN etemiols - Sa 3 278 Bt 
EGO) sae she etic, & avs epceotons ate wits see 410 ee Ae ah 
ISIGIN'S Ae Soe eee ‘vce 143 1 3.10 .00306 
KGlPin( SOW tase odocadoe etn 544 bee Broek ethics 
KG Gilley crs hese stones cinctats 215 Cro 
K,CrO. RifencheNsulciiskatella\elel/alle nukeke 666 12.6 

RG Gigs © rereeerec se avcesee a eters scorers 243 1.40 
KOO ae ks cise ccersis 327, 454, 477 “Ue 
KN Ovo wares HSA memes 388 8.2 

seer 575 1.6 
K7Ea2(SO,)s sielalichelicieislictale adgac 937 ooad 

K.Sr(SOx,)s3 eileneliskeifelcte! alleleys ecee 775 

RGIS Ope Fis sec cicisparareverss ores scold bee dani “pak wae 
xT —. 0 Mal. d 
KN (Oh ee J-II 122.3 10000 7.15 .0378 

KE OWSIO 2) o.slesc Mei wevers es ithe 290 aiee EA ete 
2K20(Al203) (SiO2)4° .. «ofits 714 
EA CHO}F Cie Ge opie nents ster 41.5, 99 
ESO): ME erento ah cmenceeeoe 580 So) s2 Il 
(MgO).«(B2O3)sMgCl ... 266 1.8 
Me GISiOn? 4 o.c8 contents see aheetne 2 
INIT acento ciaisia-weete wen alavs wlote 742, 1191 
NETS OM: cs cisra Se Neda cards aor 860 arse S78 
Nir] @ sia k oe his oo ore oe or ne —185to—175 .... 88 
Mint Oeste Stee ces aves sae —153 to —163 .... 2.08 
INE reine cera aie sree wae —237.6 moe 1.99 
IN GRTia Clie <srncp at achstsoue whe uso shees sents — 30.57 sate mane ee 

I-II 184.3 Sls 16.3 0985 
ING Falta Et y erie erie ecsicsecere sie —38" Bottke aiee: nites 

I-II 137.8 1 7.78 0647 
ISBLIC oo ope ele ore a nee —42°59 EA 

I-II —17.6 1 4.80 0561 
INDE GIO} Goat assineieceas basta 240 eho sats 
INflstslSOW Seoccccecdocd I-II-III 126.2 1800 athe 

II-III-IV 176.9 5480 
GNIsh)IBl(SOA IR sascodc Bclrats 134 MoS 
INDEH GINS eee hanes I-II 120 ares aoe athe: 

II-III 87.7 1 10.36 .0409 
INGIGINI@ siuteoncucathoteuene aveters wal 169.5 1 16 051 

Lit 125.5 1 12.9 01351 
186.7 8730 12.6 00475 

I-VI 186.7 8730 12.3 00855 
II-VI 169.2 8870 ey. .00309 

186.7 He ee oe 
84 : 

a { 63.3 830 2.48 00925 
IlI-IV 32 1 4.67 .02026 

63.3 830 4.03 02135 
II-IV 63.3 830 6.51 .01210 

169.2 8870 11.84 .01267 
IV-VI 169.2 8870 12.1 .00958 
IV-V —18 1 1.6 017 

INa@ iain earner ae 300 Beads 24.7 nee 
Nia Gl Oia cstv torte lc wes ie 308 
INEN C/O )37 te a ee en ee ee tok 248 Senate Shoe <atea 
INaTS OR, ck ume esa IV-III 185 sere 8.6 .0034 

III-I 241 Boon 15.5 .0070 

(continued) 
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TABLE 124.—REVERSIBLE TRANSITIONS IN CRYSTALS (concluded) 

Transition 
Transition volume 

Transition Pressure eat change 
Substance Phases TG atm cal/g cm3/g 

NaF.Na:SO, Seo cucso-olce © 105 

Na.CO; Sieleteietcnctaletsiietat siete elolicte 430 Gob - CatiS see 

NANO i toc teek dscns cs Siskese 2752 oe (8+2) (.0081) 
NasAWiiee 2.55. oe ooo Se ote 568 Hed 59 paren 
Nas MOO sa ctrciocrersieea-e sree A2455855023) a ee Betiie 
Naa WhO le: Mech urease cca I-L 581.6 satis 25e1 018 

II-I 588.8 Seas 6) .00 
ITI-II 695.5 Pease 19.4 035 

Na@AlSiOg- a. stain sie a500'6 neph.—carn. 1250 cheats Reb 6 ety 
carnegieite 226, 650-690 .... cal 

INCAS OF} Skee aeeeeaasor Ssaets 198? oho Saye 
INA cc ako ae Curie point 355 
Ns Saeentcnts sie Soe a neate ue 545 
INigASsweeeh sci ceulcieisns aucvte 970 ati Beit 
Oxy cee cers joe I-II —229.5 ve it 6.2 

II-III ae arene a5 eal 
44. 1 4.90 0193 

Phosphorus eee eeere seers EI 196 6000 6.53 .0120 

eld { ail 6000 43.9 .00846 
68.4 12000 55.2 .00684 

PhO ck ore red-yellow 587 ae aE SBS 
PhS Oss eericcieitcrascn ccs ests 870 13.4 
IPBGrOw Feige sepsisici osu 707, 783 
IP DWiO fete neta vets 877 
FD Ore cctetere sass creyaceters 245 16.8 
120} 6) \ Og dge cote pacer ee 279 
RbSOW eo soe seeee 653 
Rb.Ca2(SOs)3 FIOOOGOOOO 00100 787, 915 

RBIS Oise ane sic eric 142 
RDNQ@sieorccacnce at ca I-IT 219 Bear 5 ees Osis 

II-III 164.4 1 7.12 .00688 
Novite 218.6 5810 5.93 00434 

RDG ee alinceteers os ace ae 50 5525 ite aCe 
IRD By eetcroiicieuccrapelcss creer 50 4925 
RO es hak cnmerds adiestac eget 50 4050 ate 
Sulphureccttocecatese I-II 95.5 it PY 

L-I-II 155 1410 pn 
Ghia te ne cae were s rhomb.-reg. 570 4535 Bae 
Sn GDA Geiser coetneee I-II-III 65, 69.5 us, 
SHOE VAndus co aneroien Seer ee I-II 573 2.6 
SHOn geese ceioesceests I-II 215 2.7 
SiO see eee inis osare I-II 150” 63 

II-III 104" .96 
SiO. cence ioe <0 867 7 

chy 1250 25 
oD 1470 75. cake 

Sess oneness 161 2 small 
18 4.4 Arc 

SiO hidiowais sees cece 430, 540 Sas 
STS Oar snje cc kooteerrae eee cite PSZ 
SG Oriya aaa nessa Sas ee 925 high CO, 
(NIGH BEE oo ue amocran A 226 
Meret siete si otene ae as oaks 173 sates SOC eee 
DINO cB bh ts ces codterne I-II 144.6 1 2.86 00244 

II-III 75 1 89 .00073 
DiS picrate” scaqecee oc eee sore a4 ahIOn aan .018 

Nee cucunie ono cese aussie ecko se =a 230 cerey ig a Pee 
TiBr. Se Snipooelc comonu Go eee. —15 Saagc 

BG peayousts are siste) foe cis neers 2400 
Ze arcs sictcie ocistass cielevee aie aie 1020 
LG OSG sis wiser ciaheccinaraveiecse eile aes ca 1000 

t+ Third modification at room temperature. t Acetone. § Five other modifications; not accurately 
located. 4 Very beautiful for demonstration purposes. a Leucite. b Probably pentamorphic, inv. 
at 1150° and 1300°C. c Acetate. d Sluggish. e Quartz. f Cristobalite. g Zincblende and 
wurtzite. h Tridymite. 
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TABLE 125.—TRANSFORMATION AND MELTING TEMPERATURES OF LIME- 

ALUMINA-SILICA COMPOUNDS AND EUTECTIC MIXTURES * 

Percent 
—————-xruNmM 

Substance CaO AleO3 SiOs Transformation Temp. °C 

CaSiOay ts. cece. 48.2 = “SUS. Melting dupe es. . tac. Peer 1540+2 
CASIO; fac ceecee 48.2 — eOleGn wautousandeneverses.m a0 cee nee 1200+2 
CasSiO gs. accocas 65. See Meltanm ares? :s.cahecaccs. | Smee 2130+10 

MEAD in ietinn Bene 65. — | 35: Sette) [s) Eratel, HAWSR5 6 cae oe Gdcoasenac 675+5 
Se a ee ee 65. —= 35. Btonesandpreversesse. sao. s eee 14202 

CasSizOr -.nceasae 58.2 — 41.8 Dissociation into Ca2SiO, and liquid.. 14755 
(GarSiOsec geese dee 73.6 — 264 Dissociation into Ca2SiO, and CaO.. 19005 
(GaveiOw Genoa gauic O22) S76 — Dissociation into CaO and liquid.... 15355 
Cas NbOm  sscicsrns 47.8 52.2 ey MINGLED RMDP ite ecole re, Susccire; spencers. Sid che weer 1455+5 
(CEVA ON Ee eeeene 35.4 64.6 i IMEI IN EMER ook. Secs ee hae 16005 
G@asAlOis. tke tes 24.8 75.2 =~ Meltingamrr tee ects aoe 1720+10 
IN GS OHS Ey anne ani Y "GZ:8)) Lo fole, MC LtIN PN ci cSci cane ct tie hone 1816+10 
CaAlSiOs .aseen. AN “36:6 AStSe Ve ltinemenie ssf 5c.s atte: Penis ae 15502 
(Cp/NESIOR Gacceuc 40:8 37.2 4) 220e- Melting titegcas s6 suo beat Macnee 1590+2 
(GEWANIESHOF) ena ae 50.9 30.9 18.2 Dissociation into Ca2SiO.+CaAlSiO; 

AMCMIGUIGE 4 cies ens aioe seo 1335225 

Eutectics Eutectics : 
Percent Melting Percent Melting 

Crystalline oe temp. Crystalline (eS temp. 
phases CaO AleOzg SiOz ae phases CaO AlsO3 SiOz ne, 

CaSiO:,SiOz 37 =— 63. 1436 CaAlSizOs 
EO! } me Ce pos aeetO: 385 720n az: 1265 

Ca2Si0O, CaAl2SiOs 

Cad. } 67s — 32.5 20652 Ca,Al.SiO; } 29.2 39. 31.8 1380 
Al,SiO;,Si0O2 — 13. 87. 1610 Al.O3 
Al2S10s,A1202 — 64. 36. 1810 Ca2SiOg 

CaA12Si2zOs So. } 105 195 70, 1359 
Soo, ) 232 1482. ites 
C; Al SiO ; Quintuple points 

CusiG, "$496 23.7 267 1545 CaALSiO; 

CaAl.Si.O Canis SiO; 
ALSO. SiOs} Besa ile lh CazSiOx A Xe oY A 
CHAO. f 35 $08 142 1552 CoALSHO. 
Se} 7B | 29). om bee cn } 15:6) 36:5) ie oe 
CazA1.SiO7z . CasAli0O:8 

CaAlOu 3725) 53:2) 93505 CazAl.SiO; S152. 4455 72473) 1475 
CasAl0O1s Al.O3; 

ee } 30.2 368 33. 1385 
Ca2Al.SiO 

Gusuo, | 472. 10s at Bo 
CaSiO, Quadruple points 

Ca2Al.SiO 3CaO.2SiO, Cae bias? 132) a1 igi Seg are | | S55 ee aS eae 

* The majority of these determinations are by G. A. Rankin. 
t The accuracy of the melting points is 5 to 10 units. (Geophysical Laboratory.) 
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TABLES 126-129.—CHANGES IN FREEZING AND 

BOILING POINTS 

Ile | 

TABLE 126.—LOWERING OF FREEZING POINTS BY SALTS IN SOLUTION 

In the first column is given the number of gram-molecules (anhydrous) dissolved in 1000 
g of water; the second contains the molecular lowering of the freezing point; the freezing 
point depression is the product of these two columns. After the chemical formula is 
given the molecular weight. Temperatures in °C. 

g mol 

1000 g H:O 

Pb(NO:):, 3 
.000362 
.001204 
.002805 
.005570 
.01737 
5015 

Ba(NO:;):, 2 

000383 
001259 
.002681 
005422 
008352 

Cd(NO;)2, 23 
.00298 
.00689 
.01997 
.04873 

.1506 
9001 
8645 

1.749 
2.953 
3.856 
.0560 
1401 
3490 

KNO,, 101.9 
.0100 

1.000 
NaNO,, 85.09 

.0100 

NH.NO,, 80. 
.0100 
.0250 

w 

DuMnnnne NOP pum Molecular inom RNdé 
WW OO nt) 

6 
DnoOoHWin: Oe eS lowering 

° 

° 

Summ 
mere Pop 

NUDDDWN DOW DONRAINVAN mon 

° 

ADoOoDHwaunrn AM BROORE 

PWAOWRWWHWWH NNNWWWWWW WHWHENNN& 

mn 

11 
3.6 
a 

at 
ei 

g mol < z g mol 

1000 g HO ae 1000 g H2O 

0500 3.47° 4978 
1000 3.42 8112 
2000 3.32 1.5233 
500 3.26  BaCl., 208.3 

1.000 3.14 00200 
LiN O,, 69.07 00498 

.0398 34° 0100 

.1671 B35 0200 
4728 3.35 (04805 

1.0164 3.49 100 
Al.(SO,)s, 342.4 200 

0131 5.6° "500 
0261 4.9 "526 
0543 45 "750 
.1086 4.03 CdCl, 183.3 
‘217 3.83 00299 

CdSO,, 208.5 00690 
.000704 = 3.35° 0200 
002685 3.05 0541 
01151 2.69 0818 
03120 2.42 214 
1473 ZAS 429 
4129 1.80 858 

OEE 100 call 
K,SO,, 174.4 eps 

00200 ~—-5.4° 1337 
.00398 5) 3380 
00865 4.9 3149 

0200 4.76 = Go CL, 129.9 0500 4.60 0276 

200 4.07 3369 
454 3.87 “4300 

CuSO,, 159.7 C38 

TO Oa Wwkac lewis 
(002279 3.03 0100 
006670 2.79 .05028 
01463 2.59 1006 
1051 2.28 9077 
2074 1.95 946 
4043 1.84 2.432 
8898 1.76 3.469 

MgSO,, 120.4 3.829 
000675 3.29 .0478 
002381 3.10 153 
O1263 ism 2172 331 
0580 2.65 612 
2104 2.23 .998 

(continued) 
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Molecular 
lowering 

° 

Ke) coOrnh 

° 

NDOADAADOONWM KRaANADON 

° 

MAPPER NNWWWAHAM NAMHHAHRAUUH NNN 

ARE DAO 

° Nhwr 

WBOOD WoOwmOO YNNOWOHADWS 

OW ° 

WHR OM FUND WWNICO 

WOuw o 

CYIOA CTS OU 0) rn Crue On NIU 

g mol 

1000 g HO 

MgCl. 95.26 
.0100 
.0500 
.1500 
3000 
.6099 

KCI, 74.60 
.02910 

00399 
0100 
0221 
04949 
1081 
2325 
4293 
700 

NH.Cl, 53.52 
0100 
0200 
0350 
1000 
2000 
4000 
7000 

LiCl, 42.48 
00992 
0455 
09952 
2474 
5012 
7939 

BaBr., 297.3 
100 

.500 
AIB Ts, 267.0 

.0078 
0559 
1971 
4355 

Molecular 
lowering 

pPwWERPUOUNAN WNYN DH UAN o 

QA 

° 

CBU WBWWWWW WHWWWHWWW WHWWWWWWW WHHWHOKWH NNR -—-OOo- ano 

° 

ete coon fh NN 



132 

g mol 

1000 g H2O 

CdBr., 272.3 

.00324 

.00718 
03627 
0719 
e122 
.220 
.440 
.800 

CuBr,, 223.5 
0242 
0817 
.2255 
.6003 

CaBr., 200.0 
.0871 
1742 
3484 
5226 

MgBr,, 184.2 
0517 
103 
.207 
517 

KBr, 119.1 
0305 
.1850 
6801 
250 
.500 

Cdl, 366.1 
.00210 

Srl, 3 341.3 

NaOH, 40.06 
2 

- lowering 

MWNOHWODnH ODARDOR 

° 

COON ‘on! 

CMe AR QWHHH 

oe AWSO MAA ee BSoo o 

mW Wine dN 

° 

WRN WDE WNHMNOM NWNwWAD 

WOWW KRNnNin WwwWW NNNNNWAR KWHwOHW UNNNPAME NWN NNNwWwwAU Molecular 

ND © 

TABLE 126.—LOWERING OF FREEZING POINTS BY SALTS IN SOLUTION 

(concluded) 

av aM ae 
Be Bs a5 

g mol ae g mol =e g mol 32 

1000 g H-O he 1000 g H»O a 1000 g H.0 =e 

KOH, 56.16 NazSiO,, 122.5 472 2.20° 
00352 3.60° 01052. -6.4° 944 2.27 
00770 3.59 05239 5.86 1.620 2.60 
02002 «3.44 1048 5.28 (COOH), 90.02 
05006 ~—- 3.43 2099 4.66 3 3° 
1001 3.42 5233 3.99 aeons 319 
2003 3.424 HCl, 36.46 | 05019 3.03 
230 3.50 .00305 3.68° 1006 2.83 
465 3.57 .00695 3.66 2022 2.64 

CH:;0OH, 32.03 .0100 3.6 366 2.56 

Danae as 3500, 380 CP 
2018 = 1.811 Tes cose, 

1.046 1.86 .2000 3.57 1008 1.86 
3.41 1.88 .3000 3.612 2031 1.85 
6.200 1.944 .464 3.68 535 1.91 

C.H;OH, 46.04 516 3.79 2.40 1.98 
.000402 + 1.67° 1.003 3.95 5.24 213 
004993 1.67 1.032 4.10 (C.H.):O, 74.08 
0100 1.81 1.500 4.42 0100 16° 
1028022) 1.707 2.000 4.97 0201 167 
0705 1.85 2Ans 4.52 1011 172 
1292 1.829 3.000 6.03 2038 702 
2024 1.832 3.053 4.90 Dext aut 
5252 1.834 4.065 5.67 et 0198” 184° 

1.0891 1.826 4.657 6.19 0470 gs 
1.760 1.83 HNO,, 63.05 "136 oe 
3.901 1.92 02004. = 3.55° nase Bay 
7.91 2.02 05015 3.50 “ane 1621 

11.14 2.12 0510 371 
18.76 1.81 1004 3.48 Levulose, 180.1 

0173 1.80 1059 3-33.53 0201 1.87 
0778 1.79 2015 3.45 .2050 1.871 

K.CO,, 138.30 250 3.50 ty oo 
100 5.1° : : 
ae 4.93 1.000 3.80 2.77 3.04 
.0500 4.71 2.000 4.17 C12H»O1n, 342.2 
100 4.54 3.000 4.64 000332 1.90° 
200 4.39 H.PO., 66.0 001410 1.87 

Na:CO,, 106.10 1260 2.90° 009978 1.86 
0100 51° 2542 2.75 0201 1.88 
0200 4.93 5171 2.59 .1305 1.88 
0500 4.64 1.071 2.45 H.SO,, 98.08 
1000 4.42 H;.PO,, 82.0 00461 4.8° 
2000 4.17 0745 3.0° 0100 4.49 

Na:SO:, 126.2 1241 28 0200 4.32 
1044 4.51° 2482 2.6 0461 4.10 
3397 3.74 1.00 2.39 100 3.96 
7080 3.38 H;PO,, 98.0 200 3.85 

Na-HPO,, 142.1 0100 2.8° 400 3.98 
01001 5.0° 0200 2.68 1.000 4.19 
02003 4.84 0500 2.49 1.500 4.96 
05008 4.60 1000 2.36 2.000 565 
1002 4.34 2000 2.25 2.500 6.53 
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TABLE 127.—RISE OF BOILING POINT PRODUCED BY SALTS DISSOLVED 

IN WATER 

This tables gives the number of g of the salt which, when dissolved in 100 g of water, will 
raise the boiling point by the amount stated in the headings of the different columns. 
pressure is supposed to be 76 cmHg. 

Salt IO Be 

BaCle+2H:0 ....... 130° 31.1 
AGI Betas sss «teers 6.0 -11.5 

HL cittdis eas 47 9.3 
KG@sHsOp- ah. 6.0 12.0 

GL 5 Spe es pests peckons 927 16.7 
KECO3 aces as Atets 1S 2255 
KGIOs. es as ae 13:2— 27:8 
elem. 8 ate tcl 15.0 30.0 
KEN Q3 con oeee apd teeta: 15.2- 31-0 

K.C,;HsO.+3H20 S05 530:0 
K NaC. Qe. «sickens 17.3) 34:5 
KNaC,H,0.+4H:20 £ 2a, “S85 

TG) seen Peak 8 Spey Ao) 
IO CEE) SHO) aaa cone 651-13:0 

MgCl.+6H20 ...... 11.0 22.0 
MgSO.4+7H:0 ..... 41.5 87.5 
INELO) 3 a ereee tee 43 8.0 
NaGl) 3.Qokhers castle 6.6 12.4 
INGINO Ss) Bases sis seeders 9.0 18.5 

NaC.H;0.+3H2O 14.9 30.0 

INES HOS be cee ea ues 14.0 27.0 

NaH PO, clele slesterel te 17.2 34.4 

NazC,H,O.+2H20 21.4 44.4 

NazS,0;+5H:20 ..... 23.8 50.0 

Na2zCO;+10H20 .... 34.1 86.7 
Na2B,0O:+10H2O r 39. 93.2 

INGER! 2. Res sc aces 6:59 12:8 
INGEN@t-fsoc se 3 oer 10.0 20.0 
GNIHG)2SOF <= ..... 15.4 30.1 

SrCl.+6H20 ....... 20.0 40.0 
SHON O39) 2 aca s css 24.0 45.0 
Go Os. Settsas . oe cee 17.0 34.4 
C:H20.+2H:20 ..... 19.0 40.0 
CoH.O:+ H20 29.0 58.0 

Salt 40°C 60° 

Gaels... isc. ss 137.5 4 8222.0 
ICOM) Seine 925 0 81207 
INTO) 3 Os Senco 93.5 150.8 
INPElINO} copeoec 682.0 1370.0 
(GH 5 @ ee a eee 980.0 3774.0 

The 

3 4° ay of 10° 1532 20° 25¢ 

47.3. 63.5 (71.6 gives 4°.5 rise of temp.) 
165 ALO 25.0 32.0 41.5 55.5 69.0 84.5 
G5 SahS 68.5 101.0 152.5 240.0 331.5 443.5 
IHG, aly! 2055) 2614) 93455 47.0 57.5 67.3 
18.0 24.5 31.0 440 63.5 98.0 134.0 WALES) 

234299 36.2 48.4 (57.4 gives a rise of 8°.5) 
32.0 40.0 Avis) 0s 7s © JOSE) Wes 152.5 
44.6 62.2 
45.0 60.0 74.0 99:5 134. 185.0 (220 gives 18°.5) 
47.5 64.5 82.0 120.55 188.5 338.5 

54.0 72.0 90.0 126.5 182.0 284.0 
SIR SEEEOsl 84.8 119.0 171.0 272.5 390.0 510.0 
84.0 118.0 157.0 266.0 554.0 5510.0 
OO e225 510 2002610 35.0 42.5 50.0 
19.5 26.0 32.0 440 62.0 92.0 123.0 160.5 

33.0 44.0 SON AZO TOO: Ba70:0) 24120 334.5 
138.0 196.0 262.0 
Mess 433 ZO 22 43010 41.0 51.0 60.1 
eZ AES 25.5 33.5 (40.7 gives 8°.8 rise) 
28.0 38.0 48.0 68.0 995 156.0 222.0 

46.1 62.5 79.7 118.1 194.0 480.0 6250.0 
39.0 49.5 5910) 77-0) 10420) F152/0) 21435 311.0 
51.4 68.4 85.3 
68.2 93.9 121.3 183.0 (237.3 gives 8°.4 rise) 
78.6 108.1 139.3 216.0 400.0 1765.0 

177.6 369.4 1052.9 
254.2 898.5 (5555.5 gives 4°.5 rise) 
19.0 24.7 297 8916 ~56:2 88.5 
30.0 41.0 52.0 74.0 108.0 172.0 248.0 337.0 
44.2 58.0 71.8 99.1 (115.3 gives 108.2) 

60.0 81.0 103.0 150.0 234.0 524.0 
63.6 81.4 97.6 
52.0 70.0 87.0) 12310) 177.0) 27210), 38740 484.0 
62.0 86.0 112.0 169.0 262.0 540.0 1316.0 50000.0 
87.0 116.0 145.0 208.0 320.0 553.0 952.0 

80° 100° 120° 140° 160° 180° 200° 240° 
314.0 
152659 18510) 21982631" 131295) 93750) 44445 623'0 
230.0 345.0 526.3 800.0 1333.0 2353.0 64520 — 

2400.0 4099.0 8547.0 ee) 
(infinity gives 170) 
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134 TABLE 128.—FREEZING MIXTURES 

Column 1 gives the name of the principal refrigerating substance, A the proportion of that 
substance, B the proportion of a second substance named in the column, C the proportion of a 

third substance, D the temperature of the substances before mixture, E the temperature of the 

mixture, F the lowering of temperature, G the temperature when all snow is melted, when snow 

is used, and H the amount of heat absorbed in heat units (calories when A is grams). Tempera- 

tures are in °C. 

Substance A 

NaC.H:0O, (cryst.) ECD 

NISHO Bomdionco mee 30 
INEYUNIOS soocuound aoe 75 
NaS:O0; (cryst.).... 10 

LOR PSA Prac ee: onsets 
GaC@la(cnysts) ess. 250 
INNSVINOBN goceoncaon 60 
CNEDES OF Aaeo7-e: 25 
INSET Glee ictepetessrevsuers 25 
(CAG cos acowaGoine 25 
LONG) Gapeencapeeie 25 
NazSO. po00.00 wold 25 

NaNOs sielheleheleieteheliene Z5 

KES Ow geiceetscte.c srs 10 
Na:C©@;) \(cryst:)! 0/0) 20 
KINO 3) Aa. Kevan ake ote 13 
CaCl Siatloletelelefe\elelee © 30 

INISHGL  spaseaouonoc 25 
NISLIN(OK Soponeoeoe 45 
NaNOs; sllefetelieienetereiere 50 

INET C) Lea et ates mre ah 

1 

H.2SO, + H:O 
(66.1% H2SO.) 

| 

Alcohol at 4° 

Ghioroforma. f>.. 
Bithentie oc0.454 2.0. 

NH,NOs 

SSI; 

re A — mae ed RR ea ay 

* Lowest temperature obtained. 
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NH,NO;-25 

NH.CI-25 

‘ 

Lp alee Thestslesresy 

a are ae SUSI SUS Ue eat heals | clbnalS sie sthectoe Ile lke Sferafes sla) slerclicalrsalte atte |) sliealtediong 

“cc 

ela ale 

Leas) oo 

10 
mn 

ie9) 

DABNOCWrRN 

myel ll ll | oe ons 

daisies Roatcrne Wale db le bt 

BARRANNNNS SMS SNK NM) 

DNDN eee DN WN 0000 yy CONMNMUNMNAH 

H=NNN woSSoN SescS 
_ 

SF o Roos 
—s— CBO 
— N CAN 

memati Swiemektckee ees 

| PIPE eel eesssass 

Pores sailes|eoweal es 24| aettyel—c| Ml S| sel sl clade steak sles 

NOP RORONO SF IES 

Ne Meatballs eheadieste ah ilk f tealale Iisa! 

Wack sie] UPSD Testes? sles alaSi2eiS Ii Upalysles esis 

eshestesl 8] 

_— NBwWNW WS ee wNUSSS 



TABLE 129.—ANTIFREEZING SOLUTIONS * 135 

(For automobile radiators, etc.) 

Percent by volume in water with freezing points and 

Percent by volume 10 

Typical commercial methanol 
ATItISRECZ CMe oe hewn se eames — HPC 

Spaeitpeatelom Gyo Camryn .986 

Typical commercial ethanol 
ATIPIETECZE, ‘te He, Sh oleyee orsys Sees — 3.3°C 

Sp: ex. at lo. C/lse@. se... 988 

Commercial glycerine t 
ANItIPLECZEM SH etto. case te — 1.6°C 

Sie Ge, ane ISICAC. oSkeesnar 1.023 

Typical commercial ethylene 
glycol ¢ antifreeze 2:...... — 3.8°C 

Sp. fae, ate SACS Ge oo escac 1.015 

specific gravities 

30 40 50 

—21.1°C —32.2°C —45.0°C 
963 .950 .935 

—142°C —220°C ‘= 306°C 
967 955 .938 

— 95°C —154°C —23.0°C 
1.074 1.101 1.128 

—15.5°C —243°C — 36.5°C 
1.045 1.060 1.074 

* This table was prepared from data furnished by F. G. Church, of the National Carbon Co., and A. J. 
+ Glycerine and ethylene glycol are practically nonvolatile. All Kathman, of Procter & Gamble Co. 

types must be suitably inhibited to prevent cooling-system corrosion. 

J 

Commercial antifreeze solutions 
based on ethylene glycol (Prestone) and on glycerine (Zerex) are in use at the present time. 
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TABLES 130-141—HEAT FLOW AND THERMAL CONDUCTIVITY 

TABLE 130.—CONVERSION FACTORS BETWEEN UNITS OF HEAT FLOW 

joules 

paw cal kilocal Btu 

watts/cm? sec cm? hr m2 hr ft? hp/ ft? watts/in.? 

lewatts/cn® = 1 2390 8602, 3171 1.246 6.452 

Te es Be 36000 1.327 X 10' 5.212 27.00 
sec cm 

1 Hilocal — 116310 2.778105 1 3687. —«*1.448 X10" 7.500 x 10" 

wt = 3.153104 7.535X10° 2713 1 3.928 X10 2.035 x 10-8 

1 hp/ft?  — 8027 1918 6905. 2546. 1 5.179 
de iathty aa 2a S50 3.704 X 102 1333. 491.5 1931 1 

TABLE 131.—THERMAL CONDUCTIVITY OF VARIOUS SUBSTANCES 

Substance, ke 
temperature °C cgs 

Aniline BP 183, — 160.. .000112 
Carbonsigasi ees ee .010 
Carbon, graphite ...... .012 
Carbortundumi see...) oun .00050 
Concrete, cinder ....... .00081 

SCONGMEN reracrooe .0022 
Diatomaceous earth .... .00013 
Barthismicnust) semen. .004 
Wire-bricks passione cue .00028 
Fluorite, —190 ........ 093 
Wlvorites(Ole eee ack .025 
Glycerine, —=160) 5.12.2 .00077 
Iceland spar, —190..... .038 
liceland) ispars OSs so. er .0103 

Conduc- 
tivity, K 

Temp. _watts 

Rock °C cm deg 

Granite een sae 100 23.8x10-3 
500 15.9 

Barre Viteaere 0 27.9 
50 26.2 

100 24.7 
200 23.0 

Granite gneiss... ... 28-18 
Granitemschistua ye ere’ 
Quartz monzon- 

ite, Calif... 0 31.6 
100 29.2 

BACHE ahooooeD ben eats 

Part 1.—Various Substances 

Substance, ke 
temperature °C cgs 

Teimed sass scree .00029 
Micah ircibcie oher eee .0018 
Flagstone | to cleavage. .0063 
Micaceous || to cleavage. .0044 
Naphthalene MP 79, 

—il(S 0 eis odieas .0013 
Naphthalene MP 79.... .00081 
Naphthol—8 MP 122, 

OO) = Suaecehecxrereiavane .00068 
INaphtholSn Ol emeoneeeee .00062 
Nitrophenol MP 114, 

1 SO ea Gata Sar .00106 
Nitrophenol. 0 ........ .00065 
Parafhn MP 54, —160.. .00062 
leevtitns © opocongoeuse .00059 

Part 2.—Rocks * 

Conduc- 
tivity, K 

Temp. watts 

Rock XG: cm deg 

Limestone: 
Japan) =o. pon, 2S Ae) 

9x 10-3 
Penna 

|| to bed . 0 34.5 
| to bed. 0 25.5 

Chalke 2225520. 9.2 
Marble (17 vari- 

eties)) .....: 30 32-21 
Blacks jsccn 124 16 
Wihite. cnn 125 14 

Sandstone, Bore- 
land bore... 17 41.8 

Soapstone ..... stat MO 

Substance, ke 
temperature °C cgs 

Quartz | to axis, —190. .0586 
Sg dOL vas Sacto .0173 
SS SOO) ve acta Reece .0133 

Quartz |lstomanis 0 Geer .0325 
Rock ‘salt*:O\. 295) ere .0167 
Rock ‘saltssc 0) eee .0150 
Rubber, vulcanized, 

=V60" Sk caro eer .00033 
Rubber 107 ei). eee .00037 
Rubber, paral. eer hide -00045 
Sawdust | ......55..0men me .00012 
Snow, fresh, dens.=.11. .00026 
Waseline) 20). acco .00022 
Vulcanite . oot eases 00087 

Conduc- 
tivity, K 

Tem watts 

JG Jemider 
Slate 

Wialesi isi. 30 20x10-8 
Penna 
| to bed. ON 9% 

Madoereicn a3 0) 6 
Shalem Wee oy ZO 
Siltysiclayanie eet 7 load 
Fireclay, Bore- 

land bore... 17 18.3 
Rocksalt, Hol- 

fond wecects Nh tke 

45 Birch, Francis, Handbook of physical constants, Geological Society of America, 1942. Used by permission. 

TABLE 132.—THERMAL CONDUCTIVITY OF WATER AND SALT SOLUTIONS 

ke 
Substance °C cgs 

0 ioise 
11 .0014 

Water4 95 — '00136 
20 00143 
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in water 
Solution ke 

Density °C cgs 

CuSO, 1.160 4.4 00118 
1.026 13. -00116 
1.178 4.4 00115 

—- 26.3 00135 

Solution ke 
in water Density °C cgs 

HoSO, 1.054 20.5 .00126 
iY 1.180 aie .00130 

ZnSO,x 1.134 4.5 00118 
1.136 4.5  .00115 
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138 TABLE 134.—THERMAL CONDUCTIVITY, METALS AND ALLOYS 

The coefficient k is the quantity of heat in small calories which is transmitted per second 
through a plate one centimeter thick per square centimeter of its surface when the differ- 
ence of temperature between the two faces of the plate is 1°C. The coefficient k is found 
to vary with the absolute temperature of the plate, and is expressed approximately by 
the equation ki = ko[l + a(t — to)]. ko is the conductivity at to, the lower temperature of 
the bracketed pairs in the table, k: that at temperature ¢, and a is a constant. k; in g-cal 
per degree C per sec across cm* = 0.239 & kt in watts per degree C per sec across cm’. 

Substance tC 

ANEStTaNONEION Soonoue —190 
ee tb Bee a 302 0a. 
Ce I cs 76.4 . 

Antimonvassess) 0 
SE ily, 2. eee 100 

Bismuthie see. oe: —-186 
a ue Sree Ree an 18 
So) eters c noeked 100 

Brasseucancerts cts —160 
AP RE oo ae 17 
jeneyellowneente 0 
*f wWaredis.” . aks. 0 

Cadmium, pure... —160 
* pias Me 18 
AR 100 

Gonstantan eee 18 
(60 Cu+ 40 Ni).. 100 
Copper,* pure .... ga 

“ “ ] 

= ets pe LOO 
German silver .... 0 
Golde eer ee —190 

ec me enna Be FE 17 
Graphite eee 17 
Iii ee eee 17 
Irons epuUne ec. 18 

< ee eR hes 100 
lronwroushtes... —=—lo0 
Iron, 

polycrystalline. . 30 
Iron, 

polycrystalline. . 100 
ron, 
polycrystalline.. 200 

ron, 
polycrystalline.. 800 

Iron, steel, 1% C.. 18 
“ce “cc “cc “ x 100 

eadipunes. sete —160 
~ cps ere 18 
st HS ae aS ie 100 

Magnesium ...... He 

Mani eanineeeers seh. —160 
“ (84 Cu +4 18 

Nil2Mn).. 100 

.071 

.108 

.107 

.092 

.083 
081 

376 

.035 
0519 
.0630 

—.0008 

} +.0026 

Substance 

Miercunya sano. 
“cc 

Nickel” FF ...020 
“ 

Platinum eee. 
a3 

IDE NOP. Mes soa coe- 
RtelOVoewheee.. 
Platinoid 
Potassium 

Steel’ .. 28s cncmise 

Wood's alloy 
Zinc, pure 
Zinc, 

polycrystalline. . 
Zinc, 

polycrystalline .. 
Zinc, 

polycrystalline .. 
Zinc, liquid 

A Cc Oi 

COLE HC) 

ke 
tac cgs 

0 .0148 
50 .0189 
17 346 

—160 .129 
18  .1420 
Oe 425 

100 ~=.1380 
20025 
700 .069 

1000 = .064 
1200 .058 f 

18 .1683 
100 = .182 
18 = .1664 

100 =.1733 
7 ye! 
17 2072 
18 .060 
5.0 232 

57.4 .216 
Wi» PG 

—160 .998 
18 1.006 

100 = .992 
DYE SVAll 

88.1 .288 
18 .110 
tt Se oO) 

1700 = .174 
1900 =.186 
2100 + .198 

OmpelsS 
100 =—.145 

—160 .192 
17 95 -476 

1600 .249 
2000 272 
2400 .294 
2800 ~=.313 
— .319 

—160 .278 

0 .280 

200 .250 

400.231 
500 .144 

* Copper: 100-197°C, kt = 1.043; 100-268°, 0.969; 100-370°, 0.931; 100-541°, 0.902. 
t Iron: 100-727°C, kt = 0.202; 100-912°, 0.184; 100-1245°, 0.191. 
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TABLE 135.—THERMAL CONDUCTIVITY OF INSULATING MATERIALS * 

Density 
Material g/cm 

Mies 0 ils apa on bod OBaBOoe Boas .00129 
INSbesStoOsmwool . a8 Mele cece ccc oo 40 

es SC a NS si ol ARS 40 
: Oe ded SROMNNE ASN Sk Bah .40 
“with 85 percent MgO...... Ho) 

Bricksvery porousmidny,.: 5... 26: w7Al 
““ - machine-made, dry ........ 1.54 

ey seeemoist, 12% 
VOR Eros Ae Ss meee 

Calorox, fluffy mineral matter....  .064 
Gelhtiom’awhitess ase. es cen o 1.4 
Gementsmortar ice see. oc oe hee 2.0 
(CITE) rose. cee RCE a eet IEE ec Re 
Charcoal.) Fee eaten. © cs aoe es 18 
Coke sdustr.. cache « Sore ees 1.0 
(Concrete sc pith eee ciao 1.6 
(Cay elke: pathic eel Sart weiss men hea tess 05 

Ee eee 7.34! SORE 3 BN 05 
Chenoa bein OR RL Pah eg a RR ie 5) 

Ot Bas SBR ene eee ooh eee oe sae 35 
Cottons tightly spackede. . teas. - 08 

ey i Oy | ete oe Ae 08 
“ és =n. amin MEN aN SO oh 08 

Cotton wool. tightly packed........ 08 
Diatomite (binders may increase 
OO as eR ion ernst cic 6 «menos .20 

|DreKroremtiey Chinon Aa Mowe ea one nes dee .20 
. ge Te oh eee nee 50 
"5 Sb MLS 825) La ee eh 50 

Ebonitetar 20 ct pane oo ee: 1.19 
SUS MG CLS ald © Bye) 5 ae ee 1.19 
MEI ei Sevres Soins Gane 1.19 

HieltspilamsefiberSiv yh teneo nom hee oe 18 
MR AIADIEY aonsts cc w cM Noe ohiols ayer ee 27 
PM RUBWOO Writes smack oa ese eR ES lS 
se ARE a Se he ENN ae ey a 33 

EN everaell, |< Gememeearmemmt Ae tok oe pha ts POR ras 
Pelleras meant Nicaed weieparesisns cncvensveusvonereeys 253 
Glasseplead) (25.7 eyeronvcras as som oes 

SMT OLA Sess APNE es o> ba Smee 2.59 
aa Nene La sare shteh 1. Cheam on 2.59 
ar 5010) leases G 2 2 eg ees ee 522 
oe RAS | NPN SRE ence LER 22 
. lity eho RE ees Seek c22 
a “ap PCD EE Oe SG oe ae 22 

Graphite 100° meshizasecjae- cee - 48 
G 40" Ree. Aeee 42 
‘ AY to ZOSIMNES Nsscconssac 70 

Horsehair, compressed ........... al 
TIGER RRNA ace ita Reese eee Ne 92 
Weathermchamois: steps ones cee 

‘ Cowhide: acre ee eee 
Hd SOLC uN a Saumaane clesra cys seater 1.0 

CiMeT BRM fase Oia ocs eta > Ae Mes GENS 
sinolewmeyacOnkiesne syicw iee. rue 54 
IMicaeraveragemaniateieic terns hs 

* Compiled from the International Critical Tables, which see for more complete data. 

(continued) 
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Conductivity 

joule/ 
(cm? ao ACH 

cm 

00023 
.00068 
.00090 
00101 
.00075 
00174 
.00038 

.00096 
00032 
00021 
.0055 
.0092 
.00055 
0015 
.008 
.00032 
.00041 
.00061 
00079 
.00038 
00056 
.00076 
00042 

00052 
00094 
00086 
00157 
00138 
00157 
00160 
00047 
00036 
00063 
00052 

00101 
.0060 
.0072 
.0076 
.00042 
.00050 
.00065 

cal/ 
(cm? sec °C/ 

cm) 

.000055 

.000162 
000215 — 
00024 
000179 
00042 
.000091 

00023 
.000076 
000050 
.0013 
.0022 
.00013 
.00036 
.002 
.000076 
.000098 
.000146 
.000189 
.000091 
.000133 
00018 
.00010 

.00012 

.00022 
00021 
.00037 
.00033 
.00038 
.00038 
00011 
000086 
000151 
000124 
000023 
.00024 
00143 
00172 
.00182 
.000100 
.000120 
.000155 
000195 
.00044 
.00093 
0031 
.000122 
.0053 
.000151 
.000421 
00038 
00021 
000191 
.0012 
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TABLE 135.—THERMAL CONDUCTIVITY OF INSULATING MATERIALS 

Micanite 

Material 

Moneraliwoolee-e eee a) tae ace coe 
“se “cc 

CRC a et aC CC eC OMT eT Or 

Paper Mites acces ota oss 
“ce 

Blotting: \...85 20.../ ees eae 
Parathnwasc teeth. sete con 

Boreclatm 42s: oo tie ety one 
Rubber, rigid sponge, hard........ 

“ 

“cc 

sponge, vulcanized ....,.. 
commercial, 40% rubber... 

“cc “cc 

Saw@usiisc. «cannes «ess Sekt 
Slngleve:  eeeoonreds so Gem Omer 
S hp oss reto eee belo sivauays ahieeas 
‘i scrap from spinning miller 

Snow 

Wool, p 

Woods: 

Rocks : 

eee ee 

ee eee 

CY 

(IB G Woovre, oi.0) o sirelelolel a) e fell ctley silo ec olin 
“cc very loose packing..... 
Ashi Gis fomenain. sy... ite 

|| “ “cc 

Dat One a CO 

Balsalsitomecralneer cite 
BoxwoOOde rey. =... Pagers 
Cedarssigntomenaineeenn: 
Cypress | to grain...... 
Iie JL Wo Giebiln poouo aoe 

or el) togenaine cect). 
Lignum vitae a a eeceae ose 

Mahogany, | to grain... 
| to grain... 

Oak, i) toserain..c.s..- - 
me  tQnetaiMas ces 

Pine, pitch, | to grain... 
Be Wareainel, bit@egooe- 
~ Swhitewditto-.ce sess 
i illento! Sraineer - 

Spritce, | to grain...... 
Meake li mtoOmeralnlar seins 

IRtOWNeraitiereerie -y- 
Walnut, | to grain..... 

Basalt: Sadar sscsitetesc 
Challe sc: aes sere se 
Granite... 20%: castes 
Limestone, very variable. . 
Slate, | to cleavage....., 
"is toncleavage. .ch-- 

Sandstone, air-dried ...... 
fF freshly cut..... 
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(continued) 

Density 
g/cm? 

(continued) 

Conductivity 

joule/ cal/ 
(cm? sec °C/ = (cm? sec °C/ 

cm) cm 

.0021- .00050— 

.0042 .00010 

.00042 .00010 

.00052 .00012 

.00046 .00011 

.00063 .00015 

.0023 .00055 

.00052 .00012 
0017 .00041 
.0104 0025 
.00037 .000088 
.00054 .00013 
.0028 .00067 
.0016 .00038 
.00060 .000143 
.0023 .0006 
.00040 .00010 
.00023 .000055 
.00037 .000088 
.000495 .000118 
.00056 .000134 
.0016 .00038 
.00080 .000191 
.00090 .00022 
.00036 .000086 
.00042 .00010 
0017 .00041 
.0031 .00074 
.00045 .000084 
0015 .00036 
.0011 .00027 
.00096 00023 
.0014 .00033 
0035 .00081 
0025 .00060 
.0030 .00072 
.0016 .00038 
.0031 00074 
0021 00050 
.0036 00086 
.0015 .00036 
.0014 .00033 
0011 .00026 
.0026 00062 
0011 00026 
.00175 00042 
.0038 00091 
.0014 00033 
.020 0048 
.0092 0022 
.022 0053 
010 .0024 
014 .0033 
025 .0060 
013 .0031 
017 .0041 
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TABLE 135.—THERMAL CONDUCTIVITY OF INSULATING MATERIALS 

(concluded) 

Density ke ke 

Substance g/cm? 2¢ cgs Substance cgs 

Asbestos fiber eee tts .ccss 2: 201 a ante Asbestos paper ....... sas 
H Blotting paper 2:4... -- .0001 

85% magnesia asbestos. ..... 216 1 500 .00017 Portland cement ...... 00071 
Cottonys tncs «See rhe sae 021 100 # .000111 (Shrallaah 5 Hes eer 0020 

CAE Re Re ce cand Sota 101 = .000071 Ehomiten b 49. seen se .00037 
Eiderdownie ees oeeee eee 0021 150 .00015 Giess, mel codsedooss 002 

FO eeu stitiatlt sae Aaa 109 ‘< .000046 JIGS: AOR Re ES TAD ea Sa a 
100 .000074 Leather, cow-hide ..... .0004 

Lampblack, Cabot number 5. 193 {500 000107 neste ‘00015 
Quartz-emesh) Z00hss-—->-- >: 1.05 500 .00024 [einen ees eae 

¢ 200 = .000091 STD ch ea 2 28 SO Cee ee 00009 
Ecpoapenped NasiOs---., 093 {500 (000160 Caen stone, limestone. . .0043 

Free stone, sandstone.. .0021 

ke kt 
cgs cgs 

Density Density —————~ - 
Substance g/cm at 20 Ceeateloore Substance g/cm at 20°C at 100°C 

Brickaninessseeac 1e73 .00110  .00109 iBoxwoodernneaer 0.90 .00036 .00041 
Carbon, gas 1.42 0085 0095 Greenheart ..... 1.08 00112  .00110 
FEDONIE «ci 5.e0is 119 00014 = 00013 Lignumvite 1.16 00060 = .00072 
iberaned 2.55.2 1.29 00112 .00119 Mahoganyecess.- 0.55 .00051  .00060 
Glasstsodasas..- 2.59 00172 .00182 Oak eee ce 0.65 00058  .00061 
Silicawstused <4 27 .00237. = .00255 Whitewood ..... 0.58 .00041  .00045 

Conductivity 
Safe 

Substance g/cm® 100°C 200°C 30026 400°C 50026 temp: 

Niin=celleasbestose ey eee ee eae 231 .00034 .00043 .00050 — — 320 
Corksenoundtsste a. st eee cera: 168 .00015 .00019 — — == Misi) 
Miatomite. Merwe ee TNS 326 .00028 .00032 .00037 .00042 .00046 600 
Infusorial Cantheenatunaleee see meas. 506 .00034 .00032 .00040 — — 

“ “h’d pressed blocks... .321 .00030 .00029 .00033 .00036 — 400 
Magnesium carbonate .............. 450 .00023 .00025 .00025 300 
WATHINESCOSL ETI. Cre oro e ein se 362 .00049 .00066 .00079 00090 00102 600 

TABLE 136.—THERMAL CONDUCTIVITY OF VARIOUS SUBSTANCES * 

Tempera- k Tempera- k 
Material ture °C cgs Material ture °C cgs 

Amorphous carbon.. 37-163 028-.003 Brick: carborundum . 150-1200 .0032-.027 
100-360. Wilding? yas. 15-1100 .0018-.0038 
100-842 .129 graphite ..... 300-700 .024 

Concrete: light diatomite. 200-600 .00025-00032 
ANSUIAtING) <ieicjeleiele's 250-750 .00045-.00051 magnesia 50-1130 .0027-.0072 
sand cement....... 400-900  .0025-.0031 Glass silk: density 

Graphite (artificial)... 100-390 .338 OSSwaaee 15 .000096 
100-914 .291 s080 ery 17 .000092 

2800-3200 .002 AIS ereac ers 9 .000071 
500-700 ~=—.31-.22 DA etary. 10 .000075 

Wimestonel serie verrerai cle 40 .0046-.0057 Granites er occa. 100 -0045-.0050 
Stoneware mixtures.. 70-1000 .0029-.0053 

Percent composition 

Tita- Cal- Mag- 
nium Ferric cium  nesium Alkali Density k, 

Description Silica oxide Alumina oxide oxide oxide oxides g/cm? cgs 

Fireclay, pottery quality.... 56.46 1.84 36.79 2.58 .38 .60 1.24 2.0 -0025 
Fireclay, fine quality....... 56.46 1.84 36.79 2.58 .38 .60 1.24 2.05 .0020 
AMliiminousieeetciiecie cic. 52.0 Peg 41.3 As) 2.0 .0028 
Silica 95.16 “SY / 1.46 .85 1.96 .08 21 1.81 .0036 

CS ae ee re ee ee, ee ee ee ee ee ee 

46 Griffiths, E., Journ. Inst. Fuel, vol. 15, p. 111, 1942. 

= 
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TABLE 137.—THERMAL CONDUCTIVITY OF ORGANIC MATERIALS AND WATER 

Part 1 

kt kt 
Substance Ae: cgs Substance i cgs 

Aceticnacid! -1.y-)-1.. 9-15 .03472 Carbon disulfide .. 0 03387 
Alcohols: methyl... 11 0352 Chloxefoume sae 9-15 .03288 

ethyl. . 11 0346 Ether aerate. seen 9-15 .03303 
amyl. 0 03345 Glycerine 2... 322: 25 .0368 

Abrvalitnieya ct acienc- sie a. oe 0 03434 Oils: petroleum 13 .03355 
BENZeNne sen ccne ss: 9-15 .0;333 turpentine .. 13 -03325 

Part 2* 

Conduc- Conduc- 
tivity at tivity at 
1 atm l atm 

Temp. watt cm Temp. watt cm 
Substance AC deg Substance AG deg-1 

Normal pentane. 30 1.347x10-3 Carbon disulfide. 30 1.599x10-8 
75 A285 7 ileal} 

Sulfuric ether.. 30 1.377 Petroleum ether. 30 1.306 
75 1.347 7 1.264 

UNCCEGHE | caisieselaie SD. alee Kerosene ...... 30 1.494 
75) 3687 75 1.394 

* For reference, see footnote 45, p. 136. 

Substance 

Oils: olive! -osene 
Castor ey retedon 

Toluene: © syscneraeverle 
Viaseline. <..c,20 «te 
DRylene: a.c.c.ceutetetets 

Temp 
Substance EX @ 

Water. si.ccces 30 
75 

Wraten occeitee 0 
10 
20 
30 
40 
50 
60 
70 
80 

kt 
cgs 

-03395 
.03425 

0 03349 
5 -0344 

.03343 

Conduc- 
tivity at 
l atm 

watt cm-? 
deg- 

6.026 x 10-3 
6.445 

5.524 
5.692 
5.859 
6.026 
6.194 
6.361 
6.529 
6.696 
6.863 

TABLE 138.—THERMAL CONDUCTIVITY OF GASES 

The conductivity of gases, ki = 4(9y7 — 5)uC,., where v is the ratio of the specific heats, 
Cp/Cv, and wu is the viscosity coefficient (Jeans, Dynamical theory of gases, 1916). Theo- 
retically k: should be independent of the density and has been found to be so by Kundt and 
Warburg and others within a wide range of pressure below one atm. It increases with 
the temperature. 

Gas BC 

Vb ie eee —191 
mmr eee 0 
BHM Cor sister 100 

Ny) Ace REN —183 
PA c. cuetesyeve 0 
ere on 100 
CO) oss30- (0) 
CO ste ; — 78 

aah Careheee < 0 

kt 
cgs 

.0000180 

.0000566 

.0000719 

.0000142 

.0000388 

.0000509 

.0000542 

.0000219 

.0000332 

Gas HE 

COs: 100 
C.H, 0 
1b OP i ees —193 

Ri) Peres ve 0 
eT Bs See 100 

18 lat 36s —192 
col Ube ter 213) 0 
ee cee 100 
CHa es... 0 

kt 
cgs 

.0000496 
-0000395 
.000146 
.000344 
.000398 
.000133 
.000416 
.000499 
.0000720 

* Air: k, = 5.22 (10-5) cal cm-! sec -1 deg C-1; 5.74 at 22°; temp. coef. = .0029. 

ke 
cgs 

.0000185 
-0000183 
-0000568 
.0000718 
.0000172 
.0000570 
.0000743 
.000046 
-0000353 
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TABLE 139.—DIFFUSIVITIES 143 

The diffusivity of a substance = — k/cp, where k is the conductivity for heat, c the 
specific heat and p the density (Kelvin). The values are mostly for room temperatures, 
about 18° C. 

Material Diffusivity Material Diffusivity 

PAUIMINUIIM F< 6. sjacuctehs cieceererss se 3 oie es .860 (Coal wegen ee aes Poets Cee wees a oa .002 
PAMEIIMONY, © cee ccke ci cote samme eaies .135 Concrete, (cinder) BH... <.... «sian .0032 
BSI eltewey hota cesta accie emcee ctete ls .069 Goncreten (stone)! acicpomaiocccistscus.e oe .0048 
Brass; Cyenlow,)) cox sreiesavoaeeecrc cn. .339 Coneretes (light slag)ien ce scee cece .006 
Cadmium 78 2ekt iF. 2etidiewes os so osteo .467 GorkasGerounid)) “TE oe et cee te .0017 
CGPPEr. Veale | cae cde Tan cneiehsiere ele 1.140 B bomiterg oo: - Sense ehaieys oils = clessve se wrens .0010 
Goldie ORT SE ate ayo ee th aod 1.209 Glasst(ordinany)) wee ee cee een aoa .0057 
Iron (wrought, also mild steel)....... .173 Grarttel A ari cle emer opel thee .0127 
Tron (cast, also 1% carbon steel)..... elZil Tee Sassen 55 5 5. Ree bo we ee wate 0112 
TBC. coccrare eee ee rete inone uahate vers eae: elieue avers .245 Lamestone:) 2.5226 ae etic is seieiersis)s) ose .0081 
Miaignesitirn.” osc cvesntene ess te etagere aus ss Uo. eyes .932 Marble (Gwhite))) pr perceresic oe ovetenctee eke ole .0097 
Mercury eae HA Ss occ Annee sree eros wiehes 45 LEE S Ni eta o Como ¢.. olae.o Saori n Bo -00098 
Nickel [Asse et MS otostighie eet oi .155 Rock material (earth aver.)......... .0118 
Pata cdivrmal Wye sth stoves «Ae nakeyaieterenstarstes, PNG .261 Rock material (crustal rocks)........ .0064 
Platinum” Wars ees 5.0 sine scien sya. .243 Sandstonet sa /nsre ce miseries trotters .0113 
Silver 25.5 cesta ote ae tee a cea ees 1.700 Snow) Ciresh))< cing cote okies ae oe .0033 
ie so ccoecondoeesc4c Saueoud0GnOOM .407 Soil (clay or sand, slightly damp).... .005 
PANIC! | Ses svovers bayosyena ye overs ah fies shave cs stKe .413 Soll@very: dry) .cremeeeoer renee ck tere -0031 
ANA Te wll at Ina. tha Peele ce eetaynne Si etebatsrciere 5 .179 Water (285.25 coseeee ne eet arenes .0017 
Asbestos: ((loose)) se tcietet chats os ccs .0025 Wood (pine, cross grain)........... .00068 
Brick, (averaget ne ities «0 s:s10 6» « -0052 Wood (pine with grain)............. .0023 
Brick (average building)............ .0044 

TABLE 140.—THERMAL CONDUCTIVITY—LIQUIDS, PRESSURE EFFECT “ 

Conduc- Conductivity relative to unity (0 kg/cm?) as function of 
tivity at pressure in kg/cm? 
0kg/em2— —__ SS IB eFf 

No.* Liquid NG (cgs) 1000 2000 4000 6000 8000 10000 11000 12000 

1 Methyl 30 .000505 1.201 1.342 1.557 1.724 1.864 1.986 2.043 2.097 
alcohol ..,< 75 .000493° 1212, 1.365 1601 1.785- 4.939 2.072,22.133 2191 

2 Ethyl 30 .000430 1.221 1.363 1.574 1.744 1.888 2.014 2.070 2.122 
alcohol .... 75 .000416 1.233 1.400 1.650 1.845 2.007 2.152 2.217 2.278 

3 Isopropyl 30 .000367 1.205 1.352 1.570 1.743 1.894 2.028 2.091 2.150 
alcohol .... 75 .000363 1.230 1.399 1.638 1.812 1.962 2.093 2.154 2.211 

4 Normal butyl 30 .000400 1.181 1.307 1.495 1.648 1.780 1.900 1.955 2.008 
alcohol .... 75 .000391 1.218 1.358 1.559 1.720 1.859 1.985 2.043 2.099 

5 Isoamyl 30 .000354 1.184 1.320 1.524 1.686 1.828 1.955 2.013 2.069 
alcohol .... 75 .000348 1.207 1.348 1.557 1.724 1.868 1.998 2.063 2.126 

6 Esther ances 30 .000329 1.305 1.509 1.800 2.009 2.177 2.322 2.388 2.451 
755 000322. 1.313 "1518 1.814 21043 2:231'))2.394- 2.469. 2.537 

7 Acetone ..... 30 .000429 1.184 1.315 1.511 1.659 1.786 1.900 Freezes 
75 .000403 1.181 1.325 1.554 1.738 1.891 2.024 2.083 2.137 

8 Carbon 30 .000382 1.174 1.310 1.512 1.663 1.783 1.880 1.923 1.962 
bisulphide .. 75 .000362 1.208 1.366 1.607 1.789 1.935 2.054 2.107 2.154 

9 Ethyl 30 .000286 1.193 1.327 1.517 1.657 1.768 1.858 1.895 1.928 
bromide ... 75 .000273 1.230 1.390 1.609 1.772 1.907 2.022 2.073 2.121 

000265 1.125 1.232 1.394 1.509 1.592 1.662 1.694 1.724 
1Odide ari 75 000261 1.148 1.265 1.442 1.570 1.671 1.757 1.799 1.837 

— = ca co Sr ae ro) S 

Lf) Water: be. . 30 .00144 1.058 1.113 1.210 1.293 1.366 1.428 1.456 Freezes 
75 00154 1.065 1.123 1.225 1.308 1.379 1.445 1.476 1.506 

12.) Toluol, ov. - 30 .000364 1.159 1.286 1.470 1.604 1.716 (2.3947) 
75 .000339 1.210 1.355 1.573 1.738 1.872 1.987 2.039 2.089 

13. Normal 30 .000322 1.281 1.483 1.777 1.987 2.163 2.325 2.404 2.481 
pentane ... 75 .000307 1.319 1.534 1.855 2.112 2.335 2.543 2.642 2.740 

14 Petroleum 30 .000312 1.266 1.460 1.752 1.970 2.143 2.279 2.333 2.379 
ether oc... 75 .000302 1.268 1.466 1.780 2.026 2.232 2.409 2.488 2.561 

15 Kerosene .... 75 .000333 1.185 1.314 1.502 1.654 1.792 1.925 1.990 2.054 

47 ¢/ Bridgman, P. W., Proc. Amer. Acad. Arts and Sci., vol. 59, p. 158, 1923. 
2, 6, 8, 12, 13, extreme purity; 3, 4, 5, 7, 9, 10, 11, very pure; 14, 15, commercial. 

+ Toidol freezes at 9900 kg/cm? at 30°. The figure at 11000 is for the solid. 
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TABLE 141.—THERMAL RESISTIVITIES AT 20°C EXPRESSED IN FOURIERS 

FOR A cm 

The fourier * is defined as that thermal resistance that will transfer heat energy at the 
rate of 1 joule per sec (1 watt) for each degree (C) temperature difference between the 
terminal surfaces (equivalent roughly to a prism of Ag or Cu 4 cm long by 1 cm? 
cross section). 

Siler cotee ne wale .239 iWatemiesscac. 2. sane 170 Rubber * (over 
Coppenass stone 258 Mica * ( | to OO TG) ee Nae hee 700 
Aluminum ...... 49 laminations! 5..42. 200 Wood (Virginia 
Brass (30% Zn). .93 Binebricks =) ene 200 pine across 
ISRO} 0a ceria aeieesiee 1.6 [Firebrick 25°C eran)! eect: 710 
INGekel oii ss oe oa: IL 1) WOCTE]) scoodae O0h J PANeR Ss pi cee 1000 
Steel. (1%. G).. 2.1 Brick masonry * .... 250 Asbestos * (wool). 1100 
Constantan s.-ee 44 Leather ® s5cecece 600 Gorkeh Nase ser ee 2000 
IM@GCUTY, 0 erecel > aioe 12.0 Eiyvdrogent..)...c.eee 600 Cotton batting 
likes ere WREN\e soce 45 Hard nubber seeesne 610 (SOHO) Sodooccus 2500 
(Glassware: 133 lal@btha wb ooaenoou eS 690 Wool (loose) ..... 2500 
Concrete* ...... 140 MRS ea hr seo win 4100 

48 Harper, D. R., Journ. Washington Acad. Sci., vol. 18, p. 469, 1928. 
* Substances marked with the asterisk vary widely in thermal conductivity according to composition. 

For limits of such variation, consult International Critical Tables, vol. 2. The figure listed above for any 
such material represents the author’s estimate of the ‘“‘best guess’? for use in those cases where the 
composition of the material is not specified. 

In preparing this table, the author has consulted vol. 2, I.C.T. For still other materials, grateful 
acknowledgment is made to the staff of the National Bureau of Standards for advice in selecting most 
probable values in the light of present information. 
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TABLES 142-146—THERMAL EXPANSION 

TABLE 142.—EXPANSION OF THE ELEMENTS * 

145 

Part 1.—Coefficients of linear t thermal expansion of chemical elements (Polycrystalline) 

Element 

Aluminum 

Antimony ¢ 

IATSENIC) (oe. . 

Barium 

Beryllium 

Bismuth ¢ 

Carbon 
Diamond 

Graphite 

Chromium 

Germanium 

Temperature 
or 

temperature 
range 

°o 

. —191 tod 
+ 20 to 100 

20 to 300 
20 to 600 

. —190 to 20 
+ 20 to 100 

20 to 300 
20 to 500 

40 

0 to 300 

—120 to 0 
+ 20 to 100 

20 to 300 
20 to 700 

1200 

. —190 to 17 
— 15 to 100 
+ 75 to 265 

20 to 750 

—220 
—160 
+ 10 

20 to 100 

—150 
=> kW) 
+ 30 

20 to 100 
0 to 300 

—180 to 0 
0 to 78 
0 to 400 
0 to 750 

20 to 100 
20 to 400 
20 to 800 

. —216to0 
—100 to 0 

0 to 100 
0 to 300 
0 to 700 

20 to 100 
20 to 400 

—253 to 10 
—191 to 16 
+ 25 to 100 

25 to 300 
0 to 500 
0 to 1000 

20 to 230 
230 to 450 
450 to 840 

Coefficient 
of linear 
thermal 

expansion 
x 108 per 

XE 

ABN I G Ww sOro9090 

— * fo} iss} By Oo 

DORR eR NDOWr 

1Sey tomuse 
135 -tod4s 
17.4 

ime hae ont 

MONEE BDwnAnoDwAR OWN: 

me or 6695 eats & dots 

Authority 
_ Ww 

* * 

4,5,6 

16,17, 

19,20 

21,22 

1:25) 
BQ2T, 
28,29, 
30 

31 

Element 

Gold 

Magnesium 

Manganese: 
Alpha phase. 

Beta phase.. 

Gamma phase. 

Molybdenum § . 

Neodymium 

Nickel 2555: 

Temperature 
or 

temperature 
Se 

—190 to 16 
0 to 100 
0 to 400 
0 to 700 
0 to 900 

—180 to 20 
+ 20 to 100 

—183 to 19 
+ 18 to 100 

0 to 1000 
0 to 1700 

—182 to 0 
—100 to 0 

0 to 20 
20 to 100 
20 to 300 
20 to 600 
20 to 900 

—190 to 20 
+ 20 to 100 

20 to 200 
20 to 300 

8 
= Os 

3 
0 to 95 

. —190 to 20 
20 to 100 
20 to 300 
20 to 500 

—190 to 0 
—183 to 0 

0 to 20 
0 to 100 
0 to 300 

—183 to 0 
0 to 20 

— 70to0 
0 to 20 

—190 to 0 
—100 to 0 

20 to 100 
25 to 500 
27 to 2127 

100 to 260 

—253 to 10 
—192 to 16 

0 to 100 
0 to 300 

25 to 600 
25 to 900 

* Compiled by Peter Hidnert and H. S. Krider, of the National Bureau of Standards. | , 
+ The coefficient of cubical expansion of an isotropic solid element may be taken as 3 times the coefficient of 

linear expansion within a high degree of approximation (See Part 3 for determined coefficients of cubical ex- 
pansion of some chemical elements.) 

** Numbers refer to authorities given at end of table. 
t The coefficients of expansion depend upon the orientation of the constituent crystals. 
§ The coefficients of expansion depend upon coarseness of grains and treatment of metal. 
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(continued) 

Coefficient 
of linear 
thermal 

expansion 
x 108 per 

AG 

Lelie antl all eee ABRANES © ONPRASE 

SOO Ww WwonNn 

Wpwe Anan 
NWO 

15.9 
17.6 
22.3 
22.8 
25.2 
12.8 to 20.4 
18.7 to 24.9 

tet oo wn Ow 

Authority 

we ON w- LS} 

33 

5,34 

1,35 
30,36 

2555 

37,38, 
39,40, 
41,42 

43,44 

5,30, 
32,39, 
45,46, 
47 

46,48 

2595 
46, 49, 
50, 51 

52 

1,36, 
25,26,27, 
46,53a, 
118 



146 

Element 

Niobium 

Osniumiae eee 

Palladium 

Platinum 

Potassium 

Rhodium 

Rubidium 

Ruthenium 

Selenium: 
Polycrystal- 

ine Syst 

Amorphous.. 

Amorphous, 
melted & 
cast 

Silicon 

Silver 

Temperature 
or 

temperature 

20 to 1500 

40 

- —191 to 16 
+ 16 to 100 

16 to 500 
16 to 1000 

—191 to 16 
— 90to0 

0 to 100 
0 to 300 
0 to 500 
0 to 1000 

0 to 50 

0 to 1000 
0 to 1500 

98 to 19 

sete oitolaz 
40 
50 

— 78 to 19 
+ 20 to 100 

205 
— 78to0 

0 to 21 

—160 to 0 
0 

172 
= Sy 
+ 20 to 50 

100 
500 

1000 

—250 to 0 
—191 to 16 

0 to 100 
20 to 300 
20 to 500 
0 to 900 

Coefficient 
of linear 
thermal 

expansion 
x 108 per 

AG 

_ 

ee re 

SOOwMH WNNS BD SNNAN NOANOCOND MMW WA OMNMpwo rary 

NS CHNNN KFonNRORO 

hw WN 

a1 

NSSONA wonmnm o BURRS!” WOoOhOA DD Nope 
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8 

5 
= 
3 
<x Element 

14,23, Sodium ..... 
24 

7 Tantalum 

2,26, 
54,55 

2,26, Melleanimy wee. 
30,32, 
54,56 Thallium .... 

Thorium 

57 

19,58, 

eae0 fl BT ae cue Oo 

Mitanium) eee - 

61 

7,62 

Tungsten 
63.37 (Wolfram) 

Vanadium 

Zine i ions. 
14,58, 
64 

Zirconium 

2,30, 
39 
26,65, 
66,67 

(continued) 

Temperature 
or 

temperature 
ores 

- —190 to 20 
+ 20 to 100 

20 to 300 
20 to 500 
27 to 1400 
27 to 2400 

40 

0 to 100 
0 to 200 

—216 to 20 
+ 20 to 100 

20 to 300 
20 to 600 

—183 to 20 
+ 18 to 100 

25 to 200 

—195 to 20 
+ 20 to 200 

20 to 400 
20 to 600 
20 to 800 

—190 to 0 
—100 to 0 

0 to 100 
0 to 300 
0 to 650 

27 to 1000 
27 to 1750 
27 to 2400 

> —183' to 0 
0 to 40 

—183 to 18 
+ 20 to 100 

20 to 200 
20 to 300 

. —183 to0 
0 to 20 

+ 20 to 200 
20 to 400 
20 to 700 

TABLE 142.—EXPANSION OF THE ELEMENTS (continued) 

Coefficient 
of linear 
thermal 

expansion 
x 108 per 

2¢ 

15.8 to 22.6 
23.8 to 27.0 

AnNbHRHAHA RW DCNONADHPFDHO 

Authority 

14 

Salas 
32,38, 
47,82 
83 

14,19, 
72 



TABLE 142.—EXPANSION OF THE ELEMENTS (continued) 147 

Part 2.—Coefficients of linear{ thermal expansion of chemical elements (crystals) 

Coefhicent of linear 
Temperature thermal expansion 

or per ° 
temperature - 

range Parallel to Perpendicular 
Element 1G axis to axis Authority 

ATAELINIONY, ay clefetete ter o)<) stokel stn oe —215 to +20 16.0x 10-8 7.0x 10-8 6,7,19,84 
+ 15 to 25 15.6 Se 

0 to 100 16.8 Atl 
20 to 200 ars 8.4 
20 to 400 8.1 

INGSENI Cts Saya iey Velerirereistece eto shee 30 to 75 3.2 to 6.8 oF ie 62 

iisagiirin oseacsesodsoacouse —150 1.6 2.8 19,85 
10 8.6 iz 
18 to 220 10.4 15.0 
18 to 454 13.1 15.7 

BISHIUEM paleo cette eles setae —140 15.9 10.5 19,86,87 
+ 30 16.2 11.6 

20 to 260 16.5 Sor 
20 to 240 sels 12.0 

Cadmium’ ieee wees cies te te —190 to 18 48.2 18.5 13,88,89,90 
+ 20 to 100 50.4 18.9 

Carbon 
Graphite! % 2... «litte «tees ane —195 to0 500 4.8 19,91,92 

0 to 40 oe 6.6 
0 to 500 WA? 1.3 
0 to 1000 18.8 1.8 
0 to 1500 20.7 2.0 
0 to 2300 23.1 2.4 

20 to 870 26.7 ze 

Cobalt) als cscecBitc cece. 3B 33 to 100 16.1 12.6 89 

Dri tm vosceyayepe oboe yes HT — 17to9 56. ila} 93 
+ 23 to 87 45.0 Wile7/ 94 

Maenesitiminrciictate orale) siclelevereve 20 to 100 26.4 25.6 95 
20 to 200 27.7 26.6 

Mercuny: .€o cies d..2itien. —190 to —160 42.6 33.4 96,97 
—188 to —79 47.0 37.5 
—120 49.6 37.5 

OSMATMER A. ators ors ero ice eebelare + 50 5.8 4.0 98 
250 6.6 4.6 
500 8.3 5.8 

D4 Tr A Ae e ARI Ae 20 to 1917 12.4 4.7 99 

RUthe mim) wey. opeks io ai eke elas sie 0,6 50 8.8 5.9 98 
250 9.8 6.4 
559 11.7 7.6 

Selenium” evs. . caterers os. 6.5 a8 ¢ 15 to 55 —17.9 see 100 
20 to 60 Jens 74.1 

Bellurtuni swords sis 2 lees be 20 — 1.6 27.2 100,101 
20 to 60 — 17 27.0 

Palval lavieripy dele choke oveietet ares ie 01 32 to 91 +72. 9. 94 

DAM rons 0: ove dapat he Galore al 801.0) Qe sof R —195 to 20 25.9 14.1 19,94,102 
0 to 20 29.0 15.8 

+ 14to25 32.2 16.8 
34 to 194 45.8 2540) 

ZANE, Ste ee at areas eves 190 to 18 49.5 pikes} 13,32,88,103,104 
+ 20 to 100 64.0 14.1 

0 to 250 56. 15. 
20 to 400 59. 16. 

Zirconwum{yite . {7KtsStles sek «5.6 0 to 100 4. 13. 89,105 

{If there is random orientation of the crystals in a polycrystalline element such as antimony or cadmium, the 
coefficient of linear expansion of the polycrystalline element may be computed from the following equation: 

oe ; (all + 21) 

where al| is the coefficient of linear expansion of the crystal parallel to its axis, and a| is the coefficient of 
linear expansion of the crystal in the direction perpendicular to its axis. (See Part 1 for determined coefficients 
of linear expansion of polycrystalline elements. ) 

(continued) 
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148 TABLE 142.—EXPANSION OF THE ELEMENTS (concluded) 

Part 3.—Coefficients of cubical thermal expansion of chemical elements 

Coefficient Coefficient 
Temperature of cubical ba Temperature of cubical fa 

or thermal — or thermal itm 
temperature expansion =| temperature expansion s 

range x 108 per 3 range x 108 per 3 
Eiement 2 AG; < Element “¢ AS < 

Cadmium .... 100 91. 106 Potassium .... O0to55 240 57, 
210 105 108, 
250 110 114 

Carbon: Rubidium .... 0to38 270 108 
Diamond ... 27 3.2 107 

25 to 650 9.1 Selenium: 
Compressed . O0to100 175 116 

Cesium) ~ 3.2.4. O0to23 291. 108 Not com- 
pressed .. 0to100 198 

Cobalt” 3.5380. 100 35.6 106 
300 39.4 Sodium) sae eee —186to17 186 111, 

O0to53 207 69, 
Gallium’ Wee. — 78to18 53. 109, 0to79 208 114, 

0to 29.6 55. 110 20to95 226 10s 
11 

Wodinew tj-jts cre —195 to 25 204. to 251. Lit, 
+ 10to40 264. 112% Sulfur 

113 Rhombic ... —273 to 18 139 112 
—195 to 18 164 116 

Eithium') 2-5 0to100 162. 114 — 79 to 18 180 
0to178 170. Crystallized . 0to100 354 

Sicilians Oto 100 260 
Nickell” Shi... 0< 100 38.2 106 

200 41.9 ima ctecnietershetets 80 68 106 
300 46.5 140 78 

190 89 
Phosphorus .. —273to019 317. 112, 

—195to19 398. 115 Zinc ‘asians 50 89 32, 
— 79to19 362. 200 104 106 

0 to 44 372. 300 110 

Authorities 

1. Nix and MacNair, 1941; 2. Nix and MacNair, 1942; 3. Hidnert, 1923; 4. Dorsey, 1907; 
5. Griineisen, 1910; 6. Hidnert, 1935; 7. Fizeau, 1869; 8. Cath and Steenis, 1936; 9. Hidnert 
and Sweeney, 1927; 10. Losana, 1939; 11. Jacobs and Goetz, 1937; 12. Dupuy & Hackspill, 1933 ; 
13. Griineisen & Goens, 1924; 14. Erfling, 1942; 15. Bastien, 1934; 16. Rontgen, 1912; 17. Joly, 
1898 ; 18. Hidnert, 1934; 19. Erfling, 1939; 20. Hidnert, 1941; 21. Schulze, 1927; 22. Masumoto, 
1931; 23. Hidnert and Krider, 1933; 24. Matthies, 1936; 25. Krupkowski, 1929; 26. Henning, 
1907; 27. Aoyama and Ito, 1939; 28. Hidnert, 1922; 29. Dittenberger, 1902; 30. Esser and 
Eusterbrock, 1941; 31. Nitka, 1937; 32. Austin, 1932; 33. Hidnert and Blair, 1943; 34. Holborn 
and Valentiner, 1907; 35. Hidnert, 1942; 36. Souder and Hidnert, 1922; 37. Dorsey, 1908; 
38. Lindemann, 1911; 39. Ebert, 1928; 40. Rauramo and Saarialho, 1911; 41. Friend and 
Vallance, 1924; 42. Hidnert and Sweeney, 1932; 43. Simon and Bergman, 1930; 44. Bridgman, 
1936; 45. Hidnert and Sweeney, 1928; 46. Disch, 1921; 47. Schulze, 1921; 48. Erfling, 1940; 
49. Schad and Hidnert, 1919; 50. Hidnert and Gero, 1924; 51. Worthing, 1926; 52. Jaeger, 
Bottema, and Rosenbohm, 1938; 53. Souder and Hidnert, 1922; 53a. Hidnert, 1930; 54. Scheel, 
1907; 55. Holzmann, 1931; 56. Scheel and Heuse, 1907; 57. Hagan, 1911; 58. Valentiner and 
Wallot, 1915; 59. Sweeney, 1929; 60. Ebert, 1938; 61. Hume-Rothery and Lonsdale, 1945; 
62. Bridgman, 1933; 63. Borelius and Paulson, 1946; 64. Schulze, 1930; 65. Keesom and 
Jansen, 1927; 66. Scheel, 1921; 67. Owen and Roberts, 1939; 68. Siegel and Quimby, 1938; 
69. Hagan, 1883; 70. Hidnert, 1929; 71. Hidnert and Sweeney, 1933; 72. Kroll, 1939; 73. Grube 
and Vossktihler, 1934; 74. Bochvar and Maurakh, 1930; 75. Hidnert, 1943; 76. Greiner and 
Ellis, 1948; 77. Adenstedt, 1949; 78. Hidnert and Sweeney, 1924; 79. Dodge, 1918; 80. Forsythe, 
1927; 81. Worthing , 1917; 82. Souder and Hidnert, 1924; 83. Bauer and Sieglerschmidt, 1929; 
84. Bridgman, 1924; 85. Kossolapow and Trapesnikow, 1936; 86. Roberts, 1924; 87. Goetz and 
Hergenrother, 1932; 88. McLennan and Monkman, 1929; 89. Shinoda, 1934; 90. Kossolapow 
and Trapesnikow, 1935; 91. Pierry, 1946; 92. Backhurst, 1922; 93. Frevel and Ott, 1935; 
94. Shinoda, 1933; 95. Goens and Schmid, 1931; 96. Hill, 1935; 97. Griineisen and Sckell, 
1934; 98. Owen and Roberts, 1937; 99. Becker, 1931; 100. Straumanis, 1940; 101. Bridgman, 
1925; 102. Ievens, Straumanis, and Karlsons, 1938; 103. Staker, 1942; 104. Owen and Iball, 
1933: 105. Pfaff, 1859; 106. Uffelmann, 1930: 107. Krishnan, 1944; 108. Hackspill, 1913; 
109. Klemm, 1931; 110. Richards and Boyer, 1921; 111. Dewar, 1902; 112. Sapper and Biltz, 
1931: 113. Straumanis and Sauka, 1942; 114. Bernini and Cantoni, 1914; 115. Leduc, 1891; 
116. Spring, 1881; 117. Griffiths and Griffiths, 1915; 118. Schad, 1927. 
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TABLE 143.—COEFFICIENTS OF LINEAR THERMAL EXPANSION OF 

SOME ALLOYS * 

Coefficient ft 
Temperature of linear 
or tempera- thermal ex- 
ture range pansion < 108 

Alloy ft °C per ° Authority 

Aluminum-beryllium, 4.2 to 32.7 Be........ 20 to 100 22.4 to 17.8 ise: 
20 to 500 26.6 to 22.2 

Aluminum-copper,, 9 9NG@ul 22-6 see. 20 to 100 22.0 2 
20 to 300 23.8 

A Oh ree fe 5) eae 20 to 100 19.7 
20 to 300 20.8 

Alaminumenickel- 3.4 Nita. soeos teemeee ces 20 to 100 21.9 2 
20 to 300 23:7, 

LOSSRN sis:5c hte eee oes 20 to 100 18.2 
20 to 300 19.5 

Aluminum-silicon, 4.2 to 12.6 Si............ 20 to 100 22.2 to 19.4 Sh 
20 to 300 24.8 to 22.1 

OPES. Pebiis.c Sas oie aie 20 to 100 18.5 
20 to 300 19.0 

AQESIOM Neer: 20 to 100 14.7 
20 to 300 ail 

Aluminttm-zine 20 stool) Zins... oases «=o 20 to 100 23.6 to 26.5 4 

Brassyontow4OeZ nee psec ents uosin da seein 25 to 100 16.9 to 19.7 
25 to 300 17.7 to 21.2 

Bronze 42t0 ol Obl Sra peat voreyeycveiss shovel ror et ota se 25 to 100 17.1 to 17.8 5 
25 to 300 17.8 to 19.0 

(CARES Woh) ais oSOR AS, DOO ORME 3 Cries Dee 20 to 100 8.7 to 11.1 6 
20 to 400 11.5 to 12.7 

Cobalt-iron-chromium, 53.0 to 55.5 Co, 35.0 
(0) SV 1a, NO) ay IONS) (Giegdoccocscoscdoe 20 to 60 —1.1 to +-1.7 7. 

Gopper=berylliums*3!0) Gul ten ee nacec ce foe 20 to 100 15.9 to 17.3 
20 to 300 16.4 to 17.4 

GCopper=nickell9)5) Nineecites- Gae sseo os —182 to0 13.0 9 
; 0 to 40 14.7 

AOIS NER cister soto tard foe winters —182 to 0 11.8 
0 to 40 SY7 

Copper-tin (see Bronze) 

Copper-zinc (see Brass) 

Dumet : 
EEQE soonppoeuebeolcdoseesoovepes open 20 to 300 6.1 to 6.8 10 
Radial ars ois APSA, oon, VaR eo 20 to 300 8.0 to 10.0 

Duraluminveccncss = roe ia ian ME PAM oa 20 to 100 21.9 to 23.8 3 
20 to 500 25.4 to 27.6 

Hernico, 54: Fe iloNitpl5) Gon aae eee ees 25 to 300 5.0 11 

IinvarnO4sHersOuNisccccc ano corn oe bios 0 to 100 OMstomZ 12 

[ron-aluminum .5 to 10:5) All... ...22 s2e8 oe 20 to 100 11.6 to 12.2 13 

Iiron=-chromium, 1\tol40) Gri.-.s5.2 050 seeee 20 to 100 12.4to 9.4 12 

* Compiled by Peter Hidnert and H. S. Krider, National Bureau of Standards. 
t+ Chemical composition is given in percent by weight. + Coefficient of expansion varies with com- 

position and treatment. * Numbers refer to authorities given at end of table. 

(continued) 
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TABLE 143.—COEFFICIENTS OF LINEAR THERMAL EXPANSION OF 

Alloy 

Iron-cobalt 9.9 to 49.4 Co 

Iron-nickel-chromium, 6.6 to 74.7 Fe, 1.3 to 
70.1 Ni, 4.9 to 26.7 Cr 

Iron-nickel-cobalt, 62.5 to 64.0 Fe, 30.5 to 
34.0 Ni, 3.5 to 6.0 Co 

61.3 Fe, 31.8 Ni, 6.0 Co 

58.7 Fe, 32.4 Ni, 8.2 Co 

Iron-silicon, 1.0 to 8.4 Si 

Kanthal (A, A-1, and D) 8 

Kovdr (see Fernico) 

Lead-antimony, 2.9 to 39.6 Sb 

Magnesium-aluminum, 10.4 Al 

Magnesium-zinc, 20 Zn 

Manganin 

Nickel silver, 62.0 to 63.2 Cu, 10.0 to 20.2 Ni, 
17.4 to 27.1 Zn 

Ce 

ee ey 

ee ey 

Cy 

Ce 

CC 

ce | 

Ce ee) 

CC 

© (elo) oljave oe! «0 We ecelele eee 

CC ey 

ed 

Ce ey 

ee eee eee eres ee esas 

ee ey 

SOME ALLOYS (continued) 

Temperature 
or tempera- 
ture range 

2G 

30 to 100 

20 to 100 

20 to 100 
20 to 100 
0 to 100 

30 to 100 

20 to 100 
20 to 1000 

20 
20 to 100 
20 to 240 
20 to 200 
20 to 295 

20 to 100 

20 to 100 
20 to 900 

20 to 100 

20 to 100 
20 to 200 
0 to 100 
0 to 200 

30 to 100 
30 to 300 
30 to 100 
30 to 300 

40 to 100 
40 to 100 

20 to 100 
0 to 400 
0 to 800 

25 to 100 
25 to 600 

20 to 100 
20 to 1000 
20 to 100 
20 to 1000 

0 to 100 
0 to 400 

Coefficient 
of linear 

thermal ex- 
pansion X 108 

per 

112 tom 93 

12.7 to 16.9 

12.2 to 11.3 

11.4 to 11.7 
13.9 to 15.1 

28.2 to 20.4 

25.9 
27.2 

13.5 to 14.5 
15.9 to 16.7 

13.0 
17.2 
13.5 
WA. 

14.8 to 15.4 
16.8 to 17.4 

Authority 

14 

13 

15,12, 
14 

16 

14, 17 

21 

22 

23, 24 

15,13 

16, 25 

26 

§ Composition of Kanthal: A: 68.5 Fe, 23.4 Cr, 6.2 Al, 1.9 Co, 0.06 C; A-1: 69.0 Fe, 23.4 Cr, 5.7 Al, 
1.9 Co, 0.06 C; D: 70.9 Fe, 22.6 Cr, 4.5 Al, 2.0 Co, 0.09 C. 
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TABLE 143.—COEFFICIENTS OF LINEAR THERMAL EXPANSION OF 

SOME ALLOYS (concluded) 

Coefficient 
Temperature of linear 
or tempera- thermal ex- 
ture range pansion X 108 

Alloy AG: per °C Authority 

Platinumeiridiunis CO ene eee emiccie-iel —190 to 0 7.5 27 
0 to 100 8.3 
0 to 1000 9.6 
0 to 1600 10.5 

Platinum=rhodium® 20 Rheeeciseieoe se. so. 0 to 500 9.6 28 
0 to 1000 10.4 
0 to 1400 11.0 

SAE canbormsteetsi lM... sa. deer acres or. 20 to 100 8.8 to 14.4 12 

SAE stainless chromium irons.............. 20 to 100 9.4 to 10.7 12 

SUceuiiimimimetal <-. saci ss ne eee fais 20 to 100 16.0 29 

Stamlessmsteelaml'2 (Gr fa racics.racanr actor waters: se. 20 to 100 10.0 30, 16 

hee) Oh Or sel NS anes 2 Oe 5 ee 20 to 100 16.4 

Stellite, 55 to 80 Co, 20 to 40 Cr, 0 to 10 W, 
OHO CS BPE os coche so OAD SRS wleine’s 20 to 100 11.0 to 14.1 31 

20 to 600 13.6 to 16.5 

Mauraltini canoe...) 00s e 8s users ee ola sce 20 to 2377 8.2 SZ 

dtinestenwcanbide 19:9) Con «a-tewyel ceo 20 to 100 4.5 $36! 
20 to 409 Se 

ate} ONC Omer eee oe ceteris o's’ 20 to 100 5.2 
20 to 400 6.0) 

Zing-alwminiwm 22 OP Alc om desea es es < 20 to 100 26.0 34, 4 
20 to 200 28.3 

GOWAN ne Brera aEe Eo on Cea 20 to 100 26.5 
20 to 200 27.6 

|| Coefficients of expansion of other S.\E steels (free-cutting, manganese, nickel, nickel-chromium, molyb- 
denum, chromium, chromium-vanadium and chromium-nickel austenitic steels) are given in Metals Hand- 

book of the American Society for Metals. 

Authorities 

1. Hidnert and Sweeney, 1927; 2. Kempf, 1933; 3. Hidnert, 1925; 4. Schulze, 1921; 
5. Hidnert, 1921; 6. Bolton, 1936; 7. Masumoto, 1934; 8. Hidnert, 1936; 9. Aoyama and 
Ito, 1938; 10. Hull and Burger, 1934; 11. Hull, Burger, and Navias, 1941; 12. Various; 
13. Schulze, 1928; 14. Masumoto, 1931; 15. Souder and Hidnert, 1922; 16. Hidnert, 1931 ; 
17. Scott, 1930; 18. Hidnert, 1938; 19. Hidnert and Sweeney, 1928; 20. Takahasi and 
Kikuti, 1936; 21. Grube and Vosskuhler, 1934; 22. Grube and Burkhardt, 1929; 23. 
Schulze, 1933; 24. Ebert, 1935; 25. Dean, 1930; 26. Cook, 1936; 27. Physikalische-Tech- 
nische Reichanstalt, 1920; 28. Day and Sosman, 1910; 29. Scheel, 1921; 30. Hidnert, 1928; 
fh Souder and Hidnert, 1921; 32. Becker and Ewest, 1930; 33. Hidnert, 1937; 34. Hidnert, 
1924. 
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TABLE 144.—COEFFICIENTS OF LINEAR THERMAL EXPANSION OF SOME 

MISCELLANEOUS MATERIALS * 

Tempera- Coefficient Tempera- Coefficient 
ture or of linear ture or of linear 
tempera- thermal tempera- thermal 

ture expansion ture expansion 
range x 108 Au- range « 108 Au- 

Material I per°C thority Material AC per °C thority 
Alum: ibis? Mica, muscovite: 
Ammonium .. 20 to 50 925 Parallel to 
Ammonium cleavage 

chrome, =... 20to50 10.6 Dlanemeerrcs 0to100 8&5 14 
Potassium ... 20to50 11.0 Perpendicular 
Thallium 3.2.5 20;t0750) 1351 to cleavage 

plane steac a 20 to 300 8 to 25 15 
Amber’ 0 ers neve Oita750) 153 2 

Mica, phlogopite: 
Bakelites sacra. 20 to 60 8 21 to 33 3 || to cleavage 

planem serie 0to100 13.5 14 
Berylin s.ces actos 20 to 100 .3 to 1.6 4 | to cleavage 
Brick, clay build- planestareciae 20 to 100 1 to 179 15 

ANG: Wsveversiste - — 10to+40 3.0 to 12.4 5 
Rorcelainer.tseyrr 20 to 200 1.6 to 19.6 3 

Carborundum .. O0to500 7 6 
0to 1000 8.4 Quartz, crystal- 16 
0to1800 9.2 line 

Goneretes syste — 13to+27 6.8to 12.7 7 |itoWaxis’ .....- 0to100 8.0 
— 13to+88 7.5 to 14.0 Oto 300 9.6 

Oto 500 12.2 
Dental amalgam. 20 to 50 22 to 28 8 sIMtOwAaXIS «166 0to100 14.4 

Oto 300 16.9 
Giass: 9 0to500 20.9 

Miscellaneous. 0 to 300 .8 to 12.8 Quartz, fused 
PV GOXE salir 1 Me 20to 100 3.1 to 3.5 (silica)) .... 20 to 100 BS 9 

20 to 300 3.0 to 3.6 20 to 1000 ay) 

Granites (Ameri- Rocks (Ameri- 
Cans. lersvarerxe — 20to 60 4.8 to 8.3 10 can): 17 

Igneous ....% 20 to 100 3.4 to 11.9 
Weel acc frers ecco — 250 —6.1 11 Sedimentary .. 20to100 2.7 to 12.2 

— 200 + .8 Metamorphic.. 20to100 2.3 to 11.0 
—150 16.8 
— 100 33.9 Rubber (hard)t{. § 50 to 84 9 
— 50 45.6 ; 

0 S257) Slatevae tvsrereteuxe one 20 to 100 6.3 to 8.3 17 

Magnesia ...... 20to500 12.4 Gals Tooth: 
20 to 1000 13.7 13 IROOU™ sea 4iere 5 re 20 to 50 8.3 8 

Across crown . 20 io 50 11.4 
Marble ienvcrtentet 25to100 5tol6 3 Root and 

CKOWN, . 20:6 «> 20 to 50 7.8 

Wood: 
Along grain.. § ltoll 9 
Across grain.. 32 to 73 

* Compiled by Peter Hidnert and H. S. Krider, National Bureau of Standards. ** Numbers refer to 
authorities given below. + With load of 30 Ib/in.? t includes terms ‘“‘ebonite’’ and ‘‘vulcanite.”’ § Vari- 
ous temperature ranges between 0°C and 100°C. 

Authorities 

1. Klug and Alexander, 1942; 2. Sweeney, 1928; 3. Souder and Hidnert, 1919; 4. Geller and 
Insley, 1932; 5. Ross, 1941; 6. Ebert and Tingwaldt, 1936; 7. Koenitzer, 1936; 8. Souder and 
Peters, 1920; 9. Various; 10. Hockman and Kessler, 1950; 11. Jakob and Erk, 1928; 12. White, 
1938; 13. Austin, 1931; 14. Ebert, 1935; 15. Hidnert and Dickson, 1945; 16. Compiled by Sos- 
man, 1927; 17. Griffith, 1936. 
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TABLE 145.—CUBICAL EXPANSION OF LIQUIDS 153 

If Vo is the volume at 0° then at ¢° the expansion formula is /’;=V.(1+at+ 
pt? + yt*). The table gives values of a, 8 and y and k, the true coefficient of cubical 
expansion, at 20° for some liquids and solutions. At is the temperature range of the 
observation. 

t k 108 

Liquid oC a 108 B 108 7 108 at Boe 

INGebichacid, Att... schiernnanter: 16-107 1.0630 12636 1.0876 1.071 
NCELONE  .cRROR cli omrs epee 0-54 1.3240 3.8090 = PO7OCSE en e487, 
Alcohol : 

/\ITONT leh od eee oe ae —15-80 .9001 6573 1.18458 902 
Ethyl; 30%byivoly © 225 255n - 18-39 2928 10.790 —11.87 — 

“ 50% pen eR T s 0-39 7450 1.85 730 — 
Re QOS GRO E  « acres eiteeet 27-46 1.012 2.20 = 1512 
ee JOO satin presser rrmer - 0-40 866 — -~ -- 
S000) 5 Oe a eee 0-40 524 — — _- 

Methyl <ehe)s6 scm cee eas 0-61 1.1342 1.3635 8741 1.199 
BENZENE). eee 5 ainsi aoe eas 11-81 1.17626 1.27776 80648 1.237 
Bromine: |. sere. 6s fatten tees s 0-59 1.06218 1877145 = — 9 30854 WIs2 
Calcium chloride: 

Sor solutiony eee eee. 18-25 .07878 4.2742 = 250 
40.9% Rk Bee eR 17-24 42383 8571 = 458 

Garbon disulfide...) eee. —34-60 1.13980 1.37065 1.91225 1.218 
500 atm pressure ......... 0-50 .940 = == — 

3000 “ Cn Ae 4, NN ithe 0-50 581 == = — 
Carbon tetrachloride ........ 0-76 1.18384 89881 1S51L3500 0 e236 
(Chaikoroni@uia “ooenoostesoaodoce 0-63 1.10715 ANGOA7 3) ei EZ SZ Ou eeaS 
ESC EL re Ree RACES Smee — 1/5=38 1.51324 2.35918 4.00512 1.656 
GIveenines eee eee = 4853 4895 — 505 
Hydrochloric acid: 

BS'27cmSolutione Geer eee 0-33 .4460 215 = 455 
IMeKCURYs 00) ocoe cn eee 0-100 18182 .0078 = 18186 
Olivenoil = .cns 2.3. eeroseas ss = 6821 1.1405 S19) 721 
Pentane = ccs ..aco kee ss 0-33 1.4646 3.09319 1.6084 1.608 
Potassium chloride: 
24S Sousolution eeeke. seein 16-25 2695 2.080 = 5359 

Phenoloiee Soa. sek wires or 36-157 8340 10732 4446 1.090 
Petroleum: 

Density -c4O7" 42. ta. Beams 24-120 8994 1.396 ose 955 
Sodium chloride: 
AGIA Soltis Gacaoabavioc 0-29 3640 1.237 = 414 

Sodium sulfate : 
PEGE. KONWISON Boscnctbcan 06 11-40 3599 1.258 == 410 

Sulfuric acid: 
LOOUousolution Men. ne 6. 0-30 2835 2.580 — 387 
NOOO ZoPO A asl OO eR Meek 0-30 5758 —— PAG? = 558 

ISTE o°S) 718 {1 (ol WA ORC en Re — 9-106 .9003 1.9595 — .44998 1073 
Waite terres eicarar reer weeks 0-33 — .06427 8.5053 — 6.7900 207 
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154 TABLE 146.—THERMAL EXPANSION OF GASES 

Coefficient at constant volume 

Pressure 
Substance cmHg 

VaNTs \ icronee ca ce Hoe 6 
ORE Dc PRON. ae 183 
ord a, ear a ema 10.0 
RVI AEA. eae est. dele 25.4 
Be CS MM ee ee a ne 75.2 
OP = 100 eR ere 100.1 

Pe air tere sae 76.0 
Ooo A i MATS Me ee 200.0 
OF a PEE Me Soc SRN Mae 2000. 
EI Bots. isch... tds 10000. 

Argon’. BesGes css. 51.7 
Carbon dioxide Rie ‘a8 

Ys ig ee 5.6 
g Se aan 74.9 
‘ “ 0°-20° 51.8 
& “ 0°-40° 51.8 
s “ 0°-100° 51.8 

« 0°-20° 99.8 
“ “ 0°-100°. 99.8 
io “ 0°-100°. 100.0 

Carbon monoxide ... 76. 
Heliumtaire sci. cas 56.7 
Hydrogen 16°-132°.. .0077 

° 1Sc—1322". 025 
" 12°-185°.. 47 
wy Shea. .93 
ce ee ae Boro EZ 
oN OR eee re ccok 76.4 
." 0°-100°.. 100.0 

Nitrogen 13°-132°... .06 
+ SRS ROR Ae 53 
oi 0°-20°.. 100.2 
He 0°-100°. 100.2 
i Wecic aceeneeee 76. 

Oxygen 11°-132°.... .007 
~ 9°=132°. ... 25 
ui 11°-132°.... al 
> ye da et 1.9 
Cg i eee aa 18.5 
“lh ae Peg 9s Sr 75.9 

Nitrous oxide ....... 76. 
Sulfur dioxide SO:.. 76. 

SMITHSONIAN PHYSICAL TABLES 

Temperatures in °C 

Coefficient at constant pressure 

Coeffi 
cient 

Pressure x 
Substance cmHg 100 

Je\ 5 Bh oes SOO eS 76. 3671 
MO Soci Cook 257 3693 
“10100 Saas sac cae ce 100.1 .36728 

Hydrogen 0°-100°... 100.0 .36600 
SY ieee Rota 200 Atm. .332 
SI lheA Roce ce 400 “ 295 
«AOS Fe ne the 600 “ 261 
ue Pome roe 800 “ .242 

Carbon dioxide ..... 76. .3710 
i *0°=20°... 51.8 .37128 
sf “ 0°-40°.. 51.8 .37100 
hy “ 0°-100°. 51.8 37073 
ks “0°=202>. 99.8 .37602 
* “ 0°-100°. 99.8 37410 
es “0°—202 5 L377 .37972 
4 10°=100 2 lS 727, 37703 
e “ 0°-7.5° 2621. 1097 
eS “64°-100°. 2621. 6574 

Carbon monoxide ... 76. 3669 
Nitrous oxide ....... 76. 3719 
Sulfur dioxide ...... AO: .3903 

e go 2 Patter 98. .3980 
0°-119° 76. 4187 
0°-141° 76. .4189 

Water-vapor< 0°-162° 76. 4071 
0°-200° 76. 3938 
0°-247° 76. 3799 

Thomson has given (Encycl. Brit. 
“Heat’’) the following for the calculation 
of the expansion, E, between 0° and 
100°C. Expansion is to be taken as the 
change of volume under constant pres- 
sure: 

Hydrogen, E = .3662(1 — .00049 V/v) 
Ar, E = .3662(1 — .0026 V/v) 
Oxygen, E = .3662(1 — .0032 V/v) 
Nitrogen, E = .3662(1 — .0031 V/v) 
CO: E = .3662(1 — .0164 V/v) 

V/v is the ratio of the actual density of 
the gas at 0°C to what it would have at 
0°C and 1 atm pressure. 



TABLES 147-158.—SPECIFIC HEAT 

TABLE 147.—SPECIFIC HEAT OF THE CHEMICAL ELEMENTS 

When one temperature is given the true specific heat is given, otherwise the mean specific 
heat cal °C-'g™ between the given limits. 

Element Rac 

Alltimaintiml soc «<n: —250 

Amitimony «tess occ. 207-1 

AVES EI Coachonat hacscioneaseans —Z16 

Bett soaseec —185, +20 
Benvallium) sees sss.s< —202 

IByiGmalttdel “Go segeeu soe —150 

Gesitimes canes eee 0, 26 
Calcium ceva eo. sae 24 

Carbon, graph.. —191, ae 

Gedramondass- 0 
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Sp ht 

.0039 

.076 
1367 
.1676 
1914 
.2079 
i229 

Element 

Gentum -- 

Chlorine .. 

Chromium 

Cobalt ee. 

Gallium .. 

Germanium 

Gold sae 

Indium ... 

lodine~ =... 

Iridium .. 

Iron, pure 

Lanthanum 

(continued) 

bac 

.... —253, —196 
20, 100 

Sp ht 

.033 
0511 
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TABLE 147.—SPECIFIC HEAT OF THE CHEMICAL ELEMENTS (continued) 

Element AG Sp ht Element EAC Sp ht 
| GS A cies eer aA tee —270 .00001 Phosphorus, yellow... —136 124 

—267 .00086 — 40 165 
—259 .0073 + 9 189 
—150 .0279 Ped seecs —136 .107 
ey ne at) 182 a 0289 47 hg 190 

0 .0297 : = 0 100 0320 Platine eee eee Bee wee 

300 0356 101-7, OZ (UU)? ete 3° eerie 360 0375 | 0261 
hig 500 .0370 — 648 0307 

ithiumy see soe —183 FS 0 0316 
—100 .600 500 0349 

50 96 750 0365 +190 1.374 1000 0381 Masnesiuminnn ace oe. —150 1767 1300 0400 
—100 2025 20, 100 0319 
= OU 2228 20, 1000 0346 

0 2316 Potassium .......... —258.4 032 
100 257 —2558 045 
aH ae 70113 140 

(OE ae 650, 775 284 az eyes 
Manganese .... —188, —79 .0820 (1) 90. ‘200 79) 415 FT ne (Omer: Sacre A aa 

Ms bes Rhenium meee 0, 20 035 
20 100 1211 Rhodium SO aA coo AD 10, 97 058 

100 0979 Rubidium (s) o'éo-0 mols @) 0802 

0 1072 R ie 3 w5e)le), a, /a, 6) a. 0 ey eve 2 e 0 ee uae 

100 1143 ut enlum .......... r d 
Mercury(s) ......... ~263:3 (00552 Selenitum= eee eee se : we 

—267.2 .00620 ; ; —2508 00783 Be, A 
—220.2 0255 38 131 

— 81.4 .0324 20 ‘09 
— 43.1 0337 a : S) 2. See aa 0338 Siliconeac coe ence Ae, 029 

( 143.3 087 — 31 0335 eee : 17 0333 — 86.2 ize 
Molybdenum ........ —257 0004 + 13.9 16 

= 18.2, 99.1 181 239.1 0034 210 —181.5 0300 18.0, 900.6 
=527 0399 Silvierir' 2.)cccme ee 258 .0146 
34:5 We0561 a au Gece 

0 0589 oe 
+ 5.3 0589 — 50 0537 +100 0612 0 0557 250 0632 100 0564 Nigkel  cothtuc ete. —258 0008 300 0601 =247'9 0024 900 0685 
—201.2 0363 20-900 0650 
—=15(0) 0660 20-1200 0880 
—100 0817 Sodium <.meeitacueeee = : ve 
05) 0940 ~ 

0 1032 —155.5 245 
100 1146 CD ie 2 SR ees 100 oA 
500 .1270 Sultum  eeeascer eee ve 3B 
800 1413 (Dy 2:2 See ; : 

Osmium: 64. Yee ss 19, 98 0311 GMOM =. sahiicets.c 15, 96 .176 
Palladiam 4s. —180, +18 0528 THONOGIINICHN yao On52 181 

0 .0538 Wenig coccacococc —201.7 0205 
on 0564 +380 ne 

0653 900 .036 
900 .0717 1100 043 

1500 .0766 1400 044 

(continued) 
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TABLE 147.—SPECIFIC HEAT OF THE CHEMICAL ELEMENTS (conciuded) 

Element VAC Sp ht Element AS Sp ht 

Thelluciunm see. —188, +18 047 AMES ces colon os 247A .0012 
15, 100 0483 —218.4 .0098 
15, 200 0487 —173.1 0205 

INUIT  céooacoadee —135 288 — 73.1 .0288 

28 Sib + 26.9 0321 

20, 100 .0326 at rea 

Mhoriume eee —253, —196 0197 : 
0, 100 0276 1000 0367 

1 id ag 220915 < *-.0385 1500 0390 
S267) 0422 Uranium sisi 'e.*\ s\\s, 9 sie/'ale 0, 98 .0280 

Bis 0450 Vanadium. aincfer at 0, 100 1153 
: TRING woven ee Reale N 0, 100 095 

—100 0483 252.4 0071 
— 50 0512 Bia ; —=201.3 0573 

0 0536 a 150 .0740 
+ 25 0548 cS 100 0814 

100 0577 bit) 0871 
1100 0758 0 0913 

Anitanitim 4.046 —185, +20 082 100 0957 
0, 100 1125 300 1043 

400 1089 

TABLE 148.—FORMULAE FOR TRUE SPECIFIC HEATS 

Range 
Element °C 

JN T(SINTO) Uh ee ROO ERG Od Cle CEIIEIC INC ha 5 1a ae 0493 + .000012 t 0-500 
IBISTMU LE ae eke oe bisa aoe ke ene 0292 + .000012t 0-200 
Ghirponaiuim Pe ees cess seh ee wee ean 1055 + .00010 ¢— .00000015 # 0-400 
oat ae eee oe creme tetas sisi ete order os 1000 + .000067 t 0-400 
COPE ee a Coat een 0915 + .000024 t 0-300 
TUCO EY web crete rer apes BM IS Ce daa oe tar .1060 + .000096 t 0-400 
LWEGYG I} Gn es: Sed RRRORA tee CSc eens Brcuenee 0295 + .00002 t 0-300 
Magnesium: Sascmorccecrrwente tdesecece ae: .2370 + .000142 ¢ — .0000001 #* 0-400 
INiCkelite reece eee ee oe ee 1020 + .000118 ¢ — .00000006 ¢? 0-300 
Platintinigeas peat Roe ose: 03162 + .00000617 t + 2.33 & 10° #? 0-1625 
SILVER Oe Bore eee ee eoee ees 0556 + .000008 t 0-400 
ILE sspcocugace 9¢ ISOs OepoUameoSbEDoUe 0525 + .000052 ¢t 0-200 
ZA CER RR aie Be ATA EA Se 0913 + .000044 t 0-300 

TABLE 149.—HEAT CAPACITIES, TRUE AND MEAN SPECIFIC HEATS, AND 

LATENT HEATS AT FUSION 

The constants a, b, and c of the equations for the heat capacity: W—=a-+ bt + ct’; for the 
mean specific heat: s—=at*-+ 6+ ct; and for the true specific heat: s’=b-+ 2ct; the latent 
heats at fusion are also given. 

Tempera- Tempera- 
ture Latent ture Latent 

Eie- range heat Ele: range heat 
ment AG; a b cx10® cal/g ment x @ a b cx10% cal/g 

Cr 0-1500 — -10233 33.47 = Age 0-961 — .05725 5.48 26.0 
Mo 0—1500 -- .06162 10.99 — 961-1300 53.17 .00710 28.30 — 
W 0—1500 — .03325 1.07 — IN Be 0-1064 —- .03171 3 O59 
Rte 0-1500 — .03121 3.54 = 1064-1300 26.35 .01420 8.52 — 
Si oe 0-232 — -06829 - = 13.8 Gul 0-1084 —- -10079 3.05 41.0 

232-1000 14.33 .07020 —18.30 _ 1084-1300 130.74 —.04150 65.6 _— 
Bi-.. 0-270 -- .03141 522) 10% Mn.. 0-1070 — .12037 925.41 36.6 

270-1000 10.31 -03107 5.41 — 1130-1210 — 7.41 .17700 — 24.14* 
Cdr 0-321 —- .05550 6.28 10.8 1230-1250 3.83  .19800 — — 

321-1000 6.30 .06952 6.37 a= INiierere 0-320 —- 10950 52.40 56.1 
iBbeee 0-327 — -03591 11.47 5.47 330-1451 41 .12931 ath 1233% 

327-1000 6.07. .02920 — 3.30 = 1451-1520 50.21 .13380 — — 
YAN Oo 0-419 os .08777. 43.48 23.0 Comer 0-950 — 09119 40.77 58.2 

419-1000 14.34 .13340 —16.10 —_— 1100-1478 22.00 .11043 14.57 14.70* 
SD 0-630 — .05179 3.00 38.9 1478-1600 57.72 .14720 — — 

630-1000 39.42 .05090 2.96 — ey 0-725 — 10545 56.84 49.4 
7 N leone 0-657 — 222200) 38°57 94:0 785-919 — 1.63 .1592 — 6.56* 

657-1000 102.39 .21870 24.00 = 919-1404 18.31 14472 05 6.67* 
1405-1528 —77.18 21416 — 1.94* 
1528-1600 70.03 .15012 — = 

* Allotropic heat of transformation: Mn, 1070—-1130°; Ni, 320-330°; Co, 950-1100°; Fe, 725-785°; 919° + 1; 
1404.5° + 0.5. 
nnn en 
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158 TABLE 150.—SPECIFIC HEAT OF VARIOUS SOLIDS 

Part 1 

Specific 
Temperature eat 

Solid AG cal/(g °C) 
Alloys: 

IB elilbe rn Gaal bee be 2 ce sees AD sac ree EMI Occ stave sod Be eats esa 15-98 0858 
[SCE ISS Sta bo ac RE Ai RR RECTORS 4 DIESRSCRERS SO 600.0.) CRE EC REME ENE GS SERRE TB 0 .0899 

Ben VCO Wee Se sais Gee ses HEN eos 3 RR Isoi onto Ps « 3 ocsle Cire 0 .0883 
SOME = ZOIMS th a. 2 as eyscss Se sic Re oste <-< fe OE eles co OE 14-98 .0862 
GonstantanmG0VCEu. 40) Ni) io ee oc. os DES, - wee eR 18 .0977 

t . SO ADs <5 NA ees RRS 3 «oS 100 1018 
German’ silver’ ..c2 024. c SSS £2. Pee oi atin ss MRM one iw a Be IS 0-100 .0946 
Lipowitz alloy: 24.97 Pb + 10.13 Cd + 50.66 Bi 4+ 14.24 Sn.. 5-50 0345 
MMO Wwiltz GallOya, 2.2.4 Ahdd hats Se MR eRe os 52 oie os ooo 100-150 .0426 
Mayan CY Emece Ini IZ) Mie 6 noon eenooe seer bo coeeb one cbe 18 .0973 

z s 3 FAs, cA Re OEE Gari 100 1004 
Nroneltametaltacs vs a ton etc ices MORI acs scouts. > oo a 20-1300 ZZ. 
IRGEE'S EMllares ~es) Ven als HHO) Bhi SE 23h (0) Siig pete eteboao pods oo — 77-20 0356 

3 SO or Toes ECT A EERE 01s cee as los 20-89 0552 
Wood's alloy: 25.85 Pb + 6.99 Cd + 52.43 Bi+ 14.73 Sn...... 5-50 .0352 
NVicod:sallova:) i(fluid)iet ac cera serene ans > 2 eckaneiecicea cements 100-150 .0426 

Miscellaneous alloys: 
Is): Slay se Poe seal) Zin 15 HO Sia seae Gace seousuomoodse 20-99 .0566 
BVAIES DetO2 GIP Dee a eC Sia acco 2 siene sles siaie ao Soro 10-98 .0388 
39/9 PbS 60k Bia Gite Se Sem. Ses ora sedis 16-99 0316 
GSESME TE SIZES tl Meets, eer aero onc sve's ssa ayeee houaenceteahamire al 20-99 .0400 
AG ORB t= 5 Stl Seep ec eee eMC or oes 8s)e neues ake w elsoegralcrs 20-99 .0450 

GAS Oa lee epee io chee EE EM cisions camp rartcysine ore eer Ge 20-1040 3145 
Glassymormal thenmometenlliOpmererere beer « ssesccccs > + ese 19-100 .1988 

Brench hard] thermometemyaert casa cies +s a4. cc ccc cs eee 1869 
GOW 2 chy SRN oe SETI ts CE yicves coun ne oa Megane 10-50 161 
LUD EA her ces assess rc ieee EE PIES sano oteeas, atk Pedtoeaneter ctor: 10-50 117 

TOGA eke ein Sk Se OSs 6 rect to cueare Ore tneairs — 80 350 
SE TN ED ae) 6 oO a GI Coe Che Ae Tan an SRE — 40 434 
BME SR cc cous ceieia 3) OCS o 6 Sik Re OETERES 6 15. Go: Gusrignehe ate susrever Revere 20 .465 
5 (NIA Fe trodes t meer ct fico © to a 6 Blond) oC OG Meena 487 

Indiawtrubbers (Banal ce serene els fois sae eie vs crseeicier es ?-100 481 
NEI Cath Yea SFE A OT EO SEE GLN) O85 bande sadseie seas 20 10 
Paattin’ | 6a caiss cco. EE RRL: ics oc sk ds cut bles — 20- + 3 377 

ED eae Fo OATS Gs soap Sie save Saomen ate — 19- +20 525 
ORE EE 85 5.3 5 55 he OT OE eC CCE eee 0-20 694 
et et a A We ree Pe sve: ocean ates dis-aSvo\lgfoyoinshovonenloyt 35-40 622 
i FERS S (ale jaabe ee hecsaoioee-o ec Baie Grat-c oe eee On oor nck 60-63 712 

RWobdsO TAAN . eae A Ree ee. . DIRT. eS 20 327 

(continued) 
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TABLE 150.—SPECIFIC HEAT OF VARIOUS SOLIDS (continued) 

Part 2* 

Compound Mineral —200° 0° 200° 

AS Ose colts corundum ... .069 72 1.00 
Al2Si20::2H2O * 9 kaolin 50-00-00 5 .99 Lily 

2(AIF)O:SiO: TOPAZ Sone (G83tat. 502) 
BesAl2SieO:s sees beryl oSooeouo (.84 at 50°) 

(CEVNESTHOR Gb ssce anOgtMIte) ei see cae 70 95 
(CACO)! Steroeon be CASIO Jascace was 793 1.00 
Galiero sect: SBOE coon 22 85 89 
CaMgSi.Oce ...... diopside ....: ate) 69 98 
CASOMOAEHO) os55 EARISDIN Goood6 6 322 1.03 ie 
GaWiO'™e sa. a5. eo. scheelite ..... (.40 at 50°) 
Kes Os ene sence hematite ..... ee 61 79 
aS eC ACen aa Gptnoitel sss. .238 606 Ace 

B troilite! <2 22: fas Be 3 .635 
ie Sse econ OMAK ouone vic 075 500 594 
IEE O)D. A Garren ode USE constoateteeboe 653 2.06 es 
ig Sera cicnsets eis aycinnabalts see alee 214 227 
INI GI pops crevrcmaatene eras SARIS oooococ 418 682 LAS 
KINO: - eerste AIMS poobaoc 326 bs me 

(rote Beacoae 1.19 a 
lionel Gouaees ene E22 

MesAl;SisOr ee... garnet .«..0-- alo (.74 at 58°) 

MeCOs nedeueng magnesite ... .16l .864 ee 
CO ccish-osces peniclasemersncr .066 870 1.09 

MerieSuOpe sre. tales menene ce- ss (.87 at 59°) 

INA Cle sretrsiciaene halite ese 466 855 915 
Ibefenel “SSS bosc oie os au 

Newey (Orel lelO) Go frores< So5agcc (GlGieat 352) 
INS) ilettaeancdy GANGA, soon oc 142 .207 221 

SiOZOM i MeN A. apqtantze amet 173 698 969 
(3 GIBENAYA goo 30 ok Pera aes 
a cristobalite . .186 69 1.01 
6 cristobalite . se nee 

pe JESS (Bore sede 184 70 95 
MS) coancogooc or a wurtzite Sere sraaoe ° 45 53 

* For reference, see foctnote 45, p. 136. 

(continued) 
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400° 

C.. (joules per gram) for temperatures in °C 

800° 
AD 

1.17 

1.01. 
1.15 

1.08 

cae 

1.24 

1.095 
1.14 

1.174 

1.171 
1.21 
587 

159 

1200° 
1.26 

127, 

1.10. 
1.20 

130. 

1.327 

121. 
1.34 



160 TABLE 150.—SPECIFIC HEAT OF VARIOUS SOLIDS (concluded) 

Part 3 

C, (joules per gram) for temperatures in °C 

a 

Rock ()° 200° 400° 800° 1200° 

Igneous 

Granite: 
65% orthoclase 
25% quartz 0% albite fcccccccccct 65 95 1.07 1.13 

1% magnetite 

Basalt : 
Syracuse 
IN Girne Cae rt roe Sh 5 ae Ae lee 85 O04 >) er elel4; 1232 1.49 
Kilauea 

Metamorphic 
(GrOSe Os cee bee mika Se orton.< 74 1.01 

Sandstone ss .. forgieiee a. os tes sere ( .93 at 59°) 
INI GACeOlISd iy. ck ons ee rice ee (Ce7siat0) 
Japanese @mean of 4)... ..42-. ( .81 at 65°) 
Pmelishii(mean Of, 6) - a6 alse. ws ( .81 at 50°) 

Clay.samorpnous) .200. cs 5s yaegee aes 75 .94 lelt3 IRS 

IeimestOnem am eae mee a ce aroc casos (1.00 at 58°) 
inalhigin: Goeein Ol D))occeccenssooac ( .68 at 50°) 
Japanese, (meannot 10) icy. 3.5 65. ( .83 at 65°) 

TABLE 151.—ATOMIC HEATS (50°K), SPECIFIC HEATS (50°K), ATOMIC VOLUMES 
OF THE ELEMENTS 

+ com ) x a v + ® 
= e & LE 5 = L LE a e S) LE 

2 ge Be | 55 5 ie) (esti hee 5 oe fg  §s 
a ae et) Oe a a ee ee”, songs cen Pe 

Gi oa SORE IS) Be. .2-2- 0175 .98 del Sb 0240 2.89 18.2 
BO soo ANS 256 49 ING gach W408  W22 6.7 Tee 0361) 4259) 25:7 
B 0212 24 4.5 Coma O20 7eeeleZ2 6.8 Te 1 02Z88E) *Si68ie we ZileZ 
Gt 0137 16 Bll Ct O24 5 leSo Toil (Si hese HI Gee ZAl 
Secon WAS 03 3.4 Th ooo At BS? 9.2 Ball ... .0350 4.80 36.0 

Na ISO SSO Zax ING 395 WASS 4S IO La 7 .03225974:60Ree2Z.6 
Mg 0713 1.74 14.1 Se coon HG = Aito IS Ce . 0330 4.64 20.3 
Al VAIS IZ 1010 Br aes 045Se ooze 24.9 W EL OO95ele75 9.8 
Si8 0303 86 8§=614.2 RD) gon COIL CO Seite Os . 0078 1.49 8.5 
Si‘ 0303 Vig 31g het Sri aoe) 205500) 4182563425 Ir-.... .0099 1.92 8.6 
P, yel.. .0774 240 17.0 se 506 WA 283 Ale 1 goo WISH 2.68 9.2 
P, red.. .0431 eS Ae loe Mo ... .0141 1.36 9.3 Au — As) SIG Oy 
S boco CEG 7S 1G. Rib eae AOIUGD Tl 9.0 Hg 0232) 24:65 14:8 
Gla eee967 S43) 2416 ot so, AOpleet il ste! 8.5 Ip. 20235) a SO eliza 
K 2.5 1280) S10 447 Xt 255 ddleo) Ae 9.2 Pb . 0240 496 18.3 
Ca son OK! 286 Aae Ao a O24 2 ZOZ a LOZ Bi 2...) 02181 42545 2183 
ieee 20205 99 = 10.7 Cd 080 Sor Onl st0) 1 LO197 e458 eZilel 
Gre... 2Old2 70 7.6 Sit coo AH Se Ans Ul See OlSSaaes SOs 
Mn 0229 1.26 7.4 

“calige: 1Cer. + cal g atom °C-1. ** Graphite. t Diamond. § Fused. q Crystallized. || Impure. 
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TABLE 152.—SPECIFIC HEAT OF WATER AND MERCURY * 

Specific heat of water 

Cc Cc ? P 
=f -1 Temp. et Temp ore, 

0 1.0080 25 .9989 
5 1.0043 26 9989 

10 1.0019 27 9988 
15 1.0004 28 .9987 
16 1.0002 29 .9987 
17 1.0000 30 .9987 
18 9998 35 .9986 
19 .9996 40 .9987 
20 9995 45 9989 
21 .9993 50 9992 
22 .9992 55 .9996 
23 9991 60 1.0001 
24 .9990 65 1.0006 

(1 cal = 4.1840 J) 

Cc Pp 
Temp cal gt 

° eat 

70 1.0013 
7S) 1.0021 
80 1.0029 
85 1.0039 
90 1.0050 
95 1.0063 
100 1.0076 
120 1.0162* 
140 1.0223* 
160 1.0285* 
180 1.0348* 
200 1.0410* 
220 1.0476* 

Specific heat of mercury 

C P 
Temp. cal g-t Temp. 
oe ° -1 2G 

0 .03346 90 
5 .03340 100 

10 03335 110 
15 .03330 120 
20 .03325 130 
25 .03320 140 
30 .03316 150 
35 .03312 170 
40 .03308 190 
50 .03300 210 
60 03294 Sete 
70 .03289 
80 .03284 

49 Nat. Bur. Standards Journ. Res., RP 1228, vol. 23, p. 197, 1939. 
* Barnes-Regnault. 

TABLE 153.—SPECIFIC HEAT OF VARIOUS LIQUIDS 

Temp 
Liquid c 

Aleohols ethylttt-.a5- se —20 
4 CS of Seen ae 0 
if TS eee 40 

Alcohols ‘methyl 7 37... -- 5-10 
i OE Si Gcirase 15-20 

ATONE ors 2 See Phecs o.ncois4 78 15 
pee Ds cciccisieryae 30 
J PE 6 3, ie ere rete 50 

Benzole, CeHe Land cra tes 10 

3 Se a Rae 40 
. (CAsis Reaneacore 65 

CaCl, sp. gr. ETE oma, 5 on 

< Sos Pee dd ans sire rere +20 
$ Swit EZ aE. fe, kes —20 
“ “ “oe SOMOS pphon tt, 22 0 

S Ho eee SS PR foie, +20 
3 de Wateet ZO Sn os og-h —20 
“ “ “ moe ty ete 0 

S ee MMMM | oxipayevivsct +20 
CuSo, — 50 H.O aebabel alsa 12-15 

i COO ee acsvsscueveys 12-14 
pee 400 okies 13-17 

Diphenylamine, 
CzHuN ahelluieye \e| e).0) ce, .«, )/0,¢ » 
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Spec 
heat Temp 
cgs Liquid °C 

505 Esthiyili sether ays. aero sis 0 
548 Glycerinemmigieesoscee 15-50 
648 I<Ost Se Si) 1BIO) eesbccee 18 
590 eS 0 ae eee 18 
601 NaOH —=S0eHeO.. 2... 18 
514 ge 00) Se ee 18 
520 NaG@le= 10 sHE@) ee oe 18 
529 Ser a COO MRS BLE Sc orstcraus 18 
340 Naphthalene, CiwHs ..... 80-85 
423 ame ih <, See Se 90-95 
482 INitgobenzolemen... «rt - 14 
.764 Tie: SS ceneoeee 28 
775 OilsiCastomtiecwdecer — 
787 Citront.9re Ceca. 5.4 
695 @livemeeet 6-2 er 6.6 
AZ Sesamenmer serine — 
PAZ, Turpentine’ 2. - 0 
651 Petrolcumseen eee 21-58 
.663 Sea water, sp. gr. 1.0043. 17.5 
.676 . ip ee LOZ SOR mnltqes 
848 e oS ame 1/0463. 17S 
951 Moluolh(Goliea ee. occa 10 
975 OY ER oe Nes creer tet 65 

Hy ee. Oe A RAG 85 
464 TiNSOn SEU IEROY Se cc'se 20-52 
482 some at 200M es piskicr 20-52 

161 



162 TABLE 154.—SPECIFIC HEAT OF LIQUID AMMONIA UNDER 

SATURATION CONDITIONS 

Expressed in calories» per gram per degree C 

Temp 
C 0 1 2 3 4 5 6 7 8 9 

—40 E062 2.92061 "17060 = 1.0598 PL05841.058" 98057 «056 6©=— 1055" $1055 
—30 1.070 1.069 1.068 1.067 1.066 1.065 1.064 1.064 1.063 1.062 
—20 10780-1077 31076 «61.0752 15074 © 31.074 "073 «= 072 «67S 1.070 
—10 1.088 1.087 1.086 1.085 1.084 1.083 1.082 1.081 1.080 1.079 
— 0 1,099 1:098 £097 1.09629 1.094 21.093 °°'1:092 «1091 «= F090" 1.089 
+ 0 1099 “100 LOL «= LOR 104 21.105 5106 IOs; TOs 1110 
+10 PIZ 51S. Rate TGR S118 99120) 1eZ2 PS 2s 
+20 1.126." 0128 F129  LASTES2 261.134 136. G7. TINO ei lay 
+30 P142* it44 | E146 1 ASOT S22 S44 §«=— 1156) SB a Ge 
+40 1.1625) 64 10166 LTGS meatal a1 173 el 76, WI7S Tee alee 

TABLE 155.—HEAT CONTENT OF SATURATED LIQUID AMMONIA 

Heat content = H =e -+ pv, where e is the internal or intrinsic energy. 

°C... —50° —40° —30° —20° —10° O° +10° +20° +30° +40° +50° Temperature 
—53.8 —43.3 —32.6 —21.8 —11.0 0.0 411.1 +22.4 —33.9 —45.5 —57.4 H=e-+ pv 

TABLE 156.—SPECIFIC HEAT OF MINERALS AND ROCKS 

50 Nat. Bur. Standards Journ. Res., vol. 38, p. 593, 1947. 
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Specific Specific 
Tempera heat Tempera- heat 

Substance ture °C cgs Substance ture °C cgs 

NnIGalmsite . sweets ee 0-100 168 ock=salt sah... aac 13-45 219 
AnuydriteCasOx ayn. 0-100 “75 Senpentine) .:6..- 700404 16-98 259 
AAtItely ye.) cans actaeete: 15-99 190 Sidenite:, Mack... eevee 9-9& 193 
ANSMESTOSM ere oe 20-98 195 Spinel SH wokede scars eas 15-47 194 
ANTSITES oui otis oe tet: 20-98 193 TSC SaaS ereeee 20-98 .209 
Banitem bas Oger tnt 10-98 slg} ANGE Re eRe Aes © 0-100 210 
Be tgy ll Pras ocycteune ae att ees 15-99 .198 Wrollastonite 0. .0500 0 19-51 178 
Borax, Na2B,O; fused... 16-98 238 Zanes blende, ZnS. s.adeo- 0-100 115 
@alcites|€aeOz. 24050. 0-50 188 PATCOM. 2 «eco AE AAl=byl rnls2 

0-100 .200 Rocks: 
0-300 .220 Basalt, fine, black..... 12-100 .200 

iGassitenite: Su@s) 1 acee 16-98 093 20-470 .199 
@halcopynrite 45) see 15-99 129 470-750 243 
@orundum’ S—--.s. 9-98 198 750-880 626 
Cryolite, AlaFs-6NaF ... 16-99 a2, 880-1190 .323 
iltworiten Galas) tar 15-99 215 Dolomite seen. «see 20-98 P2222 
Galename DSi pe. eee 0-100 047 Gneiss ..... Mecee ace 17-99 196 
Garnet Ak Eee 1 Me 16-100 “75 17-213 214 
Hematite, Fe:O3. 25.22. - 15-99 164 Granite: -<..chaves nee 12-100 .192 
Eognblende yes. 20040. 20-98 195 Kaolin SArwa.< oss 20-98 224 
Fiypersthene “jc'. 4.44-0. 20-98 191 Wava- Aetnavte =. eee 23-100 201 
abradorite saea. sass 20-98 195 31-776 .259 
Miaonetiten. eet. tee 18-45 156 Kelaweass noe 25-100 197 
Malachite, CuzCO,H2O .. 15-99 176 Wimestone sa. see 15-100 216 
IMircai(@Mios) yee taney. 20-98 .206 Marble’ . #60) a> ane 0-100 2A 

(C1) amano: steeper 20-98 .208 Ouartz-sande.ss- ee 20-98 191 
@Olieoclases ees. see 20-98 .205 Sandstone ....25 ese _— 22 
@xthoclase foe .4.05eee 15-99 188 Aluminum oxide ” 
Pyrolusite, MnO. ....... 17-48 159 (Copmrachitin)) ssacacscc 0 BZ 
Qwartva SiO paecesesenc 12-100 188 100 257 

0 174 200 2438 
350 279 300 2611 
400-1200 .305 400 .2719 

500 .2799 
600 2865 
700 .2919 
800 .2960 
900 2995 



TABLE 157.—HEAT CAPACITY OF GASES AND VAPORS ** 163 

Part 1 

Constants in 

Heat capacit Cp Sa a o ay/e G . WAS r£ Tem 
emperature = pera 

Density Temperature °C ° absolute ture 
g/liter A range 

Gases (normal) 0 400 1200 a 1036 10-5c Ze 
Use SESS SOR CRee 1.2920 1.004 1.057 1.16 .968 32 0 0-2000 
AMIMOMA: | G.hasy.ckeies 7598 2.06 2.74 3.86 1ESZ25 e395 1102 0-1500 
PATON ore dy shoverchorate 1.782 521 521 Syl 5215 0 0 0- 
BTOMINes colo cere oe 7.1308 225 .232 .236 223 01 0 0-1400 
Carbon dioxide ...... 1.9630 82 eZ 1ES2 894 7 197 0-2000 
Carbon monoxide .... 1.2492 1.04 103) e245 980 18 0 0-2000 
Chlonpines sso ce 3.1638 497 511 257. 488 = .033 () 0-1700 
Bilitonine ss aoe ace 1.6954 774 818 .906 744 11 0 0-2700 
FAC Ittne | ye donot oleate ore 1785 5:2 512 EZ 5) 0 0 0- 
Iiydrogeni*eH —. ma. 045 20.6 20.6 20.6 20.6 0 0 0- 

Pers Geka .0899 14.23 14.87 16.14 13.796 1.59 0 0-2000 
Hydrogen bromide ... 3.6104 363 381 416 392° 434 0 0-1700 
Hydrogen chloride .... 1.6269 795 834 O11 769 .096 0 0-1700 
Hydrogen fluoride . 8926 ASI 1e50 1.634 1.384 .169 0 0-1700 
Hydrogen iodide ..... 5.7075 234 245 .266 Le Pi 0 0-1700 
Hydrogen sulfide ..... 1.5203 1RO2Z5 E21 1.527 962° 74385 0314 0-1500 
Todineess ns. acis Me 11.3250 US) all) alls aS) 0 0- 
Kory ptonicen eeae aster 3.7365 55) 5 25 25 10 0 0- 
Miencuivat allow eae sor 8.9501 104 104 104 104 0 0 0- 

IR meno 17.9003 094 094 .094 094 0 0 0- 

INCONGERGEN. Meri! datsic 9 Se 9005 1.03 1.03 1.03 MACE AO) 0 0- 
INItEICNOxIGeM A sada ae 1.3388 1.00 1.047 1.142 .968 118 0) 0-2000 

INSTRU Ss Goo>aboeb 1.2499 1.037 1.08 1.21 962, 167 021 0-1500 
INIEROUSHOxIGeg aes 1.9638 85 954 1.162 LS AS 0 0-2000 
Oxvireni re cele oe can 1.4277 O16) 1025) ets 944 = 136 .0486 0-2000 
Phosphorus pentaoxide. 6.3371 — 1.084 1.084 1.084 0 0 360-1100 
Potassitinn © Kea qa 1.744 2532 532 552 532, 0 0 0- 

erlcerctho 3.4889 .482 482 482 482 0 0 0-1700 
Sodiumes Namen: 1.026 .904 .904 .904 904 0 0 0- 

IN (apes cosboxsneye 2.052 82 82 82 82.2 210 0 0- 
Sulftingeeemaccca ctac « 2.8607 565 E573 589 56 0196 0 30-2000 
Sulfur dioxide ....... 2.858 61 79 875 762 .082 132 0-2000 
VASA So an Cee Aetes — M847" 2.0525 e2478 1.69 60) 008 0-2000 
Menon) EVAL hk Aas 5.8579 158 158 158 sty 3 0- 

** For reference, see footnote 45, p. 136. 
* The heat capacity of an ideal monatomic gas (at constant pressure) is equal to (5/2)R. 
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164 TABLE 157.—HEAT CAPACITY OF GASES AND VAPORS (concluded) 

Part 2 

Specific heat Mean ratio of 
Range of (cgs) constant Range of specific heats 

Substance temperature °C pressure C,, temperature °C pi» 

Acetone: (Calc Opeeynecnucigh «cca 26-110 3468 

Alcohol, (CoH OHS aviieccerh cae. 108-220 4534 53 1alS3 
100 1.134 

Aicoholt GHLOH™ *. aie: ett. 4 101-223 4580 100 1.256 

Benzene, (Collen cis a... wcrc getter 34-115 2990 20 1.403 
35-180 3325 60 1.403 

116-218 3754 99.7 1.105 

Clalkeraonrornish (ClslGlhy Gaesooemascn cc 27-118 1441 22-78 1.102 
28-189 1489 99.8 1.150 

Ether? Cikis@) Veh ait tak eee 69-224 4797 42-45 1.029 
25-111 4280 12-20 1.024 

Hivdrochlone acid, EIGK =. we... 4: 13-100 1940 20 1.389 
22-214 1867 100 1.400 

IMIG B ao ae ad 4 CMO ceaciee a leek 310 1.666 

Water vapor, PHeOis n-ne ens 0 4655 78 1.274 
100 421 94 133 
180 sail 100 1.305 

TABLE 158.—SPECIFIC HEAT OF SILICATES 

Mean specific heats cgs True-specific heats 
02" to at 

——_—_-S-S la x 

Silicate 100° 500° 900° 1400° ORG 100° 500° 1000° 1300° 

Al bih@ue iste: suctn obs eee ceed 1948 236 .256 = slyey Pail AS ZAOH _ 
eveselassy see evnn sc 1977 .241 .264 — — — = = — 

Amphibole, Mg silicate. .2033 .246 .266 .273* 185 "219" 279.304 — 
« GABE seece 2049 = 247 — = = == = == — 

INidesiney eects Sarees O25 23S uee oe = = — A465 — — 
ae BASS erg eres 1934 — 46 — — == = — — 

Amorthite’ <4 <r. crevern-. HOO e229 24s 207, PL7AS S205, 2602 COn mois 
uy EISSIP Bore 1883  .230 -- — — _ — — -- 

EristobaliteWeyee -242.0- 1883 .242 32569) 2268 — = = = — 
IDyopside Miss ox aaatesa ce O24 231250 eZoun M6 - AW Abe Ase! — 

i PlaSSIN Se sah crs: 1939) 285 — -— — — — — —_ 
Mircrochines janeracmas sae PUS7il 22 oN 245 — NAL AN TAS 27o — 

e HESS Ho oouc LOMO! 23820) 250 259% HG! AN Ao 289 — 
IPVROXENC Van ad deesse 4 2039 ~=—.248 — — — _ — — — 
Omantz® soc cesssseseees 1868 .237 259 .264* “168? 20495 5:294- e285 _ 
Silica IRIS Goeobacobec eS 2S) Sil — 166 .202 2665-29 — 
Wrollastonites ss... 5.e = — .234 — — — — — — 

is PUAISS> 4 oonc 1852 .220 — — — — — — — 
7 pseudo ... .1844 .217 232 .244 L/S eZ OS ee 

* O°—1100°. + 0°—1250°. 
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TABLES 159-164—LATENT HEAT 

TABLE 159.—LATENT HEAT OF FUSION AND VAPORIZATION ™ 

Metals Lm Ie 

vl Lele aareeae yo PAS Sere 67.6 
Ag SrA reas ake 69.4 
JANG este eee BOBS 6 ec 90.7 
Bigeee Ade AS ee 47.8 
(Cicleeeeee NEA Ga re 27.0 
COW. ae S'60hae- aoe 
Griggs s 31932 hess 89.4 
Cre a ee SOS TRE 18.7 
Guile ld eee eae 81.7 
Bey are See 96.5 
Gays. sete Wes Bs 
Ege oe B58)... SS 
Tih toa sesese Aen Pee 
Kee escis oe R58 Seas 21.9 
Migr en ee Oss 44. 34.4 
Mine essence 3 Diesage 69.7 
Nair ys (Oe so ore 26.2 
Neo oe 27} ae tae 98.1 
12] oy aerate LEZ 2 ee 46.7 
Rittere meas Ces eae 125: 
Rupee ct ne Boon tia. 20.6 
Sie OT ae 54.4 
Sie eke ae wah 
Shit Seer oe I ee 68.0 
1 Vereen. Vkolee ene 43.0 
VAS pete c 1EGORR 31.4 

Substance 

ANON S SUSI SCS OS it sob caeses ss poor bya 
SOD OSaliS tile pate te fs ce eee noe 
GSP DAO Sing oes. Beno cae 
TESA) i D2 Salt OE eye a Wenn ene 

Britannia metal, 9Sn + 1Pb 
Rose’s alloy, 24Pb + 27.3Sn + 48.7Bi 

25.8Pb + 14.7Sn 
S524 Bie 76d 

PANITTIMIO 111 aggese a2 EES sce oo Rae ee cubes a 

Wood's alloy 

“ce 

“oc 

Spenmacetiwe cer oie moet chine caiaceceooe 
AYA alpen (OT LOS) os erericec ROR CEL OIC CR UGICRORCR SCRE PEE ara 

@iromsseaawaten) ere. oe eee ee 

INK conn we ean ee Oo COO e ete Dice Oo 
IRotassiumianitnates oe ae reece 2. ae eee ee 

Phosphate: meres te tee Soe coasen toe 

51 From Slater, John C., Introduction to chemical physics, McGraw-Hill Book Co., copyright 1939. 
by permission. 
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Molecular 
substances Lm 

Nae ete aol t ceo) 
GO) 3390s.) Sa 
GH side. cee 224 
Golilins Mane eee Dee ae 8.3 
CH:COOH .2.64 
GHORge ee sie) - S251 etic: 9.2 
GH.OHG.- =. 1.10 
(Gibney Se eee ae 1.63 
COM COO 
COMA ene 1.99 
lig Eye Mase prea 028 
FB ie theo eee O20 a: 5.79 
GID asses 506 
THO’ aaa Gate 1.43 
ING Sopot clans .218 
INVEIG erat arrears 1.84 
NOR saat DDI 
Ox eee ae 096 

IES 

183 
179 
177.5 
176.5 
236 
98.8 

75D 

—75 
5.4 
0 
0 

— 87 

79.87 
333.5 
PAS. SV). 
52.40 
97 

305.8 

36.1 

43.9 
61.8 



166 TABLE 160.—LATENT HEAT OF VAPORIZATION OF ELEMENTS 

Element AG Cal/g Element Ee Cal/g 

SDiakeaseteranerc 755 320 Mh Se Bt A dc 174 24 
JN ANOS SIRE ydip be l atm 37.6 IRGC Ae ens Be ote ee — 15] 28 
Bale eanen ie 1537 308 PDp cee seo ee. 1170 175 
Birt sco. 2 920 190 Lege Sere eS hee 1336 511 
Biter d aks hos 60+ 43 IN IF SAN oer 1110 136 
(Cl aa Aare 778 240 VSO mee ierchcc,cy Neue ere 358 7\ 
Gap. £8 oF ) 143.9 101 IN, Bsa — 195.6 47.6 
Ol ese nein — 63 63 Oy Se aia — 182.9 50.9 
JE g: Seca pea ear Rae — 188.2 40.5 Sige eee 1336 410 
1 BS desea ems wea == 2/123 5.6 Per As. 0 eae semen — 108.6 25.1 
ld bred Geet See == 735) 108 ZAI een ete: 918 475 

TABLE 161.—LATENT HEAT OF VAPORIZATION OF LIQUIDS 

Latent heat Total heat 
vaporization from 0°C 

Substance Formula £1 cal/g cal/g 

Alcohol seBthydes «023 cisco ocr C:H.O 78.1 205 255 
4 0 236 236 
LE 100 om 267 
‘S 150 sau 285 

IMleth yi he. 5s nee eee CH,O 64.5 267 307 
ce 0 289 a 
$ 100 246 o 
a 150 206 os 
vs 200 152 Bore 
- 238.5 44.2 B. 

PATA Tie acts sc es, since oe oe ees os C.H:N 184 110 He 
IBERZene wk seetacros cae ee eee ions oHe 80.1 92.9 127.9 
Carbon dioxide, solid) Heeessnee. oe. 2 ae $& 138.7 

Aiqtiidi erase ois: s —25 72.23 Le. 
SS 0 57.48 ee 

12.35 44.97 eh 
u 22.04 31.8 ae 
i 30.82 3.72 a: 

disulfide: “4. aasc00 somite ss 2 CS: 46.1 83.8 94.8 
a 0 90 90 

100 se 100.5 
Chloroform: <. 9802: ote eos ce CHCl; 60.9 58.5 72.8 
Lhd YS Cy SA coe eee Ne ty Oe CsHiO 34.5 88.4 107 

. 0 94 94 
¥: 50 ate ileal 
= 120 ee 140 

IDWewl loreal. ooooteweooacasoceceoe C.HsBr 38.2 60.4 Le 
Chloride «. -nnB et cerns: « C.H:€l 12.5 Fa 98 
LOCI EASE, scree iuasccensen tote. ste C.Hs! 71 47 ae 

Fleptane ster... +. r.rapete hen vee Mtite e's C;Hie 90 77.8 
Flexane: 48.0 /..0 RAN een wanton 6 ally 70 79.2 
OctaneseRRes ono caskei See «3 sHis 130 70.0 
Pentanette s..020a10k een ees sHi» 30 85.8 
Sulfargdioxide: 622.5 Biases eee 2 0 91.2 

65 68.4 
Aol leet iti cto 5. eee oe C;Hx 111 86.0 
Mirpentines, ....atageren ccna oe CioHio 159.3 74.04 
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TABLE 162.—LATENT AND TOTAL HEAT OF VAPORIZATION, FORMULAE 

r= latent heat of vaporization at *° C; H =total heat from fluid at 0° to vapor at t°C. 
T° refers to Kelvin scale. Same units as preceding table. 

AcetoneaGHcO! Jn0) Seis. H = 140.5 + .36644¢ — .000516¢° == 9) athe, 5 
= 139.9 + .23356t + .00055358¢" == 3 147 

Pp Silo 272i Jo OOO SAE —3 147 
ISON Z ET Cis ]oqlbd geacee snow dae Meuevoncs H = 109.0 + .24429t — .0001315¢* I 215 

Carbon dioxide acsaihcocee dlrs fa S485 (Sl — 2) — 4707 Cle) = —25 31 
Garbonsbisultiides €So---- ae: H = 90.0 + .14601¢ — .0004123?° == (0) 143 

H = 89.5 + .16993t — .0010161f + .0;342¢ — (§ 143 
r = 89.5 — .06530¢ — .0010976f + .0;342¢° ——G 143 

Carbon tetrachloride, CCli.... H = 52.0 + .14625¢ — .000172F 8 163 
H = 51.9 + .17867+ — .0009599#? + .0;3733¢° 8 163 
= 51-0 2019317 = 001N0505%2 = 0538733r° 8 163 

Chloroform: GHG eee lal 67/0) 46 AISA — § 159 
H = 67.0 + .14716t — .0000937¢° = 5 159 
r = 67.0 — .08519+¢ — .0001444# == 5 159 

Ether) Gib) 28 seeren ns H = 94.0 + .45000¢ — .0005556#° = il 121 
r = 94.0 — .07900¢ — .0008514¢° eA 121 

Molybdentime << ce osences oo. r =177000 — 2.57 (cal/g-atom) —— 
INGGrO@EeNn WEN ss. cee oes. 2 = 639 =] 270! — 
Nitrous oxide, N:©)..--e. 4... r =131-75(36.4 — ¢) — .928(36.4 — t)* —7() 36 
Oxygen dOs gos atte eee te A = O)07 = AVS0I0 —_— 
Platinumigetes «2h oo Serekes ook r = 128000 — 2.57 (cal/g-atom) = 
Sulittimedioxide sees" o. ees. r = 91.87 — .3842+ — .0003402? 0 20 
Ring Stenieeag o.5 oo ee oye r = 217800 — 1.87 (cal/g-atom) — 
Water sHe@s ...AMe oe aot H = 638.9 + .3745(t — 100) —.00099(t — 100)? oe 

r = 94.210(365 — t)*°*" (See Table 165) 0 100 

TABLE 163.—LATENT HEAT OF VAPORIZATION OF AMMONIA 

, Calories per gram 

2 3 4 5 6 7 8 9 

—40 331.7 332.3 333.0 333.6 334.3 334.9 335.5 336.2 336.8 337.5 
—30 324.8 325.5 326.2 326.9 327.6 328.3 329.0 329.7 330.3 331.0 
—20 317.6 318.3 Sea 319.8 320.6 SAIS) 322.0 S220, 323.4 324.1 
—10 309.9 310.7 SMS) 312-2 313.0 313.8 314.6 Sloe 316.1 316.8 
— 0 301.8 302.6 303.4 304.3 SO5:1 305.9 306.7 307.5 308.3 309.1 

+ 0 301.8 300.9 300.1 299.2 298.4 297.5 296.6 295.7, 294.9 294.0 
+10 293.1 292.2 Zot.3 290.4 289.5 288.6 287.6 286.7 285.7 284.8 
+20 283.8 282.8 281.8 280.9 279.9 278.9 2129 276.9 275.9 274.9 
+30 273.9 272.8 271.8 270.7 209.7 268.6 267.5 266.4 265.3 264.2 
+40 263.1 262.0 260.8 259.7 258.5 257.4 256.2 255.0 253.8 252.6 

TABLE 164.—‘LATENT HEAT OF PRESSURE VARIATION” OF LIQUID AMMONIA 

When a fluid undergoes a change of pressure, there occurs a transformation of energy into heat 
or vice versa, which results in a change of temperature of the substance unless a like amount of 
heat is abstracted or added. This change expressed as the heat so transformed per unit change 
of pressure is the “latent heat of pressure variation.” It is expressed below as J g* kg™ cm’. 

Temperature °C. —44.1 —39.0 —Daee —.2 +16.5 +26.5 +35.4 +40.3 

ibeyeae Jace coco == A055 <5 dO == dite) Sake Ss ail == ales == ale) == SING 
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168 TABLES 165-170—THERMAL PROPERTIES OF 

SATURATED: VAPORS 

TABLE 165.—THERMAL PROPERTIES OF SATURATED WATER AND STEAM 

Accuracy: It is estimated that there is only 1 chance in 100 that the values given for 
H differ from the truth by as much as 1 part in 2000; it is equally unlikely that the values 
for L and H’ are as much as 1.5 joules/g from the truth in the range of the experiments, 
100°-270°C. 

Heat con- Heat con- 
tent of Latent tent of 

Temperature liquid, H heat, L vapor, H’ 
Ce joules/g joules/g joules/g 

(Deck ec ee eee ree 0 2494 (2 2494.02 

INO oka hn eet 42.02 2472.26 2514.28 
Vane ec cated aeer 83.83 2450.17 2534.00 
SO be reais oe: 125.59 2427.73 2553.32 
CADE RAR acer owt 167.34 2404.90 2572.24 
BO ace ret 209.11 2381.64 2590.75 

COR eters 250.90 2357.91 2608.81 
TO 5 otros See 292.75 2333.65 2626.40 
£21 Oa aN le 334.66 2308.32 2643.48 
OO ek an Re ss 376.65 2283.38 2660.03 
NO OU Peonte cacs eae 418.75 2257.24 2675.99 

GL eA ose aes 460.97 2230.35 2691.32 
N20 RE ioccs sa ane. 503.36 2202.65 2706.01 
1S OR errese co he ca ake 545.93 2174.04 2719.97 
NA OUME 83 Sted sie oe 588.71 2144.44 PASS AMS 
SOR Ue case aac 631.75 2113.76 2745.51 

160). 3 6. PAM 675.06 2081.89 2756.95 
AO ier ice penne 718.66 2048.72 2767.38 
NS OR Garret eee 762.72 2014.10 2776.82 
ND Oerewirwenieeocagiets 807.15 1977.89 2785.04 
AV: Renee ce. Gperarnnee . 852.02 1939.93 2791.95 

ZAM eese oo aOR. 3 897.35 1900.00 2797.35 
ON. 5 Bee a ccna 943.24 1857.89 2801.13 
250 SOAS te she se 989.75 1813.33 2803.08 
ZAQ). s 5 Se fye s0-258 1036.97 1766.02 2802.99 
250 econ see 1084.97 1715.59 2800.56 

ZOO 4 RANE s o.6 oF 1133.87 1661.60 2795.47 
1603.51 2787.83 210). Soaeeeer 3356 1184.32 
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of liquid 

joules/g° 

0 

S11 
2962 
4363 
0119 
7032 

8305 
9543 

1.0746 
1.1918 
1.3064 

1.4177 
1.5268 
1.6335 
1.7381 
1.8407 

1.9416 
2.0406 
2.1384 
2.2348 
2.3299 

2.4239 
2.5169 
2.6091 
2.7007 
2.7919 

2.8828 
2.9746 

Entropy— 

of vapor 
1 

( joules/g°C 

9.132 

8.884 
8.656 
8.446 
8.253 
8.074 

7.909 
7.756 
7.613 
7.480 
7.356 

7.240 
7.130 
7.027 
6.929 
6.837 

6.749 
6.664 
6.584 
6.506 
6.430 

6.357 
6.285 
6.213 
6.143 
6.072 

6.000 
5927 



TABLE 166.—PROPERTIES OF SATURATED STEAM 

Metric and common units, 0° to 220°C 

169 

Heat of liquid, g, heat required to raise 1 kg (1 lb) to corresponding temperature from 
0°C. Heat of vaporization, r, heat required to vaporize 1 kg (1 lb) at corresponding 
temperature to dry saturated vapor against corresponding pressure. Total heat, H =r + gq. 

30 
3 
eg 
ee mmHg 

t p 

0 4.579 
5 6.541 

10 9.205 
15 12.779 
20 17.51 

25 23.69 
30 31.71 
35 42.02 
40 Souls 
45 71.66 

50 92.30 
55 117.85 
60 149.19 
65 187.36 
70 233.53 

75 289.0 
80 Shp 
85 433.5 
90 525.8 

91 546.1 
92 567.1 
93 588.7 
94 611.0 

95 634.0 
96 657.7 
97 682.1 
98 707.3 
99 733.2 

100 760.0 
101 787.5 
102 815.9 
103 845.1 
104 875.1 

105 906.1 
106 937.9 
107 970.6 
108 1004.3 
109 1038.8 

110 =: 1074.5 
111 IOLA 
112. =1148.7 
113 1187.4 
114 =: 1227.1 

115 1267.9 
116 1309.8 
V/A S528 
118 ~=1397.0 
119 1442.4 
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Pressure 

kg/cm? 
p 

.00623 

.00889 
01252 
01737 
02381 

.03221 
04311 
05713 
07495 
.09743 

12549 

Ib/in.? 
Pp 

.0886 
1265 
.1780 

Heat of the 
liquid 

kgcal Btu 

q q 

ANOO, See 

WwW (=) = as 

OnNIAWEe WHre eS Coen 

> 

eaed 

No) \o Oo 

(continued) 

Heat of 
vaporization 

kg cal Btu 
r r 

595.4 1071.7 
592.8 1067.1 
590.2 1062.3 
587.6 1057.6 
584.9 1052.8 

582.3 1048.1 
579.6 1043.3 
576.9 1038.5 
574.2 1033.5 
571.3 1028.4 

568.4 1023.2 
565.6 1018.1 
562.8 1013.1 
559.9 1007.8 
556.9 1002.5 

554.0 997.3 
551.1 991.9 
548.1 986.5 
544.9 980.9 

544.3 979.8 
543.7. 978.7 
543.1 977.6 
542.5 976.5 

541.9 975.4 
541.2 974.2 
540.6 973.1 
539.9 971.9 
539.3 970.8 

538.7 969.7 
538.1 968.5 
537.4 967.3 
536.8 966.2 
536.2 965.1 

535.6 964.0 
534.9 962.8 
534.2 961.6 
533.6 960.5 
532.9 959.3 

532.3 958.1 
531.6 956.9 
530.9 955.7 
530.3 954.5 
529.6 953.3 

528.9 952.1 
528.2 950.8 
527.5 949.5 
526.9 948.4 
526.2 947.2 

Heat equivalent 

intern 

kg cal 
p 

565.3 
562.2 
559.0 
555.9 
552.7 

549.5 
546.3 
543.1 

o 
al works 

Btu 
p 

1017.5 
1011.9 
1006.2 
1000.5 
994.8 

989.7 
983.4 
977.6 

grees F 

NI Quwmpow Temperature SRS N's ide 

Soocea,ooooce — OO Sage 



170 TABLE 166.—PROPERTIES OF SATURATED STEAM (continued) 

Metric and common units, 0° to 220°C 

If A is the reciprocal of the mechanical equivalent of heat, » the pressure, s and o the 
specific volumes of the liquid and the saturated vapor, s — o, the change of volume, then 
the heat equivalent of the external work is Apu = Ap(s —o). Heat equivalent of internal 
work, p=r— Apu, Entropy = §dQ/T, where dQ =amount of heat added at absolute 
temperature 7. 

Heat equiva- 
Bo EI 
5 g lent of exter- patrepy Density 5 g 
Be nal work Enereny EL Specific volume ee Ib/ft3 a 

e~ kgcal Btu liquid r m/kg — £t3/Ib 1 pt e~ 
t Apu Apu 6 ip Ss s ‘Ss Ss t 

0 30.1 54.2 0900 2.1804 206.3 3304. 00485 .000303 32.0 
5 30.6 55.2 0183 2.1320 147.1 2356. + .00680 .000424 41.0 

10 Sez. Sol 0361. 2.0850 106.3 1703. 00941 .000587 50.0 
15 SA. SA 0537 = 2.0396 77.9 1248. 01283 000801 59.0 
20 32.2 58.0 0709 ~=—-1.9959 57.8 926. 01730 = .001080 68.0 

25 32.8 59.0 0878 1.9536 43.40 695. 02304  .001439 77.0 
3 33:3 59:9 1044 =1.9126 32.95 528. 03035  .001894 86.0 
35 33.8 60.9 1207. 1.8728 25:25 404.7 .03960  .002471 95.0 
40 34.3 61.8 1368 = 1.8341 19.57 313.5 0511 .003190 104.0 
45 34.8 62.7 526 1.7963 S925 244.4 0656 .004092 113.0 

50 35.4 63.6 1682 1.7597 12.02 192.6 .0832 00519 122.0 
55 35.9 64.6 1835; 1.7242 9.56 IEG .1046 00653 131.0 
60 36.4 65.6 .1986 1.6899 7.66 122.8 1305 00814 140.0 
65 36.9 66.5 2135 = 1.6563 6.19 99.2 1615 .01008 149.0 
70 37.4 67.4 2282, 106235 5.04 80.7 1984 01239 158.0 

75 38.0 68.5 2427 =: 1.5918 4.130 66.2 2421 01510 167.0 
80 38.5 69.3 2570 ~=—- 1.5609 3.404 54.5 2938 01835 176.0 
85 3910! 7012 2711 1.5307 2.824 45.23 - .3541 02211 185.0 
90 Shu) ZAIO) Zool) 1ES0L0 2.358 37.77 ——.4241 .02648 194.0 

91 39.6 71.3 2879 =: 1.4952 2.275 36.45  .4395 02743 195.8 
92 39% 75 2906 = 1.4894 2.197 35.19 4552 02842 197.6 
93 3918 Z1k6 2934 = 1.4836 2.122 34.00 4713 02941 199.4 
94 39.9 71.8 2961 = 1.4779 2.050 32.86  .4878 .03043 201.2 

95 40.0 72.0 2989 =: 1.4723 1.980 Silk/Siey 505 03149 203.0 
96 40.1 72.1 3016 1.4666 1.913 30167 =, 523 .03260 204.8 
97 402 ~ 723 3043 = 1.4609 1.849 29.63 .541 .03375 206.6 
98 403 72.5 3070 =: 1.4552 1.787 28.64 .560 03492 208.4 
99 40.4 72.6 3097 = 1.4496 1.728 27.69 579 .03611 210.2 

100 40.5 72.8 3125 1.4441 1.671 26.78  .598 03734 212.0 
101 40.6 73.0 3152 1.4386 1.617 25.90 618 03861 213.8 
102 40.6 73.2 3179 1.4330 1.564 25.06 .639 .03990 215.6 
103 40.7. 73.3 205) 4275 1.514 24.25 .661 04124 217.4 
104 40.8 73.5 202 1k4220 1.465 23.47 683 .04261 219.2 

105 40.9 73.7 3259 ~=1.4165 1.419 22/3 e 705 .04400 221.0 
106 41.0 73.8 3286 1.4111 1.374 ZZ0\e 728 04543 222.8 
107 41.1 74.0 3312 1.4057 133i 213i ae 275i 04692 224.6 
108 41.2 74.2 3339 =: 1.4003 1.289 20.64 .776 04845 226.4 
109 41.3 74.3 3365 1.3949 1.248 19.99 801 0500 228.2 

110 41.4 74.5 23392 . 13895 1.209 19.37. .827 0516 230.0 
111 414 74.6 3418 1.3842 1.172 18.77 = .853 .0533 231.8 
112 41.5 748 3445 = 1.3789 1.136 18.20  .880 0550 233.6 
113 41.6 75.0 3471 1.3736 1.101 17.64 .908 0567 235.4 
114 41.7 75.1 3498 =: 1.3683 1.068 17.10 .936 0585 237.2 

115, 41.8 75.3 3524 1.3631 1.036 16.59  .965 0603 239.0 
116 41.9 75.4 23050 1.3579 1.005 16.09  .995 .0622 240.8 
117 42.0 75.6 3070 3527 9746 =15.61 1.026 0641 242.6 
118 42.1 758 3602 =1.3475 9460 15.16 1.057 0659 244.4 
119 422 75.9 3628 1.3423 9183 14.72 1.089 .0679 246.2 

(continued) 

SMITHSONIAN PHYSICAL TABLES 



TABLE 166.—PROPERTIES OF SATURATED STEAM (continued) 171 

Metric and common units, 0° to 220°C 

Heat equivalent 
Heat of the Heat of oO 

Pressure liquid vaporization internal works 
ey aa 

mmHg kg/cm? Ih/in.2 kg cal Btu kg cal Btu kg cal Btu 

Temperature 

degrees C 

~ Temperature 

degrees F 

p P p q r r p p 

120 1489 2.024 28.79 120. 216.7 525.6 946.0 483.4 870.0 248.0 
121 1537. 2.089 29.72 121.4 218.5 524.9 9448 482.6 868.6 

4 
1.4 : 

122 1586 2.156 30.66 WAS AVE! 524.2 943.5 481.8 867.1 251.6 
35 
5 

LBS) _ No) [o,2} 

123 16s6y) 222555 S164 123. 222.2 523.5 94213 481.0 865.8 253.4 
124 1688 2.294 32.64 124. 224.1 522.8 941.0 480.2 864.3 255.2 

125 1740 2.366 = 33.06 125.5000225.9 SZ21e 9899 479.4 863.0 257.0 
126 1795 2440 34.71 12652 \e227 7. 521.4 938.6 478.6 861.6 258.8 
127 18s08y). 2.51641, 35:78 M2725 Oo229:5 520.7 937.3 477.8 860.2 260.6 
128 1907. 2.593 36.88 128.6 231.4 520.0 936.1 477.0 858.8 262.4 
129 1966 2.673 38.01 129.6 233.3 519.3 9348 476.3 857.4 264.2 

130 202600 2:754Ne 3917 130:6 59235.) 518.6 933.6 475.5 850.0 266.0 
131 2087 92.837 = 40.36 131654 "286:9 SID 95273 474.7 854.6 267.8 
132 Z2150NY. 2.92350, 31°57 132.50 1238-7 Sizi3 Isis 474.0 853.2 269.6 
133 2214 3.010 42.81 133.7 240.6 516.6 929.8 473.3 851.8 271.4 
134 2280 83.100 44.09 134.7. 242.4 SES9 92895 472.5 850.4 273.2 

135 2348) 3.19255 45.39 135.7 244.2 SESil 9272 471.6 848.9 275.0 
136 2416 3.285 46.73 136.7 246.0 514.4 925.9 470.8 847.5 276.8 
137 2487 3.382 = 48.10 137.7, 247.9 513.7 524.6 470.1 846.1 278.6 
138 2560 3.480 49.50 138.8 249.7 5130 923:3 469.3 844.6 280.4 
139 2634 3.581 50.93 139.8977 9251.6 gi2i3. 9224 468.5 843.3 282.2 

140 Z7NOS1 3.6840", 52.39 140.8 253.4 S15 «= 9207 467.6 841.8 284.0 
141 2787 943.789 53.89 141 SGPX255-3 otOi7° «9198 466.8 840.2 285.8 
142 2866 3.897 55.43 142.8 257.1 S10: «= 18 466.1 838.9 287.6 
143 2948 §=4.008 57.00 143.9 Pee259:0 509:3. 916.7 465.3 837.4 289.4 
144 3030 4.121 58.60 144.9 260.8 508.6 915.4 464.4 835.9 291.2 

145 3115 4.236 ~=—-60.24 145.9 262.7 507.8 914.1 463.6 834.5 293.0 
146 3202 4.354 = 61.92 146.9 264.5 5071 9128 462.8 833.1 294.8 
147 3291 4.474 63.64 148.0 266.4 506.4 911.5 462.0 831.6 296.6 
148 3381 4.597 65.39 149.0 268.2 $05:6 9101 461.2 830.1 298.4 
149 3474 4.723 67.18 150.0 270.1 504.9 908.8 460.4 828.7 300.2 

150 3569 4.852 69.01 151.0: 2552719 504.1. 907.4 459.5 827.2 302.0 
151 3665 4.984 70.88 152.1 *2°273.8 503.4 906.1 458.7 825.7 303.8 
152 37649). SATS B0.72.79 15311 &25275.6 502.6 904.7 457.9 824.2 305.6 
153 3865 5.255 74.74 154.1 277.4 5019 9033 457.1 822.7 307.4 
154 3968 5.395 = 76.73 155.1 OF6229:2 501.1 901.9 456.3 821.2 309.2 

155 4073 5.538 = 78.76 56:2 Sez slel 500.3 900.5 455.4 819.6 311.0 
156 4181 5.684 80.84 157.2 283.0 499.6 899.2 454.6 8182 312.8 
157 4290 5.833 82.96 158.2 2848 498.8 897.8 453.8 816.7 314.6 
158 4402. 5.985 85.12 159.3 286.7 498.1 896.5 453.0 815.3 316.4 
159 4517, 6.141 87.33 160.3 288.5 497.3 895.1 452.1 813.7 318.2 

160 4633 6.300 89.59 161.3 290.4 496.5 893.7 451.2 8122 320.0 
161 4752 6.462 91.89 162.3 "292.2 495.7 892.3 450.4 810.7 321.8 
162 4874 6.628 — 94.25 163.4 294.1 494.9 890.9 449.5 809.2 323.6 
163 4998 6.796 96.65 164.4 295.9 494.2 889.5 448.7 807.7 325.4 
164 5124-=2.6:967/— 99.09 165:4. 9% 2977 493.4 888.1 447.9 806.2 32722 

165 5253 >-7.142 101.6 166.5 299.6 492.6 886.7 447.0 804.7 329.0 
166 5384 7.320 104.1 167-5. "301-5 491.9 885.4 446.3 803.3 330.8 
167 5518 7.502 106.7 168.5 303.3 491.1 883.9 445.4 801.7 332.6 
168 5655 7.688 109.4 169:5 YF3051 490.3 882.5 444.6 800.1 334.4 
169 5798 C> 7-87 1412.0 170.6 307.0 489.5 881.0 443.7 798.5 336.2 

(continued) 

SMITHSONIAN PHYSICAL TABLES 



172 TABLE 166.—PROPERTIES OF SATURATED STEAM (continued) 

4 Heat equiva- 
ye lent of exter- 
= bp nal work 

eae kg cal Btu 

t Apu Apu 

120 42.2 76.0 
121 42.3 76.2 
122 42.4 76.4 
123 42.5 76.5 
124 42.6 76.7 

125 42.7 76.8 
126 42.8 77.0 
127 42.9 es 
128 43.0 77.3 
129 43.0 77.4 

130 43.1 77.6 
131 43.2 Heh 
132 43.3 77.9 
133 43.3 78.0 
134 43.4 78.1 

135 43.5 78.3 
136 43.6 78.4 
137 43.6 78.5 
138 43.7 78.7 
139 43.8 78.8 

140 43.9 78.9 
141 43.9 79.1 
142 44.0 79.2 
143 44.0 79.3 
144 442 79.5 

145 44.2 79.6 
146 44.3 79.7 
147 44.4 79.9 
148 44.4 80.0 
149 44.5 80.1 

150 44.6 80.2 
151 44.6 80.4 
152 44.7 80.5 
153 44.8 80.6 
154 44.8 80.7 

155 44.9 80.9 
156 45.0 81.0 
157 45.0 81.1 
158 45.1 81.2 
159 45.2 81.4 

160 45.3 81.5 
161 45.3 81.6 
162 45.4 81.7 
163 45.5 81.8 
164 45.5 81.9 

165 45.6 82.0 
166 45.6 82.1 
167 45.7 82.2 
168 45.7 82.4 
169 45.8 82.5 

Metric and common units, 0° to 220°C 

Entropy 
of the 
liquid 

6 

3654 
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Specific volume 

Entropy 
of evapo- 
ration 

r m3/kg 

eT s 

1.3372 8914 
1.3321 8653 
1.3269 8401 
1.3218 8158 
1.3167 7924 

1.3117 .7698 
1.3067 7479 
1.3017 .7267 
1.2967 .7063 
1.2917 6867 

1.2868 6677 
1.2818 6493 
1.2769 6315 
1.2720 6142 
1.2672 5974 

1.2623 5812 
1.2574 5656 
1.2526 5506 
1.2479 5361 
1.2431 5219 

1.2383 5081 
1.2335 4948 
1.2288 4819 
1.2241 4694 
1.2194 4574 

1.2147 4457 
1.2100 4343 
1.2054 4232 
1.2008 4125 
1.1962 4022 

1.1916 3921 
1.1870 3824 
1.1824 3729 
1.1778 3637 
1.1733 3548 

1.1688 3463 
1.1644 3380 
1.1599 3298 
1.1554 3218 
1.1509 3140 

1.1465 3063 
1.1421 .2989 
W377 .2920 
1.1333 2855 
1.1289 .2792 

1.1245 2729 
1.1202 .2666 
1.1159 .2603 
1.1115 .2540 
1.1072 .2480 

(continued) 

£t3/lb 

Ss 

14.28 
13.86 
13.46 
13.07 
12.69 

12.33 
11.98 
11.64 
11.32 
11.00 

10.70 

Density 

kg/m? lb/ft 

1 il 

's s 

22 .0700 
1.156 0721 
1.190 0743 
1.226 .0765 
1.262 .0788 

1.299 0811 
1.337 0835 
1.376 0859 
1.416 0883 
1.456 .0909 

1.498 0935 
1.540 .0961 
1.583 .0988 
1.628 1016 
1.674 1045 

1.721 1074 
1.768 1104 
1.816 1134 
1.865 1165 
1.916 1196 

1.968 .1229 
2.021 1262 
2.075 .1296 
2.130 1330 
2.186 1365 

2.244 1401 
2.303 1437 
2.363 1475 
2.424 1513 
2.486 1552 

2.550 .1592 
2.615 1632 
2.682 1674 
2.750 1716 
2.818 1759 

2.888 1803 
2.959 1847 
3.032 1893 
3.108 .1940 
3.185 1988 

3.265 .2038 
3.345 .2088 
3.425 2138 
3.503 .2188 
3.582 2238 

3.664 .2289 
3.751 2343 
3.842 .2399 
3.937 2457 
4.032 2516 

Temperature 
degrees F 

Do > 

‘ooo ™ 



TABLE 166.—PROPERTIES OF SATURATED STEAM (continued) 

Metric and common units, 0° to 220°C 
ovo 
- 

2° Heat equivalent 
al ke Heat of the Heat of : of 
ast Pressure liquid vaporization internal works 
Es (re SSS SS ae SSS SS SSS 
a mmHg kg/cm? Ib/in.? kg cal Btu kg cal Btu kg cal Btu 

t p p p q q i r p p 

170 5937 8.071 114.8 171.6 308.9 488.7 879.6 442.8 797.0 
171 6081 8.268 117.6 IAS © SOW 487.9 878.3 441.9 795.6 
172 6229 8.469 120.4 Wis GUAGE 487.1 876.9 441.1 794.1 
173 6379 8.673 123.4 WEE SERS 486.3 875.4 440.2 792.5 
174 6533 8.882 126.3 WATE = SIGS} 485.5 873.9 439.4 790.9 

175 6689 9.094 129.4 176.8 318.2 484.7 872.4 438.5 789.3 
176 6848 9.310 132.4 Wifes. eayA0) 483.9 871.0 437.7 787.8 
177 7010 9.531 135.6 17 SSr S218 483.1 869.5 436.8 786.2 
178 7175 OF 5n0 138.5 179.9- -323.7 482.3 868.1 436.0 784.7 
179 7343 9.983 142.0 180.9 325.6 481.4 866.6 435.0 783.1 

189 7514 =10.216 145.3 18195 327.5 480.6 865.1 434.2 781.5 
181 7688 ~=-10.453-148.7 183.0 329.3 479.8 863.6 433.3 779.9 
182 7866 =10.695 152.1 184.0 331.2 479.0 862.2 432.5 778.4 
183 8046 10.940 155.6 185.0 333.0 478.2 860.7 431.6 776.9 
184 8230" — 11.189" 159.2 16:18 aeS34:9 4774 859.2 430.8 775.3 

185 8417, 11.44 = 162.8 187.1 336.8 476.6 857.7 4299 773.7 
186 8608 11.70 166.5 188.1 338.6 475.7 856.3 429.0 772.2 
187 88027) 1LS7ey 1702 189.2 340.5 474.8 854.7 428.0 770.5 
188 8999" 12.24 174.0 190.2 342.4 474.0 853.2 427.2 768.9 
189 9200) 12.515) 177.9 191.2 344.2 A732) 857 426.3 767.4 

190 9404 12.79 181.8 192.3. 346.1 472.3 850.2 425.4 765.8 
191 OGIZF 13.07" 1859 193 Seng 347 9. 471.5 848.7 424.5 764.2 
102- $98231"" 13307" 190.0 194.4 349.8 470.6 847.1 423.6 762.5 
193° 10038": 13:65°% 194.1 195.4 351.7 469.8 845.6 422.8 761.0 
194 10256 §=13.94 198.3 19647" 353-5 468.9 844.1 4219 759.4 

195 10480 14.25 202.6 197 ‘SE 395:4 468.1 842.5 421.0 757.7 
196- - 10700" 14.551» 207.0 198 Saerto57 467.2 841.0 420.1 756.1 
197 10930 1487 211.4 199.5 359.2 466.4 839.5 419.2 754.6 
19S) LUZON 1518S 216:0 200.6 361.1 465.6 838.0 418.4 753.4 
199%  PALOR” 15.5195 220.6 201.6 362.9 464.7 836.4 417.4 751.3 

200; “WGSOS" 15.848" 225.2 202.7 364.8 463.8 8348 416.5 749.7 
2017 AIS9O"™ 16:17+% 230.0 203.7 366.7 462.9 833.8 415.6 748.1 
202 12140 16.51 2348 204.7. 368.5 462.1 831.8 414.8 746.6 
203 12400 1685 239.7 205.8 370.4 461.2 830.2 413.8 744.9 
204 12650 17.20 244.7 206.8 372.3 460.3 828.6 412.9 743.3 

205, 12920" 17:56." 24918 207.9 374.1 459.4 827.0 412.0 741.6 
206 13180  17.92>" 254.9 208.9 376.0 458.6 825.4 411.1 740.0 
207, 13450"~ 18.29" 260.1 210.0 377.9 457.7 823.8 410.2 738.3 
208 13730 18.66 265.4 211-0) (379.8 456.8 822.2 409.3. 736.7 
209 14010 19.04 270.8 212.077 381.6 455.9 820.6 408.4 735.1 

Z10F 14290" 19:43F* 276.3 PAGEL 8 1eS ES) 455.0 819.1 407.5 733.6 
Zul A580 19:829"" 281-9 214.1 385.4 454.1 817.4 406.6 731.9 
212 14870 20.22 287.6 PANGE?A SS lof 453.2 815.8 405.7. 730.2 
Zs, MslZ0 20.6225" 293.3 ZUG 2am soo 452.4 8143 404.9 728.7 
Zia” 15470" 21.03" 299.2 Z17-3ee tooled 4515 S127 404.0 727.1 

215 15780) 9821.45 = 305.1 21830 392.9 450.6 811.0 403.1 725.4 
ZIG. 16090" 21.8892) 311-1 219.3 ~ 394.8 449.6 809.3 402.1 723.7 
Pir, TIGAIO™ 22-30 317-3 220.4 396.7 448.7 807.7 401.2 722.1 
ais, 16730 22.7429) 323.5 221.4 398.5 447.8 806.1 400.3 720.5 
ZS 17060" 23.19" 9" 329.8 222.5 400.4 446.9 804.5 399.4 7189 

220 17390 23.64 336.2 223.5 402.3 446.0 802.9 398.5 717.3 

(continued) 
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~ lemperature 

degrees F 

338.0 

WWW AW Sale? + O00 

345.2 

347.0 
348.8 
350.6 
352.4 
354.2 

356.0 
357.8 
359.6 
361.4 
363.2 

365.0 
366.8 
368.6 
370.4 
372.2 

374.0 
375.8 
377.6 
379.4 
381.2 

383.0 
384.8 
386.6 
388.4 
390.2 

392.0 
393.8 
395.6 
397.4 
399.2 

401.0 
402.8 
404.6 
406.4 
408.2 

410.0 
411.8 
413.6 
415.4 
417.2 

419.0 
420.8 
422.6 
424.4 
426.2 

428.0 



— N aN 

Temperature 
degrees C 

Heat equiva- 
lent of exter- 

nal work 

kg cal Btu 

t Apu Apu 

170 45.9 82.6 
171 46.0 82.7 
172 46.0 82.8 
173 46.1 82.9 
174 46.1 83.0 

175 46.2 83.1 
176 46.2 83.2 
177 46.3 83.3 
178 46.3 83.4 
179 46.4 83.5 

180 46.4 83.6 
181 46.5 83.7 
182 46.5 83.8 
183 46.6 83.8 
184 46.6 83.9 

185 46.7 84.0 
186 46.7 84.1 
187 46.8 84.2 
188 46.8 84.3 
189 46.9 84.3 

190 46.9 84.4 
191 47.0 84.5 
192 47.0 84.6 
193 47.0 84.6 
194 47.0 84.7 

195 47.1 84.8 
196 47.1 84.9 
197 47.2 84.9 
198 47.2 85.0 
199 47.3 85.1 

200 47.3 85.1 
201 47.3 85.2 
202 47.3 85.2 
203 47.4 85.3 
204 47.4 85.3 

205 47.4 85.4 
206 47.5 85.4 
207 47.5 85.5 
208 47.5 85.5 
209 47.5 85.5 

210 47.5 85.5 
211 47.5 85.5 
212 47.5 85.6 
213 47.5 85.6 
214 47.5 85.6 

215 47.5 85.6 
216 47.5 85.6 
217 47.5 85.6 
218 47.5 85.6 
219 47.5 85.6 

220 47.5 85.6 

Metric and common units, 0° to 220°C 

Entropy 
of the 
liquid 

0 

4880 
4903 
4926 
4949 
4972 

4995 
5018 
9041 
5064 
5087 

9110 
LSS 
9156 
.5178 
5201 

9224 
5246 
5269 
5291 
5314 

5336 
5358 
5381 
5403 
5426 

5448 
.5470 
5492 
5514 
5536 

5558 
5580 
5602 
5624 
.5646 

.5668 
5690 
5712 
5733 
BSyGh) 

9777 
0799 
5820 
5842 
5863 

5885 
.5906 
9927 
5948 
5969 

5991 

Entropy 
of evapo- 
ration 

Yr 

If 

1.1029 
1.0987 
1.0944 
1.0901 
1.0859 

1.0817 
1.0775 
1.0733 
1.0691 
1.0649 

1.0608 
1.0567 
1.0525 
1.0484 
1.0443 

1.0403 
1.0362 
1.0321 
1.0280 
1.0240 

1.0200 
1.0160 
1.0120 
1.0080 
1.0040 

1.0000 
9961 
.9922 
9882 
9843 

.9804 
9765 
9727 
.9688 
9650 

9611 
9572 
9534 
9496 
9458 

9420 
.9382 
9344 
9307 
.9269 

9232 
9195 
9157 
9120 
9084 

9047 

Specific volume 

m3/kg 

Ss 

2423 
.2368 
.2314 
.2262 
eZONZ 

.2164 
2117 
.2072 
2027 
1983 

1941 
1899 
1857 
1817 
1778 

1740 
1702 
.1666 
1632 
1598 

1565 
1533 
1501 
.1470 
.1440 

1411 
1382 
1354 
.1327 
.1300 

1274 
.1249 
225 
1201 
177 

1153 
1130 
1108 
.1086 
1065 

1044 
1024 
1004 
0984 
0965 

0947 
.0928 
0910 
0893 
.0876 

.0860 

ft?/Ib 
Ss 

3.883 
3.794 
3.709 
3.626 
3.545 

3.467, 
3.39 
3.318 
3.247 
3.177 

3.109 
3.041 
2.974 
2.911 
2.849 

2.787 
2.727 
2.669 
2.614 
2.560 

2.507 
2.456 
2.405 
2.399 
2.306 

2.259 
2.214 
2.169 
2.126 
2.083 

2.041 
2.001 
1.962 
1.923 
1.885 

1.847 
1.810 
1.774 
1.739 
1.705 

1.673 
1.640 
1.608 
1.577 
1.546 

1.516 
1.486 
1.458 
1.430 
1.403 

1.376 

TABLE 166.—PROPERTIES OF SATURATED STEAM (concluded) 

Density 

kg/m lb/ft 

1 1 

s Ss 

4a 7 2575 
AV223— 2030 
4.322  .2696 
4.421 .2758 
4521 .2821 

4.621 .2884 
4.724  .2949 
4.826 .3014 
4.933 .3080 
5.04 3148 

5.15 SA) 
27 3288 
5.38 3362 
5.50 3435 
5.62 3510 

5.75 3588 
5.88 3667 
6.00 3746 
6.13 3826 
6.26 3906 

6.39 3989 
6.52 .4072 
6.66 .4158 
6.80 4246 
6.94 .4336 

7.09 .4426 
7.23 4516 
7.38 .4610 
7.53 4704 
7.69 4801 

7.84 .4900 
8.00 4998 
8.16 510 
8.33 520 
8.50 sei! 

8.67 541 
8.85 552 
9.03 564 
9.21 575 
9.39 587 

9.58 598 
9.77 610 
9.96 622 

10.16 634 
10.36 647 

10.56 .660 
10.78 673 
10.99 686 
11.20 .699 
11.41 713 

11.62 Hed 
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Temperature 
degrees F 



TABLE 167.—PROPERTIES OF SATURATED STEAM 175 

Common units, 400° to 700°F 

Abridged from Steam tables and Mollier’s diagram, by Keenan. Printed by permission 
of the publisher, The American Society of Mechanical Engineers. For detailed discussion 
see Mechanical Engineering, February, 1929, v, specific vol., ft*/Ilb; h, total heat, enthalpy, 
Btu/Ib; s, entropy, Btu lb* °F". The strict definition of total heat (internal energy + 
144/J) is adhered to; zeros of both A and s are-arbitrarily placed on the sat. liq. line at 
32°F. No internal energy values are tabulated but may be easily found by sub- 
tracting 144 pv/J from the total heat. The energy unit, the Btu, is 778.57 ft-lb (J) is 1/180 
of the change in total heat along the saturated liquid line between 32° and 212°F. 

Specific volume Total heat Entropy 
aS 

Temp. Sat. Sat. Sat. Sat. Sat. Sat. 
°F Abs. zB liq. Evap. vapor liq. Evap.  vap. liq. Evap. vapor 
t Ib/in. Uy Vtg Uy t 76 hy Sy Sig Sg 

400 247.25 01865 1.8421 1.8608 375.0 826 1200 5668 .9602 1.5270 
405 261.67 01873 1.7428 1.7615 380.4 821 1201 5730%, 9.9491 15221 
410 276.72 01880 1.6493 1.6681 385.9 816 1202 5792. 9381 —l5t73 
415 292.44 01888 1.5615 1.5804 391.3 811 1202 5854 .9271 1.5125 
420 308.82 01896 1.4792 1.4982 396.8 806 1203 5916 .9161 1.5077 
425 325.91 01904 1.4022 1.4212 402.4 801 1203 5978 .9052 1.5029 
430 343.71 01911 1.3295 1.3486 407.9 796 1203 6039 .8942 1.4982 
435 362.27 01919 1.2610 1.2802 413.5 790 1204 6101 .8833 1.4934 
440 381.59 01928 1.1965 1.2158 419.1 785 1204 6162 .8724 1.4887 
445 401.70 019360113565 1.1550 424.7, 779 1204 6224 .8616 1.4839 
450 422.01 0195 =: 1.0782 1.0977 430 774 1204 6284 8507 = 1.4792 
455 444.35 0195 =: 1.0241 1.0436 436 768 1204 6346 .8398 1.4744 
460 466.94 .0196 9730.) 9927 442 762 +1204 .6407 8290 1.4696 
465 490.40 0197 9249 — .9446 447 750 ©1204 6468 8180 1.4649 
470 514.76 0198 8793 _ .8991 453 750 1204 6530 .8071 1.4601 
475 540.04 0199 8361 8560 459 744 = 1203 6592 .7962 1.4554 
480 566.26 .0200 ie ea toy bap 465 (50 203 6654 .7852 1.4506 
485 593.47 0201 6/903 fei «0 7 OA 471 Tels 202 6716 .7742 = 1.4458 
490 621.67 0202 7195 — .7398 477 iaaedy4 We 6779  .7632 1.4410 
495 650.87 .0204 6847 .7050 483 718 1201 6842 .7521 1.4362 
500 681.09 .0205 6516  .6721 489 711 1200 6904 .7410 1.4314 
505 712.40 .0206 6201 6408 495 704 1199 6968 .7299 1.4266 
510 744.74 .0207 9056 O10 502 697 1198 7031 ~~ A187) VAZTS 
515 778.16 .0209 5618 — .5826 508 690 1197 7094 .7075 1.4170 
529 812.72 .0210 ethane £0004 514 682 1196 7158 6963 1.4121 
525 848.43 0211 5090 ~—.5301 521 ayo F195 7222 6851 1.4073 
530 885.31 0213 4845 5058 SPA 667 1193 7286 .6738 = 1.4024 
535 923.39 .0214 .4614 4828 533 659 1192 7350) 029 15975 
540 962.73 .0216 4394 4610 540 651 1191 7414 .6512 1.3926 
545 1003.4 0218 4184 = 4401 547 643 1189 7478 =.6399 1.3877 
550 1045.4 .0219 3982  ~—-.4201 553 634 1188 7543 .6285 1.3828 
555 1088.7 0221 3789 4010 560 626 1186 7607. +.6170 = 1.3778 
560 1133.4 .0223 3605 —.3828 567 618 1184 7672 .6056 1.3728 
565, 51179.7, 0225 3429 3654 574 609 1182 7737-5940: 1.3677 
570° 1227.6 0227 3261 3488 580 600 1180 7802 .5825 1.3626 
575, 1276.7 .0229 LOTS 00 587 591° 1178 7867 .5709 1.3576 
580 1327.2 0231 2949  .3180 594 581 1176 57932. °5992 13524 
585 1579.2 0234 2804 ~—-.3037 602 5/2, 173 7998 .5474 1.3472 
590 1432.7 .0236 .2664 = .2900 609 562° * a7 8064 5356 1.3420 
595 1487.8 0239 20305, 52/09 616 552 1168 S131 fe5237, 13568 
600 1544.6 0241 2401 2642 623 542 1166 8198 5118 1.3316 
610 1663.2 0247 .2159 .2406 638 521 1160 8332  .4875 1.3208 
620 =1788.8 .0254 93ane 2100 653 499 1153 8470 =.4623 —-1.3093 
650) 19Z1°9 .0261 1721 ~ 1982 670 475 1144 8612 .4358 1.2970 
640 2062.8 .0269 522, 791 687 448 1135 8763 .4073 1.2836 
650 2211.4 .0278 133" 1G10 705 Aly, oideZ 8924 .3764 1.2688 
660 2368.6 .0290 1148 1437 725 384 1109 9097 =.3426 1.2523 
670 2534.2 .0304 0966 = .1269 748 344 1092 9287 3049 = 1.2336 
680 2709.7 .0322 0781  =.1102 773 299 1071 9499 .2619 1.2119 
690 2896.8 0347 0589 —-.0936 803 241 1044 9755. .2098 1.1852 
700 = 3096.4 .0394 0353. 0747 846 157, 1003 VOM7 1354) “11471 
705, 3202.0 .0462 10135.  .0597 888 73 962° 1.0472 0630: 1.1102 
706.1 3226.0 .0522 0 0522 925 0 925 1:0785" 0 1.0785 
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Nhs: B 
Ib/in.2 
(Sat. t. 
°F) 

14.696 
(212.00) 

50 
(281.01) 

100 
(327.83) 

150 
(358.43) 

200 
(381.82) 

300 
(417.33) 

400 
(444.58) 

500 

600 
(486.17) 

700 
(503.04) 

800 
(518.18) 

900 
(531.95) 

1000 
(544.58) 

1500 
596.08) 

2000 
(635.61) 

2500 
(667.98) 

3000 
(695.25) 

TABLE 168.—PROPERTIES OF SUPERHEATED STEAM * 

Common units, 212° to 3000°F 

Sat. Sat. 200 300 400 500 600 700 800 
water steam orn Oly P19) 21a Ot O1R oF 

v 02 26182, 27-116. 43052) 34656 38:75 142:835 46.910 5097 
Te ROO WLSO aml 1545 OZ 259.8 1286s 1S S4 am ISS2 heen 4325 
Ss I 1MOWN 75640) L762 eS e873" 1eO25 e972) 2 OllOn 2057; 

017 8.514 Uv S78 BLOM es On 2 5S 6.74 ee 1403 
250.0 1173.5 h INS45) 12845 S283 he Sole mesos la Sie 
4111 1.6580 Ss 1672 784) 787 e836) 12880) ele 922 
018 4.426 Vv ares 4.93 5.58 6.21 6.83 7.44 

298.3 1186.6 h W227e2 1278. S28) alk3 78. 21429. 
4742 1.6022 Ss VOSS" 1 70SH 1.757 PaeS02 844 
018 3.010 Uv 3.22 3.68 4.11 4.53 4.94 

330.4 1194. h LZTO RE 27S S245 1376: aA 27e 
5140 1.569 Ss 12599) 659s 17108 10756) ale 799 
018 2.285 Vv QI3 58) 2-722 3.06 3.38 3.69 
355. 1198. h 12108" 12685 Ge U321AS1673- pl4a2e. 
543 1.545 Ss 1.559 1.623 1.676 1.723 1.766 

0189 1.541 v sae 117652 62.0028 2224 F438 
394. 1202. h 1257S USISS e868. e1A22: 

5883 1.510 Ss 1.5690.1-62679 "1675." “e719 
0194 1.160 uv 1-283; 14749 1647 a 812 
424. 1204. h 1244. 1306. 1362. 1418. 
.622 1.484 Ss Brie 1.528 1.588 1.640 1.685 

0198 .926 v = sp. vol. OO ESO n eS Ol e436 
450. 1204. h = total heat 1230, 297 SASS 7. ais 
649 1.463 s5 = entropy 1.491) 1.558" 91611 Hk6s9 

500 550 600 650 700 750 R00 850 900 
oF Ole O12 oe: °F °F Om AD 1a 

0202 .768 .792 873 943 1.008 1.069 1.186 v 1.295 
472, 1202. 1215. 1255. 1289. 1329. 1351. 1409. h 1466. 
673 1445 1.458 1.499 1.532 1.561 1.587 1636, sagnlt79 

0206. ..653 90 .725. 791 849 904 O06 = ep eIELOS 
A03 200" ak led, 1200), 13138 1345, 14050. Motes: 
694-1429 5 1.472°1.508 1.539 1.567 at7” vento 

.0209 565 Uv 163 O75) -729 = 729 872 916 .958 
S125 lO, Wh ©2295 1:270;, 1305.5 1338: 1400. 1430. 1460. 
714 1.414 Ss 1.446 1.486 1.519 1.548 1.599 1.623 1.645 

0213 .497 Uv 2523) 584 £6865 <682 768 807  .845 
530. 1193. h 1214. 1260. 1297. 1332. 1396. 1427. 1457. 
731 1.401 se eA E466: 1ES00, 1-530m..... 1583) 160 7es1c630 

0217 442 Vv ASO seo ll) 2560, 2604 645) eOC4. 720m 755 
546. 1190. hk 1197; 1249. 1289.. 1325... 1358. 139): 1423, 11454. 
747 = 1.388 Ss 1.395 1.446 1.483 1.514 1.538 1.569 1.593 1.617 

0239 274 v 279 =.330) = 368 )~=— 401 = 432)—So459 484 
618. 1168. h 1174. 1240. 1287. 1327. 1365. 1402. 1438. 
2815 gle3 36 § 1.342 1.403 1.444 1.478 1.509 1.537 1.564 

0265 188 Uv ‘2045 .247meee7 8 e805) 2o27e noo 
679. 1139. hy AUNGSES 1241S 12910, 13375213808 W442i: 
870 1.290 s  1.317°1.380. 1423 1.460°-1.493° 1.524 

0301 130 are Vv 168202227, 2485 2.267 
743. 1096. h 1178. 1250. 1306. 1357. 1404. 
O25ian e238 G 1.310 1.371 1.416 1.456 1.491 

0367 084 v  .0983 .1476 .1742 .1947 212 
823. 1026. Woe LOGOs199> W2Z7IE N3S ess: 
.992 1.168 s 1.203 1.316 1.374 1.420 1.460 

* Abridved from Steam tables and Mollier’s diagram, by 
The American Society of Mechanical Engineers. 
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Keenan, 1930. 

900 
WE 

55.03 
1483. 
2.096 
16.14 
1482. 
1.961 

950 
by 

000 
Oy 

59.09 
1535. 
2N53 
17.34 
1534. 
1.998 
8.64 

1533. 
1.921 
5.79 

1532: 
1.876 
4.30 

1531. 
1.8438 

Printed by permission of publisher, 



TABLE 169.—PROPERTIES OF MERCURY VAPOR 

Heat of 
Tem liquid 

Pressure pera- above 
(abs.) ture 32ee 
Ib/in.? on Btu 

4 402 13.81 
8 444 15.36 

1.0 458 15.89 
1.5 485 16.90 
2.0 505 17.65 
4.0 558 19.62 
6.0 591 20.87 
8.0 617 21.81 

10.0 637 22.58 
15.0 676 24.04 
20.0 706 25.15 
25.0 730 26.05 
30.0 751 26.81 
35.0 769 27.49 
40.0 785 28.08 
45.0 799 28.62 

50 812 29.11 
60 &36 29.99 
70 857 30.75 
80 875 31.44 
90 892 32.06 

100 907 32.63 
110 921 33.16 
120 934 33.66 
130 947 34.12 
140 958 34.55 

150 969 34.96 
180 1000 36.09 

Heat of 
vapori- 
zation 
Btu 

128.15 
127.24 
126.92 
126.33 
125.89 
124.72 
123.99 
123.43 

122.98 
122.12 
121.46 
120.93 
120.48 
120.08 
119573 
119.42 

119.13 
118.61 
118.15 
1775 
117.38 
117.05 
116.74 
116.44 
116.17 
115.92 

115.67 
115.01 
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402° to 1000° F 

Total 
heat 
Btu 

141.96 
142.60 
142.81 
143.23 
143.54 
144.34 
144.86 
145.24 

145.56 
146.16 
146.61 
146.98 
147.29 
147.57 
147.81 
148.04 

148.24 
148.60 
148.90 
149.19 
149.44 
149.68 
149.90 
150.10 
150.29 
150.47 

150.63 
151.10 

Entropy Entropy 
of liquid 
above 
32,08) 

.0209 

.0227 
0233 
0244 
0251 
0271 
0283 
0292 

0299 
.0312 
0322 
.0330 
.0336 
.0342 
.0346 
0351 

.0355 

.0361 
0367 
.0372 
0377 
.0381 
.0385 
.0389 
0392 
0395 

.0398 

.0406 

W . 

vapori- 

zation 

1487 
.1408 
1383 
1337 
1305 
1226 
1179 
1147 

1121 
1075 
1042 
.1016 
0995 
.0977 
.0962 
.0949 

.0936 
0915 
.0898 
0882 
.0870 
0856 
0845 
0835 
.0826 
.0818 

.0809 

.0788 

Total 
entropy 

.1696 
1635 
.1616 
1581 
1556 
.1497 
.1462 
1439 

1420 
1387 
1364 
1346 
1331 
1319 
1308 
.1300 

1291 
.1276 
1265 
1254 
1247 
.1237 
1230 
1224 
1218 
1213 

1207 
1194 

Specific 
volume 
ft3/Ib 

114.50 
59.72 
48.45 
33.14 
2052 
13.26 
9.096 
6.9630 

5.6610 
3.8923 
2.983 
2.429 
2.053 
1.7815 
1.5762 
1.4147 

1.284 
1.086 
9436 
8349 

~~ 7497 
6811 
6242 
5767 
.9360 
5012 

.4706 
3990 

Weight 
Ib/ft3 

008733 
.016745 
.02064 
03017 
03948 
.07540 
10993 
14361 

.17664 
25691 
23592 
4117 
.4871 
5613 
6344 
.7069 

7788 
.9204 

1.0597 
1.1977 
1.3338 
1.4682 
1.6020 
1.7340 
1.8656 
1.9952 

2.125 
2.506 



178 TABLE 170.—PROPERTIES OF LIQUID AMMONIA 

— 100° to + 250°F 

- Variation 2 
Saturation rat aN. pressi 

{ Specific pressure Btu /Ib vility per 
Density : variation u lb/in.2 

Temp Tne Volume __ !b/ft® Btavib Fae ‘hee é Btu/Ib Ib/in.? x 10° 
F lb/in.? £t3/lb a 1a Btu/Ilb Btu/Ib Ib/in.2 (= -(2 

t p v v c h 1B l opst v\opst 

—100 fag o2ts7t’ 45:52. ‘Gle4o) (63%0)*! (633) 
JSi9p Vise" 02216! 45:12. @lo4s) (252.6)! (628) 
Shp 27H)! 022361 4492. (OAS), (LeaB2) (622) 
te79 3.94 02256 44.32 (1.050) (—31.7) (616) 
— 60 555) | 022787. 4301.’ aios4 Sarag 6108 Ssooie -'40026°"° O4la 
150 767  .02299' 4349 1.058 —1061 6043. —0017 0026 ‘46 
Bn 10.4197 ""..02322- 4308 «0a? 00 |” sore. 2 0018* ioozs* ae 
Bg! 13i90 02345" 4265. Tee =10eeT Soom! 0019 °° “0025 ° Osi 
==) /A)) 18.30 .02369 42.22 10705) 21536 583.6 —.0020 0024 5.4 
— 10 23.74 02393 41.78 1.075 32.11 576.4 —.0021 0023 5.7 

0 30.42 .02419 41.34 1.080 42.92 568.9 —.0022 0022 6.0 
+ 10 38.51 .02446 40.89 1.085 53.79 561.1 —.0024 0021 6.4 
+ 20 48.21 .02474 40.43 1.091 64.71 553.1 —.0025 .0020 6.8 

30 59.74 02503 39.96 1.097 75.71 544.8 —.0027 .0019 7.3 
40 TSe3e 02533 39.49 1.104 86.77 536.2 —.0029 .0018 7.8 
50 89.19 02564 39.00 1a 97.93 527.3 —.0031 0017 8.4 
60 107.6 .02597 38.50 1.120 109.18 518.1 —.0033 0015 9.1 
70 128.8 02632 38.00 1.129 120.54 508.6 —.0035 0013 10.0 
80 153.0 .02668 37.48 1.138 131.99 498.7 —.0038 0011 10.9 
90 180.6 .02707 36.95 1.147 143.54 488.5 —.0041 -0009 12.0 

+100 211.9 02747 36.40 1.156 155.21 477.8 —.0045 .0006 13:3 
125 307.8 .02860 34.96 (1.189) (185) (449) 
150 433.2 02995 33339, (23 (216) (416) 
175 593.5 .03160 31.65 (1.29 ) (248) (377) 
200 794.7 03375 29.63 (1.38 ) (283) (332) 
250 1347 .0422 (si (1.90 ) (365) (192) 

SMITHSONIAN PHYSICAL TABLES 



TABLES 171-183—HEATS OF COMBUSTION 179 

TABLE 171.—COMBUSTION CONSTANTS OF SOME SUBSTANCES * 

Reciprocal of , Heat of combustion 
density Spec. gravity 

Substance Formula m3/100 kg air = 1.000 Btu/ft kg cal/m3 

(Ganbontrsc tcc oa (E res bi at Set 7840.* 
LEGCO whee aibocbbcne cc H, 2 6.95910? 275.0 2445. 
OXy Pelee eae cers sees O, ee 1.1053 many was 
Carbon monoxide ........ CO 84.4 .9672 321.8 2860. 

Paraffin series: CnHons2 

IMethaneags fe ieincrrncms chic CH 147.0 5543 913.1 8120. 
Fighane seve Maes cfayeroe ste C:He 77.6 1.04882 1641. 14,600 
PROpPAane tits Sees «orders <e C3Hs 9212 1.5617 2385. 21,200 
[sohbutanGuireet cent eee GH 39.5 2.06654 3105. 27,600 

Olefin series: CnaHon 

Ethy lence aay aecassae C,H 83.6 .9740 1513.2 13,450 
Propylenesscn neers. oo ceie C3Ho 56.3 1.4504 2186. 19,400 
Isobuteneme aie ccs Fei CsHs 42.2 1.9336 2869. 25,500 

Aromatic series: CnHon-c 

Benzene? gi. wsdenenc CoHu 30.3 2.6920 3601. 32,000 
ARGUES Aatevie hs Shy hence inte C,H. 25.6 3.1760 4284. 38,100 
MVLENE sade e Meare es Se" Gio 22:2 3.6618 4980. 44 300 

Miscellaneous gases 

Acetylene: (reliickiacc ss. C,H, 89.5 .9107 1448. 12,870 
Naphthalene (ee -mcce « e<ieie CiHs 18.4 4.4208 5654. 50,300 
Methyiralcoholas.cce ener CH;0H 73.7 1.1052 768.0 6830. 
Ethylialcoholy seca. er C.H;OH Sills 1.5890 1450.5 12,900 
PAminoniame Marre aetna tt NH; 136.5 5961 365.1 3245. 
Sulina sae S ee Mp. seed 2210.* 
Hydrogen sulfide ......... H2S 68.5 1.1898 596. 5300. 

52 Shnidman, Louis (ed.), Gaseous fuels, p. 118, Amer. Gas Assoc., 1948. 
* Expressed in cal/g. 

TABLE 172.—FLAME TEMPERATURES AS MEASURED BY VARIOUS 

METHODS * 

Gas Burner Temp °C 

Almiyliacetate: cies apeestesnds a clots seco me wiers Biinsenigg se farinecc cieme, amano ae 1420 
Miekera (centeratlame) eee noes 1700 

(edgevonslame) eer ena eee: 1850 
IBropane mens seeks cots sepia s Se betes IMekeny) ). co 220 cos st.soueastacreen 1680 
CARESS FEO TN ree rr Veen ey Bet TREE eRe Btinsem: © so. faeces soe onad pice e 1760 
(ORNATE IGS SET tere nel noes SUAS tarts ccncosis reign ck ccartoresna Greeveeen eI 1950 
(Gitmo ast Siomy Center severe nriocieecrer cin si SANE ce oi iis ao eee oa EO 2300 
Garbonsmonoxide:— altace ce eles tS: PEMEPIOM  2 clele 1985 
16% imethane: (CH) s-- ain. sce... ISG Bc SRG BE tele hehe OS 1880 
10% (90 CH. + 109%)0) 4 air ..%...2....-. SA UROS Gh vik SSER CACTRO oie Oe ace eR 1905 
KGa(EO Eh 257064) Serre S5dbs5c0q0ace of Ia PI MAIN DREN ee IN AS le 1975 
1O8%e (7SICHat- 259010) alee « SMUMREK 5 oak SG ee ORE eco 2005 
22704 (G0 GH 4 0c >) ae alien eeieyiee ae dnd oO Wf 9 Ae RNR A Ae) 1910 
S290) (26\GH, 94,2) air st yetent ose CD al Ine a en a eel retreat talent 2015 
ln Ge Sey OMe 5) ave clokaee ens Oe S alaeecens SPkEm 5 SANS Cer dig 0 eis Ie ee: 2045 
9% (80 CH, + 20 C.H3) + air ......2.0000. ik a ee CS Ow ot 8 Ciaey ak coer aan alee der. 1970 

(1S CH, =F, His) air occ sce ae RE REE HE Ot eae en One Bi 2275 
Pittsburgh natural gas with air..-.......... oes caer wee eee tare ccret Rae A 1950 
Butame=alne ar contests kbar es oa eee MANGES ohne See ae arte aeeee 2000 
Oxy=hy. drogen eer k ce cmiseincsiatcres Raa 2 SF TR RNAP eu tenet 2800 
Oxy-acety enema mrscnnre orcs eiciniacvertcouveicrere Samm rea ee om WO a ta A a2 3500 

* See also Table 175. 
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180 
TABLE 173.—HEATS OF COMBUSTION OF SOME CARBON COMPOUNDS ® 

Given in kg calis at constant pressure per gram-molecular weight in vacuo. When reterred 
to constant volume the values should be 0.58 kg cal:s smaller (at about 18°C) for each condensed 
gaseous molecule. Combustion products are CO2, liquid H2O, etc. Benzoic acid was adopted at 
Lyons as a primary standard, its heat of combustion, 6324 gcalis per gram in air, 6319 in vacuo. 
This is tacitly assumed as heat of isothermal combustion at 20°C. In absolute joules, 26,466 and 
26,445 respectively. The following ratios may be taken as standard: Naphthalene/benzoic acid = 
1.5201 (air) ; benzoic acid/sucrose = 1.6028 (air); naphthalene/sucrose = 2.4364 (air). 

Molec-_ kg calis 
For- ular per 

Compound mula weight g mol 

Isobutane (g) ee cccce CsHi0 58 683.4 

n-Hexane), «5. gem ea cie CceHus 86.11 990.6 
n-Heptanme? <0 .c15- «lel -Hie 100.13 1143.6 
n-Octaners «2.25 8) hc.nt sHis 114.14 1304.2 
Deane: os cieicte sieeve s0 CyoH 22 142.18 1610.2 
Hexadecane (s) ..... CywHa 226.27 2559.1 
Ecosanes(s) aseeecoe 20H 42 282.34 3183.1 
Amiylené fs steno see sHio 70 803.4 
Hexylene® 6 4/:.5 53.52 sete cH. 84.10 952.6 
Acetylene (g) ....... CoH. 26.02 312.0 
Allylenes(g immer ae C3H, 40 469 
Trimethylene (g) .... CuiHo 42 496.8 
Benzene) 2s Sates ees oHn 78.05 782.8 
Naphthalene (s) ..... CinHs 128.06 1231.4 
Methyl-chloride (g)... CHsCl 50.5 168.7 
Methylene-chloride (v) CH2Cle 85.0 106.8 
Chloroform () ae a oteee CHCls 119.5 oe 

Carbon- feteathibaide 
Mave eveieNen eet kale) che CCl, 154.0 37.3 

Carbon-tetrachloride 
(6) Maes ae Se ee oe ‘ 44.5 

Carbon di- sulfide (Mas 68s 76.0 394.5 
@)r: $ ‘4 246.6 

All yigalcoholeee sist tere CxH,O 58.05 442.4 
Formaldehyde (g) ... CH.O 30.02 134.1 
Acetone (v) ........ C:H-O 58 435.8 
GCamphors(s) wee osc: Ci0H160 15253 V4 iit 
Sucrose: cane (s).... CizH201, 342.18 1349.6 

milk (s), 
anilideeereet as cf 1350.8 

malt (s). “ ff 1351 

Molec- kg calys 
For- ular per 

Compound mula weight g mol 

Starch Qwest Aerac cic 4178.8 
Glycogen? ee eseeane 4186.8 
Gellulosey Fes cto cre 4180.8 
Hornmictacidie sence CH.O.2 46.02 62.8 
Acetic. “Se eat cscs C.H,4O2 60.03 208.2 
Propionic acid ....... 3HeO2 74.05 367.2 
TIEDUGY GCM ae metecrereiee Cy,HsO2 88.06 524.3 
MeVAlETICW NN pe seein CsH1902 102.08 681.6 
Palmitic ese) 1s) en CysHs202 256.26 2391 
Stearic CaS) ers CisHaeO. 284.29 2700 
Lactic case C-H¢Oa 90.05 326.0 
IATNITING: , cyateye tard sis wiecoae CoH 60.05 151.6 
Wimeame CS) pers srorccencare CH,N,0 60.05 151.6 
Nicotine? pyatecete-s.s: > <verrie CyoHyNe 162.13 1427.7 

Gyanogeny(g)) oss cuec CoNo 52.0 260.0 
airiniteptelupne (s)... CyHsN30g 227.06 826 

papal Speen ee C3;HsO 60.06 482.0 
Eats my ee ati’ 4H 490 74.08 639.4 

m-heptyl (SS) sceaere C-Hi6 116.13 1104.9 
Octyl SANE ale disceres CsH,s0 130.14 1262.0 
Cetyl ss (s)... CyoHxO 242.27 2504.5 
Mentholi(s)) 2.7.42 2 CyoH »O 156.16 1508.8 
Bhenoii(s)ite-rciee cn where CeHoO 94.05 732.2 
Thymol stew ewes ceece 40H yO 150.11 1353.4 

Dimethyl ether (zg). CoHeO 46 347.6 
Methylethyl ‘ (v). Cs3HsO 60 503.4 
Diethyl « (v). CaHi9O 74.08 660.3 

53 Karasch, Nat. Bur. Standards Journ. Res., vol. 2, p. 359, 1929. 

TABLE 174.—HEATS OF COMBUSTION OF MISCELLANEOUS COMPOUNDS 

Calories 
erg 

Substance ubstance 

/ NIST) LI ti rage Be pete ct eR 9530 
Uther ee ren cea tee ee 9200 
Cagbons amorphous) eereeesnees 8080 

charcoal ta accnat ene 8100 
aheyiome scacadsassdace 7860 
LAOS oosneovmenoade 7900 

Copper (torGnO) Ate nsseeee ee: 590 
Dynamite Vome ne nae 1290 
Epoawhiterolentns cont mete 5700 
era OlKvors int.) PEA seen te 8100 
Hatswanitnalgenn ts ite ees 9500 
inemoglobinverns ae ce one nee 5900 
FIV GrOgene yah eee 33900 
Iroreg (to. Hez@s)'s eo. tnun een eee 1582 
Magnesium (to MgO)........... 6080 
Oils cotton=seed) 9-55 s5e tn. ooe 9500 

Lair eners Ae AR Por Ne eR sea 9300 
Olivers Rae ste a eee mee 9400 

Calories 
er g 

Substance substance 

Oils: 
petroleum: 

crude: os:c34se2h26) 252. 11500 
light ‘<) 23 Sinai sso eee 10000 
heavy nicest c cee oe toate 10200 

rape" .i422¢ 554. eee 9500 
SP€filt S434 baka ee 10000 

Parafhn (to CO: HO ews. . 11140 
Parafhin (to°CO:, H-.O g)).!2ge. «..- 10340 
Pitch? 4... Hess ee oa 8400 
Sulfurprhombicse serene: 2200 
Sulftm emonoclinicms eee ee 2240 
Tallow *=, (206 3 Sea en oe tea ee 9500 
Woods: beech 13% H-Or eee 4170 

birch) S127 O ee 4210 
Opa WIG IshORsnocoador 3990 
pine” 12% HO}: .: 222. 4420 

SMITHSONIAN PHYSICAL TABLES 



TABLE 175.—HEAT VALUES AND ANALYSES OF VARIOUS FUELS 

Aviation gasoline 

Motor gasoline 

Kerosene 

Domestic fuel oil 

Diesel tucleotlay. eee 

Heavy industrial fuel oil 

Petroleum ether 

eilejajie\ efellellelieiull ele! ele ce 

Sip) sie) \e\(e) eieye ele inse)s ee 

HO OOOO OOO O10 OG 

ojo) le! (ele (w/e ici oie] eleielese!e 

©) © 4s a usle Je ele: leile celle) vile .e: 

Part 1.—Coals 

68 

Alcohol, fuel or denatured with 7-9% water 
and denaturing material 

* Prepared by E. W. Dean, 

Industry) unit = 
sp.g.60° /60° 

824 ry 

— 131.5. ¢ Spec. gravity 

Standard Oil Co. of New Jersey. 

LSC. 

= 

Ms On bo 5 

$ 3 ze re 8 ee 
Ts) we Pa a = > % £ 

Coal Ses Me et aaA S| Oe Se 
ionite Low grade . 38:81925.48" 27-29) 8426) 297, 7.09) 37-45) 250 

8 High grade ... 33.38 27.44 29.62 9.56 .94 6.77 41.31  .67 
Sub-bitu- { Low grade .... 22.71 34.78 36.60 5.91 .29 6.14 52.54 1.03 

minous \|High grade ... 15.54 33.03 46.06 5.37 .58 5.89 60.08 1.05 
Bitu- Low grade .... 11.44 33.93 43.92 10.71 4.94 5.39 60.06 1.02 

minous \High grade... 3.42 3436 5883 3.39 .58 5.25 77.98 1.29 
Semi-bitu-)@lowaerade .45.) 2:7. V45) 75:59) 7:30) (99/4258) 80!65 1:82 

minous \High grade... 3.26 14.57 78.20 3.97 .54 4.76 84.62 1.02 
Semi-anthracite! 20...eea.- 2.07 9.81 78.82 9.30 1.74 3.62 80.28 1.47 
Anthra- Mow: gradev...4)) 2.20) 2:48 82.07) W269 54592'23979)22 268 

cite iehtsrade’... o53% 3-27 84:28 9:12. 603108) 81-35) —79 
Oven Low grade .... 1.92 1.58 88.87 899 118 — —_- = 

coke High grade ... 1.14 .04 9466 3.57 69 — —_- — 

Part 2.—Peats and Woods (air dried) 

Vol. 
hydro- Fixed Sul- Hydro- Nitro- 
carbon carbon Ash ur gen Carbon gen 

Peats: 
Brankline County, IN %o.. 07-10) 2899) 3:91) by 519357217 Sk48 
Sawyer County, Wis.... 56.54 27.92 15.54 29 4.71 51.00 1.92 

Woods: 
OaketdryFee ce seosee tok — 37 6.02 50.16 .09 
Binche iy. sereais.< eon <r — — 29 — 6.06 48.88  .10 
JENS Gb? wane ols te-cg odd sae — 37 6.20 50.31 .04 

Part 3.—Liquid fuels * 

Fuel Gravity API + Btu per pound 

20,420 

20,120 

19,810 

19,450 

19,350 

18,930 

18,590 

22,000 

11,600 

§ Calories per 

Cal/g 

3526 
3994 
5115 
5865 
6088 
7852 
7845 
8166 
7612 
6987 
7417 
7946 
8006 

Oxy- 
gen 

Calories 
per g 

31.36 
26.54 

5726 
4867 

43.36 
44.67 
43.08 

4620 
4771 
5085 

Btu per gallon 

120,700 

125,800 

134,700 

141,200 

143,100 

149,400 

153,900 

12,2208 

6,4508 

gram. 

181 

Btu 
per 

pound 

10307 
8761 

8316 
8588 
9153 

+ API (American Petroleum 
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TABLE 175.—HEAT VALUES AND ANALYSES OF VARIOUS FUELS 

(concluded) 

Part 4.—Gases ** 

Spec. gravity 
Substance Air = 1.000 

Naturalepas 530.8 20582 PAGE. 

Propane (commercial) natural gas... 1.55 

Propane (commercial) refinery gas.. 1.77 

Butane (commercial) natural gas.... 2.04 

Butane (commercial) refinery gas.... 2.00 

PS UANE Alig” h3c204 Saves PEG sina Ae whe 1.16 

(Onl GAG ws gaaieehaiGa oan hd at 37 

(Gan TEAS, vl eestiatnes att Seles Aeris, ts ene 47 

PROCUCET AP AS aa S25) sRIRIAe sossors meat oe 86 

SITIO EICN AOE pee ICE US ENR Us Sees 57 

** For reference, see footnote 52, p. 179. 

aa Sg 

8040-17,400 
20,950 
20,600 
26,350 
26,100 
4590. 
4535. 
4320. 
1182. 
2330. 

Part 5.—Gross calorific values of crude petroleum ™ 

Area aoe rare Btu/Ib Cal/g 

IBarneomae. sane 898 19,370 10,760 

Enda’ asaanst cis 3 863 18,800 10,490 

}apailgarose ioe ncse: 925 20,670 11,480 

POlANG Eos os esc.iouse 899 20,010 11.120 

Rumania soc ek: 936 18920 10,510 

Canadaenee te 855 19,420 10,790 

MIGKICO) Giaaseaiiss 966 18,180 10,100 

Prinidad, sascc. 941 18,360 10,200 

54 Science of Petroleum, vol. 2. 

Density 
Area 20°/4°C 

GCaliforniayea.. ao: .960 

Onova, ets os .838 

Oklahoma ...... 886 

Pennsylvania .... .828 

MEX AGS Nei taaves 943 

LNGRONOTE, sooooa © 989 

iRataloonialmerr ee .948 

1965 

2015 

2005 

Btu/Ib 

18,590 

19,710 

19,420 

19,780 

18,950 

18,540 

18,970 

Part 6.—Sugars 1 

Sugar kg cal /mol 

PESORDOSE ols She pearcl« sector vastescers 670.30 

B-d-leevulosew pias ate 671.70 

@-a- Galactose’... ...2 aes 666.76 

B-IEAGLOSET sndotiaian is ¥s She He's 1345.47 

B-Maltose monohydrate ...... 1360.50 

a-Lactose monohydrate ....... 1354.66 

SVELETZOS Mee Ria Ant ene Ire 1349.00 

Sugar 

a-d-Glucose 

a-d-Glucose hydrate 

a-Monopalmitin 

B-Monopalmitin 

Ascorbic acid 

a-1)-Glucose pentaacetate 

B-D-Glucose pentaacetate 

| Prepared by G. Stegeman, University of Pittsburgh. 
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Oe 6 fe (ee ale ei;el 6 e/a) elate 

eee ee eee 

POMOC Cia ou) SOLO 

sees 

Flame temperature 
°C (no excess air) 

Cal/g 

10,330 

10,950 

10,790 

10,990 

10,520 

10,300 

10,540 

kg cal/mol 

669.58 

666.73 

2778.78 

2788.30 

560.60 

1718.62 

1722.63 



TABLE 176.—NONFLAMMABLE LIQUIDS FOR CRYOSTATS 

4* 

==) 
CHCls 
—63 

CCl 
°C —23 

Liquid 
Freezing point .... 
Compositions: * No. 4; CCls, 49.4% ; CHCls, 50.6%. 

C.H;sBr 

—119 
32 

—139 

183 

39* No. 40 
—145  —150+ 

No. 32; CHCls, 19.7%; C2HsBr, 44.9%; C2H2Cle, 13.8%; C:HCls, 
21.6%. 

No. 39% CHCls, 14.5% ; C:HsBr, 33.4% ; C:H2Ch, 10.4% ; C.HCls, 

16.4% ; CH2Clz, 25.3%. 
No. 40; CHCls, 17.9% ; C2HsCl, 9.3% ; C2HsBr, 40.7% ; C2H2Cls, 12.5% ; 
C,H Cls, 19.6%. 

5 ° =) 

i) ey aaa | 

Viscosities in (CAE e Sao lust = Ae Za’ 
centipoises: No. 32 ..... sete: 3:08: ee4es7, 

INGOs BEE Soot oy Bey “Sue 
No: 40)- 2 .Aeteaie 2.88 3.89 

zn We 
7 7 
SiGiat J ct 

13%) 2953 
10 22:3 
10.2 (22:5 

es lducresay). 28 
SL S Oe 
| | | 

Sl, Ae Slgegetie 
85 242 1480 
Tie 170) Gol 

* Because of volatility and oxidation of some, these liquids should be kept in well-stoppered bottles 
when not in use. 

4 

TABLE 177.—DATA ON EXPLOSIVES 

Vol. gas 
per gin 

cm’ 
Explosive =V/ 

Guaripow ders. set isaes ce. cicssse Mbetecotans ose Passat s 280 
Nitro lycenines “eid. cess iacraeee cn eee ere 741 
INitrocellulosew iS Zom Nea secs eek ee 923 
Cordite, Mk. I. (NG, 57; NC, 38; Vaseline, 5). 871 
Cordite, MD (NG, 30; NC, 65; Vaseline, 5).. 888 
Ballistite (NG, 50; NC, 50; Stabilizer, 5).... 817 
PichiC: acide ey Gd1te))-. eye stele a) <e aetonel vies 877 

Shattering power of explosive = vol. gas per g x cals/g x V, x density where V, is 

detonation. 

Coeffi- 
Calories cient 

per = 
7S) + 1000 

738 207 
1652 1224 
931 859 

1242 1082 
1031 915 
1349 1102 
810 710 

Calculated 
tempera- 

Coefh- 
cient Ge sp; ht: 

Trinitrotoluene: V, = 7000 m/sec. Shattering effect = .87 picric acid. 

Amatol (ammonium nitrate + trinitrotoluene, TNT): V, = 4500 m/sec. 

Ammonal (ammonium nitrate, TNT, Al): 1578 cal/g; 682 cm8 gas; V, = 4000 m/sec. 

Sabulite (ammonium nitrate, 78, TNT 8, Ca silicide 14): 

the velocity of 

about same as ammonal. 

TABLE 178.—TIME OF HEATING FOR EXPLOSIVE DECOMPOSITION 

Temperature °C 170 180 190 

Time sec sec sec 

Blacksipowders ener n n n 
Smokeless powder A.... 600 195 130 
Smokeless powder B.... 190 130 — 
Celluloid pyroxylin .... 170 60 — 
Collodion cotton ....... 870 165 67 
Celluloidiee scenes 160 100 60 
Safety matches ........ n 340 240 
Parlor matches! esse. .: n n n 
Cotton wool 

n, failure to explode in twenty minutes. 
* The decomposition of nitrocellulose in celluloid commences at about 100° (Oe 

decomposition may raise the mass to the ignition point if loss of heat is prevented. Above 170°, 
decomposition occurs with explosive violence as with nitrocellulose. Rate of combustion is 5 to 10 times 
that of poplar, pine, or paper of the same size and conditions. q 

t Measured by contact with molten lead. Average. tube of given temperature. Average. 
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Measured by 

Ignition temperature 
LX Os iT “(3 ft 

» 

ea mila | 

above that the heat of 

contact with porcelain 
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TABLE 179.—CHEMICAL AND PHYSICAL PROPERTIES OF FIVE DIFFERENT 

CLASSES OF EXPLOSIVES 

Explosive 

(A) Forty percent nitro- 
glycerin dynamite. 

(B) FFF black blasting 
PONS? soococacan 

(C) Permissible _explo- 
sive; nitroglycerin 
GlasSiewr eit erate 

(D) Permissible explo- 
sive; ammonium 
Mithate Classmecr ee 

(E) Permissible explo- 

Specific gravity 

—_— i) iS) 

1.25 

1.10 

OF 

sive ;hydratedclass. 1.54 

developed by 1 kg 
Number of large calories 

of the explosive 

1221.4 

789.4 

760.5 

992.8 

610.6 

CAN) PaNTOIStUTE! tyre gees ores vee vce saenl seo 
INitrogly Cerin iis. scene etre 
Sodium nitrate: =. eae ee 
Wood pulp Goes Sh. a eee eee 
Calcium (carbonate ease eee 

(GB) me Moisture esa. coer ota rene oe 
SOGhcren WWE oobwsessoucncouee 
Charcoal east eth. eee 
S ltt rit cde persia eect eee 

GG Morsay ooo cos cane, eS ocr ct eel 
INGUROFMMKESTIN Gaaopoccooandenoce 
Sodiumbnitratel o4. 564400 see 

Galciumiicarbonate) 44)... 4 0eeeee 
“ec Magnesium 

*One pound of clay tamping used. 
§ Cartridges 13? in. diam. 
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|| For 300 grams. 

volume after elimination Pressure developed in own 
of surface influence 

x mR ~ i} 2} c) 

8235 

4817 

5912 

7300 

6597 

og Unit disruptive charge 

by ballistic pendulum 

iw) bo N 
* 

3741 
458* 

301* 

279* 

434* 

Chemical analyses 

(D) 

(E) 

cartridges 11 in. diam. 
Duration of flame from 

100 g of explosive 
Rate of detonation 

E} > wn @ Q 3 we n o@ Q 

469.44 925. 

3008 ~—-.471 

34388 .483 

2479 ~—-.338 

Wood pulp 
Poisonous matter 
Manganese peroxide 
Sande estan wSientnnc es eS ee 

INGIS CURE yn recite ee 
Nitroglycerin 

5 Length of flame 

from 100 g 

—_ 

24.63 

54.32 

27-19 

25.68 

17.49 

Ammonium nitrate 

Cartridge 1} in. transmitted 
explosion at a distance of 

[owl B 

— is) 

Products of combustion from 
liquid, respectively 

™ 200 g; gaseous, solid, and 

— SI 00 0 90 

Sulfurs sein aise Aas 
Starchatsatta ochenimed eRe 

© ef otis (e) oes eves 8 elallenete) ate « 

cizeliel{atw dulled pe: (e lesan te: 

ule) 0 (elute! ee ‘wevlelm als) (evele ts 

Clayat 624.2% Bisentepenreamemoose 
Ammonium sulfate 
Zinc sulfate (7HO) 
Potassium sulfate 

+ Two pounds of clay tamping used. 

ee 

Ignition occurred in 4% 
fire damp & coal dust mixture with 

i) 

ine) mn 

25 

1000 

800 

{Rate of burning. 



TABLE 180.—THERMOCHEMISTRY. CHEMICAL ENERGY DATA 185 

The total heat generated in a chemical reaction is independent of the steps from initial to final 
state. Heats of formation may therefore be calculated from steps chemically impracticable. 
Chemical symbols now represent the chemical energy in a gram-molecule or mol(c); treat re- 
action equations like algebraic equations: CO + O = CO, + 68kg cal; subtract C+ 20= CO, 
+ 97 kg cal, then C + O=CO 29 kg cal. We may substitute the negative values of the forma- 
tion heats in an energy equation and solve MgCl: + 2Na=2 NaCl+ Mg+xkgcal; —151= 
— 196 +x; x=45kgcal. Heats of formation of organic compounds can be found from the 
heats of combustion since burned to H2O and CO. When changes are at constant volume, energy 
of external work is negligible; also generally for solid or liquid changes in volume. When a gas 
forms a solid or liquid at constant pressure, or vice versa, it must be allowed for. For N mols of 
gas formed (disappearing) at Tx° the energy of the substance is decreased (increased) by 
0.002-N-Tx kg cal H. + O=H,O + 67.5 kg cal at 18°C at constant volume; 4(2 H: + O2— 
2 H.0 = 135.0'+- 0.002 X 3 x 291 = 136.7) = 68.4 kg cal. 

The heat of solution is the heat, + or —, liberated by the solution of 1 mol of substance in so 
much water that the addition of more water will produce no additional heat effects. Aq signifies 
this amount of water; H.O, one mol; NH; + Aq = NH.OH-Aq-+ 8 kg cal. 

Part 1.—Heats of formation from elements in kilogram-calories 

At ordinary temperatures 

Heat of 
forma 

-Compound tion Compound 

INFORMS Goer 380. HgO 

Ag.O lle! efile 6.5 Na.O 

Ba@) Saree 126. Nd.O; 
IBa@ neers: 142. NiO 
IBHHOW cao te 138. P.Os sgs 
CO am 291032 
COdinsa: 26.1 PbO, 
CO2am 97.0 Pr2Os 
CO: gr 94.8 Rb.O 

CO:di .... 943 Sosrhsgg . 
CaO! eee 1522 SiQ, 
Ce Oserckernese 225% SnO 
ClO g —16.5 SnO.cr 
CoO am 505 SEO: 
CoO cr 57.55  ThO: 
Co30. enoeD 193.4 TiO, am 

GrOs Vee 140. TiO: cr 
Cs;OMiaas: Oils} ARKO 
CuO wise. 42.3 WO, 
Gu@) wee 37.22 WOs 
MeOk Ae yy  ZAN®) 
FeOxeas 196.5 AgCl 
HeOy . 20": 270.8 AgeCl 
H:O ggl 68.4 AICIs 
H.0, gel 46.8 AuCl y 

2O he hss 22.2 AuClhy 
ISO) odese 24y Bal 
Ke@ ae. ce 91. BeCl. 
La,0; cater toute 447. BiCls 

MEI OOS soc: 141.6: CClam 
Mix Olena. 143.6 CaCl 
IMin@ meer 90.8 CdCl 
MnO, 123. CoClz 
Mn;0, 325. CuGi: 

WICKOR soccc 143. CuCl 
WIGOR oaane 174. FeCl. 
N,O gge .. —18.2 FeCl; 
Oggg ... —216 HClggl 

2 weeeee — 81 HgCl 

Na.O, — 2.6 HgCl: 

Heat of Heat of Heat of 
forma- forma- forma- 
tion Compound tion Compound tion 

21.4 1G) Lee 105.7 TEES OS letaiases ete 334.2 
100 ILC lagen 93.8 (QNIBAYESOW aocc5cc 283 
435 Mig Glairran cei: 151.0 NarSOn Sheer 328.3 
57.9 Min Glo waeroer 1223 MgSOv sac coecaee 301.6 

370 INA send 97.8 PbSOT Sisters 216.2 
50.3 ING see ooc 250. TES OAS ee 221.0 
62.4 NEMEC PM II2 76.3 ZnSO Satake. 229.6 

412 INMGS, ~ss58cc 74.5 CaCO be hesowatar 270 
89.2 PbHCr eae 83.4 CuGOPruret Pane 143 
70 Pd@int een 40.5 Fe€COs ee 179 

191.0 PiGlt eee 60.4 KeGO3 Fi SAPP, 280 
66.9 Sn Glog 80.8 Mig @ @ se ctrsyarenccsnere 267 

13725 SAG ee Gora tic 128. INEW GOK PE e ous coe 272 
135 Sr@le. | 5.882. 185. Zn COssha biseewact 194 
326 hele eee. 300. Ag NOs oe etattsce 28.7 
215.6 RIGCIE MS fc. 48.6 Ga(NO3) heen 209. 
218.4 RbGlh theese 105.9 Cu(NOs3)26H20 .. 92.9 
422 Benge O7 oN Oeselee yn 41.6 

131 HBr glg 8.6 KINO ss sectors ceils 119.2 
194 INSEIIBI eae 66. LetNiOs:es: . geese 112. 
85.2 Hlgse ..... EAT MR NON a ee 88.3 
29.2 HF ggg 38. INEUNI OH edsnictas adobe 111.0 
29.5 ING Sree Le. 33 TIN @ ay eee ae 58.2 

161.4 CS: sgg —26.0 GHiasrort (5 eee 20 
5 lame GaSinkaeian’: 00:8 MCs. Sopa 25 

22.8 (NHa,)2S 66.2 Gals Gees ese aobaa —53 
197 CS. uae 183 HCGNdigses ..... —30.5 
155 CuSo ache as 11.6 IN oe) Aer 12.0 
90.6 HS gsg 273° sCa(OWl)s iy. eaae 230 
21.0 AS eter 8 2 103.4 INJEHOISU So5sks56ce 88.8 

187. MiSi). eee 79.4 NaOH? he see screen 102. 
93.2 INGRS) spasoae 89.3 Na-H.O:Aq—H .. 44.* 
76.5 DS iat. a: 19.3 4(2.Na-O:-H:0) .. 68.* 
LS CASO Sane 262. 4(Na,0:H.0-Aq).. 30.* 
34.1 CuSO we ..: IGS KOH Baer octcen. 103.5 
82.1 H:SO, sggg . 193. K:-H:0:Aqg-H .... 45.* 
96.0 —SO;:H.0*. 21.3 4(2K-O:H.O) ... 69% 
22. Heg2SOs behalf: 4(K.0:H.0:Aq). fs 35:5™ 

31.3 EGE OV Bible 165 
54}.5} KGS Os eae 344.3 

am =amorphous: di=diamond; cr=crystal; g—= gas; gr—graphite; 1—=liquid; rh =rhombic (sulfur); 
s = solid; y= yellow (gold). 

* Heats of formation not from elements but as indicated. 
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TABLE 180.—THERMOCHEMISTRY. CHEMICAL ENERGY DATA (concluded) 

Part 2.—Heats of formation of ions in kilogram-calories 

+ and — signs indicate signs of ions and the number of these signs the valency. For the ioni- 
zation of each gram-molecule of an element divide the numbers in the table by the valency, e. g., 
9.00 g Al=9.00 g Al* + 40.3 kg cal. When a solution is of such dilution that further dilu- 
tion does not increase its conductivity, then the heats of formation of substances in such solutions 
may be found as follows: FeClAq= + 22.2 +2  39.1= 100.4 kg cal. CuSO.sAq=— 15.8 
+ 214.0 = 198.2 kg cal. 

Ag+ — 25.3 NH, + + 32.7 AsO. ——— +4215.0 10; — + 55.8 
Al++4 4121.0 NHO+ 4 37.5 Br — + 28.2 IO. — + 46.5 
Co+-+ +170.0 Na+ + 57.3 BrO; — tape ee OH — + 54.4 
Ca++ +133.? Ni++4+ + 16.0 CO; — — +160.8 PO,——— +4298.0 
Cd ++ + 18.4 Mg++ +1088 Cl — + 39.1 S:0; — — +138 6 
Cu+-+ — 16.0 Mn++ 4+ 50.2 ClO — + 26.0 S:0. — — +278.2 
Cu + — 15.8? Pb+ + + 40 ClO; — + 23.4 SiO. — — +260.8 
Fe+ + + 22.2 Rb+ +625.0 ClO. — — 38.7 SO; — — +151.0 
Fe+++ — 93 Sn++4+ 4 3.3 HCO; — +163.0 SO. — — +214.0 
H+ 0.0 Sr++ +119.6 HPO, — +143.9 Se—— — 35.6 
Hg + — 19.8 TI+ + 1,7 HPO; — — +229.6 SeO;—— 4119.6 
K+ + 61.8 Zn++ + 35.0 HPO, — — +304.8 SeO.—— +1448 
Li+ + 62.8 HS — + 1.2 Te—— — 348 

NO. — + 27.0 TeO;—— + 77.0 

I— + 13.1 —— — 12.6 

TABLE 181.—IGNITION TEMPERATURES OF GASEOUS MIXTURES 

Ignition temperature taken as temperature necessary for hot body immersed in gas to 
cause ignition; slow combination may take place at lower temperatures. Gases were 
mixed with air. Practically same temperatures as with On. 

Benzene and aires. eee 1062° C Ethersand’air2 (sess coe eae: 1033° C 
Coal*¥eastandraireas te. so tee 878 Ethylene andtains=-s5.- cst 1000 
SOand air 5. . 294s 5 ss oe 931 Hydregen-and\air20 3. 2. 28... 747 

TABLE 182.—HEATS OF NEUTRALIZATION IN KILOGRAM-CALORIES 

The heat generated by the neutralization of an acid by a base is equal, for each gram-molecule 
of water formed, to 13.7 kg cal plus the heat produced by the amount of un-ionized salt formed, 
plus the sum of the heats produced in the completion of the ionizations of the acid and the base. 

Base HCl-aq HNOs:aq HeSO.4-aq HCN-aq CHzCOOH-aq H»-CO3:aq 

KOH agi. dak oe 13.7 13.8 15.7 2.9 13.3 10.1 
NaOHead) cane. coe 13.7 13.7 15.7 2.9 13:3 10.2 
NHZOMsaq-).5.toa 12.4 12.5 14.5 13 12.0 8. 
4'Ga(@OH)2-aqe-. .o- 14.0 13.9 15.6 Se 13.4 9.5 
4, 2n(OE)s-aq) ... 25 9.9 9.9 I Y/ 8.1 8.9 5.5 
5 Cu(@OH)s-aqee et 7.5 7.5 9.2 — 6.2 a 

TABLE 183.—HEATS OF DILUTION OF H,SO, 

In kilogram-calories by the dilution of 1 gram-molecule of sulfuric acid by m gram molecules 
of water. 

1 tc Se 1 2 3 9 19 49 99 199 399 1599 
kg cal ... 6.38 9.42 11.14 13.11 16.26 16.68 16.86 17.06 17.31 17.86 
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TABLES 184-209—PHYSICAL AND MECHANICAL PROPERTIES 

OF MATERIALS 

Introduction and definitions.—The mechanical properties of most ma- 
terials vary between wide limits ; the following figures are given as being repre- 
sentative rather than what may be expected from an individual sample. 
Figures denoting such properties are commonly given either as specification 
or experimental values. Unless otherwise shown, the values below are 
experimental. 

Credit for the information included on metals is due to the National Bureau 
of Standards ** and the publications of the Aluminum Co. of America,*® the 
American Brass Co., and the Chase Brass & Copper Co.*’ 

Most of the data shown in these tables are as determined at ordinary room 
temperature, averaging 20°C (68°F). The properties of most metals and 
alloys vary considerably from the values shown when the tests are conducted 
at higher or lower temperatures. 

The following definitions govern the more commonly confused terms shown 
in the tables. In all cases the stress referred to in the definitions is equal to the 
total load at that stage of the test divided by the original cross-sectional area 
of the specimen (or the corresponding stress in the extreme fiber as computed 
from the flexure formula for transverse tests). 

Brinell hardness numeral (abbreviated B. h. n.).—Ratio of pressure on 
a sphere used to indent the material to be tested to the area of the spherical 
indention produced. The standard sphere used is a 10-mm-diameter hardened 
steel ball. The pressures used are 3000 kg for steel and 500 kg for softer 
metals, and the time of application of pressure is 30 seconds. Values shown in 
the tables are based on spherical areas computed in the main from measure- 
ments of the diameters of the spherical indentations, by the following formula: 

B. h. n.=P+2tD =P +2D(D/2—VD?/4—42/4). 

P=pressure in kg, t=depth of indentation, D=diameter of ball, and d= 
diameter of indentation—all lengths being expressed in mm. Brinell hardness 
values have a direct relation to tensile strength, and hardness determinations 
may be used to define tensile strengths by employing the proper conversion 
factor for the material under consideration. 

Elastic limit.—Stress which produces a permanent elongation (or short- 
ening) of 0.001 percent of the gage length, as shown by an instrument capable 
of this degree of precision (determined from set readings with extensometer 
or compressometer). In transverse tests the extreme fiber stress at an appre- 

ciable permanent deflection. 

Erichsen value.—Index of forming quality of sheet metal. The test 1s con- 
ducted by supporting the sheet on a circular ring and deforming it at the 
center of the ring by a spherical pointed tool. The depth of impression (or 
cup) in mm required to obtain fracture is the Erichsen value for the metal. 
Erichsen standard values for trade qualities of soft metal sheets are furnished 
by the manufacturer of the machine corresponding to various sheet thicknesses. 

Alloy steels are commonly used in the heat-treated condition, as strength 
increases are not commensurate with increases in production costs for annealed 
alloy steels. Corresponding strength values are accordingly shown for an- 
nealed alloy steels and for such steels after having been given certain rec- 
ommended heat treatments of the Society of Automotive Engineers. The heat 

ae eae Lindlief, Kanegis, Weissler, and Siegel, Nat. Bur. Standards Circe. C-447, 

% Selected from Nat. Bur. Standards Circ. C-447, Mechanical properties of metals and 
alloys, and from Alcoa’s circular, Aluminum and its alloys. 

5? Chase Brass & Copper Co.’s circular, Copper and commercially important copper 
alloys, 1948; American Brass Co., Copper and copper alloys, 1945. 
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treatments followed in obtaining the properties shown are outlined on the pages 
immediately following the tables on steel. It will be noted that considerable 
latitude is allowed in the indicated drawing temperatures and corresponding 
wide variations in physical properties may be obtained with each heat treat- 
ment. The properties vary also with the size of the specimens heat treated. 
The drawing temperature is shown with the letter denoting the heat treat- 
ment, wherever the information is available. 

Modulus of elasticity (Young’s modulus).—Ratio of stress within the 
proportional limit to the corresponding strain—as determined with an exten- 
someter. NoteE.—AIl moduli shown are obtained from tensile tests of materials, 
unless otherwise stated. 

Modulus of rupture.—Maximum stress in the extreme fiber of a beam 
tested to rupture, as computed by the empirical application of the flexure for- 
mula to stresses above the transverse proportional limit. 

Proportional limit (abbreviated P-limit).—Stress at which the deforma- 
tion (or deflection) ceases to be proportional to the load (determined with 
extensometer for tension, compressometer for compression, and deflectometer 
for transverse tests). 

Shore scleroscope hardness.—Height of rebound of diamond-pointed 
hammer falling by its own weight on the object. The hardness is measured on 
an empirical scale on which the average hardness of martensitic high carbon 
steel equals 100. On very soft metals a “magnifier” hammer is used in place 
of the commonly used “universal” hammer and values may be converted to 
the corresponding “universal” value by multiplying the reading by 4/7. The 
scleroscope hardness, when accurately determined, is an index of the tensile 
elastic limit of the metal tested. 

Ultimate strength in tension or compression.—Maximum stress de- 
veloped in the material during test. 

Yield point.—Stress at which marked increase in deformation (or deflec- 
tion) of specimen occurs without increase in load (determined usually by 
drop of beam or with dividers for tension, compression, or transverse tests). 

TABLE 184.—INDUSTRIAL WOVEN-WIRE SCREENS * 

Industrial wire cloth may be specified in any malleable metal, the physical characteristics of 
which will permit of its being commercially drawn into wire and woven into cloth. This indus- 
trial wire screen is manufactured with openings from about 15 inches to a very fine wire cloth 
with openings of .0017 inch, using for larger screens rods 2 inches in diameter and for the 
smaller-opening cloth, wire .0014 inch in diameter. 

Industrial wire cloth specification, market grade 

Mesh Mesh 
per Wire Open- Percent per Wire Open- Percent 

lineal diameter ing open lineal diameter ing open 
inch inch inch area inch inc inch area 

Te SOU Ak 080 .920 84.6 SO S< 0s caida 013 .0203 BVI 
PES VAAL 063 437 76.4 Sb s< Shas ane 011 0176 37.9 
Se Sanccrades 054 .279 70.1 40 x 40..... .010 .0150 36.0 
0 ar ae 047 203 65.9 SOSK SOesees .009 .0110 30.3 
bd< SEs 041 159 63.2 KISS Cowen 0075 .0092 30.5 
ORIG FEES. 035 132 62.7 0) S< ted c uc 0055 .0070 31.4 
SOS ac 028 097 60.2 100 « 100.... .0045 0055 30.3 
NOS WOR 6 oc 025 075 56.3 120 * 120.... .0037 .0046 30.7 
IZ><I2 ee 028 .060 51.8 ISO SOm.. 0026 .0041 37.4 
14 Gar. (020 LOSit 51.0 180 & 180.... .0023 .0033 34.7 
WOK NOE Soce 018 0445 50.7 ZOOS Z00 ee O02 0029 33.6 
Is) SX Nele ee 017 .0386 48.3 250200 pee OOO 0024 36.0 
ZOP<G2 One 016 .0340 46.2 ZI GZ4A0 ee COLO .0021 S22 
DAS Cae: 014 0277 44.2 S25 S25 0a COONS 0017 30.0 

* Data furnished by the W. S. Tyler Co., Cleveland. 
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208 TABLE 189.—COPPER WIRE--SPECIFICATION VALUES 

Copper wire: Hard-drawn (and hard-rolled flat copper of thicknesses corresponding 
to diameter of wire). Specification values. (A. S. T. M. B1-15, U. S. Navy Dept.) 

Specific gravity 8.89 at 20°C (68°F). 

Diameter Minimum tensile strength Minimum elongation, 
=" percent in 

mm in. kg/mm? lb/in.2 254 mm (10 in.) 

11.68 460 34.5 49 000 2.75 
10.41 410 35.9 51,000 S25 
9.27 365 37.1 52,800 2.80 
8.25 5525) 38.3 54,500 2.40 
7.34 .289 39.4 56,100 Pa Al7f 
6.55 258 40.5 57,600 1.98 
5.82 229 41.5 59,000 1.79 

in 1524 mm (60 in.) 
5.18 204 42.2 60,100 1.24 
4.62 182 43.0 61,200 1.18 
4.12 162 43.7 62,100 1.14 
3.66 144 44.3 63,000 1.09 
S25 128 44.8 63,700 1.06 
2.90 114 45.2 64,300 1.02 
2.59 102 45.7 64,900 1.00 
2.31 091 46.0 65,400 97 
2.06 081 46.2 65,700 95 
1.83 .072 46.3 65,900 92 
1.63 064 46.5 66,200 90 
1.45 .057 46.7 66,400 89 
1.30 051 46.8 66,600 87 
1.14 045 47.0 66,800 86 
1.02 .040 47.1 67,000 85 

Note.—P-limit of hard-drawn copper wire must average 55 percent of ultimate tensile strength for 
four largest-size wires in table, and 60 percent of tensile strength for smaller sizes. 

TABLE 190.—COPPER WIRE—MEDIUM HARD-DRAWN 

(A. S. T. M. B2-15) Minimum and maximum strengths. 

Tensile strength 

Diameter Minimum Maximum : Elongation, 
minimum percent 

mm in. kg/mm? Ib/in.2 kg/mm? Ib/in.2 in 254 mm (10 in.) 

11.70 .460 29.5 42,000 34.5 49,000 3.75 
6.55 258 33.0 47,000 38.0 54,000 2.50 

in 1524 mm (60 in.) 
4.12 .162 34.5 49 000 39.5 56,000 IS) 
2.59 102 35,5 50,330 40.5 57,330 1.04 
1.02 .040 37.0 53,000 42.0 60,000 88 

Nore.—Representative values only from table in specifications are shown above. P-limit of medium 
hard-drawn copper averages 50 percent of ultimate strength. 

TABLE 191.—COPPER WIRE—SOFT OR ANNEALED 

(A. S. T. M. B3-15) Minimum values. 

Minimum tensile 
Diameter strength Elongation in 254 

ry | mm (10 in.), 
mm in. kg/mm? Ib/in.2 percent 

EZON tow /257. .460 to .290 255 36,000 35 

7.34 to 2.62 .289 to .103 26.0 37,000 30 

2.59 tOm 55 102 to .021 27.0 38,500 25 

sl joy {0s 020 to .003 28.0 40,000 20 

Note.—Experimental results show tensile strength of concentric-lay copper cable to approximate 
90 percent of combined strengths of wires forming the cable. 
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TABLE 193.—STEEL WIRE—SPECIFICATION VALUES 215 

S. A. E. carbon steel, No. 1050 or higher number specified (see carbon steels above). 
Steel used to be manufactured by acid open-hearth process, to be rolled, drawn, and then 
uniformly coated with pure tin to solder readily. 

Ameri- Req’d 
can or twists Weight 
B. and Diameter in 203.2... ——_——*—__ Req'd Spec. minimum tensile strength 
S. wire oa mmor kg/100_ 1b/100 bends (©. 22 ST. 
gage mm in. 8 in. m ft thru 90° kg Ib kg/mm? Ib/in.2 

6 4.115 162 16 10.44 7.01 5 2040 4500 154 219,000 
7 3.665 144 19 8.28 5.56 6 1680 3700 161 229,000 
8 3.264 129 21 6.55 4.40 8 1360 3000 164 233,000 
9 2.906 114 23 SYA 3.50 9 1135 2500 172 244,000 

10 2.588 102 26 4.12 27, 11 910 2000 172 244,000 

11 2.305 091 30 3.28 2.20 14 735 1620 179 254,000 
12 2.053 081 33 2.60 1.74 17 590 1300 177 252,000 
13 1.828 .072 37 2.06 1.38 21 470 1040 179 255,000 
14 1.628 .064 42 1.64 1.10 25 375 830 181 258,000 
15 1.450 .057 47 1.30 87 29 300 660 182 259,000 

16 1-291 051 53 1.03 .69 34 245 540 186 264,000 
Wy 1.150 .045 60 81 55 42 195 425 188 267,000 
18 1.024 .040 67 65 43 52 155 340 190 270,000 
19 912 .036 75 a)! 34 70 125 280 193 275,000 
20 812 032 85 41 27 85 100 225 197 280,000 

21 723 .028 96 coe, 22 105 80 175 200 284,000 

Note.—Number of 90° bends specified above to be obtained by bending sample about 4.76 mm (.188 in.) 
radius, alternately, in opposite directions. 

TABLE 194.—STEEL WIRE—EXPERIMENTAL VALUES 

Data from tests at General Electric Co. laboratories. Commercial steel music wire 
(hardened). 

Ultimate strength Ultimate strength 
Diameter tension Diameter tension 

: kg/mm? |b/in.2 SS kg/mm? |b/in.2 
mm in. a mm in. —— 

12.95 051 226.0 321,500 6.35 025 262.0 372,500 
11.70 046 249.0 354,000 4.55 .018 265.5 378,000 
9.15 .036 253.0 360,000 2.59% 010 386.5 550,000 
7.60 .030 260.0 370,000 1.65* 0065 527.0 750,000 

4.557 .018 49.2 70,000 

* For 4.55 mm wire drawn cold to indicated sizes. ¥ For 4.55 mm (.018 in.) wire annealed in 
H, at 850°C. 

TABLE 195.—PLOW-STEEL HOISTING ROPE (BRIGHT) 

Wire rope to be of best plow-steel grade, and to be composed of 6 strands, 19 wires to 
the strand, with hemp center. Wires entering into construction of rope to have an elonga- 
tion in 203.2 mm or 8 in. of about 24 percent. 

Diameter Spec. minimum strength Diameter Spec. minimum strength 
aS 

mm in. kg Ib mm in. kg lb 

9.5 3 5,215 11,500 38.1 13 74,390 164,000 
127 4 9,070 20,000 50.8 2 127,000 280,000 
19.0 3 20,860 46,000 63.5 $ 207,740 458,000 
25.4 1 34,470 76,000 69.9 23 249 350 550,000 
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216 TABLE 196.—STEEL-WIRE ROPE—SPECIFICATION VALUES 

Cast steel wire to be of hard crucible steel with minimum tensile strength of 155 
kg/mm? or 220,000 Ib/in.* and minimum elongation of 2 percent in 254 mm (10 in.). 

Plow steel wire to be of hard crucible steel with minimum tensile strength of 183 
kg/mm? or 260,000 Ib/in.? and minimum elongation of 2 percent in 254 mm (10 in.). 

Annealed steel wire to be of crucible cast steel, annealed, with minimum tensile strength 
of 77 kg/mm? or 110,000 Ib/in.? and minimum elongation of 7 percent im 254 mm (10 in.). 

Type A:6 strands with hemp core and 19 wires to a strand (= 6 X 19), or 6 strands 
with hemp core and 18 wires to a strand with jute, cotton, or hemp center. 

Type B: 6 strands with hemp core, and 12 wires to a strand with hemp center. 
Type C: 6 strands with hemp core, and 14 wires to a strand with hemp or jute center. 
Type AA: 6 strands with hemp core, and 37 wires to a strand (=6 X 37) or 6 strands 

with hemp core and 36 wires to a strand with jute, cotton, or hemp center. 

Diameter Approx. weight Minimum strength 
ee eS Se a as 

Description mm in. kg/m lb/ft kg lb 

Galvereast steel, Type A. -2u..-.. << 9.5 3 31 Al 3,965 8,740 
" i 4 Se SR oc 1227, 3 5 ‘37, 6,910 15,230 
ss : i a ee eae 25.4 1 2.23 1.50 27,650 60,960 
a ip Be Oc, ane 38.1 14 5.06 3.40 63,485 139,960 

Galvarcast steely dy pe sAvAMer 9) ease 9.5 2 230 122 3,840 8,460 
ef ‘ : <j ear <4 Sones 3 Wd 4 58 39 7,410 16,330 

‘ a i et 53 SE 25.4 1 22S 1.50 27,650 60,960 
“ of . SORE ksstack 38.1 14 5.28 S59 59,735 131,690 

Galvarcaststeely (ype Bres-eeae sr 9.5 3 25 7 2,995 6,600 
¢ - < Ci gay beets c 227, 4 42 .28 5,210 11,500 
‘ ms s SEL ASE ie ne 75) 1 1.68 els 20,890 46,060 
: - * Clee SS eaeee ars 38.1 14 3.94 2.65 47,965 105,740 

Galvarcastasteels dhypeu Gurus s+) 25.4 1 1.59 1.07 18,825 41,500 
es § a pA Ste Meester cee 41.3 13 4.35 2.92 e575 113,700 

Galvasplowastecl maby perAtennnrrercnc 9.5 2 il Al 4,690 10,340 
of % a DOE ees aa ee -7/ 4 255 37 8,165 18,000 
f ‘ $ TAY SAAT MLAS 25.4 1 223 1.50 32,675 72,040 
- e ia: MR ROR Se 36.5 lis 4.66 Salis 69,140 152,430 

Galv. plow steel, Type AA......... 9.5 3 “38) 22 4,540 10,000 
y 5 = 2: Leaner arses 1227 4 58 39 8,750 19,300 

: HM ae re ater ee 25.4 1 235 1.58 32,250 71,100 
ie s ‘s : DE: Be ade 41.3 13 6.18 4.15 83,010 183,000 

TABLE 197.—STEEL-WIRE ROPE—EXPERIMENTAL VALUES 

Wire rope purchased under Panama Canal Spec. 302 and tested by National Bureau 
of Standards, Washington, D. C. 

ae ‘ : ; Ultimate strength 
Description and analysis Diameter Ultimate strength (net area) 

mm in. kg lb kg/mm? 1b/in.2 

Plow steel, 6 strands & 19 wires 
© 905 S) 203452 6.0245 Min 
ATS ESiT” el WA ceictee eee er ei Tae 50.8 2, 137,900 304,000 129.5 184,200 

Plow steel, 6 strands * 25 wires 
CWS MYR I W275 Wika 
PAG ee Sis ellis ve eet ee 69.9 23 314,800 694,000 Se 214,900 

Plow steel, 6 X 37 plus 6 & 19 
C je S LOB, 12 Asie Walia 
Pile Site lOO src heels cama tne 82.6 34 392,800 866,000 132.2 187,900 

Monitor plow steel, 6 61 plus 
CrGlON@ FS2S 0255 2 019: 
Ninte 23" Site lOOs sas. ssc ateens 82.6 34 425,000 937,000 142.5 202,400 

Recommended allowable load for wire rope running over sheave is one-fifth of specified minimum 
strength. 
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TABLE 200.—MECHANICAL PROPERTIES OF TUNGSTEN AND ZINC 225 

Metal or 
alloy 

approx. 
comp. 
percent Condition 

Togo sintered, 
== 5Y7/ sme Cre 

Swaged rod, 
= 7/ sate ore 08) 

ey Seyi AES 
Drawn hard, 

pangsten, D=.029. mmivor 
; .00114 in 

Swaged and drawn 
hot 97.5% reduc- 
tongess... 226608. 

Same as above and 
equiaxed at 2000° 
(© in H, tT Bee: 

fal) futereiiel.e.« 

Gast TAR tee: 
Coarse crystalline. 
Fine crystalline ... 
Rolled (with grain 

Zinc, or direction of 
Zn: Olli 93) meres ae 

Rolled (across grain 
or direction of 
rollins) eee ace: 

Drawn hard]... .- 

Density 
or weight 

gm Ib 
per per 
cm3 ft8 

18.0 1124 

7.0 437 

7.1 443 

. 

Tension, Tension, 
kg/mm? Ib/in.2 Percent 

Ls og ERE 3 
~ 00 =) oO : cs Sou 

a De a Se eee hope tae 

— 12.7 — 18000 0.0 0.0 

— 151.0 —— eZ 5000) 74:0) 28:0 

— 415.0 — 590,000 — 65.0 

— 164.0 == ZS oe IeAh0) 

— 118.0 — 168,000 0.0 0.0 

(Impurities Pb, Fe, and Cd) — — 
— 2.8to _ 4000to — — 
— 8.4 — 12,000 -- oa 

2.0 19.0 2,900 27,000 — — 

41 25:37 5.800) 36000 — — 
— 7.0 — 10,000 --- a 

~ ee ~ 3 = S oO n 7) 

el 
J 

Brinell 
500 kg 

Sclero- 
scope 

42to Sto 

48 10 

* Commercial composition for some incandescent electric lamp filaments containing thoria (ThOg) approx. 0.75 
percent. 

+ Ordinary annealing treatment makes W brittle, and severe working, 
temperature, produces ductility. W rods which have been worked and recrystallized are stronger than sintered 
rods. The equiaxing temperature of worked tungsten, with a 5-min exposure, varies from 2200°C for a work 
rod with 24 Bercent reduction, to 1350°C for a fine wire with 100 percent reduction. 
mm or 0.025 i 

PiComnrescioa on cylinder 25.4 mm (1 in.) by 65.1 mm ( 

below recrystallization or equiaxing 

For spelter (cast zinc) free from Cd, av. 17.2 kg/mm? or 24,500 Ib/in.? 
For spelter with Cd 0.26, av. 27.4 kg/mm? or 39,000 Ib/in.2 
Modulus of rupture averages twice the corresponding tensile strength. 
Shearing strength: rolled, averages 13.6 kg/mm? or 194,000 Ib/in.* 
Modulus of elasticity: cast, 7,750 kg/mm? or 11,025,000 lb/in.2 
Modulus of elasticity: rolled, 8450 kg/mm? or 12,000,000 lb/in.? 

TABLE 201.—LOW-MELTIING ALLOYS * 

Name 

Anatomical alloy 22. =... 
Wioodismalloyamestncr case 
Quaternary eutectic alloy.. 
Busible@alloyarmnneen ecole 
Eutectic alloy (Bi-Cd-Pb).. 
Alloy for fine castings...... 
Rosesmalloyaneene eee 
Bismuth) solders see sae. 
Eutectic alloy(Bi-Sn) .... 
Eutectic alloy(Bi-Cd) ... 
Eutectic alloy(Bi-Pb-Sn) .. 
Eutectic alloy(Cd-Sn) 
Eutectic alloy(Pb-Sn) 

* See also Table 123. 
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Composition, percent 

Bi Cd 

GENS, — 
50 1225 
49.5 10.10 
38.4 15.4 
51.6 8.1 
50 _ 
50 — 
40 _— 
57 — 

. 60 40 
13.7 — 
_ 32 

Pb 

17 

Sn 

19 

Other 

Hg 10.5 

Tungsten wire, 

2.6 in.), at 20 percent deformation: 

D = 0.635 

Melting point 

°F 

140 
154.4 

NG 
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TABLE 202.—MECHANICAL PROPERTIES OF WHITE METAL BEARING ALLOYS 

(BABBITT METAL) 

Experimental permanent deformation values from compression tests on cylinders 31.8 mm 
(14 in.) diam. by 63.5 mm (23 in.) long, tested at 21°C (70°F). (Set readings after removing 
loads.) 

Hardness 
Permanent deformation W@W 21°C 

(Se Se LOS 
Formula, Pouring Weight @ 454 kg @ 2268 kg @ 4536 kg ao, SS 
percent temp. — = 1000 lb = 5000 Ib = 10,000 Ib wn SS 

o. Sn Sb) (Gul 2b Cc 5 em’ ft? mm in. mm in. mm in. fQ ©© 

Tin Base 

1 910 45 45 — 440 
2* 89.0 ‘75 3.5 —432 
3 83.3 83 83 — 491 
4 75.0 12.0 3.0 10.0 360 
5 65:0 150 2:0: 18:0.350 

Gr 20:0 150 IS? 6315337 
7 100° 15.0 75:0 329 
8 5.0 15.0 — 80.0 329 
9 5.0 10.0 — 85.0 319 

10 20 150 — 83.0 325 
i — 15.0 — 85.0 325 
12 — 100 — 90.0 334 

*U. S. Navy Spec. 46M2b (Cu 
metal castings. (Composition W.) 

824 7.34 458 .000 .0000 .025 .0010 .380 .0150 286 128 
808 7.39 461 .000 .0000 .038 .0015 .305 .0120 283 12.7 
916 7.46 465 .025 .0010 .114 .0045 .180 .0070 34.4 15.7 
680 7.52 469 .013 .0005 .064 .0025 .230 .0090 29.6 128 
661 7.75 484 .025 .0010 .076 .0030 .230 .0090 29.6 11.8 

Lead Base 

638 9.33 582 .038 .0015 .127 .0050 .457 .0180 24.3 11.1 
625) 19%7360759.025) 0010) 127 0050 583) 02302451 ie? 
625 10.04 627 .051 .0020 .229 .0090 1.575 .0620 20.9 10.3 
616 10.24 640 .102 .0040 .305 .0120 2.130 .0840 19.5 8&6 
625 10.07 629 .025 .0010 .254 .0100 3.910 .1540 17.0 8.9 
625 10.28 642 .025 .0010 .254 .0100 3.020 .1190 17.0 9.9 
634 10.67 666 .064 .0025 .432 .0170 7.240 .2850 14.3 6.4 

3 to 4.5, Sn 88 to 89.5, Sb 7.0 to 8.0) covers manufacture of antifriction- 

TABLE 203.—RIGIDITY MODULUS FOR A NUMBER OF MATERIALS 

If to the four consecutive faces of a cube a tangential stress is applied, opposite in direction on 
adjacent sides, the modulus of rigidity is obtained by dividing the numerical value of the tangential 
stress per unit area (kg/mm*) by the number representing the change of angles on the nonstressed 
faces, measured in radians. 

Rigidity 
Substance modulus 

AN UMINUIM, es orsteettersts oe 3350 
re Casty ea tenis s 2580 

Brass ee Tea eee 3550 
OP Thora ke ateoha, etaphovctee ave 3715 
“cast, 60 Cu+12 Sn.. 3700 

Bismuth, slowly cooled.... 1240 
Bronze, cast, 88 Cu+12 Sn. 4060 
Cadmitimmicast seo 2450 
Copper; cast. 2.0... samen 4780 

en RARER. See Pon) 4213 
© RS Bet IO sa eaus eienies 4450 

cera manminar same: 5. Sem ore 4664 
Gold) Waxscsvicatce coe 2850 

A) SEiCmreno! 5 3 Seana rene 3950 
Ironpicast’ oh ace een elon 5210 

SMITHSONIAN PHYSICAL TABLES 

Rigidity Rigidity 
Substance modulus Substance modulus 

Tort (Caste-ots ce entero cite oe 6706 Steel icastises. <2 7458 
STE S (0 EE IN A tees SR 7975 ‘ ‘cast, (coarse) grat: 8070 
SC cco 6940 Set SIV E Rammaveraherererstaretwe¥ 7872 
UM BLA TKR Ope ci 8108 Dinyricast® /.ncseicrerteciee 1730 
SO ok Oe caiceronatereretetevonuils 7505 ea aieaanee Somer 1543 

Magnesium, cast ....... 1710 ZANG: he eis aac eae 3880 
INGGK ele eyo teas nainnrces 7820 Le es Ana ooo 3820 
Phosphor bronze ....... 4359 Platinum aectaaepretteer 6630 
Onuantzehber eesecoee noe 2888 a erate ea Cs 6220 

& De ei silece ocatoce ke 2380 GISSS Trac cicero tinitmeton 2350 
Silver Wee Sans onan 2960 Sere Bo cicwe tone to: ae;'s shcueusronetete 2730 

re eee eee 2650 Claywrock: Ao aoe 1770 
SO ao, Ro oie cote ne 2566 Granites «oe tite sic tele ate 1280 
ke hard-drawn ..... 2816 Marble: ‘asic thereon tosyacbs 1190 

Steeles: cas cee. cede 8290 Slate. T iicsahsc:s creed sete 2290 
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TABLE 204.—VARIATION OF THE RIGIDITY MODULUS WITH THE TEMPERATURE 

n, = No (1 — at — Bt’ — yt*), where ¢ = temperature Centigrade 

Substance Ny 

Brassw es ee 2652 
Gs rvon Bie 3200 

Copper sa... 3972 
a Ee 3900 

Copper .... 4.37* 
Copper (com- 

mercial) . 3.80 
iron), eee 8.26 
Steel = 5.7.5 8.45 

a=.(10039 

.00038 

.00029 

.00026 

B108 710% Substance Ny al0é 

48 32 Iron) “2s0see. 8108 206 
36 — eee | ee 6940 483 

=——29 47 Platinum ... 6632 111 
28 — Silvermm.ooten 2566 387 

Steel "232 or 8290 187 

et tie lea (lS) 

Platinum .. 6.46* a=.00012 dita © 5. peeee 
Golde 2.45 .00031 eal meee .80 
Silver eee LO”, .00048 Cadmium .. 2.31 
Aluminum . 2.55 00148 Onanizeene- 13.00 

* Modulus of rigidity in 101! dynes per cm?. 

B108 1010 
19 —l1 
12 — 
50 —— 
38 11 
59 —9 

1.50* a=.00416 
00164 
.0058 
.00012 

TABLE 205.—INTERIOR FRICTION AT LOW TEMPERATURES 

C is the damping coefficient for infinitely small oscillations; 7, the period of oscillation in 
seconds; N, the modulus of rigidity dynes/cm?. 

Substance SOO SEU: 
Length of wire inc 
Diameter in mm.. 

100°C SG 
L 

N X07 
0°C G 

ih 
NOG Oe 

© 
1g 

NX 10 

—195°C 

LON cmt opto cieeh 

Cu Ni 
22S 22.2 
643 411 

24.1 1.34 
2.381 3.831 
S167 7.54 
5.88 417 
2.336 3.754 
3.45 7.85 
3.64 556 
2.274 3.577 
3.64 8.65 

Au 
22.3 
609 

27.5 
3.010 
2:59 
4.82 
2.969 
2.62 
6.36 
2.902 
2.74 

Pd 
22:2 
553 

Bt 
23.0 
812 

2.98 
1.143 
3.77 
4.60 
1.133 

3.02 
L111 
6.10 

Ag 
17.2 
601 

55.8 
1.808 
ZH) 
7.19 
1.759 
2.87 
1.64 
1.694 
3.18 

oe 

WASH SD | (ie 
mn 

Nee Nes SONNMASSO 

TABLE 206.—RATIO, p, OF TRANSVERSE CONTRACTION TO LONGITUDINAL 

EXTENSION UNDER TENSILE STRESS 

(Poisson's Ratio) 

Metal Pb Au Pd Pt Ag Cu Al 

p 45 42 39 39 38 so) 34 

pfor: marbles, .27; granites, .24; basic-intrusives, .26; glass, 

Bi 
33 

aoe 

Sn Ni 
33 3 

Cd 
1 30 

Fe 

28 

TABLE 207.—A SCALE OF HARDNESS BASED UPON THE RELATIVE HARDNESS 

OF SELECTED MATERIALS 

Each material will scratch the one following it in the table. 

10 Diamond 

9 Corundum 

8 Topaz 

7 Quartz 

6 Feldspar 

5 Apatite 

SMITHSONIAN PHYSICAL TABLES 

4 Fluorite 

3 Calcite 

2 Rock salt 
or gypsum 

iahale 



228 TABLE 208—RELATIVE HARDNESS 

A ate! Gicieis esse fe Barites eserves Shee) iuorites eee. 4, Marble ....3-4. Ross’ metal.2.5—3.0 
Alabaster. sneled, Bell-metal ....4. Galenaie crete <p 2e5 Meerschaum 2-3. Serpentine .3-4, 
Alamineneene 2—2.5 Beryl, tee 7.8 Garnett eco eee Us Micaw acters 2.8 Silver ....2.5—3: 
Aluminum ...2.9 Bismuth ao Glassen 425—070 Opal? eer 4-6. Silver 
INTANSE = OSs 2-2.5 Boric acid’. 2.3: Goldene 2.5-3. Orthoclase ....6. chloride ....1.3 
Andalusite ...7.5 BraSSheiesvevers 3-4, Graphite ....5—1. Palladium ....4.8 Steel "Sine ac 5-8.5 
Anthracite ...2.2 Calaminel tee ce Se Gypsum ..1.6-2. Phosphor- Stibnite! 2 eee P, 
Antimony ....3.3 Galciteniesae< sc a. Hematite ..... 6. bronzeneeeee 4. Sulfur ...1.5-2.5 
EN PATIL leresyeter 5 Copper ...2.5-3. Hornblende ...5.5 Platin- Mallen aerate it 
Aragonite ....3.5 Corundum ....9. iksohitien Agaoos 6.5 iridium ....6.5 Tin * “4. cee 135, 
Arsenic ...... 3.5 Diamond ....10. Iridosmium ...7. Platinum ..... 4.3 Topaz « wcevacas 8. 
Asbestos ..... a: Dolomite ..3.5—4. MOM eieiscseee 4-5. IPvriten a. seis 6.3 Tourmaline ...7.3 
Asphalt ....1-2. BHeldspat samen 6. IKSaolinin teveruscs. oe ils Quartz. acess ip Wax (Om)! arene 2 
INGER Shoo 5 6. Flint’ Sereno ocee Zhe ILpreas (OP) soe ses! Rock-salt. 2..../2- Wood’s metal. .3. 

Magnetite ....6. 

TABLE 209.—RELATIVE HARDNESS OF THE ELEMENTS (MEANS) 

(Gert 10 ree ee 6:5 @ Liem 4.5 VAN aia pe 29 Mg 0) tie eee 12 
Bae 9.5 Geigniae 6.2 Pt ayets 43 IN eae 2ilim? aSGue cas 2.0 Ai eres eZ 
CE sng 9 Riba ase 6. ARI Secrets. Ai Mairi rand 2.5 Gdlaeec 2.0 Teme 6 
Mas cat 23 MOn aris aOr Hest... 5. 4, A et) EZ ES to BOR 1.8 | ape Sart Be 5 
Os sees Le Most 2585 5. IN Siang te $5) Cee aaus: 2.5 Giles ee 1.8 Na 4 
Wooetratlide Cones S. S bie. s 3 Biden 2.5 Pb Saas 1.5 Rb 3 
Sige ey Ni'ée as: 5. Betaae 3 Tey neers 2.3 Gas. aly: 1.5 (@qpers bat. 2 
IR ecco OS Paes. ass 48 Citere gas 3.0 Sie ZO ele: LEG) 

* Diamond. 

SMITHSONIAN PHYSICAL TABLES 
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TABLES 210-2172-CHARACTERISTICS OF SOME BUILDING 

MATERIALS 
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TABLE 212.—EFFECT OF QUANTITY OF MIXING WATER ON STRENGTH 

OF CONCRETE 

W/C ratio, U. S. gal. per sack 
Of cement) (94'3-))\mmcm. - oe 5.0 5.5 6.0 6.5 7.0 7S 

Compressive strength at 28 
ays ——lby/fite ao. Se has eres 5000.0 4500.0 4100.0 3600.0 3300.0 2900.0 

° Portland Cement Association, Design and control of concrete mixtures, 9th ed., p. 7. 

TABLE 213.—COMPARISON OF STRENGTH AND ELASTIC PROPERTIES 
OF CONCRETE % 

Modulus of elasticity psi x 10° 

Compressive Modulus of Compressive Flexural Dynamic 
strength psi * rupture psi (secant) (secant) (sonic) 

2000 400 2:9 35 4.5 
4000 600 4. 5: 5:5 
6000 750 5:5 6. 6.5 
8000 850 6.5 6.5 i 

Values given are approximations only since the ratios between the different properties 
depend on age, aggregates, cement, and other factors. 

61 Stanton, T. E., Amer. Soc. Test. Mat. Bull. No. 131, p. 17, 1944; Witte and Price, ibid., p. 20; 
Schuman and Tucker, Nat. Bur. Standards Journ. Res., vol. 31, p. 107, 1943; Gonnerman and 
Shuman, Proc. Amer. Soc. Test. Mat., vol. 28, p. 527, 1928. 

* As determined on specimens with length to diameter ratio of 2. 

TABLE 214.—EFFECT OF ENTRAINED AIR ON COMPRESSIVE STRENGTH 

OF CONCRETE # 

Percent change in strength due to 5 percent 
Hy * added air 

Cement 
Sacks per yd’ 7-day 28-day 

4.5 +9 +4 
5.5 —1|2 —16 
6.5 —17 —20 

62 Walker and Bloem, Journ. Amer. Concrete Inst., vol. 42, p. 629, 1946. 
% Strengths given are for mixes in which full advantage was taken of the sand and water-content 

reductions made possible by the increased workability resulting from entrained air. 

TABLE 215.—WEIGHTED AVERAGE STRENGTH AND WATER ABSORPTION 

FOR HARD AND SALMON BRICKS MADE IN U. S. A.® 

Water absorption 
Compressive strength Modulus of rupture percent 

Be We Shr 48hr 5 hr 
Average Range Average Range cold cold boiling 

Weighted average 
all@samples: sen 4: 7250 1150 10 11 14 

Hard samples .... 7430 (16,000-4000) 1180 (2350-740) 10 at 13.5 
Salmonpe sce cece 4090 ( 6500-2300) 680 (1440-300) 16 17 19 

68 McBurney and Lovewell, Proc. Amer. Soc. Test. Mat., vol. 33, p. 1, 1933. 

SMITHSONIAN PHYSICAL TABLES 



TABLE 216.—ULTIMATE STRENGTHS OF BRICK MASONRY * 

Brick 
strength 
Ib/in.? 

8000+ 

4500-8000 

Cement 
mortar 
1C:1/4- 
3 Sie 

2000 

1000 

Cement- 
lime Lime 

mortar mortar 

16210-6S) 13S 

1200 800 

800 400 

6 Nat. Bur. Standards Res. Pap. RP 108. 
* C—portland cement; L—Lime; S—sand, proportions by volume. 

ciations Building Code Requirements for Masonry (A41.1-1944). 

Brick 
strength 
lb/in.2 

2500-4500 

1500-2500 

Cement 
mortar 

1C:1/4- 
ERS 

700 

500 

231 

Cement- 
lime Lime 

mortar mortar 
(GAL 6S, eler3sS 

560 275 

400 150 

See American Standard Asso- 

TABLE 217.—STRENGTH AND STIFFNESS OF AMERICAN BUILDING STONE * 

(All values in pounds per square inch.) 

Flexural Compressive 
Compressive Flexure modulus of modulus of 

Density strength (dry) strength Shear elasticity elasticity 
Stone Ib/ft3 psi psi psi psi psi 

Granite - 165 24500 (7700-53,000)¢ 2810 (1430-5190) 4350 (3900-4600) 2,526,000- 4,545,000-8,333,000 
(116 samples) (5 samples) (4 samples) 12,950,000 

Limestone .. 148 2600-28,400 640-2000t 830-3840T 700,000- 1,600,000-11,200,000t 
470-1900§ 800-3100§ 10,400,000} 

Marble - 170 7850-29,530 900-4270 1,840,000- 
11,780,000 

Sandstone 135 4470-34,900+ 260-6570+ 

Slate gy cr sya: 170 500-14,100 9,800,000- 
18,000,000 

* Furnished by Herbert Insley, National Bureau of Standards. t Wet samples 12 percent less. 
} Perpendicular to bed. 
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TABLES 218-223. PHYSICAL PROPERDIIES OF LEATHER 

Most physical properties of leathers not only depend on the kind of skin 
and method of tannage but also vary widely from one hide to another of the 
same kind, from one location to another within the same hide, and in local 
random fashion. For example, the tensile strength of vegetable-tanned cattle 
hides shows coefficients of variation of 6 percent among bends (from different 
hides), 9 percent among locations (within a hide), and 11 percent for local 
random fluctuations.°° The Federal Specifications Board in the United 
States requires that at least 7 pieces of leather be sampled for most physical 
tests.“ In any use of a physical property of leather, such as designing an 
experiment or acceptance testing for commercial purchase, these variations 
and the consequent statistical precautions must be observed. The figures below, 
then, are illustrative, not precise values for any given type of leather. 

* Prepared by R. Hobbs, National Bureau of Standards. 
65 Beek, J., and Hobbs, R. B., Journ. Amer. Leather Chem. Assoc., vol. 36, p. 190, 1941. 
66 Federal specification for leather and leather products, Kx-L-311. Government Printing 

Office, Washington, D. C., March 1945. 

TABLE 218.—TENSILE STRENGTH AND ELONGATION OF LEATHER” 

1 Elongation, percent 
Tensile 

Thickness strength at at 
Kind of leather 1 in. 1b/in.? 1000 1b/in.2 break 

Belting, vegetable-tanned steer....... 1] 6000 6 25 
Galtskinechrome-tannedes-= emer cine 3 4500 8 36 
Calfskin, vegetable-tanned ........... 3 6000 5 29 
Cordovan, horsehide butt............. 3 2000 22 28 
Deerskin, chrome-tanned ............ 5 6500 26 58 
Garment, chrome-tanned horse....... 4 6000 14 60 
Kangaroo, chrome-tanned ........... 2 7000 15 40 
Kid@ichrome-tannedi a saeeeeeene ase ees 2 5000 19 59 
Sheepskinushear ling enareeeneeeeacer 3 1500 25 38 
Shoe upper, chrome retan............ 6 4500 15 40 
Sole, vegetable-tanned steerhide....... 13 3500 4 15 

67 Wilson, J. A., Modern practice in leather manufacture, Reinhold Publishing Co., New York, 1941. 

TABLE 219.—DIFFUSION CONSTANTS OF WATER VAPOR THROUGH 

LEATHER, AS FRACTIONS OF THE DIFFUSION CONSTANT 

THROUGH AIR (20°C) *® 

Heavy Glove Patent Vegetable-tanned 
chrome upper Box calf capeskin leather insole 

1-2 .21-.26 17-.26 .004 .09 

6&3 Progress in leather science, 1920-1945, British Leather Manufacturers’ Res. Assoc., London, 1948. 
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TABLE 220.—REAL AND APPARENT DENSITIES OF LEATHER (70°F AND 

65 PERCENT, RELATIVE HUMIDITY) ® 

Kind of leather Apparent density Real density 

Rawabatedaskin saysat tacso een tos: Sele yd areas vee Al- .45 1.43 
Hormaldehyde tanned) buckskin) 3 5.,.c....2-0966 osc 56 1-52 
Chrome-tanned_ shoe uppeiasss.-..-ccesdcbe eas. 6. 88 1.34 
Veretable-tanned@soleveite) o. 298. tee eee 1.03-1.15 1.46-1.49 
Ghromestannedisolet in. LB. AS. IN. NeI7/ 1.46 
Formaldehyde-tanned suede. ..<....02.560. 0005.0 50- .58 1.55-1.62 
Veretable-tanned eoatskimimen teasers tn Salsa cre oe sie 65 152 

69 Kanagy, J. R., and Wallace, E. L., Journ. Amer. Leather Chem. Assoc., vol. 38, p. 314, 1943; 
Rose, H., ibid., p. 107. 

TABLE 221.—COEFFICIENT OF CUBICAL EXPANSION OF LEATHER 

(Measured in water between 25° and 75°C) ® 

Chrome Chrome-vegetable Vegetable Alum-vegetable 

496-565 & 10° 339-298 « 10° 502-543 « 10° 590-599 « 10° 

Tron Formaldehyde Tendon collagen 

SO Sele SRY NOEY 538 & 10° 

Compressibility."—The lower limit of the coefficient of compressibility of vegetable- 
tanned sole leather has been estimated at 33 & 10° bar. Commercial sole leathers sub- 
jected to 3000 lb/in.? pressure for 3 minutes were compressed from 4 to 17 percent. 

70 Weir, C. E., Journ. Amer. Leather Chem. Assoc., vol. 44, p. 79, 1949. 
7 Weir, C. E., Journ. Amer. Leather Chem. Assoc., vol. 40, p. 404, 1945. 

TABLE 222.—EFFECT OF RELATIVE HUMIDITY OF ATMOSPHERE AT 

21°C ON PROPERTIES OF LEATHER ® 

Percent Tensile Stretch at Increase Increase 
relative strength 2000 Ib/in.2 in thickness in area 
humidity Ib/in.2 percent percent percent 

Vegetable-tanned calfskin 

0 4630 16 0 0 
33 5210 19 DS: 5.2 
52 5220 19 2.9 S// 
76 5280 21 4.6 6.4 
97 — 21 9.6 7.3 

Chrome-tanned calfskin 

0 3170 19 0 0 
33 4550 25 1.6 7.8 
52 4840 23 1.9 8.9 
76 5080 24 4.2 10.2 
97 5420 25 14.0 14.0 

72 Evans, W. D., and Critchfield, C. L., Nat. Bur. Standards Journ. Res., vol. 11, p. 147, 1933. 

TABLE 223.—THERMAL CONDUCTIVITY OF LEATHER * 

calycine secu: wea 

Vegetable sole leather Calfskin upper Kid suede Hide bellies 

4.2 x 10* 7A) <0 1) S< OS 2.3 X10" 

* For reference, see footnote 68, p. 232. 
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TABLES 224-229.—VALUES OF PHYSICAL CONSTANTS OF 
DIFFERENT RUBBERS * 

Where a range is given, there are available several observations that differ. 
In most cases the differences are thought to be real, arising from differences in 
the rubber rather than from errors of observation. Where a single value is 
given, it is either because no other observations are available or because there 
seems to be no significant disagreement among values within the errors of 
observation. The latter values are marked with an asterisk (*). Where no 
values are given, no data have been found. Where dashes are shown, either 
the physical measurement is impossible or the values obtained are not sig- 
nificant. Values at 25°C and 1 atmosphere pressure. 

Since these data were compiled from a number of sources, no specific 
references are given. A list of references follows: 

BALL, J. M., and Maasen, G. C., American Society for Testing Materials Symposium 
on the Applications of Synthetic Rubbers, March 2, 1944. BEKKEDAHL, NORMAN, 
Natural rubbers—a general summary of their composition, properties, and uses, India Rub- 
ber World, vol. 116, p. 57, 1947; also in Compounding ingredients for rubber, published by 
India Rubber World, New York, 1947. BEKKEDAHL, N., and Rortu, F. L., Unpublished 
observations of density and expansivity, 1948. Boonstra, B. B. S. T., Properties of 
elastomers, chap. 4 of vol. 3 of Elastomers and plastomers, their chemistry, physics, and 
technology, edited by R. Houwink, Elsevier Publishing Co., New York, 1948. Dawson, 
T. R., and Porritt, B. D., Rubber physical and chemical properties, Research Association 
of British Rubber Manufacturers, Croydon, England, 1935. Ditton, J. H., PRETTYMAN, 
I. B., and Hatt, G. L., Hysteretic and elastic properties of rubberlike materials under dy- 
namic shear stresses, Journ. Appl. Phys., vol. 15, p. 309, 1944; Rubber Chem. Techn., vol. 
17, p. 597, 1944. Hami_t, W. H., Mrowca, B. A., and ANTHONY, R. L., Specific heats of 
hevea, GR-S, and GR-I stocks, Ind. Eng. Chem., vol. 38, p. 106, 1946; Rubber Chem. 
Techn., vol. 19, p. 622, 1946. Kemp, A. R., and Maco, F. S., Hard rubber (ebonite), 
chap. 18 in Chemistry and technology of rubber, edited by C. C. Davis and J. T. Blake, 
Reinhold Publishing Corporation, New York, 1937. PRrETTYMAN, I. B., Physical prop- 
erties of natural and synthetic rubber stocks, Handbook of Chemistry and Physics, 30th ed., 
p. 1301, Chemical Rubber Publishing Co., Cleveland, Ohio, 1947. RAnps, Rosert D., 
Jr., Fercuson, W. JULIAN, and PraTHER, JOHN L., Specific heat and increases of entropy 
and enthalpy of the synthetic rubber GR-S from 0° to 330° K, Nat. Bur. Standards Journ. 
Res., vol. 33, p. 63, 1944 (RP1595). | SELKER, ALAN H., Scort, ARNoLp H., and McPHER- 
son, ARCHIBALD T., Electrical and mechanical properties of the system Buna S-Gilsonite, 
Nat. Bur. Standards Journ. Res., vol. 31, p. 141, 1943 (RP1554). WitpscHut, A. J., 
Technological and physical investigations on natural and synthetic rubbers. Elsevier Pub- 
lishing Co., New York, 1946. Woop, LAwrENCE A., BEKKEDAHL, NorMAN, and RoruH, 
FRANK L., The measurement of densities of synthetic rubbers, Nat. Bur. Standards Journ. 
Res., vol. 29, p. 391, 1942 (RP1507) ; Ind. Eng. Chem., vol. 34, p. 1291, 1942; Rubber Chem. 
Techn., vol. 16, p. 244, 1943. Woop, L. A., and Titton, L. W., Refractive index of 
natural rubber at different wavelengths, Proc. Second Rubber Techn. Conf., p. 142 (Insti- 
tution of the Rubber Industry, London), 1948; Nat. Bur. Standards Journ. Res., vol. 43, 
p. 57, 1949 (RP2004). Woop, LAawreENcE A., Synthetic rubbers: a review of their 
compositions, properties, and uses, Nat. Bur. Standards Circ. C427, 1940; Rubber Chem. 
Techn., vol. 13, p. 861, 1940; India Rubber World, vol. 102, p. 33, 1940. Woop, 
LawreENceE A., Values of the physical constants of rubber, Proc. Rubber Techn. Conf., 
p. an poe utution of the Rubber Industry, London), 1938; Rubber Chem. Techn., vol. 12, 

p. ’ . 

* Prepared by Lawrence A. Wood, National Bureau of Standards. 
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TABLE 224.—PROPERTIES OF NATURAL RUBBER (HEVEA) 235 

Vulcanizate 
containing 

Pure-gum about 33% Ebonite 
Unit Unvulcanized vulcanizate carbon black (hard rubber) 

Densityiaes © 2. = n+ science es gcm™® .906-.916 .92-1.0 1.12-1.15 1.13-1.18 

Expansivity 
GU Na (diVi/di)) saree (deg C)* 67X<10°% 66<10° SO 19105 

Thermal 

Thermal conductivity ..... Callsecascmim ol C105 3410 39-4510° 39-42x10° 
(deg C)* 

Specificsheatenc.aeeceeacr cal g* 45 .44—.51 36 34 
(deg C)* 

Heat of combustion....... cal g* 10.82 10° 10.63 10° 9.61 10° 7.92 10° 
Second-order transition 

femiperature . occ .ce nes deg C —69to—74 —72 +80 

Optical 

Refractive index, np....... 1.5191 1.5264 aa 1.6 
dnpy/ Gee coco tesees. (deg C)7 —37X<10° —37<10° 7 

Electrical 

Dielectric constant 
(C00Feps) eee. 2.37-2.45 27, 2.8-2.9 

Loss factor, tan (90°-@) 
GlO0UZEpS) erese eee ee 002 .002 005 

Conductivity (1 min)..... mho cm 2-40 10" Ors On 

Mechanical 

Compressibility 
GUND \(GNidE) =e eee bar 54x«10°* ot <105* 371052 24x10 

Sheanpmodults 445 4.6.2... dynes cm™ —— 4x 10° 20 10° 
Initial slope of stress-strain 

CUIGVGGP UE csi vive «cet & cis dynes cm” — 10-20 10° 30-6010® 55x10° 
Ultimate elongation ...... percent — 750-850 550-650 3-8 
Tensile strength ......... kg cm”? 170-250 250-350 600-800 
Complex dynamic shear mod- 

ulus (60 cps), = we AST 

Real part G’, z rise ae dynes cm™ 3-10 10° 25><10? 

Imaginary part G”, = .... dynes cm” .3-.610° 3x 10° 

Resilience (ball rebound).. percent 75 75 45-55 
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TABLE 225.—PROPERTIES OF GR-S (HYDROCARBON OF ABOUT 23.5 PERCENT 

BOUND STYRENE CONTENT) 

Vulcanizate 
containing 

Pure-gum about 33% 
Unit Unvulcanized vulcanizate carbon black 

IDSA. & (GERI Ll Ot a enema Che oh cm™® .9325-.9335 .961 eS 
Expansivitys (lV (divi (di)! 2) sence (deg C)* 66x 10° 66x10 53x10° 

Thermal 

Speciticwhea trees... stesc ota. Socios cal g* (deg C)7 .45 43 36 
Second-order transition temperature.. deg C —59 to —64 

Optical 

Retractivesindexnpes as eat eee 1.534-1.535 —_— 
tiny ilps he des ee eectsks sagt enute stereos (deg C)* —37X<10°% — 

Electrical 

Dielectric constant (1000 cps)........ 2.85 
Loss factor, tan (90°—@) (1000 cps).. .003 

Mechanical 

Shearmodulis Uiei.mise ec ebeeeeeee dynes cm? —— 25x 10° 
Initial slope of stress-strain curve.... dynes cm” _— 10-2010°  30-6010° 
Wiltimatemelongation) i... pees eee percent oo 400-600 400-600 
diensilemstrensthemens ene oeneeeeee kg cm? a 14-28 170-280 
Complex dynamic shear modulus 

(60 eps), 

Real part G’, z an Aer aor, Ae dynes cm™ 5x<10° 55541108 

Imaginary part G”, = ME FEC CAO dynes cm™ 1-2 10° 910° 

Resilience (ball rebound)............ percent 65 40-50 

TABLE 226.—PROPERTIES OF NEOPRENE (CHLOROBUTADIENE POLYMER) 

Vulcanizate 
containing 

Pure-gum about 33% 
Unit Unvulcanized vulcanizate carbon black 

Wensitye M4 Pek ORL Peek 5 RS ony zcm”® 1.23 1.30 
ldseoeianpiay (U/W) (GWG) “Seo sacaoacces (deg C)7 GUSAOr 

Thermal 

Second-order transition temperature....... deg C —38 to —41 

Optical 

Refractive Indexenpe.s saeco. eer 1.558 —— 
Grind? OA ee oe SNe Te anda (deg C)* —36X105 oo 

Mechanical 

Shearimodulus. 2 eee fa See. PP et dynescm?= —— 14 10° 
Initial slope of stress-strain curve........ dynescm? —— 15-30 10° 
Wiltimateselonzationmemaenetee aemeeeeaee re percent ao 800-1000 
ARensileyistrenath,, cyclo ane kg cm” — 250-375 
Complex dynamic shear modulus (60 cps), 

a’ tio” 

Sara Code dee fa euch oe 055 seers 

Beal part), eae aap ata 2: dynes cm~? 6X10° 30-36 10° 

Imaginary part Cs Se ie yee dynes cm? 1><10* 6X 10° 

Resilience (ball) rebound)................- percent 65 40-50 
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TABLE 227.—PROPERTIES OF GR-1 (BUTYL RUBBER, ISOBUTENE-ISOPRENE 

Thermal 

Optical 

Refractive Index np.. 

Electrical 

Dielectric constant 

Mechanical 

Shear modulus 

Ultimate elongation . 

COPOLYMER) 

Unit Unvulcanized 

AS Sis cg IOS TG CS eee zcm® 92 
Pence aee (deg C)* 

Second-order transition temperature....... deg C —67 to —73 

Sid ha Boge REPS. SSI 1.5091 

Initial slope of "stress-strain “curve... se... dynescm* —— 
Be SG ic canoe oor percent —— 

RE Ub xe pie asa kg cm” ——— Tensile strength 
Complex dynamic shear modulus (60 cps), 

a'-+io” 
Cen O00 0 OsOlo Toes 

o 

Real part G’, ay 

5 o 
Imaginary part G”, co 

Resilience (ball rebound) 

dynes cm” 

dynes cm” 

percent 

Pure-gum 
vulcanizate 

193 
SA On 

2.1-2.6 

7-15 10° 
750-950 
180-210 

4-10 10° 

2-3 10° 

8 

TABLE 228.—_COMPRESSION OF RUBBER “* 

Vulcanizate 
containing 
about 33% 

carbon black 

113 
46 10° 

18 10° 
30-40 10° 
650-850 
180-210 

36 10° 

16 10° 

7 

Commercial soft-packing, black, density about 1.9 g/cm*® and Vo =1 cm* 

Pressure 
kg/cm? 20°C 

5,000 1300 
10,000 .1800 
15,000 .2146 

73 Bridgman, P. W., 

AV 

Pressure Pressure 
—78.8°C kg/cm? 20°C —78.8°C kg/cm? 

.0794 20,000 2345 MU 35,000 
1235 25,000 2535 1958 40,000 
1538 30,000 .2700 .2119 45,000 

50,000 

Proc. Amer. Acad. Arts and Sci., vol. 74, p. 50, 1940. 
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TABLES 230-232.—CHARACTERISTICS OF PLASTICS 
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Name 

Allyl methacrylate 

Benzyl mellacrylate 
4-cyctolaxyl-cyclohexyl metharcylate .... 
Menthyl metharcylate 
Ethylene dimethacrylate 
Methyl methacrylate 
Styrene 
O-chlorostyrene 
Pentachlorophenol methacrylate 
Vinyl naphthalene 

eee wee ee we ewe 

sie) ¢ 0) we 8 ¢6 ee 

eee ee wwe wee 

ee 

Puro co Oorpomo to DOS Ooo 

Polymer 

Nice ee 

aana Ate 1.5196 49.0 

Yh il as Si 1.5680 36.5 
1.5250 Si. 

LAS ete 1.5064 54.5 
eae E 1.5063 53.4 
5 eee 1.490 56.25 
Bes ee 1.5916 31.0 
aaa owte 1.6098 31.0 
iio eh 1.608 225 

1.6818 20.9 

TABLE 231.—PROPERTIES OF SOME OPTICAL PLASTICS” 

Boiling point 
cc Monomer 

a Vv 

1.4340 55/30 mm 
at 232 
1.514 233 
1.4913 111/1 mm 

1.4547 92/3 mm 
1.417 100 
1.5434 146 
1.567 47/37 mm 

nee (MP 88.5°C) 
92-95/mm 

7 Polaroid Corporation, NDRC Report, Library of Congress PB 28553. 
* See Table 523. 

TABLE 232.—GENERAL PROPERTIES OF OPTICAL PLASTICS 

Cyclo- 
hexyl- 
metha- 
crylate Sterene 

Index Np20°C .. 1.50645 1.59165 
Index tolerance . +.0015 +.0015 

DW WEIMES sooosce 56.9 31.0 
*  * tolerance, +-.5 +.3 

Partial dispersion 
BOING adooBoe 895 .01920 

IND= Niche ce 00258 .00536 
INGEINGS Gego506 00638 .01384 

SMITHSONIAN PHYSICAL TABLES 

Thermal exp. coeff.... 
Thermal conductivity. 

Index charge per °C.. 
Max. operating temp.. 

Density 
Moles hardness 
Over-all visual trans- 

mittance through sam- 
ple # in. thick...... 

a ry 

Cyclo- 
hexyl- 
metha- 
crylate Sterene 

V0OX10F/<C “80X10F7/2e 
AS S(O: 221s Ame 

(cgs) Gal secn cine 
—.000131 —.000136 

150°F 150°F 

1.095 ¢/cem® 1.049 g/cm* 
2-3 2-3 

99.1% 99.9% 



TABLES 233-236.—PROPERTIES OF FIBERS * 241 

The values of the properties of natural fibers are influenced by their source, 
extent of processing or purification, age, temperature and moisture content 
when tested, and method of test. Those of man-made fibers not only reflect 
these influences but they can be and commonly are varied to meet the require- 
ments of use by suitable modifications in composition and manipulation of the 
fibers during production. These facts and the lack of strictly comparable 
data for all the principal fibers led to the decision to show in the tables the 
range in values of the properties reported in recent literature rather than 
selected values. The azlons, made from different proteins, are lumped together 
and so are the ordinary, medium, and high-tenacity rayons and the several 
varieties of resin fibers of each kind. References to literature giving more 
information and more detailed information are as follows: 

Textile World’s synthetic fiber table, 1949 rev., compiled by C. W. BeEnnico, editor, 
Textile World, September 1949. Chemical engineering materials of construction, Ind. 
and Eng. Chem., 2d ed., vol. 40, p. 1773, 1948; 3d ed., vol. 41, p. 2091, 1949. Fiber prop- 
erties chart—1948, Plastics Catalogue Corporation, New York. SmitH, H. DeWrrtT, 
Textile fibers—an engineering approach to an understanding of their properties and utiliza- 
tion, Proc. Amer. Soc. Test. Mat., vol. 44, p. 543, 1944. A. S. T. M. standards on textile 
materials. Amer. Soc. Test. Mat., October 1949. Die Unterscheidung der Textilfasern, 
2d ed., Verlag Leeman, Zurich, 1949. MoreEHEAD, F. F., Some comparative data on the 
cross-sectional swelling of textile fibers, Textile Res. Journ., vol. 17, p. 96, 1947. 
Preston, J. M., The temperature of contraction of fibers as an aid to identification, Journ. 
Textile Inst., vol. 40, p. T1767, 1949. AspoTt, N. J., and Goopincs, A. C., Moisture 
absorption, density, and swelling properties of nylon filaments, Journ. Textile Inst., vol. 40, 
p. T232, 1949. Hutton, E. A., and GARTSIDE, JOAN, The moisture regain of silk, 
Journ. Textile Inst., vol. 40, p. T 161, 1949. Hutton, E. A., and GARTSIDE, Joan, The 
adsorption and desorption of water by nylon at 25° C, Journ. Textile Inst., vol. 40, p. T170, 
1949. MacMitian, W. G., MUKHERJEE, R. R., and SEN, M. K., The moisture relation- 
ships of jute, Journ. Textile Inst., vol. 37, p. T13, 1946. ALpriGHtT, J. G., “Spider Silk,” 
Science Teacher, October 1944. 

* Prepared by W. D. Appel, of the National Bureau of Standards. 
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Density (g/cm*) Tes} © lois we) (=) 10 (6 

Refractive index: epsilon 
omega 

Tensile strength (1000 Ib/in.’). 

Tenacity: dry (g/denier+) ... 
wet (% of dry).... 

Elongation to break (%)...... 

Recovery from strain 
Blongationl(Go)m.eeee ieee 
Recovery 
Elongation 
Recovery 

Average stiffness 8 

Toughnens index |! 

Moisture regain at 65% R. H. 
and 70°F (% of bone-dry 
weight) CY 

Swelling in water, cross-section 
swelling (%) 

Heat stability; temperature °C 
at or above which fiber 

contracts 

softens 
melts 

GG OiGug O O8o DeciOnd 0, DEG\CROEC 

Bice) elie wile,wi ee) 06 © = \e's¥e w]e © 

Ce ee 

* Acetate rayon or estron. 
in grams of 9000 meters of the fiber. 
substance to resist deformation. 
to absorb work. 

SMITHSONIAN PHYSICAL TABLES 

Acetate * 
(cellulose) 

1.30-1.35 

. 1.476-1.478 
1.470-1.473 

20-30 

1.2-1.5 
60-65 

23-50 

7) 

eee 

Azlon (casein, 
soybean pro- 
tein, zein 

1.25-1.31 

1.537-1.545 
1.537-1.545 

10-19 

.6-1.0 
35-50 

12-15 

10.0-15.5 

5.0-10.0 

100-171 

232-246 

Glass 

2.54-2.56 

1.541-1.548 
1.541-1.548 

204-220 

6.3-6.9 
99 

2.0-3.7 

3 
100 

290 

t+ Including regular and high-tenacity varieties. 

TABLE 235.—PHYSICAL PROPERTIES OF MISCELLANEOUS FIBERS 

Nylon t Polyethylene 

1.14 92 

1.570-1.580 
1.520-1.530 

65-117 

4.5-8.0 
85-90 

14-25 

11-30 

3.5-4.5 0 

Does not 
contract 74 
140 
220 Ae 
Bee 104 

t “Denier” is the weight 
§ The value given for stiffness is a measure of the ability of the fiber 

|| The toughness index is a measure of the ability of the fiber substance 



TABLE 236.—MECHANICAL PROPERTIES OF FIBER ROPES * 245 

Cotton 
Linen yacht rope Manila bolt rope Nylon yacht rope Saran rope jf Sisal rope rope 
SS SS (SS SS SS 

ee Se =a aa a8 
Ay on es rey en! roar hes & oa a co a 

2 Se Seem BB Ot ge Se 8 ge Pees ee |e 
2 2 Sei eale Satie oa Ge eee ose lee 5 3.0 A Aw Sim Aa sia Am Sm z= sia Agel ia ees 

120 
(4”) 

te” --- —- 127, 460 929 850 1.47 260 1.47 360 250 
4” 2.02 925 LA 605 1.66 1200 2.73 560 1.96 480 460 
ca 2.98 1400 2.32 1045 2.59 1900 3.93 730 2.84 800 650 
2" 4.42 1950 3.56 1400 3.75 2700 5.66 990 4.02 1080 850 
16” 6.00 2425 5.59 1925 S315 3700 —- — 5.15 1400 1000 
4” 8.00 3200 7.05 2920 6.71 4700 10.3 1770 7355) 2120 1250 
te” 10.3 4050 8.61 3800 8.41 6000 14.0 2630 10.2 2760 —- 
3” 12.4 4920 11.0 4850 10.2 7500 eZ. 3120 13.1 3520 —- 
3” 15.4 5910 13.0 5950 15.0 11,000 23.2 4020 16.3 4320 — 
$3” 19.0 7075 16.2 NSO A 13,300 —- —- 19.1 5200 ee 
,” 23.2 8460 19.2 8470 =. 20.3 15,600 32.0 5700 22.0 6160 —- 
1 27.3 10,020 23.0 9900 27.0 19,000 42.5 8000 26.5 7200 — 
14” 32.9 11,000 270550300) Be23000 _- — 30.7 8400 nes 
14” 37.8 12,300 31.8 13,200 34.0 26,000 —- —- 35.2 9600 es 
14” 43.5 14,500 36.9 14,850 41.0 32,090 67.0 12,000 40.8 10,800 — 
lms” — — 42.5 16,500 nae —- — —- 46.9 12,000 — 
14” — —- 53.5 20,400 —- —- — —- 58.8 14,800 —- 
13” os —- 82.0 29,200 es ae —- —- 87.7 21,200 oe 
2y —- —- 98.0 34,100 — —- —_- —- 105. 24800 —- 
21" — — 143. 45,000 —- ae — — 143 32,800 —- 
4” — — 163. 51,000 —- — —- — 163. 37,200 —- 

SM —- —- 235. 70,000 —- wan —- — 237. 51,200 — 
34” -— —— 289. 85,000 -— —- — — 292. 61,600 — 

* Data from the Plymouth Rope Co. and Mr. Axelsson of Columbian Rope Co. Data on cotton rope 
ignished by Mr. Moss, Southeastern Cordage Co. +t Excellent resistance to acids, alkalis, and most 
chemicals. 
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TABLE 239.—DENSITY IN g/cm* AND IN Ib/ft? OF DIFFERENT KINDS 

OF WOOD 

Wood is to be seasoned and of average dryness. See also Tables 237 and 238. 

Wood g/cm? Ib /ft3 

Let,» ns RARE .42— .68 26-42 
ERD DL enus sa eerie 66- .84 41-52 
NG Hips. < By, eee 5 185 40-53 
Balsaiaet ones ease <Cork 
BambDoon seo 31- .40 19-25 
Basswood 

(See Linden) 
Beech sas. chee eter .70- .90 43-56 
Birch. 42. Sane er Jail. 7/7 32-48 
ISN TabOT Soho adwaoes 1.00 62 
Oar et geet ek: Sabian nas .95-1.16 59-72 
Bullet=tree! se. .ae. «22 1.05 65 
ISuitennit) seas ee 38 24 
Gedarier Bo anee worse .49- .57 30-35 
G@herryase jada © ocr .70— .90 43-56 
(Gonke ! an ee P= AE 14-16 
Dogwood) eee 76 47 
Pe OMY ication hecr ITIL 3S! 69-83 
PVT Sh tee Sk os Se 54- .60 34-37 
Greenheart ea eoee ae .93-1.04 58-65 

ALCL Were cee .60-— .80 37-49 
PRIGKOLY! (6 6 Sais a dese a 60- .93 37-58 
Jo) U Mos ee ee ae 76 47 
iroOn=banicwaee ae eee 1.03 64 
junipers ie Ieee 56 35 
ILeloyrnrtbn oqondadeae 92 57 

Wood g/cm? Ib /ft® 

LENCO! condconce .68-1.00 42-62 
ignumy vitael ane. 1.17-1.33 73-83 
Linden or lime-tree.. .32-— .59 20-37 
IEOCUSt. Sse ERIS 67— 7 42-44 
Bogwood.) aasacaeeee 91 57 
Mahogany, Honduras. .65 41 
Mahogany, Spanish .. .85 53 
Maple). 22% sets Sere th 62— .75 39-47 
Oak eh 345 hat ee 60- .90 37-56 
Pear-tree 2 sae ‘61= 73 38-45 
Pine, eastern white... .35— .50 22-31 
Rineslarchieeae eee 50-— .56 31-35 
Pine wpitcheen eee .83- .85 52-53 
Pinersréed) ..geaeeees .48— .70 30-44 
Pime, SC coccosec Abe 53) 24-33 
Pine es pRucemen a anreee 48— .70 30-44 
Piney ellowmer ner jo7= .60 DS 5\7) 
IP OMMRES on ocvsscac (d= hs 41-49 
Poplai “somes 35-— .5 22-31 
SatiniwOodmenn ee 95 59 
Sycamores eee see 40- .60 24-37 
deak. Aiiricaniaeeeee 98 61 
diealapIindianmeseeere .66- .88 41-55 
Walnut! aaneeme eee 64 .70 40-43 
Water eumbemee ces: 1.00 62 
Willowaleeeeeeeeeee .40- .60 24-37 

TABLE 240.—DENSITY (g/cm?) OF SOME FOREIGN WOODS ON THE 

AMERICAN MARKET * 

AMIMOT Fis ter teh. ee, Ree 464 
al Saeeets ne cite arate trae cid ae lil 
Boxwood, West Indian........ 83- .88 
Bullet-wood, Guiana ......... MOS=IkZ3 
(GannetOiy ocrta weve eee 84 
Wedar, ‘Spanish ©... acs<tee eck 38 
Cocobola. Munck. ee ee 1.20 
COCUS 2k oboe ilos eee 1.25 
BUSTIC! Ucn ohckw cone anor ae 68 
IKG EI PEEP ies. 2a Mee ae ee 83 
atiaan, ined’... coco Deora eee 41 
Mahogany, African ...... Re cn oS 
Mahogany, 2. Indian... 20.40. 38 

ORG, Ses jes Gta es ee 1.07-1.09 
@ak-Ena lish seen ee ee .60-— .78 

Oliveme.. seer ee oe eee .94 
Orangewoodlinge sere cee 70 
Padoulcaticcn aocone eer .89-1.29 
Priinacvietar cess coer ee 58 
Purplesheant > uccescer coon 72— 97 
Ouebrachowa eco eee 1.25 
Rosewood brazil yee eee 77— 84 
Rosewood, Honduras ......... 1.09-1.23 
Sabicuwl sadits sce cess baton 90- .96 
Snakewood A 553 asec beans 1.05-1.33 
Tamanind pts hee eras 152 
Tanguile, ote Wotan oer 47- 51 
Wialllalbar te-Peo%. select asa cote 93-— .94 
LEDEAWOOU rer... petits ae eae 1.03 

* Table prepared by W. N. Watkins, U. S. National Museum. 
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TABLES 241-253—TEMPERATURE, PRESSURE, VOLUME, AND 

WEIGH hake EALTIONS OF GASES AND VAPORS 

TABLE 241.—SIMPLE GAS LAWS 

Any amount of gas completely fills the space in which it is confined. The pressure it 
exerts upon the confining walls depends upon the temperature. A quantity of gas can 
not be specified by volume only; all three factors—volume, temperature, and pressure— 
must be stated. The relations between these three factors are expressed by means of the 
following equation, 

pu Kole (1) 

in which p, v, and T represent simultaneous values of the pressure, volume, and absolute 
temperature of any definite quantity of gas, while K is a constant, the numerical value of 
which depends upon the quantity of gas considered and the units in which pressure, volume, 
and temperature are measured. 

While the behavior of gases at atmosphcric pressure closely approximates the equa- 
tion (1), the relation is not exact. The expansion of air is nearer one-272d of its volume at 
273.16°K per degree. For most practical purposes such errors may be neglected. 

If we take weights of gases proportional to their molecular weights, a new relation of 
the greatest importance develops: The walue of the constant in equation (1) ts the same 
for each gas. It is customary to use as the unit of quantity, the mol, the number of grams 
of gas equal to the molecular weight. When 1 mol is the quantity considered, the resulting 
value of K is designated R. 

Values of R in PV = RT for one mol of ideal gas.—1 bar = 10° dyne/cm* = 0.987 
atm. 1 kg/cem?=0.968 atm. Gram molar volume of ideal gas at 0°C = 22,414.1 cm*. 
Pound molar volume of ideal gas at 32°F = 359.05 ft*. Ice point, 0°C = 273.16°K; 
$29 == 4917 Re 1 liter’ = 10001027 cmi. 

Temperature in degrees Kelvin, °K (per gram mol) 

Pressure Volume Energy R 

calories 1.98719 
°C + 273.16° abs joules 8.3144 

atm cm® 82.057 
atm 1 08206 
bar 1 08315 
kg/m? ] 847.87 
kg/cm? 1 084787 
mmHg 1 62.365 

Temperature in degrees Rankin, °R (per pound mol) 

Pressure Volume Energy R 

oR 459)7° Btu 1.98588 

hp-hr 00078047 
kw-hr .00058189 

atm ft 73008 
emHg its 55.486 
inHg ft 21.845 

Ib/in.* abs lite 10.729 
lb/in.’ abs in.® 18540.2 

With the mol the unit of quantity, N the number of mol of gas, equation (1) becomes 

pu = NRT (2) 

By the use of equation (2), the above table, and a table of molecular weights, the solution 
of any problem involving volumes, temperatures, pressures, and weights of gases is 
very simple. 

Mixtures of gases.—Any quantity of gas fills the space in which it is confined and 
exerts a pressure upon the confining walls. If an additional quantity is added, the pressure 
is increased in direct proportion to the quantity added. One can regard the pressure 
exerted by each portion of the total quantity of gas as independent of the presence of the 
rest. This is true if the second portion of gas is different chemically from the first (Dalton’s 
law), provided the gases do not react chemically. 

(continued) 
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260 TABLE 241.—SIMPLE GAS LAWS (concluded) 

Vapor pressure and the effect of vapor pressure upon the measurement of gas.— 
If a volatile liquid is introduced, a portion evaporates and exerts a pressure on the con- 
fining walls. The amount evaporated and the pressure exerted are independent of the 
presence of any other gas. If there is enough so that not all evaporates and if time is 
allowed for equilibrium, the pressure is independent of the volume of space and of the 
amount of liquid left unevaporated; but it does depend upon the temperature. For each 
volatile liquid there is therefore a definite saturation pressure or vapor pressure cor- 
responding to every temperature. See Tables 360-369. 
When any gas is in contact with a volatile substance, the measured pressure is the 

pressure exerted by the gas plus the vapor pressure of the volatile material. With no 
change of temperature, this vapor pressure remains constant no.matter how we change 
the total pressure. Hence for the purposes of volume conversion the saturated gas may 
be considered as a dry gas, the pressure of which is the partial pressure of the gas, or its 
equivalent, the difference between the total pressure and the saturated vapor pressure of 
the volatile material. 

TABLE 242.—VOLUME CONVERSIONS, FACTOR Z, FOR HIGH PRESSURES * 

In the measurement of gases at high pressures the quantity PV is no longer constant 
at constant temperature but varies with the pressure by amounts that differ for each gas. 

PxV, —_— P2V2 2 al BY 
RT, ~ RTs °° longer holds. As a correction factor, Z = RT 

is given for different values of some one or more of the variables. The values of Z for 
different gases as given in the table are for different pressures and temperatures. The 
values extend to pressures of 100-200 atm and to temperatures of 200°C. Values of this 
factor of hydrogen for temperatures ranging from 16°K to 600°K and for pressures 
ranging from a small fraction of an atmosphere (.01) to 100 atm are given in Table 254, 
Part 2.” The value of this factor can be calculated for a wide range of pressures using 
the data given in some of the following tables. 

This tables gives values of volume correcting factor Z (V =1 at 1 atm pressure and 
OF); 

Consequently the relation 

Air Argon 
ee pe eon 

Atm 0°c HDAC 100°C 200°C OE 50°C 100°C 200°C o°c 

10 9952 .9997 1.0021 1.0061 9921 .9973 1.0000 1.0023 1.0045 
25 .9877 9987 1.0044 1.0084 9784 .9918 .9984 1.0044 1.0119 
50 9782 9996 1.0100 1.0177 9577 9842 .9971 1.0084 1.0235 
75 9722 1.002 1.0191 1.0277 9403 .9783 .9971 1.0138 1.0358 

100 9712 0077, 10253) 11.0382 9262 .9746 .9990 1.0197 (1.0492) 

Helium Hydrogen Oxygen 
———— eee a eee a 

Atm 0°Cc 50°C 100°C ORE s02G2 “LOOIE 20026 ORE | ZOE SOG alo 

10 1.0050 1.0042 1.0035 1.0062 1.0056 1.0051 1.0042  .9908 .9933 .9965 .9993 
25 1.0129 1.0108 1.0092 1.0156 1.0141 1.0127 1.0105 9771 .9835 .9908 .9980 
50 1.0260 1.0218 1.0185 1.0316 1.0285 .1.0255 1.0209  .9562 .9685 .9831 .9968 
75 1.0392 1.0329 1.0279 1.0480 1.0429 1.0384 1.0315 .9378 ——— 9/7, 9971 

100 1.0524 1.0440 1.0372 1.0646 1.0575 1.0514 1.0419 9231 — 9733 .9983 
200 — —~ = 1.1333. 1.1168 1.1036 1.0839 — — — — 

Nitrogen Methane 
Se SS Lae 

Atm 0°C 50°C 100°C OE SOA 100°C +2007C 

10 9975, 1:0015 1.0035 1978 her 989 ity 1993. 455 999 
50 9835 1.0035 1.0125 685 94 "971.997 

100 9835 1.0145 1.0295 781 896 .951 998 
150 1.0015 1.0385 1.0546 (.730) .873 943 1.004 
200 — 1.0686 1.0836 — .873 .950 1.020 

* Adapted from data furnished by J. Hilsenrath, National Bureau of Standards. 
78 Woolley, Scott, and Brickwedde, Nat. Bur. Standards Res. Pap. RP 1932, vol. 41, 1948. 
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TABLE 243.—RELATIVE GAS VOLUMES AT VARIOUS PRESSURES 

(Deduced by Cochrane, from the pv curves of Amagat and other observers.) 

Relative volumes when the pressure is reduced from the value given at the head of the 
column to 1 atmosphere; see also Nat. Bur. Standards Circ. 279. 

Relative volume the gas will occupy when the pressure is 
reduced to atmospheric from 

Gas ——— SS SS — — 

(Temp. = 16°C) 1 atm 50 atm 100 atm 120 atm 150 atm 200 atm 

SPerfectvMaas) 24, SARs. : 1 50 100 120 150 200 
Hlelitim mate. ces ees ee 5 1 see 94.6 IAS 141 Lat 
Elydrogenten. ssc scan 1 48.5 93.6 HES 136.3 176.4 
INitrogenies.< Aeon. 1 50.5 100.6 120.0 147.6 190.8 
VIO OR ihc CERO Its Ree it 50.9 101.8 121.9 150.3 194.8 
AON, Rey ae 5 eo eee ae 106.3 127.6 161 st43 
Oxy Pen ie sere. ee ks 1 Ais 105.2 Pe Ag 212.6 
Oxycensat0@)e- seen 6 1 52:3 107.9 128.6 161.9 218.8 
Carbon dioxide: . see... 1 69 477* 485* 498* 515* 

* Carbon dioxide is liquid at pressures greater than 90 atmospheres. 

TABLE 244.—VAN DER WAAL’S CONSTANTS FOR IMPERFECT GASES” 

Van der Waal developed an equation to represent the pressure, temperature, and volume 
relation of a real gas. One form of this equation is 

[ P +a(¢)? |v =n) = AR 
n = number of molecules 

(V —nb) = effective volume 
a = internal pressure constant [(dynes/cm*) & (cm?/mol) ] 
b = reduction in effective volume (/) per molecule (cm*/mol) 

P (dynes/cem*), V (cm*/mol), R, and 7 have their usual meanings. 
The value of these constants (a and /)) for various gases are given in the table. If Van der 
Waal’s equation were correct, V-/3=b (lV critical volume). 

7 Slater, J. C., Introduction to chemical physics, page 408, 1939, McGraw-Hill Book Co. Used by 
permission of the publishers. 

(continued ) 
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TABLE 244.—VAN DER WAAL’S CONSTANTS FOR IMPERFECT GASES (concluded) 

Molecular 
volume of Electric 

Gas Formula a b Vc/3 liquid moments 

INZoyn aes ae ee Ne OAISO ill 14.7 16.7 OS OR 
ieliimpesner cee He 035 23.6 20.5 27.4 
liv dnosene seine fe H:2 0.25 2615 21.6 26.4 0 
INKtiaGwoxtdel gyal. NO 1.36 27.8 19.1 23.7 
Witterti oc. necg Phd. g H20 5.53 30.4 18.9 18.0 1.85 
@xcypienias «nied etee. O2 1.40 32.2 24.8 259) 0 
NG OMe Byatt ls oe A 1.36 32.2 26.1 28.1 0 
Ammonia. 4 pati: NHs 4.22 36.9 24.2 24.5 1.44 
Nitrogen) ~ai.gdeses N2 1.36 383m: 30.0 32.8 0 
Carbon monoxide ... CO 1.50 39.7 30.0 32.7 0.10 
ISAO Boo one bo Gee Kr 7.5) 39.7 36.0 38.9 0 
Hydrogen chloride .. HCl 372 40.7 29.8 30.8 1.03 
Nitrous oxide ...... N2O 3.61 41.1 82:3 44.0 25 
Carbon dioxide ..... CO: 3.64 42.5 32.8 41.7 0 
Methane". .s02.. 2.2% CH, 2.28 42.6 32.9 49.5 0 
Hydrogen sulfide ... H2S 4.49 42.7 35.4 .93 
Hydrogen bromide . HBr 4.51 44.1 375 78 
NENOMMe eee eee Xe 4.15 50.8 38.0 47.5 0 
PNGEetMI Ene yin akin. sistas C.H2 4.43 Biles 37.5 50.2 0 
Phos phineie eter PHs 4.69 51.4 37.7 49.2 55 
Chionities== sleet ee Cle 6.57 56.0 41.0 41.2 0 
Sulfur dioxide ..... SO: 6.80 56.1 41.0 43.8 1.61 
Eithivlene sae. os ae ee CaH, 4.46 56.1 42.3 49.3 0 
Silicon hydride ..... Sis 4.38 57.6 47 0 
Methylamine ....... CH;NH: Loss 59.6 44.5 lle syl 
Exthanie ae ees (Clal- (Cale 5.46 63.5 47.6 54.9 0 
Methyl alcohol ..... CH;0H 9.65 66.8 39.0 40.1 1-73 
Methyl chloride .... CH:Cl 7.56 64.5 45.4 49.2 1.97 
Methyl ether ....... (CH;):0 8.17 12.2 1.29 
Carbon bisulfide .... CSa 11.75 76.6 67.5 59.0 
Dimethylamine ..... (CHs)2NH OL. 79.6 66.2 
Propylene een tee C;He 8.49 82.4 ; 69.0 0 
Ethyl alcohol ....... C.H;OH 12.17 83.8 41.0 57.2 1.63 
Rropaniel sta. see CH;-CH.-CH; 8.77 84.1 75.3 0 
Chilorotorinee see CHCl; 15.38 102 Tail 80.2 1.05 
/INCBHE BGIGh Sowaoaas CH;COOH 17.81 106 57.0 56.1 
Trimethylamine .... (CHs)sN 13.20 108 89.3 
iso=Butane.: +5. . 02s. CH(CHs)s 13.10 114 96.3 
IENZENE, 2 cnn ves CsHo 18.92 120 85.5 86.7 0 
MSIBIEINE 5 505005. CH;(CH:2)2CH; 14.66 122 96.5 0 
thy iether ...ssaan (C:H;)20 17.60 134 94.0 100 11:2 
Triethylamine ..... (CaH;)3N 27.5 183 139 
Naphthalene ....... CioHs 40.3 193 112 69 
n=Octane meee CH;(CH:)«CH; 37.8 236 162 162 0 
Decane: LAR... oes CH:(CH.).CH; 49.1 289 195 0 
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TABLE 245.—CORRECTING FACTORS: SATURATED GAS VOLUME TO 

VOLUME AT 760 mmHg AND 0°C* 

Multiply observed volumes of saturated gas by factor to correct to volume of dry gas at 
760 mmHg pressure (0°C) 

Tem 
pera- Pressure mmHg 
ture i $$ 
(°C) 715 720 725 730 735 740 745 750 755 760 765 770 

ay O16, 2922 928 935, 942, 948 ©954™). 9612°°%967 974... 980.) "986 
6 O12 2918 2924 931. (937. «944 950% 957° \963 970) 976% 4.982 
7 1908; “2914 +920. 927933 2940-9467, 29525 959-965-9972 ~~ 978 
8 904 910 916 923 929 936 942 948 955 .961 967 .974 
) ‘900, 906 912 919) 04925)1e' 8 9320.1-938 e944 951, 957, 963, 970 

10 8906— 902 ~.908 — ISH T9215 —928" 934— 940. 946 .953., 959. 966 
11 3802-> .898..904. SI. O17. 2924. 920) ...936, 942. dO ne 955... 962 
12 888 884—n.900 907" 2915 OID 925°. 952 939.5 945 O51 957 
13 68848908960 — 903-909 SUS. QZ A 2B 494 A F953 
14 880 .886 .892 899 .905 911 917 , 924 930 936° 942 949 

15 S7OPMSS2s ebSy 7 coon oO) WASNT ESOS 2920™ COZSE M3228 2938" |, 944 
16 S72 ee OCS: | ESOae ee O00 ee coe 8905 SUOT 915) oe) 02855 2954) 940 
Ly (868 ee624 B80 cco ue .co2, 698, G05.) OTT Ory, 92355 929)” 936 
18 (B64 PBT! 207 One eOOL om SO Sa. A enn AOL ee Le SLD RI O25, ono 
19 859 desoo  HOAlh.878 884) = 890i" -896RF SUZ ST O08: MeSl a O20. o27 

20 ColweesOl Meus 674 4..:679) 886. 892<" 8985 2904 910) 9G. 922 
21 Soleteeoy eos, 2869 “875 | 88) S876 89S ear S99) eee e 2OlZ™ Pos 
22 SAF 2553 858 1865 871, 872. B83— 88827694 OUT 3907 291s 
23 842 .848 .854 860 .866 .872 878 .884 890 897 .903 .909 
24 838 .844 849 856 .862 .868 874 880 886 .892 .898 .904 

25 630 Goo) BS45>* 851 857;  .863)) IS69RS 875 7388) OSS8B 893, 717899 
26 2829 MPES5 MS41o.%3847° 853; 8599 (865° 871 Re8877 9883) 889 9) 895 
27 824 830 .836 842 848 .854 860 866 872 878 .884 890 
28 820) 825 ) 283T= +837 §843r-" 849) 855th -8ol S867) © 28737-8792 885 
29 S815) P2821 > 1.826/ 97832 2838  .844" 850M) .856 99.862) «868. 874 §.880 

30 810° S816 -822> =4.828 S833 840 8456.85] “6.857 = 863. * 869 = k875 
31 805 22891  .817=-+4823 20.829" (835 840356846 <0a852 855.864 870 
32 800° ~2806 812.4. 818 823 (830) 835900.841 02847 (853.5859. .805 
33 795 — EOL ~807- 813" = 818% 4.824 M830" ©3836 “842° 848° (853 860 
34 90), 790 9 OO 807 813 819 825.831 3755842 848 ood 

35 485 ~3/90' —..796"**.802 2808-814 ~ s819"--.825 #4831--.837 843 849 
36 780, GFF85 790797" 802 808 “SIS 820714826" 832.00 836 845 
37 774 ORUSO! 7850 ER791-90N797 2¥:803 <809S2 814 E\c820~> 826. e2832 838 
38 169 (774 780: 6.786. ":791 —.796~—s 803... 809.814 = 820) 826) 5832 
39 5/63 OL7GS8? .774 908.780 R785 7.790 1/0722 803.2 1E809-— 814 ee 620) S826 

40 796 80763) .768" 86774 +/5:780 § 786 .7920b 797 218803 © 800 so814 (1 es20 
41 251 OEZS7) .762008768 BE774—" 780 -786>01.790 167.797 ~ 808. DN 808 ~—“ASl4 
42 TAS YeAsl> 756008762. 998768. 263774 «LA 7900785 Teo" * 79658 802 8808 
43 739 BAAS) TSOP RETSG 92762 767 =773 | oD” BA 790" 790, 802 
44 133 —.738: -744°—.750- 2755. 4761-2766 —-772 —.7 78. 842-1897 95 

45 20° 982) 130) JAS RTAD. SAI FPGO. 160" © TAP 177 78S) PSS 
46 720) © 725: 731 “737 6 AZ 748 154 59. Oe 400) ATO 182 
47 INSIDE IZA cD BU vores Die oo FAN gee IAO x DD ee DO LOA aed emeIiDd 
48 706 OW 7AZIO".717 085723 38728 WAT34 8739 F485 RAS) ASO 7G. 168 
49 7003057051 t4710 GR716. 72021 327 8732 4a788 TA E/S0N (75507 2761 

* Abridged from Nat. Bur. Standards Circ. 279, 1926. 
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264 TABLE 246.—COMPRESSIBILITY OF GASES 

Part 1.—Ordinary temperatures 

As a measure of the compressibility, it is customary to use a coefficient, 
1 + X= pevo/Pivi, Povo being at 0°C 

H: 1+A= .99939 + .09001 CO 
N2 1.00044  .00001 CO: 
O2 1.000094  .000013 N:O 
He 99948 — .000005 
Ne 99951 000025 
A 1.00099 000026 

Part 2.—Low temperatures | 

pv = 1 for 0°C, 1 atmosphere 

EE ee Ce ee ee x 

UG is pu Density taAG 

00 26.66 1.0146 26.28 .00 
‘ 38.95 1.0196 38.20 s 
aa 58.58 1.0294 56.91 —103.57 

—103.63 24.13 6337 38.07 58 
y 49.96 6479 77.08 —204.70 

—269.69 E232 .01126 20.63 a 
‘i 353 01041 33.92 a 

—270.52 .0308 00911 3 381 —257.26 
: .0649 .00858 7.535 “s 

Neon 
SS SEES 

ip : 
EC atm pu Density t2.G 

0 23.06 1.0089 21.87 0 
$ 30.79 1.0147 30.34 S 
4 84.66 1.0408 81.35 —102.51 

—200.1 61.66 2337 763.8 7% 
be 79.92 2293 348.6 

—217.5 49.93 1393 358.5 —130.38 
4 64.97 .1269 511.8 —159.62 
ny 79.42 1256 632.2 —149.60 

Oxygen 

BAe ‘2 pu Density tC 

0 20.92 9813 21.32 0 
c 49.79 9573 52.01 | 

— 80.03 21.01 6550 32.09 o 
" 34.18 6213 55.02 — 81.10 
e 61.88 5464 NSLS x 

—116.01 22.30 4835 46.12 S 
me 43.95 3541 124.1 —146.32 
‘ 55.05 1667 330.2 . 
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atm 

38.41 
51.49 
16.75 
37.00 
44.63 

1+ A= 1.00081 
1.00668 
1.00747 

Hydrogen 

pu Density 

SZroils 1.0188 SHAS 
44.119 1.0266 43.284 

6376 38.41 
6433 80.04 
.2404 69.68 
.2316 159.7 
.2300 194.0 

06698  .05783 1.1582 
13153 057104 2.3031 

Argon 

pu Density 

.9856 20.88 

.9774 32.30 
5813 25,57, 
4706 95.80 
.3939 158.01 
4663 27.39 
4262 28.12 
3821 29.18 

Nitrogen 

pu Density 

.9886 SS 

.9860 43.70 

.9834 59.62 
6516 46.13 
.6270 72.52 
6109 92.84 
3340 68.62 
2656 113.48 
1058 344.5 



265 
TABLE 247.—RELATIVE VOLUMES FOR O, AIR, N, AND H AT VARIOUS 

PRESSURES AND TEMPERATURES 

(Volume at 0°C and 1 atm being taken as 1,000,000) 

Oxygen Air Nitrogen Hydrogen 
(oe a eo — OO ——__ — ————— ee} 

Atm 0° 99°.5 199°.5 o° 99°.4 200°.4 0° O9Ss5i 199526 0° 99°°3' 200°-5 

100 9265 9730 9910 —— 
200 4570 7000 9095 5050 7360 9430 5195 7445 9532 5690 7567 9420 
300 3208 4843 6283 3658 5170 6622 3786 5301 6715 4030 5286 6520 
400 2629 3830 4900 3036 4170 5240 3142 4265 5331 3207. 4147 5075 
500 2312 3244 4100 2680 3565 4422 2780 3655 4515 2713 3462 4210 
600 2115 2867 3570 2450 3180 3883 25433258 9 3973 2387 3006 3627 
700 1979 2610 3202 2288 2904 3502 2374 2980 3589 2149 2680 3212 
800 1879 2417 2929 2168 2699 3219 2240 2775 3300 1972 2444 2900 
900 1800 2268 2718 2070 2544 3000 2149 2616 3085 1832 2244 2657 

1000 1735 2151 — 1992 2415 2828 2068 — — 1720 2093 — 

TABLE 248.—RELATIVE VALUES OF pv FOR ETHYLENE 

pu at 0°C and 1 atm=1 
—_— SS Sp 

Atm 0° 10° 20° 30° 40° 60° 80° 100° MSV/Eas) 198°.5 

46 — 562 .684 ~~ -— — — — — — 
48 —- 508 — — — — — — — — 
50 176 420 .629 731 814 {O5408 1077 71192 Aihsy4” Mk6S5Z 
52 — 240 .598 — — — — — — — 
54 = 229 561 — — — — — — — 
56 a 227 524 —- — — -— — — — 
100 310 331 360 403 471 .668 847 1.005 1.247 = 1.580 
150 441 459 485 515 Sail 649 776 O24) 1178). 1540 
200 565 585 610 638 .669 744 838 946- La 74- e537 
300 .806 827 852 878 .908 972 1.048 1.133 1.310 1.628 
500 2500 e280 1.308) 291537 1.367 1-43 SOON 157821 8S 

TABLE 249.—RELATIVE VALUES OF pv FOR CARBON DIOXIDE 

Pressure in Relative values of pv at— 
meters of a eee 
mercury US BAAN C5 S51 40.2 50.0 60.0 70.0 80.0 90.0 100.0°C 

30 liquid 2360 2460 2590 2730 2870 2995 3120 3225 
50 — 1725 1900 2145 2330 2525 2685 2845 2980 
80 625 750 825 1200 1650 1975 2225 2440 2635 

110 825 930 980 1090 1275 1550 1845 2105 2325 
140 1020 1120 1175 1250 1360 1525 1715 1950 2160 
170 1210 1310 1360 1430 1520 1645 1780 1975 ZB5 
200 1405 1500 1550 1615 1705 1810 1930 2075 2215 
230 1590 1690 1730 1800 1890 1990 2090 2210 2340 
260 1770 1870 1920 1985 2070 2166 2265 2375 2490 
290 1950 2060 2100 2170 2260 2340 2440 2550 2655 
320 2135 2240 2280 2360 2440 2525 2620 2725 2830 

Relative values of pv: pv at 0°C and 1 atm=1 

Atm o° 10° 20° 30° 40° 60° 80° 100° NSi7/2 198° 258° 

50 105 114 680 775 750 984 1.096 1.206 1.380 —- —- 
100 202 213 .229 255 309 661 O73) 12030) 25982 1582 e847 
150 295 309 326 346 377 485 681 E878) 1BISON le5sOm esis 
300 559 578 2599) £623 649 710 790 890 1.108 1.493 1.820 
500 891 913 .938 .963 990 1.054 1.124 1.201 1.362 1.678 = 

1000 1.656 1.685 1.716 1.748 1.780 1.848 1.921 1.999 —— — — 
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266 TABLE 250.—COMPRESSIBILITY OF SULFUR DIOXIDE 

Original volume 100000 under one atmosphere of pressure and the temperature °C of the 
experiments as indicated at the top of the different columns. 

Corresponding volume for ex- Pressure in atmospheres for ex- 
periments at temperature— periments at temperature— 

Pressure A a a 
in atm 58°.0 99° .6 183°.2 Volume 58°.0 99>26 Sse 

10 8560 9440 ~a- 
12 6360 7800 oo 10000 = 9.60 _ 
14 4040 6420) — 9000 9.60 10.35 — 
16 od 5310 -—— 8000 10.40 11.85 — 
18 — 4405 —— 7000 11:55 13.05 — 
20 = 4030 = 6000 12.30 14.70 — 
24 — 3345 oa 5000 13.15 16.70 — 
28 -- 2780 3180 4000 14.00 20.15 —- 
32 — 2305 2640 3500 14.40 23.00 -—— 
30 — 1935 2260 3000 —— 26.40 29.10 
40) —- 1450 2040 2500 — 30.15 33.25 
50 — -—— 1640 2000 — 35.20 40.95 
60 — — 1375 1500 = 39.60 55.20 
70 —— = 1130 1000 — — 76.00 
80 — - 930 500 — —- 117.20 
90) -—- — 790 

100 = a 680 
120 = — 545 
140 oa sa 430 
160 mo se 325 

TABLE 251.—COMPRESSIBILITY OF AMMONIA 

“Original volume 100000 under one atmosphere of pressure and the temperature °C of the 
experiments as indicated at the top of the different columns. 

Corresponding volume for ex- Pressure in atmospheres for experiments 
periments at temperature— at temperature— 

Pressure Volume -———_owrE--R 
in atm 46°.6 99° .6 183°.6 510) 5 46°.6 99°.6 183°.0 

10 9500 — — 10000 8.85 9.50 —- 
12.5 7245 7635 — 9000 9.60 10.45 — 
15 5880 6305 — 8000 10.40 11.50 12.00 — 
20) — 4045 4875 7000 11.05 13.00 13.60 —- 
25 — 3560 3835 6000 11.80 14.75 15.55 a 
30 —— 2875 3185 5000 12.00 16.60 18.60 19.50 
30 — 2440 2680 4000 — 18.35 22.70 24.00 
40) — 2080 2345 3500 -— 18.30 25.40 27.20 
45 — 1795 2035 3000 — a 29.20 31.50 
50 — 1490 1775 2500 = _— 34.25 37.35 
55 — 1250 1590 2000 -- — 41.45 45.50 
60) — 975 1450 1500 — aa 49.70 58.00 
7() — — 1245 1000 - ae 59.65 93.60 
80 — —— 1125 
90) — — 1035 

100 — — 950 
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TABLE 252.—COMPRESSIBILITY OF GASES UNDER HIGH PRESSURES® 267 

Actual volumes rest upon Amagat’s doubtful values at 3000kg /cm’. Densities at highest pres- 
sures indicate that the molecules or atoms are very nearly in contact in the sense of the kinetic 
theory. 

kg/cm? 

3000 

kg/cm? 

3000 
4000 
5000 
7000 

10000 
13000 
15000 

Hydrogen 

Vol. change 
cm’ g from Volume 

3000 kg/cm? cm3/g pu 
SS = PZ t 

307 165°C OAS 6s-E 65°C 

OO IO MEG t e217 3518 
eZ lel A052 nO Se o85 
1.84 1.88 9.80 10.29 4.50 
Dil Pryce 8:87 S929 565 
3.63 3.68 8.01 849 7.29 
432 4.21 7-32) et 96) 8166 

Helium 

Total Volume at 
Vol. vol. 65°C 

change change ———+———, 
cm3/g  30-95° cm3/ 
65°C cm3/g cm3/g mol 

00 613 554 225116 
el 598 4.77 19.08 

1.23 589 AS SAEZ: 
1.77 581 3.77. 15.08 
2.22 576 Soe 13927 
2.48 572 3.06 12.24 
2.60 570 2.94 11.76 

30°C 

23.47 
2121 
19.76 
17.88 
16.15 
14.76 

Nitrogen 
- 

Vol. change 
Sia. 

Volume at 
68°C 

pues 36) CxeeEs SS pu 
cem3/ at 

cm3/g mol 68°C 

1.290 36.13 4.68 
1.200 3336498 #) S182 
L138 31-88 ~ 6:89 
056° 29.57"1' 98:95 
OBZ 27.520 OL 
933 26.13 14.70 
908 25.43 16.50 

Ammonia 
SSS] 

Vol. change 
at 30° 

kg /cm2 em3/g cm?/mol 

at 68°C 
Vol. cm?/mol ==——~ ~ 

cm? / 
65°C cm3/g = mol 

24.53  .000 00 
22.24 089 2.49 
20M weeloe e425 
1B273ra234 4) 6156 
7512 ees OSieS Ol 
1G:05) 2357 10100 

cao) oy MOLZAD) 

Argon 

Vol. change 
ator 

cm3/ 
cm3/g  gatom 

000 .00 
049 1.96 
085 3.39 
134 5.34 
180 7.18 
.209 8.34 1 
224 8.94 1 

1000 —.827 —14.1 
2000 —.217 — 3.70 
3000 .000 .00 
5000 +.200 + 3.41 
7000 310 5.28 
0000 .409 6.97 
2000 .461 7.85 

8 Bridgman, P. W., Proc. Amer. Acad. Arts and Sci., vol. 59, p. 173, 1924. 

TABLE 253.—GAGE PRESSURE (lb/in.2) TO ATMOSPHERES (ABSOLUTE)* 

1 
1 
1 
1 
1 

1 
1 
1 
1 
1 

1 
1 
1 
1 
1 

0 

1.00 
7.80 

14.61 
21.41 
28.22 

35.02 
41.83 
48.63 
55.44 
62.24 

69.04 
75.85 
82.65 
89.46 
96.27 

03.1 
09.9 
16.7 
23.5 
30.3 

Sze 
43.9 
50.7 
57-9 
64.3 

71.1 
77.9 
84.7 
91.5 
98.3 

10 
1.68 
8.48 

15.29 
22.09 
28.90 

35.70 
42.51 
49.31 
56.12 
62.92 

69.73 
76.53 
83.34 
90.14 
96.95 

103.8 
110.6 
117.4 
124.2 
131.0 

137.8 
144.6 
151.4 
158.2 
165.0 

171.8 
178.6 
185.4 
192.2 
199.0 

20 

2.36 
9.17 

15.97 
22.77 
29.58 

36.38 
43.19 
49.99 
56.80 
63.60 

79.41 
77.21 
84.01 
90.82 
97.63 

104.4 
HikS 
118.0 
124.8 
131.6 

138.4 
145.2 
152.1 
158.9 
165.7 

W725 
27933 
186.1 
192.9 
199.7 

* Taken from Nat. Bur. Standards Cire. 279, 1926. 
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TABLES 254-260—THERMAL PROPERTIES OF GASES* 

The properties given in Tables 254 and 256-258 are taken from a series of 
tables of thermal properties of gases being compiled at the National Bureau of 
Standards at the suggestion of and with the cooperation of the National Ad- 
visory Committee for Aeronautics. The functions in these tables have been ex- 
pressed in dimensionless form in order that they may be converted readily to 
any system of units. Conversion factors are listed for the most often used 
units. For more extensive data on various gases reference should be made to 
these tables.*” 

5! Adapted from NBS-NACA Tables on thermal properties of gases, July 1949, 
* Joseph Hilsenrath, Heat and Power Division, National’ Bureau of Standards. 

TABLE 254.—PROPERTIES OF MOLECULAR HYDROGEN 

Part 1.—Density, p/po 

IC GE .01 atm .l atm l atm 10 atm 100 atm IPO 

20 13679 1.3792 36 
50 054671 54710 5 SilZ 59.510 90 

100 027333 .27333 2.7338 27.379 258.83 180 
150 018222 18220 1.8211 18,117 168.78 270 

200 .013666 13665 1.3657 13.574 127.01 360 
250 010933 10932 1.0927 10.863 102.35 450 
300 0001110 091100 91055 9.0575 85.896 540 
350 0078094 078086 78055 7.7682 74.086 630 

400 0068332 068332 68298 6.8006 65.165 720 
450 0060740 060740 ‘60715 6.0474 58.185 810 
500 0054666 054666 54644 5.4448 52.563 990 
550 0049696 049696 49676 4.9518 47.941 990 
600 0045555 045555 45541 4.5400 44.070 1080 

having the 
To convert dimensions 
tabulated indicated multiply 
value of to below by 

p/po p PRICING. 8.98854 10° 
g liter” 89888 
[bins 3.24734 10°° 
Ib ft~* 5.61140«10° 

Part 2.—Compressibility factor, Z—PV/RT 

16 SC 2 .01 atm .l1 atm 1 atm 10 atm 100 atm If Org 

20 9991 .9909 36 
50 9999 .9992 .9919 .9186 90 
100 1.0000 1.0000 .9998 .9983 1.0560 180 
150 1.0000 1.0001 1.0006 1.0058 1.0796 270 

200 1.0000 1.0001 1.0007 1.0068 1.0760 360 
250 1.0000 1.0001 1.0006 1.0065 1.0682 450 
300 1.0000 1.0001 1.0006 1.0059 1.0607 540 
350 1.0000 1.0001 1.0005 1.0053 1.0541 630 

400 1.0000 1.0000 1.0005 1.0048 1.0486 720 
450 1.0000 1.0000 1.0004 1.0044 1.0439 810 
500 1.0000 1.0000 1.0004 1.0040 1.0400 900 
550 1.0000 1.0000 1.0004 1.0036 1.0366 990 
600 1.0000 1.0000 1.0003 1.0034 1.0377 1080 
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TABLE 254.—PROPERTIES OF MOLECULAR HYDROGEN (concluded) 

Part 3.—Values of R for hydrogen for temperatures in °K 

269 

Pressure 
Density atm kg/cm2 mmHg Ib/in.2 

g/cm* 40.7027 42.0551 30934.0 598.167 
mole/cm® 82.0567 84.7832 62363.1 1205.91 
mole/liter 0820544 0847809 62.3613 1.20587 
lb/ft? 651994 673658 495.515 9.58171 
Ib mole/ft® 1.31442 1.35809 998.959 19.3167 

TABLE 255.—DENSITY OF GASES AND VAPORS ** 

The following table gives the density as the weight in grams of a liter (normal liter) of the 
gas at 0a°C, 76 cmHg pressure, also the weight in lb/ft*, and standard gravity 930.665 cm/sec 
(sea level, 45° latitude), the specific gravity referred to dry, carbon-dioxide-free air, and to pure 
oxygen. Dry, carbon-dioxide-free air is of remarkably uniform density; Guye, Kovacs, and 
Wourtzel found maximum variations in the density of only 7 to 8 parts in 10,000. For highest 
accuracy pure oxygen should be used as the standard gas for specific gravities. Observed densities 
are closely proportional to the molecular weights. 

Weight of normal 
ae. 

Molecular liter in ft3 in 
Gas Formula weight grams pounds Aol 

Acetylene... Faso 8 hs C2H:2 26.036 1.173 .07323 912 
JST: Shou ee SEL Se — 1.2920 0805 1.000 
AMTVIONEL Goclaceooncsds NH; 17.032 7598 .04742 5963 
AGP ONIN 2 ap eer sc hee A 39.944 1.782 shit 1.3787 
Arsetiets. (tea. pele AsHs 77.93 3.48 PAW/ 2.69 
Butane=iSOn. ase eee CsHio 58.12 2.673 .1669 2.067 
Butane=ne Aas ee Cs Hi 58.12 2.519* .15725* 2.085* 
Carbon dioxidess..--... CO, 44.01 1.9630 1225 1.5290 
Carbon monoxide ...... CO 28.010 1.2492 0779 .9671 
Carbon oxysulfide ..... COS 60.076 DZ .170 2.10 
Ghiorines).ssseeee ee Cl. 70.914 3.1638 .1974 2.486 
Chlorine monoxide ..., ClO 86.914 3.69 243 3.01 
Ethaners. 42 (p50e.2. . 38 C2He 30.068 1.3566 08469 1.0493 
Ethylenexaccanccces nk. CaHa 28.052 1.2604 .07860 .9749 
Rluoninet. ses. ane F, 38.00 1.6954 1058 1.311 
Melhtimm cee eee He 4.003 1785 01114 1381 
Eiydrogent seen oe H2 2.016 08988 005611 06952 
Hydrogen bromide ..... HBr 80.924 3 6104 2252 2.8189 
Hydrogen chloride .... HCl 36.465 1.6269 1016 1.2678 
Hydrogen iodide ....... HI 127.93 5.7075 3562 4.480 
Hydrogen selenide ..... H.Se 80.976 3.670 229 2.839 
Hydrogen sulfide ...... H:S 34.082 1.5203 .0949 1.190 
IAD goousdeasceodc Kr 83.7 3.7365 .2332 2 868 
Methaner ss cease 2s CH, 16.042 7152 04462 5544 
Methyl chloride ....... CH:Cl 50.491 2.3076 1440 1.7825 
Methyl ether .......... (CH33)20 46.068 2.1098 SIA 1.6318 
Methyl fluoride ....... CH3F 34.034 1.5452 09646 1.1951 
Mono methylamine .... CH:NHa2 31.058 1.396 08715 1.080 
INIGoygl eee Bees eee Ne 20.183 9005 05621 6963 
Nitiicioxidels seme vente NO 30.008 1.3388 0836 1.0366 
Nitrogen (chem.) ..... Na 28.016 1.2499 .07803 9672 
Nitrogen (atm) ....... — 1.2568 .07846 .9722 
Nitrosyl chloride ...... NOCI 65.465 2.992 .1868 2.314 
Nitrous) oxidelon...s 4.6 N20 44.016 1.9638 123255 1.5297 
Oxy genieore cero ons O2 32.000 1 4277 08915 1.10527 
Ihosphineserrn se see uee PH; 34.004 1.5294 .09548 1.1829 
ETFOpaneusrere aceon C;Hs 44.094 2.020 1261 1.562 
Silicon tetrafluoride ... SiFs 104.06 4.684 .2924 3.623 
Sulfur dioxide 23...55.¢ SO: 64.066 2.858 1784 2.2638 
NEON a3 esis Genie see es Xe 131.3 5.8579 3657 4.525 

Specific gravity 

O41 

825 
9047 
9395 

1.2482 
2.434 
1.870 
1.8868* 
1.3834 
8750 

1.90 
2.249 
22h 
9493 
8820 

1.187 
1249 
.06290 

2.5503 
1.1471 
4.052 
2.568 
1.077 
2.595 
5016 

1.6125 
1.4764 
1.0813 
.9769 
.63004 
.9378 
8751 
8795 

2.094 
1.3840 
1.0000 
1.0702 
1.414 
3.278 
2.0482 
4.094 

** For reference, see footnote 45, p. 136. 
* At 710 mmHg. 
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TABLE 256.—THERMAL PROPERTIES OF DRY AIR (IDEAL GAS STATE) 

Specific 
heat Enthalpy 

er (H* —E,”) 
SLES R 

10 3.5009 
20 3.4941 
30 3.4926 
40 3.4918 

50 3.4915 
60 3.4914 
70 3.4914 
80 3.4913 
90 3.4913 

100 3.4913 
110 3.4914 
120 3.4914 
130 3.4914 
140 3.4914 

150 3.4915 
160 3.4916 
170 3.4916 
180 3.4917 
190 3.4919 

200 3.4922 
210 3.4924 
220 3.4927 
230 3.4932 
240 3.4937 

250 3.4945 
260 3.4953 
270 3.4963 
280 3.4975 
290 3.4989 

300 3.5005 
310 3.5024 
320 3.5044 
330 3.5068 
340 3.5093 

350 3.5122 
360 3.5153 
370 3.5186 
380 3.5224 
390 3.5263 

400 3.5305 

To convert tabulated 
value of 

Co°/RESSAR 

RT, 

1238 
2518 
3796 
5075 

6353 
7631 
8909 

1.0188 
1.1466 

1.2744 
1.4022 
1.5300 
1.6578 
1.7856 

1.9134 
2.0413 
2.1691 
22909 
2.4247 

2.5526 
2.6804 
2.8083 
2.9362 
3.0641 

3.1920 
3.3199 
3.4479 
3.5759 
3.7040 

3.8321 
3.9603 
4.0885 
4.2169 
4.3453 

4.4738 
4.6024 
4.7312 
4.8601 
4.9891 

5.1182 
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Entropy 

s* 
R 

12.0382 
14.4622 
15.8748 
16.8832 

17.6633 
18.2990 
18.8367 
19.3034 
19.7145 

20.0824 
20.4152 
20.7190 
20.9984 
ZA 2572 

21.4980, 
21.7234 
Zi. 95on 
22.1346 
22.3234 

22.5026 
22.6729 
22.8354 
22.9907 
23.1394 

23.2820 
23.4191 
23.5510 
23.6782 
23.8009 

23.9196 
24.0344 
24.1456 
24.2535 
24.3582 

24.4600 
24.5590 
24.6553 
24.7492 
24.8408 

24.9301 800 

Conversion factors 

having the dimensions 
indicated below 

Galimole kee (omg Gat) 
éal'g> “Kener SG=) 
joules g* °K~! (or °C*) 

Specific 
heat 

Cy 

R 

3.5305 
3.5349 
3.5397 
3.5447 
3.5499 

3.95599 
3.5613 
3.5673 
SEVER) 
3:5799 

3.5865 
SIRERS 
3.6003 
3.6075 
3.6149 

3.6224 
3.6300 
3.6377 
3.6456 
3.6535 

3.6615 
3.6696 
3.6778 
3.6860 
3.6943 

3.7027 
3.7111 
327195 
3.7279 
3.7363 

3.7447 
3.7531 
3.7614 
3.7698 
3.7782 

3.7865 
3.7947 
3.8030 
3.8112 
3.8194 

3.8275 

Btu (lb mol)7!? °R~ (or °F) 
Btalbe genes) 

(continued ) 

Enthalpy 

(H°-E,°) 
RT, 
5.1182 
5.2476 
5.57711 
5.5067 
5.6366 

5.7667 
5.8969 
6.0274 
6.1581 
6.2891 

6.4202 
6.5517 
6.6833 
6.8153 
6.9475 

7.0799 
(AVA) 
7.3456 
7.4790 
7.6126 

7.7465 
7.8807 
8.0152 
8.1500 
8.2851 

8.4205 
8.5562 
8.6922 
8.8285 
8.9651 

9.1021 
9.2393 
9.3768 
9.5147 
9.6528 

9.7913 
9.9301 

10.0692 
10.2085 
10.3482 

10.4882 

multiply 
by 

1.98719 
.0686042 
.287040 

1.98588 
.0685590 

Entropy 

Sf 

R 
24.9301 
25.0173 
25.1026 
25.1859 
25.2675 

25.3473 
25.4255 
29.5022 
29-0105 
25.6511 

25.7235 
25.7946 
25.8644 
25.9330 
26.0005 

26.0669 
26.1323 
26.1966 
26.2599 
26.3223 

26.3838 
26.4444 
26.5041 
26.5630 
26.6211 

26.6785 
26.7351 
26.7910 
26.8461 
26.9006 

26.9544 
27.0076 
27.0601 
27.1121 
27.1634 

27.2142 
27.2644 
27.3141 
27.3632 
27.4118 

27.4599 
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TABLE 256.——THERMAL PROPERTIES OF DRY AIR (IDEAL GAS STATE) 

1000 

1050 
1100 
1150 
1200 
1250 

1300 
1350 
1400 
1450 
1500 

1550 
1600 
1650 
1700 
1750 

1800 
1850 
1900 

Specific 
heat 

Ces 

R 

3.8275 
3.8670 
3.9049 
3.9409 
3.9750 

4.0070 
4.0371 
4.0653 
4.0917 
4.1166 

4.1398 
4.1615 
4.1820 
4.2012 
4.2193 

4.2364 
4.2525 
4.2678 
4.2823 
4.2962 

4.3093 
4.3218 
4.3337 

To convert tabulated 
value of 

(H°—E.°)/RTo 

SMITHSONIAN PHYSICAL TABLES 

(concluded) 

Specific 
heat 

oy 

°K R 

1900 4.3337 
1950 4.3452 
2000 4.3561 
2050 4.3666 
2100 4.3767 

2150 4.3864 
2200 4.3958 
2250 4.4048 
2300 4.4135 
2350 4.4219 

2400 4.4301 
2450 4.4380 
2500 4.4456 
2550 4.4530 
2600 4.4602 

2650 4.4672 
2700 4.4740 
2750 4.4807 
2800 4.4871 
2850 4.4933 

2900 4.4994 
2950 4.5053 
3000 4.5109 

Conversion factors 

Enthalpy Entropy 

(He = 13>) Se 

RT, R 

10.4882 27.4599 
11.1924 27.6931 
11.9037 27.9152 
12.6218 28.1273 
13.3463 28.3303 

14.0769 28.5250 
14.8131 28.7121 
15.5547 28.8922 
16.3013 29.0658 
17.0525 29.2333 

17.8082 29.3953 
18.5679 29.5519 
19.3315 29.7036 
20.0988 29.8507 
20.8695 29.9935 

21.6434 30.1321 
22.4203 30.2669 
23.2001 30.3979 
23.9826 30.5255 
24.7678 30.6499 

25.5553 30.7711 
26.3453 30.8893 
27.1375 31.0047 

to 

(H°—E,°) 

having the dimensions 
indicated below 

cal mol 
cal g* 
joules g* 
Btu (1b mol) 
Btu Ib” 

Enthalpy 

(H®=E,°) 
RT, 

27.1375 
27.9318 
28.7281 
29.5264 
30.3267 

31.1287 
31.9324 
32.7379 
33.5449 
34.3536 

35.1637 
35.9754 
36.7884 
37.6028 
38.4186 

3012957 
40.0540 
40.8735 
41.6943 
42.5162 

43.3392 
44.1633 
44.9884 

Entropy 

So 

R 

31.0047 
SAS 
31.2276 
31.3353 
31.4407 

31.5438 
31.6447 
31.7436 
31.8405 
31.9355 

32.0287 
32.1201 
32.2099 
32.2980 
32.2845 

32.4695 
32.5031 
32.6353 
32.7160 
32.7955 

32.8737 
32.9507 
33.0264 

multiply 
b y 

542.821 
18.7399 
78.4079 

976.437 
33.7098 



272 TABLE 257.—THERMAL PROPERTIES OF MOLECULAR NITROGEN 

(IDEAL GAS STATE) 

Specific 
heat Enthalpy 

er (st? 10) 

OK R RT, 

10 3.5019 1246 
20 3.5006 527, 
30 3.5004 3809 
40 3.5003 5090 

50 3.5003 6372 
60 3.5003 7653 
70 3.5003 8934 
80 3.5004 1.0216 
90 3.5004 1.1497 

100 3.5004 1.2779 
110 3.5005 1.4060 
120 3.5005 1.5342 
130 3.5005 1.6623 
140 3.5006 1.7905 

150 3.5006 1.9186 
160 3.5007 2.0468 
170 3.5007 2.1749 
180 3.5007 2.3031 
190 3.5008 2.4312 

200 3.5008 2.5594 
210 3.5009 2.6876 
220 3.5010 2.8157 
230 3.5010 2.9439 
240 3.5012 3.0721 

250 3.5013 3.2002 
260 3.5015 3.3284 
270 3.5017 3.4566 
280 3.5021 3.5848 
290 3.5025 3.7130 

300 3.5030 3.8412 
310 3.5036 3.9695 
320 3.5044 4.0978 
330 3.5054 4.2261 
340 3.5065 4.3544 

350 3.5078 4.4828 
360 3.5094 4.6113 
370 3.5111 4.7398 
380 SoS 4.8683 
390 3.5154 4.9970 

400 3.5179 SAS) 

To convert tabulated 
value of 

Go /RESSLR 

SMITHSONIAN PHYSICAL TABLES 

Entropy 

Se 

R 

11.1440 
13.5707 
14.9903 
15.9970 

16.7781 
17.4163 
17.9559 
18.4233 
18.8355 

19.2043 
19.5380 
19.8426 
20.1227 
20.3822 

20.6237 
20.8496 
21.0619 
21.2619 
21.4512 

21.6308 
21.8016 
21.9645 
22.1201 
22.2691 

22.4120 
22.5493 
22.6815 
22.8088 
229SN7, 

23.0505 
23.1654 
23.2766 
23.3845 
23.4891 

23.5908 
23.6896 
23.7858 
23.8795 
23.9707 

24.0598 800 

Conversion factors 

to dimensions indicated below 

calimolm “Ke \(or tC) 
Gall a KS (Ge CH) 
jOulesigua DK (Ota Ca) 
Btu (1b mol)7* °R™ (or °F) 
Btuilbsowkea(omobies) 

Specific 
heat 

Cy 

R 

3.5179 
3.5206 
Sp SVZSV/ 
3.5270 
3.5306 

3.5344 
3.5386 
3 5430 
3.5476 
3.5526 

3.5578 
3.5632 
3.5688 
3.5747 
3.5808 

3.5871 
3.5936 
3.6003 
3.6072 
3.6142 

3.6214 
3.6287 
3.6362 
3.6437 
3.6514 

3.6591 
3.6670 
3.6749 
3.6829 
3.6909 

3.6990 
3.7071 
3.7152 
3.7234 
3.7316 

3.7398 
3.7480 
3.7562 
3.7643 
3.728 

3.7806 

Enthalpy Entropy 

(Gs(2—13,.>)) se 

RT, Rr 

pZ57, 24.0598 
5.2546 24.1467 
5.3835 24.2316 
5.5126 24.3154 
5.6417 24.3956 

SAUL 24.4750 
5.9005 24.5527 
6.0301 24.6289 
6.1599 24.7035 
6.2899 24.7767 

6.4200 24:8486 
6.5504 24.9191 
6.6809 24.9883 
6.8117 25.0563 
6.9427 25.1232 

7.0739 25.1890 
7.2053 2512587, 
7.3370 25.3173 
7.4689 25.3800 
7.6011 25.4417 

7.7335 25.5025 
7.8662 25.5625 
7.9992 25.6215 
8.1325 25.6798 
8.2660 25.7372 

8.3998 25.7939 
8.5339 25.8498 
8.6683 25.9050 
8.8030 25.9595 
8.9379 26.0133 

9.0732 26.0665 
9.2088 26.1190 
9.3446 26.1709 
9.4808 26.2222 
9.6172 26.2729 

9.7540 26.3231 
9.8910 26.3727 

10.0284 26.4217 
10.1660 26.4702 
10.3040 26.5183 

10.4423 26.5658 

multiply 
by 

1.98719 
0709305 
296774 

1.98588 
.0708837 



TABLE 257.—THERMAL PROPERTIES OF MOLECULAR NITROGEN 273 

(IDEAL GAS STATE) (concluded) 

Specific Specific 
heat Enthalpy Entropy heat Enthalpy Entropy 

Ce eg ee s° Cie s° 
°K R RT, Rk ike R RT, R 
800 3.7806 10.4423 26.5658 2900 4.4460 43.0145 31.9327 
850 3.8207 11.1380 26.7962 2950 4.4503 43.8287 32.0088 
900 3.8596 11.8409 27.0156 3000 4.4545 44.6437 32.0836 
950 3.8970 12.5508 22259 3050 4.4585 45.4595 32.1573 

1000 3.9326 13.2674 27.4261 3100 4.4624 46,2759 32.2298 

1050 3.9664 13.9904 27.6188 3150 4.4663 47.0931 32.3013 
1100 3.9982 14.7193 27.8040 3200 4.4699 47.9109 32.3716 
1150 4.0281 15.4539 27.9824 3250 4.4735 48.7295 32.4409 
1200 4.0562 16.1939 28.1544 3300 4.4770 49.5486 32.5093 
1250 4.0825 16.9388 28.3206 3350 4.4804 50.3684 32.5766 

1300 41072 17.6883 28.4812 3400 4.4836 51.1888 32.6430 
1350 4.1303 18.4422 28.6366 3450 4.4868 52.0098 32.7085 
1400 41518 19.2002 28.7872 3500 4.4900 52.8314 32.7731 
1450 41720 19.9621 28.9333 3550 4.4930 53.6535 32.8368 
1500 4.1909 20.7275 29.0751 3600 4.4960 54.4762 32.8996 

1550 4.2086 21.4963 29.2128 3650 4.4988 55.2994 32.9617 
1600 4.2252 22.2682 29.3467 3700 4.5016 56.1232 33.0229 
1650 4.2408 23.0430 29.4769 3750 4.5044 56.9474 33.0834 
1700 4.2554 23.8206 29.6037 3800 4.5071 57.7722 33.1431 
1750 4.2692 24.6008 29.7273 3850 4.5097 58.5974 33.2020 

1800 4.2821 25.3834 29.8477 3900 4.5123 59.4231 33.2602 
1850 4.2943 26.1684 29.9652 3950 4.5148 60.2493 33.3177 
1900 4.3057 26.9554 30.0799 4000 4.5173 61.0759 33.3745 
1950 4.3166 27.7446 30.1919 4050 4.5197 61.9030 33.4306 
2000 4.3268 28.5356 30.3013 4100 4.5221 62.7306 33.4861 

2050 4.3365 29.3285 30.4083 4150 4.5245 63.5585 33.5409 
2100 4.3457 30.1232 30.5129 4200 4.5268 64.3868 33.5951 
2150 4.3544 30.9194 30.6152 4250 4.5290 65.2156 33.6487 
2200 43027) soledl7Z 30.7154 4300 4.5312 66.0448 33.7017 
2250 4.3705 32.5165 30.8135 4350 4.5334 66.8745 33.7541 

2300 4.3780 33.3172 30.9097 4400 4.5356 67.7045 33.8059 
2350 4.3852 34.1192 31.0039 4450 4.5377 68.5349 33.8572 
2400 4.3920 34.9225 31.0963 4500 4.5398 69.3657 33.9079 
2450 4.3985 35.7270 31.1869 4550 4.5419 70.1968 33.9581 
2500 4.4047 36.5327 31.2759 4600 4.5440 71.0284 34.0077 

2550 4.4106 37.3395 31.3631 4650 4.5460 71.8603 34.0569 
2600 4.4163 38.1473 31.4488 4700 4.5480 72.6927 34.1055 
2650 4.4218 38.9562 31.5330 4750 4.5500 73.5253 34.1536 
2700 4.4270 39.7661 31.6157 4800 4.5520 74.3583 34.2013 
2750 4.4320 40.5769 31.6970 4850 4.5540 75.1917 34.2484 

2800 4.4369 41.3886 31.7769 4900 4.5559 76.0255 34.2952 
2850 4.4415 42.2011 31.8554 4950 4.5579 76.8497 34.3415 
2900 4.4460 43.0145 31.9327 5000 4.5598 77.6941 34.3873 

Conversion factors 

To convert tabulated multiply 
value of to dimensions indicated below by 

(H°—E,°)/RTo cal mol" 542.821 
cal g* 19.3754 
joules g™* 81.0699 
Btu (1b mol) 976.437 
Btu lb7 34.8528 

SMITHSONIAN PHYSICAL TABLES 



274 TABLE 258.—THERMAL PROPERTIES OF MOLECULAR OXYGEN 

(IDEAL GAS STATE) 

Specific Specific 
heat Enthalpy Entropy heat Enthalpy Entropy 

Ging Cle) cs Capel aR ge 
ae R RT, Re °K R RT, R 

400 3.6212 5.1542 25.7140 
10 3.5424 222 12.7490 410 3.7322 5.2869 25.8036 
20 3.5145 2513 15.1937 420 3.6435 5.4201 25.8912 
30 3.5077 3798 16.5980 430 3.6550 5.5537, 25.9771 
40 3.5044 5081 17.6256 440 3.6668 5.6877 26.0612 

50 3.5029 6364 18.4116 450 3.6787 5.8222 26.1438 
60 3.5023 7646 19.0461 460 3.6907 5.9571 26.2248 
70 3.5019 8928 19.5837 470 3.7029 6.0924 26.3043 
80 3.5016 1.0210 20.0535 480 3.7151 6.2282 26.3823 
90 3.5015 1.1492 20.4656 490 3.7274 6.3644 26.4591 

100 3.5014 1.2774 20.8348 500 3.7396 6.5011 26.5345 
110 3.5013 1.4056 21.1684 510 3.7520 6.6382 26.6087 
120 3.5013 1.5337 21.4732 520 3.7643 6.7758 26.6817 
130 3.5013 1.6619 21.7534 530 3.7765 6.9138 26.7535 
140 3.5013 1.7901 22.0129 540 3.7887 7.0523 26.8242 

150 3.5013 1.9183 22.2545 550 3.8008 7.1912 26.8938 
160 3.5015 2.0464 22.4804 560 3.8129 7.3306 26.9624 
170 3.5017 2.1746 22.6927 570 3.8248 7.4704 27.0300 
180 3.5020 2.3028 22.8929 580 3.8366 7.6106 27.0966 
190 3.5025 2.4310 23.0823 590 3.8483 TANS, 27.1623 

200 3.5032 2.5593 23.2619 600 3.8599 7.8924 27-227 
210 3.5042 2.6875 23.4329 610 3.8713 8.0339 27.2910 
220 3.5056 2.8158 23.5959 620 3.8826 8.1758 27.3540 
230 3.5073 2.9442 23.7518 630 3.8937 8.3181 27.4162 
240 3.5095 3.0726 23.9011 640 3.9047 8.4609 27.4776 

250 Sol22 3.2012 24.0444 650 3.9155 8.6040 27.5383 
260 3.5155 3.3289 24.1822 660 3.9262 8.7476 27.5981 
270 3.5193 3.4586 24.3150 670 3.9367 8.8915 27.6572 
280 3.5238 3.5875 24.4430 680 3.9470 9.0358 27.7156 
290 3.5288 3.7166 24.5668 690 3.9571 9.1805 27.7733 

300 3.5344 3.8459 24.6865 700 3.9672 9.3255 27.8303 
310 3.5407 3.9754 24.8025 710 3.9770 9.4709 27.8867 
320 3.5476 4.1051 24.9150 720 3.9866 9.6167 27.9424 
330 355511 4.2351 25.0243 730 3.9961 9.7628 27.9974 
340 3.5631 4.3654 25.1305 740 4.0054 9.9093 28.0519 

350 SEVAIZ 4.4960 25.2340 750 40145 10.0561 28.1057 
360 3.5807 4.6269 25.3347 760 4:0235 s* 1012032 28.1589 
370 3.5902 4.8782 25.4329 770 4.0323 10.3507 28.2116 
380 3.6002 4.8898 25.5288 780 4.0409 10.4985 28.2637 
390 3.6105 5.0218 25.6224 790 4.0494 10.6466 28.3152 

400 3.6212 5.1542 25.7140 800 4.0577. 10.7950 28.3662 

Conversion factors 
To convert tabulated multiply 

value of to dimensions indicated below by 

Calin] Ken (On Gus) 1.98719 
CS Callcaamken (Orm Gan) .0620996 
R R joulese7 “Kis (or 7G) 259825 

Btu (1b mol) °R™ (or °F) 1.98588 
Btulbis oRe(Onheken) .0620587 

(continued ) 
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TABLE 258.—THERMAL PROPERTIES OF MOLECULAR OXYGEN 

(IDEAL GAS STATE) (concluded) 

Specific Specific __ 
heat Enthalpy Entropy heat Enthalpy 
Ge CH Bo) se ce (Hig ES) 

*K ET ® *K Re | ee 
800 4.0577 10.7950 28.3662 2900 4.7824 45.2601 
850 4.0970 =-:11.5414 28.6134 2950 4.7944 46.1366 
900 4.1327 12.2946 28.8486 3000 4.8062 47.0152 
950 41652 13.0541 29.0729 3050 4.8177 47.8961 

1000 4.1948 13.8193 29.2874 3100 4.8291 48.7790 

1050 4.2219 14.5896 29.4927 3150 4.8402 49.6640 
1100 4.2469 15.3647 29.6897 3200 4.8512 50.5509 
1150 4.2698 16.1442 29.8790 3250 4.8619 51.4398 
1200 4.2912 16.9278 30.0611 3300 4.8724 52.3307 
1250 AS22775 30.2367 3350 4.8827 53.2236 

1300 4.3300 18.5059 30.4062 3400 4.8929 54.1183 
1350 4.3479 = 19.3002 30.5700 3450 4.9028 55.0148 
1400 4.3651 20.0976 30.7284 3500 4.9125 55.9130 
1450 4.3815 20.8981 30.8819 3550 4.9220 56.8132 
1500 4.3975 21.7016 31.0307 3600 4.9312 57.7150 

1550 4.4130 22.5080 31.1751 3650 4.9403 58.6183 
1600 4.4282 23.3171 31.3155 3700 4.9491 59.5233 
1650 4.4431 241290 31.4519 3750 4.9578 60.4301 
1700 4.4578 24.9437 31.5848 3800 4.9662 61.3384 
1750 4.4724 25.7609 31.7142 3850 4.9744 62.2482 

1800 4.4868 26.5809 31.8404 3900 4.9825 63.1594 
1850 45011 27.4036 31.9636 3950 4.9903 64.0721 
1900 4.5153 28.2288 32.0838 4000 4.9979 64.9862 
1950 4.5295 29.0565 32.2013 4050 5.0054 65.9022 
2000 4.5436 29.8869 32.3161 4100 5.0126 66.8193 

2050 4.5576 30.7198 32.4285 4150 »-U197 = %67-7371 
2100 4.5715 31.5554 32.5385 4200 5.0265 68.6561 
2150 4.5854 32.3935 32.6462 4250 5.0332 69.5765 
2200 4.5993 33.2341 32.7518 4300 5.0397 70.4983 
2250 4.6130 34.0771 32.8553 4350 5.0460 71.4217 

2300 4.6267 34.9227 32.9568 4400 5.0521 72.3461 
2350 4.6404 35.7709 33.0565 4450 5.0580 “732715 
2400 4.6540 36.6217 33.1543 4500 5.0638 74.1976 
2450 4.6674 37.4747 33.2504 4550 5.0693 75.1246 
2500 4.6808 38.3302 33.3449 4600 5.0746 76.0528 

2550 4.6940 39.1882 33.4377 4650 5.0797 76.9827 
2600 4.7071 40.0487 33.5289 4700 5.0847 77.9135 
2650 4.7200 40.9114 33.6187 4750 5.0896 78.8445 
2700 4.7328 41.7765 33.7071 4800 5.0943 79.7760 
2750 4.7454 42.6440 33.7940 4850 5.0987 80.7086 

2800 4.7579 43.5138 33.8796 4900 5.1028 81.6423 
2850 4.7703 44.3858 33.9640 4950 5.1068 82.5770 
2900 4.7824 45.2601 34.0470 5000 5.1109 83.5122 

Conversion factors 
To convert tabulated multiply 

value of to dimensions indicated below by 

H°—E,° cal mol eee 
cal g* .9632 

Rls joules g” 70.9742 
Btu (1b mol) 976.437 
Btu Ib 30.5137 

209 

Entropy 

Se 

R 

34.0470 
34.1289 
34.2096 
34.2891 
34.3675 

34.4449 
34.5212 
34.5965 
34.6708 
34.7442 

34.8166 
34.8881 
34.9587 
35.0285 
35.0974 

35.1654 
35.2327 
35.2992 
35.3649 
35.4299 

35.4941 
35.5576 
35.6204 
35.6826 
35.7441 

35.8049 
35.8650 
35.9245 
35.9835 
36.0418 

36.0995 
36.1566 
36.2132 
36.2691 
36.3246 

36.3794 
36.4338 
36.4876 
36.5410 
36.5938 

36.6461 
36.6980 
36.7493 
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TABLE 259.—CRITICAL TEMPERATURES, PRESSURES, AND DENSITIES 

OF GASES ** 

Critical Critical Critical 
temperature pressure density 

Substance (0°C) (kg/cm?) (g/cm) 

ANCSENIGNE Gopcoddoceace 36 62 ‘23)1 
TQGiO aig ded te 28 4 Seams —140.7 Se ESOn ola: 
Alcoholy(CsbicO) i w.4 sae 243.1 63.1 2755 
Alcohol (GH.O)) seaesere 240.0 78.7 272 
AlliVleney cus tetris © cicreet 128 510% 58:0 
INSUENOINE,. wad saben buen 132.4 115.5 £235 
IES TACT OER, See a ——122 49.7 POS 
Benzene. aeerncie «ne 288.5 AT ee 304 
BOmiIne® scopeaeinere late 302 Bey. 1.18 
{SOsButane: wee hey 134 37 Sone 
NISutanen eevee. dee 153 36 Ae 
Garbonkdioxides..... +... 31.1 9 46 
Carbon disulfide ....... 273 76 ey 
Carbon monoxide ....... —139 36.2 311 
Ghlorines Seven: aeae 144.0 78.7 573 
Ghionotonme seen cece 263 Mee 516 
Gyanogen .a.0UE i those 128 59 
thane eos sews be kse 32.1 48.8 PANT 
Ether a(ethyl)janccn Jone 193.8 35.5 2625 
Ethylechloridege a. ere 187.2 52 33 
thivlene,. . 3 saxtenr ac ch te 9.7 50.9 2159 
Heliuimigs. +3 ite oe —267.9 2.34 0693 
Hivdrogen Basses. os cee: —239.9 13.2 .0310 
Hydrogen bromide ..... 90 84 sis 
Hydrogen chloride ..... 51.4 84.5 42 
Hydrogen iodide ....... 151 82 Biss 
Hydrogen sulfide ....... 100.4 92 
lodines ts. 14 tet shee 553 sag pee 
Kony pton ssn deette saben —63? 56? 78? 
IMIGCIIAY Gomme CO aE Comoe: 1460+20 164050 aS 
Methane yt, 2 at tier: tetee —82.5 47.4 162 
Methyl chloride ........ 143.1 65.8 Fone 
INeoneert: oS ee ae 228.7 26.8 .484 
INItGIcnoxidemearae see ce —94? 65 yee 
Nitrogen” <4 3256. eck —147.1 34.7 3110 
INitrOUSTOXIde so. 4ece ce ee 36.5 71.7 45°? 
Oxy cen <5 Radios foe —118.8 51.4 .430 
Bhosgener if Sacto kts 182 56 54 
Propaneren.«5 aeiecin seek 95.6 43 webs 
RAG One. . ferme asene 104 64.1 
Silicon hydride... . 4. os —3.5 49.7 
Sutter nee 1040 ae Scat 
Sulfur dioxidelsy.... 4.6: 157.2 80.1 525 
Sulttipetrioxidemt eens 218.3 86.5 .630 
Waters =. Seer ee 374.0 224.9 4 
MENG ech secs deh 16.6 60.2 1.155 

** For reference, see footnote 45, p. 136. 
* Plait point. 7 Critical point of contact. 
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TABLES 261-267—THE JOULE-THOMSON EFFECT IN FLUIDS #* 

The Joule-Thomson effect is defined as the ratio of the change in tempera- 
ture to the drop in pressure of a fluid driven by the drop in pressure through 
a porous partial blockage in the fluid flow tube. The space between the reading 
thermometers on each side of the porous obstruction is to be isolated as to 
exchange of heat energy but not as to work energy. Nor must the fluid gain a 
significant amount of directed kinetic energy between the thermometers. Under 

dt 
ae where h=u—pv= 

enthalpy, and since » 1s a function of both ¢ and: p, the steps are preferably 
represented as infinitesimals. Since Ap is always negative, » is positive when 
At is negative. For all the gases yet measured, p is zero along a line in the 
tp plane called the inversion line. 

these circumstances the Joule-Thomson effect, p= 

* The material on the Joule-Thomson effect was supplied by J. R. Roebuck, of the Uni- 
versity of Wisconsin. 

TABLE 261.—THE JOULE-THOMSON EFFECT ON AIR (WATER AND CARBON 

DIOXIDE FREE) ® 

# as a function of t and p, t in °C, p in atm, w in °C/atm. 

p/t 0° 255 50° 753 100° 125° 150° 200° 250° 280° 
1 atm 2746 =©.2320 Ss .1956—S(i«1614—s( «1355S £1140) 0961 = 0645S «0409 )~=—s 0303 
7 2577 t2iv3q alss0 @ 1508 « 1258 =).1060. 10883 _ 10580" 0356) W255 
Gor 2200). 1852" *si57t = 11295 1062 -*.0886 0732 = 0453" — 0254 {0162 
LON 182246 .1550° “=1310)" .1087 0884 0731 .0600 .0343 0165 .0073 
140 “ 1446 .1249 1070 .0889 0726 0599 .0482 .0250 .0092 +.0008 
180 “ 1G97 . 0959 — 0829" ' .0707 0580 =.0474 = 0376 = 0174. +.0027 —.0058 
220)" 0795 .0697 0609 .0536 0449 .0366 .0291 .0116 —.0025 —.0111 

b/t —150° —140° —120° —100° —75° —50° —25° 0° 
1 atm 1.0755 .7370 9895 4795 3910 S228 .2745 

208s 1.0240 155 .5700 64555 3690 .3010 .2580 
400% .0710 .4600 6945 9370 4235 3480 .2805 .2375 
GOL .0450 1125 .5150 -4820 3835 3195 .2610 .2200 
8Oee" 0295 .0685 .2855 3900 3360 .2830 .2385 .2105 

100 ‘ 0185 .0440 1535 LES) .2880 .2505 .2130 .1820 
10“ +.0045 0265 .0940 1955 52520 .2165 .1905 .1620 
140 —.0070 .0120 .0590 .1360 1855 1825 .1650 .1450 
NeOw * —.0145 +.0015 .0375 .0950 1435 1525 .1420 1250 
180." “* “—.0255 —.0115 .0200 .0655 1136 1270 .1240 .1100 
200%" * —.0330 —.0205  -+.0080 0440 .0855 .1065 .1090 .0950 
220" “ —.0405 —.0290 —.0030 .0265 .0630 .0880 .0950 0825 

83 Proc. Amer. Acad. Arts and Sci., vol. 60, p. 535, 1025; vol. 64, p. 287, 1930 (both corrected). 

TABLE 262.—THE JOULE-THOMSON EFFECT ON HELIUM * 

# as a function to t (and independent of pressure up to 200 atm), ¢t in °C, w in °C/atm. 

—pux 10° 22 t?C = =——pnx10? t°C = =—=—px 102 t?C = =9§— x 10° t°C =—=—pnx 10? 

300 5.97 150 6.45 50 6.31 — 50 6.05 —155 5.03 

250 6.29 100 6.38 25 6.24 —100 5.84 —180 4.12 

200 6.41 75 6.35 0 6.16 —140 5.40 3.80 

81 Phys. Rev., vol. 43, p. 60, 1933 (corrected). 
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TABLE 263.—THE JOULE-THOMSON EFFECT ON ARGON ® 279 

# as a function of t and f, t in °C, p in atm, uw in °C/atm. 

t/p 1 atm 20 60 100 140 180 200 

300° 0643 0607 0530 0445 0370 0370 0276 
250 0980 0910 0785 .0665 0555 0485 0468 
200 1377 1280 1102 .0950 0823 0715 0675 
150 1845 1720 1485 1285 1123 0998 0945 
125 2105 1980 1707 .1480 1300 1153 1100 
100 2413 2277 1975 PATS 1490 1320 1255 
75 2695 2507 2285 1993 1710 1505 1415 
50 3220 3015 2650 .2297 1947 1700 1580 
25 3720 3490 3077 .2628 2213 1850 1745 
0 4307 4080 3600 .3010 2505 2050 1883 

— 25 5045 4805 4210 3460 2763 2140 1950 
— 50 5960 5720 4963 .3970 2840 2037 1860 
— 75 .7100 .6895 9910 4225 .2480 1537 “1205 
— 87.5 7780 .7610 6450 3910 .1903 1027 0773 
—100 .8605 8485 .6900 .2820 A137 0560 0395 
—112.5 .9680 .9560 6530 .1240 0515 +.0198 +.0087 
—125 1.112 1.102 1250 +.0415 +.0090 —.0100 —.0165 
—137.5 1.333 1.342 +.0210 —.0020 —.0203 —.0350 —.0402 
—150 1.812 —.0025 —.0277 —.0403 —.0595 —.0640 
—160 2.385 
—170 3.017 

85 Phys. Rev., vol. 46, p. 785, 1934 (corrected). 

TABLE 264.—THE JOULE-THOMSON EFFECT IN NITROGEN ® 

w as a function of ¢ and #, t in °C, p in atm, w in °C/atm. 

t/p 1 atm 20 SBS) 60 100 140 180 200 

300°C ~—-.0140 .0096 0050 —.0013 —.0075 —.0129 —.0160 —.0171 
250 0331 .0256 0230 +.0160 +.0071 +.0009 —.0037 —.0058 
200 .0558 0472 .0430 .0372 .0262 0168 +.0094 +.0070 
150 .0868 .0776 .0734 .0628 0482 .0348 .0248 0228 
125 .1070 0973 .0904 .0786 0621 .0459 0347 0326 
100 1292 1173 .1100 0975 .0768 .0582 0462 .0419 
75 .1555 1421 .1336 1191 0941 .0740 0583 .0543 
50 1855 .1709 1621 .1449 1164 0915 .0732 .0666 
25 AAW .2060 1961 1729 .1400 1105 .0874 0779 
0 .2656 .2494 .2377 .2088 .1679 1316 1015 .0891 

— 25 3224 3013 .2854 .2528 .2001 .1506 1101 0932 
— 50 3968 3734 3467 3059 2332 .1676 1120 .0909 
— 75 .5033 .4671 4318 3712 2682 1735 .1026 .0800 
— 87.5 .9710 5247 4854 .4096 .2808 1619 0933 .0733 
—100 6490 5958 5494 .4506 .2754 1373 .0765 0587 
—112.5 7430 6841 .6208 4923 2254 .0932 .0488 .0346 
—125 8557 7948 7025 .4940 1314 0498 +.0167 +.0032 
—137.5 .9972 9364 .7964 .2364 0638 +.0177  —.0181 —.0175 
—150 1.2659 1.1246 .1704 0601 +.0202 —.0056 —.0211 —.0284 
—160 1.6328 +.0724 +.0311 +4.0068 —.0088  —.0175 —.0263 —.0315 
—170 2.0048 —.0108 —.0382 
—180 2.3923 

86 Phys. Rev., vol. 48, p. 45, 1935 (corrected). 
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TABLE 265.—THE JOULE-THOMSON EFFECT ON MIXTURES OF HELIUM 

250 
200 
150 
100 
50 
0 

— 50 
—100 

AND ARGON (xu x 10?) 

# as a function of ¢ and p, t in °C, p in atm, uw in °C/atm. 

1 

—5.83 
5:55 

Mixture No.-1; He 75.8 percent, A 24.2 percent 
20 60 100 1 0 40 

—5.95 —6.15 —6.37 —6.56 
5.66 5.90 6.13 6.34 
5.24 5.52 5.77 5.99 
4.61 491 5.18 5.45 
3.76 4.08 4.40 4.68 
257, 2.92 3.30 3.65 

— .92 —1.32 —1.75 DH| 
+2.82 +1.87 + .79 — 14 

Mixture No. 2; He 50.6 percent, A 49.4 percent 

—3.19 —3.65 —4.04 —4.21 
2.07 2.71 O15 3.40 

— 6/ —1.50 2.01 2232 
+1.15 + 11 — .59 —1.01 

3.66 237 +1.39 + .70 
7.20 5.51 4.12 2.96 

12.61 10.27 8.14 6.28 
+17.79 +14.17 +10.36 

Mixture No. 3; He 33.5 percent, A 66.5 percent 

+ 7/2 — 38 —1.03 —1.48 
2.32 525 tievasiva) 028% 1g 
4.41 3.23 222 +1.41 
7.10 5.69 4.55 3.63 

11.28 9.40 WAS 6.32 
17.18 14.43 12.05 9.88 
25.82 21.93 17.96 13.83 
41.15 34.30 27.20 IES5 

Mixture No. 4; He 16.6 percent, A 83.4 percent 

Sal 3.85 2.70 1.90 
7.63 6.05 4.75 3.85 

10.80 8.95 7.45 6.10 
14.50 12.60 10.80 9.05 
20.10 E75 15.35 13.00 
28.49 25.00 MLS) E35 
41.80 36.15 30.10 22.90 
66.10 51.00 29.95 19.75 

87 Journ. Chem. Phys., vol. 8, p. 627, 1940. 

TABLE 266.—THE JOULE-THOMSON EFFECT IN CARBON DIOXIDE ® 

# as a function of ¢ and pf, t in °C, p in atm, w in °C/atm. 

t/p 

300 
250 

88 Journ. Amer. Chem. Soc., 

l atm 

.2650 
3075 
3770 
.4890 
.5600 
6490, 
6900 
7350 
7855 
8375 
8950 
9575 

1.0265 
1.1050 
1.1910 
1.2900 
1.6500 
2.4130 

20 

2425 
.2885 
REY A) 
4695 
5450 
£6375 
6785 
7240 
7750 
8325 
8950 
9655 

1.0430 
131355 
1.2520 
1.4020 
.0000 

—.0140 
—.0200 

60 

.2080 

.2625 
3400 
4430 
5160 
.6089 
650) 
.6955 
7465 
8060 
.8800 
.9705 

1.0835 
1435 
0720 
.0370 

—.0028 
—.0150 
—.0200 

73 

.2002 

.2565 
3325 
4380 
.5068 
5920 
£6309 
6725 
7175 
7675 
8225 
8769 
.2870 
1075 
.0578 
.0310 

—.0039 
—.0165 
—.0232 

100 140 

.1700 

.2235 

.2890 

.3760 

.4130 

.4320 
4290 
.4050 
3505 
2625 
1720 
1075 
.0678 
.0420 
.0235 
0115 

—.0062 
—.0183 
—.0240 

180 

.1540 

.2045 

.2600 
3102 
3230 
.3000 
.2738 
.2343 
1875 
1405 
1025 
0723 
0495 
.0320 
018? 
.0085 

—.0080 
—.0228 
—.0250 
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vol. 64, p. 400, 1942. 

200 

.1505 
1975 
.2455 
.2910 
2915 
2500 
.2300 
.1960 
.1600 
1245 
.0930 
.0660 
.0445 
0272 
0142 
.0045 

—.0115 
—.0248 
—.0290 
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TABLE 267.—THE JOULE-THOMSON EFFECT IN MIXTURES OF HELIUM 

AND NITROGEN (xu x 10’) ® 

# as a function of ¢ and p, t in °C, p in atm, w in °C/atm. 

t°C/p 1 atm 

250 —6.95 
200 6.52 
150 6.03 
100 5.44 
50 4.67 
0 3.62 

— 50 —1.98 
—100 41.01 
—125 3.61 

250 —4.98 
200 3.80 
150 2.43 
100 '83 
50 41.25 
0 4.06 

B50 8.28 
200875 13.44 

250 24 
200 96 
150 +81 
100 3.07 
50 6.20 
0 10.62 

= 50 18.00 
221875 27.53 

250 oe 27 
200 2.25 
150 4.54 
100 7.57 
50 11.77 
0 17.97 

215 () 28.52 
mh 375 42.02 

20 60 100 140 

Mixture No. 1; He 75.5 percent; No 24.5 percent 

—6.90 —6.84 —6.83 —6.80 
6.51 6.53 6.53 6.53 
6.10 6.20 6.21 6.22 
5.58 5.76 5.83 5.85 
4.84 5.18 5.28 5.36 
3.79 4.22 4.46 4.61 

—2.19 2.72 Sells 3.55 
+ .52 — .33 —1.13 —1.96 

Lf fle +1.45 + .23 1.02 

Mixture No. 2; He 51.0 percent; No 49.0 percent 

—4.93 —5.06 —5.06 —5.08 
3.84 4.14 4.39 4.58 
2.60 3.10 3.54 3.88 
1.07 1.74 2.40 2.95 

+ .89 + .06 86 1.63 
3.50 2.50 +1.22 + 14 
7.42 5.96 4.00 2555 

11.83 9.37 6.75 4.78 

Mixture No. 3; He 33.2 percent; No 66.8 percent 

—2.51 —3.12 —3.69 —3.93 
27, 1.92 2.65 2.94 

+ .38 39 1.28 1.65 
2.59 +1.52 + 51 .20 
5.49 4.10 2.83 +1.80 
9.66 7.60 5.99 4.34 

16.31 12.91 10.22 7.68 
24.74 19.14 14.75 10.80 

Mixture No. 4; He 16.6 percent; N» 83.4 percent 

Sew) = 8) eID 205 
+1.78 + .78 06 WP 

4.03 2.76 +1.61 + .78 
6.86 SEZ 4.00 2.78 

10.88 8.87 Ail 5.38 
16.77 14.04 11.30 8.59 
26.18 21.46 16.80 12.56 
37.86 28.95 21.75 15.89 

8 Journ. Amer. Chem. Soc., vol. 60, p. 341, 1938 (corrected). 
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282 TABLES 268-280.—COM PRESSIBILITY 

TABLE 268.—COMPRESSIBILITY OF LIQUIDS ” 

Part 1.—Relative volumes 

Ethyl alcohol Isobutyl alcohol n-Proply alcohol Amy] alcohol Ethyl iodide 
P C.HsO sHo Ether (C2Hs5)20 3H7 CsH;,0OH oHs 

atm 20°C 80°C AVE 80°C 20°C 80°C 20°C 80°C 20°C 80°C. 20°C 80°C 

1 1.0212 1.0934 1.0195 1.0880 1.0315 — 1.0173 1.0865 1.0181 1.0814 1.0214 1.0935 
500 .9782 1.0319 .9740 1.0262 .9668 1.0369 .9770 1.0305 .9788 1.0288  .9774 1.0351 

1000 .9479 .9922 .9470 .9883 .9337 .9874 .9483 .9913 .9511 .9915 .9475 .9946 
2000 .9059 .9380 .9078 .9385 .8850 .9189 9124 .9424 9138 .9427 .9070 .9397 
3000 8760 .9025 .8798 .9052  .8503 .8776 .8876 .9120 .8869 .9110 .8777 .9034 
4000 .8517 .8756 .8575 .8802 .8246 .8481 .8677 :.8893 .8658 .8877 8555 .8760 
6000 .8149 .8354 .8242 .8433 .7883 .8070 .8365 .8548 .8348 .8531 .8207 .8381 
8000 .7888 .8061 .8001 .8181 .7613 .7779 8138 .8301 .8116 .8273 .7937 .8099 

10,000 .7671 .7830 .7802 .7976 .7380 .7535 .7958 .8114 .7918 .8060 .7725  .7877 
12,000) ~ :7485. 27648 °876310".7799 Ye7i78 27826) = .7814 27952) 67754. 7902) 9.7554 27706 

Phosphorus tri- Methyl alcohol Ethyl chloride Carbon disulfide Ethyl bromide Acetone 
P chloride PCls CH;,0H C.Hs5Cl CS. efip Dr (CHs3) 2 co 

atm 20°C 80°C 20°C 80°C ZOE 80°C 20°C 80°C 202E 80°C 202°C 80°C 

1 1.0234 1.1039 1.0238 1.1005 =<) =>" 1,023510092 jOeyer --peip27en = 
500 .9852 1.0443 .9811 1.0400: .9696 1.0358 .9854 1.0458  .9776 — 9818 — 

1000 .9577 1.0040 .9494 .9993 .9253 .9797 9567 1.0061 .9460 .9988  .9526 1.0082 
2000 .9184 .9531 .9064 .9429 8749 9128 9151 .9525 .9022 .9381 .9076 .9467 
3000 .8902 .9192 8763 .9065 .8415 .8715 .8852 .9154 .8714 .9020 .8748 .9073 
4000 .8679 .8933 .8523 .8782 .8167 .8422 .8620 .8870 .8479 .8742 8504 .8786 
6000 .8348 .8561 .8163 .8381 7796 .8008 .8265 .8468 .8131 .8339 .8143 .8370 
8000 .8105 .8292 .7907 .8102 7533 .7728 .7990 .8188 .7868 .8056 .7866 .8066 

10,000 .7902 .8077 .7696 .7875 7320 .7501 .7774 .7962 .7656 .7825 freezes .7821 
12000) 77417898 7527-7709 7148 .7301 .7609 .7758 .7495 .7648 , 7617 

Part 2.—g = (1/V.) (dV /dP) 

Compres- Compres- 
sibility sibility 

per per 
Pressure mega Pressure mega 
mega- baryes mega- baryes 

Substance Temp °C baryes Bx 104 Substance Temp °C baryes x 108 

Benzene ...... 17 5 89 Mencury 288.boes a: 22 1,000 3.91 
20 200 77 22 12,000 2.37 
20 400 67 Oils: almond wre..o- 15 5 53 

Chloroform ... 20 200 83 CASOP sascese 15 5 46 
20 400 70 linseed ....... 15 5 51 

Glycerine ..... 15 5 22 Olive. a aot seein 15 5 55 
Kerosene ..... 20 500 55 rapeseed ..... 20 — 59 

20 1,000 45 Toluene; ....::- 350058 20 200 74 
20 12,000 8 20 400 64 

Mencunys acer 20 300 3.95 Turpentine)... eee. 20 — 74 
22 500 3.97 

0 Bridgman, P. W., Proc. Amer. Acad. Arts and Sci., vol. 47, p. 345, 1911; vol. 48, p. 309, 1912; vol. 
49, p. 3, 1913. 
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TABLE 269.—RELATIVE VOLUMES OF TABLE 270.—RELATIVE VOL- 

WATER FOR DIFFERENT UMES OF ETHER FOR DIF- 

PRESSURES ™ FERENT PRESSURES" 

Temperatures Temperatures 
Pressure Pressure —_—_—_— 
kg/cm? 0°c SOG S526 kg/cm? 30°C SAG 

0 1.0000 0) 1.0495 
500 .9771 500 9761 

1,000 9567 9741 .9984 1,000 .9364 
1,500 .9396 9582 9812 1,500 9085 
2,000 .9248 .9439 .9661 2,000 8858 
3,000 .8996 .9201 .9409 2,500 8671 .8909 
4,000 8795 .8997 9194 3,000 8511 8726 
5,000 .8626 8824 .9009 4,000 8255 8446 
6,000 .8668 .8849 5,000 8055 8225 
7,000 8530 8705 6,000 7888 8038 
8,000 8407 8577 7,000 7742 7884 
9,000 8296 8461 8,000 .7616 7747 

10,000 8192 8352 9,000 7504 .7629 
11,000 8256 10,000 7399 7519 

11,000 7305 7418 
12,000 7225 7329 

®1 Bridgman, P. W., Proc. Amer. Acad. Arts and Sci., vol. 66, p. 219, 1931. 

TABLE 271.—COMPRESSIBILITY OF SOLIDS 

If V is the volume of the material under a pressure P megabaryes and Vo is the volume 
at atmospheric pressure, then the compressibility B—=—(1/Vo) (dV/dP). Its unit is 
cm’/megadynes (reciprocal megabaryes). 10°/8 is the bulk modulus in absolute units 
(dynes/cm’*). The following values of 8, arranged in order of increasing compressibility, 
are is P =0 and room temperature. 1 megabarye = 10° dynes/cm’? = 1.020 kg/cm? = 
0.987 atm. 

Compression Compression 
per unit Bulk per unit Bulk 
vol. per modulus, vol. per modulus, 

megabarye dynes/ megabarye dynes/ 
Substance x 106 cm? x 1012 Substance x 108 cm? x 1012 

MIMeSter pees cee .27 3.7 Galllitimyy sseaee eee 2.09 48 
BORON fie ere eer n3 3.0 Cadmium eee ok 2.17 46 
Silicone ya ee 32 3.1 Platenglass) sen. eee 2.23 45 
Pasting Séesuecese 38 2.6 Weadu cece ome eee 2.27 44 
Nites Se Roe 43 23 Sehalliuminse cmos 2.3 43 
Molybdenum ....... 46 2.2 Antimony, caeeee cc 2.4 42 
Waynwhotin soeedcoooe .53 1.9 OQURRIB cossoavsocac 27, 37 
Palladian sare sees 54 1.9 Magnesium ........ 2.9 34 
Cohaltwmee eek, fc.cc08 255 1.82 Bismuth nee 30 433 
INichromes tran). .468 56 1.79 Graphite .....8botes 3.0 133 
ROM, Pes, Pt acon .60 1.67 SWHEA FIRES souscace Sel 02 

Goldaircsces-teck cee .60 1.67 INGSENIC. 5... cee 4.5 22 
PN ten. ect ciate 7, 1.4 CANSTERN Gooocccuo0c 5.7 aS 
Copper -. aad. 88 75 ESS Strontiumlese eee 8.4 120 
Manganese ........ 84 1.19 Phosphorus (red) .. 9.2 109 
Brasste ct tome 89 1eIZ Seleniummmeeee ies 12.0 083 
Chromium eee. 9 1AZ CORE rye os eee 120 083 
Silvieme a ene koe 99 1.01 Sulit <..cccee eine 12.9 .078 
Mg. silicate, crys... 1.03 91 liodinews2eetsee ear 13.0 077 
Mexisilicateles)ys07 ILA 82 Sodiumpassccce eee 15.6 .064 
Atminum) pace ee ee 1233 Js Harderubber e....- 19.4 
Galcitey -. 38%. 5... 1.39 72 Phosphorus (white). 20.5 .049 
Tain’ 83.5. th. foo 1.89 53 
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TABLE 272.—COMPRESSIBILITY AND THERMAL EXPANSION OF 

PETROLEUM OILS” 

It was found that the compressibility and thermal expansion of two samples of the same 
specific gravity, but from different sources, differed more than 30 percent at the higher 
temperatures, whereas oils of the same specific gravity and the same viscosity had the same 
compressibility and thermal expansion within rather narrow limits. In other words, with a 
knowledge of the specific gravity and viscosity of the oils, it was possible to represent all 
the measured volumes within less than .5 percent over the entire range of temperature 
and pressure covered by the measurements. 

Kinematic 
viscosity 

.020 
““c 

“ce 

oe 

210°F, cgs 60°/60°F kg/cm? 

.100 

82 Jessup, R. S., Nat. Bur. Standards Journ. Res., vol. 5, p. 985, 1930. 
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Specific 
gravity Pressure 

100°F, cgs 60°/60°F kg/cm? 

80 0 
“ 50 

85 0 
“cc 50 

90 0 
“cc 50 

80 0 
6s 50 

85 0 
“ 50 

.90 0 
“cc 50 

85 0 
“ 50 

95 0 
“ 50 

85 0 
“ 50 

95 0 
“ 50 

85 0 
6“ 50 

99 0 
6 50 

85 0 
“c 50 

95 0 
“ 50 

85 0 
ce 50 

95 0 
“ 50 

.90 0 
“ 50 

95 0 
sé 50 

1.00 0 
“c 50 

.90 0 
“cc 50 

1.00 0 
“ 50 

90 0 
“ 50 

1.00 0 
“cc 50 

90 0 
“c 50 

1.00 0 
“ 50 

20° 

1.018 
1.014 
1.017 
1.014 
1.017 
1.013 

1.017 
1.013 
1.016 
1.013 
1.016 
1.012 

1.016 
1.012 
1.015 
1.012 

1.015 
1.012 
1.014 
1.012 

1.015 
1.012 
1.014 
1.01) 

1.014 
1.011 
1.014 
1.011 

1.014 
1.011 
1.013 
1.011 

20° 

1.014 
1.011 
1.014 
1.011 
1.014 
1.011 

1.014 
1.011 
1.013 
1.011 

1.013 
1.011 
1.012 
1.010 

1.013 
1.010 
1.012 
1.010 

50° 

1.045 
1.041 
1 044 
1.040 
1.043 
1.038 

1.043 
1.038 
1.041 
1.037 
1.040 
1.036 

1.040 
1.036 
1.038 
1.034 

1.038 
1.034 
1.036 
1.033 

1.037 
1.034 
1.035 
1.032 

1.036 
1.033 
1.035 
1.032 

1.035 
1.032 
1.034 
1.031 

50° 

1.036 
1.032 
1.035 
1.032 
1.034 
1.031 

1.035 
1.031 
1.033 
1.030 

1.034 
1.031 
1.032 
1.029 

1.033 
1.030 
1.031 
1.028 

100° 

1.096 
1.089 
1.093 
1.086 
1.090 
1.084 

1.089 
1.083 
1.087 
1.081 
1.084 
1.078 

1.083 
1.078 
1.079 
1.074 

1.078 
1.073 
1.074 
1.070 

1.076 
1.071 
1.073 
1.068 

1.075 
1.070 
1.071 
1.067 

1.073 
1.068 
1.069 
1.065 

100° 

1.074 
1.070 
1.071 
1.067 
1.070 
1.066 

1.072 
1.067 
1.067 
1.064 

1.070 
1.066 
1.066 
1.063 

1.068 
1.065 
1.063 
1.060 

Relative volumes 

200° 

1-222 
1.205 
1.213 
1.197 
1.204 
viol 

1.202 
1.189 
1.194 
1.182 
1.188 
1.176 

1.185 
1.174 
1.174 
1.164 

1.170 
1.161 
1.161 
E152 

1.165 
1.157 
1157 
1.149 

1.162 
1.153 
1.153 
1.145 

ey 
1.149 
1.148 
1.141 

200° 

1.161 
1.152 
1.154 
1.147 
1.149 
1.142 

1155 
1.147 
1.144 
1.137 

1.151 
1.143 
1.140 
1.134 

1.146 
1139 
1.134 
1.128 

300° 

1.422 
1.370 
1.396 
352 
1.375 
1.337 

1.369 
IPaS3 
1.349 
1.318 
RSs 
1.304 

1.325 
1.299 
1.297 
1.276 

1.289 
1.269 
1.269 
1.252 

1.279 
1.260 
1.261 
1.244 

1.270 
1.253 
1.254 
1.239 

1.261 
1.245 
1.244 
1.229 

300° 

1.269 
1252 
1.256 
1.241 
1.247 
1.232 

1.258 
1.241 
230 
1.223 

1.248 
1.234 
1.228 
1.214 

1.241 
1225 
1.218 
1.205 
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TABLE 273.—COMPRESSIBILITY OF THE ELEMENTS 285 

—AV /V. = aP — bP®, where P is in bars (10° dyne/cm’*) and Vo is the volume at 1 atm 
Pressure range, 1—12,000 bars unless otherwise noted. 

a = Bo = initial compressibility. See also Table 271. 
and 30°C (or room temp.). 

Element 

Aluminum 
Arsenic 
Beryllium 
Bismuth 
Boron 
Cadmium (20°C) 
Carbon (diamond) (25°C) .... 
Carbon (graphite) (20°C) ... 
Cerium (below 4000 bars) ... 
Chromium 
Cobalt 
Copper 
Germanium 
Goldesthe sy co Sen ee: 
Va imitumie Girone care aoe tee 
Iodine (20°C to 500 bars).... 
Iridium 
Ii onthe ys eee lee eS eM 
Lanthanum 
Magnesium 
Manganese 
Molybdenum 
Nickel 
INO Dia ee 0.825 «hd Rec 
Palladium 
Platinum 
Rhodium 
Iuthenitimiesses Cee. seks 
Silicon (20°C to 500 bars).... 
Silvana ito eens Semmes 20d La ta = 
Tantalum 
Thallium 
Thorium 
Titanium 
Tungsten 
Vanadium 
Zinc 

elevjeie.e:ele/ eee; eiletee le; slis 

Sago Coo cone te OCHO 

ay os ¢) a» 9 )e. e « (0) ehejlele tee 

CY 

ee) 

shee se, 6 le see) s,.0, eye jaite tes 

a ey 

pyle) ie. (eo 10 fojelie sis <e, c efeleud 6 

i, (elle, (si. ede) e, si eile. le) (ese: e}(e)ielie} ie 

a) (oj.e) '6),0]\0) e118 01 © ee |= (© 0 (0\ 0, 0) 0, e)ishelie)\e 

SECEU CLOG) ci stacatcsn cite losers 
Manganin (20°C) 

Element 

Phosphorus 
red 

Phosphorus 
black 

Mercury (liquid) 
Gallium (solid) 

(liquid ) 

*—AV/Vo. 

ed 

Ce 

2) (s|\e}\e| e//e ee «)'s\/e)'0/¢ 

3026 

bx 1012 ax107 

4.9 13.98 

fas, 8.06 
22 30.44 

8 a 

—169 45.88 
9 5.37 
8 5.54 

1.6 7.44 
48 14.63 
2.0 5.77 
1.1 8.94 

0 2.82 
83 6.007 

13.9 35.65 
LYS 30.02 
4.2 8.20 

— 3 3.64 
9 5.41 
9 5.85 
9 5:37. 
5) 3.67 

15 SHS 
1.7 SH 

Sh// 10.20 
—1.1 4.98 
— 37.4 
12.0 18.78 

= I15 8.81 
ail 3.20 

1235 6.20 
8.6 = 
6.3 11.24 

3.2 — 
6.5 — 

Pressure, kg/cm? 

4000 8000 

0190* 0342+ 
0189 0344 
0095 0158 
0095 0158 
.01485* 02754* 

Bo 20> 10m 
Bo= 40 < 107 
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TABLE 274.—VARIATION (AV/V,) OF THE VOLUME OF A NUMBER OF METALS 

WITH PRESSURE *® 

Pressure 
kg/cm2 

Potassium 
ubidium sium 

Titanium Germanium Zirconium Lanthanum 

rium 

Praseodymium Neodymium 

.0040 .0026 . 

z= Bridgman, P. W., Proc. Amer. Acad. Arts and Sci., vol. 76, p. 75, 1948. 
* Transition at 23,300. Compressions .3716 and 3776. + Transition at 23,370. Compressions .0755 and 

.0781. t Transition at 12,430. Compressions .0736 and .1504. 

TABLE 275.—VARIATION OF THE VOLUME (AV/V,) FOR A NUMBER OF COM- 

POUNDS WITH PRESSURE FOR TWO TEMPERATURES * 

NH,Cl NH,Br NH,I AgCl AgBr Agl 

Pres- em/1.536 g em3/2.548 g cm3/2.887 g cm3/5.589 g cm?/6.548 g em8/5.709 ¢ 
sure pam is eee 

kg/cm? 20°C —78.8°C 20°C —78.8°C 20°C —78.8°C 20°C —78.8°C 20°C —78.8°C 20°C —78.8°C 

5000)» 0269) 10217—" (0257 10244, S036) 0321 0113) 20107 20111) 0103 el 7Gose753* 
10,000 .0489 .0395 .0487 .0462 .0590 .0582 .0216 .0207 .0215 .0202 .1896 .1868 
15,000 .0668 .0545 .0694 .0656 .0822 .0804 .0312 .0301 .0313 .0297 .2001 .1969 
20,000 .0818 .0675 .0880 .0829 .1019 .0989 .0401 .0389 .0404 .0386 .2095 .2061 
25,000 .0949 .0794 .1049 .0984 1188 .1144 .0484 .0471 .0496 .0476 .2180 .2145 
30,000 .1070 .0906 .1203 .1124 1332 1279 .0562 .0549 .0584 .0562 .2257 .2222 
35,000 .1176 .1010 .1340 .1250 .1456 .1397 .0634 .0621 .0665 .0641 4.2326 .2291 
40,000 .1278 .1111 .1465 .1364 .1570 .1504 .0704 .0690 .0743 .0716 .2396 .2362 
45,000 .1372 1207 .1576 .1466 .1676 .1608 .0772 .0755 .0818 .0789 .2462 .2428 
500008 1462 13019 9 1676 155711775) «1702 0838) 088; 20890) VO858s 2525 56.2490 

NaCl NaBr Nal KCl KBr KI 

Pres- cm8/2.163 g em3/3.205 g cm?/3.667 g cm3/1.988 g em3/2.75 g em3/3,123 g 
r 

ever? 20° —78.8°C 20° —78.8°C 20° —78.8°C ~°20° —78.8°C 20° —78.8°C 20° —78.8°C 

5,000 .0192 .0177  .0228 .0216 .0296 0290 .0257 .0241 .0295 .0272 .0351 .0335 
10,000 .0365 .0341 .0430 .0413 .0553 0547 .0478 .0452. .0547 0511 .0648 .0623 
15,000 .0523 .0494 .0610 .0594 .0778 .0772 .0667 .0645 .0758 .0720 .0905 .0868 
20,000 .0664 .0634 0771 .0756 .0974 .0966 0841 .0807 .1989 .1933 .1970 .1932 
25,000 .0798 .0763 .0916 .0904 1145 1139 2111 .2055 2138 .2078 .2149 .2105 
30,000 .0919 0880 1047 .1037 1294 1288 2225 .2158  .2267 .2202 2206 .2244 
35,000 .1029 .0987 1166 1157 1424 11421 .2324 .2255 2379 .2308 .2421 2363 
40,000 .1130 .1084 1274 1263 1538 .1538 2419 .2340 .2479 .2309 2532 .2466 
45,000 .1223 .1172 1373 .1357 1638 .1642 .2501 2418 2569 .2481 .2629 .2554 
50,000 .1309 .1250 1464 11439 1728 .1738 2579 .2497 2650 .2552 2715 .2630 

Transitions 

Pressure: 20,060 20,590 18,430 19,400 18,200 19,010 
AV: 1133 .1120 1052 .1044 0850 0872 

*4 Bridgman, P. W., Proc. Amer. Acad. Arts and Sci., 
* Transition below this point. 
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TABLE 276.—COMPRESSIBILITY OF CRYSTALS ** 287 
Part 1.— —AV/V, = aP — bP? where P is in bars (10° dyne/cm?) and V, is the volume 

0°c 30°C 

Crystal and formulae System ax107 ax 107 bx 1012 

Andradite: 
3@aO-Fe:@3-3Si1O2 .:55- Cubic — 6.73 

Apatite: 3CasP20s-CaF, .. Hexagonal — 10.91 41 
AG entiteesUNe29) ayes eae Cubic — 
Bagites baSOgrnacesnce- Orthorhombic 17.1-18.1 17.60 11.9 
Beryl: 3BeO:Al203:6Si02. Hexagonal WH 5.403 : 
Calcite: (CaCOr 2 oo. assoc Trigonal 1325 13.67 3.9 
CobaltittesnGoAs-S ee.--- Cubic — 7.67 1.88 
Rilomite Gala) sean ee aa. Hexagonal 12.6 12.26 6.49 
GalenaceebSiecreeon ewes. Cubic 19.5-19.7 18.69 7.43 
Garnet (pyrope) : 
3MgO-Al203°3SiO2 .... Cubic —- 5.45 

Halite (Rock Salt): NaCl. Cubic — 42.60 51 
Hanksite : 
KCl:-2Na2CO::9Na2SO, . Hexagonal — 24.57 24.5 

Wetersomite wy. cect eci: Monoclinic a 9.088 3.94 
Lithium fluoride: LiF ..... Cubic — 15.20 G5 
Lithium iodide: Lil ....... Cubic — 60.0 110. 
Mapnetite: FesO, ......... Cubic 5.4-5.7 5.47 : 
Orthoclase: KAI-SisOs ... Monoclinic — 21.23 14.5 
Periclase-- MeO. ..5.5--- Cubic Ve 5.98 1 
Potassium bromide: KBr . Cubic — 67.0 105.3 
Potassium fluoride: KF ... Cubic — 33.0 31.9 
Potassium iodide: KI .... Cubic — 85.3 155.4 
Bymite's WeSs, ..cc. ath cs oa Cubic Tal 6.80 : 
@uartz ar SiOa nce 2s! Trigonal — 27.06 24.0 
Rochelle salt (see end of part 1) 
Sapphire (synthetic) : AlzO3 3.8 3.36 — 
SphaleritessAnSmeemees cer Cubic 12.9-12.2 13.03 1 
Spodumene: LiAl-SisO. ... Monoclinic — 7.033 1 
Sulhntias IGE Gos cutooee. Cubic — 56.2 75 
Tourmaline (black) ...... Trigonal — 8.16 1 
ING ERVA Gea Sdsosos Geo Coen —- 6.109 il 
Zircon) Zr Os SiOz wae an 8.6 — = 

ome Bivvy, 
Rochelle salt: CsHsOc.K Na: 

2000 01080 
4000 .02016 
6000 02885 
8000 03716 

10,000 .04501 
12,000 05237 

** For reference, see footnote 45, p. 136. 

(continued ) 
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288 TABLE 276.—COMPRESSIBILITY OF CRYSTALS (concluded) 

Part 2.—Elastic constants of rocks at ordinary pressure and temperature. 

E = Young’s modulus, in dynes cm? 
G = Modulus of rigidity, in dynes cm™ 
o¢ = Poisson’s ratio, dimensionless 

The density is given, when known, in parentheses in the first column. 

Stress or 
stress 

range 
Rock dynes cm~? dynes cm~? o kg cm-2 

Granite, coarse gray, 
@ininieys Masset ss «Sees. womens 4.6410" (1.92) x10* PS 70-600 

Quincy, Mass. from 100 ft 
denthie (2G). 2k eae wdee ene 3.48 aos vate TZ 

Basalts Ostrite: <4. ..:.)-."tds. aes 11S tae cot 100-900 

Diabase 
Wrestiteldis Miassan(2:95) merits 8.00* 

Marble 
Pyaorivore, Wie, (AZAD) nasucsoouoceand 3.43 ae 141 1HE2 

4.60 nen .190 56 
4.95* 2 os he. 

Limestone 
Keoxville dennis esha ee eee 6.21 (2.48) 251 70-600 
Montreal’. MGM a8 are cka sere 6.35 (2.50) 252 70-600 

Dolomite, Pennsylvania (2.83) ..... 7.10* 323) 

Sandstone 
@uartzitic, Penna: (2:66), 223.....-. 6.36 = 115 11.2 
eldspathica@hionrc eee cere 1.58 ( .61) .290 70-600 

Slate, Pennsylvania, || to cleavage 
DIANED UG . shes ows dete s mates 11.29* 4.65 oi en A 

Shales. (2.63) , Mat. «.s oeieae ioe: 4.4 dry sae ee 200 
1.9 wet ibe a Smage 

Schist. Mica, Jiapan! .-..-eeereeeee: 1-6 

A Ufis J ADAti.aga sees aise Seteeeiereatereea es 3-3.6 See Bea 

Teen (97): = ShC, 32s nt cae Ie oe 917* 336 (.365) 

* Dynamical measurements. 

TABLE 277.—RELATIVE VOLUME OF QUARTZ CRYSTALS AND SIX GLASSES 

FOR DIFFERENT PRESSURES © 

Quartz 
Pressure a Pyrex Borax 
kg/cm? crystal glass Glass A* glass Glass C f Glass D ¢ glass 

1 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
25,000 .946 923 .934 921 945 932 877 
30,000 939 .909 923 907 .936 .924 866 
40,000 .926 885 905 885 .920 .909 845 
50,000 914 864 890 867 905 894 825 
60,000 .902 847 875 851 891 .880 808 
70,000 .892 832 .862 838 878 867 792 
80,000 883 819 849 827 .866 855 778 
90,000 875 808 838 817 854 844 765 
100,000 868 798 828 809 842 834 2/53 

®5 Bridgman, P. W., Proc. Amer. Acad. Arts and Sci., vol. 76, p. 68, 1948. 
* Glass A is a potash lead silicate of very high lead content. + Glass C is a soda potash lime 

silicate. + Glass D is a lead zinc borosilicate. 
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Pressure 
kg/cm? 

TABLE 278.—COMPRESSIBILITY OF GLASSES ™ 

AV/Vo 

Zz 
Ape Pyrex AG* 

0141 0153 0159 
0295 0308 .0300 
0452 .0465 0425 
.0610 0622 10535 
0772 .0786 .0656 
.0933 .0920 .0770 
1068 1032 0866 
1194 SS .0964 

CT 

0121 
0239 
0352 
0449 
0549 
.0654 
0742 
.0830 

D¢t 
0144 
.0281 
0411 
0542 
.0678 
.0806 
.0927 
.1049 

%6 Bridgman, P. W., Proc. Amer. Acad. Arts and Sci., vol. 73, p. 74, 1938. 
+ Glass C is a soda potash lime * Glass A is a potash lead silicate of very high lead content. 

t Glass D is a lead zinc borosilicate. silicate. 

289 

Borax 
glass 

.0345 
0631 
0857 
1054 
.1228 
.1376 
1518 
.1648 

TABLE 279.—SPECIFIC GRAVITIES CORRESPONDING TO THE BAUME SCALE 

The specific gravities are for 15.56°C (60°F) referred to water at the same temperature 
as unity. For specific gravities less than unity the values are calculated from the formula: 

Degrees Baumé = 

For specific gravities greater than unity from: 

Specific 
gravity 

Specific 
gravity 

a SNIBURwWNES Soooossco 

-00 -O1 

99.51 
67.18 
42.84 
23.85 

01 

1.44 
14.37 
25.16 
34.31 
42.16 
48.97 
54.94 
60.20 
64.89 

Degrees Baumé = 145 — 

140 
specific gravity _ 

fant oles “, 
specific gravity 

Specific gravities less than 1 

.02 .03 .04 .05 .06 

Degrees Baumé 

95.81 92.22 88.75 85.38 82.12 
64.44 61.78 59.19 56.67 54.21 
40.73 38.68 36.67 34.71 32.79 
2ZAT 20:54 189455 7237) walis:83 

Specific gravities greater than 1 

.02 .03 .04 05 .06 

Degrees Baumé 

2.84 4.22 5.58 6.91 8.21 
153547 16:68) 17:81) 18:91 20:00 
2615) 27118" 28:06), 29:00) | 29:92 
SoS) 35:98) 36:79" 937-59) Be S8:38 
42.89 43.60 44.31 45.00 45.68 
49.60 50.23 50.84 51.45 52.05 
549561045 56585) 5712) 57:65 
60.70 61.18 61.67 62.14 62.61 
65.33 65.76 66.20 66.62 
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.07 -08 

78.95 75.88 
51.82 49.49 
30.92 29.09 
14.33 12.86 

A.OY/ .08 

9.49 10.74 
21 O7aet 2212 
30:83) .31-7Z 
39.16 39.93 
46.36 47.03 
52.64 53.23 
58.17 58.69 
63.08 63.54 

09 

72.90 
47.22 
27.30 
11.41 

.09 
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TABLE 280.—DEGREES API CORRESPONDING TO SPECIFIC GRAVITIES 
60° /60°F 

(15-56°/15.56°C) for petroleum oils. 

In order to avoid confusion and misunderstanding the American Petroleum Institute, the 
Bureau of Mines, and the National Bureau of Standards have agreed that a scale based on 
the modulus 141.5 shall be used in the United States Petroleum Industry and shall be 
known as the API scale. The United States Baumé scale based on the modulus 140 will 
continue to be used for other liquids lighter than water. 

141.5 
Calculated from the formula, degrees API = sp. er. 60° /60° F — 131.5. 

Detrees 

GOl/607 1 00 01 .02 .03 .04 .05 .06 .07 .08 .09 

6 104.33 100.47 96.73 93.10 89.59 86.19 82.89 79.69 79.59 73.57 
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TABLES 281-295.—DENSITIES 291 

TABLE 281.—DENSITY OF THE ELEMENTS, LIQUID OR SOLID 

The density may depend considerably on previous treatment. To reduce to Ib/ft* multiply by 62.4. 

Element Physical state g/cm? °c Element Physical state g/cm3 Ais) 
Aluminum .. commercial 2.70 20° Wendin. solid 11.005 325 

h’d d’n SES Weloet cata liquid 10.597 400 
ee .. liquid 2.43 740 et See a 10.078 850 
se at OY 2229 1000 Ieithtum\) ss.) -534 20 

Antimony .. vacuo-distilled 6.618 20 Magnesium . 1.741 
ss .. ditto-com- 6.691 20 Manganese . 73 

pressed Mercury ... liquid 13.596 0 
ee +. amorphous 6.22 as Dake uC 13.546 20 
6 .. liquid 6.55 631 se Erake oe 13.690 — 38.8 

“NTON! osetete se 1.40 —186 we Be Solid 14.193 — 38.8 
tat Busi oieteve - solid 1.65 —233 x mop ae 14.383 —188 

AATSENIC 5.50.2 crystallized Sen 14 Molybdenum. 9.01 
Sei 8 Vaya neve amorph. br.- 3.70 Neodymium . 7.00 

black NEOmnl @cccieucne 1.204 —245 
est i Mconcene yellow 3.88 Ick Oll a eee 8.8 

Barium .... solid 3.78 Nigbiumieeeyse 8.4 15 
Beryllium .. solid 1.85 Nitrogen ... liquid .810 —195 
Bismuth .... electrolytic 9.747 - 7 qa eee 854 —205 

< .... vacuo-distilled 9.781 20 ee ee Solid 1.0265 —252.5 
eS ... liquid 10.09 271 oe Mere w 1.14 —273 
ne tere Solid 9.67 271 OEM Sone 2225 

Boron ajsce. crystal 2.535 Oxygen .... liquid e132 —183.6 
SC Bhivatete . amorph. pure 2.45 “¢ Pees solid 1.426 —252.5 

Bromine ... liquid Selz sf renere oe 1.568 —273 
sia «ee solid 4.2 —273 Palladium .. 12.16 

Cadmium ... wrought 8.67 Phosphorus.. white 1.83 
CS ... vacuo-distilled 8.648 20 os pepened 2.20 
- . solid 8.37 318 “ 12 metallic 2.34 15 
Zs « liquid 7.99 318 e .. black 2.69 

Calcium Se 1.54 Platinum ... 21.37 20 
Carbon ..... diamond 3.52 ce wee Diack 2.70 

SET oyathvele graphite PS Potassium .. j .870 20 
Cerium .... electrolytic 6.79 “ .. solid 851 62.1 

ss Sado ipsixe 7.02 ss .. liquid .830 62.1 
Cesium ..... solid 1.873 20 Praseo- 

oes neath liquid 1.836 27 dymium .. 6.48 25 
Chlorine ... liquid 1.507 — 33.6 Rhodium ... 12.44 

- ... solid ai2 —273 Rubidium .. 1.532 20 
Chromium 6.52-6.73 Ruthenium .. 12.1 19 

se pure 6.93 25 Samarium .. 7.7-7.8 
(Cobalt) “esces 8.71 21 Selenium ... 4,82 
Coppers coe icast 8.30-8.95 Siliconmecniercrs cryst. 2.42 20 

eh Sh De annealed 8.89 20 he Bi tees 13 62 amorph. 2.35 15 
Chaba 45 hard drawn 8.89 20 Stlvent) ee cast 10.42-10.53 
earth i 2 vacuo-distilled 8.9326 20 Ci ree vacuo-distilled 10.492 20 
FO WN jewre pci ditto-com- 8.9376 20 ae ey vacuo-com- 

pressed pressed 10.503 20 
le valigatst athe liquid 8.217 SAW tahoe liquid 9.51 

Erbium fel 4.77 Sodium .... .9712 20 
Fluorine ... liquid 1.14 —200 “ Seo cmsolid. .9519 97.6 

2 . solid 1.5 —273 “ eee liqurd .9287 97.6 
Gallium 5.93 23 os pitied 1.0066 —188 
Germanium . 5.46 20 Strontium .. solid 2.60 
Gold 3.4. By cast 19.3 Salto "Saas 2 2.0-2.1 

MS Soropters vacuo-distilled 18.88 20 liquid 1.811 113 
Sonne ee aes ditto-com- 19.27 20 Tantalum .. 16.6 

pressed Tellurium .. crystallized 6.25 
Hafnium ... solid 1323 St . amorphous 6.02 20 
Helium .... liquid 15 —269 Thallium 11.86 

FS Te solid al) —273 Thorium ... : 11.00 17 
Hydrogen .. liquid .070 —252 Thar) sc: actevayee white, cast 7.29 

ne .. solid .0763 —260 ie aoe ve wrought 7.30 
Mirrclitirniaey ier 7.28 AO aval ete treks ma solia 7.184 226 

4.940 20 ae SOS liquid 6.99 226 
. liquid 3.71 184 oe a Nateaeestete gray 5.8 

22.42 17 Titanium ... 4.5 18 
pure 7.86 Tungsten 19.3 
gray cast 7.03-7.13 Uranium 18.7 13 
white cast 7.58-7.73 Vanadium .. 5 5.6 
wrought 7.80--7.90 Xenon ..... liquid Ba52 109 
liquid 6.88 Yttrium oe 3.8 

Lt 6.91 1200 Zine Ai Heeb cast 7.04-7.16 
ee 2.16 —146 SS” tevez ateveue solid 4.32 —273 

. solid 3.4 —273 SS AR ee vacuo-distilled 6.92 20 
: 6.15 A rc ditto-com- Zales 20 

ead arseiis vacuo-distilled 11.342 20 _ pressed 
eeu iecrevejonnis . ditto-com- ePPicoo dan liquid 6.48 

pressed 11.347 20 Zirconium .. 6.44 

* Where the temperature is not given, ordinary temperature is understood. 
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292 TABLE 282.—DENSITY IN g/cm® AND Ib/ft®? OF VARIOUS SOLIDS 

Notr.—The density of a specimen depends considerably on its state and previous treat- 
ment; especially is this the case with porous materials. 

Material g/cm? 

Agate rs. irene: 2.5 -2.7 
Alabaster : 

Carbonate: Aan. 2.69-2.78 
Sulphate Ja-ccce - 2.26-2.32 
biteney Lo. SOM. 2.62-2.65 

Amen aio) 3 ee heb 5 1.06-1.11 
Amphiboles) seen 2.9 -3.2 
Amonthite «peels 2.74-2.76 
Anthracite: |e see. 1.4 -1.8 
AISWESEOS) <ccigctestet-. « Zn 2:8 
JAS poIKe Bee oeuodae a SIS 
Basal Garr are oie Df\ 3) 
BEESWAX! wale elit on .96- .97 
Gray eeicyt ea te ake 2.69-2.7 
BOM Socoweboess ef =i 
Bonus. aero : 7 S20) 
Binckome ano. Mek eb =D 
Butter coe ater: .86- .87 
Galamine -)aeaee 4.1 -4.5 
Gamphon sae .99 
Gacutchouc eases: .92-— .99 
Gelluloidi yy. sece 1.4 
@emente sect oe eh =s\A0) 
(Ghalkastai. See... 1.9 -2.8 
@Gharcoal oakamern i: 57] 

: pine .... .28- .44 
Chrome yellow ... 6.00 
Ghiromitemesererie 4.32-4.57 
Ginnabar {eee 8.12 
Glavarnn rn dere e226 
(CoE, GORE sadeeSsac le = 
Gocoal butter .o- 54. 89- 91 
Gokewn ne sg 10) =il7/ 
Copal eran .o thee 1.04-1.14 
Conk, See . (= (80 
Cork linoleum ..... 5S 
Cogundum) jean. 3.9 -4.0 
Diamond: 

Anthracittcurs. .. 1.66 
Garhonadoweaen S.0l= 3225 

Drorite 55...eeee.. ; 74 yu 
Dolomites 54. ee. 2.84 
Ehomite cate b oe LS 
Emery ss. sauheee « 4.0 
Epidotes sass aa 5 3.25-3.5 
Heldspat; ayer be- 2.55-2.75 
Flint — cadhslssscisee tes 2.63 
Rilwonite 7... cee ss 3.18 
(Gambores >. eeke 1.2 
Garnet) 4...0c2Path ac 315=4°3 
Gasicarbonlasaene: 1.88 
Gelatine: =. 4.2 38h E27, 
Glass, common .... 2.4 -2.8 

bee, flint: .: sade. 2.9 -5.9 
Gluceen-c. Ae 1027; 
Granite: (se. nother 2.64-2.76 
Graphite 2... 4k 2.30-2.72 
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lb/ft? 
156-168 

168-173 
141-145 
163-165 
66- 69 

180-200 
171-172 
87-112 
125-175 
69- 94 

150-190 
60- 61 

168-168 

165-172 
144-170 

Material g/cm’ 

Gumearabicseeeeee 1.3) 14! 
Gypsum) Gc. aati 2.31=2.33 
Elematite: see een 4.9 -5.3 
Hornblende ....... 3.0 
ICCC sen os ce eM ce 917 
Hiirmenites 5 er raere Abb) <5): 
INOS Ne MEER organo ae 1.83-1.92 
[eabradoritel. seas: 24 22 
LANL, IDAGEUNTTE - 5 55- 2.8 —3.0 

pehachiytic an aass 2On—=2-7 
Lease, GAP sooo se 86 

2 greased .. 1.02 
[cime; mortar essa: 1.65-1.78 

= oslaked eam: 3 —14 
Eimestone os. 4: 2.68-2.76 
Litharge: 

Artiticiall es ae 9.3 -9.4 
Natural eee 7.8 -8.0 

Miagnetite semen fac 49 -5.2 
Malachitemsee eae aee 3) =A 
WMIEVATIE nocugccvee 2.6 -2.84 
Meerschaum ...... .99-1.28 
Micanhet. sana AG ore) 
Miuscovite) 2... ee 2.76-3.00 
Ochre 32a Sh 
Olizoclasees eae 2.65-2.67 
Oliviners.- eee 3I27—S707, 
Opal gelie eco: eee De, 
©xthoclase’.- 40 44a 2.58-2.61 
Papetectens ee rales 
Parattin) ee .87— 91 
Peat tee ae 84 
Pitches etc 1.07 
Oceanus ee 2.3 -2.5 
JAOANIMAD, ccbococor 2.6 -2.9 
Pyrites coe eer 4.95-5.1 
Quantzaeeee eee 2.65 
@Ouartzitess sou 23 
RESiitagosec ee cee 1.07 
Ivars Galle wocoocdee 2.18 
Rubber, hard ...... 1.19 

ohiie geodt ail 
Riitile case cs dete 4.2 
Sandstone sans nase 2.14-2.36 
Serpentine sneer 2.50-2.65 
Slassetusnace™=. >.et- 2.0 -3.9 
SIBEC AS Ree. Gr tects 2.6 -3.3 
Soapstone sre cacrse 2.6 -2.8 
Starch ssc sore 1.53 
Sugars... «sscicc sete 1.61 
Weal Cae ce Ee Bi} = 583 
Mallow aq cee O97, 
Tar’ des. ete 1.02 
Topaz seasiner tee 3.5 -3.6 
Mourmaliney s,s ces 3:0) 3:2 
Wax, Sealing ..... 1.8 
ESRI Mog geocodec 4.68-4.70 

lb/ft8 

81- 87 
167-171 

580-585 
490-500 
306-324 
231-256 
160-177 
62 -80 

165-200 
172-225 
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TABLE 283.—DENSITY IN g/cm® AND Ib/ft? OF VARIOUS ALLOYS 203 

Alloy g/cm lb/ft3 

Brasses : yellow, 70Cu ai SUZ CAS teeter ee ee rae ns 8.44 S27, 
4 TOUSEN oN arin: os eta 8.56 534 
A “ ve Gawler eS een eee 8.70 542 
_ TEC RG) tical cal Artest cask clars pps ka: ones MPMI OMe ores fevertlotencus oes ae 8.60 536 
re dane, KOC rye Ant so oes cseesoéoue8 6: 5 a Re, ey, 8.20 Sil 

Bronzesee 90Cur-- lOSnigeae aac sce cc cero oe SRR igtevareonuei aca ae 8.78 548 
S SEK Cyr ENS Va veuk cope eee UHI? OCA co) GCE, Spb 8.89 555 
. 80 Crt 20 Sint evacns ke peers ees NO te ee cone 8.74 545 
i: TASC ELD IS a tee Sie SEN RIE SES cea erry a 8.83 551 

German silver : Ghineses 26:5 €u-|— 36.02 n)—— SO:BINi oe. sees eee eee 8.30 518 
Berlinw@)poc Cut 2020 S22 Nie cence 8.45 527 

a ‘¢ sf Qyess Gus 30ZnoNiy Aten ccs co etomcae 8.34 520 
% v me Gres Cues S0Zni SION eae ns eee 8.30 518 
m So METI G Lit legearate tia. Meera cca pints coe eet cee rc tee eee 8.77 547 

Wead@ancantitso ye oie Dial 2e5 Si) aces aevsespeeetciora ce rome oer emer rre 10.60 661 
imine net Oo Ebr thO Sivoo cccotociante tie or tees cae ee ree 10.33 644 
Dae mbvetre: 8 1 OLA- OED t=: 22-2 Myra nese: cosnsy so ie Oe is SO 10.05 627 
SE 1 RES IOS ELPA oye RSCG ST ME Rene Rite oe Eo real 5 aeneemeay eee < 9.43 588 
bs 1 BORD SSS. sae. ee nee eee 8.73 545 
CR ako k 5) SE Dic OOPS ye ecichencc atone io se RS Coe crac oe ieee 8.24 514 

Bismuth) leadsand) cadmium: 53B1-— 40Bbe 7€diss2.-.5..0.. 2-2 2-- 10.56 659 
Woods, metals 50B1 25 e2b = 12 5Ed SS 125Sn sane. cs. se eee ene oe 9.70 605 
Cadnitimeandstiners2 di Oe Sily fen as ereeee ieee ae neice once 7.70 480 
Goldvandicoppenwes Aue ZC yan odacnoes. 2 cor honites sosce cone 18.84 1176 

al sy ao OGTATT ea Cile Shes tevri HORE ask ae eee aoe 18.36 1145 
noes - CAAT 6 Gilgit ic ee eos ee 17.95 1120 
a ‘ OVATE EO Gut secs eee ee tee ee 17.16 1071 
ae ke re SO Nui tal Cig perrter eeeees ome eerie ater 16.47 1027 

AMluminumeandscoppers ll AUS O0 Gul hassel a aseereeae 7.69 480 
. a - CaN) MEMORY Chien ere! ons cocina.” 3 Sr a ea ane 8.37 522 
“ se Bs SA Ey O7 Cuma segrtecuc Tee roar ee ee 8.69 542 

Nikormuren exnal zines SIUNPIE OVA 5.565005 ad aanecccducnucbdanogdeds 2.80 175 
Platinum and inoyaes COE Oe. oa panes oo Geel od bition Coa aL a oate 21.62 1348 

sf SOB telat Stee rere cee 5.4 Seas oatthcik 21.62 1348 
3 : o 66167 Rt12.38-33 linpeeerte. etna oes Soe ee 21.87 1364 

(CBrd oval Wane ocho o candigis o 5b Oe Ree Ore ee acs SSE coe ENS a 14.3 895 
Gonstantamenol Cugi224 QING er ier i ica cher ae ctor crc ae 8.88 554 
Ma goinallitcimeg OA r3 OMe sous, ceva vencayeveniroeetsns clo oaeiece eines cis eae ees 2.0 125 
Mamsamns CCn ts WAM GNM so ocbooh edo dead uuoodbdodendedoete 8.5 530 
INMiGnelmmetal meee hr rae ety nd: ore acai oats Aare ee 8.87 554 
Platinoidee German silyen—— little tunestetiaa-. +e se sce eres cee 9.0 560 
StellitesCo159 5 Moi22oeCr 10:8 messy Vin 2: 0rn© 9 St Base ok 83 518 

TABLE 284.—PHYSICAL PROPERTIES OF SOME LIGHT HYDROCARBONS” 

ce 

Critical constants 4 = o ‘ 

Z . Specific heats £5 a eae 
: et bo ey eae se ee wenbee aaa 
F 3 s 3 2 P ¥ os = & S sg 
g 3 cE gil, 2. eee, Cae Meee 
E Bi) Seep kee ie 8 ee BONER Gee 
cs is le eee ie ee SS SS Sheets 

kilo 
AC atm calg-! °C@=2 kg/m3 m3/kl atm SG cal/m?3 

Methane ...... CH, 16.04 821 45.8 .526 .400 555 678 —- —— 1880 9,000 
Ethylene ..... CoH, 28.05 972,50!9" 2363" 296.977 1-19 == = IGS TEESE) 
Ethanes eae: C2Ho 30.07 32.3 48.2 .409 .347 1.048 1.282 294.2 38.3 1895 15,900 
Propylene ....C:He 42:08), 91.4 45.4 7363 .316 1.476 1.805 289  10'35 1935), 21,100 
Riopanew ae C3Hs 44.09 96.8 42.0 .388 .343 1.550 1.892 268 8.45 1925 22,800 
Butadiene-1,3 .. CsHe 54109" 15210 42'8ae349N 2312) Mk922 221355 267, 2.45 —— 26,400 
Butene-1 -..... C,Hs 56.10 143.9 39.2 .371 .334 1.998 2.44 246 2.6 28,200 
cis-Butene-2 ..C,Hs 56.10 160 41.5 .350 .315 2.004 2.45 255.5 18.5 1930 28,300 
trans-Butene-2. CsHs 56.10 155.0 40.5 .376 .342 2.004 2.45 249.0 2.00 28,200 
Isobutylene ...CsHx 56.10 144.7 39.5 .375 .335 1.998 244 2455 2.57 —— 28,100 
Isobutane ..... @ielae 8-12) 1338/05 S05) 387 S48 2.077 2554222 3.06 1900 30,000 
n-Butane ..... (Cleko SI ISA2 S75 S97 sol Bos Aa 2205 Zils 30,100 

%7 Shnidman, Louis (ed.), Gaseous fuels, p. 34, American Gas Assoc., 1948. 
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294 
TABLE 285.—DENSITY OF VARIOUS NATURAL AND ARTIFICIAL MINERALS 

Density in Sp. vol. 
Name and formula XC: g/cm cm3/g 

Oxides 

(ConundunmeNl Ostet ocr oe ae oe eee ( 0) 4.02 .249 
Me erie (Gal © Es sels epee eels sae ee ee ARTO (25) 3.42 292 
Miaenesiae MeOiti-6 . suckin bc cat ape emoee ns (25) 3.603 Las) 
egnoushoxidestc@) terra. eens (20) Sed, S75 
Ellematiter ter Omasa. sae thence ce cone mene ee (20) 5.25 1905 
MinpmetiteshesOnreg. mi8 oct ncs cen een ook ( 0) SalAZ 1933 
@itarese SiOslh iene Hehe ose ts Ree ee (20) 2.649 3775 

a ONO Fa ot MN AER (25) 2.648 3776 
Cristobalite: ‘Si@x ¢ ee oes a cee er aes (25) ' 2.325 4301 
Wit eOtisi SUlIGAN mem Sete cyico Seer eer ( 0) 2.203 .4539 
Util ese O's \ rons wd see esas « Oo ree ( 0) 4.250 2353 
Mimenite (BedyzOs, soc. cn co aceieeercrs - ( 0) 5.088 1965 

Silicates 

Sillimanites NOs SiOx so. Cee. - (25) 3.247 3080 
IMnallitessiAl;Os22SiOat* ia. ya cece © + (25) 3.156 3169 
Nibites NaAlSis Oster se sehen ceteris cin (25) 2.62 382 
Parodi mins (GEV ES HOM Mamomo ood coc 00s coee (25) 2.757 3627 
Nephelite IN@AISIO MF eho Senna sice = = (21) 2.619 3818 
ltabradonites Abaeincstee eee ce. . (26) 2.695 vA 
@ligoclase. AbmAtiat’ <2o.052hec.encas-.--- (25) 2.638 3791 
Orthoclase: KAISI{Os#.. eee eerinome ee cs: (15) 2.554 3915 

é AdUlAniab. tac ce ee ccs os (15) 2.566 3897 
IMEVSHOWIAS woe he a Hee wig aes cd 6 Aad done Sie (25) 2.557 3911 

Calcium orthosilicates 

eal Og see er as coe (25) 3.26 307 
SIO) © opie Se See one: ccs nes (25) 3.27 306 
Fal CSA STO Fhe eae ou oS aco. co oo > Ca ee (25) 2.965 ove 

Calcium metasilicates 

a — GaSiO; (¥Y — Wollastonite))* ..:....... (25) 2.904 3444 
B — CaSiO; (pseudo-Wollastonite) ........ (25) 2.906 3441 
DiopsidesCaMieStOnneereee os ae... (28) 525% .3070 

tS (CoM SHOR? od suias bon nb ocd ooee (25) 3.265 3063 
Enstatites MgSi@:tp emer cosa. es (25) 3.165 3159 

4 (MgSiOsg) as (FeSiOs) 12 BYislie Ne [eslejreliedie:-« (25) 3.254 3073 

Hypersthene (MgSiOs) zw (FeSiOs). ....... (29) 3.415 2928 
HorstenttesMosS1O; meme ements os (20) 3.223 3103 
Bavalite Vegsi@\e sacmie sees ets © cs 6 sos (15) 4.28 234 
(Garnet eo rosstlanitemenr cms el eeyap aa as (31) 3.544 2822 

- DIN Anite mee eee eee oe ce (31) 4.160 .2404 
atleite 2 ante mcenc ee Rera tee vias ae ses 8 (SIL) 3.328 3005 

Miscellaneous substances 

Borax, anhydrous, NasBiO:* ......5....0%5 2.27 .440 
GaGOs: Saracomitey seme cccisc cee oo he ( 0) 2.932 3411 
GaGO real citer eHow (20) 2.7102 3688 
Gaka: flttoniten sh octet eee oe estos (10) 3.180 3145 
Diamond Mee. Ane ee Ae eee narere (25) 3.516 .2844 
INEGIeS rack isalteso eee ree ie bane Gea (20) 2.1632 4623 
NaS OV thenanditess ere soe on. se (25) 2.664 3754 
INaeS @yiles 2 5 ee eens cee ss, ote (25) 2.697 3708 
KGl? fine powder * 2a aise he os Se ee (30) 1.984 5040 
Pyrite HES: i tettr. Nea ee ee. Nee (25) 5.012 .1995 
Niarcasites eS 1c « ihre een eee tins nee (25) 4.873 2052 

* Artificial. + Natural. ¢ Ab = albite; An = Anorthite. 
ee © ae? a a a sa ee eee ee ee eee ee 

SMITHSONIAN PHYSICAL TABLES 



TABLE 286.—DENSITY OF LIQUIDS 

Density or mass in g/cm® and in 1b/ft*® of various liquids. 

Liquid g/cm 

INGRAM SERS BUEN Ore DOOD GU OC Oe OREO 792 
Nicaholtmethylmemmeten sacle no ceeeuas 807 

ss IS EY Leen reno cacecetyortlanansrevs vonsheromayiorend 810 
TNS TT KOT | Crete eS SESSA ood Be See ROL ere 1.035 
Benzene penis ac RPE cree s,s hoes .899 
Bromine Ghat tA aa... See. Pa. 3.187 
Ganbolic: acide (Gnude)l) aacee- sees << cleetne - .950- .965 
Carbone disulfidemeen- eee oe. cco. 1.293 
Chloroform ees aee. sakes. | bRles acetone 1.489 
(Gocoas buttenmermermeee clocineisie.s eeane 857 
El Ghent ee ete eo Goats a A Rs .736 
Gasoline, EREME aoa oie. Sees sc ete .66 — .69 
Glycerine ELHE MA EeR hee. RS... ran 1.260 
Japanm=waxd Len ect nas kites « atoake's oltttole: 875 
Mereuny CO.0 Yeahs 282... aes... RES 13.595 
MISTI eck lg ecole re Sri Cena REC create 1.028-1.035 
Naphtha\ (@vood))\eerl-mcet-n « eratl. « feute .848-— .810 
Naphtha (petroleum ether)! .....-....:... 665 
Oils eA mberiaste eck ede s Sedete ats ss Aeceiee .800 

IA NISCESC EOI as aot hints crate «osetia s .996 
Beetetallowaes. cece ck «omens as. eeee .931- 938 
Bittentatmererr eter ths mreceoin oe encare 91 = 92 
Camphor Niel. ecee ts « semeehes aera 910 
Castors re «ee 3 teers 969 
Clovebe Ae. 4 ees . AHO... HES 1.04 -1.06 
Gocaanut epee oes eee, OE 925 
COdtIVere aa yh ree 5 cess ees 92 — 93 
(EOtEOMSCEC ys esi eh enteral slevel a evereinn s .926 
Creosoter tae ee se eee 1.040-1.100 
IKEnOSEne sein ees ees oes 82 
(OEY cl) Ae) es Seek) Sen 3 eee ak 2 we .920 
Taverne ey sate tee leks «See ots 6: emety 877 
emones Sens ot ete ee cera. s Aeeies 844 
Ieinsecda(botled)mereecere ae cece 942 
INieatiS=fOO tle eee < cine ss deve .913-— .917 
@leomarganine “eee. sete. - ee - 92 - .93 
Olive CeBIT See ee... Seton. 6 ee .918 
Pal ie ao). 2 es « Da. cen 905 
Pentane tees. ks Sane eee 650 

Bee ye a tio 5 Stans Auicto Ce Ree ota 623 
Peppermint. s.2 eee. ees... Beks.. 90 — .92 
Petroleum cece od nee «ote 878 

ie Gisht)ee.e . Woes... wees . .795- .805 
Pie PRRs rete rete thes, Se eyes ca Re ee .850-— .860 
POPPY dh atid ac SAMAR o ede octehtote .924 
Rapeseed ((chcutel a eca pido waco creer 915 

(refined ie. SF... See 913 
Resinve: |. theese 2 a ee 955 
Sperm &.c ooh cet as aman ocntes 88 
Soyasbeaner tan a cetier ciea servac sarees 919 

TOP ar Se ey, See AT .906 
rare splellame sulle docs obscboe 918 925 
‘Turpentine dots -5 eee HON otis 873 
Wallerian ity ic.ciax ocr oot inks oc .965 
Wintergreen; .seset dhe owevas she 1.18 

PyGOlieneous acidl cleo «eyes seni 800 
Wake rae octet ries wn cles axa erate G.6 cise evaaee 1.000 

Seatkwa tenets ac on eh toerooere 1.025 
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TABLE 287.—DENSITY OF PURE WATER FREE FROM AIR, 0° TO 41°C 

Under standard pressure (76cmHg) at every tenth part of a degree from 0° to 41°C, in 
g/ml.* 

Tenths of degrees Mean 
Degrees —— Sr __ di iffer- 

(e 0 1 2 3 4 5 6 7 8 9 ences 

0 999 8681 8747 8812 8875 8936 8996 9053 9109 9163 9216 + 59 
1 9267 9315 9363 9408 9452 9494 9534 9573 9610 9645 4 41 
Z 9679 9711 9741 9769 9796 9821 9844 9866 9887 9905 + 24 
3 9922 9937 9951 9962 9973 9981 9988 9694 9998 0000 + 8 
4 1.000 0000 9999 9996 9992 9986 9979 9970 9960 9947 9934 — 8 

5 999 9919 9902 9884 9864 9842 9819 9795 9769 9742 9713 — 24 
6 9682 9650 9617 9582 9545 9507 9468 9427 9385 9341 — 39 
7 9296 9249 9201 9151 9100 9048 8994 8938 8881 8823 — 53 
8 8764 8703 8641 8577 8512 8445 8377 8308 8237 8165 — 67 
9 8091 8017 7940 7863 7784 7704 7622 7539 7455 7369 — 81 

10 7282 7194 7105 7014 6921 6826 6729 6632 6533 6432 — 95 
11 6331 6228 6124 6020 5913 5805 5696 5586 5474 5362 —108 
12 5248 5132 5016 4898 4780 4660 4538 4415 4291 4166 —121 
1} 4040 3912 3784 3654 3523 3391 3257 3122 2986 2850 —133 
14 2712 2572 2431 2289 2147 2003 1858 1711 1564 1416 —145 

15 1266 1114 0962 0809 0655 0499 0343 0185 0026 9865 —156 
16 998 9705 9542 9378 9214 9048 8881 8713 8544 8373 8202 —168 
17 8029 7856 7681 7505 7328 7150 6971 6791 6610 6427 —178 
18 6244 6058 5873 5686 5498 5309 5119 4927 4735 4541 —190 
19 4347 4152 3955 3757 3558 3358 3158 2955 2752 2549 —200 

20 2343 2137 1930 1722 1511 1301 1090 0878 0663 0449 —211 
21 0233 0016 9799 9580 9359 9139 8917 8694 8470 8245 —221 
22 .997 8019 7792 7564 7335 7104 6873 6641 6408 6173 5938 —232 
23 5702 5466 5227 4988 4747 4506 4264 4021 3777 3531 —242 
24 3286 3039 2790 2541 2291 2040 1788 1535 1280 1026 —252 

25 0770 0513 0255 9997 9736 9476 9214 8951 8688 8423 —261 
26 996 8158 7892 7624 7356 7087 6817 6545 6273 6000 5726 —271 
27 5451 5176 4898 4620 4342 4062 3782 3500 3218 2935 —280 
28 2652 2366 2080 1793 1505 1217 0928 0637 0346 0053 —289 
29 .995 9761 9466 9171 8876 8579 8282 7983 7684 7383 7083 —298 

30 6780 6478 6174 5869 5564 5258 4950 4642 4334 4024 —2307 
31 3714 3401 3089 2776 2462 2147 1832 1515 1198 0880 —315 
32 0561 0241 9920 9599 9276 8954 8630 8304 7979 7653 —324 
33 .994 7325 6997 6668 6338 6007 5676 5345 5011 4678 4343 —332 
34 4007 3671 3335 2997 2659 2318 1978 1638 1296 0953 —340 

35 0610 0267 9922 9576 9230 8883 8534 8186 7837 7486 —347 
36 .993 7136 6784 6432 6078 5725 5369 5014 4658 4301 3943 —355 
37 3585 3226 2866 2505 2144 1782 1419 1055 0691 0326 —362 
38 .992 9960 9593 9227 8859 8490 8120 7751 7380 7008 6636 —370 
39 6263 5890 5516 5140 4765 4389 4011 3634 3255 2876 —377 

40 2497 2116 1734 1352 0971 0587 0203 9818 9433 9047 —384 
41 .991 8661 

* According to P. Chappuis, Bureau International des Poids et Mesures. 
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TABLE 288.—VOLUME IN cm? AT VARIOUS TEMPERATURES OF A cm* OF 

WATER FREE FROM AIR AT THE TEMPERATURE OF MAXIMUM 

DENSITY, 0° to 36°C 

Beat 0 il 2 8 4 5 6 i 8 9 
0 1.000132 125 118 112 106 100 095 089 084 079 
1 073 069 064 059 055 051 047 043 039 035 
2 032 029 026 023 020 018 016 013 011 009 
3 008 006 005 004 003 002 001 001 000 000 
4 000 000 000 001 001 002 003 004 005 007 

5 008 010 012 014 016 018 021 023 026 029 
6 032 035 039 042 046 050 054 058 062 066 
7 070 075 080 085 090 095 101 106 10 118 
8 124 130 137 142 149 156 162 169 176 184 
9 191 198 206 214 222 230 238 246 254 263 

10 272 281 290 299 308 317 327 337 347 357 
11 367 377 388 398 409 420 430 441 453 464 
12 476 487 499 511 522 534 547 559 571 584 
13 596 609 623 636 649 661 675 688 702 715 
14 729 743 ASV 772 786 800 815 830 844 859 

15 873 890 905 920 935 951 967 983 998 015 
16 1.001031 047 063 080 097 113 130 147 164 182 
17; 198 216 233 252 269 287 305 323 341 358 
18 378 396 415 433 452 471 490 510 529 548 
19 568 588 606 626 646 667 687 707 728 748 

20 769 790 811 832 853 874 895 916 938 960 
21 981 002 024 046 068 091 113 135 158 181 
22 1.002203 226 249 Pail 295 319 342 364 389 412 
23 436 459 483 507 532 556 581 605 629 654 
24 679 704 729 754 779 804 829 854 879 905 

25 932 958 983 010 036 061 088 115 141 168 
26 1.003195 221 248 275 302 330 357 384 412 439 
27 467 495 523 550 579 607 635 663 692 720 
28 749 776 806 836 865 893 922 951 981 011 
29 1.004041 069 100 129 160 189 220 250 280 310 

30 341 371 403 432 464 494 526 557 588 619 
31 651 682 713 744 Hifi} 808 840 872 904 936 
32 968 001 033 066 098 132 163 197 229 263 
33 1.005296 328 361 395 427 461 496 530 562 597 
34 631 665 698 732 768 802 836 871 904 940 

35 975 009 044 078 115 150 185 219 255 290 

TABLE 289.—INFLUENCE OF PRESSURE ON VOLUME OF WATER * 

kg/cm? o°c 20°C 40°C kg/cm?2 20°C 40°C 
1 1.0000 1.0016 1.0076 7,000 8404 8485 
500 9771 9808 9873 8,000 .8275 8360 

1,000 9578 .9630 .9700 9,000 8160 .8249 
2,000 9260 .9327 9403 10,000 — 8149 
3,000 9015 .9087 .9164 11,000 — 8056 
5,000 8632 .8702 8778 12,000 — .7966 
6,000 8480 8545 8623 12,500 —— .7922 

* Cf. Table 269. 
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298 TABLE 290.—DENSITY AND VOLUME OF WATER —10° TO +250°C 

Temp. 
Ae: Density 

—10 99815 
— 9 843 
— 8 869 
—7 892 
— 6 912 

—5 99930 
— 4 945 
— 3 958 
—2 970 
— 1 979 

+0 99987 
1 993 
7 997 
3 999 
4 1.00000 

5 99999 
6 997 
7 993 
8 988 
9 981 

10 .99973 
11 963 
12 952 
13 940 
14 927 

15 99913 
16 897 
17 880 
18 862 
19 843 
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The mass of 1 cm®* at 4°C is taken as unity. 

1.00013 
007 
003 
001 

1.00000 

1.00001 

1.00027 
037 
048 
060 
073 

1.00087 
103 
120 
138 
157 

Temp. 
= Density 

.99823 
802 

Volume 

1.00177 
198 

1.00293 
320 
347 
375 
404 

1.00434 

633 

1.00985 
1.01028 

072 
116 
162 

Volume 

1.01207 
254 
301 
349 
398 

1.01448 

1.02899 
1.03237 

590 
959 

1.04343 

1.0515 
1.0601 
1.0693 
1.0794 
1.0902 

1.1019 
1.1145 
1.1279 
1.1429 
1.1590 

1.177 
1.195 
1.215 
1.236 
1.259 



TABLE 291.—DENSITY AND VOLUME OF MERCURY —10° TO +360°C 2099 

Temp. Mass 
ac g/cm 

—10 13.6198 
— 9 6173 
— 8 6148 
—7 6124 
— 6 6099 

— 5 13.6074 
— 4 6050 
— 3 6025 
—2 6000 
— 1 5976 

— 0 13.5951 
1 5926 
2 5901 
3 5877 
4 5852 

Se e827 
6 5803 
7 5778 
8 5754 
9 5729 

10 =13.5704 
11 5680 
12 5655 
13 5630 
14 5606 

1 ash Szehl 
16 5557 
17 5532 
18 5507 
19 5483 

Volume of 
1 g in cm3 

0734225 

0734893 
5026 
5160 
5293 
5427 

0735560 
5694 
5828 
5961 
6095 

0736228 
6362 
6496 
6629 
6763 

.0736893 
7030 
7164 
7298 
7431 

0737565 
7699 
7832 
7966 
8100 
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Temp. 
s¢ 

20 
21 

Mass 
g/cm$ 

13.5458 
5434 
5409 
5385 
5360 

13.5336 
5311 
5287 
5262 
5238 

13.5213 
5189 
5164 
5140 
5116 

13.5091 
5066 
5042 
5018 
4994 

13.4969 
4725 
4482 
4240 
3998 

13:3723 
3515 
3279 
3040 
2801 

Volume of 
1 g in cm 

0738233 
8367 
8501 
8635 
8768 

0738902 
9036 
9170 
9304 
9437 

0739572 
9705 
9839 
9973 

40107 

0740241 
0374 
0508 
0642 
0776 

0740910 
2250 
3592 
4936 
6282 

0747631 
8981 

50305 
1653 
3002 

Temp. 
° 

140 
150 
160 
170 
180 

190 
200 

Density or mass in g/cm* and the volume in cm® of 1 g of mercury. 

Mass 
g/cm’ 

13.2563 
2326 
2090 
1853 
1617 

13.1381 
1145 
0910 
0677 
0440 

13.0206 

12.7869 
7635 
7402 

Volume of 
1 g in cm’ 

0754354 
5708 
7064 
8422 
9784 

0761149 
2516 
3886 
5260 
6637 

0768017 
9402 
7090 
2182 
3579 

0774979 
6385 
7795 
9210 

80630 

.0782054 
3485 
4921 



300 TABLE 292.—DENSITY OF AQUEOUS SOLUTIONS 

_The following table gives the density of solutions of various salts in water. The numbers 
give the weight in g/cm*. For brevity the substance is indicated by formula only. 

Weight of the dissolved substance in 100 parts by weight of 
the solution Ea) 

Oe at fe ve 

Substance 5 10 15 20 25 30 40 50 60 & 

GIO) te RCN lepine 104725 1.098) WEISS e214 e284) e354) 1503) G59) | S09 es: 
Ki@ gan SAG ee cis 1040)) 1082 1E127 SS eiomele229 E286) 14 10) SIESS8) 1666ne 15: 
INAV OP ean casesenn 1073) Wel4 AREAS leZ28 aero 54 1421 IES57e OSS eS ZO meine 
NaOH eienhoun«s IOSSip 114 SEIGO Rw IEZ2Z Aloe 7 Oe lesokt 1456 leo SOR kG IZ elo: 
ING peer co acre. 978 959 940 924 .909  .896 -— — —— 16. 

INJARGIG 06 semen: 1.015 1.030 1.044 1.058 1.072 —_- ——- SSS lb. 
KGa: oO ecn: 1.031 1.065 1.099 1.135 a Sl 
IN ENC) tase sl eine de 1035) 1kO72 sel O Me S One etl nls 
LiGly qancpverecneen 1OZ9  1k057 OSS ee lellGme 12147 eles © 1255 — = SS. 
CaGhipaes: .checerne< LO4ie L086) WAZ EI Stele232 1e286) e402 ae ae LD 

CaCl.+6H:0 ...... LOLS LOO MECoIOSSme 0S 128 N76 e225) 1276s: 
HX | CSS pe eee 1030s 1LO7Z2e elle Somele1O6 ) 1e241) 1k s40 —— —— 15. 
Mito (Ol seaearcys scien OD le OSSmmlelts (melee le22O) e270 tS 
MgCl.+6H:0 ...... 1.014 1.032 1.049 1.067 1.085 1.103 1.141 1.183 1.222 24. 
ZnGloe asc cccthetptces.« O43 O89 MESS olel84 1236 1e289) 147 eeleSOSm Wle7ss7 eno 

Gd Clots...:3::: 2b ete. 1.043 1.087 1.138 1.193 1.254 1.319 1.469 1.653 1.887 19.5 
SrG@losag.. Rtcese. 10445 1092) Wel4s 1.198 21257 12321 eee 
SrGl--OHsOlen a: O27 LOSS led SZemmle lille 1k042, ele 4ae e242 ee siz, —— 15; 
Ba@lancan see cee 1.045 1.094 1.147 1.205 1.269 — — — == 15, 
BaCl.+2H:20 ...... OSS ey O75 MELO el6Gmele2t7  1k273 ee 

CuGiire. vance k OFA ECOL tet Se E22 e209 I 1esG0 E527 TS 
ING tencecteek aes 1.048 1.098 SZ 1.223 1.299 <== —— STS 
Eig @ lien chaneke rave 1.041 1.092 — a —_— — — 20. 
Hex@ le eres sso O41 OSG) ESO pet eli79 E232, 1290) 141 SeleS 4 Sele ealize5 
BEG Ss hee cites 1.046 1.097 1.153 1.214 1.285 1.362 1.546 1.785 —_—_ — 

Sn@li--2H3O)...... 1.032 1.067 1.104 1.143 1.185 1.229 1.329 1.444 1.580- 15. 
SnCl+5H:0O ...... 1.029) 0585 A089) W122 NES7. W938) 274 Ee SGS) le O7 eos 
SATE Toate pencrn ei teers OSS OZ Oe lal e545 E2025 1b252 sale 366m le4 69 — 8.5 
GE Tek Ate s) ateouss 5 ots eather 1LOS 5 EO 7S lela 57, e205) E2545 12364: — == 105 
IN aN teamesenaciarstceenets OSS EO 7S eZ Smenlelt/ 2 lee 2 4279 eles 0Smmlesos — 195 

IN CIB ravaecaysicivecae et 1.041 1.085 1.135 1.189 1.245 1.308 1.449 1.623 — 195 
ZIM Tatetacscoayees, 2 citecor 1.043 1.091 1.144 1.202 1.263 1.328 1.473 1.648 1.873 19.5 
Cabinet 1.041 1.088 1.139 1.197 1.258 1.324 1.479 1.678 == 95 
Gabriele 1.042 1.087 1.137 1.192 1.250 1.313 1.459 1.639 == j95 
Balls nae eae cece 1.043 1.090 1.142 1.199 1.260 1.327 1.483 1.683 — 195 

SmBine ceca eee 1.043 1.089 1.140 1.198 1.260 1.328 1.489 1.693 1.953 19.5 
Keg eS as chine eeu set 1.036 1.076 1.118 1.164 1.216 1.269, 1.394 1.544 1.732 19:5 
TE Tp rn canes eee LO WOW Wale TA) 2 RS ANS) L7/7/5 OS 
Nailer erste tare: LOSS eOSOM eZ) W577 232 E292 4 SO ESOS SOSmelO%S 
PAO rele eon a Lene 1.043 1.089 1.138 1.194 1.253 1.316 1.467 1.648 1.873 19.5 

Cdlewrs etree O42 ROSS Son MELOZSIEZS lees 4 7Aaeluo rs === 119)5 
Niipalrrinctcors foe ee ee E04 OSG aS 7 OZ E252. les Bye 1e4 72 leOOOme le Ol smmelO%5 
Gallo a eee rena 1.042 1.088 1.138 1.196 1.258 1.319 1.475 1.663 1.908 19.5 
Sime ane 1.043 1.089 1.140 1.198 1.260 1.328 1.489 1.693 1.953 19.5 
Baaeiias nase 1.043 1.089 1.141 1.199 1.263 1.331 1.493 1.702 1.968 19.5 

INaClOs access ROSSI COGS OG IIa Sele SS lee souelesZ9 — —— 19:5 
INFIBHO! “noacce eooec MOSOOSI A276) E229 EZ 87, — _- —— — 100).5 
KONI Ore canet arcane 1031 e064 2099" 18135 — — — —- =— 5. 
INJEDIN( ORR Rereinete einige LOSE OCS EO] 4 Oa SO) e222 ess ee alG AVY 
INGINIO si Use qecsaners 1LOAAPEOSO E40 TOS 1255). 1322) 1479 e675 ESS alos 

(continued) 
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TABLE 292.—DENSITY OF AQUEOUS SOLUTIONS (concluded) 

Substance 5 

INI SEIN Oe G5 oocounoc 1.070 
EMNOs) 2) fe. foe se 1.048 
Zn(NOs;)2+6H20 oe = 

Ga(Ni@s)seeenen es 1.037 
Cu(NOs)2 SO AO OD OO 1.044 

SnHG@NO;)2) sacosoeee 1.039 
BEGNOS) 5 ween <2 1.043 
(GalCNlONS Seecooone 1.052 
Gol NOs) 3. 345.2 1.045 
Ni( NOs): seer eee oe 1 045 

Fe:(NOs)e« Meee ehsieiereis 1 039 

Mg(NO;):+6H:O . 1.018 
Mn(NOs;)2+6H2O0 >» 1025 

ICI C(O Beet 6 c.c tees 1.044 
K;CO;+2H:20 ..... 1.037 

Na2CO3;10H:O Be avel<iis 1.019 

WNTs) 2S Owed 5 = 3 1.027 
Re (SOs)s Wae22.-.- 1.045 
FeSO.+7H:0 ..... 1.025 
MES O47 a5 seers a's 1.051 

MgSO.+7H:0 ..... 1.025 

CuSO.+5H20 no eas 1.031 

MnSO.+4H:0O ..... 1.031 
ZnSO.4+7H.0O ..... 1.027 

Feo ( SO;) 3 *K2SO.+ 

24H20 1S O}e Ahn ym eee 1.026 
Cr2(SOs)s° K,SO.+ 

ZaECO! A eaeeric cs 1.016 
MgSO,+ K2SOs+ 

OS AO) swerseita o otter 1.032 
(NHs)2SOs+ 
FeSO.+6H:0 ... 1.028 

ReEGrOr ck vanes. 1.039 
KEGrO7 seeders ss 1.035 
Hey.) Ka tees... «- 1.028 
ISG GK Gogccues 1.025 
Pb(C2H302)2+ 

EOS RAG ico: 1.031 
2NaOH+As20s 

SE 24H2O) chases ic 1.020 

5 

SOs: ececiny scapes 1.040 
SOR cis oes. a8 as 1.013 
INGOs: c scct atte acne. 1.033 
GbOse 25 ec 1.021 
CoH Ors ss Mite es 1.018 

Gane sugar (Ss.-.- -.- 1.019 
15 Gees Gesctee 1.025 
UB ete ss 1.035 
JEL ee Be 6 oc Se sera 1.037 
ISS Onset oe 1.032 

lel SSilahy aioee bctmccns 1.040 
PaO s. ccs ees 1.035 
P20;+3H:0 ....... 1.027 
EUIN@ se ee 1.028 
(Gals | Ohare. emer 1.007 

Weight of the dissolved substance in 100 parts by weight of 

10 

1.041 
1.095 
1.054 
1.075 
1.093 

1.083 
1.091 
1.097 
1.090 
1.090 

1.076 
1.038 
1052 
1.092 
1.072 

1.038 
1.055 
1.096 
1.053 
1.104 

1.050 
1.039 
1.064 
1.064 
1.057 

1.045 

1.033 

1.066 

1.058 
1.082 
1.071 
1.059 
1.053 

1.064 

1.042 

10 

1.084 
1.028 
1.069 
1.047 
1.038 

1.039 
1.050 
1.073 
1.077 
1.069 

1.082 
1.077 
1.057 
1.056 
1.014 

the solution 
—— 

20 

1.085 
1.201 
iS 
1.162 
1.203 

1.179 
LeIs9 
1212 
1.192 
1192 

1.160 
1.082 
1.108 
1.192 
1.150 

1.077 
1.113 
1.207 
Le 
1.221 

1.101 
1.081 
1.134 
1.135 
1.122 

1.088 

1.073 

1.138 

1.122 
1.174 

1.126 
1113 

137 

1.089 

20 

1.179 
1.063 
1.141 
1.096 
1.079 

1.082 
1.101 
1.158 
1.165 
1.145 

1.174 
1.167 
1.119 
LES 
1.028 

25 

1.107 
1.263 

1211 
1263 

1.262 
1.283 
252 
12252 

1.210 
1.105 
1.138 
1.245 
E191 

1.098 
1.142 
1.270 
1.141 
1.284 

1.129 
1.102 
Te 73 
1.174 
1.156 
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30 
Ist 
1325 
1.178 
1.260 
1.328 

1.332 
1.355 
1.318 
1.318 

1.261 
1-129 
1.169 
1.300 
1.233 

1.118 
1.170 
1.336 
1.173 

1.155 
1.124 
P2103 
1.214 
1.191 

| 

W oe) — 

Temp. 
°¢ 

tt 

See Sl aa ita ae! wn nnn WM wn _ NI 

ANG 
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TABLE 293.—DENSITY OF MIXTURES OF ETHYL ALCOHOL AND WATER 
IN g/ml 

The densities in this table are numerically the same as specific gravities at the various 
temperatures in terms of water at 4°C as unity. Based upon work done at the National 
Bureau of Standards. 

Percent Temperatures 
C,.H;s0H po see 
by weight 10°C 15°C ZVAC 256 SOAS 35€ 40°C 

0 99973 99913 99823 .99708 .99568 .99406 99225 
1 785 725 636 520 379 217 034 
2 602 542 453 336 194 031 98846 
3 426 365 275 157 014 98849 663 
4 258 195 103 98984 98839 672 485 

5 098 032 98938 817 670 501 311 
6 98946 98877 780 656 507 385 142 
7 801 729 627 500 347 172 97975 
8 660 584 478 346 189 009 808 
9 524 442 331 193 031 97846 641 

10 393 304 187 043 97875 685 475 
11 267 171 047 97897 723 527 312 
12 145 041 97910 753 573 371 150 
13 026 97914 775 611 424 216 96989 
14 97911 790 643 472 278 063 829 

15 800 669 514 334 133 96911 670 
16 692 552 387 199 96990 760 512 
17 583 433 259 062 844 607 oz 
18 473 313 129 .96923 697 452 189 
19 363 191 96997 782 547 294 023 

20 252 068 864 639 395 134 95856 
21 139 96944 729 495 242 95973 687 
22 024 818 592 348 087 809 516 
23 96907 689 453 199 95929 643 343 
24 787 558 312 048 769 476 168 

25 665 424 168 95895 607 306 94991 
26 539 287 020 738 442 133 810 
27 406 144 95867 576 212 94955 625 
28 268 95996 710 410 098 774 438 
29 125 844 548 241 94922 590 248 

30 95977 686 382 067 741 403 055 
31 823 524 212 94890 557 214 93860 
32 665 357 038 709 370 021 662 
33 502 186 94860 525 180 93825 461 
34 334 011 679 337, 93986 626 257. 

35 162 94832 494 146 790 425 051 
36 94986 650 306 93952 591 221 92843 
37 805 464 114 756 390 016 634 
38 620 273 93910 556 186 92808 422 
39 431 079 720 353 92979 597 208 

40 238 93882 518 148 770 385 91992 
41 042 682 314 .92940 558 170 774 
42 93842 478 107 729 344 91952 554 
43 639 271 92897 516 128 733 332 
44 433 062 685 301 91910 513 108 

45 226 92852 472 085 692 291 90884 
46 017 640 257 .91868 472 069 660 
47 92806 426 041 649 250 90845 434 
48 593 211 91823 429 028 621 207 
49 379 91995 604 208 90805 396 89979 

50 162 776 384 .90985 580 168 750 

(continued) 
SMITHSONIAN PHYSICAL TABLES 



303 
TABLE 293—DENSITY OF MIXTURES OF ETHYL ALCOHOL AND WATER 

Percent 
C.H;0H 
by weight 

50 
105¢ 

92162 
91943 

723 
502 
279 

055 
90831 

607 
381 
154 

89927 
698 

15s 

91776 
555 

SMITHSONIAN PHYSICAL TABLES 

IN g/ml (concluded) 

Temperatures 
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TABLE 294.—DENSITY OF AQUEOUS MIXTURES OF METHYL ALCOHOL, 

CANE SUGAR, OR SULFURIC ACID 

Percent Methyl Sulfuric Percent Methyl Sulfuric 
by weight alecnol Cane acid by weight aleglre: Cane acid 

sugar : r 
euBeanee D ae c 20° Dp Zee e sibscanee P cary £ "20° D 4° c 

0 .99913 .998234 .99823 50 91852 1.229567 1.39505 
1 99727 1.002120 1.00506 51 91653 1.235085 1.40487 
2 99543 1.006015 1.01178 52 91451 1.240641 1.41481 
3 .99370 1.009934 1.01839 53 91248 1.246234 1.42487 
4 99198 1.013881 1.02500 54 91044 1.251866 1.43503 

5 99029 1.017854 1.03168 55 90839 1.257535 1.44530 
6 .98864 1.021855 1.03843 56 90631 1.263243 1.45568 
i .98701 1.025885 1.04527 57 90421 1.268989 1.46615 
8 98547 1.029942 1.05216 58 90210 1.274774 1.47673 
9 .98394 1.034029 1.05909 59 89996 1.280595 1.48740 

10 98241 1.038143 1.06609 60 89781 1.286456 1.49818 
11 98093 1.042288 1.07314 61 89563 1.292354 1.50904 
12 97945 1.046462 1.08026 62 89341 1.298291 1.51999 
13 97802 1.050665 1.08744 63 89117 1.304267 1.53102 
14 97650 1.054900 1.09468 64 88890 1.310282 1.54213 

15 97518 1.059165 1.10199 65 88662 1.316334 1.55333 
16 97377 1.063460 1.10936 66 88433 1.322425 1.56460 
17 97237 1.067789 1.11679 67 88203 1.328554 1.57595 
18 .97096 1.072147 1.12428 68 87971 1.334722 1.58739 
19 96955 1.076537 1.13183 69 87739 1.340928 1.59890 

20 .96814 1.080959 1.13943 70 87507 1.347174 1.61048 
21 .96673 1.085414 1.14709 71 87271 1.353456 1.62213 
22 96533 1.089900 1.15480 72 87033 1.359778 1.63384 
23 .96392 1.094420 1.16258 73 86792 1.366139 1.64560 
24 96251 1.098971 1.17041 74 86546 1.372536 1.65738 

25 .96108 1.103557 1.17830 75 .86300 1.378971 1.66917 
26 .95963 1.108175 1.18624 76 86051 1.385446 1.68095 
27 95817 1.112828 1.19423 77 85801 1.391956 1.69268 
28 95668 1.117512 1.20227 78 85551 1.398505 1.70433 
29 95518 1.122231 1.21036 79 85300 1.405091 1.71585 

30 95366 1.126984 1.21850 80 85048 1.411715 1.72717 
31 5213 1.131773 1.22669 81 .84794 1.418374 1.73827 
32 95056 1.136596 1.23492 82 84536 1.425072 1.74904 
33 94896 1.141453 1.24320 83 84274 1.431807 1.75943 
34 94734 1.146345 1.25154 84 .84009 1.438579 1.76932 

35 94570 1.151275 1.25992 85 83742 1.445388 1.77860 
36 94404 1.156238 1.26836 86 83475 1.452232 1.78721 
37 94237 1.161236 1.27685 87 83207 1.459114 1.79509 
38 94067 1.166269 1.28543 88 82937 1.466032 1.80223 
39 93894 1.171340 1.29407 89 82667 1.472986 1.80864 

40 93720 1.176447 1.30278 90 82396 1.479976 1.81438 
41 93543 1.181592 1.31157 91 82124 1.487002 1.81950 
42 93365 1.186773 1.32043 92 81849 1.494063 1.82401 
43 .93185 1.191993 1.32938 93 81568 1.501158 1.82790 
44 .93001 1.197247 1.33843 94 81285 1.508289 1.83115 

45 92815 1.202540 1.34759 95 80999 1.515455 1.83368 
46 .92627 1.207870 1.35686 96 80713 1.522656 1.83548 
47 92436 1.213238 1.36625 97 80428 1.529891 1.83637 
48 92242 1.218643 1.37574 98 .80143 1.537161 1.83605 
49 92048 1.224086 1.38533 99 79859 1.544462 

50 91852 1.229567 1.39505 100 79577 1.551800 
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TABLE 295.—DENSITY, BRIX, AND BAUME DEGREES, OF CANE-SUGAR 

SOLUTIONS 

Degrees Brix, specific gravity, and degrees Baumé of sugar solutions. 
Degrees Brix = percent sucrose by weight. 

: a3 s : F 20 
Specific gravities and degrees Baumé corresponding to the degrees Brix are for 20° C. 

The relation between the specific gravity and degrees Baumé is given by degrees Baumé = 

145 — 

Degrees 
Brix or 
percent 
sucrose 

by 
weight 

oa a WNHS COMNANAWNE SOOO SsoOoCoSDoCooOSoS 

14.0 

SMITHSONIAN PHYSICAL TABLES 

specific gravity 

Specific 
gravity at 

20°/20°C 

1.00000 
1.00389 
1.00779 
1.01172 
1.01567 
1.01965 
1.02366 
1.02770 
1.03176 
1.03586 

1.03998 
1.04413 
1.04831 
1.05252 
1.05677 
1.06104 
1.06534 
1.06968 
1.07404 
1.07844 

1.08287 
1.08733 
1.09183 
1.09636 
1.10092 
1.10551 
1.11014 
1.11480 
1.11949 
1.12422 

1.12898 
1.13378 
1.13861 
1.14347 
1.14837 
115331! 
1.15828 
1.16329 
1.16833 
1.17341 

Degrees 
Baumé 
(modu- 
lus 145) 

Degrees 
Brix or 
percent 
sucrose 

b 
Weicht 

40.0 
41.0 
42.0 

Specific 
gravity at 

20°/20°C 

1.17853 
1.18368 
1.18887 
1.19410 
1.19936 
1.20467 
1.21001 
1.21538 
1.22080 
1.22625 

1.23174 
1.23727 
1.24284 
1.24844 
1.25408 
1.25976 
1.26548 
12723 
1.27703 
1.28286 

1.28873 
1.29464 
1.30059 
1.30657 
1.31260 
1.31866 
1.32476 
1.33090 
1.33708 
1.34330 

1.34956 
1.35585 
1.36218 
1.36856 
1.37496 
1.38141 
1.38790 
1.39442 
1.40098 
1.40758 

Degrees 
Baumé 
(modu- 

lus 145) 

21.97 
22.50 
23.04 
23.07. 
24.10 
24.63 
Zod, 
25.70 
26.23 
26.75 

27.28 
27.81 
28.33 
28.86 
29.38 
29.90 
30.42 
30.94 
31.46 
31.97 

32.49 
33.00 
33:51 
34.02 
34.53 
35.04 
35.55 
36.05 
36.55 
37.06 

37.56 
38.06 
38.55 
39.05 
39.54 
40.03 
40.53 
41.01 
41.50 
41.99 

Degrees 
Brix or 
percent 
sucrose 

by 
weight 

80.0 

86.0 

02 G0 CO \OooN! 

No) Ne) 
FESSLS Ss ooooooe Sco 
96.0 

Specific 
gravity at 
20°/20°C 

1.41421 
1.42088 
1.42759 
1.43434 
1.44112 
1.44794 
1.45480 
1.46170 
1.46862 
1.47559 

1.48259 
1.48963 
1.49671 
1.50381 
1.51096 
1.51814 
1.52535 
1.53260 
1.53988 
1.54719 

1.55454 

Degrees 
Baumé 
(modu- 
lus 145 

42.47 
42.95 
43.43 
43.91 
44.38 
44.86 
45.33 
45.80 
46.27 
46.73 

47.20 
47.66 
48.12 
48.58 
49.03 
49.49 
49.94 
50.39 
50.84 
51.28 

573 



306 TABLES 296-300.—VELOCITY ©F SOUND* 

TABLE 296.—VELOCITY OF SOUND IN GASES *® 

Temp. Velocity Temp. Velocity 
Gas 2€ m/sec Gas a m/sec 

Airerdrnyapleatmens + cote 0 331.7 Hydrogen bromide ...... 0 200 
re regen TSE AUS Bes, 8 0 332.0 Hydrogen chloride ...... 0 296 
s peg Omron es clark ees 0 334.7 Hydrogen iodide ........ 0) 157 
‘ OOM. knees 0 350.6 Hydrogen sulfide ....... 0 289 
i CRE 6. HACE ee 100 386 lbopagbnnEN TOE RIS ooo ood oe 0 490.4 
y DHE haces SNE 500 553 Methane” 2s. . «tees 0 430 
*f epombeitnlecerey ret 1000 700 INGO Mlmewnieiinseetrerorsvott teste oe 0 435 

ANIMINOEY Ao odaocseoaaod 0 415 INnémiekoxidel =e. a. c ys 10 324 
PAU OMe ih Seer. ea 0 319 INGETO@ en: Ee 0.0. ese 0 334 
Capbon dioxidese. | sae: 0 259 INGFOWS bSG Gee donno: 0 263 
Carbon monoxide ....... 0 338 Oxygen Sis kent ones 0 316 
Chlorine Yee .; ee 0 206 Silicon tetrafluoride .... 0 167 
Ethane 5. 4eee ents. 2 ee 10 308 Sulfm, dioxide Wa... - seer 0 213 
Ethylene . 20er.). i. teak. 0 317 Vapors: 
Helium’ <| Meee. ae 0 965 alcohol 22.8) fee 0 230.6 
Hydrogen (heavy) ...... 0 890 ether ~G40 OBA Ee. Soe 0 179.2 
Hydrogen (light) ....... 0 1284 Water. te 2d Ses eas 0 401 

Se NS ORC. 2 eeap 100 404.8 

* Tables 296 and 298-300 prepared by Urick and Weissler, Naval Research Laboratory. 
°8 Bergmann, Ultrasonics, 3d ed., p. 223, Edwards Brothers, Ann Arbor, Mich., 1944. 

TABLE 297.—VELOCITY OF SOUND IN SOLIDS 

The velocity of sounds in solids varies as VE/p, where E is Young’s modulus of elasticity 
and p the density. These constants for most materials vary through a somewhat wide range. 
The numbers can be taken only as rough approximations to the velocity in any particular case. 
When temperatures are not marked, between 10° and 20° is to be understood. 

v Vv 

Substance tac m/sec Substance tA m/sec 

Agahard! ees as.) Pee 20 2678 Fey). ees PE Ee ei 200 4720 
ee RMN. dn kee Ree 100 2640 0), Behn RSS Ac ay Shee ee 20 4990 
ee NAR cis RoR Ree 200 2480 50) CP. raed, ete RENEE 34 100 4920 

TEN Soret CIRRR ERE, Con Cem RR 5104 “ORR oo A RE ee 200 4790 
Aviphiand( «ete. 3 Renee oe 20 1743 Me ba. SIS: OF BP Ree 4602 

p> teers chs Ss mee 100 1720 INAS Bey. es os A BLE ON 4973 
Cis. oc) ot eo ee 2307 PB} Oe... aa ae: Sete ee 1322 
COPS S55 ee es hee 4724 Pd) ta. Shae5. BORE SLPPRE 3150 
(Cais ico Re Meee oes BO 20 3560 Pt Bd. nee, Pe are eee 20 2690 

OL CASE 2 rs er Rk eiacs eee 100 3290 EME oat ea ges oe ee 100 2570 
ee. ee eR Ed RP) 200 2950 FF stove lid Mees. che hae eee 200 2460 

GE ia Set sc 20 5130 Srp . ua eal 2. Sea eee 2500 
MMs os Sie eee es ee 100 5300 ZT. BE aie ete hte ees RS 3700 

Ash, along the fiber........ 4670 Bricky A800), OL. 8h ae. 3652 
) ACKOSS the! Tings... car 1390 Clayatrock: (2.2 £8 is See 3480 
© along theerings! ..0¢7 1260 Catkt 8 fe. RRO. 500 

Beech, along the fiber...... 3340 Granite 25259; [90h eee 3950 
se across the rings.... 1840 Marble 225 S)...26,.08: 2 aaa 3810 
* along the rings ..... 1415 Patattiny es sues See eae. 15 1304 

Elm, along the fiber........ 4120 Slatey acc seo ee Se eRe: 4510 
across the rings....... 1420 SIREN G Weaee-o-scteers awison corres 16 390 

-) along, the tines) eee 1013 Thott 2; Fk teo 65. See 2850 
Bijalong:thertiberee eee 4640 Gl from 5000 
Mahogany, along the fiber. . 4135 BIAS i <o Bapaiey aa to 6000 
Ma oloneatie fiber ie ane VORY) GAR: cei oeee ee ae 

ak, along the gers aie 0 4 
Pine, along the fiber........ 3320 Vul. rubber (black)........ 50 31 
Poplar, along the fiber..... 4280 a % (red)) 227. 0 69 
Sycamore, along the fiber... 4460 - fe mesa Ae 70 34 

Wass 2accs ia eee eee 17 880 
aE he ake Rao cicts ane 28 441 
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TABLE 298.—VELOCITY OF SOUND IN LIQUIDS ® 307 

Temper- Sound Temper- Sound 
ature velocity Density ature velocity Density 

Liquid 2G m/sec g/ml Liquid ° m/sec g/ml 

A CELON EG Hpeeh aes ores wnse 30 =©1146 7788 Silicon tetrachloride* . 30 766.2 1.4622 
Alcohol, abs. ethyl*... 30 1127.4  .7809 Silicone 
Alcohol methyl? ..... 30 1088.9  .7816 IDS, SUW205; 3850 4ec 30 View o/SBIS 
Alcohol, n-dodecyl* .. 30 1388.0  .8269 DC 50025:0 ‘cs *.8..- 30 953.8  .9083 
Benzene Were... 5s. 30 1276.4 .8685 XS. K0O=50.. GS S55 soac 30 981.6 .9540 
Carbon disulfide” .... 23 1149 1.258 Sorbitol, 83% solution 
Carbon tetrachloride*. 30 905.8 1.5746 Iwate s accan cleo 30 §=©2040 1.31 
Chlorotonmeese.--..>- 20 1002 1.488 Turpentine, ».....8... 27. 280 893 
Ethene. Aare ce so css. 30 949 7019 Water (distilled)® ... 0 1403.5 
Ethylene glycol* ..... 30. »=—:1643.5 1.1068 10 =1448.0 
Glycerimes he: esc ee. 30 = 1905 152553 20 =1483.1 
Heptane tg ee. .cl. ce: A) J 6751 30 =1509.9 
leptene hese neosor 30 §=1082 6910 40 1529.5 
leptynesy eGhe «sess: SO ee lS93) 27243 50 = 1543.5 
Hexadecafluoro- COM eSS1e5 

heptanessae sees oer 30 528.8 1.64 0p elS S983 
Miencuny aeeraeee oe es 20 1451 135595 80 1554.6 
Methylene iodide? .... 20 OV) SS) 86 1552.4 

94 =1549.0 

® References: a, Weissler, A., Journ. Amer. Chem. Soc., 1948 and 1949; also unpublished work with 
V. A. Del Grosso. b, Bergmann, L., Ultrasonics, 3d ed., p. 175, Edwards Brothers, Ann Arbor, Mich., 1944. 
c, Rao, M. R., Ind. Journ. Phys., vol. 14, p. 109, 1940. d, Lagemann, R. J., et al., Journ. Chem. Phys., vol. 16, 
Ri 247, 1948; Journ. Amer. Chem. Soc., vol. 70, p. 2994, 1948. e, Randall, C. R., Nat. Bur. Standards Journ. 

és:, vol. 8; ps 95, 1932. 

TABLE 299.—VELOCITY OF SOUND IN SEA WATER 

(From various tables and formulae) 

Meters per second 
De 
aa Sal. Heck & Br. Adm. Br. Adm. 

meters Bt ppt Service Wood 1927 1939 Kuwahara 

0 0 31 1445 1445 1440.3 1440.2 1440.3 
e 10 i 1482 1484 1481.9 1481.9 1482.0 
as 20 y 1508 1515 1514.3 1514.3 1514.3 
‘a 30 — 1538 1539.0 1538.9 1539.1 

0 0 35 1450 1450 1445.3 1445.4 1445.5 
10 “ 1489 1488 1486.6 1486.7 1486.8 

; 20 1514 1519 1518.6 1518.7 1518.7 
; 30 “ == 1543 1543.0 1543.1 1543.2 

400 0 35 1454 — 1452.6 1452.7 1452.8 
* 10 5 1492 — 1493.8 1493.9 1494.1 
. 20 ie 1518 — 1525.8 1525.9 1525.9 
: 30 ms — — 1550.3 1550.4 1550.6 

3000 0 31 1490 — 1494.7 1494.6 1494.4 
. 35 1498 —_ 1499.7 1499.8 1499.8 
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308 TABLE 300.—VELOCITY OF SOUND IN SEA WATER—DEPTH —0 

° 
(o) 

OCOONIDA WMO 

30 

* Salinity (parts per thousand). 

1539.1 

SMITHSONIAN PHYSICAL TABLES 

(From Kuwahara) 

Meters per second 



TABLES 301-310A.—ACOUSTICS * 309 

TABLE 301.—RELATIVE POWER AND FREQUENCY OF OCCURRENCE OF 

VOWEL AND CONSONANT SOUNDS 

Vowels 

Vowel Relative Vowel Relative 
indicated frequency indicated frequency 
by italics Relative of occur- by italics Relative of occur- 
in words power rence in words power rence 

SCChE AR ISGienets chhhRs 220 6.4 SQ Wins secre asians 680 42 
Sites dene ae aes 260 10.3 Was © sro SUMO 470 4.7 
hates catches fot 370 48 TOOt) cthesSeeNs 460 3.0 
letiptenssedcran dee 350 6.6 SO Oller rseee a 310 6.3 
Crit aaid SOR arEae 490 6.9 Cy) 8 Vaalreerara per cat gaa 510 41 
father 4s. c...o45 600 6.5 

Initial and final consonants 

Relative Relative 
frequency of frequency of 

Rela- occurrence Rela- occurrence 
tive FF tive o——————_ 

Consonant power Initial Final Consonant power Initial Final 

Did So torehcenek: 6 25 1EZ G Dee Geet 16 8.5) Sh 
yee osreb xcheverercne 7 4.6 4 5) CSE SPE 16 3 6.0 
Kierra se ste ce 13 5.6 2.9 zh (agure) . 20 02 01 
CAT fe one MER Onea 15 4.3 4 Sree et clea 80 187 3 
tree sosceises,s 15 7.9 14.3 TiN Wey eccyaredeucvers 52 5.9 a8 
de Ae sre 7 6.2 4.4 Tidcytckoercrvosis 36 5.0 WAS 
5 OSES CORRE 5 5.0 12.5 NOE ics kscs 73 pe 3.6 
Vy ee ee Se ane 12 13 4.2 |e, See ae See 100 4.3 8.4 
th (voiced) ... 11 6.7 1.3 jae, Shae Ase: 210 2.8 13.1 
th (unvoiced) . 1 6.7 1e3 che. 42 6 5 

| an cece 23 8 all 

* Data selected and arranged by Cyril M. Harris, Bell Telephone Laboratories. : 
100 Fletcher, H., Speech and hearing, p. 74, D. VanNostrand, 1929. French, Carter, and Koenig, 

Bell System Techn. Journ., vol. 9, p. 290, 1930. 

TABLE 302.—SOUND LEVELS OF NOISE IN VARIOUS LOCATIONS 

It is customary to compare the pressure of all sounds in air with 0.0002 dynes/cm’. The 
sound-pressure level of waves having a r.m.s. sound pressure of p dynes/cm’ is defined as 
20 logy (p/0.0002) decibels.t 
he following table gives some typical values of sound levels of noise in the locations 

indicated : 

Sound Sound 
level level 

Location in db Location in db 

Electric power station, ADEPAME OME) Ganc.s So» HS else’ e-elcls 55 
AOHNSENHIIS WOON “Gonoducccesoaee 120 Average residence with radio...... 50 

Botlerstactonyuccucco co oer oe 110 Average residence without radio... 43 
Subway station, train passing...... 100 @uietiresidence #22. 6. -oemincie es 30 
Streetcars a4 aches ec. a since ee 85 Radio broadcast studio 2...---eee 30 
aA CtORVe wore Sa sisi: ROM ade aici rere 75 Reference level, .0002 dynes/cm?... 0 
Mareen StOLrGas.s.0 0 ek tere so As enc eeleks 65 

+ The bel is a dimensionless unit for expressing the ratio of two values of power, the number of 
bels being the logarithm to the base 10 of the power ratio. 

The decibel, abbreviated db, is one-tenth of a bel. When conditions are such that scalar ratios of 
pressure amplitudes or particle velocities are the square roots of the corresponding power ratios, the 
number of decibels by which the corresponding powers differ is expressed by 

20 log (p,/pP,) db 

where »,/p, represents the scalar ratio. This relationship is frequently applied where the scalar ratio 

is not the square root of the corresponding power ratio, but such usage should be accompanied by a 
specific statement of application. 
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310 TABLE 302A.—SPEECH POWER (Fig. 1) 

In a study conducted by Dunn and White, the “long-time-interval average” power of 
speech, obtained by averaging data over time intervals of more than a minute of continuous 
speech, for the average of a group of male speakers was found to be 34 microwatts. The 
corresponding value for female speakers was 18 microwatts. At least 1 percent of the 
a-second intervals had an average power in excess of 230 microwatts for men and 150 
microwatts for women, and a peak power in excess of 3600 microwatts for men and 1800 
microwatts for women. The figure shows how the total power of average conversational 
speech is distributed with respect to frequency. These data give the power per cycles 
versus frequency and also the percentage power lying below a given frequency. 

,IN DB 
| tw 

I Ww 

| o 

TOTAL SPEECHIPOWER PER GYCLE 
60  “IG00~ "200 §00 1000 2000 5000 10000 

FREQUENCY IN CYCLES PER SECOND 

Fic. 1—Speech power for men (continuous curves) and women (dotted curves) given 
in percentage power below any frequency. Curves A and B, power per cycle, curves C and 
D, O db =1 microwatt. 

PERCENT SPEECH POWER BELOW ANY FREQUENCY 

101 Dunn, H. K., and White, S. D., Journ. Accoust. Soc. Amer., vol. 11, p. 278, 1940. 

TABLE 303.—-PEAK POWER OF MUSICAL INSTRUMENTS 

Watts Watts Watts 
Orchestra, @yimbals} 2... 548- 10 Biccolome eee eee 08 

75 pieees) anni. | 70 dirombone .....2. 6 luten sarge cca: ane 06 
Bass drum, large.. 25 RIAN! Gye 5 50a ae 3 Glarinet)... ss6ee- 05 
Pipesonganessaeeon 13 sium pe tuesseeerer 3 French horn ...... 05 
Snarendnum jas: 12 BeSSri0 lity. weccherorcuze: 2 (Driangley aoc sce ae 05 

102 Sivian, L. J., Dunn, H. K., and White, S. D., Journ. Acoust. Soc. Amer., vol. 2, p. 330, 1931. 
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TABLE 304.—CHARACTERISTIC RESONANCE VALUES OF 

SPOKEN VOWELS” 
311 

The “pitch” of one’s voice, i.e., his fundamental frequency, fluctuates considerably during 
conversational speech, and there is a great deal of variation from individual to individual. 
The average fundamental frequency for the average male voice in conversational English 
speech is in the neighborhood of 130 cps, while the corresponding value for the female voice 
is 230 cps. 

The vocal cords, housed in the larynx, emit a pressure wave that is essentially “sawtooth” 
in character. The numerous harmonics that result from this complex wave form are selec- 
tively transmitted to the open air. The throat, mouth, nose, and constrictions formed by the 
tongue and lips are most important in determining the frequency characteristics of the 
transmission system. The pressure spectrum of speech has many peaks. Apparently vowel 
sounds are distinguished by the position of these resonant peaks. The following table gives 
representative frequencies of the first two principal resonant peaks for different vowel 
sounds spoken by the average male adult: 

Frequency Frequency 
of 1st of 2d 

Vowel in- principal principal 
dicated by resonant resonant 
italics in peak peak 
the words cps cps 

COE. cio Soe 290 2375 
Sit | east. TRA. 440 2050 
Or orto Gees obec 585 1875 
Stites aisteta Sete 725 1675 
father=ss-44 ner 780 1125 

Frequency 
of 1st 

Vowel in- principal 
dicated by resonant 
italics in peak 
the words cps 

GO War tivereern sees 600 
TOOt Nose 500 
SOOM Pa aseetee <8 330 
SITIO PI arenas: 650 
Oihee -ae era aieteareano laren 475 

Frequency 
of 2d 

principal 
resonant 

peak 
cps 

103 Potter, R. K., and Peterson, G. E., Journ. Acoust. Soc. Amer., vol. 20, p. 528, 1948. 

TABLE 305.—APPROXIMATE RANGE OF FUNDAMENTAL FREQUENCY ON 

ORCHESTRAL INSTRUMENTS 

The values given are for average instruments in tune with A440 cps. The lower fre- 
quency limits of some special instruments are indicated in brackets. 

Frequency 
range in 

cps 

Lower Upper 
Instrument limit limit 

WAOlin pias watite. steer on 195 2093 
Wat Olanes Seeeeatrtecgs tenes 131 1318 
Cellowa so sca eco eee 65 880 
Basseee cee eee Ae (32) 741 262 
IBIC CO] Oey cer neete tc eaters 587 4186 
Ute ee ee 261 2043 
Oboes o522 cee eee 233 1397 
Englishwhounwemer ese 164 934 
Glaninetaeeanen ee. (138) 146 1568 
Bassiclaninet: “ase. (@5)) ZS 467 
BASSOON era one 58 623 
Contralbassoone-ee eee 30 175 
Eb alto saxophone ...... 138 831 

Frequency 
Tange in 

cps 

Lower Upper 
Instrument limit limit 

Bb tenor saxophone ..... 103 623 
Eb baritone saxophone... 69 416 
Trumpet yess ae 164 1047 
Erenchwhornessseee eee 61 699 
Tromboneme er e.ce. (Si) 2 524 
Bassmtubaveet sccm econt 41 234 
Pianos soso 32 eee 27 4186 
Organs. eee (6) 32 4186 
Earp. Fecenateisavisrnnee este 32 3136 
Sopranomyoicel senses. e. 261 1568 
MGTIO SHOWS sooseooosencc 123 1174 
INI tOMVOICe a, sacs eee 174 933 
Baritonesvaice: soeeeneee- 98 416 
Bass VOIce: Big. ce cist 65 294 
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312 MUSICAL SCALES 

The following definitions and Tables 307 and 308 are taken from the American Stand- 
ard Acoustical Terminology Z24.1, 1949. 

Just scale.—A just scale is a musical scale such that the frequency intervals are repre- 
sented by the ratios of small integers. 

Equally tempered scale.—An equally tempered scale is a series of notes selected from 
a division of the octave (usually) into 12 equal intervals. 

Equally tempered semitone (half-step).—An equally tempered semitone is the inter- 
val between two sounds whose basic frequency ratio is the twelfth root of two. 

Note.—The interval, in semitones, between any two frequencies is 12 times the logarithm 
on the base 2 of the frequency ratio. 

Cent.—A cent is the interval between two sounds whose basic frequency ratio is the 
twelve-hundredth root of two. 

Note.—The interval, in cents, between any two frequencies is 1200 times the logarithm 
on the base 2 of the frequency ratio. Thus, 1200 cents = 12 semitones = 1 octave. 

TABLE 306.—FREQUENCY RATIOS AND INTERVALS FOR JUST AND 

EQUALLY TEMPERED SCALES 

Just temperament Equal temperament 

Frequency Cents Frequency Cents 
ratio from from ratio from from 
starting starting starting starting 

Interval from starting point point point point point 

WnsSOnle spree series hoc aces cacnets isi 0 Le 0 
Minor second or semitone........ 16:15 111.731 1.059463 :1 100 
IMINOF TOME, ac b decisnc do. eee 10:9 182.404 — — 
Major second or whole tone...... 9:8 203.910 1.122462 :1 200 
Miriorathindard 1. 55-17..44, eee os 6:5 315.641 1.189207 :1 300 
Major sthisd! 54:4: cscs ee 5:4 386.314 1.259921 :1 400 
Perfecttourth! sac ceo de occ 4 :3 398.045 1.334840 :1 500 
Atigmentedscounthiee cance ce 45 :32 590.224 1.414214 :] 600 
Dimunmishedyfitth’ -.-.ete <1 leer 64:45 609777 1.414214 :1 600 
Rerfecteatitth! <a4aesccc as cc SEZ 701.955 1.498397 :1 700 
Minonestoctht oe donccn cs cceiecee 8:5 813.687 1.587401 :1 800 
INaiforsixtlieise, gore muse 0c os eekroRee DES 884.359 1.681793 :1 900 
Harmonic minor seventh......... 7:4 958.826 — — 
Grave minor seventh............. 16:9 996.091 — —— 
Manorvsevenths =. 0.00.5 ssn ack sees 9:5 1017.597 1.781797 :1 1000 
Major seventh)... 0. ..< scemas 15:8 1088.269 1.887749 :1 1100 
Octaves ie Wee Sean eon nee Ze 1200.000 el 1200 
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314 TABLE 309.—SENSITIVITY OF THE EAR (FIG. 2) 

The minimum effective sound pressure of a specified signal that is capable of evoking an 
auditory sensation is called the threshold of audibility for that signal. The characteristics 
of the signal, the manner in which it is presented to the listener, and the point at which 
the sound pressure is measured must be specified. Two classes of ear-sensitivity deter- 
minations are shown in figure 2. M.A.P. is just-audible sound pressure measured at the 
observer’s ear drum. M.A.F. is the sound pressure level that is just audible to an observer 
in an acoustical field free of reflecting surfaces (the sound-pressure level is measured after 
the observer’s head is withdrawn from the field) ; the observer faces the source of sound 
and listens binaurally. These curves were derived by Sivian and White from measurements 
on young adult observers all having very good hearing."” The average person cannot detect 
pressures as low as those given. He will have a threshold curve displaced upward on the 
chart. (See Table 309A for data on hearing losses. ) 

8 

DECIBELS 
N oe) 

50 100 500 1000 5000 10000 
FREQUENCY IN CYCLES PER SECOND 

Fic. 2.—The variation of two classes of ear sensitivity. Curve 1, Monaural M.A.P. The 
ordinate for curve 1 is 20 logi p/po where p= M.A.P. at ear drum (dyne/cm’) and po = 
210° (dyne/cm?). Curve 2, Binaural M.A.F. Observer facing source. (0 db=10 
watts/cm’). 

The term “differential sensitivity of frequency and intensity” refers to the- smallest 
changes in frequency and intensity, respectively, that can be perceived by an observer with 
normal hearing. The values depend to some extent on the method of presentation of the 
test stimuli. For pure tones above 500 cps having levels greater than 40 db above threshold, 
the measurements of Shower and Biddulph indicate that the smallest perceptible difference 
in frequency has the approximate constant value of 0.3 percent. For levels greater than 
40 db above threshold and for frequencies between 200 and 7000 cps, the measurements of 
Riesz and others indicate that the smallest perceptible difference in intensity varies from 
one-quarter to three-quarters of a decibel. 

The range of frequency perceived by the average ear varies considerably ; however, the 
figures of 20-20,000 cycles are frequently quoted as covering the range heard by the average 
of a group of young adults having no hearing impairments 

1% Sivian, L. J., and White, S. D., Journ. Acoust. Soc. Amer., vol. 4, p. 228, 1933. 
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315 

TABLE 309A.—DISTRIBUTION OF LOSS OF HEARING ACUITY ™ 

The following data are part of the results of the hearing tests conducted by the Bell 
System at the New York and San Francisco World's Fairs in 1939. The first four columns 
indicate the percentages of the population having hearing losses of 25 db or more at various 
frequencies. A person having a loss of 25 db at all frequencies below 2000 cps may expe- 
rience difficulty in understanding unamplified speech, as in an auditorium or church. The 
second four columns indicate the corresponding percentages for losses of 45 db or more. A 
person having such a loss experiences difficulty in understanding ordinary conversational 
speech at distances greater than 2 or 3 feet. 

25-db loss 45-db loss 
Frequency in cps Frequency in cps 

Age group 440;880 1760 3520 7040 440;880 1760 3520 

1O=19) menter.ch on cker iley/ 1.6 4.5 8.0 6 6 1.8 
WOMEN i tsetererehetare 1.8 WZ 1e2 2.5 6 4 3 

7A) mca es ees ee Ll MZ 7.0 9.5 ail 3 elf 
WOMEN He eee cle 1.8 1.6 22 3.5 4 3 Zi 

30=39imenieeeee oc © ae: 1.8 SES) 15: 19. Ss 6 6.0 
woimen &...2..: 3)5) 35 5.5 10. 1.2 8 1.6 

4049 Smenieae ne: 2 5.5 9.5 32. 39. 1.4 2.6 16. 
WOMEN = ..cse6 7.0 7.0 lg 24. ani 185 3: 

SQ—S9Mimenignc citi tesco 9.5 7p 48. 58. 2.6 6.0 lr 
women .......: 13. 14 22: 43. 4.0 3.0 Ue 

106 Steinberg, Montgomery, and Gardner, Journ. Acoust. Soc. Amer., vol. 12, p. 291, 1940. 

TABLE 310.—ARCHITECTURAL ACOUSTICS '™™ 

Planning for good acoustics in a building requires careful consideration of noise control. 
This includes consideration of the selection of a site, the arrangement of the rooms within 
the building, the selection of the proper sound-insulation constructions, and the control of 
noise sources within the building. The design of a room where people gather to listen to 
speech or music should be such that its shape and size will ensure the most advantageous 
flow of properly diffused sound to all auditors. Absorptive and reflective materials and 
constructions should be selected and distributed to provide the optimum conditions for the 
growth, decay, and steady-state distribution of sound in the room. The reverberation 
characteristics of the room are controlled by the amount and placement of the absorptive 
material. 

Reverberation time calculations.—Because of the importance of the proper control 
of reverberation in rooms, a standard of measure called reverberation time has been estab- 
lished. This is the time required for a specified sound to die away to one-thousandth of its 
initial pressure, which corresponds to a drop in sound-pressure level of 60 db. The 
reverberation time of a room is given by the following equation: 

ae 0.0491" 6 
~ —2.30 S$ logis (1 — OC) + 4mV 

where V’ is the volume of the room, S is the total surface area in square feet, and Oc is the 
average absorption coefficient for the room given by 

OC, S1 + O2S2 +0; Sat ete le:re = a 

Sit S2:+ Sst ....... § 

where OC; is the absorption coefficient of the area $1, etc. 
The second term in the denominator, 4m)’, represents the effective absorption in the 

room contributed by the air. The attenuation coefficient m at each frequency depends upon 
the humidity and temperature of the air. Except in very large rooms the absorption in air 
can be neglected below about 2000 cps. The values of m for a temperature 68°F are given 
in figure 3 as a function of relative humidity for a number of frequencies. 

c= 

107 Taken from Acoustical designing in architecture, by V. O. Knudsen and C. M. Harris, John Wiley 
& Sons, 1949. Used by permission of the publishers. 

(continued) 
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316 TABLE 310.—ARCHITECTURAL ACOUSTICS (concluded) 

0.010 

ATTENUATION COEFFICIENT 77 PER FOOT 

Sat 

16) 10 20 30 40 50 60 70 80 90 
RELATIVE HUMIDITY IN PER CENT 

Fic. 3.—Attenuation coefficient m per foot as a function of humidity. 

TABLE 310A.—OPTIMUM REVERBERATION TIME (FIGS. 4 AND 5) 

The following figures give the recommendations of Knudsen and Harris for optimum 
reverberation time for different types of rooms as a function of room volume. The optimum 
times for speech rooms, motion-picture theaters, and school auditoriums are given by a 
single line ; the optimum time for music by a broad band. The optimum reverberation time 
is not the same for all kinds of music. For example, slow organ and choral music require 
more reverberation than does a brilliant allegro composition played on woodwinds, piano, 
or harpsicord. 

The optimum reverberation time vs. frequency characteristic for a room can be obtained 
from these charts in the following manner: After having specified the volume and purpose 
of the room, determine the optimum reverberation time at 512 cycles from the upper chart. 
Then, to obtain optimum reverberation time at any other frequencies multiply the 512-cycle 
value by the appropriate ratio R which is given in the lower chart. Note that R is unity 
for frequencies above 500 cycles, and is given by a band for frequencies below 500 cycles. 
The ratio R for large rooms may have any value within the indicated band; preferred 
ratios for small rooms are given by the lower part of the band. 

(continued) 
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TABLE 310A.—OPTIMUM REVERBERATION TIME (FIGS. 4 AND 5) 

(concluded) 
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VOLUME IN THOUSANDS OF CUBIC FEET 

Fic. 4—Optimum reverberation time as a function of volume of rooms for various types of 
sound for a frequency of about 512 cycles per second. 

RATIO R 

100 300 400 600 800 1000 2000 3000 5000 10,009 

FREQUENCY IN CYCLES PER SECOND 

Fic. 5.—Ratio of the reverberation time for various frequencies as a function of the 
reverberation for 512 cycles per second. 
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TABLES 911-338—V ISCOSITY GF°FLUIDS AND’ SOEIDS+ 

The coefficient of viscosity of a substance is the tangential force required to 
move a unit area of a plane surface with unit speed relative to another parallel 
plane surface from which it is separated by a layer of the substance a unit thick. 
Viscosity measures the temporary rigidity it gives to the substance. 

Fluidity is the reciprocal of viscosity expressed in poises. Kinematic vis- 
cosity is absolute viscosity divided by density. Specific viscosity is viscosity 
relative to that of some standard substance, generally water at some definite 
temperature. The dimensions of viscosity are ML'T™'. It is generally ex- 
pressed in cgs units as dyne-second per cm? or poises. 

The viscosity of fluids is generally measured by one of several methods 
depending on the magnitude of the viscosity value to be measured. For vapors 
and gases as well as for liquids of low viscosity, measurements of viscosity are 
made by the rate of flow of the fluid through a capillary tube whose length is 
great in comparison with its diameter. The equation generally used is 

4 
2 

7, the viscosity, = hate i 
where y is the density (g/cm*), d and / are respectively the diameter and 
length in cm of the tube, Q the volume in cm* discharged in ¢ sec, A the 
Couette correction to the measured length of the tube, / the average head in cm, 
m the coefficient of kinetic energy correction, mv?/g, necessary for the loss of 
energy due to turbulent, in distinction from viscous, flow, g being the accelera- 
tion of gravity (cm/sec?), v the mean velocity in cm/sec. (See Herschel, Nat. 
sur. Standards Techn. Pap. Nos. 100 and 112, 1917-1918, for discussion 

of this correction and A.) 
For liquids of medtum and high values of viscosity measurements are made 

by Margule’s method of observing the torque on the inner of two concentric 
cylinders while the outer is rotated with constant angular speed with the vis- 
cous liquid filling the space between, or by noting the rate of fall of a solid 
sphere through the liquid. 

For the method of concentric cylinders the equation is 

Ko(R2—R,%).. 
4nOR,? R,? L 

where K denotes the elastic constant of the torsion member supporting the 
inner cylinder of radius R, cm and length L cm, @ is the angular displacement 
of the inner cylinder from its position of equilibrium, 2 the angular speed of 
the outer rotating cylinder of radius R, cm in the corresponding units em- 
ployed to measure 6. The necessary corrections due to end effects of cylinders 
of finite length are given in the reference.’°* 

For the falling sphere method, the equation is that of Stokes law as modified 
bye Ge Elunter = 702 

R225 

2 R®(d,—d.) Ge ) 
n, the viscosity, = 9 Vv R\’ (14338) 

n, the viscosity, = 

where y denotes the radius in cm of the crucible containing the liquid of density 
d, (g/cm*), to a depth of h cm, FR the radius in cm of the sphere of density d, 
(g/cm*), and V the velocity (cm/sec) of the falling sphere. 

* The data on viscosity were selected and arranged by George V. McCauley, Corning 
Glass Works. 

Lillie, H. R., Journ. Amer. Cer. Soc., vol. 12, p. 505, 1929. 
” Hunter, R. G., Journ. Amer. Cer. Soc., vol. 17, p. 123, 1934; Ann. d. Phys., ser. 4, 

vol. 22, p. 287, 1907; vol. 23, p. 447, 1907. 
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For very viscous materials, measurements of viscosity are made by noting 
the rate of elongation of fibers under load or by observing the aperiodic motion 
of an elastic system displaced from its position of equilibrium and damped by 
the viscous material. 

The formula for the rate of elongation of fibers as employed by H. R. 
Rie is 

LXoxk 

37R?E 

where F is the radius in cm of the fiber of effective length, L (cm), g the 
mass in grams of the attached load, k the acceleration of gravity (cm/sec?), 
and E£ the rate of elongation in cm/sec. 

For the aperiodic motion of the system consisting of the suspended inner 
cylinder of Margule’s apparatus described above, the formula is 

n, the viscosity, = Ate = : (Ae): 1 1 2 

n, the viscosity, = , 

where f, and f, denote the times in seconds of angular positions @, and 6, of the 

suspended system from its position of equilibrium. The other characters have 
the same significance as in the formula above for the rotating cylinder method 
of measuring viscosity. (For reference, see footnote 108.) 

The viscosity of solids may be measured in relative terms by the damping 
of the oscillations of suspended wires (see Table 323). Ladenburg (1906) 
gives the viscosity of Venice turpentine at 18.3° as 1300 poises; Trouton and 
Andrews (1904) of pitch at 0°, 51x10", at 15°, 1.3 10'°; of shoemaker’s 
wax at 8°, 4.7 x 10°; of soda glass at 575°, 11 x 10'?; Deeley (1908) of glacier 
jeeas 12x 10: 

nN Lillie, H. R., Journ. Amer. Cer. Soc., vol. 14, p. 502, 1931. 

TABLE 311.—VISCOSITY OF WATER IN CENTIPOISES 

(Temperature variation) 

Part 1.—Low temperature 

Vis- Vis- Vis- Vis- Vis- Vis- Vis- 
cosity cosity cosity cosity cosity cosity cosity 

oC cp °C cp H cp 2G cp °E cp °C ep Ae cp 

0 1.7921 10 1.3077 201.0050 30 .8007 40 .6560 50 .5494 60 .4688 
1 17313 ie 12718 21 .9810 31.7840 41 + .6439 SI +5404" 165° =4355 
2 1.6728 12 E2303) e22, 29579) 632.) 27679) 429 46321 525315 7205s 406! 
3} Mon) 13 le202 Ste Zoe OSS SmemESs) 72525) 0 45 6207 153 0229) D399 
4 1.5674 14 1.1709 24 9142 34 .7371 44 6097 54 .5146 80 .3565 

5 1.5188 15 P1404 25 (8937 “35S :7225' 45° 5988 55.5064") 85 3355 
6 1.4728 1G telibiet 26.8737 36.7085 46 .5883 56 .4985 90.3165 
7 1.4284 17 1.0828 27 8545 37 .6947 47 .5782 57 .4907 95 .2994 
8 1.3860 18 1.0559 28 .8360 38 .6814 48 .5683 58 .4832 100 .2838 
9 1.3462 19 1.0299 29 8180 39 .6685 49 .5588 59 .4759 153 .181 

(continued) 
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TABLE 311.—VISCOSITY OF WATER IN CENTIPOISES (concluded) 

Part 2.—High temperature 1"! 

nc 

205 
210 
215 
220 
225 

Vis- 
cosity 

cp 

136 
134 
lhl 
129 
128 

Vis- 
cosity 
cp 

1.37 
1.33 
1.29 

Vis Vis- Vis- 
cosity cosity cosity 

°€ cp 2G cp XG; cp 

130 155 184 180 55 
135 160 178 185 allt 
140 ase 165 173 190 146 
145 .199 170 .166 195 143 
150 191 175 .160 200 139 

111 Based on measurements by Shugayev, V., Journ. Exp. and Theoret. Phys. (U.S.S.R.), vol. 4, 
p. 760, 1934. 

Part 3.—Viscosity of heavy water in centipoises '” 

99.65% D20; ds” = 1.10495 

Vis Vis- Vis- 
cosity cosity cosity 

XG cp SG cp Ke cp 

4 225 8 1.81 12 1.56 
5 2.10 9 1.73 13 asl 
6 1.99 10 1.67 14 1.46 
7 1.90 11 1.61 15 1.41 

112 Data by Lemond, Henri, Compt. Rend., vol. 212, p. 81, 1941. 

1:25 

TABLE 312.—VISCOSITY OF ALCOHOL-WATER MIXTURES IN CENTIPOISES 

(Temperature variation) 

Percentage by weight of ethyl alcohol 

SC 0 10 20 30 30 40 45 50 60 

O) def 92.5 330145319 C94 eee IAA» 6.94. 96-584 5-75 
By 12519 2.577 -4.065"" 5:29" 5162" 5.59" 5:50" © S267" 4163 

tO) 15308 2:179) 3:65 4:05. 4.39) 4.39 435°) Al&e 93:77 
WS GEO" 1-792 2.618 3:269"Sn2) “S05 3.51 saa 314 
20: 1005; “1.538: 2:183 2:71 “Aes Ze) 2:88) 2'87 92:67 

25 soot ld2o slo Zieuecao 2.59 2.39 2A) 2.24 
30 Soule PAGO sss Tove 008 2.02.9 2:02 ~ 2:02" 0 20S 
35 A COMANOOG esl33Ze ESB alesigee e720, 173) 2 66 
40 656 .907 1.160 1.368 1.473 1.482 1.495 1.499 1.447 
45 299.55 SIZ 91-0159 LASS pe284, 1.289 1.307, 1294. 1271 
50 2949 a 734 5 907 1.0507 1.124 1.132. 1.148 1155 1127 

60 4698 609.00 736% | BS4aee Shan 893" ° 2907 9S 2902 
70 406° (145.608 683) 725 727 740 740 729 
80 390 pe 430-5057 .S6%aie 598, 60h, .609 wl2 2604 
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TABLE 313.—VISCOSITY OF GLUCOSE '8 394 

(Temperature variation ) 

Viscosity values given as logy (poises) 

Temp Temp Temp 

°C Logio 7 nc Logio 7 XE Logio 7 
22 13.96 50 7.48 100 2.40 
24 13.41 55 6.67 105 ZS 

26 12.86 60 5.97 110 1.90 
28 12.34 65 5535) 115 1.70 

30 11.82 70 4.80 120 1.50 

32 1132 75 4.29 125 132 
34 10.83 80 3.82 130 1.16 
36 10.35 85 3.40 135 1.01 
40 9.44 900 3.02 140 88 
45 8.40 95 2.69 145 75) 

As with other liquids in the temperature interval of high viscosities, measured values 
for glucose depend on the thermal treatment to which the sample is subjected prior to and 
during measurement. Prolonged holding at a given temperature followed by rapid cooling 
to a lower temperature at which viscosity is measured will result in increasing values with 
time. Decreasing viscosity values with time will result from the reverse temperature treat- 
ment. At temperatures of high viscosity, constant, or equilibrium, viscosity values will be 
found only after long holding at the given temperature or after slow and controlled cooling 
from conditions of low viscosity to the desired temperature. 

3 Barton, Spaght, and Richardson, Journ. Appl. Phys., vol. 5, p. 156, 1934. 

TABLE 314.—VISCOSITY AND DENSITY OF GLYCEROL IN AQUEOUS 

SOLUTION AT 20°C * 

Kinematic Kinematic 
Viscosity viscosity Viscosity viscosity ¢ 

% Gly- Density in centi- in centi- % Gly- Density in centi- in centi- 
cerol x/cm3 poises stokes cerol g/cm? poises stokes 

5 1.0098 1.181 1.170 50 1.1258 5.908 5.248 
10 1.0217 1.364 1.335 55 1.1393 7.664 6.727 
15 1.0337 1.580 1.529 60 1.1528 10.31 8.943 
20 1.0461 1.846 1.765 65 1.1662 14.51 12.44 
25 1.0590 2.176 2.055 70 1.1797 21.49 18.22 
30 1.0720 2.585 2.411 75 1.1932 33.71 28.25 
35 1.0855 Sau 2.870 80 1.2066 55.34 45.86 
40 1.0989 3.791 3.450 85 1.2201 102.5 84.01 
45 1.1124 4.692 4.218 90 1.2335 207.6 168.3 

* Tables 314 and 315 taken from Nat. Bur. Standards Techn. Pap. No. 112, 1918. Glycerol data, 
Table 314, from Archbutt, Deeley, and Gerlack; castor oil data, Table 315, from Kahlbaum and Raber. 
Archbutt and Deeley give for the density and viscosity of castor oil at 65.6°C, 0.9284 and 0.605, respec- 
tively; at 100°C, 0.9050 and 0.169. 

The kinematic viscosity is the ordinary viscosity in cgs units (poises) divided by the density in g/cm’. 
The cgs unit of kinematic viscosity is the stoke. 
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$22 TABLE 315.—VISCOSITY AND DENSITY OF CASTOR OIL 

(Temperature variation) 

Kinematic Kinematic 
Density Viscosity viscosity Density Viscosity viscosity 

'¢ g/cm? in poises in stokes 2& g/cm? in poises in stokes 

5 .9707 37.6 38.7 23 9583 7.67 8.00 
6 .9700 34.5 3585 24 9576 7.06 Way 
7 .9693 31.6 32.6 25 9569 6.51 6.80 
8 .9686 28.9 29.8 26 9562 6.04 6.32 
9 .9679 26.4 27.3 27 9555 5.61 5.87 

10 .9672 24.2 25.0 28 9548 5.21 5.46 
11 .9665 Doan 22.8 29 9541 4.85 5.08 
12 .9659 20.1 20.8 30 9534 4.51 4.73 
3 9652 18.2 18.9 31 9527 4.21 4.42 
14 9645 16.61 17.22 32 9520 3.94 4.14 
15 .9638 15.14 15.71 33 9513 3.65 3.84 
16 .9631 13.80 14.33 34 .9506 3.40 3.58 
17 .9624 12.65 13.14 35 .9499 3.16 5815) 
18 .9617 11.62 12.09 36 .9492 2.94 3.10 
19 .9610 10.71 Met 37 9485 2.74 2.89 
20 9603 9.86 10.27 38 .9478 2.58 2.72 
21 .9596 9.06 9.44 39 9471 2.44 2.58 
22 9589 8.34 8.70 40 .9464 Ban 2.44 

TABLE 316.—VISCOSITY OF GLYCERINE-WATER MIXTURES ™ 

(Temperature variation) 

Viscosity in centipoises 

Sp. gravity % Glycerol 20°C 256 30°C 

1.00000 0 1.005 893 800 
1.02370 10 LesalTt 1eSS 1.024 
1.04840 20 1.769 1.542 1.360 
1.07395 30 2.501 2157 1.876 
1.10040 40 3.750 3.180 2.731 
1.12720 50 6.050 5.041 4.247 
1.15460 60 10.96 8.823 TSWV 
1.18210 70 22.94 17.96 14.32 
1.20925 80 62.0 45.86 34.92 
1.23585 90 234.6 163.6 115.3 
1.26201 100 1499. 945. 624. 

14 Landolt and Bornstein, 1935. Data by Sheely, Ind. Eng. Chem., vol. 24, p. 1060, 1932. 

TABLE 317.—VISCOSITY OF GASOLINE AND KEROSENE IN CENTIPOISES 5 

Sp. gr. Temperature 
Gasoline 15.6° SS 

No. 1526> Be 152'C 25a 35°C 45°C HIG 

1 757 690 603 518 472 426 382 
2 748 .769 663 .588 516 467 412 
3 743 Vids) 641 541 493 441 wee 
4 726 495 429 379 341 309 278 
5 722 529 457 410 .360 325 293 
6 7) 568 481 418 361 339 Bese 
7/ 716 508 461 391 346 2 294 
8 708 493 435 389 336 301 278 
9 .702 429 383 338 12 .279 250 

10 701 435 382 349 300 268 25 
11 699 429 Ve? 327 299 .269 236 
12 694 399 350 7, 283 259 .234 
13 680 347 310 .274 242 227 PA 

Kerosene 813 2.57 Boil) 1.64 1.41 1.19 

115 Herschel, Nat. Bur. Standards Techn. Pap. No. 125, 1919. 
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TABLE 318.—VISCOSITY OF ORGANIC LIQUIDS 

(Temperature variation) 

323 

Compiled from Landolt and Bornstein, 1923. Based principally on work of Thorpe and 
Rogers, 1894-1897. Viscosity given in centipoises. 
per cm’, 

Liquid Formula 

Acids: 
OnmiGer.. caer CH:20:2 
INCECICS dee sont 66 C:H,O2 
Acetic 

(anhydrous) ... C2H.O, 
EOplonicae emer a C;H.O2 
Propionic 

(anhydrous) ... C;HsO. 
IBiaWae ceadoubaoe C.HsO2 
IARUSASIE- aeoacauc C:HsO:, 

Alcohols: 
Miethiy lite. occtae << CH.O 
Ethyl eos... sem s-s C.H.O 
Propyilges ase acer >< C:HsO 
ielereordl eoBbae oe C;:HsO 
Butyl hisifelie\fellae) elles) 66 CisHwO 

i-Butyl Shieile eel less le) < C,HwO 

Allyl settee ewe ene C;HsO 

Aromatics: 
Benzene sane sc 6 CsHe 
UOMO S Bo coeoade C;Hs 
Orthoxylene ..... CsHio 
Metaxylene ...... »Hi0 
Paraxylenes ...... CsHio 
Ethyl Benzene ... CH 

Bromides : 
Heth eects cise C:.HsBr 
Propylene scene C;H;Br 
TSETLOP Yl crs seers erere C,H;Br 
ToS Utyl® ae ate ey ete C.,H.Br 
PAN wills, Aeveveie a, Sea ateke C3H;Br 
Ethylene... ss-n58 C.H.Br 

HOMIE Mes nee ete Br 

Chforides : 
JEWROVIN a Gonones & C;H;Cl 
Iomropyluer cpa de a: C3H;Cl 
oleral! Gebesctee C;H.Cl 
JANINE AU) aa axenic ane diaege C:H:3Cl 
Methylene ....... CHCl, 
Ethylenemasscees es C.H.Clh 
(@hlorofornm) ef on. CHCl; 
Carbon-tetra ..... CCl 

Ethers: 
Wiethyl! .5..0sse% << CsH1O 
Methyl-Propyl von GASES, 

Ethyl-Propyl .. G;5Hi20 
Methyl-iso-Butyl . C;H:O 
Dipropyll paseo. CsHuO 
Ethyl-iso-Butyl .. CsHuO 

SMITHSONIAN PHYSICAL TABLES 

One centipoise = 0.01 dyne-second 

Viscosity in centipoises 

Ore 1026 2026 

solid 2.247 1.784 
solid solid 1.222 

1.245 1.053 .907 
byl EAD lai 

1.610 1.330 1.119 
2.286 1.751 1.540 
1.887 1.568 1.318 

817 690 .596 
We V4 5) 94 
3.883 2.918 2.256 
4.565 3.246 2.370 
5.186 3.873 2.948 
8.038 5.548 3.907 
245, 127059 1-363 

906 .763 ~=—.654 
de 671 2590 

1.105 .937  .810 
806 .702 .620 

solid .739 .648 
EO Ole OV 

487 441 ~=~«.402 
16510 62) 24: 
611 .545 489 
828)0 -720: 643 
626 .560 .504 

2.438 2.039 1.721 

12670 11205 10005 

442 =©.396 ~—.359 
408 365 .329 
568 519 .462 
FAIS me STC SS7, 
543 .488  .444 

1.132 .966 .839 
VOM OSS Ou 
S51 aIS8s 975 

295 9268-245 
O14) 8285) 260 
402 .360 .324 
387 §=.346 313 
544 479 ~~ 425 
487 ~=.430-— 384 

(continued) 

30°C 

1.460 
1.040 

192 
.960 

961 
1.304 
1.129 

520 
2992 

1.779 
L757 
2.267 
2.864 
1.168 

40°C 

1.219 
905 

699 
.845 

836 
1121 
.980 

457 
831 

1.405 
roo 
2.782 
2122 
914 

.498 
471 

50°C 

1.036 
796 

623 
wae 

ee) 
75 
.862 

.403 
701 

1.131 
1.029 
1.411 
1.611 
.763 

444 
426 

284 

903 

.479 

534 

.260 
237 

.540 
O27 

.278 
bY 
.297 
.300 
311 

.679 



324 TABLE 318.—VISCOSITY OF ORGANIC LIQUIDS (concluded) 

(Temperature variation) 

Viscosity in centipoises 

Liquid Formula o°c 102@ | 2026 302@ 74026, 250°C 70°C 100°C 

Esters: 
Methyl-formate .. C:H.O, a0) S91 2455), .325 
Ethyl-formate .... C3:HeO: 510 .454 409 369 336 .308 
Propyl-formate ... CsHsO: O42, 589) 2. 465., 417 3278 314 
Methyl-acetate ... CsH«O: 484 7431 388 ~=—-:352)- 320) 293 
Ethyl-acetate . CHO: eo, ol2— 495 .4074 367 333. 279 
Propyl-acetate ~ CsHwO2 did, 609° S585 .516,7 460 **2414@ 34127259 
Methyl-propionate. C,H:O: Se SI EO A ey UL AE 
Ethyl-propionate . CsHiO2 COZ OUSE OSL) A//ameAce E3870) sel 
Methyl-butyrate .. CsHiO2 70s, cool. - 2580, .5130's.459 '* i405” S414 aces 
Methyl-iso- 

butynatels see - CsH10O2 1676049 591, (523. .466..4419  -.375, 315 

Iodides: 
Miethyl@es acess. CH;I 606 .548 .500 .460 .424 
IBA Som doceouee C2H:sI 727 ~=«.654 ~—s 593. 5540)=— 495.s(«iw456 S(O 
Propylieemen aeaesie C3H:I 944555833 3744: 6699 1607. 2552-466) ees7l 
alertoy hl Gosdeseac C;:Hil Ocaezol. 2697, 162766 2568 “51G 99435 
leo cscAd ae boc C.Hol 1FIGOw OOS 28755 (77785 S697, 629) 9 522406 
AU Weer etic eereret: C3HsI 936 ©6826 86.734 =—.660 )3=— 5597) 544459365 

Paratinses a: 
Pentane) \... 3.615% 5 274 =.227' ~vapor 
Octane®. Coens. 107 542NerA29 
Hexanes sce ces i hfs} «= AY! 
leptaneso<saaa0 le 2) y 241) 335 

Sulfides 
Miethyl@r..- ses. C.2HeS Bol, 329) 301% 277 
Styl Osta. so ctaes «6 CaHwS 563 .501 .450 .407 .369 .338 .287 
Garbonedt osae... CS: 438 405 .376 352  .330 

Murpentine 4506.54. 2.248 1.783 1.487 1.272 1.071 .926 .728 

* Very pure. 
116 Geist, J. M., and Cannon, M. R., Ind. Eng. Chem., anal. ed., vol. 18, p. 611, 1946. 

TABLE 319.—VISCOSITY OF SODIUM SILICATES” 

(Temperature variation) 

Logi (poises) at 

Wt. % 
Na,O 900°C 1000°C 1100°C 1200°C 1300°C 1400°C 

18.4 S15 217. 2.47 
21.91 4.55 3.83 3.28 2.82 2.44 2a 
24.89 4.29 3.62 3.08 2.63 2.26 1.95 
25.78 4.22 SED) 3.02 2.58 2.22 1.91 
26.57 4.19 3.52 2.98 2S 2.19 1.88 
26.79 4.18 3.49 2.97 2.54 2.18 1.87 
28.46 4.07 3.41 2.90 2.48 (AWA 1.79 
29.79 3.98 3.32 2.81 2.39 2.03 1872 
31.74 3.84 3.21 2.70 2.28 1.93 1.62 
32.91 3.76 SIS 2.64 223 1.88 1.57 
33.24 3.74 sl 2.62 2.21 1.87 1.55 
SH 3.71 3.08 2.58 2.18 1.83 1.52 
34.27 3.70 3.08 2.59 2.16 1.82 1.53 
34.92 3.66 3.04 2.54 2.15 1.80 1.50 
36.73 S57 2.94 2.45 2.05 1.70 1.40 
39.2 3.46 2.81 2.33 1.93 1.56 
39.74 3.34 2.74 2.25 1.86 1.51 1.20 
52.1 1.66 1.21 91 .66 47 

117 Babcock, C. L., Journ. Amer. Cer. Soc., vol. 17, p. 319, 1934. Lillie, H. R., Journ. Amer. Cer. 
Soc., vol. 22, p. 367, 1939. 
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TABLE 320.—VISCOSITY OF DIMETHYSILOXANE POLYMERS 325 

(Temperature variation) 

Based on data by Dow Corning Corporation for DC 200 fluids. 

Fluid Sos nelie 
designation Viscosity in poises 
(centistokes 0 SESS SS 
aticow G) —25°C (AG 255 50°C [he 100°C 150°C 

1 .0163 .0118 .0083 .0064 0052 
2 0472 .0287 0173 0129 .0100 .0079 .0056 
5 145 .077 0452 .0301 0221 .0173 .0116 

10 323 159 .090 059 043 .032 .026 
20 683 328 184 105 .082 062 .040 
50 2.39 .820 467 298 .208 53 094 
100 3.22 1.61 .94 59 398 285 72 
200 6.70 3.40 1.92 1.19 798 580 346 
500 15.9 8.15 4.84 2.89 1.94 1.36 82 
1000 34.4 17.00 9.70 6.04 4.02 2.80 1.57 

12500 368.5 183.7 119.3 73.9 53.0 39.7 24.3 
30000 1035. 517. 291.5 186.2 126.4 90.2 50.7 

200,000 5820. 3265. 1940. 1256. 839. 604. 345. 

TABLE 321.—VISCOSITY IN THE SYSTEM ORTHOCLASE-ALBITE 

(Temperature variation) 

Values given as logi 7, where 7 = viscosity in poises. 

Wt. % Orthoclase 100 80 60 40 20 0 

Wt. % Albite 0 20 40 60 80 100 

1300°C 6.04 
1350°C 6.30 6.18 6.00 5.63 
1400°C 7.00 6.23 5.88 5.81 5.65 5.26 
1450°C 6.00 5.85 5.51 5.40 5.26 

TABLE 322.—VISCOSITY OF SILICON DIOXIDE ™ 

(Temperature variation) 

Values given as logi7; 7 = viscosity in poises. 

Temperature °C 1250 1300 1350 1400 1450 1500 
Logi 7 13.40 12.19 11.46 10.69 10.02 9.42 

U8 Volarovich, M. P., and Leontieva, A. A., Journ. Soc. Glass Techn., vol. 20, p. 139, 1936. 
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TABLE 323.—VISCOSITY OF MISCELLANEOUS MOLTEN OXIDES” 

(Temperature variation) 

Values given as logi 7, where 7 = viscosity in poises. 

Material 1100°C 1200°C 1300°C 1400°C 1500°C 1600°C 

Silica et sors eatoteres S 15.57 13.68 12.06 10.66 9.20 
(SiO:) 

Wollastonite ...... th Pst oe ae 486 387 
(CaSiOs) 

Diopsideuneesrnye o x: po 1252 1.43 267 079 
(CaMgSizOz) 

Akermanite ....... “eae Bist 1.48 656 362 146 
(CazMgSi.O;) 

Monticellite ....... betes ae bt Bes 241 053 
(CaMgSiO,) 

AUbitemmes cn. ener: aca Hel7/ 5.82 4.60 
(NaA1SisOs) 6.04 5.25 

Orthoclase, o.-524.1- es aah “wan 7.0 6.2 
(KAI1Si30s) 

AOnthitern pieces ae Rae pti Zoe 1.78 1.40 
(CaAl2S120s) 

Gehlenite’ -........- ee ee A ee 911 549 
(Ca2A1SiO;) 

118 Birch, Handbook of physical constants, 1942. Measurements by: Volarovich and Leontieva, Trans. 
Soc. Glass ‘Techn., vol. 20, p. 139, 1936. McCaffery, Trans. Amer. Inst. Min. and Met. Eng., vol. 100, 
pp. 64, 86, 122, 125, 1932. Bowen, Trans. Amer. Geophys. Union, pt. 1, p. 249, 1934. Kani, Proc. 
imps Acad. (Tokyo), vol. 11, p. 334, 1935, Kani and Kuzu, Proc. Imp. Acad. (Tokyo), vol. 11, p. 383, 
1935. 

TABLE 324.—VISCOSITY OF BORON TRIOXIDE 

(Temperature variation) 

Logio  (poises) 
Temperature 

AC ‘ t t § l| 

300 ee 9.64 =i BY ste 
400 are 6.20 Sars oa 6.30 
500 4.59 ae 4.40 te 4.47 
600 3.68 WS 3.49 
700 2.93 2.90 2.89 
800 2.42 2.53 2.49 
900. 2.08 227, 2.19 

1000 1.87 2.10 1.96 
1100 1.63 ane _ 1.92 1.78 
1200 .e Bic ate sect 1.62 

120 Dane ana Birch, Journ. Appl. Phys., vol. 9, p. 669, 1938, have shown that for pressures not in 
excess of 2000 kg/cm? the viscosity of boron trioxide is given for various pressures by the relation 
N= Mo e*?; and at 359°C, a = 15.10-* cm2/kg, and at 516°C, a= 4.6 x 10-4 cm?/kg. Data from Birch, 
Handbook of physical constants, 1942, and from unpublished measurements by H. R. Lillie. 

Observers of data by columns: 

* Arndt, Zeit. Elektrotechn., vol. 13, p. 578, 1907. 
} Parks and Spaght, Physics, vol. 6, p. 67, 1935. 
t Volarovich and Tolstoi, Trans. Soc. Glass Techn., vol. 18, p. 209, 1934. 
§ Volarovich and Fridman, Acta Phys. (U.S.S.R.), vol. 6, p. 393, 1937. 
|| Lillie, unpublished data. 
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TABLE 325.—VISCOSITY IN THE SYSTEM DIOPSIDE-ALBITE-ANORTHITE * 

(Temperature variation) 

Values given as log 7, where 7 = viscosity in poises. 

Wt. % diopside 100 80 60 40 20 0 
Wt. % albite 0 20 40 60 80 100 

1200°C 3.99 5.08 
1300°C 2.45 3.20 4.30 6.04 
1400°C 1.60 1.93 2.04 2.64 3.63 5.26 

Wt. % diopside 20 40 60 80 
Wt. % anorthite 80 60 40 20 

1300°C 3.77 2.18 
1400°C 2.00 1.96 1.92 
1500°C 2.04 

Wt. % albite 80 60 40 20 0 
Wt. % anorthite 20 40 60 80 100 

1300°C Seo 4.67 
1400°C 4.63 3.89 3.40 
1500°C 2.66 2.28 
1555°C alii 2.04 

Wt. % diopside 60 40 40 20 20 20 
Wt. % albite 20 40 20 60 40 20 
Wt. % anorthite 20 20 40 20 40 60 

1200°C 3.65 4.83 
1300°C 2.23 2.92 2.67 3.88 3.57 
1400°C 1.99 2.36 2501 3.18 2.79 2.56 

* For reference, see footnote 45, p. 136. 

TABLE 326.—VISCOSITY OF MOLTEN METALS ™ 

(Temperature variation) 

Tin 
Temp — Temp 
cc Lead ed t a; Antimony 

300 BAe 1.73 1.67 650 1.50 
350 2.58 1.58 1.51 700 1.26 
400 2233 1.43 1.38 750 1.16 
450 2.07 1.30 1.27 800 1.08 
500 1.84 1.20 1.18 850 1.05 
550 1.58 1.14 1.11 
600 1.38 1.08 1.05 Temp. 
650 — at 99 °C Copper 
700 Ais Sets 94 1100 $4518) 
750 ces ieee 91 1150 StZZ 
800 “Ee ae 87 1200 3.12 

121 Landolt and Bérnstein, 1935. Based on data by Esser, Greis, and Brundgart, Arch. Eisenhutten, 
vol P. ae 1934. Viscosity in centipoises. Data on tin by Stott, Proc. Phys. Soc., vol. 45, p. 530, 

, included. 
* Esser, Greis, and Brundgart. + Stott. 
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TABLE 327.—VISCOSITY OF MISCELLANEOUS LIQUIDS 

Viscosities are given in cgs units, dyne-seconds per cm’, or poises. 

328 

Liquid 1 

Acetaldehyde .......04. 0. 
i Een eRe 10. 
Si eas kk 20. 

NAMES Sts 5 ces Ped deere —192.3 
Airline revere. cee. 6 08 20. 

ON Se Aes Ce eaten 60. 
Byomitithy 6... oh cetescnes 285. 

oe Re aoe 365. 
Blackstreacle! 4.24.4... - 1233 
Gonalslacwe eres. as. Der 
Hydrogen, liquid ...... _ 
Menthol, solid ........ 14.9 

i onidiess see 56.9 
Miencurys ica s oc oie a —20. 

SATAN Ss focus aa Bes 0. 
SPY Wg Ne iets emo 20. 
CO es ap Seen ae 34. 
| ee ty ae oe eee ae 98. 
SMI 8 5 in ee 193. 
ST oe eee eee 299. 

Oils: 
+ Dogfish-liver .923 .. 30. 

a: "Oe 918... ; 50. 
3 oe, O0She: 90. 

Linseed .925......... 30. 
2) 50. 
odeteeet OL A kaceiwsestxorans 90. 

* Spindle oil .885..... 15.6 
> es Renae 37.8 
a Oe 100.0 

* Light machinery 
BOA re nee ek ae 15.6 

* Light machinery ... 37.8 
ie Bee O00 

*“Solar red” engine. . 15.6 
“ce “cc “cc 37.8 

3 ¥ Oe 6 LCOO 
*“Bayonne” engine .. 15.6 

37.8 
4 1. 1000 

*“Queen’s red’ engine 15.6 
‘ s E 37.8 
“ oe “ 100.0 

ea Galeniawy axle we aces 15.6 
“ “ ““ 37.8 

* Heavy machinery .. 15.6 
. rs ae 37.8 

* American mineral oils; based on water as .01028 at 20°C. 
t Densities. 

Viscosity 

00275 
.00252 
00231 
.00172 
.04467 
.0156 
.0161 
.0146 
400 

4.80 
.00011 
20 
.069 
.0184 
.01661 
.01547 
.01476 
.01263 
.01079 
.00975 

Liquid SC 

Oils : t 
* Filtered cylinder .. 

eis) «0 © * Dark cylinder 

+B xtranlen lend 

t Linseed .925 
922 

ae EQUA S sehr aie 90. 
Olive SIGS. -oe eee 10. 

(another) .... 
(another) .... 

+ Soya bean .919 ..... 

iT) “6 

Ce 

@\.0\ wm (0'.0. @)(e| ©; sree) je. 0.0 

POO Ci Cit ONC OG OF oer 

t Tallow 

i 

Viscosity 

+ Based on water as per Ist footnote. 

TABLE 328.—RATIO OF VISCOSITY AT HIGH TO THAT AT ATMOSPHERIC 

PRESSURE 

Pressure FFF Rape Castor 
Bayonne oil cylinder Trotter 

tons/in2 kg/cm? (mineral) (mineral) (animal) (vegetable) 

1 15725 ES 1.4 EZ al 162 
2 315) 2.0 2.0 1.6 1.4 1.6 
4 630. 4.0 4.5 2.4 2.3 27. 
6 945. 7.8 8.9 3F5 3:5 42 
8 1260. 16.1 — 5.0 — 5.8 
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TABLE 329.—VISCOSITY OF LIQUEFIED PURE GASES AND VAPORS 

Viscosities in millipoises. 

(Temperature variation) 

°K C3H, C2He CsHe CsHs °K No 

85 Rare ofeye with 118.5 66 2.49 
90 ae ae 125.5 74.2 68 2.26 
95 ANG Bek 72.5 52e5 70 2.08 
100 ae 9.15 45.5 38.3 72 1.93 
105 6.60 7.48 31.1 29.0 74 1.80 
110 5.60 6.37 22.3 22:3 76 1.67 
115 4.86 5.66 17.0 18.2 78 1.56 
120 4.24 5.06 13.3 15.2 80 1.47 
125 3.73 4.52 11.1 13.2 
130 She? 4.00 9.4 11.6 Temp. 

135 2.96 3.58 8.2 10.3 °K CH, 
140 2.66 3.23 Ae 9.3 95 1.82 
145 2.43 2.92 6.2 8.2 100 1.53 
150 2.22 2.66 5.6 ES 105 1.34 
155 2.03 2.44 5.0 6.5 110 21 
160 1.86 2.27 45 585 
165 1.71 ZAZ 4.0 5.0 
170 1.58 2.00 3.5 4.5 

122 Gerf, S. F., and Galkov, G. I., Journ. Techn, Phys. (U.S.S.R.), vol. 10, p. 725, 1940. 

TABLE 330.—VISCOSITY OF PURE HYDROCARBONS 78 

Viscosities in centipoises; densities referred to water at 4°C. 

= Propane, CsHs n-Butane, CyHyo iso-Butane, C,H 
e 
oc. Density Viscosity Density Viscosity Density Viscosity 

—70 .614 287 671 .460 657 ss 
—60 .604 1253 661 403 647 455 
—50 592 227 652 354 .637 393 
—40 580 205 642 314 626 343 
—30 568 .184 632 281 615 301 
—20 556 168 622 253 605 .267 
—10 543 LOZ 611 .229 593 .239 

0 531 138 .601 .209 582 215 
+10 517 126 590 191 Syl 195 
+20 502 116 579 174 559 176 
+30 487 .108 567 159 547 160 
+40 471 .099 555 146 534 .146 

128 Lipkin, M. R., Davison, J. A., and Kurtz, S. S., Ind. Eng. Chem., vol. 34, p. 976, 1942. 
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330 TABLE 331.—VISCOSITY OF GLASS ™ 

(Temperature variation) 

Part 1. 

Logo» (poises) at 

Glass 500°C 600°C 700°C 800°C 900°C 1000°C 

1 13.76 9.85. 0103 9 5.42u0 4.372119 3.52 
2 n. “a HE 534 84.70 Bice 
3 Sacer 4.20. 3.52 
4 €, on RTP RSGeR 4.48 WL. 360 
5 15:20 1235: Gom2 ene 6.48.21,05.52 
6 1282 10.85 0655 9 “ogitt 5.68 abht4.88 
7 x: ae <. ESS 1,55. 960 1128 
8 27) 1.81 
9 Ae 4.20 

10 on 4.00 
11 4.71 3.85 
12 ate See 3.89 
13 ANA ase 4.06 
14 AA aoe 6.02 5.79 3.97 
15 9.49 7.30 5.70 4.48 3.70 

Part 2. 

Composition (weight percentages) 

Glass SiO, BoO3 Na.,O K,0 MgO CaO 

1 69.73 se 20.96 trace we 9.05 
2 72.6 1.43 16.0 .68 7, 6.40 
3 70.12 vo Ze trace ats 8.77 
4 67.3 2.00 14.0 cts saci 7.0 
5 81.0 13.00 4.00 ante a3 sti 
6 75.0 15.00 5.0 a zy 23% 
7 65.0 cee Us 75) _ Ro 
8 60.0 5.0 5.0 $903 eae 
9 73.97 15.30 See Sha 5.69 

10 74.35 15.30 18 9.03 
11 Ps 16.88 ake 35 8.79 
12 62.50 sie 7.50 6.70 sats 
13 75.0 10 10 se : 
147 56 7.5 4 10 Pa: 560 
15 73.18 py 19.38 sae 21 6.26 

Part 3.—Commercial glass t 

Logi 7 (poises) at 

Glass 700 800 900 1000 
designation Manufacturer %C 2€ sal 6: "Ee 

Code 0010-Potash soda lead. Corning Glass Works .. 6.51 5230) 4-52 Se SG 
** 0120-Potash soda lead. ee ss ss Oy 6162) 5241 4.57 3.89 
‘S71 02Hiard lime “) 220. es sf ss a) eee ONS 7.95 6.28 

7720-Borosilicate sf s ss ore ree 6.80 5.66 4.82 
2 UCU e Adon saac ss se ss pee es 7.87 6.48 Rab 

Plateviglass esac starcsisicene Blue Ridge Glass Corp.. ... wee 5.00 4.03 
Windowmglassss.cemone ses Libby-Owens-Ford ..... aes 8.35 5.06 4.14 

1100°C 

4.20 

GOON SSCS C319 ie oe Seon wuUN® OumunyhANHUNN 

ZnO 

7.0 

1200° Ca 

2.47 

PbO 

300°C 
2.09 

124 Babcock, C. L., Journ. Amer. Cer. Soc., vol. 17, p. 329, 1934; English Journ. Soc. Glass Techn., vol. 7, 
, Journ. Amer. Cer. Soc., p. 25, 1923; vol. 8, p. 205, 1924; vol. 9, p. 83, 1925; vol. 10, p. 52, 1926: Lillie, H. 

vol. 14, p. 502, 1931; Hunter, Journ. Amer. Cer. Soc., vol. 17, p. 121, 1934; Lillie, 
*R.O3. Glasses 11 and 12 contained 0.50 and 0.34 percent BaO, respectively. 

cent BaO. t Data by H. R. Lillie, Corning Glass Works Laboratory. 
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TABLE 332.—VISCOSITY OF GASES 331 

Variation of viscosity with pressure and temperature 

According to the kinetic theory of gases the coefficient of viscosity 7 = 4(pcl), p being 
the density, c the average velocity of. the molecules, / the average path. Since / varies 
inversely as the number of molecules per unit volume, pl is a constant and 7 should be 
independent of the density and pressure of a gas (Maxwell’ s law). This has been found true 
for ordinary pressures; below %o atmosphere it may fail, and for certain gases it has been 
proved untrue for high pressures, e.g., CO: at 33° and above 50 atm. See Jeans, ‘“Dynam- 
ical Theory of Gases.” 

If B is the amount of momentum transferred from a plane moving with velocity U and 
parallel to a stationary plane distant d, and s is a quantity (coefficient of slip) to allow for 
the slipping of the gas molecules over the plane, then 7 = (B/U) (d+2s); s is of the same 
magnitude as /, probably between .7 (Timiriazeff) and .9 (Knudsen) of it; at low pres- 
sures d becomes negligible compared with 2s and the viscosity should vary inversely as 
the pressure. 

c depends only on the temperature and the molecular weight. c varies as the VT, but 7 
has been found to increase much more rapidly. Meyer’s formula, me = mo(1 + at), where a 
is a constant and 7 the viscosity at 0°C, is a convenient approximate relation. Sutherland’s 
formula 

273 + C (3a)! 

De eee tN 7S 

is the most accurate formula in use, taking into account the effect of molecular forces. It 
holds for temperatures above the critical and for peers following approximately Boyle’ S 

law. It may be thrown into the form T = ibe /n — C which is linear of T and T’/n, 
with a slope equal to K and the ordinate intercept equal to —C. Onnes (see Jeans) shows 
that this formula does not represent helium at low temperatures with anything like the 
accuracy of the simpler formula 7 = 70(7/273.1)" = AT". 

The following table” contains the constant a of Meyers formula, C and K of Suther- 
land’s formula, » and A of the exponential formula, and the temperature range for which 
the constants of the latter two are applicable. 

Temperature 
Gas range °C ax 103 G KX108 n AX108 

PAU, Sere as eats aoe 23 to 750 2.90 117.9 14.82 754 2.490 
Ammonia ae — 77 to 441 sae 472 15.42 1.041 274 
NT BOER Neto ae eo —183 to 827 1.78 133 19.00 .766 2.782 
Benzene: 3... 0 eee Orto; SS ise 403 10.33 .974 299 
Carbon dioxide ........ — 98 to 1052 3.48 233 15.52 868 1.057 
Carbon monoxide ...... a 2.69 102 1325 74 set 
Chlorotorma.. see Mas Mit 454 15.9 eat 
Ethylene yes. ts cckion we 3.50 226 10.6 Se bee 
lelinnmes ene caer —258 to 817 see 97.6 5213 653 4.894 
Elvdrogen® Sec. 4. eae —258 to 825 ste 70.6 6.48 678 1.860 
Krypton seco ate Biot: nae 188 ee RAs si 
IMiencuny, rine acid os sae —218 to 610 Se 996 63.00 1.082 v3} 
Methane 5 oe ae 18 to 499 she 155 9.82 770 1.360 
Neon ener ene Loh a: 252 Sab Sh a 
INMERO HST BeleiGeocoe ccs —191 to 825 2.69 102 13.85 702 3.213 
Nitrous oxides... sere wnt 3.45 313 WV .93 ASG 
Oxyeeny seco. oda tee —191 to 829 Ae 110 16.49 P/M 31355 
Watenivapor -.. a. sone 0 to 407 bate 659 18.31 1.116 .170 
XENON wate a eee He ee 252 é Pa Ais ase 

125 Dushman, S., Vacuum technique, p. 37, John Wiley & Sons, er York, 1949; Banerjea, G. B., and 
Plattanaik, B., Zeit. Physik, vol. 110, p. 676, 1938; Partington, if. , Phys. Zeit., vol. 34, p. 289, 1933; 
Fisher, Phys. ’Rev., vol. 24, 1907. 
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332 TABLE 333.—VISCOSITY OF GASES AND VAPORS 

Part 1.—Viscosity of vapors 

The values of » given in the table are 10° times the coefficients of viscosity in cgs units. 

Temp. Temp 
Substance AS; n Substance x @: n 

Aicetones 2h cee nes 18.0 78. there... tee ties rere 16.1 Taw 

Alcohol, Methyl ........ 66.8 185s Ss i inn See 1, ahr RH ROPEY 4 36.5 79.3 
Alcohol, Ethyl... -. 35: 78.4 142. Ethyl’ ichloride 23 .----* 0. 93.5 
Alcohol, Propyl, norm... 97.4 142. Ethyl! fiodide! 20.8 JPPS 72:3 216.0 

Alcohol, Isopropyl ...... 82.8 162. Ethylene? eee SARS 0 96.1 

Alcohol, Butyl, norm.... 116.9 143. Mercury eaee es 270.0 489. 

Alcohol, Isobutyl ....... 108.4 144. ce GRITS Select 300.0 532: 
Alcohol, Tert. butyl..... 82.9 160. “Sry Ling (>, Sia eats Banke 330.0 582. 
INMITOMIE, booodgneoononoe 20.0 108. K ey ose, FI 360.0 627. 

Benzene. © ads aaosoeuck ¢ 0. 70. Sf occtemenereed: west 390.0 671. 

er RE ae oe 19.0 79. Methane sas. eerie sts 20.0 120.1 

Feobs ey Exe «-alevatdannes 2a 100.0 118. Methyl chloride ........ 0.0 98.8 

Carbon bisulfide ........ 16.9 92.4 = aan,» eee 15.0 105.2 

Carbon monoxide ...... 20.0 184.0 se On ES 302.0 213.9 

Chiorotorm® «3. oi2 oa 0.0 95.9 Methyl iodide .......... 440 232. 

See OS EE arene 17.4 102.9 WEtiere SEIN ooocoogpne 0.0 90.4 

Sie we al WA yp tect oy tists 61.2 189.0 Sh bbe sevsgt tte 16.7 96.7 

theta s hayaseeree ci 0.0 68.9 s {oe meee sages 100.0 132.0 

Part 2.—Viscosity of gases and vapors 

(Temperature variation) 

Viscosity in millipoises 

Temp. Carbon Chlo- Hydro- Nitro- 
LC Air Argon dioxide rine Helium gen gen Oxygen Xenon 

—200 053 os aA ee wae 033 S56 sae (HO, (ASK) 
—150 081 ver ae Oo eta 047 . ae 
—100 lala cs 087 M2 hae 061 WN. oe Nitric oxide 
— 50 139 re ell Sie ie 073 ane nate 179 (0°C) 

0 175 Ae a5 One Seyi .083 herd Si 
50 193 241 a159%) “gilader -207. 093 a4 USS! 217 Nitrous oxide 

100 216 ~—-.269 181 al67zame 228) 2102. 207 ~—— 241 138 (0°C) 
150 237207 a 203) Leoe ee 247) LT .226 ~=—-.264 
200 PX SAI 95 e208 .26% 120° ..245 287 Krypton 

250 275 346 245 aeezs 289 129.4 .263a¢ .509 .246 (15°C) 

300 293) 1367 .262 ee 305 3Zem -200mn 050 
350 ro Omen ss9 .280 mis 323 .145 296  .349 Carbon monoxide 
400 3246 + 4105, 2299 Bs 341 SS oli 368 163 (0°C) 
500 B57— 450 eeSol A os ofS) 67a ie Sal 403 
600 384 488  .362 tes 408 = .181 367 ~—-«.435 Ammonia 

700 411 521 391 Se 438 = 195 391 .466 .096 (0°C) 

800 497 004 417 ty: 467 208 + #4414 ~ #2494 
900 463 ee 421 — a ie apts afte 
1000 499 oe 465 
1100 S11 

128 Based on data from Landolt and Bérnstein, 3d supplementary vol., pt. 1, p. 184, 1935. 
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TABLE 334.—PRESSURE EFFECT ON VISCOSITY OF PURE LIQUIDS*™” 

This table gives logi: of the relative viscosity as a function of pressure and density, the viscosity 

at 30°C and atmospheric pressure taken as unity. For each compound first line log 7/10 at S026 

second line at 75°C, third line 730/775. 

Substance 1 

Methyl 000 
alcohollsehen seine rp 

70 
Ethyl { .000 
lGOHO ees Acie sae ae 

2 
n-Propyl { .000 

aleahelhras c.eer ek: re 

n-Butyl 000 
aleoholiptiasd <8) 40% I arte 

n-Amyl J 000 
ai eto) pa benno aoe | Fae 

884 

H=entanew eee J a 

1 1545 
noHexane—.5- sone. | seh3 

_ 1.574 
Ethyl { .000 
GAG casasosods \ 9.850 

1.413 
Ethyl 000 

leostGl soneeasooos ) neve 
10567 

Ethyl 000 
LOGIC Cree: ey aie | 9.837 

1.455 

Acetoneveeerhc acco { Guos 

| 1.274 
Gly ceninemesas accross Bei 

15.49 
.000 

CCl eters sccm 
9.760 
1.738 

@hioroformen...o.ee one 

1.387 
.000 

(COS Ree ee ames So 9.875 

| 1.334 

BHEE eae cee | juee 

iea24 
f .000 

Benzene? eriacccssn cs 9.765 

I 1.718 

olnener errata -lerai-i one 

| 1.600 
.000 

BU PENOl! Fe ciacis eles cverete 

9.429 
3.724 

127 Bridgman, P. W., Proc. Acad. 
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Pressure kg/cm? 

500 1000 2000 4000 6000 8000 

094 167 .286 .471 616 .750 
9.862 9.933 .043 208 .334 448 
1.706 1.714 1.750 1.832 1.914 2.004 
107 200 363°" 617 ~=—--829 1025 

9:772 W9.873: , 045 sp 289" 473.5 -.634 
2.163 2.123 2.080 2.128 2.270 2.449 
151 _..,.283'° 494, 836 1-131 1.402 

9.754 9.880 .074 .368 .610 .827 
2.495 2.529 2.630 2.938 3.319 3.758 
175. .321 554-934 1-289" “1.609 

9.724 9.867 .089 312 690 .941 
2.838 2.858 2.932 3.343 3.991 4.679 
188 .341 607 1.060 1.448 1.811 

9.723 9.871 105 466 .772 1.049 
2.917 2.951 3.177 3.926 4.742 5.781 
Sl S315” 524 847 12> 1.360 
D4 * GS” 380) 676 2908 “12119 

1.469 1.419 1.393 1.483 1.600 1.742 
184 (332 S61 914 1-224. 1.514 
028) DAZ f2379% 701 S61 1-198 

1.432 1.449 1.521 1.633 1.832 2.070 
134.242 «6.405 3=.649~— 837 1.008 
LON, SRS k= 2850 14.683) 854 

1.309 1.291 1.318 1.365 1.426 1.493 
12) 2222) 5387 631 854) 1043 

9959 261072 235 472) 653 43816 
1.452 1.413 1.419 1.442 1.589 1.687 
1 Stier Z18  Ba385. 2 y-656i0,, 888).01.108 

9.954 057 .227 .467 672 854 
1.449 1.445 1.439 1.545 1.644 1.795 
T35maece20, 7S 60S" F004 MRO87 
O17oanal ls) © 4245257 445 2 O10 27602 

1.312 1.297 1.343 1.445 1.563 1.679 
134.260 =.497- 936 1.346 1.741 

8.920 9.023 9.204 9.529 9.818  .094 

10000 

874 
2555 

2.084 
LZ 
778 

2.710 
1.667 
1.033 
4.305 

1637 17.26 1963 25.53 33.73 44.36 58.08 
190 351 493 , 

cigoo, p ke/em 
9.949 100. 349 .542 
1742 1.782 
ATO™ 2210. 386 660" 884 

9.985 .094 251 480 691 .914 
1.334 1.309 1.365 1.514 1.560 
090 160 307 .509 .674  .840 

9972-051, BalsO 10372 roe7a ec07 I 
1.312 1.285 1.340 1.371 1.403 1.476 
189 324 514 .792 1.042 1.261 
024 149 344 601 .806 .986 

1.462 1.496 1.479 1.552 1.722 1.884 

9.938 081.308 498 /om’ 
(S000 os 

145 .274 497 .897 1.285 1.699 
9.939 065 .267 .597 .896 1.186 
1.607 1.618 1.698 1.995 2.449 3.258 
288 =.541. (1.081 2.273 3.007 

1.652 (3000) (5000) kg/cm’ 
9.616 9.810 .143 805 1.520 2.343 
4.699 5.383 8.670 29.38 

12000 

.998 
£655 

2.203 
1.390 
919 

2.958 
1.915 
1.223 
4.920 
2.208 
1.396 
6.518 
2.495 
1.562 
8.570 
1.846 
1.493 
2.254 

1.646 

1.323 
iW 
1.633 
1.400 
1.123 
1.892 
1.549 
1.200 
2.234 

1.031 

.628 

1.189 
.946 

1.750 
1.670 
1.311 
2.286 

1.832 

.00220 

00296 

.00368 

.00540 

.00285 

3.8 

.00845 

.00519 

.00352 

.00212 

.00566 

00523 

Arts and Sci., vol. 61, p. 59, 1926. 



334 TABLE 335.—VISCOSITY OF OILS 

The SAE viscosity numbers constitute a classification of crankcase lubricating oils in 
terms of viscosity only. Other facts of oil quality or character are not considered. 

Part 1.—Crankcase oil classification 

SAE recommended practice 

Viscosity range, Saybolt univ., sec 

SAE At 130° F At 210° F 
viscosity 
number Min. Max. Min. Max. 

10 90 Less than 120 See dé. Bae owen 
20 120 S GSS Pte MEE Tore Soest ts ots 
30 185 ot aa D9 Pe sone’. | “ide Sedad oes 
40 A aioli Sagas 3 ocean at yee Less than 80 
50 ten Sem ttre rae ears 80 ne AOS 
60 hep ge | Riumssuateerceerae sasha 105 + P25 
70 AS) Sota dee 125 ef FO 

Part 2.—Automotive Manufacturers’ viscosity classification 

SAE general information 

Viscosity range at 0°F, Saybolt univ., sec 
Viscosity TT _ 
number Min. Max. 

10W 6,000 12,000 
20W 12,000 48,000 

128 SAE Handbook, 1949 ed., p. 580, Soc. Automot. Eng., New York. 

TABLE 336.—EFFECT OF PRESSURE UPON VISCOSITY 

Absolute Relative viscosity 
Temper- viscosity Pressure in kg/cm2 
ature at 1 atm (oo 

Substance Cc centipoises 1 1000 4000 8000 12,000 

i-Pentane: rv. .eeed..<: 30 198 1.0 2.208 7.834 26.98 88.51 
75 z 662) 1.560, S88.’ -15.1000 938.55 

Acetone aaa: ni cree. 30 285 1.0 1.683 4.027 9.705 c 
75 = 785) 1209 « 2-786, 5) | 5.781 ~. 1074 

COMPA: OBE 30 352 1.0 1.445 3228 6918 15.45 
75 ae 750i 1425. °° 2355 | 4.688 10 1883 

Sulfuric ether ......... 30 212 1.0 2.109 6194 1824 46.77 
75 ee 755 1.409 3990 9683 20.46 

Petroleum ether ....... 30 a 1.0 1.995 8.51 38.9 151.4 
80 = = Ae tae Et 30.9 

IRGrOSCNE fon 6 csatccec 30 -—— 1.0 2.88 5.13 -—— -— 
80 mm = en San e750 6ST 

Water... kas. ert a. as 0 1.792 1.0 921 1.111 freezes —— 
OFS eee 297, 779 743 842 1EN5Z — 
30 801 488 514 658 923 1.206 
75 380 .222 .239 302 445 a 

100 .284 -—— — — — —— 
IMercCuny/ annie tess heeiee 30 1.516 1.0 1.023 1.097 1.202 1.324 

75 1.340 884 883 .880 877 876 

128 Bridgman, P. W., The physics of high pressure. Macmillan, New York, 1931. 
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TABLE 337.—LUBRICANTS 335 

With very few exceptions present-day lubricants are petroleum products or blends of 
petroleum products with various compounding or addition agents such as fatty oils, diversi- 
fied types of soap, and in rare instances solid materials such as graphite. Addition agents 
are more costly than petroleum derivatives; hence they are used as sparingly as possible. 
The addition agents are generally employed when conditions of use require greater “oili- 
ness” (higher film strength) than is attainable with unblended petroleum oils. The latter 
usually deteriorate more slowly in service than blended products, which is an advantage 
supplementing that of low relative cost. There are a few jobs of lubrication for which 
fatty oils have never been entirely supplanted, as for example the use of porpoise-jaw oil 
in fine watches. 

Lubricants for Cutting Tools *? 

Various types of oils have been used as lubricants for cutting tools. These are fatty oils, kero_ 
sene, turpentine, mineral oils and various blends of these oils. Sulfur has been combined with 
some of these oils to increase the film strength. Such mixtures and blends are furnished by the 
various manufacturers under their trade names such as Pennex, Dortan, Fanox, and Kutwell by 
the Standard Oil Co. of New Jersey. 

Ferrous Ferrous 
; (more than Ferrous (less than 

Severity Type of operation 70%) (50-65%) 40%) 

1 (greatest) Broaching, internal Em Sulf Sulf Em Sulf Em 
3 Tapping, plain Sulf Sulf Sulf 
2 Threading, pipe Sulf Sulf ML Sulf 
3 Threading, plain Sulf Sulf Sulf 
4 Gear shaving Sulf L Sulf L Sulf L 
4 Gear cutting Sulf ML Em _ Sulf Sulf ML 
5 Drilling, deep Em ML Sulf Em Sulf 
7 Boring, multiple head Sulf Em Sulf Em Sulf Em 
8 High-speed, light- 

feed, automatic 
screw machines Sulf Em ML Sulf Em ML Sulf ML Em 

9 Turning; single- 
point tool, form 
tools Em Sulf ML Em Sulf ML Em Sulf ML 

Nonferrous 
(more than 

100%) 

MO Em 
Em Dry 

En Sulf 

MO ML Em 
K Dry Em 

Em Dry ML 

Em Dry ML 

130 Metals Handbook, 1948 ed., p. 69, American Society for Metals, Cleveland. 

Nonferrous 
(less than 
100%) 

Em Sulf 

Symbols: Dry =no cutting fluid, Em = soluble or emulsifiable oils and compounds, K = kerosene, L = lard oil, 
ML =mineral-lard oils, MO = mineral oils, Su/f = sulfurized oils. 
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336 TABLE 338.—FRICTION 

The required force F necessary to just move an object along a horizontal plane = fN 
where N is the normal pressure on the plane and f the “coefficient of friction.’ The angle 
of repose @ (tan = F/N) is the angle at which the plane must be tilted before the object 
will move from its own weight. The following table of coefficients was compiled by Rankine 
from the results of General Morin and other authorities and is sufficient for ordinary 
purposes. 

Material if 1/f i) 
Wioodtonawoods dry... so. eee ee .25-.50 4.00-2.00 14.0-26.5 

apres te SOADM Gh CaRiseie ssc. cee oe ee ae .20 5.00 11.5 
Mietalismon oak drys. Noid kay ss 0 cea ence eee oe .50-.60 2.00-1.67 26.5-31.0 

iy Bet WEE te cjeis, ae OREN: ai tua lola auto anen e .24-.26 4.17-3.85 13.5-14.5 
a pt SUSOAPY siancars ARES oh orp ee Pegs oe .20 5.00 eS 
x AACS) 1a TEC | RI Eadie, uid i bal Bh .20-.25 5.00-4.00 11.5-14.0 

Hemp ionyoakesd type ccatccocaetteiy es eee ee: 58) 1.89 28.0 
bat Ahi a pa Wie Gach ayo citioths «atte kame ee ee: 33 3.00 18.5 

Pen themponoa kc cccctci Ft. Scucuss sp caiaysin eg eM .27-.38 3.70-2.86 15.0-19.5 
a Sa MMLC tA Se CTV ccc « spayctasgePh ccoeren ener ceseoker 56 1.79 29.5 
< < aac cl Dea Maa iN ts cee 36 2.78 20.0 
‘s _ org) BIRCASV = ois oc Se eae: 23 4.35 13.0 
= re Se OU s eck t,o 5 | SOT oe “15 6.67 8.5 

Wietalssonmmetalseidiriyeei ns ss -tt eer 15—20 6.67—5.00 8.5-11.5 
% be BE | WELS EHAIS. 3%. 5 ic. co eRe ors 6 ons 5) 3.33 16.5 

Smooth surfaces, occasionally greased............. .07-.08 14.3-12.50 4.0-4.5 
sf s continually greased.............. 05 20.00 3.0 
3 i best results *e oisactese eee... .03-.036 33.3-27.6 1.75-2.0 

Steel onvagatetdity..< Asis ak dicbyn oc ace ae me «acc .20 5.00 11.5 
Mee MMOTLEM «0 cme Pec oa Soe eee Stee 107 9.35 

I OnigOnestOMe: wenn, cc ok sorcerer cars ete RU re Sid hoe .30-.70 3.33-1.43 16.7-35.0 
WV ratle Ge SEOINE 74, A 5 Macao ceria clea ences bane About .40 2.50 22.0 
Masonry om brick work; dry... a. see ac fo an .60-.70 1.67-1.43 33.0-35.0 

. ial - “damiprmattars sce... 74 135 36.5 
os em CSV MCLAY aa We vare tie taser ora aerate es ll 1.96 27.0 
ss PERTTIOISt.. Claw: cess PON oc ae ee ov 35 3.00 18.25 

Barthrontearthiercc st cet io ee oe ote ce .25—1.00 4.00-1.00 14.0-45.0 
“ “dry sand, clay, and mixed earth... —.38-.75 2.63-1.33 21.0-37.0 
_ oe dampyclays xascpeiere eis. se 1.00 1.00 45.0 
es ents” WEE Mayet: eee comes cic oie iS] 3.23 17.0 
ky ~~ -shingle™and seravelorns. 25560... 81-1.11 1.23-.9 39.0-48.0 
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TABLES 339-346A.—AERONADTICS * 337 

TABLE 339.—DYNAMIC PRESSURE AT DIFFERENT AIR SPEEDS 

The force on a body moving through a fluid may be expressed in the form 

Fe Gy, qd A 

where F is the force, Cr a nondimensiona: force coefficient, q the dynamic pressure (q= 
4pV*, definition), and A an area. In general, the value of the coefficient Cr is dependent 
on several nondimensional parameters. When the medium is air, Cr depends on the 

Reynolds number wae the Mach number x the body shape and attitude to the relative 

wind, the relative surface roughness, and the degree of turbulence of the air stream. The 
quantity p denotes the fluid density, V the velocity of the body relative to the fluid, 7 the 
coefficient of fluid viscosity, / a linear dimension of the body fixing the scale, and a the 
speed of sound in the ambient fluid. 

The table gives values of dynamic pressure qg for a wide range of speeds. In conjunction 
with the values of the force coefficient in subsequent tables, this table can be used for 
computation of lift, drag, and moment under specified conditions. The values in the table 
are computed for standard air density: dry air, normal CO: content, 15°C, one atmos- 

phere. Standard air density is 0.12497 metric slugs or 0.002378 STUES. For standard gravity, 

the weight of one metric slug (MKS) is 9.807 kilograms and the weight of one slug is 
32.174 pounds. For other densities the values must be multiplied by the ratio of the actual 
density to the standard density. 

* Tables 339 to 346 and figures 6 to 15 were prepared under the direction of C. H. Helms, assistant 
director of aeronautical research, National Advisory Committee for Aeronautics. 

(continued) 
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339 
TABLE 340.—FORCES ON THIN FLAT PLATES AT ANGLES TO THE WIND 

(FIG. 6) 

For plates at angles to the wind (angle of attack, a) the force is usually resolved into 
components at right angles and parallel to the direction of the relative wind. The compo- 
nents, termed the lift and drag, respectively, are expressed in the form of coefficients, the 
forces being divided by the product of the dynamic pressure and the area of the plate (not 
the projected area on a plane normal to the wind). The ratio of the distance between the 
leading edge and the center of pressure to the chord length is called the center of pressure 
coefficient, CP. The center of pressure is defined as the intersection of the line of action 
of the resultant force, F, with the plate. The forces on a plate vary with “aspect ratio,” a 
term defined for a rectangular plate as the ratio of the span to the chord length. 

The lift (Ci), drag (Co), and center of pressure coefficients (CP) are given as functions 
of angle of attack a for thin plates of aspect ratio 1, 3, and 6. 

fe) 
0 lO *o2'0 *ot3:0*014. 00150 7060 A700 BO 90 

ANGLE OF ATTACK, aq, DEGREES 

Fic. 6.—The lift coefficient (Cx), the drag coefficient (Cp), and the center of pressure 
(CP) for thin plates for aspect ratios 1, 3, and 6, as a function of the angle a with the wind. 
(See small figure in upper center.) D—=CpAq, L=CiAq, X =CP Xc. 

(continued) 
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340 
TABLE 340.—FORCES ON THIN FLAT PLATES AT ANGLES TO THE WIND 

(FIG. 6) (concluded) 

Conditions of experiments 

~ . 
\ 

Aspect ratio 1 Aspect ratio 3 Aspect ratio 6 
pe a SS eS 

Authority 131 1 2 3 4 1 3 5 if 3 6 6a 7 

S\Pik Oil) oa on ee an a. 253 085 12 12 45 7.6 36 90) 22, 30:55 30°50 45575tol9 14 
Ghord  neme ascrcucher area 25 30.5 12 12 S25: 12 15 12 5:08 5:08 “756 to 15-2 
Thickness, sem!) sess see z3 we slid _- ro eO2S eee 7) 13 LF el Neto 29 
Tunnel diam., cm .... 150 Qo 9200) S120" 150 GORPZ001F 150% 20055187  as7eis224 
Reynolds No. X 10-8 . 210 382 55 42 126 10 Do), 126 55 64 64 153 

131 Authorities: 1, Eiffel G., Resistance de l’air et l’aviation, 2d ed., p. 231, Dunod et Pinat, Paris. 2, 
Dines, Proc. Roy. Soc. London, A, Math. and Phys. Sci., vol. 48, p..233, 1890. 3,Foppl, Jahrb. Motor- 
luftschiff-Studiengesellsch., vol. 4, p. 51, 1910. 4, Riabouchinski, Bull. Inst. Aerodynam. de Koutchino, 
Petrograd, vol. 4, p. 113, 1912. 5, Stanton, T. E., Air resistance of plane surfaces, Minutes of Proc. 
Inst. Civil Eng., vol. 156, p. 78, 1903. 6 and 6a, National Bureau of Standards, private communication. 
7, Knight, Montgomery, and Wenzinger, Carl J., Wind tunnel tests on a series of wing models through 
a large angle of attack range, Pt. 1, Force tests. NACA Rep. No. 317, 1929. 

TABLE 340A.—VALUES OF DRAG COEFFICIENT C, FOR FLAT PLATES OF 

DIFFERENT ASPECT RATIO NORMAL TO THE WIND (a = 90°) 

Values of Cp for circular disks are practically the same as for a square plate. 

i\spect ratio 1 2 3 4 5 6 7 8 co 

Co PZ 1.18 E22 1.24 1.26 1.28 1.30 1.32 2.00 

TABLE 340B.—FORCES ON NONROTATING CIRCULAR CYLINDERS 

CEG 7)) 22 

The drag coefficient Cp for cylinders whose axes are perpendicular to the relative wind, 
the area A being taken as the product of the length L and diameter d, depends to a marked 

degree on the aspect ratio £, the Reynolds number FR, and the Mach number M. The 

figure shows the variation of the drag coefficient Cp with R for cylinders of infinite aspect 
ratio at very low Mach numbers. The drag coefficient Cp varies with Mach number in a 
manner quite similar to that of the sphere on Table 340C (figures 8 and 10). 

Ww 

DRAG COEFFICIENT, Cp 
fe) 

10 102 103 104 10> =: 108 
REYNOLDS NUMBER, R 

Fic. 7.—The drag coefficient Cv as a function of the Reynolds number R at low. Mach 
numbers for cylinders of infinite aspect ratios with axes perpendicular to the wind. 

Drag = CpAq, Reynolds number, R = as Mach number, M = t For q see Table 

339, V = air speed, p = air density, 7 = coefficient of air viscosity. 

132 Wieselberger, C., New data on the laws of fluid resistance. NACA TN No. 84, 1922. Relf, E. F., 
Discussion of the results of measurements of the resistance of wires with some additional tests on the 
resistance of wires of small diameter. R. & M. No. 102, British ACA, March 1914. Wieselsberger, C., 
Further information on the laws of fluid resistance. NACA TN No. 121, December 1922. 

(continued) 
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341 
TABLE 340B.—FORCES ON NONROTATING CIRCULAR CYLINDERS (FIG. 7) 

(concluded) 

The variation of Cn with aspect ratio for Reynolds number of 80,000 is as follows. 

Aspect ratio £ 1 2 3 5 10 20 40 foe) 

Co .63 .69 aS) 75 83 S92 1.00 1.20 

If the axis of the cylinder is inclined to the wind direction, the force remains approxi- 
mately at right angles to the axis of the cylinder, its magnitude falling off approximately 
as the square of the sine of the angle of the axis to the wind. 

TABLE 340C.—FORCES ON SPHERES (FIGS. 8-10)** 

For spheres, the linear dimension / is taken as the diameter of the sphere d and the area 
2 

A as 7 For values of Reynolds number between 80,000 and 400,000 at low values of 

Mach number the value of the drag coefficient Cn depends in large measure on the tur- 
bulence of the air stream. As the Reynolds number is increased in this range the drag 
coefficient of the sphere and the pressure coefficient at the rear of the sphere decrease- 
rapidly. The pressure coefficient is equal to the ratio of the difference between free stream 
stagnation pressure and local static pressure to the dynamic pressure g. The Reynolds 
number at which the pressure coefficient at the rear of the sphere is 1.22 is defined as the 
critical Reynolds number, Rer. This value of pressure coefficient corresponds very nearly 
to Cno=.3. The value of Rer represented by point d in the figure is considered to be 
typical of turbulence-free air. 

2.0 

10 1io* = 10° 104 io> ~—:10® 
REYNOLDS NUMBER, R 

Fic. 8.—The drag coefficient Cp on spheres as a function of the Reynolds number. 

Drage) —|OnAguka— — 

Sphere tests in wind tunnels indicate different values of R-- for different sphere sizes. 

ue $ 
Correlation of the data may be obtained if values of va (+) = (K) are plotted as a 

function of Rer. The value Vu? is the root-mean-square of the fluctuation velocity in the 
direction of the relative wind, I’ the velocity of the relative wind, d the sphere diameter, 
and L is the scale of the turbulence as defined in the reference. The figure shows a cor- 
relation (K) obtained with two sizes of spheres and several values of L. 

133 Allen, H. S., The motion of a sphere in a viscous fluid, Phil. Wak vol. 50, p. 323, 1900. 
Wieselberger, C., Further information on the laws of fiuid resistance, NACA TN No. 121, December 
1922. Millikan, C. B., and Klein, A. L., The effect of turbulence, Aircraft Eng., vol. 5, p. 169, 1933. 
Platt, Robert C., Turbulence factors of NACA wind tunnels as determined by sphere tests, NACA Re 
No. 558, 1936. Dryden, Hugh L., Schubauer, G. B., Mock, W. Jr., and Skramstad, H. K., 
Measurements of intensity and scale of wind-tunnel turbulence ‘and Ae relation to the critical Rey- 
nolds number of spheres, NACA Rep. No. 581, 1937. Ferri, Antonio, The influence of Reynolds 
numbers at high Mach numbers, Atti di Guidonia, n. 67/69, Mar. 10, 1942. 

(continued ) 
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TABLE 340C.—FORCES ON SPHERES (FIGS. 8-10) (concluded) 

8 Sel OVt nares BENGE ea TS MMALOM (2,2 248 216.8. Anos 
CRITICAL REYNOLDS NUMBER,R.p 

vi? ( d\t . re 
Fic. 9.—The value of pale =) = K plotted as a function of the critical Reynolds 

number, Rer. 

At Mach numbers greater than about 0.3 the drag coefficient Cp depends on the values of 
both Reynolds number and Mach number. 

7 ee ese MACH NUMBER. IM=-9___ | 

REYNOLDS NUMBER R 

Fic. 10.—The drag coefficient for a sphere as a function of the Reynolds number for 
several Mach numbers. 
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TABLE 341—FORCES ON MISCELLANEOUS BODIES 343 

The values of the drag coefficients in this table are based on the area of the projection 
of the body on a plane normal to the wind direction. Where this projection is a circle, the 
diameter is used as the linear dimension / in the Reynolds number. Where the projection 
is rectangular, the shortest side of the rectangle is taken as /. 

Reynolds 
Body Cp number 

Streanlinesbodiessotanrevolutionpsrer eric ose deo .05— .06 3,000,000 
Rectangular prism 1 X 1 X 5 normal to 1X 5 face.......... 1.56 180,000 
Rectangular prism 1 & 1 X 5, long axis perpendicular to 

fheyzelative wind and 1 Stace at 45m. s6 4... cis sin des ose 92 254,000 

[ about 
Auitomobilenessc ssc Liicoe cero eho erie: oelaene ces 78 300,000 

about 
Conesanglei60>5 point to) windsssolidema- cms. os aa ose 51 [ 270:000 

Ganevangless02ypointstonwindsssolidee sass) ocache sae oles 34 270,000 
inlemisphericall cup, open back-arc aoe eee re Al 100,000 
Wemisphericall cup) Opentrontarc see ase on «le cieeeicgelsee «6 1.40 100,000 
Sphero-conic body, cone 20° point forward................. 16 135,000 
Sphero-conic-body,-cone-Z02. point tO ran. ..de.e-.0:2.inede.es ols 09 135,000 
Cylinder 120 cm long, spherical ends with 

axissparalleletothemelativiewinld aseier Gey eeiciacm esc eenoe 19 100,000 

TABLE 341A.—SKIN FRICTION ON FLAT PLATES (FIGS. 11, 12) ™ 

If the flat plate is in a uniform stream of fluid and the flow is parallel to the plate the skin 

friction coefficient, C;, is dependent mainly on the Reynolds number, R = a The skin 

friction coefficient Cr =— where D, is the friction drag per unit width of one side of the 

plate, g the dynamic pressure (see Table 359), and L the length from the leading edge 
of the plate. 

For laminar flow 

Cr = ——— (Blasius) 

For turbulent flow 
mY 0.455 
— (logio R= 

The Reynolds number for transition from laminar to turbulent flow depends on the 
roughness of the plate and the turbulence of the airstream. 

The figure shows the variation of the skin friction (C;) with R for laminar and tur- 
bulent flow. 

C (Schlichting) 

1% Tetervin, Neal, A method for the rapid estimation of turbulent boundary-layer thickness for calcu- 
lating profile drag, NACA ACR No. L4G14, July 1944 

(continued) 
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344 
TABLE 341A.—SKIN FRICTION ON FLAT PLATES (FIGS. 11, 12) (continued) 

010 

-0002 
2 5 1.0 2.0 5.0 10 20x10 

REYNOLDS NUMBER, R 

Fic. 11.—A log-log plot of the skin-friction coefficient Cy on a flat plate as a function of 
the Reynolds number for laminar and turbulent flow. 

T. 

The local skin-friction coefficient =~ may be approximated by a power function of the 
2q 

Reynolds number based on the momentum thickness, Ro= "Se. When the boundary 

layer is laminar 
to _ 0.2205 

2q Re 

When the boundary layer is turbulent 

To = 1 ’ 

24 [25 tog. Roe +55 | 
2.5(1—5 V 70/2q) 

The momentum thickness 

a= || ‘ #1 +) = . V V y, 

where 1 is the local velocity inside the boundary layer, V the local velocity outside the 
boundary layer, and 6 the boundary-layer thickness. The local skin-friction coefficient is 
plotted against Reynolds number for the case of a turbulent boundary layer. 

(continued) 
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345 
TABLE 341A.—SKIN FRICTION ON FLAT PLATES (FIGS. 11, 12) (concluded) 

0028 

0012 

LOCAL SKIN FRICTION COEFFICIENT 

S ; Oo Nw {o) 

209 500 1000 2000 5000 10000 20000 50000 100000 
REYNOLDS NUMBER Ro 

Fic. 12.—The local skin-friction coefficient on a flat plate plotted against the Reynolds 
number for a turbulent boundary layer. 

TABLE 342.—STANDARD ATMOSPHERE ?* 

Standard atmospheric values are given up to altitudes of 65,000 feet, and quantities 
that have been found to be of use in the interpretation of airspeed and related factors are 
included (Table 343). These quantities are the pressure p in pounds per square foot, the 
pressure p in inches of water, the speed of sound a, the coefficient of viscosity 7, and the 
kinematic viscosity v. The values for the coefficient of viscosity 7 and the kinematic vis- 
cosity vy are not standard values since a standardization of air viscosity has not been agreed 
upon as yet. The values listed for 7 and »v are believed to be sufficiently accurate, however, 
to be useful in calculations requiring viscosity of air. The coefficierit of viscosity 7 was com- 
puted from the formula 2318 T%/2 

dem Vila ELA 

The kinematic viscosity of air » was obtained from the definition v= fil 

a . . “a . . P - 

1/Vo is given to facilitate the computation of the true airspeed ’ from the equivalent 
airspeed V«. i 

he 
The speed of sound in miles per hour is computed from a= 33.42VT where T is the 
temperature in degrees Fahrenheit absolute. A value of y=1.4 was assumed to hold 
throughout the temperature range. 

The values of the standard atmosphere are based upon the following values : 

The quantity 

V. 

Sea-level pressure po = 29.921 inHg 
= 407.1 inH.O 
= 2116.2 1b/ it 

Sea-level temperature fo = 59°F 
Sea-level absolute temperature 7) = 518.4°F abs 
Sea-level density po = 0.002378 slug/ft* 
Gravity g = 32.1740 ft/sec” 

Temperature gradient a= = 0.00356617°F /ft 

The altitude of the lower limit of the isothermal atmosphere = 35,332 ft 
Specific weight of mercury at 32°F = 848.7149 1b/ft® 
Specific weight of water at 59°F = 62.3724 lb/ft® 

185 Aiken, William S., Jr.. Standard nomenclature for airspeeds with tables and charts for use in 
calculation of airspeed, NACA Rep. No. 837, 1947. Warfield, Calvin N., Tentative tables for the prop- 
erties of the upper atmosphere, NACA TN No. 1200, January 1947. 

(continued) 
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346 TABLE 342.—-STANDARD ATMOSPHERE (concluded) 

Up to the lower limit of the isothermal atmosphere (—67°F corresponding to 35,332 ft) 
the temperature is assumed to decrease linearly according to the equation 

dT 
T=To— dh h 

Further, the atmosphere is assumed to be a dry perfect gas that obeys the laws of Charles 
and Boyle, so that the mass density corresponding to the pressure and temperature is 

eee dale 
Pp = fo ip 

The pressure and altitude are related by 

Pog To p 

The harmonic mean temperature 7m is given by 

ZAh _ Ah+Ah+°::: 

Ta wAn As AME 
las ier Dees 

where Tav1, Tav2, ... are the average temperatures for the altitude increments Afi, Ahz, ... 
The NACA Special Subcommittee on the Upper Atmosphere, at a meeting on June 24, 

1946, resolved that a tentative extension of the standard atmosphere from 65,000 to 100,000 
feet be based upon a constant composition of the atmosphere and an isothermal tempera- 
ture which are the same as standard conditions at 65,000 feet. This tentative extended 
isothermal region (Table 344) ends at 32 kilometers (approximately 105,000 ft). It is 
possible that as results of higher altitude temperature soundings become available and the 
standard atmosphere is extended to very high altitudes the present recommendations may 
be modified. 

The Subcommittee also recommended that the values of temperature given in the follow- 
ing table be considered as maximum and minimum values occurring for the given altitudes 
with the variations between the specified points to be linear: 

Temperature (°C abs) 
Altitude ooo, 
(km) Minimum Maximum 

20 180 250 
25 —— 250 
45 200 380 

A tentative extension of the standard atmosphere computed from the equations using 
the recommended isothermal temperature and constant gravity altitudes from 65, 000 to 
100,000 feet are included in the table. Calculations have been made “© by assuming that 
the acceleration of gravity varies inversely as the square of the distance from the center 
of the earth. Up to 100,000 feet this assumption does not greatly affect the tabulated values. 
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TABLE 343.—PROPERTIES OF THE STANDARD ATMOSPHERE * 347 

Coefficient 

: Tem- Speed . Of, 
Density per- of viscosity, Kinematic 

Alti- Pressure, p Density ratio 1 ature, sound, 7 viscosity, 
tude, h p Geet a a slugs v 

ft lb/ft? inH,O inHg slugs/ft8 pu Vo °F abs mi/hr  ft-sec ft2/sec 

0 2116 407.1 29.92 .002378 1.0000 1.000 518.4 760.9 3.725107 1.566% 10- 
2,000 1968 378.5 27.82  .002242 .9428 1.030 511.2 755.7 3.685 1.644 
4,000 1828 351.6 25.84 .002112 .8881 1.061 504.1 750.4 3.644 1.725 
6,000 1696 326.2 23.98 .001988 .8358 1.094 497.0 745.1 3.602 1.812 

8,000 1572 302.4 22.22 .001869 .7859 1.128 489.9 739.7 3.561 1.905 
10,000 1455 279.9 20.58 .001756 .7384 1.164 482.7 734.3 3.519 2.004 
12,000 1346 2589 19.03 .001648 .6931 1.201 475.6 7288 3.476 2.109 
14,000 1243 239.1 17.57 .001545 .6499 1.240 468.5 723.4 3.434 2.223 

16,000 1146 220.6 16.21 .001448 .6088 1.282 461.3 718.7 3.391 2.342 
18,000 1056 203.2 1494 .001355 .5698 1.325 454.2 712.2 3.348 2.471 
20;000 972.1 ° 187.0" 13'75 001267 +.5327 1.370 447.1 706.6 3.305 2.608 
22,000 893.3 171.9 1263 .001183 .4974 1.418 439.9 701.1 3.261 2.756 

24,000 819.8 157.7 11.59 001103 .4640 1.468 432.8 695.3 3.217 2.916 
26,000 751.2 144.5 10.62 .001028 .4323 1.521 425.7 689.5 3.173 3.086 
28,000 687.4 132.2 9.720 .000957 .4023 1.577 418.5 683.7 3.128 3.268 
30,000 628.0 120.8 8880 .000889 .3740 1.635 411.4 677.9 3.083 3.468 

32,000 572.9 110.2 8.101 .000826 .3472 1.697 404.3 672.0 3.038 3.678 
34,000 521.7 100.4 7.377 .000765 .3218 1.763 397.2 666.0 2.992 3.911 
35,332 489.8 94.24 6.926 .000727 .3058 1.808 392.4 662.0 2.962 4.073 
36,000 474.4 91.31 6.711 .000705 .2963 1.837 392.4 662.0 2.962 4.204 

38,000 431.1 82.97 6.098 .000640 .2692 1.927 392.4 662.0 2.962 4.625 
40,000 391.9 75.44 5.544 000582 .2448 2.021 392.4 662.0 2.962 5.089 
42,000 356.2 68.56 5.038 .000529 .2225 2.120 392.4 662.0 2.962 9.999 
44,000 323.7 62.29 4.578 .000480 .2021 2.224 392.4 662.0 2.962 6.161 

46,000 294.2 56.63 4.162 .000437 .1838 2.333 392.4 662.0 2.962 6.778 
48,000 267.4 51.46 3.782 .000397 .1670 2.447 392.4 662.0 2.962 7.459 
50,000 243.1 46.78 3.438 .000361 .1518 2.567 392.4 662.0 2.962 8.206 
52:000' 2209 42.52 3124 000328 .1379\) 2.692 392.4 66210 2.962 9.028 

54,000 200.8 38.64 2.840 .000298 1.1254 2.824 392.4 662.0 2.962 9953 
56,000 182.5 35.12 2.581 .000271 .1140 2.962 392.4 662.0 2.962 10.93 
58,000 165.9 31.92 2.346 .000246 .1036 3.107 392.4 662.0 2.962 12.02 
60,000 150.8 29.01 2.132 .000224 .09415 3.259 392.4 662.0 2.962 13.23 

62,000 137.1 26.37 1.938 .000203 .08557 3.419 392.4 662.0 2.962 14.56 
64,000 124.6 23.96 1.761 .000185 .07777 3.586 392.4 662.0 2.962 16.02 
65,000 118.7 22.85 1.679 .000176 .07414 3.672 392.4 662.0 2.962 16.80 

* For metric values see Table 628. 

TABLE 344.—PROPERTIES OF THE TENTATIVE STANDARD-ATMOSPHERE 

EXTENSION 

Coefficient 

: Tem- Speed _. of | 
Density per- of viscosity, Kinematic 

Altitude Pressure, p Density, ratio, 1 ature, sound, 7 viscosity, 
rn p pa hb —= Ae a slugs v 

ft lb/ft? inH»sO inHg = slugs/ft® "7 po °Fabs mi/hr ft-sec ft?/sec Vo 

65,000 118.7 22.85 1.679 .000176 .07414 3.672 392.4 662.0 2.96210716.80*10~* 

70,000 93.53 17.99 1.322 .000139 .05839 4.138 392.4 662.0 2.962 21.33 
75,000 73.66 14.17 1.042 .000109 .04599 4.663 392.4 662.0 2.962 27.09 
80,000 58.01 11.16 .8202 .0000861 .03621 5.255 392.4 662.0 2.962 34.39 
85,000 45.68 8.789 .6460 .0000678 .02852 5.921 392.4 662.0 2.962 43.67 
90,000 35.97 6.921 .5086 .0000534 .02246 6.672 392.4 662.0 2.962 55.45 
95,000 28.33 5.451 .4006 .0000421 .01769 7.519 392.4 662.0 2.962 70.41 

100,000 22.31 4.293 .3156 .0000331 .01394 8.472 392.4 662.0 2.962 89.41 
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348 TABLE 345.—COMPRESSIBLE FLOW TABLES FOR AIR™ 

In high speed research, use is frequently made of the theoretical relationships existing 

between the Mach number and various flow parameters. Two types of flow are tabulated : 

isentropic flow and normal-shock flow. Isentropic flow is generally valid for a subsonic or 

supersonic expanding flow and may be used for subsonic compression flow. Normal-shock 

flow is valid for supersonic compression flow when the deviation of the flow through the 

shock is zero. Oblique-shock flow may be obtained from the normal-shock flow by super- 

imposing a velocity tangential to the shock. 

The assumption that air is a perfect gas with a value of y of 1.400 is valid for the condi- 

tions usually encountered in the subsonic and lower supersonic regions for normal stagna- 

tion conditions. For Mach numbers greater than about 4.0 or for unusual stagnation 

conditions, however, the behavior of air will depart appreciably from that of a perfect gas 

if the liquefaction condition is approached, and caution should be used in applying the 

results in the table at the higher Mach numbers. 

The formulas for isentropic flow are: 

Ee 
Pie ew Sia. 7 (oe 5 Ms 

emily 
Bete) 1— & =(14%>54m1) 

Po 2 

i vel bia 
n=(+ Da oe 

a Bi bate 
wes PAG) 

yb Vn ar, ‘ 

: 1475 Mi 

Gre VN ape o= (147m) 

=o 
II S 

LA =| Sr 
Q i—} 

e I 
OY 

2, —_ = aan 
mae in) @ = sin (5 

3 } j 
n= (245) COS +t S605 —— O10), 

ve 2(14+254 m:*) 

and the formulas for normal-shock flow are: 

Pav ZY a y—1 
2a Nye = 

pr y+1 oyetal + 

GC) 
bs “(GE a 

Ge) 
a alts 1 a= tele 

a | ( 2y (a7=i)* 2y | 
1 Gein 

1:6 Burcher, Marie A., Compressible flow tables for air, NACA TN No. 1592, August 1948. 

II 

(continued) 
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349 

TABLE 345.—COMPRESSIBLE FLOW TABLES FOR AIR (concluded) 

2 

2 = One Ve Pi M, p2 

V2 Pi 

V; p2 

where 

a = speed of sound in air. 

A = cross-sectional area of the stream tube. 

Acer = cross-sectional area of the stream tube for M: = 1.0. 

F. = compressibility factor, increase in pressure above the static pressure set up in 
a tube whose open end is pointed into the relative wind divided by the 

dynamic pressure. 
7 

M = Mach number (=). 

= Mach angle, degrees. 

p = absolute pressure. 

= temperature, °F absolute. 

V = airspeed, feet per second, computed for To—520°F absolute and a= 
1117.372 feet per second. 

7 = ratio of specific heats, taken as 1.400. 

y = expansion angle required to change Mach number from 1.0 to M:, degrees. 

p = mass density of air. 

Subscripts : 

= stagnation conditions before shock. 

= air stream conditions before shock. 

2 = air stream conditions behind shock. 

= stagnation conditions behind shock. 

ISENTROPIC 

XPANSION 
| te 

Vo=0! 

———— 
| 
| 7 | 
° 1 GR 

(Mcp =!-0) 

SUBSONIC STREAM—TUBE FLOW 

ISENTROPIC 
DIFFUSION 

ISENTROPIC EXPANSION I | 

ae Se SSETE J 1 | = 
No= Cit 1 lt Shock 1Y3=° 

—+——— 1 - _—+ ———— 

' | | | 
| | I 

JSUBSONIC] SUPERSONIC; | SUBSONIC | 
Cr lp, te 3 

(cr = 1.0) 

SUBSONIC STREAM—TUBE FLOW 

TWO-DIMENSIONAL SUPERSONIC 

FLOW AROUND A CORNER 

Fic. 13.—Illustrating three types of flow, 
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TABLE 346A.—FORCES ON AIRFOILS AT ANGLES TO THE WIND 

(FIGS. 14, 15) 1%” 

By suitably proportioning the thickness distribution over the chord of a plate, an airfoil 
may be derived around which the flow will adhere even when the angle of attack is large. 
Because the flow remains attached to the airfoil, high lift coefficients may be obtained with 
low drag coefficients. 

The flow around a particular airfoil at a given angle of attack depends on the Reynolds 
number, R, the Mach number, M, and the degree of surface roughness. The main effect 
of increasing the Reynolds number is to change the maximum-lift coefficient and the 
minimum-drag coefficient. When the surface of the airfoil is made rough, simulating the 
surface of an actual airplane wing, the flow breaks away from the upper surface of the 
airfoil at a smaller angle of attack and therefore results in a considerably smaller value of 
maximum-lift coefficient. A rough surface increases the percentage of the chord over 
which the flow is turbulent and tends to make the drag coefficient much higher (see 
figure 11). As the Mach number is increased the variation of the local velocity from the 
stream velocity is increased. 
On figure 14 are shown the force coefficients for two symmetrical NACA airfoils of 

infinite aspect ratio plotted against angle of attack, a, for a Reynolds number of 6 X 10°. 
Methods exist (see Method for calculating wing characteristics by lifting-line theory using 
nonlinear section lift data, by James C. Sivells and Robert H. Neely, NACA TN No. 1269, 
April 1947) for converting infinite aspect ratio data to finite wing characteristics. The 
force coefficients of a 2l-percent thick airfoil in the smooth condition and a 12-percent thick 
airfoil in both the rough and smooth conditions are given. 

Figure 15 shows the variation in the force coefficients with Mach number for a sym- 
metrical 9-percent thick airfoil at an angle of attack of 2° and at Reynolds numbers from 
oo LOM Zor 10% 

187 Abbott, Ira H., von Doenhoff, Albert E., and Stivers, Louis S., Jr., Summary of airfoil data. 
NACA Rep. No. 824, 1945. Stack, John, and von Doenhoff, Albert E., Tests of 16 related airfoils at 
high speeds, NACA Rep. No. 492, 1934. 

(continued) 
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TABLE 346A.—FORCES ON AIRFOILS AT ANGLES TO THE WIND 

(FIGS. 14, 15) (concluded) 

——_—— <i 
NACA 64/- —Ol2 AIRFOIL NACA 647-021 AIRFOIL— — — 

“ SMOOTH 
Bl tooo aouGH-2a.— 
(0g -032 
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24 024 

e) 

< 7 16 A = O16 
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E 8 -00 x 8 
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© re) Oo oO 
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Oo = e > ~8 (a Se oe | eae! 2° 

; ee on -—1I6 40 

—24 
16.2 1.6 

Lit COEFFICIENT eu 

Fic. 14.—Force coefficients for two symmetrical airfoils of infinite aspect ratio plotted 
against angle of attack, a, for Reynolds number 6 x 10”. 

Sa 
NACA 0009 AIRFOIL 

MACH NUMBER, M 

Fic. 15.—The force coefficients, Cz, Cp, and CP, plotted against Mach number for a 
9- percent thick airfoil at an angle of attack of 2° and Reynolds number from .35 x 10° 
to S< Oe 
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TABLES 347-369.—DIFFFUSION, SOLUBILITY, SURFACE 
TENSION, AND VAPOR PRESSURE 

TABLE 347.—DIFFUSION OF AN AQUEOUS SOLUTION INTO PURE WATER 

If k is the coefficient of diffusion, dS the amount of the substance which passes in the 
time dt, at the place x, through g cm’ of a diffusion cylinder under the influence of a drop 
of concentration dc/dx, then 

dS = —kq An dt 

k depends on the temperature and the concentration. c ‘gives the gram-molecules per 
liter. The unit of time is a day. 

Substance 

Bromine 
Chlorine 
Copper sulfate 
Glycerine 

Iodine 
Nitric acid 

“cc 

Silver nitrate 
Sodium chloride 
Urea 
Acetic acid 
Barium chloride 
Glycerine 
Sodium acetate 

_ chloride 
Urea 
Acetic acid 
Ammonia 
Formic acid 
Glycerine 
Hydrochloric acid .... 
Magnesium sulfate .... 
Potassium bromide ... 

it hydroxide . 
Sodium chloride ..... 

i hydroxide a 
rs 10dide eee 

Sugar 
Sulfuric acid 
Zinc sulfate 
Acetic acid 
Calcium chloride ..... 
Cadmium sulfate ..... 
Hydrochloric acid .... 
Sodium iodide 
Sulfuric acid 
Zinc acetate 

Acetic acid 
Potassium carbonate .. 

hydroxide . “c 

Acetic acid 

Hydrochloric ‘acid .... 

Potassium chloride .... 
hydroxide .. 

eee) 6! niu) e)\eirellenel ovina 

SO Geo ooo 

Potassium chloride .... 

Substance 

Calcium chloride ... 

“ “ 

“ “ee 

Copper sulfate 

“6 “ 

“ce “ee 

Glycerine 
oe 

“ 

“ 

Magnesium sulfate . 
a“ “ee 

“ee “ce 

“cc “ce 

Potassium hydroxide 
ia) “ce 

“cc “cc 

nitrate .. 
“ee 

ac“ “cc 

4c“ “ce 

sulfate .. 
ae 

“oe ce 

oe “cc 

Silver nitrate 
“oe [7% 

“ “ 

Sodium chloride ... 
“ec “ 

“ee a3 

“ce “ce 

Suliuniesacideseees- 
oe oe 
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TABLE 348.—DIFFUSION OF VAPORS 355 

Coefficients of diffusion of vapors in cgs units. The coefficients are for the temperatures 
given in the table and a pressure of 76 cmHg. 

Vapor Temp. 

INCIGIGR INCI aurea sacus Soehe 0 
ee GAIA? Mwah See Sw Si 65.4 
Se Ieee eter eek Sear tee SS 84.9 

INCEHICH ME ter ree 4) 
LAT ey TAA PN SARA Ro 65.5 
Data slnh etch, GE hie a aa 98.5 

lSovalentceseeeec cere on 0 
OES Tad es ee i ey 2 98.0 

Aconols:) Methyl Saace asec. 0 
ere CY 25.6 
AD, eh a ts a pai 49.6 

ES thy leans Serene ee AO) 
ed fy ede 4) ct Ng am tet 40.4 
I ey ee SESE: 66.9 

Propylene aeons 9 
SLY non ae ee at 66.9 
Se ee Ee Fe 83.5 

IBtityllne eet a ace a0) 
Ee VIes nr 99.0 

Arye ema a ae 0 
a eee a et: 99.1 

Hexy li ee eas. 0 
aa, ert fae a, 99.0 

IBenzenem ae an. center arte as 0 
SO that Ni Ea ete sda I a Ie Bs 19.9 
Tee ae ates bate ge So a 45.0 

Gaponmaisuliidene eae 0 
‘- Sel aoa sede Wider SEE 19.9 
s BE bs bake ASS code Rts Sot 32.8 

Esters: Methyl acetate) --.3..... 0 
a Be 4, pene I Ry 20.3 

Ethyl Ee MEE rer 0 
eae naan 46.1 

Methyl butyrate ....... 0 
os Si Ga 92.1 

Ethyl Sait '$ Seesara 0 
7% ci SE ahs i: 96.5 
val. Valerate:s.. shee 0 
S Spas ce HN 97.6 

Sthreneersentrcscti: natin aero 0 
Kt CAS SIRO ROR Hi as Oe 19.9 

WEN yO tO Tat ieee” pete a: 0 
a MRR SS ars cies: «ais vee 49.5 
Uk ot > os Ee ee ete mae A 92.4 
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kt for vapor 
diffusing into 

hydrogen 

5131 
.7873 
.8830 
.4040 
6211 
7481 
.2118 
3934 

.5001 

.6015 

.6738 
3806 
.5030 
5430 
73153 
4832 
9434 
.2716 
5045 
2391 
4362 
.1998 
3/12 

.2940 
3409 
3993 

3690 
4255 
.4626 

3277 
3928 
.2373 
3729 
.2422 
.4308 
2238 
4112 
.2050 
.3784 

.2960 
3410 

.6870 
1.0000 
1.1794 

kt for vapor 
diffusing into 

air 

1315 
2035 
2244 
1061 
1578 
1965 
0555 
1031 

1325 
1620 
.1809 
.0994 
love 
1475 
.0803 
.1237 
1379 
.0681 
1265 
0589 
1094 
.0499 
0927 

0751 
0877 
011 

.0883 
1015 
1120 

.0840 
1013 
.0630 
.0970 
.0640 
139 
.0573 
1064 
£0505 
.0932 

0775 
.0893 

.1980 
2827 
3451 

kt for vapor 
diffusing into 
carbon dioxide 

.0879 
1343 
ole 
.0713 
1048 
1321 
0375 
.0696 

0880 
.1046 
1234 
.0693 
0898 
.1026 
0577 
.0901 
.0976 
0476 
.0884 
0422 
.0784 
0351 
.0651 

0527 
.0609 
.0715 
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TABLE 349.—COEFFICIENTS OF DIFFUSION FOR VARIOUS GASES 

AND VAPORS 

Coefficient 
Gas or vapor diffusing Gas or vapor diffused into Temp. °C of diffusion 

AV Tatas rar ietocdla, ceaodierots iy.drogenieuctisn ces eee sarees 0 .661 
Sot ty Baa wae Oxy men mereree ee es Mons aes eee ae 0 S/S 

Carbon dioxide ........ Int! Me REE cc neys a. ae ee 0 1423 
‘a piled fae 3 SE ie BA o's COR SG NOR O de SE ee eee 0 .1360 
o AO ea teens Garbonsmonoxidemspeeen see eee eiooe. 0 .1405 
7 FN tis et srt Os a i 4h ngs Canaan ake 0 1314 
“ Bo | ash bmmure Ely drogenmeeriniciiice ae ne 6 oscars 0 5437 

& cae. ob are k Ne thairie mpeyteits soccer evo ics re Sees esse aeareaeovale 0 1465 
a C5 At Ob er 2 INMGmOUSH OXI en yeraie vetoes ssc ws sie satelite 0 0983 
2 ee ene Oy PEND RE MeAc Acca 5 olennueuaoatomnire 0) 1802 

Carbon disulfide ....... STRESS oid ong re ae 0 0995 
Carbon monoxide ...... Garbondioxidemes. +... cacias eeeeraenal. 0 1314 

i. a Bye OLINAIS TS” 5.0 o SOR DOO Pte oo Sear: 0 101 
x Sam veehenete IARYGVRGSOT 5 0 CSIR ce I aero cee 0 6422 

Se) oats: Osxye Chiapmeeteters satsis ss 2 sisterwa one see oe ne 0 .1802 
i ee tat ee ON eb CCR. CEE ee 0 1872 

JER URCarRS oe BRU ee ae Ci nt og PP isc ato.0 6 6 COS ao ree 0 .0827 
Oe 5 NR Nace RT ce. b TAA HGLROFERSTl |:d 5 Gea IAS hoe OIe Cee Somme 0 3054 

Ely dnosenl (icici PANE co GAIN 0d OIE I eerie 0 6340 
BS ie il a ae RA eh nt E Garhonadioxides =... saneue meme anes 0 5384 
Sandie ney HRRE RT 9 one BMP OTTIONOXICE! -s..:</acaceoustusuerot ecsera os 0 6488 
Ck, | RI RRS RR 7 ISthane monies <s.055 >. c nadeitine weed cee 0 4593 
hep a ET TR FS lays ENlO Menten eso sions Ss steve nero eioeeoeie 0 4863 
ale RW EMOTE A Nb. nity 4 IVE lilet it MEIER coun 0.5 tsreeeriato tor aioeee here 0 6254 
TA (oe Succes Bee NiPROUSHOXICE: Gy... ine Maer One 0 5347 
ve a Rt PIER Ce Ap @SyOeniees ars cise oss ae ee oan 0 6788 

INS tROREM) cece. octet coer CO es 66 See Rae 5 ERIS Ee ee 0 1787 
Oxyieenifnccuvuc cts see Carbonidioxide. &.....: saccpaagiee ena odes 0 1357 

Se ghaky s)he Re ete ex she ERY AROS ENEMA as <s.c.c 6 erniers eee reer 0 7217 
EY A PENT PN te INSUSROLGe 0. As OS ORE oo One oma ny OUCr 0 1710 

Sulftudioxide ja5e cere Flby,AnOS Cliensiers ies «<<. ois, os EEO on ttoare oer 0 4828 
Wiehe ner ct aelnk stein MiP. 60.0 ross CEE. (eee Cee 8 .2390 

aha de RE eR R23 ca UD aac to 8 Eg A 18 2475 
Elastin cage Da le Mapes A. les kiya hitoyexah a on RG eso cig Ob Ae chine moar: 18 .8710 

TABLE 350.—DIFFUSION OF METALS INTO METALS 

dv d’v ; where x is the distance in direction of diffusion; v, the degree of concentra- 
dt “dx? tion of the diffusing metal; t, the time; k, the diffusion constant = the 

; quantity of metal in grams diffusing through a cm? in a day when unit 
difference of concentration (g/cm*) is maintained between two sides of a layer one cm 
thick. 

Dis- 
solving Temper- 

Diffusing metal metal ature °C 

Goldtts. 235" .- IEG 055 ESS 
id 9 cs Boer ‘NDR ents c toe 
SALSA SE. s S 251 
cual ee ic “ . 200 
dik EERO y 5 IGS 
Ae Sees ote carn OO, 
cote We ace Bismuth . 555 
ST Ges Ve Miki eer 555 

Silverers cee oe PS PR 555 
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Dis- 
salving Temper- 

k Diffusing metal metal ature °C k 

3.19 Platinum ber ead rs 492 1.69 
3.00 Werden tehee “inter 555 3.18 
.03 Rhodium see leeaduae er oo0 3.04 
.008 Mine meee Mercury. 15 1.22 
.004 Meade dec scisce: i  ud5 1.0 
.00002 ATICH eee Se 15 1.0 

4.52 Sodium=ss5 os. 3 15 45 
4.65 Potassium ss 5° IS .40 
4.14 Goldie ekesie ce ee 4. ell 2. 



TABLE 351.—SOLUBILITY OF INORGANIC SALTS IN WATER 357 

(Temperature variation) 

The numbers give the number of grams of the anhydrous salt soluble in 1000 g of water 
at the given temperatures. 

Temperature °C 

Salt 0 10 20 30 40 50 60 70 80 90 100 
AgNO: Wahoo 1150 1600 2150 2700 3350 4000 4700 5500 6500 7600 9100 
AL(SO.) a» c25 son: 313, 335). 362. 404 457. 52Zly S91, 662, 731 ‘808 .. 891 
Al2K2(SO,)s_ .... 30 -— — 8 — — 248 — — — 1540 
Alz(NHs)a(SOu)s. 26 45 66 91 124 159 211 270 352 —— — 
Bay on tan og 11 15 22 —— 40 —— 62 -— 95 -— 157 
BaGly sce cs. ans 316 333 357 382 408 436 464 494 524 556 588 
Ba(NOs)2 ....... 50 70 O25) WO.» 1425 17 2035 -236- 270°" 6306 7342 
GaGk.. 65 smaaae 595. 650 745 1010 1153 — 1368 1417 1470 1527 1590 
CoC was. staan 405 450 500 565 650 935 940 950 960 -—— 1030 
GsGhe.ceaaen\ee 1614 1747 1865 1973 2080 2185 2290 2395 2500 2601 2705 
CSN Os) orn t cues 3 149 230 339 472 644 838 1070 1340 1630 1970 
CssSOe 545.)./,006 1671 1731 1787 1841 1899 1949 1999 2050 2103 2149 2203 
Cu(NOs), ..... 818 -—— 1250 — 1598 -—— 1791 — 2078 — —-— 
CuSO oes a 1449 —— -— 255 295 336 390 457 535 627° 735 
FeCl i. ne... cht —— -—— 685 -—— -— 820 -— -— 1040 1050 1060 
Fe:Gles sang. nis 744 819 918 — — 3151 -—~ -—— 5258 — 5357 
BeSOg 55h. «tna: 156 208 264 330 402 486 550 560 506 430 —— 
Lo 6 eee os 43 66 74 84 96. ALS nd 39 173)... 243 sn 37 a 
SOB Tomita ce csgcsct ccs 540 -— 650 -— 760 -— 860 — 955 -— 1050 
KaG Os. cig. ays 1050 -—— —— 1140 1170 1210 1270 1330 1400 1470 1560 
LCC Ree ae 285. 312, 343) 7373. 401 429" "455. 483 S10) 9-538" 7566 
K@IO, ey oe. 6855 33 50 71 SOL 145" 197 ~*260°*--325 396 475) >) SEN) 
RSECrOo Pee. 5E9" -GO9F* 629.650) 670) "O90" 8710 + 730). 751» 77h) 791 
KCmOn ssc. 358 50 85 131 — 292 -—— 505 -— 730 -— 1020 
KA COw ts. 4. 225 277 «+332 =63390.- Ss 453) 522, 600 2S So 
Role Soe oh cides 1279 1361 1442 1523 1600 1680 1760 1840 1920 2010 2090 
RON @ ens 133 209 316 458 639 855 1099 1380 1690 2040 2460 
14)] 5 RA eal 970 1030 1120 1260 1360 1400 1460 1510 1590 1680 1780 
Kable fy 2. an: 7 9 11 14 18 22 26 32 38 45 52 
LGSOVRGo sarge 74 O25 Tip 130. 148 S165; 182°" 198) 1 214. «2287 yA 
Mi@E 5.55 sgee 1273) A220 128 129) 1307 183" M138). 144. 153" 6 a eS 
Meg(ele .carh net 528 535 545 — 575 -— 610 -—— 660 — 730 
MgSQ. .....(7aq) 260 309 356 409 456 -——~ -—~ -~— -~ -—~ — 

22 a'(Oag) 2/408 -- 4225, 439 - "453... =—_" 1504" 550°" S9Gm 642 | -6895)7738 
NERC Oe ost 294-333 372 "404 4587 504 552" ~602' 1656 “F713 773 
NIE CO ois sae 119 159 210 270 -——~ -—~ -—~ -—~ -~ —~ —— 
NEGNO oe 1183 -— -— 2418 2970 3540? 4300? 5130? 5800 7400 8710 
CNEM) SS Oo) Ps: 706 «=730 «6754 «6780 «6810 844 880 916 953 992 1033 
Na@Brmee fren. aes 795 845 903 — 1058 1160 1170 -— 1185 -—— 1205 
NasBiOr 50. etter 16 —— 39 -—— 105 200 244 314 408 523 
Na:CO .. .(10aq) Bo RAG OTA GO ORME y) Sean DaNe 0g ce ya 

we. (faq) 204) 263) «335 '435N(laq) "475" 9464458. 452, 452 « 452 
NAC ler nigesie SSO S97 p 0S S00 | S03 G07. VS 475) (380s a8 on CaO! 
INGCIO peo c. 820 890 990 -— 1235 -— 1470 -—— 1750 -— 2040 
Na:Gr@i3r. es. 317, 502. 900 -—— 960 1050 1150 -—— 1240 —— 1260 
NazCrzO; ....... 1630 1700 1800 1970 2200 2480 2830 3230 3860 -— 4330 
NakiGOx-+s. 2:4). 69 82 96 111 127 145 164 — — — —— 
NawiPOs Ys... 25 39 93 241 639 -— -— 949 -— -— 988 
IE pS 1590 1690 1790 1900 2050 2280 2570 -— 2950 -— 3020 
NaNi@s 300... 730 805 880 962 1049 1140 1246 1360 1480 1610 1755 

(continued) 
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TABLE 351.—SOLUBILITY OF INORGANIC SALTS IN WATER (concluded) 

Temperature °C 

Salt 0 10 20 30 40 50 60 70 80 90 100 

NaOH eeeeee 420>—-515 1090; 4dG0-1200'-4450-1740-—--. 130. a= 
NEPOn s).... 32 s0°emogeemeo 195 174 220 255° 300 = ae 
NESOrr Me et eo 

Wack wool) gee age ai a 482 468 455 445 437 429 427 
NaeiOse. 525 610 700 847 1026 1697 2067 -— 2488 2542 2660 
NM ones => ‘epg? '640r esr 720 760° S197 Se Oe ae 
NGSIOn oe oe Tp i SEA” ype Be cop 548. son 0 gael Gee rag 
PRBS) corn. cts sg (Mae ic: 29)- aes oR. 0 -3g.4 eee Seam 
Pb(NOs): ...... 365 444 523 607 694 787 880 977 1076 1174 1270 
REG, 2. os 770 844 911 976 1035 1093 1155 1214 1272 1331 1389 
RENO; oes. oe 195 330 533 813 1167 1556 2000 2510 3090 3750 4520 
RESO? es 364 426 482 535 585 631 674 714 750 787 818 
Seen , 108) a0: 442 483 539 600 667 744 831 896 924 962 1019 
Shes Ceol” “Gre DT CE 4 17, Bike BS.0 539-0834 aD 
Sr(MiOiys Oo. ee 395 549 708 876 913 926 940 956 972 990 1011 
THGOder (aay o> Ge we ea 30: STP) eee eee) Cs See 

ew aie Ach ee ee og ter Te sa 
Thee Deak = See oY Woe goes” gS ret rgd ig: “rape nee 
TNO: coe es 39 62 96 143 209 304 462 695 1110 2000 4140 
THD. we By “aye Gow Ge 76° op 109° 127") 146>- 1657 Oe 
WinisOpe ee fag ‘Ree ie FS ES. agg. 90.0 360° -*+5Q See 
Zu(NlOws.c 6,0 gage SS REDE) ano. U0, Wel ae 
git, el TOs SEE SEY ET 799! 7eg- = gon g60---e20r Mas 

TABLE 352.—SOLUBILITY OF A FEW ORGANIC SALTS IN WATER 

(Temperature variation °C) 

Salt 0 for’ 920. — 30 #0; 80s» #60 + 70 80 90-100 
HAGE.) . PS doh 53! 102) 159! 228! .32i!445.. 6350 978-1200 ame 
HiGH,-CO:),<) 28. HBP 69! 106 162' 244) .358! sia 70g. -<25- seme 
Tartaric acid ... 1150 1260 1390 1560 1760 1950 2180 2440 2730 3070 3430 
Recomic 92 140 206 291 433 595 783 999 1250 1530 1850 
KUECOD.... 2 2o0g2 Mee s3sy2 ——- 3gig® —Seh asso 80% s7egmn. Zon 
KE(CHiO,) of) oe See tee me Ta igh “246 308” a5. visy Daan 

TABLE 353.—SOLUBILITY OF GASES IN WATER 

(Temperature variation °C) 

The table gives the weight in grams of the gas which will be absorbed in 1000 g of water 
when the partial pressure of the gas plus the vapor pressure of the liquid at the given 
temperature equals 760 mmHg. 

Gas 0 10 20 30 40 50 60 70 80 
O2 .0705 0551 0443 .0368 0311 .0263 0221 0181 0135 
Hz 00192 =.00174 00160 .00147 00138 .00129 00118 .00102 00079 
N2 0293 0230 .0189 0161 .0139 0121 .0105 .0089 .0069 
Brz 431. 248. 148. - 94. 62. 40. 28. 18. Ile 
Cl. = SHO) 7.29 SH 4.59 3.93 3.30 2.79 2.23 
CO: aad 2:02 1.69 1.26 97 76 58 — — 
H2S 7.10 5.30 3.98 —_— — - — _— — 
NH; 987. 689. 5358 422. — _— — _— = 
SO;, 228: 162. 113: 78. 54. _— = = = 
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TABLE 354.—CHANGE OF SOLUBILITY PRODUCED BY UNIFORM PRESSURE 

CdSO48/3H2O ZnSOx,.7H2O 
at25° € at 25°C Mannite at 24.05° C NaCl at 24.05° C 

(SS SSS SSS ——— 

£ % & % & % £ &% 
E a 5 a & a 8 a 5 
3 so 3 <5 ic oe o a cs 
Ss =o Cr) so (a) z o a) o 

‘o 2 32 Ei RIS) Fi ee @ ie Ss Et : 3S : some ete 5 ee dae 
é eee ge een ie eet cue) ive 
ro Owe Px O vom io O wa Ay Os Ay 

1 76.80 — 57.95 — 20.66 — 35.90 — 

500 78.01 +1.57 57.87 —.14 21.14 +2.32 36.55 +1.81 

1000 78.84 +2.68 57.65 —.52 21.40 +3.57 37.02 +3.12 

1500 — _ -- — 21.64 +4.72 37.36 +4.07 

TABLE 355.—COMMONLY USED ORGANIC SOLVENTS * 

Arranged in the order of their boiling points 

Boiling Boiling 
point point 

Name XE Name 3 

Bthylretherme. ccc ctce cece eas 34.54 Xylenen()icsaMes on csadaeseeee 144 
Garbon disulfide: .550.8... 2245.. - 46.25 Amiyleacetate erin. ace eee 147.6 
ANGEtOne. Beye oso Pe icbos tote sts 56.08 Ethymlactate Pte... - ee eee 154 
Methyltacetatel 2. Sasichia- «bee, +: 5A.) Gellosolvelacetateshs. aa-teeee oes 156 
Chlorotormeae. 2% Ae. c teehee a 61.2 Cy clohiexanonewee. see bso 156.7 
Methyl@aleoholl = a40.n. . tascu. 64.5 aitiralbs.ac. Botton saa 158-162 
Carbon tetrachloride ............ 76.74 Butyleacellosolves Gece eee 170.6 
Ethy Pacetate-tek tires tires TEAS Ethylmacetoacetateuaeaseenecetiaae 180.0 
Ethylgalconoliee menetscits foci cee 78.32 DyethyviNoxalatese asec eee 186.1 
Benzolicakhant. sat. Sea iesnios se ae 79.6 thyleneuely.cOlunmaan see eiseaereee 197.2 
Tsopropyle alcohol sees sae ae 82.26 Garbitolides cadens. a6 85 ane det: 202 
Ethylenendichloridel sm... o4: «or 83.5 Benzylalcoholt 23 eee see 205.8 
iinichlorethyleneueeee sade ceo 87 Ethylibenzoates sass. scree ee eo DZNGZ 
Fotiiyieproplotlate seem sm. ceri oe 99.1 Butylstearatessereca. fee 223 (25mm) 
sNoluenenaerer en © cet rau sere oe 110.7 Butylecarbitolen cosas ome eee: 230 
Bitylealcoliole (a) ee ote eee a7. Diethylene? glycol = e-44e55-- a5. 245, 
Ethylaputynatew mere cnr <cei a. WALES) Triphenyl phosphate ..... 245 (11mm) 
IMethyl"cellosolve ses ue. see ses oe 124.5 nriacetines © easton skeet aioe: 259 
Diethylwcarbonate! ee scm. .ceee 1. : 125.8 Diacetin iss em enon 261 
Bibylacetates ae.ets css. ssn 126.5 Dimethyl phthalate 2.32.72 on 282 
sletrachlorethanes us. ssprs «a ciere aie 130 Diethyl phthalate: S-cese ee 296 
Gellosol yews 4 cert scte ot fopere.ccravoare T35et Dibutyl phthalates ee ereee seer. 340 
Ethyl benzene Meck Socks «cise a 136.1 Diamyl phthalate 3.4 see eee oe 344 
Laing GEO NOL (GWogdenocaacucnove 137.9 

* Table by J. W. H. Randall, reprinted with permission of Chemical Catalog Co. 
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TABLE 356.—ABSORPTION OF GASES AND VAPORS BY LIQUIDS * 

Tempera- 
ture °C 

Tempera- 
ture °C 

Carbon 
dioxide 

Oz 
4.329 
3.891 
3.514 
3.199 
2.946 
2.756 

Absorption coefficient, at, for gases in water 
EC SRV aU Re 

Carbon Nitric Nitrous 
monoxide Hydrogen Nitrogen oxide oxide Oxygen 

O H N N NO O 

0354 .02110 .02399 .0738 1.048 04925 
0315 .02022 .02134 .0646 8778 04335 
0282 01944 .01918 0571 7377 03852 
0254 01875 01742 0515 .6294 03456 
.0232 .01809 .01599 0471 5443 03137 
0214 01745 .01481 .0432 — 02874 
.0200 .01690 .01370 .0400 — 02646 
SZ, .01644 01195 ,.0351 _ 02316 
.0161 .01608 .01074 0315 — 02080 
.0141 .01600 01011 .0263 — 01690 

Hydrogen Sulfur 
Ammonia Chlorine Ethylene Methane sulfide dioxide 

3 Cl CoH, 4 HS SOs 

1174.6 3.036 2563 05473 4.371 79.79 
971.5 2.808 LAS .04889 3.965 67.48 
840.2 2.585 1837 04367 3.586 56.65 
756.0 2.388 1615 .03903 3.233 47.28 
683.1 2.156 1488 .03499 2.905 39.37 
610.8 1.950 _ 02542 2.604 32.79 

Absorption coefficients, at,for gases in alcohol, C.H3;0H 

Nitric Nitrous Hydrogen Sulfur 
Ethylene Methane Hydrogen Nitrogen oxide oxide sulfide ioxide 

oH, CH, H N O N.O HS SOz 

3.595 .5226 .0692 1263 3161 4.190 17.89 328.6 
3.323 5086 0685 1241 2998 3.838 14:78 y2 5167 
3.086 4953 .0679 1228 .2861 5.525 11.99 190.3 
2.882 4828 0673 1214 .2748 3.215 9.54 144.5 
2.713 .4710 .0667 1204 .2659 3.015 7.41 114.5 
2.578 4598 .0662 1196 2595 2.819 5.62 99.8 

* This table contains the volumes of different gases, supposed measured at 0°C and 76 cmHg pressure. 
which unit volume of the liquid named will absorb at atmospheric pressure and the temperature stated 
in the first column. The numbers tabulated are commonly called the absorption coefficient for the gases 
in water, or in alcohol, at the temperature ¢ and under 1 atm of pressure. 

TABLE 357.—VAPOR PRESSURE OF SOME ELEMENTS 

(Over liquid unless otherwise noted.) 

Hydrogen 
= 

°K mmHg 

20.48 787 
20.36 760 
19.65 611 
18.03 552 
16.49 192 
14.10 59.5 

Radon 

Helium 

°K mmHg 

5.16 16680 
4.9 1329 

°K mmHg 

62.37 9.59 
68.57 36.1 
71.71 64 
77.59 162.2 
86.18 493 
90.13 760 
90.47 786.6 

Argon 

Chlorine 

+100 
220 

0 
— 33.6 760 mm 
== 5 

Krypton 
Te | 

°K mmHg 

210.5 41240 
201.5 31620 
170.9 11970 

387 
17.4 
9 

Bromine 

atni 

41.7 
6.62 
3.66 

+58.75 760 
51.95 600 

8.20 100 
118 mm— 7.0 45 
62 mm —12.0 30 
37 mm —16.65 20 

350 mm 

AS mmHg 

Xenon 
OO 

°K mmHg 

287.7 44110 
255.6 21970 
244.2 15870 
231.4 11130 
237.4 13500 
183.2 2020 

lodine 
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TABLE 358.—SURFACE TENSION OF 

LIQUIDS 

Part 1.—Water and alcohol in contact with 

moist air 

Values represent means. See I.C.T. and L. and B. 
for more elaborate tables. Tension (vy) in dynes/ 
cm. 

°C H,.O C.HsOH AE: 

—5 76.4 35 
0 75.6 24.0 40 
5974.8. 23.5 45 

10 74.2 23.1 50 
15. 73.4. 22.7 55 
20,424 22.3 60 
2S Dr Z1S 65 
30 71.1 21.4 70 

H2O0 C,H;OH He 

70:3" 21.0 75 
69.5 20.6 80 
68.7 20.2 85 
67.9 198 90 
67.0 19.4 95 
66.1 19.0 100 
65.7 18.6 <2 
64.3 18.2 

H2O 

64.3 
62.5 
61.6 
60.7 
59.8 
58.8 

Part 2.—Miscellaneous liquids in contact 

with air 

Y 
Dynes 

Liquid °C percm Formula 

ACetOne! ac. A oee cn ae 20) 23-7, (EHs);€O 
Aceticuaciduescee cei 20 27.6 CH:CO:H 
Amy] alcohol ....... 20 24 CsH2O 
Amiliné den: face es 20 43 CsH:N 
Benzenessnca sn ee. O27, C.He 

So WEASEL OT LEPE 20 28.9 
Bromotormmeseeeeee 20 41.5 CHBrs 
Butyricy acids 15 26.7 CHs(CH:2)2CO2H 
Carbon disulfide .... 206 32.3 2 
Carbon tetrachloride. 20 26.8 CCl« 
Ghiorotormy. 254 e A) 2/2 (Cele 
Ether syelelaleliatelsielanetatels 20 17.01 C,.H1O 

Ethyl chloride ...... 20 16.2 CH:;Cl 
Glycerine eee 1863 ste (OED): 
Methyl alcohol ..... 20 22.6 CH:0H 
OliveFoils so ote. 183s Bee 
Petroleum! 3.0520: 25 26 ne 
Phenol yee ee 20 41.0 CHeO 
Propyl alcohol ...... 2023) Che (GH); OE 
Silicon tetrachloride. 19 17.0 SiCl 
dioluene=.- = cose hie 20 284 C;Hs 
‘Rurpentine) —)ssneem.- 20 27 ae 
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TABLE 359.—SURFACE 

TENSION OF SOLUTIONS 

OF SALTS IN WATER 

. 

— 

NRONSSNSHNOBRSOWSOMOONOG: 

KOH 

Uw 

AnNe 

\o ae is) MW Nr 

NOCS NOR 

a NO 

eho AL 

WQAN > oO md & 

00 00 

NSINNI 

NSN FNADENNAERSONRA ono tb BND NOS 

ol 

SINT O OONINTUINANNINT ON NI NI SIT INT OO SIS “SINI 00 NISISI ConNY SNAAINSRSRNOH DINKA NDI ARN SASH ISS — CO COW OORRKHANIANMNIMNOHH ORM RUNDAAMOK DY Pe 
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362 

Water 
Mercury 
Bisulfidel of (carbon. 4.0. see 
Chloroform 
Ethyl alcohol 
Olive oil 
Turpentine 
Petroleum 
Hydrochloric acid 
Hyposulfite of soda solution 

2 ve).e | eels s/\0\ele 0/6 siissisls 

TABLE 360.—SURFACE TENSION OF LIQUIDS 

Surface tension in dynes per cm 

Specific 
gravity Air 

Merit ay 1.0 75.0 
oO Lae 13.595 513.0 
Peta oc 1.2687 30.5 
Se ae SES 1.498 (31.8) 
Bis ciate .807 (24.1) 
etl 918 34.6 
Manat. 873 28.8 
ie ae .870 29.7 
boca See 1.10 (72.9) 

1.1248 

of liquid in contact with— 

Water Mercury 

0 (392) 
392.0 0 
41.7 (387) 
26.8 (415) 
-— 364 
18.6 317 
ILS 241 

(28.9) 271 
— (392) 
= 429 

TABLE 361.—SURFACE TENSION OF LIQUIDS AT SOLIDIFYING POINT 

Tempera- 
ture of 
solidifi 
cation 

Substance al © 

Platinumine.. cee 2000 
Goldie . 18s. 2.aen< 1200 
ZAC ANS oes cei ee 360 
cnt Vee | See 2 Soe 230 
IMIGREDIAY 2saccccnne —40 
Teadie ree. tM... SER. 330 
Silver: t.ho oot es 1000 
Bismiath We <.. ceed. - 265 
Rotassiume: .- jae 58 
Sodium .e. «acon -- 90 

Tempera- 
Surface ture of Surface 

tension in solidifi tension in 
dynes per cation dynes per 

cm Substance Ae cm 

1691 Jair; Boosacons 432 249 
1003 IBXG} CESS) Geer ee 1000 216 
877 Carbonate of soda .. 1000 210 
599 Chloride of sodium . -— 116 
588 Water .n.eeosete 0 87.9 
457 Selenitin= setae ere Die 71.8 
427 Sulfa 234s: Saas 111 42.1 

1390 Phosphorus ....... 43 42.0 
sit ARO. a tk: Menta 68 34.1 
2 

TABLE 362.—VAPOR PRESSURE AND RATE OF EVAPORATION 

Mo W 
aris mmHg mmHg 

1800 03643 —— 
2000 06789 011645 
2200 04396 09849 
2400 021027 0,492 
2600 0160 05151 
2800 1679 04286 
3000 a 03362 
3200 3890° 02333 
3500 760 mmJ_ .0572 

Evaporation rate 2 
g cm-2 sec-l Platinum 

Mo W SK mm g cm~? sec"! 

00863 -— 1000 017324 010832 
.0;100 012114 1200 02111 034260 
06480 010144 1400 09188 04401 
0,120 09798 1600 07484 0.966 
03179 0,236 1800 05350 .0;667 
02181 02429 2000 03107 05195 

05523 4180 760 mm =— 
— 04467 
—— .03769 

K.T-te/®? dynes/cm? (Egerton). 
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TABLE 363—EVAPORATION OF METALS * 363 

_ For the range of pressures for which the corresponding values of t°C are given in the 
table (Part 2), the pressure as a function of 7(=t + 273) may be represented to a satis- 
factory degree of approximation by the relation 

log p=A—B/T. (1) 

Part 1 gives values of A and B used in calculating the values of #°C in Part 2, where 
p is expressed in microns of mercury. The symbols (s) and (/) refer to the solid and 
liquid states, respectively. 

The rate of evaporation is given by the relation 

log W = 5.7660 + 0.5 log M + log p — 0.5 log T (2) 

=c + log p— 05 log T, (3) 

where WW is expressed in g cm” sec, and f in microns. 
Explanation of data in Part 2.—The first row for each metal, which is designated f¢, 

gives the temperatures in °C corresponding to the pressures in microns at the head of 
each column. These were calculated by means of equation 1. The second row, designated 
W, gives the rates of evaporation (in a good vacuum) in grams per square centimeter 
per second (g cm™ sec”), at the values of ¢ immediately above in the same column. These 
were calculated by means of equation 3. 

In addition to the values of ¢ given in the first row, which are to be regarded as, in 
the writer’s opinion, the more reliable, there are also given, in the case of a number of 
the metals, a series of other values of t, which have been observed by some investigators ; 
The fact that for the same value of the vapor pressure in microns two or more values of 
t are quoted by different authorities indicates the degree of uncertainty that exists for 
some of the data given in the tables. For metals for which the data are very questionable, 
it has not been considered worth while even to calculate values of W. 

The column headed tm gives the melting point in degrees C, and pm gives the vapor 
pressure in microns at the melting point. For values of f below tm, the metal is obviously 
in the solid state, and for values of t above tm, the metal is in the liquid state. 

* Prepared by Saul Dushman, General Electric Research Laboratory, Schenectady, N. Y. 

Part 1.—Constants in relations for evaporation of metals 

Metal A 10-3 x B c+4 Metal A 10-°x B c+4 

Ife 10.50(1) 7.480  .1867 Sh obese 13.20(s) 19.72 4900 
ae ates 10.71(1) 5.480 4468 12.55(1) 1855 4900 
Fels ete | 10.36(1) mene | SEri Ti, =e m 11.25(s) 18.64 6061 
Rie 10.42(1) 4132. .7319 11.98(1) 20.11 aoa 

[10.53(1) 4.291] ee 2 ea 12.38(s) 25.87 7460 
Gara ae 9.86(1) 3.774 8278 13.04(1) 27.43 oa 

[10.02(1) 3,883] — Rhy. es. 12.52(1) 28.44 9488 

Gus eat 12.81(s) 18.06 6678 CS Ree: ts Se = 68 
iL720e “1ese he Se. 9.97(1) 13.11 8032 

Nios ae 1228(s) 14.85 7825 BY. bee 10.69(1) 9.60 9242 
11.66(1) 14.09 as ieee 13.32 26.62 6195 

eee 11.65(1) 18.52 9135 Renee: 14.37(s) 40.40 "7500 
on 12.99 (s) 18.22 2436 hee. 13.00(s) 40.21 3047 

95(1) 16.59 25 
Mae ee 18> Sar wen 11.42 9.913 .9592 

S Ce a Brie av Be oe 11.14(1) 9.824 9260 
@a oe. 11.30(s). 9055. S675 cae 1288(s) 17.56 6240 
Sou a 1113) $324 37373 Mae oe ue 11.80(s) 30.31 7570 
Ba Rue ce 10.88 . 8.908 8349 Vi oe 12.24(s) 40.26 8983 

jos Cea eee 94(s 744 .673 
wines TD cus L so ISR Oe Lasee 9544 

GS EE es Mn wei 1225(s) 14.10 6359 
Be: 1413€s\2 2137 2831 ES. wie, a 1263(s) 20.00 6395 
Yeh ae 11.99(1) 15.63 4814 1341(1) 21.40 
Spee 11.94 18.57 5931 (ee 12.43 21.96 6512 
a 12.43 21.97 7405 Kaas 13.28(s) 21.84 6503 
re ee ape 11.88(1) 18.00 8374 1255(1) 20.60 
arte 13.74(1) 20.10 8392 ie ee 13.50 33.80 7696 
Saas 10.79(1) 13.36 6877 Bi ae 13.55 30.40 7722 
Ta ess 10.93(1) 12.15 "7959 Bie 11.46 19.23 7801 
Tigers: 1115(1) 8.92 9212 Os... 0 13.59 37.00 9056 
Giescae 14.06(s) 38.57 "3056 ee ae 13.06 34.11 ‘9089 

ae 12.633 27.50 9112 

(continued) 
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368 TABLE 364.—VAPOR PRESSURE OF ORGANIC LIQUIDS 

The vapor pressures on this page are in mmHg over a liquid phase unless distinguished by the 
subscript ». They are generally means from various determinations. 

Carbon Carbon 
bisul- tetra- Chloro- Ethyl Ethyl Turpen- 

Acetone Benzine Camphor fide chloride form Ethane ether bromide tine 
Ae C3H.O C3Hg  Ci0HisO CS. CCl, CHCl; CoHe CysHwO CoHsBr CyoHe 

—90 2 ee nas Sars Lee —70° —60° a, —101.3° a “i 
—57 1.26 ey, wae —80° h 14 8) 390 058)ieee a 
—40 ae 3 igits 6Jf —50° 48 — eet — 60° \ es sia 
—30 3 were —25° } 92 10 700 4 Le ati 
—20 See mes i aes 19 — 80°\ — 40° 59 ee 
—10 14 Viste 80 ee sae 1180 19 102 “ier 

0 26.5 06 127 33 61.0 — 75° 186.1 166 2 
+5 ar 34 a 160 43 Soe 500 ates 207 ioe 

10 116 45 10 198 56 100 291.8 257 3 
15 Se 59 ie: 244 71 oe ee 317 3 
20 185 75 ALS 298 90 160 442.4 386 4 
30 283 119 26 433 141 247 648 564 oD 
40 422 182 .60 617 213 370 921 802 lel 
50 612 269 1.30 855 315 540 1276 1113 L7 
60 860 390 2.6 1170 448 750 1728 1510 2.6 
70 1190 548 4.6 1570 620 1025 2294 2015 4.1 
80 1860 750 9.2 2040 843 1400 2991 2640 6.1 
90 2140 1010 a5 2620 1120 2130 3840 3400 9.0 

100 2800 1340 26 3000 1460 2420 4860 4310 Sal 
110 3590 1740 s 4160 1880 Sei Ste 5390 18.6 
12 4550 2200 : 5150 2390 3900 7500 6660 25.7 
130 5670 2800 ; vik 3000 4000 a 8120 34.9 
140 6970 3500 BS: am 3700 6000 ue 9780 Mie 

160° 
150 4300 170 9100 4500 7300 1 $800, 

1 ° 

200 625 10900 21800 J 

Ethylene Glycerine Methane Methyl ether Naphthalene Ethvl chloride 
oH, C;:HsO CH, (CH3)20 1Hg oHs 

AC TC HG AC °€ °C 

SA50H “149s 118 —24— 1801 “HO = 67-. 78 O- ve: 020 < si AG 
—190 456 161 6.5 —175 212 — 60 120 20 06; —20 188 
—145 267 175 13 —170 353 — 41.4 326 50 81, —10 302 
—135 744 190 32 —165 559 — 30.9 524 70 4.0; 0 465 
—130 117.2 220 100 —160 848 —241 782 80 10 10 691 
—120 260 260 385 —155 1229 0 2.52 atm 9018 20 1000 
—110 519 —150 1720 25.4 6.05 ee 100 20 30 1400 
—103 792 475 U2 110 29 50 2850 

SO 22 120 43 75 4980 
DOM SSCs ae 150° 139 100 8720 

12539 Sit “ 200 490 

SMITHSONIAN PHYSICAL TABLES 

(continued) 



TABLE 364.—VAPOR PRESSURE OF ORGANIC LIQUIDS (concluded) 

Ammonia 
IG NHg 

atm 

403 
1.180 
1.496 
1.877 
2.332 
2.870 
3.502 

0 4.238 
5.090 

10 6.068 
15 7.188 
20 8.458 
25 9.896 
30 ES 
35 13.321 
40 15.339 
45 17.580 
50 20.060 
60 25.80 
70 = 32.69 
80 40.90 
90 50.56 
100 = 61.82 

Cragoe 
1920 

Carbon 
dioxide 
COz 

atm 

6.74 
14.10 
16.61 
19.44 

Ethyl 
iodide 
C.Hsl 

mm 

41.5 
53.5 
68.6 

108.5 

167.6 

250 

ieee 
510 

Ethyl 
acetate 

mm 

"6.5 

12.9 

"24.3 

"427 

"72.8 

119 

186 

282 
415 
596 
833 

1130 
1515 
200° 

15600 

369 

Hydrogen Methyl Nap- Sulfur Toluol 
sulfide chloride  thalin dioxide CyoHs 
H2»S CH;Cl1 CyoHs 2 

mm mm mm mm °c mm 

1216 Brae 86 —91.9 .002 
2840 579 286 —81.7 005 

aoe 718 379 —77.4 .007 
4100 883 474 —67.5 .020 
te 1079 elon BORE .060 

5720 1310 760 —38.0 39 
pine? 1579 seen tee’ 1.47 

7750 1891 1155 — 2.9 5.72 
apt 2250 a ® 0 6.86 

10300 2660 ; 1714 +415.0 16.8 
ae 3134 : soe Ange 28.7 

14000 3667 de 2460 Bate By 
are 4267 he beat ; 3 

17500 4940 ; 3420 
oe 5700 ; Fete 

22000 6650 “is 4650 

27500 8510 ote 6210 
save 10900 ea 8150 

40400 14300 fae 10540 
5a 16800 9.6 yet 

21000 13.0 ae 
25800 19.7 27.8 atm 
141° 200° 150° 

53600 490 Ales 

TABLE 365.—VAPOR PRESSURE AT LOW TEMPERATURES 

Many of the following values are extrapolations made by Langmuir by means of plots 
of log p against 1/7. 1 barye = 0.000000987 atm = 0.000750 mmHg. 

eee eee eee 

eee ee eee 

see eee eee 

Ce 

WE 

—182.9 
—211.2 
—195.8 
—210.5 
—190 
—200 
—185.8 
—201.5 
—186.2 
—194.2 

—188 
—197 
—205 
—150 
—180 
—190 
—198 

—175.7 
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0), 6) =) ee) elle:ie; oe) .e 

Ce ey 

AG Baryes 

100 
—168 1 
—182 01 

.0001 
9.6 
1.0 

— 89 all 
—100 01 

001 
SH7/ 
1.6 

+ 10 65 
0 25 

.087 

.029 

.0023 
43° 5G102 
4S < 1 Vises 



370 TABLE 366.—VAPOR PRESSURE OF ETHYL ALCOHOL 

oO 

2 0 1 2 3 4 5 6 7 8 9 

é Vapor pressure in mmHg at 0°C 

0 12.24 13.18 14.15 15.16 16.21 17.31 18.46 19.68 20.98 22.34 
10 23.78 25.31 27.94 28.67 30.50 32.44 34.49 36.67 38.97 41.40 
20 4400 46.66 49.47 52.44 55.56 58.86 62.33 65.97 69.80 73.83 
30 78.06 82.50 87.17 92.07 97-21ee 10260) - 08:24" WI141'55 >) 120935) elz6.86 

40 133.70 140.75 14810 155.80 163.80 172.20 181.00 190.10 199.65 209.60 
50 220.00 230.80 242.50 253.80 265.90 278.60 291.85 305.65 319.95 334.85 
60 350.30 366.40 383.10 400.40 418.35 437.00 456.45 476.45 497.25 518.85 
70 =541.20 $564.35 588.35 613.20 638.95 665.55 693.10 721.55 751.00 781.45 

From the formula log = a-+ba'+cg' Ramsay and Young obtain the following numbers: 

12.24 

200 22182. 

10 

23.73 

26825. 

20 

43.97 

32196. 

30 40 50 60 

Vapor pressure in mmHg at 0°C 

133.42 219.82 350.21 
100 1692.3 2359.8 3223.0 4318.7 5686.6 7368.7 9409.9 

78.11 

38389. 45519. 

70 

540.91 
11858. 

TABLE 367.—VAPOR PRESSURE OF METHYL ALCOHOL 

= 
a 

= 

a 
0 29.97 

10 
20 

53.8 
94.0 

30 = 158.9 
40 259.4 
50 409.4 
60 624.3 

31.6 
57.0 
99.2 

167.1 
271.9 
427.7 
650.0 

33.6 
60.3 

104.7 

175.7 
285.0 
446.6 
676.5 

SMITHSONIAN PHYSICAL TABLES 

3 4 5 6 

Vapor pressure in mmHg at 0°C 

35.6 
63.8 

110.4 

184.7 
298.5 
466.3 
703.8 

37.8 
67.5 

116.5 

194.1 
312.6 
486.6 
732.0 

40.2 
71.4 

122.7 

203.9 
327.3 
507.7 
761.1 

42.6 
75.5 

129.3 

214.1 
342.5 
529.5 
791.1 

45.2 
79.8 

136.2 

224.7 
358.3 
552.0 
822.0 

80 90 

811.81 1186.5 
14764. 18185. 

8 9 

47.9 50.8 
84.3 89.0 

143.4 = 151.0 

235.8 247.4 
S74:7P ING 
575.3°« * 5994 
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TABLE 368.—VAPOR PRESSURE OF A NUMBER OF LIQUIDS (mmHg) 

Carbon disulfide, chlorobenzene, bromobenzene, and aniline 

Temp. (0) 1 2 

SMITHSONIAN PHYSICAL TABLES 

3 4 5 

Carbon disulfide 

146.45 
224.95 
334.70 
484.15 
682.90 

153.10 160.00 
234.40 244.15 
347.70 361.10 
501.65 519.65 
705.90 729.50 

Chlorobenzene 

10.21 
17283 
Z9NZ 

46.84 
73.11 

110.41 
161.95 
231.30 

322.80 
441.15 
591.70 

10.79 11.40 
18.47. 19.45 
30.58 32.10 

49.05 51.35 
76.30 79.60 

114.85 119.45 
168.00 174.25 
239.35 247.70 

333.35 344.15 
454.65 468.50 
608.75 626.15 

Bromobenzene 

18.58 
30.06 
47.28 
72.42 

107.88 

156.03 
219.58 
301.75 
406.70 
538.40 

701.65 

21.83 
34.27 

51.84 
76.96 

112.25 
160.90 
226.14 

311.75 
421.80 
560.45 
732.65 

— 12.40 

19:52, 520:50 
3150" 33:00 
49.40 51.60 
75.46 78.60 

112.08 116.40 

161.64 167.40 
226.90 234.40 
311.15 320.80 
418.60 430.75 
553.20 568.35 

719.95 738.55 

Aniline 

22.90 24.00 
35:76 9 37.30 

5308 ¢ 56:20 
79.98 83.10 

116.46 120.80 
166.62 172.50 
233.72 241.50 

321.60 331.70 
434.30 447.10 
576.10 592.05 
751.90 771.50 

(continued) 

13.06 

21.52 
34.56 
53.88 
81.84 

120.86 

173.32 
242.10 
330.70 
443.20 
583.85 

75755 

25.14 
38.90 

58.50 
86.32 

125.28 
178.56 
249.50 

342.05 
460.20 
608.35 



372 
TABLE 368.—VAPOR PRESSURE OF A NUMBER OF LIQUIDS (mmHg) 

(concluded) 

Methyl salicylate, bromonaphthalene, and mercury 

SMITHSONIAN PHYSICAL TABLES 

Methy1 salicylate 

3 

2.97 
5.44 
9.06 

14.47 
22159 
34.21 
50.96 
74.38 

106.10 
148.03 
202.49 
271.90 
359.05 

467.25 
600.25 
761.90 

4 5 

3.18 3.40 
5.74 6.05 
9.52 9.95 

15.05)" ) 15:85 
23.53 24.55 
S500" 637.10 
521979) 59.05 
7715 °° 80:00 

109.80 113.60 
152.88 157.85 
208.72 215.10 
279.79' 287.80 
368.85 378.90 

479.35 491.70 
615.05 630.15 
779.85 798.10 

Bromonaphthalene 

4.05 
6.23 
9.71 

14.92 

22.25 
32.09 
44.99 
62.04 
84.51 

113.50 
150.38 
196.75 
254.65 
326.50 

414.65 
521.50 
649.50 

133.26 
168.73 
211.76 

263.21 
324.37 
396.56 
481.19 
579.78 

694.04 

4.22 4.40 
6.51 6.80 

10.15 10.60 
i555 1620 

23:11), 24:00 
33.23 34.40 
46.50 48.05 
64.06 66.10 
87.10 89.75 

116.81 120.20 
154.57 158.85 
202.00 207.35 
261.20 267.85 
334.55 342.75 

424.45 434.45 
53aid0i 2945.39 
663.55 677.85 

Mercury 

136.50 139.81 
172.67 176.79 
ZIGISOR 221833 

268.87 274.63 
331.08 337.89 
404.43 412.44 
490.40 499.74 
590.48 601.33 

706.40 718.94 

4.59 
7.10 

11.07 
16.87 

24.92 
35.60 
49.64 
68.19 
92.47 

123.67 
163.25 
212.80 
274.65 
351.10 

444.65 
557.60 
692.40 

143.18 
180.88 
226.25 

280.48 
344.81 
420.58 
509.22 
612.34 

731.65 

5.00 
7.76 

12.07 
18.28 

26.83 
38.10 
52.96 
72.55 
98.12 

130.86 
172.30 
224.15 
288.70 
368.40 

465.60 
582.70 
722.15 

150.12 
189.30 
236.34 

292.49 
359.00 
437.22 
528 63 
634.85 

757.61 
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TABLE 369.—VAPOR PRESSURE OF SOLUTIONS OF SALTS IN WATER 

The first column gives the chemical formula of the salt. The headings of the other 
columns give the number of gram-molecules of the salt in a liter of water. The numbers 
in these columns give the lowering of the vapor pressure produced by the salt at the tem- 
perature of boiling water under 76 cmHg. 

Substance 0.5 1.0 2.0 3.0 4.0 5.0 6.0 8.0 10.0 

INK(SOWs sas8oncc 12.8 36.5 
IN CES ses Cee eate pla r-o) ClO R79 OR S1820 
BaS: One neecs 6.6 15.4 34.4 
BR(OIEDA 5400006 1273 22:5 39.0 
BaAGNO3) shen. cat 13:5 27.0 

Ba(ElO3)seh..o. ves 15.8 33.3 70.5 108.2 
18/6) le wed Sees 16.4 36.7 77.6 
Bata ser shes oetioe 16.8 38.8 91.4 150.0 204.7 
GCaSrOren nas 9.9 23.0 56.0 106.0 
GalGNiOs)ae «oe 3. 16.4 34.8 ZAG 159 Se Olea 0534. 

Ga@ir chess eae 17.0 39.8 95:3 16616) 24i1-S S955 
Calbtodd ot sree 17.7 442 105.8 191.0 283.3 368.5 
CdSO; VR trea Mest 4.1 8.9 18.1 
(Gall eee eas soc 7.6 14.8 SEES 52.7 
Cd Bre) eee 8.6 17.8 36.7 55.7) 80.0 

Cd Glo. ee a. ets 9.6 18.8 36.7 57.0 dies 99.0 
CalGNOs)s “soesecs 15.9 36.1 AX) NWZBH 
(Cal(GQlI@A A geass os NS 
CoSOws cuss 5) 10.7 22.9 45.5 
Co Clea mc sees 15.0 34.8 83.0 136.0 186.4 

COGN@ HA” oacscac ES 39.2 SIO SZ ORE S21 S:7eee 282.0 233210 
RESON woloacaocood 5.8 10.7 24.0 42.4 
IBIBO nance 6.0 253 25.1 38.0 51.0 
HeRO pres mec oe 6.60 14.0 28.6 45.2 62.0 81-5 °° 103.0'- 146.9" “18955 
HeAsOgeest ..022 13 15.0 30.2 46.4 64.9 

ESO. Yee 12.9 26.5 62.8 104.0 148.0 198.4 247.0 343.2 
INBAOK Goan de ane 10.2 19.5 S355 47.8 60.5 73:1 85.2 
KINO ng. Mebane 10.3 21.1 40.1 57.6 74.5 S82 102 12613) ela SiO 
IGIO se Stevie 10.6 21.6 42.8 62.1 80.0 
KBrO; eek ou. eee 10.9 22.4 45.0 

IKGEES © pees 10.9 21.9 43.3 65.3 8525) 1078 1292 17010 
IKGN ©): Apacer: see Ile 22.8 44.8 67.0 90105 110%) S13 0:7 el 6720 eelOs:s 
K:GlOm eer. eee LES 22.3 
Kile feo ee 1222 24.4 48.8 (Alea OOO R28 Smee 522 
KANE Oss concise ce ot 11.6 23.6 59.0 17.6 -" 104.2-~ 132.0'=*160:0+ - 210.04 925510 

IR) yat.cet erate aR 12.5 25.3 SYAE YAO) we WAZ TICS aIZlite 225.5 27k. Se 
ISA CHONG BPRS ee 13.9 28.3 59.8 94.2 131.0 
KEWiOw sien. cae er 13.9 33.0 TIO) WARS ge! Bez6 2! 
ECO en cone 14.4 31.0 68.3 105.5 152.0 209.0 2588 350.0 
S(O) Nate ie ka 15.0 29.5 64.0 OOZES ANOS IkSi 223/009 Seeesaes 

ISAC OW Gacueocuas 16.2 29.5 60.0 
LAIN @so-F oc hostes yo? 25.9 Spye7/ 88:9 22:2 155s SS Omens S09Z 
TEAGUE rest ictrh teeters 12.1 2555 SH. VEO) IGS aS NOE SIL SELES 
EIB tages ars cies W222 26.2 60.0 97.0 140.0 1863 241.5 341.5 438.0 
Lets S Oireises ees 1323 28.1 56.8 89.0 

IWNEESO}. a omowioaas 12.8 27.0 57.0 93.0 130.0 168.0 
11 Kee Scie oh eee es 13.6 28.6 64.7. 105.2 1545 206.0 264.0 357.0 445.0 
IDES aA asoeeeeL 15.4 34.0 70.0 106.0 
IEKOS AS oiaticrasrercta 15.9 37.4 78.1 
ES Cr Ow gaceecccee 16.4 32.6 74.0 120.0 171.0 

(continued) 
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TABLE 369.—VAPOR PRESSURE OF SOLUTIONS OF SALTS IN WATER 

Substance 0.5 

MgSO, Sieletolsi=telelals 6.5 

Wi) Hea oeedeeac 16.8 
Mg(NOs)2 es eeee 17.6 

Mg Br2 eecee Becece 17.9 

MeHa(SO.), oGoc's 18.3 

MnSO, olkeleola\s even ain 6.0 

Min @logeere. onan 15.0 
INFUSION Ganclans 10.5 
INGIEISONYgoouecce 10.9 
INGINO)> oes osubons 10.6 

INEGWOR ws osusecer 10.5 
(NaPOs)e a) olla) (elie iets! 11.6 

INEKODS eet 11.8 
INEUNI@ Ee eg ane cone 11.6 
INigplAEROh paselede 12.1 

Nali@@s:&. ...453 a: 12.9 
NazSOu Casta gndharenc’} 12.6 

INaG@lysA are... Paes. 12.3 
INEUBSHOR Wes oaeooc WI 
Nai Bie inueuve scenes 12.6 

INES) Caen Seine 12.1 
NasP20; feliel ovetensitey site S22 

NaC On tienes ane 14.3 
NazC.0, bhoodobeoa 14.5 

Nia WiOieee. eee 14.8 

NasPOs, otigogo do 6 16.5 

(NaPOs)s fe cyte el oe ke 17.1 

INIEIN@ seas. onc 12.8 
(NH,)2SiFe a60 0.0.0 eS 

INF Gl eee. Leae 12.0 

NMELEISOR +... 32s IDLE 
(NHO2SO. 22222). 11.0 
INEGLBrt.,...dtk se 11.9 
INIT Ves oe cee cee 12.9 
INiSOD Reet. 8 eee 5.0 

KG) ul a een re ee 16.1 
NiCNiOs)s -.... 465 16.1 
BbGNO3)s1G ~. See 12:3 
Sr(SOd) seu atener LE 
Sr@NOs) se tie ee 15.8 

SrClz DOLONO' OD: OO O10 16.8 

SrBis Saas ete 17.8 
ZnSOg PIO ONC CACO) 4.9 

ZnCl eee ee ec ccce 9.2 

Zn(NOs)2 ec evcees 16.6 
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(concluded) 

2.0 
24.5 

100.5 
101.0 
115.8 
116.0 

21.0 
76.0 

3.0 
47.5 

183.3 
174.8 
205.3 

122.3 
S17, 
75.0 
68.1 

73:5 

77.3 
75.0 
60.0 

77.6 
74.2 
80.0 
81.3 
89.2 

99.5 

80.2 
105.8 
115.7 

62.7 

69.3 

71.0 
69.5 
74.1 
78.5 

147.0 
156.2 
63.0 

97.4 

156.8 
179.0 
42.1 
75.0 

157.5 

4.0 

277.0 

298.5 

167.0 
66.8 

100.2 
90.3 

98.5 

107.5 
98.2 
78.7 

102.2 

111.0 
108.8 
124.2 

136.7 

111.0 
146.0 
162.6 

82.9 

94.2 

94.5 
93.0 
99.4 

104.5 

212.8 
235.0 

131.4 

223.3 
267.0 
66.2 
107.0 
223.8 

5.0 

377.0 

209.0 
82.0 

126.1 
111.5 

123:3 

139.1 
122.5 
99.8 

127.8 

143.0 
136.0 
159:5 

177.5 

103.8 

118.5 

118. 
117.0 
121.5 
132.3 

281.5 

153.0 

6.0 

96.5 
148.5 
131.7 

147.5 

172.5 
146.5 
122.1 

152.0 

176.5 

197.5 

221.0 

121.0 

138.2 

139.0 
141.8 
145.5 
156.0 

195.0 

8.0 

126.7 
189.7 
167.8 

196.5 

243.3 
189.0 

198.0 

268.0 

301.5 

S242, 

179.0 

181.2 

190.2 
200.0 

157.1 
231.4 
198.8 

223.5 

314.0 
226.2 

239.4 

370.0 

180.0 

213.8 

218.0 

228.5 
243.5 
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TABLES 370-406.—VARIOUS ELECTRICAL CHARACTERISTICS 
OF MATERIALS 

The fundamental electrical and magnetic definitions and the values of the 
practical units of current, voltage, and other electrical quantities, have been 
given (Tables 2- 5). Some data will now be presented on electrical characteris- 
tics of various materials. 

TABLE 370.—THE EFFECT OF ELECTRIC CURRENT ON THE 

HUMAN BODY 1a 

Some thought must be given to the electrical characteristics of the human body, since 
careless handling of electric circuits is very dangerous. The regular 120-volt circuit is dan- 
gerous, and any voltage above this increases the hazard. No bare contacts should be per- 
mitted where anyone might come in contact with them. 

AC (60cycles) DC 

ihiresholdvotaperce pion ewe wae oa: oes Shite Ges ae Isak 6 a eae 5 ma 
MUSCU Am ECOL Ola eee aon eee 1 iS rn ges oe <70 
dangersto: sliteeme. aan oer. ta Aaa one acne some 20 ees See 80 
fibrillation) (almostucertaingdeath)) 45.2 e se. eee 100) ead Beee 

Since the resistance of the human body for direct current (hand to foot or hand to hand), 
neglecting the contact resistance, is 5,000-10,000 ohms, good contact with electric circuits 
must be avoided. For alternating current the resistance is much lower. 

138a Cromwell, J. C., Origins and prevention of laboratory accidents, 1950; Bell Laboratories Rec., 
p. 318, June 1936; Johns Hopkins University, Report of Electrician, November 1934; Journ. 
Franklin Inst., vol. 215, p. 1, 1933. 

TABLE 371.—TRIBOELECTRICITY 

Part 1.—The tribo-electric series 

The following table is so arranged that any material in the list becomes positively elec- 
trified when rubbed by one lower in the list. The phenomenom depends upon surface condi- 
tions and circumstances may alter the relative positions in the list. 

1 Asbestos (sheet). 13 Silk. 24 Amber. 
2 Rabbit’s fur, hair (Hg). 14 Al, Mn, Zn, Cd, Cr, felt, 25 Slate, chrome-alum. 
2 Glass (combn. tubing). hand, wash-leather. 26 Shellac, resin, sealing-wax. 
4 Vitreous silica, oppossum’s 15 Filter paper. 27 Ebonite. 

fur. 16 Vulcanized fiber. 28) iGo; Nie SnscGuseAs eb 
5 Glass (fusn.). 17 Cotton. Sb! *Aies Pdi iG@s es 
6 Mica. 18 Magnalium Eureka, straw, copper 
7 Wool. 19 K-alum,  rock-salt, satin sulfate, brass. 
8 Glass (pol.), quartz (pol.), spar. 29 Para rubber, iron alum. 

glazed porcelain. 20 Woods, Fe. 30 Guttapercha. 
9 Glass (broken edge), ivory. 21 Unglazed porcelain,  sal- 31 Sulfur. 

10 Calcite. ammoniac. 32 Pt. Ag, Au. 
11 Cat’s fur. 22 K-bichromate, paraffin, 33 Celluloid. 
12 Ca, Mg, Pb, fluorspar, tinned-Fe. 34 Indiarubber. 

borax. 23 Cork, ebony. 

Part 2.—Triboelectric series in voltage of a number of metals as compared with 

silica (as O) 

aN Wesarag aor chenes ts ci RE +17 INES aore oats icrere te orate + 7.8 Silleatregis cease oe ates 0. 
Peg te Biers reins eres cei +15 15105 « cB SRO ORCCHE 8 Ace + 7 UAL tS See eas Lee — .l 
BNC R USCIS? eres Ce ICRI +14 IR Oaa Hise. o Ry RAO ee oe + 4.8 Sree cece Cusine — .6 
Gd en atinee ive. ols tee +10 Gr? ikogriegnnrecehi antes + 3.3 VL ey eran ae ee — 2 
Gta Be A ceicusneronsbors sae chokes + 9.3 GO}: acne sare Galeceronoiee + 1.4 SMV i cies. tie s,e0! Ge obhrnee — 7.3 
18} tel chin a ERIE, Pe Gace aeRe + 8.5 DY 8B cyarcreeters tora talateveterete + .6 Si, wiswuslawiele avers eneee — 7.7 

1389 Shaw, P. E., and Leavey, E. W. L., Proc. Roy. Soc., vol. 138, p. 506, 1932. 
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Solids with liquids and liquids with liquids in air 

Temperature of substances during experiment about 16°C 

376 

Cc Cu Ire Pb 

01 269 
HEOm Nene. 1 to to 148 171 

sl7/ .100 
Alum. sat.sol. .... 2... —.127 —.653  —.139 
CuSO, sol. 

Spicer lOS7 eee. : 103 
GuS@wsatsols .070 
Sea salt sol. 
aS tateZ0c Grane — 475, —.605 

NH,GI sat:sol. 2 
ZnSO, sol. 1.125 

Ed Oe ee 
ZnSOzsatsolu.... 
One part H2O + 

Sh Sal AISOn 5. 
Strong H2SOs in 

water: 
MtoZ0'byewt-e es: See? 

iohoihy val Ail 
Hos iby) why fas. ect 

01 
tom bywteecaccs to —.120 

3.0 
205 MW 

Conn SOV!) 2¥: to 1.113 5 ot to 
L .85 1.252 

(Com: IBUNIOS eh5anc : shee 

= 3067 = 52a eo 

TABLE 372.—CONTACT DIFFERENCE OF POTENTIAL IN VOLTS * 

Pt Sn Zn 

285 —.105 
to 177 to 

345 +.156 
246 —.225 —.536 

ea5G e434 1566 
(O50) 364.1637 

\malg. 
Zn 

.100 

—.284 

—.358 

—.238 
—.430 

—.444 

—.344 

—.25 

1.3 
to 

1.6 
.672 

429 

848 

Distilled 
Brass water 

LM 

014 

—.435 
—.348 — 

—.200 

—.016 

1.298 

Mercurous sulfate ee He i 47s. Sat.CuSO,sol., H2O, — .043; sat. t:ZnSO.sol., + - 095: I pt. 
H.O, 3 pt. ZnSO, + .102 

Concentrated H.SO,, 
+ 1.699. 

H.0, + 1.298; 

* Everett, Units and physical constants: 

sat.alum.sol., + 1.456; CnSOusat. -+ 1.269; ZnSOs,sat.sol., 

Table of Ayrton and Perry’s results, prepared by Ayrton. 

TABLE 373.—-THERMAL ELECTROMOTIVE FORCE OF ALUMINUM 

VERSUS PLATINUM 1° 

Temperature versus emf 

°C mv AG 

0 .000 240 
20 +.062 260 
40 e135 280 
60 218 300 
80 312 320 

100 416 340 
120 529 360 
140 651 380 
160 781 400 
180 .919 420 
200 1.064 440 
220 1.216 460 

149 Nat. Bur. Standards Circ. 346, 1927. 
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mv ie 

1.374 480 
1.538 500 
1.708 520 
1.884 540 
2.065 560 
2.252 580 
2.444 600 
2.641 620 
2.843 640 
3.050 660 
3.262 
3.480 
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TABLE 374.—COMPOSITION AND ELECTROMOTIVE FORCE OF VOLTAIC CELLS 

The electromotive forces given in this table approximately represent what may be expected 
from a cell in good working order, but, with the exception of the standard cells, all of them are 
subject to considerable variation. 

Part 1.—Double fluid cells 

SMITHSONIAN PHYSICAL TABLES 

Name Negative Positive emf 
of cell pole Solution pole Solution in volts 

Bunsen Amalg.Zn 1,H2SO,;12,H20O G Fuming HNO; 1.94 
ss ‘f ss s : HNO;; dens. 1.38 1.86 

Chromate sf i ee ; 25,H2SO. : i. 1,H2SO, 5 12,H.O 2.00 

,H2 
ss % HH IMEIES OR: WIS XO) oe WAKAGHORS 100,H.0 2.03 

Daniell : “ —1,H2SO,.; 4,H:0 Cu Sat.sol.CuSO.;5,H20 1.06 
ey } SHES Ogsl2 E2@ y : 1.09 
+ - “5% sol.ZnSO, ;}6H2O iy 1.08 
us H auliNaGl-e4spants Es © i i 1.05 

Grove st alt S One ke @© IPE Fuming HNO; 1.93 
“ * a SolkeZnSO;% as HNO,;; dens. 1.33 1.66 
BY oh “ __H2SOs sol. ; dens. 1.136 “2 Concent. HNO; 1.93 
3 rs “_H2SOs; dens. 1.136 - HNO; dens. 1.33 1.79 
* oe “_H2SOs sol. ; dens. 1.14 " HNO); dens. 1.19 1.66 
a Se “H. SOs sol. ; dens. 1.06 aoe ae 1.61 
oa i ee Naclisol: s ie ele 1.88 

Partz 7 < Sol.MgSOs r Sol.K2Cr20; 2.06 

Part 2.—Single fluid cells 

Leclanche Amalg. Zn Sol.NH,Cl Carbon * 1.46 
Chaperon i = SolK@OE Copper * 98 
Edison-Lelande 4 re es a 70 
AgCl Zn 23% sol.N H.Cl Silver + 1.02 
Law e 15% “ 4 Carbon 1.37 
Dry cell se 1 pt. ZnO, 1 pt. NHC, 1k 

3 pts. plaster of paris, 
2 pts. ZnCl, and water 

to make a paste 
Poggendor ff Amalg. Zn  Sol.K.Cr.O; a 1.08 

: ” 1Z2K,>Cr20; = 25H2SOs 2.01 

100,H20 
Regnault Se oo SUEBRSORSNIAIGEO)s ICaSOn (Gal 34 
Volta couple Zn H.0 Cu 98 

* Depolarizer: Manganese peroxide with powdered carbon. {+ Depolarizer: CuO. t Depolarizer: Silver 
chloride. 

Part 3.—Secondary cells 

Pb accumulator Pb H.SOs, sol. of density 1.1 PbO, 2.28 
Regnier (1) Cu €uS@,-) HsSO; a 1.68 

to .85 
ss (2) Amalg.Zn ZnSO; sol. * 

in HeEsS@: 2.36 

Main if “ _H;SOs,;: dens. about 1.1 Laan 2.50 
Edison Fe KOH 20% sol. A nickel let 

oxide mean 

§ F. Streintz gives the following value of the temperature variations & at different stages of charge: 

emf 1.9223 1.9828 2.0031 2.0084 2.0105 2.0779 2.2070 
dE/dt X 108 140 228 335 255 130 73 

Dolezalek gives the following relation between emf and acid concentration: 

Percent H»SO, 64.5 52.2 S}5 es) 21.4 Ded 
emf °€ PY 2.25 2.10 2.00 1.89 

(continued) 
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TABLE 374.—COMPOSITION AND ELECTROMOTIVE FORCE OF VOLTAIC CELLS 

(concluded) 

Part 4.—Standard cells 

Clark Zn+Hg ZnSO, Paste 
H.SO,+Hg 

Weston || Cd-++Hg CdSOQ, Paste 
CdSO.+Hg 

|| Very low temperature coefficient. 

1.434 

1.0185 

TABLE 375.—DIFFERENCE OF POTENTIAL BETWEEN METALS IN 

SOLUTIONS OF SALTS 

The following numbers are given by G. Magnanini for the difference of potential in hun- 
dredths of a volt between zinc in a normal solution of sulfuric acid and the metals named 
at the head of the different columns when placed in the solution named in the first column. 
The solutions were contained in a U-tube, and the sign of the difference of potential is such 
that the current will flow from the more positive to the less positive through the external 
circuit. 

Strength of the solution in 
gram molecules per 

liter Zine’ * Cadmium * Lead Tin Copper Silver 

No. of Difference of potential in centivolts 
molecules Salt 

5 H2SO. 0 36.6 Sis meg) 100.7 AES) 
1.0 NaOH —32.1 19.5 31.8 2 80.2 95.8 
1.0 KOH —42.5 it S) 32.0 —1.2 77.0 104.0 
) Na2SO, 1.4 35.6 50.8 51.4 101.3 120.9 

1.0 NazS:.0; — 5.9 24.1 45.3 45.7 38.8 64.8 

1.0 KNO; 11.87 31.9 42.6 Sel 81.2 105.7 
1.0 NaNO; mS O23 51.0 40.9 95.7 114.8 
1) K2CrO. 23.97 42.8 41.2 40.9 94.6 121.0 
5 K.Cr2O; 72.8 61.1 78.4 68.1 123.6 132.4 
5 K2SO, 1.8 34.7 51.0 40.9 95.7 114.8 

5 (N H,a)2SOu — 35 SYA 532 57.6% 101.5 W25)7/ 
25 K,FeCeNe — 6.1 33.6 50.7 41.2 —t 87.8 
.167 KeFe2(CN)12 41.0 80.8 81.2 130.9 110.7 124.9 

1.0 KCNS — 12 32.5 52.8 52:7 52.5 725 
1.0 NaNO; 4.5 $5.2 50.2 49.0 103.6 104.6 § 

5 Sr(NOs)2 14.8 38.3 50.6 48.7 103.0 119.3 
B25 Ba(NOs)2 21.9 39.3 Syl7/ 52.8 109.6 12125 

1.0 KNOs; —t 35.6 47.5 49.9 104.8 115.0 
‘2 KCI1O; 15-107 39.9 53.8 SW! 105.3 120.9 
167 KBrOs; 13-20t 40.7 Sil3} 50.9 TES 120.8 

1.0 NH.Cl 2.9 32.4 51.3 50.9 81.2 101.7 
1.0 KF 2.8 2285 41.1 50.8 61.3 61.5 
1.0 NaCl — 31.9 BileZ 50.3 80.9 101.3 
1.0 KBr (ass: SEZ 47.2 52.5 73.6 82.4 
1.0 KCl — 32a 51.6 52.6 81.6 107.6 

5 Na2SOs — 82 28.7 41.0 31.0 68.7 103.7 
—S§ NaOBr 18.4 41.6 735 70.67 89.9 99.7 
1.0 C,sHeOc ES 39.7 61.3 54.4% 104.6 123.4 
Es) CsH6O. 4.1 41.3 61.6 57.6 110.9 125.7 
5 C,HsKNaOz — 79 SH) 51.5 42-47 100.8 119.7 

* Amalgamated. + Not constant. t After some time. § A quantity of bromine was used 
corresponding to NaOH = 1. 
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TABLE 376.—THERMOELECTRIC EFFECT OF ALLOYS 379 

The thermoelectric effect of a number of alloys is given in this table, the authority 
being Ed. Becquerel. They are relative to lead, and for a mean temperature of 50°C. In 
reducing the results from copper as a reference metal, the thermoelectric effect of lead to 
copper was taken as —1.9. 

& 4 me 

SMEs Sees Wass 

Substance = S = SE Substance £ e 3 SE Substance 2 c B SE 

Antimony 806 Antimony 22 Bismuth 4\o18 
Ge fee 287 Tac ihe Meemeny ip—51.4 
Antimony 4 Tin 1 Binet 8} ad 
Gedcom 4 146 Antimony 12) Antimony ire 

Cadmium ean 137 a6, 7 Antimony 1 
Bismuth 121 | Se 10.2 Bismuth 12 
Antimony ne 95 ee _ Antimony 1/669 
Ts 406 ntimony : Zia 000 ine) Bismuth” 1s 88 Bismuth 21. gg 
Zinc 406 8.1 Antimony 4 25 F 
Bismuth 121 Iron 1 : Bismuth "2a 5 
Antimony 4 Antimony g 1 4 seed ] 

Cadmium Z 76 Magnesium 1 ; Bismuth 12 31.1 

Lead ! Antimony o Zinc 1 
Aa cici erie Lead 1f— 4 Bismuth 21.460 
Cadmium 2 46 Bismuth = —43.8 Arsenic 1 

Zinc iy Bismuth Wee, 4 Bismuth ti 68.1 
Tin 1 Antimony 1 : Bismuth sulfide 1 ; 

TABLE 377.—THERMOELECTRIC EFFECT 

A measure of the thermoelectric effect of a circuit of two metals is the electromotive 
force produced by 1°C difference of temperature between the junctions. The thermoelectric 
effect varies with the temperature, thus: thermoelectric effect = Q—=dE/dt=A + Bt, 
where A is the thermoelectric effect at 0°C, B is a constant, and ¢ is the mean temperature 
of the junctions. The neutral point is the temperature at which dE/dt = 0, and its value 
is — A/B. When a current is caused to flow in a circuit of two metals originally at a 
uniform temperature, heat is liberated at one of the junctions and absorbed at the other. 
The rate of production or liberation of hcat at each junction, or Peltier effect, is given 
in calories per second, by multiplying the current by the coefficient of the Peltier effect. 
This coefficient in calories per coulomb = QT/f, in which Q is in volts per degree C, T is 
the absolute temperature of the junction, and ¥ = 4.19. Heat is also liberated or absorbed 
in each of the metals as the current flows through portions of varying temperature. The 
rate of production or liberation of heat in each metal, or the Thomson effect, is given in 
calories per second by multiplying the current by the coefficient of the Thomson effect. 
This coefficient, in calories per coulomb = BT6/, in which B is in volts per degree C, 
T is the mean absolute temperature of the junctions, and @ is the difference of temperature 
of the junctions. (BT) is Sir W. Thomson's ‘Specific Heat of Electricity,” The algebraic 
signs are so chosen in the following table that when Z is positive, the current flows in the 
metal considered from the hot junction to the cold. When B is positive, Q increases 
(algebraically) with the temperature. The values of A, B, and thermoelectric effect in the 
following table are with respect to lead as the other metal of the thermoelectric circuit. 
The thermoelectric effect of a couple composed of two metals, 1 and 2, is given by sub- 
tracting the value for 2 from that for 1; when this difference is positive, the current flows 
from the hot junction to the cold in 1. In the following table, A is given in microvolts 
per degree, B in microvolts per degree per degree, and the neutral point in degrees. 

The table has been compiled from the results of Becquerel, Matthiessen and Tait; in 
reducing the results, the electromotive force of the Grove and Daniell cells has been taken 
as 1.95 and 1.07 volts. The value of constantan was reduced from results given in Landolt- 
Bornstein’s tables. 

(continued) 
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380 TABLE 377.—THERMOELECTRIC EFFECT (concluded) 

Thermoelectric effect 
_ at mean temp. of 
junctions (microvolts) 

A B 
Substance Microvolts Microvolts 20°C 50°C 

EN KETSDIS TEST TED PRS AE RNS Se — ./6 +.0039 —  .68 = 6 
Antimony, comm’! pressed wire.. — — + 6.0 — 

g exalt wees crac veie oe — — + 22.6 — 
* equatorial orden — — + 26.4 = 

JE SHTOLEV GY . Aree eee ee Ree edo Peat cies —11.94 —.0506 == 1205 Te 
SEED TANS, specie ASANSAN Mo cancte a os — —12. 

ANTS Erni CEE ronstav clone pdeisatcene feta tae sere — — == SSG —_— 
Bismuth, comm’! pressed wire... — — — 97.0 — 

is pure 5 Sah a — — — 89.0 — 
i? Chystalanaxialucaee eee — _ — 65.0 — 

“ equatorial ..... — _ — 45.0 — 
admit ee ck aes acces aves + 2.63 —.0424 + 3.48 + 4.75 

% fused WIAA... cc cies — — — + 2.45 
Calcium! Sins eee teem fone _ —_ _— + 89 
Cobalt Ay. 5 NRA ORT RIES _ — — 22 — 
GConstantant: oh. tat cea nate tee — — _ —19.3 
Coppersina sais Poe aero a + 1.34 +.0094 eele52 lala) 

* Comimencial ean. cise fecee — — + 10 -= 
s galvanoplastiows...- 0-6 —_ a + 3.8 _- 

Galil starry eo, arn. Pens eos once — — = — 
Gol dig Ree a cee cnc gz e ss sarc oe + 2.80 +.0101 a6 3h(0 25 3}8i0) 
TONY MRS Real NS Ree 8 3! SS +17.15 —.0482 JE WGA +14.74 
SEpIAvorontenwikeleeeeemeecte _— — So AS — 
SeMAGOITIINIER ial “Mestre os)6 cicero cic — — — +12.10 
A SE soc laa me _— — — + 9.10 

ead AA ces RPS oe Roisras - 0000 + 00 .00 
Masinesiumlys tine egteravte cts < <.0 00.0 += 2.22 —.0094 = 205 + 1.75 
Moly bdenume>strrqarescrcrcroneeoers — _ + 59 — 
MISCO AS prec cot cop ene Deer — _ — 413 — 3.30 
INT CK EDM aie aisocncbeina ths Obes oor — _ _ —15.50 
(NSE stonl7 oes eas —21.8 —.0506 — 22.8 =—24.93 
So 90Z50°=300 Dak ee ee ={315}.5/7/ + .2384 = = 
sen (CADOVE TO 4Uc aeuaoccirscacis — 3.04 —.0506 — = 

alla ssice ceaoe eters cee casas — 6.18 —.0355 — 69 — 7.96 
Phosphorus (ned) eoseee scone eee -- _ + 29.9 — 
Blatinumy acct er cmicin. oa cece: itr: — — + — 

im (handened) eens ce secre + 2.57 —.0074 SJ DLW + 2.20 
+ Gnalleable) eres ce — .60 —.0109 — E88 er PS 
i WINCL. ee ene ane sions sie eee — a — 4.694 
5 another specimen ...... _ — — — 2.14 

Platinum-iridium alloys: 
oe JES IG ie eee ees cas 7.90 +.0062 + 8.03 Se AL 
90% Pt 07 Ir, ee +590 —.0133 + 5.63 + 5.23 
A ale Cael ea tas Silo keel (ca me eae ee + 6.15 +.0055 + 6.26 + 6.42 

Selensumiy sack ose ote ee coe is ne -- +807. — 
Silver ten st yack ee coe eer + 2.12 +.0147 + 2.41 + 2.86 

so CAUDULE Nardi) pepatesc.craitiee cree _ — + 3.00 — 
Mel re, Serta T eg Ae oetde _ — — + 2.18 

Steele eeenc nc ote acco mae +11.27 —.0325 se OlGZ + 9.65 
Maintain. «3s cee eee oe ete = — — 2.6 — 
Melanin «(BY seo. och de eer _ — +500. = 

"| OEE Seek ent — — +160. — 
sihalltgmy sas. eee ee see — —_ + 8 — 
ine(commencial) eect ese eee —_ — — +  .33 

Sh ap ML Mele Pai | Ri NN ot eh IRE ate heg — = + 1 = 
OP Spuha Paede ib neared a kee Fhe eg ans Mater is — 43 +.0055 — 33 — 16 

SRUINGIStEM ce eet ie enon — _ — 2.0 —_ 
Zine Pec ce TEA ee ee + 2.32 +.0238 + 2.79 elt S51 

“# SPULe spheSSCG iene ie See —— — + 3.7 — 

* Electrical conductivity of Te, —10:045) ties — 7 vemit. 
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TABLE 378.—THERMAL ELECTROMOTIVE FORCE OF METALS AND ALLOYS 

VERSUS PLATINUM 

(millivolts) 

One junction is supposed to be at 0°C; + indicates that the current flows from the 0° 
junction into the platinum. The rhodium and iridium were rolled, the other metals drawn. 

Tempera- 90%Pt+ 10%Pt+ 90%Pt+ 90% Pt+ 
ture, °C Au Ag 10%Pd 90% Pd Pd 10%Rh 10%Ru Ir 

=—185 .— 15 '— 16 — 11 -+- .24 =e. — — 53 — .28 
— 8 — 31 — 30 — 09 4+ 115 + .39 ao — 39 — 32 
+100 + 74 + ..72 + 26 — .19 — .56 -— SO MBs Sees 
+200 +1.8 +1.7 + 62 — 31 —1.20 — +1.6 +1.5 
+300 +3.0 +3.0 +10 — .37 —20 42.3 +2.6 +2.5 
+400 +4.5 +4.5 +15 — 35 —2.8 +3.2 +3.6 +3.6 
+500 +46.1 +6.2 +1.9 — 18 —3.8 +4.1 +4.6 +48 
+600 +7.9 +8.2 +2.4 + 12 —4.9 +5.1 5.7 +6.1 
+700 +99 +10.6 +2.9 + .61 —6.3 +6.2 +6.9 +7.6 
+800 +412. +13.2 +3.4 441.2 —79 +72 +80 —9.1 
+900 +143 +4+416.0 +3.8 +2.1 —9.6 +8.3 +92 +4108 
+1000 +416.8 — +4.3 +3.1 —11.5 +9.5 +10. +12.6 
+1100 — = +48 +4.2 —13.5 +106 +116 -+14.5 
+ (1300) — — — — — 4131 4142 4418.6 
+ (1500) — — — — — 4156 4169 423.1 

TABLE 379.—THERMOELECTRIC PROPERTIES AT LOW TEMPERATURES ™ 

Thermoelectric emf per °K against silver alloy 

AG: Cu Ag 

—255 +.07 —.10 
—240 45 +.37 
—220 90 39 
—200 89 31 
—180 2 25 
—160 61 22 
—140 E52 21 
—120 47 20 
—100 44 20 
— 80 45 20 
— 60 47 20 
— 40 49 20 
— 20 51 .20. 

0 £53 21 
+ 20 56 222 

Au Pd Pt Fe 

—1.20 + .75 +1.54 +.05 
— .05 2.10 3.60 1.40 
+. 24 3.40 5.24 4.80 

30 3.48 5.40 8.45 
.30 2.14 4.36 11.5 
33 54 3.02 14.0 
37 —1.06 172 15.8 
40 —2.52 50 16.9 
44 —3.92 — /0 17.5 
47 —5.27 —1.76 17.5 
51 —6.52 —2.80 17.3 
55 —7.80 —3.80 16.9 
58 —9.05 —4.72 16.2 
62 —10.32 —5.62 15.8 
65 —11.6 —6.56 oYS 

141 Borelius, Keesom, Johansson, Linde, Com. Phys. Lab. Leiden, No. 206, 1930. 

TABLE 380.—PELTIER EFFECT, FE-CONSTANTAN, NI-CU, 0° —560°C 

Temperature 0° 

Fe-Constantan ........ 3.1 

INT Cresent en ee 1.92 

SMITHSONIAN PHYSICAL TABLES 

20° 130° 240° 320° 560°C 
3.6 4.5 6.2 8.2 

2.15 2.45 2.06 not 2.38 

12.5 Ns cal >< 10= 

per coulomb 



382 TABLE 381.—THOMSON EFFECT IIN MICROVOLTS PER DEGREE 

Ni Co Pb 2K Cu Ag Au Pd Pt Fe 

20 +. .59 +1.40 +2.83 +1.9 +3.2 +1.3 Rc ory) 
25 1.04 1.23 2.09 2.6 3.6 27 MS re 
30 122 85 1.58 Sul 3.9 4.1 —45 — 2 .00 
40 1.03 24 88 Se 3.8 6.7 —5.4 — 3 —.04 
50 67 — .02 45 25 2.7 9.0 —5.0 — 8 —.06 
60 18 — 17 19 1.0 1.0 10.8 —4.5 —2.0 —.09 
70 — .29 — 24 .07 —1.5 —1.1 11.9 —4.1 —3./ —.12 
80 — .46 — .25 05 —4.6 —3.3 12.6 —4.0 —5.5 —.15 
90 —— aS — 17 7 —6.6 il 12.9 —4.0 —7.0 —.18 
100 — 45 — .03 32 —/8 =——6:5 13.0 —4.5 —8.4 —.20 
110 — 3/7 + 12 45 —8.7 —7.5 13.0 —5.3 —9.8 —.23 
120 — .26 25 56 —9.3 —8.0 12.8 —6.4 —11.1 —.26 
130 — 13 35 .66 —9.7 —8.2 12.2 —7.4 »—12.4 —.29 
140 + .02 44 fy lt —8.2 11.0 —8.3 —13.5 —,32 
150 S17, 52 co) 1013 —8.3 8.9 —9.0 —14.6 —.34 
160 31 59 91 —10.6 —8.4 6.1 —97 o—15.7 —.37 
170 46 .66 99 —10.9 ——85 26 —10.3 —16.7 —.40 
180 59 72 1.06 —11.2 —8.7 — 2 —109 —17.6 —.42 
200 79 84 1.19 —12.1 —9.1 —3.5 —12.) -—196 —.46 
220 96 .96 1.31 —13.3 —9.8 =45 —13.3 —215 —.49 
240 1.10 1.08 1.43 —146 —10.6 —48 —145 —23.4 == by 
260 1.24 1.20 1054 oS es =§2Q SI 24! — 54 
280 1.38 ies 1.66 —17.0 —1z2. —5 6 ee — 55 
300 +1.52 +1.44 +177. —182 —13.2 —5.9 “a —.57 

TABLE 382.—THERMOELECTRIC EFFECTS; PRESSURE EFFECTS 

The following values of the thermoelectric effects under various pressures are taken from 
Bridgman. A positive emf means that the current at the hot junction flows from the uncom- 
pressed to the compressed metal. The cold junction is always at 0°C. The last two columns give 
the constants in the equation E = thermoelectric force against lead (0° to 100°C) = (At + Bt*) 
x 10°° volts; at atmospheric pressure, a positive emf meaning that the current flows from lead to 
the metal under consideration at the hot junction. 

Thermal emf, volts * 10° 
“Pressure, kg/cm? 

ee 
2000 4000 8000 12,000 

Formula 
Temperature, °C coefficients 

Metal 50° 100° 50° 100° 50° 100° 20° 50° 100° A B 

Bi Raster see 53,000 85,000 110,000 185,000 255,000 425,000 185,000 452,000 710,000 74.42 +.0160 
Zn Se dee 6,200 14,100 13,000 ,500 26,100 ,100 14,400 38,500 87,400 +3.047 —.00495 
Th Seer. he 4,930 10,870 9,380 20,290 -17,170 37,630 8,780 23,750 52,460 +1.659 —.001348 
CdR ae. acy: 2,040 7,120 4,620 14,380 10,960 28,740 6,680 19,180 45,560 +12.002 +.1619 
Constantan .. 2.850 5,950 5,800 11,810 11,530 23,790 6,750 17,200 35,470 —34.76 —.0397 
Pd: Rem ty 2,190 ° 4,380 4,400 8,800 8,630 17,690 5,090 12,970 26,520 —5.496 —.01760 
REY i haens 1,180 3,600 3,600 7,310 7,370 14,350 3,880 11,030 21,570 —3.092 —.01334 
Wo Reece ISON 22530 2,360 4,990 4,690 10,120 2,700 7,050 15,140 +1.594 +.01705 
Ni SS acre 0 1,680 1,500 3,400 3,230 7,190 1,880 5,140 11,440 —17.61 —.0178 
NS otic 840 1,870 1,720 3,720 3,350 7,190 +1,900 4,950 10,560 +2.556 +.00432> 
FG Waeheceice 390 1,670 590 3,250 5,300 5,820 —990 220 7,680 +16.18 —.0089> 
1 eo} stacey Bae 460 1,050 920 2,120 1,860 4,210 +880 281 6,330 -—— —_— 
At, SS RR ane 456 1,052 905 2,051 1,791 3,974 +990 2,627 5,760 +2.899 +.00467¢ 
Gu Tse esis +292 584 +580 1,216 1,124 2,420 +596 1,616 3,546 +2.777 +.00483 
A Reerenee rs —70 101 —91 294 32 929 —68 312 1,962 —.416 +.000084 
Motes omc +93 140 +187 278 375 555 +146 562 833 +5.892 +.02167¢ 
Sn. danenabeste +38 +87 +58 +165 +70 +292 —182 +10 +390 +.230 —.00067 
Manganin ... —123 —232 —242 -—452 —489 -—894 -—308 —719 —1,314 +1.366 +.000414f 
Mig settle sass —84 —167 —181 -—362 --395 -—791 -—259 -—648 —1,296 —.095 +.00004 
Co! ccid preteens —156 —348 —316 --692 —630 —1,360 —352 —937 —2,061 —17.32 —.0390 

a, —.0556¢8; b, —.0,86¢3, annealed ingot iron; c, —.05166t3; d, —.041t8; e, —.0,25t3; f£, —.04112¢8. 
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TABLE 383.—PELTIER AND THOMSON HEATS; PRESSURE EFFECTS 383 

The following data indicate the magnitude of the effect of pressure on the Peltier and Thomson 
heats. They refer to the same samples as for the last table. The Peltier heat is considered positive 
if heat is absorbed by the positive current from the surroundings on flowing from uncompressed 
to compressed metal. A positive d?E/dt? means a larger Thomson heat in the compressed metal, 
and the Thomson heat is itself considered positive if heat is absorbed by the positive current in 
flowing from cold to hot metal. Same reference as footnote 141, and notes as for preceding table. 

Peltier heat, Thomson heat, 
10® X Joules/coulomb 108 X J X coulomb-? °C-1 

Pressure kg/cm? Pressure kg/cm? 
—— SS SSE 

6000 12,000 6000 12,000 

Temperature °C Temperature °C 
ER EEE ———————————————— 

Metal o° 50° 100° 0° 50° 100° 0° 50° 100° 0° 50° 100° 

1 eee 28. +1070 +1210 — +2580 +2810 — +1150 +650 — -—520 —405 —- 
AGS BS Oe +98 +140 +190 +4190 +278 +412 +41 +48 +56 +63 +133 +220 
BI ocd ence agers +66 +95 +124 +112 +171 +229 +38 +28 +26 +79 +63 +50 
SR ae SSG eee itestett wer erage eo01 “09 -e74cr6s 2105 | <#92)) Ho3 
Constantan +46 +5 +70 +90 +114 +140 + +6 +6 +13 +14 +17 
aes es aS) raaeeesoen 206 +86 +103 je ee ey eS 
ey 9g aa atigs) gee iG. Gs EN AgmE M26) ee) C960) fuigpenetesD 
“EE AS JUG alo | Ee A sa BI) ab Ti ei ey) 
Bcc ccc om ome hig) Aig 23° © ehoatee 37 fipeeso LO eS ee eS i Bei 20) 
air yg, cay ees. “bose esau t44 4 ue aie ee 8 +10 
eres Si eis pes ge Sage a6 49g 458 =121 = 347> 4-120) 194 
a cas ce. ae seg ere. erate e200 43° gy TO. 6 8: | +20 
i eg) espe ra ies | cera 2e25 Teg 4 WEES EG Om meeeZ 
OS See ores +4 +6 +8 48 +11 +16 at 4 6 aes 
al eae =) on es = ee 7 tig ato Bite E21 eee 20 
No! “<3 ERE. +1 +2 +0 +2 +4 +1 a] =f =il +2 —1 —2 
Bria <.< to Soe ay Ve ee is Hy ae +6 ay pe ae SS 
Manganin —2 —2 -2 -4 -4 -4 S10) een enor E29 ener 

I Gaéewooood —16 —18 —4l —35 —42 —48 0 0 0 0 
BBO sc cisre cist ine —23 —33 —44 —46 —67 —90 —14 —11 —10 —20 —24 —28 

TABLE 384.—THERMAL ELECTROMOTIVE FORCE OF CADMIUM VERSUS 

PLATINUM 

Temperature versus emf 

aC mv °C mv XO mv 

0 .000 125 1.211 250 3.255 
25 +.171 150 1.559 275 3.740 
50 378 175 1.940 300 4.238 
75 .620 200 2.351 315 4.539 

100 898 225 2.790 

TABLE 385.—PELTIER EFFECT 

The coefficient of Peltier effect may be calculated from the constants A and B of Table 
377, as there shown. With Q (see Table 377) in microvolts per °C and T = absolute tem- 

perature (K), the coefficient of Peltier effect = as cal per coulomb = 0.00086 OT cal 

per ampere-hour = Q7/1000 millivolts (= millijoules per coulomb). Experimental results, 
expressed in slightly different units are here given. The figures are for the heat produc- 
tion at a junction of copper and the metal named in calories per ampere-hour. The current 
flowing from copper to the metal named, a positive sign indicates a warming of the 
junction. 

Calories per ampere-hour 

Sb com- German 
Sb * mercial ¢ Bi pure Bi f Cd silver Fe Ni Pt Ag Zn 

— — “= — —.62 — —3.61 4.36 32 —41 —58 

13.02 4.8 19.1 25.8 46 2.47 2.5 — — _ 39 

* Becquerel’s antimony is 806 parts Sb + 406 parts Zn+ 121 parts Bi. 
t Becquerel’s bismuth is 10 parts Bi+1 part Sb. 
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384 TABLE 386.—RESISTIVITY OF METALS AND SOME ALLOYS 

The resistivities are the values of p in the equation R =pl/s, where R is the resistance 
in microhms of a length / cm of uniform cross section s cm*. The temperature coefficient 
is’ ad, in) the formula’ R; = K.ll --a,@—ts) J 
necessarily apply to the temperature coefficient. 

Tempera- 
ture Microhm- 

Substance Remarks o cm 

Advance asa. see constantan — -—— 
ANLGFTONTTEIO a pon Samos — 20 2.828 

a Ss Cup: —189 64 
Sp WOM Saree ce —100 1.53 
SE a aide, Chee yt a 0 2.62 
et eee io +100 3.86 
Ft a) lpn Re ie 400 8.0 

UNS HOVTOIN Pg So nadodas -— 0 39.1 
OP ERAS Stauricioe — —190 10.5 
Se he gt liquid +860 120 

ASGSCIIC A toe one fcc — 35 
Benyllimmiee 2ie.. sce -— 20 10.1 
Bismuth en. seer. ce — 18 119.0 

A a ee = 100 160.2 
BTSs ere n omeksine —— 20 7 
Gadmiumes -. hae oe drawn —160 2.72 

eg es cehe e tC pa 18 7.54 
ef dey ears ere ce # 100 9.82 
FE eae 2 freer ee liquid 318 34.1 

CAN CHUM «<2. gt > = oh 99.57 pure 20 4.59 
GalidoMmecn sas ce oee see nichrome ae — 
GESIAT ie were. Pay) l = IV/ 5.25 

i eed ae ere == 0 19 
MT a ditties Aoxste yous solid 27. 22.2 
ead oo) Be, «Sieh wks aye liquid 30 36.6 

Chromite. 3.002% coset 0 13 
(Glittm asin bye, e235 scsrsye = 20 87 
COOP ANE ote nyF imucrsuerctays 99.8 pure 20 9.7 
Constantan aera wher 69% Cu. 40% Ni 20 49 

Coppene.s.).cae ee. annealed 20 1.724 
CAS ea eee hard-drawn 20 Nai 
a Jer ene ne ees electrolytic —206 144 
CR radar errr 5 +205 2.92 
Seapets aaa pure 400 4.10 
MAM hiner tt Tales pa 4 very pure, ann’ld 20 1.692 

Eureka <5. eee see constantan — a 
Excellof. 200) sceee — 20 92 
Gaillittin Sons a055eoc a 0 53 
German silver ...... 18% Ni 20 33 
Germanium ........ —— 0 89000 
Gold is). s nere Se eee 99.9 pure —183 68 

1k 3D. eee ee -— 0 eee 
Disa. «5 Mites eee pure, drawn 20 2.44 
STE, SS. AERA D I ae 99.9 pure 194.5 SLY 

Ta Jae ey ee ee see constantan — — 
Tdealta7 24? 26>. soe $ ~ — — 
Ibaobite no asacancacas -— 0 8.37 
IsWONET Ganooopeeooc ——- —186 1.92 

Ey pan eA had SDR -—— 0 6.10 
ieee atriren Menor ae --— 100 8.3 

[rons tee 99.98% pure 20 10 
a REP REC = pure, soft —205.3 652 
SM te Meet ces tae ie % — 78 Boe 
isl OAL pen Se Ua am S 0 8.85 

(continued) 
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The information of column 2 does not 

Temperature coefficient 

t a 

18° +0039 
25 40034 
100 +0040 
500 40050 

20 + .0036 

20 +..004 

20 +..002 
20 +0038 

23 +..0036 

20 4+..0007 

a +,000008 
25 4+ 000002 

100 "000033 
200 — "000020 
500 4+000027 
20 seecol.2 +.00393 
“cc “ “ “ + .00382 

100 4+ 0038 
400 +0042 

1000 40062 

20 4.00016 

7 +..0004 

20 4+..0034 
100 ann'ld +0025 
500.“ +0035 

1000 “ 0049 

20-9 +..0050 
0 4+ 0062 

25 +0052 
100 +0068 



TABLE 386.—RESISTIVITY OF METALS AND SOME ALLOYS 

(continued) 

Tempera- 
ture 

Substance Remarks we 

TT ONWS: Aare «sieeve cere pure, soft + 98.5 
Pliner <3 eae 4s ss 196.1 
fe ARS 2 Sisoe SOS : o 400 
te He TT electrolytic 0 
Seen Macias oa SE fe 100 

Reade sos shcesees = 20 
ear ORC a cold pressed —183 
actos a erxere ee ie — 78 
Sas me ae RAR APRON Ate - ne 0 
re ea HIG ROMA ROretesZ 4 i + 90.4 
eee Rec. ian hetots tote x s 196.1 
SPE a 6c ras eink, 5 BR —— 318 

Met thavuimner eee tee ee solid ihe 

CO ea tect essai es 99.3 
On IRE a i liquid 230 

Magnesium ........ —— 20 
le We Se Bern as free from Zn —183 
Spe ake) AR a c: | See — 78 
Sar wee ‘i ee TAS 0 
oF oe ME as ee cc SENS + 98.5 
a ae, Oe ee pure 400 

Manganese ........ — == 
Manganin: <. 5... 22: 84 Cu, 12 Mn, 4 Ni 20 

IMercunyaceeeen ee 3 20 
ba edt GS eS solid —183.5 
Sng As el See Di —102.9 
Sl RRC tt ale ‘s — 50.3 
a I a EAR: : — 39.2 
SOS Res oR SEER liquid — 36.1 
Beh Santee cs Es 0 
Os. ipgehirs aahysacaee - 50 
BT oe Gere mcr erern - 100 
ry Renee ? 200. 
Fig A OO it * 350 

Molybdenum 5 very pure 0 

Monel metal ....... van 20 
INichrome -.-.ce-..< = 20 
INiekelgevy sects ae a= 20 

U0 tes eee Be very pure 20 
Po os AS I REE ges ER pure —182.5 
SE od SRO i ee s — 78.2 
Ob pe BRI Ae : 0 
SoM crooner es = 94.9 

OSM soobsoce8se a 20 
Rallacdiimieceeeieeee -— 20 

Sy ee ene dems very pure —183 
SAO Beto * ie — 78 
tad | OBES Soar * i. 0 
need Bere tre tts 9 wv 98.5 

Platinuneepemeecoc a 0 
Raat yal: Bes SES wire —203.1 
a aloe enetoh a ater e — 97.5 
Vite Mgaig daates ie 0 
ew UsHosenee os 100 
ped ee erent —— 400 

(continued) 
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385 

Temperature coefficient 

Microhm- 
cm t, 

17.8 500 
21.5 1000 
43.3 — 
10.0 — 
14.41 -—— 
22 20 
6.02 18 

14.1 -— 
19.8 —— 
28 —— 
36.9 -— 
94 a 
1.34 -- 
8.55 — 

12.7 -— 
45.2 —— 
4.6 20 
1.00 0 
2.97 25 
4.35 100 
5.99 500 

HES 600 
5.0 none 

td 12 
= 25 
— 100 
— 250 
—— 475 
== 500 

95.783 20 
6.97 0 

15.04 
21.3 R:r=R(A1+ 
29:9 00089t + 
80.6 .000001 t*) 
94.07 a 
98.50 oa 

103.25 — 
114.27 — 
1355 — 

5.14 25 
woe 100 
-—— 1000 

42 20 
100 20 

7.8 20 
7.236 -—— 
1.44 0 
4.31 25 
6.93 100 
Le 500 

—— 1000 
9.5 — 

Dy 20 
2.78 0 
7.17 a 

10.21 — 
13.79 a 
9.83 20 
2.44 0 
6.87 — 

10.96 —— 
14.85 — 
26 --- 

a, 

+.0147 
+.0050 

+4..0039 
40043 

+.004 
+.0038 
+.0050 
+.0045 
+.0036 
+.0100 

+. .000006 



386 

Substance 

POLST bologoooor 
oe 

BE Foie coi Bleree 

ee ee eee eee 

eee eee tees 

is es ied nrere 
ee 
re sails Cee 
Ey Ane 

Silvers siete oe csr 
“ce 

S SUSE 
en RANE ve 
5 eee 
eee eee aise 
ne 
5 i RE 
Mette 
bare Leet 
Mactan Sa cae 
NUN ely gh Re sat 
Ber neers Sees 

Hse OER AL eee 
Soares ae ene 
55 ean ae 
Rea ra 
Sos ee are 
Ae eR Re 
oy BARR oe 
Ry cares: 
A ST Aa ae 
Cr 

Strontium 
Tantalum 
Tellurium* 
Thallium 

eee eects 

eee eee e oes 

eeoeeeeee 

eee eee er eee 

eee eee wees 

coe esse eee 

Siia/iw\kelni.e. pie) ete 

i Y 

eee eee e rene eeee 

Oe 

CD 

ee 

Titanium 
Tungsten 

ee eee ee eee 

eee ee ree ne 

eee eee eee 

eee eee ee ne 

eee eee eens 

ee re | 

| 

ile) /n\fe he iejiviim \e) ele s\(elele 

ee | 

CY 

TABLE 386.—RESISTIVITY OF METALS AND SOME ALLOYS 

(continued) 

Tempera- Temperature coefficient 

ture Microhm- 
Remarks ° cm t, a, 

—— — 75 4 0 + .0057 
-— 0 6.1 a — 
—— 55 8.4 —— — 
-—— —186 70 — —— 
-— — 78.3 3.09 — — 
—— 0 5.11 0 +.0043 
-— 100 6.60 — — 

solid —190 DS =o -— 
eS 0 11.6 — —— 
S 35 13.4 — — 

liquid 40 19.6° — —— 
— 20 58+ pee — 

99.98 pure 18 1.629 20 +.0038 
electrolytic —183 390 25 +.0030 

st — 78 1.021 100 +.0036 
ij 0 1.468 500 + .0044 
ig 98.15 2.062 — — 
a 192.1 2.608 — — 
« 400 3.77 ae ea 

solid —180 1.0 — === 
“ = 7/5) 2.8 — — 
ss 0 4.3 0 +.0054 
s 55 5.4 — — 

liquid 116 10.2 — — 
E.B.B 20 10.4 20seecol.2 -+.005 
B. B. 20 11.9 6 ee 004 
Siemens- Martin 20 18 eS SSS 00S 
manganese 20 70 Ce tee 5 tOO 
35%Ni, “invar.” 20 81 = — 
piano wire 0 11.8 Oseecol.2 +.0032 
temp. glass, hard 0 45.7 6 Ee SOONG 

yellow 0 27 — — 
“| blue 0 20.5 Oseecol.2 -+.0033 
= SOLE 0 15.9 a — 

— 20 24.8 == — 
== 20 15.5 20 +.0031 
—— 19.6 200,000 == — 

pure —183 4.08 — — 
; — 78 11.8 === — 
EG 0 17.60 — — 
ue 98.5 24.7 == — 

= 20 11.5 20 +.0042 
—— —184 3.40 — — 
-— — 78 8.8 —— —— 
-— 0 13 — -— 
— 91.45 18.2 —— —— 
— — 55 ——— Pees 

a 20 Gp)! 18 +.0045 
1000°K 727 29:3 500 +.0057 
1500°K 1227 41.4 1000 +.0089 
2000°K 1727 59.4 — — 
3000°K 2727 98.9 — — 
3500°K 3227 118 — a 
trace Fe —183 1.62 20 -+.0037 

SOW he — 78 3.34 — — 
SO es 0 5.75 — — 
aie. 92.45 8 — — 
oO wie 191.5 10.37 — — 

liquid 440 37.2 — — 

* See note to Table 377. 
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387 
TABLE 386.—RESISTIVITY OF METALS AND SOME ALLOYS (concluded) 

Resistance temperature coefficient for a number of metals and alloys of high purity. 

Metal Comet) /100R, Alloy 

INH oe totes ote .00667 95 Pt— 5 Rh 
ZT i AEE AAS 00419 90 Pt—10 Rh 
Cd Reales Bee 00423 80 Pt—20 Rh 
Pt. ASE ae! .003925 60 Pt—40 Rh 
Rh APs: 2h .00436 40 Pt—60 Rh 

20 Pt—80 Rh 

(R 

00215 
00169 
.00140 
00144 
.00194 
.00260 

—R,)/100R, 

TABLE 387.—SOME ELEMENTS ARRANGED IN ORDER OF INCREASING 

RESISTIVITY (ohm-cm>10-*, 20°C) 

Ag 1.468 Mn Spat Pd 10.21 
Cu 1.59 Mo (5.3) Pt 10.96 
Au Zee Zn 5.75 Rb 13 
Al 2.6 Ir 6.10 Sn 13 
Cr 2.6 K 6.1 alta 14.6 
Ti 3.2 Ni 6.93 lel 17.6 
Na 4.3 Cd 7.04 Gs 19 
Ca 43 In 8.37 Pb 20.4 
Mg 4.35 Li 8.55 Sr (23.5) 
Rh 4.69 Fe 8.8 As 35 
W 5 Co 9 Sb 39 

Ga 53 
Os 56 
Hg 94.07 
Bi 110 
Graphite 810? 
Carbon 310° 
fe 2xX10° 
I 10” 
B 8x10" 
Se 10" 
S 10% 

TABLE 388.—THERMAL ELECTROMOTIVE FORCE OF PLATIINUM-RHODIUM 

ALLOYS VERSUS PLATINUM 

emf (mv) 

Percent rhodium 

Temp. 
Ae: a 1.0 5.0 10.0 20.0 40.0 

0 00 .00 00 00 00 00 
100 +.10 +.18 +.54 +.64 +.63 +.65 
200 .20 nO7, 1.16 1.43 1.44 sy? 
300 .29 $v 1.82 2132 2.40 2.55 
400 39 76 2.49 3.25 3.47 3.70 
500 48 94 3.17 4.22 4.63 4.97 
600 58 dEI2 3.86 22 5.87 6.36 
700 67 1.30 4.55 6.26 7.20 7.85 
800. 76 1.48 5.25 7.33 8.59 9.45 
900 85 1.66 5.96 8.43 10.06 11.16 

1000 .94 1.84 6.68 9.57 11.58 12.98 
1100 1.03 2.02 7.42 10.74 13.17 14.90 
1200 1.13 2.20 8.16 11.93 14.84 16.91 

80.0 

.00 
+.62 
1.49 
2:59 
347. 
oiliZ 
6.60 
8.20 
9.92 

11.76 
13.73 
15.81 
17.99 

100.0 

.00 
+.70 
1.61 
2.68 
S91 
5.28 
6.77 
8.40 

10.16 
12.04 
14.05 
16.18 
18.42 

TABLE 389.—EFFECT OF TENSION ON THE RESISTANCE OF METALS 

Li Ca Sr Sb Bi 

Recip. Young’s 
nator, SC MOP 55560 20 4.75 7S) 125 4.2 

Boisson tation eee 42 30 36 30? 537 
Tens. ‘coef. spec. 

TESISt, ee 422 oc +11 +.8 —21.2 +3.0 —3.65 

SMITHSONIAN PHYSICAL TABLES 

Manganin Co 

Ae, 8 
33 30 

—.60 +.19 



388 
TABLE 390.—VARIATION OF THE ELECTRICAL RESISTANCE WITH PRESSURE 

FOR TWO TEMPERATURES OF A NUMBER OF METALS *? 

Copper—AR/R, Silver—AR/R, Gold—AR/R, Iron—AR/R, Lead—-AR/R, 

pape 30°C W3AG 30°C HIE 308 ASAE 30°C 756 30°C Late Gs 

5,000 .0096 0094 0174 .0176 0151 0154 0121 .0118 0686 .0691 
10,000 .0186 0185 0338 0341 .0293 0299 0234 .0232 .1266 M277) 
15,000 .0271 0271 .0492 .0497 .0429 0437 0341 0341 1770 1791 
20,000 0354 0354 0637 .0644 0559 .0570 0444 0447 2214 2242 
25,000 0434 0435 .0774 0784 .0684 .0698 0542 0548 2611 .2643 
30,009 0513 =.0514. 0904 0916 = 0806 = 0824 — (0637) 0646 = 2959 ~—.2998 

142 Bridgman, Proc. Amer. Acad. Arts and Sci., vol. 72, p. 174, 1938. 

TABLE 391.—RELATIVE ELECTRICAL RESISTANCE WITH PRESSURE FOR TWO 

TEMPERATURES OF A NUMBER OF METALS * 

Zinc 

Axis 87° Axis 17° 
Lithium Calcium Strontium Barium to Wie to jength 

/ 
R/R R/R R/R(0, 30°) R/R(O, 30°) R/R(O, 30°) (0, 30°) (0, 30°) 

Pressure (0, 30°) (0, 75°) 
kg/cm? 30°C JisiaG 30°C USAC: 30°C 2 ees0ue T3aC 30°C ae 307€ ASAE 

0 -—— -—— 1.0000 1.1688 1.0000 1.0974 1.0000 1.156 1.0000 1.1627 1.0000 1.1650 
2,900 1.0175 1.0172 1.0237 1.1922 1.1141 1.2140 .982 1.130 .9868 1.1488 .9758 1.1352 
5,000 1.0354 1.0351 1.0490 1.2187 1.2448 1.3451 .971 1.114 .9744 1.1355 .9525 1.1062 
7,500 1.0539 1.0537 1.0764 1.2485 1.3922 1.4908 .967 1.107 .9628 1.1228 .9300 1.0809 

10,000 1.0727 1.0730 1.1069 1.2816 1.5562 1.6510 .970 1.106 .9518 1.1107 .9081 1.0562 
12,500 1.0920 1.0928 1.1407 1.3178 1.7364 1.8258 .976 1.108 .9416 1.0991 .8882 1.0325 
15,000 1.1117 1.1131 1.1772 1.3571 1.9333 2.0153 .984 1.113 .9321 1.0880 .8686 1.0103 
17,500 1.1318 1.1339 1.2164 1.3998 2.1467 2.2195 .995 1.123 .9233 1.0776 .8500 .9890 
20,000 1.1524 1.1553 1.2582 1.4460 2.3767 2.4377 1.008 1.140 .9150 1.0677 .8321 .9687 
22,500 1.1735 1.1770 1.3025 1.4959 2.6273 2.6703 1.025 1.161 .9072 1.0582 .8153 .9495 
25,000 1.1949 1.1992 1.3491 1.5485 2.8905 2.9187 1.044 1.184 .8998 1.0498 .7990 .9310 
27,900 1.2169 1.2221 1.3983 1.6033 3.1695 3.1805 1.066 1.211 .8926 1.0420 .7835 .9129 
30,000 1.2394 1.2453 1.4500 1.6603 3.4665 3.4585 1.092 1.241 .8855 — ./687 .8959 

Potassium Cesium 
R/R(O, 30°) R/R(O, 30°) 

Pressure a  . a Sodium Rubidium 
kg/cm? 30° 75 30° fae R/R(0, 30°) R/R(O0, 30°) 

0 1.0000 —- 1.0000 —- 1.0000 1.0000 
2,500 664 — 807 —- 8529 615 
5,000 491 615 812 1.046 537, 471 
7,500 378 .467 884 UAE 6762 407 

10,000 303 ‘S72 1.005 1.260 .6171 yA 
12,500 253 310 1.169 1.450 5708 354 
15,000 219 .269 1.376 1.685 5341 350 
17,500 197 .242 1.624 1.984 5049 358 
20,000 1821 224 1.917 2.369 4813 376 
22,500 — — 2.492 3.068 .4619 404 
25,000 1719 216 2.836 3.491 .4456 447 
27,500 — —- 3.239 3.972 4324 504 
30,000 1778 — —- 4.509 4223 576 

* For reference, see footnote 142, above. 
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TABLE 392.—THERMAL ELECTROMOTIVE FORCE OF NICKEL 389 

VERSUS PLATINUM 1 

Temperature versus emf 

AG; mv NG mv 6; mv 

0 000 400 5.450 800 9.350 
25 —.350 425 5.580 825 9.675 
50 710 450 5.745 850 10.010 
75 1.090 475 5.960 875 10.350 

100 1.485 500 6.165 900. 10.695 
125 1.880 525 6.360 925 11.045 
150 2.285 550 6.585 950 11.400 
175 2.695 575 6.800 975 11.765 
200 3.105 600 7.040 1000 12.130 
225 3.505 625 7.290 1025 12.500 
250 3.850 650 7.550 1050 12.875 
275 4.255 675 7.825 1075 13.250 
300 4.590 700 8.105 1100 13.625 
325 4.880 725 8.415 
350 5.110 750 8.720 
375 5.290 775 9.030 

1443 Nat. Bur. Standards Journ. Res., vol. 5, p. 1291, 1930. 

TABLE 393——AVERAGE PRESSURE COEFFICIENTS* OF ELECTRICAL 

RESISTANCE UP TO 7000 kg/cm? AS A FUNCTION OF TEMPERATURE ™“ 

Temperatures 

—78.4°C (OG: 

—12.88 —12.99 
—4.49 —4.39 
—4.71 —4.28 
—3.46 —3.45 
—2.97 —2.94 
—2.14 —1.88 
—2.00 —1.85 
—2.27 —2.34 
—-2.32 —2.13 
— .98 —1.18 
—1.97 —1.93 
—1.86 —1.64+ 
—1.29 —1.30 
—1.42 —1.45 
—1.42 —1.37 

Metal —182.0°C 

Leader ef oe —12.76 
Magnesium ...... —5.89 
Alvimintim 25.5... —9.16 
Silverrng scan sce —4.09 
(Golders —— 3) 7/1 
Copperes: esate —3.09 
INiickelimey. scan ce —1.88 
Iironmeenacccccorcn —2.44 
Ralladiumise eee =O 
INiobiniminse soe: — sell) 
Platinumiencce. se. 2.94, 
Rodi Be oss a. 26 
Molybdenum ..... —1.91 
antallurneee i ==Il,17/ 
WOMEN Sooobods —1.36 

* 108 
144 Bridgman, P. W., Proc. Amer. -\cad. 
+ Maximum pressure 45300. 
t On a less pure sample. 

Arts and Sci., vol. 67, p. 342, 1932. 

TABLE 394.—RESISTIVITY OF MERCURY AND MANGANIN UNDER PRESSURE 

Pressure, kg/cm? —- 500 

R(p, —75°) Hg.. 9186 .9055 
R(p, 25°) Hg.... 1.0000 .9836 
ae sae 1.0000 .9854 
R(p, 125°) Hg... 1.0970 1.0770 

1009 1500 

8930 .8818 
9682 .9535 
9716 .9588 

2000 2500 
8714 8582 
9394 9258 
9462 .9342 

1.0589 1.0400 1.0230 1.0070 

3000 

8478 
.9128 
9228 
9908 

4000 
8268 
8882 
.9010 
.9614 

5000 

.8076 
8652 
.8806 
9342 

6000 
.7896 
8438 
8616 
.9086 

* This line gives the specific mass resistance at 25°, the other lines, the specific volume resistance. 
The use of mercury as above has the advantage of being perfectly reproducible so that at any time a pressure 

can be measured without recourse to a fundamental standard. However, at 0°C mercury freezes at 7500 kg/cm?. 
Manganin is suitable over a much wider range. 
relation is linear within 49 percent of the change of resistance up to 13,000 kg/cm?. 
slightly with the sample. Bridgman’s samples (German) had values of (AR/pRo) X 10® from 2295 to 2325. 
These are + instead of —, as with most of the above metals. 
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6500 

.7807 
8335 
8527 
8966 

Over a temperature range 0 to 50°C the pressure resistance 
The coefficient varies 
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TABLE 395.—THERMAL ELECTROMOTIVE FORCE OF ZINC VERSUS 

PLATINUM 

Temperature versus emf 

nat C: mv 

150 1.276 
175 E572 
200 1.894 
225 2.240 
250 2.610 
275 3.002 

sc 

300 
325 
350 
375 
400 
415 

mv 

3.417 
3.853 
4.310 
4.786 
5.290 
5.604 

TABLE 396.—CONDUCTIVITY AND RESISTIVITY OF MISCELLANEOUS ALLOYS 

Conductivity in mhos or 

Temperature coefficients 

ohms-cm 
= p' = p*(1 + at — Dt’). 

Metals and alloys Composition by weight 

Gold-copper-silver ...... 58.3 Au+ 16.5 Cu+ 15.2 Ag 
8 E Lie Sak bade 66.5 Au+ 15.4 Cu+ 18.1 Ag 
oe ss Elan) pe chee: 7.4 Au + 78.3 Cu + 14.3 Ag 

Ti Var i ete he < Saree avy Peicmere aeariteec C SE meetin 
Wieldinessirones.<s1eer O:05:9omC Ug teeer pier Sacto 
Wioodsimetalce.. +s ce Sadat, 7? (Cal, te! oy ey Sine one 
BraSSh act acrsseye ins oro VianiOus: -piitcmesnios cere. 

a handudirawitl wee. AVA (SiS SO} ain saogos oo 
\ atinealeds os 1 ki 4 Ell Ae Se ieee 38 oe 

Germanitsilver <. .. s<- Via IOUS” cee eetoter rs cre cieratic ee 
(60.16 Cu + 25.37 Zn + } 

£ Ud ea DNASE oA 3 14.03 Ni-+ .30 Fe with Ere 
) of cobalt and manganese 

Mtn ip brOnZzes ce cru «4. crsersee sedeeteseiier ec clers eer snas 
Phosphoribnonze.... ce c< werusane eee cere ole uate 
Silreitaim DROMZE oc nn sceh ceceeeko ere OM Pemciss seks iver on eRelelou 
Manganese-copper ...... 30aMinio70n Eu! ..-.2.<caseeee 
Nickel-manganese- 

CODPEIM. scoters aee o 3 Ni+24Mn+73 Cu...... 
18.46 Ni+ 61.63 Cu + | 

INaGkKelitiys <.c1. 5 stevccce) fevers. \ 19.67 Zn + 0.24 Fe + ‘ 
0.19 Co+ 0.18 Mn ) 

| 25.1 Ni + 74.41 Cu + i 
Patentenickell a. 1. eter. , 0.42 Fe+ 0.23 Zn + 

| 0.13 Mn + trace of cobalt J 
{ 33.28 Cu + 25.31 Ni + | 

Rineotanigens c- ocleos victors 16.89 Zn + 4.46 Fe + 
0.37 Mn i 

Rheotang. > odes assis 53) (Cn, ZS IW, ly Aa, 9 esces 
Copper-manganese- 

UROM eteks cute eravseeraiesccsce 91 Cu+7.1Mn4+19 Fe.... 
Copper-manganese- 
WO Mb coe weiter etree 70.6 Cu +- 23:2 Mn -- 6.2 Fe. . 

Copper-manganese- 
THOM Stra rtta oie soe 69.7 Cu + 29.9 Ni+ 0.3 Fe .. 

AR) SELES apes ee aa heen i) (Cb) Ili 4 Ailanc oe ogee 
WMIEINReVitteaB as anGehooces 84° CE 12 Min aN 
Constantan eoaecee cuss 60) Ci AO MNibes ecesse ciate =1< 

*b xX 10° = 924. +b X 109 = 93. tb xX 10° = 7280. 
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1.93 
12.2-15.6 

2900 
1-2+10° 

= y' =7°(1 — at + bt) and resistivity in microhm — cm 



TABLE 397.--ELECTRICAL CONDUCTIVITY OF ALLOYS 391 

This table shows the conductivity of alloys and the variation of the conductivity with 
temperature. The conductivity is given as C; = Co (1 — at + bt’), and the range of tem: 
perature was from 0° to 100°C. 

The table is arranged in three groups to show (1) that certain metals when melted to- 
gether produce a solution which has a conductivity equal to the mean of the conductivities 
of the components, (2) the behavior of those metals alloyed with others, and (3) the be- 
havior of the metals alloyed together. 

Part 1 

Weight % Volume % 

of first named Co 
Alloys 104 aX 108 bX 10° 

Shab Diese sniecatitiaa eo cae 77.04 83.96 Ths 3890 8670 
‘Siar Stal eee i: ee ene 82.41 83.10 9.18 4080 11870 
SVSia es alsapen aoe mee 78.06 Helgi 10.56 3880 8720 
Sie Facer set cievacies 64.13 53.41 6.40 3780 8420 
VEX COE BET “A leieeeeaene 24.76 26.06 16.16 3780 8000 
Su Gch Bkec asc woes mea 23.05 23.50 13.67 3850 9410 
GaIB ecto caine seis o's 7537. 10.57 5.78 3500 7270 

Part 2 

Volume % Weight % 

of first named Lo 
Alloys ee 10¢ aX 108 b X 10° 

Lead-silver (PboAg) ... 95.05 94.64 5.60 3630 7960 
Lead-silver (PbAg) .... 48.97 46.90 8.03 1960 3100 
Lead-silver (PbAg2) ... 32.44 30.64 13.80 1990 2600 

Tin-gold (SnzAu) ..... 77.94 90.32 5.20 3080 6640 
me BCONsAW) osces: 59.54 79.54 3.03 2920 6300 

Min=cOpperwscieiayroesiee . 92.24 93.57 7.59 3680 8130 
io bob» rliertteeta rons 80.58 83.60 8.05 3330 6840 
4 ee bee ee ete cooks 12.49 14.91 5.57 547 294 
" TNS Cotas 10.30 12.35 6.41 666 1185 
5 Shek, a ORO ee 9.67 11.61 7.64 691 304 
ef Pad ie Re is tee 4.96 6.02 12.44 995 705 
% FS eens ORNS «ca hes 1.15 1.41 39.41 2670 5070 

PANS IVE T abit jonas, ostium 91.30 96.52 7.81 3820 8190 
S oe ER, mare 6) OBES 7S 8.65 3770 8550 

ZANe-COppelane cee ene 36.70 42.06 175 1370 1340 
o TR as eee 25.00 29.45 13.70 1270 1240 
x Ged Ea a tcveve cha raters 16.53 23.61 13.44 1880 1800 
ie Oy eae tarsgciala aucarstente 8.89 10.88 29.61 2040 3030 
‘s Beet eu aVel al ch eeay Se 4.06 5.03 38.09 2470 4100 

Nore.—Barus has pointed out that the temperature variation of platinum alloys contain- 
; s n 
ing less than 10% of the other metal can be nearly expressed by an equation y aie att 

where y is the temperature coefficient and x the specific resistance, m and n being constants. 
If a be the temperature coefficient at 0°C and s the corresponding specific resistance, 
s(atm)=n 

For platinum alloys Barus’s experiments gave m = —.000194 and n = .0378. 
For steel m = —.000303 and n = .0620. 

Matthiessen’s experiments reduced by Barus gave for 

Gold alloys m = —.000045, n = .00721. 
Silver “ m = —.000112, n = .00538. 
Copper ‘““ m = —.000386, n = .00055. 

(continued) 
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TABLE 397.—ELECTRICAL CONDUCTIVITY OF ALLOYS (concluded) 

Part 3 

Weight % Volume % 

of first named Co 
Alloys (a 104 

Gold=coppeq. ayaa ace 99.23 98.36 35.42 
. tees Ee 90.55 81.66 10.16 

Goldesilver 4-54. cena e 87.95 79.86 13.46 
ie Soa inthis PNET 87.95 79.86 13.61 
MG se ae PRER SO Baavsiattte 64.80 52.08 9.48 
“ yes 3.5 cee D 64.80 52.08 9.51 
rf SUN RAE oO eons 31.33 19.86 13.69 
y cD A ie re Sis} 19.86 13.73 

Goldzcoppen ecaaaee cece 34.83 19.17 12.94 
4 VEY ecge serene 1e52 71 53.02 

Platinum-silver ........ $6105) 19.65 4.22 
‘o Pecans terete 9.81 5.05 11.38 
© aan Ss eee 5.00 2.51 19.96 

Palladium-silver ....... 25.00 23.28 5.38 

Copper-silver: .......¢ 98.08 98.35 56.49 
a ES SR eee 94.40 95.17 51.93 
~ ee cn eer 76.74 77.64 44.06 
‘ Oa BAS eco 42.75 46.67 47.29 
Vi aS oo Deer 7.14 8.25 50.65 
= So oo Loerie 1.31 1.53 50.30 

[iron-rolde see esc cee 13.59 27.93 E73 
Oy Ga ee no 9.80 21.18 1.26 
Sy EN I sb Seal A Sed Fadia 4.76 10.96 1.46 

Iron-copper ............ .40 46 24.51 

Phosphorus-copper ..... 2.50 — 4.62 
. eae Pas voea 95 — 14.91 

Arsenic-copper ......... 5.40 -— 3.97 
of ea) A See 2.80 — 8.12 
" ae See es trace —— 38.52 
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TABLE 398.—RESISTIVITIES AT HIGH AND LOW TEMPERATURES = 393 

The electrical resistivity (p, ohm-cm) of good conductors depends greatly on chemical purity, 
Slight contamination even with metals of lower p may greatly increase p. Solid solutions of good 
conductors generally have higher p than components. Reverse is true of bad conductors. In solid 
state allotropic and crystalline forms greatly modify p. For liquid metals this last cause of varia- 
bility disappears. The + temperature coefficients of pure metals is of the same order as the coef- 
ficients of expansion of gases. For temperature resistance (t, p) plot at low temperatures the 
graph is convex toward the axis of ¢ and probably approaches tangency to it. However for 
extremely low temperatures Onnes finds very sudden and great drops in p, e.g., for mercury, 
ps.exk <4 X 10°" po and for Sn, ps.sk <10-po. The t, p graph for an alloy may be nearly parallel to 
the ¢ axis, cf. constantan; for poor conductors p may decrease with increasing t. At the melting- 
points there are three types of behavior of good conductors ; those about doubling p and then pos- 
sessing nearly linear ft, p graphs (Al, Cu, Sn, Au, Ag, Pb) ; those where p suddenly increases and 
then the + temp. coefficient is only approximately constant (Hg, Na, K); those about doubling p 
then having a —, slowly changing to a + temp. coef. (Zn, Cd) ; those where p suddenly decreases 
and thereafter steadily increases (Sb, Bi). The values from different authorities do not neces- 
sarily fit because of different samples of metals. Resistivities are in microhm-cm unless other- 
wise stated. Italicized figures indicate liquid state. 

Gold Copper Silver Zinc 
——.q1-. -——.?____"—————_. 

a mn P 
°C Ps Po °C Ps Po °C Ps Po °C Py Po 

—252.8 .018 .0081 —258.6 .014 .0091 —258.6 -009 .0057 —252.9 .0511 .0089 
—200. -601 .267 —252.8 .016 .0103 —252.8 .014 .0090 —200. 1.39 -242 
—192.5 .520 EZ —251.1 .028 .0178 —189.5 .334 eaoe —191.1 E23 .214 
—150. .997 .444 —206.6 .163 .1035 —z200. .357 .237 —150. 2.00 .348 
—100. 1.400 -623 —192.9 .249 .1580 —150. -638 -424 —100. 2.90 .504 
— 77.6 1.564 -696 —150. .567 .359 —100. -916 .608 — 77.8 3.97 -691 
— 50. 1.813 .806 —100. -904 .573 — 76.8 1.040 .690 — 50. 4.04 .703 

0. 2-247 11.00 — 50. 1.240 .786 — 50. 1.212 .805 0. 5.75 1.00 
100. 2.97 1232 0. 1.578 1.00 0. 1.506 1.00 100. 7.95 1.38 
200 3.83 1.70 100. 2.28 1.44 100 2.15 1.43 300% 13225 2.30 
500. 6.62 2.94 200. 2.96 1.88 200. 2.80 1.86 415. 17.00 2.96 
750. 9.35 4.16 500. 5.08 3.22 400. 3.46 2.30 427. 37.30 6.49 

1000 12.54 5.58 750 7.03 4.46 750 6.65 4.42 450. 37.08 6.46 
1063. 13.50 6.01 1000. 9.42 5.97 960. 8.4 5.58 500. 36.60 6.36 
1063. 30.82 13.7 1083. 10.20 6.47 960. 16.6 11.0 600. 35.90 6.25 
1200. 32.8 14.6 TOBSeey21e3 0) 1325) 1000" © 175017 1173 700. 35.60 6.19 
1490. 35.6 15.8 12009 VaZ2330" 1431 12005 » 19236.) 1229 800. 35.60 6.19 
1500. 37.0 16.5 1400. 23.86 15.1 1400. 21.72 14.4 850. 35.74 6.21 

1500. 24.62 15.6 TSO08 (2350 1523 

Mercury Potassium Sodium Iron 
SS SS ae 

Ps Ps age Py 

5c Ps Po He Py Po 5c Ps Po < Pe Po 
—200. 5.38 .057 —200. 1.720 .246 —200. -605 .137 —252.7 -011 .0010 
—150. 10.30 .109 —150. 2.654 .379 —150. 1.455 .330 —200. ES7 .053 
—100. 15.42 .164 -—100. 3.724 .532 —100. 2.380 541 —192.5 .844 .079 
— 50. 21.4 .227 — 50. 5.124 .732 — 50. 3.365 .764 —100. 5.92 .554 
— 30. 91.7 975 0. 7.000 1.00 0. 4.40 1.000 — 75.1 6.43 -602 

0. 94.1 1.000 20. 7.116 1.016 20. 4.873 1.107 — 50. 8.15 .763 
50. 98.3 1.045 60. 8.790 1.256 93.5 6.290 1.429 — 0. 10.68 1.00 

100. 103.1 1.096 65. 13.40 1.914 100. 9.220 2.095 100. 16.61 1.554 
200. 114.0 1.212 100. 15.31 2.187 120. 9.724 2.209 200. 24.50 2.293 
300. 127.0 1.350 L20 5a 162710 2.386 140. 10.34 2.349 400. 43.29 4.052 

Manganin German silver Constantan 90% Pt 10% Rh 
I — uw 

Pr Pr Pr Py 
°C Ps Po °C Ps Po ne Ps Po °C Py Po 

—200 37.8 974 —200 27.9 930 —200. 42.4 961 —200 14.49 685 
—150 38.2 985 —150 28.7 957 -——150. 43.0 975 —150 16.29 770 
—100 38.5 992 —100 29.3 977 —100. 43.5 986 —100 18.05 854 
— 50 38.7 997 —— 50 29.7 990 — 50. 43.9 995 — 50 19.66 930 

6 38.8 1.000 0 30.0 1.000 0. 44.1 1.000 0 21.14 1.000 
100. 38.9 1.003 100. Soul 1.103 100 44.6 1.012 100 24.20 1.145 
400 38.3 987 400 44.8 1.016 

(continued) 
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TABLE 398.—RESISTIVITIES AT HIGH AND LOW TEMPERATURES (concluded) 

(Ohm-cm unless stated otherwise.) 

Platinum Lead Bismuth Cadmium 

Py Pr Py Pr 

°C Pr Po °C Pr Po °C Pr Po °C Pr Po 
e556) 10 ~~ -.0092 =950:9" w5oNlderO2988 wh l-200. S348 1314 =2959%9' 0! 78 > sO2i8 
= 253) MS 4A 2014 =~ BNI 4:4 2eveateea = 150, ea oo8s ‘499 20D, 1.66 « 4-28 
—233. .54 .049 —192.8 5.22 .264 —100. 75.6 683 —190.2 2.00 2.58 
—153. 4.18 .378 —103. 11.8 .598 — 50. 94.3 .852 —183.1 2.22 -286 
— 73. 7.82 .708 — 75.8 13.95 .705 OF Md057 1.00 —139.2 3.60 -464 

0. 11.05 1.00 — 53. 15.7 .792 li 7eveul20.0 1.083 —100. 4.80 -619 
100. 14.1 1.28 Ofy, 1938 1.00 100. 156.5 1.413 0. 7.75 1.00 
200. 17.9 1.62 100. 27.8 1.403 200. 214.5 12937, 300. 16.50 2243 
400. 25.4 2.30 200. 38.0 1.919 259. 267.0 2.411 B25¢ VS76 9.35 
800. 40.3 3.65 319. _50:0 2252 2633, 1248 5, 1.150 350. 33.60 4.33 

1000. 47.0 4.25 Sonn) 8a. 4.80 300. 128.9 1.164 400. 33.70 4.35 
1200. 52.7 4.77 400. 98.3 4.96 500. 139.9 1.263 5008 * 35422 4.40 
1400. 58.0 5.25 600. 107.2 5.41 700. 150.8 1.361 700. 35.78 4.62 
1600. 63.0 5.70 800. 116.2 5.86 790; 153825 1.386 

Tin Are 
a Carbon, graphite nh Alundum cement 

p, SS - Fused silica RE a 
etd p in ohms-cm ———n aioli 

LC Ps Py ne A °C p= megohms-cm 2€ és eee as 

—200. 2.60 .199 Carbon Graphite 15: > 200,000,000. 20. >9x«108 
—100 7.57 .580 Q. -0035 -00080 230: 20,000,000. 800. 30800. 

0. 13.05 1.00 500. 0027 .00083 300. 200,000. 900 13600. 
200. 20.30 1.55 1000. -0021 00087 350. 30,000. 1000 7600. 
225. 22.00 1.69 1500. 0015 .00090 450. R00. 1100 6500. 
235. 47.60 3.65 2000. .0011 00100 700. 30. 1200 2300. 
750. ‘61-22 4.69 2500. .0009 .0011 850 about 20. 1600 190. 

* Diamond 1030°C, p >107; 1380°, 7.5 x 105. 

TABLE 399.—SUPERCONDUCTIVITY OF SOME METALS ** 

Metal oe Metal ApeiKe Metal TK 

IN\Dermetc ct cot cc tees 9.22 bie AS ee Re Bee 3.38 We Aeciacae eee WS 
] 2) Off Oe Gaerne 7.2 ico a eee, 2.57* OSrat acne see 71 
ee Ra cn tc pseor. ene S ALI si dc ot ee OREM Ke 2.4 VL PARES ANN = 0,0 oo .54* 
Gs Paar Saale 4.4 Th hae ol 1.32 Cdr. Oo ee 54 
\ ive alee CE oe te 4.3 JN ac 5 8 See aan 1.15 STs sapere s.4 > ee .53t 
Ge ate cask SB 4.15 \GEIEE, oo eee ac 12 Ru tat sateebe 47 
Site oo teee oe eee a 7/l TL ee ee Pe SO 95t Fk, ctaons Saree 35 

1445 Smith, Thomas S., Ohio State University, private communication. 
= Daunt, 2 

1324, 1948. 
G., and Smith, T. S ¢ Daunt, J. G., and Heer, C. V., Phys. Rev., vol. 76, pp. 719 and 

TABLE 400.—SUPERCONDUCTIVITY OF SOME ALLOYS AND COMPOUNDS “@ 

NDC tee: 10.1°K Pb-As alloy. 
het Oe ae ore 9.2 Mo .n43-k 
Pb-As-Bi .. 9.0 N3Ph;. . 20h 
Pb-Bi-Sb .. 89 Bipitls so 
Pb-Sn-Bi 8 5 Sb2T1; a aheltehe 

MaSieen cen 

8.4°K 

149 Smith, G. H., and Wilhelm, J. O., Rev. Mod. Phys., vol. 7, p. 240, 1935. 
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Wee: ee 2.05°K 
AwBi, 3.0806 1.84 
GuSi...6.2 8 1.6 
EINE Be csc 1.4 
ViINo* coe. Bae 123 
TiC eee 1.1 
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TABLE 401.—VOLUME AND SURFACE RESISTANCE OF SOLID DIELECTRICS 

The resistance between two conductors insulated by a solid dielectric depends both upon 
the surface resistance and the volume resistance of the insulator. The volume resistivity, p, 
is the resistance between two opposite faces of a centimeter cube. The surface resistivity, 
g, is the resistance between two opposite edges of a centimeter square of the surface. The 
surface resistivity usually varies through a wide range with the humidity. 

a; megohms a; megohms a; megohms p 
Megohm-cm Material 50% humidity 70% humidity 90% humidity 

Ampere rar eae Leng es 6x 10° 2108 IS <ilGr 5<102 
BEES Waxemyell Owen teeter cree ois 6x 10° 6x 108 Sloe 210° 
Gelitlord see. es. ae ae ee ee, S07 2x10 2x 108 Z>h0k 
ler oe seeal” Sonic is oe ee Cae 2x 10' Sal 02 PAN OF 510° 
Glassmiplatecysa ce caecettc rors cere tare S <r 6x10 2x10 2x10" 

Sree a aC 8. asi. ccta Acksasterbe cio ashe 410° 4x 10% 110° 810° 
andernubber mewn aenec. ieee 3x 10° 1105 2x 10° SOF 
IGOR? Sadeahbn lee Hose DAOC IS ae 5x 10° 110° 3x10 210? 
Khotinskyacement sseee oe cee eee ee PXN08 3x 108 Sale 2aAie 
Miah eweltalliiammsnceeci reece 310° NO 2x10 110° 
INMicammcoloulesst en tte te oe nt ee 2108 410° 8x 10* I\G> 
iPeycahanin (GUeONWESS)- 6 cosodaucoceSac 9x 10° 7><10° 610° S<LOn 
Barcelain,unelazed:-2.s<sescereser es 610° BX 5x10 Se 
Otmantz® fused |. Mee «<5. «te eee oes 310° 210; 2X10? Scl0e 
ROSITA 555 6 ecco S SARE OE: SE 6 10° 3x10 2108 SO 
Sealine wax: cw: dtoscann tetas foe 210° 6108 9107 810° 
Shellagowenes 2a e cee eee 3 610" 310 7X 108 PS<10% 
Slater a. tae Sar octets aes 9x10 3x10 1x10 ISO; 
Sulit ae See Ae Bee le Oe a aes 710° 4x 10° SLE 1x10" 
Wood, paraffined mahogany ........ 4x 10° 5x 10° 7X 10° 4x 10° 

TABLE 402.—ELECTRICAL RESISTIVITY OF SOME OXIDES AND 

MISCELLANEOUS MINERALS * 

Resistivity Resistivity 
Material ohm-cm Material ohm-cm 

Graphite, commercial Sltur’ 9:35.). 5h. 3 eee >10" 
electrodes (density =1.5)  .001-.0013 PbO2y synthetic mss ase .000092 

Hematite, Fe2O:, mineral..  _.35-.7 MnO,, synthetic .......... 
Iron, metallic, meteoric ... 2.4-3.2K6°? NU Ot Ben ay ae ee .00045 
Rockasalpepunemencee bee 10°-107 WO Sy csearss te eRe cs: SAPNEE cs 2x 10° 

MOIR. Ganeose 10° 

* For reference, see footnote 45, p. 136. 

TABLE 403.—ELECTRICAL RESISTIVITY OF ROCKS AND SOILS * 

Resistivity : Resistivity 
Igneous rocks ohm-cm Sedimentary rocks ohm-cm 

Granite: Awe Sie TEMP, 10*-10° Exmnestone %. 18 See ose 10* 
Mava fHows(basic) 25 scno oss 10°*-10° Limestone, Cambrian ....... 10*-10° 
Lava treshroe ears. SO nel 3 10*-10° Sandstone, eastern s!.. 22. 0. 3X 10*-10* 
Quartz vein, iMmaSSiVeRe eae >10° Sandstone clelelreNetsiicle/oliefevel ete os! oNe 10° 

JESTER CNS: 4 a cee One ae 10° 
Resistivity 

Metamorphic rocks ohm-cm Resistivity 
Marble, white .............. 10” Unconsolidated materials ohm-cm 

11M FED) Laat 1 a pr eae pm 4x 108 lay DING: <i on ae msune eye 2105 
Marble, yellow ............. 10'° Glaveysearth enter 10*-4 10* 
Schistemicassce eee... eee 10° CIC ied Fal Racers BASE RAS te er 210° 
ShalesNonesuch¥ees..55.- 5-8 10* EAIVLIE (5.2.4 steeis a ocnranenniees = 10° 
Shale, beds ee ee eee 10° Sand, dry OIG OO, ROR TERA ON 4G 10°-10° 

Sandmoist pee sn aces ene 10°-10° 

* For reference, see footnote 45, p. 136. 
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TABLE 404.—RESISTIVITY OF SOILS AND SEA WATER MEASURED WITH 

HIGH-FREQUENCY ALTERNATING CURRENT * 

Frequency __ Resistivity 
Material kilocycles/sec ohm/cm 

Soil, very dry .. 1 to 10,000 10° 
Mopsoilhdty, jee 37,000 7,000 

Loam, dark 
(moisture, 60%) 100 2,600 

1,200 2,300 
10,000 1,500 

* For reference, see footnote 45, p. 136. 

Frequency 
Material kilocycles/sec 

Glayandiny. aesee-© 37,000 

Resistivity 
ohm/cm 

60,000 

TABLE 405.—ELECTRICAL RESISTIVITY OF NATURAL WATERS #* 

Resistivity 
Material ohm-cm 

Very fresh distilled waters ...... 2c 10% 
Mime@mwaters: cada e es ss .aeinerter 500 

* For reference, see footnote 45, p. 136. 

TABLE 406.—RESISTIVITY OF SOME GLASSES AT THREE 

Material 

Potable ground waters ...... 
Sunfacel waters: eaeereniceeeen 

TEMPERATURES 

Glass Principal use 

Potash soda lead ...... Lamp tubing 
Sodamlimtel “ei. eae: Lamp bulbs 
Potash soda lead ...... Lamp tubing 
Fade leime: epics Cooking utensils 
Borosilicate. ae Kovar sealing 
Borosilicate; ssccenee Low loss electrical 
Borosilicate. cece. on. Baking ware 
PyGOxt trate ecu cae General 
WAVGGIEs Settee eae eee Low expansion ultra- 

violet transmission 

Log 10 

Volume resistivity 
(ohm-cm) 

Density DESK, 25026 

2.85 17.+ 8.9 
2.47 12.4 6.4 
3.05 7a 10.1 
2259 7s 11.4 
2.28 17. 9.2 
Zal's 17.+ eZ 
2.24 iISp 8.2 
225 5: 8.1 

2.18 Wyse 12 
2.20 

Resistivity 
ohm-cm 

Ww Ss 

BN ADANepRROHO & SO AHN Ogu —y 

147 Corning Glass Co. publication, Properties of selected commercial glasses, 1949. General Electric 
Co. publication, Fused quartz, 1947. 
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TABLES 407-415—ELECTROLYTIC CONDUCTION 397 

TABLE 407—CONDUCTIVITY OF ELECTROLYTIC SOLUTIONS 

In these tables m represents the number of gram molecules to the liter of water in the 
solution for which the conductivities are tabulated. The conductivities were obtained by 
measuring the resistance of a cell filled with the solution by means of a Wheatstone bridge 
alternating current and telephone arrangement. The results are for 18°C, and relative to 
mercury at 0° C, the cell having been standardized by filling with mercury and measuring 
the resistance. They are supposed to be accurate to within one percent of the true value. 
The tabular numbers were obtained from the measurements in the following manner: 
Let Kis = conductivity of the solution at 18°C relative to mercury at 0°C. 

K*,s = conductivity of the solvent water at 18°C relative to mercury at 0°C. 
Then Kis — K“1s = kis = conductivity of the electrolyte in the solution measured. 

Fa u=conductivity of the electrolyte in the solution per molecule, or the 

“specific molecular conductivity.” 

Part 1.—Value of k,, for a few electrolytes 

_ This short table illustrates the apparent law that the conductivity in very dilute solutions 
is proportional to the amount of salt dissolved. 

m KCI NaCl AgNO, KC,H,0, K,SO, MgSO, 
.00001 1216 1.024 1.080 .939 1.275 1.056 
00002 2.434 2.056 2.146 1.886 2.532 2.104 
.00006 7.272 6.162 6.462 5.610 7.524 6.216 
.0001 12.09 10.29 10.78 9.34 12.49 10.34 

Part 2.—Electrochemical equivalents and normal solutions 

The following table of the electrochemical equivalent numbers and the densities oi ap- 
proximately normal solutions of the salts quoted in Table 499 may be convenient. They 
represent g per cm’® of the solution at the temperature given. 

Temp. Temp. 
Salt dissolved gperl m °C. Density Salt dissolved g per! m °C Density 

KiGls sg-n6e% 74.59 1.0 15.2 1.0457 SKS Oip ese 87.16 1.0 18.9 1.0658 
INL Cle as. 53.55 1.0009 18.6 1.0152 4Na-SQ,. .... 71.09 1.0003 18.6 1.0602 
Na@l) 52 e: 58.50 1.0 18.4 1.0391 ALISO. 5-8 55.09 1.0007 186 1.0445 
MGiy =e eELes 42.48 1.0 18.4 1.0227 4MgSO,; 60.17 1.0023 186 1.0573 
SBA 7 ere. - 104.0 1.0 18.6 1.0888 SENSO? oo: e 80.58 1.0 5.3 1.0794 
Sen, 29k. 68.0 1.012 15.0 1.0592 SCuSOg 224 79.9 1.001 182 1.0776 
] ES Se 165.9 1.0 18.6 1.1183 FK eC Om. t 69.17 1.0006 18.3 1.0576 

KIN Oss es 101.17 1.0 18.6 1.0601 4Na:CO; 53.04 1.0 17.9 1.0517 
INGIN@3s. Sore, 85.08 1.0 18.7 1.0542 KiQHi: «3% 56.27 1.0025 18.8 1.0477 
AgNO, ..... 1699 10 -—— = FG eee. 8 35.51 1.0041 18.6 1.0161 
4Ba(NOs)2 .. 65.28 5 — a IaU(OS eee 6313 1.0014 18.6 1.0318 
KGlOs  2s—. - 61.29 5 18.3 1.0367 SEESOw.- 2% 49.06 1.0006 18.9 1.0300 
KC.H:0O: 98.18 1.0005 18.6 1.0467 

TABLE 408.—TEMPERATURE COEFFICIENTS OF CONDUCTIVITY 

The temperature coefficient in general diminishes with dilution, and for very dilute solu- 
tions appears to approach a common value. The following table gives the temperature 
coefficient for solutions containing 0.01 gram molecule of the salt. 

Temp. Temp. Temp. Temp. 
Salt coeff. Salt coeff. Salt coeff. Salt coeff. 

40 ane 0220s nae (RE Ose a 219° =«4K.SO. .... 023 +€0--——028 
NELCI fs (O26. © UKNO. oe. 0216 4NasSO. ... 0240 4Na:CO, ... .0265 
NaGls cs 0238 «=~NaNO. .....02%6° “3LiSO, .. 02827 ROH 0194 
5G eee 0232. AgNO, ...... O21 des, 2 tee BC ee 
SBaCh «2.0 0234 $Ba(NOs)s . 0224 4ZnSO, .... 0234 yang. 0125 
4ZnCla ..... .0239 KGlOy 0219 4CuSO,. .... .0229 4H.SO, gy 

$MeCl .... 0241  KC.H:O, ... .0229 a ae sear 0159 
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TABLE 409.—SPECIFIC MOLECULAR CONDUCTIVITY OF SOLUTIONS 

Mercury = 10°/(ohm-cm) 

Salt dissolved m= 10 5 3 1 aS «ll 

PESO. whe sere ik eth hya=Mh HApe—hetMGye « 36 
Reprise RM ee pile. a TB2 Fey OLOe (oe SSB 5¢ cr O47 
URE RY, oes, Wmatceyee 22 woh Z70",) 1)900;- if 968 ay997>- 1069 
NEUCten. o8t Jn mee 2) WAS: of 825-9 907) ) 9484501035 
KIN Ose Lenwoilod. 9: = silo symuns72e i752: bai B39ks 41983 
PuleC KG Ey ta qtan tae eee — — 487 658 725 861 
KiGlOibacectstetnottnn — — — — 799 927 
4BaN20. Bigeye Te}cellelis)) =) is e)/8\"* = = —e a 531 755 

REUSO. Shales. aeHy: ; — — 150 241 288 424 
INGAINI@ sasbcis iscaiiene ses — 351 448 635 728 886 

LZAS OM EINE, 208, Lael = @ ge. 46. - 249. 308 Ta 
DNIZSOW) Acct. = she lec 270° a0) aya 
4Na.SO, Srevetoloheneteltsh aielre = = — 475 559 734 

NTROU SS ce aca 60 180 280 514 601 768 
RCT ee SEG Rn Gag GO5°S 757 Mags 
INEIN OS See eee een _ — 430 617 694 817 
KG AsO caissaesks « 30 240 381 594 671 784 
PINEH GORGE oan a tree — — 254 427 510 682 
Ta LSOAT Be ceee tear 660 1270 1560 1820 1899 2084 
GOEMOR ticecccungnerecves 5 2.6 Seo 2 19 43 

EG es ee, Oe 600 1420 2010 2780 3017 3244 
IR UN (© breancerevcmanenrrrerscaras 610 1470 2070 2770 2991 3225 
AAR On wecciace tae a rs 148 160 170 200 250 430 
KOM ic AAs. 423 990 1314 1718 1841 1986 
INEM Steet o eae mitee ne cee 5 2.4 518) 84 12 31 

Salt dissolved .006 .002 .001 .0006 .0002 .0001 

NSS Ogee eiaysrcraetr ne ears 1130 1181 1207 1220 1241 # 1249 
IG Rove coc 11627 1185" 1198" 11991209. "*1:209 
Kier 1176 1197 1203 1209 1214 1216 
NIG ie ce te 1157. 1180 1190 1197 1204 12N9 
ReN@y tei. UT OL 1140 1173 1180 1190 1199 1207 

Ba Ge. SI orc eels LOSI 10741092" OZ its, 1126 
EO @s, Berry. OF BSc 1068 1091 1101 1109 1119 £1122 
BID AING @etels. cs ems Sees 982 1033 1054 1066 1084 #1096 
FEuS Og eo. aks «5 Ss 740 873 950 987. 1039 1062 
INGINI@ sete ok eta 1033 1057 1068 1069 1077 #1078 

FEDS OR RE. Pees b oes 744 861 919 953 1001 1023 
SNESO.S 1. . £50). 1..48. 773 881 935 967. 1015 1034 
AINasS OR . b208.6 hf: 933 980 998 1009 1026 1034 
JARCI a aed da aOR AS 939 979 994 1004 1020 #1029 
INa Gi tack: 976 998 1008 1014 1018 1029 

INaiNI@ ie Pees Sey 5 Be 921 942 952 956 966 975 
INGHLOs othisce ccna: 891 913 919 923 933 934 
WINE CLO Ra cn pray nora 956 1010 1037 1046 988 874 
SEES O@ON - coco ss oan: 3001 3240 3316 3342 3280 3118 
(Gals Oya perce oe ae oe 170 283 380 470 796 995 

ELC See ones 3438 3455 3455 3440 3340 3170 
JBUN © HAs Namen amare aaa 3421 3448 3427 3408 3285 3088 
AGP Oi iceman 858 945 968 977 920 837 
IOUS SE Beet ae ore iar 2141 2140 2110 2074 1892 1689 
ANA g so o2 at's tee ohh 116 190 260 330 500 610 

* Acids and alkaline salts show peculiar irregularities. 
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TABLE 410.—LIMITING VALUES OF yu, THE SPECIFIC MOLECULAR 

CONDUCTIVITY 

This table shows limiting values of u ==10 for infinite dilution for neutral salts, cal- 

culated from Table 409. 

Salt 7 Salt 7 

SKGSOR 2.2. 1280 Ba laneece 1150 
KGa genne ts 1220 4KCIO; 1150 
GT eet genset 1220 $BaN20. 1120 
INE os oae 1210 4CuSO, 1100 
IRIN@ Eg nooee 1210 NANO 55.056 1090 

_ — 4ZnSOz 1080 

Salt 7 

3MgSO, .... 1080 
4Na2SO, a LOGO 

SZ Claee. sas 1040 
Wal eet ss. 1030 
NaN@s, 2.25. 980 
K.C.H302 940 4Na.COs 

TABLE 411.—THE EQUIVALENT CONDUCTIVITY OF THE SEPARATE IONS 

Ion O2C 

KOR a REN S  Rek Res 40.4 
INET. pie 43 Gime cet ele ae 26 
INEM gS os revere, EME tees BB 2 40.2 
Bee ey oye 32.9 
1 eC NS oh ERAS 5 See ae 33 
Cel Ps Ee ee 30 
DG Ae. Pelee cue 35 

GIN ness en eine 41.1 
INO sere ositen ooene ce 40.4 
(CASO = ees 4 Seatac 20.3 
5S OMT eae oe ek 41 
KEOU ae ae 39 
Galle waa eens 36 
PREGEN Ys tee scones 58 

le ANG sy GE es cies cece 240 
OV yh tees 105 

314 
172 

29% 50° LS 

(4.9; + LS 159 
50.9 82 116 
14-S00m AIS 159 
63:5 101 143 
65 104 149 
60 98 142 
72 119 173 

75 LNG 160 
70.6 104 140 
40.8 67 96 
79 125 177 
73 115 163 
70 113 161 

111 173 244 

350 465 565 
192 284 360 

100° 
206 
155 
207 
188 
200 
191 
235 

207 
178 
130 
234 
213 
214 
321 

644 
439 

128° 

263 
203 

722 
525 

156° 

317 
249 
319 
299 
322 
312 
388 

318 
263 
211 
370 
336 

777 
592 

TABLE 412.—HYDROLYSIS OF AMMONIUM ACETATE AND IONIZATION OF 

WATER 

Toniza- 
tion 

Tempera- Percentage constant 
ture hydrolysis of water 

t 100, Ky X 10% 

ORG .089 
18 (.35) .45 
25 _— 82 

Hydrogen-ion 
concentration 
in pure water 
Equivalents 

per liter 

Cy X 107 
30 
68 
91 

Tempera- Percentage 
ture hydrolysis 

t 100, 

100°C 48 
156 18.6 
218 527, 
306 91.5 
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Toniza- 
tion 

constant 
of water 

Ky X 10 
48. 

223. 
461. 
168. 

Hydrogen-ion 
concentration 
in pure water 
Equivalents 

per liter 

Cy X 107 

6.9 
14.9 
21-5 
13.0 
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TABLE 413.—THE EQUIVALENT CONDUCTIVITY OF SALTS, ACIDS, AND BASES 

IN AQUEOUS SOLUTIONS 

In the following table the equivalent conductance is expressed in reciprocal ohms. The con- 
centration is expressed in milli-equivalents of solute per liter of solution at the temperature to 

(In the cases of potassium hydrogen sulfate and phosphoric acid 
the concentration is expressed in milli-formula-weights of solute, KHSO, or HsPOs,, per liter 
of solution, and the values are correspondingly the modal, or “formal,” conductances.) Except 
in the cases of the strong acids the conductance of the water was substracted, and for sodium 
acetate, ammonium acetate and ammonium chloride the values have been corrected for the 

which the conductance refers. 

hydrolysis of the salts. 

Equivalent conductance in 

Concen- 
tration Substance 

Potassium chloride... 0 
a3 “ 

eceee 

eee eee ne 

eee rece 

eee eeeee 

Ammonium chloride. 0 

“ et 10 
“ “ 

Ammonium acetate. * 0 

Barium nitrate....... 0 
“ cc 

eee ewes 

eee eens 

eee ew ee 
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Concentration in 
g equivalents 

1000 | 

reciprocal ohm-cm 

g equivalents per cm*” 

Equivalent conductance at the following °C temperatures 

18° aye 50° 735 

130 C1S2Z51)i(232:5) (321-5) 
126.3 146.4 — — 
1227:45) 14 Veope 25:2 2295-2 
13:5 — — — 
112.0 129.0 194.5 264.6 
109.0 
105.6 
102.0 
93.5 
92.0 

115.8 
112.2 
108.0 
105.1 
101.3 
96.5 
94.6 
78.1 
74.5 
7d 
63.4 

114.1 
94.3 
76.1 
67.5 
59.3 
52.0 
49.8 
43.1 
131 
126.5 
122.5 
118.1 
(99.8) 
91.7 
88.2 

116.9 
109.7 
101.0 
88.7 
81.6 
79.1 

Le ee Te NST Ne vee Ste SST te 

— ee Lim eS) NW1©S 

Le Mes TE ISS ea] TESTE AOE St) alt STE S Petite iy Se RTT Toes) eet ie Pe ie hemi St UR eT TT abot Te TPS Rate io PP Ta 

(continued) 

100° 

414 
393 

415 

PPP PT TS te TP TET SE Ie | et 

156° 218° 
625" 3825 
DSS 4779 
560 741 
498 638 
490 
555°) 760 
534 722 
511 685 
450 500 
442 
570 = 780 
Soo ded 
507 673 
488 639 
462 599 
432, 552 

450 660 
421 578 
396 542 
340 452 
690 1080 
3/7 | 260 
241 = 143 
195 = =110 
158 88 
133 75 
126 
109 

(628) (841) 
601 801 
5/38 5758 

(523) 
456 
426 
600 840 
230.) 715 
481 618 
412 s507 
372 449 

281° 

1005 
930 
874 
723 

970 
895 
820 
674 

965 
877 
790 

680 
614 

(1176) 
1 

828 
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TABLE 413.—THE EQUIVALENT CONDUCTIVITY OF SALTS, ACIDS, AND BASES 

IN AQUEOUS SOLUTIONS (concluded) 

Concen- 
Substance 

Potassium sulfate.... 0 

ee | 

oie Oto 

ai/e\ ie wees «ele 

Postassium hydrogen 2 
sulfate 

see eee 

eeeece 

hydroxide... 0 

“cs “ 

Barium hydroxide. =a ; 0 

Ammonium 
hydroxide 

tration 18° 

132.8 
124.8 
W057; 
104.2 
97.2 
95.0 

379.0 
373.6 
368.1 
353.0 
350.6 
377.0 
of W4 
365.0 
353.7 
346.4 

Equivalent conductance at the following °C temperatures 

° 2 wn 

PP a SP sl 1 

5 o 

Pied boat Folly Aa 9 ie 

AdNnN BSS nS 

PMP sh ay 
570 
559 
548 
528 
516 

383.0 (429) oa) 
S599 501 
309.0 
253.5 
233.3 
455.3 
295.5 
263.7 
338.3 
283.1 
203.0 
122.7 
96.5 

(347.0) 
14.50 
8.50 
9.22 
4.67 

216.5 
212.1 
205.8 
200.6 
222 
215 
207 
191.1 
180.1 

(238) 
9.66 
5.66 
3.10 

390.8 
337.0 
273.0 
251.2 
506.0 
318.3 
283.1 
376 
311.9 
222.0 
132.6 
104.0 

Re JST Pale PII 

3.62 

* These values are at the concentration 80.0. 
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406 
323 
300 
661.0 
374.4 
329.1 
510 
401 
273 
157.8 
122.7 

PRTC Ate rS 
389 
359 
342 
308 
291 

649 

--™ 

WwWhUNIOD WMNDWanbhwW oT TNL) 

ee polosleelela | 
(520) 

449 
399 
373 

> 

(404) (526) 

Bias. 6.70 

10027 Sal28> 9) S65" 2185 

455 — 715 1065 
402 — 605 806 
365 =P OO/e O72 
320 — 455 545 
294 — 415 482 
286 
850 — 1085 1265 
826 — 1048 1217 
807 — 1016 1168 
762 — 946 1044 
754 — 929 1006 
826 945 1047 (1230) 
806 919 1012 1166 
786 =893 —- 978 
750 845 917 
728 «6817 ~— 880 _ 
891 (1041) 1176 1505 
S71 552536), 563 
446 460 481 533 
384 417 448 502 
369 404 435 483 
784. 773 = =754 
422 446 477 
375 402 435 
730 — 839 +930 
498 508 489 
308 298 274 
168 158 142 
128 <2 108 

(773) — (980) (1165) 
25.1 — 222 147 
14.7 — 13.0 8.65 
9.05 — 8.00 5.34 
8.10 _— — 482 
594 — 835 1060 
582 — 814 
559 — 771 930 
540 738 = 873 
645 (760) 847 
591 
548 664 722 
478 549 593 
443 503 = 531 
(647) (764) (908) (1141) 
ERA — 223 15.6 
13.6 — 13.0 
7.47 — 717 482 

281° 
1460 
893 
687 
519 
448 

1380 
1332 
1226 
1046 

(1268) 

157, 

(1406) 

1.33 
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TABLE 414.—THE EQUIVALENT CONDUCTIVITY OF SOME ADDITIONAL 

SALTS IN AQUEOUS SOLUTION 

Concen- 
Substance tration 

Potassium nitrate....... 0 
“cc “cc 

Barium ferrocyanide.... 0 
“cc “cc eal We 
Z ‘. SAR WARS) 

Calcium ferrocyanide ... 0 
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49.9 
46 

Equivalent conductance at the following °C temperature 

18° 

126.3 
1225 
1172 
109.7 
104.5 
127.6 
119.9 
111.1 
101 

25 

145.1 
140.7 
134.9 
126.3 
120.3 
147.5 
139.2 
129.2 
116.5 

50° 

219 
212.7 
202.9 
189.5 
180.2 
230 
215.9 
199,1 
178.6 
167 

aoe 

299 
289.9 
276.4 
257.4 
244.1 
322 
300.2 
275.1 
244.9 
221-9 
210.9 
282 
266.7 
244 
216.2 
1999 
184.7 
403 

335.2 
271 
219.5 
198.1 
180.6 
165.7 
393 
166.2 
107 
386 

81.9 
73. 
68.7 
67.5 

320 

293.8 
276.5 
254.2 
215.5 
196.5 
167 
313 
279.8 
243.4 
207.6 
189.1 
170.2 

100° 

384 
370.3 
S55 
326.1 
308.5 
419 
389.3 
354.1 
312.2 
288.9 
265.1 
369 
346.5 
314.6 
276.8 
259.5 
234.4 
527 

427.6 
340 
272.4 
245 
2223 
203.1 
521 
202.3 
129.8 
512 

128° 

485 
460.7 
435.4 
402.9 
379.5 
538 
489.1 
438.8 
383.8 
S592 
321.9 
474 
438.4 
394.5 
343 
S161 
288 

534 
457.5 
383.4 
315.8 
282.5 
249.6 

156° 

580 
551 
520.4 
476.1 
447.3 

651 
549 
447.8 
357-7 
316.3 
276.2 



TABLE 415.—ELECTROCHEMICAL EQUIVALENTS 403 

Every gram-atom involved in an electrolytic change requires the same number of 
coulombs, or ampere-hours of electricity, per unit change of valency. This constant is 
96487.7 coulomb/g-atom, or 26.801 ampere-hours per g-atom hour, corresponding to an 
electrochemical equivalent of silver of 0.0011810 g sec’amp™. It is to be noted that 
the change of valence of the element from its state before to that after the electrolytic 
action should be considered. The valence of a free, uncombined element is to be considered 
as 0. The same current will electrolyze “chemically equivalent” quantities per unit time. 
The valence is then included in the “chemically equivalent” quantity. 

Change of Mg per Coulombs G per 
Element valency coulomb per mg amp hour 

AUB Se PB Oo BUF APSE 3 .09317 10.733 3354 
CIR NAGE Peay, 10.28 1 36749 ZIAN2 1.3230 
RN. eR 3 12250 8.1633 4410 
Se SR coisa ovahetetare ere Se eel aes 5 .07350 13.605 .2646 
ot ee ees SOOO ao On OEE 7 .05250 19.048 .1890 

(GUUS anes ocioMonmmcn: 1 6585 1.5186 2.3706 
od erlane. cee ile a sare 2 3293 3.0367 1.1855 
AA aR cio ce ees wit eee 1 2.044 .4892 7.358 

Tie Apert Asc ome ROC 3 .6813 1.468 2.453 
HO ASS. cmte cee es 1 0104472 95.719 .0376099 
Bb a tidan tote: ostowstee 1 2.1476 46564 7.7314 

SET Decne ie etal. barse kore 2 1.07379 .93128 3.8656 
Wy BSS aTO Se Cerseectrner ote 4 .53690 1.8625 1.9328 
Fl ata oon 9-00 hoy erent) acters 1 2.0792 48095 7.4851 

leh aot DAs tom bcraaa ans 2 1.0396 .961908 3.7426 
INN spepsrtaechavoarsaicrictevens ion, 1 .60828 1.6440 2.1898 
ST tes Meat )13 5 3 eee 2 3041 3.2884 1.0948 
ie Sena ea, De, cen | 8 3 .20276 4.9319 7299 
Oy eapiols ener ee od en ee 2 .082914 12.0607 .298490 
of (Pee Le a aa 4 041457 24.1214 14945 
Pt) aiheas esl attreers satt 2 1.01171 .98843 3.6422 

vey eee ee VER a eee 4 50585 1.97687 1.82107 
Sy Pe Ce eee 6 33724 2.9652 1.2140 
Be Va RO eciciaeele 1 4052 2.4679 1.4587 
Nast ae eM rote: iia ote 1 1.11810 894374 4.02516 
NBS ae OE Eee one 1 23835 4.1955 85806 
Sn aeenceoe eae ens 2 61512 1.6257 2.2144 

Toto oe iam inc tear wae 4 30756 3.2514 1.1072 
Ee Sonat saeco EE 2 33881 2.9515 1.21972 

The electrochemical equivalent for silver is 0.00111810 g sec*amp™. For other elements 
the electrochemical equivalent = (atomic weight divided by change of valency) and this 
divided by 96487.7 coulomb/g-atom. 
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404 TABLES 416-428—ELECTRICAL AND MECHANICAL 

CHARACTERISTICS OF WIRE 

TABLE 416.—INTRODUCTION TO WIRE TABLES; MASS AND VOLUME 

RESISTIVITY OF COPPER AND ALUMINUM 

The following wire tables are abridged from those prepared by the Bureau of Standards 

at the request and with the cooperation of the Standards Committee of the American 

Institute of Electrical Engineers. The standard of copper resistance used is “The Inter- 

national Annealed Copper Standard” as adopted September 5, 1913, by the International 

Electrotechnical Commission and represents the average commercial high-conductivity 

copper for the purpose of electric conductors. This standard corresponds to a conductivity 

of 58<10- emu, and a density of 8.89, at 20°C. In the various units of mass resistivity and 

volume resistivity this may be stated as 

0.15328 ohm (m, g) at 20°C 
875.20 ohms (mi, Ib) at 20°C 
1.7241 microhm-cm at 20°C 

0.67879 microhm-in. at 20°C 
10.371 ohms (mil, ft) at 20°C 

The temperature coefficient for this particular resistivity is a2 — 0.00393, or ao.= 0.00427. 
The temperature coefficient of copper is proportional to the conductivity, so that where the 
conductivity is known the temperature coefficient may be calculated, and vice versa. Thus 
the next table shows the temperature coefficients of copper having various percentages of 
the standard conductivity. A consequence of this relation is that the change of resistivity 
per degree is constant, independent of the sample of copper and independent of the tem- 
perature of reference. This resistivity-temperature constant, for volume resistivity and 
Centigrade degrees, is 0.00681 microhm-cm, and for mass resistivity is 0.000597 ohm (m, g). 
The density of 8.89 g per cm* at 20°C, is equivalent to 0.32117 Ib per in.® 
The values in the following tables are for annealed copper of standard resistivity. The 

user of the tables must apply the proper correction for copper of other resistivity. Hard- 
drawn copper may be taken as about 2.7 percent higher resistivity than annealed copper. 

The following is a fair average of the chemical content of commercial high conductivity 
copper : 

Copper asivayses 99.91% SU “So odoou cs .002% 
Silver aiestee = .03 front mec canis See .002 
Oxygen receie 052 Nickel scene eae: trace 
INSALSINE Soovavan 002 Wead! 225 aes “ 
Antimony ...... .002 ZANC Cen eae as x 

The following values are consistent with the data above: 

Gonductivityaat: 02 Geinvemtneneca ence eee 62.969 & 10° 
Resistivity at 0°C, in microhm-cm ......... Royo 1.5881 
Density atz0°Gr oc eh oes are eee : 
Coefficient of linear expansion per degree C........ .000017 
“Constant mass” temperature coefficient 

of resistanceiatiOSGre enone ee nee ene 00427 

The aluminum tables are based on a figure for the conductivity published by the National 
Bureau of Standards, which is the result of many thousands of determinations by the 
Aluminum Co. of America. A volume resistivity of 2.828 microhm-cm and a density of 
2.70 may be considered to be good average values for commercial hard-drawn aluminum. 
These values give: 

CeonductivityeatsO> Grnvemu oreo eee One 38.36 10° 
Mas siresistivity pin ohmsn(mme)) mathe 0c © eee .0764 

a “ae imilalb)matacOaGa 1s rerse 436. 
Mass percent conductivity relative to copper........ 200.7% 
Volume resistivity, in microhm-cm at 20°C ........ 2.828 

. ss inemicrohm=imyate2 0c Canmneeeie 1.113 
Volume percent conductivity relative to copper...... 61.0% 
Density Pinwe/Cme 447 sees oye eee 2.70 
Density, mal bins wae ee eee eee 0975 

The average chemical content of commercial aluminum wire is 

PAIN UIN Gertie a eer itoee See eee ee 99.57% 
SPUD Teta 0) Se tye Ne et etn ne Ba er a SISOS Ee Nm Dds 
1 [5 <¢5) 01 itt Ace ER PRE OR cE aes ak ae DRA ie eter price are 14 
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TABLE 417.—TABULAR COMPARISON OF WIRE GAGES 405 

Birming- 
American American Stubs’ (British) hain wire 
wire gage wiresage Steel wire Steel wire steel wire standard gage 

Gage (B.&S.) (B.&S.) gage f gage jf gage wire gage (Stubs’) Gage 
No. mils * mm * mils mm mils mils mils No. 

7-0 490.0 12.4 500. 7-0 
6-0 465 Wh 464, 6-0 
5-0 430.5 10.9 432. 5-0 
40 460. ilil-7/ 393.8 10.0 400. 454. 4-0 
3-0 410. 10.4 362.5 9.2 372! 425. 3-0 
2-0 365. 9.3 331.0 8.4 348. 380. 2-0 

0/0325, 8.3 306.5 7.8 3240 340. 0 
1 289. 7.3 283.0 12 227. 300. 300. 1 
2 258. 65 262.5 6.7 219. 276.  —«-284. 2 

3 229. 5.8 243.7 6.2 ZZ 252. 259. 3 
4 204. 52 225.3 507, 207. 232: 238. 4 
5 182. 4.6 207.0 G8 204. ZZ 220. 5 
6 162. 4.1 192.0 4.9 201. 192. 203. 6 
7 144. Sh 177.0 45 199. 176. 180. 7 
8 128. 3.3 162.0 41 197. 160. 165. 8 

9 114. 2.91 148.3 Sh 194. 144. 148. 9 
10 102. 2.59 135.0 3.43 191. 128. 134. 10 
11 91. 2.30 120.5 3.06 188. 116. 120. 11 
12 81. 2.05 105.5 2 68 185. 104. 109. 12 
13 72. 1.83 91.5 2.32 182. 92. 95. 13 
14 64. 1.63 80.0 2.03 180. 80. 83. 14 

15 5V/s 1.45 72.0 1.83 178. Wes 72. 15 
16 51. 1.29 62.5 1.59 ZS). 64. 65. 16 
17 45 TEUS 54.0 1037, 172. 56. 58. iM7/ 

18 40. 1.02 47.5 121 168. 48, 49, 18 
19 36. ‘91 41.0 1.04 164. 40. 42. 19 
20 32. ‘81 34.8 ‘88 161. 36. 35. 20 
21 28.5 eZ 31.7 81 USWA 32. 32) 21 
22 25.3 62 28.6 Fis: 155. 28. 28. 22 
23 22.6 57 25.8 66 153% 24. Vs) 23 

24 20.1 51 23.0 58 151. Dep 22. 24 
25 17.9 45 20.4 B52) 148. 20. 20. 25 
26 15.9 40 18.1 46 146. 18. 18. 26 

27 14.2 36 17.3 439 143. 16.4 16. 27 
28 12.6 oY 16.2 411 139. 14.8 14. 28 
29 ES) .29 15.0 381 134. 13.6 1133 29 

30 10.0 25 14.0 356 27. 12.4 12: 30 
31 8.9 .227 11322, BSh 120. 11.6 10 31 
32 8.0 .202 12.8 (325 155 10.8 YY, 

33 7.1 180 11.8 .300 112. 10.0 8 33 
34 6.3 .160 10.4 264 110. 9.2 7. 34 
35 5.6 143 9.5 241 108. 8.4 5 35 

36 5.0 n27, 9.0 .229 106. 7.6 4 36 
37 4.5 As 8.5 .216 103. 6.8 37 
38 4.0 101 8.0 .203 101. 6.0 38 

* The American wire gage sizes have been rounded off to the usual limits of commercial accuracy. 
They are given to four significant figures in Tables 420 to 423. They can be calculated with any 
desired accuracy, being based upon a simple mathematical law. The diameter of No. 0000 is defined as 
0.4600 inch and of No. 36 as 0.0050 inch. The ratio of any diameter to the diameter of the text 

39 
greater number -4600 _ 1.1229322. 

.0050 
} The steel wire gage is the same gage that has been known by the various names: ‘Washburn and 

Moen,” “‘Roebling,’”’ ‘‘American Steel and Wire Co.’s.’’ Its abbreviation should be written “Stl. W. G.” 
to distinguish it from ‘“‘S. W. G.,” the usual abbreviation for the (British) Standard Wire Gage. 

(continued) 
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406 
TABLE 417.—TABULAR COMPARISON OF WIRE GAGES (concluded) 

Birming- 
American American Stubs’ (British) ham wire 
wire gage owiregage Steel wire Steel wire steel wire standard gage 

Gage (B. & S.) (B. & S.) gage f gage fT gage wire gage (Stubs’) Gage 
0. mils * mm * mils mm mils mils mils No. 

39 35 .090 Ts 191 99. 5a 39 
40 3.1 .080 7.0 178 97. 48 40 
41 6.6 168 95 4.4 41 

42 6.2 157 92 4.0 42 
43 6.0 152 88 3.6 43 
44 5.8 147 85 S14 44 

45 55 140 8i 2.8 45 
46 52 132 79 2.4 46 
47 5.0 127 77 2.0 47 

48 48 B22 75 1.6 48 
49 4.6 117 72 1.2 49 
50 4.4 112 69 1.0 50 

TABLE 418.—TEMPERATURE COEFFICIENTS OF COPPER FOR DIFFERENT 

INITIAL TEMPERATURES (CENTIGRADE) AND DIFFERENT 

CONDUCTIVITIES 

Ohms 
(m, g) Percent 

at 20°C conductivity do O15 A120 dos 30 50 

.161 34 95% .004 03 .003 80 003 73 .003 67 .003 60 .003 36 
159 66 96% .004 08 .003 85 003 77 .003 70 .003 64 .003 39 

158 02 97% .004 13 .003 89 .003 81 003 74 .003 67 .003 42 
A576 53 97.3% 004 14 .003 90 .003 82 003 75 .003 68 .003 43 

156 40 98% .004 17 .003 93 .003 85 .003 78 .003 71 003 45 
154 82 99% .004 22 .003 97 .003 89 .003 82 003 74 .003 48 

.153 28 100% 044 27 .004 01 -003 93 .003 85 .003 78 .003 52 
pS 76 101% .004 31 .004 05 .003 97 .003 89 .003 82 .003 55 

Note.—The fundamental relation between resistance and temperature is the following: 

R:=R.,(1 + 4:,[t—h)), 
where at, is the “temperature coefficient,” and #, is the “initial temperature” or “tempera- 
ture of reference.” 

The values of a in the above table exhibit the fact that the temperature coefficient of 
copper is proportional to the conductivity. The table was calculated by means of the 
following formula, which holds for any percent conductivity, m, within commercial ranges, 
and for centigrade temperatures. (n is considered to be expressed decimally: e.g., if 
percent conductivity = 99 percent, » = 0.99.) 

la ee ele ern 
(0.00393) + 6 — 20) 
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TABLE 419.—REDUCTION OF OBSERVATIONS TO STANDARD 

TEMPERATURE (Copper) 

Corrections to reduce resistivity to 20°C 
Temper 
ature, 
XG; Ohm (m, g) 

0 +.011 94 
5 +.008 96 

10 +.005 97 

11 +.005 37 
12 +.004 78 
13 +.004 18 

14 +.003 58 
15 +.002 99 
16 +.002 39 

17 +.001 79 
18 +.001 19 
19 +.000 60 

20 0 
21 —.000 60 
22 —.001 19 

23 —.001 79 
24 —.002 39 
25 —.002 99 

26 —.003 58 
27 —.004 18 
28 —.004 78 

29 —.005 37 
30 —.005 97 
35 —.008 96 

40 —.011 94 
45 —.014 93 
50 —.017 92 

55 —.020 90 
60 —.023 89 
65 —.026 87 

70 —.029 8&6 
75 —.032 85 

Microhm— 
cm 

+.1361 
+.1021 
+.0681 

+.0612 
+.0544 
+.0476 

+.0408 
+.0340 
4.0272 

+.0204 
+.0136 
+.0068 

0 
—.0068 
—.0136 

—.0204 
—.0272 
—.0340 

—.0408 
—.0476 
—.0544 

—.0612 
—.0681 
—.1021 

—.1361 
—.1701 
—.2042 

— .2382 
—.2722 
—.3062 

—.3403 
—.3743 
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Ohm 
(mi, Ib) 

+ 68.20 
51.15 
34.10 

30.69 
27.28 
23.87 

20.46 
17.05 
13.64 

10.23 
6.82 
3.41 +++ 44+ 44+ ++ 
0 
3.41 
6.82 

— 10.23 
— 13.64 
— 17.05 

— 20.46 
— 23.87 
— 27.28 

— 30.69 
— 34.10 
— 51.15 

— 68.20 
— 85.25 
—102.30 

—119.35 
—136.40 
—153.45 

—170.50 
—187.55 

Microhm— 
in. 

+.053 58 
+.040 18 
+.026 79 

+.024 11 
+.021 43 
+.018 75 

+.016 07 
+.013 40 
+.010 72 

+.008 04 
4.005 36 
+.002 68 

0 
—.002 68 
—.005 36 

—.008 04 
—.010 72 
—.013 40 

—.016 07 
—.018 75 
—.021 43 

—.024 11 
—.026 79 
—.040 18 

—.053 58 
—.066 98 
—.080 37 

—.093 76 
—.107 16 
—.120 56 

—.133 95 
—.147 34 

Factors to reduce 
resistance to 20°C 

For 96 
percent 
conduc- 
tivity 

1.0816 
1.0600 
1.0392 

1.0352 
1.0311 
1.0271 

1.0232 
1.0192 
1.0153 

1.0114 
1.0076 
1.0038 

1.0000 
.9962 
9925 

5888 
9851 
9815 

9779 
9743 
,9707 

.9672 

.9636 
9464 

9298 
9138 
8983 

8833 
.8689 
8549 

8413 
8281 

For 98 
percent 
conduc- 
tivity 

1.0834 
1.0613 
1.0401 

1.0359 
1.0318 
1.0277 

1.0237 
1.0196 
1.0156 

1.0117 
1.0078 
1.0039 

1.0000 
9962 
9924 

.9886 

.9848 
9811 

9774 
9737 
9701 

.9665 

.9629 
9454 

9285 
9122 
8964 

8812 
.8665 
8523 

8385 
8252 

For 100 
percent 
conduc- 
tivity 

1.0853 
1.0626 
1.0409 

1.0367 
1.0325 
1.0283 

1.0242 
1.0200 
1.0160 

1.0119 
1.0079 
1.0039 

1.0000 
.9961 
9922 

.9883 
9845 
.9807 

.9770 
19732 
.9695 

9658 
9622 
9443 

9271 
9105 
8945 

8791 
8642 
.8497 

8358 
8223 

407 



408 TABLE 420.—WIRE TABLE, STANDARD ANNEALED COPPER 

Diameter 
Gage in mils. 
No. at 20°C 

0000 460.0 
000 409.6 
00 364.8 

0 324.9 
1 289.3 
WD PEYIAS 

3 229.4 
4 204.3 
Beale) 

6 162.0 
7 144.3 
SielZ85 

9 114.4 
10 101.9 
11 90.74 

12 80.81 
13 71.96 
14 64.08 

15 57.07 
16 50.82 
17 45.26 

18 40.30 
19 35.89 
20 31.96 

21 28.45 
22 25.35 
23 22.57 

24 20.10 
25 17.90 
26 15.94 

27 14.20 
28 12.64 
29 11.26 

30 10.03 
31 8.928 
32 7.950 

33 7.080 
34 6.305 
35 5.615 

36 5.000 
37 4.453 
38 3.965 

39 3.531 
40 3.145 

American wire gage (B. & S.) 

Sure nnn nn
 EEE 

Ohms per 1000 ft 
Cross section at 20°C 

Circular mils 

211 600. 
167 800. 
133 100. 

105 500. 
83 690. 
66 370. 

52 640. 
41 740. 
33 100. 

26 250. 
20 820. 
16 510. 

13 090. 
10 380. 
8234. 

6530. 
5178. 
4107. 

3257. 
2583. 
2048. 

1624. 
1288. 
1022. 

810.1 
642.4 
509.5 

404.0 
320.4 
254.1 

201.5 
159.8 
126.7 

100.5 
79.70 
63.21 

50.13 
3075 
31.52 

25.00 
19.83 
15.72 

12.47 
9.888 
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in.? 

1662 
1318 
1045 

.082 89 

.065 73 
052 13 

041 34 
032 78 
.026 00 

.020 62 

.016 35 
012 97 

.010 28 

.008 155 

.006 467 

.005 129 

.004 067 

.003 225 

.002 558 

.002 028 

.001 609 

.001 276 

.001 012 

.000 802 3 

.000 636 3 

.000 504 6 

.000 400 2 

.000 317 3 

.000 251 7 

.000 1996 

.000 158 3 

.000 125 5 

.000 099 53 

.000 078 94 

.000 062 60 

.000 049 64 

.000 039 37 

.000 031 22 

.000 024 76 

.000 019 64 

.000 015 57 

.000 012 35 

0° 

(= 32°F) 

.045 16 

.056 95 

.071 81 

.090 55 
1142 
.1440 

.1816 

.2289 

.2887 

3640 
.4590 
5788 

7299 
9203 

1.161 

1.463 
1.845 
2.327 

2.934 
3.700 
4.666 

5.883 
7.418 
9.355 

11.80 
14.87 
18.76 

23.65 
29.82 
37.61 

47.42 
59.80 
75.40 

95.08 
119.9 
1512 

190.6 
240.4 
303.1 

382.2 
482.0 
607.8 

000 009 793 766.4 
.000 007 766 966.5 

(continued) 

° 

(6825) 

.049 01 

.061 80 

.077 93 

.098 27 
1239 
.1563 

50°C 
(='122°F) 

.054 79 

.069 09 

.087 12 

.1099 
1385 
.1747 

.2203 

.2778 
3502 

.4416 
5569 
.7023 

8855 
LAn7 
1.408 

1.775 
2.239 
2.823 

3.560 
4.489 
5.660 

7.138 
9.001 

11:35 

14.31 
18.05 
22.76 

28.70 
36.18 
45.63 

57.53 
72.55 
91.48 

115.4 
145.5 
183.4 

Zales 
291.7 
367.8 

463.7 
584.8 
737.4 

929.8 
A173: 

e€ 67°F) 

05961 
075 16 
(09478 
1195 
.1507 
.1900 

.2396 

.3022 

.3810 

.4805 

.6059 

.7640 

.9633 
215 
1.532 

1.931 
2.436 
3.071 
3.873 
4.884 
6.158 

7.765 
9.702 

12.35 

15.57 
19.63 
24.76 

3122 
39.36 
49.64 

62.59 
78.93 
99.52 

125:5 
158.2 
199.5 

251.6 
317.3 
400.1 

504.5 
636.2 
802.2 

1012. 
1276. 
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TABLE 420.—WIRE TABLE, STANDARD ANNEALED COPPER (continued) 

American wire gage (B. & S.) 

Diameter 
Gage in mils. 

0. at 20°C 

0000 460.0 
000 409.6 
00 364.8 

0 324.9 
1 289.3 
2a 2576 

3 229.4 
4 204.3 
5 181.9 

6 162.0 
Zo 4485 
Se ali28'5 

9 114.4 
10 = 101.9 
11 90.74 

12 80.81 
LS} 71.96 
14 64.08 

15 57.07 
16 50.82 
17 45.26 

18 40.30 
19 35.89 
20 31.96 

21 28.46 
22 25.35 
23 22.57 

24 20.10 
25 17.90 
26 15.94 
27 14.20 
28 12.64 
29 11.26 

30 10.03 
31 8.928 
32 7.950 

33 7.080 
34 6.305 
35 5.615 

36 5.000 
37 4.453 
38 3.965 

39 3.59 
40 3.145 

Ib/ (1000 ft) 

640.5 
507.9 
402.8 

319.5 
Z2n3:3 
200.9 

159.3 
126.4 
100.2 

79.46 
63.02 
49.98 

39.63 
31.43 
24.92 

19.77 
15.68 
12.43 

9.858 
7.818 
6.200 

4.917 
3.899 
3.092 

2.452 
1.945 
1.542 

1.223 
.9699 
7692 

.6100 
4837 
3836 

.3042 

.2413 
1913 

S17 
.1203 
.095 42 

.075 68 

.060 01 

.047 59 

.037 74 

.029 93 
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ft/lb 

1.561 
1.968 
2.482 

3.130 
3.947 
4.977 

6.276 
7.914 
9.980 

12.58 
15.87 
20.01 

2523 
31.82 
40.12 

50.59 
63.80 
80.44 

101.4 
127.9 
161.3 

203.4 
256.5 
323.4 

407.8 
514.2 
648.4 

817.7 
1031. 
1300. 

1639. 
2067. 
2607. 

3287. 
4145. 
5227. 

6591. 
8310 

10 480. 

13 210. 
16 660. 
21 010. 

26 500. 
33 410. 

(continued) 

ft/ohm 

20°C 50°C 
(= 68°F) (C1222) 

20 400. 18 250. 
16 180. 14 470. 
12 830. 11 480. 

10 180. 9103. 
8070. 7219. 
6400. 5725. 

5075. 4540. 
4025. 3600. 
3192. 2855. 

2531. 2264. 
2007. 1796. 
1592. 1424. 

1262. 1129. 
1001. 895.6 
794.0 710.2 

629.6 563.2 
499.3 446.7 
396.0 354.2 

314.0 280.9 
249.0 222.8 
197.5 176.7 

156.6 140.1 
124.2 111.1 
98.50 88.11 

78.11 69.87 
61.95 55.41 
49.13 43.94 

38.96 34.85 
30.90 27.64 
24.50 21.92 

19.43 17.38 
15.41 13.78 
12.22 10.93 

9.691 8.669 
7.685 6.875 
6.095 5.452 

4.833 4.323 
3.833 3.429 
3.040 2.719 

2.411 2.156 
1.912 1.710 
1.516 1.356 

1.202 1.075 
9534 8529 

(i672) 

16 780. 
13 300. 
10 550. 

8367. 
6636. 
5262. 

4173. 
3309. 
2625. 

2081. 
1651. 
1309. 

1038. 
823.2 
652.8 

S77, 
410.6 
325.6 

258.2 
204.8 
162.4 

128.8 
102.1 
80.99 

64.23 
50.94 
40.39 

32.03 
25.40 
20.15 

15.98 
12.67 
10.05 

7.968 
6.319 
5.011 

3.974 
3.152 
2.499 

1.982 
1.572 
1.247 

.9886 

.7840 



410 
TABLE 420.—WIRE TABLE, STANDARD ANNEALED COPPER (concluded) 

Diameter 
Gage in mils. 

0. abZorG 

0000 460.0 
000 409.6 
00 364.8 

0 324.9 
1289)3 
2257/6 

3. 229.4 
4 204.3 
5S) 18.9 

6 162.0 
7 = 144.3 
Sr li2835 

9 114.4 
10 101.9 
11 90.74 

12 80.81 
13 71.96 
14 64.08 

15 57.07 
16 50.82 
17 45.26 

18 40.30 
19 35.89 
20 31.96 

21 28.46 
22, 25.35 
23 22057, 

24 20.10 
25 17.90 
26 15.94 

fell 14.20 
28 12.64 
29 11.26 

30 10.03 
31 8.928 
32 7.950 

33 7.080 
34 6.305 
35 5.615 

36 5.000 
37 4.453 
38 3.965 

39 3.531 
40 3.145 

American wire gage (B. & S.). English units 

(XE 
(3255) 

.000 070 51 

.000 1121 

.000 1783 

.000 2835 

.000 4507 

.000 7166 

.001 140 
001 812 
.002 881 

.004 581 

.007 284 
011 58 

018 42 
.029 28 
.046 56 

074 04 
LZ 
1872 

.2976 
4733 
7525 

i 
1. 
3: 

4. 
a 

12! 

19. 
30. 
48. 

74 
6 

77 
123 

197 
903 
025 

810 
649 
16 

34 
75 
89 

196.6 

312 5 
497.0 
790 “2 

1256. 
1998. 
3177. 

5051. 
8032. 

12 770. 

20 310. 
32 290. 

ohm/I1b 

20°C 
(= 68°F) 

.000 076 52 

.000 1217 

.000 1935 

.000 3076 

.000 4891 

.000 7778 

.001 237 

.001 966 

.003 127 

.004 972 

.007 905 
012 57 

019 99 
.031 78 
.050 53 

080 35 
1278 
2032 

3230 
.5136 
8167 

1.299 
2 
3 

5 
8 

13 

20 
33 
53 

84 
134 
213 

.065 

.283 

.221 
301 
.20 

99 
ST 
.06 

37 
2 
13 

339.2 
539 i) 
857.6 

1364. 
2168. 
3448. 

5482. 
8717. 

13 860. 

22 040. 
35 040. 

KO, 
GaI22"R) 

.000 085 54 

.000 1360 

.000 2163 

.000 3439 

.000 5468 

.000 8695 

.001 383 

.002 198 

.003 495 

.005 558 

.008 838 

.014 05 

.022 34 
035/93 
.056 49 

.089 83 

.1428 
2271 

3611 
5742 
9130 

L 
z: 
3: 

a 
Q: 

14. 

Zz: 
37. 
59. 

94. 
150. 
238. 

379. 
602. 
958. 

1524. 
2424. 
3854. 

6128. 
9744. 

15 490. 

24 640. 
39 170. 

452 
308 
670 

836 
280 
76 

46 
31 
32 

32 
0 
5 

2 
9 
7 
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Ib/ohm 

20°C 
(= 68°F) 

13 070. 
8219. 
5169. 

3251. 
2044. 
1286. 

808. 
508. 
319. 

il 201 
126. 

0 79 

6 
5 
8 

5 

50.03 
31 47 
19. 

ib. 
7. 
4. 

oe 
th 
iN 

.7700 

.4843 

.3046 

1915 
al 205 
075 76 

047 65 
.029 97 
018 85 

011 85 
.007 454 
.004 688 

.002 948 

.001 854 

.001 166 

.000 7333 

.000 4612 

.000 2901 

.000 1824 

.000 1147 

.000 072 15 

.000 045 38 

.000 028 54 

79 

45 
827 
922 

096 
947 
224 



TABLE 421.—WIRE TABLE, STANDARD ANNEALED COPPER 411 

American wire gage (B. & S.). Metric units 

Diameter Cross section ohm/km 
Gage in mm in mm? 
No. at 20°C ateZOne One 20°C 50°C ES 

0000 11.68 107.2 .1482 .1608 1798 1956 
000 10.40 85.03 1868 .2028 .2267 .2466 
00 9.266 67.43 2356 25o4 2858 .3110 

0 8.252 53.48 2971 3224 3604 3921 
1 7.348 42.41 3746 4066 4545 4944 
2 6.544 33.63 4724 E27 Vil 6235 

3 5.827 26.67 5956 6465 PALO, 7862 
4 5.189 21.15 Di 8152 9113 .9914 
5 4.621 16.77 9471 1.028 1.149 1.250 

6 4.115 13.30 1.194 1.296 1.449 1.576 
7 3.665 10.55 1.506 1.634 1.827 1.988 
8 3.264 8.366 1.899 2.061 2.304 2.506 

9 2.906 6.634 2.395 2.599 2.905 3.161 
10 2.588 5.261 3.020 3.277 3.663 3.985 
11 2.305 4.172 3.807 4.132 4.619 5.025 

12 2.053 3.309 4.801 5.211 5.825 6.337 
iS 1.828 2.624 6.054 6.571 7.345 7.991 
14 1.628 2.081 7.634 8.285 9.262 10.08 

15 1.450 1.650 9.627 10.45 11.68 12.71 
16 1.291 1.309 12.14 Sy I17/ 14.73 16.02 
17 1.150 1.038 15.31 16.61 18.57 20.20 

18 1.024 8231 19.30 20.95 23.42 25.48 
19 9116 6527 24.34 26.42 29.53 32.12 
20 8118. 5176 30.69 SKS 37.24 40.51 

21 7230 4105 38.70 42.00 46.95 51.08 
22 6438 3255 48.80 52.96 59.21 64.41 
23 5733 2582 61.54 66.79 74.66 81.22 

24 5106 .2047 77.60 84.21 94.14 102.4 
25 4547 .1624 97.85 106.2 118.7 129.1 
26 4049 1288 123.4 133.9 149.7 162.9 

27 3606 1021 155.6 168.9 188.8 205.4 
28 3211 .080 98 196.2 212.9 238.0 258.9 
29 2859 .064 22 247.4 268.5 300.1 326.5 

30 2546 .050 93 311.9 338.6 378.5 411.7 
31 .2268 .040 39 393.4 426.9 477.2 519.2 
32 .2019 .032 03 496.0 538.3 601.8 654.7 

33 .1798 .025 40 625.5 678.8 758.8 825.5 
34 1601 .020 14 788.7 856.0 956.9 1041. 
35 .1426 .015 97 994.5 1079. 1207. 1313: 

36 1270 .012 67 1254. 1361. 1522. 1655. 
37 HS .010 05 1581. 1716. 1919. 2087. 
38 1007 .007 967 1994. 2164. 2419. 2632. 

39 .089 69 .006 318 2514. 2729. 3051. 3319. 
40 .079 87 .005 010 SIVA 3441. 3847. 4185. 

(continued) 
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TABLE 421.—WIRE TABLE, STANDARD ANNEALED COPPER (continued) 

Diameter 
Gage in mm 
No. at 20°C 

0000 11.68 
000 ~=—:10.40 
00 9.266 

0 8.252 
1 7.348 
2 6.544 

3 5.827 
4 5.189 
5 4.621 

6 4.114 
7 3.665 
8 3.264 

9 2.906 
10 2.588 
11 2.305 

12 2.053 
13 1.828 
14 1.628 

15 1.450 
16 1.291 
17 1.150 

18 1.024 
19 9116 
20 8118 

21 .7230 
22 6438 
23 5733 

24 5106 
Bs 4547 
26 ~—-.4049 

27 3606 
28 SYA 
29 2859 

30 2546 
31 .2268 
32 .2019 

33 1798 
34 1601 
35 1426 

36 1270 
37 SlilSi 
38 1007 

39 .089 69 
40 .079 87 

American wire gage (B. & S.). Metric units 

kg/km 

953.2 
755.9 
599.5 

475.4 
377.0 
299.0 

237.1 
188.0 
149.1 

118.2 
93.78 
74.37 

58.98 
46.77 
37.09 

29.42 
23.33 
18.50 

14.67 
11.63 
9.226 

Lif 
5.803 
4.602 

3.649 
2.894 
2.295 

1.820 
1.443 
1.145 

.9078 

.7199 

.5709 

4527 
.3590 
.2847 

2258 
1791 
.1420 

1126 
.089 31 
070 83 

056 17 
044 54 
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m/g 

.001 049 

.001 323 

.001 668 

.002 103 

.002 652 

.003 345 

.004 217 
005 318 
.006 706 

.008 457 
010 66 
013 45 

.016 96 

.021 38 

.026 96 

.034 00 

.042 87 

.054 06 

.068 16 

.085 95 

.1084 

.1367 
Bl7Z3 
2173 

.2740 
13455 
4357 

5494 
6928 
8736 

1.102 
1.389 
1752 

2.209 
2.785 
3.512 

4.429 
5.584 
7.042 

8.879 
11.20 
14.12 

17.80 
22.45 

(continued) 

m/ohm 

2026 50°C 

6219 5563. 
4932 4412. 
3911 3499. 

3102. 2774. 
2460. 2200. 
1951. 1745. 

1547. 1384. 
2278 1097. 
972.9 870.2 

TAS) 690.1 
611.8 547.3 
485.2 434.0 

384.8 344.2 
305.1 273.0 
242.0 216.5 
191.9 171.7 
152.2 136.1 
120.7 108.0 

95.71 85.62 
75.90 67.90 
60.20 53.85 

47.74 42.70 
37.86 33.86 
30.02 26.86 

23.81 21.30 
18.88 16.89 
14.97 13.39 

11.87 10.62 
9.417 8.424 
7.468 6.680 

5.922 5.298 
4.697 4.201 
S725 S02 

2.954 2.642 
2.342 2.095 
1.858 1.662 

1.473 1.318 
1.168 1.045 
9265 8288 

7347 6572 
5827 E5212 
4621 4133 

3664 3278 
2906 .2600 
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TABLE 421.—WIRE TABLE, STANDARD ANNEALED COPPER (concluded) 

Diameter 
Gage in mm 
No. Ee ALONE 

0000 11.68 
000 10.40 
00 9.266 

0 8.252 
if 7.348 
2 6.544 

5) 5.827 
4 5.189 
5 4.621 

6 4.115 
7 3.665 
8 3.264 

9 2.906 
10 2.588 
11 2.305 

12 2.053 
13 1.828 
14 1.628 

15 1.450 
16 1.291 
17 1.150 

18 1.024 
19 .9116 
20 8118 

21 .7230 
Lipp 6438 
23 5733 

24 5106 
25 4547 
26 .4049 

27 3606 
28 wu 
29 .2859 

30 2546 
31 .2268 
32 .2019 

33 1798 
34 1601 
35 1426 

36 1270 
37 suilsil 
38 1007 

39 089 69 
40 .079 87 

American wire gage (B. & S.). Metric units 

0°c 

.000 155 4 

.000 247 2 

.000 393 0 

.000 624 9 

.000 993 6 

.001 580 

002 512 
.003 995 
.006 352 

.010 10 

.016 06 
025 53 

.040 60 
064 56 
.1026 

.1632 

.2595 

.4127 

6562 
1 
ie 

2. 
4. 
6. 

10. 
16. 
26. 

42. 
67. 

107. 

DAL: 
272. 
433. 

689. 
1096. 
1742. 

2770. 
4404. 
7003. 

11140. 
17710. 
28150. 

44770. 
71180. 

043 
659 

638 
194 
670 

60 
86 
81 

63 
79 
8 

4 
5 
3 

0 
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ohm/kg 

20°C 

.000 168 7 

.000 268 2 

.000 426 5 

.000 678 2 

.001 078 
001 715 

.002 726 

.004 335 

.006 893 

.010 96 

.017 43 
027 71 

.044 06 

.070 07 
1114 

1771 
.2817 
4479 

7122 
1.132 
1.801 

2.863 
4.552 
7.238 

11.51 
18.30 
29.10 

46.27 
7397 

117.0 

186.0 
295.8 
470.3 

747.8 
1189. 
1891. 

3006. 
4780. 
7601. 

12090. 
19220. 
30560. 

48590. 
77260. 

1 
2 

3 
5 
8 

12 

S0n€ 

.000 188 6 

.000 299 9 

.000 476 8 

.000 758 2 

.001 206 

.001 917 

.003 048 

.004 846 

.007 706 

012 25 
019 48 
.030 98 

.049 26 
078 33 
1245 

.1980 
3149 
.5007 

7961 
.266 
013 

.201 

.089 
092 

87 
20.46 
32 

at 
82 

130 

207 
330 
525 

836 

293 

73 
aZS 
8 

9 
6 
Z/ 

0 
1329. 
2114. 

3361. 
5344. 
8497. 

13510. 
21480. 
34160. 

54310. 
86360. 

g/ohm 

20°C 

5 928 000. 
3 728 000. 
2 344 000. 

1 474 000. 
927 300. 
583 200. 

366 800. 
230 700. 
145 100. 

91 230. 
57 380. 
36 080. 

22 690. 
14 270. 
8976. 

5645. 
3550. 
2253" 

1404. 
883. 
555. 

349. 
219. 
138. 

86. 
54. 
34. 

Alle 
13. 
8. 

5. 
3. 
2: 

b 
8410 
5289 

1 
4 

3 
7 
2 

88 
64 
36 

61 
59 
548 

376 
381 
126 

337 

3326 
.2092 
.1316 

082 74 
.052 04 
.032 73 

.020 58 
012 94 
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Gage Diameter 
No. in mils 

0000 460. 
000 410. 
00 365. 

0! A325% 
1 9289: 
2 W258: 

3 229: 
4 204. 
By Miiev5 

6 162. 
7 144. 
8 128. 

9 bia: 
10 = 102. 
11 91. 

12 81. 
13 72. 
14> © G4: 

15 D7. 
16 a1. 
Wi gt ee 

18 = 40. 
19 36. 
20 32. 

21 28.5 
Z2ae BE25:5 
23 22.6 

Z4ee 220-1 
25 17.9 
26 15.9 

Zh 14.2 
28 12.6 
29 Hes 

30 10.0 
31 8.9 
32 8.0 

33 Tal 
34 6.3 
35 5.6 

36 5.0 
37 4.5 
38 4.0 

39 35 
40 3.1 

TABLE 422.—WIRE TABLE, ALUMINUM 

Hard-drawn aluminum wire at 20°C (68°F) 

American wire gage (B. & S.). English units 

Cross section 

Circular mils 

212 000. 
168 000. 
133 000. 

106 000. 
83 700. 
66 400. 

52 600. 
41 700. 
33 100. 

26 300. 
20 800. 
16 500. 

13 100. 
10 400. 
8230. 

6530. 
5180. 
4110. 

3260. 
2580. 
2050. 

1620. 
1290. 
1020. 

810. 
642. 
509. 

404, 
320. 
254. 

202. 
160. 
127. 

101. 

SMITHSONIAN PHYSICAL TABLES 

ohm 

in.? 1000 ft 

166 0804 
nIS2 101 
105 128 

.0829 161 
0657 .203 
0521 256 

0413 £3235 
0328 408 
.0260 514 

.0206 648 

.0164 817 

.0130 1.03 

.0103 1.30 

.008 15 1.64 
006 47 2.07 

.005 13 2.61 

.004 07 3.29 

.003 23 4.14 

002 56 5.22 
.002 03 6.59 
.001 61 8.31 

.001 28 10.5 

.001 01 Ni 

.000 802 16.7 

.000 636 21.0 

.000 505 26.5 

.000 400 33.4 

.000 317 42.1 

.000 252 ERI 

.000 200 67.0 

.000 158 84.4 

.000 126 106. 

.000 099 5 134. 

.000 078 9 169. 

.000 062 6 2135 

.000 049 6 269. 

.000 039 4 339. 

.000 031 2 428. 

.000 024 8 540. 

.000 019 6 681. 

.000 015 6 858. 

.000 012 3 1080. 

.000 009 79 1360. 

.000 007 77 1720. 

Ib 

1000 ft 
195. 
154. 
122. 

97.0 
76.9 
61.0 

48.4 

lb/ohm ft/ohm 

2420. 12 400. 
1520. 9860. 
957. 7820. 

602. 6200. 
379. 4920. 
238. 3900. 

150. 3090. 
94.2 2450. 
59.2 1950 

SV 2 1540. 
23.4 1220. 
14.7 970. 
9.26 770. 
5.83 610 
3.66 484 

2.30 384 
1.45 304 
911 241 

73 191 
360 152. 
227 120. 

143 95.5 
0897 75.7 
0564 60.0 

0355 47.6 
0223 37.8 
0140 29.9 

008 82 23.7 
005 55 18.8 
003 49 14.9 

002 19 11.8 
001 38 9.39 
000 868 7.45 

000 546 5.91 
000 343 4.68 
000 216 3:72 

000 136 2.95 
.000 085 4 2.34 
.000 053 7 1.85 

.000 033 8 1.47 

.000 021 2 LAZ 

.000 013 4 .924 

.000 008 40 733 

.000 005 28 581 



TABLE 423.—WIRE TABLE, ALUMINUM 

Hard-drawn aluminum wire at 20°C (68°F) 

American wire gage (B. & S.). Metric units 

Gage Diameter Cross section 
No. in mm in mm2 

0000 liked 107. 
000 10.4 85.0 
00 9.3 67.4 

0 8.3 53.5 
1 WES 42.4 
2 6.5 33.6 

3 5.8 26.7 
4 522 21.2 
5 4.6 16.8 

6 4.1 13.3 
7 SH// 10.5 
8 3.3 8.37 

9 2.91 6.63 
10 2.59 5.26 
11 2.30 4.17 

12 2.05 3.31 
13 1.83 2.62 
14 1.63 2.08 

15 1.45 1.65 
16 1.29 1.31 
17 1.15 1.04 

18 1.02 823 
19 91 653 
20 181 518 

21 72 411 
22 64 326 
23 57 258 

24 il 205 
25 45 162 
26 40 129 

27 36 102 
28 YA .0810 
29 29 .0642 

30 25 .0509 
31 227 .0404 
32 202 0320 

33 180 0254 
34 160 0201 
35 143 0160 

36 127 0127 
37 113 0100 
38 101 0080 

39 090 0063 
40 080 0050 
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ohm/km 

.264 
333 
419 

529 
.667 
841 

1.06 
1.34 
1.69 

2.13 
2.68 
3.38 

4.26 

kg/km 

289, 
230. 
182. 

144. 
114 
90. 

NI NS ==) 

eee NNW HU SEN NSA WN 

BNW DNB ADiO WH) AMO WH 

5 ke EIN) eS aie) oom was SAN OWN NOW 

8 

273 000. 
172 000. 
108 000. 

67 900. 
42 700. 
26 900. 

16 900. 
10 600. 
6680. 

415 
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TABLE 424.—AUXILIARY TABLE FOR COMPUTING WIRE RESISTANCES 

For computing resistances in ohms per meter from resistivity, p, in microhm-cm (see Table 
386, etc.). e.g. to compute for No. 23 copper wire when p=1.724: 1 m=0.0387 + .0271 + 
0008 + .0002 = 0.0668 ohms; for No. 11 lead wire when p=20.4: 1 m=0.0479 + .0010 = 
0.0489 ohms. The following relation allows computation for wires of other gage numbers: 
resistance in ohms per m of No. n wire =2 X resistance of wire No. (n — 3) within 1 percent: 
e.g., resistance of m of No. 18 =2 X No. 15. 

p in microhm-cm 

1 2 3 4 5 6 7 8 9 10 

Gage in Section Resistance of wire 1 m: long in ohms 
No. mm A —— ie ae 

0000 11.7 107.2 -04933 .03187 -03280 .03373 -03466 ' .03560 .03653 .03746 -03840 .03933 
00 9.27 67.43 -03148  .03297 -03445 .03593 -03742 -03890 .00104 .02119 +0133 .02148 
ees): 42.41 .03236 .03472 -03707 -03943 -02118 -00141 -03165 .02189 -02212 .09236 
3583 26.67 -03375  .03750 -02112 .00150 .02187 -02225 -05262 .02300 -00337 02375 
54-62 16.77 -03596 .02119 -02179 -00239 -02298 -09358  .00417 .02477 -02537 .02596 
7 3.66 10.55 -03948  .02190 -02284 -00379 02474 -02569 .00664 .02758 -02853 .02948 
9 2.91 6.634 00151 .02301 -02452 -02603 -00754 -02904 .0106 -0121 .0136 .0151 

11 2.30 4.172  .02240 .02479 = .00719 = .02959 = .0120 .0144 -0168  .0192 -0216 -0240 
L3ieeos 2.624 .05381 .02762 .0114 .0152 .0191 .0229 .0267 = .0305 -0343 -0381 
15 1.45 1.650 .02606 .0121 .0182 .0242 -0303 .0364 .0424 -0485 -0545 -0606 
Zee velo) 1.038 .02963 .0193 -0289 -0385 .0482 .0578 -0674 -0771 -0867 -0963 
19 912 -6527 .0153 -0306 -0460 .0613 .0766 -0919 -1072 -1226 -1379 -1532 
21 723 .4105 .0244 -0487 -0731 .0974 1218 -1462 -1705 -1949 .2192 -2436 
23 573 .2582 .0387 .0775 -1162 .1549 -1936 -2324 2711 -3098 -3486 -3873 
25 455 -1624 .0616 .1232 .1847 2463 .3079 -3695 -4310 -4926 +5542 -6158 
27 361 -1021 .0979 -1959 -2938 .3918 .4897 .5877 -6856 7835 -8815 9794 
29 -286 .0642 .1557 .3114 4671 .6228 . .7786 -9343 1.090 1.246 1.401 1.557 
31 227 -0404 .2476 4952 -7428 -9904 1.238 1.486 1.733 1.981 2.228 2.476 
33 -180 .0254 .3937 -7874 1.181 1.575 1.968 2.362 2.756 3.150 3.543 3.937 
35 143 .0160 .6262 1.252 1.879 2.505 3.131 3.757 4.383 5.009 5.636 6.262 
37 ellis) .0100 .9950 1.990 2.985 3.980 4.975 5.970 6.965 7.960 8.955 9.950 
39  .090 (00631583 31166 4.748) (6331. 7.994 9.497. 11.08 12.66 14.25 15.83 
40  .080 :0050 1.996 3.992 5.988 7.984 9.980 11.98 13.97 15.97 17.96 19.96 

TABLE 425.—SAFE CURRENT-CARRYING CAPACITY OF COPPER WIRE, FOR 

DIFFERENT CONDITIONS, IN AMPERES PER CONDUCTOR * 

Varnish cambric insulators 
Impregnated paper insulation 

Not more Rubber insulators 
: than three in enclosed and exposed conduit Three con- 

Wire f ‘ conductors —uvo—— Single ductor cable 
size Single wire in raceway Single Three conductor in under- 
AWG in free air or cable conductor conductor cable in air ground duct 

14 30 23 23 19 
10 54 38 40 33 
6 99 68 71 57 98 78 
3 155 104 
2 179 118 127 101 173 134 
0 245 157 167 133 234 177 

0000 383 237 256 203 352 264 

* These values are for voltages in the range up to 5,000 or 7,000 and for 75 to 100 percent time load, 
ambient temperature 30°C and copper temperature 75-80°C. Adapted from Publication No. P-29-226 of 
the Insulated Power and Cable Engineers’ Association. For other values see these tables. 
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TABLE 426.—THE CALCULATION OF THE HIGH-FREQUENCY RESISTANCE 

OF CONDUCTORS * 

The resistance of a conductor to high-frequency alternating currents is not the same as 
it offers to direct or low-frequency currents. The linkages of flux with the inner portions 
of the conductor are more numerous than with the outer portions. That is, the reactances 
of the inner filaments are greater than those of the outer filaments. Consequently, the 
current density decreases from the outside toward the center of the conductor. 

This tendency of the current to crowd toward the outer portions of the cross section 
becomes more pronounced the higher the frequency, and at very high frequencies the 
current density is sensibly zero everywhere except in the surface layer of the conductor. 
This phenomenon is called the “skin effect.” It causes an increase in the effective resis- 
tance of the conductor over its resistance to a direct current. 
What is of interest in the calculation of the high-frequency resistance is the resistance 

ratio, the quotient of the resistance at the given frequency by the direct-current resistance. 
The resistance ratio depends upon the distribution of current density in the cross section, 
and this is a function of the frequency and the shape of the cross section. In general, 

however, the resistance ratio is a function of the parameter Vi in which f is the fre- 
0 

quency, and > is the direct-current resistance per unit length. In what follows Ro will be 
taken as the direct-current resistance per 1000 ft of conductor. 

The distribution of current in the cross section is affected by a neighboring conductor 
carrying high-frequency currents. This proximity effect finds an explanation in that the 
value of the mutual inductance of any filament 4 of one conductor on a filament B of the 
other conductor depends upon the positions of A and B in their respective cross sections. 
The proximity effect may be very appreciable for conductors nearly in contact; falling off 
rapidly as their distance increased, it is negligible for moderate ratios of distance apart 
to cross sectional dimensions. In such cases the resistance is sensibly the same as for an 
isolated conductor. 

Besides the spacing factor of the conductors, the proximity effect depends upon the 
frequency, and in lesser degree upon the shape of the cross sections. Quantitatively, the 
proximity effect may be expressed by the proximity factor, which is the quotient of actual 
resistance of the conductor by the resistance which it would have if removed to a great 
distance from the disturbing conductor, both values of resistance being referred to the 
same frequency. 

That is, if 

Ro =the direct current resistance 
R, = the resistance of the conductor when isolated, frequency f 
R2= the resistance in the presence of the disturbing conductor 

at frequency f 

R 
Ri 

disturbing conductor, is obtained from the resistance ratio — when isolated by the rela- 
0 

arc . : Res 
then the proximity factor is P = , and the resistance ratio R in the presence of the 

0 

tion Rs = P —.- Resistance ratio may be obtained in any case if the resistance ratio 
Ro Ro 

when isolated is known, together with the value of the proximity factor. 
Formulas for the high-frequency resistance ratio have been developed in only a few 

simple (but important) cases, and even then very complicated formulas result. For prac- 
tical work, tables are necessary for simplifying the calculations. The following tables cover 
the most important cases. 

Formulas have been derived for the high-frequency resistance ratio of single-layer coils 
wound with round wire. Generally, these differ from one another and from measured 
values, because simplifying assumptions are made which are not sufficiently realized in 
practice. No tables of values for coils such as are met in practical radio work are available 
As a rough guide, the high-frequency resistance ratio for a single-layer coil is often from 
two to five times as great as the resistance ratio of the same wire stretched out straight 
and carrying current of the given frequency. The experimental work available indicates 
that this factor is due to the coiling of the wire, that is, the total proximity effect of the 
turns of the coil is largely dependent upon the frequency and the ratio of wire diameter 
to pitch of winding, and in lesser degree to the ratio of length to diameter. 

* Prepared by F. W. Grover, Nat. Bur. Standards. 

(continued) 
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TABLE 426.—THE CALCULATION OF THE HIGH-FREQUENCY RESISTANCE 

OF CONDUCTORS (continued) 

Part 1.—Resistance ratio “‘F’’ for isolated round wires 

Resistance ratio F of isolated round wire, as a function of the square root of the fre- 
quency divided by the direct current resistance per 1000 ft of conductor. 

Vf/Ro 0 10 20 30 40 50 60 70 80 90 100 

i 1.000 1.000 1.0005 1.0025 1.008 1.019 1.038 1.069 1.114 1.173 1.247 

Vf/Ro 100 = 120 140 160 180 2004. 250} be30e 350 400 500 
F 1.247 1:427 1.631 "1.836. 2.036 2.231 ° 2.71522 S:201 Si688. 24176. 2552 

Part 2.—Values of resistance ratio for isolated tubular conductors 

t, thickness of wall of tube; d, outer diameter of tube 

= 0501 0.02 0.03 0.04 0.65 0.06 0.07 0.08 0.09 0.10 

0 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
50 1.000 1.000 1.000 1.001 1.001 1.001 1.001 1.001 1.001 1.001 

100 1.001 1.001 1.002 1.002 1.004 1.008 1.007 1.009 nh 
150 1.001 1.003 1.006 1.011 1.017 1.024 1.033 1.044 1.056 1.070 

200 13002") 1008) 910199" 1.0384 1.053» 1:076 0) 1104:eedeh34 tre ARlGZ, yo li204 
250 1.005 1.020, 1.046 1.081 1.125 1.176 1.233 ° 1.296.)510365y i440 
M VOU, 1042 412095. 111,163 -k25 1.34 1.44 1.55 1.65 LAS 

0 3 1EOZ0F THOT6R I G7 leZ285e 4? 1.56 1.70 1.83 1.97 2.09 
400 1KOSZ) 27 7 e277, 1.44 1.66 1.81 1.99 FAAS! 2.28 2.42 
450 OSI MEO SF 41 1.63 1.87 2.08 2.28 2.44 2.60 2.74 
500 1.079 1.30 1.57 1.86 2.14 2.34 2.56 23 2.88 3.03 

Vi, Solid 
0 = ONO 0.12 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 

0 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.006 1.000 1.000 
50 1.001 1.001 = 1.002 1.004 1006" “M008 1.012 L015" 12017" 12019 

100 L014 91.021 12032. 1.063'- 1094. TlS2QRaeZSh 1202 © 1.2245 e247 
150 1.070, 11025 1.055) 1.266 ‘1.39 FSi 1.60 1.68 171 1.733 
200 1.204 1.294 1.42 1.65 M8454. 1995s. ¥2:095u54 2515 2.20 2.231 
250 1.44 i585) 179 2) 2.32 2.45 2.536 2.64 2.68 2.715 

300 75 1.94 2.19 2.51 2739) 2.90 3.03 S12 3.17 3.201 
350 2.09 2.33 Zale 12290 3.15 3:55 3.495 3.59 3.66 3.688 
400 2.42 2.66 2.92 327 3.58 3.80 3.96 4.07 4.14 4.176 
450 2.74 3.00 3:27, 3.66 4.00 4.25 4.43 4.55 4.63 4.664 
500 3.03 3.33 3.62 4.07 4.42 4.69 4.90 5.03 5.12 5.152 

(continued) 
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TABLE 426.—THE CALCULATION OF THE HIGH-FREQUENCY RESISTANCE 

OF CONDUCTORS (concluded) 

Part 3.—Coefficients in formula for proximity factor of equal parallel 

round wires 

The proximity factor of two equal parallel conductors may be calculated by the formula 

P=1+41G-d’/s71/[FQ — Hd’/s’)] 

in which the coefficient F is to be obtained from Part 1 for the given value of Vf/Ro and 

the coefficients G and H are to be taken from the table below for the given value of Vf/Ro. 
In the table below the values of H apply to currents in the same direction; in the case of 
currents in opposite directions H’ is to be used. In the above formula d is the diameter of 
the wires and s their axial spacing. The proximity factor for two equal parallel tubular 
conductors does not differ much from the value for two solid wires with the same axial 

spacing and a value of Vf/Ro one-half the value for two solid wires of the same diameter, 
except for conductors very close together. 

Vf/Ro G H H’ Vf/Ro G H H’ 
0 0 +.0417 +.0417 200 8491 —.1904 5530 

25 .0036 0395 0443 250 1.0959 —— 7) 5932 
50 0519 +.0109 .0798 300 1.340 —.2093 6200 
75 1903 —.0659 1838 350 1.585 —.2149 .6389 

100 3562 = SYA) SZ 400 1.830 —— AIO) .6530 
125 4914 —.1685 .4114 450 2.073 ———POE4 6639 
150 .6096 —.1776 4787 500 2.319 —— 229) .6722 

175 OTE: —.1839 5228 

TABLE 427.—RATIO OF ALTERNATING TO DIRECT CURRENT RESISTANCES 

FOR COPPER WIRES 

This table gives the ratio of the resistance of straight copper wires with alternating cur- 
rents of different frequencies to the value of the resistance with direct currents. 

Diameter of Frequency f = 
wire in 
mm 60 100 1000 10,000 100,000 1,000,000 

.05 —— = ao ae a *1.001 
4 nee -—— a -— *1.001 1.008 
229 —— -— -—— -—— 1.003 1.247 
*) —— -— --- *1.001 1.047 2.240 

1.0 -e -—— -— 1.008 1.503 4.19 
2.0 -— -— 1.001 1.120 2.756 8.10 
3. -—— aa 1.006 1.437 4.00 12.0 
+ —— — 1.021 1.842 5.24 17.4 
5. -— *1.001 1.047 2.240 6.49 19.7 
2.9 1.001 1.002 1.210 3.22 7.50 29.7 

10. 1.003 1.008 1.503 4.19 127 39.1 
US: 1.016 1.038 2.136 6.14 18.8 _ 
20. 1.044 1.120 2.756 8.10 Zz — 
25. 1.105 1.247 3.38 10.1 28.3 _- 
40. 1.474 1.842 5.24 17.4 — — 

100. 3.31 4.19 13.7 39.1 _ — 

Values between 1.000 and 1.001 are indicated by *1.001. 
The values are for wires having an assumed conductivity of 1.60 microhm-cm; for 

copper wires at room temperatures the values are slightly less than as given in table. 
The change of resistance of wire other than copper (iron wires excepted) may be cal- 

culated from the above table by taking it as proportional to dVf/p where d = diameter, 
f the frequency (cycles/sec) and p the resistivity. 

If a given wire be wound into a solenoid, its resistance, at a given frequency, will be 
greater than the values in the table, which apply to straight wires only. The resistance in 
this case is a complicated function of the pitch and radius of the winding, the frequency, 
and the diameter of the wire, and is found by experiment to be sometimes as much as 
twice the value for a straight wire. 
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TABLE 428.—MAXIMUM DIAMETER OF WIRES FOR HIGH-FREQUENCY 

RESISTANCE RATIO OF 1.01 

Frequency + 10® .... 

Wavelength, m 

Material 

Chidweee ante: 

Constantan 

eens 

wpeiere 

sees 

German silver ... 
Graphite 
Carbon 

rong LO00RS=. 

0.2 

1500 

0.1 

3009 

0251 
0244 
0297 
0793 
.187 
1261 
51337 
1372 
541 

1.13 

.00263 .00186 . 
00373 .00264 . 
.00838 .00590 . 
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0177 
0172 
0210 
.0560 
ol 3Z 
.0892 
.0946 
.0970 
.383 
801 

0.4 

750 

0.6 

500 

0.8 

375 

1.0 

300 

Diameter in cm 
_——— a ee 

.0145 
0141 
0172 
0457 
.1080 
.0729 
0772 
0792 
312 
.654 

00131 .00108 . 
00187 .00152 . 
00418 .00340 . 

0125 
0122 
.0149 
.0396 
0936 
.0631 
.0664 
0692 
271 
966 

0112 
.0109 
0133 
0354 
0836 
0564 
0598 
0614 
242 
.506 

00094 .00083 . 
00132 .00118 . 
00295 .00264 . 

1.2 

250 

00108 . 
00241 . 

.0092 
0089 
.0108 
0290 
.0683 
.0461 
.0488 
.0500 
.197 
.414 

.00068 .00059 . 

1.5 

200 150 

.0079 
0077 
0094 
0250 
0591 
0399 
0423 
0434 
171 
358 

00096 .00084 . 
00048 
00068 

00215 .00186 .00152 
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TABLES 429-452--SOME CHARACTERISTICS OF DIELECTRICS 

TABLE 429.—STEADY POTENTIAL DIFFERENCE IN VOLTS REQUIRED TO 

PRODUCE A SPARK IN AIR WITH BALL ELECTRODES (RADIUS R) 

Spark 
length, ke —10 10525) 1035) R=0 
cm Points cm cm Re Wem R= Zicmy | i —oiem Plates 

02 — — 1560 1530 
.04 _— — 2460 2430 2340 
.06 _ — 3300 3240 3060 
08 _— —_— 4050 3990 3810 
all 3726 5010 4740 4560 4560 4500 4350 
3 4680 8610 8490 8490 8370 7770 7590 
BS} 5310 11140 11460 11340 11190 10560 10650 
4 5970 14040 14310 14340 14250 13140 13560 
5 6300 15990 16950 17220 16650 16470 16320 
6 6840 17130 19740 20070 20070 19380 19110 
8 8070 18960 23790 24780 25830 26220 24960 

1.0 8670 20670 26190 27810 29850 32760 30840 
1B5 9960 22770 29970 37260 
2.0 10140 24570 33060 45480 
3.0 11250 28380 
4.0 12210 29580 
5.0 13050 

TABLE 430.—ALTERNATING-CURRENT POTENTIAL REQUIRED TO PRO- 

DUCE A SPARK IN AIR WITH VARIOUS BALL ELECTRODES 

The potentials given are the maxima of the alternating waves used. Frequency, 33 
cycles per second. 

R=1cm R= 1.92 a5 REIS ro 0) R= 15 

.08 3770 

.10 4400 4380 4330 4290 4245 4230 
15 5990 5940 5830 5750 5800 5780 
.20 7510 7440 7340 7250 7320 7330 
25 9045 8970 8850 8710 8760 8760 

30 10480 10400 10270 10130 10180 10150 
ah) 11980 11890 11670 11570 11610 11590 
40 13360 13300 13100 12930 12980 12970 
45 14770 14700 14400 14290 14330 14320 
50 16140 16070 15890 15640 15690 15690 

6 18700 18730 18550 18300 18350 18400 
7 21350 21380 21140 20980 20990 21000 
8 23820 24070 23740 23490 23540 23550 
9 26190 26640 26400 26130 26110 26090 

1.0 28380 29170 28950 28770 28680 28610 

ie2 32400 34100 33790 33660 33640 33620 
1.4 35850 38850 38850 38580 38620 38580 
1.6 38750 43400 43570 43250 43520 
1.8 40900 — 48300 47900 
2.0 42950 — - 52400 
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TABLE 431.—POTENTIAL NECESSARY TO PRODUCE A SPARK IN AIR 

BETWEEN MORE WIDELY SEPARATED ELECTRODES 

electrodes. These electrodes give a very sat- 
isfactory linear relation between the spark 
lengths and the voltage throughout the range 
studied. 

g Za a= Steady potentials E =z r+ 

a as s ats : E $3 <a ens Cup spit E £3 Steady potentials 

a 2 bo ra R= Projection 2 ae Ball electrodes 

E = 1 cm 2.5 cm 4.5mm 1.5mm a 3a = = 
a A & a A s lcm as cm 

s) — — _— — 11280 6.0 61000 — 86830 
25 = 17610) 17620 — 17420 7.0 — 52000 _ 
dl —_ — 23050 — 22950 8.0 67000 52400 90200 

1.0 12000 30240 31390 31400 31260 10.0 73000 74300 91930 
1.2 — 33800 36810 — 36700 12.0 82600 — 93300 
LS — 37930 44310 — 44510 14.0 92000 — 94400 
2.0 29200 42320 56000 56500 56530 15.0 — — 94700 
2.5 — 45000 65180 — 68720 16.0 101000 — 101000 
3.0 40000 46710 71200 80400 81140 20.0 119000 
3.5 — — 75300 — 92400 25.0 140600 
40 48500 49100 78600 101700 103800 30.0 165700 
4.5 —_ — 81540 — 114600 35.0 190900 
5.0 56500 50310 83800 — 126500 
5:5 — -- _ — 135700 

K The specially constructed electrodes for the 
ll cm , columns headed “cup electrodes” had the 

' form of a projecting knob 3 cm in diameter 
H — and having a height of 4.5 mm and 1.5 mm 
< respectively, attached to the plane face of the 

TABLE 432.—-EFFECT OF THE PRESSURE OF THE AIR ON THE DIELECTRIC 

STRENGTH 

Voltages are given for different, spark lengths 1. 

Pressure, 
cmHg 1= 0.04 l= 0.06 1= 0.08 1 ire (059 \(8) L= 0:20 P—=10'30 1= 0.40 1=0.50 

Zz — — — — 744 939 1110 1266 
4 — 483 567 648 1015 1350 1645 1915 
6 _ 582 690 795 1290 1740 2140 2505 

10 — 771 933 1090 1840 2450 3015 3580 

15 — 1060 1280 1490 2460 3300 4080 4850 
25 1110 1420 1725 2040 3500 4800 6000 7120 
35 1375 1820 2220 2615 4505 6270 7870 9340 
45 1640 2150 2660 3120 5475 7650 9620 11420 

55 1820 2420 3025 3610 6375 8950 11290 13455 
65 2040 2720 3400 4060 7245 10210 12950 15470 
75 2255 3035 3805 4565 8200 11570 14650 17450 

TABLE 433.—POTENTIALS IN VOLTS TO PRODUCE A SPARK IN KEROSENE 

Spark Electrodes balls of diam. d Spark Electrodes balls of diam. d 
length length 
cm 0.5 cm lcm 2cm 3 cm cm 0.5 cm lcm 2cm 3 cm 

all 3800 3400 2750 2200 5 13050 12400 11000 6900 
e 7509 6450 4800 3500 6 14000 13550 12250 8250 
3 10250 9450 7450 4600 8 15500 15100 13850 10450 
4 11750 =10750 9100 5600 1.0 16750 16400 15250 12350 
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TABLE 434.—DIELECTRIC STRENGTH OF MATERIALS 

Potential necessary for puncture expressed in kilovolts per centimeter thickness 
of the dielectric 

Kilovolts Kilovolts Kilovolts 
Substance per cm Substance per cm Substance per cm 

Ehonite i008! 2... 300-1100 Oils: Thickness Papers : 
Empire cloth .... 80-300 Castor 2mm 190 Beeswaxed .. 770 

Hy Paper scce 450 3 NOe 130 Blotting; se: 150 
iberecen ote ee 20 Cottonseed’ {2 eREReeee 70 Manilla’ 2... 25 
Fuller board ..... 200-300 Lard Ze 140 Paraffined .. 500 
Glasstae ce tec 300-1500 - DO; 40 Varnished ... 100-250 
Granite (fused)... 90 Linseed, raw Ze oe 185s Paratin: 
Cuter Bir eas ey) a ‘cee F Lg S i ule ek. 75 
mpregnated jute . ” ile ‘Digs _, Melt, point 

Leatheroid ....... 30-60 eer soe” Solid 43, 350 
Linen, varnished.. 100-200 Lubricating .......... 50 eae 400 
[jauidvair os. 40-90 Neatsfoot 2 200 ft. ay 230 
Mica: Thickness a NO) 90 70 450 

Madras’ .1 mm 1600 Olive 2 “ 170 Presspaper .... 45-75 
«“ 10 “ 300 “ [ea 7 SeeeUDEL ass. eee 160-500 

Bengal 1 “ 2200 +‘ Paraffin DAMS S215 ao VASCIINE siceci-t « 90-130 
6“ 1.0 “ 700 6c 1.0 “c 160 x ; aki 140 

Canada 1 “ 1500 Sperm, mineral 2 “ 180 “¥en? oun 80 
“cc 1.0 “ 500 “ “cc 1.0 “ 85 . y 

South America. 1500 GC marell 2 Alek 
Micanite /-....- 400 : Hy SY 

Turpentine BS ANGE 
ey DG 

TABLE 435.—DIELECTRIC CONSTANT (SPECIFIC INDUCTIVE CAPACITY) 

OF GASES 

Atmospheric pressure 

Wavelengths of the measuring current greater than 10000 cm 

Dielectric constant Dielectric constant 
a SS SSS 

Gas € Vacuum = 1 Air=1 Gas CX 6; Vacuum=1 £Air=1 

Air 0 1.000588 1.000000 HCl 100 1.00258 1.00199 
NH; 20 1.00718 1.00659 H2 0 1.000264 .999676 
CS: 0 1.00290 1.00231 CH, 0 1.000948 1.000360 

100 1.00239 1.00180 N.O 0 1.00108 1.00050 
CO: 0 1.000966 1.000377 SO, 0 1.00993 1.00934 
CO 0 1.000692 1.000104 H.0,4atm 145 1.00705 1.00646 
C2H, 0 1.00138 1.00079 

TABLE 436.—VARIATION OF THE DIELECTRIC CONSTANT WITH 

THE TEMPERATURE 

If Ko = the dielectric constant at the temperature @°C of the above table, K; at the tem- 
perature ¢°C, and a and # are quantities in the following table, then Kr = Ke — a (t — 8) 

ee Oye 

Almmoniaea. tare ecccies os e— 4550 105 b= 259510 Range, 15-110°C 
Sulftrr: dioXide= es. tisrntcn aso 6.19 x 10° 1.86 « 107 0-110 
Wraterivapotmerrcousaccrieocc 14 x 10* saree 145 

The dielectric constant of air at 76 cmHg and varying temperature may be calculated 
since K — 1 is approximately proportional to the density. See Table 437. 
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TABLE 437.—VARIATION OF THE DIELECTRIC CONSTANT OF GASES 

WITH THE PRESSURE 

ee 

ee ee eee oe ees 

Cob OA ao Ores 

ee 

ee ee steer eee 

eC 

ee eee eee eee 

TABLE 438.—DIELECTRIC CONSTANT OF 

Pressure 
Xe atm 

19 20 1.0108 
- 40 1.0218 
- 60 1.0330 

80 1.0439 
x 100 1.0548 
11 20 1.0101 
ee 40 1.0196 
s 60 1.0294 
$ 80 1.0387 
“ 100 1.0482 

30°C 75°C 
}e —_—_ Nl 

atm K Density K Density 

Gs ilisitceer ll 182 “= OlSml est. oes 
Pentane 1000 1.96 .701 1.92 ... 

AN) 22 YEG ADL soe 
0) Bae 55 Bee one 
WTI) AS 0 AS sec 

CSseeoes 1: e219 L241 ise. Be. 
Carbon 1000 2.82 1.332 2.69 1.29 

bisulfide 4000 3.11 1.487 3.02 1.46 
8000 3.33 1.601 3.28 1.58 
12000 3.52 1.689 3.45 1.66 

(C;Hs):0 .. P45. 720 Sean 
Ethyl 1000 4.88 .801 4.08 .74 

ether 4000 6.05 911 5.17  .87 
8000 6.93 .988 6.00 .94 

12000 7.68 1.047 6.94 1.00 
(eleie Soc 1 5.22 1.465 4.87 1.40 
Bromo- 500 5.36 1.525 5.05 1.46 

benzene 1000 5.47 1.558 5.16 1.50 
4000 5.88 1.705 5.62 1.65 
8000... soo SEH IL 

GHG... ‘1 5.41 1.004 490 .96 
Chloro- 500 5.59 1.038 5.12 1.00 
benzene 1000 5.75 1.065 5.28 1.03 

4000 6.33 1.152 5.88 1.13 
8000 ... jon (OAD 

C.H:OH .. 11290 ee S12 8:55 E78 
Hexyl 1000 13.54 861 9.32 .84 

alcohol 4000 15.06 .937 10.42 .92 
8000 11.15 .99 

148 Danforth, Phys. Rev., vol. 38, p. 1224, 1931. 
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ASE. sf adie. eee 11 

Co. wns 

Oils 
eee eee ee we 

LIQUIDS (K). 

JP) 
atm 

C:H;OH .. 1 
Ethyl 1000 

alcohol 8000 
12000 

GHeOH 1 
i-butyl 1000 

alcohol 8000 
12000 

GsHsOs* 3.0: 1 
Glycerine 1000 

4000 
8000 

Pressure 
atm 

0° 

c 2 
K Density 

27.8 
29.4 
35.3 
57.6 
21.1 
22.9. 
26.8 
28.2 
49.9 
51.9 
56.4 
61.1 

806 
.864 

1.031 
1.082 

1.0579 
1.0674 
1.0760 
1.0845 
1.008 
1.020 
1.060 
1.010 
1.025 
1.070 

PRESSURE EFFECT ™ 

30°C 
——= 
K Density 

IRV, hss 
844 

1.019 
1.073 
806 
856 

1.018 
1.069 
1.254 
1.287 
1.349 
1.410 

Anomalous dispersion 247000 cycles 
® 

Isobutyl-alcohol : 0°C 
Erde elias 10,) 
K sacie@l.io 0244 

1 
eee. K 49.9 

Glycerine .P 
0°C 
Eugenol ..P 
30 BEE KK 10.79 

5810 
25.9 
1940 
53.4 
2960 

9680 
27.4 
4290 
55.6 
5081 
11.09 

10830 12130 
27.2 26.4 
6330 8490 
52.2 40.1 
5680 6300 
10.57 6.05 



TABLE 439.—DIELECTRIC CONSTANT OF LIQUIDS 425 

A wavelength greater than 10000 cm is designated by ™. 

Wave- Wave- 

Temp. length, Dielectric Temp. length, Dielectric 
Substance A; cm _ constant Substance °C cm constant 

Alcohol : Ethyl ether)... - 100 5 3.12 
PIV eee es ees frozen oo 2.4 s Un biotite 140 s 2.66 

CS |e 5: BERS = < Bae sf fe Beha | 180 212 
SE nichstatatstotelats —50 S 
Ee 0 «7a meng 
Eo eS genie eeien share +20 es 16.0 x {REIN 192 & 1253 
oar ee eee ee 18 200 10.8 a {MEU 18 83 4.35 
Sel terra k ec 18 73 4.7 Formic acid ...... +2 73 19.0 

Ethyl. cageae as frozen od 27, (frozen) 
ERI ea: —120 ss 54.6 ge 1200 62.0 
Fy ES ONS Se ae —80 £ 44.3 s se MEAS. 16 73 58.5 
Sh pee Onde Dee —40 a 35.3 Glycerine -- aes: 15 1200 56.2 
er ChE, orcad 0 ‘ 28.4 fey Ato Et ede 15 200 39.1 
Fp e igforteaitnn aera +20 ss 25.8 I mes ito ee 15 75 25.4 
WP rly rocky Hake 17 200 24.4 fae) ORES. — 85 4.4 
Lipa rt g+ Oe = 75 23.0 RO: — 4 26 
ESF L Aeceeee ot Foreve ss 3 ane Hexeue Aiton 17 fo) 1.880 
hs neraecaccneiaya oi : ydrogen perox- 
mene ie « 4 50 ide 46% inHOsS 18 75, 847 

Methylit.-.. 0... frozen oo 3.07 Werosene "c.... 0: -- — a2 
Yea} cena —100 s 58.0 Meta-xylene ..... 18 oo 2 37 
SOT pee =—5() oo 45.3 SE aNd esarat 17, 73 2.37 
ti EAI 3 Sac 0 s 35.0 (frozen) 

ep Ioonnp eee +20 ss S12 Nitrobenzol ...... —10 oo 9.9 
Stearn ae 17 75 332 wT pee yee —5 e 42.0 

IRM Aooseooe —120 00 46.2 Oe ns 0 cs 41.0 
sfurche eee —60 4 33.7 4 naa tame 58 15 tf 37.8 

NPE ee | 0 rs 24.8 ee ee ee 30 Y 35.1 
CUAL ces cere +20 se 22.2 Stew, OSs 18 e 36.45 
SoS cece eae 15 75 12.3 ite) Pee aoe 17 73 34.0 

Acetone™... ¢ 38s —80 oe) 33.8 Octanett:. 5. 17 oo 1.949 
SERS RPL Be 0 * 26.6 Oils: 
COT MER PRES 1'59 1200 21.85 Almond) eee. 20 oo 2.83 
Poly ARE Cee ee 17 73 20.7 Gastonmierceco 11 s 4.67 

Weeticuacidun acer 18 oo 9.7 Colzamenac ee 20 s§ 3.11 
§ Ss ae 15) 711200 10.3 Cottonseed ..... 14 ss 3.10 
ff Pe athe ee 17 200 7.07 [emonwe eee 21 yi 2.25 
‘S a a = ee 19 75 6.29 Weinseedaneeeeee: 13 ss 3.35 

Amyl acetate ..... 19 oo 4.81 Neatsfoot ...... _ % 3.02 
Amylene ......... 16 + 2.20 Oliveneiassccce. 20 f 3.11 
Aniliney setae. c 18 oo 7.316 Raa. “Soseeoec 11.4 ‘f 3.03 
Benzol (benzene).. 18 ie 2.288 Petroleum ..... — 2000 2.13 

S iS se 19 73 2.26 Petroleum ether. 20 oo 1.92 
Bromine 330 sites 23 84 3.18 Rape seed ...... 16 < 2.85 
Carbon bisulfide .. 20 oo 2.626 Sesame ........ 13.4 s 3.02 

as « ae 17 73 2.64 Speninesn cee 20 ss 3.17 
Chloroform’ 4.4. -- 18 oo 5.2 Turpentine ..... 20 S 2.23 

ae i eeeneee ee 17 73 4.95 Waseline™ ase — e 2.17 
Decanes en 14 oo 1.97 heno lara 48 73 9.68 
Wecylene) 2.240. 17 ‘s 2.24 Molueneres mea. ce6,s —83 oo 251 
Ethyleetherm ie ser —80 oo 7.05 Lee: Ae ER a +16 is 2.33 

e Cae riveree —40 ‘i 5.67 ti inde RC 19 73 2.31 
s OY eae Piet 0 “e 4.68 \Wraterts.chs ones 18 oo 81.07 

aie (isestenne 18 s§ 4.368 (for temp. coeff. 17 200 80.6 
ce TESS AEE 20 § 4.30 see Table 440.) 17 74 81.7 

Pai tare 60 s 3.65 17 38 83.6 
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426 TABLE 440.—DIELECTRIC CONSTANT OF LIQUIDS 

Temperature coefficients of the formula: Ks = K:[1 — a(t — 6) + p(t — @)?) 

Temp. 
Substance a B range, °C 

Amiyliacetate. <2. ste = << .0024 — — 
PATTING tae hi sie no tele sie .00351 — — 
IBeNZeNnen crane ce ciioes yee .0000087 10-40 

isulfide ........ .00 — === 

rae ae Bed One .000922 .00000060 20-181 
Ghioroformereoeeeeee .00410 .000015 22-181 
Ethyl@etherte.. 2. cise ss 00459 — 7 
Methyl alcohol ......... 0057 — — 
OjlseeAlmondi. cee. « .00163 .000026 — 

(Gaston ech ccrecis .01067 ==: eat 

OVER eo Bex .00364 a = 

IParathinivees sete .000738 .0000072 
STHOUETION 4 Pens cietere teres eis .000921 — 0-13 

i, oa ee oe Se .000977 .00000046 20-181 
Wiateteen servers coe arine 004474 == 5-20 

TRAE: sera eee Sao 004583 .0000117 0-76 
SE hs 5 et ee .00436 — 4-25 

Meta-xylene ........... .000817 — 20-181 

TABLE 441.—DIELECTRIC CONSTANT OF LIQUEFIED GASES 

A wavelength greater than 10000 cm is designated by ™. 

gE 5 
a acct 
& bo © bo 

Temp a & Dielectric Temp. @ Dielectric 
Substance LX s- constant Substance 1¢ 7 constant 

Aree 3. ca ctiaste —191 00 1.43, 
ees CR ee ‘ Us) WAYS) Nitrous oxide 
Ammonia eo. eeie —34 75 21-23 . N.O0 —8&8& io) 1.933 

oT eee: Bee 14 130 16.2 ss s : ==8 Si 1.630 
Carbon dioxide —5 es 1.605 es ‘ +5 ‘ 1.573 

66 6 0 66 1.58, “ “ SS (Ti 1526 

é a +10 be 1.54, Oxygenien-. > ase —182 : 1.49, 
cs ch +15 ye 1.526. eS) a reek co 4 1.465 

Ghlonmeys.) 8... —60 ce 2.150 Sulfur dioxide 14.5 120 13°75 
os aes cysic a —20 a 2.030 a ss 20 00 14.0 
eo) Se ee hs 0 ie 1.97, a < 40 oe 12.5 
he ee +10 “ 1.94, ff = 60 . 10.8 
a. |) LOR ae ss 2.08 of 80 s 9.2 
pA Mos +14 100 1.88 Ss = 100 7.8 

Cyanogen ... 0%... 23 84 2.52 « 4 oe 120 < 6.4 
Hydrocyanic acid . 21 “~~ about 95 & i a1 40 . 48 
Hydrogen sulfide . 10 00 5.93 Critienlpccs cane oe 154.2) = 2.1 

t $ Es 50 ss 4.92 
“cc “ E 90 “cc 3.76 

TABLE 442.—DIELECTRIC CONSTANT OF ROCKS * 

Wave- Dielectric Wave- Dielectric 
‘ length, constant, length, constant, 

Material cm range Material cm range 
Chalk, ; [eimestonemene ener Soe 8.0-12.0 

middle Devonian .. Sys 8.0-9.0 Marmorized limestone 310 522 
Coral dolomite ...... ane 8.0-9.0 IMicamschistaeeeernnn avy, 16.0-17.0 
(CGT (oe a a Ree 7.0-9.0 Sandstone, variegated ... 9.0-11.0 
ee eee ee 

* For reference, see footnote 45, p. 136. 
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TABLE 443.—DIELECTRIC CONSTANT OF SOLIDS 427 

ee a es 

Wave- Wave- 
Condi- length, Dielectric Condi- length, Dielectric 

Substance tion cm constant Substance tion cm constant 

Aephaltts test®<.- « — co 2.68 dea: 
Barium sulfate ... —_ 75 10.2 Paper (telephone). as “ 20 

@aoutchouc 4... - — oo 222 (cable) a “ 2.0-2.5 

Diamonds ees — < 16.5 Beye 5 sancaone Melting £ 2.46 
RN 5s 3h cae = 75 5.50 Sah he Meee ' point e 2.32 

E’bonites. cease ee. — oo 2.72 6 Wem id tee. . 44-46 rs 2.10 
i) wie BERNE Se se — ‘ 2.86 ar ees 54-56 i 2.14 
fine ne he Asters — 1000 2.55 ST ie. Near as ee e B ae 

nsityv.» . “9 we? «9-77 “AR | Fatererutejorare . . 

OB oe ee ee 562” t1d61)\ pias 
extra hea 4.5 oe) 9.90 Phosphorus 

a ay eelen ne see — eB we 

(very light).. 2875s 6.61 Solid! Verses: sects -- ‘ 

Hard crown .... ZAR: 6.96 Liquid 2.7... - _— 80 3.85 
IMITAROIP Sanccaac — “  6.44-7.46 Porcelain: 

OF oe eteci cnc — 5 95:37-5.90 Hard 
eee — 600 5.42-6.20 (Royal B’ ja): = Bo PASS 

Lead (Powell). . 3.0-3.5 co 5.48.0 Seger “ = 6.61 
ena IDI se — “ 6.84 

BORON soabecc S 5.5-8.1 Selenium ter —_ 7.44 

Barium ...... — id 7.8-8.5 A EOE ESS = 75 6.60 
Borosilicate .. it 6.4-7.7 ¥ Seas _ joan ae 

mlitta, percha eee. — a Set Sobood SS . 
a hs aici wes Shela ee eae laa 130 

°C Sema LiL — S 2.95=3°73 
NCE ercvenseateraeeercerrotees a Han aoe To ee ne “ 3.67 

SO Boop MOEN TREE —1 2) (ae ae oer eee a es po 2.86 
Uh octemennne Noe —190 75 1.76-1.88 ues 

Iodine (cryst.) ... 23 75 4.00 Amorphous .... = 00 3.98 
Lead chloride “ ner al mem 75 3.80 

(powder). — o 42 Cast, fresh ..... — oo 4.22 
memtiitraterc joer — s 16 ic Tae tee Se aL 4.05 
~ Solene sonode _— « 28 L Seeds ee pas 75 3.95 

“ molybdenate . = 4 24 Castitald 22%s42. — 00 3.60 
Marble (Carrara). — : 8.3 RMP | studios met BAD 3.90 
Mica) s.c§helexs Serasts — co §=—5.66-5.97 near | 

TA Saaenisieulas ase _- “ 5.80-6.62 iquid\ escent melting- oo 3.42 
Madras, brown . — 2.5-3.4 _ point 

rn green .. — 3.9-5.5 Strontium sulfate . — 75 ales} 
Sapere Luby: cece) en 4 4.4 Thallium carbonate  — 25 edd 

Bengal, yellow . = 2 2.8 . nitrate .. — 75 16.5 
white . _ s 4.2 Wood dried 

e ruby — 4.2-4.7 Red beech ..... || fibers co 8 64.83-2.51 
Canadian amber. -- 3.0 ah inc tor ess 68 © 1 1 3-3-09 
South America . = ss 5.9 Oalewe. ss tacnaee he © SS (4:22=2.46 

Ozokerite (raw) .. = se 2.21 Seimei. fee “  6.84-3.64 

TABLE 444.—ELECTROSTRICTION * 

Electrostriction is a change in the dimensions of a dielectric proportional to the square 
of an applied electric field. The effect is very small except for bodies of very high dielec- 
tric constant or high mechanical compliance.” ° 

Typical values for— 

Barium titanate 
Glasses Rubber polycrystalline 

0.1 to 0.7*10™ I S< NOY 100 * 10° cm?/statvolt 
transverse longitudinal longitudinal 

* Prepared by Hans Jaffe, Brush Development Co., Cleveland, Ohio. 
n, ¢ Letters refer to references, p. 431. 
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TABLE 445.—STANDARD SOLUTIONS FOR THE CALIBRATION OF APPARATUS 

FOR THE MEASURING OF DIELECTRIC CONSTANT 

Ethyl alcohol in 
water at 19.5°C 

=O 
Diel. Acetone in benzene at 19°C A=75 cm 
const. Per- Dielec- 
at 18°C Percent Density Dielectric Temp. cent by tric 

Substance A\= 00 by weight 16°C constant coefficient weight constant 

Benzene: Saas... sseasyein 2.288 0 885 2.26 1% 100 26.0 
Meta-xylene .......... 2.376 20 .866 5.10 BS 90 29.3 
Ethyltethers +5 <tei-seistoys 4.36" 40 847 8.43 4 80 33.5 
PATTIE statis e's evans vot 7.29° 60 830 12.1 5 70 38.0 
Ethyl chloride ........ 10.90 80 813 16.2 aS 60 43.1 
O-nitro toluene ....... 27.71 100 797 20.5 6 
Nitrobenzene ......... 36.45 
Water (conduct. 10°) . 81.07 

Water in acetone at 19°C \=75 cm 

0 797 20.5 6% 
20 856 31.5 5 
40 .903 43.5 5 
60 .940 57.0 a5) 
80 973 70.6 a5 
100 .999 80.9 4 

TABLE 446.—DIELECTRIC CONSTANT OF MINERALS * 

Dielectric constant 
Wavelength, 

Material cm Range | axis || axis 

Ncphialtenersascerc scotia Gon Def, ane nae 
Benylieree ce ae ceeaae 00 sre 7.85 6.05 
Goalmianthtacitess eee 5.6-6.3 Ath ae 
luo Tite wert coe ee eck 6.8 
Glass, flint ex. heavy ... ... 9.9 
Glass, hard crown ...-.. !<. 7.0 
Glass, Jena barium ..... ... 7.8-8.5 
Glass, lead (Powell) .... ... 5.4-8.0 
Gy psitinin cnt cere te ee lees 6.3 
lice (==22 CMa cnorce Ses 93.9 48 Hers 
eer Greve soacssaococ 75 ante 8.50 8.00 
Q@uartzsatusedine eee ee 3.5-3.6 iw. ae 
Sulfur, amorphous ...... ... 3.9 

* For reference, see footnote 45, p. 136. 

TABLE 447.—THE DIELECTRIC PROPERTIES OF NONCONDUCTORS 

Results of tests at unit area and unit thickness of dielectric 

At 1000 cycles Mica Paper Celluloid Ice 

Max. breakdown volts per cm.......... 1.06 10° lS<l0% 1.05 10° 001 10° 
Specificninducscapacity aan ene 4.00 4.90 13.26 86.40 
Max. absorbable energy, watts-sec/cm®. .198 108 .640 .00040 
90 7-angle of lead: wip. cin nin hak OetS7: 22 10! 3° 40’ 13° 39° 
Equiv. resistance (ohm-cm) X 10" ..... 3.91 9.84 48.3 1400 
Conductivity, 1/(ohm-cm) x 107° ..... 2.56 1.02 .207 00722 
Percent change in cap. per cycle X 10*.. 2.18 14.31 30.7 70.0 
Percent change in resistance per cycle... .258 146 106 27, 

At 15 cycles 

Specific inductive capacity............. 4.09 5.77 18.60 429.0 
Max. absorbable energy, watt-sec/cm®.. .203 126 .90 .002 
Percent change in capacity per cycle.... .00 306 1.74 1.59 

On direct current 

Conductivity, 1/(ohm-cm) ............ 2.4210-" DM ZALESKI 163.10 

SMITHSONIAN PHYSICAL TABLES 



429 
TABLE 448.—VALUES OF DIELECTRIC CONSTANT FOR SEVERAL ELECTRIC 

INSULATING MATERIALS AT RADIO FREQUENCIES 

Brendeney Dielectric 
Material Cc constant 

Glassinpaghsas. oh wde 30 5.1-7.9 
cobaltheeiac eee 500 7.3 
CLOWN ness. kG 230 6.3 

800 6.2 
flintdet5< 36.8 500 7.0 

890 7.0 
photographic 100 Tos) 

1700 7.4 
platelria: seaee:6 500 6.8-7.6 
Pyrex nikon 30 4.8 

500 4.9-5.8 
Manblem. autsctaias- 44 8.4 

80-650 OE 1e7= 
1400 7} 

Mircateq Ain rete ae 100-1000 5.8-8.7 

* Range of 10 samples of various kinds of marble. 

Freatiency Dielectric 
Material c constant 

Phenolic insulation: 
laminated ..... 190 5.0-7.4 

1000 4.7-7.0 
moldedia4- sae 190 4.3-7.6 

1000 4.9-7.0 
Rubber, hard ...... 135 Sh 7/ 

210 3.0 
1126 3.0-3.7 

Wood 
bayalbssce ceive 870 3.8 
bitchwerra cece 500 5.2 
Mia PlO\ vseratevic's 500 4.4 
Oak! Brahe tte 300 3.11=6.7 

425 3.3 
635 3.0t-6.5 
1060 3.3 

o + After drying sample for 48 hours at 80°C. 

TABLE 449.—COMPARISON OF ELECTRICAL PROPERTIES OF INSULATING 

MATERIALS AT ROOM TEMPERATURE ** 

Intrinsic dielectric strength 

Thickness 
Material (mm) 

Gellulosevacetate --4056 02 one .025-.12 

Glass: 
borosilicate No. 7740 (Pyrex) .10 
Soda lead. nice Mon aetan oe seen 10 
Soda slime: jcstnotas cee sia 10 

Mica, muscovite clear ruby .... .020-.10 

Phenolic resinis.-+aeeee eee: .012-.04 

Porcelainy electricall).4- 5.002% a 

Porcelain, steatite—low loss .. — 

Silicas tuised unmet ett ale oes ors — 

Rubber shard! eomeacc les coarne 10=.30 

Volume 
Dielectric resistivity 

(Kv/cm) constant (ohm-cm) 

23007 §.5 10° 

4800* 4.8 LO 
3100* 8.2 10** 
4500* 7.0 10” 

3000-8200t 73 10” 

2600-33007 7s) 10” 

380t 4.46.8 10** 

5007 6.0-6.5 10% 

5000* 3.5 102 

21507 2.8 10” 

** Table from Corning Glass Works publication on Properties of Selected Commercial Glasses (B-83). 
* Values of P. H. Moon and A. S. Norcross, Trans. Amer. Inst. Electr. Engr., vol. 49, p. 775 (1930). 
+ Values of S. Whitehead. World Power, p. 72, September 1936. 

_Intrinsic dielectric strength can be realized only under test conditions and is very much 
higher than the working dielectric strength attainable in ordinary service. These data are 
listed for purposes of comparison. 
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430 TABLE 450.—DIELECTRIC CONSTANT OF CRYSTALS * 

cgs system, Kyacuum = 1 

The dielectric constants,t AK, given here have usually been determined at low field 
strength (order of 1 volt/cm). Unless specifically noted, the frequency is between 60 
cycles/sec and 5 megacycles/sec. Homogeneous crystals show little dispersion in this 
frequency range unless they are strongly piezoelectric or have very high dielectric constant. 
For some strongly piezoelectric crystals, the notation “free” appears in the frequency 
column. Dielectric constants so noted hold for the mechanically unconstrained condition 
which is usually fulfilled for frequencies below the principal mechanical resonances of the 
test body. The dielectric constants for the “clamped” crystal are smaller than for the 
“free” crystal. The difference does not exceed 10 percent except for Ka of Rochelle salt 
(see fig. 16) and K|| of barium titanate. 

Ka, Kv, and K. for orthorhombic crystals refer to electric field parallel to the crystallo- 
graphic a, b, and c axes. 

For monoclinic crystals, K» refers to electric field parallel to the 6 axis which is the 
symmetry axis; K- to field parallel to the c axis accepted by crystallographic convention; 
and Kz to an electric field perpendicular to the b and c axes. 

* Tables 444, 450, and 451 prepared by Hans Jaffe, Brush Development Co., Cleveland, Ohio. ¢ All 
data refer to room temperature unless otherwise noted. 

Cubic crystals 

Compo- Author- Compo- Author- 
Name sition K ity 149 Name sition K ity 

g Sphalerites sosees- ZnS 8 
g Sodium chlorate .. NaClO; 5. 
f Sodium bromate .. NaBrO; 5. 
f Magnesium oxide . MgO 9 
g 4 
Oo 

Silver chloride ... AgCl 12.3 
Silver bromide ... AgBr 13.1 
Lithium fluoride .. LiF 9.0 
Sodium chloride .. NaCl 5.9 
Potassium chloride KCl 4.6 a : Potassium bromide KBr 
Barium oxide .... BaO 34. Thallium chloride. TICL 31.1 

Uniaxial crystals 

Name Composition eb K || Frequency Authority 

Quantzenen a eee SiOz 4.5 4.6 b 
Cae ea ce hicia nstiets ara CaCOs 8.78 8.29 Ae g 
Sapphire: ...6seccic Mewes « Al2Ost 8.6 10.5 10°—10" f 
IRUtilepepsrane cites toc: TiO.t 86 170 105—10° f 
Barium titanate ....... BaTiO; 4400 200 ?—10" i 
Rougmalines 4-52 ece. Sen 8.2 7.5 is h 
Magnesite ............ MgCO; 6.91 8.1 g 

Dihydrogen phosphates and arsenates: 
TID) Ee ae re NH.H2PO, 56 15.4. free d 
Pee eee 2. KH2PO, 46 22 free h 
A Ns foes NH.H:AsO,. 975 14 free d 
ESO cry rane ace cae KH2AsO, 52 22 free d 

Orthorhombic crystals 
a Author- 

Name Composition Ka Kb Ke Frequency ity 

SHEMUS B9 -.06:=5)5'2,54e1-'= eras S 3275 3.95 4.45 10?<10* f 
elestle 5 Setcianc\ anes SrSO, dal 18.5 8.3 4x 10° g 
Barite Nav trate Svavaroratetgrorets BaSO, 7.65 ZZ deh 4x 108 
PASC PbSO, PIS 54.6 23 5x<10°—10° g 
TEPSOMMLE 5 sa istele eal = occas MgSO,.:7H:0 6.5 7.9 6.9 eae k 
Ammonium oxalate ..... (NH«)2C,0,-H.0 8.2 5.5 6.0 free k 
Potassium pentaborate . KB;O.-4H:O 4.6 5.5 45 free d 
Rodicracid oj. hace ces HIO; 7.5 12.4 8.1 free h 

149 For authorities, see references, p. 431. 
t Synthetic, Linde Air Products Company. 

(continued) 
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TABLE 450.—DIELECTRIC CONSTANT OF CRYSTALS (concluded) 

Author- 
Name Composition Ka Kv Ke Frequency ity 

Tartrates : 
Rochelle salt ........ NaKC,H,0.:4H:0 = 8.0 Bit athe 2.5 e102 h 

o Calis Fk Coat tae ya 300 9.4 9.6 free yy 
NaNH.iG.H.0.:4H:20 9.0 8.9 10.0 free h 
LiKC,H.O.: H.0 5.84 7.32 7.4 free h 

LiNH,.C.H.O.: H.O Tee 8 0 6.9 free h 

Monoclinic crystals 

Withwumysultatesnee oe LizSO,: H:0 5.6 10.3 6.5 free h 
Mantanic acide nee CiH.Oz 4.3 4.3 4.5 free h 
Potassium tartrate .... K2CsH.,O.-4H:O 6.44 5.80 6.49 free h 
Ammonium tartrate ... (NH4,)2CsH.Oz 6.45 8.2 6.0 free h 
Ethylene diamine 

tartrates (2 DA»)e see. C.N2Hs:CsHeOc 5.0 8.22 6.0 free h 

§ See also figure 16. 

REFERENCES: a, Bechmann, R., and Lynch, A. C., Nature, vol. 163, p. 915, 1949. b, Cady, W. G., 
Piezoelectricity, McGraw-Hill, New York, 1946. c Hablitzel, Ve Helvet. Phys. Acta, vol. 12, p. 489, 
1939. d, Jaffe, H., The Brush Development Co. Report to US. Signal Corps on ‘synthetic water. 
soluble piezoelectric crystals, April 1, 1948. e, Jaffe, H., personal communication. f, Laboratory 
for Insulation Research, Massachusetts Inst. Techn. Tables of Dielectric Materials III, 1948; and per- 
sonal communication. g, Landolt Bérnstein Tables, 5th ed. h, Mason, W. P., Piezoelectric crystals 
and their application to ultrasonics, Van Nostrand Co., New York, 1950. 15 Mee W. J., Phys. Rev., 
vol. 75, p. 687, 1949. j, Mueller, H., Phys. Rev., vol. 47, 7s, 1935; vol. p- 565, 1940. k, 
Naval Research Laboratory, Crystal Section. 1, Spitzer, F., Dissertation, Geuueen 1938. m, 
Standards on piezoelectric crystals, Proc. Inst. Radio Eng., vol. 37, p. 1378, 1949. n, International 
Critical Tables, vol. 6. o, Bever and Sproul, Phys. Rev., vol. 53, p. 801, 1951. 

1,000 

100 

-60 -40 -20 0 20 40 60 

Temperature °C 

Fic. 16.—Dielectric constant Ka of Rochelle salt. Curve A: free condition (audio 
frequency); curve B: clamped condition (radio frequency). 
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432 TABLE 451.—PIEZOELECTRICITY 

In this table are listed piezoelectric strain coefficients * dam which are ratios of piezoelec- 
tric polarization components to components of applied stress at constant electric field 
(direct piezoelectric effect) and also ratios between piezoelectric strain components to ap- 
lied electric field components at constant mechanical stress (converse effect). The sub- 
cripts n =1 to 3 indicate electric field components, m = 1 to 6 mechanical stress or strain 
components. These components are referred to orthogonal coordinate axes. For correla- 
tion of these to crystallographic axes, we follow Standards on Piezoelectric Crystals.™ 

In the monoclinic system, indices 2 and 5 refer to the symmetry (b) axis, in distinction 
from the older convention” relating indices 3 and 6 to the symmetry axis. Crystal classes 
are designated by international (Hermann-Mauguin) symbols. A dot in place of a coeff- 
cient indicates that it is equal by symmetry from another listed coefficient ; a blank space 
indicates that the coefficient is zero by symmetry. If the sign of a coefficient is not given 
it is unknown, not necessarily positive. 

Unit for dum = 10° statcoulomb/dyne =5 x 10-’ coulomb/newton 

= 10° cm/statvolt =; < 10°” meter/volt 

* The coefficient dj, of Rochelle salt is extremely dependent on temperature and on amplitude. The 
ratio of dy, to dielectric constant K (for the latter see figure 16) is, however, nearly constant; 47dy4/K = 
914 = 6.4X10-7 statvolt cm/dyne. 

m Letters refer to references, p. 431. 

Cubic and tetragonal crystals 

Name Composition Class dys dog Authority! 

Sphaleriteserar es ae. ZnS 43m 9.7 . b 

Sodium chlorate ....... NaCclO; 23 5.2 : 1 

Sodium bromate ....... NaBrOs 23 7.3 : 1 

eX) DY) 2 le Sea Seer ae nS NH.H2PO 42m — 15 +480 d 

FISD) oY So eae een KX H2PO, 42m 46, 18) JAI e 

ACT AG ett) Eames tne NH.H2AsO, 42m +41 +31 d 

2353) DY: UAE See Seat eee K HAsO, 42m +23.5 =-22 d 

Trigonal crystals 

Name Class dy dis dis doo dz, dg Authority 

Wiaets aie ee es sestans 32 +69 —2.0 b 
MOuULMAaline) =y4serieas el- 3m +110 —94 4.96 +54 b 

Orthorhombic crystals 

Substance Class dius dos dso Authority 

ISpSOmitenme yao e: 222 —6.2 —8.2 —11.5 1 
lodicwacidas. erent. 222 57 46 70 h 
Rochelle salt (30°C) ... 222 +1500* —160 +35 b 
NaNH tartrate ....... 222 +56 —150 +28 b 
iiketantrater eer. 222 9.6 33.6 22.8 h 
iNEVetantratemn 222 13.2 19.6 14.8 h 
(NH,)2 oxalate ....... 222 50 11 25 e 

dys di dy dso dag Authority 

Ke pentaborate 4...<:<s..: mm 9.5 iL 7/ — hi ¢! 0 +5.6 d 

Monoclinic crystals (Class 2) 

. Substance dig die da doo do, dog ds, dse Authority 

Lithium sulfate <2 22... +14.0 —12.5 +116 —45.0 —5.5 +16.5 —26.4 +100 h 
Wartanic acids... ces. +24.0 +15.8 —23 —6.5 —63 +1.1 —32.4 +35.0 h 
K, tartrate (DKT) .... —25 +65 —22 +8.5 —10.4 —22.5 +29.4 —66.0 h 
CNH)s tartrate <.6.c0- +9.3 —8.5 +17.6 —26.2 +18 —5.9 —140 +5.6 1 
1D) DM Renee ae ate —31.1 —36.5 +30.6 466 —33.8 —54.3 —51 —569 a 

(Ethylene diamine tartrate) 
Canesstigatein sy) ssc. ss —37 —72 144-10 422 -—26 —13 413 b 

(continued) 
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TABLE 451.—PIEZOELECTRICITY (concluded) 433 

Polarized polycrystalline substance 

dis ds deg Authority 

Barium titanate ceramic .......... 750 —235 +570 e 
K = 1700 

TABLE 452.—VALUES FOR POWER FACTOR IN PERCENT FOR SEVERAL 

ELECTRICAL INSULATING MATERIALS AT RADIO FREQUENCIES 

From the range of values given, an approximate figure can be taken for a particular 
material and its relative position with respect to other materials seen. Data of this kind 
are much affected by the condition and past treatment of the samples and by the conditions 
of the tests. The power factor and dielectric constant of dry air may be taken as 0 and 1.00. 
Fused quartz has the lowest power factor among the solid insulating materials, and is 
used for supporting the insulated plates of standard air condensers. 

Frequency Power Frequency Power 
Cc Material factor Material ke factor 

Amber. cse s:- 187.5 .459 Pparatinie ee tee 14 .042 
300 476 100 .017— .031 
600 495 500 .026 

1000 514 1070 034 
Glasses 30 .35 — 2.98* Phenolic 

600 .040—  .653t insulation : 
cobalt... 500 70 laminated || . 190 2.62 — 8.0 
bbe Soocone 500 42 1000 3.85 — 6.65 

890 40 molded || ... 190 1.64 -10.9 
photographic 100 95 1000 1.56 - 8.4 

235 86 Rubber, hard .. 135 68 
1700 Hil 315 70 

plates 14 97 600 62 
100 47 — 93 625 70 
500 66 = .70 710 88 
635 82 1000 68 
1000 62 1085 74 

Pyrex, fee. 14 88 1126 1.05 
30 26 — .56 Wood: 

100 58 — .74 bay; 2, Sess, 02004 870 3.76 
420 50 birchieeiaes 500 6.48 
500 42 —- 67 maple ..... 500 3.33 — 3.63 
750 .68 Oaks Seales 300 2.941-13.8 

Mianblelmnnce oe 80-650 35 — 4.724 635 3.245-10.1 
Mica we nattycs oe 600 .007— .938 1060 4.20 

* Range of 9 samples. + Range of 27 samples. t Range of 10 samples. § Range of a number 
of samples from different localities. || Range of several samples. 4 After drying 48 hours at 80°C. 
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434 TABLES 453-465.—_RADIO PROPAGATION DATA * 

Antenna arrays (figs. 17-19).—The basis for all directivity control in an- 
tenna arrays is wave interference. By providing a large number of sources of 
radiation, it is possible with a fixed amount of power greatly to reinforce radia- 
tion in a desired direction by suppressing the radiation in undesired directions. 
The individual sources may be any type of antenna. 

The radiation patterns of several common types of individual elements are 
shown in figure 17. The expressions hold for linear radiators, rhombics, vees, 
horn radiators, or other complex antennas when combined into arrays, pro- 
vided a suitable expression is used for A, the radiation pattern of the individual 

directivity 

horizontal , | vertical 
Fis) 

current 

distribution 
type of 

radiator 
Fia) 

F(a) = 

Half-wave fos G sin 0) Fig) = Ki) 

dipole ——— eS 
cos 6 

= K cos 0 

Shortened 
b Fié) = K cos @ 

dipole 

ml Ua s) 2jee ml 

N BN 

Fig) = KM) 

lengthened 
Fig) = Ki) 

dipole H) 

cos 8 

F(é) = Kil) F(B) = K cos B 

Horizontal 

turnstile 
F(a) = k’() Fig) = kK’) 

iy and ig 

phased 90° 

@ = horizontal angle measured from perpendicular bisecting plane 

B = vertical angle measured from horizon 

K ond K’ ore constants and K’ = 0.7K 

Fic. 17.—Radiation patterns of several common types of antennas. 

antenna. The array expressions are multiplying factors. Starting with an in- 
dividual antenna having a radiation pattern given by A, the result of combining 
it with similar antennas is obtained by multiplying A by a suitable array factor, 
thus obtaining an 4’ for the group. The group may then be treated as a single 
source of radiation. The result of combining the group with similar groups, or, 
for instance, of placing the group above ground, is obtained by multiplying A’ 
by another of the array factors given. 
_The expressions given here assume negligible mutual coupling between in- 

dividual antennas. When coupling is not negligible, the expressions apply only 
if the feeding is adjusted to overcome the coupling and thus produce resultant 
currents that are of the amplitude and relative phases indicated. 

sata arranged by Newbern Smith and Marcella Phillips, Central Radio Propagation 
Laboratory, National Bureau of Standards. 

(continued) 
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One of the most important arrays is the linear multielement array where a 
large number of equally spaced antenna elements are fed equal currents in 
phase to obtain maximum directivity in the forward direction. Figure 18 gives 
expressions for the radiation pattern of several particular cases and the general 
case of any number of broadside elements. 

In this type of array a great deal of directivity may be obtained. A large 
number of minor lobes, however, are apt to be present, and they may be unde- 
sirable under some conditions, in which case a type called the binomial array 
may be used. Here again all the radiators are fed in phase but the current is not 
distributed equally among the array elements, the center radiators in the array 

configuration of array 1 expression for intensity F(6) 

va a 
e 
A 

A A A 

ee ®@ A + 2A [cos (s° sin 6)] Pelee 
A A A A 

° 

oe @ ®@ . 4A [cos (s° sin @) cos (5 sin 0) 

Spee ew 

5° 

sin (m — sin 0) 
m radiators ji 2 
(general case) ; C , ) 

sin 3 sin 0 

A = 1 for horizontal loop, vertical dipole 

cos ( sin ‘) 

A a for horizontal dipole 
cos 6 

s° = spacing of successive elements in degrees 

Fic. 18.—Linear multielement array broadside directivity. 

being fed more current than the outer ones. Figure 19 shows the configuration 
and general expression for such an array. In this case the configuration 
is made for a vertical stack of loop antennas in order to obtain single-lobe 
directivity in the vertical plane. If such an array were desired in the horizontal 
plane, say dipoles end to end, with the specified current distribution the 
expression would be 

F(@) = 24 (age ASI ‘| cos"? (1/2 S° sin 6) 
cos @ 

The term binomial results from the fact that the current intensity in the suc- 
cessive array elements is in accordance with the binomial expansion (1 + 1)™?, 
where » is the number of elements. 

(continued) 
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configuration of array | expression for intensity F(A) 

B cos B[1]} 
ites 

+t: 

1d DS 

¢ 100 = O:—- 2? cos B [cos ¢ sin )] 

1d $1 

O1 

2©O or 3 a 

im = Jan 2° cos a cos? ¢ sin a) 

© oO 2 cos a| cos ¢ sin e) 

di I —— and in general: ‘ 

i xooO» == One 2a cosip: [com (S sin #)| 

1x» ©: where n is the number 

in th 
1 }) of loops in the array 

Fic. 19.—Development of binomial array. 

TABLE 453.—DIELECTRIC CONSTANT OF NONPOLAR GASES © 

at 0°C and 76cmHg 

Gas (K—1) x 106 Gas (K—1) x 108 Gas (K—1) x 106 

eliummrrrracc. 69.2 Hydrogen ...... 272 Carbon dioxide.. 988 

Neonta times cc 134.1 Oxyren 20k ee. 532.5 Air (CO: free).. 570 

ATE OMI ce 554.2 Nitrogen ....... 580 

180 Jelatis, J. G., jours: Appl. Phys., vol. 19, p. 419, 1948; Hecter, L. G., and Woernley, D. C., Phys. 
Rev., vol. 69, p. idl, 946. 
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TABLE 454.—DIELECTRIC CONSTANT AND LOSS TANGENT OF DIELECTRIC 

MATERIALS * 

The following table presents values of dielectric constant,* e’ (relative to that vacuum €) and 
loss tangent, tan 6, for various substances at the frequencies and temperatures indicated. The loss 
tangent, tan 4, is identical with the power factor, cos @ (or sin 5), for low loss substances. The 
table shows it multiplied by 10*. 

Part 1.—Solids 

Temp. Frequency, cycles per second 
Materials Lt 3 

A. Inorganic 1x102. 1X103 =1X10° 1108 11010 

1. Crystals 
COLES 5 spor gel en tact etnT oret ae ieta avs ——2 ee 4.15 l7/ 

tan 6 1200 7 
Sodiummechionide: 42 o- eee eee my die BOO Seo sey 5.90 

tand <1 <1 <2 5 
2. Ceramics ; 

a. Steatite bodies 
AUS iMag Ze Seis a sisisjeys 25 €&/e 600 598 5.97 5.96 5.90 

tan 6 92 34 5 4 14 
b. Miscellaneous 

Ri byaini Caserta rate 26) ter/eqn !4 5.4 5.4 5.4 
tan 6 25 6 3 2 

My calexs Kel O02 eae aes 24 Vei/en 95 9.3 9.0 eS =* 
tand 170 125 26 40 

Porcelain, dry process® ..... 2S Ge, S08 Ssh. Sits ~~ Si! 4.74 
tand 220 140 75 78 156 

3. Glasses 
Corning, Now 90m eee eens 740). GYGy Sie) SEI SESS 3.82 

tan 6 6 6 6 9.4 
(Gost INO; WIN? conedoononaooc 24 e/e 840 838 830 8.20 7.94 

tan 6 4 4 5 9 42 
MOAMPIAS: oo ose cos cess oadrepes 23. efe 90:08 82.55 1755 5.49 

tand 1500 1600 3180 455 
uisedmatiartzweren eae erie Dy sia, BAS BE). SAS AS 3.78 

tand 8.5 785 2 1 1 

B. Organic, with or without inorganic components 

1. Crystals 
Naphthalene ..a0 5) -.c- soe os 25’ /& 2858 792.85 

tan 6 19 3 
2. Plastics 

a. Phenol-formaldehyde 
Bakelite BM-16981" ....... 25 e/a 5.05 487 4.72 4.62 4.52 

(powder preheated) ..... tand 190 160 Ue 56 82 
Formica Xone, oe cases eee 26 é&/e 5.23 5.15 460 4.04 S255 

(field | to laminate) .... tand 230 165 340 570 700 
b. Phenol-aniline-formaldehyde 

Resinox 7034 scene eee 25 &/e 4.64 455 4.37 4.30 4.25 
(preformed and preheated) tand 160 137 62 77 124 

c. Melamine-formaldehyde 
Formica grade FF-41"% 

(Sheet:stock) o>. 83.8. 26, -'/e@--6:15-- 6.0095. /S anos 
tand 400 119 115 200 

Melmac resin 592% ........ 27 -€ifeg ~~ 6:70» + 6.25 OS 20Na70 4.59 
tand 590 470 347 360 434 

d. Urea-formaldehyde 
Plaskon urea, natural” ..... 24 een fel 6.7 6.0 52 4.65 

tand 380 280 310 500 782 
e. Hexamethylene-adipamide 

INvloni GlO Zs ae eects sey ete Dy icy Bi BS0- syleb— si 
fami WES 186 218 200 

NylonnOlO Satan. seen een PS die GS 42 SV 3.0 
Oe humidity 222... 2%. tand 650 640 380 220 

151 These data were selected from Tables of Dielectric Materials, volume 3, Laboratory of Insulation Research, 
Massachusetts Institute of Technology, Cambridge, Mass., June 1948 

®e is used for dielectric constant in this table in the place of K. 
* Numbers refer to notes at end of table. 
** Not corrected for variations of density. 
f Rod stock in Hy, (TE) made of circular wave guide. 

(continued) 
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TABLE 454.—DIELECTRIC CONSTANT AND LOSS TANGENT OF DIELECTRIC 

MATERIALS (continued) 

Temp. Frequency, cycles per second 
Materials L{ es 

f. Cellulose derivatives DeN02)) ALOR US LOS al 0S xqhOze 
(1) Acetates 

Tenite II 205A H.”.. 
(cellulose acetate) 26 €/eq §354 93:50 13:28" 3105 
(butyrate) eee see: tan 6 78 107 178 190 

(2) Nitrate 
Pyraline: 2c0 Aeee oc 27 €/e, 10:8 8.4 6.6 Be, 3.32 

tand 6400 1000 640 1030 1310 
(3) Ethyl cellulose 

Ethocel No. 28407 .. 25 e/a 3.90 3.80 3.40 3.20 
tand 75 210 275 240 

g. Silicone resins 
DC@RZ1OlS se eae eee By Gia, 2S 2.9 2.9 2.9 

tan 6 70 56 45 45 
h. Polyvinyl resins 

Polyethylene DE-3401" ... 25 €/e 2.26 2.26 2.26 2.26 
tand <2 <G2, <2, 3.6 

Winyiites ONIN ACoaer ren ae NY yey BIS. SIO) AS BAIS 
tand 130 185 160 81 

Saran =i 52a eter PRY ii = Ae Ae SEINE) AS 2.70 
tand 800 630 570 180 51 

Ibe IRUMEMIO? . a beoceec Cy SAW" AI AGS) PRS 200%. 
tand 620 440 145 67 49 

Rolystynenes cee dee eee sy GiiG PSS 236 250 255 2.54 
(commercially molded) tanome<e5 <5 7 <1 4.3 

Sheetustockes.,.° ado caer 

3. Elastomers 
Eleveaenubbetacarmee einer Sy ii Be 2.4 2.4 2.4 

tan 6 28 18 18 50 
Gittaspenchay wmcg oes cae ss tee 25 gee eh /come 2: Oly we OU 2-53euee47, 2.38 

tan 6 5 4 42 120 50 
QRS (some S). gsousccascoccc 2B) CHG POS P7XEN BAXh BY 2.44 
compound tan 6 y) 9 120 95 50 

GRoe(Bintylenubber)ia eee es D5 Met /eg 239M P2BSEW 23500 205 2.35 
tan 6 34 35 10 10 8 

Neoprene (GR=M* 7.0.0.6 eee ae AS Giiey 7S 6.5 / 3.4 
tand 8000 860 950 1600 

4. Natural resins 
INGHUOISE ie HOSS EC OOOO Cor By Gig, Ba 2.7 2.65 

tand 12.5 18 56 
Shellactmnatiiraleelec sees eae 28) | (es/en) PS: SOmnaOlO lai 47 ee oohO 

tan 6 65 74 310 300 
5. Asphalts and Cement 

Biiceneicementaseryeecetericcice 25) el eturinl AS tc AG wee OMI Ad 2.35 
tame! 40/9 SOF ZoLD 15 6.8 

6. Waxes 
Apiezomewax WW o's. a ccrstes cic chore 22 9 €: [ey Ade eZ,098 a Z-05 

tand 186 120 25 
BSS VERS WHS soadsncoaucane 7a) Gey, PASS WAG AES BS 2235 

tan 6 140 118 84 60 48 
Geresineawhitecmee vases By Bey BS 23 2 2.3 2.24 

tan 6 8 6 4 4 6.5 
Paratimmawa xr, cic. oavemnceriecre rave 25) celj/en) (225g eC 2.24 

132° ASTM tan omnes <2 <i <2 2a 
Sealingiwaxt Wee 25: ebioe aoe x SY) OMNI GEA GAD BP 

Red express tand 249 150 80 120 
7. Woods 

Balsa: Betis. s.cie ccc es eee 26 €/e 1.4 1.4 37 es) 1.20 
} tan 6 50 40 120 135 83 

Fir, Douglas, plywood! ......... BS Giles Bil 2.1 1.90 

Mahogany + 

} Field | to grain. 

(continued) 
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TABLE 454.—DIELECTRIC CONSTANT AND LOSS TANGENT OF DIELECTRIC 

MATERIALS (continued) 

Part 2.—Liquids 

Temp. Frequency, cycles per second 
Materials °C 

A. Inorganic 1105 1X10® 3108 3X10 1101 

Water sconductivitymecdader neo ce Secon (S7,0 G70) S05) | E8055 38 
tand 1,900 190 320 3,100 10,300 

Q5ihe eet /S:2. WFD 250 176.7 55 
tand 4,000 400 160 1,570 5,400 

45 nine! feo We AOwe\ 20% 59 
tan 6 590 105 1,060 4,000 

65 €/e 648 645 64.0 59 
tan 6 865 84 765 3,200 

85 e’/€0 58 58 BY hy 50:9 54 
tan6 12,400 1.240 73 547 2,600 

B. Organic 
1. Aliphatic 1X102, 1108 1108 1108 

Niethiylltalcoholee 5 ssc eters wre sve 25’ /& 31 31 8.9 
tan 6 2,000 380 ~=—-8, 100 

thi lital cohtoleseaeeserreee rier 25 oe’ /& 24:5. 2357 / 
tan 6 900 620 680 

n=Propyl alcohol weonuees- cee + 25 e'/€ 20.1 19.0 723 
tan d 180 2000 900 

Carbon’ tetrachloride® .......... Aaiew eyes: 2lveme2l7 217 e217 DA 

2. Aromatic 
INitrobenzenes seats sone seers PY LG 36 

tan 6 80 
Styrene, N- 1002 ..... eer 2 ee 22 ¢€/e 240 2.40 2.40 2.36 

tan 6 38 5 <<3 58 
3. Insulating oils 

Ray] alan Stes ete cays aie snes veuaters 24 @&/e 2.14 2.14 2.14 
tand 12.6 2 18 

ractole ore eee ee eee As Gey PAWL a7) 2.16 
tan 6 <a <A 11.3 

IMarcolet. sic s chase ioe eects DATE € enn Poa 24 e214 2.14 
tan 6 1 <<] <2 INEZ 

Primo ste ore ee eee 24D IE ene 2.17, PAA PNG] 2.16 
tan 6 1 << <aZ, 10.6 

Gables ole 5sl4 eo tees eee SS BiG BPD 2.25 B22 
tan 6 SAP <4 22 

0 Gye, Ball? 2.18 
tan 6 38 4 

Pyranolet467 a... 2. 5OMens ss ee 25 ¢€/e 440 440 4.40 4.04 2.65 
tan 6 36 3 190 1300 750 

Halowaxonl lQ00? 2) see... oe. 2588 eet helm VAcdidaa Acad 2.99 
tand 490 50 <<? 1850 

4. Lubricants 
WMESENTO ters nea crac OIE RO MTE 25 es/eqnee16 ZNO 2.16) 2:16 2.16 

> (tans 3 2, <i <4 10 
Silicone fluid No. 500,™ 22° €/e “270 ja 276 Die 

C0) CeseheZ OG, aaeosonapde cathe tan 6 4 <.4 240 
Silicone fluid No. 200,™ PRY YC) BUS. PIS 2.70 

LOOKS at: 250C 2s... eee onshore tan 6 8 4 320 

Notes: 1, From conductivity water. 2, Fresh crystals (Harshaw). Audio frequency loss decreases with 
time. For a discussion of low-frequency dispersion in ionic crystals see R. G. Breckenridge, Bull. Amer. Phys. 
Soc., vol. 23, p. 33, 1948. 3, Magnesium silicate (American Lava). 4, Muscovite. 5, Mica, glass, TiO, 
(Mycalex). 6, Knox. 7, 96% SiOos. 8, Iron sealing glass. 9, Soda-lime (Pittsburgh-Corning). 
10, SiO, (General Electric). 11, Eastman Kodak; recryst. and resubl. Lab. Ins. Res. 12, Mica-filled 
(Bakelite). 13, 50% paper laminate (Formica). 14, 58% mica, 2% misc. (Monsanto). 15, 55% filler 
(Formica). 16, Mineral filler (American Cyanamid). 17, a-cellulose (Libbey-Owens-Ford). 18, 
DuPont. 19, 5-15% plasticizer, pigments, dyes (Tennessee Eastman). 20, 25% camphor (DuPont). eile 
2.73 ethoxy groups/glucose, plast. (Dow). 2, Cross-linked organo siloxane polymer (Dow Corning). 236 

(continued) 
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TABLE 454.—DIELECTRIC CONSTANT AND LOSS TANGENT OF DIELECTRIC 

MATERIALS (concluded) 

1% antioxidant (Bakelite). 24, 100% polyvinyl chloride (Bakelite). 25, Polyvinylidene and vinyl chlorides 
(Dow). 26, Polymethyl methacrylate (DuPont 27, For sheet stock, Narjous samples used for different 
frequencies; for rod stock, €’/€) is the same as or sheet’ stock. (Plax). Pale crepe (Rubber Research 
Corp.). 29, Palaquium Oblongifolium (Hermann Weber). oF 100 ae “OR. S, 1 pt stearic acid, 5 pts 
Kadox, ts Captax, 3 pts sulfur (Rubber Research Corp). , Copolymer of 98-99% isobutylene, 1-2% 
isoprene Rubber Research Corp.). 32,Poly-2-chlorobutadiene-1, >; ’ stabilized with Methyl Tuads (DuPont). 
33, Fossil resin (Amber Mines). 34, Contains ca. 3.5% wax (Zinsser). 35, Central Scientific. 36, 
Shell Oil. 37, Bromund. 38, Vegetable and mineral waxes (Kuhne-Libby). 39, Mainly Coo to Cog 
aliphatic, saturated hydrocarbons (Standard Oil New Jersey). 40, Dennison. 41, Research iedvoratony, 
of Physical Chemistry, Massachusetts Inst. Techn. 42, Absolute, ‘Analytical Grade (Mallinckrodt). 43, 
Absolute (U. S. Industrial Chemicals). 44, Eastman Kodak. Dried and refractionated, Lab. Ins. Res. 
45, Purified Lab. Ins. Res. 46, Dow. 47, 72.0% paraffins, 28.0% naphthenes (Stanco). 48, 57.4% 
affins, 42.6% naphthenes (Stanco). 49, 72. 4% paraffins, 27. 6% naphthenes (Stanco). 50, 49.4% paraffins, 
50.6% naphthenes (Stanco). 51, z Aliphatic and aromatic hydrocarbons (General Electric). 52, Chlorinated 
benzenes and eiphenyis (General Electric). 53, 60% mono-, 40% di- and trichloronaphthalenes (Bakelite). 
54, Methyl ore yl siloxane polymer (Dow Corning). 

cs., centistoke 

TABLE 455.—DIELECTRIC CONSTANT AND CONDUCTIVITY OF SOILS 

Measurements of samples of soil taken from different depths at various sites in England 

Dielectric 
Conductivity (in esu) at 20°C constant 

Moisture 
Geological Depth Description content % 1 10 

classification ft of sample by weight 1 kc 100 ke 1.2 Mc 10Mc Mc Mc 

Lower 
lias .... Surface Dark fibrous loam... 60 3.0108 3.410% 3.9x10°6.010°100 55 

1 Loam and clay...... BRI MOSS) 7.0 7.0 9.0 95 43 
Z Glays and) sand... 2. AS) Ts 8.0 8.0 12.0 105 48 
3 Bluerclay s2s0<..2 258.0 9.0 9.5 11.0 95 46 

Chalk .... Surface Fibrous loam .,..... 21 85 90 95 1.4 39) 923 
1 Chalkysloam™.. 222. 21 55 55 85 95 41 25 
Zz Chalke ea coho ttecnine 24 .28 .26 38 61 fas PA 

Upper 
greensand Surface Fibrous loam ...... BYE Pl 3.4 4.0 5.0 80 49 

1 Brown, sandy clay.. 19 2.2 2.4 2.4 3.8 39 =—:19 
2 Brown sand ........ 15 18 2.0 2.1 3.3 33:19 

Upper 
hiaSes cee Surface Fibrous loam ...... 28 85 95 sil 1.6 48 30 

1 Sandyaloames. cose 16 34 34 .40 61 20) 17 
2 Brown sand ........ 14 .29 29 33 46 20 14 
5 Sand and sandstone... 8.5 .075 .090 a2 22 14 9 

Red marls. Surface Reddish-brown loam. 23 1.5 / 1.8 D3 46 32 
1 Reddish-brown clay. 20 1.5 1.7 1.8 25 50m os 
2 Reddish-brown clay. 18 2. 23 ok 3.6 80 45 

Devonian . Surface Black fibrous loam.. 21 1.3 1E5 1.8 2.5 90 65 
Loam and slate..... 9.0 .026 .030 .040 .060 1210 

LORE Slater eae oe — .00026 0025 .0092 .046 95 8.0 

Granite ... 1 Grittyaloamenne eee 18 12 nI2 .16 18 Pi NG 
Stole Granites one —  .00090 .0070 .028 abil 12 8.5 
Sto Ome Granites. seer = .00070 .0050 019 095 10.0 7.5 

Boulder 
clay .... Surface Fibrous loam ...... 38 55 65 75 al 50 20 

2 Clay and loam ..... OR eles 1.1 12 7 60 «21 
3 Dark grit and clay.. 18  .60 70 80 162 50° 7.19 

182 Smith-Rose, Journ. Inst. Electr. Eng., London, vol. 75, p. 221, 1934. 
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TABLE 456.—ELECTRIC DIPOLE MOMENTS 44] 

The dipole moments are given in Debye units (1 Debye unit=1 X10 esu). The 
moments listed were obtained from gaseous measurements. The data are taken from 
Tables of Electric Dipole Moments, April 1947, compiled by L. G. Wesson, Laboratory for 
Insulation Research, Massachusetts Inst. Techn., Cambridge, Mass. Where several sources 
were given, a study was made to select the best value. Reference to original sources can be 
made from the above tables. 

Part 1.—Inorganic substances 

Electric Electric 
dipole dipole 
moment moment 
1x10-18 110-18 

Substance esu Substance esu 

IATMMONIa oe. ie eek 1.46 INithictoxidesa: cme ses 6 ssc sone mil 
ATZOMG ores ee reir oe ae 0 INTRO MET eae see He Gia eicye aisle evereys 0 
TSING, vas Res ete Aree at ake 16 INitrow@enmaioxide, eocee:cec-)-ci 3 
yore sehotarstel? 1 sanongauno00006 0 Oxy. cen ees cate es ete tetas 0 
Deuterium chloride. .0...... 2. «:- 1.089 Phosphine 268 «Soa. Os 5 
Lelie s-nicre he Oe recreate stone 0 Potassium chloride +... 2+ +=: 6.3 
Hydrogen... bee. sccra ote c 0 Silane) Silla 2 acces os ace oa 0 
iydrogen) fluoride) = aeeeee eer 1.91 Soditimpiodide wee cia 49 
Hydrogen iodidey sean eeeee cre 38 Sulturadioxiders ear nicer coco 1.7 
Kary ot Ones avais cise craccte Stats. ©. sip ers 0 WViatermes. cnet cecrarcisirene piiereustelonsye 1.84 
INGO irene Giahorslow reysterenacoss Al) XENON: sikcer vars see oe aioketels Moo einere 0 

Electric Electric 
dipole ipole 
moment moment 
1X 10-8 1X10-8 

Substance esu Substance esu 

Phosgene CCI.0 Ethylichloride G@sE. Glee enaacrin 2.00 
(carbonyl chloride) .......... 1.18 Ethyl fluoride C:HsF .......... 1.92 

‘hiophosgenesGGIZS se csetereereteiene .28 EthyligrodidesG@cHslgane seers: 1.87 
Carbon tetrachloride CCh ...... 0 Nitroethane C2HsNO. ......... 3.70 
CGhioroformuGH Clase te neers 1.02 Ethanes Co blcee oc aera ee ce 0 
Hydrogen cyanide CHN ....... 2.94 Ethylvalcohol C:H.O . 38 50.55%. 1.68 
Formaldehyde CH:O ........... 2.27 Methyl! sulfone C:H.O2S ....... 4.41 
HonmicraciduGH-Ozn.prereeere cre 1.51 Dimethylamine C2H:N ......... 99 
Methyl bromide CH:;Br ........ 1.79 GyanogenGaNa tee eae 0 
Methyl chloride CH:Cl ........ 1.86 Propene (propylene) C3He ...... 65) 
Methyl iodide CH:I ............ 1.64 AcetonerGsHcOm ans eroene 2.85 
FormamidesGEsNOiean...- 3.22 Methyl acetate C;3H.O2 ......... 1.67 
Nitromethane CH;NO: ......... 3.49 EthylRether |G bO—- eee eteee 1.14 
Wigdoamna (lala .cdeioebedeodocbast a0) EthylesulhiidetG,HiSeee oes 1.51 
Methyl alcohol CH.O .......... 1.69 Diethyl carbonate CsHwOs: ...... 1.06 
Carbon monoxide CO .......... ali Bromobenzene C.H;Br ........ 1.74 
GarbonidioxiderGOx eee eee. 0 Chlorobenzene CsHsCl ......... 1.69 
Garbon disulfide GS ene... 0 Fluorobenzene CeHsF .......... 1257; 
Ncetylenen@ablananc cick ae seis core 0 Nitrobenzene CsH;sNO: ........ 4.23 
Ethylene, (Gilwas sae eee 0 Benzene Coblavecneeiiie acer cere 0 
Acetaldehyde)(@sH.O) so eens: Dlr Phenol) GHeO: ta.. osu eee 1.40 
INGAHS EX (GASHOR SS a66sd5000r 1073 Aniline Glia Nar neeeeo reer 1.48 
Ethyl bromide C:H;Br ......... 1.96 Toluene: GrHs. . 24350 cn eee 37 
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TABLE 457A.—ATTENUATION COEFFICIENTS FOR VERY LOW FREQUENCY 

RADIO PROPAGATION 

For very low frequencies (100 kc and under), an empirical transmission formula of 
the form 

377 h 1 0 hee 

silaee hd garg 

has been found useful (Austin-Cohen; Austin; Espenschied, Anderson, and Bailey), where 

F = received field intensity, in w v/m 
h = effective height of transmitting antenna, in km 
J = transmitting antenna current, in amp 
@= transmission distance, in radians 
d = transmission distance, in km 
\ = wavelength, in km 

Values of a and x were found to vary somewhat. 
Since theoretical justification for the Austin-Cohen value of + =4 has been given by 

Watson (Proc. Roy. Soc. London, A, vol. 95, p. 546, 1919), data furnished by the above 
observers have been reevaluated, assuming validity of the relationship 

ts ue 
5377-1 fo os 
ey emia. 

and the resulting values of a presented in the accompanying table, together with their rela- 
tive weights estimated from the number of observations used in their determination. 

a varies notably with frequency, time of day, and the type of ground along the trans- 
mission path, and less definitely with season, solar activity, and the location of the trans- 
mission path. The values presented here are for conditions where the entire transmission 
path, at the height of the ionospheric reflecting layer, lies in daylight or in darkness. For 
conditions of sunrise or sunset on the transmission path, a has generally been found to lie 
between day and night values, but under certain circumstances, to far exceed these values. 

Transmission path 

Day Night Transmitter Receiver Observations 
f, ke a weight a weight Ground location location by 

12.8 -59X 10-3 97 Sea water Bordeaux, France Washington, D. C. Austin 

Zens OO 112 .32x10-3 48 - Rocky Point, N. Y. New Southport, Espenchied, : 
England Anderson, Bailey 

22.9 1.49 59 Land San Diego, Calif. Washington, D. C. Austin 

23.4 1.01 97 Sea water Nauen, Germany Washington, D. C. Austin 

24.05 .61 935-25 7 r Leafield, England Belfast, Maine Espenchied, ; 
Anderson, Bailey 

24.05 .80 42 .46 2 s§ <s Riverhead, L. I., N. Y. ss 

24.05 .81 52 .44 1 es sé Greenharbor, Mass. s 

25.7 76 104 .29 42 se Marion, Mass. New Southgate, 
England ss 

52 1.45 29.60 15 as Northolt, England Riverhead, L. I., N. Y. ss 

52 1.40 75.84 21 ae ci Belfast, Maine . 

54.5 1.49 45 .89 30 ss ss Green Harbor, Mass. "y 

57 1.48 Wil) 5 48 Rocky Point, N. Y. New Southgate, es 
England 

nn EEE eee ee a eee ee ee eee ae 
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TABLE 457B.—ATTENUATION IN HIGH FREQUENCY PROPAGATION OVER 

LONG DISTANCES 

At high frequencies and distances where the radiation is chiefly received by means of 
sky-wave transmission, reference is given to the methods for calculation of received field 
intensities presented in Chapter 7, National Bureau of Standards Circular 462, “TIonospheric 
Radio Propagation.” 

For long transmission paths (over 4000 km), 

F=F.)+hlogP—SJQKd 
’v 

where F = log of the received field intensity, in ce 

Fo = log of the ionospherically unabsorbed field intensity, in = , for 1 kw 

effective radiated power 
= 1.6 — 1.44 [log d — 3.60] 

d = transmission distance, in units of 1000 km 
P = effective radiated power, in kw 

log So= 0.502 — 1.916 (log f — 0.477) 
f = frequency, in Mc 
Q=1+0.005R 

R= sunspot number 

K = average K for the transmission path 
K = 0.142 + 0.858 cos y 
w= solar zenith angle ; 

Kd = 0.142 D' + (Ki + K2 — 0.284) tan ¥. 

where D’ = the length of the path in the region where K is not equal to zero, in 
units of 1000 km 

K, and K2= values of K at transmitting and receiving stations 
R= radius of the earth in units of 1000 km 

J = seasonal variation factor. J has the values 1.0, 1.3, 1.15, respectively, if both ter- 
minals of the transmission path lie in summer, winter, or equinoctial regions. If one ter- 
minal lies in a summer region, the other in winter, J = 1.15. 

TABLE 458.—E-LAYER MAXIMUM USABLE FREQUENCIES IN Mc FOR 

2,000-km TRANSMISSION DISTANCE 

June * Equinox 
Local time 

of day: 00 04 08 12 16 20 00 04 08 12 16 20 

Sunspot number = 0 Sunspot number = 0 
Latitude 
NESOS 8715 19:7 UES ADL. e TLS 1 OW. 82 10.0 8.6 

40 T3160 16:2. 136 WA SIRE IA 
0 123 eel Son 12:3 LSZH 16:8) 130 

8) AD Gis) 11.4 14.2 11.9 
S. 80 7 es Na a i 

Sunspot number = 125 Sunspot number = 125 

N.80° 9811.2 13.4 140 13.4 11.2 SOR 10 3n8:7, 
40 17.4 20.2 17.4 TS alee LSiOm e427, 
0 16.3 20.8 16.3 170), 21-3) 916:4 

40 10.7. 15.4 10.7 ISP lO:Sielses 
S. 80 SiSingt 910) earl 

* For December, use reversed latitudes. 
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444 TABLE 459.—TRANSMISSION FACTORS * 

Norton calculated from Vander Pol’s and Bremmer’s theory and checked at broadcast 
frequencies the following results for vertically polarized ground-wave propagation. In 
many cases ionospheric waves will be much stronger than is indicated for ground-wave 
propagation in these tables. Some indication of when ionospheric waves may be expected 
is given. 

Factor A for transmission over sea water 

e= 80, (¢ =5 X mhos/m) 

Freq 
Mc 50 km 100 km 150 km 

5 1.0 .96 90 
2 1.0 7d, 72 

10 rial 46 
50 025 .0050 0016 

200 00075 a -—— 

Factor A for transmission over good ground 

e= 15, s=10° mhos/m 

Freq 
Mc 5 km 10 km 15 km 25 km 50km 100 km 150 km 

oll 1.00 1.00 1.0 1.0 1.0 90 87 
25 .98 .93 .90 73 .68 48 35 

2.0 50 30 Pi 095 049 018 .0092 
10 .026 011 0072 0036 .0018 .00054 .00020 
50 .0030 0015 .0096 .00040 .00017 oe == 

300 00046 .00021 00013 

Factor A for transmission over poor ground 

e= 5, ¢= 10° mhos/m 

Freq 
Mc 5 km 10 km 15 km 25 km 50 km 100 km 150 km 

all 1.0 99 95 92 85 x3 64 
aS 64 45 6) cae, .096 038 022 

2.0 056 027 018 010 .0050 .0018 .00093 
10 0059 .0030 .0019 0011 .00048 .00013 -—— 
50 .0012 .00055 .00036 .00022 — — aan 

100 .00080 .00026 .00016 — — -— —— 

CRITICAL FREQUENCIES AND MAXIMUM USABLE FREQUENCIES FOR RADIO 

TRANSMISSION BY REFLECTION FROM THE E AND F2 LAYERS OF THE 

IONOSPHERE 

Values of ionospheric critical frequencies and virtual reflection heights for all iono- 
spheric layers (E, Fi, F2, Es) observed at a large number of stations are regularly dis- 
tributed by the Central Radio Propagation Laboratory of the National Bureau of Stand- 
ards to laboratories cooperating in ionospheric research. The values presented in Tables 
458 and 461 are synthesized from the trends of these data. Values are not given here for 
the F: and E, layers since their trends are much less accurately established than those of 
the E and F; layers. 

Table 458 presents E-layer maximum usable frequencies for a transmission distance of 
ae ae the maximum practical distance for 1-hop transmission by means of E-layer 
reflection. 

Table 461 presents F,-layer ordinary-wave critical frequencies, and maximum usable 
frequencies for a transmission distance of 4,000 km, the maximum practical distance for 
1-hop transmission by means of F.-layer reflection. 

153 Norton, K. A.. The calculation of ground wave field intensity over a finitely conducting spherical 
earth, Proc. Inst. Radio Eng., December 1941; Vander Pol. Balth, and Bremmer, H., Philos. Mag., 
vol. 24, p. 141, 1937; vol. 24, p. 825, supplement, November 1937. 

(continued) 
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TABLE 459.—TRANSMISSION FACTORS (concluded) 445 

Latitudes and local times are those of the ionospheric reflection points. The F:-layer 
zones (W, J, and £) are those chosen for practical description of longitude effect by the 
International Radio Conference of April-May 1944. The W and E zones are centered on 
70°W. and 110°E. longitude, respectively ; the two J zones are intermediate between these. 

Values are presented for sunspot numbers of 0 and 125. Since both critical frequencies 
and maximum usable frequencies show approximately linear variation with sunspot num- 
ber, values for any other sunspot number, X, may be obtained by interpolation. 

[World-wide charts of predicted MUF, three months in advance, for both E and F, 
layers, are regularly published in Central Radio Propagation Laboratory Series D 
reports, “Basic Radio Propagation Prediction.’ ] 

E-Layer ordinary-wave critical frequencies.—These may be obtained by dividing 
the E-layer 2,000 km MUF by 4.78, since the minimum virtual height of reflection is 
nearly constant for this layer. 

_Extraordinary-wave critical frequencies, f? (or zero-distance MUF).—The or- 
dinary-wave critical frequency f°, the extraordinary-wave critical frequency f?, and the 
gyrofrequency fn are related by the equation 

GP) SS ie 

The gyrofrequency, fx, varies with the intensity of the earth’s magnetic field, H, and is 
given by 

eH 
— ery, 

2rm ¢ 
fr 

where e and m are, respectively, the electronic (or ionic) charge and mass, c the velocity 
of light in free space, and H is given in gauss. 

Ion density.—The number of ions per cm* at the reflection point may be obtained from 
the value of the ordinary-wave critical frequency, f°, by the equation 

™ 

GD? 
where m and e are, respectively, the ionic mass and charge. 

IN = 

Minimum virtual heights of reflection—The maximum usable frequency at any 
transmission (except for those nearly equal to zero) is equal to 

MUF =f? seco 

where ¢ is the angle of incidence of the wave upcn the ionospheric reflecting layer. 
¢ is approximately given by 

sin 4 6 ; 

1+ (h/R) —cos 4 6 

where @ is the angular distance of the transmission path, h the virtual height of reflection, 
and F the radius of the earth. (Cf. Smith, N., Proc. Inst. Radio Eng., May 1939, p. 232.) 

otal 

Maximum usable frequencies for other transmission distances.—These may be 
obtained from the MUF of Table 461 by using the factors and procedure presented in 
Table 462. 

Skip distances.—The MUF for a given distance is the frequency for which that dis- 
tance is the skip distance. 

TABLE 460.—ATTENUATION OF MICROWAVES BY WATER VAPOR IN THE 

ATMOSPHERE (in db/km) 1 

Measured at 45°C at atmospheric pressure 

Wavelength (cm) 75 cm .96 1.16 1.28 1.37 1.69 
Frequency (kmc) 40.2 31.2 25.8 2305 21.9 17.8 

Water vapor density 
(g/m*) 

10 103 db/km 081 .149 .230 .224 049 
30 408 321 .495 .69 672 18 
50 84 665 .90 TELS AW 359 

154 Adapted from Becker and Autler, Phys. Rev., vol. 70, p. 303, September 1946. 
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TABLE 461.—F,-LAYER CRITICAL FREQUENCIES AND MAXIMUM USABLE 

FREQUENCIES FOR 4,000-km TRANSMISSION DISTANCE IIN Mc 

E zone 

June Sept. Dec. June 

Lati- F-4000 F»-4000 F,,-4000 F.-4000 
tude f°F. MUF f°Fo MUF f°Fo MUF °Fo MUF 

Local time of day: 00 Sunspot number = 0 Time: 12 

N.80° 4.1 142 3.9 13.9 Bah MAS 42.) 13:9 
40 418 13.9 Sy NAD) 2.9 9.6 5.8 19.0 
OR 3250 9 P14 40 147 49 16.5 90 25.6 

AQ 257. 9.2 SH) lS) 4.3 14.7 5.0 188 
S.80 2.4 8.8 2.8 9.9 319) les5 oo 7 WINS) 

Sunspot number = 125 

N.80° 5.2 163 6.1 188 SOMES 5.4 16.0 
40 86 24.9 HY Zils} See LOS 9.0 25.6 
0 88 27.0 10.9 388 8.2 25.9 14:0) 3227, 

40 41 128 BO ie 82 247 10.8 36.4 
S.80 44 138 Beh ZES) 5.4 16.5 6.0 19.8 

Local time of day: 04 Sunspot number = 0 Time: 16 

INESO2 3.9) 1310 316) 12.9 3.0 10.8 45 148 
ADM 3:7 les Siw IAS: 2.9 9.9 BHO. 1 
O23 8.1 2.3 8.5 3.0 9.9 8.4 24.2 

40 29 10.1 2.0 6.9 2.6 8.9 SO Ore 
S.80 2.4 8.5 28 8.7 3:8), 13:3 3.0 10.9 

Sunspot number = 125 

N.80° 5.2 15.4 BS) A8 44 14.0 5.6 16.3 
40 80 23.3 6.3 188 3.6 10.9 SN Ao 

(0) AE) a5) Ue Pees 6.2 20.0 14.0 340 
40 41 128 46 14.1 6.0 17.8 10.4 35.3 

Ses 4ele 2.9 BA NOS SOM LOL 5.4 17.4 

Local time of day : 08 Sunspot number = Time: 20 

N.80° 4.0 13.0 40 143 3.4 12.5 42 143 
40 58 19.4 5.7 20.9 52) 1994 5.5 188 
On 74 22:5 Wks) PaaS 6.7 20.6 45 14.7 

40 39 141 43 15.9 5.0 17.4 2.7 9.6 
S.80 2.4 8.8 3.4 118 Ast 14'7 25 9.3 

Sunspot number = 125 
ING S Oceenes Semmnltoe4: Gd AY SO eeloS Bere led, 

40 94 282 LOOM Ss: S25 2974 8.6 26.0 
Onn 22 7a 23525 GES) St 12.0 34.7 11.0 28.2 

40 75 26.0 Sul Ash Hae (24 Gus) IPG 
Stil) Gish Be 5.9 19.3 217-6 44 13.9 

I zone 

Local time of day: 00 Sunspot number = 0 Time: 12 
N.80° 3.9 13.6 SO eo 2 9.8 AO A385 

40 38 12.9 30), 101 3.0 9.8 San liZee 
0) FA eo 6:3) 23'3 SOR 1G 6.2 17.6 

40 29 98 2.6 8.9 5.4 17.9 47 AS 
S280) 2:4 8.8 2.8 9.9 SO) SES hs} | UO 

Sunspot number = 125 
N.80° 5.2 16.9 5.8 18.2 48 15.3 5 ISG 

40 64 186 SO lors SO OeLOsS 7.9 21.9 
0 90 282 10.0 328 10.0 31.8 104 248 

40) 4:17) 12:7 5:8) 18:2 8.4 24.7 Wy ish7/ 
S380 4.4 13.8 Bee aS 5.4 16.5 6.0 19.8 

(continued) 
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Sept. Dec. 

F,-4000 F.2-4000 
f°F2 MUF f°F2 MUF 

Sunspot number = 0 

44 15.4 3:7 13:4 
6.1 21.4 6.8 24.7 
8.6 24.7 82° 245 
56. "185 5.9 19.4 
3.6 12.9 45 14.9 

Sunspot number = 125 
6.7 -~ 212 5a 17:6 
bea 3555 11.1 36.4 
15:5) 38:8 124 202 
10.5 34.1 So 227 
6.2 19.8 62° 17.6 

Sunspot number = 0 

4:55 15.9 39; J4:2 
5.6 20.0 5:0). 18.3 
9.0 27.0 8.6 28.1 
Silke G3 5.9 19.9 
S27 43 143 

Sunspot number = 125 

6.5 20.0 S Asp kee 
10.9 33.2 8.8 28.8 
16.2 41.2 12.2 29.6 
98 32.3 8.2 25.9 
6.7. 21.9 6.04 17.3 

Sunspot number = 0 

44 158 5 oe 58) 
Sal 18:2 eae | 9.6 
8.2 25.9 he 23.5 
40 13.9 5.4 19.4 
Sone, 14 44 149 

Sunspot number = 125 
6.6 20.8 5:2 ee LO 
8.0 25.9 43 14.1 

14.0 34.2 10.0 25.9 
7.9 24.7 8.4 25.9 
6.3 20.6 6.0 17.6 

Sunspot number = 0 

3:75. 1di2 34-7 12:5 
Sir nd D4 6.8 25.9 
6.5 188 US. 229 
5:28 Ai83 6.6 21.9 
36:' 12:9 45 149 

Sunspot number = 125 
59). 187 54 17.3 

10.2 31.9 LUO” (SH:7 
1120, 28:6 10.9 25.6 
10.8 34.7 94 26.5 
6.2 198 62 176 
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TABLE 461.—F.-LAYER CRITICAL FREQUENCIES AND MAXIMUM USABLE 

FREQUENCIES FOR 4,000-km TRANSMISSION DISTANCE IIN Mc (continued) 

June 

F-4000 
MUF 

Lati- 
tude f° Fo 

Local time of day: 

N:80° 37 . 
40: <234 \ 10:7 

sz ‘TRO 
407 “258 — “96 

2.4 8.5 

N.80° ‘4:8 15:4 
40) 583). 15:3 
0) Fo:9r 218 

40 40 1235 
S.80 41 12.9 

Local time of day: 

N.80° 3.9 12.8 
40 48 16.5 
0 62 186 

A0irs.5) = 12.9 
S.80 2.4 8.8 

INESOee eon 1510 
AQ Meroe 2 le2 
Qe AYO) 

Aen e7e7 2055 
Seco 43" 136 

Local time of day: 

N.80° 3.9 13.6 
40 3.0 10.5 
Opynd4s »1/4.6 

40 23 7.9 
S.80 3.0 10.8 

N.80° 5.2 16.9 
40 66 20.6 
OR OD re oIes 

40 34 10.6 
Sptde vost alos} 

Local time of day 

INESOLs Oz 12:8 
AQ e2al 6.8 
Ds SA AVG 

40 2.0 6.8 
S.80 29 10.5 

N.80° 4.8 15.4 
40 49 15.6 
Oo Ay 27a 

40 3.2 9.9 
Spiel) oe Cj Ne by/ 
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04 

08 

00 

: 04 

— 

Sept. Dec. 

F-4000 
MUF f°F2 MUF 

Sunspot number = 0 

12.2 2.7 9.9 
9.9 2.9 10.0 

11.6 So 10:3 
Tes) Sea. — UTS, 
8.7 BFS gel oss 

Sunspot number = 125 

17.4 S$} 8) WA 
14.2 3.4 10.6 
17.6 ig PRE) 
12.6 Opel es 
16.5 STON LOL 

Sunspot number = 

13.2 3.0 10.9 
18.8 5.0 188 
17.9 74 22.9 
15.9 5.6 19.4 
11.8 43 14.7 

Sunspot number = 125 
18.8 AVS 11685) 
28.8 78 29.4 
33.0 LL ena 2 
29.4 8.8 25.6 
19.3 O2e e176 

W zone 

Sunspot number = 0 

6.8 23 7.8 
20.6 a6ay 12.0 
11.8 5.000165 
11.3 42 148 

Sunspot number = 125 
18.2 48 15.3 
17.0 46 145 
39.2 9.0 28.3 
22.6 99 29.3 
20.0 Lk ran ai} 

Sunspot number = 0 

5.8 2.6 8.9 
12.8 23 7.8 
10.0 4.7 15.9 
8.9 42 146 

Sunspot number = 125 

17.4 So 12:2 
12.5 44 13.6 
21:5 49 145 
17.6 9.4 27.6 
16.7 m0. 16.7 

(continued) 

F»-4000 
f°Fs 

a_i 

NNANW HY MSOnn 

—as— 

WHOUBRW MeEEenH 

June 

F5-4000 
MUF 

Time: 16 

4.0 

NER 

S000 SaAmaN 

a SSI oS Se SN WNIS 00 5° 

Dic sy Cu F ROANS 5 

oO 

NANNO 3 NONE & 

oO 

oO 

4 
17.0 
19.8 

Sept. Dec. 
EEL torent 

F.-4000 
f°Fo. MUF 

F-4000 
f°Fy MUF 

Sunspot number = 0 

Si WAG OA. amlZel 
55. 19:8 5.6 20.6 
8.2 24.6 94 30.0 
48 17.0 64 21.8 
Sk NPs) A:3 “14:3 

Sunspot number = 125 
59 188 52, 1616 
9.7 30.6 98 33.9 
ZS aes 1e8 12:4 65510 
TOM. 3355 O22 23 
6.7 21.9 (0) 418} 

Sunspot number = 0 

Sip IAS Selamemles 
SH9) A) Pi 8.8 
LOM 2186 7.6 249 
Seles Ga 22:2 
aes), 14! 44 14.9 

Sunspot number = 125 

SOF elo 49 15.5 
OY WAG S/O AY 

10.2 25.9 NOS 2 
7.4 24.3 92 268 
6.3 20.6 G0 elie 

Sunspot number = 0 

3: 72eP 132 5 a es) 
520 186 6158) 92455 

10.6 30.3 8.6 26.5 
C7244 8.4 28.1 
SHO) lags 46 15.0 

Sunspot number = 125 
5.9 18. 5.4 17.3 
9.3.1, 29:3 12.3 40.3 

14.9 37.0 14a te33:3 
13.9 44.7 12. 33/9 
LO 244, 7.0 19.8 

Sunspot number = 0 

AY WAS 3:4..,.12:1 
5.3 19.0 Oh ALD 

NOP Sle) 8.6 27.3 
5.0 18.5 M2245 
Sommers 45 14.9 

Sunspot number = 125 

5.9 188 5.2 16.6 
9.3 288 112 36:3 

14.0 37.5 13.8 34.3 
11.4 37.4 LOM 32-9 
6.9 22.2 tye F1807) 
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TABLE 461.—F,-LAYER CRITICAL FREQUENCIES AND MAXIMUM USABLE 

FREQUENCIES FOR 4,000-km TRANSMISSION DISTANCE I'N Mc (concluded) 

June Sept. Dec. June Sept. Dec. 

Lati- F-4000 F-4000 F5-4000 F5-4000 __. Fe-4000 __. Fx-4000 
tude f°F. MUF f°F. MUF f°Fo MUF f°F2 MUF f°F. MUF f°Fo MUF 

Local time of day: 08 Sunspot number = 0 Time: 20 Sunspot number me 

N.80° 3.9 128 S16) la2 3.0 10.9 Sie, dé SH) ALS) Srl earlel 

40 48 16.2 46 174 AS VAG ye. Se oW/ 40 145 2.6 9.0 

Omos) Zs sy Bl 76 22.9 6.8 22.3 8.4 26.0 Se 81910 

40 44 15.9 59 218 6.6 22.9 2.2 7.8 2.9 10.1 64 21.6 

SO Sil aks 3:0) eo AS SES 2.9 10.6 3 2:2 Ap) wali5!5 

Sunspot number = 125 Sunspot number = 125 

N.80° 5.1 15.0 HO 1S:8 43 13.5 Sal = LOO 5S) ales AQ. vil5.5 
40) 614 20:2 8:3) 270 8.5 29.4 720) 2355 74 23.5 67 72.2 
0 94 27.0 WSp Saat 145 42.4 10% 2746 13.5 34.0 11.9 30.1 

AQ) hil 2/6 10.6 36.4 11.0 31.8 38 | 129 TS Ce 10.7. 32.8 
S780; 95.0) 115.9 6.8 22.1 6.7 18.9 49 158 6.5 20.6 6.5 19.3 

TABLE 462.—FACTORS FOR OBTAINING F,-LAYER MUF, AND COMBINED 

E, F,LAYER MUF AT OTHER DISTANCES, FROM F,-4,000 km MUF AND 

E-2,000 km MUF 

The accompanying table presents (a) factors, F000% #1, by which the 2,000 E-layer 
maximum usable frequencies may be multiplied in order to obtain values of maximum 
usable frequencies by combined E- and F,-layer transmission for other distances, and (b) 
factors, Fsoor:-r2, by which 4,000-km F2-layer maximum usable frequencies may be multi- 
plied in order to obtain values of F.-layer maximum usable frequencies at other trans- 
mission distances. These factors become less accurate with decreasing transmission 
distance. 

For obtaining the maximum usable frequency for practical radio transmission, the 
following procedures may be used: 

1. One-hop transmission:—Obtain both the combined E-, F;-layer, and F2-layer maxi- 
mum usable frequencies pertinent to the midpoint of the transmission path. The higher of 
the two will be the MUF for the path, neglecting possible transmission by sporadic-E 
ionization. 

2. Long-path transmission:—For transmission paths exceeding 4,000 km, the following 
procedure generally affords a sufficiently good value for practical use: 

(a) Determine the 2,000-km E-layer MUF for a point 1,000 km along the transmission 
path from the transmitting station. Determine the 4,000-km F.-layer MUF for a point 
2,000 km along the transmission path from the transmitting station. Select the higher of 
two values, for comparison with a value to be later obtained in procedure (b). 

(b) Determine the 2,000-km E-layer MUF for a point 1,000 km along the transmission 
path from the receiving station. Determine the 4,000-km F.-layer MUF for a point 2,000 
km along the transmission path from the receiving station. Select the higher of these 
two values, for comparison with the value obtained in procedure (a). 

(c) Compare the values obtained in procedures (a) and (b) above. The lower of the 
two will be the MUF for the transmission path, neglecting possible transmission by 
sporadic-E ionization. 

For more detailed and accurate procedures, and for inclusion of sporadic-E layer effects, 
reference is given to National Bureau of Standards Circular 462, “Ionospheric Radio 
Propagation,” and to reports of the Central Radio Propagation Laboratory, Series D, 
“Basic Radio Propagation Prediction.” 

Distance Distance 
km FonqoE-E,F1 FyoopFs-F2 km Foo E-E,F1 F so00F 2-F 2 

200 25 35 2200 79 
400 36 .36 2400 83 
600 48 38 2600 86 
800 62 41 2800 90 
1000 72 46 3000 92 
1200 82 5 3200 95 
1400 88 yi 3400 97 
1600 95 63 3600 98 
1800 98 69 3800 99 
2000 1.00 74 4000 1.00 
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TABLE 463.—CALCULATED ATTENUATION OF MICROWAVES BY RAIN 

(db/km) ™* 

Rate of rainfall 2 
(mm/hr) 1.25 

LLNS: eee SEAT: - Renan tie oe .193 db/km 
GOs (moderate) hase -ce 615 

22iOma (heavy) mae shiek. cic 6 2.40 
A San (GCloudburse)rsis oe 6.17 

Wavelength (cm) 

3 5 10 

.049 .004 .0007 
192 012 .0017 
28 .053 .0070 
1.64 .165 .016 

185 Adapted from article by L. Goldstein in Summary Technical Report of the National Defense 
Research Committee, Committee on Propagation, vol. 2, p. 164, published by Academic Press. 

TABLE 464.—ATTENUATION OF MILLIMETER WAVES BY ATMOSPHERIC 

OXYGEN (db/km) 

Attenua- 
tion 

Wave: __ coefhi- 
length cient 
(mm) (db/km) 

6.34 05 
5.76 1.0 

Attenua- Attenua- Attenua- Attenua- 
tion tion tion tion 

Wave- __—coeffi- Wave-__coeffi- Wave- ___coeffi- Wave coeffi- 
length cient length cient length cient length cient 
(mm) (db/km) (mm) (db/km) (mm) (db/km) (mm) (db/km) 

5.60 1.8 5.19 12.7 5.10 13.9 4.96 14.7 
5.28 10.2 Sls! IG} 7/ 5.04 14.5 4.48 4 

156 Lamont, H. R., Proc. Phys. Soc. London, vol. 61, p. 562, 1948. 

TABLE 465.—EXTRATERRESTRIAL RADIO FREQUENCY RADIATION * 

Source 

Cygnus 

wee twee ee 

see tweens 

Taurus A 

Taurus A 

Taurus A 

Cassiopeia... ...-. - 

Possible sources .. 

Coma Berenices A. 

Hercules A 

a 

20h00™ 

19 59 

19958™478+108 

19°56™.5 

20 30 

12 18.2 

Sus 

5»31™008+30$ 

5 31 20 +30 

ZS MITES 

SES Oma 
EF aay 68} 
12 20 
18 51 
19515 

12 04 

16 21 

124280684378 

13 22 20 +60 

* Prepared by C. R. Burrows. 
157 For references, see p. 450. 
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Part 1.—Discrete sources 

5 
443° 

4+41°41’ 

441°41/!+7' 

+39°50’ 

438° 

+58°00 

+28° 

+422°01' 

+22°02'+8' 

458°10" 

+46°11’ 
+57 14 
+48 
+24 

0 

+20°30! 

+15 

+12°41'’+10’ Bolton, Stanley, Slee» 

—42°37'+8' 

Remarks 

Approx. position; \ =~ 

Reported by 157 

Hey, Parsons, Phillips ® ~= 5m. 

Bolton® Uncertainty of position about 1°. 
Observed on 100 Mc/s. 

Bolton and Stanley t Observed on 100, 60, 85, 200 
Mc/s. 

Ryle and Smith4 Observed on 80 Mc/s. 

Hey, Parsons, Phillips? Observed on 64 Mc/s; position 
very uncertain. 

Observed on 80 Mc/s. 

Angular width < 30°; uncertainty 
of position about 1°. Observed 
on 100 Mc/s. 

Ryle and Smith4 

Bolton® 

Intensity measured at 100 Mc/s. 

Observed on 100 Mc/s. 

Observed on 80 Mc/s. 

Bolton, Stanley, Slee” 

Bolton, Stanley® 

Ryle and Smith4 

Ryle 
Ryle 
Ryle c Obsered on 80 Mc/s. 

yle 
Ryle 

Bolton 4 Angular width <15’; uncertainty 
of position about 1°. Observed 
on 100 Mc/s. 

Bolton ® Angular width <1°; uncertainty 
of position about 1°. Observed 
on 100 Mc/s. 

Intensity measured at 100 Mc/s. 

Bolton, Stanley, Slee» Intensity measured at 100 Mc/s. 

(continued) 
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TABLE 465.—EXTRATERRESTRIAL RADIO FREQUENCY RADIATION 

(concluded) 

Part 2.—Galactic noise from direction of Sagittarius ' 

r-} Fy 
x ~ 

. = ~ o Mw —~ re ro) oie M ~ 

: fb Ease : Pe 
E Be go S$e88a BEE : ge 3 $sbsa S25 go &, SSfSE AS : Go ke ZSSUE ASE 
5 ie Ze grers gts 5 ia z0 meeke Sha 

Moxon) anc ee 40 750.0 30,000 35x70 Rebers so ccieniecc cr 480% (62.5 9230, 25<3 

Hey, Parsons, 
and Phillips 65 462.5 10,500 12x30 Reber ~ atesicccre ceva 900 33.3 

: Negative results 
MOS caoeeoos 90 333.3 3,000 35x35 Southworth ...... 3000 810.0 but due to low 

sensitivity can Reber’. aches. 160 187.5 5,300 6x8 Reber ..........- 33009 aly ay 

MOxOn: of ces 200 150.0 300 Southworth ...... 30,000 1.0 7,<<20,000. 

Part 3.—Constant component of solar noise ! 

A <a ~ - a ~ 
> i= 5 > > o> 

: S- mee oe 5 Si gee) fee 
z go ¢ Moe 2 cia M86 
‘si aie oO o ae he 3~N oO °o ns 

: eo be ae : CU Bed é fo 8 ets 3 f= og ete 
Piddington and Lehany and Yabsley.. 600 50. -5X 108®+20% 

Minnett 9) 2). 24,000 1.25 1.0104+10% 
RED G Spee, niet Sra Saanakevens 480 62.5 1.0108 

Dicke and Beringer. 24,000 1.25 1.0104 
McCready, Pawsey and 

Southwoutho pees 10,000 3 1.8104 Payne-Scott | 2...) 200 150. 1.2 10° 

Sandenecrs cisciacketoens 9,375 362)" ae x 104 Pawsey and Yabsley.. 200 150. .7108 

Southworth. 4-26) 3,000 10 1.8104 Lehany and Yabsley.. 200 150. 1.0108 

Covington! saeseriee = 2,804 10.7 5.6104 Ryle and Vonberg.... 175.4 171. -6 108 

Covington! sh. c= dete 2,804 10.7. 6.5104 Reébérivissh! «vteciuBha 160 187. 1.8 108 

Lehany and Yabsley. 1,200 25 1.0 105+20% Ryle and Vonberg.... 80 375. 1.3106 

REFERENCES: a, Bolton, J. G., Nature, vol. 162, p. 141, 1948; b, Bolton, J. G., Stanley, G. J., and 
Slee, O. B., Nature, vol. 164, p. 101, 1949; c, Unpublished; d, Ryle, M., and Smith, F. G., Nature, 
vol. 162, p. 462, 1948; e, Hey, J. S., Parsons, S. J., and Phillips, J. W., Nature, vol. 158, p. 234, 1946; 
f, Bolton, J. G., and Stanley, G. J., Nature, vol. 161, p. 312, 1948; g, Hey, IRS Parsons, S. i. and 
Phillips, J. W., Proc. Roy. Soc. London, vol. 192, p. 425, 1948; h, Bolton, Te él, and Stanley, G. spastt a: 
lian Journ. Sci. Res., vol. 2, p. 139, 1949: i, Williamson, R. E., ‘Journ. Roy. Astron. Soc. Cana a vol. 
p. 9, 1948; j, Pawsey, J cE. , and Yabsley, D. E., Australian Journ. Sci. Res., vol. 2, p. 198, 1949. 
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TABLES 466-494—MAGNETIC PROPERTIES OF MATERIALS 

TABLE 466.—DEFINITIONS *, BASIC EQUATIONS, AND 

GENERAL DISCUSSION 

B, flux density (magnetic) induction, = ¢/A = 4mI +H; unit the gauss, maxwell per 
cm. 

Diamagnetic substances, n<1, « negative. Most diamagnetic substance known is Bi, «= 
.9998 k= — 14x10. 

Ferromagnetic substances, u very large, x very large: Fe, Ni, Co, Heusler’s alloy (see 
Table 476), magnetite and a few alloys of Mn. » for Heusler’s alloy, 90 to 100 for B= 
2,200; for Si sheet steel 350 to 5,300. 

H, field strength, = No. of lines of force crossing unit area in normal direction; unit = 
gauss = one line per unit area. 

Hall effect (galvanomagnetic difference of potential), Ettinghausen effect (galvano- 
magnetic difference of temperature), Nernst effect (thermomagnetic difference of poten- 
tab and the Leduc effect (thermomagnetic difference of temperature), see Tables 519 
and 521 

Hysteresis is work done in taking a cm*® of the magnetic material through a magnetic 
cycle = fH dJ = (1/4) SH dB. Steinmetz’s empirical formula gives a close approximation 
to the hysteresis loss; it is aB’* where B is the max. induction and a is a constant (see 
Table 482). The retentivity (B,) is the value of B when the magnetizing force is reduced 
es zero. The reversed field necessary to reduce the magnetism to zero is called the coercive 
orce (H-). 

TI, intensity of magnetization or pole strength per unit area, = M/V = m/A where A is 
cross section of uniformly magnetized pole face, and V is the volume of the magnet. 
4nm/A = 4nrI = No. of lines of force leaving unit area of pole. 

J, specific intensity of magnetism, = I/p where p = density, g/cm*. 
igs J, similarly atomic and molecular intensity of magnetization. 
k, susceptibility ; permeability relates to effect of iron core on magnetic field strength 

of coil ; if effect be considered on iron core, which becomes a magnet of pole strength m 
and intensity of magnetism J, then the ratio //H = (u —1)/4m is the magnetic suscepti- 
bility per unit volume and is a measure of the magnetizing effect of a magnetic field on the 
material placed in the field. » = 42x 4+ 1. 

M, magnetic moment = ml, where / is length between poles of magnet. 
Magneto-strictive phenomena: 

Joule effect: Mechanical change in length when specimen is subjected to a magnetic 
field. With increasing field strength, iron and some iron alloys show first a small incre- 
ment A//] = (7 to 35) & 10°, then a decrement, and for H = 1600. A//I may amount to 
—(6 to 8) X 10°. Cast cobalt with increasing field first decreases, Al/] = — 8 X 10°, H= 
150, then increases in length, A//i = + 5 x 10°, H = 2,000; annealed cobalt steadily con- 
tracts, Al/] = — 25 x 10°, H =2000. Ni rapidly then slowly contracts, Al/] = — 30 x 
10°, H = 100; —35 x 10°, H = 300; —36 x 10°, H = 2,000. A transverse field generally 
gives a reciprocal effect. 

Villari effect; really a reciprocal Joule effect. The susceptibility of an iron wire is in- 
creased by stretching when the magnetism is below a certain value, but diminished when 
above that value. 
Wiedemann effect: The lower end of a vertical wire, magnetized longitudinally, when 

a current is passed through it, if free, twists in a certain direction, depending upon circum- 
stances. A reciprocal effect is observed in that when a rod of soft iron, exposed to longi- 
tudinal magnetizing force, is twisted, its magnetism is reduced. 

#, magnetic permeability, = B/H. Strength of field in air-filled solenoid = H = (41/10) 
ni in gausses, 7 in amperes, n, number of turns per cm length. If iron filled, induction 
ieceegte te No. of lines of force per unit area, B, passing through coil is greater than 

3 eS loyal, 
Paramagnetic substances, «> 1, very small but positive, x = 10 to 10°: oxygen, espe- 

cially at low temperatures, salts of Fe, Ni, Mn, many metallic elements. (See Table 486.) 
Paramagnetic substances show no retentivity or hysteresis effect. Susceptibility inde- 

pendent of field strength. The specific susceptibility for both para- and diamagnetic sub- 
stances is independent of field strength. 

¢%, magnetic flux, = 49rm + HA for magnet placed in field of strength H (axis parallel 
to field). Unit, the maxwell. 

Unit pole is of such strength that it will repel another unit pole with a force of one 
dyne; at unit distance in free space, 4m lines of force radiate from it. m, pole strength; 
4rm lines of force radiate from pole of strength m. 

x, specific susceptibility (per unit mass) = «/p = J/H. 
Xa, atomic susceptibility, =x X (atomic weight); x“ —= molecular susceptibility. 

* See pages 16-18. 
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TABLE 467.—MAGNETIC PROPERTIES OF VARIOUS TYPES OF IRON 

AND STEEL 

From tests made at the National Bureau of Standards. B and H are measured in cgs units. 

Values of B 2000 4000 6000 8000 10,000 12,000 14,000 16,000 18,000 20,000 

A led Norway iron..H  .81 1.15 1.60 2.18 3.06 445 7.25 235 116. — 
i oa wu 2470 3480 3750 3670 3270 2700 1930 680 150 — 

Cast iesteel, sae. atm es H 2.00 2.90 4.30 6.46 9.82 15.1 249 505 135. 325. 

ie w 1000 1380 1400 1240 1020 795 563 317 133 62. 

Machinery steel ........ H 50 88 13.1 18.6 25.8 35.8 505 760 142. — 
we 400 455 460 430 390 340 280 210 127. — 

Very pure iron |....... H 3.30 4.48 6.35 9.10 13.0 18.9 288 47.0 103. 240. 
as received ze 606 893 945 880 770 635 486 340 175 83 

Annealed in vacua ....H .46 60 .£80 1.02 1.38 2.00 3.20 11.3 72.0 194. 
from 900°C zw 4350 6670 7500 7840 7250 6000 4380 1420 250 163 

IASMTLCCEIV.Ed sacs neti seekers Hmez 150, Bmaz 18,900, Bra 74050) FF ato28: 
Adtermantealingees. emer lela ISO Bimaz 193500} I8le 93) 

TABLE 468.—MAGNETIC PROPERTIES OF ELECTRICAL SHEETS 

From tests made at the National Bureau of Standards. B and H are measured in cgs units. 

Values of B 2000 4000 6000 8000 10,000 12,000 14,000 16,000 18,000 20,000 
PUY AAMIO a SECON ey. oleic H 1.00 1.10 1.43 -2.00 3.10 495 920 340 114. — 

# 2000 3640 4200 4000 3220 2420 1520 470 158 — 

Ordinary trans-""..-.-.. H .60 £87 1.10 148 2.28 3.85 109 43.0 149. — 
former steel Bw 3340 4600 5450 5400 4380 3120 1280 372 121 — 

High silicon Pa ee 50 .70 90 1.28 1.99 3.60 9.80 47.4 165. — 
former steel # 4000 5720 6670 6250 5020 3340 1430 338 109 — 

TABLE 469.—MAGNETIC PROPERTIES OF IRON IN VERY WEAK FIELDS 

The effect of very small magnetizing forces has been studied by C. Baur and by Lord 
Rayleigh. The following short table is taken from Baur’s paper, and is taken by him to 
indicate that the susceptibility is finite for zero values of H and for a finite range in- 
creases in simple proportion to H. He gives the formula k = 15+ 100H, or J =15H + 
100H’. The experiments were made on an annealed ring of round bar 1.013 cm radius, the 
ring having a radius of 9.432 cm. Lord Rayleigh’s results for an iron wire not annealed 
give k=64+45.1H, or [=64H +5.1H*. The forces were reduced as low as 0.00004 
cgs, the relation of k to H remaining constant. 

First experiment Second experiment 

H k Jf H k 

.01580 16.46 2.63 .0130 15.50 

.03081 17.65 5.47 .0847 18.38 

.07083 23.00 16.33 .0946 20.49 
13188 28.90 38.15 .1864 25.07 
.23011 39.81 91.56 .2903 32.40 
38422 58.56 224.87 3397 35.20 
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TABLE 471.—MAGNETIC PROPERTIES OF SOME ALLOYS * 455 

B & H MEASURED IN cgs UNITS 

Induction data 

Values of B 2000 4000 6000 8000 10000 12000 14000 16000 18000 

Garbonsteelinges seme tee Hevss 50 61 72 93 155 290 600 — 
‘9G. 5S Mnie2 SivBal Fe...» 60 80 98 111 108 77 48 27 

Ghromene., siesta <ees lel gy 48 61 75 100 175 — — 2 
Bates omen (LON Caen. S «corre E 663 83 98 107 100 69 — — a 

Ghromes4.. 240... ses ehh. Hi 30 44 B25 102 75 155 235 — — 
Sheet, 5:75 (Cr ol i25"G sz 267% TEINS 91 114 129 133 104 60 — — 

@hromegecscict eee eee Isl» d{6 47.5 64 80 122 — — = — 
Sheet, 5/5 Crol0ies-.. ..5. Taped 84 94 100 82 — — = — 

Mungstenysteel pasceecone isl 66 52.5 OS 70 SESH ws 195 195 500 
0.6 C, 5 W, 0.5 Mn, 0.2 Si... 57 76 95 114 123 104 72 72 32 

Cobalt”. Baie. .OtR . Re H 140 203 240 269 313 413 649 — — 
Bar, 30,Cows-o1Gr4 6:0 Wis. ee el4 20 25 30 32 29 22 — = 

Gaia dors seca ee ees roe H 134 201 237 258 290 369 651 1355 2571 
Zn CGowl/aMowBalebherseee- we 149 "199." © 253-1; 31 O45) iS eeade > | Pies 7 

Alnico tou © Pivot 8 bie. H 280 400 478 582 910 1820 = = —_ 
IZING AD INE BGo, LISI. A A IO Aa we I 0) 66 — — — 

PNUTIEC ONG ary creer trance acess fae H 360 560 668 785 1020 1680 = = = 
Cast, [OVAL 17 Ni, 12.5 Co... 2) 9.56 7.1 9.0 10.2 9.8 Tal — — 

AInI€o (2th OO eA. ABS H 340 515 605 760 1200 1800 = 2 — 
Sintered, 10 Al, 17 Ni...... m 159 7.8 99 10.5 8.3 67 (= — — 

Alnicoisies cunts tees s oc os H 305 473 565 698 1035 2000 = — — 
T2cAI 2 SUNG BaP Bey csc wn §66.6 S35) 10:6. 5 15 9.7 60 — — — 
Up to 5/8x5/8” cross section 

Alnico Sever ects skh ete: H 279 395 478 575 940 1910 — — — 
Cast, 12 Al, 25 Ni, Bal Fe.. u ep MO IAS Nee) TOS 63 — — 
5/8x5/8” cross section and over 

Anico 4944. 2 yeh ct as H 500 850 1075 1350 1890 = — — — 
Cast, and sintered ......... Bw 410 4.7 5.6 5.9 5:3 — — — 
12 Al, 28 Ni, 5 Co, Bal Fe 

IAI COW oer et ae H 468 560 580 580 598 640 945 — — 
Cast, 8 Al, 14 Ni, 24 Co, 
SuGuyBallshesneoe ose m 4.3 7.1 10.3 13.8 16.7 18.8 148 _ — 

ITN COMO ee io ee eo oe H 430 675 770 845 940 1110 # £1700 — —_ 
Cast, 8 Al, 15 Ni, 24 Co, 
SCuleZo de Bali hes... wet 47 5.9 7.8 9.5 10.6 10.8 82 — — 

Alnicopizee: thes.) et. 5. H 610 1000 1300 1600 2000 # 3000 — — — 
Cast, 6 Al, 18 Ni, 35 Co, 
Sear Balbens nec aa: be $36 4.0 4.6 5.0 5.0 4i8t) == — — 

Cunilega ence H 530 645 845 — — — — — — 
Under .155” dia. 60 Cu, 

20S NimBale hese s-eeee “ 3.8 6.2 ies — — — — — - 

Cunico Age ccs bok H 590 1000 1630 3200 —_ — _ — — 
5OCuy 20 Nis 29). Co. a. oo oe “ue 3.4 4.0 3.7 25 — — — _— a 

Viectolitev ss. 266 .....ccek a H 1110 2050 3700 — — — —_ — — 
30 Fe2Os, 44 Fe3O,, 

26: Go:O3"% ees. Vee. [Dos Mts} 2.0 17 — — _— _ aa 

Silmanalgecns.. doa Maximum up 1.111 

* Much of the data on magnetism was corrected by W. E. Ruder, of the General Electric Co. 
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456 TABLE 472.—SPECIAL TRANSFORMER SHEET 

Low induction values 

Special Hi silicon steel, (45% Si), .014” sheet 
H, annealed 875°C 

Values of H 0.001 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.018 0.020 

Values of B 3.0 5.0 70.. 100 35:0 16:0 

Values of pu 750 833 875 1000 1083 1143 

Nickel-iron alloy 48% Ni, 52% Fe, .014” sheet 
Allegheny electrical alloy 4750 
Treatment 1100°C 6 hr p.d. Hz cooled to room temp. 5 hr 

21.0 
1167 

24.0 
1200 

Values of H 0.001 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.018 0.020 

Values of B 7.0 150° 320° 490 67.0 880 1080 21320 

Values of » 7000 7500 8000 8165 8375 8800 9000 9430 

Permalloy strip, 79% Ni, 21% Fe 
Treatment Hz 1100°C 4 hr f. c. 625°C in air 

185.0 215.0 
10280 10750 

Values of H 0.001 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.018 0.020 

Values of B 15.0 30.0 67.0 115.0 180.0 260.0 365.0 458.0 683.0 805.0 

Values of » 15000 15000 16750 19160 22500 26000 30420 32710 37940 40250 

Monimax 47% Ni, 3% Mo bal Fe, strip .004” 
Treatment annealed 2 hr 1150°C p.d. Hz 

Values of H_ 0.001 0.002 0.004 0.006 0.008 0.010 0.012 0.014 
Values of B _ — — — — 21 26 32 
Values of yu _ — — — — 2100 2160 2290 

Mumetal strip .014”, 77.2 Ni, 4.8 Cu, 1.5 Cr, 14.9 Fe 
Treatment annealed in p.d. H2 at 1100°C 4 hr f.c. 

Values of H 0.001 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.018 0.020 
Values of B 20.0 50.0 158.0 300.0 443.0 600.0 758.0 923.0 1253.0 1420.0 
Values of » 20000 25000 39500 50000 55375 60000 63160 65930 69610 71000 

Cold rolled 3% Si, strip (oriented) .014” 
Annealed in Hz 980°C 

Values of H 0.001 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.018 0.020 
Values of B — 7 15 24 33 42 52 63 
Values of u — 3500 3750 4000 4100 4200 4300 4500 

85 
4700 

100 
5000 

TABLE 473.—MAXIMUM CORE LOSSES IN ELECTRICAL STEEL SHEETS 

Watts per lb for 60 cycles 

Designation Thickness, in.: .0140 .0155 .0170 ~=.0185 0220 .0250 

At 10,000 gausses 

Armature AISI M-43........ 1.30 1.38 1.46 1.55 1.75 1.98 
lectricallyAll Se M-s6ssn eee 7 1.23 1.29 1.35 1.50 1.70 
Motorm AST Me27.2 25555508 1.01 1.05 1.09 1.14 1.22 1.30 
DynamomAlSlM-=c2 eee eee 82 86 .90 94 1.02 1.10 
Transformer 72 AISI M-19.. .72 76 80 83 .90 97 
Transformer 65 AISI M-17.. .65 68 72 75 
Transformer 58 AISI M-15.. .58 61 65 68 
Transformer 52 AISI M-14.. .52 
Transformer 100 AISI M-10.. 
Transformer 90 AISI M-9... 

At 15,000 gausses 

Armature AISI M-43........ AUS) ay Ga A) UO) SHO) 
Electrical AISI M-36........ 3:60) 9 3167, 3.74 3:80) 42110) 94540 
Mictone AS lm Ni=27- pee AOS) 2a) BS BOSE 3.20 3.40 
Dynamo AISI M-22......... 1eSSaeee Come 2.40 2.60 2.80 
Transformer 72 AISI M-19.. 1.65 OR BOP 7A Peo Bey 
Transformer 65 AISI M-17.. 1.50 le 7Z 1.80 1.88 
Transformer 58 AISI M-15.. 1.40 11 5y/ 1.65 7/5) 
Transformer 52 AISI M-14.. 1.00 
Transformer 100 AISI M-10.. .90 
Transformer 90 AISI M-9... .80 

SMITHSONIAN PHYSICAL TABLES 

5.85 
4.95 
3.70 



TABLE 474.—MAGNETIC PROPERTIES OF METALS 457 

Nickel at 0° and 100°C Cobalt at 0° and 100°C Magnetite * 

H S if B Lu H ‘Sy I B uw H If B 7} 

100 35.0 309 3980 39.8 200 106 848 10850 54.2 500 325 4580 9.16 
200 43.0 380 4966 24.8 300 116 928 11960 39.9 1000 345 5340 5.34 
300 46.0 406 5399 18.0 500 127 1016 13260 26.5 2000 350 6400 3.20 
500 50.0 441 6043 12.1 700 131 1048 13870 19.8 12000 350 16400 1.37 
700 51.5 454 6409 9.1 1000 134 1076 14520 14.5 

1000 53.0 468 6875 69 1500 138 1104 15380 10.3 
1500 56.0 494 7707 5.1 2500 143 1144 16870 6.7 
2500 58.4 515 8973 3.6 4000 145 1164 18630 4.7 
4000 59.0 520 10540 2.6 6000 147 1176 20780 3.5 
6000 59.2 522 12561 2.1 9000 149 1192 23980 2.6 
9000 59.4 524 15585 1.7 At O0°C this specimen gave 
12000 59.6 526 18606 1.5 the following results : 
At 0°C this specimen gave 7900 154 1232 23380 3.0 

the following results: 
12300 67.5 595 19782 1.6 

* These results are given by Du Bois for a specimen of magnetite. 
S = Magnetic moment per gram. I = Magnetic moment per cm®. 

Professor Ewing has investigated the effects of very intense fields on the induction in iron and 
others metals. The results show that the intensity of magnetization does not increase much in 
iron after the field has reached an intensity of 1000 cgs units, the increase of induction above this 
being almost the same as if the iron were not there, that is to say, dB/dH is practically unity. 
For hard steels, and particularly mangayese steels, much higher forces are required to produce 
saturation. Hadfield’s manganese steel seems to have nearly constant susceptibility up to a 
magnetizing force of 10,000. The following tables, taken from Ewing’s papers, illustrate the 
effects of strong fields on iron and steel. The results for nickel and cobalt do not differ greatly 
from those given above. 

Lowmoor Vicker’s Hadfield’s 
wrought iron tool steei manganese steel 

H Ie B “ H if B 7 H If B mn 

3080 1680 24130 7.83 6210 1530 25480 4.10 1930 55) 2620136 
6450 1740 28300 4.39 9970 1570 29650 2.97 2380 84 3430 1.44 

10450 1730 32250 3.09 12120 1550 31620 2.60 3350 84 4400 1.31 
13600 1720 35200 2.59 14660 1580 34550 2.36 5920) soll eo On mee. 
16390 1630 36810 2.25 15530 1610 35820 2.31 6620 187 8970 1.35 
18760 1680 39900 2.13 7890 191 10290 1.30 
18980 1730 40730 2.15 8390 263 11690 1.39 

9810 396 14790 1.51 

TABLE 475.—EFFECT OF TEMPERATURE ON PERMEABILITY OF 

NICKEL-IRON ALLOY (47-50 Ni) 1° 

B (gausses) at 
Maximum maximum Permeability 

Test B (gausses) at permeability permeability (B/H) 
Temp. °F 30 H (oersteds) (B/H) (B/H) at 100 gausses 

390 11500 79000 4600 8000 
190 11850 59000 4400 7000 
80 12000 49000 4700 6100 
32 12000 44000 5200 5600 

— 42 12200 34000 6000 4500 
—100 12300 30000 7000 4200 

158 Hicks, Laurence C., Nickel-iron alloys for magnetic circuits, Electrical Manufacturing, January 
6. 
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458 TABLE 476.—HEUSLER MAGNETIC ALLOYS 

Several alloys have been experimented with that, although all the constitutents are non- 

magnetic or very weakly magnetic materials, have quite definite magnetic properties. 

Among these are Nos. 1-3 below, Heusler magnetic alloys. Some alloys made up for the 

most part of magnetic elements are nonmagnetic or very weakly magnetic, i.e., No. 4 below. 

1. 61 Cu, 25 Mg, 14 Al 3: “Cu 61.5, Mn 23:5,*Ald5 

magnetic with a permeability u B= 2550, Vion fe yi 

of 33. 236. 

2. 75.6 Cu, Mn 14.3, Al 10.1, Pb 4. Cu 78, Fe 12, Mg 

magnetic By = 480, H.=3.8, u nonmagnetic. 

max = 80. 

TABLE 477.—_PERMEABILITY OF SOME SPECIMENS OF IRON AND STEEL 

This table gives the induction and the permeability for different values of the magnetiz- 
ing force of some of the specimens in Table 493. The specimen numbers refer to the same 
table. The numbers have been taken from the curves given by Hopkinson and may there- 
fore be slightly in error; they are the mean values for rising and falling magnetizations. 

Specimen 8 Specimen 9 (same as Specimen 3 
Magnetiz- Specimen 1 (iron) (annealed steel) 8 tempered) (cast iron) 
ing force —_—". 

H B 7 B 7 B 7 B ub 

1 — _— — — — — 265 265 
2 200 100 — — a -- 700 350 
3 — -— _ ~ — _— 1625 542 
5 10050 2010 1525 300 750 150 3000 600 

10 12550 1255 9000 900 1650 165 5000 500 
20 14550 727 11500 575 5875 294 6000 300 
30 15200 507 12650 422 9875 329 6500 217 
40 15800 395 13300 332 11600 290 7100 177 
50 16000 320 13800 276 12000 240 7350 149 
70 16360 234 14350 205 13400 191 7900 113 

100 16800 168 14900 149 14500 145 8500 85 
150 17400 116 15700 105 15800 105 9500 63 
200 17950 90 16100 80 16100 80 10190 51 

Magnetiz- ASTM 20 medium ASTM 30 medium ASTM 40 electric 
ing force (as cast) (as cast) furnace (as cast) 

SS we SSS 
H B 7 B 7 B 7 

5 1300 260 600 120 1750 350 
10 3400 340 2550 255 4100 410 
20 5250 262 4450 222 5950 297 
30 6200 206 5450 181 6950 231 
40 6950 173 6100 152 7600 190 
50 7500 150 6700 134 8250 165 
70 8300 118 7600 108 9100 130 

100 9100 91 8600 86 10050 100 
150 10150 67 9800 65 11100 74 
200 11050 55 10650 53 11900 59 

TABLE 478.—MAGNETIC PROPERTIES OF SOFT IRON AT 0° and 100°C 

Soft iron at 0°C Soft iron at 100°C 
— Fe 
H Si It B Lb H S) I B 7 

100 180.0 1408 17790 §=177.9 100 180.0 1402 17720), Mdd@eZ 
200 194.5 1521 19310 96.5 200 194.0 1511 19190 96.0 
400 208.0 1627 20830 52a 400: 207.0 1613 20660 51.6 
700 215.5 1685 21870 31.2 700 213.4 1663 21590 29.8 
1000 218.0 1705 22420 22.4 1000 215.0 1674 22040 21.0 
1200 218.5 1709 22670 18.9 1200 215.5 1679 22300 18.6 

* Magnetic moment per grain. + Magnetic moment per cm3. 
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459 
TABLE 479.—MAGNETIC PROPERTIES OF STEEL AT 0° and 100°C 

Steel at 0°C 

A St It B 

100 165.0 1283 16240 
200 181.0 1408 17900 
400 193.0 1500 19250 
700 199.5 1552 20210 

1000 203.5 1583 20900 
1200 205.0 1595 21240 
3750* "212.0 1650 24470 

Ss 

165.0 
180.0 
191.0 
197.0 
199.0 
203.0 
205.0 
208.0 

Steel at 100°C 

if 

1278 
1395 
1480 
1527 
1543 
1573 
1593 
1612 

B 

16170 
17730 
19000 
19890 
20380 
21270 
23020 
25260 

* The results in this and other tables for forces above 1200 were obtained from a small piece of the 
metal provided with a polished mirror surface and placed, with its polished face normal to the lines of 
force, between the poles of a powerful electromagnet. The induction was then inferred from the rotation 
of the plane of a polarized ray of red light reflected normally from the surface. 
Tables 516, 517, 520.) 

+ Magnetic moment per grain. } Magnetic moment per cm®. 

TABLE 480.—ENERGY LOSSES IN TRANSFORMER STEELS 

D. C. Hysteresis data 

From Bmar = 10,000 gausses 

Thickness 
Grade in. 

diranstonmern S25 os aoe .0140 
Mranstormer 58 ......- .0140 
iiranstormet, O05!) 5455. .0140 
shranstoLineGecu se. ase .0140 
Transformer 72 ..4-6. 0185 
Dranstormen 72.4.2: .0250 

Dymamown ee foe eee .0140 
IDKVMEVNIO) Ra somecaoueece 0185 
Dynamo (he cystaceks 0250 

Motore come. eese .0140 
IMIGtOTee ei cron ae ae 0185 
Miotor@rsnceninccete as cs .0250 

Filectricall hod tee os 0140 
Filectricaliey eee oes 0285 
Electrical a5.4-0- 47 .0250 

Arma tite diiacoh eet .0140 
INTENSE 8s Sod dbe bogs 0185 
ANTInatune me vic as aye .0250 

oersteds 
He 

—.20 
—.24 
—.31 
—.42 
—.43 
—.50 

—.51 
—.53 
—.59 

—.55 
—.58 
—.63 

—.62 
—.61 
—.68 

—.64 
—.68 
—.72 

Br 
gausses 

4800 
5050 
5200 
6200 
5050 
5300 

6650 
5500 
5750 

6350 
6700 
6900 

7700 
8100 
8250 

8350 
8300 
8230 

Hmaz 

oersteds 

2.03 
1.94 
2.16 
2.19 
2.58 
272 

2.30 
2.85 
2.87 

3.33 
2.80 
2.99 

252 
2.16 
2.26 

2.30 
2.20 
2.26 

TABLE 481.—ENERGY LOSSES IN TRANSFORMER STEELS 

ac core losses 

Watts/Ib for 60 cycle at 10,000 gausses 

Thickness 
Designation in. 

Dranstormer o2 ..s.50. 0134 
iranstormer 58 .......: 0137 
Transformer 65 ....... 0136 
Transformer 72 ....... 0136 
DyNAMOmasenndirreo wens .0137 
IMotonea ter ae eee .0140 
Plectricalue eos aoe ek 0137 
Amature sieciccccieis .0139 
Oriented C.R. strip.... .0140 

Eddy 
current 

loss 

149 
163 
193 
.205 
218 
.245 
.262 
.486 
.164 

Hysteresis 

345 

(See Kerr’s Constants, 

HeXBr 

960 
1210 
1610 
2610 
2170 
2650 

3400 
2920 
3400 

3500 
3890 
4350 

4770 
4950 
5610 

5350 
5650 
5940 
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460 
TABLE 482.—DISSIPATION OF ENERGY IN THE CYCLIC MAGNETIZATION 

OF VARIOUS SUBSTANCES 

C. P. Steinmetz concludes from his experiments that the dissipation of energy due to 
hysteresis in magnetic metals can be expressed by the formula e=ab™, where e is the 
energy dissipated and a a constant. He also concludes that the dissipation is the same for 
the same range of induction, no matter what the absolute value of the terminal inductions 
may be. His experiments show this to be nearly true when the induction does not exceed 
+ 15000 cgs units per cm’. It is possible that, if metallic induction only be taken, this may 
be true up to saturation; but it is not likely to be found to hold for total inductions much 
above the saturation value of the metal. The law of variation of dissipation with induction 
range in the cycle, stated in the above formula, is also subject to verification. 

The following table gives the values of the constant a as found by Steinmetz for a num- 
ber of different specimens. The data are taken from his second paper. 

Value of 
Kind of material Description of specimen a 

ISROVGL «act Sees otoinia ae eRe Norway sgOngeiatacis. <titeee eee Mae ee shertog .00227 
Fe pn Shirin vhost as Wrought bane a8... 998-8 Se ee .00326 
Sele at, ER RAE Sra, Meas Gommencialtferrotype:plates.5 4. eee eee 00548 
ES Sh RE See Rr a Annealed oe oe ey ecg Wo COREE: 00458 
ee eon ate Dinin atin plate sicts :xedoes gardens Cetera ee .00286 
abe iaici Mas canes terion Medium-=thickness) tine plates.- cea ccna oe a ela 00425 

Stecl@er toss ae tees Sof@galvanized@wineger.. chat. Goosss sneak 00349 
Se Sofa ooh cyerrs iongraensiisiehs Atingaledycastesteelins. cesar sveuic ne raseustane cee orate tener 00848 
EE Sek eRe IONE Se Softaannealedacastastcel mer aremer aerate tien 00457 
CE a NR ae ra 5 Wen soft annealedicast steel ees cen ae aeee ae .00318 
Co Fie RES AER ENRON Same as 8 tempered in cold water................. 02792 
MMR 25S o Ss 7é 5 SPC Tool steel glass hard-tempered in water........... .07476 
REE etared hs chives ‘7 eae “Cemperedein-olll 20 eamintes soar oe seis .02670 
Ua anaes ec Ag ee is am flied CUaamion a auteur an oer see eee: .01899 
REE eo ok SEs { Same as 12, 13, and 14, after having been subjected ) { .06130 
a) ¢ Caen ee wee < to an alternating m. m. f. of from 4000 to 6000 ;< .02700 
S| SRR <a | ampere LUGnSMOomdemacnetizatonmne eee eee | 01445 

Gastainon! scmceeenr ce: (GrayacastaliOny enmiercio site racket Dement eae .01300 
ES raha eee Ais s ee) Contamina. alumintiumie eee eee .01365 
MER RS ots ea eacaons's e Pres: § 4% ps Milaaiotntcth Snes Oe 2 01459 

A square rod 6 cm’ section and 6.5 cm long, from 
MIRTH Somoacooseoac the Tilly Foster mines, Brewsters, Putnam County, 02348 

New York, stated to be a very pure sample........ 
INGE] rey sc yikes eiee SOLGRWAey cee 36 cies ROSAS eta eT tek ee oe Oe .0122 

“ Annealed wire, calculated by Steinmetz from 0156 
ees ie ta wingis) EXpenlinentsumeacm coset cee cose : 

Oe ORR cece Hardened, also from Ewing’s experiments ........ 0385 
Cobalt Rod containing about 2% of iron, also calculated 0120 

Boh Sah eee from Ewing’s experiments by Steinmetz ......... 
Consisted of thin needle-like chips obtained by 
milling grooves about 8 mm wide across a pile of 
thin sheets clamped together. About 30% by vol- 

Iron filings ume of the specimen was iron. 
eas ite lst experiment, continuous cyclic variation of m. m. 0457 

felodney.clesmper second asa arormeee rico ocr ’ 
2dvexperiment, ll4%cyeles) per second .-e asst 0396 
3d e 79-91 cycles per second ........... 0373 

Nickel"alloyelee esate Permalloy < sMik Rae. f SAR AM Ta A ee .0001 
EVipernniker sary oeccaruers oh ol eeeMN eee IC .00015 

Electrical) sheet ...2-.+: Silicomisteel’4ssorSin sets cocci ne eet .00046 
Siliconssteel4 S9akSin. Ba. seh ieee ee cas ore oPeye ence .00051 
Siltcongsteelg4i4 Fou Sie. etersiertenseisiek cea .00056 
Siticonysteel’3. S Gor Siac een en See eee .00065 
Silicontsteell 2:59 Sins. a oe eee ont aoe .00081 
Siliconesteel a0 Gr Siva. ccociocriicnn « sein cenrciae 00088 
Siliconmsteelii0:590: ‘Sie cy.iorc oes. onieh ton tet ohoetosees take tee 001 
Wow; carbon Sheet. Me socis sc esto ts Cee orncnore eters .003 
Gast steel annealed. =e 5.1... «ceetek ore otocn renernen tiene .005 
Castiirontannealed )py.ra..... ccm tine cerertorio tere 012 
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TABLE 483.—CURIE CONSTANT AND TEMPERATURE FOR 461 

PARAMAGNETIC SUBSTANCES 

The relation deduced by Curie that x = C/T, where C is a constant and T the absolute 
temperature, holds for some paramagnetic substances over the ranges given in the follow- 
ing table. Many paramagnetic substances do not obey the law. See the following table. 

Substance Cc xX 108 Range °C Substance C Xx 108 Range °C 

Oxyeen 2. caacen 33,700 20° to 450°C Gadolinium sulfate.. 21,000 —259° to 17 
PaUTR Meee cae epee 7,830 — — — Ferrous sulfate .... 11,000 —259) “17 
Palladiumess ose 1,520 20 to1370 Ferric sulfate ...... 17-000 — 2087 Kall 
Magnetite i. .ocer- 28,000 850 “ 1360 Manganese chloride. 30,000 —258 “ 17 
(Castminoneeee eee 38,500 850 ‘“ 1267 

TABLE 484.—TEMPERATURE EFFECT (°C) ON SUSCEPTIBILITY OF 

DIAMAGNETIC ELEMENTS * 

No effect: 

B Cryst. 400 to 1200° P white Se — Sb —170 to 50° 
C Diamond, + 170 to 200° S Cryst.; ppt. Br —170 to 18° Cs and Au 
C “Sugar” carbon Zn —170 to 300° Zr Cryst. —170to 500° Hg —39to + 350° 
Si Cryst. As as Cd —170 to 300° Pb 327 to 600° 

Increase with rise in temperature: 

Be — C Diamond, 200 to 1200° I —170 to 114° 
B Cryst. + 170 to 400° Ag — Hg —170 to —30° 

Decrease with rise in temperature: 

C Amorphous Gd —179 to 30° In —170 to 150° al — 
C Ceylon graphite Ge —170 to 900° Sb + 50 to + 631° Pb —170 to 327° 

Cu — Zr 500 to 1200° Te — Bi —170 to 268° 
Zn + 300 to 700° Cd 300 to 700° I +114 to + 200° 

* Tables 484 and 485 are from Honda and Owen. 

TABLE 485.—TEMPERATURE EFFECT (°C) ON SUSCEPTIBILITY OF 

PARAMAGNETIC ELEMENTS 

No effect: 

Li =: K —170 to 150° Cr —170 to 500° W — 
Na —170 to 97° Ca —170 to 18° Mn —170 to 250° Os —_ 
Al 657 to 1100° V —170 to 500° Rb — 

Increase with rise in temperature: 

Ti —40 to 1100° Cr 500 to 1100° Ru + 550 to 1200° Ba —170to 18° 
V_ 500 to 1100° Mo —170 to 1200° Rh _ Ir and Th 

Decrease with rise in temperature: 

(O) ae Ti —180 to —40° Ni 350 to 800° Pd and Ta 
As —170 to 657° Mn 250 to 1015° Co above 1150° Pt and U 
Mg — (Fe) — Nb —170 to 400° Rare earth metals 
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462 TABLE 486.—MAGNETIC SUSCEPTIBILITY OF SOME MATERIALS 

If J is the intensity of magnetization produced in a substance by a field strength H then the 

magnetic susceptibility x =//H. This is generally referred to the unit mass; italicized figures 

refer to the unit volume. The susceptibility depends greatly upon the purity of the substance, 
especially its freedom from iron. The mass susceptibility of a solution containing p percent by 
weight of a water-free substance (susceptibility «) is *z 
ceptibility of water.) 

Substance «x 108 

cree. Weve ancy 8 —.19 
JAC) ci ee ciao —.28 
Mites 3), INitals bolero pO + 024 
[ert aie c. 65 

AlzK2(SO.)424H:20. . —10 
HAS EA tities cv atversyiesre%s —.10 
AS. cetera ean: —.3 
IAs Prana theaters. es —,15 
ir ek eloncaee save ores == //il 
Ba Glia octactatsteneks —.36 
Bie ee eee cee ae +.79 
Bima tess tee cess —1.4 
Bie ee ey eter eee we —.38 
Gyance-carbotler sae —2.0 
Gmdiamandeeee ee —.49 
GH lee Atineme ana. +.001 
(COS dl Bie oeueneo: + 002 
CSA ee eer Coens —77 
(GONG: oe Be o Coeae —.27 
CaGler ew eee cers —.40 
GaCOsemarble pee ce 

CeBrewn ise ciox ves +6.3 
Gla plpAttmistyer cacao —.59 
(Gray Gy. geo ees aoe +90 
(Colity Zopeopaspodes +47, 

Collie ese +33. 
(COS OA ae eee oo errs +57. 
Co(NOs)z Se al aielayetare SUV. 

IP ig Sec eeeORe aera +3.7 
(CHG eo ears eee —.28 
Gir ese: scenes —.09 
CG iat Bey tostnnlas +12) 
CuSO a kavsosgeavee +10. 
(QhIS)- Ma sereeeceeee +.16 
IRC ereack se ere ee +90. 
ISOC Ly Aiator ee arenas +90. 

FeSO, aifeieliod silo! siiejelielsiells +82. 

Fe2(NOs)e ste jaieielenete ye +50. 

emp leAtmiaanierscis os —.002 
Ati iesa 3 crave cos .000 
lake 410) Abie aoa aa ene .000 
ES Oars acteurs —.79 
FAG leas erga tecisteler. ore —.80 
IE RSON" Reise eee +.78 
IEAINI@) seek ersten is ibis —.70 
lnls Woosnd.cot ee eee —.19 
lb. cea GOA ene —.4 
1 eee Aa 9 Seles RN Ws 
DO EE tris Lars ante +.15 
Sy ie SaaS Oe eee +.40 
L(G) Soe tee eee —.50 
LBA ae A CN —.40 
(eh em —.38 
ICO} A ete ae eee —.35 
KES Oran retinitis —.42 
KENIN OR % ots Sete +2.0 
ONO ie ee eee —.33 
1 <{ OH icon eee —.50 

ee 

Ce 

ee 

ec 

Cecuwp eee e tne ss © 

csiets © 6 = 0 0 60 = © 6 

ele) .el\el-s 0s; 6. 6) \ni'w)0l16.\6.16)\e 

eee eee ese ese eee 

fuj(s) to) faite! e: (aii! eo tellelie(\s\.eie 

Oi le\e (ee! ee ev elenele oe ete 

Ce 

Ochs) ehejeie se Cos ewe we 

| ele] «) ss) 6°10) 00! 0! \6/ 6/6) 6) = 

plo) witule: e! eee) ei s\'e'sve 

VOROMCICE OCs Catan Om 

ee 

Ce 

CUNO ONO CMe Cur) 

esis Stella! )/e =) alse s. = e. 
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TABLE 487.—TEMPERATURE VARIATION OF RESISTANCE OF BISMUTH 

IN TRANSVERSE MAGNETIC FIELD (°C) 

Proportional values of resistance 

H 1922 —135° —100° Shes o° +18° +60° +100° +183° 

0 40 .60 70 88 1.00 1.08 t25 1.42 1.79 
2000 1.16 87 .86 .96 1.08 1.11 1.26 1.43 1.80 
4000 2.32 13s 1.20 1.10 1.18 1.21 1.31 1.46 1.82 
6000 4.00 2.06 1.60 129 1.30 1.32 139 1.51 1.85 
8000 5.90 2.88 2.00 1.50 1.43 1.42 1.46 1.57 1.87 
10000 8.60 3.80 2.43 172 ey 1.54 1.54 1.62 1.89 
12000 10.8 4.76 2.93 1.94 71 1.67 1.62 1.67 1.92 
14000 129 5.82 3.50 2.16 1.87 1.80 1.70 1.73 1.94 
16000 15.2 6.95 4.11 2.38 2.02 1:93 179 1.80 1.96 
18000 17S 8.15 4.76 2.60 2.18 2.06 1.88 1.87 1.99 
20000 19.8 9.50 5.40 2.81 2.33 2.20 eZ 1.95 2.03 
25000 25.5 13:3 7.30 3.50 2.73 2:52 2.22 2.10 2.09 
30000 30.7 18.2 9.8 4.20 3.17 2.86 2.46 2.28 217, 
35000 35.5 20135) 9) 122 4.95 3.62 3.25 2.69 2.45 2.25 

TABLE 488.—INCREASE OF RESISTANCE OF NICKEL DUE TO A 

TRANSVERSE MAGNETIC FIELD, EXPRESSED AS % OF 

RESISTANCE AT 0°C AND H—0 

H —190° =+75¢ 0° 418° +100° +182° 
0 +0 0 0 0 0 0 

1000 +.20 +.23 + .07 + .07 + .96 + .04 
2000 +.17 +.16 + .03 + .03 + 72 — 07 
3000 00 —.05 — .34 — .36 — .14 — .60 
4000 —.17 —.15 — .60 — 72 — .70 —1.15 
6000 —.19 —.20 — .70 — .83 —1.02 —1.53 
8000 —.19 —.23 — 76 — .90 —1.15 —1.66 
10000 —.18 —.27 — 82 — .95 —1.23 —1.76 
12000 —.18 —.30 — 87 —1.00 —1.30 —1.85 
14000 —.18 —.32 — 91 —1.04 —1.37 —1.95 
16000 —.17 —.35 — .94 —1.09 —1.44 —2.05 
18000 —.17 —.38 — .98 —1.13 —1.51 —2.15 
20000 —.16 —.41 —1.03 —1.17 —1.59 —2.25 
25000 —.14 —.49 —1.12 —1.29 —1.76 —2.50 
30000 —.12 —.56 —1.22 —1.40 —1.95 —2.73 
35000 —.10 —.63 —1.32 —1.50 —2.13 —2.98 

TABLE 489.—CHANGE OF RESISTANCE OF VARIOUS METALS IN A 

TRANSVERSE MAGNETIC FIELD 

(Room temperature) 

Field strength Percent Field strength Percent 
Metal in gausses increase Metal 

Nickeligwascetoer 10000 —1.2 Tweads (seh oasis 10000 + .0004 
Un Le ahoe 3-2 “ —1.4 iRantalumeneneer z + .0003 
ae BEES 6000 —1.0 Magnesium ... 6000 +. 01 
 gdbtde Se we fo 10000 —1.4 Manganin .... . + .01 

Gobalt =... & == {53 Tellurium’ =. ;. ? + .02 to .34 
Cadmium ..... i + .03 Antimony .... ? + .02 to .16 
Zine fc. 8 eee <j + .01 Different specimens show 
Gopper ©: oe a + .004 very diverse results, 
Sites 5. >. { + .004 Iron’ . Fee. usually an increase in 
Goldie. & 302-5. M + .003 weak fields, a decrease 
aoe Rea tte s Be i in strong. 
alladium .... < i , Alloys behave similarly to 

Platinum .-... e + .0005 Nickel steel ... iron. 
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464 TABLE 490.—MAGNETIC PROPERTIES OF IRON AND STEEL 

Chemical composi- 
tion in percent | P u 

S 

Coercive force 

Residual@be -- a ae 

Maximum permeability { 

Beton 50 

4rI for saturation 

seco eens 

C 
Si 

Electro- 
lytic 
iron 

024 
004 
008 
008 
001 

11400 
[10800] 

1850 
[14400] 

19200 
[18900] 

21620 
[21630] 

10600 
[11000] 

3550 
[14800] 

18800 
[19100] 

21420 
[21420] 

Brackets indicate annealing at 800°C in vacuum. 

Poor 
cast 
steel Steel 

56 99 
18 10 
29 40 
076 04 
035 07 

7-31 16.7 
(44.3) (52.4) 

10500 13000 5100 
(10500) ¢7500) [5350] 

700 375 240 
(170) (110) [600] 

17400 16700 10400 
(15400) (11700) [11000] 

20600 19800 
(20200) (18000) 

Parentheses indicate hardening by quenching from cherry-red. 

TABLE 491.—CAST IRON IN INTENSE FIELDS 

16400 
[16800] 

Electrical sheets 

Silicon 
Ordinary steel 

036 .036 
330 3.90 
260 .090 
040 009 
068 .006 

[1.30] eal 

[9400] [9850] 

[3270] [6130] 

[18200] [17550] 

[20500] [19260] 

Soft cast iron 

B 

9950 
10800 
13900 
15750 
17300 
18170 
31100 
32100 
32500 
33650) 

I 

782 
846 

1070 
1200 
1280 
1300 
1465 
1475 
1488 
1472 

142 
254 

1570 
2020 
10900 
13200 
14800 

Hard cast iron 

B 

7860 
9700 
10850 
13050 
14050 
15900 
16800 
26540 
28600 
30200 

I 

614 
752 
836 
983 
1044 
1138 
1176 
1245 
1226 
1226 

TABLE 492.—CORRECTIONS FOR RING SPECIMENS 

lala ho oA 

= 

PIN INIGN Sca a SNRWHERROAN HL 

In the case of ring specimens, the average magnetizing force is not the value at the mean 
radius, the ratio of the two being given in the table. The flux density consequently is not 
uniform, and the measured hysteresis is less than it would be for a uniform distribution. 
This ratio is also given for the case of constant permeability, the values being applicable for 
magnetizations in the neighborhood of the maximum permeability. For higher magnetiza- 
tions the flux density is more uniform, for lower it is less, and the correction greater. 

Ratio of 
radial 

width to 
diameter 
of rings 

1/2 
1/3 
1/4 
1/5 
1/6 
1/7 
1/8 
1/10 
1/19 

Ratio of average H to 
H at mean radius 

Rectangular 
cross section 

1.0986 
1.0397 
1.0216 
1.0137 
1.0094 
1.0069 
1.0052 
1.0033 
1.0009 

SMITHSONIAN PHYSICAL TABLES 

Circular 
cross section 

1.0718 
1.0294 
1.0162 
1.0102 
1.0070 
1.0052 
1.0040 
1.0025 
1.0007 

Ratio of hysteresis for uniform 
distribution to actual hysteresis 

Rectangular 
cross section 

1 Ube 
1.045 
1.024 
1.015 
1.010 
1.008 
1.006 
1.003 
1.001 

Circular 
cross section 

1.084 
1.033 
1.018 
1.011 
1.008 
1.006 
1.004 
1.002 
1.001 
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TABLE 494.—DEMAGNETIZING FACTORS FOR RODS 467 

H =true intensity of magnetizing field, H’ = intensity of applied field, J = intensity of magnet- 
ization, H = H’ — NI. 
Shuddemagen says: The demagnetizing factor is not a constant, falling for highest values of 

T to about 1/7 the value when unsaturated; for values of B (=H +471) less than 1000, N is 
approximately constant; using a solenoid wound on an insulating tube, or a tube of split brass, 
the reversal method gives values for N which are considerably lower than those given by the 
step-by-step method ; if the solenoid is wound on a thick brass tube, the two methods practically 
agree. 

Values of K X 10* are given where B is determined by the step method and H = H’ — KB. 

Values of N X 104 

Cylinder 

Ballistic step method 

Shuddemagen for range of 
Ratio Dubois practical constancy 
0 Magneto- Values of K x 104 

length Uniform metric Diameter 
to magneti- method Diameter Diameter 

diameter Ellipsoid zation (Mann) 0.158 cm0.3175 cm 1.111 cm1.905 cm 0.3175 cm 1.1 to 2.0 cm 

5 7015 _ 6800 
10 2549 630 2550 2160 — — 1960 
15 1350 280 1400 1206 —_ — 1075 _— 85.2 
20 848 160 898 775 — — 671 — 5355 
30 432 70 460 393 388 350 343 30.9 213 
40 266 39 274 238 234 Ze 209 18.6 16.6 
50 181 25 182 162 160 145 149 WAH 11.6 
60 132 18 131 118 116 106 106 9.25 8.45 
70 101 13 99 89 88 — — 
80 80 9.8 78 69 69 66 63 5) 5.05 
90 65 7.8 63 55 56 — — 

100 54 6.3 51.8 45 46 41 41 3.66 3.26 
150 26 2.8 25.1 20 23 21 21 1.83 1.67 
200 16 1257, 15.2 11 125 11 11 
300 15 70 Th 5.0 
400 4.5 390 2.8 
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468 TABLES 495-512 —GEOMAGNETISM * °° 

TABLE 495.—ELEMENTS OF THE EARTH’S MAGNETIC FIELD 

The elements commonly used to describe the natural geomagnetic field are: 

Symbol Name Remarks 

D Magnetic declination Bearing of magnetic north with respect 
to geographic north, counted positive 
from north around by east 

I Magnetic dip or inclination Positive when Z has downward direction 
H Horizontal intensity Positive regardless of direction 
xX North intensity Referred to geographic north 
Y East intensity Referred to geographic east 
Z, Vertical intensity Positive when downward 
F Total intensity Positive regardless of direction 

For a given time and place, the field is completely described by specifying the values of 
three magnetic elements, provided they include one from the group D, X, Y, and one from 
the group, /, Z, F. The ways in which the magnetic elements are interrelated may be 
seen from figure 20 and the formulas below. The formulas in the right-hand group are 

ZENITH 

Fic. 20.—Interrelation of the magnetic elements. 

obtained from the others by differentiation; they are useful when dealing with small incre- 
ments, such as those which describe annual and daily changes and minor local anomalies 
of the geomagnetic field. The formulas pertaining to values of AD and AI are expressed 
in minutes of arc. 

Ae = J4l eas JD) AX = cos D AH —H sin D sin 1’ AD 

Va—sasine) AY =sin D AH + H cos D sin 1’ AD 

Va OXetany), AF = cos | AM = sin J AZ 

él WAC 46 Af Zee AH 

j6l == JF eG II H? sec? I sin 1’ 

Z=H tanI al = (42 — 57) sin 2] 

Z— Pisin Zi EA Zisinele 
—————— — 2 - , F=ViPoaZ AZ — tani Abi = Hesecs All sine 

F=VX*4+ 742 

* Prepared by E. H. Vestine, Carnegie Institution of Washington, and David G. Knapp, U. S. Coast 
and Geodetic Survey. 

188 For references, see bibliography following Table 511, p. 501. 

(continued) 
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469 
TABLE 495.—ELEMENTS OF THE EARTH’S MAGNETIC FIELD (concluded) 

For purposes of mathematical analysis, it is convenient to recognize that the magnetic 
intensity or field strength (like other vector fields) is derivable from a scalar function or 
potential. If Y be the potential corresponding to the geomagnetic field, we may write 

F=— grad Il, 

whence any of the magnetic elements may be expressed as functions of the potential. 
In polar coordinates (7, 6, \) with origin at the earth’s center, we have 

Vi=6 z { (r/a)" Dx (G/T) tala } ee 
n= 

where a denotes the earth’s mean radius (6.37 & 10%cm) (see Table 827). 

™m™ 

Tn = = (gna™ cos mA+A,™ sin md) pn™ (4). 
0 ~ m= 

Here @ is the colatitude and \ the east longitude, and the affixes e and 7 refer to portions 
respectively of external and internal origin. The function 

- a (n—m) !)3 P.™ (6) = [2a ‘f Byo@) SHAS Oy 

= Pa,m (6) when m =——=i()! 

where 

2n) ! : n-m Beane), a ine 0 | r) 
(9) 27>»! (n—m)! a eee 

(n—m) (n—m—1) n-m-2 g . 
FS R=) cos +... 

Magnetic surveys of portions of the earth have been made by means of observations at 
many thousands of stations, the elements usually observed being D, H, and J. Such sur- 
veys are repeated in part every few years in populated areas, and at intervals of one or 
more decades in most areas, because of a substantial and usually unpredictable change in 
the earth’s field known as geomagnetic secular change. These changes are most accurately 
measured at fixed magnetic observatories to the number of about one hundred. The U. S. 
Coast and Geodetic Survey operates magnetic observatories at Cheltenham, Md.; Tucson, 
Ariz.; Sitka, Alaska; Honolulu, T. H.; and San Juan, P. R. Other nations conduct 
similar measurements. 

Magnetic surveys by airplane will no doubt be commonplace in future years. 
The part of the earth’s field having external origin does not exceed a few percent, and 

its existence has never been indicated with much certainty by the spherical harmonic 
analyses. If the distinction between contributions of external and internal origin in the 
first formula is disregarded, the accompanying tables give the values of the principal har- 
monic terms at various epochs. 

The magnetic moment of the earth as given by the centered dipole approximation for 
1922 was 8.04 * 10" cgs. The axis of this dipole intersects the earth’s surface at points 
called the geomagnetic (axis) poles, located in 1922 at latitude 78°5 N., and longitude 
270°0 E.; and at latitude 78°5 S., and longitude 111° E. In comparison with these cur- 
rently adopted values, the analysis of Vestine and Lange for 1945 shows only slight change 
that may have taken place since 1922. 
The dipole part of the earth’s field diminishes with height 4 approximately as (1 — 3h/a). 

Values for 1945 have been estimated in tabulation to heights as great as h = 5000 km for 
spherical harmonic terms up to degree six.t 

The magnetic north and south poles of popular interest are those defined by H =0, or 
by J = + 90°. As H changes with time, owing to secular change, these poles must move 
with time, except in the unlikely event that the lines of zero change of X and Y both 
happen to pass through the poles. There are a principal north magnetic pole and a princi- 
pal south magnetic pole, which undergo substantial change in position with time. In addi- 
tion there are undoubtedly local (secondary) magnetic poles near each principal pole. These 
secondary poles occur only in pairs. Of each pair, one pole has the character of a poten- 
tial focus (like the corresponding principal pole), while the other is a “false pole” or node 
of the equipotential lines. The secondary poles do not individually undergo large-scale 
migration, since they are associated with localized magnetic materials in the earth’s crust. 
These occur when such materials succeed in reducing the changing value of H to zero, as 
the principal migrates. 

The principal north and south magnetic poles are not diametrically opposite, each being 
about 2,300 km from the antipodes of the other. 

t+ See bibliography, reference g, p. 501. 
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470 
TABLE 496.—THE FIRST EIGHT GAUSS COEFFICIENTS OF THE EARTH’S 

MAGNETIC POTENTIAL (V) EXPRESSED IN UNITS OF 10+ cgs 

Gauss 

Adams 
Adams 
Fritsche 
Schmidt 
Dyson and Furner.... 
Afanasieva 
Vestine and Lange.... 

Source 

Se ee 

Epoch 91° gu} 

183 5a0—o255e— oll 
See 1829 a S20 1a — 264 

1845 —3219 —278 
1880 —3168 —243 
1885 —3164 —241 
1885 —3168 —222 
1922 —3095 —226 

... 1945 —3032 —229 
1945 —3057 —211 

hy" 98 got 

+625 + 51 +292 
+601 — 8 +257 
+578 + 9 +284 
+603 — 49 +297 
+591 — 35 +286 
+595 — 50 +278 
+592 — 89 +299 
+590 —125 +288 
+581 —127 +4296 

TABLE 497.—SPHERICAL HARMONIC COEFFICIENTS OF THE AVERAGE 

ANNUAL SECULAR VARIATION EXPRESSED IN UNITS OF 10° cgs 

Bartels 
Carlheim-Gyllenskold .. 

Source 

Dyson-Schmidt 
Pe 

Epoch 1° git hy 92 got 

.... 1922-1885 +20 —1 —1 —10 +6 
1920-1902 +42 —9 412 —7 48 
1920-1902 0 +13 +4 0 —4 

1912.5 SS A = 
oe ae 1922.5 1228) 4 7 = S108 eel 

1932.5 23) > ho 5, 14" Se] 
1942.5 +9 +2 41 —18 0 

The magnetic moment of the earth (epoch 1922) = 8.06 & 10” cgs 

Geomagnetic north pole 

Geomagnetic south pole 

Date or 
epoch 

1831.4 

1904.5 

1912.5 
1922.5 
1932.5 
1942.5 

1948.0 

Latitude 

Latitude 

8. 
6N. 

Longitude 289.9 E. 
() Sie 
OE. 

78. 

78. 
Longitude 109. 

hot 

==14 
2295 
ap 
a6 
—14 
aig 
—20 

92? hg? 

+21 —18 
+13 — 8 
+13. —17 

is xh 
Tip —14 
4 2 14 

TABLE 498.—COORDINATES OF NORTH MAGNETIC POLE 

North 
lati- 
tude 

78 05.4 

73.0 

West, 
tong 
tu Observer 

96 53.5 J. C. Ross 

96.5 

100.0 

R. Amundsen 

P. H. Serson et al. 

* For authorities, see bibliography, p 
t Based on the above position for Soa $ Eth reduction for secular change. 
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Authority * 

A. Nippoldt ™ 

Vestine et al.” 

\ erin et al.t 

R. G. Madill, Arctic, vol. 1, p. 8, 1948. 



TABLE 499.—COORDINATES OF SOUTH MAGNETIC POLE 471 

South East 
Date or lati- longi- ‘ 
epoch tude tude Observer Authority * 

1841.1 7500 15345 J.C. Ross C-CLParr 7 

1909.0 7225 15516 D. Mawson GaGyFarne 

1912.5 71.2 150.7. E. N. Webb Vestine et al.*’° 

te 70.2 ia or 
1932. 69.0 148.1 ree : + 
19425 683 1462 i: Vestine etal: 
1945.0 68.2 145.4 

* For authorities, see bibliography, p. 501. | J 
t+ Based on the above position for 1912.5 with reduction for secular change. 

TABLE 500.—DIP OR INCLINATION, UNITED STATES 

This table gives for the epoch January 1, 1950, smoothed values of the magnetic dip, J, cor- 
responding to the longitudes, A, west of Greenwich in the heading and the north latitudes, , in 
the first column. The remarks about smoothing, in Table 502, apply to this table as well. 
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KS oat see OMA 5055. 50:07 54D ie 5207) OAL SOW |. “3 
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TABLE 501.—SECULAR CHANGE OF DIP, UNITED STATES 

Smoothed values of the magnetic dip for the indicated places for January 1 of the years stated. 
The degrees are given in the third column and in the succeeding column. The remarks about 
smoothing, in Table 502, apply to this table as well. 
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TABLE 502.—SECULAR CHANGE OF MAGNETIC DECLINATION IN THE 

UNITED STATES 

Smoothed values of the magnetic declination for the indicated places for January 1 of 
the years stated. The degrees are given in the fourth column, together with the indication 
E (east) or W (west); the minutes are given in the succeeding columns. The pattern 
depicted by this table for any date is highly smoothed and corresponds with that shown on 
“datum charts” discussed in current publications of the U. S. Coast and Geodetic Survey, 
such as those cited.** The latter contain more detailed secular-change tables, as well as 
current magnetic charts which may be consulted for values reflecting a greater amount of 
local information than it is possible to show in tabular form. 

** See bibliography, references d,e, p. 501. 

Locality Lat. 

44° At sea 
Maine 
Canada 
At sea 
Conn. 

* East declination. 
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478 TABLE 503—HOURLY DEPARTURE OF MAGNETIC DECLINATION 
FROM NORMAL * 

The daily variation is not predictable in detail since it fluctuates in form and amplitude from 
day to day. However, the variations shown in this table appear with considerable regularity 
when the data are averaged over several months or years. Values are based on the 10 least- 
disturbed days of each month of the interval 1918-1928, using photographic registrations obtained 
at three of the magnetic observatories listed in Table 510. A plus sign signifies that east declina- 
tion is greater, or west declination less, than the mean for the day. 

January, February, 
November, December 

n = ae o Hour, local 
meantime Alaska 

Zain: 0 
4 a.m. 2 
6 a.m. =~ 
8 a.m. +1.8 

10 a. m. +1.7 
Noon — 2 

2 p.m. —1.5 
4 p.m. —1.6 
6 p.m. — 9 
8 p.m. — 3 

10 p.m. 0 
Midnight — .1 

Chelten- Tucson, 
am, Md. Ariz. 

— 2 — 3 
NIG. dyer’ 
+ 8 + 2 
JUD +1.9 
2.5 +2.3 
—2.0 —1.1 

—3.2 —2.2 
—1.5 —1.0 
— 2 0 
46 5 + 3 
+ 6 + 2 

+ 2 — 1 

* Expressed in minutes. 
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ham, 
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+1.0 
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—3./ 

—47 
—2.2 
— 6 
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+ 3 
+ 4 

- Tucson, 

|+++++ > 
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Sitka, 
Alaska 
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May, June, 
July, August 

Chelten- 
am, 

+ 3 
+1.0 
+4.1 
+5.9 
+1.3 
—4,7 

Reid 
—2.5 
ist 
104 

age 
o 

TABLE 504.—HORIZONTAL MAGNETIC INTENSITY, UNITED STATES 

_ This table gives for the epoch January 1, 1950, the smoothed horizontal intensity, H, expressed 
in cgs units, corresponding to the longitudes west of Greenwich in the heading and the north 
latitudes in the first column. The remarks about smoothing, in Table 502, apply to this table as 
well. 

Zi 
23 Me 
25 Air 
27 ae 
29 202 

31 eee 
33 212 
35 .202 
37 3192 
39 181 

A ere LA 
43. .165 ..161 
45 2156 151 
47 145 = .140 
49 .134 .129 

Ue)? 

.267 
262 
.254 
.246 
.236 

.226 
215 
.204 
e195 
181 

.170 

.160 

.148 
-137 
.126 
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80° 

.267 
“259 
201 
241 

231 
.220 
.208 
.196 
.184 

171 
.160 
148 
135 
123 

85° 

.274 

.266 
207, 
.247 

Zon 
E225 
‘213 
201 
.188 

.176 
162 
.149 
3s 
122 

110° TSS 120° 

a0) tate 
282'19.2ee 
274 276 

.267 269 
259 Oh 261 
290 ge 200 
240 244 
230 = .234 

219 5.224 
207 +2214 
«£95 %; 202 
182  .190 
70.5148 

125° 
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TABLE 505.—SECULAR CHANGE OF HORIZONTAL INTENSITY, UNITED STATES 

Smoothed values of horizontal intensity in cgs units at the indicated places for January 1 of 
the years stated. The remarks about smoothing, in Table 502, apply to this table as well. 

1930 

.2653 

.2801 

.2908 

.2361 
2494 
.2622 

.2698 

.2003 
PALL 
2262 
2389 
.2473 

1935 

.2612 

.2761 

.2878 

.2325 

.2461 

.2595 

.2677 
1974 
.2084 
2209 
.2372 
.2460 

1940 

.2989 

.2741 

.2861 
2303 
2442 
2978 

.2662 

.1954 

.2068 

.2226 

.2361 

.2449 

1950 

.2587 

.2731 
2843 
.2306 
.2438 
.2567 

.2648 

.1960 

.2070 
2223 
.2355 
2442 

1930 

1627 
1621 
1693 
1838 
2015 
2154 

1405 
1362 
256 
.1406 
.1601 
.1783 

1935 

.1613 

.1604 
1675 
1822 
.2002 
2143 

.1398 
21352 
1249 
1398 
1592 
1775 

1940 
1601 
1589 
.1664 
1814 
.1994 
2135 

.1389 
1342 
1243 
1394 
.1587 
1771 

1945 
.1608 
1595 
.1671 
.1820 
.1997 
.2136 

1398 
.1350 
1253 
.1403 
1594 
qa 

TABLE 506.—VERTICAL MAGNETIC INTENSITY, UNITED STATES 

1950 

1613 
.1598 
.167) 
.1820 
.1996 
.2136 

.1403 
1353 
1255 
1405 
1597 
NUL 7 

This table gives for the epoch January 1, 1950, the smoothed vertical intensity, Z, expressed 
in cgs units, corresponding to the longitudes west of Greenwich in the heading and the north 
latitudes in the first column. The remarks about smoothing, in Table 502, apply to this table as 
well. 

43), ©. 517 
45 .521 
A. 2.521 
49 518 

80° 

399 
.422 
.448 
.468 

.488 

.505 
“002 
.536 
545 

557 
.566 
573 
578 
81 
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OS 

378 
.401 
.426 
447 

.467 

.487 

.505 
521 
.936 

551 
.563 
he 
.983 
991 

105° 

354 
.376 
399 
421 

442 
464 
.485 
902 
921 

.536 
551 
.564 
.976 
581 

110° 

362 
383 
404 

427 
.449 
471 
491 
.509 

524 
.538 
.550 
5009 
.570 

SS 

348 
368 
389 

411 
432 
453 
473 
491 

.509 
By5) 
.536 
.548 
556 

120° 

356 
376 

398 
418 
437 
.456 
473 

.490 

.506 
921 
.933 
.543 

125° 

461 

476 
490 
503 
918 
927 
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TABLE 507.—SECULAR CHANGE OF VERTICAL INTENSITY, UNITED STATES 

Smoothed values of vertical intensity in cgs units at the indicated places for January 1 of the 

years stated. The remarks about smoothing, in Table 502, apply to this table as well. 

1930 

4243 
4174 
3959 
4902 
4835 
4644 

4351 
5415 
.9368 
9236 
.5005 
.4654 

1935 

4240 
4171 
SUEY 
4889 
4823 
4624 

.4332 
5389 
9341 
5207 
4977 
.4623 

1940 

4236 
4162 
3933 
4887 
.4810 
.4603 

.4307 
5378 
9332 
9189 
4961 
4612 

1945 

4228 
4148 
3914 
4881 
4794 
64582 

4292 
.9370 
5312 
5167 
4938 
4591 

1950 

4222 
.4139 
3896 
4875 
4778 
.4559 

.4268 
5356 
.5287 
5137 
.4908 
4564 

Lat. Long. 

43° 
1930 

5417 
5754 

1935 

5382 
719 
.5734 

1940 

.5370 

.5698 
S7AS 
5639 
9434 
5104 

5496 
5828 
.6029 
.5905 
0729 
5461 

1945 

5365 
5687 
.5702 
5618 
5413 
.5085 

5498 
5824 
.6024 
5897 
0722 
5452 

TABLE 508.—TOTAL MAGNETIC INTENSITY, UNITED STATES 

This table gives for the epoch January 1, 1950, the smoothed total intensity, F, expressed in 
cgs units, corresponding to the longitudes west of Greenwich in the heading and the north lati- 
tudes in the first column. The remarks about smoothing, in Table 502, apply to this table as well. 

43 543 
45.543 
47 541 

510 

515 
525 
533 
544 
549 

554 
558 
562 
564 
557 

ay? 

.463 

.480 
495 
.508 
.520 

930 
539 
.950 
561 
.566 

.570 

.576 
581 
.980 
579 

80° 

.480 

.495 
514 
926 

eh) 
950 
962 
.570 
.975 

.582 

.588 
092 
994 
594 

85° 90° ISP 

475 
.489 
.504 
518 

.930 
943 
BE) 
564 
Te 

982 
989 
594 
.601 
.606 

100° 

.469 

.482 

.497 

.509 

2023 
.536 
.549 
.960 
Sy 

.980 

.587 
95 
602 

49.535 603 4 

105° 

.461 

.473 
487 
501 

514 
.528 
941 
992 
564 

974 
.583 
591 
09 
.600 

110° 

464 
476 
488 

.902 
517 
ol 
544 
.556 

.566 
574 
981 
985 
592 

1152 

453 
464 
476 

.490 

.903 
518 
.930 
542 

.554 

.563 
71 
av, 
581 

120° 1255 

TABLE 509.—SECULAR CHANGE OF TOTAL INTENSITY, UNITED STATES 

Smoothed values of total intensity in cgs units at the indicated places for January 1 of the 
years stated. The remarks about smoothing, in Table 502, apply to this table as well. 

Lat. Long. 1930 

.5004 

.5026 
4912 
5441 
5441 
9332 

5120 
VWs) 
.9768 
5703 
9546 
92/1 

1935 

.4980 
9002 
4889 
5414 
9415 
.5303 

.5092 
0739 
.9733 
.5668 
9913 
5237 

1940 

4964 
4984 
.4864 
5402 
9394 
5276 

5064 
0722 
5719 
9647 
5494 
5222 

1945 

4956 
4968 
4843 
9398 
.9380 
9299 

5047 
.5716 
9701 
.5626 
9473 
5202 

1950 

4951 
.4959 
4823 
.5393 
5364 
zee 

.5023 

.9703 
5677 
097, 
5444 
9176 
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» Long? 1930 

.5656 

.5978 

.6014 
5985 
9845 
9589 

.5734 
6062 
.6237 
6142 
.6022 
9812 

1935 

5619 
5940 
5974 
5944 
5807 
5545 

5686 
.6010 
.6194 
.6099 
.5970 
5754 

1940 

5604 
5915 
5952 
Se YA} 
.5788 
9932 

5669 
5981 
6156 
.6067 
5945 
5741 

1945 

9601 
5907 
5942 
.9906 
5770 
9516 

.5673 
Ase fhe 
6153 
.6061 
5940 
.5734 

1950 

5581 
.5881 
5901 
5869 
.5740 
5493 

5642 
9940 
.6095 
.6026 
5920 
S715 
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502 
TABLE 512.—MAGNETIC AND ELECTRIC DATA FOR SUN AND EARTH 

(Chapman, Cosmical magnetic phenomena, Nature, vol. 124, p. 19, 1929.) 

Sun’s magnetic field too small to be measured by direct effects on earth; measured by 
Zeeman effect on spectrum lines. 

Earth’s magnetic axis inclined 12° to rotation axis. 
Earth’s field rotates at same speed as nearly rigid earth. 
Earth: Polar intensity of field $ gauss. 
Sun: Intense local fields frequent, 3000 gauss. The magnetic field of spots reverses each 

cycle (Proc. Astron. Soc. Pacific, vol. 41, p. 136, 1929). The polarity of leading spot in a 
bipolar group in the Northern Hemisphere is opposite that in the Southern Hemisphere— 
relationship reverses each new sunspot cycle -- complete magnetic cycle is double sun- 
spot cycle. 

Specific resistances: Earth Sunwes (Chapman, loc. cit.) 
Heaviside layer, 10° Reversing layer, 3 10” 
Dry earth, 10° to 10° Photosphere, 10%, 7, 10000°K. 
Sea water, 2x 10° Center, 3 10% 456103 
200-600 m deep, 3 10” 

Further characteristics of spots: (Milne, Monthly Notices, Roy. Astron. Soc., vol. 90, 
p. 487, 1930.) Umbra (dark center), 800 (very small) to 80,000 km across: penumbra 
may reach 240,000 km. Generally short-lived. A few last several (3) rotations, very 
rarely 6; one in 1840, 18 months. Most occur in 2 belts 5° to 40° N. and S. latitudes, 
often occur in pairs (see above). Umbra temperature 4000° K. Evershed gives velocity of 
outburst from spot 2 km/sec. 
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TABLES 513-521—MAGNETO-OPTIC EFFECTS 503 

Faraday discovered that, when a piece of heavy glass is placed in magnetic 
field and a beam of plane polarized light passed through it in a direction parallel 
to the lines of magnetic force, the plane of polarization of the beam is rotated. 
This was subsequently found to be the case with a large number of substances, 
but the amount of the rotation was found to depend on the kind of matter and 
its physical condition, and on the strength of the magnetic field and the wave- 
length of the polarized light. Verdet’s experiments agree fairly well with the 
formula 

where c is a constant depending on the substance used, / the length of the path 
through the substance, H the intensity of the component of the magnetic field 
in the direction of the path of the beam, r the index of refraction, and d the 
wavelength of the light in air. If H be different, at different parts of the path, 
1H is to be taken as the integral of the variation of magnetic potential between 
the two ends of the medium. Calling this difference of potential v, we may 
write 6 = Av, where 4 is constant for the same substance, kept under the 
same physical conditions, when the one kind of light is used. The constant A 
has been called ‘‘Verdet’s constant,” and a number of values of it are given in 
Tables 514-517. For variation with temperature the following formula is 
given by Bichat: 

R= R, (1 — 0.00104t — 0.000014#?), 

which has been used to reduce some of the results given in the table to the 
temperature corresponding to a given measured density. For change of wave- 
length the following approximate formula, given by Verdet and Becquerel, 
may be used: 

0; per? (pr? 7 1)? 

6, 7 per” (p2” aa Dee 

where p is index of refraction and A wavelength of light. 
A large number of measurements of what has been called molecular rotation 

have been made, particularly for organic substances. These numbers are not 
given in the table, but numbers proportional to molecular rotation may be de- 
rived from Verdet’s constant by multiplying in the ratio of the molecular weight 
to the density. The densities and chemical formulas are given in the table. In 
the case of solutions, it has been usual to assume that the total rotation is simply 
the algebraic sum of the rotations which would be given by the solvent and dis- 
solved substance, or substances, separately ; and hence that determinations of 
the rotary power of the solvent medium and of the solution enable the rotary 
power of the dissolved substance to be calculated. Experiments by Quincke 
and others do not support this view, as very different results are obtained from 
different degrees of saturation and from different solvent media. No results 
thus calculated have been given in the table, but the qualitative result, as to the 
sign of the rotation produced by a salt, may be inferred from the table. For 
example, if a solution of a salt in water gives Verdet’s constant less than 0.0130 
at 20°C, Verdet’s constant for the salt is negative. 

As a basis for calculation, Verdet’s constant for carbon disulfide and the 
sodium line D has been taken as 0.0130 at 20°C. 
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504 TABLE 513.—DISPERSION OF KERR EFFECT 

Wavelength my) 1.04 1.5 2.0u 2.5m 

Steelttite Saeco ase —11! —16: —14! —11' —9'0 
Gobalteat 26, See ke = 915 [11-5 — 9.5 —11. —6.5 
Nickelssccti tn Ssnaecte 95:5 — 40 0 + 1.75 +3.0 

Field intensity = 10,000 cgs units. (Intensity of magnetization = about 800 in steel, 700 
to 800 in cobalt, about 400 in nickel.) 

TABLE 514.—VERDET’S CONSTANT 

Part 1.—Solids 

Verdet’s 
constant 

Substance Formula Wavelength in min 

7 
PANTING Solar cage ego tee acca casa as oa PT aces 589 .0095 
Blend emer cere tee chet ohn oho ekeetecernus ene ZnS - 2234 
Diamond ryt ee oe eee oor ae ¢ ‘ 0127 
Wead@boraterse tc re eee ens ee PbB.O, a] .0600 
Seleniuinigh ee eo ace edd coke ees Se .687 .4625 
Sodiumpbonrate sess ciacete ec bein cutee iets on Bae Na2B,O; .589 .0170 
ZAquelines(Cuprite)” seme. pase coecees oo cee es Cuz0 687 5908 
Biltionitew ees, ee a cee ee Ue tee CaF, 2534 .05989 

3655 02526 
4358 01717 
4916 01329 
589 .00897 

1.00 .00300 
2.50 .00049 
3.00 .00030 

Glass: 
Jena wimediummephosphatercuneeepe een eerie eee erie: 589 .0161 

heavy; crowns Ollasins ene. 1 ee eee are . .0220 
light flint, (OY Oy rren We or ae eee eee, ee * ne ss .0317 
neavayaa flim ten O) SOO be ckaatas: aotacwicnnnae ion eseee erste .0608 

rs ss S1G3tesct. hs. ase sh tensteee ¢ 0888 
CISSSUl havi Ol et um catiteettec ee scucacn ve crestor cohol ek atk do us 0674 

il aap Pergo = oa on Tas enema SN ah A trai sont a eo 405 .0369 
ne Ce ROE Ee. ARO ee, LOR eS .436 0311 

Quartz, along axis, ie., plate cut | to axis .... SiOz .2194 .1587 
2573 .1079 
3609 04617 
.4800 02574 
5892 01664 
6439 01368 

Roclossalitepeat. eels see oree bets wor ete NaCl 2599 .2708 
3100 1561 
4046 0775 
4916 0483 
6708 0245 

1.00 .01050 
2.00 00262 
4.00 .00069 

Sugarcane ssalongeaxis) UACe ee aaa CxH2O01 451 0122 
540 .0076 

‘ 626° .0066 
axis Ar. hoa dees easing - 451 0129 

540 .0084 
; 626 .0075 

Shy) SUT (ols ee a een ee ae Os” Se Rear KCl 4358 0534 
5461 .0316 
6708 02012 
90 .01051 

1.20 .00608 
2.00 .00207 
4.00 .00054 

(continued) 
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TABLE 514.—VERDET’S CONSTANT (concluded) 505 

Part 2.—Liquids (for \ = 0.589 ,) 

Density Verdet’s 
Chemical in g per constant Temp. 

Substance formula cm in min 2. 

INCELONeharereetset NS «bcs ah ete rod otete SE C;H.O 7947 0113 20° 
INcidsi) ROnmicmept ate a ae ae CH.O. 1.2273 0105 15 

IACeticnes it ba arte. jours ek GLO: 1.0561 0105 21 
Etydcachlonice seen eerie intl 1.2072 .0224 15 
lakwabtolrroye sapvouncondnccc HBr 1.7859 0343 S 
lnkyabyonouli® sénoccosunccueacc HI 1.9473 0515 5 
INGthiChe snch eres.) ot eeieee HNO; 1.5190 .0070 13 

Ncoholsi  Methyli ee sees. oan tee CH;0H 7920 .0093 20 
Ethyl. nee. 0 Mahe bee C.H;OH .7900 .0112 3 

Benzene le cererrstuars toe are are rad winrar CoHe 8786 .0297 s 
BLromidesi \lethiylecmaceieecccielicciciete CH;Br 1.7331 0205 0 

Ethylene SOR RE 2 ois acvve cere C.H;Br 1.4486 0183 15 
Garbonehbisuliideeern eee eee: CS: 1.26 .0420 18 
Ghlorideser Carhoumeeee rece eenecee CCl 1.60 0321 15 

(Ciilkoyrortorsin oooccunaneuac CHCls 1.4823 0164 20 
ES thryiliey’ cif. Pie. shis sates C:HsCl .9169 0138 6 

Nodidesi wether canter ict: CHsI 2.2832 .0336 15 
ethyl Pcat te ok es acini C:HslI 1.9417 .0296 e 

ING trates le thay serait rercheriere CH;0:NO, 2157, .0078 ee 
Bethyl Wi..co ett. deo ee sie C.H;0-NO: 1.1149 0091 “s 

ParaiinseeRentatic ra riterner cei CsHiz 6332 0118 
LOMA Me pies dic casera eves eve rene CoHa 6743 0125 MY 

FROlWeNnet:. 25 ser API Oe tors Sin TIN C;Hs 8581 .0269 28 
Winters 240 Oe eet aes H20 | tse 1042 - 

ELL enh oe cee intel ens tienes ates See Ee the .0776 
ADAG PPS cose vcs acohoe Reis eee .0293 
COROT A ete: 5. weed een cate 0131 

IROL cea Nee a Reet eee beara Ae ae .00410 
18300): we neet Ser eye erat: eke ee .00264 “a 

NEV EMC MDM itis Seer Gate-itee enainee sien tea nrot ays CsHio 8746 0263 27 

TABLE 515.—VERDET’S CONSTANT FOR SOLUTIONS OF ACIDS AND SALTS 

IN WATER (\= 0.589 ,) 

Density Verdet’s Density Verdet’s 
Chemical g per constant Temp. Chemical g per constant Temp. 
formula cm’ in min LX @ formula cm’ in min 2G 

lnlleye= Gseeeeae 1.3775 0244 20° BiesG@le. ae acer 1.6933 —.2026 15° 
JSG Ts ere 1.1573 .0204 e hm Arartdh avers 1.5315 —.1140 iD 

AMOS 5.6 Bscvec 1.0762 .0168 ao Re | batches 1.1681 —.0015 s 
SF LSTRERE, 5. coy xs 1.9057 .0499 s x Star 1.0864 0081 S 

WR Achaea La Ae 1.1760 0205 e We = eeiarnaiee 1.0232 0122 s 
IRUNIO fooode 1.3560 0105 - lnlkal@lh aoanooc 1.0381 0137 16 
IN clo ete eee eee 8918 0153 15 INGG@ls. descr 1.4685 .0270 15 
INES? So5ocle 1.2805 .0226 S ST Ee 1.2432 .0196 
BalBra te. cei 1.5399 0215 20 KCl: *. 3. fee 1.6000 .0163 i 
Gd. 6300 1.3291 .0192 . NaCl. see 1.0418 0144 ie 
Gare: < o.. 5 1.2491 0189 2 Sr@la sce cee 1.1921 .0162 5 
CIS TNE bic ovess 1.1424 .0163 Sn yee 1.3280 .0266 s 

OF Roe 1.0876 0151 s (iO Pan oe 1.2851 .0196 sf 
INEVE\e" Gade aac 1.1351 .0165 e INE See 1.5948 .0396 i 

MOMMA. o.cc5< 1.0824 0152 S es ee ae 1.2341 0235 £ 
Ke G@ser. «062 1.1906 .0140 Kor toe 1.6743 .0338 ¥ 
INasGOs) es. 1.1006 .0140 $ Stealer set 1.1705 .0182 s 
INISLIQM aoo0ce 1.0718 0178 15 ININ(O)H, oo bo006 1.0634 .0130 20 
IBACIY accra ine 1.2897 .0168 20 NaNO sees Lit 0131 5 
Cd@lheses.ss 1.3179 0185 ss U.0;:N20s ... 2.0267 0053 ss 

SZ Octo 11732 .0160 ie ce, 11963 0115 . 
CaCl ssesce. 1.1504 .0165 = BaSomncecec: 1.1788 0134 . 

De ona ir 1.0832 0152 : IRASOW" pooade 1.0475 0133 ‘ 
IKAG) Baantone 1.4331 0025 15 INEBSOW scons 1.0661 0135 

Sige lp A fees es 1.1093 0118 i 
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506 TABLE 516.—VERDET’S CONSTANT FOR SOME GASES 

Du Bois shows that in the case of substances like iron, nickel, and cobalt which have a 
variable magnetic susceptibility the expression in Verdet’s equation, which is constant for 
substances of constant susceptibility, requires to be divided by the susceptibility to obtain 
a constant. For this expression he proposes the name “Kundt’s constant.” These experi- 
ments of Kundt and Du Bois show that it is not the difference of magnetic potential be- 
tween the two ends of the medium, but the product of the length of the medium and the 
induction per unit area, which controls the amount of rotation of the beam. 
Some data on the Verdet constant of gases by Ingersol (*) and by de Mallemann (1) 

for wavelength 5780A, pressure 760 mmHg, and at temperature 0°C: 

Verdet Verdet Verdet 
constant constant constant 

Substance in min Substance in min Substance in min 

Hydrogen t's). 62940" Helium * = 3.26. 51 10*.Methanet ..... 17.4 107 
Hydrogen* ... 6.26 Oxygen* ..... 5.55 Ethylenet .... 34.4 
Deuterium * ... 6.21 Oxygen) ene 5.69 Ethylene* .... 34.6 
Nitrogen* .... 6.30 Argon? .Bebh. 9.36 Carbon dioxide * 9.25 

The de Mallemann values are from numerous papers in Comptes Rendus, 1929 to date 
(See in particular R. de Mallemann, F. Suhner, and J. Grange, C. R., vol. 232, p. 1094, 
1915. See also P. Gabiano Ann. d. Physique, vol. 10, p. 68, 1933.). The Ingersoll values 
are from an ONR preliminary report (October 1952). The probable error of the de Malle- 
mann and the Ingersoll values is of the order of 1 percent. The dispersion of the rotation 
for most gases, except oxygen, is roughly as the inverse square of the wavelength. 

Verdet’s 
constant 

Substance Pressure Temp. in min 

AMtMOSPNEHICHAIG cane cach eee aa cites cna Atmospheric Ordinary 6.83 & 10° 
Garbonkdioxtdews./. ss aco 0h oie eo coe awiee f 13.00 
Ganbontdisulfides.<.-4.- ates ose os oes 74 cmHg 102€ 23:49“ 
Ethylenem ete ncn sone oe caine oe Atmospheric Ordinary 34.48 “ 
INitrogens vacant. con se hahiata ees sate . x C92 eS 
IND EROMSHOXIGEMMN. 32.5 5 osc sees weiss cae cies Ss 2 16.90 “ 
Oxy ena eee es we oS Saves nas s 6.289% 
Sulttipedioxidesmern ese ete none oe z ss 31:39}. 

ee SE TEES 3 cece 246 cmHg 20°76 38.40 “ 

TABLE 517.—VERDET’S AND KUNDT’S CONSTANTS FOR SOME MATERIALS 

The following short table is quoted from Du Bois’s paper. The quantities are stated in 
cgs measure, circular measure (radians) being used in the expression of “Verdet’s con- 
stant” and “Kundt’s constant.” 

Verdet’s constant Wavelength 
Magnetic OH FF of light Knudt’s 

Name of substance susceptibility Number in cm constant 

Cobalt. MAIO... — _ 6.44 X 10° 3.99 
Nickell 59a Gi wah — — 3 3.15 
SRO} TEAS Cts SEES _ 656 en. 2.63 
Oxygen SrA. -ceetcte +. 0126 x 10” ie .000179 x 10° 5.89 {i 014 
Sulfur dioxide ...... —.0751 302 ss § — 4.00 
Waters... ./. Te —.0694 “ BSH, us fe — 5.4 
INitricracidae.,...- Gee —.0633 8 356 ss § — 5.6 
Alcohol ncn s donee —.0566 bt .330 2 4 — 5.8 
Ether, Saal). -3-..08e —.0541 "5 rS15 sf ef — 5.8 
Arsenic chloride ..... —.0876 “ 1.222 a s —14.9 
Carbon disulfide ..... —.0716 - 222 ue s —17.1 
Faraday’s glass ..... —.0982 “ 1.738 s° ‘t —17.7 
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TABLE 518.—VALUES OF KERR’S CONSTANT 507 

Du Bois has shown that the rotation of the major axis of vibration of radiations normally 
reflected from a magnet is algebraically equal to the normal component of magnetization 
multiplied into a constant K. He calls this constant K, Kerr’s constant for the magnetized 
substance forming the magnet. 

Kerr’s constant in minutes per cgs unit of magnetization 
Color Spectrum Wave- 

of light line length Cobalt Nickel Iron Magnetite 

Red Lia 677 bw —.0208 —.0173 —.0154 +.0096 
Red — .620 —.0198 —.0160 —.0138 +.0120 
Yellow D 589 —.0193 —.0154 —.0130 +.0133 
Green b 517 —.0179 —.0159 —.0111 + .0072 
Blue F 486 —.0180 —.0163 —.0101 +.0026 
Violet G 431 —.0182 —.0175 —.0089 — 

TABLE 519.—TRANSVERSE GALVANOMAGNETIC AND THERMOMAGNETIC 

EFFECTS 

Effects are considered positive when, the magnetic field being directed away from the 
observer, and the primary current of heat or electricity directed from left to right, the 
upper edge of the specimen has the higher potential or higher temperature. 
E=difference of potential produced; 7 =difference of temperature produced; J = 

primary current; =e = primary temperature gradient; B = breadth, and D = thickness, 
c 

of specimen; H = intensity of field, cgs units. 

Hall effect (galvanomagnetic difference of potential), E = rat 

Ettingshausen effect ( “ s “ temperature), T = pH 

Nernst effect (thermomagnetic a “ potential), E = onBst 
x 

Leduc effect ( s fe “ temperature), T = SHBS 
7 

Substance Values of R P xX 106 Q X 108 S X 108 

Melluritimersesceeiae + 400 to 800 +200 +360000 +400 
AEMONY? iets eas soe es EQ” F222. nz +9000 to 18000 +200 
Steeler een orcs +.012 “ .033 —.07 —700 “ 1700 +69 
Heusler alloy .......... +.010 “ .026 = +1600 “ 7000 
LIF ccay oR IN ae AR at palaeteaee a Seo +.007 “ .011 —.06 —1000 “ 1500 +39 
Gohalteercenecoo tees +.0016 “ .0046 +.01 +1800 “* 2240 +13 
PATICU aes a stie vee eee —_ — —54 “ 240 +13 
Gaduiuml ie sso oe +.00055 
llptaltitil sgoseomaceomeone + .00040 — up to —5 0 +5 
|r: Ys if eas eee ee +.00009 = —5.0 (?) 
MR oe nois.c ieee —.00003 = —4.0 (?) 
Rlatinumieasemeecicre cic —.0002 — — —2 
Coppeigge ecscsee cos anes —.00052 — —90 to 270 —18 
German silver .......... —.00054 
Golder coe snn aoe ere —.00057 to .00071 
Constantinis=.se2e see —.0009 
Manganese! 26... .s0s 16 —.00093 
Palladium eee eee —.0007 to .0012 — -r50 to 130 — 3 
Sibiad sadodsoduascanaer —.0008 “ .0015 — —46 “ 430 —41 
Sodium@eeas rarities. —.0023 
WESTER coocooGouoce —.00094 to .0035 
ANILINE eee cele —.00036 “ .0037 
Niclceleeerrie yn necro —.0045 “ .024 +.04 to .19 +2000 “‘ 9000 —45 
GarbonGencsae ners s —.017 +5. +100 
Bismuth eee — upto 16. +3 to 40 + up to 132000 —200 
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508 TABLE 520.—DISPERSION OF KERR EFFECT 

Mirror oe Alp 44 48 uy 52m 56m -60u 64m -66u 

ThROyTisaiccceamiccic Renee 21,500 —.25 —26 —.28 —.31 —.36 —.42 —.44 —.45 

Cobalt teria stee cies eke 20,000 —36 —35 —34 —35 —35 —.35 —.35 —.36 

INITChell vax erarercvaret tavoreie ov 19000 —16 —15 —13 —13 —14 —.14 —14 —.14 

Secale Boe ae 19.200. 227) 128) 31 35 =. 38 P= 40M aes 
TIIKVENe- mo poe 19.800 —22 —.23 —.24 —23 —.23 —22 —23 —.23 

Miaenetite ......0.+5 16.400 =.07_ 02°04» 4.06 P08 4. oot oa aes 

TABLE 521.—VARIATION OF HALL CONSTANT WITH THE TEMPERATURE 

Bismuth Antimony 
——-——_—“—- ee en 

H —182°C —90° —23° +11.5° +100° H —186°C —79° +21.5° +58° 

1000 62:2) 28:0) 617205 13:39 7-28 1750 263 .249 217 
2000 BO 25:0) AGO. G27 ely, 3960 Pa tH Se ANI 
3000 497. 229 “15:1 12.1), “#06 6160 245 235 209 203 
4000 4598 e205e 143° AS 5095 
5000 426 202 136 110 6.84 
6000 40) I89F BAZOe 1069 6:72 

Bismuth 
—— TY 1”“"@?°0$#*#@90]YqWO TT 

H +14.5°C +104° 125° 189° 222 239° 2592 269° 270° 

890 5.28 2257), DM 1.42 1.24 itil .97 83 Gif: 

* Melting point. 
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TABLES 522-555.—_ @OPGICAL GLASS ANDSOPTICAL CRYSTALS 

Optical glass and optical crystals are in general described by giving their 
indices of refraction for standard wavelengths, such as the D, 4, C, F, 
etc., lines and their vy values = (mp — 1)/(ur — Nc). Also, the spectral trans- 
mission and some other physical constants may be given. In addition, many 
crystals have different optical properties in different directions which require 
some consideration of their optical axes. For glasses used as filters the spectral 
transmission is an important item. A table of wavelength units and some data 
on various types of optical glass and crystals follow. 

TABLE 522.—RADIATION WAVELENGTH UNITS 

Radio Radiation Colorimetry Spectroscopy X-rays rays 
meter micron millimicron angstrom X-ray units microangstrom 

Powers-of-10 equivalent of units listed in column 1 

Units ces 
unit 

Name Symbol bh Mi A XU “A cm mm m 

INS CROTN caceeve neha: clea se's a 1 10° 10* 10° 10° ilO= 10° 10° 
Millimicronyeeeee cece mE 10° 1 10 10* 10° 107 10° Oe 
LNTARICON. cologaooo0t A 10* 10% 1 10° 10° 1055 107 Oa 
SEN, Wille auooon ooo Xu 107 10* Or 1 10° 10m 102 10c2 
Microangstrom ...... uA Om On 10° 10° 1 NOs 10m 10m: 

The X-ray unit as originally used referred to the measurement of x-wavelengths using a 
calcite crystal. Such results are in error by a factor of 1.00203. 

OPTICAL GLASS 

TABLE 523.—CHARACTERISTICS OF AMERICAN-MADE OPTICAL GLASSES 

Crown glasses—crown (COQ), light barium crown (LBC), dense barium crown (DBC), 
extra dense barium crown (EDBC) 

Name. di cciecteeetes 6 C—BL LBC—BL DBC—CG DBC—CG DBC —CG EDBC—BL 
BY Pe) SP oso wished ise oes 518/596 573/568 612/595 620/603 += 638/555 617/539 

WR MPA Me ages: eS aa 1.51780 1.57250 1.61160 1.62030 1.63840 1.61700 
NG re Mea seats Bisel arne 1.52886 1.58538 —:1.6246 1.6332 1.6532 1.63171 
WE errs ase hee wae 1552393, Vs7962 © 6L880 = “1.62750 164650 1.62511 
LEMS Bani Men 9 etna 1.51524 1.56954 1.60852 1.61722 1.63500 1.61367 

BAS a. ceatrsignets 3 3 59.6 56.8 59.5 60.3 55.5 53.9 

Flint glasses—crown flint (CF), light flint (LF), short flint (SF), extra light flint (ELF), 
light barium flint (LBF), barium flint (BF), dense barium flint (DBF), 
dense flint (DF), extra dense flint (EDF) 

Name) Bye fityeac te tec oer CF—BL LBF—BL BF—BL DBF—BL DBF—CG ELF—BL 
ABYDOS seeks SR Ns oe teers 526/546 548/537 570/481 617/385 670/472 541/475 

WD) GB cela, olan s:c.4, ofa 1.52560 1.54770 1.57040 1.61700 _—:1.66990 1.54140 
Gg) Mir. Bie) sates Soto» s 1.53793 1.56081 1.58575 = 1.63811 1.6882 1.55618 
Co ARNOT Ree 1.53239) 155491 1.57880 1.62843 ~—- 1.67990 1.54949 
RG eo Se sabes Se ak 1.52277 1.54471 1.56695 1.61242 1.66572 1.53809 

PAGO aS SOOO 54.6 53.7 48.1 38.5 47.2 47.5 

Name: narosersestieje sini ism a ELF—BL SF—CG LF—BL DF—BL EDF—BL 
Ty ey ale dee ect -teio Mi wdl at 559/455 613/442 575/429 596/397 751/277 

WD ts: stn, dats ans potions 1.55850 1.61300 = =61.57510 ~=—-1.59560 ~——:1.75060 
Mor 2 iors ~odompaoa 1.57447 —- 1.6308 1.59263 1.61538 _—1.78716 
Me, SEA ve she one cons 1.56722 1.62280 1.58464 1.60632 1.77009 
Looe St AOE Gee 1.55495. 1.60893. »=—s-1.57122, ~—-1.59130 ~—_ 1.74302 
Bo Gis lelt AAs orate 45.5 44.2 42.9 39.7 Capers 

160 Adapted from. data from Bausch & Lomb (BL) and Corning Glass Works (CG). F. A. Molby, 
West Virginia University, assisted in selecting and arranging these data. For reference see Molby, 
Journ. Opt. Soc. Amer., vol. 59, p. 600, 1949. 
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TABLE 525.—INDEX OF REFRACTION OF EASTMAN KODAK CO. NONSILICA 

GLASSES (1949) 

Part 1 

Ay Pee ciacieeie celtiesewiersisie EK—110 EK—325 EK—330 EK—450 
(EK—110 (EK—32 (EK—33 (EK—45 

« —5328) EK—210 EK—310 —2641) —2734s) —29) 
Index 

SUNS Bete BRI eI 1.71786 1.75861 1.77301 1.77288 1.78280 1.83767 
[OF ey CRO OB OREO 1.71227 1.75201 1.76538 1.76518 1.77532 1.82832 
TOR eo Gee ae ORO 1.70554 1.74413 1.75638 1.75607 1.76643 1.81738 
NEY acre Meee os reas 1.69680 1.73400 1.74500 1.74450 1.75510 1.80370 

(1.6973) (1.7442) = (1.7555) (1.8016) 
HOI. ky SO Soro TEE 1.69313 1.72979 1.74033 ‘1.73973 1.75043 1.79814 
(Oe tsb SOHO Ce Oe 1.68877 1.72484 1.73491 1.73417 1.74499 1.79180 

Type numbers and mp values in parentheses are 1947 descriptions of EK glasses for 
which expansion data appear in Table 550. 

Part 2.—Dispersion of glasses 

Index 

COD ee eRe OEE 1.69680 1.73400 1.74500 1.74450 1.75510 1.80370 
(1.6973) (1.7442) = (1.7555) (1.8016) 

Bee eee 56.15 51.18 46.42 45.56 47.19 41.8 

trp—Nc ..... (56.0) (45.8) (47.2) (40.9) 
WR ING aie lvers ass 01241 01434 .01605 .01634 .01600 01924 

(.01246) (.01624)  (.01602) (.01959) 
MP— ND sswwas ss .00874 01013 .01138 01157 01133 .01368 

(.00877) (.01153)  (.01133) (.01394) 
Nol ie. Sener. eens .00673 .00788 .00900 .00911 .00889 .01094 

(.00677) (.00913)  (.00890) (.01118) 
Be MU Pe Sie 2) .00559 .00660 00763 .00770 .00748 .00935 

(.00562) (.00776) —_(.00750) (.00959) 
MD IAL RS «0.5% .00803 .00916 .01009 .01033 .01011 .01190 

(.00806) (.01018)  (.01014) (.0——) 

TABLE 526.—TRANSMISSION OF OPTICAL GLASS 

Thickness 10 mm, reflection deducted * 

BSC BSC G LBC DBC DBC CF BF DF EDF 
jl = = ay 2) = = =i =) = 

Cut-off in mp.... 300 296 301 306 328 320 310 316 326 350 
imate s60mis aes SOLON 760840) 475 2210 S235 720N ae O40" AZ 5 6.5 

300° mps ss. 98.0 95.0 97-2 92158 GGIS™'"9S'S™ 99.08 90 AS41470 
400: ma.... 99.5 99.5 99:3 995° 99:5. .99:4. 99:5. 99:5 |905 -70.0 
460 mu.... 995 99.5 993 99.5. 99.5 "99.4" 995-2995 (97> 962 
500 ang... 99.5. ~ 99:5. 99:3 99:5 O95, O04, 905.6) 00a aOR 005 
800 mu..2.° 99:5.. 98.5> 699.3) 199.26 . O9r4r= 99:4» 99:5. 99:5 “9015 99:5 
1000°mp.... | 99.5. 94:5" 99:3°" °97.2= - 966. 99:4 90:5) O05 MEgor COOs 
2000 mp.... 888 85.0 95.0 90.5 650 80.5 70.0 885 / 995 99.5 
3000 mu.... A) Q) WAS 0 ) ‘ : 6 0 0 9 4] 6.0 3 

Cut-off in mu.... 3200 3000 4000 3200 2900 2850 3350 3250 3500 4100 

* Abbreviated from a list of results of measurements on freshly polished samples of Bausch & Lomb glasses. 
Data supplied by the Bausch & Lomb Optical Co. hi Past “ ‘ 

SMITHSONIAN PHYSICAL TABLES 



513 
TABLE 527.—CHANGES WITH TEMPERATURE IN ABSOLUTE INDEX OF 

REFRACTION (n) AT 20°C FOR A NUMBER OF GLASSES * + 

Boro- Light Dense 
silicate barium barium Crown Barium Dense 
crown Crown crown crown flin flint flint 

nD BSC—1 Cc—1 LBC—2 DBC—3 CF—1 BF—1 DF—2 

An/°C 

4300A...... “i ae Bhs Ee 6% son 586 
4801A...... 101 .199 085 305 261 .246 492 
5O8ZA. cen. 087 SIZAL 072 2/76 244 218 450 
S462ZA\. see. - =e .159 — eh bee ae 405 
5894A...... 059 .150 .036 256 205 .162 370 
6440A...... 050 asi 025 237 184 .140 334 

* For references, see footnote 160, p. 509. 
7 In units of the fifth decimal place. 

TABLE 528.—INDEX OF REFRACTION OF GLASSES MADE BY SCHOTT AND 

GENOESSEN, JENA 

The following constants are for glasses made by Schott and Genoessen, Jena: 14, 1c, Mp, MF, Na, 
are the indices of refraction in air for A = 0.7682u, C = 0.65634, D = 0.5893, F = 0.4861, G’ = 
0.4341, » = (np — 1)/(nr— nv). 

Catalogue type = O 546 O 381 O 184 O 102 O 165 S 57 
Designation = inc Higher dis- Light Heavy Heavy Heaviest 

crown persion crown silicate flint silicate flint silicate flint silicate flint 
Melting number = 1092 1151 500 163 

v = 60.7 51.8 41.1 33.7 27.6 BPP 

Cd .2763u 1.56759 — _ — _— — 
1 Cd .2837 1.56372 — — — — — 
to | Cd .2980 1.55723 1.57093 1.65397 _ — — 
: Cd_ .3403 1.54369 1.55262 1.63320 1.71968 1.85487 — 
ie Cd_ .3610 1.53897 1.54664 1.61388 1.70536 1.83263 -- 

BS H .4340u 1.52788 153312 1.59355 1.67561 1.78800 1.94493 
ae) H_ .4861 1.52299 1.52715 1.58515 1.66367 1.77091 1.91890 
= Na_ .5893 1.51698 1.52002 1.57524 1.64985 1.75130 1.88995 
= H_ .6563 1.51446 IES ZZ 1.57119 1.64440 1.74368 1.87893 
0} K  .7682 1.51143 1.51368 1.56669 1.63820 1.73530 1.86702 

‘S .800u 1.5103 1.5131 1.5659 1.6373 1.7338 1.8650 
a) 1.200 1.5048 1.5069 1.5585 1.6277 1.7215 1.8481 
5 1.600 1.5008 1.5024 1.5535 1.6217 EAS 1.8396 
a 2.000 1.4967 1.4973 1.5487 1.6171 1.7104 1.8316 

2.400 — — 1.5440 1.6131 _ 1.8286 

Percentage composition of the above glasses: 
O 546, SiO:, 65.4; K20, 15.0; NazO, 5.0; BaO, 9.6; ZnO, 2.0; Mn2Os, 0.1; As2Os, 0.4; B2Os, 2.5. 
O 381, SiO:, 68.7; PbO, 13.3; NaO, 15.7; ZnO, 2.0; MnOz, 0.1; As2Os, 0.2. 
O 184, SiOz, 53.7; PbO, 36.0; K2O, 8.3; Na2O, 1.0; Mn2Os, 0.06; As2Os, 0.3. 
O 102, SiOz, 40.0; PbO, 52.6; K2O, 6.5; Na2O, 0.5; Mn2Os, 0.09; As2Os, 0.3. 
O 165, SiO:, 29.26; PbO, 67.5; K2O, 3.0; MnzOs, 0.04; As2Os, 0.2. 
S 57, SiO2, 21.9; PbO, 78.0; As:Os, 0.1. 

TABLE 529.—CHANGE OF INDICES OF REFRACTION FOR 1°C IN UNITS OF THE 

FIFTH DECIMAL PLACE 

Mean —An 

No. and designation temp G D F G’ n ws) 

S 57 Heavy silicate flint...... 58.8° 1.204 1.447 2.090 2.810 .0166 
O 154 Light silicate flint....... 58.4 225 .261 334 407 .0078 
© 327 Baryt fiat light... ..< 3: - 58.3 —.008 014 .080 IBY/ .0079 
O 225 Light phosphate crown... 58.1 —.202 —.190 —.168 —.142 .0049 
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514 TABLE 530.—TRANSMISSION OF RADIATION BY JENA GLASSES 

Part 1 

Coefficients, a, in the formula J; = Joa‘, where J. is the intensity before, and /; after, trans- 
mission through the thickness tf. 

Coefficient of transmission, a 

Unit t=1 dm 3754 390u .400u .434u .436u .455u .477u .503u .580u .677u 

O 340, Ordinary light flint....... 388 .456 .614 .569 .680 .834 .880 .880 .878 .939 
O 102, Heavy silicate flint........ — .025 .463 .502 .566 .663 .700 .782 .828 .794 
O 93, Ordinary “ etal 3516 — am — — .714 .807 .899 .871 .903 .943 
O 203, “ San ACKOWE ees 583 .583 .695 .667 .806 .822 .860 .872 .872 .903 
Omasse (Grown) =... << onesie o/s = — — — 197 .770.771™ .776. J8i8~ 860 

Unit t=1 cm 0:7 0:952 Vig 1:4 V.76.\2:04 236 02:5n 27 92-94 fle 

S204 Borate crown ..>-. 406. 1:00°299 3.940439) 2853481 6694043 29 sealsy a 
S 179, Medium phosphate crown. — .98 .95 .90 .84 67 49 87 18 — — 
O 1143, Dense borosilicate crown... 98 — 97 — .95 93 .90 .84 .71 47  .27 
OMO924 Grownl®-. te. cee oes. ae ere 199" 96 95 99 99 — 91 [82° =71 60) 4899729 
OMS ese © Kore sehehie ees 9 — 99 99 98 94 90 79 75 45 .32 
O45 -Lightsflints 32: 20. sees 1:00 — 4299 9 298) 95 9 7292 84 we 78a FO 34 
@On-469) Heavy o.c5. 5. os eos OO a Suk e990 98 98 97-00 a OGmme ou 
OF5005 | SN PM es 00 — 00) —— 00009 Oe ees 
Soll ORS on, Tee ce Se 1.00.5 —...98 ..—)...99: .—.,..99. =~» .94)) 78m .60 

Part 2 

R is reflection factor yellow light for two surfaces. Values of transmission are for 1 mm 
thickness. Ordinary figures refer to wavelengths in yu, .281 to .775, black-faced infrared. 

Glass Density .281 -302 -334 -366 -436 -480 -546 578 -644 -700 775 
durability R -850 -950 1.15 1.30 1.60 2.00 2.20 2.40 2.60 2.80 3.00 

wel 2.77 .00 “7 .69 85 .00 .00 .00 .00 .00 01 34 
%, 911 22 1 05 .04 03 .04 .06 ll 5 19 17 

BG 1 2.50 04 40 .93 97 ~—.86 44 .04 05 01 51 94 
3 915 97 93 76 38 40 50 59 69 74 75 55 

BG4 2.41 .00 00 04 74° 87 oo 01 01 .00 07-\) B13 
5 921 12 ll 13 12 14 21 AS 39 63 AS 40 

BG10 = 2.60 .00 .00 14 64 93 95 94 88 75 62 42 
Ya 916 31 25 26 31 47 55 56 58 By) 47 46 

VoG 1 2.93 00 .00 00 00 02 47 Side 56 12 06 04 
2 905 05 .09 18 27 47 65 71 76 77 69 55 

GaG 2 2.58 00 .00 00 64 99:5 1.00. 2.00; 1.00 _.300 61.00 | £00 
3 916 1.00 1.00 1.00 1.00 1.00 99 99 98 94 84 70 

GG4 243 00 .00 03 01 67 92 97 96 94 96 99 
2 913 99 99 99 99 $9 99 99 98 94 85 64 

GaG-ll 2.54 00 .00 00 00 01 24 99 99 99 99 98 
2 913 97 96 96 99 96 97 = 95 91 82 66 

RG2 2.74 00 .00 

U G1 dark purple (uv., extreme red). B G1 blue (uv.. extreme red). B G 4 blue (ir.). B G 10, light blue 
green, ir. absorption. V G 1 yellow-green. G G 2 colorless, uv. absorption. G G 4 almost colorless, strong uv. 
absorption. G G 11 dark yellow for contract filters. R G 2 pure red. R G5 dark red. N G 5 light neutral. 

OPTICAL CRYSTALS 

Not so many years ago physicists had to depend upon natural crystals for their various 
optical instruments. Now, owing to a great deal of work in this field, it has been found 
possible to grow artificial crystals of various materials for this purpose. Data on some of 
these artificial crystals are given in the following tables and the spectral transmission of 
some of them is shown in figure 26. 
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TABLE 531.—SOME ARTIFICIAL OPTICAL CRYSTALS (concluded) 

Material 

Thallium bromide-iodide (KRS-5)**... 

ey 

CC 

CC ee  ) 

Part 2 

Index of refraction 

r 1st sample 2d sample 

A86u 1.57181 1.57194 
589 1.55986 1.55997 
656 1.55503 1.55524 
toinfrared (1-10u) 1.54 to 1.53 
“Wr Nd nd 

1.68755 1.6670 1.6588 
to infrared (1-20u) 1.64, 1.62 

ake 

4861 1.394810 + 2 x 10° 
5893 1.392057 
6563 1.390862 
Nas, 2.629; lu, 2.45; 4u, 2.4; 

10u, 2.39; 35u, 2.30 

Reference 

c, b, 

d,h 

b, g 

i,e 

TABLE 532.—n,, DISPERSION AND DENSITY OF JENA GLASSES 

No. and type of Jena glass 

O 225 Light phosphate crown... 
O 802 Borosilicate crown 
UV 3109 Ultraviolet crown .... 
O 227 Barium-silicate crown ... 
O 114 Soft silicate crown 
O 608 High-dispersion crown .. 
UV 3248 Ultraviolet flint 
O 381 High-dispersion crown 
O 602 Baryt light flint 
S89 Borate slintesee ob ee. 
O'726iE xtraslight, flint. ........ 
O 154 Ordinary light flint 
O 184 “ “ “cc 

O 748 Baryt flint 
O 102 Heavy flint 
O 41 “ “ 

O 165 “cc “ 

51380 Heavya flintweec. hk is. os 
S 57 Heaviest flint 

ciraeinleyie 

ry 

eee er reece ene 

eee eee tenes 

ry 
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ny for D 

1.5159 
1.4967 
1.5035 
1.5399 
1.5151 
1.5149 
15352 

we 15262 

Np— Me Np-— Ne Myp— Ny Np — Ny Ng’ Ny 

.00737 70.0 00485 00515 .00407 
0765 64.9 0504 0534 0423 
0781 64.4 0514 0546 0432 

0909 59.4 0582 0639 0514 
0910 56.6 0577 0642 0521 
0943 54.6 0595 0666 0543 
0964 55.4 0611 0680 0553 
1026 51.3 0644 0727 0596 
1072 53.0 0675 0759 0618 
1102 51.6 0712 0775 0629 

1142 47.3 0711 0810 0669 

1327 43.0 0819 0943 0791 
1438 41.1 0882 1022 0861 
1599 39.1 0965 1142 0965 
1919 33.8 1152 1372 1180 
2434 29.5 1439 1749 1521 
2743 27.5 1607 1974 1730 
4289 21.4 2451 3109 2808 
4882 19.7 2767 3547 3252 

e 

Specific 
gravity 

2.58 

DNPPWWWWNNWNNND 22sec utn ooo WR COONNOANWNOW 
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Wavelength 
in air at 15° 

mye 

185.467 
193.583 
202.55 
214.439 
226.503 
250.329 
274.867 
303.412 
340.365 
396.848 
434.047 
467.815 
508.582 

no 

Quartz 

1.67578 
1.65999 
1.64557 
1.63039 
1.61818 
1.60032 
1.58752 
1.576955 
1.56747 
1.55813 
1.553963 
1.551027 
1.548229 

Quartd 

1.68997 
1.67343 
1.65842 
1.64262 
1.62992 
1.61139 
1.59813 
1.58720 
1.577385 
1.56772 
1.563405 
1.560368 
1.557475 

n 
Vitreous 

1.57436 
eR ts) 
1.54727 
1.53386 
1.52308 
1.50745 
1.49617 
1.48594 
1.47867 
1.47061 
1.46690 
1.46435 
1.46191 

Wavelength 
in air at 15° no 

Quartz 

1.546799 
1.544667 
1.544246 
1.542288 
1.541553 
1.540488 
1.538478 
1.53503 
1.53232 
1.52972 
1.52703 
1.51998 
1.51156 
1.49962 

TABLE 533.—INDEX OF REFRACTION OF QUARTZ (SiO,), 15°C ™* 

ne 

Quartz 

1.555996 
1.553791 
1.553355 
1.551332 
1.550573 
1.549472 
1.547392 

n 
Vitreous 

1.46067 

1.45845 
1.45674 

1.45517 
1.45340 

1.54381 
1.54098 
1.53826 
1.53545 
1.52814 
1.5195 
1.5070 

161a Sosman, Robt. B., The properties of silica, p. 591, Chemical Catalog Co., NewYork, 1927. 

TABLE 534.—INDEX OF REFRACTION OF ROCK SALT IN AIR 

A(n) n ACh) n 

.185409 1.89348 .88396 1.534011 

.204470 1.76964 .972298 1.532532 
291368 1.61325 .98220 1.532435 
358702 1.57932 1.036758 1.531762 
.441587 1.55962 1.1786 1.530372 
486149 1.55338 4S 1.530374 

“ 1.553406 1.555137 1.528211 
sf 1.553399 1.7680 1.527440 

58902 1.544340 of 1.527441 
.58932 1.544313 2.073516 1.526554 

. .656304 1.540672 2.35728 1.525863 
ss 1.540702 s 1.525849 

706548 1.538633 2.9466 1.524534 
766529 1.536712 3.5359 1.523173 
.76824 1.53666 4.1252 1.521648 
78576 1.536138 “ 1.521625 
88396 1.534011 5.0092 1.518978 

Talbot’s bands (18°C) * 

A(z) n (mn) n 

1S Camera Be 1.413 ZA ere 1.352 
1s ey gemma Sa 1.403 22 Bie oe 1.318 
Oe eee ee 1.394 IAS poe 1.299 
200) accisick 1.381 DED cee 1.278 
QO eet 1.368 DOP Seas 1.254 

Ci a ot | M, M, 2 4 an ES n We eer ar iste kd? — hM or = BD? + 

where a’ = 2.330165 A? = .02547414 
1= .01278685 k= .0009285837 

1? = .0148500 h= .000000286086 
M:= .005343924 

M, 
v— dP 

+ 

b?=5 

eM St hy 
Ae ee roms ONY 

.680137 

n 

1.516014 
1.515553 
1.513628 
1.513467 
1.511062 
1.508318 
1.506804 
1.502035 
1.494722 
1.481816 
1.471720 
1.460547 
1.454404 
1.447494 
1.441032 
1.3735 
1.340 

Ph sscuons oie 

1.175 
eee eee 

M: 

M3; = 12059.95 
As? = 3600. 

162 Baird Associates, Infrared optical materials, Engineer Research and Development Laboratories, 
Fort Belvoir, Va. 
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TABLE 535.—INDEX OF REFRACTION OF SYLVITE 

(POTASSIUM CHLORIDE) IN AIR 

A(z) n 

185409 1.82710 
200090 1.71870 
21946 1.64745 
257317 1.58125 
281640 1.55836 
308227 1.54136 
358702 52115 
394415 1.51219 
467832 1.50044 
508606 1.49620 
58933 1.49044 
67082 1.48669 
78576 1.483282 
88398 1.481422 
98220 1.480084 

A(n) n 

137 so 1.409 
USIST eon: 1.401 
19 Ze sx: 1.398 
DOTA 5 cere 1.389 
PASI EA ee 1.379 

OS I M, 
nN a+ ae 

a? = 2.174967 
M,= .008344206 
AZ= .0119082 
M.,z= .00698382 

Bg Ne) 

A(z) n A(z) n 

1.1786 1.478311 8.2505 1.462726 
1.47824 o 1.46276 

1.7680 1.475890 8.8398 1.460858 
fs 1.47589 My 1.46092 

2.35728 1.474751 10.0184 1.45672 
2.9466 1.473834 ‘s 1.45673 

- 1.47394 11.786 1.44919 
3.5359 1.473049 .S 1.44941 

LG 1.47304 12.965 1.44346 
4.7146 1.471122 ee 1.44385 

1.47129 14.144 1.43722 
5.3039 1.470013 15.912 1.42617 

as 1.47001 17.680 1.41403 
5.8932 1.468804 20.60 1.3882 

ss 1.46880 225 1.369 

Ati8° Cee 

A(x“) n A(z) n 

(RID 1.374 26:7 Sot 1.300 
23 lees > 1.363 2D Dre ircviicvs 1275 
A 1.352 28 Dorie 5 ais 1.254 
HOT ee 1.336 28:8 apices: 1.226 
PG) ae 12317 

M2 2 4 =e | M, M: Ms; 

Ty ase Oe ea Tag em CRC ERG 

= .0255550 b? = 3.866619 
k= .000513495 M; = 5569.715 
h= .000000167587 Nee = "9292747 

TABLE 536.—INDEX OF REFRACTION OF POTASSIUM BROMIDE * (22°C) 

Wavelength 

oe 

Index 

o- 

Wavelength 

1.7011 

eee 

eens 

eee 

ener 

ones 

S)e) 0) 6) 

oe 

oe 

oe 

Index 

pe loso0l 
Wavelength 

eee ee 

eens 

eee oe 

eee ee 

eens 

eens 

seer 

Index 

. 1.51505 

* Prepared by Stephens, Plyler, Rodney, and Spindler, National Bureau of Standards, March 1952. 

TABLE 537.—INDEX OF REFRACTION OF NITROSO-DIMETHYL-ANILINE (WOOD) 

n 

2.140 
2.114 
2.074 
2.025 
1.985 

Nitroso-dimethyl-aniline has enormous dispersion in yellow and green, metallic 
in violet. 

n 

1.945 
1.909 
1.879 
1.857 
1.834 

n x 

1.815 .636 
1.796 647 
1.783 659 
1.778 .669 
1.769 .696 

713 
.730 
749 
763 

n 

1.718 
He713 
1.709 
1.697 

absorption 
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TABLE 538.—REFRACTIVE INDEX OF SILVER CHLORIDE (AgCl) AT 23.9°C * 

Tenths of microns 

Wave- 
length 0 1 2 3 4 5 6 7 8 9 

Mb 

Om 2.09648 2.06385 2.04590 2.03485 2.02752 
1. 2.02239 2.01865 2.01582 2.01363 2.01189 2.01047 2.00931 2.00833 2.00750 2.00678 
2. 2.00615 2.00559 2.00510 2.00465 2.00424 2.00386 2.00351 2.00318 2.00287 2.00258 
3._ 2.00230 2.00203 2.00177 2.00151 2.00126 2.00102 2.00078 2.00054 2.00030 2.00007 
Wave- Wave- Wave- Wave- 
length length length length 

Mh n a n bh n Mh n 

1 2.02239 6 1.99483 1 1.97556 16 1.94358 
1.5 2.01047 6.5 1.99339 11.5 1.97297 16.5 1.93958 
2 2.00615 7 1.99185 12 1.97026 17 1.93542 
25 2.00386 7.5 1.99021 12.5 1.96742 17.5 1.93109 
3 M2 100230 8 1.98847 13 1.96444 18 1.92660 
3.5 2.00102 85 1.98661 13.5 1.96133 18.5 1.92194 
4 1.99983 9 1.98464 14 1.95807 19 1.91710 
45 1.99866 9.5 1.98255 14.5 1.95467 19.5 1.91208 
5 1.99745 10 1.98034 15 1.95113 20 1.90688 
5am | 1.99618 10.5 = 1.97801 15.5 1.94743 20.5 1.90149 

* Prepared by Leroy W. Tilton, Earle K. Plyler, and Robert E. Stephens, National Bureau of Standards. 

TABLE 539.—INDEX OF REFRACTION OF FLUORITE (CaF,) IN AIR 

Part 1 

A(z) n A(z) n A(w) n A(z) n 

.1856 1.50940 76040 ~=—-:1.43101 2.2100 1.42288 5.0092 1.39898 
19881 1.49629 .8840 1.42982 2.3573 1.42199 5.3036 1.39529 
21441 1.48462 1.1786 1.42787 2.5537 1.42088 5.5985 1.39142 
22645 1.47762 1.3756 1.42690 2.6519 1.42016 5.8932 1.38719 
25713 1.46476 1.4733 1.42641 2.7502 1.41971 6.4825 1.37819 
32525 1.44987 1.5715 1.42596 2.9466 1.41826 7.0718 1.36805 
34555 1.44697 1.6206 1.42582 3.1430 1.41707 7.6612 1.35680 
39681 1.44214 1.7680 1.42507 3.2413 1.41612 8.2505 1.34444 
48607 =: 1.43713 1.9153 1.42437 3.5359 1.41379 8.8398 1.33079 
.58930 1.43393 1.9644 1.42413 3.8306 1.41120 9.4291 1.31612 
65618 1.43257 2.0626 1.42359 4.1252 1.40855 51.2 3.47 
.68671 1.43200 2.1608 1.42308 4.4199 1.40559 61.1 2.66 
71836 = 1.43157 4.7146 1.40238 oo 2.63 

Part 2 1% 

AC) n A(“) n A(z) n A(z) n 
404658 1.4415099 508585 1.4361735 770688 1.4308799 1.734047 1.4252000 
407785 1.4412890 546077 1.4359584 819115 1.4303704 1.767893 1.4250359 
435836 1.4394944 579016 1.4341020 .961049 1.4291954 2.034339 1.4237262 
447150 1.4388656 .589298 1.4338304 1.092154 1.4283523 2.184308 1.4229318 
472219 1.4376377 .636238 1.4328439 1.156031 1.4279924 2.312063 1.4222226 
480525 1.4372742 .643850 1.4327050 1.178596 1.4278658 2.357191 1.4219705 
486138 1.4370381 656286 1.4324825 1.441574 1.4265842 2.544951 1.4208398 
501570 1.4364325 706523 1.4316947 1.638231 1.4256500 2.575402 1.4206797 

yl ee M, 2 4 genie. M, M; 
n oo ues er {M or iia Cae WL Cag 

where a* = 2.03882 f= .000002916 M;= 5114.65 
M,i= .0062183 b? = 6.09651 Xr; =) 1260556 
A= .007706 M.= .0061386 Av = .0940u 
e= .0031999 v= .00884 Ne = Syn 

Change of index of refraction of fluorite for 1°C in units of the 5th decimal place 

C line, —1.220; D, —1.206; F, —1.170; G, —1.142. 

163 Schonrock, Zeitschr. Instrumentenkunde, vol. 40, p. 94, 1920; vol. 41, p. 104, 1921. 

SMITHSONIAN PHYSICAL TABLES 



By il 
TABLE 540.—REFRACTIVE INDICES OF LITHIUM FLUORIDE AT 23.6°C * 

Tenths of microns 

length 0 1 2 3 4 5 6 7 8 9 

0 eats iets tietere Eee ..-. 1.39430 1.39181 1.39017 1.38896 1.38797 
1.. 1.38711 1.38631 1.38554 1.38477 1.38400 1.38320 1.38238 1.38153 1.38064 1.37971 
2.. 1.37875 1.37774 1.37669 1.37560 1.37446 1.37327 1.37203 1.37075 1.36942 1.36804 
3.. 1.36660 1.36512 1.36359 1.36201 1.36037 1.35868 1.35693 1.35514 1.35329 1.35138 
4.. 1.34942 1.34740 1.34533 1.34319 1.34100 1.33875 1.33645 1.33408 1.33165 1.32916 
Se ee 1.32399 1.32131 1.31856 1.31575 1.31287 1.30993 1.30692 1.30384 1.30068 
Gre 1: 

* Prepared by Leroy W. Tilton and Earle K. Plyler, National Bureau of Standards. 

TABLE 541.—INDEX OF REFRACTION OF ICELAND SPAR (CaCO,) IN AIR 

rv (n) no Ne A (zn) no Ne A (“) No Ne 

198 - 1.5780 508 1.6653 1.4896 991 1.6438 1.4802 
200 §=1.9028 1.5765 533 1.6628 1.4884 1.229 = 1.6393 1.4787 
208 1.8673 1.5664 589 1.6584 1.4864 1.307. ~—1.6379 1.4783 
.226 =: 1.8130 1.5492 643 1.6550 1.4849 1.497 1.6346 1.4774 
298 1.7230 1.5151 656 1.6544 1.4846 1.682 1.6313 — 
.340 1.7008 1.5056 670 = 1.6537 1.4843 1.749 _— 1.4764 
361 1.6932 1.5022 760 1.6500 1.4826 1.849 1.6280 — 
410 1.6802 1.4964 768 1.6497 1.4826 1.908 — 1.4757 
434 = 1.6755 1.4943 801 1.6487 1.4822 ZV Zeele6210 — 
.486 1.6678 1.4907 905 1.6458 1.4810 2.324 — 1.4739 

Index of refraction for the Fraunhofer lines 

a B c D E b F Density Temp C° (7) 

Aluminum alums RA1(SO,4)2 + 12H.O * 

Na 1.667 17-28 1.43492 1.43563 1.43653 1.43884 1.44185 1.44231 1.44412 1.44804 
NH;(CHs) 1.568 7-17 45013 45062 = .45177 45410 = 45691 45749 = 45941 46363 

K 1.735 14-15 45226 =.45303. — .45398 ~=— 45645 — «45934 = 645996 = 46181 46609 
Rb 1.852 7-21 45232 .45328 = .45417 45660 = .45955 45999 46192-46618 
Cs 1.961 15-25 45437 .45517 45618 = .45856 = 46141 = 46203 46386 = .46821 
NH, 1.631 15-20 45509 = .45599 45693. 45939 = 46234 = .46288 = «46481 = 46923 
aut 2.329 10-23 49226 49317 .49443 49748 §=.50128 =.50209 §=.50463—.51076 

Chrome alums RCr(SO,q). + 12H2O * 

Cs 2.043 6-12 1.47627 1.47732 1.47836 1.48100 1.48434 1.48491 1.48723 1.49280 
K 1.817 6-17 47642 47738 — 47865 —.48137 48459-48513 48753 = .49309 
Rb 1.946 12-17 47600 = .47756— 47868 = «48151 = 48486) 48522) 48775 = 49323 
NH. 1.719 7-18 47911 48014 = .48125 48418 ~=—.48744 = 48794 = 49040 ~—-.49594 
al 2.386 9-25 51692 .51798 = .51923. 52280 =.52704 = 52787 = 53082 = 53808 

Tron alums RFe(SOxq)2 + 12H2O * 

K 1.806 7-11 1.47639 1.47706 1.47837 1.48169 1.48580 1.48670 1.48939 1.49605 
Rb 1.916 7-20 47700 ~—-.47770~—- 47894-48234 = .48654 = 48712 ~=—-.49003_~—«.49700 
Cs 2.061 20-24 47825 .47921 48042 = 48378 = 48797 — 48867 ~—.49136 49838 
NH. 1.713 7-20 47927. 48029-48150 = 48482-48921 = 48993-49286 ~—-.49980 
Tl 2.385 15-17 51674 =.51790 = 51943. 52365 =.52859 Ss .52946 = 5328454112 

* R stands for the different bases given in the first column. 
For other alums see references on Landolt-Bérnstein-Roth Tabellen. 
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TABLE 543.—INDEX OF REFRACTION OF SELECTED MONOREFRINGENT 

OR ISOTROPIC MINERALS 

The values are for the sodium D line unless otherwise stated and are arranged in the 
order of increasing indices. Selected by Edgar T. Wherry from a private compilation of 
E. S. Larsen, of the U. S. Geological Survey. 

Index of 
refraction 

Mineral Formula A= 0.5894 

Walliaumitemers. nacre sts acieceose ene NaF 1.328 
Gryolithionitere) 4c soe ica es toe 3NaF-3LiF:2AlFs; 1.339 
Opal Wolisietsiellelotolehslelsrelelelsiere (elellelaleleleleiie/siajaiere SiO.°nH:0 1.406 

JTVOISS. bo o Cone GoOoe SORIOOO COE ore Gooc CaF; 1.434 
Alum Silclelielicielichalietiolicisiiels ele! oles) (eleleisielicleleiel eliclalfa Kz -Al,03°4SO3°:24H20 1.456 

Sodalite cei cte oso s eS OU 3Na20:3AI1.03:6SiO2°2NaCl 1.483 
(CGristobalitemmerir.cce.ccs-oceu omtes «octets SiO; 1.486 
Analcite MtatMebatchehel cllctelclelelelelelevelcteliciel cl clalelatel= Na.O: Al,03:4Si0.:2H:0 1.487 

Syilvitemer Pei icins ooo oascaoaies etioee KCl 1.490 
Noselite Madsen): FHAGS. QMAY Ae 5Na,0:3A1,03°6Si0O2°2SOs 1.495 
ISERORTIINS (Gao doo COO OOOO Oee On cette ooo Like preceding + CaO 1.496 
ILA SORES Oe ee ee oe 4Na.0-3A1203-6Si02" Na2So 1.500+ 
Wencitegrn ef Miia eos Some hoc e s Ce K;30: Al,03-4Si0; 1.509 
Rol lseitetame peyote veese tater crsicyavern aos ckononausnc yen 2Cs:0-2A1203:9SiO2° H:0 1.525 
MeV it emepat seer ays isi aeeetee asco saya ole is coves a SER NORS NaCl 1.544 
IBAUEISO METS os FA Praise o tierekes ais = « a RS Al,O3;:nH.O 1.570+ 
iPharmacosideritems 9... .eaia-tiee so s> cee 3Fe.0s:2As205:3K20°5H20 1.676 
Spinelitad eer t oscec sce ee «be oa wo TH MgO:Al.0s 1.720+ 
Berzeliite: -. «fama. too ceanich «20 ses sae 3(Ca, Mg, Mn)O-As20s 1.727 
Bericlasite bs. 6.c sus co Meyers a. cece MgO 1.736 
Grossulanite) ..4:the as tie isc ce «6 Sae 3CaO: Al.O3:3SiO2 1.736 
IBIGKATS. o note a6 Ra Cun ee oe 3(Mn, Fe)O:3BeO:3Si0.- MnS 1.739 
a TBE TASTER Sosa lscousoio aie nok es. anevencioens 3MgO:-Al.03-3SiO; 1.745 
PAGSENOLILC mrmer teeters oils ster eic oe eine avers epee As2Os3 1.754 
ENESSOnI Le Men tiers. joc asidioain airs o% wa are 3CaO:(Al, Fe)203:3SiO; 1.763 
IE aarre cre Se Bye eee oe (Mg, Fe)O- AIO; 1.770+ 
Almandite: .eteo eee As 3FeO- Al203-3Si02 1.778 
FL erGyMit@mnmrenees rc cee or ees OEE eee Thee FeO: Al,O; 1.800 
Galinitemer meer ere ook a oo mci 2k « eke ZnO: Al.Os 1.805+ 
Spessantite’ >. pense acl diiceicla taker «ohne 3MnO:-AlI,03°3SiO2 1.811 
Eimer eC oe ose eee frees CaO 1.838 
LORGENRORTUIG = ete eae noc 6 StEeism ar 3CaO:Cr203:3Si02 1.838 
PNG O KETO 68 on n'n oS ROOD Ory 6 RO os 3CaO: Fe.0;3°3Si0O2 1 857 

IMCROlIEEN SacBee Ee oasis sie dos ore eee 6CaO:3Ta.0s:NbOFs; 1.925 
INO S43 BS core Be OCICS nie are CuCl 1.930 
VEOCh One meet ites Coa: cece Contains CaO, Ce2Os, TiOs:, etc. 1.960 
SCHOULOMILCM EC Renee niccrien ans cnecen 3CaO: (Fe, Ti)2O3°3(Si, Ti)O: 1.980— 
een cylitewmcrpresicicierten erviatiterenas <-sreeee PbO-CuCl.-H,0 2.050 
IPACOCLEC WN coer heise Chics cctereek (Mg, Fe)O:(Al, Cr)2O: 2.0504 
Eetilyhitem nce mer cee vis: s cmtrerrer Cae 2Bi203°3SiO2 2.050 
C@enanevniteg ans specu s..c. smatealeaeccimere AgCl 2.061 
IMIGSESICE. “rma Wottecerc © cu c.aeeveinis auavstiek Contains Hg, NH, Cl, etc. 2.065 
Ghromite a eee css osc ec ri FeO-Cr.0s 2.070 
Senarmontiteisemor ce. ccs occ ee eae Sb203 2.087 
Esmbolite panne ae teene})- bGaonaaavecc Ag(Br, Cl) 2.150+ 
Manganositens comsams > squnme lek maraee MnO 2.160 
Bunsenitessmnccs chores © < <hiskieas <5 55m « NiO 2.18 * 
TReWiSIte: Gsm 3s «bie Oh « 6-0 SES care WEE 5CaO -2TiO.:3Sb.0; 2.200 
Muersite cages... cetied «nose ae. esas Cul -4AgI 2.200 
Bromy Gites aac acer ee oon mee one AgBr 2.253 
Dy Satialiteier. sane ects wis. a clerks o cnseae ak Contains CaO, FeO, TiOs, etc. 2.330 
Miarshitem ce. See taen oso sais cceicmemeres Cul 2.346 
Branklinitewek p:-races t. .Oeebe 4. Oates (Zn, Fe, Mn)O:(Fe, Mn)2Os 2.360* 
Splaleritegeet..2 5 2ee. > -biawae. » REESE. (Zn, Fe)S 2.370 
BE OVSKiIteR eh orc Maes Mo BRE bcs CaO: TiO, 2.380 
Diamond Ate Ae..; LORE... eee 2 SRR SS. C 2.419 

(continued) 
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TABLE 543.—INDEX OF REFRACTION OF SELECTED MONOREFRINGENT 

OR ISOTROPIC MINERALS (concluded) 
Index of 
refraction 

Mineral Formula A= 0.5894 

Eplestomites a -tccprrretrieis electors le iste i= HgO-2H¢gCl 2.490* 
Ini raetie MAO a Chel oo Coon oO Dae OU e MnS; 2.690* 
Alabanditem essence See pct ciicecis e . MnS 2.700* 
CupriteMerr tance ses poe seas cele esl ts CuO 2.849 

* Li line. 

TABLE 544.—INDEX OF REFRACTION OF MISCELLANEOUS MONOREFRINGENT 

OR ISOTROPIC SOLIDS 

Spectrum Index of Spectrum Index of 
Substance line refraction Substance line refraction 

Albitevelass) aas.s cece © D 1.4890 Gelatin, Nelsonno.1.... D 1.530 
(Aim bereten also ceomieeree es D 1.546 e VWEISCUS. Jodepooe D 1.516-1.534 
Ammonium chloride .... D 1.6422 GumeArabicw. vaste. oa: red 1.480 
Anorthite glass ......... D 1.5755 i Od WM eee obec red 1.514 
Asphalt 5 rr os R220) 1.635 Obsidian. 3. sot os D 1.482-1.496 

nes. Mtns - 670m 1.621 Phosphorus’ oeeee. .25. DD 2.1442 
Bellimetaleas..-setde en - D 1.0052 Pitches. sale Ae es a red 1.531 
Boric acid, melted....... E 1.4623 Potassium bromide ..... D 1.5593 

£ ns SOMA Ss D 1.4637 s chlorstannate. D 1.6574 
c . So REE. F 1.4694 ss iodidesern ys =a D 1.6666 

Borax melted! =. 4.s6 C 1.4624 Resins: Aloes .......... red 1.619 
* tence: D 1.4630 Canada balsam . red 1.528 
oe SP Re bd F 1.4702 Colophony ..... red 1.548 

Gamphefis ces verte ewes D 1.532 Gopallaxs..ss% red 1.528 
SO ad ene et Sane D 1.5462 Mrasticwaoris.-e% red 1.535 

Canadaybalsami!sooeee. D 1.530 Peru balsam ... D 1.593 
Eboniteshso se sore om els « red 1.66 Selenium he. so. 0s 6 v0 6. A 2.61 
Fuchsintie, -8c0 mohteoe A 2.03 AID Cea ieths 25. B 2.68 

SO AMAD F c5 REDS, Stars B 2.19 TA Rtn oe ieee C 2.73 
BSA A. | Bah eas ‘Se G 2.33 Cg Scie Eten a SS D 2.93 
SFr k- aa RRR PIR G 1.97 Sodium chlorate ........ D 1.5150 
eg | 1) Senn) eee ad H 1632 Strontium nitrate ...... D 1.5667 

TABLE 545.—INDEX OF REFRACTION OF MISCELLANEOUS UNIAXIAL CRYSTALS 

Index of refraction 

Spectrum Ordinary Extraordinary 
Crystal line ray ray 

Ammonium arseniate NHsH2AsQ, ............... D 1.5766 1.5217 
Benzil) (GzHsCO) sc. ceG.. odes CRORE ae D 1.6588 1.6784 
Corundum, ALO: sapphire; puby.....0....o- 2 ee. D 1.769 1.760 
PCenat ee Or Gans eeeeE ced oes dine aeioea ease D 1.308 1.313 

Ce cae MAIR ERS ici eAEENS fe ors! 5, one ay ETS Li 1.297 1.304 
Ty OT yy Serra & o/overet is helio os toe Sooke Eis a nla tia bie NE AE D 1.539 1.541 
Potassium arseniates KoHsAs@ite. 05.2 on. eee F 1.5762 1.5252 

Te 5 Sabet ate essere ssa D 1.5674 1.5179 
ss ¢ eS rae Ns Oy Sl lot ic 1.5632 1.5146 

Sodium arseniateNasAs@,-12H.©.......-......- D 1.457 1.466 
“: Mithate wNaIN Osy sitsiz a netic casa ew ces one oe D 1.586 1.336 
s phosphate" NasE O,: 1ZHiO-.2 6 Aish ve ee doe D 1.447 1.453 

Nickellésulfate NiS@,-GH:O8 joace 2. cece cee cees F 5173 1.4930 
# ss eet pyar As a ae kaos kis atc D 1.5109 1.4873 
s ‘c i Se eeetctare Aovaieen co siseistee C 1.5078 1.4844 

Strychtime sulfate ct ycns oc as -yoveiste, cf cueiacis «/e.+/< 00 ores D 1.614 1.599 
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524 
TABLE 546.—INDEX OF REFRACTION OF SELECTED UNIAXIAL MINERALS 

The values are arranged in the order of increasing indices for the ordinary ray and are for the 
sodium D line unless otherwise indicated. Selected by Edgar T. Wherry from a private com- 
pilation of Esper S. Larsen, of the U. S. Geological Survey. 

Mineral 

FeO nesitersecsess 
Sellaitemariec ciekeo/ste 
Chrysocolla ...... 
Wambanite. s..4-1-1- 
@Glrabazitet ans...) 
Wonelasites.....--- 
Hydronephelite ... 
Apophyllite 
Quartz 
Coquimbite 
MICOS ore ohkege’s oes 
Mtanite: . acta. 6s 
Penninite 
Cacoxenite 
Eudialite 
DiOptase: sees l= 
IPhenacitel sai. +. 
PATASItC. . 2 oatslerexs o> 
Wallemite ....... 
Vesuvianite ...... 
MMENOtIMe fas +. le 
Gonnellite .2.5...- 
Benitoite 
Ganomalite 
SGheelite ..c.ble. es 
ARGON terse fronie- <6 
Powellite 
Calomel 
Cassiterite 
Zincite 
Phosgenite ....... 
Penfieldite 
Iodyrite 
Tapiolite 
Wurtzite 
Derbylite 
Greenockite ...... 
Rutile 
WMICESEITINS Sogeo on 
Cinnabar 

Pipisis's 0 

eee eee ewes 

oeeeee 

foo Deo 

2) ele e\lele «ee 

eee eeee 

ener wees 

Ce 

Pee 

Chiolite 
Hanksite 
Thaumasite 
Hydrotalcite 
Cancrinite 
Milarite 
Kaliophilite 
Mellite 
Marialite 
Nephelite .......t 
Wernerite 
Beryl 
Torbernite ....... 
Meionite ......... 
WISN Geoaccober 

seer 

ee 

ee 

Uniaxial positive minerals 

Formula 

ZEA: Al2Os:- 5Si0. -6H2O 

(Czy Naz) O = Al,0;3:4SiO2.°6H2O 

2KCI-: FeCl.-2H2O0 

2Na.0 a 3A1203: 6Si0O;° 7H20 

K.0-8CaO-16Si0O2:16H20 
SiO: 

Fe.03:3SO;:9H:O 

MgO-H.20 
K,0-3A1203:4SO;3:6H:O 

5(Mg, Fe)O-Al.03-3Si02°4H20 

2Fe203- P2Os- 12H20 

6Na.0-6(Ca, Fe)O-20(Si, Zr)O2- NaCl 
CuO ; SiOz: H20 

2BeO: SiOz 

2CeOF-CaO-3CO:z 
2ZnO- SiO, 
2(Ca, Mn, Fe)O-(Al, Fe) (OH, F)O-2Si0O, 
Y203- P2Os 

20CuO:SO;:2CuCl.:20H20 
BaO- TiO.-3SiO2 
6PbO:4(Ca, Mn)O-6Si02:H20 
CaO- WO; 

PbO: PbCl.- COz 
PbO: PbCl. 
AglI 
FeO:(Ta, Nb)2Os 
ZnS 
6FeO ? Sb20s° 5TiO. 

Uniaxial negative minerals 

2NaF-AlIF; 
11Na.0:9SO;-2CO.:KCl 
3CaO: CO: SiO.- SOs: 15H.O0 

6MgO s Al.O3° CO.: 15H.O 

4Na.0 , CaO *4A10s° 2CO, . 9SiO.: 3H20 

K.0 -4CaO -2A1,03 . 24SiO, - H.O 

K.20: Al.O3:2Si0O2 

Al,Os° Ci20.° 18H.O 

“Ma” = 3Na.0-3A1,03:18Si02-2NaCl 
Na.O *AlOs:2Si0O2 

MeiMa; + 
3BeO: Al,O3°6SiO2z 

CuO-2U0:;: P.0;-8H:O 

“Me” = 4CaO-3A1,03:6SiO2 
Contains NazO, CaO, Al2O;, SiOz, etc. 

(continued) 

SMITHSONIAN PHYSICAL TABLES 

Index of refraction 

Ordinary Extraordinary 
ray ray 

1.309 1.313 
1.378 1.390 
1460+ 1.570% 
1.475 1.486 
1480+  1.482+ 
1.488 1.500 
1.490 1.502 
1535+  1.537+ 
1.544 1.553 
1.550 1.556 
1.559 1.580 
1.572 1.592 
1.576 1.579 
1.582 1.645 
1.606 1.611 
1.654 1.707 
1.654 1.670 
1.6764 1.757 
1.691 1.719 
1716+ 1.721 
+721 1.816 
1.724 1.746 
1.757 1.804 
1.910 1.945 
1.918 1.934 
1923+ 1.968+ 
1.974 1.978 
1.973 2.650 
1.997 2.093 
2.013 2.029 
2.114 2.140 
2.130 2.210 
2.210 2.220 
2.270 2.420 (Li line) 
2.356 2.378 
2.450 2.510 (Li line) 
2.506 2.529 
2.616 2.903 
2.654 2.697 
2.854 3.201 

1.349 1.342 
1.481 1.461 
1.507 1.468 
1.512 1.498 
1.524 1.496 
1.532 1.529 
1.537 1.533 
1.539 1.511 
1.539 1.537 
1.542 1.538 
1.578 1.551 
1581+ 1.575 
1.592 1.582 
1.597 1.560 
1.634 1.629 
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TABLE 546.—INDEX OF REFRACTION OF SELECTED UNIAXIAL MINERALS 

Mineral 

Apatite 
Calcite 
Gehlenite 
Tourmaline 
Dolomite 
Magnesite 
Pyrochroite 
Corundum 
Smithsonite 
Rhodochrosite 
Jarosite 
Siderite 
Pyromorphite .. 
Barysilite 
Mimetite 
Matlockite 
Stolzite 
Geikielite 
Vanadinite 
Wulfenite 
Octahedrite 
Massicotite 
Proustite 
Pryargyrite 
Hematite 

ee | 

ry 

seen eww 

eee eee ee 

a 

eee eee eee 

6 OFONS Oacmo 

eee eee 

everest sie ‘es 

se eee eee 

TABLE 547.—INDEX OF REFRACTION OF 

(concluded) 

Uniaxial negative minerals (continued) 

Formula 

9CaO-3P:0;-Ca(F, Cl): 
CaO-CO,z 
2CaO: Al2O3: SiOz 
Contains NazO, FeO, AlzO3, B2Os3, SiOz, etc. 
CaO-MgO-2CO, 

MnO-CO, 
K.0O:3Fe.03:4SO;:6H2O 

FeO: CO: 

9PbO -3P.0;: PbCl, 

3PbO:-2Si0, 
9PbO: 3As20s -PbCl. 

PbO: PbCl. 
PbO-WO; 
(Mg, Fe)O- TiO, 
9PbO r 3V20s cS PbClz 

3Ag2S -As2S3 

Fe.O3 

Index of refraction 
——._ 

Ordinary Extraordinary 
ray ray 

1.634 1.631 
1.658 1.486 
1.669 1.658 
1.669 1.638= 
1.681 1.500 
1.700 1.509 
1.723 1.681 
1.768 1.760 
1.818 1.618 
1.818 1.595 
1.820 eA 
1.875 1.635 
2.050 2.042 
2.070 2.050 
2135 2.118 
2.150 2.040 
2.269 2.182 
2.310 1.950 
2.354 2.299 
2.402 2.304 (Li line) 
2.554 2.493 
2.605 2.535 (Li line) 
ZO79 2:7 AMES Fae 
3.084 2881 Maes 
3.220 2940 Ee: 

MISCELLANEOUS LIQUIDS 

(see also Table 551), LIQUEFIED GASES, OILS, FATS, AND WAXES 

Substance 

Liquefied gases: 

Castor 
Citronella 
Clove 
Cocoanut 
Cod liver ..... 
Cotton seed ... 
Croton 
Eucalyptus .... 
Wandin we syacets 

Temp Index for D 
AC 0.5894 

15 1.659 
14 1.367 
15 1.195 
18 12325 
6 1.180 

18.5 1.384 
—190 1.205 

16:5) e325 
— 90 1.330 

15 1.194 
—181 1.221 

15 1.350 
16:5 el e2 52 
10 1.325 
16.5 1.466 

15.5 1.4728-1.4753 
15 1.4799-1.4803 
20 1.47 -1.48 
20 1.5301-1.5360 
15.5 1.4587 
15 1.4790-1.4833 

1.4737-1.4757 
27 1.4757-1.4768 
20 1.460 -1.467 

1.4702-1.4720 

SMITHSONIAN PHYSICAL TABLES 

Substance 

Oils: 
Lavender 
Linseed 
Maize 
Mustard seed .. 
Neat’s foot .... 

eee eee ece 

Peanut 
Peppermint .... 

Poppy, 
Porpoise 
Rape (Colza) .. 
Seal 
Sesame 
Soya bean 
Sperm 
Sunflower 

Fats and Waxes: 
Beef tallow .... 
Beeswax 
Carnauba wax. 
Cocoa butter .. 
Lard 
Mutton tallow.. 

Index for D 
0.5894 

20 1.464 -1.466 
15 1.4820-1.4852 

1.4757-1.4768 
1.4750-1.4762 

15 1.4695-1.4708 
1.4703-1.4718 

60 1.4510 
15.5 1.4723-1.4731 
20 1.464 -1.468 
15.5 1.4770 
Zo 1.4677 
15.5 1.4748-1.4752 
25 1.4741 
15.5 1.4742 
15.5 1.4760-1.4775 
15.5  1.4665-1.4672 
15.5 1.4739 
19 1.503 
40 1.4649 

40 1.4552-1.4587 
75 1.4398-1.4451 
84 1.4520-1.4541 
40 1.4560-1.4518 
40 1.4584-1.4601 
60 1.4510 
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TABLE 548—INDEX OF REFRACTION OF SELECTED BIAXIAL MINERALS 

The values are arranged in the order of increasing 8 index of refraction and are for the 
sodium D line except where noted. Selected by Edgar T. Wherry from private compilation 
of Esper S. Larsen, of the U. S. Geological Survey. 

Biaxial positive minerals ; 
Index of refraction 

Mineral Formula na nB ny 

Stercorite)../...... Na:0-(NH,):0: P:0s-9H:O 1.439 1.441 1.469 
Aluminite ....... Al,03-SO3:9H:0 1.459 1.464 1.470 
‘ridyvaniters-i ....- SiO, 1.469 1.470 1.473 
Thenardite ....... Na.0-SOs 1.464 1.474 1.485 
Garnallitess - s+. KCl: MgCl.-6H:0 1.466 1.475 1.494 
Alunogen ........ Al.O3:3SO;:16H:0 ~ 1.474 1.476 1.483 
Melanterite ...... FeO:SO;:7H:0 1.471 1.478 1.486 
Natrolitemsschc. .- Na.O: Al.O3:3Si02:2H20 1.480 1.482 1.493 
Arcanitemenich. «<< K:0-SOs; 1.494 1.495 1.497 
Stanviterees te. (NH,)2.0:2MgO: P20s:12H:O 1.495 1.496 1.500 
Heulandite ....... CaO-Al,03-6SiO2:3H:O0 1.498 1.499 1.505 
Thomsonite ...... (Na, Ca)O-Al203:2Si0.:3H:0 1.497 1.503 1.525 
Harmotome ...... (K2, Ba)O-Al203-5Si0O.:5H20 1.503 1.505 1.508 
Retalitesiecye . «<< LizO- Al2O3-8Si0: 1.504 1.510 1.516 
Monetite ......... 2CaO: P.0;:H:O 1.515 1.518 1525 
Newberyite ...... 2MgO: P:0;:7H:0 1.514 1.519 1.533 
Gxprsiite Scoseosee CaO-SO;::2H:0 1.520 1523 1.530 
Mascagnite ...... (NH,)20-SO; ji 7A | 1-SZ3 1.533 
AI bIte Gada wie “Ab” = Na,O-Al.03-6SiO: 1.525 1.529 1.536 
Hydromagnesite .. 4MgO-3CO.-4H:O 12527. 1.530 1.540 
Wavellite ........ 3A1,03:2P203:12(H:0, 2HF) 1.525 1.534 1.552 
Kieserite ........ MgO-SO:;:H.2O0 1.523 1.535 1.586 
Copiapitewere. 2... 2Fe:03:5SOs3:18H20 1.530 1.550 1.592 
Whewellite ...... CaO-C.0;:H.0 1.491 1.555 1.650 
Wariscites «5.6.0: Al,03: P20s-4H20 1.551 1.558 1.582 
Labradorite ...... Ab:An; 1.559 1.563 1.568 
Gibbsite) ...55. 4. «< Al,03:3H:0 1.566 1.566 1.587 
Wagnerite ....... 3MgO-P.0;:MgF, 1.569 1.570 1.582 
Anhydrite ....... CaO-SO; 1.571 1.576 1.614 
Colemanite ...... 2CaO-3B.0;:5H:0 1.586 1.592 1.614 
Fremontite ....... Na2O- Al.O:: P20s:(H20, 2HF) 1.594 1.603 1.615 
Vivianites so... 3FeO: P20O;s:8H20 1.579 1.603 1.633 
Rectoliteres..- +. 5. Na2O:4Ca0O-6SiO2:H:0 1.595 1.604 1.633 
Galamine) ene. 2ZnO-SiO.2-H2O0 1.614 1.617 1.636 
Chondrodite ..... 4MzgO:SiO.:Mg(F, OH). 1.604 1.617 1.636 
AULGuOISeue ts « -.- CuO-3A1203:2P:05:9H2O 1.610 1.620 1.650 
Topazee aces 2Al0OF: SiO, 1.619 1.620 1.627 
Gelestite his © sic SrO-SOs 1.622 1.624 1.631 
Prehnite 244... 2CaO- Al203°3Si0O2- H20 1.616 1.626 1.649 
Baniteumstn seas). BaO:SO; 1.636 1.637 1.648 
Anthophyllite .... MgO-SiO, 1.633 1.642 1.657 
Sillimanite ....... Al:O3- SiO: 1.638 1.642 1.653 
Horsterite 929.8... 2MgO:Si0. 1.635 1.651 1.669 
Enstatite Csah6./<. MgO:Si0O. 1.650 1.653 1.658 
Buclase .S-feeki.. 2BeO- Al2Os:2Si02:H:0 1.653 1.656 1.673 
Triplites seek. 3MnO- P.Os: MnF, 1.650 1.660 1.672 
Spodumene ...... Li,0-Al203°4Si02 1.660 1.666 1.676 
Diopside .2.49..... CaO:MgO:2SiO, 1.664 1.671 1.694 
Olivines sears < oc 2(Mg, Fe)O-SiO:; 1.662 1.680 1.699 
Driphylite’ 02... Li.O-2(Fe, Mn)O-P.Os 1.688 1.688 1.692 
LOSI sss, See hs ok 4CaO-3A1.03;:6Si02:H:0 1.700 1.702 1.706 
Strengite pratekatelecve Fe,0;: P20;-4H2O 1.708 1.708 1.745 

Diaspore iN"... . Al.03:H.2O 1.702 1.722 1.750 
Staurolite: specs 2FeO-5A120;:4Si0.-H:0 1.736 1.741 1.746 
Chrysoberyl ..... BeO-AI,0O; 1.747 1.748 1.757 
ANAt IO Oe Bere eee 3CuO-2CO.:H2O 1.730 1.758 1.838 
Scorodite 20.5... Fe,03:As20s:4H20 1.765 1.774 1.797 

(continued) 
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TABLE 548.—INDEX OF REFRACTION OF SELECTED BIAXIAL MINERALS 

(continued) 

Biaxial positive minerals (continued) 

Mineral Formula 

Olivenite ........ 4CuO: As.0;s:H:0 
Anglesite ........ PbO-SO:; 
‘itanites.. --heeo- CaO: TiO.: SiO, 
Claudetite ....... As20s 
Sultura.f .). Bit. S 
Gotunnite’ 2. PbClz 
Huebnerite ...... MnO-WO; 
Manganite ....... Mn.O;-H:0 
Raspite. 205 seid PbO- WO; 
Mendipite ........ 2PbO-: PbCl. 
Mantalite: = .)-mene. (Fe, Mn)O-:Ta.O; 
Wolframite ...... (Fe, Mn)O:-WO; 
Grocoitel 5... coes oe PbO: CrO; 
Pseudobrookite ... 2Fe:03:3TiO: 
Stibiotantalite aieiare Sb2Os° Ta.0; 

Montroydite ..... HgO 
Brookite 25.4005 TiOz 
Miassicot,.... tae PbO 

Biaxial negative minerals 

Mirabilite ..52..: . Na2O:SO;-10H2O 
Thomsenolite .... NaF-CaF.:-AlF3;-H:O 
Natrotitc..,.. Soave< Na,0-CO.-10H:0 
Kalinitem.... shee. K.0-A1,03;:4SO;:24H20 

Epsomite ........ MgO:SO;:7H:O 
Sassolite: so... antan B:0;: H:0 
Boraxsok-<«< setaee< Na20-2B,0;:10H20 
Goslarite ..5.5.:. ZnO:SO:;:7H:0 
Pickeringite ..... MgO-Al,03-4SO;3:22H20 
Bloedites ... Ss. Na.O: MgO:2S0O;:4H20 

Pronae. oo hee, 3Na.0:4CO.:5H.O 

Thermonatrite ... NazO-CO.-H:2O 
Stilbitee. ... en (Ca, Na2)O-Al.03-6SiG.°5H.O 
INiter tec tease. K,0:N,0; 

Kainite-*.. 2. . 0%. MgO-SO;-KC1-3H20 
Gaylussite----- NazO-CaO-2CO.:5H:0 
Scolecite: . oc s.0scc: CaO: Al,O3°3Si0.°3H:O 
Laumontite Sietelaiale CaO-Al.03:4Si0O.: H20 

@rxthoclase! 24... K,0- Al,O3:6SiO; 
Microchine! 4.556. Same as preceding 
Anorthoclase ..... (Na, K)20-Al,03-6SiO2 
Glauberite ....... Na2O-CaO:2SO; 
Cordierite ..... 4(Mg, Fe)O-4AI1,0s3° 10Si02:H20 

Chalcanthite ..... CuO-SO3:5H:0 
@ligoclase’ = :5-6.; AbsAn 
Beryllonite ...... Na,0-2BeO: POs 
Kaolinite Sieliekalelerere Al,O;3;:2Si02:2H20 

Biotitenea ce. K.0-4(Mg, Fe)O-2A1,03;-6SiO2: HO 
PNUIEINIte Mera ieeiee CaO-2U0:: P:0;s:8H2O 

F-NMOLtHItee eae: “An” = CaO- Al.03°2Si0: 
lanthanitem- eee La.O3:3CO2:9H:O 
Pyrophyllite ..... Al,O3:4SiO2:H20 
Male eas. scott 3MgO-4SiO.-H:O 
Hopeite sec ececee 3ZnO- P20;-4H:O 

Muscovite ....... K.0- Al203:6Si0O2:2H2O 
Amblygonite ..... Al,O3: P2O5:2LiF 
Lepidolite ........ AleO3°3SiO2°2(K, Li) F 
Phlogopite ....... K,0-6MgO-Al.0;-6SiO2-2H20 
mmremolites sss eee CaO-3MgO:4Si0O, 

(continued) 
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Index of refraction 

na 

1.772 
1.877 
1.900 
1.871 
1.950 
2.200 
2.170 
2.240 
2.270 
2.240 
2.260 
2.310 
2.310 
2.380 
2.374 
2.370 
2.583 
2.510 

1.394 
1.407 
1.405 
1.430 
1.433 
1.340 
1.447 
1.457 
1.476 
1.483 
1.410 
1.420 
1.494 
1.334 
1.494 
1.444 
1.512 
1.513 
1.518 
1.522 
1.523 
1.515 
1.534 
1.516 
1.539 
1.552 
1.561 
1.541 
1.553 
1.576 
1.520 
pS552 
1.539 
1.572 
1.561 
1.579 
1.560 
1.562 
1.600 

"p 
1.810 
1.882 
1.907 
1.920 
2.043 
2.217 
2.220 
2.240 
2.270 
2.270 
2.320 
2.360 
2.370 
2.390 
2.404 
2.500 
2.586 
2.610 

1.396 
1.414 
1.425 
1.452 
1.455 
1.456 
1.470 
1.480 
1.480 
1.487 
1.492 
1.495 
1.498 
1.505 
1.505 
1.516 
P59 
1.524 
1.524 
1.526 
1.529 
1.532 
1.538 
1539 
1.543 
1.558 
1.563 
1.574 
1.575 
1.584 
1.587 
1.588 
1.589 
1.590 
1.590 
1.593 
1.598 
1.606 
1.616 

“y 
1.863 
1.894 
2.034 
2.010 
2.240 
2.260 
2.320 
2.530 (Li) 
2.300 
2.310 
2.430 (Li) 
2.460 (Li) 
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TABLE 548.—INDEX OF REFRACTION OF SELECTED BIAXIAL MINERALS 

(concluded) 

Biaxial negative minerals (continued) 

Mineral Formula 

Actinolites. ona: CaO-3(Mg, Fe)O-4SiO, 
Wollastonite ..... CaO-Si0, 
Weazailst@icrs.cccehercieve (Fe, Mg)O -Al2O3: P20s:H2O 

Danburite! sere CaO-B.03:2Si02 
Glaucophane ..... Na2O-2FeO: Al.0;3-6SiO2 
Andalusite ....... Al2O3° SiOz 
Hornblende ...... Contains Na2O, MgO, FeO, SiOz, etc. | 
Datolite eccccce ee 2CaO:2Si0:2: B.0O3;:H:0 

Erythritems- cess 3CoO: As20;-8H20 
Monticellite ...... CaO-MgO:SiO: 
Strontianite ...... SrO-CO, 
Witherite ........ BaO:-CO, 
Aragmoniter.  ecc- CaO-CO: 
AKiMitemmass caret. 6(Ca, Mn)O-2A1.,03: B203°8SiO2° H:O 

Dumortierite Seoaped 8A1.03° B.03:6Si0O2° H:0 

Cyanite slic) stiovvottatteltel e Al,O3° SiOz 

Epidotem... cote. 4CaO:3(Al, Fe)203:6SiO2.: H:O 
Atacamiter saeco. 3CuO: CuCl: 3H:0 
Biayalite) cyerei«-c/ee 2FeO- SiO, 
Caledonite ....... 2(Pb, Cu)O:SO;:H2O 
IMallachitemsrerricicie 2CuO-CO:2:H20 
Wanarkitess-secee 2PbO:SOs 
Beadhillites cee 4PbO-SO;3:2CO.2:H:0 
@entsites ....4acoh. PbO-CO. 
aurionite! sas. 5. PbCl.- PhO: H:.O 
Matlockite ...... PbO: PbCl: 
Baddeleyite ...... ZrOz 
Lepidocrocite .... Fe:Os-H:O 
Kimonite: ~~ sao. « 2Fe.03:3H:2O in part 
Goethite ORCL ON CHOSCHONO Fe.Os: H.O 

Valentinite ...... Sb203 
shungiteee 1. - ase. 2Fe203:H:O in part 
Realpand asc ns AsS 
Terlinguaite ..... Hg:OCl 
Hutchinsonite .... (TI, Ag)2S:PbS:2As.S; 
Stibnite®. .. oso8..: Sb2S3 
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Index of refraction 

na 

1.614 
1.620 
1.612 
1.632 
1.621 
1.632 
1.634 
1.625 
1.626 
1.651 
1.520 
1.529 
18531 
1.678 
1.678 
1.712 
1.729 
1.831 
1.824 
1.818 
1.655 
1.930 
1.870 
1.804 
2.077 
2.040 
2.130 
1.930 
2.170 
2.210 
2.180 
2.450 
2.460 
2.350 
3.078 
3.194 

"Bp 
1.630 
1.632 
1.634 
1.634 
1.638 
1.638 
1.647 
1.653 
1.661 
1.662 
1.667 
1.676 
1.682 
1.685 
1.686 
1.720 
1.763 
1.861 
1.864 
1.866 
1.875 
1.990 
2.000 
2.076 
2.116 
2.150 
2.190 
2.210 
2.290 
2.350 
2.350 
2.550 
2.590 
2.640 
3.176 
4.303 

ey 
1.641 
1.634 
1.643 
1.636 
1.638 
1.643 
1.652 
1.669 
1.699 
1.668 
1.667 
1.677 
1.686 
1.688 
1.689 
1.728 
1.780 
1.880 
1.874 
1.909 
1.909 
2.020 
2.010 
2.078 
2.158 
2.150 
2.200 
2.510 
2.310 
2.350 (Li) 
2.350 
2.550 (Li) 
2.610 (Li) 
2.660 (Li) 
3.188 
4.460 



TABLE 549.—INDEX OF REFRACTION OF MISCELLANEOUS 529 

BIAXIAL CRYSTALS 

Index of refraction 

Spectrum 
Crystal line na 1B ny 

Ammonium oxalate, (NHs)2C2O.-H2O...... D 1.4381 1.5475 1.5950 
Ammonium acid tartrate, 
ONS Ls KCCASL(O))era. ses 8 Wee eee a D 1.5188 1.5614 1.5910 

Ammonium tartrate, (NH,)2CsHsOc........ D = 1.581 = 
Aritipyanin, | Gtibelas NiO>) seeteee cs eleva). sane D 1.5697 1.6935 1.7324 
(Citnicacidy Calls O7 oO mer as cee ences D 1.4932 1.4977 1.5089 
Cours, (CHlalsun(Oholsh Oe Is soaoogsocnespesc D 1.5390 1.5435 — 
Magnesium carbonate, MgCOs;-3H.0O....... D 1.495 1.501 1.526 

- sulfate, MgSO,.-7H.O ......... D 1.432 1.455 1.461 
S Oe AS te SN eo ERAT Cd, .226u 1.4990 1.5266 1.5326 
es Sheth, AMP MENT 3 H, .656u 1.4307 1.4532 1.4584 

Potassium bichromate, K2Cr2O7............ D 1.7202 1.7380 1.8197 
fe chromate, KGGrO, See. eee D oo 1.7254 — 
$6 ee A 3. ROM Neo d ccc On ahe. 6 wk ae red 1.6873 1.722 1.7305 
re GEO, INOS Sos ceeoceogoecaec D 1.3346 1.5056 1.5064 
s Sulfate pW S Ommenccnte oer F 1.4976 1.4992 1.5029 
vf U1 8 Bs, 4s ot See area D 1.4932 1.4946 1.4980 
‘s So RS ie REE oS I se Ec 1.4911 1.4928 1.4959 

Racemicyacidy GsEcOuHoOhk... see scaler yellow — 1.526 — 
Resoncinss CalleOs...< apie Liar ee ee D —_ 1.555 — 
Sodium bichromate, NazCr207;-2H2O........ D 1.6610 1.6994 1.7510 

© acid tartrate, NaH (C.H.O.) -2H.20. . red — 15932 = 
Star (Gira)s CalakOmedocasueccogueanccc Tl 1.5422 1.5685 1.5734 

- pe GE 5 MIRON arcs AMEN ol e-d/ icc D 1.5397 1.5667 1.5716 
a SI 5 Ae Ea 9 <n RR rc PS 2 Li 1.5379 1.5639 1.5693 

Martaricracid MGsrHcOs \(pight=) senses. oe D 1.4953 1.5353 1.6046 
TAOS Selby ZANSONE7SO), codanaccsgedoune F 1.4620 1.4860 1.4897 

« See. eat al ce REC ce ARR D 1.4568 1.4801 1.4836 
‘ So PME chs OBE CE ELS: Po CREEL ERE i con REM aes G 1.4544 1.4776 1.4812 

TABLE 550.—SPECIFIC GRAVITY, COEFFICIENT OF EXPANSION, AND STAIN 

CLASS OF OPTICAL GLASS * 

Cofficient of expansion Stain 
Specific gravity mean values X 107 class 

Glass type BL CG“ —40°to 0° 0° to40°  0°to100° 0°to 300° BL 
BL BL BL CG 

BIGSSMNe ye. RAE. 2.48 ane 73.0 77.0 79.6 on 1 
SIWG4S Hae. OAR Se 2153 2.53 62.0 65.2 67.5 80 1 
526580 Jacek: . bebe. . 2:53 ae 75.8 80.2 83.0 - 1 
B29516 Seer kc. ET 23 Sas 70.2 73.0 74.5 se 1 
ASSIA BORE h «uted. ss 3.21 ee 74.2 78.0 80.0 Re 3 
MLO: cm otras sa, MMe leahays 3.27 SA hc ee ee 99 1 
584460) Behe. 2. eee. ts. : 3.31 ws 76.2 80.0° 81.9 ae 1 
GUSSS1 sees lei dees 3.49 3.47 Ee shes sas 86 1 
GUIS72 BIOS.0 SB oes: SESY/ 3.56 57.8 61.2 64.1 70 5 
GETSSS: DEFE.8 4. BRE G As 3.58 3.40 60.8 64.0 66.9 71 5 
GIZ366 HELE. S SIRE S.. : 3.64 3.58 70.8 73.0 74.2 89 1 
6P7550 SOLk.2 PRES. IO. 3.66 3.50 ioc ne nes 72 5 
GAN362 FESEP see Se 3.67 3.61 ae 87 1 
CAS 3 Om csmntncectotecnsueetoromers 3.91 3.89 =a eK sheds 85 2 
AES ea, MN ane 4.51 shar 73.5 75.2 77.3 os 3 

Melt No. 

Ke 11025328) Sane. Bed. co heee 4.1 58.0 61.2 63.5 
1 SER AS 6 eee ee 4.5 57.8 61.2 63.9 
RCSS=2794Sp tee Pe terete ae 4.7 5335 57.0 59.4 
FAD 20 ete crn t een rena alestere 4.6 57.0 60.5 63.4 

BL, Bausch & Lomb Optical glass. EK, Eastman Kodak glass. CG, Corning glass. 
The first 15 glass types in column 1 are described in Table 524 of NBS glasses. 

.,. Types of glass in class 1 or 2 are not likely to stain even when used as exposed surfaces in tropical climates. 
Glasses in class 5 are liable to stain when exposed to rain, moisture condensation, or fingerprints in any climate. 
Other glasses are intermediate in stain resistance. 

SMITHSONIAN PHYSICAL TABLES 
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TABLE 551.—INDEX OF REFRACTION OF SOME LIQUIDS RELATIVE TO AIR 

Substance Density 

Acetaldehyde, CH;CHO ......... .780 
Weetone), CHs€@ CH, qesn sce. o 791 
Aniline GeblsoNia 2. scott. 1.022 
Alcohol, methyl, CH:-OH........ 794 

S ethylbiG;H,-OH™®.2 3... 5.2 808 
SERRE Reh tat 800 

< NAMNAE soci niin oa. _ 
ie n-propyl C;3H;-OH ...... 804 

Benzene: Gabletcta ca 0 tettebcrsscceere 880 
4 CeHe dn/dt A Olin oOo: = 

Bromnaphthalene, CiH:;Br ....... 1.487 
Carbon disulfidey CS2 faeces -1- 1.293 

rh ON, 08 AERA 2A Se Sa 1.263 
wn tetrachloride, G@lai ae... + 1.591 

Ghinolin, (GsHGNG «.....aeee.t eso. 1.090 
Ghiorals CGR CHO! sain os oes iS 
(Oniorronori (Cla Oh s-oucedoasenc 1.489 
Meeatle.. Crbltse, dc sos yee hoe soe cs 728 
Ether, ethyl, C:Hs-O-C.Hs....... 715 

ee * Gn dt Skee Fee. 6. - 
Ethyl nitrate, CAHs-O-NOs ...... 1.109 
Howmiciacidssr©O;H ea. 2 os: 1.219 
Glycerine: GsHeOs -- 5. eee. 1.260 
Hexane; @CHi(GH:).CHae 28... .- .660 
Hexylene, CH;(CH:);CH:CH:z O79 

Methylene iodide CH2I2........... 3.318 
q PL / CRT. oo. — 

Naphthalene Gills .saeaet. oes. .962 
INicotini|: Gio bisa Nis ore srcneroreverskersqene ave 1.012 
Octane, ‘CH, (CH:)«CHs =. oases .cn 707 
Oilhalmond . 43444 5.15 Bs ee .92 

ANISCHSECUs cee clya chs eas 99 
CT ale Niki Stes RAE hy nih MO er niga 99 

bitten almondase esas. 1.06 
CAS Slates eternity: er einticie ie cece — 

cinnamon eet. a4. oe eee 1.05 
OVW cing tco eee oon oe aks 92 
TOC Ka aheha hg cee Ne chs ee ee siions — 
turpentine waren. © 12 eee 87 

TO a! SO 87 
Pentane;:\CH;(CH.).CH; .. bs... 625 
Phenol, G HOH Ws... .... es... 1.060 

To Oh, ee eee: See 1.021 
Styrene, CelisCH™ @Hy .. 2. an .910 
Thymol, CobiO} oss cok eee .982 

@oluene, “GHs:'C.Ha.. 0... .249... .86 
Water, 13 1 O ater, eae = 

Oe) e) a, 0-0) 00.6: 6 e616 © 60 60 ace | ee « @ 
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0.3974 

| 

1.3399 Ww 

SOrnSe lel slowleeli al) esate 
NI 00 mo 

— eee \o > 

Hee iebas: 

Ww 

a 

fo 4 S SSS abel dist 

dO N 

ae ag ISSl13 CW oe) ONO be 

© Oo — NWO 

(lets Lakes li 

Indices of refraction 

0.4344 
iG 

1.3394 
1.3678 
1.6204 
1.3362 
1.3773 
1.3700 

—.0004 
1.3938 
1.5236 
—.0007 
1.7041 
1.6920 
1.6748 
1.4729 
1.6679 
1.4679 
1.458 
1.4200 
1.3607 

—.0006 
1.395 
1.3804 
1.4828 
1.3836 
1.4059 

Sedat te 
pelea soil alae 

wn 

0.486u 
F 

1.3359 
1.3639 
1.6041 
1.3331 
1.3739 
1.3666 

—.0004 
1.3901 
1.5132 

—.0006 
1.6819 
1.6688 
1.6523 
1.4676 
1.6470 
1.4624 
1.4530 
1.4160 
1.3576 

—.0006 
1.392 
1.3764 
1.4784 
1.3799 
1.4007 
1.7692 

—.0007 
1.6031 

1.4046 
1.4847 
1.5743 
1.5647 
1.5623 
1.6389 
1.6314 
1.6508 
1.4825 
1.4644 
1.4817 
1.4793 
1.3610 
1.5558 
1.5356 
1.5659 
1.5386 
1.5070 
1.3372 
1.3380 
1.3349 
1.3270 

0.589" 
D 

1.3316 
1.3593 
1.5863 
1.3290 
1.3695 
1.3618 

—.0004 
1.3854 
1.5012 

— .0006 
1.6582 
1.6433 
1.6276 
1.4607 
1.6245 
1.4557 
1.4467 
1.4108 
1.3538 

—.0006 
1.3853 
1.3714 
1.4730 
1.3754 
1.3945 
1.7417 

—.0007 
1.5823 
1.5239 
1.4007 
1.4782 
1.5572 
1.5475 

1.6104 
1.6026 
1.6188 
1.4763 
1.4573 
1.4744 
1.4721 
1.3581 
1.5425 

1.5485 

1.4955 
1.3330 
1.3338 
1.3307 
1.3230 

0.6564 
Cc 

1.3298 
1.3573 
1.5793 
1.3277 
1.3677 
1.3605 

—.0004 
1.3834 
1.4965 

—.0006 
1.6495 
1.6336 
1.6182 
1.4579 
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TABLE 552.—INDICES OF REFRACTION FOR SOLUTIONS OF SALTS AND ACIDS 

Substance 

Ammonium chloride ....... 
“cc “ 

Calcium chloride .......... 
CY Opes act ae) 

“ “ 
sere ew ee ee 

Hiydrochlorictacid™ eer see 
INitniciacid@e ss... fume none 
Potash (Caustic) scrsnrewcon rer 
Potassium Ghloridesesoes.. 

“ec “ 
eee ee eee 

Sodam(Gaustic) a14-eeemiaatss 
Sodium chloride ........... 

eee eee ee eee 
“ “ 

© © elmisle le 6 sree 

Sodium mitrate io. . eee donee 
Spltric acideas. o.cehies «ci 

‘ 
ey 

Ce ey 

CU ONOONCic OG ONC 

Ethyl ‘alcoholigs. . oie eo st 

Fuchsin ( nearly saturated) 5 
Gyanin) (Saturated) =....2-- 

RELATIVE TO AIR 

Indices of refraction for spectrum lines 

Tr 
Density oC. c D 

Solutions in water 

1.067 27.05 1.37703 1.37936 
025 29.75 .34850 35050 
398 25.65 .44000 .44279 
215 22.9 39411 39652 
143 25.8 37152 37369 

1.166 20.75 1.40817 1.41109 
359 18.75 39893 .40181 
416 11.0 40052 .40281 

normal solution 34087 .34278 
double normal 34982 35179 
triple normal 35831 36029 

1.376 21.6 1.41071 1.41334 
189 18.07 37562 37789 
109 18.07 35751 35959 
035 18.07 .34000 34191 

1.358 22.8 1.38283 1.38535 
811 18.3 43444 .43669 
632 18.3 42227 42466 
221 18.3 .36793 .37009 
.028 18.3 33663 .33862 

1.359 26.6 1.39977 1.40222 
.209 26.4 37292 37515 

Solutions in ethyl alcohol 

789 25.5 1.35971 1.35971 
.932 27.6 35372 35556 
a 16.0 3918 398 
— 16.0 3831 = 

Fs 

1.38473 
35515 
44938 
.40206 
.37876 

1.41774 
.40857 
.40808 
4719" 1 
35645 
36512 

1.41936 
hace tell 
36442 
34628 

1.39134 
.44168 
42967 
37468 
34285 

1.40797 
.38026 

1.36395 
35986 
361 
.3705 

H, 

35049 

1.39336 
36243 
.46001 
41078 
38666 

1.42816 
41961 
41637 

1.42872 

1.40121 
44883 
43694 
38158 
34938 

1.41738 
.38845 

1.37094 
36662 
3759 
3821 

Note.—Cyanin in chloroform also acts anomalously ; for example, Sieben gives for a 4.5 percent 
solution “a = 1.4593, ws = 1.4695, ur (green) = 1.4514, ue (blue) = 1.4554. For a 9.9 percent 
solution he gives wa = 1.4902, ur (green) = 1.4497, we (blue) = 1.4597. 

Solutions of potassium permanganate in water 

ca 

GB  athtt 5 008 x 
oo Seety Hehe be 
= Bee Pou c Be 

687u B 1.3328 1.3342 
56 Ce 1.3335") 3348 
617 - 3343 .3365 
oq ESI, S13 354083373 
389 D 3353 13372 
eg 29°. 33g7)* 53387 
Gy Se eee 
527 E 3363 — 
9p WILDL “a ggpbt 3377 

SMITHSONIAN PHYSICAL TABLES 

3 % sol 

— 

WwW Wa | Index for COD ol 

3393 

3412 
3417 

3388 

Wavelength Spectrum line 

ed Ale bed fone be 

Es 5 
Me x? 
RSS RSS 

Estes 
1.3368 1.3385 
3374 = 3383 
33/1 
3381 3395 
3397 3402 
3407 = .3421 
3417  — 
3431 = .3442 

Index for 
3% sol 



532 TABLE 553.—INDEX OF REFRACTION OF AIR (15°C, 76 cmHg) 

Corrections for reducing wavelengths and frequencies in air (15°C, 76 cmHg) to vacuo 

The indices were computed from the Cauchy formula (n — 1)10° = 2726.43 + 12.288/(\’ x 
10°) + 0.3555/(* & 107%). For 0°C and 76 cmHg the constants of the equation become 2875.66, 
13.412 and 0.3777 respectively, and for 30°C and 76 cmHg 2589.72, 12.259 and 0.2576. Sellmeier’s 
formula for but one absorption band closely fits the observations: mn? = 1 + 0.00057378n*/ (A? — 
595260). If nm —1 were strictly proportional to the density, then (m — 1)o/(m — 1)t would equal 
1 + at where a should be 0.00367. The following values of a were found to hold: 

r 0.854 0.75u 0.654 0.554 0.454 0.354 0.254 
a 0.003672 0.003674 0.003678 0.003685 0.003700 0.003738 0.003872 

The indices are for dry air (0.05 = % CO). Corrections to reduce to dry air the indices for 
moist air may be made for any wavelength by Lorenz’s formula, + 0.000041(m/760), where m 
is the vapor pressure in mm. The corresponding frequencies in waves per cm and the corrections 
to reduce wavelengths and frequencies in air at 15°C and 76 cmHg pressure to vacuo are given. 
E.g., a light wave of 5000 angstroms in dry air at 15°C, 76 cmHg becomes 5001.391 A in vacuo ; 
a frequency of 20,000 waves per cm correspondingly becomes 19994.44. 

Fre- Vacuo Fre- Vacuo 
quency correction quency correction 

Wave- Dry air Vacuo WAVES Per for el in air Wave- Dry air Vacuo Waves per for Ly in air 
length, (n—1) correction en » length, (wm —1) correction ¢c N 

r x 107 for A in air di (-3) A X_107 for A in air als (=x-x) 
ang- GAGE (md — Dd) r mr r ang- LC (nd — Xd) r ON r 

stroms 76 cmHg add in air subtract stroms 76 cmHg add in air subtract 

2000 3256 651 50,000 16.27 5500 2771 1.524 18,181 5.04 
2100 3188 .670 47,619 15.18 5600 2769 1.551 17,857 4.94 
2200 SiS 689 45,454 14.23 5700 2768 1.578 17,543 4.85 
2300 3086 710 43,478 13.41 5800 2766 1.604 17,241 4.77 
2400 3047 Ys 41,666 12.69 5900 2765 1.631 16,949 4.68 

2500 3014 754 40,000 12.05 6000 2763 1.658 16,666 4.60 
2600 2986 776 38,461 11.48 6100 2762 1.685 16,393 4.53 
2700 2962 .800 37,037 10.97 6200 2761 E72 16,129 4.45 
2800 2941 824 35,714 10.50 6300 2760 1.739 15,873 4.38 
2900 2923 848 34,482 10.08 6400 2759 1.766 15,625 4.31 

3000 2907 872 $8} 3510) 9.69 6500 2758 1.792 15,384 4.24 
3100 2893 897 32,258 9.33 6600 2757 1.819 15,151 4.18 
3200 2880 .922 31,250 9.00 6700 2756 1.846 14,925 4.11 
3300 2869 947 30,303 8.69 6800 2755 1.873 14,705 4.05 
3400 2859 972 29,411 8.41 6900 2754 1.900 14,492 3.99 

3500 2850 .998 28,571 8.14 7000 2753 1.927 14,285 3.93 
3600 2842 1.023 27d 7.89 7100 2752 1.954 14,084 3.88 
3700 2835 1.049 27,027 7.66 7200 2751 1.981 13,888 3.82 
3800 2829 1.075 26,315 7.44 7300 2751 2.008 13,698 SIA 
3900 =. 2823 1.101 25,641 7.24 7400 2750 2.035 IB VSNS) 3.72 

4000 2817 127 25,000 7.04 7500 2749 =2.062 13,333 3.66 
4100 2812 1.153 24,390 6.86 7600 2749 ~=—- 2.089 SOS 7, 3.62 
4200 2808 1.179 23,809 6.68 7700 2748 2.116 12,987 3.57 
4300 2803 1.205 23,255 6.52 7800 2748 2.143 12,820 3.52 
4400 2799 E232 22-727, 6.36 7900 2747 2.170 12,658 3.48 

4500 2796 P258ee 22-222 6.21 8000 2746 2.197 12,500 3.43 
4600 2792 1.284 21,739 6.07 8100 2746 2.224 12,345 3.39 
4700 2789 1.311 21,276 5.93 8250 2745 2.265 12,121 3.33 
4800 2786 1.338 20,833 5.80 8500 2744 2.332 11,764 3.23 
4900 2784 1.364 20,406 5.68 8750 2743 2.400 11,428 3.13 

5000 2781 1.391 20,000 5.56 9000 2742 2.468 Ta lil 3.05 
5100 2779 1.417 19,607 5.45 9250 2741 2.536 10,810 2.96 
5200 2777 1.444 19,230 5.34 9500 2740 2.604 10,526 2.88 
5300 2775 1.471 18,867 528) 9750 2740 2.671 10,256 2.81 
5400 2773 1.497 18,518 5.13 2.74 10000 = 2739 ~=2.739 ~—- 10,000 

SMITHSONIAN PHYSICAL TABLES 



TABLE 554.—INDEX OF REFRACTION OF GASES AND VAPORS 533 

A formula was given by Biot and Arago expressing the dependence of the index of refraction 
of a gas on pressure and temperature. More recent experiments confirm their conclusions. The 

formula is nm; —1= to — 1 —? | where nz is the index of refraction for temperature ¢, mo for 
1+ at 760 

temperature zero, a the coefficient of expansion of the gas with temperature, and / the pressure 
of the gas in millimeters of mercury. For air see Table 553. 

Indices of refraction 

(n — 1) 108 (n — 1) 108 
Wave- Wave- 
length Air O N lat length Air O N H 

mn 
4861 2951 2734 3012 .1406 .4360 2971 2743 C02 1418 
5461 2936 277. 2998 1397 5462 2937 .2704 .4506 1397 
5790 2930 .2710 = 1393 -.6709 2918 2683 .4471 1385 
6563 2919 .2698 2982 1387 6.709 2881 2643 4804 1361 

8.678 2888 .2650 4579 1361 

The values are for 0°C and 760 mmHg 

Kind of Kind of 
Substance light Indices of refraction Substance light Indices of refraction 

Acetone asa cen. - D 1.001079-1.001100 Hydrogen) jj5s4.26 white 1.000138-1.000143 
Ammoniane eee: white 1.000381-1.000385 Oo pare hey ae D 1.000132 

ea ot, Rela 1.000373-1.000379 Hea eencalade { D 1.000644 
Argon; a D 1.000281 yeTee, “LD 1.000623 
Benzene “22.22.22: D 1.001700-1.001823 Methane’ es core white 1.000443 

Bromine see D 1.001132 S ee en toe D 1.000444 
Carbon dioxide ... white 1.000449-1.000450 Methyl alcohol ... D 1.000549-1.000623 

a ss aes niet eal Methyl ether ..... D 1.000891 
: white 1.001500 INitricioxidesee ae white 1.000303 

Carbon disulfide. D _ 1.001478-1.001485 ae ae we 1.000297 

; white 1.000340 INTEROP Go goacor white 1.000295—1.000300 
Carbon monoxide) \hite 1.000335 root saul tbl Oe D —_ 1.000296-1.000298 
Ghiorine eae white 1.000772 Nitrous oxide white 1.000503-1.000507 

TE) eccn eek. D 1.000773 i ty D 1.000516 
Chloroform. .2...-2: D 1.001436-1.001464 Oxyeenunean ee white 1.000272-1.000280 

Gyanogenieescscor white 1.000834 ie EES eed Bee D 1.00027 1-1.000272 
ae Pestle D 1.000784-1.000825 Pentane mma aeee D 1.001711 

Ethyl alcohol .... D 1.000871-1.000885 Sulfur dioxide white 1.000665 
Ethylvether = eo. D 1.001521-1.001544 ae « D 1.000686 
Ivehunieeneeeeeoee D 1.000036 Wa ten teguthote thane white 1.000261 

Hydrochloric white 1.000449 HR” ee as oO 1D) 1.000249-1.000259 
acid 4 Sees: D 1.000447 
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TABLES 556-573—TRANSMISSION OF RADIATION 535 

TABLE 556.—COLOR SCREENS 

Although only the potassium salt does not keep well, it is perhaps safer to use freshly 
prepared solutions. 

Thick- Grams of Optical 
ness substance _ center of 

Color mm Water solutions of in 100 cm? band Transmission 

Red 20. Crystal-violet, SBO 005 6659" «Besins about 1b 
se 20 Potassium monochromate 10. ends sharp at .639u. 

Yellow 20 Nickel sulfate, NiSO.«-7aq 30. 5919 =.614-.574u, 
“ 15 Potassium monochromate 10. 

15 Potassium permanganate 025 
Green x poe chloride, Cube ead au 5330 = .540-.505u 

a otassium monochromate : 
Bright bluef 20  Double-green, SF am ses eka 

8g 20 Copper sulfate, CuSO.-5aq_ 15. P BAS Ns 
20 Crystal-violet, 5BO 005 4482 478-.410u Bark blue) 20 Copper sulfate, CuSOrsaq 15. 

The following list is condensed from Wood's Physical Optics : 
Methyl violet, 4R-(Berlin Anilin Fabrik) very dilute, and nitroso-dimethyl-aniline trans- 

mits 0.3654. Methyl violet + chinin-sulfate (separate solutions), the violet solution made 
strong enough to blot out 0.4359, transmits 0.4047 and 0.4048, also faintly 0.3984. 

Cobalt glass + aesculin solution transmits 0.4359u. 
Guinea green B extra (Berlin) + chinin sulfate transmits 0.4916u. 
Neptune green (Bayer, Elberfeld) + chrysoidine. Dilute the latter enough to just trans- 

mit 0.5790 and 0.5461; then add the Neptune green until the yellow lines disappear. 
Chrysoidine + eosine transmits 0.57904. The former should be dilute and the eosine 

added until the green line disappears. 
Silver chemically deposited on a quartz plate is practically opaque except to the ultra- 

violet region 0.3160-0.3260 where 90 percent of the energy passes through. The film should 
be of such thickness that a window backed by a brilliantly lighted sky is barely visible. 

In the following those marked with a * are transparent to a more or less degree to the 
ultraviolet. 

* Cobalt chloride: solution in water, absorbs 0.50—.53u; addition of CaCl. widens the 
band to 0.47-.50. It is exceedingly transparent to the ultraviolet down to 0.20. If dissolved 
in methyl alcohol + water, absorbs 0.50-.53 and everything below 0.35. In methyl alcohol 
alone 0.485-0.555 and below 0.40u. 

Copper chloride: in ethyl alcohol absorbs above 0.585 and below 0.535; in alcohol + 50 
percent water, above 0.595 and below 0.37u. 
Neodymium salts are useful combined with other media, sharpening the edges of the 

absorption bands. In solution with bichromate of potash, transmits 0.535-.565 and above 
0.604, the bands very sharp (a useful screen for photographing with a visually corrected 
objective). 
Praseodymium salts: three strong bands at 0.482, .468, .444. In strong solutions they 

fuse into a sharp band at 0.435-.485u. Absorption below 0.34. 
Picric acid absorbs 0.36-.42u, depending on the concentration. 
Potassium chromate absorbs 0.40-.35, 0.30-.24, transmits 0.23. 
* Potassium permanganate: absorbs 0.555-.50, transmits all the ultraviolet. 
Chromium chloride: absorbs above 0.57, between 0.50 and .39, and below 0.334. These 

limits vary with the concentration. 
Aesculin: absorbs below 0.3634, very useful for removing the ultraviolet. 
* Nitroso-dimethyl-aniline: very dilute aqueous solution absorbs 0.49-.37 and transmits 

all the ultraviolet. 
Very dense cobalt glass + dense ruby glass or a strong potassium bichromate solution 

cuts off everything below 0.70 and transmits freely the red. 
Iodine: saturated solution in CS: is opaque to the visible and transparent to the infrared. 
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536 TABLE 557.—LIGHT FILTERS, NARROW SPECTRUM REGIONS 7 

Filters from the following components: Distilled H.O; Aq. sol. CuSO.-5H20; NiSO,- 
7H:0; Glasses, Corning G 986A, G 586, G980A; dyed gelatin, Wratten filters 88A, 25, 
61, 49. 

Solution 

Concen- Thick- Wavelengths Transmission 
Filter and absorbent tration ness limits Max at max 

RONG | ee WF AiR .720-1.400 ee, .80 
SARE OMS. Hoh ks ies 3 Picts 2cm .720-1.380 .800 He 
SIAM GIOSGARE te crate a o> spe er .720-1.020 770 35 
25a CuSO. SHsOe een. sees oe 5% 2cm .590-— .690 .630 .26 
61, SME 5 ey sistars ese 5% 2cm .490— .690 530 +52 
49, oe Pee ete ce ee, 5% 2cm .380— .500 .460 .26 
GiS86e" S his ates opens os 10% 2cm .330— .430 380 .69 
G986A, NiSO.:7H.O ........ 50% lcm .260- .360 310 50 

164 Jones, L. A., Journ. Opt. Soc. Amer., vol. 16, p. 259, 1928. 
* Thickness .32 cm. 

TABLE 558.—NARROW BAND PASS FILTERS * 

Thickness Wavelength Transmission 
Filter range limits Max at max 

CES = As secs uo steroitcs 5. — 7.5mm .402-.480u 430u 14.5 percent 
S= 5/16) aes hike eceee 5. — 5.8 -.400-.483 430 27.5 
SSeS) Fah, ANAT eRe! 3i2=95:7 .395-.495 460 12.5 
AQ 4iaesthy Ava. We 6. -— 8.5 .467-.530 485 513 
47 Be ote tts.c8 7. -12. .466-.580 495 34.0 
AO Sua ce er crssis 9. -12.5 .483-.570 sol 11.0 
A-N02 swe Aeeiets oye 9. -13.5 .528-.573 550 10.6 
ASV tiagtse shauna As 10. -14. .530-.575 4555 35.5 
SHlIO. eo srsted criernctenx 5. — 9. .561-.620 580 3.0 
CE VANES Se aetna 6. —-10. .565—.670 590 19.5 
SH ae. See, Gi el ines 6.5- 9.5 .585—.705 610 iS) 
DEB Mites Mie to crass 4. - 7. .612-.760 .640 16.0 
Daa] OG Farge ausisish tic 8.8-12. .665—.780 715 9.5 
Pe OAR rea.s 5,5 oes 10. —13. .710-.900 750 15.0 
Cams Sale ere Op gen 5. — 6. .800-1.101 .960 25.0 
TM PNG Se Soe Oe 7. - 8. 1.200-2.800 2.100 45.0 
cade b/s hae = Biaacest deh 5.5-10. 1.700-2.800 2.400 21.0 

* Corning Glass Works. + Second max at 2.55 with transmission at 5.0 percent. ~ Second max 
at .605 with transmission at 1.0 percent. 

TABLE 559.—TRANSPARENCY OF WATER? 

_ Values of a in J] =Jve*'; t in cm; Jo, J, intensity before and after transmission through dis- 
tilled water at 20°C; wavelength 2 in u. 

b d 
—_—_—_ _ — >a —_S av SSO Se EO 

r a r a r a a r a 

.1829 4.7 .20 .08 40 .00080 54 .00044 70 .0058 
1854 etal 24 0135 42 .00061 58 .00084 Js .028 
: 1862 86 28 .0077 44 .00046 .60 .00197 80 024 
.1878 48 30 .0064 48 .00037 .62 .00265 85 .027 
.1916 20 34 0028 50 .00038 64 .00292 90 .06 
1935 a2 38 .0013 B52 .00040 68 .00406 95 58) 

Oe: b, Tsukamoto, K., Rev. d’Optique, vol. 7, p. 89, 1929. c, Dawson, L. H., and Hulburt, E. O., Journ. 
pt. Soc. Amer., vol. 24, p. 175, 1934. d, Hulburt, E. O., Journ. Opt. Soc. Amer., vol. 35, p. 698, 1945. 

e, Collins, J. R., Phys. Rev., vol. 26, 1p: 741, 1925. 
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TABLE 560.—SOME BAUSCH & LOMB LIGHT FILTERS * 537 

Percent transmission for a number of wavelengths. All values are for a thickness of 
3.5 mm unless otherwise noted. The values given include surface reflection losses. Al! 
glasses except the sharp cutting reds and yellows will meet the standard value at 3.5 mm 
within a thickness range of 3.0 to 4.0 mm. The sharp cutting reds and yellows will meet the 
standard value at 3.5 within a thickness range of 2.0 to 6.0 mm. 

Filter -40u 45 50 aut) .60 65 .70 Remarks 

INS1P 37. ORE): «8 80 64 69 69 68 68 79 
INS2 fe REE eR 58 25 33 36 35 38 76 
INSSE oh 8b cee akd 36 7 12 13 12 13 52 
N=Oft |. thee a8 ss: (Wil) all (iS IG Oat .43u; 9.8 at .68u 
RNs pte. a als atte ne Pe at. ae 28 86 87 Oat .58u 
RZ hve cs eispieer us 2 ae 1 69 85 84 Oat .54u; 35 at .59u 
R=5. 439099. ee ar SF oe aR 2 87 89 Oat .59u 
IR=6) 2p eect a a as ne = 84 86 83 54% at .58u 
12S a press ate 5% vo se x Oe 81 44% at .67u 
WV =4 Fee ee Ste ae a6 : 68 89 89 89 Oat Sly 
NEM) Baad Sooee 27 56 74 82 84 85 86 
AES (ce Se Be a 1 73 87 90 89 87 Oat .44u 
(CEs Peete cee a 3 7 1 a or ae Oat .41 and .56u 
CO) RAR 6 ohne oS 1 23 54 22 6 8 Oat .43u 
BG) Sires 36 64 68 41 11 Z a Oat .69u 
1B Uae de, eee ene 87 82 46 33 14 15 68 
BaZ Mak ahs 2 ibs beets 82 59 7/ 2 a: se 39 Oat .58 and .66u 
BaAge ed eects 42 11 ae aie = ite aie Oat .48u 
Bo Sean er 91 86 63 53 35 38 81 
BH=10 08... 85528 84 84 59 a4 23 19 36 

* Adapted from data furnished by J. W. Forrest, Bausch & Lomb Optica] Co. 
7 t = 2.0) mm. 

TABLE 561.—SPECTRAL TRANSMISSION OF SOME RED PYROMETER GLASSES 

Wavelengths u« 

Glass ese SGO-NGE LEQ SEA IL GS Mato? MME7E IIGRTIO.70 72" Ee 7aeMs 76 
Veraeqola toc... 293 OE BO TSO 7 OV O74 72:5 75.5 75:5) BOS OL.O. Sl.0 
ena 2740.6. 82: 3.2 LES 2S 105" 13:8" 1810 22:5" 26.0" 35.0" 39:0 4400 47.5 
Corning high trans- 

mission red: 
150 percent... 5 1 4.7 38.5 64.3 72.2 76.5 79.3 80.8 87.5 80.8 78.5 77.0 75.0 
50 percent... 5 RA TSS Ee ESAS MOG 74.2°76:5' 977-8 817 10 od 7 4ak 
28 percent... 6 RR EET A | NPI2G QA9G7-0 9735.82 768 76:2) Jad 475209718 

TABLE 562.—THE EFFECTIVE WAVELENGTH }, OF CORNING 50-PERCENT 

RED PYROMETER GLASS * 5 mm THICK FOR SOME TEMPERATURE 

INTERVALS 7 

Temperature Temperature 
interval de interval Ne 

1300-1700°K 66024 1827-1300°K 6601 hu 
1300-2100 6599 1827-1500 6598 
1300-2500 6596 1827-2100 6593 
1300-2900 6594 1827-2500 6589 
1300-3300 6592 1827-2900 6587 
2300-1300 6596 1827-3300 6585 
2300-3300 6581 1827-3600 6584 

* See Table 77. \ 3 f 
166 ‘Temperature, Its Measurement and Control,’’ a symposium prepared by the American Institute 

of Physics, p. 1115, Reinhold Publishing Co. 
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TABLE 563.—ULTRAVIOLET TRANSPARENCY OF ATMOSPHERIC COMPONENTS 

I =I, 107*4, d in cm 0°C, 760 mmHg. 

Oxygen Oxygen Ozone Ozone 

.1900n a= .0014 1864 a= .0089 2378 100.5 230n 50 .290u 16: 

.1920 .0007 .193 0015 2482 =:141 .240 95 300 4.6 
1929 .0022 2537. 148.8 250) 90120) © e310 1e23 
.1947 .0007 O,, air 22652) 123 200. 9120: 320 53D) 
1950 .0021 .2804 45.6 .270 91 330 .093 
.1955 .00075 Air .2967 6.9 .280 46 340 024 
.1962 .0020 1864 a= .0019 Eo1Z5 .96 
.1970 .0007 3341 07 Nitrogen 
.2000 .00043 Water .186 = .000478 
.2050 .0003 18754 a= .0055 
.2100 .0002 .1900 .0026 

.1950 .0012 

.2000 .0007 

Air at sea level (Washington), 400 m practically no absorption A > .3u4; < .284 about that 
due to molecular scattering. Air transmission reduced by 1/100: 22 km at .28u; 5 at 25u; 0.57 at 
224; 20 km at .205u. 

Atmospheric transparency for ultraviolet 

34 64.35. 0237-5.39 CAO 45 Wavelength, w....... 29 ASO STE |. SZae 33 
56:—~60.- 64. Percent transmitted . . 0 9 9: 20 p 27-033 «38.8 546 -—~5il 

TABLE 564.—TRANSMISSION OF DYESTUFF SOLUTIONS OF 

“ADJUSTED” CONCENTRATIONS * 

The table gives the percentage transmittances (column 5) at various wavelengths, of the 
dye solutions, dissolved or buffered as indicated in the third column. All solutions are ad- 
justed to that concentration which gives unit density (10-percent transmittance) at the 
wavelength of maximum absorption, except for those solutions (marked * in column 4) 
that have the maximum absorption in the ultraviolet range. The wavelength of maximum 
absorption is given in column 2. In column 3 is given the serial number of the dye as 
listed and described in the Colour Index of the British Society of Dyers and Colorists 
(1924). Dyes having no Colour Index number are listed by the “prototype number” 
(abbreviated Pr.) of the 1949 Technical Manual and Year Book of the American Associa- 
tion of Textile Chemists and Colorists, p. 147. The names assigned to the dyes are not the 
names used by the individual American manufacturers but are older names assigned by 
the Year Book to each Colour Index number, p. 237; or to the “foreign prototype,” p. 261. 

In column 4, A stands for acid buffer (pH = 4.6), K for alkaline buffer (pH = 9.3). 
In this column, E stands for ethanol (ethyl alcohol) used as solvent, and Bz for benzene. 
eee A or K are used, the solvent was water. N stands for “no buffer,” with water as 
solvent. 

In some cases two or more sets of transmissions correspond to a given Colour Index 
number and name. For example, C.I. No. 326 corresponds to 62 dyestuffs listed as on the 
American market in 1939, and these may be classified as of several distinct types of Benzo 
Fast Scarlets and Benzo Fast Oranges. In less striking cases, the different types result 
from uncontrollable variations in manufacture. In such cases, the transmissions should be 
considered as representative rather than as specifications of the dye. No manufacturer 
would guarantee the transmissions within a narrow range, though all data are accurate 
measurements on actual representatives of at least one manufacturer’s products. Trans- 
missions vary somewhat with the exact pH of the buffer and with the characteristics of 
the instrument used for measurement, especially with the slit width. The present data 
pbraingl with the General Electric recording spectrophotometer, which has a 10-micron 
slit width. 

From the data of the table, approximate data for stronger solutions, whose transmission 
at the wavelength of maximum absorption is only 1 percent, may be readily obtained by 
means of a table of squares. Such solutions are twice as concentrated as those of the table. 
Their transmissions at any given wavelength are approximately the squares of the tabu- 
lated peacemissions: These relations depend on the validity of Beer’s Law for the solution 
in question. 

* Data furnished by I. H. Godlove, General Aniline & Film Corporation. 

(continued) 
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TABLE 565.—TRANSPARENCY OF VARIOUS SUBSTANCES 545 

Alum: Ordinary alum (crystal) absorbs the infrared. 
Metallic reflection at 9.054 and 30 to 40u. 

Rock salt: Rubens and Trowbridge give the following transparencies for a 1 cm thick 
plate in percent: 

r 9 10 12 13 14 15 16 17 18 19" 20:7. 23.7 

%o O95 908s 90s 97 65) 931° 846 661 1506 285 96 26. a0! 

Pfliiger gives the following for the ultraviolet, same thickness: 280uu, 95.5 percent; 231, 
86 percent; 210, 77 percent; 186, 70 percent. 

Metallic reflection at 0.110u, 0.156, 51.2, and 87u. 

Sylvite: Transparency of a 1 cm thick plate: 

r 9 10 11 12 13 14 15 16 17 18 19 20.7 23.7p 

Tom 100% 98:8) 9910 299 se SONS 97-5 95147 “93'6 925 8655 On 58s wel: 

Metallic reflection at 0.114, 0.161, 61.1, 100. 

Fluorite: Very transparent for the ultraviolet nearly to 0.1z. 
Rubens and Trowbridge give the following for a 1 cm plate: 

nN 8h 9 10 11 12u 

% 84.4 54.3 16.4 1.0 0 

Metallic reflection at 24u, 31.6, 40u. 

Iceland spar: Merritt gives the following values of k in the formula 1 = we™* (dincm) : 
For the ordinary ray: 

r M027 M145 @172 O62.07 H92.11202.30... 244. 2532 2:60. 265 —2.74e 

k 0 0 .03 13 7A al SZ 300 1:92" 1:21 “1.74 2:36 

nN 2.83 2:90 -2:95-= 3.04 93:30 9347 (3:62— 3.80) 3:98 4359452 "aid3e 

k 1.32 10m 18000947 le 22:70 1 19:4 9.6 18.6 Ceibne 1430 not 

For the extraordinary ray: 

r 2495 2:87, 03.00) (3.28. + 3:38 93:59. (3.769%3'90" 4.024 :4)" 014.672 

k 14 .08 43 = 1.32 CL! Page WA? Nagle 724 7 Sage le 7 89 1.07 2.40 

nN 491 5.04 5.34 5.50 

k L254 215 “441 12:8 

Quartz: Very transparent to the ultraviolet; Pfliiger gets the. following transmission 
values for a plate 1 cm thick: at 0.222u, 94.2 percent; 0.214, 92; 0.203, 83.6; 0.186, 67.2 
percent. 

Merritt gives the following values for k (see formula under Iceland spar) : 
For the ordinary ray: 

d ZI2, 283 792.95) 307, W376 7338 63:67 ay 382" 3.96 “412, 40h 

k .20 47 ays 31 .20 45 S126 Wolk 2.04. .3:4t 7.30 

For the extraordinary ray: 

Nye 2.24 6289 13.0008 3.08 326 .3:43..:3.52 3.59 3.64 3.74" 391° 4:19) 4.362 

k 0 ICS 35a 26" PSL ES SS 26" 881.8362) 2:22 aes oes 

For \>/7u, becomes opaque, metallic reflection at 8.50u, 9.02, 20.75-24.4u, then trans- 
parent again. 

TABLE 566.—TRANSPARENCY OF WATER VAPOR (steam) 

Wave- Absorp- Wave- Absorp- Wave- Absorp- 
length Steam tion length Steam tion length Steam tion 

954 109cm 77 6.54 32.4 cm 80% 20u 32.4 80% 
113 * 14 Bl 104 15 22 - Ze 
1.36 = 75 13 104 35 26 ss 30 
1.84 ¢ 84 15 104 55 30 : 50 
2.64 < 100 18 32.4 55 34 . 80 
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546 
TABLE 567.—TRANSMISSION OF RADIATION THROUGH MOIST AIR (percent) 

The values of this table are of use for finding the transmission of energy through air contain- 
ing a known amount of water vapor. An approximate value for the transmission may be had if 
the amount of energy from the source between the wavelengths of the first column is multiplied 
by the corresponding transmission coefficients of the subsequent columns. The values for the 
wavelengths greater than 18u are tentative and doubtful. 

Range of Precipitable water in cm 
wavelengths SSS 
Lb in 001 .003 .006 01 -03 .06 10 .25 .50 1.0 2:0 6.0 10:0 

.75 to 1.0 — — — 4100 99 99 98 97 95 93 90 83 78 
1.0 1:25 _ _ _ 99 99 98 97 95 92 89 8 74 69 
125 e5 — -- — 96 92 84 80 66 57 51 44 31 28 
165 2.0 — = _ 98 97 94 88 79 73 70 66 60 57 

*2 3 96 92 87 8&4 77 70 64 — _ — - - — 
3 4 95 8&8 8&4 78 72 66 63 — — _ - —- = 

*4 5 92 8&3 76 71 65 60 53 _— — — - —- — 
5 6 95 82 75 68 56 51 47 35 — — - -—- -— 
6 Z/ 85 54 50 31 24 8 4 3 2 0 0 i) (0) 
7 8 94 84 76 68 57 46 35 16 10 2 0 0 0 
8 9 100 100 # 100 99 98 96 94 65 _ — - - — 

+9 10 100 100 100 100 100 #100 «©1000 ©6100 ©6100 «6100 10 — — 
710 11 100 100 100 100 100 #100 «©6100 100 #100 «100 100 — — 
11 12 100 100 100 100 += 100 99 98 96 95 93 - - — 
12 13 100 100 100 ~=# 100 99 99 97 86 82 — —- —_- — 

*13 14 100 100 100 99 97 94 90 80 60 _— - -—- — 
*14 15 — — 96 93 8&0 75 50 ike) 0 0 0 0 0 
*15 16 — — — — 70 59) 40 0 0 0 0 OO 
16 17 -- _ — — — 50 20 0 0 0 0 0 0 
17 X — _ — - — 25 10 0 0 0 0 0 
18 oo 98 94 89 82 45 0 0 0 0 0 0 0 0 

* These places require multiplication by the following factors to allow for losses in CO, gas. Under average 
sea-level outdoor conditions the CO, (partial pressure = 0.003 atm) amounts to about 0.6 g/cm*. Paschen gives 
3 times as much for indoor conditions. 

ae to 3u, for 2 g in m2 path an for 140 g in m? path (93); 
(70); more CO, no further effect; 

3 ““ 14, slight allowance to te aie 
He . 15, § 80 g in in m? path reduces energy to zero; 

+ These places require multiplication by 0.90 and 0.70 respectively for one air mass and 0.85 and 0.65 for two 
air masses to allow for ozone absorption when the radiation comes from a celestial body. 

TABLE 568.—INFRARED TRANSMISSION OF VARIOUS 

SUBSTANCES (percent) 2?” 

Fused quartz ..... 2mm 0) F108 9254920) 435) ESIN 53) 52 
NEN GR Os Oy 0 30 -Oe © 70” OF S306 PIS) 30) 22.927 
Gan ©  soose Oe (0) wal ec eS Ge RD he, le aE) a 
Sulfur, rhombic .. Out 30 40) 10. © 6 B9ee 3h 0 S258 Skt: 564.58 38 
Paratany, . ose). <% 20 19 935) 42, Si SS LO4etOoMen OU co= 79). 76 820 
Mica neers acre 6u 6 18 50°"S3' “46% 57° SO al F227 SOG 555) 
Cellophane ....... 40u @ 46. 222.23 124 24 254.25 [29 30 30.942 
Celluloid sees. lp 92 93 95 96 9% 97 97 98 98 99 99 99 
Black papen sass ‘annie? 28 SOS QoS <7 ESM 99229 23,» 20" 28% 30 
Camphor soot .... * 60 76 79 80 81 82 84 85 86 87 89 90 
Pfund Bi black... * 30 40 44 48 50 40 45 58 60 57 60 63 
Lampblack, 

wateguelass.. qa. 8 Gy (6) 7 ile Al Ae A 8) SD) a 

167 Barnes, Phys. Rev., vol. 39, p. 562, 1932. 
* On celluloid lu thick. 
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TABLE 569.—INFRARED TRANSMISSION, IN PERCENT, OF A NUMBER OF 

MATERIALS 18 

Thallium 
bromide- 

Magne- Potas- iodide 
Lead sium sium Silver Thallium (58% I, 

Thick- chloride oxide chloride _ chloride bromide 42% Br) 

inane 6 47 6 6 6 8 
d (zx) 

7s, - 88 ae 73 : a 
3 iy, 87 $3 76 i , 
4 ve 89 Mf 77 # bv 
5 : 90 a 79 As be 
6 ; 89 aid 80 Bos A. 
7 ; 84 P 80 ey. Hi 
8 ae 78 ne 80 Ke 50 

10 ie 11 : 80 Be ots 
12 nt er : 80 +f ms 
14 82 Be P 80 ais ‘ 
16 82 ae 82 ss Be 
18 80 87 82 af ae 
20 77 72 78 as se 
22 69 37 62 61 ve 
24 52 12 46 61 se 
26 19 ae 27 60 66 
28 =, re a 57 62 
30 50 61 
32 39 58 
34 33 54 
36 26 51 
38 af ne 

16 Data from E. K. Plyler, Nat. Bur. Standards Journ. Res., vol. 41 
Bureau of Standards, private communication. Cesium bromide data by 

TABLE 570.—INFRARED TRANSMISSION OF GASES (percent) 7%” 

Length of cell, 4 inches. 

Material Pressure 6.7 

NEi fj asi: 2: 760 mmHg 24 
GAH sases 760 95 
IBES eenuade 760 97 
SOv cuss 760 98 
GAs acct sc 96 65 
CO atid... 114 95 
CSi_ -Bahon's 361 30 
GHGlwvern 200 93 
(GHs)30" . = (526 17 

16 Strong, Phys. Rev., vol. 37, p. 1565, 

TABLE 571.—INFRARED TRANSMISSION OF SOLIDS (percent) 

8.74 20.75 

26 79 
92 99 
98 98 
5 i 

97 102 
99 97 
98 100 
90 99 
6 61 

1931, Restrahlung. 

Material Description 6.76 

Lacquerthin’ 23222. +.55u thickness 967 * o93 
MiCat hers csctute occ 10u thickness 83 22 
Soot on lacquer...... Opaque to visible 25 22 
Quartz, fused’)... 10u thickness 86 02 
Glasse Riss. cseeecae:s 3u thickness 93 07 
Cellophane’ 7.5... - 25u thickness 33 04 
MQ eet mianreabitrriertts Deposit from burning 

Mg ribbon 88 86 
DOW csosioe aia tens Deposit from Zn arc 99 80 

SMITHSONIAN PHYSICAL TABLES 

, ge 

Thallium 
chloride 

6 

27.3 

83 

8.74 20.754 22.9u 

Sapphire 

1.17 

29.44 

Cesium 
bromide 

7 

84.0 

ba | (ee) lo ole e) 00 00 CO CO ASHSSSRLRRARRS Soa ooo Q oqo eo Soin 

125, 1948, and E. K. Plyler, National 
K. Plyler and F. A. Phelps. 

27.34 29.44 32.8u 

100 



548 TABLE 572.—INFRARED REFLECTION OF SOLIDS (percent) 

Description of reflector 22.9" 32.84 

Deposit of MgO from burning Mg ribbon...............--...-05. 0 0 
SG PTE OU To etd 0 ness SHA CEE Sindh Ore a oo Sen bck ae cin 80 33 
WISE oo te a en URE ORES ae Rh Ae eR dred Ue Se 32 . 
rattan ces ene che a INES, el Le NE 04 
Rencilemanksontpapersennce secre ret eine ties corre erat 09 ie 

Soot Coating 2.22... ese scene ener ncceees 43 48 

Sigetenvecditiy piscine ee gh 82 
Opticalitblack ues eee ae oe ee ee ee. 31 

Goldstoieblackenedi withv bismuth emetic cecil >19 
be 15u CaF: deposited by evaporation... ....26 56.0.5 .c.tete« 10 
Kelsey Calkaedepositeaubyaevaporationeeee ere seeceE meee 13 

TABLE 573.—ABSORPTION OF VARIOUS MATERIALS USED FOR 
BLACKENING RECEIVERS FOR MEASURI'ING RADIATION OF 

DIFFERENT WAVELENGTHS 7” 

Soot from a candle, acetylene, or camphor flame has been used and was found by Pfund 
to be very good to wavelengths about 1.24; beyond this to longer wavelengths the soot 
becomes transparent until at about 11, for a film about as thick as will work satisfactorily, 
it transmits about 50 percent of the incident radiation. 

Very finely powdered metal such as zinc (4 parts Zn and 1 part Sb) and platinum were 
found to be very good. Even for wavelengths of about 14% the Zn powder absorbed over 
98 percent of the radiation and out to 51u the absorption was about 85 percent. 

For longer wavelengths powdered NaCl, KBr, T1Cs, and some other salts were found to 
be very good, as shown in the table. 

The figures given in the table for radiation absorption are relative, those with the highest 
values being the blackest. For instance, India ink and tellurium powder are the best 
absorbers for radiation shorter than 5u while for longer wavelengths than 50% powdered 
glasses and CuSO, are probably the more nearly black. 

The absorptive power is an integrated effect over the entire far infrared. Litharge, 
powdered glass, white lead, copper sulfide, celestite, and red phosphorus were the best 
absorbers beyond 50u. A very thin coat of the absorbing material in most cases was an 
inefficient absorber of the extreme infrared waves. A very poor absorbing material in 
most cases such as copper or platinum will absorb if the surface is sufficiently rough. 

For radiometers, the absorbing material is better when mixed with turpentine and 
alcohol and painted on the vanes. For thermocouples, the absorbing material is better if it 
is mixed with lacquer. Sixty-fold sensitiveness and better steadiness comes from evacua- 
tion. 

The high absorption of glass in the near infrared suggests its use as a source of radiation. 
Two Pt wires separated by 4 mm and covered with glass were heated by an electric cur- 
rent; the hot portion of the glass between the wires served as a source of extreme infrared 
radiation. A convenient method of filtering out the near infrared is to grind the windows 
with emery so that the pits are about 44 deep. The apparatus may be adjusted with visible 
light by covering the rough surface with turpentine. 

Radiation Radiation 
absorbed for absorbed for 

Substance A<S5u A>S50u Substance A<5ué A>5Ou 

Lithanee aysdeerens i.00c8 10.8 4.3 Silvermsulfide: semoeeene 12.8 4.4 
Groundielass 8. <...0005% 11.9 47 Copper sulfate crystals 
Powdered glass’........ m7. 5.0 ino SOU soocanoc 15.0 4.1 
White lead 2 Pb Wellsbach mantle 

(COn AOU sonccoe 14.9 4.9 tmaterialywe- en sys oe 8.9 on 
White lead in lacquer... 14.3 4.4 Platinum blackseeeneree. 18.2 4.4 
Red phosphorus ........ 18.3 5.0 Tartaric acid and 
Red phosphorus from SURAT) Gee itas.,3 16.0 3.9 

a matchbox... .4'. 17.7 Bl Tale cee aoe 1235 3.8 
Celestite, powdered Watertelassh--recncene. 12.1 Sh7 
SES Os Merce aioe: 14.7 4.6 Tellurium, powdered ... 19.2 3.3 

Brucite, powdered Indiatink* ah, Sides. .4. si 18.8 3.8 
MeN ED atic. setts aes 11.4 4.2 Lacquer #00008) 85.322 8.6 3.0 

Angelsite, powdered Castorvoil 4%, Queene. onc 8.8 28 
DSO eR 3 Soon 14.2 42 Glycerine ee) Ah. 32 11.2 3.1 

Copper sulfide :.../F8...22 4 7A 5iZ ‘Turpentine? 2 oun. ks esc 8.1 oe 
Goppervoxider sal. 13.8 44 Clean’ receiver’: fas. o.- 2.9 L 

0 Cartwright, Phys. Rev., vol. 35, p. 415, 1930; Pfund, Rev. Sci. Instr., vol. 1, p. 397, 1930, and 
Journ. Opt. Soc. Amer., vol. 23, p. 372, 1933. 
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TABLES 574-592—REFLECTION AND ABSORPTION OF 
RADIATION 

According to Fresnel, the amount of light reflected by the surface of a trans- 
sin? (1 — r) tan? (1 — r) 

sin? (1 + r) tan? (1+ 7) 
amount polarized in the plane of incidence; B is that polarized perpendicular 
to this ;7 and r are the angles of incidence and refraction. 

parent medium = 4 (4 + B) = x ; Ais the 

TABLE 574.—RADIATION REFLECTED WHEN ;—0° OR INCIDENT LIGHT 

IS NORMAL TO SURFACE —= (n—1)?/(n + 1)? 

(percent) 

n 4(4 + B) n (A + B) n 4(A + B) n 3(A + B) 
1.00 .00 1.4 2.78 2.0 11.11 oy 44.44 
1.02 01 Nes) 4.00 2:25 14.06 5.83 50.00 
1.05 06 1.6 533 2.5 18.37 10. 66.67 
il 223 IL 7/ 6.72 2aS 22.89 100. 96.08 
1.2 83 1.8 8.16 3 25.00 oC 100.00 
iS 1.70 1.9 9.63 4. 36.00 

TABLE 575.—RADIATION REFLECTED WHEN n= 1.55 

A—B* 

i r A B dA + dB t+ 4(4 +B) A+B 

0 0 £0 4.65 4.65 .130 .130 4.65 0 
5 313.4 4.70 4.61 131 129 4.65 1.0 

10 6 25.9 4.84 4.47 135 126 4.66 4.0 
15 9 36.7 5.09 4.24 141 AI 4.66 9.1 
20 12 44.8 5.45 3.92 150 114 4.68 16.4 
25 15 49.3 5.95 3.50 161 105 4.73 25.9 
30 18 49.1 6.64 3.00 5 .094 4.82 37.8 
35 21 43.1 WEDS 2.40 191 081 4.98 SEZ, 
40 24 30.0 8.77 1.75 210 .066 5.26 66.7 
45 27 8.5 10.38 1.08 235 049 B/S) 81.2 
50 29 37.1 12.54 46 263 027 6.50 92.9 
55 31 54.2 15.43 05 303 .007 7.74 99.3 
60 33 58.1 19.35 a2 342 —.013 9.73 98.8 
65 35 47.0 24.69 11S 375 —.032 12.91 91.2 
70 37 19.1 31.99 4.00 400 —.050 18.00 Wee, 
75 38 32.9 42.00 10.38 410 —.060 26.19 61.8 
80 39 26.8 55.74 23.34 370 —.069 39.54 41.0 
82 30 39 45.9 64.41 34.04 320 —.067 49.22 30.8 
85 0 39 59.6 74.52 49.03 250 —.061 61.77 20.6 
86 0 40 3.6 79.02 56.62 .209 —.055 67.82 16.5 
87 0 40 6.7 83.80 65.32 163 —.046 74.56 12.4 
88 0 40 89 88.88 ASS 118 —.036 82.10 8.3 
89 0 40 10.2 94.28 86.79 .063 —.022 90.54 4.1 
90 0 40 10.7 100.00 100.00 .000 —.000 100.00 0 

Angle of total polarization = 57° 10’.3, A = 16.99. 

* This column gives the degree of polarization. + Columns 5 and 6 furnish a means of determining 
A and B for other values of n. They represent the change in these quantities for a change of m of 0.01. 
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TABLE 576.—REFLECTING FACTOR OF POWDERS (WHITE LIGHT) 

(percent) 

Various pure chemicals, very finely powdered and surface formed by pressing down 
with glass plate. White (noon sunlight) light. Reflection in percent. 

Aluminum oxide .............. 83.6 Rochelle salts ax sso the een oe 79.3 
Baniumesuitatcmen ions oeree tees 81.1 Salicylicracid: 97. <i. ceeeriaeene 81.1 
BOAR oss sini s oe ee 81.6 Sodiumicarhonatets ss se facies oe 81.8 
BOnICMaCIGM ee hs nates Meee ie 83.2 Sodiumupchiondes a4. nee ae eon 78.1 
Calcium carbonate ............: 957 Sodiummsulfates mn oer vce 779 
Gitriceacidtn Cobre. ee 81.5 Stanchie wcecuieeceiicc see ee 80.3 
Magnesium carbonate .......... 86.6 Sugars oF assis eet BE: 87.8 

ie (block)... 94-97T diantaticeacid mare eter eee 79.1 
Magnesium oxide (6 mm. thick). 98*T 

* The smoke of magnesium turnings freely burning in air and deposited on a satisfactory base forms 
a uniform fine-grained diffusing surface of high reflectance. This oxide should be deposited so as not 
to be affected by the heat from the burning Mg. A satisfactory base may be Al, silver-plated Cu, block 
porcelain. The oxide adheres better to depolished surfaces. Surfaces of high and uniform reflectance 
throughout the spectrum are best. + Revised values. 

TABLE 577.—VARIATION OF REFLECTING FACTOR OF SURFACES 
WITH ANGLE (RELATIVE VALUES) 

Illumination at normal incidence, 14-watt tungsten lamp, reflection at angles indicated 
with normal. 

Angle of observation 0° 1S Be ae 10° 15 30° 45° 60° 

Magnesium carbonate block....... B85 ic) op BSB encBS O.87ineeB3nl) 72 G8 
Magnesium oxide ............... 80h St 80 be. 80 BO) mis7 Zeer 750% 166 
Matt photographic paper......... 780 = ob==riin{8ni78ial SB BeasOwheve 
Wihiterblotter tae ...o7 . 2u08e ee as 7600! Shbe— 1 76st 76% -76x0fe73: ed Gd 
Potwopalligrourde. qsn oe ce eee 69" 695 6969) 669), .69ee-68) 9e66R 8-64 
Flashed opal, not ground......... US id. SRS 1e3 Sle), 22: 2180 220 20s 
Glasswfine ground). o.s+¢ see. 29) ZO 29) Ue ZORR = 2 7 20 14 se P1Stee eZ 
Glass, coarse ground ............. 23% 222 ew E20 Fh 1S esl Oxted fel lege l2 
Mattcvarnish ontfoil....2f:..... 83 --e.8.78  .720° 62  .49>p 228 -21 | aet6 
Mirror with ground face......... 4.9 =) 7455s 03.86>.23.030n 278). 1.426 esd 

The following figures, taken from Fowle, Smithsonian Misc. Coll., vol. 58, No. 8, in- 
dicate the amount of energy scattered on each side of the directly reflected beam from a 
silvered mirror; the energy at the center of the reflected beam was taken as 100,000, and 
the angle of incidence was about 3°. 

Angle of reflection, 3° +...... 0’ 8’ 10° US P2200 BOF 45600 100; 
NERO aeviy acter eicces o's «<span 100,000 600 244 146 107 66 33 22 Ii 

Wavelength of max. energy of Nernst lamp used as source about 2y. 

TABLE 578.—ULTRAVIOLET REFLECTING FACTOR OF SOME METALS” 

.250u .300 .350 .400 .450 .500 .550 #.600 
Aluminum, cast polished......... 43 45 54 62 .68 Ve 4s} 74 

3 POled MEAs Se eectmo cite 21 28 34 41 46 50 53 56 
Rihoditimids: Hyarcrysy. a. deicrowk oe eee 30 137 44 50 53 57 58 59 
Mint polishedies.. 8.2). 28k aes 33 38 45 52 .60 67 72 73 
Micali eee ee tee 24 31 44 46 46 46 46 46 

“ 
fannished itonseaeee nee .20 26 32 

111 Coblentz, Stair, Nat. Bur. Standards Journ. Res., vol. 4, p. 189, 1930. 
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TABLE 579.—PERCENTAGE REFLECTION FROM METALS, VIOLET END OF 

SPECTRUM 7” 

Wiavelenethminuparrcme seem criniorre .05 
INivelectroplated’ j-aa-ns- 2° 
“cc VaG ni lise@din sein nererie caele a 
Ae i(minis? Sop Saw) Be ccc occ scion 3s 
Stellites (Coser, Mo) pecaeeeaees.. oc 
Stainless) steels 13 7oe Crease ie) oe 
Cobalt Paces fist oe cere aee as 

B 
Specultumiy ms see soi cerry wctere ra 
eGyalitm, (98:79) geese any: 

@hromium on) steel a5... 4-6- > cee 

10 

46 53 
69 63 

67 
65 

79 
71 

29: 00 
40 44 
48 42 
30 16 
46 49 
40 47 
43 46 
ole -41 
84 87 
78 =82 

172 Coblentz, Stair, Nat. Bur. Standards Journ. Res., vol. 2, p. 343, 1929. 

TABLE 580.—PERCENTAGE REFLECTING FACTOR OF DRY POWDERED 

PIGMENTS 

_ The total reflecting power depends on the distribution of energy in the illuminant and is given 
in the last three columns for noon sun, blue sky, and for a 7.9 lumens/watt tungsten filament. 

Spectrum color Me 
et 

Wavelength in uw -44 

American vermilion... 8 
Venetian red ........ 5 
aMuscanered: Je. see 7 
Indianeredia ss. 2 8 
Burntysientia 3..0..44- 4 

Rawasientiave... fete ce 12 
Golden, ochre ....25-..< 22 
Chrome yellow ochre.. 8 
Yellow ochre ........ 20 
Chrome yellow medium 5 

Chrome yellow light.. 13 
Chrome green light... 10 
Chrome green medium 7 
Cobaltiblueves sei-1< <1: 59 
Ultramarine blue ..... 67 

aS ro) 

a 

dD 

NW GW ANNUM 

21 

un 

NN WG kNIOOUIM Oo 

Nore 

24 

wn 

WMNICOUIOD 

Yellow 

56 BES) 

11 

Orange 

Sw Sky light 
10 

Tungsten 
lamp 

——— a9 — DW 

TABLE 581.—INFRARED DIFFUSE PERCENTAGE REFLECTING FACTORS 
OF DRY PIGMENTS 

So 
Wavelength é 3 

in uw Sy (9) 

.60 * 3 — 2 

.95 * 4 24 4 
4.4 Lae aly 33 

8.8 13 — 
24.0 6 4 C0 tn Od Hy Cr203 on SE®& Fees 

* Nonmonochromatic means from Coblentz. 
A surface of plate glass, ground uniformly with the finest emery and then silvered, used at an angle 

of 75°, reflected 90 percent at 4, approached 100 for longer waves, only 10 at lu, less than 5 in the 
visible red and approached 0 for shorter waves. 
for transmitted energy when roughened merely by breathing on it. 

| & Ppcro, 

> 

Noe 

the more suddenly it cuts off the short waves. 

g 
< 
84 
88 
21 
20 
6 

@0 00 

Mwonwt ZnO onal RR MgO eval tenaCaO 

to 90 00 

umn en ZrO2 USB Poco, on a=SR MgCOs; 

SINT White lead 

| 1 | Sat White 

Similar results were obtained with a plate of 
In both cases the 

| | | SQ Zn oxide 

paint 

rock salt 
ner the surface, 
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Wavelength, u 

.800 

BS BIS IC Se ee ocoeoocooocone — 

see ee 

TABLE 582.—REFLECTING FACTOR OF METALS 

Perpendicular incidence and reflection (See also Tables 578, 579, 589) 

Pressure, cmHg 

11 1 1 1 | | |) Sitver-backea glass 

60 00 00 G00 00 CO $0 0 0 GOD | DARK NAN 

(iealdpels Tse ie IF 

The numbers give the percents of the incident radiation reflected. 

le ee | | | | Mercury-backed glass 

N™NI ON | \© 00 

ty Noo electrolytically deposited 

man 

at 
Bee) ie 

fog ¥g 
S to & ¢ os 

bz ag ge 
Bee - ne gt 
+2 Be Uns 

wel us ©) Co 

A ORME STR 
OL ee Ol tier 
67.0 35.8 29.9 37 
7O01GNe SZ lee 137-78" 4Z 
72.2 37.2 41.7 44 

753m (39:3. —— id 
— — — 46 
81.2 43.3 51.0 48. 
83.9 443 53.1 49. 

393m 47-2 561456! 
83.4 49.2 60.0 59. 
83334 9!3) 63:2, 60: 
82.7 48.3 64.0 62. 
83.0 47.5 64.3 64. 
82.7 51.5 65.4 66 
83.3 549 66.8 68 

84.3 63.1 — 69. 
84.1 69.8 70.5 72 
Sel 7A 7 7ASk 
86.7 82.3 80.4 83 
87.4 85.4 86.2 88. 
88.7 87.1 88.5 91. 
89.0 87.3 89.1 94. 
90.0 88.6 90.1 94 
90.6 90.3 922 95 
90.7. 90.2 92.9 95 
92.2 90.3 93.6 97 WODWRHENUUNDAODHR WORCHKOBRR Domb 

Copper. : 
electrolytically deposited 

| S| S&B Steel 

COD WB NSC’ uUntempered Pee = fast TT 

pS i=) 

Peon 

OG ARs SO WOW Oo | NIO UltWn Ww CO 

COCO COCONINO U1 mmm ui hp CNBASHO NAnRARS OoWMOON OHO AkhRPOTHO 

le eee Sst 

5 i‘ 

Ananya z 
SAPO s 
> = = ry ~~ 

ie eee ee Bae) 
2 S > & = 
ibe lly es on: 
ss eg 32 ge 28 

HS) AL Oo pA n°? 

250 33.8? S88 PLL Pega 
2A 38:8 340) 27) ai 
25 Seso8 310g) eo 
So ER pe ante ge 4D 
24D. A1s4),| 28.6 ee or Ula 
_— — — — 55.5 
273 434 27:9 as 
BMS L156! DS 81.4 

32:7 —- 518-2913; 2 — 86.6 
SV) SL 90.5 
A3t/mn 58.4-2 47-0, — 91.3 
A774 61. 740" = 927 
7128. 64.2 .» S4:Aw deen 926 
80.0 665 889 — 94.7 
83 «66910, 92:3 =— 95.4 

886 70:3 949 —5..96.8 
90.1 729 — = 97.0 
93:8) 777) 973 “= —9R2 
95.5 80.6 96.8 910 97.8 
979° 888 — 9 ‘9317.. Guu 
9733" SIE” 3969) {957.5 19855 
979 93.5 97.0 95.9 98.1 
98.3 95.5 98.3 97.0 98.5 
98.4 95.4 980 97.8 98.7 
98.4 956 98.3 966 98.8 
979 964 979 — 983 

TABLE 583.—LONG-WAVE ABSORPTION BY GASES 

Unless otherwise noted, gases were contained in a 20-cm long tube. 

Percentage absorption 
—. TT __-> I 

Long X, 
Hg lamp 

Fil- 
tered, 

23u 52u 110u 314u 

100 100 100 100 ~= 100 
100 99.6 99.5 98.5 97.6 
100 100 100 100 += 100 
2216) 10 9F 127, ONG 48 

100 100 100 100 ~=100 
100 100 94.1 921 91.6 
O01 6) 54 1013) 214 

100 96.8 98.4 93.3 90.8 
a 94 99 87235 985.5 

100 97.8 100 99.3 — 

et Percentage absorption 
oo 

5 Long X, 
o Hg lamp 
3 
a Fil- 
2 tered 
a 23y 52u 110u 314u 

76 ~=—- 83.1 P9912) F48'3) 9 66:7 
76 91 94.3 99.2 100 100 
76 99.5 87.4 97.3 97.9 100 
76 99 96.4 92.8 100 100 

97.8 100 100 99.5 100 
6 85.4 5.4 58 52.4 49.9 

51 26.8 46 34 21.8 10.7 
66+ 445 888 87 84.2 

14 98 100 100 95.4 94.7 
76 = 339.6 al 96) i331 Ouek 49:2 

* Steam 100°C passed through tube 40 cm long, 150°C; 0.06 cm ppt. HO. 
+ Pentane vapor, pressure 36 cmHg. 
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TABLE 584.—REFLECTING FACTOR OF BUILDING MATERIALS 553 

The radiation used to measure the reflecting factors for the wavelengths given was ob- 
tained from the sun’s radiation transmitted through selected filters. The radiation from a 
“nointalight” transmitted through a thin gold filter may be used in place of the sun. 

Gold Com- 
Description (1.784) (.844) (.61u) (.50u) film puted 

Mapnesiumicarbonaters. seen eee oer 63 .99 98 .96 .96 

CLAY TILES 

Dutch lehteredhes + sche sole «dee cio 68 66 56 21 57 52 
Machine=maderunedi eee Eeriscine fait icc 72 42 34 sil 38 38 

TOG nap especs a Ee hese eto bics <ies 55 38 Bill sili 34 33 
lichterened merece carts se by? 40 32 ils} 34 33 
dark purple .coee eee ee 22 e22 19 13 19 18 

Eland -madesoned eerste eee crekerstomeravieveve-6 .60 47 37 a2 .40 .39 
HECabKOWMUP se elmo ee wee 55 33 28 alg} 31 31 

CONCRETE TILES 

Wincolored! re cen ee Sas Te tebe os 137, 38 36 27 35 33 
Brownie eee: Ae. wales a NIUE VE: mls 7 15 09 a5 13 
Brown veryaenoughess cee csees ene aie 08 13 a3 10 alZ slit 
BTC hse Bees det crete a: .06 .09 09 09 09 08 

SLATES 

Danigeray \smootiterraccioos one ce eire< 09 elo 11 alt sil .10 
HalwlyenOuUgiienaae ccc acres .10 ail 10 09 10 10 
LOU ero meee oe ate 09 10 aj) alt 10 10 

Greenishygray.sirougheees seen ee eres 16 lil 12 13 VW Als 
MIETNIC" SE Surct Beas OCR ean Spite aoa 14 .16 ls .10 14 Als} 
BI MER RAV EAR ee CE ite oat tdci Aine .20 .16 13 al i153 ald 
SilverenrayeCNorwegian)ie. saccecsee ade. LE YH Al 19 LAI .20 

OTHER ROOFING MATERIALS 

Asbestos cement: whitel 5/0... s5 soc Feme oe) 42 41 36 41 39 
TEC reek coe eee SK 33 .29 14 31 26 

Enamelled"steel"white= .2.- +e ee eee 35 53 253 By/ 52 B52 
ECOMEL eicicier cso esac pears rotaenasens .26 34 Ald 13 24 25 
RECA ie eh earls toners 24 26 18 08 19 19 
bluesse dsc attest teres ak 23 27 al7/ 18 .20 23 

Galvanizediuronimnews sees ecinee eee 58 30 34 34 35 35 
VERy, Cittys 221, 4hso soe ue .10 09 09 09 .09 .09 
whitewashed ofhscmascs oon 63 79 79 76 78 74 

Special roofing sheet: brown............... .20 “15 “12 07 13 alk} 
Greeny WE siccea wee vs 13 .20 a7 12 14 15 

Bitanntiowsttel tas. cab vennc.ci ois ee exe mlosse .10 2 alli! 11 12 Au 
Alluminizedotelt:.cyes:oic« csc che con hee 6 ee 67 .60 61 57 62 .60 
Wieatherediaspliall tiney-ssr.cveronoresverehenvorercnenssercueke a2 WZ sill 09 sibil sbi 
Roofing leadtstoldear casa a elena ace ctioe 46 .20 19 als fH 23 

BRICKS 

Gaul@:icreamup a5)-e ania ooecieripoen cee see 74 69 64 43 64 61 
Stockasaligh tetanic: tvescrcvenncs tstocsieveics tors sxchovaels 56 47 38 19 44 39 
Miettonculightspontionheseeene eee ote 67 61 SY/ 3) 58 52 

dark#portionier.. eo 1 cer: oe .54 46 37 15 Al Sy/ 
WiHrercutsered Mentions ee oe cGtecmeee sas 56 .48 41 AS) 44 39 
Sand lime :8reditrtercers satis © «oct alee dhe 41 537. 30 ale 32 .30 
Miottled purples a cractc pt eucverovxettt arenas cee overs 33 .26 22 15 28 23 
Stattordey Dlites ace oo ore races et wees 21 12 11 08 li ‘12 
ime-claya Gb nench) eh soccer dik LY/ 63 52 29 54 49 

SMITHSONIAN PHYSICAL TABLES 



554 
TABLE 585.—REFLECTION AND TRANSMISSION OF VARIOUS MATERIALS 

FOR VERY LONG WAVELENGTHS 

With quartz, 1.7 cm thick: 60 to 80u, absorption very great; 63u, 99 percent; 82u, 97.5; 
97u, 83. 

Percentage reflection 

Iceland Rock Fluo- 
Wavelength spar Marble salt Sylvite KBr KI rite Glass Water Alcohol 

SSC2 eonaoe —_ _- Ny GH) SAG ZA IO 9.6 —_ 
N= 1080 225.8 47.110243:8 20:3 819!3) SIs. . 735:5  420:2, & 19.2iay Ge TG 

Percentage transparency 

Uncorrected for reflections 
Thickness 

precipi- 
Trans- Thick- table Trans- 

Solid Thickness parency Liquid ness liquid parency 

Parathinuscsae doc sce 3.03 57.0 Benzene ....... 1.00 _ 56.8 
NTR S2y 2 Ae ea 055 16.6 Ethyl alcohol .. .158 — 7.9 
Hard rubber ........ 40 39.0 Ethyl ether ... .158 — 37.1 
Quartz || axis... 9... 2.00 62.6 \WWETG® codacone .029 — 25.8 
Quartz, amorph ..... 3.85 0 Water a..ccenets 044 a 13.6 
Rocky salty... ..t8h «. vA 21:5 
ltionteimaan es ieiioes 59 5.3 Vapors : 
Diamondaeoreeeere ose 1.26 45.3 Alcohol ..... 2.00 023 88 
Otartz, Mvaxis ys cans. 2.00 81.3 theta: saree: 2.00 350 33.5 

‘ Pe iets 6 Bee 4.03 66.4 Benzene ..... 2.00 063 100 
‘% seamen 0s 7.26 49.8 Watery fscne- 4.00 All 19.6 
4 pads, eae 11.74 5 Bh wate shel seart Tee 2.00 — 100 
a US eo Se 14.66 29.0 

* Restrahlung from KBr. + Isolated with quartz lens. 

TABLE 586.—TRANSPARENCY OF BLACK ABSORBERS 

(percent) 

Candle 
Black Opaque Black lampblack, 

silk paper, black paper, cardboard 10 cm? = 1.8 
Method and wavelength .025 mm thick -11 mm thick .4 mm thick mg 

Spectrometer ........... Qu 0 0 0 5 
4 9 0 0 8.6 
6 1.7 0 0 16.0 

12 8.2 1.4 0 37.6 
Fluorite “reststrahlen” ... 26 24.2 32 0 76.7 
Rock salt “reststrahlen” .. 52 46.0 15.1 0 91.3 
Quartz lens isolation..... 108 61.5 33.5 1.6 91.5 

TABLE 587.—RELATIVE REFLECTIVITY OF SNOW, SAND, AND OTHER 

MATERIALS #7 

White 
Maine Florida Crushed Plaster White Sodium { Sodium cotton 
sand * sandt quartz Snow of paris paper carbonate chloride cloth § 

Sto Ay... & 15 40 35 40 8 14 38 26 
Sito. oie. 25 40 50 40 53 30 28 49 42 
eto: 2:0) Wn.2, 33 50 53 15 60 30 30 54 40 
ZOO) Fhe... ol 30 28 18 63 15 18 55 20 
bem uoratencariechaters 48 as A. 26 & ae a ie ays 

18 Hulburt, Journ. Opt. Soc. Amer., vol. 17, p. 23, 1928. 
* Yellow-white grains of many kinds. t Very white. ¢ Anhydrous. § Handkerchief. 
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TABLE 588.—PERCENTAGE DIFFUSE REFLECTION FROM MISCELLANEOUS 

SUBSTANCES 

Lamp-blacks n ne = a 

Bd vo 3) 2 5 2 

& Ss = o = Co) ac) s e o 3 <% 

Rote sees GS TNS ekg ay 
en OF 2 ee sie Se Fae Sug EUR EE ER 

L ae CAO at 1S CROm OMEN CRON es ey) ee eo iy eee 

.60 3.2 Z5eto2. C4e OZ. 89:. 15... 1.8, 14.4530: 
95 St4 es) Wl 26ers ital 88s 86:;, 75. 93. 21. 

4.4 Seles BPO rv. B¥e 1-2 1.4 Gile FALL hae ash RiY/ 
8.8 3.8 13) EZ Gale Dal 26s Zab 35... 05. lil. 723] 12: 

24.0 494" 3:0) 44:0) 2518057 4.2 NOS tah. Ss 1. 

TABLE 589.—INFRARED REFLECTIVITY OF TUNGSTEN 

(Temperature variation) 

Three tungsten mirrors were used—a polished Coolidge X-ray target and two polished 
flattened wires mounted in evacuated soft-glass bulbs with terminals for heating electrically. 
Weniger and Pfund, Journ. Franklin Inst. 

Percent increase in reflectivity in 
Absolute reflectivity going from room temperature to 

Wavelength at room temperature 
in uw in percent 1377°K 1628°K 1853°K 2056°K 

67 51 46.0 ay + 87 + 98 
80 55 a iw bes + 82 

1.27 70 0 0 0 0 
1.90 83 —6.6 —8.2 — 9.6 —11.0 
2.00 85 —7.5 —9.3 —10.9 —12.3 
2.90 92 —7.7 —9.4 —11.1 —12.5 
4.00 93 — _— — —12.5 

TABLE 590.—RESTRAHLUNG BANDS FROM VARIOUS MATERIALS 7 

(percent) 

Filter 
Number of Crystal (3 mm paraffin Wavelength Frequency 
reflections mirrors in each case) in “ in ~ /cm 

A etek Quartz 1 cm KCl 20.7 483 
SS aetewa iets Fluorite 5 mm KCl 23 435 
tS aeatese Metal 
Dies see Fluorite 3 mm KBr 27.3 366 
(edo Calcite 29.4 340 
5) Samet Fluorite 4 mm quartz 32.8 305 
NS eater Metal 1.22 mm KBr 
Slee pets Aragonite 4 mm quartz 41* 244 
MadedwARiore Metal 
Gg Art: NaCl 2 mm quartz 52 192 
A KCl - 63 159 
(cancun KBr ss 83 120 
(ROI ere KI - 94 106 
Aree set TIBr s 117 85 
A ay ee ANE ss 152 66 

Magnesium oxide : 22.5 444 

174 Strong, Phys. Rev., vol. 38, p. 1818, 1931. 
* The use of a paraffin window about 3 mm thick stops the short wavelength restrahlung of quartz at 

8.74 and of calcite at 6.74. Weak reflection at 41y. 
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TABLE 591.—INFRARED REFLECTING FACTOR OF VARIOUS MATERIALS * 

(percent) 

oe eee ee 
A= 20u 25 334 50 664 100 1504 

~ /cm= 500 400 300 200 150 100 663 

Rough brasss .. 24.0: -8-: ae os 67 70 78 83 92 96 100 
y tae nt, RN em ee 24 33 42 58 68 81 99 
4 A I i: ge 12 14 17 21 25 40 82 

Galena. se rec ties eos 6 6 31 30 21 51 73 76 76 

TALS. Ae Gees: ee eee ee 50 35 18 21 18 20 15 
B magnesia, fused...i2...23..- 80 60 34 30 30 30 30 
GHIDMICe® oof takes a, sig Soe aol oro 21 20 4 39 48 52 39 

Spnalente dare sea- be ister one 10 15 29 20 19 18 17 

@onundum: 222.1. ss eel riers tusk (30) 41 26 31 29 24 22 

Gupritessesrei seer res reece. 45 47 47 42 41 42 46 

* For reference, see footnote 174, p. 555. 

TABLE 592.—INFRARED TRANSMISSION OF VARIOUS MATERIALS * 

A= 20u 25 334 50 664 100 150u 
~ /cem= 500 400 300 200 150 100 664 

GB re Bea ett tote re ete catiel a Maes s <3 61 46 3 
[Le ee an ee ae 83 76 12 a se we 
Amorphous) SiO; ciacsceacene a 3 27 64 63 62 70 87 
COU Miquidh ss. Meee (57) 63 50 74 74 (72) ie 
RC lS ratkis csc eo asplomatacs sc. 97 97 96 93 80 98 

* For reference, see footnote 174, p. 555. 
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TABLES 593-597—-ROTATION OF PLANE OF POLARIZED LIGHT 

TABLE 593.—TARTARIC ACID, CAMPHOR, SANTONIN, SANTONIC ACID, 

CANE SUGAR 

A few examples are here given showing the effect of wavelength on the rotation of the plane of 
polarization. The rotations are for a thickness of one decimeter of the solution. The following 
symbols are used: 

p = number 
c= “ 

q= 
“c 

grams of the 
Me solvent 

active “ce 

active substance in 10 
“c “cc 

“cc 6é 3 
cm 

Right-handed rotation is marked +, left-handed —. 

Line of 
spectrum Wavelength 

B 6867 A 
C 6562 
D 5892 
E 5269 
Di 5183 
be 5172 
F 4861 
e 4383 

B 6867 
Ee 6562 
D 5892 
E 5269 
bi 5183 
bz 5172 
F 4861 
e 4383 
G 4307 
g 4226 

Tartaric acid, CyHeOg, 
dissolved in water. 

g= 50 to 95, 
temp = 24°C 

+2°748 + .09446 q 
+1.950 + .13030 q¢ 
+ .153 + 17514 q 

= 932 = 191474 
—3.598 + .23977 q 
9657 4 31437 g 

Santonin, C,;Hi:.Os, 
dissolved in alcohol. 

c = 1.782 
temp = 20°C 

—110:4° 
—118.8 
—161.0 
—222.6 
—237.1 

0 g of the solution. 

“cc 

Camphor, CyHieO, 
dissolved in alcohol. 

q= 50 to 95, 
temp = 22.9°C 

382549 — 0852 q 
51.945 — .0964 q 
74.331 — 1343 q 

79.348 — 1451 q 
99.601 — .1912 q 

149.696 — .2346 q 

Santonin, Cy5HigO3 

dissolved in dissolved in 

Santonin, Ci5H 180s, 

dissolved in chloroform 
di='75;t0196:5- 
temp = 20°C 

—140°1 + .2085q 
—— 1493) = (15554 
B02 775 308bG 
—285.6 + .5820q 
—302.38 + .6557 q 

—365.55 + .8284q 
—534.98 + 1.5240 q 

Santonic acid, 
- 15H 990, 

dissolved in 
alcohol. chloroform. chloroform. 

c= 4.046 c = 3.1-30.5 a= 27.192 
temp = 20°C temp = 20°C temp = 20°C 

442° 484° == 49° 
504 549 — 5/7 
693 754 — 74 
991 1088 —105 

1053 1148 —112 

1323 1444 —137 
2011 2201 —==197 

2381 2610 —230 

Values obtained at the National Bureau of Standards for the rotation of sucrose are given below. 

Light Rot \ [a] 20° 
source Rot \= 5461 A 5 r 

Li 6708 644 50.45 
Cd 6438 iil 55.70 
Na 5892.5 84922 66.529 
Hg 5780 8854 69.36 
Hg 5461 1.0000 78.342 
Ag 5209 1.108 86.80 
Cd 5086 1.167 91.43 
Cd 4800 1.323 103.65 

Light 
source 

Cd 4678 
Hg 4358 
Ag 4208 
Hg 4047 

Rot 

Rot X * 

Ran sae 
1.403 109.9 
1644 128.8 
1.786 139.9 
1195 152.8 

* Degrees per dm. The above values are for a near normal solution, i.e., approximately 26 g of sucrose per 
100 cm 
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558 TABLE 594.—SODIUM CHLORATE; QUARTZ 

Sodium chlorate Quartz 

ae Wave- Temp _ Rotation pies Wave-__ Rotation Sipe Wave- Rotation 
line length ak @ per mm line length per mm line length per mm 

a 7164A 15.0 2°068 A 7604 12°668 Cds 3609 63°628 
B 6870 17.4 2.318 a 7164 14.304 N 3582 64.459 
Cc 6563 20.6 2.599 B 6870 15.746 Cdio 3465 69.454 
D 5892 18.3 3.104 O 3441 70.587 
E 5270 16.0 3.841 C 6563 17.318 
F 4861 11.9 4.587 dD, 5896 21.684 Cd 3401 72.448 
G 4340 10.1 Brook Dz 5890 21.727 12 3360 74.571 
G 4308 14.5 6.005 Q 3286 78.579 
H 4101 13.3 6.754 E 5270 27.543 Cd 3247 80.459 
1, 3820 14.0 7.654 F 4862 32.773 
M 3728 10.7 8.100 G 4308 42.604 R 3180 84.972 
N 3581 12.9 8.861 Cdr 2747 =: 121.052 
P 3361 12a 9.801 h 4102 47.481 Cdis 2571 143.266 
Q 3287 11.9 10.787 H 3969 51.193 Cds 2312 190.426 
R 3180 131 e921 K 3934 52.155 
Ar 3021 12.8 12.424 Cdau 2264 201.824 
Cdiz 2747 12.2 13.426 iby 3820 55.625 Cdis 2193 220.731 
Cdis 2571 11.6 14.965 M 3728 58.894 Cdee 2143 235.972 

TABLE 595.—REFLECTING FACTOR OF METALS (See Table 584) 

Wave- Graph 
length Al Sb (Cdaaco ite Ir Mg Mo Pd Rh Si Ta hee on W Va Zn 

L Percents 

SO = = es, 22 Sop 46 = good 938. —aape = e 
OMe 53 =. So 24 = feet 48) = he 2 45 AD ee eee 
Ran. 54 = S3e 25. (= pew 52 == Bin 20 | (G4 Aeon eon ee 
1Ore7l. 55 72 Gini 27 -78 ref4 58 72 B4ceZ8 78 SOiner4 627) Gl 80 
20 5182. 60 87 i135 Sf ree 82 81 Sige 28 90 » So prs6] ~ 85) (Go 92 
40.-92 68 96 81 48 945.84 90 88 92.°28 93 “Shem72 95 7D 97 
70 9 71 98 93 54 95 91 93 94 94 28 94 68 81 95 88 98 

10.0 98 72 98 97 59 9% — 94 97 95 28 — — -84 9% — 98 
120 988 — 9 97 — 906 — 9 97 — — 95 — 85 96 — 99 

The surfaces of some of the samples were not perfect so that the corresponding values have less weight. The 
following more recent values are given for tungsten and stellite, an exceedingly hard and untarnishable alloy 
of Co, Cr, Mo, Mn, and Fe (C, Si, S, P). 

Wavelength, uy, 
Tungsten, 
Stellite, 

silk) 

32 

20S Oe OMzo md 
— —— 00) 202 
42, 1-90) 404) 267, 

00 2.00 
-576  .900 
-689 = .747 

3.00 4.00 5.00 9.00 
953 = 943 948 

‘792.825 848 ~—-.880 

TABLE 596.—OPTICAL CONSTANTS OF METALS 

Two constants are required to characterize a metal optically, the refractive index, n, 
and the absorption index, k, the latter of which has the following significance: the ampli- 
tude of a wave after traveling one wavelength, \* measured in the metal, is reduced in the 
ratio 1: exp (—2mrk) * or for any distance d 1: exp (—2mdk/d'), for the same wave- 
length measured in air this ratio becomes 1: exp (— 2mdnk/'), nk is sometimes called 
the extinction coefficient. Plane polarized light reflected from a polished metal surface is 
in general elliptically polarized because of the relative change in phase between the two 
rectangular components vibrating in and perpendicular to the plane of incidence. For a 
certain angle, ¢ (principal incidence) the change is 90° and if the plane polarized incident 

beam has a certain azimuth y (principal azimuth) circularly polarized light results. 

k =tan 2y (1—cot 26) and n= 
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(continued) 

sin ¢ tan 

(1 + k*)? 
(1 + 4cot’9). 



TABLE 596.—OPTICAL CONSTANTS OF METALS (concluded) 559 

For rougher approximations the factor in parentheses may be omitted. R = computed 
percentage reflection. 

_ (The points have been so selected that a smooth curve drawn through them closely 
indicates the characteristics of the metal.) 

Computed 

Metal r @ Tr n k nk R 

B ; Jo 
Cobalt 231 64°31 29°39 1.10 1.30 1.43 32. 

275 70 22 29 59 1.41 1252 2.14 46. 
500 Ug S1y53 1.93 1.93 3.72 66. 
650 79 0 Sil AS 2.35 1.87 4.40 69. 

1.00 81 45 29 6 3.63 1.58 OW} 73: 
1.50 83 21 26 18 5.22 1.29 6.73 75. 
225 83 48 265 5.65 1.27 7.18 76. 

Copper 231 65 57 26 14 1.39 1.05 1.45 29. 
347 65 6 28 16 1.19 1:23 1.47 SZ, 
500 70 44 33 46 1.10 2ald 2.34 56. 
650 74 16 41 30 at 7.4 3.26 86. 
870 78 40 42 30 35 11.0 3.85 91. 

1.75 84 4 42 30 83 11.4 9.46 96. 
225 85 13 42 30 1.03 11.4 TZ 97. 
4.00 87 20 42 30 1.87 11.4 PANES 
5.50 88 00 41 50 3.16 9.0 28.4 

Gold 1.00 81 45 44 00 24 28.0 6.7 
2.00 85 30 43 56 47 26.7 12.5 
3.00 87 05 43 50 .80 24.5 19.6 
5.00 88 15 43 25 1.81 18.1 S$} 

Iridium 1.00 82 10 29 20 3.6 1.60 5.8 
2.00 84 40 28 10 6.0 1.48 8.9 
3.00 85 40 26 40 8.0 1.37 11.0 
5.00 87 20 24 00 12.5 3} 14.1 

Nickel 420 72 20 31 42 1.41 1.79 PS 54. 
589 As il 31 41 1.79 1.86 hss) 62. 
750 78 45 SZO 2.19 1.99 4.36 70. 

1.00 80 33 S2ao2 2.63 2.00 5.26 74. 
2.25 84 21 33 30 3.95 2.33 9.20 85. 

Platinum 1.00 82 00 30 30 3.4 1.82 6.2 
2.00 84 45 29 40 AY/ 1.70 9.7 
3.00 86 00 28 50 Gel. 1.59 12.3 
5.00 87 15 27 00 MS 1.37 15:2 

Silver .226 62 41 22 16 1.41 5, sel 18. 
293 63 14 18 56 1.57 62 97 17 
316 52 28 15 38 1.13 38 43 4. 
332 52 Sy) 41 1.61 65 32: 
395 66 36 43 6 .16 IABY 1.91 87 
500 V2 3i 43 29 sil7/ 17a 2.94 93 
589 ZnS 43 47 .18 20.6 3.64 95 
750 79 26 44 6 aly 30.7 5.16 97 

1.00 82 0 44 2 24 29.0 6.96 98 
1.50 84 42 43 48 45 23.7 10.7 98 
2.25 86 18 43 34 77 19.9 15.4 99 
3.00 87 10 42 40 1.65 WA 20.1 
4.50 88 20 41 10 4.49 7.42 33.3 

Steel .226 66 51 28 17 1.30 1.26 1.64 35. 
257 68 35 28 45 1.38 1.35 1.86 40 
325 69 57 30 9 1.37 1b53 2.09 45 
500 75 47 29:2 2.09 1.50 3.14 57 
650 77 48 27 9 2.70 1.33 3.59 59 

1.50 81 48 28 51 3.71 1.55 5.75 73 
225 83 22 30 36 4.14 1.79 7.41 80 

* See footnote 5, p. 7. 
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TABLE 597.—OPTICAL CONSTANTS OF METALS (additional data) 

Metal 

Al * 
Sb * 
Bi tt 

Cd * 
Gr* 
Nb * 
Aut 

Icrys 
lie 
Fe § 

Hg (liq) .326 

Pd * 
tat 

* Solid. 

SMITHSONIAN PHYSICAL TABLES 

+ Electrolytic. 

n 

2.63 
2.91 

> 

Ea) 

oD | Ow nee Ue 

2.83 

¢ Prism. 

R Metal r n k R 

“ 

Ni * 215 1.09 1.16 24 
441 1.16 1.23 25 
589 1.30 1.97 43 

Rh * 579 1.54 4.67 78 
Set .400 2.94 2.31 44 

490 S12 1.49 35 
589 2.93 45 25 
.760 2.60 .06 20 

Si* 589 4.18 .09 38 
1.25 3.67 08 33 
2.25 3.53 .08 31 

Na (liq)  .589 .004 2.61 99 
a 579 2.05 2.3 44 

Sn * 589 1.48 5.25 82 
W * 579 2.76 2.71 49 
We 579 3.03 3.51 58 

441 93 3.19 73 

\ = wavelength, n = refraction index. 
k = absorption index, R = reflection. Percent. 

§ Deposited as film in vacuo. 
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TABLES 598-601—MEDIA FOR DETERMINATIONS OF 

REFRACTIVE INDICES WITH? THE MICROSCOPE 

TABLE 598.—LIQUIDS, np (0.589) — 1.74 to 1.78 

In 100 parts of methylene iodide at 20°C the number of parts of the various substances 
indicated in the following table form saturated solutions having the refractive indices 
specified. When ready for use the liquids can be mixed to give intermediate refractions. 
Commercial iodoform (CHIs:) powder is not suitable, but crystals from a solution of the 
powder in ether may be used, or the crystallized product may be bought. A fragment of tin 
in the liquids containing the SnI, will prevent discoloration. 

CHI Sni AslI3 SbI3 S mna at 20°C 

12 1.764 
25 1.783 
25 12 1.806 
30 6 1.820 
27 13 Z 1.826 

40 27 16 1.842 
31 14 8 10 1.853 

35 31 16 8 10 1.868 

TABLE 599.—RESINLIKE SUBSTANCES, n, (0.589) = 1.68 to 2.10 

Piperine, an inexpensive alkaloid, comes in very pure straw-colored crystals. Melted, it 
dissolves the tri-iodides of Sb and As very freely. The solutions are fluid at slightly above 
100° and when cold, resinlike. Three parts antimony iodide to one part of arsenic iodide 
with varying proportions of piperine are easier to manipulate than one containing either 
iodide alone. In preparing, the constituents, in powder of about 1 mm grain, should be 
weighed out and then fused over, not in, a low flame. Three-inch test tubes are suitable. 

Percent iodides 00 10 20 30 40 50 60 70 80 

Index of refraction...... 1.683 1.700 1.725 1.756 1.794 1.840 1.897 1.968 2.050 

TABLE 600.—PERMANENT STANDARD RESINOUS MEDIA, 
Ny (0.589) = 1.546 to 1.682 

Any proportions of piperine rosin form a homogeneous fusion which cools to a trans- 
parent resinous mass. On account of the strong dispersion of piperine the refractive indices 
of minerals apparently matched with those of mixtures rich in this constituent are 0.005 
to 0.01 too low. To correct this error a screen made of a thin film of 7 percent antimony 
iodide and 93 percent piperine should be used over the eyepiece. Any amber-colored rosin 
in lumps is suitable. 

Percent rosin 00 10 20 30 40 50 60 70 80 90 100 

Index of 
refraction. » ssn. 1.683 1.670 1.657 1.643 1.631 1.618 1.604 1.590 1.575 1.560 1.544 

TABLE 601.—SUBSTANCES, n, — 1.39 to 1.75 

n nm n 

n-Heptane 1.39 Eugenol 1.54 Quinaldine 1.61 
Octylene 1.41 Nitrobenzene 1.55 Iodobenzene 1.62 
Cyciohexane 1.44 Anethole 1.56 a-Chloronaphthalene 1.63 
d-Limonene 1.47 o-Toluidine 1057, a-Bromonaphthalene 1.66 
p-Xylene 1.50 o-Bromophenol 1.58 a-Iodonaphthalene 1.69 
Chlorobenzene 1.53 Bromoform 1.59 Methylene iodide 1.75 
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562 TABLES 602-609.—PHOTOGRAPHY * 

TABLE 602.—SENSITOMETRIC CONSTANTS OF TYPE PLATES AND FILMS, 
DEFINITIONS 

Density (D).—Density is a measure of the degree of blackening of an exposed film or 
plate after development. Density is defined in general terms as the logarithm of the ratio 
of the radiant flux, Po, incident on the sample to the radiant flux, P:, transmitted by the 
sample. 

3.0 

2.0 

Density 

Density of base, 
plus fog 

3.0 2.0 1.0 0.0 1.0 

Log exposure (mcs) 

Fic. 27.—Typical characteristic curve. Ordinates are diffuse transmission density (D) ; 
abscissae, logs of exposure (log FE). A-C =toe, C-E =straight line, E-F = shoulder, 
B = speed point, B-D = Alog E= 1.50. Tana=vy, Tanb=8, Tan a= 0.38. 

p= we (&) 
Exposure (£).—E = /t (expressed in meter-candle seconds). J = illumination (meter- 

eames, mc) incident on the photographic material during exposure, t = exposure time in 
seconds. 
Gamma (y).—Gamma is defined as the tangent of the angle alpha (a) (fig. 27) which 

the straight-line part of the characteristic curve makes with the log-exposure axis. 
Gamma infinity (yoo ).—yoo is defined as the limiting value to which gamma ap- 

proaches as development time is increased. 
Time of development for the half gamma infinity (t,=-y./2).—A convenient 

practical specification of development rate of significance in comparing developers. 
Time of development for gamma of unity (tf, = 1.0).—A convenient practical speci- 

fication of development rate of significance in comparing photographic materials. Compari- 
sons must be confined to materials in the same developer. 

Inertia (1).—i = the value of exposure where the straight-line portion of the character- 
istic curve (fig. 27) extended cuts the log E axis. 

Speed (5.).—S.=1/E, where E is the exposure corresponding to point B on the 
D-log E curve in figure 27. This point is located in the following manner: A log exposure 
range of 1.50, represented in the figure by the distance along the log exposure axis between 
B and D, is selected in a region where the slope of the curve at the low end of the range is 
0.30 of the average slope over the entire range. When the slope, or tangent of angle a, is 
0.30 of the tangent of angle b, the point B, at the low end of the exposure range, represents 
the exposure value (E) from which the speed of the material is derived. 

* The material on photography was prepared by L. A. Jones, of the Eastman Kodak Co. 
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TABLE 603.—FORMULAS FOR DEVELOPERS 563 

In the determination of the values given in Table 604, developing solutions made up 
according to the following formulas were used (temperature, 20°C) : 

Developer A: 
Monomethy! para-aminophenol sulfate *.....................000. 2.0 grams 
Sodiumsulfite= (anhydrous) accents cares oer ea em oetereayenrens 50.0. ——* 
PAVGTOQUINGHE: (2s ycis bose class. ele odie sicisjare 2 ve ME SRR. ees 40 
Seadiumpearhotate (anhydrous) eerie cision tte ae, «seis «este ei 60 nia 
iat acsiamm be Ganiclen ee tte «ener cies ce tices iS tchesase a ysiscs obese 75st 
Aur-freendistilledawaterstopmake os oicsc.e ie ismwlels stele Gis. <,2.0.0,0,0.0,08e leave 1.0 liter 

Developer B: 
Monomethy! para-aminophenol sulfate *......................04. 2.0 grams 
Sodiumimsulfitem(anby,Gnous) occ wc eile ove oltente orate oo yeuscove.ssoisis token 80.0 “ 
PliyratrsepeyAALMBEOLONN Pak eesti > a ieee odode as oie hws © MINE ee SS yess\e,e,0 80.0 0. NG 40.0 & 
IBYaY RAS oe lay a rces Ota OTE LOI eee aPENRUCCICCLG Cc Os ttcd oy Sera ae Ee ore 4.0.0 
esha SS RMR SST hs hes gas ou srcno eo wing eects el HO ade sss sverajorese de Boress 25 5 
Air-freexdistilleduwateratosmalke syeronve-srcrdeeverorerrevetreverersrsesretre erodes 1.0 liter 

Developer C: 
Miateruaboutal orb S0S@)in.coosudaceck sete esc oen eae ne sete wre 500.0 cc 
Monomethyl para-aminophenol sulfate *......................6. 2.2 grams 
Soditimusul nten(anlydrous))s...6 4 ccs sacas sateen csaaas woes one as 96.0 “ 
Ply dGOQuinOMe neces esse acas clot oe tee eae oes tes Ss 2 9 esis dais vie 3:3) ss 
Sodiunticarbonate smonohydrated ojo. ceive ieiiiciees esis Sele eolo« 56:0) wee 
Patassuitita bi OmiGe tare: cick « > tio oi ieisi tee Zeichert= Gin cleeampniaye +9390 5:0) aie 
Atr-treerdistilledawatertoymakescaidsayicieeecmieieciee Ferae - ilerari- 1.0 liter 

* Sold under such trade names as Metol, Elon, Rhodol, and Pictol. 

TABLE 604.—SENSITOMETRIC CONSTANTS OF TYPE PLATES AND FILM 

Reciprocal 
inertia * Speed 

Material Developer Wes t=Vo/2 t,=1.0 (S+) (Se) 

Motion-picture films 

Fast apanchromaticu. soeisicictere B 1.30 10.2 21.5 2300 400 
Medium-speed panchromatic ... B 1.70 9.8 13.0 1700 250 
Fine-grain panchromatic ...... B 2.00 10.8 10.8 600 100 
Positives(resulam i. -te> seein c 3.35 1.5 9 25 ae 
Positive (fine-grain) .......... G 4.30 1.4 7 5 

Sheet films and plates 

Fast panchromatic...52 2022.0. A 1.45 2.6 5.2 2500 500 
Fast orthochromatic .......... A 1.50 2.0 4.2 1700 400 
Medium-speed panchromatic .. A 1.50 3.6 6.3 840 200 
Medium-speed orthochromatic.. A 1.25 foot 9.9 850 200 
Blue-sensitive ...............- A 1.35 2.7 57 430 100 

Amateur roll films 

Fast panchromatic ............ A 1.28 2.9 6.6 2500 400 
Fast orthochromatic .......... A 1.25 2.2 5.7 1300 200 
Fine-grain panchromatic ...... A 2.50 5.5 4.2 400 100 

Process films and plates 

Ranchromaticwemcncreacee cece G 6.90 3.3 8 60 
@Orthochromaticue-os see Cc 5.00 2.00 Vi 60 
Bluessensitive =. cc.:. ete eco ‘SG 4.00 27, 17 35 

* 5: = 10/i, where i is the inertia value at y—1.0. Reciprocal inertia was originally ee by 
Hurter and Driffield as a sensitometric measure of the speed of photographic materials. It bears no 
direct relation to their effective speed as determined by camera exposures, however. It is useful for 
comparing different types of materials which have no common basis of application in practice. 
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TABLE 605.—COMPARISON OF NUCLEAR AND OPTICAL EMULSIONS 

Nuclear track plates differ markedly in physical composition and general characteristics 
from the ordinary photographic materials (optical type) as shown in the table, where a 
number of properties of optical and nuclear emulsions are compared. 

Property Optical type Nuclear type 

Ag Bron gelatine wt) ierrauctrrerlrerets BIDS: 5 chorscystencearerat eee ea 80 :20 
Ap Brieelatinn(vol)) meee 1 COUR er teen Ck ec eae 45 :55 
Grainidiametenescis cee rsetiehicirers DWE OKS Leaver teravaxstarcvoe ee .l to .4u 
Emulsion) thickness =5-....-.-...- LO seo ete hace otioi aes 25 - 300u 
Emulsion wt meg/cm*........-..-< 2: =F « roassererers e MOM Re OL 10-80 
Sensitivity, tomliehitererer irre Vierys highs ciuin teres rors ee eens Low 
Response to a-particles........... loblaolve gawd coat BOAO GE AAA DOTA Oe Individual tracks 
Response to f-particles........... Moderatedremncticrritcns LNT Individual tracks 
RESPONSE tO) Y=KAYS  .sr-rersienesorctetcrete- TO Wilk bevctcteter tomer tedaye Gre ee Very low 

TABLE 606.—RESOLVING POWER AND EDGE GRADIENT VALUES * 

Part 1.—Definitions 

Resolving power (R).—The resolving power of a photographic material is broadly 
defined as the ability to record fine detail distinguishably. Any quantitative evaluation de- 
pends on the type of detail, and for convenience parallel lines separated by spaces whose 
width is equal to the common width of the lines are almost universally used.” Values are 
usually given as the number of lines per millimeter that can be resolved visually under 
adequate magnification. 

Resolving power increases with increasing exposure to a maximum and then decreases, 
It is relatively unaffected by the type of developer, although developers that markedly 
reduce the grain size improve resolution. As the development time increases from zero, 
resolving power rises rapidly to a maximum, decreases slightly, and then remains sensibly 
constant for all practical development times. It increases in a roughly exponential manner 
as the contrast in the test object increases from zero, becoming substantially constant for 
contrasts exceeding about 100:1. Its dependence on wavelength is less well known, but in 
general it increases as wavelength decreases because of the increasing opacity of the emul- 
sion. Although resolving power tends to increase as granularity decreases, this is by no 
means always the case. The values given in Table 608 apply when the ratio of brightness 
of the light to the dark lines is 1000: 1 and the test object is photographed with an espe- 
cially well-corrected f/5 lens in tungsten light with the optimum exposure; the materials 
were developed for practical times in the developer for which the data are given in 
Table 604. 

As thus specified, resolving power is a threshold phenomenon and is not a criterion of 
the clearness with which gross details will be reproduced. Furthermore, it is of questionable 
value when the image is to be scanned with a physical photometer because the effect of 
granularity depends upon the design of the instrument. 
Edge gradient (G).—The appearance of sharpness produced by a photographic image 

probably depends, among other factors, upon the rate of change of density across the edge 
of the image with distance measured normal to the boundary. The curve of density vs 
distance resembles the H and D curve, and its gradient, called edge gradient to distinguish 
it from the gradient of the H and D curve, passes through a maximum with respect to 
distance. The values of this maximum for the respective materials in density units per 
micron are given in Table 608. These values were determined with a test object consisting 
of an extremely sharp, clear line in an opaque background on a high-resolution plate. This 
test object was pressed firmly against the sample with a contact liquid between and the 
combination was exposed to light from an f/5 lens. The resulting image was scanned with 
a physical microphotometer having a comparatively narrow slit. 

The determinants of edge gradient have been less studied than have the determinants 
of resolving power, but it is known that the maximum gradient has a maximum with 
respect to exposure. It would be expected that the maximum gradient would increase in 
gamma, but present knowledge indicates that it increases less rapidly. The dependence 
on wavelength has not been studied with modern techniques, but older studies indicate that 
gradient increases with decreasing wavelength. The values in Table 608 are for y 00 /2 
and tungsten light at the optimum exposure. 

Both resolving power and edge gradient are inherent properties of the emulsion and are 
relatively inflexible. It is possible to improve them by bathing the material in dye that 
absorbs the light to which the emulsion is sensitive, but this is rarely practical because of 
the concomitant reduction in speed. 

115 Mees, C. E. K., The theory of the photographic process, chap. 21, Macmillan, 1942. 
176 Mees, C. E. K., Proc. Roy. Soc. London, vol. 83, p. 10, 1909. 

(continued) 
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TABLE 606.—RESOLVING POWER AND EDGE GRADIENT VALUES 

(concluded) 

Part 2.—Values 

Edge 
‘ Resolving gradient 

Material power (xX 10-2) 

Motion-picture films: 
Hast) panchromati caer aactie: o.(os) ane oe eae ee Sat. os 95 8 
Medium=speedipanchromatic)=as: seech 12. feels coats. ee 100 9 
Kine-=srainy panchromaticsserkrtnek acer. oe aeees.tee 2 100 10 
Positive. (ne putlat,) mare tex cisis orociee ties sisters Siecle siecle one 105 18 
Bositiver (ines shat) sewer cc cee oiecioeae devote cca otis 130 22, 

Professional sheet films: 
ast panchromaticgegetect scr: os risssneieierae cel eeereiee es o:3 85 11 
Bastornthochnomaticue-ee tone een es 100 10 
Miedium=speed! panchromatic). yqenmaecrrince eeeen es ae 75 10 
Medium-speed orthochromatic: . cee eres eae os. 75 11 
Blte=sensitive: sa cmrmecteciro ss some RE Ona ce omen as. 90 10 

Amateur roll films: 
Mastapanchnomaticy wrens ocke scien ss momen otro see 95 10 
Has tonthochromatiGass scien sae erie cen Oe een ie 100 11 
ine-orainepanchromaticanee cerns cece: 105 iW 

Process films and plates: 
Ranchromaticsilim) a.) ccek eo ee eee oe eae 125 (i? 
Orthochnromate pilmigcer «schists eee eee oe 130 23 
Bilue=sensitiverplatesmer.c.o secede teen oa recede = 110 18 

gh resolutiongplates's.. veces. = s ctiregho este hs Means approx. 2,500 * 

* This value was obtained by direct exposure to a line interference pattern. With conventional meth- 
ods ee measurement, the value is limited by the optical system rather than by the characteristics of the 
emulsion. 

TABLE 607.—RELATIVE PHOTOGRAPHIC EFFICIENCY OF ILLUMINANTS 

Photographic efficiency, Er* 
Color 

temperature Blue Ortho- 
Source rating sensitive chromatic Panchromatic 

Sune deer es et tert eae ete 100 100 100 
Zenithy blaerskeyrges < oct aks tec elas lee ana! 700 285 300 
Garboniare white flame. ose. > eee Boers 440 220 230 
Warctiny fire, alll nousamocdodoooneicc Sahe’s 135 120 90 
Mercuryaanc;4He4 ane asin occas ae RECRE 225 175 130 
IMercunyganc rl-Os matte piiceiieseie ete 340 245 160 
Fluorescent, standard warm white.... .... 70 70 75 
Fluorescent, daylight’ 42s. a.'..o. «+ «a oor 125 150 120 
Incandescent tungsten... 022.006. 6% 2848° 40 50 70 
INiggon Aoi Jeti Monconecodnuceononec Cott 21,000 60 35 

* Er, = relative photographic efficiency of source evaluated on basis of equal visual intensities. 
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TABLE 608.—SPECTRAL SENSITIVITY OF PHOTOGRAPHIC MATERIALS 

Spectral sensitivity is normally expressed in terms of the reciprocal of the energy 
(ergs/cm*) at various wavelengths required to produce a given density under given condi- 
tions of development. The curves in figure 28 are shown for a scale of relative sensitivity 
values, with a value of 10 assigned to the point of maximum sensitivity. The curves 
should be regarded only as representative of the type of sensitizing for which they were 
determined and are not suitable for quantitative use. In figure 29 spectral sensitivity data 
are presented in a different form. Here the wavelengths to which classes of spectroscopic 
plates are sensitive are shown in a block diagram. No indications are given of the way 
in which sensitivity varies with wavelength. A solid portion of the block diagram indicates 
the spectral region for which the class is especially valuable, i.e., where the sensitizing is 
most effective. 

1005 

"RELATIVE SPECTRAL SENSITIVITY 
400 1000 

WAVELENGTH IN MILLIMICRONS 

Fic. 28.—Spectral sensitivity curves for typical films: 1, blue sensitive; 2, orthochromatic ; 
3, panchromatic; 4, infrared sensitive. 
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Fic. 29.—The range of spectral sensitivity of kodak spectroscopic plates. 
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TABLES 610-625A.—STANDARD WAVELENGTHS 1277-192 AND 
SERIES RECATIONS IN ATOMIC SPECTRA? 

Primary standard of wavelength.—The red radiation, 6438.4696 A, 
emitted by a cadmium lamp of Michelson type was first chosen in 1907 by the 
International Union for Cooperation in Solar Research!” as a primary stand- 
ard of wavelength and definition of the angstrom as a unit of wavelength meas- 
urement. This primary standard was adopted in 1922 by the International As- 
tronomical Union *** and in 1927 by the International Committee on Weights 
and Measures *** with the statement that the wavelength of this radiation is 
6438.4696 x 10-*° meters when the light is propagated in dry air at 15°C 
(hydrogen thermometer) at a pressure of 760 mmHg, gravity being 980.665 
cm/sec?. 

Specifications for the standard cadmium lamp were last revised in 1935; 18° 
they designate that the lamp must be Michelson H-type with internal elec- 
trodes, excited with continuous or alternating current of industrial frequency, 
maintained at a temperature near 300°C (never exceeding 320°C) and contain 
air under a pressure between 0.7 and 1.0 mmHg at that temperature. The con- 
striction must not be less than 2 mm diameter and the current must not exceed 
7 milliamps/mm?. 
A summary of nine directly measured values of the wavelength of the red 

radiation of cadmium in terms of the meter has been given by H. Barrell 1* 
as in Table 612. 

171 For footnotes 177-192, see p. 578. 
* Data furnished and arranged by W. F. Meggers, National Bureau of Standards. 

TABLE 610.—PRELIMINARY VALUES OF Hg'® WAVELENGTHS 
IN ANGSTROMS 

N.B.S. (U.S.A.) N.P.L. (England) I.B.W.M. (France) Mean 

5790.6628 5790.6628 5790.6630 5790.6629 
5769.5983 5769.5985 5769.5986 5769.5985 
5460.7532 5460.7531 5460.7533 5460.7532 

International secondary standards of wavelength from neon, krypton, and 
iron spectra.—Spectroscopic secondary standards of wavelength are derived from the 
primary standard (Cd 6438.4696 A) by means of the Fabry-Perot interferometer. The 
existing international secondary standards represent the mean of three or more independent, 
concordant values adopted by the International Astronomical Union. All values of sec- 
ondary standards of wavelength are valid for normal air (15°C and 760 mmHg). The 
most precisely determined secondary standards of wavelength have been obtained from 
discharge tubes of the Geissler type containing neon or krypton gas at a pressure not ex- 
ceeding 15 mmHg. In 1935 the International Astronomical Union*™ adopted 8-figure 
values of 20 neon wavelengths with the reservation that they apply only to the conditions 
under which they were determined, viz, with interferometers of high resolving power but 
plate separations not exceeding 40 mm. 

183 For reference, see p. 578. 

TABLE 611—NEON SECONDARY STANDARD WAVELENGTHS 
IN ANGSTROMS 

5852.4878 6074.3377 6266.4950 6532.8824 
5881.8950 6096.1630 6304.7892 6598.9529 
5944.8342 6143.0623 6334.4279 6678.2764 
5975.5340 6163.5939 6382.9914 6717.0428 
6029.9971 6217.2813 6506.5279 7032.4127 

New values of 20 krypton lines as secondary standards of wavelength were adopted in 
1935 by the International Astronomical Union2* See Table 614. 

14 For reference, see p. 578. 
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TABLE 612.—VALUES OF THE WAVELENGTH OF THE CADMIUM RED LINE 

IN TERMS OF THE INTERNATIONAL METER (Unit —1 10- m) 

Differences 
Corrected from mean 

and adjusted 
Date of Original values in Parts per 

determination Observers values normal air 10-29 m 108 

1892-93 Michelson and Benoit 6438.4722 6438.4691 —.0005 —.08 
(B.1.P.M.) 

1905-06 Benoit, Fabry aM Perot 6438.4696 6438.4703 +.0007 +.11 
(B.1.P.M.) 

1927 Watanabe and Imaizumi 6438.4685 6438.4682 —.0014 —.22 
(Tokyo) 

1933 Sears and Barrell 6438.4711 6438.4713 +.0017 +.26 
@NSE2IE)) 

1933 Kosters and Lampe 6438.4672 6438.4689 —.0007 —.11 
CRATERS) 

1934-35 Sears and wie 6438.4709 6438.4709 +.0013 +.20 
CNEPAIE) 

1934-35 Kosters and Lampe 6438.4685 6438.4690 —.0006 —.09 
@2aER®) 

1937 Kosters and Lampe 6438.4700 6438.4700 +.0004 +.06 
GRAIERS) 

1940 Romanova, Varlich, Kar- 6438.4677 6438.4687 —.0009 —.14 
tashev, and Batarchukova 

(Leningrad) 
Mean 6438.4696 + 0009 = .14 

The values originally reported (column 3) are corrected (column 4) to take account of 
subsequent conclusions (a) regarding the values to be attributed to the standards of length 
employed, and adjusted (b), so far as the available information permits, to uniform stand- 
ard conditions of dry air at 15°C and 760 mmHg pressure, containing 0.03 percent CO. 
The statistical mean deviation associated with the average value of 6438.4696 x 10°° m 
derived from these nine determinations amounts to + 0.0010 < 10° m. 

The recent production of purer monochromatic radiation (than the cadmium red line) 
suggests that eventually another wavelength from a single heavy isotype of even mass 
number may be adopted as the primary standard of length. Thus, since 1945 many milli- 
grams of Hg" have been made by transmutation of gold in chain-reacting uranium piles. 
Electrodeless lamps containing Hg™ have been made and distributed by the National 
Bureau of Standards. When excited by ultra-high frequency (> 100 megacycles) and 
water cooled these lamps emit with high intensity ideally sharp mercury lines. Preliminary 
measurements, relative to Cd 6438.4696 A, of the yellow and green lines of Hg’ have 
been reported * by the National Bureau of Standards, by the National Physical Labora- 
tory, and by the International Bureau of Weights and Measures, as in Table 610. 

182 For reference, see p. 578. 

TABLE 613.—RESULTANT S VALUES AND TERM MULTIPLICITIES 

Number of ‘ 
electrons S Term multiplicities 

1 1/2 Doublets 
2 0, 1 Singlets, triplets 
3 W203 /2 Doublets, quartets 
4 One Singlets, triplets, quintets 
5 W232) 5/2 Doublets, quartets, sextets 

6 Lae Singlets, triplets, quintets, septets 

7 V2 WA, WR WL Doublets, quartets, sextets, octets 

etc: 
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TABLE 614—KRYPTON SECONDARY STANDARD WAVELENGTHS 

IN ANGSTROMS 

4273.9700 4319.5797 4453.9179 5649.5629 
4282.9683 4351.3607 4463.6902 5870.9158 
4286.4873 4362.6423 4502.3547 5993.8503 
4300.4877 4376.1220 5562.2257 6421.029 
4318.5525 4399.9670 5570.2895 6456.291 

Neon and krypton secondary standards are used extensively for interference measure- 
ments in metrology and spectroscopy, but their spectral range and distribution does not 
make them generally suitable for wavelength measurements by interpolation in prismatic 
or in grating spectra. For the latter purpose a system of secondary standards should con- 
sist of lines of comparable intensity distributed as uniformly as possible throughout the 
entire range of wavelengths commonly observed in optical spectra. An approach to such 
a system is found in the internationally adopted secondary standards derived from the 
spectrum of the iron arc. The source for iron secondary standards is specified ** as the 
“Pfund arc operated between 110 and 250 volts, with 5 amperes or less, at a length of 
12-15 millimeters used over a central zone at right angles to the axis of the arc, not to 
exceed 1.0-1.5 millimeters in width, and with an iron rod 6-7 millimeters diameter as the 
upper pole and a bead of oxide of iron as the lower pole. As the secondary standards to the 
red of 6000 A are all stable lines, and as the exposures with the above-mentioned arc 
may be rather long, it is recommended that the 6 mm, 6 ampere arc be retained for this 
region.” 

The list of iron secondary standards adopted by the International Astronomical Union ™ 
consists of 306 7-figure values ranging from 2447.708 to 6677.933 A, thus covering a little 
more than one octave. 

Internal evidence from the combination principle as well as the agreement between inde- 
pendent observers indicates that the average probable error in these standards is +0.001 A. 
Preliminary values of long-wave iron lines (6750.158 to 10216.351 A) have been 
suggested.” 

Additional ultraviolet iron lines (2100.794 to 3383.980 A) have been suggested *™ and 
only one or two confirmatory observations are required to extend the secondary standards 
over a range of more than two octaves. 

185-188 For references, see p. 578. 

TABLE 615.—J VALUES FOR LEVELS IN TERMS HAVING ODD AND EVEN 

MULTIPLICITIES 

Values of J for — 

Terms Singlets Doublets Triplets Quartets Quintets Sextets 

S 0 1/2 1 3/2 2 5/2 
12 1 WA WEB WW WP Be Sz Za VW? WAN 
D 2 WW Wa WA VA VAHL Onle 2304. 1/2, 3/2, 5/2, 7/2, 9/2 
F 3 5/2,7/2 234 3/2,5/2,7/2,9/2 Ie253 45) 8 l/253/255/2.17/ 2, 9/2,11/2 
G 4 TZ, Qe e wdehad iy ed/ Sf feof ey Wes, «2 Lonel op 3) DDE Ne) ca eee are 
etc. 

TABLE 616.—TERMS FROM NONEQUIVALENT ELECTRONS 

Electrons Terms (omitting J values) 

SS = Sis 
sp Ve. 92 
sd 1D) JD) 
pp RO DEES 2D) 
pd 1p 12, 1F, ap 87), 3F 
dd 1S PWD Ae Ge Sk, oD, B&G, 
df 1p. 17D, 1F 1G, 1H sp 3p), af 8G, él 
FT 1s TP. 1p) 1F 1G, 1 =) fe aS 8p an), AS Eid o ed | 
etc. 
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TABLE 617.—IRON SECONDARY STANDARDS OF WAVELENGTH 

IN ANGSTROMS 

2447.708  3175.447 3565.381 3767.194  3922.914 4267.830  4647.437 5270.360 
2584.536  3178.015  3576.760 3787.883  3927.922  4271.764  4667.459 5307.365 
2635.808  3184.896  3581.195 3790.095 3930.299 4282.406  4678.852 5328.534 
2679.062  3191.659  3584.663 3795.004  3935.815  4285.445  4691.414 5341.026 
2689.212  3196.930  3585.320 3797.517  3940.882 4294.128  4707.281 5371.493 
2699.107 3200.475 3586.114 3798.513  3942.443 4298.040  4710.286 5397.131 
2723.577 3205.400  3589.107 3799.549  3948.779 4305.455 4733.596 5405.778 
2735.475  3215.940  3608.861  3805.345 3956.681  4307.906 4641.533 5429.699 
2767.523 3217.380  3617.788 3815.842  3966.066 4315.087  4745.806 5434.527 
2778.221  3222.069 3618.769  3824.444  3967.423 4325.765 4772.817 5446.920 
2804.521  3225.789  3621.463 3825.884  3969.261  4337.049 4786.810 5455.613 
2813.288  3226.223 3631.464 3827.825  4005.246 4352.737 4789.654 5497.519 
2823.276  3239.436  3647.844 3834.225 4014.534  4358.505  4859.748 —5501.469 
2832.436  3244.190  3649.508  3839.259  4045.815  4369.774  4878.218 5506.782 
2838.120  3257.594  3651.469  3840.439  4063.597 4375.932 4903.317 5569.625 
2851.798  3271.002  3669.523 3841.051  4066.979  4383.547 4918.999 5572.849 
2869.308  3284.588  3676.314 3843.259  4067.275  4390.954  4924.776 5586.763 
2912.158  3286.755  3677.630 3846.803 4071.740  4404.752  4939.690 5615.652 
2929.008  3298.133 3679.915 3849.969  4107.492  4408.419  4966.096 5624.549 
2941.343 3340.566  3687.458 3850.820 4114.449 4415.125 4994.133 5658.826 
2953.940  3347.927  3695.054 3856.373 4118.549  4422.570 5001.871 5662.525 
2957.365  3370.786  3704.463 3859.913 4121.806 4427.312 5012.071 6027.057 
2965.255  3396.978  3705.567 3865.526  4127.612  4430.618 5041.759 6075.487 
2981.446  3399.336  3719.935 3867.219  4132.060  4442.343 5049.825 6136.620 
2987.292 3401.521 3722.564 3872.504  4134.681 4443.197 5051.636 6137.696 
2999.512  3407.461  3724.380 3873.763  4143.871 4447.722 5083.342 6191.562 
3037.388  3413.135 3727.621 3878021 4147.673 4454383 5110.414 + 6230.728 
3047.605  3427.121 3732.399 3878575 4156803 4459.121 5123.723 6252.561 
3057.446  3443.878  3733.319 3886.284  4170.906  4461.654 5127.363  6265.140 
3059.086  3445.151  3734.867 3887.051 4175.640 4466.554 5150.843  6318.022 
3067.244  3465.863 3737.133 3888.517 4184.895  4489.741 5167.491 6335.335 
3075.721  3476.704  3738.308 3895.658  4202.031  4494.568 5168.901 5393.605 
3083.742  3485.342  3748.264 3899.709  4203.987 4517.530 5$171.599 6421.355 
3091.578  3490.575 3749.487 3902.948  4213.650  4528.619 5198.714 6430.851 
3116.633 3497.843 3758.235 3906.482 4216186  4531.152 5202.339 6494.985 
3134.111  3513.820 3760.052 3907.937 4219.364 4547.851  5216.278 6546.245 
3157.040  3521.264  3763.790 3917.185  4250.790  4592.655 5227.192 6592.919 
3160.658  3558.518  3765.542 3920.260  4260.479  4602.944 5242.495 6663.446 

5250.650 6677.933 

Iron tertiary standards of wavelength:—The iron tertiary standards derived from 
diffraction-grating interpolation between secondary standards, and formerly adopted,” have 
all been superseded by interferometer, or grating interpolated, values published in the 
M.I.T. Wavelength Tables (John Wiley & Sons, New York, 1939). 
Extreme ultraviolet standards of wavelength.—Provisional standards of wave- 

length in the extreme ultraviolet, measured relative to secondary and tertiary iron stand- 
ards in overlapping spectral orders, have been published; *” they include 57 carbon lines 
(1930.900 to 858.091 A), 23 nitrogen lines (1745.246 to 775.966 A), 25 oxygen lines 
(1306.038 to 580.974 A), and 10 argon lines (1066.660 to 871.099 A). 

Standard solar wavelengths.—The International Astronomical Union” has adopted 
7-figure standards of wavelength in the solar spectrum when two or more accordant values 
have been reported. These values have resulted mainly from interferometer measurements 
of solar-absorption wavelengths relative to neon or to iron secondary standards. The 
standards represent integrated solar light, are corrected for Doppler-Fizeau displacement, 
and are valid for standard air at 15°C and 760 mmHg pressure. In the long-wave region 
many of the solar spectrum standards originate in the terrestrial atmosphere as absorption 
by oxvgen or water vapor. 

In Table 618 the + sign following the symbol of an element indicates ionization; a sym- 
bol like Fe —, solar line too strong to be due to iron alone; Fe, Co, coincidences of like 
order; Fe Co, coincidence closer for preceding element; Fe — Co, Fe wavelength smaller, 
Co larger than solar line; an italicized element indicates a more prominent contribution 
and boldface a decidedly predominant element. 

189-191 For references, see p. 578. 
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TABLE 618.—STANDARD SOLAR WAVELENGTHS MEASURED IN AIR AT 15°C 

AND 1 ATMOSPHERE PRESSURE 

d Solar Origin Intensity d Solar Origin Intensity d Solar Origin Intensity 

3592.027 V+ 4348.947 Fe 4832.719 Ni—Fe 
3635.469 Ti 4365.904 Fe 4839.551 Fe 
3650.538 4389.253 Fe 4939.694 Fe 
3672.712 Fe 4398.020 Y+ 4983.260 Fe 
3695.056 Fe 4416.828 Fe + 4994.138 Fe 
3710.292 Y+ 4425.444 Ca 5002.798 Fe 
3725.496 Fe 4430.622 Fe 5014.951 Fe 
3741.065 Ti 4439.888 Fe 5028. 133 Fe 
3752.418 Fe 4451.588 Mn 5079.745 Fe 
3760.537 Fe 4454.388 Fe 5090.782 Fe 
3769.994 Fe 4459.755 Cr—V 5109.657 Fe 
3781.190 Fe 4470 485 Ni 5150.852 Fe 
3793.876 Cr Fe 4481.616 Fe 5159.065 Fe 
3804.015 Fe 4502.221 Mn 5198.718 Fe 
3821.187 Fe 4508.289 Fe + 5225.534 Fe 
3836.090 Ti+ CrV? 4512.741 i 5242.500 Fe 
3843.264 Fe 4517.534 Fe 5253.468 Fe 
3897.458 Fe — 4525.146 Fe 5273.389 Fe 
3906.752 Fe 4531.631 Fe 5288.533 Fe 
3916.737 Fe 4534.785 Ti 5300.751 Cr 
3937.336 Fe 4541.523 Fe + 5307.369 Fe 
3949.959 Fe 4547.853 Fe Ti 5322.049 Fe 
3953.861 Fe — 4548.770 Ti 5332.908 Fe 
3960.284 Fe — 4550.773 Fe 5348.326 Cr 
3963.691 Cr 4563.766 Ti+ 5365.407 Fe 
3977.747 Fe 4571.102 Mg 5379.581 Fe 
3991.121 Cr—Zr+ 
4003.769 Fe— Ti 
4016.423 Fe 
4029.642 Fe —Zr+ 

5389.486 Fe 
5398.287 Fe — 
5409.799 Cr 
5415.210 Fe 

4571.982 Ti+ 
4576.339 Fe + 
4578.559 Ca 
4587.134 Fe 

PN APNUNWNUNAWWWWRWNHUPHWAUMAWAWAUDNN DUN WWAWWWUNWAWAAN AWN WAAWAWWUWDH AND PNWOAUMDMNMNHPANANHAWWNHNNHWWNHNHAPUWWWANUMWWWORPRRWWONNWNHWNHWNHANUAN WH RWW WW 

4030.190 Fe 4589.953 Ti+ 5432.955 Fe — 
4037.121 4598.125 Fe 5445.053 Fe 
4053.824 Ti+ Fe 4602.008 Fe 5462.970 Fe 
4062.447 Fe 4602.949 Fe 5473.910 Fe 
4073.767 Fe 4607.654 Fe 5487.755 Fe 
4079.843 Fe 4617.276 Abi 5501.477 Fe 
4082.943 Mn 4625.052 Fe 5512.989 Ga 
4091.557 Fe 4630.128 Fe 5525.552 Fe 
4094.938 Ca 4635.853 Fe 5534.848 Fe + 
4107.492 Fe 4637.510 Fe 5546.514 Fe 
4120.212 Fe 4638 017 Fe 5590.126 Ca 
4136.527 Fe 4643.470 Fe 5601.286 Ca 
4139.936 Fe 4647.442 Fe 5624.558 Fe V 
4154.814 Fe 4656.474 Ti 5641.448 Fe 
4163.654 Ti+ Cr—Fe 4664.794 Cr Na 5655.500 Fe 
4168620 FeFe+ ? 4678.172 N 5667.524 Fe 
4178.859 Fe + 4678.854 Fe 5679.032 Fe 
4184.900 Fe, Cr 4683.567 Fe 5690.433 Si 
4191.683 Fe 4690.144 Fe 5701.557 Fe 
4198.638 Fe 4700.162 Fe 5731.772 Fe 
4208.608 Fe 4704.954 Fe 5741.856 Fe 
4220.347 Fe 4720.999 Fe 5752.042 Fe 
4233.612 Fe 4728.552 Fe 5760.841 Ni 
4241.123 Fe 4733.598 Fe 5805.226 Ni 
4246.837 Sc + 4735.848 Fe 5809.224 Fe 
4257.661 Mn 4736.783 Fe 5816.380 Fe 
4266.968 Fe 4741.535 Fe 5853.688 Ba-- 
4276.680 Fe Ti 4745.807 Fe 5857.459 Gai 
4282.412 Fe 4772.823 Fe 5859.596 Fe 
4291.472 Fe 4788.765 Fe 5862.368 Fe 
4318.659 Gai 4789.658 Fe 5866.461 ABS 
4331.651 Ni 4802.887 Fe 5867.572 Ca 
4337.925 Dy 2 4824.143 Cr+—Fe 5892.883 Ni 

(continued) 
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TABLE 618.—STANDARD SOLAR WAVELENGTHS MEASURED IN AIR AT 15°C 

AND 1 ATMOSPHERE PRESSURE (continued) 

d Solar Origin Intensity d Solar Origin Intensity d Solar Origin Intensity 

5898.166 Atm 4 6213.437 Fe 6455.605 Ca 2 
5905.680 Fe 6215.149 Fe 6456.391 Fe+ 3 
5916.257 Fe — 6216.358 V 6471.668 Ca 5 
5919.054 Atm 6219.287 Fe 6475.632 Fe Z 
5919.644 Atm 6226.740 Fe 6482.809 Ni 1 
5927.797 Fe 6229.232 Fe 6493.788 Ga 6 
5930.191 Fe 6230.736 Fe — V 6494.994 Fe 8 
5932.092 Atm 6232.648 Fe 6498.945 Fe 1 
5934.665 Fe 6240.653 Fe 6499.654 Ca 4 
5946.006 Atm 6244.476 Si 6516.083 Fe+ 2 
5952.726 Fe 6245.620 Sc + 6518.373 Fe 2 
5956.706 Fe 6246.327 Fe 6569.224 Fe 4 
5975.353 Fe 6247.562 Fe + 6592.926 Fe 
5976.787 Fe 6252.565 Fe 6609.118 Fe 
5983.688 Fe 6254.253 SiFe 6643.638 Ni 
5984.826 Fe 6256.367 FeNi 6677.997 Fe 
6003.022 Fe 6258.110 Aly 6717.687 Ca 
6008.566 Fe 6258.713 aby 6810.267 Fe 
6013.497 Mn 6265.141 Fe 6858.155 Fe 
6016.647 Mn 6270.231 Fe 6870.946 AtmO 1 
6024.068 Fe 6279.101 Atm O 6879.928 AtmO 1 
6027.059 Fe 6279.896 Atm O 6918.122 Atm O 
6042.104 Fe 6280.393 Atm O 6919.002 Atm O 
6065.494 Fe 
6078.499 Fe 
6079.016 Fe 

6280.622 Fe 
6281.178 Atm O 
6281.956 Atm O 

6923.302 Atm O 
6924.172 Atm O 
6928.728 Atm O 

6082.718 Fe 6283.796 Atm O 6934.422 Atm O 
6085.257. Ti— Fe 6289.398 Atm O 6959.452 Atm 
6086.288 Ni 6290.221 Atm O 6961.260 Atm 1 
6089.574 Fe 6292.162 Atm O 6978.862 Fe 
6090.216 Vv 6292.958 Atm O 6986.579 Atm 
6093:649 Fe 6295.178 Atm O 6988.986 Atm 
6096.671 Fe 6295.960 Atm O 7022.957 Fe 
6102.183 Fe 6297.799 Fe 7023.504 Atm 
6102.727 Ca 6299.228 Atm O 7027.478 Atm 
6111.078 Ni 6301.508 Fe 7034.910 Si 
6116.198 Ni 6302.499 Fe 7122.206 Ni 
6122.226 Ca 1 6302.764 Atm O 7568.906 Fe 
6127.912 Fe 6305.810 Atm O 7574.048 Ni 
6128.984 Ni 6306.565 Atm O 7586.027 Fe 
6136.624 Fe 6309.886 Atm O 7595.770 AtmO, 1 

DOPNuUMwnNn NNN NAUDN PDD NNWOMWOWDNODWNNNNDNHWUNTRWRNNADHDAAMNMAEWHARWUUNHAWNUW ANNARNIUDN ON BND BNNDND WAND WND DD UNI W U1 WWD DN HH DH WIND WD OW WD UND NED & BOR HOH WO 

SCR RK WH ORDO OCOCONOMMNIUMUUN OOO AH OWUNAAWWOWARNHAOAWMO 

6137.002 Fe 6315.314 Fe 7599.462 AtmO, 
6137.702 Fe 6315.814 Fe 7602.995 Atm O, 
6141.727  Ba+—Fe 6318.027 Fe 7611.194 Atm O:2 
6145.020 Si 6322.694 Fe 7616.980 Ni 
6149.249 Fe + 6327.604 Ni 7619.214 Ni 
6151.623 Fe 6330.852 Fe 7621.802 Atm O2 
6154.230 Na 6335.337 Fe 7625.354 Atm O: 
6157.733 Fe 6336.830 Fe 7638.306 Atm O; 
6161.295 (Ca 6344.155 Fe 7647.202 Atm O, 
6162.180 Ca 1 6355.035 Fe 7649.553 AtmO. — 
6165.363 Fe 6358.687 Fe 7651.963 Atm O, 
6166.440 Ca 6378.256 Ni 7657.606 Mg oN 
6169.564 CA 6380.750 Fe 7665.944 AtmO: 10 
6170.516 Fe—Ni 4 6393.612 Fe 7671.669 AtmO: 10 
6173.341 Fe 6400.009 Fe 7676.565 AtmO. 9 
6175.370 Ni 6400.323 Fe 7677.619 AtmO: 9 
6176.816 Ni 6408.026 Fe 7682.758 AtmQ. 8 
6180.209 Fe 6411.658 Fe 7683.802 AtmQ. 8 
5186.717 Ni 6419.956 Fe 7690.218 AtmO:, 6 
6187.995 —Fe 6421.360 Fe 7695.838 AtmO, 4 
6191.571 Fe 6430.856 Fe 7696.869 AtmQO, 4 
6200.321 Fe 6449.820 Gai 7714.310 Ni 6 

(continued) 
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TABLE 618.—STANDARD SOLAR WAVELENGTHS MEASURED IN AIR AT 15°C 

AND 1 ATMOSPHERE PRESSURE (continued) 

9587.126 Atm 
9598.870 Atm 
9601.170 Atm 
9624.496 Atm 
9629.997 Atm 
9643.105 Atm 
9651.932 Atm 
9664.646 Atm 
9686.386 Atm 
9694.588 Atm 
9700.139 Atm 
9708.922 Atm 

8866.943 Fe 
N 8868.444 Fe 

8876.030 Fe 
8879.316 Atm 
8917.506 Atm 
8927.392 Ca + 
8930.270 Atm 
8946.878 Atm 
8950.744 Atm 
8958.402 Atm 
8963.492 Atm 
8969.030 Atm 

8181.848 Atm 
8194.836 Na 
8200.694 Atm 
8207.749 Fe 
8212.132 Atm 
8218.114 Atm 
8221.553 Atm 
8225.688 Atm 
8229.762 Atm 
8233.906 Atm 
8234.628 Atm 
8237.341 Atm 

— 

NHRPENUWDWOMNDACUBAN OBRNIDAWUMNWNHWNHPRHWNHNPOWWWAD LW 

— 

d Solar Origin Intensity d Solar Origin Intensity d Solar Origin Intensity 

7727.616 Ni 5 8259.692 Atm 8 9073.134 Atm 1 
7748.284 Fe 6 8263.445 Atm 7 9074.306 Atm ‘4 
7751.116 Fe % 8272.042 Atm 8 9092.482 Atm 5 
7780.568 Fe 8 8279.600 Atm 9 9105.399 Atm 7 
7788.933 Ni 5 8300.408 Atm 10 9118.009 Atm 5 
7797 .588 Ni 5 8304.300 Atm 6 9132.443 Atm 3 
7807.916 Fe?—Fe 4 8311.956 Atm 6 9140.457 Atm 1 
7832.208 Fe 9 8316.224 Atm 5 9150.800 Atm 1 
7836.130 Al 4N 8327.061 Fe 10 9175.249 Atm 5) 
7864.437 Atm 2, 8329.682 Atm 8... 9178.534 Atm 3 
7885.014 Atm Ti 1 8333.584 Atm 5 9181.203 Atm 3 
7887.117 Atm 3 8342.290 Atm 3 9190.208 Atm 3 
7893.512 Atm 4 8349.162 Atm 4 9192.568 Atm 5 
7912.870 Fe 2 8357.040 Atm 6 9205.584 Atm 3 
7915.634 Atm 3 8362.302 Atm 5 9225.006 Atm 6 
7920.666 Atm 7 8367.331 Atm 6 9232.750 Atm 3 
7928.618 Atm 7 8376.381 Atm 4 9251.100 Atm 6 
7937.150 Fe 7 8394.020 Atm 3 9254.347 Atm 1 
7941.096 Fe. 2 8397.152 Atm 2 9275.072 Atm 2 
7945.858 Fe 7 8426.514 ay 2 9289.856 Atm 2 
7958.492 Atm 7 8434.968 Ti 4 9301.910 Atm 5 
7971.522 Atm 4 8439.581 Fe 5 9311.734 Atm 6 
7984.342 Atm 4 8468.418 Fe 9 9314.006 Atm 4 
7994.488 Fe 8471.744 Fe 2 9320.768 Atm 7 
8000.300 Atm 8514.082 Fe 7 9321.650 Atm 0 
8012.940 Atm 8515.122 Fe 5 9348.382 Atm Y 
8036.460 Atm 8526.676 Fe 3 9361.227 Atm 6 
8039.600 Atm 8556.797 Si 8N 9363.334 Atm 3 
8045.530 Atm 8571.807 Fe 2 9374.280 Atm 1 
8046.058 Fe 8582.271 Fe 6 9400.094 Atm 7 
8047.625 Fe 8595.968 Si 3N 9406.904 Atm 6 
8063.286 Atm 8598.836 Fe 3 9444.412 Atm 5 
8075.158 Fe 8611.812 Fe 7 9463.992 Atm 3 
8096.580 Atm 8613.946 Fe 1 9472.418 Atm 1 
8103.165 Atm 8616.284 Fe 2 9476.754 Atm 4 
8107.842 Atm 8648.472 Si 10N 9478.884 Atm 0 
8118.910 Atm 8674.756 Fe if 9483.970 Atm 1 
8125.445 Atm 8699.461 Fe 4 9486.042 Atm 7 
8133.209 Atm 8713.208 Fe 3 9504.434 Atm 3 
8139.718 Atm 8717.833 Mg? 7N 9507.742 Atm 1 
8146.213 Atm 8747.438 Fe 0 9512.630 Atm 5 
8147.188 Atm 8773.906 Al 6 9533.411 Atm 4 
8165.337 Atm 8784.444 Fe 1 9549.958 Atm 2, 
8169.386 Atm 8790.454 Fe Si 6 9550.962 Atm Zz, 
8177.932 Atm 8793.350 Fe 6 9558.836 Atm 2 
8178.491 Atm 8824.234 Fe 10 9575.680 Atm 3 

5 
7 
3 
3 
1 
3 
2 
6 
3 
0 
fe 
6 

8239.132 Fe 8976.424 Atm 9730.638 Atm 4 
8239.924 Atm 8993.043 Atm 9755.979 Atm 0 
8248.137 Fe 9047.412 Atm 9765.495 Atm 4 

8248.802 © 9052.974 Atm 9768.637 Atm 2 
3 ANNOCrMORAR ARIE ReEWLO 8252.727 Atm 9060.434 Atm 9776.818 Atm 

(continued) 
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TABLE 618.—STANDARD SOLAR WAVELENGTHS MEASURED IN AIR AT 15°C 

AND 1 ATMOSPHERE PRESSURE (concluded) 

d Solar 

9779.406 
9787.146 
9791.006 
9795.288 
9799.476 

Origin Intensity 

Atm 
Atm 
Atm 
Atm 
Atm NR NO U1 

d Solar 

9803.241 
9821.754 
9831.960 
9835.758 
9840.092 

Origin Intensity 

Atm 
Atm 

Atm — Ti 
Atm 
Atm 

3 
3 
4 
1 

—1 

d Solar 

9878.200 
9889.050 Fe 

2 
—1 

4 
1 
5 

Origin Intensity 

9843.978 Atm 
9850.524 Atm 
9873.638 Atm 

Atm Fe 

Prominent lines in simple spectra of elements.—The more prominent lines, in 
simple spectra, easily excited with high intensity, are universally employed in spectroscopy, 
refractometry, polarimetry, spectrophotometry, interferometry, and metrology either to 
calibrate the wavelength scales of dispersing instruments or to make optical measurements 
at various wavelengths. A brief tabulation of the wavelengths most commonly used for 
these purposes is given in Table 619, where numerical values of wavelengths and approxi- 
mate relative intensities by elements are followed by graphical presentation (fig. 30). The 
spectral range is restricted to that easily observed photographically in air (2000 to 
10000 A). Values of wavelengths are quoted from the M.I.T. Wavelength Tables (John 
Wiley & Sons, New York, 1939) and relative intensities in individual spectra are estimated 
from arc spectrograms made at the National Bureau of Standards. 

SMITHSONIAN PHYSICAL TABLES 

TABLE 619.—WAVELENGTHS (IN ANGSTROMS) AND RELATIVE 

INTENSITIES OF PROMINENT LINES IN SIMPLE SPECTRA 

H 

Na 

Wavelength Intensity 

6562.849 
6562.725 
4861.327 
4340.465 
4101.735 
3970.074 

7065.188 
6678.149 
5875.618 
5015.675 
4921.929 
4713.143 
4471.477 
4026.189 
3888.646 
3203.14 
3187.743 
2945.104 
2733.32 
2511.22 
2385.42 

i 8126.52 
6707.844 
6103.642 
4971.990 
4602.863 
4132.29 
3232.61 
2741.31 

8194.811 
8183.270 
5895.923 
5889.953 
5688.224 
5682.657 
3302.988 
3302.323 

200 Mg 

A — 

Wavelength Intensity 

5183.618 
5172.699 
5167.343 
3838.258 
3832.306 
3829.350 
2852.129 
2802.695 
2795.53 

3961.527 
3944.032 
3092.713 
3082.155 
2660.393 
2652.489 
2575.100 
2567.987 

8521.441 
8424.647 
8408.208 
8264.521 
8115.311 
8103.692 
8014.786 
8006. 156 
7503.867 
7067.217 
6965.430 
6871.290 
6752.832 
6677.282 
4200.675 
4158.590 
4044.418 
3948.979 

8092.634 
7933.130 

(continued) 

Wavelength Intensity 

Cu 5782.132 
5218.202 
5153.235 
5105.541 
4651.134 
4586.954 
4062.698 
4022.657 
3273.962 
3247.540 
2961.165 
2824.369 
2766.37 1 
2618.366 
2492.146 
2406.665 
2392.627 
2293.842 
2263.079 
2246.995 
2230.084 
2225.697 
2199.583 
2192.260 
2135.976 

Zn 4810.534 
4722.159 
4680.138 
3345.572 
3345.020 
3302.941 
3302.588 
3282.333 
3075.901 
2138.56 
2061.91 
2025.51 
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TABLE 619.—WAVELENGTHS (IN ANGSTROMS) AND RELATIVE 

INTENSITIES OF PROMINENT LINES IN SIMPLE SPECTRA 

Wavelength Intensity 

Ne 9665.424 
9326.52 
9300.85 
9201.76 
9148.68 
8853.866 
8783.755 
8780.622 
8654.383 
8377.607 
7438.899 
7245.167 
7032.4127 
6929.468 
6678.2764 
6506.5279 
6402.246 
6382.9914 
6266.4950 
6163.5939 
6143.0623 
6096.1630 
6074.3377 
5944.8342 
5881.8950 
5852.4878 
5400.562 

Rb 7947.60 
7800.227 
7757.651 
7618.933 
7408.170 
6298.327 
6206.309 
6070.751 
5724.453 
4215.556 
4201.851 

100 
60 
60 

60 

Cd 

(concluded) 

Wavelength Intensity 

Ag 8273.519 
7687.779 
5471.551 
5465.487 
5209.067 
3382.891 
3280.683 
2437.791 
2413.184 

7698.979 
7664.907 
6938.98 
6911.30 
4047.201 
4044.140 
3446.722 

8662.140 
8542.089 
6439.073 
6162.172 
5588.748 
4226.728 
3968.468 
3933.666 

6438.4696 
6099.18 
5085.824 
4799.918 
3612.875 
3610.510 
3467.656 
3466.201 
3403.653 
3261.057 
2288.018 
2265.017 
2144.382 

30 

Sen = 
oo 

§ woppos 

[oe] So 

Kr 

Hg 

Wavelength Intensity 

9856.24 
9751.759 
8928.692 
8776.749 
8508.870 
8298.108 
8281.049 
8263.240 
8190.054 
8112.902 
8104.364 
8059.504 
7854.821 
7694.539 
7685.246 
7601.544 
7587.413 
5870.9158 
5570.2895 
4463.6902 
4376.1220 
4319.5797 
4318.5525 
4273.9700 

5790.654 
5769.59 
5460.740 
4358.35 
4046.561 
3650.146 
3131.833 
3131.546 
3125.663 
2967.278 
2536.519 

TABLE 620.—WAVELENGTHS OF FRAUNHOFER LINES 

For convenience of reference the values of the wavelengths corresponding to the Fraun- 
hofer lines usually designated by the letters in the column headed “Index letter,” are here 

y, and Z were assigned by Abney.” Except for Ds, 
the rest have been taken from Higg’ s map of the normal solar spectrum. The data in 
columns 2, 3, and 4 are from the following sources: 

For > 6600, Babcock, H. D., and Moore, C. E., Carnegie Inst. Washington Publ. 579, 
1947 

tabulated separately. 

For 3062-6600, Revised Rowland Table, St. John, C. E., et al., 

The letters -r, 

Carnegie Inst. Washing- 
ton Publ. 396, 1928, with additions and corrections by C. E. Moore, unpublished 
(1949). 

For \ < 3062, Babcock, H. D., Moore, C. E., and Coffeen, M. F., Astrophys. Journ., vol. 
107, p. 287, 1948 (Mount Wilson Contr. No. 745). 

102 For reference, see p. 578. 
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TABLE 620.—WAVELENGTHS OF FRAUNHOFER LINES (concluded) 

Index Identi- Solar Solar Index Identi- Solar ; Solar 
letter fication wavelength intensity letter fication wavelength intensity 

y Atm 8987.65 10 G He Tiss 4307-912 6 
Xs Mg 8806.775 14 a : 

Ca 8662.170 23 Ca 4226.740t 20d 
:. Eee esisiiea lees h Ho 4101748 _40N 
i Ca+ 8498.062 20 H Ca+ 3968.492 700 

K Ca+  3933.682 1000 Z Atm 8226.962 (20) ve 
A AtmO, 7593.695* 10 L Fe 3820.436 25 

Atm 7184.526 8 Jj Fe 3727.634 4 

: ae N Fe 3581.209 30 

oe oes aa ees PO Tig = 3361193, 
a AtmO. 6276.607 * 2d QE IN : fa) Fe 3286.772 ; 
D; Na 5895.940 20 Car: 3181276 3 
D: Na 5889.973 30 R Ca+ 3179.342 5d? 

. He 5875.650 f Fe 3143.996 2 D 
: He 5875.618 7 o Tick 3143.764 4 

4 3 
E {G a8 s {8 orga ay 

Fe 5269.550 8D Fe 3100.682 3 
bs Meg 5183.619 30 Fe 3100.325 4N 
bs Me 5172.698 20 St Fe 3099.987 3 

» {et ee Reg e c AY e | 

b Fe 5167.508 5 Fe 3021.077 30 
4 Mg 5167.328 15 T Fe 3020.656 40 

Hs 4861.342 30 Fe 3020.490 20 
g H, 4340.475 20N t Fe Ni 2994.436 40 

* Band lines due to molecular oxygen in the earth’s atmosphere. The wavelength of the first line of 
the band is recorded here. 

+ Laboratory wavelengths listed. He lines are conspicuous in the spectrum of the chromosphere. 
“4 t Rowland assigns the index letter “‘g ” to this line. 

REFERENCES FOR STANDARD WAVELENGTHS 

177 Trans Int. Union Coop. Solar Res, vol. 2, p. 142, 1907. 
178 Trans. Int. Astron. Union, vol. D. 35, 1922. 
17% Procés Verbaux Comité Int. Poids et Mesures, Ser. 2, vol. 12, p. 67, 1927. 
160 Tbid., vol. 17. p. 91, 1935. 
181 Proc. iat Soc. London, vol. A186, p. 164, 1946. 
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Series relations in atomic spectra.—The analysis of atomic spectra began in 1889 
when J. R. Rydberg first found that the wave number (number of waves per cm) of a 
spectral line could be represented as the difference between two numerical quantities that 
he called spectral terms. From the data of alkali and alkaline-earth spectra Rydberg 

sorted singlet, doublet, and triplet terms that formed sequences of the form reas 

where FR is Rydberg’s constant, is an integer, and w a fraction. Rydberg also distin- 
guished between sharp, principal, and diffuse terms; the initial letters s, p, and d survive 
in spectroscopic notation today. To distinguish between successive terms of a series, 
cardinal numbers (”) were prefixed to the literal symbols, and to distinguish between the 
components of doublet and triplet terms numerical subscripts were arbitrarily attached. 
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Thus the wave numbers of the yellow doublet of sodium were represented symbolically : 
o = 1s —2p,,. More than 30 years passed before these arbitrary symbols could be given 
any atomic interpretation. 

The concept of atomic energy levels was first clearly stated in 1913 by N. Bohr who 
postulated (1) that stationary atomic states exist, and (2) that the frequency of atomic 
radiation is proportional to the difference between two atomic energy states, hu = (E, — 
E.), the proportionality factor being Planck’s constant, h. By 1919 the accumulation of 
singlet, doublet, and triplet terms found in arc and spark spectra barely sufficed to suggest 
two general laws of spectral structures: (1) the alternation law which states that even and 
odd multiplicities alternate in successive columns of the periodic chart of the atoms, and 
(2) the displacement law which states that the spectrum of an ionized atom resembles 
that of the preceding atom but the analogous lines are displaced toward higher frequencies. 
Term multiplicities of atoms or ions are thus determined solely by the number of electrons 
in the atoms, whereas the atomic charge controls the position of the spectrum. These two 
facts suggested that electrons and protons were involved in the exegesis of atomic spectra. 

The more complex spectra resisted all attempts at interpretation until 1922 when M. A. 
Catalan deliberately set out to discover a new or more general principle in spectral struc- 
ture. He found in the arc spectra of chromium and manganese terms having five or six 
levels which combined to produce groups of lines that he called multiplets. In a few 
years thousands of terms were found in atomic and ionic spectra, and contemporaneously 
the present quantum theory of atomic energy levels was developed. As a result of these 
developments the arbitrary symbols that empirical spectroscopy devised for the yellow 
doublet of sodium were replaced by the following : 

o¢=3°Sy —3 *P°u,i% 

Each and every item of this spectroscopic notation now has definite physical meaning in 
terms of a vector model of the Rutherford-Bohr atom which is assumed to consist of a 
minute but massive nucleus (composed of protons and neutrons) with one or more elec- 
trons circulating about it. The normal number of electrons in any atom is equal to the 
atomic number, Z: identical with the number of protons in its nucleus. 

Spectral lines result from changes in atomic energies defined by the positions of one or 
more optical electrons in successive shells and by their orbital and axial momenta, each 
of which is associated with an appropriate quantum number. In general, the first large 
change in atomic energy occurs when an electron jumps from its normal shell, represented 
by the principal quantum number n, to another shell. These principal quantum numbers 
identify the successive shells of the periodic system and serve as coefficients to the spectral 
term symbols S,P,D,F,etc. If an electron is moved from its lowest value of n to n=co 
the atom is ionized, and the voltage necessary to remove this electron is called the ionization 
potential. This ionization energy is expressed in wave number (cm) or in electron volts 
(ev) as in Tables 623 and 624. Increasing atomic energies are exhibited in absorption 
spectra, decreasing energies in emission spectra. 

After that due to a change in m, the next largest change in atomic energy is usually 
one associated with orbital angular momentum symbolized by an azimuthal quantum 
number / having integral values 0, 1, 2, 3, - - — corresponding respectively to the empirical 
term symbols S$, P, D, F, - — -. Electrons with /=0 are called s-electrons, those with 
1 =1, p-electrons, etc. These four / values and the first seven n values suffice to describe 
the normal electron configurations of all possible atoms and ions. When two or more 
optical electrons are present, their individual orbital momenta /;. /,--—are added vec- 
torially to form a resultant L which is restricted by quantum theory to integral values 
ranging in the case of two electrons from /; + 2 to | 1,—/,|. The types of spectral terms 
resulting from various simple configurations of electrons are shown in Table 621. 

TABLE 621.—L VALUES AND SPECTRAL TERMS RESULTING FROM 

TWO ELECTRONS 

Electrons IL Terms 

SS 0 Si 
sp 1 12 
pp Oli So PD 
pd lie Zed PD 
dd Onl 2304 SePaDs Eee 
df ib 2se4e5 PHD RE \Gaki 
ff 0) 162, 3u4. 546 Sms haG tel 

(continued) 
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TABLE 621.—L VALUES AND SPECTRAL TERMS RESULTING FROM 

TWO ELECTRONS (concluded) 

A third contribution to the total energy of an atom or ion comes from the rotation of 
each electron about its own axis. This axial angular momentum is the same for all elec- 
trons; it is represented by the spin quantum number s = %. When two or more electrons 
are present the individual spin vectors si, 52, - — — combine with each other to yield a 
resultant S, but (like L) the resultant spin S can take only certain discrete values, the 
maximum being obtained when all the individual spins are parallel, and the minimum 
being either one-half or zero according as the number of electrons is odd or even. Electron 
spins account for the splitting of most spectral terms into two or more components (called 
levels) and give a physical meaning to the subscripts attached to these levels. These sub- 
scripts are called inner quantum numbers; they are symbolized by J to represent the 
vector sum of L and S. The largest and smallest values of J result from simple addition 
and subtraction of L and S and all intermediate values of J that differ by integral amounts 
are allowed: 

J=(L+S), (L+S—1), 

when L > S the number of permitted J values is 2S + 1, which fixes the term multiplicity 
R and underlies the alternation law, since the maximum multiplicity will be even or odd 
according as the number of electrons is odd or even. The S values and spectral-term 
multiplicities associated with numbers of optical electrons are displayed in Table 613. 

Because s = % for each electron the total angular momentum J of an atom or ion will 
have integral values for levels belonging to odd multiplicities, and half-integral values for 
levels if the term multiplicities are even, as shown in Table 615. 

TABLE 622.—TERMS FROM EQUIVALENT ELECTRONS 

Electrons Terms (omitting J values) 

s 45 
P* 19 12), 8p 

?* ae. 22: aS) 

ad’ < 1p)’ “G24 
da 2p 22), 22), °F 4G Jal I, 1A 
f 191 G47 *P sF aH 

etc. 

The actual types and multiplicities of terms arising from various configurations of 
optical electrons depend on whether the electrons are equivalent or nonequivalent, that is, 
have the same or different values of 1 and /. In any atom the maximum number of equiva- 
lent electrons is 2(2/ + 1), and no shell can contain more than two s electrons (s”), six p 
electrons (p*), ten d electrons (d°) or fourteen f electrons (f*). In simple cases the 
spectral terms arising from nonequivalent electrons may _be obtained from the L values 
of Table 621 and the S values of Table 613, as shown in Table 616. 
When the optical electrons are equivalent, the Pauli exclusion principle introduces sim- 

plifications, some of which are evident by comparing Tables 616 and 622. 
An important consequence of the Pauli principle is that closed shells, in which the maxi- 

mum number of equivalent electrons is present, have L =O and S=O and therefore 
may be ignored in deriving the terms given by any electron configuration. Furthermore, 
any subgroup that lacks one or more electrons to fill the group behaves spectroscopically 
as if the lacking electrons were present, except that the terms are, in general, regular 
(smallest J level has least energy) when the group is less than half filled but inverted when 
more than half filled. 

Each configuration (excluding single electrons and closed shells) yields many energy 
states, and the object of spectrum analysis is to determine (1) the numerical values of the 
energy levels, (2) the quantum numbers that characterize them, and (3) the electron con- 
figurations from which they arise. The wave number of each observed spectral line meas- 
ures the energy difference between two quantized states of an atom or ion, but, because 
the same level can in general combine with many others, the number of levels is usually 
much smaller than the number of classified lines. The combining properties of atomic 
energy levels are governed by simple rules. Thus all terms or levels of a given atom fall 
into two groups of different parity called even and odd according as the arithmetical sum 
of the / values of the optical electrons is even or odd (distinguished by the sign ° and by 
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level value in italics), and normally spectral lines are permitted only when terms of dif- 
ferent parity combine. Furthermore, an overwhelming majority of the transitions between 
atomic energy levels obey the following rules: 

Nie 0 
Ni == S33] 

AJ = 0, = 1, excepting 0 to 0. 

In complex spectra, especially of heavy elements, intersystem combinations are observed 
for AR=+2,+ 4. Likewise, transitions for AL =0 give strong multiplets, and transi- 
tions for which AL = + 2, + 3 are observed but usually only faintly. Violations of theA/ 
rule are extremely rare. Assignment of L values and electron configurations to energy 
levels implicitly assumes that LS coupling or interaction exists among the individual vec- 
tors. This means that the individual / vectors are strongly coupled to produce resultant L 
values of different energies, and the individual s vectors are also strongly coupled to pro- 
duce resultant S values. These L and S resultants are then less strongly coupled with each 
other to produce resultant J values. Other types of coupling such as JJ or JL are some- 
times met with and in such cases L loses all or most of its significance. Also when the 
levels of two like-parity configurations overlap or dovetail, it is practically impossible to 
distinguish the two configurations or choose the levels that belong to each. However, be- 
cause LS coupling holds for all the higher elements, predominates in many others, and is 
either accurately or approximately valid for the ground states of all atoms and ions, it is 
basic for the standardized notation for spectral terms. Thus, any atomic energy level or 
spectral term is symbolically represented by four quantities. (1) its principal quantum 
number »# written as a coefficient of the term-type symbol; (2) its type—S, P, D, F, ete.— 
where the capital letters stand for azimuthal quantum numbers or orbital angular momenta 
L=0, 1, 2, 3, etc., respectively ; (3) its inner quantum number or total anguiar momentum 
J=L+-S, written as a subscript to the term-type symbol; and (4) its multiplicity num- 
ber, R=2S +1, written as a superior prefix to the term-type symbol. In addition the 
parity, if the sum of p and f electrons is odd, is indicated by the sign. ° attached like an 
exponent to the term-type symbol. 

For any given spectrum in which energy levels have been established, and in which 
LS coupling exists, it is possible to assign notation as well as electron configuration without 
ambiguity. Relative values of J are readily determined from the combining properties of 
the levels and the selection rule, AJ =0 +1. In terms of odd multiplicity the absolute 
value of J is fixed by the absence of the transition 0 to 0 which is forbidden. In other cases 
the absolute value of J can often be deduced from the sum rule (the sum of the intensities 
of all the lines of a multiplet that belong to the same initial or final state is proportional to 
the statistical weight 2/ + 1 of the initial or final state respectively), or from the interval 
rule (the interval between two successive components, J and J+ 1, of a polyfold term 
is proportional to J +1). The most decisive determination of J and L (excepting singlet 
terms) results from the observation of completely resolved Zeeman patterns since an ex- 
ternal magnetic field causes each energy level to be split into 27 -+1 sublevels and the 
splitting factors indicate L values. 

It is a consequence of atomic structure that long series of spectral terms of the same 
parity, L, S, J, but increasing n, are observed only in one-electron spectra, as for example 
to n= 79 in the first spectrum of sodium. Five- six- or seven-electrons provide so many 
configurations and competing levels that it is often exceedingly difficult to detect the 
second or any higher members of a spectral series. 
Quantum principles having thus specified the various spectral terms arising from cer- 

tain electrons, it became possible in 1925 to determine from identified terms the electron 
configurations of all atoms and ions. By 1950 the ground states of 82 species of neutral 
atoms and 75 singly ionized atoms had been uniquely determined from spectral structure. 
Besides disclosing the ground level and normal electron configuration of each atom or 
ion, the discovery of series relations in atomic spectra has given exact values for many 
ionization potentials which measure the forces with which the optical electrons are bound 
to atoms and ions. Furthermore, since the most intense radiations are usually associated 
with the largest L and J values of low-lying levels, the analysis of spectra has aided in 
selecting the strongest spectral lines characteristic of atoms and ions. In general, the 
strongest lines result from s<—>) electron transitions, but do not necessarily end on the 
ground state. Because these data are of great importance in spectroscopy, atomic physics, 
chemistry, and astrophysics, they are collected for neutral atoms in Table 623 and for 
singly ionized atoms in Table 624. 

198 For more detailed discussions of atomic spectra and complete compilations of atomic energy levels, 
see the list of references, page 585 
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TABLE 623.—SPECTROSCOPIC PROPERTIES OF NEUTRAL ATOMS 

The wavelengths of strongest lines exceeding 2000 A are valid for standard air, the 
remainder for vacuum. 

Normal Tonization 
Period Neutral electron Ground Spectral potential Strongest 

n atom configuration level multiplicities volts line, 

1 1H iss *Sow 2 13.595 1215.66 
2 He 1s? *So 1,3 24.580 584.33 

2 &) IU 2st *So% 2 5.390 6707.85 
4 Be Zsa *So 13 9.320 2348.61 
5B 2s? 2p* =P ow Zz 8.296 2497.73 
6C 2su2pe °P, es 11.264 1657.01 
7N Dg By *SP ia, Zia % 14.54 1134.98 
8 O 2s* 2p* ee 19395 13.614 1302.19 
9F 2s? 2p* a er 2,4 17.418 954.80 

10 Ne 2s*2p° *So 13 21.559 735.89 
3 11 Na 357 *Sow 5.138 5889.95 

12 Mg se *So 13 7.644 2852.13 
13 Al 35? 3p* *P ow 2 5.984 3961.53 
14 Si 35° 3p? ®P, 1,3 8.149 2516.12 
15=P 35° 3p° *S°iy 2,4 10.55 1774.94 
16S 35 3p* =1Bs 4,5 10.357 1807.31 
17 Cl 3s 3p° aos 2,4 13.01 1347.2 
18 A 35° 3p° *Se 1S 15.755 1048.22 

4 19K 4s* Som 4:339 7664.91 
20 Ca 4s? *So 13 6.111 4226.73 
Z219Sc 3d* 45° Diy 2,4 6.538 5671.80 
2) 3d? 4s? SF, 1305 6:818 4981.73 
23 V 3d? 45? Fiy 2, 4,6 6.743 4379.24 
24 Cr 3d® 45° Ss 8), Oh 7 6.74 4254.35 
25 Mn 3d° 4s? °Sow 2, 4, 6, 8 7.432 4030.76 
26 Fe 3d® 4s? 'D, WSS a 7.868 3581.20 
27 Co 3d’ 45° “Fay 2, 4, 6 7.862 3453.50 
28 Ni 3d® 4s? °F, 14395 7.633 3414.76 
29 Cu 3d7°4s* *S°o% 2,4 7.724 3247.54 
30 Zn 4s? *So 13 9.931 2138.56 
31 Ga 45° 4p* Pox 2,4 6.00 4172.06 
32 Ge 4s? 4p? ®Po 173 7.88 2651.18 
33 As 4s? 4p° ue 2,4 9.81 1890.43 
34 Se 4s* 4p* =P; $5 9.750 1960.91 
35 Br 4s? 4p° *P°ry 2,4 11.84 1488.4 
36 Kr 45° 4p° *So 1} 13.996 1235.82 

5 37 Rb 55% *Soy 4.176 7800.23 
Asis) Sys 5s? *So 103 5.692 4607.33 
39 Y 4d* 5s? "Diy 2,4 6.377 5466.47 
40 Zr 4d? 5s? °F, 1385 6.835 4687.80 
41 Nb 4d* 5s* "Dow 2, 4,6 6.881 4058.94 
42 Mo 4d° 5s* Ss hoy Zl 7.131 3798.25 
43 Tc 4d° 5s? Soy 4, 6,8 7.23 3636.10 
44 Ru 4d? 5s* °F, S50 d/ 7.365 3498.94 
45 Rh 4d® 5s* “Fix ,4 7.461 3434.89 
46 Pd 4d° *So 16/305 8.33 3404.58 
47 Ag 5s Sow 2,4 7.574 3280.68 
48 Cd BGs *So 1,3 8.991 2288.02 

(continued) 
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TABLE 623.—SPECTROSCOPIC PROPERTIES OF NEUTRAL ATOMS 

Period 
n 

Neutral 
atom 

Normal 
electron 

configuration 

4f Sd* 6s? 

4f"6s° 
4f'6s* 

5d’ 6s? 
5d? 6s? 
5d* 6s? 
5d‘ 6s? 
Sd° 68° 
5d° 6s? 
Sd’ 6s? 
Sd” 6s* 
5d"°6s* 
6s? 
68° 6p" 
65° 6p? 
6s” 6p* 

65° 6p° 

VSz 
6d* 7s? 
6d? 75° 

Bie eke 7/2 
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(concluded) 

Tonization 
Ground Spectral potential 

level multiplicities volts 

*P ou 2,4 5.785 
*25 iS 7.332 
*S°1% 2,4 8.64 
12h seh) 9.01 
7P°sy 2,4 10.44 
TSo LS: 12.127, 
*So% 2 3.893 
tS 13 5.210 
"Diy 2,4 5.61 

ren 4 kK 

Alp 5 : 

Fen 7,9 5.6 
{Sse 6, 8, 10 5.67 
IDS 7,9, 11 6.16 

*F°sy 2 ad 
“Sp 3} 6.2 
"Dow, 2 5.0 
°F, F355 55 
‘Fix 4,6 Ud 
DY: S77 7.98 
°S2% 4,6,8 7.87 
Ds Sb 7 8.7 
‘FY 4,6 9.2 
8D; w3n5 8.96 
*So% Z 9.223 
=So 13 10.434 
Peay 2 6.106 
wind 1S 7.415 
‘Soy 2,4 3+ 

*S» 143 10.745 

*So BS 5.277 
"Diy, 2 en see 

°F, oh 6) 

Strongest 
line, A 

4511.32 
3175.04 
2068.38 
2142.75 
1830.4 
1469.62 
8521.10 
SEREESS) 
6249.93 
5699.23 
4951.36 
4924.53 

4296.75 
4594.02 
4225.85 

5675.83 
3987.99 
4518.57 
3682.24 
2647.47 
4008.75 
3460.47 
2909.06 
2543.97 
2659.44 
2427.95 
1849.68 
5350.46 
4057.82 
3067.72 
2449.99 

1786.07 

4825.91 

5915.40 
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TABLE 624.—SPECTROSCOPIC PROPERTIES OF SINGLY-IONIZED ATOMS 

The wavelengths of strongest lines exceeding 2000 A are valid for standard air, the 
remainder for vacuum. 

Normal Ionization 
Period Ionized electron Ground Spectral potential Strongest 

n atom configuration level multiplicities volts line, A 

1 i st bug Res se 
2aiess 1s *Sow 2 54.403 303.78 

2, Sele 1s? *So 1,3 75.6193 1.99.26 
4 Be* 2st *So% 18.206 3130.42 
G13 Zsa *So 1,3 25.149 1362.46 
6nGs 2s* 2p" SP ax Dia. 24.376 1335.71 
7aNGs 2s? 2p? ®Py 5 34,8 29.605 1085.74 
3} (Olas 2s* 2p* *S°i% 2,4 35.146 834.47 
9 Ft 2s? 2p* SP, 1RSe5 34.98 606.81 

10 Ne* 2572p" age 2,4 41.07 460.73 
3 Nala 2s* 2p° *So 1, 8} 47.29 372.07 

12 Mg* 35a "Sow 15.03 2795.53 
SRA es Sq *So 1,3 18.823 1670.81 
14 Si* 3s? 3p" pianore 2,4 16.34 1817.0 
IS) 12 3s? 3p? SP 56h 5 19.65 1542.32 
IOS ¥ 35? 3p° ‘Son 2,4 23.4 1259.53 
AGE 35? 3p* ®Pp, 1,35) 23.80 1071.05 
18 A* 3s? 3p° ee ran, 2,4 27.62 919.78 

4 19 K* 35° 3p° *So 1,3 31.81 600.77 
20 Ca* 45% Sow 2 11.87 3933.67 
Al Sem 3d° 4s? °D, 163 12.80 3613.84 
(4s, US 3d? 4s" Fiy 2,4 13357, 3349.41 
12a) WNP 3a‘ 5Do 13,5 14.65 3093.11 
24 Crt 3d° °Sa% 2, 4,6 16.49 2835.63 
25 Mn* 3d° 4s* Ss $}, 55 7/ 15.64 2576.10 
26 Fe* 3d° 4s" "Diy 2, 4, 6,8 16.18 2382.04 
27 Cot 3a® °F, 3,5 17.05 2286.14 
28 Ni* Yeh Dey 2,4 18.15 2216.47 
29 Cu* 3d”° “Ss; 1, 38) 20.29 2135.98 
30 Zn* 4s* Sow 2,4 17.96 2025.51 
SleGar 4s? 0 1S 20.51 1414.44 
32 Ge* 45° 4p Aen 15.93 1649.26 
SSMAS a 4s? 4p? 5p, I 20.2 1266.36 
34 Se* 4s? 4p° sSecrne 2,4 21.5 1192.29 
ah) lhe 45° 4p* 3p, 345 21.6 1015.42 
36 Kr* 4s* 4p° | ees 2,4 24.56 917.43 

5 37 Rb* 45° 4p° 1S 3 27E5 741.4 
38 Sr*t 5s* *Sou 2 11.026 4077.71 
Se) Yaw Sst *So 1,3 12.233 3710.29 
40 Zrt* 4d? 5s* “Fiy 2,4 12.916 3391.98 
41 Nb* 4d‘ 5Do 1 3n5 13.895 3094.18 
42 Mo* 4d° ®Souy 4,6 Bae 2816.15 
43 Tc* 4a® 58° ™Ss Sus, my 2543.24 
44 Rut 4d’ “Fiy 2, 4,6 2402.72 
45 Rh* 4d° 5B, SiS Maid 2334.77 
46 Pdt 4a° Day 2,4 19.9 2296.53 
47 Ag* 4d ; 13 21.5 2246.41 
48 Cd*t 557 *Sou 2,4 16.90 2144.38 
49 In* 5s? 0 13 18.86 1586.4 
BW) Si Ss* 5p" oP eoxe 2,4 14.6 2152.22 
SI Sbir 55? 5p? ®P, 123 19 1606.98 
52 Te* 55? 5p! Si 2.4 21.5 1161.52 
6) 10% 5s? Sp* 5p, Sh & 19.0 1233.97 
54 Xe* 5s? 5p* ai 2,4 PNA 1100.42 

(continued) 
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TABLE 624.—SPECTROSCOPIC PROPERTIES OF SINGLY-IONIZED ATOMS 

(concluded) 

Normal Ionization 
Period Ionized electron Ground Spectral potential Strongest 

n atom configuration level multiplicities volts line, A 

6 SSmGsua 5s? 5p° *So es} 23.5 926.75 
So bar 6s" *Sou 2; 10.00 4554.04 
S/aleaes °F, 1,3 11.43 3949.10 
58 Cet 4f? 6s* “Hay 2,4 sae 4186.60 
lei 4f 6s* lve pe) ae 4179.42 
60 Nd* 4f° 6s* *Is% 4,6,8 So 4303.57 
61 Pm* 4f° 6s* cox AK aoe Sak 
62 Sm* 4f? 6s* "Fox 6,8 11.2 3568.27 
63 Eut 4f' 6s? “Se 7,9 11.24 4205.05 
64 Gd* 4f'6s'5d' “D°2% 6, 8, 10 Wee 3422.47 
65 Tb* tei ae Hes ae sires 
66 Dy* Jos 
67 Hot aa 
68 Er* ets as 
69 Tm* 4f*6s* *F°, 1,3 ae 3848.02 
70 Yb* 4f*6s* *So% 12.10 3694.20 
ZY Varies 6s" *So 1,3 14.7 2615.43 
adel 5d' 6s? "Diy 2,4 14.9 2641.41 
Haan 5d* 6s* "Fy eS a2 2685.17 
74 W* 5d‘ 6s* "Dow 4,6 Hes 2204.49 
75*Re* 5d° 6s* ™Ss Su7 war fey 
76 Os* y. oat 
deh ike a 508 aoe sais 
7 Pt * 5d’ "Day 2,4 18.54 1777.09 
79 Aut 5d° *So 1 20.5 1740.47 
80 Hg* 6s" *So% 2,4 18.751 1649.96 
81 T1* 6s? Se 3 20.42 1908.64 

8 82 Pb* 6s? 6p" "Pow 2,4 15.03 1726.75 
83 Bit 6s* 6p? ®Py 3 16.7 1902.41 
84 Pot ou Mes ax Biers ays 
85 Att 
86 Rn*t 
S/aErs Bie Res. sgh acs ete 

7 88 Ra* 7s) Sow 2 10.14 3814.42 
89 Ac* USz 1S0 153 A. 6 
90 Th*t 6a? 7s “Fix 2,4 se 4019.14 
9] Pa* eis ome ba We ers Brat 
92°U* 5 fe Sa alivan 4, 6 eee 3719.29 

93 Np* Bat Sars See ve ane 
94 Put 
95 Am* 
96 Cm* 
97 Bk* 
98 Cf 

References for series relations in atomic spectra: Meggers, W. F., Journ. Opt. Soc. Amer., vol. 31, 
p. 44, 1941; vol. 31, p. 606, 1941. Pauling, L., and Goudsmit, S., The structure of line spectra, 
McGraw-Hill Book Co., New York, 1930. White, H. E., Introduction to atomic spectra, McGraw- 
Hill Book Co., New York, 1934. Herzberg, G., Atomic spectra and atomic structure, Dover Publica- 
tions, New York, 1944. Condon, E. U., and Shortley, G. H., The theory of atomic spectra, Macmillan 
Co., New York, 1935. Bacher, R. F., and Goudsmit, S., Atomic energy states, McGraw-Hill Book 
Co., New York. 1932. Moore, C. E., Atomic energy levels, Nat. Bur. Standards Circ. 467, vol. 1, 
1949; vol. 2, 1952. 
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TABLE 625—MOLECULAR CONSTANTS OF DIATOMIC MOLECULES * 

The energy, E, of a molecule is the sum of three contributions, the electronic energy, 
E., the vibrational energy, Ev, and the rotational energy, Er, i.e., 

E=E.+£.,+E8E,; (1) 

The electronic energy, E., gives the largest contribution and is entirely similar to the 
energy of atoms. Similar to S, P, D states of atoms, one distinguishes 2, II, A,... 
states of diatomic molecules depending on whether the electronic orbital angular momentum 
about the inte: wuclear axis is 0, 1,2 .. . in units of h/27. Just as for atoms the resultant 
electron spin § determines the multiplicity (25 + 1) of the electronic state which is added 
to the term symbol as a left superscript. 2 states are designated Z* or 2 depending 
on whether their eigenfunctions remain unchanged or change sign upon reflection at a 
plane through the internuclear axis. For molecules with identical nuclei (such as Nz, H:, 
O2, ...) a subscript g or u indicates whether the eigenfunction upon reflection at the 
center remains unchanged or changes sign (e.g. *2Z,*, *Du*, *IIy, .. .). 

In each electronic state the molecule may have various amounts of vibrational energy. 
Quantum mechanics shows that for diatomic molecules the vibrational energy is given by 

Et =G(v) =o. (Ut H—oere (Vth tt... (2) 
where v is the vibrational quantum number which can assume the values 0, 1, 2, . . . and 
where we is the (classical) vibrational frequency (in cm™) for infinitesimal amplitudes. 
The constant we +e is small compared to we and is due to the anharmonicity of the vibration. 

If the vibrational energy is increased more and more, a point is reached at which the 
two atoms fly apart, that is, the molecule is dissociated. The dissociation energy, Do, 
corresponds to the maximum of the function G (v) and can in many cases be determined 
from the spectrum. 

In each vibrational level the molecule may have various amounts of rotational energy. 
For diatomic molecules, in the simplest case (* 2 state), the rotational energy is given by 

= F(N)=BS4+1)—... (3) 

where J is the rotational quantum number which may take the values 0, 1, 2, ... and 
where By is the so-called rotational constant which is slightly different for different 
vibrational levels of a given electronic state: one has 

Bi= Ba, (+ 3) 4S. (4) 
Here a, is small compared to the rotational constant B. which refers to the equilibrium 
position. For B. one finds 

h 
B. _ Sr? Cur e® (5) 

Here p= setae is the reduced mass of the molecule with m: and m2 the masses of 
1 2 

the two atoms, and r- is the internuclear distance in the equilibrium position. The product 
ure’ is the moment of inertia of the molecule; in other words, Be, apart from universal 
constants, is the reciprocal moment of inertia. 

Each electronic state of a diatomic molecule is characterized by a certain set of values for 
the vibrational and rotational constants we, wete, ..., Do, re, Be, ae, .... These con- 
stants have been determined for a large number of diatomic molecules in various electronic 
states from the analysis of band spectra. A comprehensive and up-to-date table may be 
found in “Molecular Spectra and Molecular Structure. I. Spectra of Diatomic Molecules,” 
by G. Herzberg (Van Nostrand. New York, 1950). The following table is an excerpt 
from the compilation just mentioned, but brought up to date, 1953. Here only the constants 
we, Do’, and re for the ground states are listed and the type of the ground state is given. 
From r. the rotational constant B. can be obtained according to the formula (5) given 
above. D.° corresponds to dissociation into normal atoms. The values are given in ev 
(electron-volts) where 1 ev corresponds to 8068.3 cm. The numbers on the element sym- 
bols give the mass numbers of the isotopic species to which the constants refer. When no 
mass number is given the data refer to the ordinary isotopic mixture. With the exception 
of the hydrogen molecule in each case only the data for one isotopic species are listed. 

More detailed explanation of the underlying theory, the methods of determination of 
these constants and references for each individual molecule may be found in the book 
already quoted. 

* Prepared by G. Herzberg, National Research Council of Canada. 
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TABLE 625A.—MOLECULAR CONSTANTS FOR THE GROUND STATES OF 

DIATOMIC MOLECULES 

The following symbols are used: ( ) Constants and symbols in parentheses are uncertain or of low 
accuracy. [ ] Constants in brackets refer to the lowest vibrational levels rather than to the equilibrium 
position. Such a value under we is the first vibrational quantum A G1/,=G (1) —G (0) =we — 
2were+ ... ; under re it is the effective value ro in the lowest vibrational level (v= 0), that is, it has 
been obtained from Bo rather than Be. * An asterisk in the column ‘‘Type of state’’ indicates that it is 
doubtful whether the state whose constants are given is the ground state of the molecule. ¢ A dagger 
after a value under re indicates that it has been obtained from electron diffraction rather than from the 
spectrum of the molecule. { In a few cases several values of the dissociation energy are compatible with 
the available data. These values are grouped together by braces. 

Molecule Type of state we(cm-) Do°(ev) re(A) 

Agk Br (*Z) 247.72 2.6 
Ag™cl® (>) 343.6 shi 
AgH’* yt 1760.0 2.5 1.617 
TN at (=) 206.18 2.98 
AgO* 2a 493.2 (1.8) 
Al” Br” pa 378.0 (2.4) 2.295 
AlCl py te 481.30 (3.1) 2.14 
IN EV ype 814.5 (2.5) 
Al” H? py 1682.57 <3.06 1.6459 
(AlZED)F Dae (1610) 1.602 
Al” 1" > as 316.1 (2.9) 
Al”0** pas 978.2 (<3.75) 1.6176 
As-™ Dae 429.44 =3.96 
(As.”)* Cz) 314.8 (2.4) 
As™N** es 1068.0 (6.5) 
As™O** *II 967.4 =5.0 
Au™Cl* es *) 382.8 (3.5) 
Aue ty + 2305.01 4) 1.5237 
B,” as 1051.3 (3.6) 1.589 
BaBr” 25 193.8 (2.8) 
Basel 3 279.3 (2.7) 
BaF’ D2 468.9 (3.8) 
BaH? DAS 1172 =1.82 2.2318 
BaO* aS 669.8 a5 1.940 
BaS s 
B2Bre Deg 684.31 (4.1) 1.89 
BuGl= i 839.12 (4.2) 1.716 
Be’Cl® 25) 6h 846.58 (4.3) (1.7) 
Be®F” DAE 1265.6 (5.4) 1.3614 
Be’H?* a> 2058.6 (2.2) 1.3431 

(Be®H?’)* ye 2221.7 aa) 1.3122 
eC) 16 1s + 7) Be’O z 1487.32 { ao 1.3308 

B"F” ie 1400.6 (4.3) 1.262 
B"H?’ ie (2366) <3.51 1.2325 
(BEES) = Dye (2435) [1.2146] 
Bi,” ee 172.71 1.70 
Bi™Br” 209.34 2.74 
Bicls 308.0 (3.0) 
BiF”’ 510.7 (3.2) 
Biase (0*) 1698.9 (2.7) 1.809 
Bier 163.9 (2.7) 
BieO* 702.1 (2.9) 
Ne ANS 1514.6 (5.0) 1.281 

BzOF Pye 1885.44 (9.1) 1.2049 
Br”?’Br®™ Soh 323.2 1.971 2.284 
BrCl poh Y [430] 2.138 
Brak Di? 673 2.16 1.75555 
BrO” ee 713 (2.2) 
Ge “Thy 1641.35 (3.6) LSU, 
CaBbre ps 285.3 (2.9) 
CaCcl* 2 369.8 =2.76 (1.866) 
Cavk® 2 587.1 =3.15 ({2.02]) 
Ca*°H?* 2s 1299 =1,70 2.0020 

(continued) 
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TABLE 625A.—MOLECULAR CONSTANTS FOR THE GROUND STATES OF 

DIATOMIC MOLECULES (continued) 

Molecule Type of state 
(Ca“H?')* 

Cakt (72) 
Ca“O** = 
CaS 
C2CI* 217 

Cd: 
CdBr * 
Cdcl® Sy 
CdF® (73) 
CdH’* pase 
(CdH?)* 15 + 

Cdl *> 
CdS 
CdSe 
CeO” * 
CF 211 
CH! 211 
(GEES) 15 + 

An >i 
(GES) 2T] * 

GEES 5D 
Glo * 
CSN bye 

ClO DA 

(C#O*)* 25 + 

CoCl * 
CoH? 2=4 

CoO” * 
wpa 25 + 

Cro” * 
CYS” 15 + 

és Dae 

Cs™Br SS 
Cs™Cl Py 
C®Se 15 + 

CsF¥ oot 
Cs™H?* SY 
Cser* 1 + 
CsRb 
Cu: (> i) 

Cu*Br” ase 
Eazel® aS) 
Guth. Day 
Cu*H? Dy 
(Cu*H?")* 25) 
Cu® I)" 1y + 

CuO” Gs7) 
F,” >) 

FeCl* ee 
FeO"* 

Ga®Br® aA 
Ga"C1™ 1p + 

Gath Se 
Ga®]*" Ss 
GaO* z> 
GdO”* * 
GeBr 217 
Ge™Cl* a 0 
GeF” ad 0 
Ge™“O** 15 + 

Ge™*S” 15 + 

SMITHSONIAN PHYSICAL TABLES 

We(cm-!) D,°(ev) 

242.0 (2.8) 
732.1 5.0 

<7 
846 

087 
230.0 (3.3) 
330.5 (2.8) 
(535) 
1430.7 . 678 
1775.4 (2.0) 
178.5 (1.6) 

=3.9 
=3.2 

865.0 (77) 
1308.4 (4.8) 
2861.6 3.47 
[2739.54] 3.6 

564.9 2.475 
645.3 (4.4) 
786.3 2.616 

(780) 1.9 
2068.70 

11.108 
2170.21 9.844 

9.605 
2214.24 (9.9) 
421.2 

(1890) 
(850) 
1239.67 (6.9) 
898.8 4.4 

1285.1 (7.8) 
41.990 45 

(194) =>3.9 
299 

1036.0 (6.8) 
(270) 5.67 
890.7 (1.9) 
142 3.37; 
49.4 
160 (al) 
314.10 (2.5) 
416.9 (3.0) 
622.7 (3.0) 

1940.4 <2.89 

[1874] 
264.8 (3.0) 
628 49 
[892.1] <1.63 
406.6 
880 =4.24 
263.0 (2.7) 
365.3 =5.0 
623.2 (6.3) 
216.4 =2.88 
767.69 (2.9) 
841.0 (5.9) 
296.6 (3.0) 
406.6 (4.0) 

665.2 (4.9) 
985.7 (6.9) 
575.8 (5.6) 

(continued) 

re(A) 

[1.73] 

1.822 

1.27 
1.1198 
1.13083 
1.988 
1.891 
1.62813 

1.1718 

1.1282 

TiS 

[1.542] 

1.562 

1.534 

[3.14] f 
2.88 

2.34 
2.494 
[3.41] 7 

1.651 



Molecule 

( BEE 

H'S” 

lies 

nid 2 ie 
Te 
In Br®™ 

DIATOMIC MOLECULES (continued) 

Type of state 
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@e(cm-!) 

406.8 
323.4 

4395.2 
3809.7 
2853.8 
3118.5 
3608.3 
2553.8 
2297 
2649.67 

2989.74 
2675.4 
unstable 
[1627.2] 
4138.52 
(36) 
186.2 
292.61 
490.8 
1387.09 
2033.87 
125.6 

(continued) 

Do°(ev) 

IN 

ony 

BNA np Cwrunsr 
~ IK 

589 
TABLE 625A.—MOLECULAR CONSTANTS FOR THE GROUND STATES OF 

re(A) 

74166 
7414, 

(0.74166) 
(.74166) 
(.74166) 
(.74166) 
1.06 
1.414 

[1.459] 
1.27460 
1.3153 

1.08 
9171 

3.3 

[2.23] t 

1.7404 
1.594 

1.604 

[1.35] 
2.667 

2.32070 

[2.57] t 
2.32 

1.8376 
[2.86] f 

2 672 

1.5953 

[1.75] 
1.7306 
1.649 
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TABLE 625A.—MOLECULAR CONSTANTS FOR THE GROUND STATES OF 

DIATOMIC MOLECULES (continued) 

Molecule Type of state We(cm-) D,°(ev) re(A) 

Mg*O* Dp 785.1 5r2 1.749 

ues a ee Mn®Br z fl : 
Mn®Cl1® (>) 384.9 (3) 
Mn®F” (>) 618.8 (3.9) 
Mn®H?* = [1490.58] < (2.4) 1.73075 

Mewloas >) (240) 
Mn=0” 840.7 (4.4) 
ING pas 2359.61 9.756 1.094 
(N."*)* Dia 2207.19 8.724 1.116 
Na.” Sy 159.23 ies 3.079 

Na™Br “PO 315 3.85 [2.64] ¢ 
Na*Cl pt 380 3.58 [2s 
cag 1p + (98) of 

a 19 <= i 

Na™H? De ZZ (2.2) 1.8873 

Nagle? it 286 3.16 [2.90] ¢ 
Na*K et 123.29 62 
Na*Rb Dy 106.64 (.57) 
N“Br z 693 (3.0) 
Nel =. Ser (3.8) 1.038 

iBr 

NiCl (7IL) * 419.2 (7.3) 
NiH? *As/2 [1926.6] =3.1 1.475 

NiO* me (615) =4.2, 
NOs “AN 1903.85 6.49 1.1508 
Oe 10.6 

Si aul 1220.0 (5.9) 

2 Die 1580.36 5.080 1.20740 
O.* ay 1876.4 6.48 1.1227 
OMSE "II, 3735.21 4.35 9706 

(O**H?")+ aS [2955] =44 1.0289 
As Dy 780.43 5.031 1.894 

ae 7 (?T1,/2) sore a0. i 1/2 . i 

Pbel= (7I1,/2) 303.8 3:1 
PbF™ *T1,/2 507.2 3.5 
PbH (7I1,/2) 1564.1 =1.59 1.839 
Phils (71/2) 160.5 2.8 
PbO” = 721.8 (4.2) 1.922 
PhS => 428.14 (4.7) 2.395 
PbSe 13 277.6 (4.7) 

PPE me (2380) ey [1.433] 
Pe Nt Sa 1337.24 (6.3) 1.4910 

Ee die JU oe 4 (6.2) 1.447 
jee * 81 

Rb.* ae 57.28 .49 
RbBr (3) 3.9 
RbCl +> (253) >3.96 [2.89] t 
RbCs™™ > 49.41 
RbF” (>) 340 5.45 
RbH? Dae 936.77 (1.9) 2.367 
RbI'” oS) 3.29 [3.26] t 
S.” De 725.68 =44 1.889 
Sbz en 269.85 (3.7) 
SbBi™ at 220.0 (3.0) 
SbCI’ 369.0 (4.6) 
SbF™ 614.2 (4.2) 
SbN** > 942.0 (4.8) 
SbO* oo OI 817.2 (3.8) 
sys Og => 971.55 (7) 

(continued) 
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TABLE 625A.—MOLECULAR CONSTANTS FOR THE GROUND STATES OF 

DIATOMIC MOLECULES (concluded) 

Molecule 

(Si#O"*)* 

Si®S” 

Si*Se 
Si*Te 
SnBr 
SnCl® 
SnF” 
SnH? 
SnO”* 
SnS 
SnSe 
SnTe 
S2@2 

SrBre 
Srel= 
SrF” 
SrH’* 
Sree 
SrO= 
SrS 
Te. 

Teor 

Mig @ les 
APE OR? 

AM eye 
TG 
AMD 
ASE 
anhey 
WAY OS 

YbCl 
WAOKS 

Zn2 

ZnBr 
ZnCl® 

Type of state 

(*Z,*) 

AD 

SMITHSONIAN PHYSICAL TABLES 

We(cm-!) 

391.77 
907.1 
(750) 
425.4 
535.4 
856.7 

(2080) 
1151.68 
1242.03 
(851) 
749.5 
580.0 

937.2 

Do? (ev) 

Say SS SS Sw 

re(A) 
2.16 

[1.603] 
1.520 
1.572 
1.510 
1.504 
1.929 

[1.782] 

2.1455 

1.921 

[2.59] t 

1.620 
[2.68] f 
[2:55}-¢ 

1.870 
[2.87] t 
1.890 

1.5945 
1515 

(1.416) 



592 TABLES 626-630.—THE ATMOSPHERE 

The atmosphere, with a total mass of about 5.3 x 1074 g (about one-mil- 
lionth the mass of the earth), extends 7,000-60,000 miles above sea level (de- 
pending upon the definition of the top) and for purposes of discussion may be 
divided into several regions or layers. From sea level up to about 10-15 km 
(the troposphere), about the next 30 km above this (the stratosphere), and 
the entire region above this (i.e., above about 40 km) is spoken of as the upper 
atmosphere. At heights above 80 km in the upper atmosphere strong ioniza- 
tion is found and thus this region is called the ionosphere. Again the iono- 
sphere may be divided into three or four layers; first, the E layer (about 100 
km) moderately ionized ; next the F, layer (at about 200 km) more strongly 
ionized; the F, layer (about 300 km) much more strongly ionized. Above 
this, there is some recent evidence indicating an additional ionized region, 
the G layer (400-700 km). 

The following tables give some characteristics of the atmosphere as a 
function of the height above sea level. 

TABLE 626.—COMPOSITION OF THE AIR NEAR GROUND LEVEL 

Molecular 
Gas weight Percent per volume 

INGEROGEN, ciecisieie sree SA se orssevee 28 78.09 
OXy PEN so bik wore oe anes 32 20.95 
A PON Gea ss )2- 0. Hotes ae Se om winnaar 40 93 100.00 
Cartan Gioxide 2c:455 Mee wins se 44 .02 — .04 
INCOR ccc o crsicnidie diocese MIO eS one 20.2 18) >e10- 
Efe Lateran i sc ouch oto Sr Ove cis Stones 4 58) S<ilOnm 
Krypton. ii sacccac ins heros eens os ane 83 lal SK U0 
FAVAGOREN! | sic (oso ree eis oe 2 SLO 
XCEMOMMG 6 oe :5-0)<Fouss = os Re ee es 130 .08  107* 
OZONE oo ais sre cian a Oyo ns 48 .02 < 10-*, increasing with altitude 
Rad ont. soe sss cic 1 cree ae ceiee 222 7 X10, decreasing with altitude 
Wiaterivapor secocscmeyaet ces sams 18 .2 —4, variable 

194 Regener, E., The structure and composition of the stratosphere, No. 509, Headquarters Air Materiel 
Command, Wright Field, Dayton, Ohio, April 1946 

TABLE 627.—COMPOSITION OF THE ATMOSPHERE UP TO THE F, LAYER, 

LATITUDE 45° 1% 

Molecular Molecular 
Altitude Composition, weight of Altitude Composition weight of 

m 1 percent volume mixture, M km 1 percent volume mixture, M 

0 21 02,78 N2,.93.A 28.9 120 30.5 O, 69.5 Nz 24.35 
50 18 O2, 82 N2 28.66 300 30.5 O, 69.5 Nz 24.35 
83 18 O2, 82 N2 28.66 (F; layer) 

185 Grimminger, G., Analysis of temperature, pressure and density of the atmosphere extending to 
extreme altitudes, p. 18, Rand Corporation, November 1948. 
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TABLE 628.—STANDARD ATMOSPHERE 593 
A standard atmosphere is defined by an altitude-temperature-pressure relation. It is an 

aeronautic necessity in valuating the performance of airplanes and for the calibration of 
instruments. The following standard has been officially adopted by the Army Air Corps, 
National Bureau of Standards, National Advisory Committee for Aeronautics, and the 
Weather Bureau. See Table 343. 

Pressure 
Altitude 
Meters mmHg 

0 760.0 
1000 674.1 
2000 596.2 
3000 525.8 
4000 462.3 
5000 405.1 
6000 353.8 
7000 307.9 
8000 266.9 
9000 230.4 
10000 198.2 
11000 169.7 
12000 145.0 
13000 124.0 
14000 106.0 
15000 90.6 

SMITHSONIAN PHYSICAL TABLES 

inHg 

29.921 
26.54 

kg/m? 

1.2255 
1.1120 
1.0068 
.9094 
8193 

Ib/ft® 

.07650 
06942 
.06286 
.05678 
05115 
04597 
04119 
03681 
.03279 
02912 
02577 
.02256 
01929 
.01649 
01410 
01206 

Temperature 
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596 TABLES 631-640.—DENSITIES AND HUMIDITIES OF 

MOIST -AikKes 

TABLE 631.—RELATIVE DENSITY OF MOIST AIR FOR DIFFERENT 

PRESSURES AND HUMIDITIES 

Part 1.—Values of from h=1 to h — 9, for the computation of different values elt 
760’ 

of the ratio of actual to normal barometric pressure 

This gives the density of moist air at pressure h in terms of the same air at normal at- 
mosphere pressure. When air contains moisture, as is usually the case with the atmos- 
sphere, we have the following equation for pressure term: h = B — 0.378p, where p is 
the vapor pressure, and B the corrected barometric pressure. When the necessary psy- 
chrometric observations are made the values of » may be taken from Table 640 and then 
0.378p irom Table 632, or the dew point may be found and the value of 0.378) taken from 
Table 632. 

Examples of use of the table 

To find the value of A when h = 754.3 
h 760 

fe 760 h=700 gives 92105 
1 0013158 50 “ .065789 
2 0026316 4 * 005263 
3 0039474 3 000395 

4 0052632 754.3 992497 
5 0065789 =—— 

6 0078947 To find the value of “is when h = 5.73 

x 0092105 h=5 gives .0065789 
8 0105263 ¥ ao 0009210 
9 0118421 03 “ 0000395 

Part 2.—Values of the logarithms oe for values of h between 80 and 800 

Values from 8 to 80 may be got by subtracting 1 from the characteristic, and from 0.8 to 
8 by subtracting 2 from the characteristic, and sc on. 

Values of log =, 

ee oo — ee 

h Oo 1 2 3 4 5 6 Uf 8 9 

80 1.02228 1.02767 1.03300 1.03826 1.04347 1.04861 1.05368 1.05871 1.06367 1.06858 
90 07343 .07823 .08297 .08767 .09231 .09691 .10146 .10596 .11041 .11482 

100 1.11919 1.12351 1.12779 1.13202 1.13622 1.14038 1.14449 1.14857 1.15261 1.15661 
110 .16058 .16451 .16840 .17226 .17609 .17988 .18364 .18737 .19107 .19473 
120 .19837 .20197 .20555 .20909 .21261 .21611 .21956 .22299 22640 .22978 
130 .23313 .23646 .23976 .24304 .24629 .24952 .25273 25591 .25907 .26220 
140 .26531 .26841 .27147 .27452 .27755 .28055 =.28354 = .28650-=S.28945 = .29237 

150 1.29528 1.29816 1.30103 1.30388 1.30671 1.30952 1.31231 1.31509 1.31784 1.32058 
160 .32331 .32601 .32870 .33137 .33403 «= .33667 = 33929-34190 = .34450 =—.34707 
170 .34964 .35218 35471 .35723 .35974 36222 »=—.36470=—«.36716 = 3696137204 
180 .37446 .37686 .37926 .38164 .38400 38636 38870 §=.39128 = 39334 39565 
190 .39794 .40022 .40249 .40474 .40699 .40922 .41144 41365 .41585 .41804 

200 1.42022 1.42238 1.42454 1.42668 1.42882 1.43094 1.43305 1.43516 1.43725 1.43933 
210 44141 44347. 44552. 644757 44960 ~=—.45162. 45364 = 45565 «45764 = 45963 
220 46161 .46358 .46554 .46749 .46943. 47137 = .47329. 47521 47712 .47902 
230 .48091 .48280 .48467 .48654 .48840 .49025 .49210 .49393 .49576 .49758 
240 .49940 .50120 .50300 .50479 .50658 .50835 .51012 51188 .51364 .51539 

19 The tables on densities and humidities have been adapted from the sixth edition of the Smithsonian 
Meteorological Tables, which see for more extensive data. 

(continued) 
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h 

250 
260 
270 
280 
290 

300 
310 
320 
330 
340 

350 
360 
370 
380 
390 

400 
410 
420 
430 
440 

450 
460 
470 
480 
490 

500 
510 
520 
530 
540 

550 
560 
570 
580 
590 

600 
610 
620 
630 
640 

650 
660 
670 
680 
690 

700 
710 
720 
730 
740 

597 
TABLE 631.—RELATIVE DENSITY OF MOIST AIR FOR DIFFERENT 

PRESSURES AND HUMIDITIES (continued) 

Part 2.—Values of the logarithms of 

tt) 

1.51713 
53416 
.55055 
56634 
.58158 

1.59631 
61055 
62434 
.63770 
.65067 

1.66325 
67549 
.68739 
.69897 
71025 

1.72125 
LEILTE 
74244 
75265 
.76264 

1.77240 
78194 
79128 
.80043 
.80938 

1.81816 
.82676 
83519 
84346 
85158 

1.85955 
.86737 
87506 
88261 
89004 

1 89734 
90452 
91158 
91853 
92537 

1.93210 
93873 
94526 
95170 
.95804 

1.96428 
.97044 
97652 
98251 
98842 

1 2 3 

1.51886 1.52059 1.52231 
53583 .53749 53914 
55216 55376 55535 
‘56789 56944 57097 
‘58308 58457 .58605 

1.59775 1.59919 1.60063 
61195 61334 .61473 
62569 .62704 .62839 
(63901 .64032 .64163 
65194 65321 .65448 

1.66449 1.66573 1.66696 
(67669 67790 .67909 
68856 .68973 .69090 
70011 .70125 .70239 
71136 .71247 .71358 

1.72233 1.72341 1.72449 
73303 .73408 + .73514 
74347 .74450 .74553 
75366 .75467  .75567 
76362 .76461 .76559 

1.77336 1.77432 1.77528 
78289 78383. .78477 
79221 .79313  .79405 
80133 80223 80313 
81027. 81115 .81203 

1.81902 1.81989 1.82075 
‘82761 82846 82930 
83602 83686 .83769 
84428 84510 84591 
85238 85319 85399 

1.86034 1.86113 1.86191 
86815 .86892 .86969 
‘87582 87658 87734 
(88336 88411 .88486 
‘89077 89151 .89224 

1.89806 1.89878 1.89950 
90523 90594 .90665 
91228 .91298 .91367 
91922 .91990 92059 
92604 .92672 .92740 

1.93277 1.93343 1.93410 
93939 94004 94070 
94591 94656 94720 
95233 .95297 95361 
95866 95929 .95992 

1.96490 1.96552 1.96614 
‘97106 .97167 .97228 
‘97712 .97772 97832 
98310 .98370 .98429 
98900 .98959 .99018 
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760 
(continued) 

Values of log 305 

ee ee eS eee 
4 5 

1.52402 1.52573 
54079 = .54243 
55694 .55852 
57250 ~=.57403 
58753 58901 

1.60206 1.60349 
61611  .61750 
62973 .63107 
64293  .64423 
65574  .65701 

1.66819 1.66941 
.68029  .68148 
.69206  .69322 
70352 ~=.70465 
71468  .71578 

1.72557 1.72664 
73619 = .73723 
74655 = .74758 
75668  .75768 
76657 ~—-.76755 

1.77624 1.77720 
78570  .78664 
79496 .79588 
.80403 .80493 
81291  .81379 

1.82162 1.82248 
83015  .83099 
83852 83935 
84673 .84754 
85479 = .85558 

1.86270 1.86348 
87047 —.87123 
87810  .87885 
88560  .88634 
.89297 89370 

1.90022 1.90094 
90735 .90806 
91437. = .91507 
92128 .92196 
92807 .92875 

1.93476 1.93543 
94135 .94201 
94785  .94849 
95424 .95488 
96055 .96117 

1.96676 1.96738 
97288  .97349 
97892  .97951 
98488  .98547 
99076 §©.99134 

(continucd) 

6 

1.52743 
54407 
.56010 
97559 
59048 

1.60491 
.61887 
63240 
64553 
.65826 

1.67064 
.68267 
69437 
70577 
.71688 

1.72771 
73828 
.74860 
75867 
.76852 

1.77815 
78757 
.79679 
80582 
81467 

1.82334 
83184 
.84017 
84835 
85638 

1.86426 
.87200 
87961 
88708 
89443 

1.90166 
90877 
91576 
.92264 
92942 

1.93609 
.94266 
94913 
95551 
.96180 

1.96799 
97410 
98012 
98606 
99193 

7 

1.52912 
.54570 
56167 
57707 
59194 

1.60632 
62025 
63373 
64682 
65952 

1.67185 
.68385 
69553 
.70690 
.71798 

1.72878 
73932 
74961 
75967 
.76949 

1.77910 
.78850 
.79770 
.80672 
81554 

1.82419 
83268 
84100 
84916 
85717 

1.86504 
87277 
88036 
.88782 
89516 

1.90238 
.90947 
91645 
192333 
.93009 

1.93675 
94331 
.94978 
95614 
96242 

1.96861 
97471 
98072 
98665 
99251 

1.53081 
54732 
56323 
57858 
59340 

1.60774 
.62161 
.63506 
.64810 
.66077 

1.67307 
.68503 
69668 
70802 
.71907 

1.72985 
.74036 
.75063 
.76066 
.77046 

1.78005 
78943 
79861 
.80761 
81642 

1.82505 
83352 
84182 
84997 
85797 

1.86582 
87353 
88111 
88856 
.89589 

1.90309 
91017 
91715 
92401 
.93076 

1.93741 
94396 
95042 
95677 
96304 

1.96922 
97531 
98132 
.98724 
.99309 

ah for values of h between 80 and 800 

9 

1.53249 
54894 
56479 
.58008 
.59486 

1.60914 
62298 
63638 
64939 
66201 

1.67428 
.68621 
.69783 
70914 
.72016 

1.73091 
74140 
75164 
.76165 
77143 

1.78100 
.79036 
M9952 
.80850 
81729 

1.82590 
83435 
84264 
85076 
85876 

1.86660 
87430 
.88186 
88930 
89661 

1.90380 
91088 
91784 
.92469 
93143 

1.93807 
94461 
95106 
95741 
.96366 

1.96983 
97592 
98191 
98783 
99367 
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TABLE 631.—RELATIVE DENSITY OF MOIST AIR FOR DIFFERENT 

PRESSURES AND HUMIDITIES (concluded) 

Part 2.—Values of the logarithms ofan for values of h between 80 and 800 

(concluded) 

h 
Values of log 760 

——— oO 

h ct] 1 2 3 4 5 6 7 8 9 

750 1.99425 1.99483 1.99540 1.99598 1.99656 1.99713 1.99771 1.99828 1.99886 1.99942 
760 .00000 .00057 .00114 00171 .00228 .00285 .00342 .00398 .00455 .00511 
770 .00568 .00624 .00680 .00737 .00793 .00849 .00905 .00961 01017 .01072 
780 .01128 .01184 .01239 .01295 .01350 .01406 .01461 .01516 .01571 .01626 
790 .01681 .01736 01791 .01846 .01901 .01955 .02010 .02064 02119 .02173 

TABLE 632.—DENSITY OF MOIST AIR, VALUES OF 0.378p 

This table gives the humidity term 0.378, which occurs in the equation 6 = 5 ae 
5 B — 0.378p 

: 760 
sure p; 5o is the density of dry air at normal temperature and barometric pressure, B the 
observed barometric pressure, and h = B — 0.378), the pressure corrected for humidity. 

for the calculation of the density of air containing aqueous vapor at pres- 

h ; 2 
For values of =, see Table 631. Temperatures are in degrees centigrade, and pressures 

760 
in mmHg. 

b p b 
Vapor Vapor Vapor 

Dew pressure Dew pressure Dew pressure 
point (ice) 0.378p point (water) 0.378p point (water) 0.378p 

OG; mmHg mmHg r¢ mmHg mmHg °E mmHg mmHg 

—50 029 01 0 4.58 1.73 30 31.86 12.0 
—45 054 02 1 4.92 1.86 31 33.74 12.8 
—40 .096 04 2 5.29 2.00 32 35.70 135 
—35 .169 06 3 5.68 2.15 33 37.78 14.3 
—30 .288 11 4 6.10 Zoi 34 39.95 5s) 
—25 480 18 5 6.54 2.47 35 42.23 16.0 

24 530 20 6 7.01 2.66 36 44.62 16.9 
23 585 22 7 Aan 2.84 37 47.13 17.8 
22 646 24 8 8.04 3.04 38 49.76 18.8 
21 NZ LAL, 9 8.61 S28) 39 BSI 19.8 

—z20 783 30 10 9.21 3 48 40 55.40 20.9 
19 .862 S8 11 9.85 3.72 41 58.42 22.1 
18 .947 £30 12 10.52 3.98 42 61.58 23.3 
17 1.041 .39 I) 11.24 4.25 43 64.89 24.5 
16 1.142 43 14 11.99 4.53 44 68.35 25.8 

—15 1.252 47 15 12.79 4.84 45 71.97 lee 
14 1.373 B52, 16 13.64 5.16 46 75.75 28.6 
13 1.503 a5, 17 14.54 5.50 47 79.70 30.1 
12 1.644 62 18 15.49 5.85 48 83.83 31.7 
11 1.798 68 19 16.49 6.23 49 88.14 S855) 

—10 1.964 74 20 17.55 6.63 50 92.6 35.0 
9 2.144 81 21 18.66 7.06 51 97.3 36.8 
8 2.340 88 22 19.84 7.50 BY AS 38.6 
7 2.550 .96 23 21.09 7.97 Bo MOS! 40.6 
6 2.778 1.05 24 22.40 8.47 Bel Ay 42.6 

—5 3.025 1.14 25 23.78 8.99 SSmmels-2 44.7 
4 3.291 1.24 26 25.24 9.54 56 124.0 46.9 
3 3.578 1.35 27 26.77 10.12 57a S0G 49.1 
2 3.887 1.47 28 28.38 10.73 58a oor 51.5 
1 4.220 1.60 29 30.08 R37, 59 142.8 54.0 
0 4.580 Ws 30 31.86 12.04 60 149.6 56.5 
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TABLE 633.—MAINTENANCE OF AIR AT DEFINITE HUMIDITIES 

The relative humidity and vapor pressure of aqueous vapor of moist air in equilibrium 
conditions above aqueous solutions of sulfuric acid are given below. 

Vapor pressure Vapor pressure 
Density of Relative —”——. Density of Relative ——— 
acid sol humidity 20°C 30°C acid sol humidity 20°C 30°C 

mm mm mm mm 

1.00 100.0 17.4 31.6 1.30 58.3 10.1 18.4 
1.05 97.5 17.0 30.7 35 47.2 8.3 15.0 
1.10 93.9 16.3 29.6 1.40 37.1 6.5 11.9 
1.15 88.8 15.4 28.0 1.50 18.8 33 6.0 
1.20 80.5 14.0 25.4 1.60 8.5 1.5 2.7 
1.25 70.4 12.2 DO. 1.70 3.2 6 1.0 

TABLE 634.—PRESSURE OF AQUEOUS VAPOR IN THE ATMOSPHERE 

For various altitudes (barometric readings) 

The amount of water vapor in the atmosphere may be determined by the use of the 
wet-bulb-dry-bulb hygrometer. 
The first column gives the depression of the wet-bulb temperature tf; below the air tem- 

perature t. The value corresponding to the barometric height at the altitude of observation 
is to be subtracted from the vapor pressure corresponding to the wet-bulb temperature 
taken from Part 3, Table 635. The temperature corresponding to this vapor pressure 
taken from Part 3, Table 635 is the dew point. The wet bulb should be ventilated about 
3 meters per second. For sea-level use Table 640. Example: t = 35°, t: = 30°, barometer 
74 cmHg. Then 31.83 — 2.46 = 29.37 mm = aqueous vapor pressure; the dew point is 
28.6°C. 

Barometric pressure in cmHg 

64 62 60 58 56 54 52 50 48 
~~ 

oe a rs q N J ° c*2) @ Q Q 

° 
wn S aN oo >» N > on > > > o& 

00 
hS) S No) ro) for) be a bo on be _ oe) NS) 

DOS 1287 2792.71 '9163' 255° 2147 239 232.224 216) (2080200 192 

ODBNIAMNBRWHre 

is) Lb On N WwW ve) iS) WwW 1S) is) Les) ON LS) _— \o 

Sox N} 

os Reo are WwW iss) —) ON a ve) \o —_— oe — ee) lon _— ioe) So —_— N WwW _—_ aN a — loa} oO 

SASeteod  SZ0Vcd.17 13.08, 2.99 : : 
Seat SLOT tOSU.G 05, S42 03-01) 3:20 | S10) 5299 9288 2.782 67 2°56 
FAR ASZ 421° °4.09593:07' 3.85) 3:73. 3.61 ~ 3:49" 3:37 3.25* 3.159300 92:88 

10 494 481 468 4.54 441 428 414 401 3.88 3.74 3.61 348 3.34 3.21 
11> 5.44 °° 5.30 $.15°5.00 “4:86 4:71 4.56 442° 427° 4:12 3:97 3.839368 3:53 
12 5.94 5.78 5.62 5.46 5.30 5.14 498 4.82 4.66 4.50 434 418 4.02 3.85 
13 6.45 627 610 5.92 5.75 5.57 540 5.23 5.05 4.88 4.70 453 4.36 4.18 
14 6.95 6.76 6.58 6.39 6.20 601 5.83 5.64 5.45 5.26 5.07 488 4.70 4.51 
15 7.46 7.26 7.06 685 665 6.45 625 605 5.85 5.64 5.44 5.24 5.04 4.84 
16 7.96 7.75 7.54 732 7.11 689 668 6.46 624 603 5.81 5.60 5.38 5.17 
17 8.47 \ 18:24) 8.02) 7.79. 7.56 7.337.710 6:87> 6.64641 618)55.950572 S50 
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TABLE 635.—PRESSURE OF SATURATED WATER VAPOR FOR VARIOUS 

CONDITIONS OF TEMPERATURE AND SURROUNDINGS 

Pressure in mmHg, temperature in °C 

Part 1.—At low temperatures over ice 

Part 2.—At low temperatures over water 

3 

0054 
0203 
0681 
2075 
5780 

1.486 
3.565 

3 

1.690 
3.672 

4 

.0047 

.0178 

.0607 

.1865 

5240 

1.359 
3.280 

4 

1.556 
3.410 

5 

0041 
0157 
0540 
1675 
4790 

1.239 
3.010 

5 

1.434 
3.160 

6 

.0035 

.0138 

.0479 

.1502 
4290 

1.130 
2.765 

6 

1.319 
2.930 

7 

.0030 
0121 
0425 
1337 
.3880 

1.029 
2.531 

7 

1.215 
2712 

Part 3.—Fecr temperatures 0° to 374° over water 

Temp 0 1 2 

—60 .0081 0971 .0062 
—50 0295 .0261 .0222 
—40 0962 0858 .0766 
—30 2855 .2560 .2308 
—20 7740 .7030 .6380 
—10 1.945 1.782 1.630 

0 4.580 4.219 3.880 

Temp 0 1 2 

10) 2148, —11983'"F"its7 
0 4580 4.260 3.968 

Temp 0 ail 2 

0 4.580 4.615 4.648 
1 4.922 4.960 4.998 
Zz, 5.289 5.328 5.365 
3 5.680 5.720 5.761 
4 6.095 6.139 6.182 
5 6.535 6.582 6.535 
6 7.010 7.058 7.106 
7 7.509 7.560 7.613 
8 8.039 8.095 8.149 
9 8.605 8.670 8.726 

10 9.200 9.263 9.325 
11 9.835 9.901 9.965 
12 10.518 10.580 10.655 
130 MEZ25 ees OON ees 75 
14 11.980 12.060 12.140 
15 12:776, 12:860) 12:945 
16, ASOZ5E) HISAOP TSS80k 
17. 14.530 14.620 14.710 
18 15.460 15.560 15.660 
19 16.460 16.570 16.680 
20e W725255" wl 74635 7745 
21 18650 18.765 18.880 
22 19.820 19.940 20.060 
23, ZALOSOM eZ1 N90) 921%320 
24 8 22.365 22.500 22.630 
25 23.750 23.900 24.030 

Temp 0 1 2 

20 7258 18.65 19.82 
SO SBI fs 33.70 35.69 
40 55.30 58.35 61.50 
50 = 92.50 97-25) 1024 
60 149.4 156.3 163.9 
70 308.5 243.2 252.2 
80 355.2 369.7 384.8 
90 525.5 546.5 567.0 

100 767.0 786.5 815.5 
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3 

4.685 
5.030 
5.404 
5.801 
6.125 
6.679 
7155 
7.666 
8.205 
8.782 
9.390 

10.032 
10.718 
11.750 
12217 
13.025 
13.895 
14.800 
15.760 
16.790 
17.855 
19.000 
20.185 
21.450 
22.763 
24.200 

3 

21.05 
37.71 
64.85 

107.1 
EZL7 
265.9 
400.6 
588.5 
845.0 

4 5 
4.750 4.712 

5.065 5.105 
5.442 5.482 
5.842 5.885 
6.270 6.314 
6.724 6.770 
7.204 7.254 
7.720 Ae 
8.260 8.315 
8.838 8.900 
9.455 9.520 

10.100 10.170 
10.790 10.858 
11.525 11.600 
12.295 12.375 
13.110 13.195 
13.985 14.075 
14.895 14.990 
15.960 15.960 
16.900 17.000 
17.965 18.080 
SSOP o225 
20.310 20.430 
PO ZAHA) 
22.905 23.050 
24.345 24.490 

4 5 

22.37 23/5 
39.15 42.20 
68.30 71.90 

113.0 118.0 
179.4 187.6 
LUX 289.1 
416.5 439.8 
610.8 634.0 
875.1 906.0 

(continued) 

6 

4.784 
5.140 
4.525 
5.930 
6.358 
6.816 
7.306 
7.823 
8.370 
8.960 
9.580 

10.240 
10.928 
11.677 
12.455 
13.280 
14.165 
15.085 
16.060 
17.100 
18.195 
19.345 
20.580 
21.840 
23.190 
24.640 

6 

25.21 
44.60 
75.65 

123.9 
196.1 
301.5 
450.8 
658.0 
937.8 

od, 

4.820 
2175 
5.566 
5.972 
6.401 
6.862 
7.356 
Za sVls) 
8.425 
9.020 
9.645 

10.308 
11.000 
11.755 
12.538 
13.365 
14.255 
15.172 
16.160 
17.210 
18.310 
19.460 
20.690 
21.970 
23.310 
24.790 

7 

26.74 
47.04 
79.55 

129.9 
205.0 
314.2 
468.6 
682.0 
970.5 

8 

.0026 

.0106 
0377 
.1205 
.3500 
.9360 

2.322 

8 

4.855 
S212 
5.602 
6.014 
6.445 
6.910 
7.408 
7.929 
8.482 
9.080 
9.707 

10.375 
11.075 
11.829 
12.620 
13.450 
14.345 
15.270 
16.260 
17.315 
18.425 
19.580 
20.800 
22.100 
23.450 
24.935 

8 

28.32 
49.70 
83:00 

136.2 
214.1 
327.3 
487.0 
707.0 

1004.2 

9 

.0023 

.0094 

.0333 

.1078 
3160 
8510 

2.128 
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TABLE 635.—PRESSURE OF SATURATED WATER VAPOR FOR VARIOUS 

CONDITIONS OF TEMPERATURE AND SURROUNDINGS (concluded) 

Temp 0 1 2 3 4 5 6 7 8 9 

110 1074 1111 1149 1187 1227 1268 1310 1353 1397 1442 
120 1489 1536 1585 1636 1687 1740 1794 1850 1907 1965 
130 2025 2086 2149 2214 2280 2347 2416 2487 2559 2633 
140 2709 2786 2866 2947 3030 3115 3201 3290 3381 3473 
150 3568 3665 3763 3864 3967 4072 4180 4290 4402 4516 
160 4632 4751 4873 4997 5123 5252 5383 5518 5654 5794 
170 5936 6080 6228 6378 6532 6688 6847 7009 7174 7342 
180 7513 7688 7865 8046 8230 8417 8608 8802 8999 9200 
190 9404 9612 9823 10040 10260 10480 10700 10940 11170 #11410 
200 11650 §=11890 12140 12400 12650 12920 =. 13180 ~ 13450 13730 14010 
210 14290 14580 14870 15160 15470 15770 =16080 16400 16720 17040 
220 17370 §=17710 18050 18390 18740 19100 19450 19820 20190 20560 
230° 220950 21330) “217205 22120" 22520.) 22930. 23350: 923770. ©24190 ~~ 24620 
240 25060 25500 25950 26410 26870 27340 27810 28290 28780 29270 
250 29770 30280 30790 31310 31830 32360 32900 33450 34000 34560 
260 35130 35700 36280 36870 37470 38070 38680 39300 39920 40560 
270 41200 41840 42500 43160 43840 44520 45200 45900 46600 47320 
280 48040 48760 49500 50250 51000 51770 52540 53320 54110 54910 
290 55710 56530 57360 58190 59040 59890 60750 61620 62510 63400 
300 64300 65210 66130 67060 68000 68960 69920 70890 71870 72860 
310 73870 74880 75910 76940 77990 79050 80120 81200 82290 83390 
320 84500 85630 86760 87910 89070 90250 91430 92630 93840 95060 
330 96290 97530 98790 100060 101350 102640 103950 105280 106600 108000 
340 109300 110700 112100 113500 114900 116300 117800 119200 120700 122200 
350 123700 125200 126800 128300 129900 131400 133000 134600 136300 137900 
360 139600 141200 142900 144600 146300 148100 149800 151600 153400 155200 
370 157000 158800 160700 162600 164400 — — -— — — 

TABLE 636.—WEIGHT IN GRAMS OF A CUBIC METER OF SATURATED 

AQUEOUS VAPOR 

Temp 
2G (0) 1 2 3 4 5 6 7 8 9 

—20 1.074 988 .909 836 768 705 646 592 542 496 
—10 2.358 2.186 2.026 1.876 1.736 1.605 1.483 1.369 1.264 1.165 
—0 4.847 4.523 4.217 3.930 3.660 3.407 3.169 2.946 2737, 2.541 
+0 4.847 5.192 Br 559 5.947 6.360 6.797 7.260 7.750 8.270 8.819 
+10 9399 10.01 10.66 ES 12.07 12.83 13.63 14.84 15.37 16.21 
+20 17.30 18.34 19.43 20.58 21.78 23.05 24.38 25.78 27.24 28.78 
+30 30.38 32.07 33.83 35.68 37.61 39.63 41.75 43.96 46.26 48.67 

For higher temperatures see Table 166. 

TABLE 637.—WEIGHT IN GRAINS OF A CUBIC FOOT OF SATURATED 

AQUEOUS VAPOR 

Temp 
°F 0 1 2 3 4 5 6 7 8 9 

—20 219 .208 .198 188 179 .170 161 153 146 .138 
—10 355 339 2323 308 .293 .280 .266 254 .242 .230 
— 0 563 540 / 492 469 448 .428 .408 390 372 
+0 563 587 614 642 .671 701 VEY 768 799 834 
+10 .870 .908 947 .988 1.030 1.074 isi bs, 1.166 e205 1.265 
+20 1.318 12375 1.431 1.488 1.548 1.612 1.676 1.746 1.815 1.886 
+30 1.961 2.038 2.118 2.200 2.285 2575 2.466 2.558 2.656 2.755 
+40 2.862 2.970 3.081 3.195 3.315 3.438 3.563 3.691 3.822 3.965 
+50 4.105 4.256 4.410 4.565 4.722 4.890 5.060 bI285 5.420 5.608 
+60 5.805 6.000 6.195 6.410 6.628 6.855 7.080 72317 7.560 7.810 
+70 8.060 8.325 8.600 8.880 9.165 9.460 9.765 10.075 10.390 10.720 
+80 11.06 11.40 11.76 12.12 12.50 12.87 13.27 13.70 14.09 14.52 
+90 14.96 15.41 15.98 16.34 16.84 17.32 17.82 18.34 18.90 19.39 
+100 19.96 20.55 PALS 21.75 22.35 23.05 23.65 24.32 24.98 25.68 
+110 26.35 2HAZ 27.90 28.62 29.40 30.20 31.00 31.85 32.68 33.55 
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TABLE 638.—RELATIVE HUMIDITY FOR VARIOUS PRESSURES AND 

DRY-BULB TEMPERATURES 

Vertical argument is the observed vapor pressure which may be computed from the 
wet-bulb and dry-bulb readings through Tables 634 or 640. The horizontal argument is 
the observed air temperature (dry-bulb reading). 

Vapor 
pressure 
mmHg —1 

325 Goe78 
3.50 78 84 

Vapor 
pressure 
mmHg 0 1 

WANS OO DBDNNAD NMS BWWNDN SSTOMOMWONDNONDNSMNONoONoN Sl aadl aad 

Vapor 
pressure = 
mmHg 20 21 23 24 25 

SMITHSONIAN PHYSICAL TABLES 

Air temperatures, dry bulb, °C 

Air temperatures, dry bulb, °C 

27 28 29 30 

(continued) 

31 32 33 34 35 36 37 38 39 

& 4°44 40s 3a Ss  Saee 2S 
S18 #7 | Tee Che 5 

1 0, ORs Bo They; 7 ep 
5 5 

10 
12 

5 4 

28 
55 
81 

97 
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7 8 8 O10: 100 AL 13h 205- 15555 lowel7 18 
iam 15 M6, 17 818. 190-21 2326 28829 Site4 37 
POG) 22, G24 25.0271 200932) 340s, 400843 1460 54) 
27129 132.) 34.3361 399842) 459049 S3PE5/ GINRIG/ 72 
33.0136 (39)\ 42/45! 480552! 56160 -655270 76582 87 
Ages 43 154671 49 053'| 57 0R 61! 6702770 776083: S0IV97 “Te 
4606 48 53.5 57 OZ. 6GOUS7IL 77182 S7RNS2 SSIS; 
526056 (600. 65.1070. 7J50CBIS 87094 S7eee 86 HY 
EOEL6S VW6S!- 73 7S. B84 UGE” 9SITEs: mmHg ()° —] —2 
656 70-0754 81. F28e 940100;__.. ! 3.50 78 84 90 
Web 76. CBZ 87 4S... bre 3.75 84 90 96 
782783 “(B82 944799 400 906962 
BA hO0 Won)... 1S 425 96fERe. 
90 97 .. 4.50 100 : 

Air temperatures, dry bulb, °C 

2 3 Af 5 6 7 8 9°10" Ile69t2-13- 44,45 16y97-) 18) 9 

W110 999) Bassiey Wiocet onmosis Goes 4cdey 49s 
2120" 18017 16.15 a4 WZRAS: 127110 SOD ~Oeesal Sie 
310,29. 27°25 23> 21. 20 d9R18! 1761S WaeS 12a AT a0 
AON 37. 350.32. 30) 28). 27..25 823. 22.421 20 SZ, om iS en 4AaS 
Agir45 4239: 36) 34) 32 30928 26925) 23922421 198 176 
58°54 50°47 44 41) 3836.34 32 30) 28 “26825: 23922 20019 
68.263 59) 1551525489145 432 40 9384355 33/3129! 28926924" 23 
79. 74 69°65. 61 57453: 50847-4441 39 7371935 32°30 29) 27 
87.81 76 71 67 62) 58 55.52 49.746 43 7401738) 36033) Sly 29 

89 83 78 73 68 64 60 56 53 50 47 44 41 39 36 34 32 
96 $1 86 81 75 70 66 62 58 55 51 48 45 42 40 37 35 
.. 10 94 88 82 76 72 68 64 60 56 53 50 46 43 40 38 

. 99 93 89 83 78 72 68 64 60 56 52 49 46 44 41 
» bs 10° 94° 88° 8277 72°68; 6460056 52:749. 47 44 

2 tase 9488.33 772732 68) 65101 57.54, 51 (AS 
; wo 94 88 83 77 73 68 65 61 57 54 51 
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TABLE 638.—RELATIVE HUMIDITY FOR VARIOUS PRESSURES AND 

DRY-BULB TEMPERATURES (continued) 

Vapor 
pressure 
mmHg 20 21> 22) 423" 324 

Vapor 
pressure 
mmHg 40 41 42 43 44 
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Air temperatures, dry bulb, °C 

32 

26 
30 
33 
36 
38 
41 
44 
47 
49 
52 
55 
58 
61 
63 
66 
69 
71 
74 
78 
82 
83 
85 

33 34 35 36 37 38 39 40 

25 24 23 
28 27 26 
31 29 28 
34 32 31 
36,735 35 
39 37 35 
42 40 38 
45 42 40 
47 45 42 
50 47 45 
52 50 47 
55 52 50 
5B 55\ 92 
60 57 54 
62599) 57. 
65.62.59 
68 64 61 
70 67 63 
73 69 65 
77 71 68 
78 74 70 
81 77 73 
So) 79. Fo 
86 81 77 
89 85 80 
93 88 84 
95 89 85 
97 91 86 

Air temperatures, dry bulb, °C 

531) 54) 559 156) (57/9958) 359560 

6-75: A625. (5.455 aoe sd 
LE MIO) 10" 29° <OS> cee 7, 

46 47 48 49 50 

(continued) 

51 52 

22 
24 
26 
29 
32 
33 
36 

12 

18 

11 
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TABLE 638.—RELATIVE HUMIDITY FOR VARIOUS PRESSURES AND 

DRY-BULB TEMPERATURES (concluded) 

Vapor Air temperatures, dry bulb, °C 
| 

Pea! 40 41 42) 43° da 745) 46) 47) (48) 749) 150) Si 52) 953) S455 S60 57 S8eesoeGd 

55 10 95 90 86 82 78 74 71 68 65 62 59 56 54 51 49 47 45 43 41 39 
60 .. .. 97 93 88 84 80 77 73 70 67 64 61 58 55 53 51 49 47 45 43 
65 ce O BS Ee 96.91 87 83°79 75 7 69°65 62 60. 57 55 52 50, 483.46 
70 Be oe ee ae $s 98.93. 89-85 Sh 27 74. 70.67 646115956 54 52849 
75 yee ee oe Be C-100195 OT “86 83\ 379 175° 72 GOS OG1GS GO See Sams 
80 wh Ge ee (ee 25 1S) RE ee® G6 OR BL 485 380 76 Fae 69966 (63 “Gl S856 
85 .. 97 92 88 84 81 77 74 70 67 64 62 59 
90 Oe a WE EE OR ey eke Be Ber 06°92 489 85 817 78hi74 el 68? GakiG2 
95 Semmitgi57° 58 59° GO a 35-0. Be E897 403) BO 85) 2978 5 ZI Osh 65 

100 uP 125) 96 92 88. 84: Fee oe BY Ge NG res 99 94 (80) SONSZ 78 75 72069 
105 we 130). Go 86 92 88: Fog ke at MP GSTS ee 98 94) [ONS86. 82 78 75472 
110 eel3o- 2 99 95 Ole SO? ee ee Brea ee es 94 89°85. 82° 78a75 
iBT) S140 ae Ee 99: O94: Wren Ges Ge ae: Nee 97 (98i589. So S278 
120 P45 Pe cat a O7s Meads (eh Bae Ge i Fe ee eee. 7897 895: 80) Somrac 
125 MISOR Me Re ar toe Paws Oe) oe SE Rk OM 2c ae tee 090 ‘OZ Soaesd 

TABLE 639.—RELATIVE HUMIDITY, WET AND DRY THERMOMETERS 

This table gives the relative humidity direct from the difference between the reading 
of the dry (t°C) and the wet (t:°C) thermometer. It is computed for a barometer reading 
of 1000 mb. The wet thermometers should be ventilated about 3 meters per second. Changes 
due to different pressure can be calculated from the data given in Tables 634 and 640. 

Temperatures of dry thermometer, t° 

(t° = #;°) -15 —-10 —5 0 5 (CP = ta?) oll 15 20 25 30 35 40 

2 92, 84 te O50. 96) | -97, 23 94. o95.< 96 99630 97, 997 Bee 07 
A fe 84. a89 ee Ola 92° 95 1.0 89 , 90, 92 9935) 93 984 aR04 
a) SOP 986m so.) OL, 293 1.5 83. .986:, 88 892, 90; “Ol AR OT 
6 76, “82-988 90 92 2.0 77. 81... 83 8598 86 988 an 89 
8 68 $47... 83" 87, .89 Z5 72. 16., (80 . 8255 83, 385 oeS6 

10% GO) WI . 78" 83. 286 3.0 O/ pnt20 £9 af Sie (SO) (B82 BSS 
12 52. 65 74 80 84 35 Gl, (606 372 , of ban G7 AD ee Sh 
et 19°43) ($9. 72. 76 | 81 4.0 DO, »e63,- 168 ovles 74 a7OReR 7S 
IRS) 3) 56 67° 74 80 4.5 Sl, 5158, 64, ¢ G8y¥ AL B73 ae 76 
HO 35) (53% 7655" 73) | 78 5.0 46 2254-. 60 . 650 G8" e741 87S 
8 92 27-49% oll) 69", 375 6 30." 146. 53 e8es GZ. 365 aRGS 
2.0 18) 41-56. 65. 773 7 26, 238, 40» S2ey 57, 260RR 63 
25 27 46 58 66 8 15. 29. 39 5 AG, SI 255) Qa59 
3.0 10', 235; 50" - 360 9 5.21, 32 405. 46, “SI ga54 
3.5 24 41 53 10 13" 25 = 34:6 41 =469R50 
4.0 129933 247, 11 5 --19._.305) 36 342 £2.46 
4.5 25 40 12 13: 235 Sip 237 Bes 
5 16 34 13 18. 28 433 3338 
6 21 14 13) 25) [29534 
if 8 15 S19” 25 ae 

16 13. 202 
17 9 / 18imeZ4 
18 5 14.2521 
19 3 109918 
20 2 7 eg l4 
22 i 11 
24 : 9 
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TABLE 640.—PRESSURE OF AQUEOUS VAPOR IN THE ATMOSPHERE: 

SEA LEVEL 

This table gives the vapor pressure corresponding to various values of the difference 
t — t, between the readings of dry-bulb and wet-bulb thermometers and the temperature ft 
of the wet-bulb thermometer. The difference t — t, is given by two-degree steps in the top 
line, and t: by degrees in the first column. Temperatures in Centigrade degrees, vapor 
pressures in millimeters of mercury are used throughout the table. The table was cal- 
culated for barometric pressure B equal to 76 cmHg. A correction is given for each 
centimeter at the top of the columns. Ventilating velocity of wet thermometer about 3 
meters per second. 

th =0° 2° 4° 6° So 10° 12° Syee% 16° Sige 20° ~—*CDiffer- 
iu ence 

Corrections for 
for B 0.1° in 

percmHg .013 .026 .040 053 .966 079 092 .106 119 132 #-% 
—10 1.96 97 — — — 050 
— © Ae 1.15 Be - — Example 050 

eee a ee 17 2p, = 100; B= 745) emilee 
Sige i eager | ‘050 
— 5s 302 203 1.03 fc = rom table: 6.17 — 12 x 0.050 = 5.57 050 

For B, 1.5 < .048 = {iy ae 
tb 829 BAD L2e 29 — H 050 
Br S53 SEG ks ee en eae =5.64 ‘950 
Bonne co ns 88 ee arene, Ba cg 
Saigerl so Oe ie = MEM gtr. = Ga Se aipeG 

Orat5Si 3:58) 25789 1057 5 = — — — = = 050 
1 ye4:92e™. 3:92, 2:92) 1:9] 1 — — — —_ — — .050 
229 4 20 eo 2:27 a2 7 26 — _ — — — 050 
3) S68 4:68) S07) 2:66 1.66 65 — — — -- — 050 
460 5:09 S408" 3:07, 92:07 1.06 05 = — — — 050 
SB O&! §53, 4462 35 Zl Wee 49° = — —_ — .050 
6n e201 T6004 99 5 13'98i2:97 1296 Oy — — — 050 
7. G5 O50 549 2e3 847 B46 Vile 4350 = — — .050 
3 ROY 7208. EOF SO 200 Bes oy oC — — 050 
9 Bol 760) G53 S57 256 sob Abs ses 50) = — — .050 

LORS ZU AS 20/1 Se Onl Soa ee 4e eS 2 2a 09 08 — .050 
il O85 8s Zl GED “S78 A477 &75 > 278) “ily? IM = 051 
12 10.52 9.50 849 7.47 645 544 442 340 2.38 1.37 so) 0b 
1 A! 1022 O20 Bis ZilG Gaile Sol “4hbl S09 AO 0S Obi 
14 11.99 10.97 995 893 791 690 588 4.86 3.84 282 1.80 .051 
IS 1272) thy Ady Oe B7Al 7G Oy Sky AN SGI ASO EI 
LGR 13641262 G0 10S See D958 68953) Zeal eO49 S47 445 si4Se 05 
ASS 4 13522 49 4745 42, S-40R 7238) 16:36) 3508 4 Oo 
1895-49) 14460 513-44) 12 421139) 1037 «69340, 8:32 97:30 46.27. 5.255505! 
OMG 49 Nel 46m lA 4 13 412398 so) 104 9S 8:29) S726. 612450511 
ZO 55elOo2 0) 1441344 1242 11.399 10:36 Y9'34 Sisl 7:29 “051 
2h WIS668 17-64, 16161 15.589.14,56 13:53 12:50) 11:47 W045 9:42 8:39 .051 
22 19.84 18.82 17.79 16.76 15.73 14.70 13.67 12.64 11.62 10.59 10.57 .051 
23; 121.09™°2006: 19103 18.00:5-16.97, 15.94 14:91, 13.88 42.85 11-82. 10:79) 051 
DAN 922.406821.37, 2034 19:31081827 17.24 16.21) 15.18 4.15 13:12. 12.09) 051 
25. 23.786922.75. 2171 20.681.19.65 18.62 17.59} 16.56. 45.52 14.49) 13.46 052 
26 25.24 2420 23.17 22.14 21.10 20.07 19.04 18.00 16.97 15.94 14.90 .052 
27.-~ 26.77 25.73: 24.70 23:66 -22:63 21.60 20:56. 19.53' -18:49-- 17.46.-16:42> 2052 
28) 28:38 *27:34.s 26.3125.27 24:24. 23.20 22.17 21.139,20:10, 19.06 , 18:02, 052 
29 30.08 29.04 28.00 26.97 25.93 24.89 23.86 22.82 21.78 20.75 19.71 .052 
SO, eS1:86y S082. 29:78 2875 27.21 (20:67 25:63) “24/00! "23°56 “22-52 W214 Se 052 
31 33.74 32.70 31.66 30.62 29.58 28.54 27.50 26.46 25.42 2438 23.34 .052 
32°35.70: 34°66 33162" °32.58 31.547°30:50 29:46 28:42~ 27:38" 26.34." 25.30) 1.052 
33: 37.78 - 36.73> 35:69 34:65 ~ 33.61. 32.57 31.53: 30.49 29.44 28.40-«27.36- -.052 
34 39:95» 38.90. 37:86. 36:82% 35.78)! 34:73. 33609 32.605 31.61 30:57 29.52 052 
35 42.23 41.18 40.14 39.10 3805 37.01 35.97 3492 33.88 32.83 31.79 .052 
36 44.62 43.57 42.53 41.48 40.44 39.40 38.35 37.31 36.26 35.22 34.17 .052 
37. 47.13 46.08 45.04 43.99 42.94 41.90 40.85 39.81 38.76 37.71 36.67 .052 
38 49.76 48.71 47.66 46.61 45.57 44.52 43.47 42.43 41.38 40.33 39.29 .052 
39 52.51 51.46 50.41 49.37 48.32 47.27 46.22 45.17 44.12 43.08 42.03 .052 
40 55.40 54.35 53.30 52.25 51.20 50.15 49.10 48.05 47.00 45.95 44.00 .052 
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606 TABLES 641-648.—THE BAROMETER **" 

TABLE 641.—PRESSURE OF COLUMNS OF MERCURY AND WATER 

British and metric measures. Correct at 0°C for mercury and at 4°C for water. 

Metric measure British measure 

Pressure Pressure Pressure Pressure 
cmHg g/cm? lb/in.? inHg g/cm? Ib/in.? 

1 13.5954 .193367 1 34.532 491152 
2 27.1908 386734 2 69.065 .982304 
3 40.7862 580101 3 103.597 1.473457 
4 54.3816 .773468 4 138.129 1.964609 
5 67.9770 .966835 5 172.662 2.455761 
6 81.5724 1.160204 6 207.194 2.946918 
7 95.1678 1.353566 7 241.726 3.438058 
8 108.7632 1.546936 8 276.259 3.929286 
9 122.3586 1.740303 9 310.791 4.420370 

10 135.9540 1.933670 10 345.323 4.911522 

cm of Pressure Pressure Inches of Pressure Pressure 
HO g/cm? Ib/in.? H,O g/cm? Ib/in.2 

1 1 .0142234 1 2.54 .036127 
2 2 .0284468 2 5.08 072255 
3 3 .0426702 3 7.62 .108382 
4 4 0568936 4 10.16 .144510 
5 5 .0711170 5 12.70 .180637 
6 6 0853404 6 15.24 .216764 
7 i 0995638 7 17.78 252892 
8 8 .1137872 8 20.32 .289019 
9 9 .1280106 9 22.86 325147 

10 10 .1422340 10 25.40 361274 

ae The tables on the barometer have been adapted from the Smithsonian Meteorological Tables, sixth 
edition. 

TABLE 642.—CORRECTION OF THE BAROMETER FOR CAPILLARITY * 

Metric measure 

Diameter Height of meniscus in millimeters 
of tube 
in mm 4 6 8 1.0 1:2 1.4 1.6 1.8 

4 ie 1.7 2.1 2.4 2.6 
5 Ls: 1.06 1.34 1.55 1.76 
6 47 ZA 91 1.08 tA 1.30 1.37 1.43 
7 33 48 63 76 .86 96 1.03 1.08 
8 24 35 46 oS 63 70 77 82 
9 18 27 35 41 47 53 57 61 

10 12 18 24 30 35 40 44 47 
12 07 10 13 .16 20 22 25 Pil 
14 04 06 .08 10 11 13 15 17 
16 02 04 05 .06 07 09 10 11 

* Corrections to be added in millimeters. 

TABLE 643.—VOLUME OF MERCURY MENISCUS IN mm: 

Diameter of tube in mm 
Height of, —#————_—________——__ 
meniscus 14 15 16 17 18 19 20 21 22 23 24 

6 157 185 214 = 245 280 S18F 356 398 444 492 541 
1.8 181 211 244 = 281 320 362 407. 455 507 560 616 
2.0 206 240 278 S19 Fe s02 409 460 513 571 631 694 
Ze 233 271 313 358 406 459 515 574 637 704 776 
2.4 262 303 350 400 454 511 573 639 708 781 859 
2.6 291 338 388 444 503 565 633 706 782 862 948. 
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TABLE 644.—CONSTANT a FOR REDUCTION OF BAROMETRIC HEIGHT TO 

STANDARD TEMPERATURE * 

Brass scale and Brass scale and Glass scale and 
English measure metric measure metric measure 

eas SSS 
Height of a Height of a Height of a 

barometer in in inches for barometer in in mm for barometer in in mm for 
inches temp °F mmHg temp °C mmHg temp °C 

15.0 00135 400 0651 50 0086 
16.0 00145 410 .0668 100 0172 
17.0 .00154 420 .0684 150 0258 
WAS .00158 430 .0700 200 0345 
18.0 .00163 440 .0716 250 0431 
18.5 .00167 450 .0732 300 0517 
19.0 .00172 460 .0749 350 .0603 
19.5 .00176 470 0765 

480 0781 400 0689 
20.0 .00181 490 0797 450 0775 
20.5 00185 500 .0861 
21.0 .00190 500 0813 520 0895 
Zle5 .00194 510 .0830 540 .0930 
22.0 .00199 520 .0846 560 .0965 
22.5 .00203 530 0862 580 .0999 
23.0 .00208 540 .0878 
23.5 00212 550 0894 600 1034 

560 0911 610 1051 
24.0 .00217 570 .0927 620 .1068 
24.5 .00221 580 0943 630 1085 
25.0 .00226 590 .0959 640 .1103 
25.5 00231 650 1120 
26.0 .00236 600 0975 660 UGY/ 
26.5 .00240 610 .0992 
27.0 00245 620 1008 670 1154 
2725 .00249 630 1024 680 ll 

640 .1040 690 .1189 
28.0 00254 650 1056 700 .1206 
28.5 .00258 660 1073 710 1223 
29.0 .00263 670 1089 720 .1240 
29.2 .00265 680 1105 730 1258 
29.4 .00267 690 aA 
29.6 .00268 740 1275 
29.8 .00270 700 1137 750 1292 
30.0 .00272 710 1154 760 .1309 

720 .1170 770 .1327 
30.2 .00274 730 1186 780 1344 
30.4 .00276 740 1202 790 1361 
30.6 .00277 750 1218 800 1378 
30.8 .00279 760 11235 
31.0 .00281 770 1251 850 .1464 
31.2 00283 780 .1267 900 E55 
31.4 .00285 790 1283 950 .1639 
31.6 .00287 800 1299 1000 1723 

* The height of the barometer is affected by the relative thermal expansion of the mercury and the 
glass, in the case of instruments graduated on the glass tube, and by the relative expansion of the 
mercury and the metallic enclosing case, usually of brass, in the case of instruments graduated on the 
brass case. This relative expansion is ‘practically proportional to the first power of the temperature. 
The above tables of values of the coefficient of relative expansion will be found to give corrections almost 
identical with those given in the International Meteorological Tables. The numbers tabulated under a 
are the values of a in the equation Ht = Ht’ — a (t! — t) where Ht is the height at the standard tem- 
perature, Ht’ the observed height at the temperature ¢’, and a (t’—t) the correction for temperature. 
The standard temperature is 0°C for the metric system and 28°5 F for the English system. The English 
barometer is correct for the temperature of melting ice ata temperature of approximately 28°5 F, because 
of the fact that the brass scale is graduated so as to be standard at 62°F, while mercury has the ‘standard 
density at 32°F. 
EXAMPLE.—A barometer having a brass scale gave H = 765 mm at 25°C; redired, the consedbonding 

reading at 0°C. Here the value of a is the mean of .1235 and 1251, or 1243; a (t! —t) = .1243 x 
25 = 3.11. Hence Ho = 765 — 3.11 = 761.89. 
Nore.—Although a is here given to three and sometimes to four significant figures, it is seldom 

worth while to use more than the nearest two- figure number. In fact, all barometers have not the same 
values for a, and when great accuracy is wanted the proper coefficients have to be determined by 
experiment. 
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TABLE 645.—REDUCTION OF BAROMETER TO STANDARD GRAVITY FOR 

DIFFERENT HEIGHTS 

Free-air altitude term. Correction to be subtracted. 

The correction to reduce the barometer to sea level is [(g: — g)/g] X B where B is the 
barometer reading and g and g: the value of gravity at sea level and the place of observa- 
tion respectively. The following values were computed for free-air values of gravity g: 
(Table 802). It has been customary to assume for mountain stations that the value of g:= 
say about % the free-air value, but a comparison of modern determinations of qn in this 
country shows that little reliance can be placed on such an assumption. Where g: is known 
its value should be used in the above correction term. (See Tables 803-805.) Similarly for 
the latitude term, see succeeding tables; the true value of g should be used if known; the 
succeeding tables are based on the theoretical values, Table 802.) 

Heist Observed height of barometer in mmHg 

dea evel n1-9 400 450 500 550 600 650 700 750 800 

meters 

100 ~=—-.031 Correction in mmHg to be sub- OZ 02a 02 — — 
200 .062 tracted for height above sea level 04 #305 «= .05 — -— 
300 .093 in first column and barometer read- Wy Ah {0Y/ — — 
400 .123 ing in the top line. Ol) ie — — 
500 =.154 — — — == = — 11 12. 43 — —_— 
600 = .185 — — = = = Me 18} le! — — — 
700 ~=—-.216 — — — — — 14 15 alG — — _ 
800 ~=—-.247 — — = f= = 16 18 ~=.19 — — — 
900 ~=.278 — — — = — 18 A 2 — — — 

1000 ~=—-.309 — — — 18 3 .19 .20 22 ~2@.24 —_— — — 
1100 §=.339 — — — LOG 21 22 24 — _— — —= 
1200 ~=.370 — — — 21 25 24 26 — — — — 
1300 = .401 — — — 22 24 26 29 — — — _— 
1400 ~=.432 — — — 24 ~=«.26 28 31 — — — — 
1500 .463 — — 24 2601) =28 30 33 _ —_ — _ 
1600 .494 _— thew 25 810) Bz — = —_ — — 
1700 ~=—-.525 — —  .27 S30 OZ 34 _ — — — — 
1800 ~—-.555 — — 28 31 34 36 ~ — 020 .0463 15000 
1900 ~=—-.586 _— —  .30 33.al . 36 39 —_ — 019 .0447 14500 
2000 ~=-.617 =A PZ8E0 7.31 34 — 38 41 — 021 .019 .0432 14000 
2100 ~=.648 — 320 ~~ 33 36 ~—s40 — — 021 .018 .0416 13500 
2200 ~=—-.679 — 31 ‘oo 38 —St«iw 4d — _ 020 .017 .0401 13000 
2300 ~=..710 —_ SYA 0) 40 43 — 021 019 017 .0386 12500 
2400 ~=.740 =e 34. 338 420% 45 — 021 .018 .016 .0370 12000 
2500 6771 =3i1 ES hs Or eA Sher 47) —_ 020 .018 015 .0355 11500 
2600 802 SSG fo7. 241 = = 021 .019 017 .015 .0339 11000 
2700 ~—-.833 4m 300 «642 a= = 020 .018 016 014 .0324 10500 
2800 .864 3577 .40' ~ .44 == = 019 017 015 .013 .0308 10000 
2900 ~—.895 36 AL 46 — 020 .018 016 015 013 .0293 9500 
3000 =. .926 38) 42 47 — 019 017 016 014 012 .0278 9000 
3100 8 8§=.957 39 = 44 — — 018 016 015 013 — .0262 8500 
3200 = .988 40 3.46 — — Ol Ob Ola 012s 0247 8000 
SS00M OLS S42 tee 247, — O17) 016" 014 013 — — 0231 7500 
3400 1.049 43 ~—.48 — 016 .015 013 012 — — 0216 7000 
3500 1.080 44°49 — OSs 01455012 = 011 — — 0200 6500 
3600 1.111 45 — — 014 013 011 — — — 0185 6000 
3700 1.142 46 — — 013 012 011 — — _— 0170 5500 
3800 1.173 48 =F O12 SO 011 2010 = — — 0154 5000 
3900 =1.204 49 _ 011 010 010 — — — — 0139 4500 
4000 1.235 50 — 010 .009 009 — — — — 0123 4000 

— — 008 .008 .007 .007 Corrections in in. to .0092 3000 
-- oa 006 .005 .005 .004  — _ be subtracted for height .0062 2000 

— 003 .003 .003 — above sea level in last .0031 1000 
column and barometer 
reading in bottom line. 

feet 

30 28 26 24 22 20 18 16 14 g,-g Height 
a above 

Observed height of barometer in inches sea level 
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TABLE 646.—REDUCTION OF BAROMETER TO STANDARD GRAVITY * 

METRIC MEASURES 

From latitude 0° to 45°, the correction is to be added algebraically. 

tude 520 540 560 580 600 620 640 660 680 700 720 740 760 780 
mm mm mm mm mm mm mm mm 

0 SENG 1451.50 1.551 oll=1.66 1.71 1077 —1e2 1:87 1.931198 04 —2.09 

5 —1.37 —1.42 —1.48 —1.53 —1.58 —1.64 — 1.69 —1.74 —1.79 —1.85 —1.90 —1.95 —2.00 —2.06 
6 ESOT MILAZ, 98:47 il S20G1 57 WEL GSET1:68 211273) BE7 846 11:83) £189 81.94 eal-99" 22104 
f P55’ PSL40 7051.46 221-5 1Ss1 S661! P66: (GIRZ2 VEL7 700182) WE1-87al.92 al 98 N03 
: 134 SEIESO OL 441-49 83155 60 S81265. 9270) 251-75) BGl.80) E51:85/ 081.91 2E-96) 2201 

133° 138) 143.6 1.48153. 1.58. 11:63 168 1:73) 1.78) 1.840 1.80 (094. TTe9 

40 221131 221.36 £51-4121.4641 51 21,56 221.61 166 21,71 21.76 1-81 =1.86 221.92 —107 
i. Shik29 151.34.081.39 91.44.0149 B54 191.59 Sed 53169; 01.74 B79 Wi.84 Ai1.29 aod 
12) BEN-27 Sal 92). 37 8A.420901.47 PS2 81.57 OalG62 Oh1L67\EH.72 401.76 Rl SIel.86, LO] 
13 © 28025 $C4.30) 61.3590 1.40901.45 90.50 991.54 91.59 991.64)e1.6901.74 Onl.78. E83 “gs 
14) 123 128) 1.3608 1.38 1.42 47 152 1056 16IE, 1.6om 1710s 75.0es0 2185 

1S S21 9126-291: 30 1.35 140 44 140 3054 158) 231.63 1.67 291 72 77 el 
16 ‘ealS Sel 23:1. 2991.32-041.37 0.41 291.46. eaSO. TAIS5°4/1.601001.640m1.69 Be73 Gs 
17° TG1k16 OMQ0SD61.251h41.20481.34 71.38 291.43 09147 601.52401.56-1al.60)enl.65 Wal.oo Mt74 
19 Wetld3) Pl 194501 229 2691.31 801.35 (81.39 @OL44 $8148! W529 .57 unl 61. wales) GR70 
19. MO) 105? 1. 1095.123.01.27 e322 936 140 1044 148) 1.5391 57 Selloly mikes 

20) 251007 241511 216120 1.24 221-28 22132 2236 221.40 =41.44 1-49 1.53 = 57 ol 
21 Fitloa Si10g) 1112 F116 8120 91224 91.28 $1.32 111.36 91.40 901.44 $1.48 G52 Snis6 
22 OSLO VW05°) 11/0901 113 11516 S120. 1124 H1.28 9113201 36 O.4008N1.44 a4 est 
23 WOR SE101 11105 i109 E1113 HG 91:20 24 1.284.311. 35/001. 39 el 43) io 
DA HOA ORe FOIE 105.01.08 112 1:16 1419 123) 1278) 130 san 37 med 

Bs 28q00 £50497 21101 2104 1108 2111 15 Sin 221022 1251.29 11 326 
06 Tieie7 G00 03.00. 97-0100 M1103 Wi1l07 PO Mash baoNe3 eek27 SO 
7 Weiss: Sh. Rome (89°RE i92UEr 196 4-199 “E1102 O05 FAS! | 2S wes eel Bees 
D8 TeA7O Sh (e2i0h 19504 18920 91-9594 197 eA1lO0 110372 111068: MOO NZ BAS as 
29 75 GR. SI B44) 86 9889 | 192) 95 98) 1.019" 1,04001.07 Salo) Mii2 

30 — 71— .74— .76— .79— 82— 85— 87— 90— .93— 95 — .98 —1.01 —1.04 —1.06 
31 167, CE S69 A727 40277 Ah80 SIB2 CEG85: VESPER 90S 2 95 B98: OO 
32 162, BOSC E67- Be S700, 172 PEAZ4 WZ OILE79: SE 382° BE IS4e ES 86) OF ISD BPO a4, 
33 58) De HORLG 65008. 165000, 67 B69 ben72 W084 2.476708, 78. SE SOFT” 183, RASS) EES7 
34 aS4y S61. S80L 600. 62.) 164 866. 68: 0! FZ FA 7679S el 

35 — 49— 51— 53— 55— 57— 59— 61— 63 — .64— .66— .68— .70— 72 74 
36 145 246-1, 48 Min. 5000.52 1853 $255. M57 OSB RE GON Re. 162 RS 164 ROS) G7 
37 HA0) BUA 5E 1431) 45-64, 46 07.248 2549 OR 1 S52) SAOKE. S657 eso! aaeoO) 
38 86 18.87405, BSI. 40 W841 D42 44 1OAS (a,Ao ob AS he, BONGe ST MSZ, eeeSS 
39 Bee Bp 380d 340) 36.4437 SS 80L SADR azhe AG ll Atay ao eee 

40 — 26— 27— 28— 29— 30— 31— .32— 33— 34— 35— 36— .37— 38 — .39 
41 il) NBER 30K. 24-00 25 R26 1126. 27 16.328 .29" th. BONE BO MEE] eeeaZ 
42 M7 GS SIZES SIGS, 190 8, 19-6 20 tah 21 B21 E22 eh 22 25 24 ad eS 
43 M2 te M238 113 ON. 13914 W415 US BO RAO) 1688.17 a7 eee 
44 2 075. 08) 08%) 08 208) 09. 09 209% ONS OFS 10 N10 eee 

45 — 02— 02— 03— .03— 03— .03— 03— 03 — 03— .03— 03— 03— .03 — .04 

* 980.665 cm sec-? 

(continued) 
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TABLE 646.—REDUCTION OF BAROMETER TO STANDARD GRAVITY (concluded) 

METRIC MEASURES 

From latitude 46° to 90°, the correction is to be added algebraically. 

tale 520 540 560 580 600 620 640 660 680 700 720 740 760 780 
mm mn mm mm mm mm mm mm mm mm mm 

45 — 02— 02— 03— 03— 03— 03— .03— 03 — 03 — gH: 503085 03 — .03— .04 

46 + 02+ 034+ 03+ 03+ 03+ 03+ .03+4+ .03 + ee ee 03+ 03+ .04+4 .04 
47 107° 9. 0S GP 18 SENOS 8% 108 FT AOO NA ROOHe ds. 109. 10 Sad10 36.410. 2.11 
48 FQ PU AIZ@8. 113 T8135! Saal 4se Els BAA Se hosts 16 16 17" Ded 7 WES. 8.18 
49 79S 7 8B 18 CANTOR M19 RN 20) OAD I | eS 22 829 Ob 23. 24 ZS. EZ 
50 122) 10 122, 08.123) 08.124 63125 105.326, 20. 26.127 26228 Oh 129 bt 30 Oh31 Bet Roz 

51 + 264 274+ 284 294 304 314 324 334 344 35+ 36+4 374 38+ .39 
52 ISA 8.1329 2.133 OS 34 TN. 136 1371 0.138002 39s ©, AOMR HAZ I 243: OC44 12.45 86 
53 136. 98.137 @°.B8 P5.40 00.j41 O02 OF 144 B25 Ob 46 B48 OF.49 82 51 OS 52 95S 
54 £40! 142-0. 143 O45) W46 BONAS NENAD: SP S10 Tb. S2URRS4ONE 56-20.57 38.59 S50 
55 145 B\.146) RU 148 PO. BOS. S23 AN55 0257 Ch SSM 6062-06-04 gh05) E7 

56 4+ 494 514 534 554 574 594+ 60+ 62+ 644 66+ 68+ 704 .72+4 .74 
57 E5455 5.156" V0. [58:-£0.160 52.162. 92.164 08 166: 68: 0% OMe h 72, 74. OS. 76) 1S 78 BBO 
58 158°00.160:-h0) 162-00.165. 82.167-02,269- 08 17101 R74 7G 378 BS 280 FABZ BES B87 
59 $6220. 165000, 167-02. 169) S2.172. 02174. Eb 177 BESO BIS 18408 186. OF 89 GEO) F085 
60 166) 1. 169°%6.172 Se..574. 28177 P 179 CL. 1820 AE BAS IB 7Oe A89ES 192 B04 EL 7 0 

61 + 714 .734+ .764 794 814 844 874 89+ 92+4 95+ .98 +1.00 +1.03 +1.06 
62 ZAR ITZ VP 180 183, 185.08. BB SF. 91-6594. 65.197 (1100: 61102: £1105 Va08. iat 
63 178: 2.181 e185 (188 68.191, S6.194,85, 197 851100. 081103 O06 S109 RHIN2 SOLIS Ts 
64 162. #h. 185, OF 189 DE 02 St. 05-8508) S101 (5104 O18 LNN1 COs 2a7 E20 aes 
65 186 C189 €F..193. 16.196 BS. 99, £5103, 1106. O11109: £1113: W116 AGS 122 ea 26 <Z9 

66 + 904 93+ .97 +1.00 +1.04 +1.07 +1.10 41.14 41.17 41.21 41.24 +1.28 41.31 +1.35 
67 ~ © £193 08.197 e100 1)04 Si1!08 2 1L11 | (115° 4118 -1.22" 101/25 S29 64.33. O36. ‘BO 
68 °S 97 £1100 05104 Clog L111 01215 WOLE19 £11223 01126 \4.30°84.34-001.37 SAA a5 
69 (51100 811104 2/108 S111 Se4!15 ‘219 001123°0c1.27 od. 31°81. 34°OM. 3B oR AZ BMG «© E50 
70, 2/1103 SI07 OC1L11, OOLTS F61119 WON23 “01.27 41.310 (1.35: Bal.30 AAl.43° 961.47) Os ah55 

7 4-1:06/-1-1.10 --1.14--1.18 4-1-2251 1,264- 1.32---1.35°. 1.39) 4° 1.43.2. 1.47221 S10 eess 159 
72 WLO9 113 801.17 201.22 401. 26mh4 30: 41.34 = 91.38. Co1.42001 4721 SSR CLSSI ISSO. © iS 
7S WAA2 221.16" S1.20° 01.25 SA.29° 941.33) 621.37. Oel.42: 01.469 SOLEUSSURM.SOINEINGS 1167 
74” (4/14 061.19 OA23? PAl_28°S1 32°36) © 41.41- BSL.45°0%1. 5010 1.54\Gal.SBeal 6srmene7 1972 
75) EAA7 A121 OF. 26° 91.30! 0.35: W139 691.44 Cal 4B0tal SHR 57. hel .62hal.66 REIT «a5 

76 $1.19 41.24 41.28 41.33 41.37 41.42 + 1.47 41.51 41.56 41.60 41.65 +1.70 +1.74 41.79 
Fy. UBM WN 26-HAL. 310 021.35 MALAO: 621.45, (61,490.54 121.50) 271.63; CAl.6Sdel.7arakkeer BZ 
78. LBS b.28) SA 33) O1.38-421.42 Tl.472c1.52 221.57; 021.61 01.6601 Fiweel 76 Gabe WSS 
79 «1.25 «130 135 140 145 149 1.54 159 164 169 173 178 183 1.88 
SO) SG.27 §-1.32°0M.37 1.42. OH.47 221.51, 241.56 £4.61) 111.66 08.71. BEL.Z605t S186 © BOO 

Blo 1.29)-1- 1.33 11 38-4-1.43 41-48 01.53 4-158 41.63 4-1.68 4-173 4-198 101.85 ee 95 
82 130 1.35 140 145 150 1.55 1.60 165 1.70 175 1.80 185 1.90 1.95 
83 (11.31) 061.36, 081.41, 051.46 851.51 251.56 051.61, 051.67, 251.72 BEL.77 Bal eeael 87 FeO? 1107 
Bd bL,32 BM.37: £51.42 SS1.48 981.53 251.58 151-63 DU.68 0.73 C78 Bl G5 n1188 M03 «98 
85 133 138 143 149 154 159 164 169 174 1.79 184 1.90 195 2.00 

90 +135 +141 +146 $1.51 +1.56 $1.61 + 1.67 +1.72 41.77 +182 +187 +193 +198 +2.03 
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TABLE 647.—REDUCTION OF BAROMETER TO STANDARD GRAVITY * 

ENGLISH MEASURES 

From latitude 0° to 45°, the correction is to be added algebraically. 

Lati- aca 20 21 22 23 24 25 26 27 28 
Inch Inch Inch Inch Inch Inch Inch Inch Inch Inch 

0 —.051 —.054 —.056 —.059 —.062 —.064 —.067 —.070 —.072 —.075 

5 —.050 —.053 —.055 —.058 —.061 —.063 —.066 —.069 —.071 —.074 
6 050 052 055 058 .060 063 .066 .068 071 073 
7 049 052 055 .057 .060 .062 065 .068 .070 .073 
8 049 .052 054 057 059 062 064 .067 .070 072 
9 048 051 054 056 059 061 064 .066 .069 071 

10 —.048 —.050 —.053 —.055 —.058 —.060 —.063 —.066 —.068 —.071 
11 047 .050 052 055 057 .060 062 065 .067 .070 
12 047 049 051 054 056 059 061 064 .066 .069 
13 046 048 051 053 055 058 .060 063 065 068 
14 045 047 050 052 055 057 059 062 064 .066 

15 —.044 —.047 —.049 —.051 —.053 —.056 —.058 —.060 —.063 —.065 
16 043 .046 .048 050 052 055 057 059 062 064 
17 042 045 047 049 051 053 056 058 .060 062 
18 041 044 .046 048 .050 052 054 057 059 061 
19 .040 042 045 047 049 051 053 055 057 059 

20 —.039 —.041 —.043 —.045 —.047 —.050 —.052 —.054 —.056 —.058 
21 .038 .040 042 044 046 .048 050 052 054 .056 
22 037 039 041 043 045 047 049 .050 052 054 
23 036 038 .039 041 043 045 047 049 051 053 
24 034 .036 038 .040 .042 043 045 047 049 051 

2 =033 =—035 =.037 =038 =—.040 =.042 —.043 —.045 —.047 —.049 
26 032 033 035 .037 038 .040 042 043 045 047 
27 .030 .032 033 035 037 038 .040 041 043 045 
28 029 .030 .032 033 035 036 .038 039 041 043 
29 027 029 .030 032 033 035 .036 .037 039 .040 

30 —.026 —.027 —.029 —.030 —.031 —.033 —.034 —.035 —.037 —.038 
31 024 .026 027 028 .030 031 032 033 035 036 
32 .023 024 025 026 .028 .029 .030 031 .032 034 
33 021 022 023 025 .026 027 028 029 .030 031 
34 .020 021 .022 023 024 025 026 027 028 029 

35 —.018 —.019 —.020 —.021 —.022 —.023 —.024 —.025 —.026 —.027 
36 .016 017 018 019 .020 021 022 .022 023 024 
37 015 015 016 017 018 019 019 .020 021 .022 
38 013 014 .014 015 .016 .016 017 018 018 .019 
39 O11 012 .012 013 014 014 015 015 .016 017 

40 —.010 —.010 —.011 —.011 —.012 —.012 —.013 —.013 —.014 —.014 
41 .008 008 .009 009 .009 .010 .010 O11 O11 .012 
42 .006 .006 .007 .007 .007 .008 .008 .008 .009 .009 
43 .004 005 005 005 005 005 .006 .006 006 .006 
44 003 003 003 003 003 .003 003 .004 004 .004 

45 —.001 —.001 —.001 —.001 —.001 —.001 —.001 —.001 —.001 —.001 

* 32.17 in. sec-2 

(continued) 
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29 30 

Inch Inch 

—.078 —.080 

—.077 —.079 
076 ~=—-«.079 
075 078 
075 077 
074 076 

—)73) 076 
072 075 
071 074 
.070 072 
.069 071 

——067, —:070 
.066 .068 
065 067 
063 065 
062.064 

—.060 —.062 
058 .060 
.056 058 
054 .056 
052 054 

—050 —.052 
048 .050 
046.048 
044 046 
042 043 

—.040 —.041 
037 .038 
035 .036 
.032 034 
.030 031 

—.027 —.028 
025 026 
022 023 
.020 .020 
017 018 

—015 —.015 
012 012 
.009 .010 
.007 .007 
.004 .004 

—.001 —.001 
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TABLE 647.—REDUCTION OF BAROMETER TO STANDARD GRAVITY (concluded) 

ENGLISH MEASURES 

From latitude 46° to 90°, the correction is to be added algebraically. 

cade wee 19 20 21 22 23 24 25 26 27 28 29 
Inch Inch Inch Inch Inch Inch Inch Inch Inch Inch Inch 

45 —.001 —.001 —.001 —.001 —.001 —.001 —.001 —.001 —.001 —.001 —.001 

46 +.001 +.001 +.001 +.001 +.001 +.001 +.001 +.001 +.001 +.001 +.001 
47 .003 .003 .003 .003 .003 .003 .003 004 004 .004 .004 
48 .004 005 .005 .005 005 006 .006 .006 .006 .006 .007 
49 .006 .006 .007 .007 .007 .008 008 .008 009 .009 .009 
50 .008 .008 .009 .009 .010 .010 .010 O11 012 012 012 

51 +.010 +.010 +.011 +.011 4.012 4.012 4.013 +.013 4.014 +.014 4.015 
52 “Morn | 20127 -o124 ors ota More 2015 +ho1se 016} Sore Boy 
53 013 014 014 015 .016 016 017 018 018 .019 .020 
54 1015 6015020016. 2017 o1g ~ 019 ~019 2020s sc0215 °H022 Koz? 
55 016 017° 00018) “tors DWO20 821021 021 022 184023 8024 Oho25 
56 +.018 +.019 +.020 +.021 +.022 +.023 +.024 +.024 026 +.026 +.027 
57 .020 021 .022 .023 024 025 026 .027 .028 .029 .030 
58 021 022 023 025 .026 027 028  .029 .030 .031 .032 
59 023 .024 025 026 .028 029 ~=—-.030 .031 .032 033 035 
6) +0024 4%0267 800274 “2028 020 =2031 “W032 033"9M034" 036 1037 
61 +.026 +.027 +.028 +.030 +.031 +.033 +.034 +.035 +.037 +.038 +.039 
62 027 029 .030 .032 033 034 036 ~=—.037 .039 040 .042 
63 .029 .030 .032 033 .035 036 =. .038 039 = .041 042 044 
64 .030 032 033 035 .036 .038 .040 041 043 §.044 .046 
65 031 033 035 036 .038 .040 041 043 045 046 .048 

66 +.033 +.034 +.036 +.038 +.040 +.041 +.043 4.045 +.047 +.048 +.050 
67 034 036 + .038:~«=«.039Ss«.041.Ss«043'-Ss«8045 047 S048 )=S 050052 
68 035 .037 .039 .041 043 .045 .046 .048 .050 052 .054 
69 036 038 .040 .042 .044 .046 .048 .050 .052 .054 056 
70 038 .040 .042 .044 046 .048 .050 .052 053 055  .057 
71 +.039 +.041 +.043 +.045 +.047 +.049 +.051 +.053 +.055 +.057 +.059 
72 040 .042 .044 046 .048 .050 052 054 057 ~=—-.059 .061 
73 041 .043 045 047 049 052 054 056 .058 .060 .062 
74 042 044 .046 048 051 053 055 057 059 062 .064 
75 1043) #045. 9047") > 049) ©2052 0054 056 .058 061 063  ~=.065 

7606«+-.044 +.046 +.048 +.050 +.053 +.055 +.057 +.060 +.062 +.064 .066 
77 044 .047 049 ~=.051 054 056 058 .061 .063 065 .068 
78 045 .047 .050 052 055 057 059 ~=.062 064 066 .069 
79 046 §=.048 051 053 055 058 .060 .063 .065 .067 .070 
80 046 049 38.051 054 056 059 ~=.061 063 066 .068 071 

81 +.047 +.049 +.052 +.054 +.057 +.059 +.062 +.064 +.067 +.069 +.072 
82 047 .050 052 055 057 060 .062 065 .067 070 ~=©.072 
83 .048 .050 053 056 .058 .061 .063 066 .068 .071 073 
84 048 051 053 .056 .059 .061 064 066 .069 071 074 
85 049 = .051 054 .056 059 .061 064 .067 069 072 074 

90 +.049 +.052 +.055 +.057 +.060 +.062 +.065 +.068 +.070 +.073 +.075 +.078 
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TABLE 648.—DETERMINATION OF HEIGHTS BY THE BAROMETER 

Formula of Babinet: Z = CR si 
2B 

Bo+B 
C (in feet) = 52494 [1 + etios English measures. 

C (in meters) = 16000 [1 + 
2 ee 

a8 ee] metric measures. 

In which Z = difference of height . two stations in feet or meters. 

Bo, B = barometric readings at the lower and upper stations respectively, corrected for all 
sources of instrumental error. 

to, t= air temperatures at the lower and upper stations respectively. 

4 (to + #) 
°F 

10 
15 

20 
25 

30 
35 

40 
45 
50 
55 

60 
65 

70 
75 

80 
85 

90 
95 

100 

English measures 

Cc 
Feet 

49928 
50511 

51094 
51677 

52261 
52844 

53428 
54011 

54595 
55178 

55761 
56344 

56927 
57511 

58094 
58677 

59260 
59844 

60427 

SMITHSONIAN PHYSICAL TABLES 

Log C 

4.69834 
70339 

4.70837 
71330 

4.71818 
.72300 

4.72777 
73248 

4.73715 
74177 

4.74633 
75085 

4.75532 
75975 

4.76413 
76847 

4.77276 
77702 

4.78123 

VALUES OF C 

4 (to + t) 
¢€ 

Metric measures 

G 

Meters 

15360 
15488 
15616 
15744 
15872 

16000 
16128 
16256 
16384 
16512 

16640 
16768 
16896 
17024 
17152 

17280 
17408 
17536 
17664 
17792 

17920 
18048 
18176 
18304 

Log C 

4.18639 
.19000 
.19357 
19712 
.20063 

4.20412 
.20758 
21101 
21442 
.21780 

4.22115 
.22448 
22778 
23106 
23431 

4.23754 
.24075 
.24393 
.24709 
.25022 

4.25334 
.25643 
.25950 
.26255 

613 
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TABLE 650.—ELEMENTS AND CONSTANTS OF ATMOSPHERIC 6]5 

ELECTRICITY * 

The elements of atmospheric electricity show variations, both regular and irregular. 
Over land the irregular variations are very pronounced and the regular variations differ 
notably from place to place, in marked contrast to the corresponding characteristics over 
the ocean. Therefore, and because of the wider and more uniform geographical distribution 
of ocean observations, it seems best to give the greater weight to the ocean data when at- 
tempting to arrive at values characterizing world-wide conditions. Because of the wide 
variation from place to place in the means from land stations, due to local factors, a 
general mean of these is of questionable significance. Hence it seems better to indicate 
the extremes of station means in the case of elements for which the data are sufficiently 
abundant. 

Certain disparities, which will be found between published tables of ocean data, arise 
largely from the inclusion of more recent data. 

Of the atmospheric-electric elements the potential gradient has been the most exten- 
sively observed. The sign of the average gradient is everywhere such as to drive positive 
ions toward the earth. The periodic variations in this element are of great interest because 
of their apparent relation with cosmic phenomena. Thus the potential gradient apparently 
increases with increase in sunspot numbers and varies throughout the year. The maxima 
in monthly means occur everywhere, with few exceptions, at the time of northern winter, 
and the corresponding minima occur at the time of northern summer. The diurnal varia- 
tion observed over the oceans is everywhere in phase when considered on a common-time 
basis, except for a minor phase-shift that depends upon the season. This diurnal variation 
derived from observatories made on the Carnegie during 1915 to 1921, given by the 
Fourier expression AP/P = 0.15 sin (@ + 186°) + 0.03 sin (26 + 237°) where @ is reck- 
oned at 15° per hour beginning at 0" Greenwich mean civil timt, is in close agreement 
with that obtained from 1928-1929 observations. 

No general expression that will approximately characterize the diurnal variation over 
land can be given. These variations determined by local factors are apparently super- 
imposed upon a variation of the same world-wide character as that found to prevail over 
the oceans. 

* Tables 650-653 prepared by G. R. Wait, Department of Terrestrial Magnestism, Carnegie Institution 
of Washington. 

TABLE 651.—IONIC EQUILIBRIUM IN THE ATMOSPHERE 

Equilibrium for atmospheric ionization occurs when q = an? + y:Non + m2Nn, where n 
and N are the number of pairs of small and large ions of one sign and No the number of 
uncharged nuclei; a, 7, 72, are coefficients of recombination of small ions with small ions, 
with uncharged nuclei, and with large ions. If for both small and large ions the positive 
and negative are equally abundant, then No/N = m2/m. When n/N <2n2/a, the equilib- 
rium-condition is expressed by g = Bn; £ is designated the diminution-constant; 1/8 = 
is the “average life” of a small ion in air which contains an abundance of large ions; © 
varies inversely as N. 

a: 1.6 X 10° cm*/sec 
me SSCIOY Ss 
1 LOA 
© Over land, 

Average, 30 sec 
Extremes, 10 to 60 sec 

Over sea, 230 sec 
N: Over land, 500 to 50,000 ions/cm* 
Aitken nuclei, number per cm’: 

Over open country, up to 10° 
Over midocean, about 800 
In free air, 

Altitude 1 km 6,000 5 km 50 
3km 200 85kmabout 5 

TABLE 652.—CHARGE ON RAIN AND SNOW 

Specific net charge on precipitation : 

Average, 0.5 esu/g 
Maximum observed, 20 esu/g 

Specific charge on individual raindrops or snowflakes : 

Rain, + 2.7 to — 3.2 esu/g 
Snow, + 11.6 to — 8.1 esu/g 
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Element 

Potential gradient. 

Air-conductivity 
total eee eee eee ee 

Ratio of positive 
to negative 
conductivity .... 

Air-earth current 
Gensitye aoe cee: 

Density of small 
ions: Positive .. 

Negative . 

Ratio of positive — 
to negative ionic 
density eee ee eee 

TABLE 653.—ATMOSPHERIC-ELECTRIC DATA 

Symbol 

P 

ene 

1 = AP/30000 

n, 

n- 

(nm, + n-)/2 

SMITHSONIAN PHYSICAL TABLES 

Means Units Variations 

Range Percent of mean 
Land: 64 to 317. ~volts/m Annual 22 to 145 

cs Diurnal 35 to 120 
Sea: 128 Annual 13 

Diurnal 35 
Fireesalty emer cise soto Percentage of surface values at 

various altitudes 
0 km 100 6km 8 
3e 17 Sa hig. | 

Land: 1 to 5  esu > 10“ Variations determined chiefly by 
local factors 

Sea: 2.6 * “Variations small and chiefly ir- 
regular 

Ree @alien varies hoc ietc eerie Ratio of value at various alti- 
tudes to that at surface 

km 1 6 km 20 
agai} OS 38. 

Land: WA 
Sea: 1.26 

Land: 70 esuX 107 
Sea: 11.0 

Land: 750 ions/cm® 
Sea: 600 i 
Land: 650 i 
Sea: 500 f 
IPG @eathe e crcedeccp eretetetete santos Values at various altitudes 

km 1300 
4 “ 1900 
Sie 2500 

Land: 1.23 
Sea: 1.23 

(continued) 



TABLE 653.—ATMOSPHERIC-ELECTRIC DATA (concluded) 617 

Element Symbol Means Units 

Space-charge, over land. . p At surface: * 10-*° esu/cm? 
Fy — 2000 to + 1900 

P=— (5/128) x 10° Free air: 

p 
(For h = height in km) 0to3km 9.0 ‘s 

3 to6 0.9 cf 
6to9 0.4 HY 

Mobility of small ions: k, = d,/300 en, 
POsitiMes rare. Scraate see k, Land: 0.9 cmsec™ volt? cm™ 

Sea: 1.6 f 
IN€patiVvel tec. acess k- Land: 1.0 2 

Sea 1.7 ¢ 

Rate of formation of Over land: 
ion=pairs’ 2.2.42. 024.4% q Ra and Th 

products in air 
a rays : ions cm™* sec™* 
B rays 0.2 oh 
7 rays 0.15 i 

Radioactive 
matter in the 
earth’s crust 

B rays 0.1 - 
y rays 3.0 S 

Penetrating 
radiation 1.5 $ 

Total 9.55 - 

At sea: 
Penetrating 
radiation 1.5 2 

@)) ae 07 ‘ 

Total 2.2 is 

* The sign and magnitude of surface values are exceedingly variable from place to place. 
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618 TABLES 654-659—ATOMIC AND MOLECULAR DATA 

Just a few years ago it was held that the universe was made up of 92 ele- 
ments and that probably these elements were made of two elementary particles. 
While most of these 92 elements had been identified and their properties 
studied, there were several that had not been identified and thus very little 
was known directly about their properties. 

As a result of a great amount of study and investigation, during the past 
few years the number of known elementary particles has been extended to 
seven or eight (see Table 720), and all the elements missing from the periodic 
table (see Table 658) have been identified and some of their properties 
studied.!®® In addition to this, the number of elements has been extended to 
five or six beyond uranium and some of the properties of these elements have 
been studied. (See Table 658. ) 

It is now generally considered that the elements are made up of electrons, 
protons, and neutrons. Each element now has three designations: the name; 
the atomic number, Z, 1.e., the charge on the atomic nucleus and the mass num- 
ber, A, which is the number of protons and neutrons that make up the nucleus 
of the atom and extends from 1 for hydrogen (or the neutron) to 246 for the 
isotope of californium. This mass number is not too definite since, in many 
cases, several atoms have isotopes of the same mass number. 

Atoms of number greater than 83 and certain isotopes of eight atoms of 
lower atomic number, are unstable in that they break down into other isotopes, 
ie., they are radioactive. (See Table 732.) There are in all about 1,220 
different isotopes 1*® that have been identified and have had some of their 
properties studied. Of these only 274 are stable. A number of atoms *%° 
(Z = 43, 61, 85, 93, 94, 95, 96) are so unstable that they are not now found 
on the earth. Two of the isotopes, A = 5, and 8, have so short a life that it is 
almost impossible to detect them. A radioactive material with a life shorter 
than about 10° sec and longer than about 10‘ years will be unobservable 
as such. 

The values given for certain physical dimensions of molecules, atoms, or 
nuclei depend upon the definition of the particular dimension and the method 
used in its calculation. Diameters may be calculated from Van der Waal’s 
equation, from viscosity, and from certain force relations. Some values are the 
results of assuming the atom or nucleus to be a sphere. While these various 
methods give results that do not differ too much, neither are the results in 
good enough agreement for one to feel that the answer is final. The following 
tables give some results of physical dimension obtained by various means of 
calculation. 

7 Seaborg and Perlman, Rev. Mod. Fhys., vol. 20, p. 585, 1948. 
* Bethe, H. A., Elementary nuclear theory, John Wiley & Sons, Inc., 1947. Reprinted 

by permission. 

TABLE 654.—CONVERSION FACTORS FOR UNITS OF MOLECULAR ENERGY * 

Electron-volt / Wave Not 
Units Erg/molecule Joule/mole Cal/mole molecule (cm-1) 

1 erg/molecule = 1 6.0228310' 1.4349110'" 6.2422 10" 5.03581«10"% 
1 joule/mole = 1.660349X10™ ~— 1 .239006 1.03642710° 8.3612110" 

1 cal/modle = 6.94690 «107 4.1840 1 4.33641 xX10°% .349833 
1 electron-volt/ 

molecule = 1.60199210-" 96.4853x10®  2.30605X10* 1 8.06734 10° 
1 wave No (cm™) = 1.985776 10" 11.95999 2.85851 1.239567K10* 1 

* This table adapted from data furnished by the National Bureau of Standards. {t This means hy/molecule 
where the values given are for vy = unity. 
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TABLE 655.—INTERNATIONAL ATOMIC WEIGHTS ™ 619 

At Atomic At Atomic 
Element Symbol No weight * Element Symbol No - weight * 

Actinium? ...2.. 48 Ac 89 227 Molybdenum ..... Mo 42 95.95 
Aluminum ....... Al 13 26.98 Neodymium ...... Nd 60 144.27 
Americium ....... Am 95 [243] Neonkse- Sh. 0... Ne 10 20.183 
Antimony; .... + - <f Sb 51 121.76 Neptunium ...... Np 93 [2374 
ATSON £4. «sos. A 18 39.944 Niekelyt. 65....%:... Ni 28 58.69 
Arsenica... oa. 2 tse As 33 74.91 INGGbition aa gee Nb 41 92.91 
Astatinem. .25.+5 «2 At S59, [210] Nitnogen Gh. ..0..- N 7 14.008 
Banumee cas... Ba 56 137.36 Ostitttrn 32 e6eo5ce Os 76 190.2 
Berkelium ....... Br 97 ~—s- [245] Oxygen! S5...2... O 8 16 
Beryllium’ . 2.5: Be 4 9.013 Palladiunie.. 2. Pd 46 105.7 
Bismuth] eee: Bi 83 209.00 Phosphorus ...... P 15 30.975 
Boron) SF ses.) = B 5 10.82 Platinum asec Pt 78 195.23 
Brominel.-e sce Br 35 79.916 Plutonitumis......- Pu 94 =[242] 
Gadmiuml =... «1 Cd 48 112.41 Polompumea.-) oe Po 84 210 
Galciuml....-2-.6 Ga 20 40.08 Potassitimees. ose K 19 39.100 
Californium ...... Gf 98 [246] Praseodymium ... Pr 59 140.92 
Garbon#As neces C 6 12.010 Promethium ..... Pm 61 [145] 
Geriump® ace)... Ce 58 140.13 Protactinium ..... Pa 91 231 
Cesium s 4. <qs0.s oles Cs 55 132.91 Radiumt 94.5.2... Ra 88 226.05 
Chiorinem eee Cl 17 35.457 Radonss}. 32:72... Rn 86 222 
Chromium ~..:. =: Cr 24 52.01 Riheniwm sas oe. Re 75 186.31 
Cobalt 4%... b: 4: Co 27 58.94 Rhodium ........ Rh 45 102.91 
Copper 29...2.q@asn: Cu 29 63.54 Rubidiumpss..--.. Rb 37 85.48 
Guniumiee eee Cm 9 [243] Ruthenium ....... Ru 44 101.7 
Dysprosium ...... Dy 66 162.46 Samianittimiiss a. - Sm 62 150.43 
Enbiumipscoe- oc Er 68 167.2 Scandium!) +.)...; Sc 21 44.96 
Europiumi. =. . cen Eu 63 152.0 Selenium ........ Se 34 78.96 
Plnonines ores. o. F 9 19.00 Siliconim. ook os.niee Si 14 28.06 
Brancium! ....2sne Fr 87 = [223] Silvetiath dtecce cc: Ag 47 107.880 
Gadolinium ...... Gd 64 156.9 Soditmm.226. 0-5 Na 11 22.997 
Galliumy Sac...) Ga 31 69.72 Strontium. oe.- Sr 38 87.63 
Germanium ...... Ge 32 72.60 Suliftinese eee S 16 32.066 t 
Gold ...982 ee S18 Au 79 197.2 Mantaluime eee aa 73 180.88 
ISQviNitin oacooocc Hf 2 178.6 Technetium ...... Tc 43 [99] 
lskabite Goocaouode He 2 4.003 Mellunium)seacese Te 52 127.61 
Holmium! -sc2e 2s Ho 67 164.94 Merbiunw ee eee Tb 65 159.2 
Hydrogen se. +6 H 1 1.0080 ‘Thalliuameeen eee Til 81 204.39 
lintel: geastioouse In 49 114.76 sphoriumi eee oe eee Th 90 232.12 
Todine) 3. oe eee I 53 126.91 Dhulium) jee soe Tm 69 169.4 
IsstehGtin aocedeodso Ir id 193.1 Tink... eee Sn 50 118.70 
Mrontesc sites Fe 26 55.85 Sleitaniuiniee eee ni 22 47.90 
Kory, ptonmenee cee Kr 36 83.80 Tungsten 2s4e0.-- W 74 183.92 
eanthantimiee ces lea 57 138.92 Wiranitimpee eee U 92 238.07 
1 eec oe  re Pb 82 207.21 Wanaditimmerine V 23 50.95 
Meithiume eee oe ei 3 6.940 Xenon Mesa mee Xe 54 131.3 
eutetiunmeeee ene Lu 71 174.99 Witterbinme reser Yb 70 173 04 
Magnesium ...... Mg 12 24.32 Vit rium eee NG 39 88.92 
Manganese ...... Mn 25 54.93 Zine Bigs es 3 Zn 30 65.38 
Mercunysen ease Hg 80 200.61 ZAGGOnitimy ae eee Zs 40 91.22 

201 Wichers, Edward, Journ. Amer. Chem. Soc., vol. 74, p. 2447, 1952. : 
* A value given in brackets denotes the mass number of the isotope of longest known half life. _ : 
+ Because of natural variations in the relative abundance of the isotopes of sulfur, the atomic weight of this 

element has a range of +.003. 
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1 Hydrogen 
2 Helium 
3 Lithium 
4 Beryllium 
5 Boron 
6 Carbon 
7 Nitrogen 
8 Oxygen 
9 Fluorine 

10 Neon 
11 Sodium 
12 Magnesium 
13 Aluminum 
14 Silicon 
15 Phosphorus 
16 Sulfur 
17 Chlorine 
18 Argon 
19 Potassium 
20 Calcium 
21 Scandium 
22 Titanium 
23 Vanadium 
24 Chromium 
25 Manganese 
26 Iron 
27 Cobalt 
28 Nickel 
29 Copper 
30 Zinc 
31 Gallium 
32 Germanium 
33 Arsenic 

TABLE 656.—ATOMIC NUMBERS 

34 Selenium 
35 Bromine 
36 Krypton 
37 Rubidium 
38 Strontium 
39 Yttrium 
40 Zirconium 
41 Niobium 
42 Molybdenum 
43 Technetium 
44 Ruthenium 
45 Rhodium 
46 Palladium 
47 Silver 
48 Cadmium 
49 Indium 
50 Tin 
51 Antimony 
52 Tellurium 
53 Iodine 
54 Xenon 
55 Cesium 
56 Barium 
57 Lanthanum 
58 Cerium 
59 Praesodymium 
60 Neodymium 
61 Promethium 
62 Samarium 
63 Europium 
64 Gadolinium 
65 Terbium 
66 Dysprosium 

67 Holmium 
68 Erbium 
69 Thulium 
70 Ytterbium 
71 Lutetium 
72 Hafnium 
73 Tantalum 
74 Tungsten 
75 Rhenium 
76 Osmium 
77 Iridium 
78 Platinum 
79 Gold 
80 Mercury 
81 Thallium 
82 Lead 
83 Bismuth 
84 Polonium 
85 Astatine 
86 Radon 
87 Francium 
88 Radium 
89 Actinium 
90 Thorium 
91 Protactinium 
92 Uranium 
93 Neptunium 
94 Plutonium 
95 Americium 
96 Curium 
97 Berkelium 
98 Californium 

Bk 
Cf 

Given below by atomic numbers are some foreign or obsolete names for certain of the 
elements. 

4 Glucinium, Gl 
11 Natrium 
13 Aluminium 
19 Kalium 
26 Ferrum 

41 Columbium, Cb 
43 Masurium, Ma 
47 Argentum 
50 Stannum 
51 Stibium 

SMITHSONIAN PHYSICAL TABLES 

61 Illinium, II 
71 Cassiopeium 
72 Celtium 
75 Bohemium 
79 Aurum 

80 Hydragyrum 
82 Plumbum 
85 Alabamine, Ab 
86 Emanation, niton 
87 Virginium, Vi 
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TABLE 658.-ELECTRON CONFIGURATIONS OF THE ELEMENTS, 

NORMAL STATES * 

a s = 

3d 4s 4p 4d _ a bo a bo ~S w& a Ww ad 

WCONAMNAWH 

ioe] 

Le) aS io) a 

NNYNNNNNYNYNYNYNNNNNNNNNNNNNNNYNNNNNNNNNNNNNNNNMNNNNH— NNN NNNNYNNYNYNYNNNNYNNNNNNNNNNYNNNNNNNNNNNNNNNNNND— DN NNN NNNNNNNNNDANANNANANNANANANAANANAAAAADNAAAAAAAMKAWH | NWNNNNNYNNNNNNNNNNNNNNNNNNNNNNNNNNNMNND— NNANNNNANNNNNNANANANANNANNAAAANAAAAAAMNAWNHH NNNNNNYNNNNNNYNNMNNDYENNNNHNNNDN— 

1 
2 
3 
5 
5 
6 
7 
8 

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 ANNNNAAANAAAAMLWHY CONN RN _ 

* See column 3, Table 623. G. T. Seaborg, private communication. 

(continued) 
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623 
TABLE 658.—ELECTRON CONFIGURATIONS OF THE ELEMENTS, 

NORMAL STATES (concluded) 

K ib, M N O Je 

Lseer2s 2p --38-—3p-- 3d'—~45-—4p 4d 4p— Sse—5p. Sd Sf 6s 6p 6d 7s 

a Ap dees 2° SGete 6 “0 2.6 10 1 
ASn@dpmocmue a0) a2 oO) 10) 25 6; gal0 2 
AQ ing Sc ee) 16) 2 6 10; 2 6 + 40 2, gl 
SO Sn 2° 2 @ BZ @ WO Ae eG 910 2 32 
Sl Sip Bo BG © BZ © WO 7 al) 2X3 
te 64 2 9 2 oC wy Are ao 2. 44 
3} 1 2% @ oO 48 @ WMO) Bo 10 ZS 
54oxennz 2 6 2.6 #10 2. 6 AO 2 6 
SoCsmezyee cl 6) 2 6. - 10) 27, 46S 10 2 6 1 
SOp Dammam On e2aO LON 2a 6) lO 2 46 2, 
Slane Oloee) 6 10) 2. 6 0 2 6 1 2 
SoiCemmece 25 0. 2 6 10 27586 0 2 2 36 2 
Soe eraeece ele Tor 2.6 10) 2 ete 4) 0 3 2 VO 2 
GORNGRZe 92 6p 92.56 S10" 27096) 210 4 2 6 2 
Gil Rm 2 BG BG 1) Be. 1) 5 2 RG 2 
SP Sa AO By SO a) 6 <2) RG 2 
Ose waza 2) 6) 926 S10) 216 lO i 2 36 2 
OA5Gd ee 2 to) 920 6 S10 «256 60 ie 2 &6 1 2 
Gy iy 2 BO A oy I) ei) 9 2. %6 2 
6o.Dy a Zere2 or 2° 6 410 2486 «6AOeRMO 62 «66 2 
67 Hom ee 6 22 96 S10 22°6 <10/eeM 2 86 Z 
6Seiresmceee. Of ee) 6 P10) 6 20886 «lO eZ) 2 86 2 
OO Dime 2672. G2 6 10 2.6 A043 2 6 2 
70 Yoe Beez Gee? 6 “IO 2.96 AD i444 2 G6 2 
Zl ta WAP2 @reh2 «6 0 CU 6 C0 42 HG 1 2, 
(ett eel Opeee 6 S10 2°96 1Oe4 2 S86 2 2 
73 Vas e2ee2- 6e2 6 “10 2°56 10/914 2 6 3 2 
T4 IN ee? 6 O26 Hs GH AOA 2 an + 2 
75 Rewagwee2 (6:982 66 S10 226 JOM 2 M6 5 2 
7o/Os. 22 6 2 6 “10 26 AOU, 2 316 6 2 
77 Ir 22, 6 32 6 =10 2.6 1014 2 &6 7 2 
foart. 22. 6532 6 490 236 JOS14 2 NG 9 1 
(otAd. 22. Oe? 6° VI0. ” 2°46. 10°14 . 2 We. 10 1 
BOSE Motte PeeO: Pee: AOM 2 560). 10.6994, . 02.80 lO 2 
Sal. MAEN2* I6ePe2 96 (10) = 2°O3:6") 10 2414 S266. 10 Zane 
S2 Ppa 2 0 eee. 6 dO 2G OIA: ° 2 SG” “10 (4, 
Sarbr 22. 622 6 10°26 10°14 2W¥e 10 74 8) 
ro] 0 ome yom South “aemel © yma! ( ( \memmAcms © pummel! | fa ame” 6) rat 5) Dee 
85 At oO Ztoot2 Ow Zs Go lOiue2 0:6 lOyde oid eOaeld 25 
SGRG 62) 2 ter Oe? exfOe lO) «Ze 56> dO 144.2, 26 910 15 (55 
Sree ese. 0 e2ero 210) 2. 6. 0. 142. 2Gr alO 2016 1 
SseRaw wee 6 2. ore 0°" 2°.6° 10-1t* 2 36 10 2. 36 2 
SEN 2 ea ae G10 2 10 1S 20 2E16 les eZ 
COnMihe 2) 120 2 LomelOwi2: 6 10 14 °2. 76° 10 ZitteOteeZs Z 
Olea (2402 “Go 2 *Garetorr2 6 10. 14 2e6) 10° 92. 2eeGeeeinZ 
92 U Dee aoe se 9G 10) 2 (1G) IO 145 2) or OW ope Onn eee 
OseNp Zee 2 G"2 6°10 2 6 IO, 14 2.6 «10-4 2 ieee 
OOP 22. 662° 66240 2 6 . 10, “14. 2-6 10) SS) 2 ie ee 
H5eAm 282: +6642 °6 °10 2. -6 10% 14 2:6 10.*@92 “Geel? 
H6rCm 22 2 G2 6. 710 2. 6 (10h 14. 26: AC SoZ) Gee 
D7 Bice 2eeene GP? 26> 740 2 6. 104% 14 2886 10 BR 2a erie 
OSC Zee 6 2 6 =16 2 6° 108 14° 2eG) 10) Sore 2 ow ee 
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TABLE 659.—RADII, IN ANGSTROM UNITS, OF THE ELECTRONIC ORBITS 

OF LIGHTER ELEMENTS 

K IL M N 

Element Is 2s 2p 3s 3p 3d 4s 4p 

H 33 
He .30 
Li .20 1.50 
Be 143 1.19 
B 112 88 85 
c 090 .67 66 
N 080 56 53 
O 069 48 45 
F 061 41 38 
Ne 055 37 32 
Na 050 32 28 1.55 
Mg 046 30 25 1.32 
Al 042 74 743) 1.16 te4 | 
Si 040 .24 v7 | 98 1.06 
P 037 20 -19 .88 92 
Ss) 035 21 18 78 82 
Cl 032 .20 .16 72 75 
A 031 19 155 .66 67 
K 029 18 .145 .60 63 2.02 
Ca 028 .16 .133 ay) 58 2.03 
Sc 026 .16 127 RY 54 61 1.80 
Ti 025 150 122 .48 50 55 1.66 
Vv 024 143 117 .46 47 49 152 
Gr 023 138 112 43 44 45 1.41 
Mn 022 133 .106 .40 41 42 1.31 
Fe 021 127 101 39 39 39 122 
Co 020 122 .096 37 37 36 1.14 
Ni 019 117 .090 339 36 34 1.07 
Cu 019 112 085 34 34 32 1.03 
Zn 018 106 .081 32 32 30 oF 
Ga 017 103 .078 wl 31 28 92 1.13 
Ge 017 100 076 .30 30 27 88 1.06 
As 016 097 073 29 29 25 84 1.01 
Se .016 .095 .071 28 .28 .24 81 95 
Br 015 .092 .069 27 21 23 76 .90 
Kr 015 .090 .067 .25 25 woe 74 .86 

203 Slater, J. C., Introduction to chemical physics, 1939. Courtesy of McGraw-Hill Book Co. 
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TABLES 660-668—ABUNDANCE OF ELEMENTS 625 

TABLE 660.—ELEMENTAL ABUNDANCES IN THE UNIVERSE ™ 

(Atoms per 10,000 atoms of Si *) 

Ele- Abun- Ele- Abun- Ele- Abun- 
Z ~~ ment dance Source || Z ~~ ment dance Source Z ~~ ment dance Source 

i dey 3.5K 10° S 298 Gu 4.6 M 58) Ge 023 M 
A sey SO s< iy S 308 Zn 1.6 M 59 Pr 0096 M 
3m TA 1 31 Ga 65 M 60 Nd _ .033 M 
4 Be Ez 32 Ge 2.5 M 61 Pm She a3 
Sas £2 33” JAS 48 M 629'Sm= 4012 M 
6 2-G 80,000 S 34 =Se 25 M 63 Eu 0028 M 
dame 160,000 S Sh) 18 42 M 64 Gd 017 M 
8 O 220,000 S 36 =Kr#t ‘ As 65 Tb .0052 M 
9 F 90 P 372) Rb 071 M 66 Dy  .020 M 

10 Ne# 9,000-24,000 P, Sc 38S 41 M 67 Ho .0057 M 
Le Na 462+ 36 M 39 AY: 10 M 68 Er .016 M 
12 Mg 8 8/70+250 M 40 Zr 185 M 69 Tm .0029 M 
13. Al 882+ 81 M 41 Nb .009 M 10) ibe O15 M 
14 «Si 10,000 M 42 Mo 19 M 7A se 0048 M 
5 ee 130 M 43 Tc oa aes 72 At 2007 M 
1655S 3500 S 44 Ru 093 M 13) sha .0031 M 
IW ell 170 12 45 Rh 035 M 74 W 17 M 
18 At  130-2,200 iPsPe 46 Pd 032 M 75 Re 0041 M 
19 K 69.3 +7.5 M 47 Ag 027 M 76 Os 035 M 
20 Ca 670+74 M,S 48 Cd 026 M Hil Avr 014 M 
7Al Se 18 M 49 In 01 M AS et 087 M 
74 AS 26.0 + 9.0 M 50 =6Sn .62 M 79 Au .0082 M 
25 =" Vi 2.5 M Sh Shas 017 M 80 Hg ? M 
24 Cr 95 M S2ae ale ? a Sl ar ? M 
25 Mn 77 M Soe oT 02 ane 82 Pb ih M 
26 Fe 18,300 M 54 Xet oe Me 83 Bi .0021 M 
27 Eo 99 M 5S (Gs 001 M O90) ihe 2012 M 
28 Ni 1,340 M So. Ba 039 M 92> AU .0026 M 

57 ea 021 %M 

204 Brown and Harrison, Rev. Mod. Phys., vol. 21, p. 625, 1949. , , $ 
* Silicon is 12.3 percent by weight in meteorites. + The hydrogen-helium ratio and the ratio of hydrogen 

and helium to the ‘“‘oxygen group” elements (C, N, O, Ne, Fe) are those computed by J. Greenstein and reported 
by M. Harrison, Astrophys. Journ., vol. 108, p. 310, 1940. t See Table 663. § Stellar and _ meteoritic 
values have been combined by equalizing the calcium abundances. || The letters S, P, Sc, Pe, and M desig- 
nate the sources chosen (solar, planetary nebulae, T-Scorpii, yy Pegasi, or meteoritic). 

TABLE 661.—ABUNDANCE OF ELEMENTS IN OUR PLANET GIVEN IN 

PERCENTAGE BY WEIGHT * 

Lithosphere, t Lithosphere,t 
Earth hydrosphere, Earth hydrosphere, 

Element crust Earth atmosphere Element crust Earth atmosphere 

O 46.6 24.4 49.38 12 te 17; a 
Si 27.7 1222 25.8 Cc Bee 07 AW) 
Al 8.1 1.0 TES Cl Bev 05 19 
Fe 5.0 45.6 4.66 H 04 87 
Ca 3.63 eZ 3.34 Cu 01 01 
Na 2.8 47 2.55 Zn 0005 03 
K 2.16 12 2.38 As 01 
Mg 7x4 9.4 2.07 Ba 04 
a 4 06 61 F 04 
Mn 1 19 09 N 03 
Ni 3.41 01 Zr 02 
S 1.08 07 V 02 
Co 26 .002 Sr 02 
Cr 22 .03 

* This table was selected from several sources including the report by Brown (see footnote 204) and 
data furnished by Ingerson of the U. S. Geological Survey. + The lithosphere, 10 miles of earth 
crust, makes up 93 percent, the hydrosphere makes up 7 perent: and the atmosphere makes up 0.03 
percent of the part Aa earth considered. Proc. Nat. Acad. Sci., vol. 8, p. 114, 1922. 
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626 
TABLE 662.—CHEMICAL COMPOSITION OF EARTH—METEORITES AND 

SOLAR ATMOSPHERE * 

The table gives log NH, where NH =the number of atoms, neutral and ionized, per 
cm*. Constants added to data of Russell and Brown to give order of magnitude agreement 
with Unsold. : indicates less accuracy; ? origin doubtful. 
H and He are about 97 percent of the total solar mass, the oxygen group 2.7 percent, 

the metals 0.3 percent; and by numbers of atoms 99 percent, 0.9 percent, and 0.1 percent 
respectively. : : 

The level of ionization in the solar atmosphere is such that atoms of JP = 8.33 ev are 
50 percent ionized; ionization temperature = 5676°K; electron pressure ~ 32 bar; 85 
percent of free electrons come from Mg, Si, Fe, according to Unsold. 

rth- Earth- 
Element meteorite f Sun f Sun § Element meteorite f Sun ¢ Sun § 

il Tel 18.04 22.1 24.13 41 Nb 13.05 12.6: pe 
2 He i? 20.6? nel. 42 Mo 14.38 13.0 13.40 
Sle 14.91 13.6: Bree. 44 Ru 14.07 S35} oat 
4 Be 14.23 13.4 bf st 45 Rh 13.64 12.1 
5B 14.72 16.6: LF, 46 Pd 13.61 12.7 
6C 17.22 19.1 19.91 47 Ag 13255 126 
7N 15.01 19.6: 20.23 48 Cd 13.52 13.8: 
8 O 19.64 20.6 20.35 49 In 13.10 1NLas 
9F 15.48 17.6: Vie 50 Sn 14.89 12.8? 

10 Ne ee A aa: Ter 51 Sb 13.33 12.4: Rt. : 
11 Na 17.76 18.8 17.90 53) I 13.35 ae ye 
12 Mg 19.05 18.9 19.13 55 Cs 12.10 > Mees 
13 Al 18.04 18.0 17.95 56 Ba 13.69 14.9 14.57 
14 Si 19.10 19.1 18.91 57 La 13.42 13.4 se 5 
15 P 17.21 15.6 fad 58 Ce 13.46 14.0 
16 S 17.98 17.3: 18.54 59 Pr 13.08 122 
il (Cl 16.63 ae stants 60 Nd 13.62 13.6 
18 A Hieac B ae oh 62 Sm 13.18 13.1 
19 K 16.94 18.4: 16.82 63 Eu 12.55 13.0: 
20 Ca 17.93 183 17.85 64 Gd 13i33 12.7: 
Ze Sc 14.36 15.2 14.95 65 Tb 12.82 
Z2aNy 16.52 16.8 16.58 66 Dy 13.40 13.2: 
23a: 15.50 16.6 15.67 67 Ho 12.85 A 
24 Cr 17.80 17.3 17.20 68 Er 13.30 inly/2 
25 Mn 16.99 17.5 17.08 69 Tm 12.56 Ite 
26 Fe 19.37 18.8 19.34 70 Yb 13.28 12.6: 
27 Co 17.10 WZ 16.65 Zee 12.78 IAG § 
28 Ni 18.23 17.6 17.57 UE Vali 12.94 12.0 
29 Cu 15.76 16.6 15.85 (3a 12.59 I {65 £ 
30 Zn 15.30 16.5 16.40 74 W 14.33 11.8 
31 Ga 14.91 13.6: ee 75 Re 27 
32 Ge 15.50 14.6 pete 76 Os 13.64 12. 1: 
33 As 15.78 Were — Wid abe 13.25 11.4? 
34 Se 14.50 saa custeEs 78 Pt 14.04 12 
35 Br 14.72 rs oe 79 Au 13.01 ree eet 
37 Rb 13.95 183% eae 82 Pb 14.53 12.8 14.2 
38 Sr 14.71 14.9 14.97 83 Bi 12.42 are ee 
39 Y 14.10 14.2 14.83 90 Th 13.18 
40 Zr 15.28 14.1 13.99 92 U 12.51 

* Prepared by B. Bell. 
205 Brown, Rev. Mod. Phys., vol. 21, p. 625, 1949; Russell-Dugan-Stewart, Astronomy, vol. 2, p. 503, 

1938: Unséld, Zeitschr. f. Astrophys., vol. 24, p. 307, 1948, 
t Brown. t Russell. §Unsold 

TABLE 663.—COSMIC ABUNDANCES OF THE RARE GASES * 

As estimated by interpolation of the abundance curves (abundances in atoms per 10,000 
atoms of silicon). 

Isotope used Estimated Estimated Tsotone used Estimated Estimated 
forinter- abundance abundance for inter- abundance abundance 

Gas polation of isotope of element Gas polation of isotope of element 

Ne Ne” 100 37,000 Kr Kee all 87 
A Jog 1000 1,000 Xe Kest .004 015 

* For reference, see footnote 204, p. 625. 
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TABLE 664.—66 KNOWN ELEMENTS IN THE SUN’S ATMOSPHERE * 627 

Part 1.—Approximate counts of atomic lines identified in solar and sunspot spectra ™ 

Neutral atoms Singly ionized atoms ee ——————————————————————— 
Disk Spot Disk = 

No. lines ** No. lines No. lines 

z 3 ~ : 
oS 5 3 rE a ue z # ie z = 
a & 2 E x 3 iE x E 2 3 e 
~ & S — o Ss eo i ) rt o oo 
< 5 AQ = =) ea) = a) 1S) i) = 
et 9 40 25? 
Zee tiesrat 1 5 5 
Sie Lesa 2 —3 3 
4 Bet 2 —3 

5 Bt Be 1 2 1 
G Gr 41 7 12 10 
7 Ni 8 6 —1 —2 
8 O1 12 1 5 1 
9 Fi 

11 Nar 21 6 30 70? 
12 Mgr 55 4 (200) 30 Mg 12 2 (1000) 
132 Aly 22 5 20 25 
14 Sir 156 29 (80) 12 
Sei 6 1 1 Sill 4 2 iz, 
1G) eS 31 10 8 2, 
19 Ki 4 3 12 20 
740) (CAI 108 21 20 40 
A Sen 43 14 2 15 1 7 (Canin 745 1000 
22 a Bit 687 264 7 134 Z 10 Scir 57 26 6 
ZoWaT 272 133 4 53 Zz 8 ARG 255 119 12 
24 Cri 776 305 10 23 12 Vu 160 103 5 
25 Mnt 185 73 7 1 12 Cr Ir 216 133 6 
26 Fer 4164 877 40 2 35 Mni 16 11 6 
(a (Cay 501 209 6 7/ 6 Fe 1 371 140 6 
28 Nil 617 180 25 9 Coll 6 7 0 
29 Cul 14 3 10 7/ Nit 13 8 3 
30) eZnkr 9 3 3 1 
SleeGart 1 1 1 2 
32 Gel 5 3 
37. Rb1 1 —3 1 4 
sts} Sip ii 13 74, 1 6 3 Sri 8 2 9 
SPN 17 10 0 12 1 3 Wir 53 18 3 
40 Zri 59 41 0 41 3 Zr I 148 93 4) 
41 Nbr 4 2 —!l Nbu 13 8 —1 
42 Mot 8 6 —2 Moll 7 5 0 
44 Rul 15 5 —!1 
45 Rhi 8 3 —2 Rhu? 3 2 =Z 

46 Pdi 8 7 0 
47 Agi 3 0 
48 Cd1 1 —!1 
49 In1 1 —2 —!1 
50s eSnix Z Zz —2 
51 Sbr 1 1 —3N 
56 Bat 1 1 Ba II 6 3 8 

. 
* Prepared by Charlotte E. Moore, National Bureau of Standards. 
206 The sources used are as follows: 
2935A—3062A, Babcock, H. D., Moore, C. E., and Coffeen, M. F., Astrophys. Journ., vol. 107, p. 287, 1948 

(Mount Wilson Contr. No. 745). ? 
3062A—6600A, St. John, C. C., and others, Revieed Rowland Table, Carnegie Inst. Washington Publ. 396, 

1928, with unpublished corrections and revisions by & Moore (September 1949). 
6600.\—13495A, Babcock, H. D., and Moore, C. F Caniie Inst. Washington Publ. 579, 194 
The counts included also the rate ultime of Mer "(2852A); the ultimate lines of Mgt Cran 2802A) 

and the strong Sir line at 2881A. These lines, among others, have been identified in the ultraviolet solar spec- 
trum photographed from a V-2 rocket. Intensities in parentheses are quoted from the paper on this eect by 
Durand, E., Oberly. Is J., and Tousey, R., sstrophys: Journ., vol. 109, p. 1, 1949. (See also Hopfield, J. J., 
and Clearman, H. E., Phys. Rev., vol. 73, p. 877, 8.) ; 

For lines of H and He see Menzel, D. St Lick One Publ. 17, p. 1, 1931; Mitchell, S. A., Astrophys. Journ., 
vol. 105, p. 1, 1947. 

* These counts refer to lines not present in disk spectrum. + Lines of H and He are prominent in the 
spectrum of the chromosphere. t B and F are identified only from their presence in compounds (see Part 2). 

(continued) 
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628 
TABLE 664.—66 KNOWN ELEMENTS IN THE SUN’S ATMOSPHERE (concluded) 

Neutral atoms Singly ionized atoms 
—_— I Oe ee 

Tas Disk Spot Disk 

No. lines No. lines No. lines 
(SS sd 

3 3 3 

Hin er Rear o 5 EB we faye 
Tae = 5 e aT oueg x : a : F 
< Q p Q = 2) Q = a5) 2) aa] = 

Gy leave 1 =—=—2) Ni Law 44 20 1 

58 Cel 106 81 0 

59 ee Rrit 11 16 =I 
60 Ndi 74 72 1 
62 Smit 82 63 0 
63 Eut 2 —il Eur 10 4 1 
64 Gd 11 29 20 0 
65 Tbr? 2 2 —I| 
66 Dy 11 29 25 1 
68 Er II 2 I 
69 Tm? 6 5 —1 
70 YbrI 2 0 1 Yb 2 3? 
Zl Luu? 1 4 —3 
WA Isler 1 1 —3 Hf 11 13 5 —I| 
Hs} ARE 3 —2 
74 Wi I'S 8 —j! —| 
76 Ost 2 4? 0 1 | 
Ti} Mrex 2 4 = 
780 Rtr 3 2 
79 Ault 1 —3 —Z 
82 Pbi 2 —2 

1 —!1 

Part 2.—Molecules in the sun—18 present (either disk or spot spectrum, or both)*” 

OH Mg H Sc O CH Mg O YO 
NH 2 Al O? Cn Ca H Mg F 
O: iO Zr, @ Si Hi BH Sr B 

207 Babcock, H. D., Astrophys. Journ., vol. 102, p. 154, 1945 (Mount Wilson Contr. No. 708). 

TABLE 665.—ABUNDANCES OF LIGHT ELEMENTS IN EARLY TYPE STARS 

The table gives the number of atoms per 1000 atoms oxygen fer 7 Scorpii, spectrum 
dBo,™: 10 Lacertae, O; 7”; y Pegasi, B2.51V,™; mean for 8 B-stars, weighted mean by 
Aller,2” the last 3 columns from letters to the editor, 1950. : less certain. 

Element Tt Sco 10 Lac vy Peg 8 B-stars Mean 

i JEL 10 10° 20 10° 87x 10° =e 20 10° 
2 He 1.8 10° 1.68 10° B<ile sie 1.7 10° 
O 170 200 120 150 160 
7N 380 220 200 230 250 
8 O 1000 1000 1000 1000 1000 

10 Ne 1100 880 Box 1000 
12 M 59 62 310 93 120 
13 Al ShW/ fs 11 4 6 
14 Si 64 82 90 38 60 
1592 atte et ileal 
16S ere 40 22 30 
17 Cl 20: 20 
18 A 100: 100 

208 Unsild, Zeitschr. f. Astrophys., vol. 21, p. 1, 1941. 
200 Aller, Astrophys. Journ., vol. 104, p. 347, 1946. 
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TABLE 666.—GASES IN INTERSTELLAR SPACE * 7° 629 

The gases that have been detected are listed together with the means of detection and approxi- 
mate abundances. Both the observations and the application of ionization theory introduce con- 
siderable uncertainty in the determination of abundances. Values given are the best current 
estimates. In general, the composition of the interstellar gas appears to be the same as for the 
Stars. 

Density Density 
in clouds in clouds 

Gas atoms/cm? Detection Gas atoms/cm Detection 

Hydrogen 10 Emission lines Titanium 10*t Absorption lines 
Oxygen 01 Emission lines Nitrogen N emission, CN ab- 
Carbon .003 Molecular absorp- sorption lines 

tion lines Potassium 10°t Absorption lines 
Calcium 210m Absorption lines Sulfur Por Emission lines 
Sodium 4x10° Absorption lines Clsl 10m Absorption lines 
Iron Bat Absorption lines CN 10°°t Absorption lines 

Mean gas density...... 3)<l0nse/ems 

_ The interstellar gas is strongly concentrated in clouds as evidenced by the multiplicity of 
interstellar absorption lines. Stromgren suggests density between clouds is about 1% of that 
in clouds. 

* Prepared by B. Donn. 
210 Adams, Astrophys. Journ., vol. 109, 1949; Publ. Astron. Soc. Pacific, vol. 60, p. 354, 1948; Dunham, Proc. 

Amer. Philos. Soc., vol. 81, p. 277, 1939. Ledoux, Pop. Astr., vol. 49, p. 513, 1941. Stromgren, Astrophys. 
Journ., vol. 108, p. 242, 1948. Struve, Journ. Washington Acad. Sci., vol. 31, p. 217, 1941; Astrophys. Journ., 
vol. 89, p. 517, 1939. 

t+ Values for apparently abnormally dense cloud. 

TABLE 667.—THE ABUNDANCE OF CERTAIN ELEMENTS IN THE NEBULAE #* 

(Given as the exponent of 10) 

Abun- Abun- Abun- Abun- Abun 
Element dance Element dance Element dance Element dance Element dance 

H 2 nae NE Ce eee Ae os 9 INiale cag Aer ZT S sadeade 8 SC? evans <6+ 
He-akcees 10 INisieees 9 = Mies scan. TAME (Cle wtssnx Tew Die asa <7— 
Lis ae KR ——9 9 ORES. Ace 9 AIA bs2d0. SBT A nde bees 7 Vik. <8 
Be. (oF 8 HBR s 5 6 Sis 228A: 29 IK. sae sc 6-- 1 (Gr. Jae <7 
Bese ieee <9 IN@ RSS occ 8 Pissetnnd 8 Car na tera n: 7= WMniy.73 <7 

Fe +xa5 28 7+ 

211 Bowen and Wyse, Lick Obs. Bull., vol. 19, p. 1, 1939. 

TABLE 668.—MATTER IN INTERSTELLAR SPACE * *? 

The interpretation of the interstellar absorption curve and of absorption by dark clouds 
requires the presence of small grains with radii ranging around 10° cm. Polarization of 
starlight indicates that some, if not all, grains are elongated. Composition, from absorp- 
tion curve and scattering appears to be mainly dielectric. 

Density of matter 

Solid grains: 
Unitotar regions absi0:551mi/kpC:: «yj... cusses seca ts won + pails 10% g/cm’ 
Rarec.emudsabswiamar (10 m/Kpc) i... .. cccon oss ae cee Vries als One g/cm’ 
Dense condensation, abs 5-10 m (1000 m/kpc)..................-- 10°* g/cm 

Mean density, gas and grains......-..---.- 1s eee e eee e eet en eee tees 
Oort limit (Max density, stars plus diffuse matter)..............---- 
Meannspacesdensity, of stellar matter . jose =. eine snl teteeiale > lel 

6x 10-* g/cm* 

* Prepared by B. Donn. : 
22 Greenstein, Harvard Circ. 422, 1938. Spitzer, Astrophys. Journ., vol. 93, p. 369, 1941. Van de 

Hulst, Rech. Astron. de l’Obs. d’Utrecht, vol. 11, pt. 1, 1946, pt. 2, 1949. Schalen, Publ. of Uppsala 
Observatory, 1930 on. Oort, Astron. Inst. Netherlands Bull. No. 283, 1932. 
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630 TABLES 669-682.—COLLOIDS 

Colloidal science originally dealt with that large field of small particles, but 
now it has been extended to cover also those materials that are small in one or 
two of the three dimensions. Thus, this field now includes chain molecules 

and films as well as the fine particles. 
The diameters of atoms range from 2 to 3 A (angstroms) while diameters 

of ordinary inorganic molecules extend from about 7 to 10 A. Organic mole- 
cules are much larger and their dimensions may extend to 20 4 or larger. 
It is sometimes stated that colloid particles range in diameter from 20 A to a 
much larger value but it must be remembered that it is difficult to fix such 
dimensions. 

Many of the properties of colloids are due to their relatively very great sur- 
face as compared with their volumes. Some of the newer experimental tools, 
i.e., ultracentrifuges, X-rays, and the electron microscopes, have been a great 
help in studying these particles and their reactions. Several tables follow that 
give properties and characteristics of colloids and colloidal particles. 

TABLE 669.—BROWNIAN MOVEMENT 

The Brownian movement is a microscopically observed agitation of colloidal particles. 
It is caused by the bombardment of them by the molecules of the medium and may be used 
to determine the value of Avogadro's number. Perrin, Chaudesaignes, Ehrenhaft, and 
De Broglie found, respectively, 70, 64, 63 and 64 x 10” as the value of this constant. The 
following table indicates the size and the dependence of this movement on the magnitude 
of the particles. 

Diameter Temp Velocity 
Material < 105 cm Medium 2G < 105 cm/sec 

Dustepanticles! . .cupae. ts os 2.0 Water — none 
Golde. cic MRE. shoe he 35 S 20? 200. 
Gc) cE ees One ete oot l - 280. 
Goldbesocc eee .06 sf # 700. 
Platinuin, «40 52. ee eases Ato .5 Acetone 18 3900. 
Rianne cece osecnes 4to.5 Water 20 3200. 
Rubber emulsion ass. 52+. 556.)- 10. se 17 124. 
Mas ticarss aera o cicero eres 10. ss 20? 1.55 
Gainmor embonratterrctetencer: 4.5 20 2.4 

LOSE ERE. Ce ene ae 213 2 - 3.4 

_The movement varies inversely as the size of the particles; in water, particles of 
diameter greater than 4u show no perceptible movement ; when smaller than .1y, lively 
movement begins, while at 10m the trajectories amount to up to 20mu. 

TABLE 670.—PARTICLE SIZES OF SOME INDIVIDUAL DUSTS *” 

Dust Diameter, cm 

Milk powder (by evaporation of fine spray)............22.sse00: 1410" —@7 << 10s 
Einenpowder (s00smesh)) ere. icement-nece mee see eeereeeearet i <105-— 710m 
S trie teri cae ce oc stare facies is eR a EO IS ible 
Atmospheres topupanticlestorsseets soot ra eee a eee erie 1.4x10°—3.5x10 
Gement kiln” fle Gust. on cs sehen tot oo reels neta a eee Oc0s—— o> clOm 
EES @mistetrom tconcentratorse. oe ee eee ae eee tet <10e— 610m 
NELGitumes!! 45%. i SA oT ge eh ORCA 2s Pe tees iO ice 
Oilbsimoked 343 es 8 eae Pe ees ee RE, ROR TS See rte 110s — 5105 
Resinfsmoke V4.2) 9.05 40 oP ee eral sae ese aa Ah to oe een ere 1x104= “1x05 
SRODACCO) SINOKE. heh cat ee ee era: 1S 10e— 0m 

212a Alexander, J., Colloid chemistry, vol. 2, Chemical Publishing Co. Used by permission. 
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TABLE 671.—PROTEIN MOLECULES 23 631 

M, molecular weight ; f/fo, dissymmetry constant; a, short diameter ; b, long diameter. 

Substance M 

LEGIT ae eae eR oes Sis ood Widlelegetereeucs HES bo chen 35000 
COniarelirorare as Cee orn On Onne Dear 15600 
(Gifteraliat Oe Siena one hone ee 26000 
eiuicel GIMP ace ieceie rere nro icine rc ITS icv Cocca 27500 
Erythrocsuorin (charonimus) o.a...-......+ 31400 
Serum albumin, urea denatured............ 67100 
lkactal buminaw mee nie ns eee ow oer on 17500 
Erythrocruorin (lampetra) ......5.....0... 17100 
SXSTea= NOTES. SS ye Ses See See ee 37700 
Miyorl obinimecne sic cyaciecicerasiokicies n.ss nsrn sce + Ok 17200 
(Enotoxinteee aceon he eee ee eee ae 30000 
Goncanavalinw Bes se,4. cee cee eee vs 42000 
iuberculinaproteinpis.-ceie cack He ene ve etree 32000 
actos lobulinecaeiae cc aera orate are. shoe 41800 
IRD Sitieme eR Rey ee ROT ob ctiteestog 35500 
Dinas trltitia saree sencrene ore cer create a eee 40900 
Hoomalbumilmarerermerer ese coke ee. 40500 
Femoglobine(horse)i aiaa-c- ese ones. ce dee. 69000 
Sernumbalbumiune (horse) merce eee cie 67100 
NWellowstenmente name acne es toes ccaeanes as 82800 
(CEIDENENN A po cts oA SO Ee oo eee CO me cree eee 113000 
Serum@elobulintassee ce ec cee eke 167000 
Diphtheniatoxiny a cmeck ate ccciscee eee 72000 
Antipneumococcus serum globulin (rabbit) .. 157000 
Antipneumococcus serum globulin (man)... 195000 
ConcanavalinwAy 4eAPeee ..0 cc... eee fee. 96000 
Erythnrocruonine(GrGu@)e a... a2. - atlecs «0 ote 33600 
BENGE=IONES icone cho settee oro yet eke es eereie os ons ovnks 35000 
Catalascieysn ido etieterde is fos Rts ieee ft 248000 
Antipneumococcus serum globulin (horse).. 920000 
Phycoerythrin (seramtum) .............04 290000 
XinanGdin tr anno eae othe ck ak Sale cowkht 329000 
Myroglobulin’ poocomaae ee oie ot eee 628000 
destin: Aaprnes coc: Shred tec: kettles cere 309000 
EEX CEIS ITEM ee ere Te es es Re e008 294000 
Wixealseme papier ease oe ate oe Cietoie oe e 483000 
Hemocyanin (palinurus) ........¢.0..02008 446000 
MobACCOmMOSAICMVALUSryterienererorsisioer serene ieieverete 60000000 
egumine hey Briere ns oe te hele 208000 

218 Neurath, Journ. Amer. Chem. Soc., vol. 61, p. 1841, 1939. 

> “ ° 

co 

GW OO 

SRSSCHUANEWNNNERSNNWNEBNNCADAWS 

Dt tt tt tt tt et et tt et et et et et et et et et tt tt tt SON ENUNwWt iN) 

iS) 

PAN APONASME EN ON ANUADAANHSNEAUANNAAROE OEMS & 

WONUNWUDWWWdOOWUWWDWOdDWWAH HHO > 

i) 

& ta 10 & ND 00 & 00 

a (A) b (A) 

TABLE 672.—INFLUENCE OF PARTICLE SIZE UPON SOLUBILITY ™* 

Size of 
, particles 

Material “ 

D lieed 5 55 SRO LA ico ee SPE Se Beene On 
FA ORE crecrsccoteeins Goarsemned pOwderwecen. cera -ctreorer- stele sh ete 

Very fine yellowish powder............... 

Solubility at 25°C 

2.085 g per liter * 
2.476 g per liter 
2.29 mg per liter * 
4.15 mg per liter 

50 mg per liter * 
150 mg per liter 

214 Thomas, Arthur W., Colloid chemistry, McGraw-Hill Book Co., 1934. Used by permission of the 
author. 

* These are the permanent saturated solutions. The more concentrated solutions, obtained from con- 
tact with the more finely ground particles, slowly revert to the normally saturated solutions and the 
particles grow to 2 uw in size. 
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632 TABLE 673.—HEAT OF SORPTION * 

(In small calories) 

Dispersive 
Fuller’s Bone power 

Substance earth charcoal Kaolin percent 

Amaylene? See Sots aes lh Ghee ose ope 57a ae 78.8 1.54 
Wate aes lee i: See eee 30.2 18.5 Hee 2.82 
UNCASG Re ae et mts meron Pe Sea 27.3 19.3 pee 172 
Methylalcoholl <6... aac. aaeme sehen oer 21.8 17.6 27.6 1.60 
Pithwlvacetatern . «cc cpas ea. autos, «5 =e 18.5 16.5 sige 1.05 
Ethyl: alecohola..o.ce ge: sae ese ee ee 17.2 16.5 24.5 on 
Attiilitie: hier yt aersiekie.s Oe ee 13.4 eh Pass 
Amvylmalcoholh $25 capac es geass oR Es 10.9 10.6 20.4 alae 
Ethiylmethe tiie peices trcrusotieiek ae oo recne 10.5 thee 90 
Ghlorotornlece set oes sore ae eI 8.4 14.0 597, 86 
Benzene epee ne et ees ee 46 Wile 9.9 39 
Garbontdisuliidel.Ula0..ce sees renee 4.6 8.4 9.9 becke 
Garbonrtetrachlonideasa. see eee 4.2 13.9 9.4 Pal 
aN) eyes teGis cick oe at cle Ro LEE 3.9 8.9 2, 22 

* For reference, see footnote 214, p. 631. 

TABLE 674.—EFFECT OF ACTIVATION ON THE ADSORBING POWER 

OF CHARCOAL ** 

Adsorption Granular 
Substance tested mg CCl4/(g C) density Physical character 

Tronwood 2260.5. eso ee eas oe 22 .96 Fibrous, hard 
Primary ironwood charcoal............. 30 89 Hard 
Activated ironwood charcoal............ 1160 WE Hard, friable, granular 
Commercial’ wood!charcoal.4e5.-5..2 0-0 11 .46 Firm, fibrous 
Highest activated wood charcoal *...... 1480 .30 Soft, friable 
Cocoanuteshell: une eee eee 18 1.20 Hard 
Primaty cocoanut charcoales.. 4. eee 47 .96 Hard 
Activated cocoanut charcoal............. 630 84 Hard 
Bignitemsemi-coke: <bise sash er ee eee 30 1.09 Firm 
Good activated lignite charcoal.......... 640 89 Firm 
Highest activated lignite charcoal*..... 2715 31 Friable, granular 

215 Weiser, H. B., Colloid chemistry, 2d ed., John Wiley & Sons, Inc., 1949. Reprinted by permission. 
* Further activation reduces the granules to a fine powder. 

TABLE 675.—HEATS OF ADSORPTION OF VAPORS ON CHARCOAL * 

Integral heat Heat of Net heat of 
of adsorption, liquefaction, adsorption, 

h- h-Q/ml 
Vapor cal/mole cal/mole cal/mole cal/mole 

GSH Gla Aten > oo la ooouasoe odes 12330 6220 6110 86.4 
(GSH ou omocnic bas coe OnE oe ero eee cee 12630 6830 5800 99.1 
GHEE OH Pu ee ae, fe Ses 12950 9330 3620 90.8 
GSE rH ed eet, Soest ether atats 14330 6850 7480 102.0 
(Glad Ldetiy os oo od SORE eR Ronen MRO Rene 14250 7810 6440 81.5 
GlEk Gh. Wcteg bo otiGce See en mene mien i 14930 8000 6930 87.5 
HiGOOC HS lt fe eoterreserere eee 15420 8380 7040 90.1 
(Crs Rae e GIS A LER Saute oom 15170 7810 7360 85.0 
(CASIO) S ign eM eeeeaae aenes ee Sa seen ers er 14980 10650 4330 76.8 
ECEleowmetensmietdy, .seonwlos betes isan, 2% 16090 8000 8090 85.6 
COREE Ore a orale oravss ate ecatcdararetstetshatavatatotatahe 16090 6900 9190 80.3 

* For reference, see footnote 215, above. 
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633 
TABLE 676.—SPREADING COEFFICIENTS, S, OF ORGANIC LIQUIDS ON 

Spreading liquids 

Butyric acid 
Ethyl ether 
Isoamyl chloride 
Heptaldehyde 
Nitromethane 
Mercaptan 
Oleic acid 

* For reference, see footnote 215, p. 632. 

2) elefale)e) 6°) \«) « 

WATER AT 20°C * 

Seren 45.66 leptancmmns eter 
yn 45.50 Ethyl bromide ... 
Ai Ae 33.88 Chloroform’ 4j.0- 

SoU aG 32.22 Anisoles 20. ee. 
Ee 26.32 Phenetole ....... 
eras 24.86 p-Cymene ...%))¢. 
ot eaae 24.62 Isopentane ...... 

Liquids which form lenses S=Wa-—-Wo 

Ethylene dibromide .......... — 3.19 
Garbonvdisulfider--.5. 7.2 ee — 6.94 
Monoiodobenzene ............ — 8.74 
Bromotonm™= ee te. eee ce: — 9.58 
Feiquid) petrolatum\y =p sess a. oe —13.64 

Spreading liquids 

+ Wa, work adhesion; Wc, work of cohesion. 

TABLE 677.—HEATS OF ADSORPTION OF GASES BY CHARCOAL ”# 

Argon 
Nitrogen 
Carbon monoxide. . 

216 Tewis, Squires, and Broughton, Industrial chemistry of colloidal and amorphous materials, Macmillan 

dsorption 
g cal/mol 

Heat of 

oon a 

8 : 
8 3 

OE ‘Ok 
s8 33 
= 4 x Se Gas 

6 1504 4180 Carbon dioxide .... 
WA) asec Ammonia, ja.065 
1410 3715 

Co., 1942. Used by permission of the publishers. 

E 8 g 
c6 = 3s 

‘af sh ge 
+ on + = 

Sac) es see 
bri S00 > mo 

7300 2540 6100 
7200 5000 7120 

TABLE 678.—BOND ENERGIES* IN KILOCALORIES PER MOL 27 

Intermolecular 
Covalent bonds cohesion Covalent bonds 

—C = C— 123 >C=0 -- H—N< 10-16 —C—N< 59 

Se meamo eos HO fee cose ss 
AG = (ES HO) -: H—O—H 5 —S—S— 64 
—>6 —©—, 70 —NO; :O.N— 7 —Si—Sie 42 

Intermolecular 
Covalent bonds cohesion 

—Si—O— 90 O2:O2 
Ionic bonds —O— :—O— 
Nat, Cl (dry) 128 —CH.— :—CH.— 

—NH:;t, —COO- 4.5 H::H:2 
in water 

Intermolecular 
cohesion 

—COOR :ROOC— 

—HC=0 :0=CH— 

—Cl:Cl— 
—CH:: H:C— 

Py 
1.6 
1.0 
25 

* For the energy per atom, divide these values by the Avogadro number, 6.023 X 10%. 
217 Pauling, Linus, The nature of the chemical bond. Used by permission of the author. 
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634 
TABLE 679.—IGNITION AND PROPAGATION TEMPERATURES OF DUSTS 

IN AIR * 

Degrees Centigrade 

Propa- Propa 
Ignition gation Ignition gation 
temper- temper- temper- temper- 

Dust ature ature Dust ature ature 

Spare ets eves occioucnaycestene 540 805 Gorlkatyny she ose aanas 630 1000 
IDS Cioti)) DAC mee 540 940 Rice Oe. ada sot eae 630 970 
STanchiwe. i. txciusiexsverotoakele 640 1035 Miustandiac.4 anaes 680 1050 
COCOA ereasisscieurronieys 620 970 Wheat elevator ........ .-. (1295) 

995 Oat and corn elevator .. ... (995) 
ALOU eI se vayavsievercseloxecepens 630 (1265) Oatrhullt et adese eee sr (1020) 

* For reference, see footnote 214, p. 631. 

TABLE 680.—LOWER EXPLOSIVE LIMITS * 

Milligrams per liter of air 

Induc- Induc- 
Glowing tion Glowing tion 

Dust Pt wire Are spark Dust Pt wire Are spark 

Stancheeeemcrcccc: 7.0 10.3 13.7 Sugai e ss 10.3 1722 34.4 
Corn elevator .... 10.3 10.3 13.7 Aluminum ...... 7.0 7.0 13.7 
Wheat elevator .. 10.3 10.3 a8 Coal ees isc WA 24.1 No 
Sultan: poscete as 2 7.0 13.7 13.7 ignition 

* For reference, see footnote 214, p. 631. 

TABLE 681.—SOME MEASUREMENTS OF EXPLOSION PRESSURES * 

Pressure Pressure Pressure 
generated, generated, generated, 

Dust lb/in.? Dust lb/in.2 Dust lb/in.? 

Lycopodium ..... 17.5 Cornstarch) §..... 12.7 Cocos, artless 9.9 
IDES iithie feoeeaaee 14.6 Wheat elevator .. 12.5 Sultaunstlounese 8.8 
Wheat starch .... 14.0 Sugar jigs. 20h,.% & 12.2 Rice-bran dust ... 8.7 
Tanbark dust .... 13.3 Linseed meal .... 11.7 Ground-cork dust. 7.4 
Wood"dust......- 12.8 Pittsburgh coal .. 10.1 

* For reference, see footnote 214, p. 631. 

TABLE 682.—pH STABILITY RANGE OF SOME PROTEINS * 

Stable in the 
Protein Source pH range of 

Amandinia « «clewiciloetestscreccn or Allinionds y sisness << +. SRI «ose 4.3 to 10.0 
Bence=Jones: (sae cecme heer cer Pathelogicalcurines® ..)c.h20% . okt. 3:Sutow 725 
eS titae, srs srccs creusiercioes eon cre renee Hempstéd« oe... «0.02 ¢avae Det setae) 55) top, 
Egg albumin .... 242. 4h 4. ome Hens: 629 2Siee 6 Sf. <: Sue: «tis ietetels 40 to 9.0 
Eeythrocruorin) accuees ss. Blood of Arenicola marina.............. 2.6 to 8.0 
Brythrocnuomim, so). 4 <6 2 o Blood of Lumbricus terrestris........... 2.6 to 10.0 
Excel Sintieces-ceorarc-o-oeetevatenstereraerores Brazil-nuts-<serscner cee eee Te 5.5 to 10.0 
Hlemocyanin, 5s... sepa tea'ae's Blood of Helix pomatia...........+..00+ 45 to 7.4 
CO-hemoglobin .............. Horse blood hemoglobin plus CO....... 6.0 to 9.05 
MRSS hoon 6 cas aa ele ee hae Beef pancreasy ss <. a5 pete eles’ oo donee 45 to 7.0 
IG SR arm AT ia sesyehe cus evsiepencusseeeverstoaensne Wht Clipe esac oo cele cons henene cece tenis teen econ 5.0 to 9.0 
Rhy cocvanuerricceecnceraereree Ceramium rubrum ...ccccceccecccceces 1.5 to 8.0 
Serum@albumin’ 2-2-2 ec Horse: blood! 2i5: oe caceiaees coe. selon. 40 to 9.0 
Senummeciopulineeee sence Horse blood” . -s:c.camers atest neh eure 40 to 8.0 

* For reference, see footnote 214, p 631. 
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TABLES 683-689.—-ELECTRON EMISSION * 635 

TABLE 683.—ELECTRON EMISSION FOR HOT SOLIDS 

The electron emission from a solid varies with the temperature T (°K) in accordance 
with the Richardson-Laue-Dushman equation 

I= AT’ [exp (—b./T)] (1) 

where J = current in amps cm™, and A and J. are constants, characteristic of the material. 
The constant b. is ordinarily expressed in terms of electron volts (#.) where 

®, — 8.620 >< iO bo 

or bo = 1.160 X 10* 8, (2) 

The values of A and bo (or ®.) are customarily derived from a plot of log (J/T?) 
versus 1/7, where 

bo 
log I= log A +2 log T — 53037 (3) 

and log = log to base 10. 

Hence, Dei — sl 980 xe 10m (05//2-303)) (4) 

Theoretically, ®o, as determined from thermionic emission data, should be identical with 
#., the “work function” from contact potential measurements, and #., the work function 
determined by means of Einstein’s equation 

Ve= hrv— oe, 

where vy = frequency for photoelectric emission, V = retarding potential, e = charge on 
the electron, and h = quantum constant. 

* Prepared by Saul Dushman, General Electric Research Laboratory, Schenectady, N. Y. 

TABLE 684.—ELECTRON EMISSION CONSTANTS FOR METALS AND CARBON 

The table gives emission constants (see preceding equations) for metals and carbon. 
For other values and comprehensive data on this topic see references in footnote 218. 

Element A 10-4bo po Ir Ap de 

Barium scene seas 60 2.47 2.10 1.5x<10° 800 2.48-2.51 
Galctuni™ 2f 4.498. 5 60 2.60 2.24 2.9107 800 2.71 
Garbonene. id. Gat. 30 5.03 4.34 1.4 10° 2000 4.82 
Geésiumes= 2.222 162 2.10 1.81 25>< 10m 500 1.91 
Ghromitime. 2s 48 5.34 4.60 3.8 10 1500 4.37 
Cobalto- tee ere 41 5.12 4.41 ES Si Oat 1500 Jay 
Coppervi ses waee ee 65 5.08 4.38 So 10x 1000 4.46 
iainiuniaeeeee reece 15 4.10 3.53 2.810% 1600 Le 
Tronaeen 337. Lae eee 26 5.20 4.48 6.8 107° 1000 4.63 
Molybdenum ........ 60 5.07 4.37 2.410% 2000 4.12 
Nickel eins 30 5.35 4.61 225108 1500 
INiobiumeeee eee 37 4.65 4.01 2100 2000 
Palladiummere.so-oe. 60 5.79 4.99 30106 1600 4.92 
Datininmeceereeciacts 32 6.17 Ses2 leep eile 1600 
IPdataohehan Se wodeonnen 200 5.92 Bal 1O><10m 2000 
Rnoditimunereeme ace 33 557 4.80 ILIUSOF 2000 4.92 
Aarnehibhel Goaooudedac 55 4.86 4.19 6.2107 2000 4.05 
IONS bocdddooean 60 3.89 3735 4.310% 1600 3.3-3:6 
Muunesteninn secies seas 60 5.24 4.52 1.00 10" 2000 4.3-4.5 
Tyee Gaceoounec 330 4.79 4.13 85x10 1600 

218 Herring, C., and Nichols, M. H., Rev. Mod. Phys., vol. 21, p. 185, 1949. Reimann, A. L., Therm- 
ionic emission, John Wiley & Sons, Inc., 1934. Dushman, S., Rev. Mod. Phys., vol. 2, p. 381, 1930. 
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TABLE 685.—ELECTRON EMISSION ([=amp/cm?) AND (W =watts/cm?) FOR A 

NUMBER OF MATERIALS?” 

The table gives emission data for a range of temperature, for the most frequently used metals 
and for thoriated tungsten (ThW). Values of A and b. used in calculation of J (amp/cm?) are 
those given in Table 684. For ThW, the values used are A = 3.0 and ¢ =2.72, b. = 3.1510‘. 

Tungsten Molybdenum Tantalum Niobium 
TE Thw * 

T°K I W I W if W I 

1000 ee Sa et aoe ae Aiei tees BON 1.731077 
1200 At aes ahs “ig eee Sue Ae os 3.9510 
1400 Be on sels i Her Ae vee 2-03 <10% 
1600 9.27107 7.74 2.39X10°% 6. 30 9.1 <10° 7.36 2.19<10° 6.40 4.06107? 
SOOT 447 10 142) SL OSSS1Ome 11.3 9352510 13:3). 6:95>5cl0m 1k 428 
2000" 100310 24:02:15 10a 192 G20 21-6) 11610 1835 92.864. 
2200) ESS 052 88:2) 259103 3017 6:78 10 3422 nS 29.9 
2400 116 BVEd/ 215 47.0 509 Sls .800 45.3 
2600 716 83.8 1.29 6955 2:25 75.4 5.20 67.0 
2800 3.54 117.6 6.04 98.0 12.53 105.5 60.67 130.6 
3000 14.15 160.5 23.28 116.0 45.60 144.4 

219 Dushman, Saul, The scientific foundations of vacuum technique, John Wiley & Sons, Inc., 1949. Reprinted 
by permission. ; 

* Layer of thorium on tungsten. 

TABLE 686.—PHOTOELECTRIC EFFECT 

A negative charged body loses its charge under the influence of ultraviolet radiation 
because of the escape of negative electrons freed by the absorption of the energy of the 
radiation. The radiation must have a wavelength shorter than some limiting value do 
characteristic of the metal. The emission of these electrons, unlike that from hot bodies, 
is independent of the temperature. The relation between the maximum velocity v of the 
expelled electron and the frequency »v of the radiation is (4)mv* = hy — P (Einstein’s equa- 
tion) where h is Planck’s constant (6.62 X 10° erg sec), hv, the energy of a “quanta,” P, 
the work which must be done by the electron in overcoming surface forces. (4)mv* is the 
maximum kinetic energy the electron may have after escape. Richardson identifies the P 
of Einstein’s formula with the ¢. of electron emission of Table 683. The minimum fre- 
quency » (corresponding to maximum wavelength A») at which the photoelectric effect 
can be observed is determined by hy = P. P applies to a single electron, whereas w applies 
to 96,500 coulombs (6.02 & 10” electrons) ; therefore w= NP = 00399. ergs. ¢= (12.4 
x 10-5) Xo volts. 

TABLE 687.—THE ELECTRON AFFINITY OF THE ELEMENTS, IN VOLTS 

Photo- 
electric 
and Photo- Single- 

Contact Thermionic contact electric Miscel- line Adjusted 
Metal (Henning) (Langmuir) (Millikan) (Richardson) laneous spectra mean 

dhangsten! ose oo: — 4.52 — — — — 4.52 
Platinum eee — — — 4.3 4.45 — 4.4? 
Aainilkitin penecosouse a 4.31 — — — — 4.3 
Molybdenum ........ — 4.31 — — — — 4.3 
Garbo os. caer ae. —- 4.14 — — — —_— 4.1 
Silver@oetcercs oPstr 4.05 — — — — — 4.1 
Copper, ada Ree (4.0) — — 4.1 — — 4.0 
Bismuth se eee eee —~ = — 3.7 — = 3.7 
inet. Seer. tess ew 3.78 — Si5) — — 3.8 
Pron teeta ena eae 3.86 3.2 — — — — 3.7 
ANC) Xa dike eee Fe 3.46 — — 3.4 — 4.04 3.4 
AMON Goacecanunc _ 3.36 — — — _— 3.4 
Allumintim sss oeece. 3.06 — — 2.8 _— — 3.0 
Magnesium sj ssene ae. 2.63 _ 3.2 — 4.35 27, 
slittanitmieeeeeeeeenee — 2.4? — — — — 2.4 
Bithiumieen-aa-e ose os _ 235 — — 1.85 2.35 
Sodiume ace ceeedcae — — 1.82 2A — 2.11 1.82 
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TABLE 688.—CONTACT (VOLTA) POTENTIALS 637 

There has been considerable controversy over the reality and nature of the contact 
differences of potential between two metals. At present, owing to the studies of Langmuir, 
there is a decided tendency to believe that this Volta difference of potential is an intrinsic 
property of metals closely allied to the phenomena given in Tables 684 to 688 and that 
the discrepancies among different observers have been caused by the same disturbing 
surface conditions. The values are for freshly cut surfaces in vacuo. Freshly cut sur- 
faces are more electropositive and grow more electronegative with age. That the observed 
initial velocities of emission of electrons from freshly cut surfaces are nearly the same for 
all metals suggests that the more electropositive a metal is the greater the actual velocity 
of emission of electrons from its surface. 

Ag Cu Fe Brass Sn Zn Al Mg 

Contact potential with Ag..... 0 05 19 21 foil 59 .99 1.42 
Relative photosensitiveness .... 50 60 65 45 70 80 500 1000 

Pt Fe Cu Au Ag Al Mg Zn Pb Sn 

SiOv ee $2.22 +1.99 +160 +160 +142 +.93 +.93 +.45 +16 — .30 
Glass* #00 “PIS -F1.15 "58° + 58 3-58 14°64 29 — 60 114 

Cu (Ge Ta Mo Ni 

Wishes tencsyctevateraiaus ayaa ooo Se TNS: oie ioicks +.08 +.11 —38 —.21 —.17 

From the equation w= RT log (Na/Ns), where w is the work necessary per gram- 
molecule when electrons pass through a surface barrier separating concentrations Na and 
Nz of electrons, it can be shown that the Volta potential difference between two metals 
should be 

pe atu. — ws + RT log(Na/Ns)} == 

(see Table 686 for significance of symbols), since the number of free electrons in different 
metals per unit volume is so nearly the same that RT log (Na/Nzs) may be neglected. 
The contact potentials may thus be calculated from photoelectric phenomena. They are in- 
dependent of the temperature. The following table gives a summary of values of ¢ in volts 
obtained from the various phenomena where an electron is torn from the attraction of 
some surface. In the case of ionization potentials the work necessary to take an electron 
from an atom of metal vapor is only approximately equal to that needed to separate it 
from a solid metal surface. 

= 2 — 1 

TABLE 689.—ELECTRODE POTENTIALS 

It should not be assumed that all the emf of an electrolytic cell is contact emf. Its emf 
varies with the electrolyte, whereas the contact emf is an intrinsic property of a metal. 
There must be an emf between the two electrodes of such a cell dependent upon the con- 
centration of the electrolyte used. The following table gives in its first line the electrode 
potential ex, of the corresponding metals (in solutions of their salts containing normal ion 
concentration) on assumption of no contact emf at the junction of the metals. The second 
line, ¢ — en — 3.7 volts, gives an idea of the electrode potentials (arbitrary zero) exclusive 
of contact emf. 

Metal Ag Cu Bi Sn Fe Zn Mg Li Na 

Fe orci Weres Cictael vet oe aS +.80 4.34 +20 —.10 —43 —.76 —1.55 —3.03 —2.73 
@$—en—37 ........ —40 +.04 +.20 —20 —43 —46 — 55 —1.65 — .85 
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638 TABLES 690-696.—KINETIC THEORY OF GASES * 

TABLE 690—PRESSURE AND NUMBER OF MOLECULES 

1. Units of Pressure 

An = normal atmosphere 
= 760 mmHg at 0°C and 45° latitude 
= 1.01325 & 10° microbars 

1 dyne cm*= 1 microbar = 0.75 micron 
1 micron = 10° mmHg = 1.333 microbars 

= Nt 
Pmm = pressure in mmHg 
Pu = pressure in microns = 10° Pmm 

Pub = pressure in microbars = 1.333 K 10° Pinm 

2. Number of molecules per unit volume 

For ideal gas, 

IP Jel 

Where V = volume per gram-molecular weight 
P = pressure 
T = absolute temperature in degrees Absolute (°K) 
= degrees Centigrade + 273.16 

For ideal gas at 0°C and 4,=1, 

V = Vo = 22,414.6 cm? 
Hence R. = 62.364 mm liter, deg K g mole 

= 8.3146 x 10’erg deg” K g mole 
p = density of gas/g/cm* 
= 1.2027 & 10°°’ MPyub/T* g cm? 
= 1.6035 * 10° MPmm/T™ g em 

Where M = molecular weight in grams 
n = number of molecules per cm*® 
= 7.244 & 10° Pub/T 
= 9.656 OK 10" emo 

3. The number of molecules per cm® for different temperatures and pressures 

IELS) Pie ann n ie [Pgs Ioan n 

273.16 1.013310° 760 2.68710" 298.16 1.33310? 1 3.240 10" 
298.16 rn “os 24625410" 273.16 1.000 750K10*» »2:653><10" 
2738169 123330 KA0* 1c d536x 105 PX GS) . 2.430 10% 

* Prepared by Saul Dushman, General Electric Co. The formulae and calculations in this section are 
based on a more comprehensive discussion in chapter 1 of his ‘‘Scientific Foundations of Vacuum Tech- 
nique’ (John Wiley & Sons, New York, 1949). 

TABLE 691.—MEAN FREE PATHS, L, MOLECULAR DIAMETERS, 65, AND 

RELATED DATA FOR WATER AND MERCURY VAPORS * 

£7€ Pmm** 1057 108L ¢} iby 1085¢ 10-44N, Tf 

H.0 0 4.58 8.69 2.90 6.34 10 4.68 5.27 
15 12.79 9.26 rae sitale aoe sos 

. 25 23.76 9.64 3.37 1.4210 stays ao 
Hg 219.4 S1t57 46.66 6.28 199x105 4.27 6.32 

1500 2.807 39.04 4.87 1.74 10% 4.50 5.70 
100.0 2729 33.56 3.93 1.44 10° 4.70 5.22 
25.0 .0018 25.40 2.66 1.45 Sl 4.42 

0 ante 16.2(J) aes 6.26(J) 

* For reference, see footnote 219, p. 636. 
** Pmm = vapor pressure at t°C. + Ns = number of molecules/cm? for monomolecular layer. 
In the case of H,O, for which the values of L (path length) and 6 (diameter) for a series of temper- 

alates are given in the table, the Sutherland relation was used with C = 650 and 715 = 926X10-5 cgs 
units. 

In the case of Hg the values of (viscosity) used are based on t = 219.4°C. Values at other tem- 
peratures were derived by means of & theriends relations, with C = 942.2 

SMITHSONIAN PHYSICAL TABLES 



TABLE 692.—MOLECULAR VELOCITIES AND ENERGIES 639 

Part 1.—Discussion 

Let a denote the most probable velocity, va, the average velocity and v,, the mean velocity 
(the square root of the mean square). Then 

a= V2R.1T/M = 12,895 VT/M cm sec 

a (2/V 7) a = 1.1284 a= 14,551 51 VT/M cm sec™ 

= V3/2 a=1.225a= 15,794 VT/M cm sec” 

The probability - a random velocity v = ca is 

= (r/Vr)c? [exp — c?] 

The fraction of ae total number of molecules, N, which have a random velocity equal to 
or less than v = ca is 

o 

coir a 
Part 2 of this table gives values of f- and of y for a series of values of c. The third 

column gives values of Ay, which is the fraction of the total number that have values of c 
between that given in the same horizontal row and that in the preceding row. 

From the relation for f- we obtain the relation for the probability that a molecule pos- 
sesses the translational energy E. Let r= E/(kT) where x is a dimensionless quantity. 
Then 

fe =2V «/m (exp — x) 

and the average kinetic energy is Eov = (3/2)kT 

where k = Boltzmann constant 
= 1.3805 & 10° erg deg? K 

The last two columns in Part 2, below, give values of fz for a series of values of x. 

Part 2.—Values of functions for application of distribution laws 

c fe y Ay x fe 

0 0 0 0 
L .0867 0059 0059 al 3229 
3 1856 .0193 0134 2 4131 
5 4393 .0812 .0619 5 4839 
i 6775 1939 27 oD. 4688 

1.0 8302 4276 2337 1.0 4152 
3 7036 .6634 2358 1.4 3294 
1.6 4464 .8369 B35 1.8 2502 
1.8 .2862 .9096 0727 Dee 1855 
2.0 1652 9540 0444 2.5 .1464 
Zee 0867 .9784 .0244 3.0 .0973 
2.5 0275 9941 0157 SiS) 0637 
3.0 0025 1— 4.210% 4.0 0413 
4.0 Ae Ser hes SIS SIOr 5.0 .0170 
5.0 LOR 1—7.9X<10™ 6.0 .0069 

Part 3.—Rates of incidence and of evaporation of molecules 

The rate at which molecules strike a surface is given by 

y= (lA) nvnem= secre s ae 

== 21635 X107 '(Pus)/ VMT) cm *sec— 

= 3.513 & 10” Pmm/V MT cm” sec* 

G = mass of gas of molecular wt, M, 

= 1.6604 « 10% My 

= 4.375 X 10° (Pyux)(VM/T) g cm™ sec™ 

— 5.833 & 10? (Pmm)(VM/T) g cm” sec 

If we assume that the accommodation coefficient for condensation is unity, then the rate 
of evaporation is equal to the rate of condensation and the vapor pressure, Pmm, is given 
by the relation 
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640 
TABLE 693.—MASSES, VELOCITIES, AND RATES OF INCIDENCE OF 

MOLECULES * 

vy; = rate of incidence of molecules per cm’ per sec, at 0°C and 1 microbar. 
vy = rate of incidence of molecules per cm? per sec, at 0°C and 1 mm. 
G:= mass of gas corresponding to 1 (g cm™ = sec ms 
Gy = mass of gas corresponding to vv (g cm™ sec™*). 
m= mass of molecule in grams = 1.66035 K 10° M@; M =molecular weight; p:° 

= density (gcm™“) of gas at 0°C and 1 microbar. 
Va = average velocity (cm sec”). 

10-4 x va 
Gas or a 
vapor M 1073m 10'py0 0o°c ANAC 10-17y, 10-%p,' 105G, 102G,’ 

H2 2.016 3347 .8878 16.93 17.70 11.23 14.97 3759 .5012 
He 4.003 6646 1.7631 12.01 12.56 7.969 10.63 297 .7062 
CH, 16.04 2.663 7.063 6.005 6.273 3.981 5.308 1.060 1.414 
NH: 17.03 2.827 7.498 5.829 6.089 3.865 5.1152 1.092 1.456 
H20 18.02 2.992 7.936 5.665 5.919 3.756 5.007 1.124 1.498 
Ne 20.18 3.351 8.886 5.355 5.594 3.550 4.733 1.190 1.586 
CO 28.01 4.651 12.34 4.543 4.746 3.012 4.016 1.402 1.868 
N2 28.02 4.652 12.34 4.542 4.745 3.011 4.015 1.402 1.868 
Air 28.98** 4.811 12.77 4.468 4.668 2.962 3.950 1.425 1.900 
O, 32.00 5.313 14.09 4.252 4.442 2.319 3:758 1.497 1.996 
A 39.94 G:631), 759 3.805 3.976 2523 3.363 1.675 2.230 
CO, 44.01 7.308 19.38 3.624 3.787 2.403 3.204 1.756 2.342 
CH;Cl 50.49 $1383 (22.25 3.385 3.390 2.244 ~ 2.991 1.881 2.508 
SO: 64.06 10.64 28.21 3.004 3.139 1.992 2.656 2.118 2.825 
Cl. 70:91 1177 S123 2.856 2.984 1.893 2524 2-229 2.973 
Kr 83.7 13.90 36.85 2.629 2.747 1.743 2.324 2.422 3.229 
C:His 100.2 16.63 44.12 2.403 2.510 1595 2.123 2.650 3.533 
Xe 131.3 21.80 57.82 2.099 2.193 1.392 1.856 3.034 4.044 
CCh 153.8 25.54 67.72 1.939 2.026 1.286 1.714 3.283 4.377 
Hg t 200.6 J3:3l es (SO.59) 1.698 1.774 (1.126 1.501 3.750 4.998) 

* For reference, see footnote 219, 636. 
** Calculated from the value p (acasityyi = 1.293) 10-*vat 0°C and 760 mmHg. 
+ Since the vapor pressure of mercury at 0°C is 1.85 X 10-* mmHg (=0.247ub), the values given in 

parentheses have no physical significance. Actual values at 0°C, corresponding to saturation pressure, are 
as follows: p= 21.79'X 10-9; y= 2.777 < 1018; G=9.249 <x 10-6. 

TABLE 694.—MOLECULAR VELOCITIES 

Root vend square Cre: 
Gas velocities, NTP velocities, NTP 

Ely drogett: acute seep one oni lanes mus ieee ake eS 18.38 10* cm/sec 16.93 10* cm/sec 
LS) earn d ees ee he Ee o a ee th Ee ee 16) 1651 12.08 
Water vapor ....cmeten senor aoed aes es aoe 6.15 5.65 
INCOM e Ri micrr Coote ie ae con nc tric ie 5.84 5.38 
GarboitsmonOxide trae acteerkeecrstetrertue sian serene 4.93 4.54 
Nitrogen: -..86¢)408lo's. 14. A eee LGR 4.93 4.54 
Ethylene Aas 552 eels see ee 4.93 4.54 
Nitric: oxide? 2.3605 6: Aa TE SS ee 4.76 4.38 
Oxy wen HAs cc oie HOR oats ile wee SRE reruns wot hetore 4.61 4.25 
TENG 26) 0 RG 5 Cree Gs MERE eons 4.516 S B Clore ete & 4.13 3.80 
Garbon: dioxide. o.acde Sees on ec eee ets eee 3.93 3.62 
Nitrous: oxide 23.62.9095 ee tor ee 3.93 3.62 
Kony ptonere nee La: RAPA OT AOS @ 2.86 2.63 
RCE TIO 5k Rte eco tee ic Rs a chee es 2.28 2.10 
pereuty Via PON? vsiciav a aRonapeas acca TOO eae aca 1.84 1.70 

POEs Emre wpa een ona nau ela h nee, N) 8 ARE fa dale Iie 4.85 4.47 
ARBRE SRS Bros Mince oe enon oh Bid RnR ai orceted 6.33 5.82 

220 Newman and Searle, The general properties of matter, Edward Arnold & Co., London. 
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TABLE 695.—MEAN FREE PATHS OF MOLECULES 

Let L = mean free path, = molecular diameter. Then 

1 
== 

V 20nd? 

and i 0.499pvaL 

when n = coefficient of viscosity 

p = density of gas at given pressure and temperature 

Unit of 7 is the poise = g cm™ sec? 

iene (BTU iy 
Seas ARS gc 

= oiceOu at 
Bas Ni Veit 

and ge TIO MT emt 
n 

n, as a function of T, is given by the relation 

Slew) Cee) aa ot Gana 

641 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

where 7. = value at 7, 7 = value at T and C is known as the Sutherland constant. For 
short ranges of temperature, the exponential relation is used, of the form 

(ar/no) = (7 /T.)* (7) 
In Tables 691 and 696, which give values of L, 6 and related data for a number of gases 

and vapors, 
mis = coefficient of viscosity at 15°C 
No = “ “cc oc “cc OLE 

and N25 = “cc “ “ce “ 25°C 

x = value of exponent in equation (7) 

L.'= value of mean free path (in cm) at 0°C and 
1 mmHg 

L.™ = value of mean free path (in cm) at 0°C and 
760 mmHg 

L2s* = value of mean free path (in cm) at 25°C and 
1 mmHg 

Ls" = value of mean free path (in cm) at 25°C and 
760 mmHg 

6 = value of molecular diameter (in cm) at 0°C 

N, = 1.154/8° = of molecules per cm* to form a mono- 
layer (assuming that the spacing -is that of 
close-packed or face-centered lattice) 

w = collision-frequency at 25°C and 760 mmHg 
— Va/ Los 

For the vapors of H,O and Hg (Table 691), P = vapor pressure in mmHg at the tem- 
perature ¢, and L; and 6; denote the values of the mean free path and diameter, respec- 
tively, at this temperature. For HO vapor, C = 650 and m5 = 9.26 & 10°. For Hg, C= 
942.2 and value of 7 at t==219.4°C was used. The values of 7. and 5. for Hg at 0°C are 
those given by Jeans. 
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TABLE 696.—VISCOSITY, 7», MEAN FREE PATHS, L, MOLECULAR DIAMETERS, 

5, AND RELATED DATA FOR A NUMBER OF GASES #* 

Gees H He Ne Air Oo A Co: Kr Xe 
a ** 69 64 67 79 81 86 95 85 92 
10° 715° t 871 1943 3095 1796 2003 2196 1448 2431 2236 
107X 0° 839 1878 2986 1722 1918 2097 1377 2372 2129 
10° X 25° 892 1986 3166 1845 2059 2261 1496 2502 2308 
10° Lo + 8.39 13.92 9.44 4.54 4.81 4.71 2.95 3.69 2.64 

10° L2e°* 9.31 14.72 10.45 5.09 5.40 5.331 3.34 4.06 2.98 
10° L250” 12.26 19.36 13.75 6.69 7.10 6.67 4.40 5.34 3.93 
10°56 2.75 2.18 2.60 3.74 3.64 3.67 4.65 4.15 4.91 

84.4 80 56 112 125 142 254 188 252 
10 Nin § 5:22 24.16 WAZ 8.24 8.71 8.54 5.34 6.69 4.78 
10° Xw' 14.45 7.16 1.68 6.98 6.26 5.70 8.61 6.48 5.7/1 

* For reference, see footnote 219, p. 636. 
** + from relations 7, = aT?. + C=a measure of strength of the attraction forces (in dynes) between 

molecules. ¢~ Loo'= mean free path at 0°C and -1 mmHg, etc. § Ns =number of molecules/cm? for 
monomolecular layer. {| w=collision frequency (sec-1) at 25°C and 760 mmHg. 
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TABLES 697-712—ATOMIC AND MOLECULAR DIMENSIONS 

TABLE 697.—EFFECTIVE ATOMIC RADII 

Goldschmidt, on the basis of reasonable though empirical assumptions, has calculated effective 
radii of atoms in various charged conditions; Pauling, on the basis of wave mechanics, has pre- 
sented theoretical values for most of the elements, the two series agreeing well in many cases. The 
latter values are printed in boldface type ; the values considered nontypical are in parentheses ; e.g., 
for silicon we have: Si** (0.22—) 0.39-0.41, Si° (1.12—) 1.18, Si* (1.98) ; 2.71, signifying silicon, 
carrying 4+ charges, has apparent radius between 0.22 and 0.41; but the lower values relate to 
compounds where the atoms appear to be deformed ; so Goldschmidt gives 0.39 as most significant. 
Wave mechanics yields 0.41. Neutral, the radius ranges from 1.2, in abnormal compounds, to 1.18 
in those typical; when carrying 4 — charges, the value is 1.98, according to calculations deemed 
faulty, 2.71 according to theory. 

In applying the data to replacements, halides and oxides are usually ionized, and the values in 
the outer columns apply. Thus in fluorite the value for Ca‘ should be added to that for ee 
giving between 2.32 and 2.42, or 2.37 as a mean; and the observed Ca-F distance in the crystal is 
2.36 angstrom units. In the remaining types of compounds the atoms appear to be largely neutral 
and the first column should be used. 

. ’ 

© ° 
ae Pz) Be 
2s e 28 v 
EE Radius neutral % Radius positively EE Radius neutral % Radius positively 
23 atom £ charged ion Se atom £ charged ion 
< angstroms O angstroms <° angstroms oO angstroms 

1H 42 Mo 1.36 6 .62 
2He ( .93) Mo 4 .66(— .83) 
3 Li (1.50—)1.56 1 .60— .78(— .82) 44 Ru 1.27-1.34 4 ,638— .65 
4Be  1.05(—1.15) 2 .81— .34 45 Rh 1.34-1.35 3 OD 
5B 3.20 46 Pd 1.37 
6G (245)! 277 4 ,15 47 Ag (1.17—)1.44 1 (.79—)1.13-1.26 
7N ( .65—) .71 5 11 48 Cd (1.47—)1.49(—1.60) 2 (. Ae Be 03 
80 .60(— .65) 6 .09 49 In 1.45-1. 3 .81-. 
9F .67 7 O07 50 Sn (1.27—)1.40 ik (G ee nC. 81) 

10 Ne (1.12) 51Sb (1.22—)1.34(—1.44) 5 .62 
11 Na (1.77—)1.86 1 .95— .98(—1.09) Sb Sie 0; 
12 Mg (1.42—)1.62 2 .65-— .78(— .85) 52 Te 1.33-1.43 6 56 
13 Al (1.16—)1.43 3 .60—- .57(— .646) Te 4 ,.81- .89 
14Si (1.12—)1.18 4 (.22—) .39- .41 531 1.36-1.40 7 50 
WG 12 .93 Ss % I 5 .94 
16S 1.02-1.04 6 .29- .34 54 Xe (1.90) 
17 Cl 1.05—1.07 7 26 55 Cs (2. 37—) 2.55 1 1.65—1.69(—1.75) 

18A (1.54) 56 Ba 2.10 2 1.35-1.43(—1.49) 
19K  (2.07—)2.23 1 1.33(—1.84) 57 La 3 1.15—1.22 
20Ca_ (1.70—)1.97 2 .99-1.66(—1.50) 58 Ce 1.82-1.83 4 1,01-1.02 

21 Sc 1.51 3 .8l— .83 Ce 3 1.18 
22T1 (1.40—)1.49(—1.53) 4 (.58—) .64— .68 59 Pr 4  ,92-1.00 
23 V 1.32(—1.43) 5 59 Pr Sdal6: 

V 4 ,.59- .61 60 Nd 3% e415 
24Cr (1.17—)1.25(—1.54) 6 .52- .65 62 Sm Seles 
25 Mn (1.17—)1.29(—1.59) 7 46 63 Eu 31213 

Mn 4 .60— .52 64 Cd gj Gili 
Mn 2 ,.80— .91 65 Tb 3009 

26 Fe (1.21—)1.26(—1.45) 3 (.49—) .67 66 Dy 3: * 1507 
Fe 2 .%5— .83 67 Ho 3205 

27 Co 1.26 (—1.39) 3 29- .47 68 Er 3 1.04 

fe) 2 72— .82 69 Tm 3 1.04 

28 Ni 1.24 (—1.39) B35 70 Yb 3 1.00 

Ci Bo. hs ee ta 142-1.44 29Cu (1.22—)1.27(—1.37) 2 .70 3 Ta .42-1. 

u : : ) 1 (.58—) .96 74 W 1537 6 .88 

30 Zn 1.31-1.34 2 ws 183 WwW 4 .66— .68 

31 Ga G 28—)1.33(—1.45) 3 .62 760s  1.30-1.34 4 ,65— .67 

32 Ge 1.22 4 .44- .68 lef ye 1.35 4 ,64 .66 

33 As (1.04—)1.16(—1.26) 5  .47 78 Pt 1.38(—1.43) 

As 3 .69 79 Au ean : nee a 

34 Se 1.13-1.17 6 .42 80 Hg 1.46-1. 2 1.10-1. 

35 Br 1.19 7 «89 81 Tl (1.71—)1.99(—2.25) 3 95—-1.05 

36 Kr (1.69) Tl 1 1.44-1.51 

37 Rb (2.25—)2.36 1 1,48—1.49(—1.88) 82 Pb _1.74(—1.90) 4 84 

38 Sr 1.95 2 1,13—-1.27(—1.45) Pb Dina ‘98—)1, 21-1.32 

39 Y 3 .98-1.06 83)Br G: Les 46 (——15 5) ee 
40 Zr 1.60—-1.62 4 (.68—) .80- .89 90 Th _1.80-1.8 4 1.02-1.10 

41 Nb 1.43(—1.50) 5 .69- .70 92U 4 .97-1.05 

Nb 4 .67- .69 —NH, 1 1.42-1.59 

g 2 - g 
= Radius BO Radius ks Radius e Radius 

s negative = negative es negative & negative 

oO ion iS) ion iS) ion iS) sa a 

1H —1 (1.27); 2.08 14Si —4 (1.98); 2.71 32 Ge —4 2.72 50Sn —4 (2.15); 2. 

6C —4 60. 5P —3 2.12 33 As —3 2.22 51Sb —3 2,45 

7 ON —— 3 1078 16S  —2 1.74-1.84 34 Se —2 1.91-1.98 52Te —2 2.03-2.21 

80  —2  1.32-1.40 17Cl —1 1.81 35 Br —1 1.95-1.96 531 —1 2,16—2.20 

9F —1 1.33-1.86 82 Pb —4 2.15 
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TABLE 698*.—DIFFUSION COEFFICIENTS OF GASEOUS IONS AT NTP™ 

Dry gas Moist gas 

Gas D+ D- D+ Da 

VNSTT dasa cabs chet ich nate Nese ao tee. 028 043 032 035 
Osa eens Lett 2: lier orugatal 025 0396 0288 0358 
Carbon dioxide’.....o2-cs.255- .023 .026 0245 0255 
Nitrogen i. eae ste sete ner c 029 0414 ee oh: 
Hydrogen sti s.c test ne cece 123 .190 128 142 

* Tables 698-700 and 702 prepared by J. D. Cobine, General Electric Co., Schenectady, N. Y. 
aa J. D., Gaseous conductors, 2d ed., McGraw-Hill Book Co. Used by permission of the 

publishers. 

TABLE 699.—DIFFUSION COEFFICIENTS OF NEUTRAL GASES AT 0°C 

AND 760 mmHg * 

Gases I Dated m + Gases JDM Hs m T 

VaNeaesl (pe ae oe ae .706 were Hii COW. eh ceers 651 1.75 
Air" COs trees. so 134 Saye Hei —GO snes 3 534 1.75 
Air-SOs artic ca ses 178 mache FS Nae ee ror .674 1.75 
COCO gestae. = 126 2.00 Fs —— NSO) ceca ce 2535 1.75 
CO’ HO. aak... 3... 642 ee HS Oo os acidneceee .679 1.75 
CO 10; rec es 183 1.75 HO Aine seen one .220 1.75 
COs—vAin: oes ces 134 ea Mg: Airs 53. ee ct BZ 3S 
COx;=—BiO! 2485056 528 ae OF— AIT ens seeps ccs 178 1.75 
He AU ey See YON, 641 1.75 O. = H. COCO. Ook iI. 722 Bcn0 

Isher axoenupeede .661 75 Ox==CO! See 185 1.75 
Os COn eee con v0 .136 2.00 

* For reference, see footnote 221, above. 
a in cm?/sec. + D=.Do(T/To)™(po/p), where Do is the value of D in the table, To =0°C, 

po = 1 atm. 

TABLE 700.—MOBILITIES OF POSITIVE IONS IN NOBLE GASES AT 

760 mmHg AND 0°C * 

(cm/sec per volt/cm) 

Ton He Ne A Kr Xe 

Gast. Meee brats 20.1 5.85 1.81 88 61 
1S te Aa Rene 4 SRA: eae Meee 24.2 11.87 4.68 S72 2.84 
IS EW retoer a ee eee 6 cena te GEER eee Ag 8.16 3.03 2.20 1.69 
| CASS Aen eS Bone Orie oko PUES Aasyik 2.64 1.86 135 
RD ea eee eer inane 20.1 6.75 2.24 1.49 1.03 
OS Beterrencr taust ceptions erors eae eons 18.4 6.10 2.10 1.33 91 

* For reference, see footnote 221, above. 
t Ions same as gas. 

TABLE 701.—MOLECULAR DIAMETERS, 5, FOR ATTRACTIVE SPHERES * 

Gas From 7 t From b f Gas From 7 f From b $ 

Argon ..... 2.87X10%cm 2.8710 cm Hydrogen .. 2.38X10%cm 2.5310% cm 
Krypton .. 3.15 3.16 Nitrogen .. 3.13 3.56-3.10 
Xenon .... 3.50 3.45 AME -ceataciats Shilil 3.32 
Helium .... 1.91 1.97 Carbon 
Oxygen ... 2.96 2.91 dioxide .. 3.23 3.22 

as 3.30 3.42 

“ For reference, see footnote 220, p. 640. 
t Viscosity. t¢ Van der Waal’s equation. 
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TABLE 702._MOBILITY * OF SINGLY-CHARGED GASEOUS IONS AT 

760 mmHg AND 0°C ** 

(cm/sec per volt/cm) 

Gas (e—1)f¢ 

Aira (day enna: Se ke SISSON SE 000585 
AG(pure) Wasik AvNaeRes oe SNE 00056 
Cl, Fe eo SE OR SNS clSict 
CCl ae ese: Mes .0030 

Marte Se LAS SSE RTT. IE .00070 
GO3; (iy) isis: DIG Res IG .00098 

TURNS NE: Rea kh SHS slo D .00028 
El ote (PURE) Iss shies eee Tee Fes 

ARV eee al th « I OUENSK .0046 
FeOl (atwlo0c@)2 . Sepreee. ae Aang 
EIeSee cet ten aes tie hae .0040 
JE Cie, 4 See, at ee 000074 
He ( [DELND)) ” GROG © CORON ORS 
ler styl 8 Was Aloe ees otc Leas enema sais 
ines. c.s..3 etna me Scale ss 
oe oe 6. cits 0 OS fio Une one .0007685 
ING ee Ph cian cde < obs oe .00058 
Nea (pane) Beacicnn sti Mire.c ss ee 
INVES Retreat ote oe aos we 0072 
NH; in N, Miedelodetoisilelcliclieteretslelehon eles odc0 

INAON Sa ene eee nies 5 See .00113 
INOS PMR ean cies at eee .0001231 
Oey eo cecrecie Bictete ns Shes a ahs .00051 
SOF Riese sae ce Mes he 0095 

Ko- Kot 

2.2 1.6 
206.0 1.81 

74 74 
31 30 

1.14 1.10 
98 84 

8.15 5.9 
7900.0 13.8 

62 53 
95 1.1 
56 62 

6.3 5.09 
500.0 21.4 

Pee 13.4 
Boe 2.02 
Hae 94 
1.84 1.27 

145.0 2.51 
.66 56 
t3% 3.06 
.90 82 
Pip 5.64 
1.8 1.31 
41 Al 

* K = Kopo/p, where po is the gas density at NTP and op is the density at which K is desired. 

0.235 (mt)! 
my, 

~ (p/po) (€ — 1)oMo 
where m, = mass of ion, m2: = mass of gas particle, € = dielectric constant, (€ —1)o is calculated for 
NTP. Mo=molecular weight of gas. Values of mobility in this table may not be absolute, but are of 
orienting value. 

** For reference, see footnote 221, p. 644. 
+ International Critical Tables; Tables Annuelles Internationales de Constants. 

TABLE 703.—MOLECULAR DIAMETER (BRAGG) * 

From 
crystal measured 

Gas in 2d 

INIGOSTY Gioia atin an Ge cee oe 1.30 10° cm 
INGROTL, Sigs tacos Ie a Soe oe 2.05 
KGny PlLOmeerie itis hisnis.s aici ss 2 35 
NENIOM MS ee ae ets a eee 2.70 

* For reference, see footnote 220, p. 640. 

From 
ero Ratio, 

2d/n 

2:35< 10" cm 553 
2.87 714 
3.15 746 
3.50 AA 

TABLE 704.—NUMBER OF MOLECULES (PER cm? AT 0°C) OF MONOLAYER 

AND EQUIVALENT VOLUME (cm’*) * 

Vol gas 
at 760 mmHg 

No molecules and 20°C 
Gas x< 10-14 x 105 

1a yemoe cee 15.22 6.08 
Het Sas cane 24.16 9.65 
Ja nee eee epee ae 8.54 3.41 
ING eek ete ac 8.10 3.24 
(O}P esobdacns 8.71 3.48 

* For reference, see footnote 219, p. 636. 
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Vol gas 
at 760 mmHg 

No molecules and 20°C 
Gas x 10-14 x 105 

GOVE ae 8.07 Shy) 
GCOx eee: 5.34 25 
GH Saas 5.23 2.09 
INIA eee 4.56 1.82 
Hs Osea. 527, Palit 



646 TABLE 705.—CROSS SECTION AND LENGTHS OF SOME 

ORGANIC MOLECULES 

According to Langmuir, in solids and liquids every atom is chemically combined to 
adjacent atoms. In most inorganic substances the identity of the molecule is generally lost, 
but in organic compounds a more permanent existence of the molecule probably occurs. 
When oil spreads over water evidence points to a layer a molecule thick and that the mole- 
cules are not spheres. Were they spheres and an attraction existed between them and the 
water, they would be dissolved instead of spreading over the surface. The presence of the 
—COOH, —CO or —OH groups generally renders an organic substance soluble in water, 
whereas the hydrocarbon chain decreases the solubility. When an oil is placed on water 
the —COOH groups are attracted to the water and the hydrocarbon chains repelled but 
attracted to each other. The process leads the oil over the surface until all the —COOH 
groups are in contact if possible. Pure hydrocarbon oils will not spread over water. Ben- 
zene will not mix with water. When a limited amount of oil is present the spreading 
ceases when all the water-attracted groups are in contact with water. If weight w of oil 
spreads over water surface A, the area covered by each molecule is 4M/wN where M 
is the molecular weight of the oil (O = 16), N, Avogadro’s constant. The vertical length 
of a molecule / = M/apN = W/pA where p is the oil density and a the horizontal area of 
the molecule. 

Cross section in lin cm 
Substance cm? & 1018 (length) * 108 

lesilrae eve) Cast OOlsls soso ecnacnoncudcadsscmuede 24 19.6 
Steaticiacid (GiHssCOORM. -25.....60000 os ee eee 24 21.8 
Geroticeacid) GH;,COOHPEES........05 6c eeeee 25 29.0 
Oleic¥acid! Cie; COOH... >.) Pas ok ee Bee 48 10.8 
linoleicracia, Gildas COOH... - cece sce oe en eee oe 47 10.7 
EemolenicnaciduG, kin COOH... 4256-2 e eee 66 7.6 
Ricinoleie acid G,;Hss(OH) COOH... .2...-. hee: 90 5.8 
Cetyl alcohol @rabiss© FRE ois 6 ciesstasis os resins Sa eee 21 21.9 

My ricy.l jalcohol!|Gsoble@EPs. 0... soca. s ssc sche es os 29 352 
Cetyltpalmitate Gs C@OOCGcHss..105000 > one me ent 21 44.0 

iristearin’ (GrslascO:)sGabls cts .ci.a. dete. SLA. 14 ete ae 69 23.7 
Iperalerotin (CGoaslOnCAst Soo occas ce a: acu gucauonecene 137 11.9 
Artoletinp(Ertdss©))sGskls, ceys cadets sees ce ee sec 145 11.2 
Castorsoile(GcH:(OH)COO);GiHsaceur etiaeee ene ee 280 SH 
Linseed oil (C1;zHs1COO)3C:Hs sielddelataimeeualianetetsicial sie telsi-isienee 143 11.0 

TABLE 706.—VOLUMES OF INERT GAS ATOMS #* 

Volume 
from b Volume 
ionic peek aay of 

Gas radius b volume liquid 

IN[GDiiere sr toet Nae nce See ce re os hat vin ee races 3.33 17.1 5.1 16.7 
AT POM seit oo Sete RS LI oe ents 8.6 SYA 3.8 28.1 
Kery DEON Aaa reine oe he OO Eee ee wees WAS 39.7 BW 38.9 

50.8 2.7 47.5 CRON art Seveh heels SOLA Aa he eects 18.8 

* For reference, see foctnote 203, p. 624. 
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TABLE 707.—LATTICE SPACINGS OF IONIC CRYSTALS * 647 

ro ro Melting To ro Melting 
‘ observed __ calculated point, observed calculated point, 

Material A A Lx @ Material A 1 

Sodium chloride structure 

Tei aes, 35% 2.01 2.10 870 INEGI 2 cee 3.62 3.65 
Te Glee eee 257, 2.60 613 Ag Bays ssc nse 46 2.30 435 
iB: Se as 2.75 2.75 547 AGG 3... 2.77 2.80 455 
JESU eileen Sacer aes 3.00 3.00 446 AGBray. cscs. 2.88 2.95 434 
Nal Sees or 2.31 2.35 980 Me@)t.scacee 2.10 Za 2800 
INELG)| ec 2.81 2.85 804 MizSee eae 2.60 2.60 
INVES = aaeooee 2.98 3.00 755 MoSemsssneee 2:13 2.70 
Nala earth ore S378} 325 651 CaO ee 2.40 2.40 2572 
KaFNore: Mesa av 2.67 2.65 880 CaSiew. cece s 2.84 2.85 
a @) (Se Sees 3.14 3.15 776 GaSemarrei. 2.96 2.95 
1k) By ae ~ See One 3.29 3.30 730 Cale vse 2.97 SES 
5G - See Se 3.53 3.55 773 SrOL gc eee 2.58 2.60 2430 
RD Eee hence 2.82 2.80 760 S5Saoeocrta: 3.01 3.05 882 
1340) C) eee Gee 3127 3.30 715 SrSOiasn cat ecis oZ 3.15 
RDB Reece 6 3.43 3.45 682 Srilee crcsttanc 3.33 3.35 
RDI te ccacsce 3.66 3.70 642 Ba Open sur. 2.77 2.75 1923 
(C5154 See ae 3.00 3.05 684 BAS Pas eat itsress 3.19 3.20 
INET GIS eee 3.27 325 BaSenenws cc 3.30 3.30 
INISEIBE a6 Hee 3.45 3.40 Baler: 3.50 3.50 

Cesium chloride structure 

CsCl eis. 3.56 3.55 646 INE. 6560 .ce Syl 3.40 
CsBings)s es oes 371 3.70 636 INJS TAI i eee Soc 3.78 3.65 
Csi 2h ee 3.95 3.95 621 ARGS leas 3.33 430 
ING CI Rac. 3.34 3.25 TI Te wsieverererce & 3.44 460 

Zincblende structure 

CuGl” 598.2 2.34 2.30 422 Tx ekos 2%: 2.64 2.65 
GubBrae ees 2.46 2.45 504 CdSiixorees 22 2.50 1750 
Culp & oh sme 2.62 2.70 605 @GdSe se 0 ern 2.62 2.60 
BeSie..tcs. 2.10 2.10 CdTey cancer. 2.80 2.80 
BeSE® ..65052 2.18 2.20 lala Sete eey ae ae 253 2.50 
Belen 2. sane 2.43 2.40 HeSe- anes me ZLOL 2.60 
ZUS) Bec be cds 2.35 2.35 1800 pele oieeace 2.79 2.80 
LSE set. 2.45 2.45 

mee Wurtzite structure (first distance is that to neighbor along axis, second to three neighbors in 
same layer) 

NGRs bn.0.¥ 2.63, 2.7/6 2.7/5 ZAI fas «keene 2.30,2:50 2.39 1850 
Be@) f.1: 233. 1.64, 1.60 1.65 2570 CAS rss oe Z.92),2.50 2.50 1750 
ENO i ds oof 1.94, 2.04 1.90 Cd Sey wesc: Krier: 2.63, 2.64 2.60 

* For reference, see footnote 203, p. 624. 
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(Angstroms) 

Be** Weg 
.20 .80 

Mg** Na* 1e)= 
70 1.05 1.30 

Cas Kt Cl- 
95 1.35 1.80 
Sra Rb* Br- 
LIS 1.50 1.95 
Ba** Cs* lS 
1.30 1.75 2.20 

NH, 
1.45 

* For reference, see footnote 203, p. 624. 

TABLE 708.—IONIC RADII * 

TABLE 703.—CRYSTAL STRUCTURE AND INTERATOMIC DISTANCES FOR 

METALS (Angstroms) ** 

Abbreviations: b.c., body-centered cubic; f.c., face-centered cubic; hex, hexagonal; di, 
diamond; *, other structures. 

eric: Na b.c. 
3.03 372 

Be hex Mg hex 
2.28 3.20 
2.24 3.19 

B Al f.c. 
2.85 

Si di 
2.35 

** For reference, see footnote 203, p. 624. 
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K b.c. 
4.50 

(CA Le 
3.93 

Sc 

Ti hex 
2.95 
2.90 

V bec. 
2.63 

Crepe: 
2.49 

Mn * 
2.50 

Fe f.c. 
2.57, 2.48 

Co hex, f.c. 
2.71 

Ni f.c. 
2.49 

Cte: 
255 

Zn hex 
2.65 
2.94 

Ga * 
2.56 

Ge di 
2.43 

As) 2 
2.50 

Se * 
2.32 

Rb bcc. 
4.86 

Sr f.c. 
4.29 

In * 
3.24, 3.33 

Sn di 
2.80 

Sb * 
2.88 

Te * 
2.88 

Cs b.c. 
§.25 

Baubic! 
4.35 

La hex, f.c. 
3.72, 3.73 

Tl hex, f.c. 
3.45, 3.43 

Pb f.c. 
3.49 

Bi * 
3.10 
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650 TABLE 711—GREATEST BINDING ENERGY OF AN ELECTRON— 

SINGLY-IONIZED ATOMS * + 

Element is 2s 2p 3s 3p 3d 4s 4p 4d 5s 5p 5d 

Heir 5440 13.60 13.60 604 604 604 340 3.40 3.40 218 218 2.18 
11 01 IVA AN WARE Esl 7 GO Mas S829 BO Ae Aap Bale 
Be 1 eee LO-2lem 4:25) 7227 0:25 OOS CO 3:49 0nS 402 4emee eee cls 
Beir eee 25. 15ie 205205 906) ee7es0) O48 mr459) 8 SOOM 5702-75 2.26 
Gam Seen | ances 2490 89193) 1 18:05) @ 6933) 44:89) ic 4:23) 354289) 2165 na2e25 
N u ee at eee COOL SIETS: 829820) GTA 9) e524 AS Se siGzeesl05 2.25 
Ol dace) oe. eeesoel Ss) 12519) E987" 6.48) S857 4tOSso0is. 20) ea eOl eer 
Fu Hoe enser 4-98 1508 J29I86) (6838) 581 4:40) 3'49 
Ne II Soe se 107 PSS 1OSS) 6rd7e T6alZ 3.60 
Na 1 nea new eet 47.29. 14:45 210195) 16:32)" 16:20 3.47 3.50 
Wie i060 gond Meee toed: TSHUS alo Guile eesti Eke! iW eH Oy Bil 
Al 1 18.82 14.19 698 7.51 5.76 3.77 3.94 3.24 2.36 
Si 1 PNG 4e tO Gi22e ORs ol ade cOn oan al 
P ir 19.65 681 892 686 4.16 4.36 2.41 
S 1 23.4 9.75 9.82 7.85 4.57 4.78 3.06 
Cl u 23.80 10.13 10.43 7.86 4.63 4.93 2.75 
Al 27.62 11.22 10.98 840 4.85 5.11 4.05 2.28 
Kerr Sst 1555 1167 O10N Sal 5:46 
Gasit 10.18 11.87 8.75 4.82 5.40 4.36 2.85 
Se Ir Sea cs SEAM een LOCO, (12 Oia OO mn alee 06 
Ti 1 events ite ~ eacteabeir de eoeie 113640) MLSE Ze Ol Seo 3. 87. 
Vu PN a aed “Keven +o) wl450, 10:36 5:67 
Crit 16.49 15.01 10.69 5.76 6.24 
Mn 1 13.86 15.64 10.88 5.78 6.39 4.99? 3.25 
Fe 11 15:95) 16518) ESS 91, 2653535 
Co II 17.05 16.64 11.45 6.64 
Ni u OA5) Ze ue 76 6.77 
Cu 20.29 17.57 12.05 6.09 6.90 5.40 3.39 
Zn 1 17.96 11.95 5.95 7.00 5.39 3.34 
Ga 1 20:51 14:64 7.16) 7.75, Si83n 3-5) 
Ge 1 15.93 5.91 820 6.14 3.52 
As II 20.2 92 104 84 
Se 2165 9.70 7.50 4.36 
Br 1 26 nw F655 09940 733 7as 4.52 
Kr 24.56 8.95 10.58 7.96 4.63 
Rb 27.50 10.97 8.38 4.67 
Sil ~-2. 9:22 1103) 8109" 4742 
War aivaten — Gaawad.. Geeta) slices oR bRecas: icin, ats GAL 40) 12120 = ONS ae Sala 
Zr II Saar). winded eutSecl “patan, co cclece aoe’ ee MLSE AO Se OS Opes ses F 
* See column 6, Table 623. 
+ For reference, see footnote 222, p. 649. 

TABLE 712.—CONSTANTS OF DIATOMIC MOLECULES * 

The attractive force between atoms varies with the distance between centers. When 
this distance = re, the sum of the two radii, the force changes from an attraction to a 
repulsion. The force, D, at this distance, re, is thus the force necessary to pull the two 
atoms apart. The energy of separation is generally given. 

D D .D D 
kgcal electron Ye kgcal electron re 

Substance mole volts A Substance mole volts A 

ei ee 103 4.454 75 CO. ae 223 9.6 1.13 
(G15 ee eee 81 $5) te Gok 3 cee 128 5.6 1.31 
NH. =255 97 4.2 1.08 Gls chet ar 57 2.47 1.98 
OMe. $08: 102 44 .96 Bray ese 46 1.96 2.28 
AICI Se cine 102 4.40 1:27 [s, See 36 1.53 2.66 
INO. 7.8 a5: 123 BES 15 ee emer 26 1.14 2.67 
Oree 4.2 117 5.09 1.20 Nase eae 18 76 3.07 
IN A eee Ne Sseece 170 7235 1.09 en acces 12 41 3.91 

* For reference, see footnote 203, p. 624. 
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TABLES 713-730——NUCLEAR PHYSICS 651 

Nuclear physics may be divided into three fields: radioactivity, cosmic rays, 
and artificial disintegration. The third division—artificial disintegration—is 
today the most active single experimental (and theoretical) problem of the 
physicist. This new branch of physics has introduced a number of terms, 
some of which are defined in Table 716. There is hardly a major physical 
laboratory that does not have at least one of the devices listed in Table 718 for 
producing high-energy particles of one kind or another. 

The study of nuclear physics started more than 50 years ago with the dis- 
covery of radioactivity. This was a study of natural disintegration up to about 
1919 when Rutherford produced and studied artificial disintegration by bom- 
barding nitrogen with swift a-particles from RaC’. However, he had to depend 
upon nature for the high-speed particles that he used. The value of the speed 
and energy of the a-rays from natural radioactive materials (Table 732) 
shows the nature of the particles then available. It was not until about 10 
years later that a start was made on the development of the various devices 
for producing the regulated high-speed and high-energy particles listed in 
Table 718. 

By bombarding different materials with one of the high-speed particles 
produced by various devices it has been found possible to produce one or more 
radioactive isotopes of each of the 92 elements and, in addition, to produce 6 
elements beyond uranium—each with a number of isotopes.* There are now 
9 or 10 known fundamental particles (Table 720), 5 or 6 of which are used 
in the bombardment of isotopes for the production of new reactions. Some 
examples of reactions thus brought about by the use of different ones of these 
high-speed particles together with the minimum energy of the particles neces- 
sary to produce the reactions are given in Table 726. 

The relative masses of the isotopes vary from 1.0081374 for H' to about 
242.14152 for Cm*4?, The actual mass in grams for H? is 1.67339 x 10-4 
grams, and thus the mass, in grams, of any atom may be determined from its 
atomic weight. The mass of the neutron is 1.67473 x 10-*4 g. The radius of 
a nucleus, 7, is given approximately by 1.4 x 10-** A’/’ cm, A being the atomic 
mass number. These values give for the density of the nucleus about 10% 
g/cm’ (see Table 872). The atomic weight, the magnetic moment, and the 
spin of a number of isotopes are given in Table 719. 

* For reference, see footnote 199, p. 618. 

TABLE 713.—MASS, ENERGY, AND VELOCITY RELATIONS FOR 

THE ELECTRON 

Electron mass * 
Energy Velocity 
Mev g Mo B cm/sec 

very small 9.1066 10-* 
.018 9.42 10-* 1.035 25 AS, X10". 
05 10.00 10-* 1.10 42 1:26,<102 
ail 10.90 10-* 1.20 548 1.65,.><10" 
a) 18.02 10-* 1.98 863 2.585 10° 

1 26.93 10-* 2.96 .94 2.818 10"° 
5 98.24 10-* 10.8 996 2.985 x 107° 
7 133.89 10-* 14.7 .9976 2.990 107° 

10 187.38 10-* 20.6 .9988 2.994109 2 
20 365.64 10° 40.1 .9992 near the velocity of light 
100 1791.8 10-8 196.6 .9998 near the velocity of light 

1000 17839 10-* 1960 .999999 Pu ee i a ; 
10000 178160 10-* 19580 .9999999 eet 

* See Tables 27, 28, and 714. 
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652 TABLE 714.—PARTICLE ATTRACTION, VELOCITY, AND MASS 

The neutrons and protons are held together in a nucleus by attractive forces 
(nuclear force) which have a range of only about 2 x 10° cm but are 
stronger than the electric Coulomb forces at distances less than this range. 
The energy which would be required to separate a nucleus into its constituent 
protons and neutrons (collectively denoted by nucleons) is called the nuclear 
binding energy. According to Einstein’s mass-energy relation this binding 
energy is equal to c? times the difference between the nuclear mass and the 
mass in the free state of the nucleons contained in the nucleus. The binding 
energy per nucleon is of the order of magnitude of a few Mev, its actual 
amount depending on various factors. Starting at about 1 Mev for the deu- 
teron (nucleus of heavy hydrogen) the binding energy per nucleon increases 
on the average with increasing atomic weight A reaching a maximum of about 
10 Mev for A about 50; as A increases further the Coulomb repulsion between 
the constituent protons becomes more and more important and the binding 
energy per particle decreases again. In addition to this general trend there are 
individual variations in stability, a notable example being the great stability 
of the a-particle (nucleus of He*) with a binding energy of more than 7 Mev 
per nucleon. 

The theory of relativity shows that energy and mass are related and that 
mass may be converted into energy, giving an amount of energy in ergs = mc?, 
where ¢ is the velocity of light expressed in cm/sec and m the mass in grams. 
This theory also shows that the velocity of light is the upper limit for the 
velocity for any particle. It is to be noted that this theory tells us nothing as 
to the method of converting mass to energy! 

The mass m of a fast-moving particle depends upon its velocity v, thus, m 

(at velocity v) = eer where B = v/c. The kinetic energy of a particle 

moving with a velocity near that of light 

ote wath Bey lene KE = mc ea) 

KE 
Cc? 

or 

m= Mo + 

Some calculated results of the above relations are shown in Table 713. This 
theory, together with nuclear physics, shows that each moving particle has a 
wavelength that is given thus: the wavelength, A = h/mv for a particle of 
mass m with a velocity v. (See Table 722.) 

TABLE 715.—TWO INTERESTING RESULTS OF ARTIFICIAL 

DISINTEGRATION * 

Different results Different ways af 
from the same material producing the same materials 

vAl® a 2He* — 1sP™ oe ont wMe* + 2He* — Al™® aL Pls be 

23Al a Al (eS ha + 1H? Al” + 1H7_-5;;A1” + alge 

13Al™” + 1H?—».Mg” + sHet* Al” + on'—>:3Al™ + hy 

13A17 + sles isAl* + 1H? ASS a on? —> ale? + +H 

Al” + 1H? — “Si” + on? 13P™ + on’ —> 3Al* + 2He* 

ae ae on’ => at hy , 
13 a on >> wMg + 1H 

2Al™ + on*—» .4Na™ = 2He* 

* For reference, see footnote 224, P- 665. 
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653 
TABLE 716—DEFINITIONS OF SOME TERMS USED IN NUCLEAR PHYSICS 
Alpha-particle.—A helium atom, stripped of its outer electrons, that is expelled from 

a radioactive material. 
Artificial disintegration.—Breaking down of an atom by a controlled experiment. 
Atom.—tThe smallest particle of any material substance that can exist as such. 
Atomic bomb.—A bomb depending upon atomic energy. (U or Pu fission.) 
Atomic energy.—Energy due to some breaking down of an atom. 
Atomic mass unit, amu.—(1) The mass of a unit atomic weight (see Dalton). (2) An 

energy unit equal to the mass energy (mc*) of a unit atomic mass (1/16 mass 0'°) = 
1.4921 & 10°“ ergs = 931.3 Mev. 
Atomic number.—The value of the positive charge of the atom. This determines the 

chemical properties. 
Atomic weight.—Chemical: The relative weight of an atom taking the oxygen atom, 

found in nature, as having a weight of 16. Physical: The relative weight of an atom taking 
the oxygen isotope 16 as having a weight of 16. This makes the ratio of physical to chemi- 
cal scale = 1.000272 + .000005. 
Barn.—Unit area cross section of nucleus = 10-* cm’. 
Baryton.—See Table 720. See meson. 
Beta-ray.—An electron expelled from a radioactive material. 
Betatron.—See Table 718. 
Binding energy.—The energy due to the packing of an element assuming that the ele- 

ment is made up of protons, electrons, and neutrons. 
Bursts (cosmic ray).—A very great output of particles due to a cosmic-ray encounter 

with an atom. 
Cathode rays.—Electrons that are driven from the negative electrode (the cathode) of 

a discharge tube. (See Table 758.) 
Chain reaction.—A reaction in which one or more of the products of the reaction 

keeps it going, i.e., such as the fission of 92 U*. 
Compton effect.—The change in wavelength due to the scattering of radiation by a 

material substance. 
Cosmic rays.—A radiation that falls upon the outer atmosphere, generally thought to 

come from outer space. (See page 710.) 
Cosmos.—The entire universe. 
Cross section, o.—The proportionality constant between the beam intensity and the 

number of particles, considered, that strike a target. It has the dimension of an area. See 
Barn. 
Cyclotron.—See Table 718. 
De Broglie wavelength.—For a particle of mass m and velocity v, the De Broglie 

wavelength A = h/mv. 
Delta-rays.—Electrons that are emitted from certain materials due to a-ray bombard- 

ment. 

Deuterium.—See deuteron. 
Deuteron.—This isotope of hydrogen that has twice the atomic weight of the proton. 
Electron +.—The smallest particle of electricity that can exist. 

Positron, + electron. (Charge + 4.8025 « 10-* esu.) 
Negatron, — electron. (Charge — 4.8025 « 10°” esu.) 

Electron shell.—The shell that is used to describe the location of the outer electrons 
of an atom. These are K,L,M,N,O. (See Table 658.) 
Energy units.—See Table 654. Erg: 
ev—The energy equal to that of an electron moving under an emf of 1 volt = 1.602 X 

10°“ ergs. 
Mev—The energy equal to that of an electron moving under an emf of 10° volts. 
amu—The mass-energy of a unit mass of atomic weight = 1.492 « 10“ ergs. 
Mass unit—Energy value of one gram = 8.987 X 10” ergs. 

Fission.—The breaking down of a heavy atom into two parts of about equal mass. 
(See page 706.) 
Gamma-rays.—Radiation of very short wavelength that results from some radioactive 

breakdown. (See Tables 747-752. ) 
H-rays.—Hydrogen atoms that are emitted from certain materials due to a-ray bom- 

bardment. 
h.—Planck constant. See quantum. 
4 or h=h/2r. 
Isobar.—One of two or more nuclei that have the same weight but different atomic 

numbers. 

(continued) 
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654 
TABLE 716.—DEFINITIONS OF SOME TERMS USED IN NUCLEAR PHYSICS 

(concluded) 

Isomer.—As applied to an isotope, it is one of two or more that have the same atomic 
number and weight but different radioactive properties. 
Isotope.—One of two or more atomic nuclei that differ in weight but have the same 

atomic number, thus the same chemical characteristics. 

Magnetic moment.—Nuclear unit of = 4H = 5.05 & 10°* erg/oersted where MV = 

mass of proton. 

Magneton (Bohr).—The magnetic moment of the electron = y= a 7 | Nee 

erg/oersted. 
Mass-energy ratio.—The relativistic relation between mass and energy, i.e., E = mc’. 
Mass, rest.—The mass of a particle M@. when at rest. See Table 714. 
Mass-velocity ratio.—The variation of mass with velocity. v= velocity, then 

Minx a we =velocity tetliphta(Seast ablen7449) 
ee c 

Meson (Mesotron).—See Table 720. 
erties pal velocity.—The highest velocity for any material substance, i.e., the velocity 

of light. 
Mev.—A unit of energy ; an electron moving under an emf of 10° v. (1.603 & 10° ergs). 

See energy units (Table 654). 
Molecule.—An aggregate of two or more atoms of a substance that exists as a unit. 
Momentum, angular of nucleus, measured in units i =i = h/2r. 
Negatron.—See negative electron. (Sometimes spelled negaton.) 
Neutrino.—See Table 720. 
Neutron.—A neutral particle with a mass about the same as the proton. See Table 720. 
Nucleon.—General name for protons and neutrons. 
Nucleus.—The central part of an atom, i.e., what is left of an atom after all the outer 

electrons are stripped off. 
M,—A 

Packing fraction.—Related to the mass lost when the atom was formed =~ — 

where M is the atomic weight of the atom and A the atomic number. 
Photon.—The quantum of radiation = hp. 
Proton.—The nucleus of the smallest unit mass, the smallest isotope of the hydrogen 

atom. 
Positron.—See electron. (Sometimes written positon.) 
Quantum — hy, a so-called atom of energy. h = Planck constant. See photon. 
Radioactivity.—Natural breakdown of atoms. (See page 672.) 
Range of a particle.—The distance it can move through different media. 
Rest mass.—The mass of any particle at rest. 
Shower.—(Cosmic rays.) See Bursts. Showers may extend a very great distance, i.e., 

several hundred meters, and have about 10” ev energy. 
Spin.—Unit of nuclear spin = =H =h/2r. 
Synchrotron.—See Table 718. 
Tritium.—See Triton. 
Triton.—The isotpe of hydrogen that has three times the atomic weight of the proton. 
Ultimate particle.—See Table 720. 
Valence electrons.—The electrons of an atom, in the outer shell that determines its 

chemical valency. 
Van de Graaff generator.—See Table 718. 
Volt-electron, ve.—A unit of energy equal to that of an electron moving under an 

enf of 1 volt = 1.602 x 10°’ ergs. 
X-rays.—A radiation of very short wavelengths that results when an electron is stopped 

(or started) very quickly, as when striking a metal target. (See page 692.) 
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* For reference, see footnote 199, p. 618. 
+ Numbers following symbol indicate names of isotopes of that element. 

SMITHSONIAN PHYSICAL TABLES 

Element 

Hydrogen 
Helium 
Lithium 
Beryllium 
Boron 
Carbon 
Nitrogen 
Oxygen 

Fluorine 
Neon 

Sodium 
Magnesium 

Aluminum 
Silicon 

Phosphorus 
Sulfur 

Chlorine 
Argon 

Potassium 
Calcium 

Scandium 
Titanium 

Vanadium 
Chromium 

Manganese 
Iron 

Cobalt 
Nickel 

Copper 
Zinc 

Gallium 
Germanium 

Arsenic 
Selenium 

Bromine 
Krypton 

Rubidium 
Strontium 

Yttrium 
Zirconium 

Niobium 

TABLE 717._TABLE OF ISOTOPES * 655 

Tsotopes 
(total 

number) 

3 

ow N™ Nw ww wm np Nur WwW B&W —_ 

— 

COO’ No Nokar) 

Naturally 
radioactive 
isotopes 
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Rb” 

Artificially 
radioactive 
isotopes 
(number) 

1 

wpb wo NOH Nw WWW Wee 

=u 

en 

\o 00 “NI 00 100 hun wot So) 

—— oe AN COO 

— = 

NO os 
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(continued) 

Relative abundance of 
natural isotopes 

H't: H? = 99.9844: .0156 
He®: Het = 1.3107: 99.9999 
L191" = 7.39: 92:61 
Be® = 100.00 
Bae B= 18.83: 81.17 
Cee C2 — 98 Oral: ie 
N*:N* — 99.62: 
OF OF 72 O27 50. 757: .039 

.204 
F” = 100.00 
News Ne=se New = 90)51l-ce28): 

9.21 
Na” = 100.00 
Migco we Mig=2 ae Mics i=—1r//61 00) 

10.11: 11.29 
Al** = 100.00 
Siz ou S12 == 9228) 467 

Pp = 100.0 
See See Shoo So OM Gan 74! 

4.18: .016 
Gl2 = Gl == 75:4424'6 
Ae AS en AC ae 3) BOGUT 

99.633 
1G [CO ee OR Se LOplile G7 
Caps (Ca (Cag Cace a Gace: 

Ca= = 96:96052604:) 15 22106 
.0033: .19 

Sc* = 100.00 
aye ares apo ao Abe! ee 
ALS TASTES Hl 2 aa 

vV™ = 100.00 
(Cea (Gerla (Gra. (Crees 64s 

83.78: 9.43: 2.30 
Mn® = 100.00 
Fe™: “Fe®: Hee he =e role: 

91.64: 2.21: .34 
Co” = 100.00 
Niko INfMoM INS Bons Ss INS = 

67-762 26.16:) 1.25403.60% E16 
Gut Cn = 69.09: 30.91 
TENE S FSO TG NED ANE BO 

48.89: 27. 81: 4.07: 18.61: .620 
Gal Gap —160 25908 
Ge”: Ge”: Ge™ “Ge: Ge® = 
AIS 27/aV/e 761: 36.74: 7.67 

As” = 100.00 
Qa gent Eipeaes a  feyio ON Nyse 

7.58: 23.52: 49.82: 9.19 
Bae Br 0 peas o 
Tey 28 Sb a2 68 SABC —— ae 40 ae eel 

11.50: 11.48: 57.02: 17.43 
Rb: Ro" = 728: 27.2 
Sr5 :86 87 -88 56: 9.86: 7.02: 

82.56 
Y= 100100 
TL pa a tS I Silat FS ol ISIS 

17.11: 17.40: 2.80 
Nb* = 100.00 
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Atomic 
number 

42 

43 
44 

45 
46 

47 
48 

49 
50 

51 
52 

53 
54 

55 
56 

TABLE 717.—TABLE OF ISOTOPES (continued) 

Element 

Molybdenum 

Technetium 
Ruthenium 

Rhodium 
Palladium 

Silver 
Cadmium 

Indium 
Tin 

Antimony 
Tellurium 

Iodine 
Xenon 

Cesium 
Barium 

Lanthanum 
Cerium 

Praseodymium 
Neodymium 

Promethium 
Samarium 

Europium 
Gadolinium 

Terbium 
Dysprosium 

Holmium 
Erbium 

Thulium 
Ytterbium 

Lutetium 
Hafnium 

Tantalum 

SMITHSONIAN PHYSICAL TABLES 

Isotopes 
(total 

number) 

12 

19 
13 

11 
12 

14 
16 

15 
27 

19 
26 

17 
22 

16 
19 

1 
12 

7 
12 

Naturally 
radioactive 
isotopes 
(number) 

Na 

Sm” 

Lu‘ 

(continued) 

Artificially 
radioactive 
isotopes 
(number) 

lone.) 

NO 

WN a 

Relative abundance of 
natural isotopes 

pais O4 06 oe ree ESHBG: 
OAs wks 165) 2 9.45: 230/55 
9.62 

* er ae ie aie sof ou a sBiielss) avons < i 

2:22: 12. 81: 12) 70: 16.98: 
31.34: 18.27 

Rh’® = 100.00 
Pdi’ =104 2105 “08 ots oe = ES : 93 : 

PAA SS PHL? B32 WSS 
Ag™: Ag” = 51.35: 48.65 
Cie "108. a oo Lists. 114;, t16. 

1215: 875: 12.39: 12.75: 
24.07 : 12.26: 28.86: 7.58 

Ene? >: Ins A123 5199.77 
Sl? -114 .115 .116 .117 .118 ,119 120.122 .124 

= 90: 61: 35: 14.07: 7.54: 
23.98: 8.62: 33.03: 4.78: 6.11 

She: Shi == 5/25 3742.75 
Te 120, 122, 123, 124, ESE 126, wee = 90) 

091: 2.49: 89: 4.63: 7.01: 
18.72: 31.72: 34.46 

I’” = 100.00 
Xe 124 ,126 128 .129 .190 .131 .132 ,134 -186 

094: 088: 1.90: 26.23: 4.07: 
21.17: 26.96: 10.54: 8.95 
Cs = 100.00 

130 .132 2184, 185 .186 .187 2138 — 

097: 2.42: 6.59: 781: 
71.66 

La™®: La?” — .089: 99.911 
Gene eet tee ee 9S 

88.48: 11.07 
Pr = 100.00 
Nd?*?: 148 .144 .145, oe 2148 -150 27.13: 

12.20 : 23.87 : 8.30: 17.18: 5.72: 
5.60 

Ce 

101: 
Ilse 

250: 

Sinise saan oH ALE ote = 3.16: 

IG WOVAB)  IEA7/ 2 sete” 7c ¥/< 
26.63: 22.53 

Eu: Eu =47-77):-52.23 
Gd?®: +154 .165 .156 .167 .158 .160 20: 

2.15: 14.78: 20.59: 15.71: 
24.78: 21.79 

Tb” = 100.00 
Dy2® -158 . 160 .161 .162 .1u8 .164 594 « 

0902: 2 294018.88: 25:53: 
24.97 : 28.18 

Ho’ = 100.00 
Er 82 -164 .166 .167 .168 170 __ 4. 4 5; 

32.9: 24.4: 26.9: 142 
Tm’ = 100.00 
Yb'08 -170 .171 .172 178 .174 178 __)6- 

4.21: 14.26: 21.49: 17.02: 
29/58 13:38 

Lan: Le 39459 2.5 
H f27 -176 .17 .178 .179 180 19. 5 30): 

18.47: 27.10: 13.84: 35.11 
Ta™ = 100.00 



TABLE 717.—TABLE OF ISOTOPES (concluded) 657 

Naturally Artificially 
Atomic Isctopes radioactive radioactive 
number (total isotopes isotopes Relative abundance of 

Zz Element number) (number) (number) natural isotopes 

74 Tungsten 10 5 WP ROS oe) ee Bd WS 7/7/2 
' 14.24: 30.68: 29.17 

75 Rhenium 11 Re? 9 Re™® : Re’ = 37.07 : 62.93 
76 Osmium 10 3 Ose OAT es ete ene ees — 018: 

ris N64 1323 1601s 26:4 

77 Iridium 6 4 Ir: Ir? — 38.5: 61.5 
78 Platinum 11 6 Picasso eS 

79 Gold 13 12 Agi 400.00 (e) (oh = i 
80 Mercury 13 6 TT gregh che 6 200 20 nee 

Boe WS ZISS WSS 295s 

81 Thallium 15 TI" (AcC’) 10 TI : TH = 29.1 : 70.9 

TI" ( Rec") a 
82 Lead 14 Pb*”°(RaD) 6 IP basen a eee OMNe2 Or 

Pb*"(AcB) 52.3 

Pbe( ReB) a 
83 Bismuth 13 Bi™(RaE) 8 Bi?” = 100.00 

Bi’ (AcC) 
Bi* (ThC) 
Bi*™*(RaC) 

TABLE 718.—DEVICES FOR PRODUCING HIGH-ENERGY PARTICLES *¢?¢ 

Impulse generator. 
Transformer rectifier.—Max about 2 Mev. 
Electrostatic generator, belt type.—Originated by R. J. Vande Graaff at M.I.T. 

Developed for use in nuclear physics at M.I.T. by Vande Graaff and at Carnegie Institu- 
tion in Washington by M. A. Tuve. About 1-3 Mev. Performance improved at Wisconsin, 
by enclosing equipment in pressure chamber (with freon added to air), up to 4-5 Mev 
(under pressure) 100 Ib/in.? This device can accelerate any kind of charged particle. 
Under construction (M.I.T., Los Alamos) 12 Mev. 
Cyclotron.—Originated at Berkeley by E. O. Lawrence. For accelerating any heavy 

charged particles (not electrons). 44 Mev alpha-particles, 22 Mev deuterons, 9.5 Mev 
protons. 

Betatron.—Originated at Illinois by D. W. Kerst. For accelerating electrons. 300 Mev, 
Illinois; 100 Mev, General Electric Co. 
Synchro-cyclotron.—Developed at Berkeley. 390 Mev alpha-particles, 400 Mev pro- 

tons, 195 Mey deuterons. 
Synchrotron (electron).—Berkeley, 335 Mev electrons; General Electric Co., Cor- 

nell, Michigan, Perdue, Berkeley, about 300 Mev; Harvard, 125 Mev. 
Linear accelerator.—Berkeley, 32 Mev protons; Stanford, 5.7 Mev electrons (under 

construction, 1000 Mev); M.I.T., 20-30 Mev electrons. 
Proton synchrotron.—Berkeley, 3-6 Mev (under construction) ; Brookhaven, 3 Mev 

(under construction). 
Some of the smaller cyclotrons at various laboratories have been converted to F. M. 

cyclotrons. There are now in use, or under construction in this country, over 100 devices 
for producing particles of over 1 Mev energy. 

* This list was prepared by R. G. Herb, University of Wisconsin, and W. W. Brobeck, University 
of California. See Brookhaven National Laboratory Publication BNL-L-101, Particle accelerators, 1948. 

+ High-speed neutrons cannot, of course, be produced directly by any of these devices. Neutrons are 
produced by bombarding certain materials with one of the high-speed particles produced by these devices. 
If beryllium, boron, or lithium are bombarded by a-particles neutrons are produced thus: 

4Be® + 2 He*—->—C!? + ont 
sB1 + 2 Het—>7N* + on! 

1H? + hy->1H! + on 
t Machines up to about 6 Mev now produced commercially. 

SMITHSONIAN PHYSICAL TABLES 
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TABLE 719.—ATOMIC WEIGHTS AND OTHER CHARACTERISTICS OF ISOTOPES 

Element Isotope Z 

0 n 
1 H 

2 He 

3 Li 

OSTOCMNONARWWNRE 

8 O 16 

9 F 19 

Part 1.—The neutron to fluorine ? 

Atomic 
mass 

1.008977 
1.0081374 
2.014719 
3.016971 
3.016951 
4.003910 
6.017043 
7.018242 
8.025031 
7.019169 
8.007916 
9.015098 
10.016774 
9.016246 

10.016173 

12.003900 
13.007554 
14.007733 
13.009941 
14.007565 

see eee 

19.004486 

Spin 

1/2 
1/2 
1 

1/2 
WY 
0 
1 

3/2 

3 
3/2 
0 

1/2 
0 

1/2 
0 

(1/2) 
0 (0) 
iW 74 

g 
Magnetic 
moment 9 

—1.91280 +9 
+2.79254 +0 
+ .857352+9 
+2.978624+28 

(—)2.12741443 

+ .82189 
+3.25586 

#4 
=e BL 

eee eee 

see ee 

eee wee 

+1.8004 
+2.68858 

7 
+28 

+14 

+ .40365 +3 
— .28299 

+2.6285 +7 

Quadrupole 
moment ** 
(10-24 cm?) 9 

eee eae 

Glieehe © « 

eee eee 

|<9x10+| 
+ (02) +2 

+.0644 
+.032 

ple vie «6 

sete ae 

wes ee) 6 

| <.02| 
|<4x10°| 

223 References and other footnotes at end of table, p. 663. Superior letters (4, >, etc) refer to authorities cited 
in footnote. 

Z Element 

10 Ne 18 

11 Na 21 

12 Mg 

13 Al 

14 Si 

SMITHSONIAN PHYSICAL TABLES 

Tsotope 

Part 2.—Fluorine to thallium ° 

Atomic 
mass 

(18.0114) 
19.00781 
19.99877 
20.99963 

21.99844 
23.0013 
21.0035 
21.9999 
22.99618 
24.9975 
24.9967 
22.0062 
23.0002 
23.9925 
24.9938 
25.9898 
26.9928 
24.9981 
25.9929 
26.9899 
27.9903 
28.9893 
(29.9954) 
26.9949 
27.9866 
28.9866 

(continued) 

Spin 7 

(>3/2?) 
(0) 

(0) 
3/2 

3 
3/2 

(0) 
1/2 

Magnetic 
moment 9 

eeoee 

+1.74582 
+2.21711425 

see ee 

eeeee 

eeeee 

eeeee 

ewes 

eeeee 

eeeee 

ee eee 

Quadrupole 
moment f 9 

Cagle 

+ 156+3 

sgn 

~( 
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TABLE 719.—ATOMIC WEIGHTS AND OTHER CHARACTERISTICS OF ISOTOPES 

Z Element Isotope 

15 P 29 

16 S 31 

17 Cl 33 

18 A 35 

19 K 37 

20 Ca 40 

21 Sc 45 
22 > Da 46 

23 Vv 51 
24 Cr Si 

25 Mn 55 
26 Fe 54 

2h Co 59 
28 Ni 58 

2 Cu 63 

30 Zn 64 

SMITHSONIAN PHYSICAL TABLES 

Atomic 
mass 

29.9832 
30.9862 
(31.9849 
28.9919 
29.9873 
30.9843 
31.9827 
32.9826 
33.9826 
30.9899 

(continued) 

Spin 7 

(0) 
fot 

1/2 

31.98089 ca 
32.9800 
33.97710 (0) 
34.9788 
35.978 
36.982 
32.9860 
33.9801 
34.97867 
35.9788 
36.97750 
37.981 
(38.9794) 
34.9850 
35.98780 
36.9777 
38.974 
(38.9755) 
39.9756 
40.9770 
(36.9830 
37.9795 
38.9747 
39.9760 
40.974 
39.97530 
41.9711 
42.9723 
44.9669 
45.9661 
46.9647 
47.9631 
48.9646 
49.9621 
50.5887 
50.9577 
50.958 
51.956 
52.956 
54.957 
53.957 
55.9568 
56.957 
58.94 
57.9594 
59.9495 
60.9537 
61.9493 
63.9471 
62.957 
64.955 
63.955 

(0) 

(0) 
; tie 

3/2 
4 

3/2 

(0) 

7/2 

7/2 

5/2 

7/2 

3/2 
3/2 
(0) 

(continued) 

Magnetic Quadrupole 
moment 9 moment f 9 

Bene ~0 

+.1.13165+20 

(+)(3£2, 9) Be 08) 
ae |<2x10°| 
siarsers + .06 
ate < 01 

4+. 82191+22 — .0795+5 
a: — .0172+4 

+ .68414+24 — 06215 

<r 

Bat 

391+1 
—1.291+4 
— 215+] 
~0 

—4.7556+10 

(+)5.1478+5 

+3.4677+4 

gy Uae 

+4.6482 

Re ine 

4.2.22617+36 — 26+10 
+2.3845+4 — .14+10 
~0 aired 
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TABLE 719.—ATOMIC WEIGHTS AND OTHER CHARACTERISTICS OF ISOTOPES 

Z 

31 

43 
44 

45 

46 

47 

49 

50 

Element 

As 
Se 

ie 
Ru 

Rh 

Pd 

Ag 

Cd 

In 

Sn 

Isotope 

SMITHSONIAN PHYSICAL TABLES 

Atomic 
mass 

65.954 

eee oe 

ee eee 

ee eee 

eee ee 

eeeee 

ee eee 

ee eee 

avelfele .« 

eeeee 

ee eee 

eiwiejieice, 

sees 

eee ee 

ee eee 

sees 

eee ee 

eee ee 

eee ee 

ee eee 

sees 

eee ee 

eeeee 

ects 

ee eee 

114.940 

(continued) 

Spin 9 

(0) 
5/2 
(0) 

(continued) 

Magnetic 
moment 9 

~0 

+2.0167+11 
+2.5614+10 

eee ee 

eer ee 

~0 

+1.3532+4 
+2.7501+5 

+6.165+32 
~0 
~0 
ee 

~0 

Eo 

— .59492+8 
~0 
— .62238+8 

~0 
+5.486+3 
+5.500+3 
— 917742 

Quadrupole 
moment f 2 

231823 

<2x107| 
<2x<1077) 
|<2x10>| 

4+ 26+8 
oe ey) 

Mecagigi | 

| <2X10° 
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TABLE 719.—ATOMIC WEIGHTS AND OTHER CHARACTERISTICS OF ISOTOPES 

Zi Element Tsotope 

116 
117 
118 
119 
120 
122 
124 

51 Sb 121 

52 Te 123 

53 I 127 

54 Xe 129 

55 Cs 133 

56 Ba 134 

SMITHSONIAN PHYSICAL TABLES 

Atomic 
mass 

115.939 
116.937 
117.937 
118.938 
119.937 
121.945 
123.944 

eleleliele 

ee eee 

COWS oO 

eeeee 

eeeee 

see ee 

eens 

138.953 

140.95 
144.962 
145.962 
147.962 
149.964 

153.971 
154.971 
155.972 
156.973 
157.973 
159.974 
159.2 

eoeee 

eeeee 

eeeee 

seer 

S)6 wee 

(continued) 

Spin 7 

(0) 
1/2 
(0) 
1/2 
(0) 

(>1/2) 
(>1/2) 

5/2 
5/2 

27 
Ee) 

(0) 
(1/2, 3/2) 

0 

(continued) 

Magnetic 
moment 9 

~0 

+3.3591+5 
+2.5465+5 

~0 
+2.8086+8 

(+)2.74+£14h 
— .7766+1 
+ 7 
~0 
~0 
~0 
+2.5771+9 
+2.7271+33 
+ 2.8397 +30 
~0 
+ .8346425 
~0 
+. 935127 
~0 
4.2.7769+28 

+-4.5938 
eeeee 

eeeee 

cerns 

eee ee 

eeeee 

eeeee 

eeeee 

ceeee 

eeeee 

eceee 

Quadrupole 
moment f 9 

as 

an 
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TABLE 719.—ATOMIC WEIGHTS AND OTHER CHARACTERISTICS OF ISOTOPES 

(continued) 

Atomic Magnetic Quadrupole 
Z Element Isotope mass Spin 9 moment 9 moment f 2 

184h alee (ODN 6 ‘geusMeiian 
186 ego i238 (Ole. wea ie Goer Sa 

75 Re ISSe .) gene 5/2 +3.3 (+2.8) 
186 diean Bee 5/25 Ven Brice ete 
We7t | ge 5/2 +3.3 +2.6 

76 Os 189 189.04 Wi2e sen heme 
190 190.03 TARA | ema eaneces 
192 192.04 BORNE Seed piectinys 

77 Ge 191 191.04 GY 20s kek. 
193 193.04 (3/2) pee Sei rie 

78 Pt 194 194.039 (0) ~0 
195 195.039 WZ — .60592+8 
196 196.039 (0) ~ 
198 198.05 Mt) ies ei tec 

79 Au 197 197.04 3/2 + 20 
80 Hg LOB rg 6 oe aces (0) ~0 

120 Pag te W2 50413413 
2008 we etnce (0) ~0 ee 
ZU ee es Ry + 559041 4-5 
AAV, ie Soe (0) ~0 war 
7A): i ye (0) ~0 

Part 3.—Thallium to curium (1950) § 

The masses have been derived as outlined by Stern.* The mass of the a-particle is assumed 
to be 4.00389 mass units and the mass of Pb” is 206.04519 mass units. The masses of thallium, 
lead, and bismuth isotopes are determined from the following neutron binding energies (in Mev) : 

1D) bese 6.52+0.03 Pb ods cl e005 Pa 2.5 3872005 
lee osx 8 7.48+0.15 Pb™ .£\46.719=0016 Ble antag 7.44+0.05 
esa ate 6.30+0.03 Pb oc. 7.d07==0008 Biro sin 4.62+0.015 

The decay energies are taken from a paper by Wapstra* except for two corrections. The 
decay energy of Ra™ is taken to be 170 Kev higher than that given by Wapstra as was assumed 
by Stern. Also, it is assumed that the decay of Ra™” is 700 Kev, and the masses based on this 
assumption are in parentheses. A few other disintegration energies not given by Wapstra were 
taken from Perlman, et al.’ 

Nuclear Nuclear 
Ze A M-A Spin? magnetons 9 Z A M-A Spin 2 magnetons 7 

Sle 203% .041877 All/2) s onl4==3 83 Bi 211 .05968t 
204 04385  ... aa 212 .06394t 
205 .04480 1/2 +1.6272+%3 213) 206720 
206 2047020 aeovor 214 § .07252+ 
207. 04854... Moe 84 Po 208 .05244 
208) 053392 >.< ie 209 =.05425 
209) 05690) sey ane 210 =.05488t 
ZlOR 0626) sah 211 .05899% 

82 Pb 204 .04291 (0) ~0 212 ~~ .06152* 
205 .04496 ... Mae 213 .06586 
206 .04519 (0) ~0 214 .06848+ 
207 04696 4/2 AE) 5894351 215 = .07312+ 
208 .04802 (0) ~0 216 .07587% 
209 = .05285 ae mee 218 .08398 
Z10;  05619t ee. So) At e212 2060138 
7b ANNES . 56 Sta 214 = .06964 
ZZ 0645/7 sae none 2158 2.07232 
214 2 07553teee as 216 .07636+ 

83 Bi ZOOS e051) Ame ee 2 OL877. 
209** 05213 9/2 ++4.0801+5 218 .08365t 
ZlN, 05614 95k... ise 86 Rn 216 .07424 

(continued) 
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TABLE 719.—ATOMIC WEIGHTS AND OTHER CHARACTERISTICS OF ISOTOPES 

(concluded) 

Nuclear Nuclear 
Zz A M-A Spin? magnetons 9 VL, A M-A Spin 9 magnetons 2 

86, ee Rink (e216) 4.074245 oo... Ee 91 Pa 226  .10494 
PN AV AVAS BS ae 227 ~—s-«.10631 
Zsa eeOSOlSee..-. Borys 228 10874 
219 .08447+ ... BAe 229) 10988) 7 os... 
220 .08663+ ... Set 231% 11479 3/2 
222 209387F" Brio t 232 Vl 726760 (Pe. 

Of, BG ol Oran rOSZ Ie yee Say 233 (.11966) 
2195 ae OS42Z0I tee ee 2344 112317 
220 ee O87 560) wok meet an 10 228 ~=.10931 
22% LUSOS Sie. shod 229 ~=.11142 
223) 7 09608% - e. Ae ih 250 eel 222 

8S WRaiaZZ0" 086s2e" =. fa 232 ~=.11624 
BoM» DS944) vce arid 233 (.11908) 
2Ee pe OSIIGS 38 abet 234 BIRAZ LO nate: 
223 =.09479t ... eT 235+ .12392 (5/2,7/2) 
224 .09673+ ... SIP" PANE MASPA/)) | ae 
2255710053) ee es $ 238% .13226 
226) yl O300E 48 239 ~=.13606 
2288 NOGZ8E oe. agent? 93. Ninth 23) eren696 

89 Ac 222 .09361 on fabs Z233me A985 
DOS AE 9535 Pee ARs 285m 2421 Aes es 
DOA a O981I9 S.: MB 237 = (.12874) 5/2 
ZED 0991S e ee Ate Pasi, wllayZts Seo 
227. = .10539t ... sates 239 ~=—-.13470 
228) Vl09268 925: ERS 945 GBu. 223250212089 

SO a eihia224.5 <O9808is)...2- aoe 234 .12283 
225222100511 4i2: STR. 236 ~=.12641 
2267 NOISE PAK2 ER, 238  .13099 
227i NO528H 12 hae 239 ~=—-.13343 
22888 LOOSSHU «7 Me. 241 (.13864) 
229 (.10992) ... en 95 Am 239  .13440 
BS) = AOS SE A oe 241 (.13862) 
ZS PUSOSe Aaa. Soe 242 ~=.14206 
ZOLte PAUSES, Xe ae 96555 Emin! 2385 9213382 
233A (lZ095)h nee Nest 240 ~=—-.13713 
234 HO AZ381E. 2c: Sete 242 ~=«.14152 

223 References: a, Tollestrup, Fowler, and Lauritsen, Phys. Rev., vol. 78, p. 372, 1950. b, Bethe, H. A. 
Elementary nuclear theory, John Wiley & Sons, Inc., 1947; Rasetti, F.. Elements of nuclear physics. Prentice- 
Hall, Inc., 1936; Poss, H. L., Phys. Rev., vol. 75, p. 600, 1949. c, Harvey, J. A., Bull. Amer. Phys. Soc., 
vol. 25, p. U4, 1950. d, Stern, M. O., Rev. Mod. Phys.. April 1949. e, Wapstra, A. H.,. Physica, vol. 16, 
pep Slal, Oa} f, Perlman, I., Ghiorso, A., and Seaborg, G. T., Phys. Rev., vol. 77, p. 26, 1950; Kinsey, B. B., 
et al., Phys. Rev., vol. 78, p. 77, 1950; also private communications; Hanson, et al., Phys. Rev., vol. 76, p. 578, 
1949. g, Ramsey, Norman, Experimental nuclear physics (forthcoming), John Wilev & Scns, Inc. 

Note added in proof, 1953.—Because of recent mass measurements, the mass of Pb should be taken as 
206.03859. All mass values should be lowered 0.00660 mass units. See Stone, Martin O., Rep. Univ. California 
Radiation Lab., April 1952. ( 

= spin. **OQuadrupole moment = —0.4. + (10-24 cm?). t Radioactive series. § Prepared by 
J. A. Harvey, Massachusetts Institute of Technology (see footnote 223, above, reference c). 
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TABLE 720.—SOME FUNDAMENTAL PARTICLES OF MODERN PHYSICS * 

Electron.—A negatively charged stable particle. The negative charge surrounding the 
nuclei in all neutral atoms consists entirely of electrons. 
Positron.—A particle of the same mass, M., as an ordinary electron. It has a positive 

electrical charge of exactly the same amount as that of an ordinary electron (which is 
sometimes called negatron). Positrons are created either by the radioactive decay of cer- 
tain unstable nuclei or, together with a negatron, in a collision between an energetic (more 
than one Mev) photon and an electrically charged particle (or another photon). A positron 
does not decay spontaneously but on passing through matter it sooner or later collides 
with an ordinary electron and in this collision the positron-negatron pair is annihilated. 
The rest energy of the two particles, which is given by Einstein’s relation E = mc’ 
and amounts to 1.0216 Mev altogether, is converted into electromagnetic radiation in the 
form of one or more photons. 
Proton.—This is the nucleus of an ordinary hydrogen atom. It has a positive charge 

of exactly the same amount as that of an electron and a mass Mp which is 1837 times 
larger than M. and is a stable particle. No experimental evidence of negative protons has 
been found as yet. 
Neutron.—An electrically neutral particle of mass only very slightly greater (by a 

factor of 1.0013) than that of the proton. Neutrons are produced in various nuclear re- 
actions. In the free state a neutron 1s unstable, decaying spontaneously with a half-life of 
about 10 minutes into a proton, and electron and (presumably) a neutrino. When passing 
through matter a neutron can also be captured by atomic nuclei. 
Deuteron.'—Nucleus of H’. 
a-particle.j—Nucleus of He*. 
Meson.—Two types of particles of mass intermediate between that of the electron and 

proton have been discovered in cosmic radiation and in the laboratory. The one particle 
with mass about 215 m. is called u-meson, the other with about 280 m. a-meson. Mesons 
of both positive and negative charge have been found and there is now reasonably good 
evidence for neutral mesons. Both types of mesons decay spontaneously. Some evidence 
exists for a meson of mass about 1000 me. 
Neutrino.—An electrically neutral particle of mass very much smaller than that of the 

electron and possibly zero. There exists as yet no direct experimental evidence for the 
existence of neutrinos since they interact extremely weakly with matter (e.g., only a small 
fraction of neutrinos passing through a body of solar mass would be absorbed). There 
exist, however, extensive measurements on the momentum and energy of the parent and 
daughter nucleus and of the emitted 8-particle in a B-decay process. These measurements 
show that energy and momentum (as well as spin and charge) in such a process can be 
conserved if, and only if, a light neutral particle such as the neutrino is emitted together 
with the 6-particle. 
Photon.—A photon (or y-ray) is a quantum of electromagnetic radiation which has zero 

rest mass and an energy of h (Planck’s constant) times the frequency of the radiation. 
Photons are generated in collisions between nuclei or electrons and in any other process in 
which an electrically charged particle changes its momentum. Conversely photons can be 
absorbed (i.e., annihilated) by any charged particle. 

There have been some reports of other particles than those listed above. 

Magnetic 
moment 

Mass Spin Charge (nuclear 
(9) (4) (esu) magnetons) 

Electron, negative (negatron) e... 9.106610-* 1/2 —4,802510° 
Electron, positive (positron) e*... 9.1066 10° a +4.8025 10° Sales 
Proton, pet ee eas creo 1.6725 10-*4 1/2 +4.8025x 107° 2.7926 
Neutrons 2aee cnet ates 1.674710 1/2 none —1.9135 
Deuteron; id) s,..c22 sete oo ee 3.34486 10-* 1 +4.8025x 107° 8565 
a=panticle we... sere aoe ae 6.6442 « 10-** none +9.605010-° 0 

Rest mass 
(electron Spin Charge Mean life Mode of Mode of 

Name Symbol mass) (A) esu (sec) decay capture 

u*—meson ut 209 1/2 4802551082) 2S San ise 2y esos 
# —meson ee 209 1/2 —4 8025107 2.15X10% pe —Ser--27 we +p—nt+y 
™*—meson at 275; -- Oror ly 5 1=E4:8025Sa10r 2 296 10s erie) eee 
™-—meson 7 275) Vion) 480251052 2.965010 ares a5--v ar +t+p—>n 
37 —meson 17° 265 0 0 <5 SGOT mc s2y. 4) eee 

photon? vy 0 integral QO) ) a) Se eerie Mae. 2. cic ay en re eeaens 
neutrino v <.005 1/2 ah MR Uae no Re ee A Goode 

* Prepared by E. E. Salpeter and W. K. H. Wolfgang. + Not fundamental. t The photon (radiation 
quantum), hv: y; value (A = .6u) = 3.310X10-12 ergs. 
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TABLE 721.—NUCLEAR REACTIONS * 665 

If a neutron or proton (or a light nucleus) approaches a nucleus at a distance less than 
the range of nuclear forces it may interact with the nucleus in various ways. If the kinetic 
energy of the incident particle is not more than a few Mev it is usually first captured by 
the nucleus, forming a compound nucleus. This compound nucleus is in an excited state 
(having an excess energy due to the extra binding energy of the additional particle as well 
as its initial kinetic energy) and in a short time either (a) makes a transition to its ground- 
state releasing the excess energy in the form of photons, (b) re-emits the incident particle 
returning to the ground-state or an excited state of the original nucleus (elastic or inelastic 
hier or (c) emits some other particle (neutron, proton, deuteron or a-particle 
usually). 
A neutron does not experience any Coulomb repulsion on approaching a nucleus and 

hence can react with a nucleus however low its kinetic energy. However, if the incident 
particle is a proton or deuteron (and even more so if it is an a-particle) it has to overcome 
an energy barrier due to the electrostatic Coulomb repulsion of the nucleus. For a proton 
incident on a light nucleus (small Z) this barrier is a few hundred Key and increases 
almost proportionately with Z. If the kinetic energy of an incident proton is larger than 
this barrier it can react about as easily as a neutron. If its energy is lower it can still 
react due to a purely quantum phenomenon called barrier penetration, but the probability 
of such a reaction’s taking place decreases extremely rapidly as the kinetic energy is 
decreased relative to the barrier. 

Nuclear processes in stars.—There are no free neutrons in stellar interiors (any 
produced are quickly captured by nuclei), but there is a large proportion of ionized hydro- 
gen and helium (protons and a-particles). At a stellar temperature of, say, 210’ °C the 
mean thermal kinetic energy of a proton is less than 2 Key which is appreciably less than 
the Coulomb barrier of even light nuclei. This means that the reaction rate for protons 
being captured by a nucleus in stars is in general low and decreases very rapidly with 
increasing charge Z of the nucleus, reactions with nuclei of Z greater than 8 (oxygen) 
being negligible for practical purposes in stars. 
Two different cycles (the carbon and proton-proton cycle respectively) are of importance 

in connection with nuclear energy production in stars. In each of these cycles four protons 
are captured, separately, by certain light nuclei, two of the compound nuclei thus formed, 
beta-decay, emitting a positron and neutrino. Each positron subsequently finds an electron 
and the pair is annihilated, accompanied by the emission of photons. The net effect in each 
of these cycles is that four protons and two electrons have disappeared, an a-particle has 
appeared in their place and two neutrinos have been emitted. The energy generated is the 
total binding energy of an a-particle plus the rest-energy of two electrons which amounts 
to about 29 Mev per cycle. About 7 percent of this energy is lost in the form of kinetic 
energy of neutrinos, which escape without interacting any further. The remaining 93 per- 
cent of the energy is converted into thermal kinetic energy and radiation. The photons 
created in the original nuclear processes are absorbed after traversing only a short distance 
in the star and a larger number of photons of lower frequency are emitted, etc., so that 
the radiation finally leaving the star has approximately the spectral distribution of black- 
body radiation. The rate at which these cycles take place and hence the rate of energy- 
production increases very much for even a small increase in the stellar temperature. 

* Prepared by E. E. Salpeter. 

TABLE 722.—THE THEORETICAL DE BROGLIE WAVELENGTHS ASSOCI- 

ATED WITH VARIOUS PARTICLES AND BODIES OF GROSS MATTER ™ 

(A=h/(mv) ) 

De Broglie 
Velocity Energy wavelengths 

Particle Mass in g cm/sec ergs A 

Slowselectrony 3). aio. «2 2) 91105 1 45 ><0n5 We>Gl03 
1-volt-electron ...........- Oi <10m 5.9 «10 G6 S<1Ons eal: 
100-volt-electron .......... 9.1 10% 5SOSS<10% L610 12 
10,000-volt-electron ........ 2 5al0ne 5:0)5<102 Onl On 12 
H: molecule at 200°C....... Sig) Sire DA ><10; 95 < 105 82 
100-valt proton... ¢:.ices <2: 2 1.67 10-* 1.38 10° 16) <102 .029 
100-volt a-particle ......... MO SO 6.94 10° 1:6) 510m 0143 
a-particle from radium..... 6.6 <10-™ 210 5G10? 1.45105 6.6 10° 
22priflesbulletuyacy: toeeeoer: 1.9 32,000 9.5 10° Li Selor 
Goltuballiges. 442s cise siictc cits 45 3,000 20105 4.9 10-* 
Baseball errant syaaeucn sie 140 2,500 4.4 <10° LOSal0* 

2% Stranathan, J. D., The particles of modern physics, Blakiston Co., 1942. Used by permission of 
the publishers. 
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TABLE 723.—RATES OF NUCLEAR REACTIONS IN STARS AND OF ENERGY 

PRODUCTION AT VARIOUS TEMPERATURES * *% 

Reaction Temperature: 

10x 108 15108 17.5108 20108 25108 30108 
H!+H!1->H?+e+ 6X10 yr 1.21019 yr 6108 yr 410° yr 2X10° yr 1108 yr 
H2+H'!-—>He3++¥ 15 sec 2 sec 1 sec .5 sec .2 sec .1 sec 
He’+ He!->Be7+/¥ 2102 yr 1.5108 yr 1.2108 yr 1.5107 yr 5105 yr 5x10 yr 
Be?—>Li?—e- 70 days 70 days 70 days 70 days 70 days 70 days 
Li7+H'!—> He!+ Het 10 hr 50 min 50 sec 15 sec 2 sec .4 sec 
Mean life of hydrogen 6X10 yr 310° yr 1.5108 yr 1X108 yr 5108 yr 3108 yr 
Energy production in 

ergs/(g sec) 75 40 80 120 250 400 

Part 2.—Carbon cycle, temperatures in °K 

Reaction Temperature: 

10108 15108 17.5108 20x 108 25108 30108 
C2+HI>NB+y 210® yr 1108 yr 6X 104 yr 7X103 yr 200 yr 15 yr 
N1™_> C184 e+ 10 min 10 min 10 min 10 min 10 min 10 min 
CV+H!>NU+y <5XK108 yr S2.5X108 yr S1.5X104 yr < 1.5108 yr <50 yr <3 yr 

N'4+H'!->O0b+7 21011 yr 4107 yr 1.710% yr 1.5105 yr 3103 yr 150 yr 
OW’->N15+4 e+ 2 min 2 min 2 min 2 min 2 min 2 min 
N%+H'!->C!2+ Het 4xX107 yr 8103 yr 300 yr 30 yr .6 yr olen 
Mean life of hydrogen 51013 yr 1X10! yr 4108 yr 4107 yr 7X105 yr 3104 yr 
Energy production in 

ergs/(g sec) .0025 12 300 3,000 200,000 4,000,000 

Relative abundances of N'*: Cl: Cl8: N15 at a temperature of 17.5X10°°K are in the approximate ratios of 
5,000: 200: 50: 1. 

Note that the energy-production for the carbon cycle increases much more rapidly with tem- 
perature than for the proton-proton cycle. At very “low” temperatures (<10°°K) the proton- 
proton reactions are the only ones of importance. The net result at these temperatures is the for- 
mation of He* and a positron out of three H* nuclei, since the reaction between He*® and He’ is 
then too slow to be important. In Table 724 the reaction times of a few other nuclear reactions 
are given merely to show the rapid increase of the reaction time with increasing charge of the 
interacting nuclei especially at lower temperatures. None of the reactions listed in Table 724 are 
of importance as sources of stellar energy. 

* Tables 723 and 724 prepared by E. E. Salpeter. 
225 Bethe, Phys. Rev., vol. 55, p. 434, 1939; Astrophys. Journ., vol. 92, p. 118, 1940. Gamow and Critch- 

field, Theory of atome nucleus and nuclear energy sources, Oxford Univ. poe 1940. Fowler, W. A., and 
Hall, R. N., Phys. Rev., vol. 77, p. 197, 1950, and private communication. Christy, R. F., and O’Reilly, J., 
unpublished work. 

TABLE 724.—TIMES REQUIRED FOR SOME OTHER REACTIONS 

Reaction Temperature: 15X10°°K 20108 °K 30108 °K 

FY +H’ 0° Het 510° yr 1X10" yr 5X<10* yr 
N'*+H'— 0" +y 110", yr 510° yr 5x10* yr 
O +H —>F aa 5x10 yr 2X10" yr 110° yr 
Ne +H'—>Na 4+ 5x10" yr 5x10" yr 510° yr 
Li +He —B ey 2x10" yr 210 yr 210s vit 
Be’+ He*_5C"+- 5x10" yr 1X10” yr 2x10" yr 

All mean reaction times are proportional to the density p of the stellar material and to 
Cu, the percentage by weight of hydrogen (except the reactions in which one of the collid- 
ing nuclei is He* instead of H' in which case Cue replaces Cu). The figures in the above 
tables are for C1 = 67 percent, Cue = 30 percent, and for p = 160 g/cm’. The calculations 
of Christy and O’Reilly* for the interior of the sun give these values for Cu, Cue and p as 
well as a concentration of 1.5 percent for carbon, nitrogen, and oxygen combined and of 
1.5 percent for all other elements combined. Their calculations predict a temperature of 
about 1710" °K in the interior of the sun. The mean life of all the hydrogen now present 
and the total energy production due to the proton-proton cycle and the carbon cycle are 
also given in Table 723. For the carbon cycle the mean life of hydrogen and the energy 
production depend on the concentration of the isotopes of carbon and nitrogen. These ele- 
ments play the role of a “catalyst” controlling the speed of the reaction and are reproduced 
at the end of each cycle. The figures in Part 2 of Table 723 are for a concentration of 1 
percent by weight for N™. 

* For reference, see footnote 225 above. 
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TABLE 725.—SLOW NEUTRON PRODUCED RADIOACTIVITIES OF LONG 

HALF-LIFE * 2 

Radioactive 
isotope 

8 Q %, ~~ ws — 

Half-life 

12.1 yr 
12.1 yr 
12.1 yr 
2.7X10° yr 

5700 yr 
5700 yr 

14.8 hr 
170 min 
14.3 d 
87.1 d 

48.6 min 

Ke) co co 3 o 

Max energy 
8-particles 
emitted 
Mev 

0179 

36 
K capture 

2.81 
K capture 

2 —_— NOw psp lon ON 

~o OObh NEOs 9 co co 5 fa’) 

4% aalent® No to BG} 

UNH S&L 60" 

Max energy 
y-rays 
emitted 
Mev 

none 

none 

none 

none 

none 

none 

2.76 

* Revised by Jacob L. Rhodes, University of Pennsylvania. d sal? 
220 Stephens, W. E.. (editor), Nuclear fission and atomic energy, Science Press. Used by permission 

of the editor. 
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Thermal neutron 
cross section 

in barns 

6.510 
860 (n,a) 

5000 (n,p) 
0085 

1.7 (n,p) 
‘at 

53. 

— iy) 

IN) aleshes 

NNAOhMO 

- Ww =N 

tO 

peepee de op dN, INI SN ae | CBNWANWEONS 
Vor 

37 
from Mo” decay 

i 
‘67 

from Ru decay 
12.1 
39 

23 
from ee decay 

Percent 
abundance 
of parent 
nucleus 

.016 
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TABLE 725.—SLOW NEUTRON PRODUCED RADIOACTIVITIES OF LONG 

Radioactive 
isotope Half-life 
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HALF-LIFE 

Max energy 
8-particles 
emitted 

98 

(concluded) 

Max energy 
-rays 
emitted 
Mev 

209 

411 
25 
none 
none 
none 

Thermal neutron 
cross section 

in barns 

.14 

from Bi”® decay 
none 

from Th? decay 

from U™ decay 

Percent 
abundance 
of parent 
nucleus 

28. 



TABLE 726.—ARTIFICIAL DISINTEGRATION 669 

When various materials are bombarded with the high-speed particles produced by one of the de- 
vices given in Table .718, disintegrations, or the building up of elements higher in the atomic 
table, result. Some examples of these reactions are given in the table. 

Part 1.—Some values of the energy of artificial disintegration for different isotopes and 
for different reactions 

Neutron bombardment 

H'(n,7) H2 — 2.320 Mev B11(n,H2) Be® — 9.57 Mev N44(n,a) Bt — .28 Mev 
He®(n,p) H8 .764 B4(n,7) B!2 2.6 N4(n,p)CH .60 
Li®(n,p) He® — 2.9 Be®(n,7v) Be? 6.69 O8(n,2n) O18 —15.6 
Li®(n,a) H8 4.785 Be®(n,a) He® — .80 O18(n,a) C18 — 2.31 
Li7(n,y) Li8 1.98 Be®(n,2n) Be8 — 1.63 O'7(n,a) C4 1.73 
B(n,a) Li? 2.79 C2(n,n) 3a —' 7.43 N“(n,H8) C12 — 410 
B10(n,H3) Be8 22 Cl2(n,2n) Ci —18.68 N44 (n,p) C4 .626 
B(n,p) Be? .20 C}8(n,a) B10 — 3.94 N14(1,H3) 3a —11.43 
B11(n,a) Li8 — 6.66 N'5(n,H3) C13 — 9.97 

Proton bombardment 

Li®(p,7) Be? 5.53 Mev Be®(p,d) Be® .558 N4(p,a)C — 3.00 
Li®(p,a) He? 4.021 B(p,yv)Cu 8.70 N'5(p,a) C12 4.92 
Li7(p,n) Be7 — 1.645 B9(p,n) C10 — 5.2 C12(p,7) N18 1292) 
Li7(p,7) Be8, Be® * V7E21 B9°(p,a) Be? 1.146 C18(p,7) N14,N14 * 7.56 
Li7(p,a) Het 17.28 B11(p,a) Be® 8.57 C13(p,n) N18 2.96 
Be®(p,d) Be® .559 BU(p,n)CU — 2.762 F19(p,a) O18 8.113 
Be®(p,7) B19, B10 * 6.49 B1(p,y) C12,C12 * 15.96 F1°(p,n) Ne?® — 3.84 
Be®(p,n) B® — 1.84 O18(p,n) F18 — 2.455 
Be®(p,a) Lié 2.125 Mev 

Deuteron bombardment 

Li®(d,a) He4 22.23 Mev B11(d,a) Be® 8.03 Mev C13(d,p) C14 5.99 Mev 
Li®(d,n) Be® 3.54 B11(d,n)C12,C12 * 13.78 N14(d,a) C12 13.50 
Li®(d,p) Li? 5.012 B11(d,p) B12 4 N14(d,p) N15 8.57 
Li®(d,n) Be? 3.34 Be®(d,a) Li7,Li? * 7.09 N**(d,n)O1 Sal 
Li®(d,a) Het 22.29 Be®(d,H3) Be8® 4.53 N14 (d,H3) N18 — 4.36 
Li7(d,p) Li8 — .193 Be®(d,p) Be? 4.52 N'4(d,a)3a 6.16 
Li7(d,a) He5 14.3 C2(d,p) C18 2.726 N15(d,a) C18 7.62 
B1°(d,a) Be§, Be® * 17.81 C2(d,n) N18 — .279 O18(d,a) N14 3.07 
B0(d,p)Bu, Bu * 9.24 C}3(d,a) BU 5.10 
B0(d,n)Cu 6.53 

a-ray bombardment 

Be®(a,a’)Be® +n — 1.63 Mev Li7(a,n) B!°,B1° * — 2.78 Mev Be®(a,a’) Be® * — 1.63 Mev 
Be®(a,a’) Be® * — 1.63 B10(a,d) C12 1.44 B11(a,n) N14 .28 
Be®(a,a’)He5 +a — 2.4 B10(a,p) C13,C18 * 4.14 BU (a,p) C4 .88 
Be®(a,a’)2a+n — 1.58 B(a,n) N18 1.18 C!2(a,n) O18 — 8.4 
Li®(a,p) Be® — 2.12 Be®(a,n) C12,C12 * Sez5 

227 Hornyak, W. F., and Lauritsen, T., Rev. Mod. Phys., vol. 20, p. 191, 1948; Phys. Rev., vol. 78, 
p. 372, 1950. 

Part 2.—Photo-nuclear reactions, threshold values ** 

H?(¥,n) H? 2.20+ .05 Mev Cat? (Gyn) Ea 1529-4" Mev: Cd118(y,n)Cd¥2 6.44+ .15 Mev 
Be®(y,n) Be 1N633= <3 Be! Gyn) Hes) 1386-2 sn9(7,2)'SnU8 6.51=-= 215 
Li7(y,p) He® {3 SE! od) Mn5(y,n)Mn5* 10.15+ .20 Snl4(7,n)Sn128 8.50 .15 
C2lGin) Ce 18.7 +1.0 Cu (y,n)Cu 10:9 + .2 SbU1(4,n) Sb 9.25== .2 
N14(y,n) N18 10.65+ .2 Cu®(¥,n)Cu%® 10:2 + .2 [227 (,n.) 1228 Des) Se) 2 
Mg*4(y,n)Mg 16.2 + .3 Zn™(¥y,n)Zn® 11.804 .20 Priti(y )ibrite, (974022910 
Mg*5(y,p)Na*% 11.5 +1.0 Zn?* (y,n)Zn® 9.20+ .20 Nd (y,n)Nd14° 7.40+ .20 
Mg**(v,p)Na% 14.0 +1.0 Bre(y.n) Brie 10%7 ==) 220 Malst (Gy ym) ato dete 
Al??(y,n) Al?@ 14.0 + .4 Br81(y,n)Br® 10.2 + .20 Au?®7(y,n)Aul% 8.00+ .15 
Si%3(y,n) Si? 16.8 + .4 Zr(y,n)Zr 12.48 .15 Hg! (y,n) Hg? 6.25+ .20 
P31(+,n) P30 12:353= .2 Zr®l(y,n) Zr 7.20+ .40 D125 (yy) T1287 38H es 
S22(7,n) S8t 14.8 + .4 Mo?®?(7,n) Mo! 13.28+ .15 Pb? (7,1) Pb 6.85 .20 
K®(y,n) K88 WE} 74 SS Mo®(y,n)Mo%* 7.10+ .30 Bi2?(7,n) Bi 7.4532 .2 

228 McElhinney, J., Hanson, A. O., Becker, R. A., Duffield, R. B., and Diven, B. C., Phys. Rev., vol. 75, 
p. 542, 1949. 
8 aa 
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TABLE 727.—METHODS OF PRODUCING ELEMENTS BEYOND URANIUM 

The heavier elements, Np, Pu, Am, Cm, Bk, and Cf may be produced by artificial trans- 
formation of U, followed by radioactive breakdown. A few examples follow: 

SAU oo on’ —> wJ™ + ¥ 

eae a3 Np” + ba2s min) 

aNp?” —»> ae wPu” + B (2.3 days) 

auc" a oft — J ob on! Pe ont 

wl” ne +6 (6.8 d) 

o2 78 + sH*> wNp™ + on? + on + on 

+ B°(2.0 d) osNp*” zs oPu* 

eal babe ses ae + B7(~10 yr) 
mae a »He* — “alPbee an a) 

For quantity production: 

“Pu 4. on’ — caletoes +¥ 

wPue? + on" — wPu’ + ¥ 
Pu" wes osAm?!? ut B 

auPu™ + 2He* —> wwCm™ + on? 

or ooCm™? + o> + on? + on? 

For quantity production: 
osAm?!? Je ont ei os Am?22 

vsAm?*? * —» Cm? + B- 
os Am?! a »He! ae we Bk?!? ue ont a ont 

oom? + 2He* —> Cf + on? + ont 

2” G. T. Seaborg, private communication. 
* Sixteen-hour + 100-year isomers. 

TABLE 728.—PILE Y IELDS OF SOME ISOTOPES * 

Calculated for 10 liters of material exposed to 10° neutrons cm™ sec 

Cross section 
in units of 
10-24 cm? Density 

times relative of Atomic Mean 
Radioactive isotope material Half-life weight of free path Yields 

isotope abundance g/cm in hours material cm mc/hr 

He 107 1 LITSC1pra ee 9 <10% 107 
Be” .0086 1.85 DASAOL e9 570 D105 
(Gx 1.7 1.6 4x 10° 30 12 20s 
Na* 4 97 14.8 23 60 1100 
PS 23 D2 343 31 60 45 
Kee .066 86 12.4 39 680 120 
Cay 012 1.54 3650 40 2220 WZ 
Fe™ 001 4.86 1110 56 7000 Jl 
A .26 7.14 6000 65 65 4.5 
As® 4.6 EW 26.8 75 2.86 1300 
Br® NGI, SWZ 34 80 22.8 1300 
Rb Ys 1.53 469 85 106 20 
Si .0041 2.6 1770 88 8000 all 
Ag"” Me 10.5 5400 108 41 200 
inte 2.74 AS 1150 115 SE, 150 
Mas 20.6 16.6 2800 181 48 680 
Bise 015 9.8 120 209 1420 6 

* Revised by J. L. Rhodes. For reference, see footnote 226, p. 667. 
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TABLE 729.—COMPARATIVE PROPERTIES OF ORDINARY AND 

HEAVY WATER * 

Property H:,O H,?0 

Specific gravity at 25°C relative to ordinary water 
atzC Ote wer. erst see tenebiens. dheutaiee 1.0000 1.1079 

Temperature of maximum density................ 4.0°C UK HAC 
DielectricmConstantertr cri accsoie «ccc ae ce 81.5 80.7 
Suntaceatensiolluema tices tte tet tee ae 72.75 dynes/cm 67.8 
Wiscositymat l0cGe namraterhe preheat te a Tee 13.10 millipoises 16.85 
Meltinempointipe cme bit). atsoersian aeloth cit siaeaesielarses .000°C 3.802°C 
Boiling point (76 cmHg pressure)................ 100.00°C 101.42°C 
eatao ter UISIONMer ys est etait seksi sncicieis cisye wie wisye vierotee 1436 cal/mole 1510 
Heatotyaporizationvate 25 4Gs-enen oe ae ae tae: 10484 cal/mole 10743 
Refractive index at 20°C for NaD line............ 1.33300 1.32828 

* For reference, see footnote 224, p. 665. 

TABLE 730.—THE MECHANICAL EFFECTS OF RADIATION 2% 

Wavelengths, Nature of Effect on Temperature, Where 
cm radiation atom °K found 

7500 10° . 3880 
Witihio. cadietion Disturbs outermost Fi Stellar 

37501078 electrons 7700 atmosphere 

250 108 ee. Disturb inner eo Stellar 
10" y electrons 29.000.000 interiors 

Se . 58,000,000 Central 
\ Soft y-rays peen OF all og Neat { to regions of 

10° 290,000,000 dense stars 

4x10 y-rays of RaB Disturb nuclear 720,000,000 ? 
arrangements 

Sl One elandestay-nays ee) |e Meee. ce 58x 10° 

45x10" ? Building of He atom 64 10° 
out of H 

2x<10-* Highly penetrating Disintegrates nuclei 1510” 

o> 0m ? Annihilation or creation 22102 
of proton and accom- 
panying electron 

280 Nat. Res. Council Bull. 80, 1931. 
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672 TABLES 731-758.—RADIOACTIVITY * 

A number of elements (12; 43 isotopes) of high atomic weight, now found 
in the earth, and one of the isotopes of each of six lighter elements (Table 732) 
are unstable in that they spontaneously break down into other elements, emit- 
ting a, B or y rays. The study of artificial radioactivity shows some other 
types of breakdown. Some of the artificial radioactive nuclei break down by 
the emission of positive electrons or of neutrons; a K electron may be captured 
(designated by A’) ; some internal conversion of electrons may take place (e ) 
or there may be some isomeric transition of the nucleus (I.T.). 

The characteristics of the three rays—a, 8, and y—are quite different. A 
3 Mev a-particle has a velocity of about 1/25 that of light, a range in air of 
1.7 cm, and produces some 4,000 ion pairs per mm in air at 760 mmHg at 
15°C. A 3 Mev £-ray has a velocity of nearly 99 percent of that of light and 
a range in air of about 13 meters, and produces only about 4 ion pairs per mm 
in air. The energy of a y-ray, which is very short-wavelength radiant energy, 
is E = hy, and it has the velocity of light. Thus a 3 Mev y-ray has a wave- 
length of 4.1 XU. However, the y-rays given by the natural radioactive mate- 
rials have much less energy than this (4 Mev), generally about 1 Mev. [Some 
artificial radioactive materials emit y-rays with very high energy (See Tables 
750-752.).] The wavelengths of the y-rays from natural radioactivity particles 
range from about 4.5 to about 4,000 XU. y-rays have a very long range. 
A y-ray produces directly no ions along its path but spends almost its entire 
energy in producing a photoelectron. Rutherford 7° says that the B-rays are 
about 100 times as penetrating as the a-rays, and the y-rays 10 to 100 times as 
penetrating as the -rays. 

Today it should be stated that, in general, the radioactive isotopes (about 
43 in number) of these 12 elements change into other isotopes, either smaller 
or of the same weight, depending upon the type of breakdown. The nucleus 
of the resulting isotope may be smaller in weight by about four units and have 
a charge two units smaller than the parent due to the emission of an a-particle, 
or it may be of almost the same weight and have a charge one unit greater due 
to the emission of a B-ray. There are several changes in both the weight and 
charge that may take place for some of the artificial radioactive nuclei. 

The character of these changes varies with the element and seems to be 
determined by some probability law. It does not seem possible, by any ordinary 
physical or chemical means, to change these characteristics. (See artificial dis- 
integration, Table 726. ) 

* For reference, see footnote 199, p. 618. 
°° Rutherford, E., Chadwick, J., and Ellis, C. D., Radiation from radioactive substances, 

Cambridge Univ. Press, 1930. 

TABLE 731.—UNITS FOR THE RATE OF RADIOACTIVE DISINTEGRATION 

The curie, the adopted unit of the rate of radioactive decay, is defined as the number of 
disintegrations of 1 gram of radium (3.6110") in 1 second. As a working value for the 
curie the National Bureau of Standards some years ago adopted the value 3.70010” 
disintegrations per second. 

The rutherford (abbreviated rd) = 10° disintegrations per second, has been suggested 
as a smaller working standard. Then, 1 millirutherford (mrd) = 10° disintegrations per 
second and 1 microrutherford (urd) = 1 disintegration per second. 

The rate of disintegration of an isotope that emits gamma-rays may be determined by a 
measure of the y-ray emission in roentgens. 

A committee of the National Research Council “* recommended that the curie be defined 
as 3.7010" disintegrations per second; the rutherford (rd) as just given. For quantita- 
tive comparison of radioactive sources emitting gamma-rays, for which disintegration 
rates cannot be determined, the roentgen per hour at 1 meter (rhm) is recommended. 

%31 Physics Today, vol. 3, p. 5, 1950. 
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TABLE 733.—THE ORIGINAL NAMES OF CERTAIN RADIOACTIVE MATERIALS * 

Radioactive Radioactive 
name Element and isotope name Element and isotope 

Actinium 89 Actinium 227 us D 82 Lead 210 
Actinium A 84 Polonium 215 Radium E 83 Bismuth 210 

: B 82 Lead 211 ee F 84 Polonium 210 
<< C 83 Bismuth 211 eG 82 Lead 206 
cs Cc 84 Polonium 211 Radon ¢ 86 Radon 222 
6 Cx 81 Thallium 207 Actinon 86 Radon 219 
© D 82 Lead 207 Emanation 86 Radon 222 
s K 87 Francium 223 Niton 86 Radon 222 
ot x 88 Radium 223 Thoron 86 Radon 220 

Actinouranium 92 Uranium 235 Thorium 90 Thorium 232 
Brevium (see 91 Protactinium 234m Thorium A 84 Polonium 216 
Uranium X.) B 82 Lead 212 

Emanation 86 Radon 222 (e 84 Polonium 212 
Mesothorium I 88 Radium 228 yy PR Ox 81 Thallium 208 

II 89 Actinium 228 - D 82 Lead 208 
Niton 86 Radon 222 s xX 88 Radium 224 
Radioactinium 90 Thorium 227 Thoron 86 Radon 220 
Radiothorium 90 Thorium 228 Uranium I 92 Uranium 238 
Radium 88 Radium 226 $ II 92 Uranium 234 
Radium A 84 Polonium 218 - Xa 90 Thorium 234 

B 82 Lead 214 - X2 91 Protactinium 234m 
cs ¢ 83 Bismuth 214 LONG 90 Thorium 231 
6 (e 84 Polonium 214 POeZ. 91 Protactinium 234 
aC. 81 Thallium 210 Uranium lead 82 Lead 206 

* At times the prefix eca was used to designate the element following certain elements either in the periodic 
feed in radioactive series. t At one time all these materials were called Emanation, i.e., RaEm, AcEm, 

TABLE 734.—THE FOUR RADIOACTIVE FAMILIES 

The radioactive isotopes of the heavy materials arrange themselves into four families, 
or series, that are known either by the parent of the family or by the member of the series 
with the longest life. Before the various isotopes had been established some of the differ- 
ent members of the families had special names. (See Table 733.) These families or series 
are also designated by the numerical relation of the particular isotopes of the family in- 
volved and the number 4. Thus the four families or series are: (1) Thorium, or 41 
series; (2) Neptunium,* or 4x +1; (3) Uranium, or 4n+2; (4) Actinium, or ‘4n + 3. 

Generally, tables of these families show the type of radiation emitted, the energy of the 
radiation, the end bueduc and two or three factors that describe the time characteristics 
of the disintegrations : T the half-life (that is, the time it takes for one-half of the 
piven material to ctes ake which can be accurately measured Ta, the average life, and 

, the decay constant. From the law of disintegration which radioactive materials ‘have 

been found to follow, the three constants are shown to be related as follows: \= TT 

and Ta = . 

There are a number of isomers * in the series as shown in Table 742, as for instance, 
see Uranium X;, Radium C, Actinium, etc. As a result of recent work on the artificial 
production of radioactive isotopes many more isomers could be given. Also, the first 
member of some of the series might be different. Thus, the 4n-+ 3 series (the Actinium 
group) might start in this manner: 

Rays and qf Decay constant 
Element end products (half-period) sec- 

92 Uranium 239 Baa Nipee 23.5 min 4.9107 
93 Neptunium 239 (ar, Teo 2.3 days SSO’ 
94 Plutonium 239 a. Ue 2.410 yr 9.210% 

To be sure, any trace of such members of this family would no longer be found in the 
earth. 

* Almost all the isotopes of this family are artificial products and are not now found in the earth. 
232 Sergé, Emilio, and Helmholtz, A. C., Rev. Mod. Phys., vol. 21, p. 271, 1949 

(continued) 
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TABLE 735.—VARIATIONS IN THE ISOTOPIC COMPOSITION OF COMMON LEAD * 

Relative isotope abundances 
too 

Source of lead Locality Geological age 204 206 207 208 

Galenatteeek: Great Bear Lake, Canada... Pre-Cambrian ....... 1.000 15.93 15.30 
Galena "asa. Broken Hill, N.S.W....... Pre-Gambriani~.. 2-- 1.000 16.07 15.40 
Cerussite ..... Broken Hill, N.S.W....... Pre-Gambrianseseeee: OOO 25:92 5 515230 

1.000 15.93 15.28 
Galena seeeee Wameay (Coy ING (Gc ddbdopboc Late pre-Cambrian .. 1.000 18.43 15.61 
Galena) eeeee INassawnGenmany, ......-.. Carboniferous ....... 1.000 18.10 15.57 
Genussite Pass. EiteleGenrmatiyasncneeed: Carboniferous ....... 1.000 18.20 15.46 
Galena yl 3-4. Mopling WMlon =A. tay secs eit Late Carboniferous .. 1.000 21.65 15.88 
Galena II ..... Jloplinte Mos ee rec cr 0:4 +4. Late Carboniferous .. 1.000 21.60 15.73 

1.000 21.65 15.75 
Galenauecee cee: Metalline Falls, Wash. ..... Late Cretaceous ..... 1.000 19.30 15.73 
@erussite --... Wrallaceslidahow ...-. see Late Cretaceous ..... 1.000 15.98 15.08 

1.000 16.10 15.13 
Wulfenite and 

Vanadinite .. Tucson Mts., Arizona...... IMiioceneta.ee yee oe 1.000 18.40 15.53 
Gallenamesaeere Sax OMmyanGenmalivarsnicvoncor oes Ever senae 1.000 17.34 15.47 

1.000 17.38 15.44 

35.3 

* For reference, see footnote 45, p. 136. 

TABLE 736.—LEAD RATIOS OF SELECTED RADIOACTIVE MINERALS * 

Age ratio in 
Mineral Locality Geologic age 

Samanskite min. Glastonbury, (Gonns os: joe oe eee IEIDAIOONE Secancascaeour 270 
Pitchblende ...... Jachymovs Bohemia ..ueed-cs.. >... [ate=Raleozoicie seers ee 220 
Thornite i .. $28...5 Birevice Nonwalyaiaic: oti eee ere Peron (2) coocsooacaso0d 230 
KOM 5 asc ste, tors Gullhosen; Sweden ~...tanseeso.- atest. Gambrian cee 400 
Broggerite ...... Karlhus,naade sNOGWwavaueeee sees or Pre=Cambrianteeecrees tae 900 
Cleveité: ....,eern. Aust-agder, Arendal, Norway........ Pre-Gambrian = neeeeeee 1000 
Whraninitemens srr MeV STONE, Se DOAK coo. see Oss Pre-Gambriane + eee 1500 

(Wirariinitemrcector Sinyaya, Palay!@arelia, WRiussia-- 2+... Pre-Gambrian /.peneeeoe 1850 

* For reference, see footnote 45, p. 136. 

TABLE 737.—ANALYSIS OF THORIUM C” (THALLIUM 208) BETA-RAY 

SPECTRUM * 

108 years 

> > 
oe = E oe = Energy of B-rav 
= g ot Hee torrie Energy =a g = line er ariton Eyetey 

coe aS ie Me Bom ee See Be 
1 VES: Li .0252+-.0158 .0410 23 m. Lr .2446-+.0158 .2604 

Z Gi, Tn 0259+ -.0152 0411 18 V.S. K .1915+.0875 .2790 

3 m. Lin .0278+.0133 0411 25 m.s Lr .2640-+.0158 .2798 

4 vase M, 0369+ .0038 0407 20 S. K .2042+.0875 2917 

5 m. My .0380+.0025 .0406 26 m.s IBY .2756+ 0158 2914 

6 Ss Ni 0398+ .0009 .0407 29 V.S. K .4281-+-.0875 5156 

7 m. Nor O .0404+.0001 0405 30 V.S. Li .5025+.0158 5183 

8 ti K .0577+.0875 .1452 31 m.f M, .5150-+.0038 5188 

13 f. Ly .1283+.0158 1441 30 V.S. K .5025-+-.0875 5900 

12 mis: Guke .1231-+-.0875 .2106 33 m.s Ik .5729-+-.0158 5887 

19 mf. GOI; .1954+-.0158 YAW 35 m.f K .6990-+.0875 786 

14 1S. eG .1458-++.0875 2305 36 f. Lr 770 +.0158 786 

Zi tieteueewler .2165+.0158 PRY) 40 oy K 2.558 +.0875 2.646 

16 msSeu .1661-++.0875 2536 41 m. ey, 2.635 +.0158 2.651 

22 1 Lr .2369-+.0158 2527 42 15 M, 2.646 +.0034 2.649 

il7/ m. K .1706-+.0875 2581 

233 Rutherford, E., Chadwick, J., and Ellis. C. D., Radiation from radioactive substances, Cambridge Univer- 

sity Press, 1930. 
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TABLE 738.—ALPHA-RAY SPECTRA OF SOME NATURAL RADIOACTIVE 

MATERIALS 

It is sometimes stated that all alpha-particles from any one source are emitted with the same 
energy or velocity. This is in the main true for most of the particles but careful measurements 
have shown that this is not always the case. For some time it was known that occasionally an 
aor had a range much longer than average, which, of course, means a high initial 
velocity. 

Energy 
Mean Disinte- differences 
range Velocity a-ray gration from main Relative 

Atomic Element in air, (cm/sec) energy energy group number of 
No. and isotope a-ray cm x 10-8 Mev Mev Mev particles 

92 Uranium 238 2.92 1.420 4.20 4.28 
(Uranium I) 

Uranium 234 3.5 1.515 4.76 4.85 
(Uranium IT) 

91 Protactinium 231 3.8 1.553 5.01 Sails 
90 Thorium 232 2.90 1.390 4.00 4.75 

Thorium 230 3 1.500 4.66 4.67 
(lonium) 

Thorium 228 ao oe 1.6150 5.418 BES, 0 5 
(Radiothorium) a: No 1.6020 E30 5.431 086 1 

Thorium 227 Qo hae 1.7063 6.049 6.159 0 80 
(Radioactinium) a Bere 1.7021 6.019 6.127 py 15 

a2 Sear 1.6979 5.990 6.097 62 100 
a3 sees 1.6948 5.986 6.075 84 15 
Qs see 1.6885 5.924 6.030 1.29 5 
Qs sees 1.6806 5.870 5.975 1.84 10 
Qe sorte 1.6729 5.817 5.921 2.38 5 
ar wae 1.6558 5.766 5.869 .290 80 
Gs Ses 1.6627 5.744 5.847 SoZ 15 
Qs Siar 1.6589 5.719 5.822 337 60 
10 Beet 1.6524 5.674 5.776 383 10 

88 Radium 226 Qo 3.5 1.520 4.793 4.879 0 rain 
a4 3.4 1.492 4.612 4.695 184 

Radium 224 aS 1.653 5.681 5.786 Pee 
(Thorium X) 

Radium 223 Qo Aoi 1.6589 5.719 5.823 0 6 
(Actinium X) a1 ee 1.6424 5.607 5.709 114 4 

Qe Sires 1.6316 5.533 5.634 186 1 
86 Radon 222 4.3 1.626 5.486 5.58867 wee Algor 

(Emanation) 
Radon 220 4.967 1.7387 6.2872 6.3995 

(Thoron) 
Radon 219 Qo 5.655 1.8117 6.824 6.953 0 10 

(Actinon) ay (5.308) 1.7763 6.561 6.683 .270 1 
a2 5.147 1.7593 6.436 6.556 397 1 

84 Polonium 218 49 1.700 6.00024 6.11239 1ae aopets 
(Radium A) 

Polonium 216 5.601 1.8054 6.774 6.9038 
(Thorium A) 

Polonium 215 6.420 1.8824 7.368 7.508 
(Actinium A) 

Polonium 214 6.870 1.9220 7.68300 7.82934 0 10° 
(Radium C’) TASS 1.9550 8.280 8.437 608 43 

Saeed 2.0729 8.941 9.112 1.283 (.45) 
9.00 2.0876 9.068 9.242 1.412 22 
Laas PMNS YZ/ 9.315 9.493 1.663 38 

2.1356 9.492 9.673 1.844 1635 
2.1543 9.660 9.844 2.015 35 
2.1678 9.781 9.968 2.138 1.06 
2.1817 9.908 10.097 2.268 36 
2.2001 10.077 10.269 2.439 1.67 
2.2079 10.149 10.342 2.513 38 

ae 2.2274 10.329 10.526 2.697 112 
11.47 2.2466 10.509 10.709 2.880 23 

Polonium 213 3.805 1.59715 5.3006 5.4033 geek 

(continued) 
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TABLE 738.—ALPHA-RAY SPECTRA OF SOME NATURAL RADIOACTIVE 

MATERIALS (concluded) 

Atomic 
No. 

83 

Element 
and isotope 

Polonium 212 
(Thorium C’) 

Polonium 211 
(Actinium C’) 

Bismuth 214 
(Radium C) 

Bismuth 212 
(Thorium C) 

Bismuth 211 
(Actinium C) 

a-ray 

Mean 
range 
in air, 
cm 

8.533 
9.687 

11.543 
6.518 

(4.039) 
(3.969) 

Energy 
Disinte- differences 

Velocity a-ray gration from main Relative 
(cm/sec) energy energy group number of 
S109 Mev ev ev particles 

2.05405 8.7783 8.9476 0 10° 
2.1354 9.4912 9.6736 726 34 
2.2501 10.5418 10.7447 1.797 190 
1.8911 7.434 7.581 cane Bae 

1.630 5.5068 5.6117 0 94 
1.620 5.4458 5.5495 062 113 
1.7108 6.081 6.20069 0 202 
1.7053 6.044 6.16069 .0400 69.8 
1.6651 5.762 5.8729 3278 1.80 
1.6446 5.620 5.7283 4724 .16 
1.6418 5.610 5.7089 4918 1.10 
1.7832 6.619 6.739 0 100 
1.7356 6.262 6.383 356 19 

TABLE 739.—CHARACTERISTICS OF SOME HIGH-SPEED ALPHA-PARTICLES 

FROM NATURAL RADIOACTIVE SOURCES * 

0. Element 

83 

Uranium 

Protactinium 
Thorium 

Actinium 
Radium 

Radon 

Astatine 

Polonium 

Bismuth 

Tsotope 

234 

212 
214 

* For reference, see footnote 199, p. 618. 
t Approximate range in air (from curve). 
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Common Energy Range t 
name Velocity ev cm 

Uranium II 1.51610° 4.76 3.4 
Actinouranium 1.483 4.56 SIZ 
Uranium I 1.43 4.18 2.9 
— 1.555 5.01 BY) 

Radioactinium ae. 6.05 48 
Radiothorium 1.616 5.42 4.1 
Ionium 1.500 4.66 3.3 
Thorium 1.498 3.98 2.7 
Actinium 12537; 4.94 3.6 
Actinium X 1.660 5.72 4.4 
Thorium X 1.657 5.68 4.4 
Radium 1.520 4.79 3.5 
Actinon 1.814 6.82 5.8 
Thoron 1.729 6.28 Sel 
Radon 1.628 5.49 4.2 

7 ee 1.964 8.00 7.4 
1.937 7.79 7/-1| 

be 1.802 6.72 B7/ 
Polonium 1.599 5.30 4.0 
Actinium C’ 1.894 7.43 6.6 
Thorium C’ 2.058 8.78 8.7 
Radium C’ 1.925 7.68 7.0 
Actinium A 1.886 7.37 6.5 
Thorium A 1.805 6.77 5.8 
Radium A 1.701 6.00 48 
Actinium C 1.787 6.62 5.6 
Thorium C IL AlS} 6.08 4.9 
Radium C 1.630 5.51 4.2 
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TABLE 740.—CHARACTERISTICS OF SOME HIGH-SPEED ALPHA-PARTICLES 

FROM ARTIFICIAL RADIOACTIVE SOURCES * 

Atomic Velocity Energy Range in 
No. Element Isotope cm/sec Mev air,f cm 

96 (Gieroyesim eee as 2 Aeaeetan 6 238 AESOP 510) 5.4 
240 1.74 6.26 5.1 
241 1.71 6.08 4.9 
242 1.72 6.1 4.9 

95 Amenicilim 9. .a4sa-eece cere 239 1.67 5.77 4.5 
241 1.62 5.48 42 

94 Plutonium) .-. ssc eee 232, 1.78 6.6 55 
234 1.73 6.2 5.0 
236 1.66 7/5) 4.5 
238 1.63 5.51 42 
239 I sy/ ale 3.8 
240 1.57 ull 3.8 

93 INEptunitm <2. epsceye 3 cas Zo 173 6.2 5.0 
235 1.56 5.06 3.8 
237 Te5il 4.77 3.4 

92 (Wiranititny 0... .5.5 eerste 228 1.80 6.72 Bf 
229 1.76 6.42 5.3 
230 1.68 5.85 4.6 

91 iProtactintumesee scenes 226 1.81 6.81 5.8 
227 1.76 6.46 5.4 
228 1.71 6.09 4.9 
229 1.66 5.69 44 

90 horrid te eee 224 1.86 7.20 6.3 
225 1.78 6.57 55 
226 1.74 6.30 Gill 
227 VAL 6.05 48 
229 1.56 5.02 Shi 

89 PN CEMIIUITIN: cae Ctetoncares ssteree time 222 1.83 6.96 6.0 
223 1.79 6.64 5.6 
224 1.73 6.17 5.0 
225 1.67 5.80 4.5 

88 Radium) Pane acronie itras eee 220 1.90 7.49 6.7 
221 1.80 6.71 5.6 
222 7 6.51 5.4 
224 1.65 5.68 4.4 

87 EGanciume -aseee scot ee eee 218 1.94 7.85 Le 
219 1.88 7.30 6.4 
220 1.80 6.69 5.6 
221 1.74 6.30 5.2 

86 RAC ON! ai tees cre sas 216 1.97 8.07 7.6 
217 1.93 7.74 7a 
218 1.85 Te, 6.2 

85 PNSTATINIC! ac Been MoS scoreline 207 1.67 5.76 4.5 
208 1.65 5.66 4.4 
211 1.69 5.89 4.6 
214 2.06 8.78 8.4 
27 1.84 7.02 6.1 

84 Poloniam swore sss eee 208 1.57 5.14 3.8 
205 1.61 5.35 4.0 
206 1.58 BW, 3.9 
2S 2.01 8.34 8.0 

83 Bismuth .. 835.0... ..6¢ faa 197 1.73 6.20 5.0 
198 1.68 5.83 4.6 
199 1.62 5.47 41 
200 1.58 5.15 3.8 

* For reference, see footnote 199, p. 618. 
t+ Approximately, from curve. 

TABLE 741.—VAPOR PRESSURE OF THE RADIUM EMANATION IN cmHg 

diemiperatunela@).- eee. —127 —101 —65 —56 —10 +17 +49 +73 +100 +104 (crit) 
Vapor pressure ......... A) 5 76 100 500 1000 2000 3000 4500 4745 
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TABLE 742.—BETA-RAYS FROM RADIOACTIVE MATERIALS—BOTH NATURAL 

(MARKED WITH *) AND ARTIFICIAL 

Radioactive Atomic 
No. Element Isotope 

95 Americium 242 m 
93 Neptunium 239 

238 
92 Uranium 239 
91 Protactinium 234m* 

230 
90 Thorium 233 
89 Actinium 228* 
87 Francium 223* 
83 Bismuth 213 

210* 
82 Lead 211* 

209 
81 Thallium 209 

208* 
207* 
206 
204 

80 Mercury 205 
79 Gold 200-202 

198 
78 Platinum 199 

197 
77 Iridium 194 

192 

Atomic Energy 
No. Element Isotope in Mev 

76 Osmium 193 125 
75 Rhenium 188 2.5 

186 1.07 
74 Tungsten 187 63 
73 Tantalum 182 1.0 
71 Lutetium 176m 1.15 

170 We fake 
70 Ytterbium 177 1.3 
69 Thulium 170 1.0 
68 Erbium 171 1.49 
67 Holmium 166 1.8 

162-161 2.0 pt 
65 Terbium 154 26) Bt 
64 Gadolinium 161 1.5 
63 Europium >154 ~2.5 

157 ~1. 
154 9 
152 1.88 

62 Samarium 155 1.9 
153 78 

61 Promethium 149 1 
148 D2 

WZ 
2.0 

60 Neodymium 149 1.6 
141 78 Bt 

59 Praseodymium 145 312 
144 3.0 
140 DAS (eh 

58 Cerium 143 1.36 
57 Lanthanum 141 2.9 

<139 7. 
56 Barium 140 1.05 

139 2.27 
55 Cesium 138 2.6 

SMITHSONIAN PHYSICAL TABLES 

Energy 
name in Mey 

8 
68 

1.39 
«SG 1.20 

Uranium X2 we 
~1. 

eS 1.2 
Mesothorium 2 1.55 
Actinium K hae 

haem ~1. 
Radium E 1.17 
Actinium B ie 

ae: 1.8 
Thorium C” 1.82 
Actinium C” 1.47 

1.70 
8 

1.62 
2.5 
96 

1.8 
65 

2.2 
67 

Atomic 
No. Element Tsotope 

54 Xenon 137 
135 

53 Iodine 136 
135 
133 
128 

52 Telluriym 129 
127 

51 Antimony 126 
124m 
124 
122 
120 
118 

50 Tin >120 
125 
123 

49 Indium 117 
116 
114 
112 

48 Cadmium 115m 
47 Silver 113 

112 
110 
108 
106 

46 Palladium 111 
101 

45 Rhodium 106 
104 

44 Ruthenium 107 
105 

(continued) 

Energy 
in Mev 
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TABLE 742.—BETA-RAYS FROM RADIOACTIVE MATERIALS—BOTH NATURAL 

(MARKED WITH *) AND ARTIFICIAL (concluded) 

Atomic 
No. 

43 

42 

41 

40 

39 

38 

37 

36 

35 

34 

33 

32 

31 

30 

29 

Element 

Technetium 

Molybdenum 

Niobium 

Zirconium 

Yttrium 

Strontium 

Rubidium 

Krypton 

Bromine 

Selenium 

Arsenic 

Germanium 

Gallium 

Zinc 

Copper 

Energy Atomic Energy 
Isotope in Mev oO. Element Isotope in Mev 

101 1.3 28 Nickel 65 1.9 
100 23 57 .67 Bt 
95 1.3 27 Cobalt 62 2 
94 2.47 B* 56 WS) fare 
92 4.3 pt 26 Iron 52 55 pt 

101 2.0 25 Manganese 52m 2.66 B* 
99 1.3 51 2.0 pt 
93 2.65 B* 24 Chromium 49 1.45 pt 
97 1.4 23 Vanadium 52 2.05 
96 1.8 ; 47 1.9 p 
92 1.38 22 Titanium 51m 1.6 
97 22 45 152 Bs 
89 1.07 p* 21 Scandium 49 1.8 
93 3.1 44 as) fey 
92 3.5 41 4.94 pt 
91 1.5 20 Calcium 49 2:5 
90 2.35 19 Potassium 42 2.04 
88 .83 B* 40* 1.9 
91 1.3 38 255 8% 
89 1e5 18 Argon 41 1.18 
88 46 35 4.4 p* 
86 1.8 17 Chlorine 38 1.19 
81 9 pt 34 ab) [se 
87 ~4., 33 4.1 p* 
85 1.0 16 Sulfur 37 4.3 
85 Pay 31 3.85 Bt 
84 533 15 Phosphorus 34 5.1 
80 2.0 32 7/ 
78 2S Bis 30 3.0 pt 
76 3.15 pt 29 3.6 pt 
75 1.6 pt 14 Silicon 31 1.8 
83 1.5 27 3.74 B* 
83m 3.4 13 Aluminum 29 2.5 
81 1.5 28 3.0 
78 1.4 26 $0) fal? 
74 1.3 12 Magnesium 23 2.82 p* 
Ue 2.78 Bt 11 Sodium 24 1.4 
77m 2.8 10 Neon 25 4.1 
Hel 2.0 19 22) Bt 
71 LB [eF 9 Fluorine 20 5.0 
73 1.4 17 ZB 
70 1.68 8 Oxygen 19 4.5 
68 1.9 pt 14 1.8 p* 
66 Sth =p" 7 Nitrogen 17 3.7 
69 1.0 16 $1. 
63 2.3 13 1.24 p* 
66 2.9 6 Carbon ~10 A fey 
62 2.6 pt 5 Boron 12 12 
61 WA fa 3 Lithium 8 12 
60 gs) SF 2 Helium 6 3H, 

TABLE 743.—RELATIVE 

Relative 
stopping 

Substance power 

BIE cattails 1 
Osi = re sens 1.07 
FR att eee 21 
Gs eee Sc all 

STOPPING POWER OF SELECTED SUBSTANCES 

FOR a-PARTICLES ** 

Range in Relative Range in 
substance stopping substance 

Range in air Substance power Range in air 

1 ING irae een ae 62 1.61 
.93 UNO NE die Sisgeeere oe .98 1.02 

4.77 5G os Ae ey ot ate 1.52 .66 
5.88 ONE ea arena a 1.98 50 

aihseuatnas WAC OOD. 6scccecognksllOr- 
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*4 Rasetti, Franco, Elements of nuclear physics, Copyright 1936 by Prentice-Hall, Inc., New York. 
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TABLE 744.—ANALYSIS OF THE BETA-RAY SPECTRUM OF RADIOACTINIUM 

(THORIUM 227) * 

> > 
oY 3 = Energy of B- oe 3 
re 5 & line geek Energy —5 5 ct 

See 6 made So 22 tae 
1 20 Li .0125+-.0192 .0317 26 40 Lr 
3 20 Lun .0160+.0154 0314 z9 30 M, 
6 15 M, .0262+-.0048 .0310 30 30 Nr 
7 10 Mu .0271+-.0044 0315 18 100 K 
9 15 My .0290+-.0031 .0321 35 80 Lr 

10 30 Ni 0299+ .0012 .0311 36 30 M, 
11 20 Nvr 0305+ .0003 .0308 28 50 K 
12 15 a .0320 .0320 38 30 Lr 
4 50 ies; .0246 +.0192 0438 40 20 M, 
5 20 Lu .0255+.0185 .0440 37 60 K 
8 25 Lin .0281+.0154 0435 46 40 Lt 

16 10 M, .0388 + .0048 .0436 47 30 M, 
14 40 Li 0340+ .0192 .0532 39 60 K 
19 20 M, .0486-+-.0048 .0534 48 20 Li 
17 90 iky .0425+-.0192 0617 41 50 K 
20 70 M, .0567+.0048 0615 49 20 Li 
21 50 Nr .0598+-.0012 .0610 

* For reference, see footnote 233, p. 679. 

Energy of f-ray 
line + absorption 

energy 
Mev 

0813+ -.0192 
.0965-+-.0048 
.0990+-.0012 
.0454-+-.1035 
.1305+-.0192 
.1445+-.0048 
.0936+-.1035 
.1753+-.0192 
1899+ ..0048 
.1501+.1035 
2348+ .0192 
.2488-+-.0048 
.1796+.1035 
.2618-+-.0192 
.1976+-.1035 
.2800+-.0192 

Energy 
of y-ray 
Mev 

.1005 
1013 
1002 
.1489 
.1497 
1493 
1971 
1945 
1947 
.2536 
.2540 
.2536 
.2831 
.2810 
3011 
2992 

TABLE 745.—ANALYSIS OF BETA-RAY SPECTRUM OF MESOTHORIUM 2 
(ACTINIUM 228) * 

> > 
hy = E f B- So = - 

2s 5 = Tone ese ntine Bnerey 25 5 7) 

EO ic oe we ee ee 
1 100 Tey .0381-+-.0204 0585 18 6 M, 
2 85 Lin .0416+.0162 .0578 16 18 K 
3 65 M, .0523+-.0052 .0584 20 8 Li 
4 45 Nr .0566+.0012 0579 19 16 K 
5 6 Lr .0593+.0204 0797 21 6 Li 
6 4 Lin .0631+.0162 .0793 22 2 Nr 

The M and N lines would be masked exactly 23 8 K 
by the intense lines 8 and 9. ry 

11 35 Li .1093+-.0204 1297 %6 6 K_ 
12 25 Lit 1129+ ..0162 1291 28 2 iL 
13 22 Mr .1245+-.0052 1297 7 3 K 
14 6 Nr .1279+..0013 1292 9 2 i 
8 50 K .0749 +.1092 1841 

17 20 Lr .1644+ .0204 1848 

* For reference, see footnote 233, p. 679. 

Energy of B-ray 
line + absorption 

energy 
Mev 

.1782+.0052 

.1406+.1092 

.2291+-.0204 

.2099-+-.1092 

.299 +.0204 
318 +.001 
352 +.109 
442 +.020 
458 +.005 
804 +.109 
.897 +.020 
861 +.109 
949 +.020 

Energy 
of y-ray 
Mev 

TABLE 746.—ANALYSIS OF THE BETA-RAY SPECTRUM OF PROTACTINIUM * 

> > 
$2 E f B- Bees 
25 5 = pene ee Enerey €= 5 

ee a Baie eae Zee TS 
1 60 Iki .0753+-.0198 0951 10 30 M, 
Zs 40 Lin .0788+.0158 .0946 6 70 K 
3 40 M, .0905+-.0050 .0950 11 40 Lr 
5 100 K .1896-+.1064 .2960 12 20 M, 
9 60 Lr .2746+.0198 2944 

* For reference, see footnote 233, p. 679. 

SMITHSONIAN PHYSICAL TABLES 

Energy of B-ray 
line + absorption 

energy 
Mev 

.2869 +.0050 
2194+ .1064 
.3016+.0198 
.3182+.0050 

Energy 
of y-ray 
Mev 

2919 
3258 
3214 
3232 
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TABLE 747.—GAMMA-RAY ENERGY OF SOME HEAVY ISOTOPES, NATURAL 

AND ARTIFICIAL 

y-ray 
Atomic energy 

No. Element Isotope Mev 

95 Americium 240 13} 
94 Plutonium 239 42 
93 Neptunium 238 eZ 

234 1.9 
92 Uranium 233 il 
91 Protactinium 234 70 

(Uranium Z *) 
(Uranium X.*)234m 81 

232 1.05 
230 94 

85 Astatine * 210 1.0 
84 Polonium 210 eT. 

(Radium F ) 
207 1 
206 8 

* Natural radioactive source. 

y-ray 
Atomic energy 
No. Element Isotope Mev 

83 Bismuth 214 1.8 
(Radium C *) 

206 74 
82 Lead 211 8 

(Actinium B *) 
204m Nt 

81 Thallium 208 2.62 
(Thorium C”) 

199 5 
198 MS) 

80 Mercury 198 m 4 

TABLE 748.—THE GAMMA-RAY SPECTRUM OF ThC” * 

These differences of energies, or velocities, of the a-ray from thorium C are sometimes 
explained on the energy-level basis of the nucleus. The agreement with the energies of 
the y-rays emitted from ThC”, the daughter of ThC, and these apparent differences of 
disintegration energy of a-ray of ThC, given in the table show one agreement with this 
theory. 

Apparent Apparent 
difference difference 

of disintegration Energy of of disintegration Energy of 
Transitions energy of a-ray observed Transitions energy of a-ray observed 
between groups of y-ray between groups of y-ray 
levels INAS from ThC” levels ThC from ThC” 

l2.—L; .040 .040 Ils—L, 433 432 
Is—Li 328 $527) L;—IL. 452 451 
Ily—Ly 473 471 li—Ls 145 et 
L;—Li 492 bias L;—Ls .164 
Li— Lz .288 .287 L;—Ls 019 

* For reference, see footnote 225, p. 666. 

TABLE 749.—DANGER RANGES FOR PERSONS WHO ARE WORKING WITH 

RADIUM, FOR DIFFERENT AMOUNTS OF RADIUM, PROVIDING 

THE RADIUM IS ENCLOSED IN NOT LESS THAN 1 mm LEAD 

OR ITS EQUIVALENT 

Amount of radium 
element milligrams 

LOO” PRR a ems eee oe eee 

Daily exposure (in hours) 

1 2 4 8 16 

Danger range (in meters) 

9 Jes} 1.8 2a 3.6 
eS 1.8 2.6 3.6 Bel 
1.8 2.5 305 5 es 
2.9 4 57 8 1 Sj 

SMITHSONIAN PHYSICAL TABLES 
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TABLE 750.—GAMMA-RAY ENERGY OF SOME ARTIFICIAL RADIOACTIVE 

ISOTOPES OF LOW ATOMIC WEIGHT 

38 
39 

* Natural radioactive source. 

Element 

Beryllium 
Nitrogen 
Oxygen 

Fluorine 
Sodium 

Magnesium 
Aluminum 
Sulfur 
Chlorine 

Argon 
Potassium * 

Calcium 

Scandium 

Titanium 
Vanadium 
Manganese 

Iron 
Cobalt 

Nickel 
Copper 

Zinc 
Germanium 
Arsenic 
Bromine 

Rubidium 

Strontium 
Yttrium 

Isotope 

y-ray 
energy 
Mev 

BSS No} 

WHwNd HAWN: 

Sa ea 

oS) fam) 

How pUNHewrnpanws 

i PDO bt i tt et tt DD et et et 

NNW OCHO WO RH HWWiHWHHOD pPOWW 

on BEHDOn ADADA Qn 

Dre nN ee) 

Element 

Zirconium 
Niobium 

Molybdenum 
Technetium 
Rhodium 

Silver 
Cadmium 
Indium 
Tin 
Antimony 

Tellurium 
Iodine 

Xenon 
Cesium 

Barium 
Lanthanum 
Cerium 
Praseodymium 

Promethium 
Europium 
Terbium 
Holmium 
Thulium 
Lutetium 
Hafnium 
Tantalum 

Rhenium 
Osmium 
Iridium 
Platinum 
Gold 
Thallium 
Lead 
Bismuth 

Isotope 

95 

Ne) N \o Ww 

FA ea aC ee Pema be 

Y-Tay 
energy 
Mev 

Ny w 

wHhOMNM 

_ 

OS SS ar Felt 

NOCDROUNWOBNNBRATDSO 

— et et —a 

ONNMNMNH POD POD Oi 

NI WwW 

DN tt tt st tt ee 

on 00 

NRWwWUwn a 

TABLE 751.—TOTAL MASS ABSORPTION COEFFICIENT, u/p, FOR 7-RAYS 

Wavelength 

UpPwnre > 

SMITHSONIAN PHYSICAL TABLES 

IN VARIOUS ELEMENTS (IN CM?/G) 
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TABLE 752.—GAMMA SPECTRUM FOR SOME RADIOACTIVE BREAKDOWNS * 

hv Conversion 
(Mev) A observed 

y-rays of 
89 Actinium 228—>90 Thorium 228 

(vgn ie (RaTh) 
0581 LiLiM iN: 
0795 sis LiMn 
1294 .096 LrLinM1N1 
1841 067 K LiM, 
2497 .050 KLi 
319 .039 K LiNr 
338 037 observed in 

external 
408 .030 | photdeffect 
462 027 K LiMr 
915 0135 K Li 
.970 0128 I Jon 

y-rays of 
90 Thorium 227-88 Radium 223 

(RdAc) (AcX) 
0315 .390 LiluMiMuNy1 
0437 .284 LrLuLinM: 
0533 257 LIM, 
.0614 .207 LiMiNr 
.1007 123 LiM1N1 
.1493 083 K LiM, 
.1954 .063 K LIM, 
253 .049 K LM, 
282 044 K Lr 
300 041 IKGIEy 

y-rays of 
88 Radium 223—86 Radon 219 

(AcX) (An) 
1435 086 K LiM, 
B53 081 K LiM1N1 
jG V7/ 079 K LiM, 
.200 .062 KeE; 
269 .046 K Lr 

y-rays of 
90 Thorium 228—88 aun 224 

(RaTh) (ThX) 
0848 146 LiM: 
0881 141 LiM;, 

y-rays of 
88 Radium 226—86 Radon 222 
169 .066 K LiM, 

y-rays of 
82 Lead 210—>83 Bismuth 210 

(RaD) (RaE) 
0472 .026 LiLuLiiMiN, 

y-rays of 
91 Protactinium 23189 Actinium 227 
.0949 0130 LilmM, 
.294 042 K LiM, 
323 038 KLM, 

y-rays of 
82 Lead 214-283 Bismuth 214 

(RaB) (RaC) 
0529 0235 LLulinM:MuMinN10 

.2406 052 K CuM, 
257 048 K Li 
.2937 042 Kae, 
.3499 035 K LiM.N, 

* For reference, see footnote 234, p. 684. 

(continued) 
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hv Conversion 
(Mev) AA observed 

y-rays of 
84 Polonium 210—>82 Lead 206 

(RaF) (RaG) 
202 062 K 
798 0156 K 

1.068 O16, VK 
y-rays of 

83 Bismuth 211—81 Thallium 207 
(AcC) (AcC”) 

y-rays of 
84 Polonium 211—82 Lead 207 

(AcC’) (AcD) 
354 035 K LiMr 
.460 027 Borer 
.480 .026 K Lr 

y-rays of 
83. Bismuth 214-284 Polonium 214 

(RaC) (RaC’) 
6067 0205 K L:MiN 
766 0162 K 
933 0133 K 

1.120 0112 KLM; 
1.238 0100 KLyr 
1.379 0090 K 
1.414 0088 KLM; 
1.761 00715 RAGE, 
2.198 0056 KL 

y-rays of 
82. Lead 212—>83 Bismuth 212 

(ThB) (ThC) 
1147 0108 = LrlLiM1N1 
1757 OO 71K 
.2379 0052) K LiLuLuMiN: 
.2494 0049 K 
.2990 0041 K LiM, 

y-rays of 
83. Bismuth 212—>84 Polonium 212 

(ic) (ThC’) 
726 OZ Ke 

1.623 0076 K 
1.882 0066 K 

y-rays of 
83 Bismuth 212—81 Thallium 208 

(ThC) (he 
399 0036 LiLouLiuM:MiuN10 
287 0043 K Li 
298 0042 K 
.327 0039 K 
432 0287-9 eke 
451 0275 K 
.471 0263 K 
617 ADIL IK 

y-rays of 
84 Polonium 212—>82 Lead 208 

(ThC’) (ThD) 
2765 045 K Lilin 
5100 0243 K LiM, 
5523 0224 KLM, 

2.620 0047 KLiM;, 
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TABLE 752.—GAMMA SPECTRUM FOR SOME RADIOACTIVE BREAKDOWNS 

(concluded) 

y-rays * from 82 Lead 210—>83 Bismuth 210 
(RaD) (RaE) 

y-ray line E (kev) y-ray line E (kev) 

(X) 65un== D oZueel 
A 467+ .1 E 23:2== 6 
B 43 =e 1 F Usyas. Y/ 
€ 37 ats 

235 San Tsiang Tsien, Phys. Rev., vol. 69, p. 38, 1946. 

TABLE 753.—THE ENERGY RADIATED BY A NUMBER OF RADIOACTIVE 

MATERIALS * 

Energy of 
radiation 
in Mev 

Disintegrations Radiation 
Material Half-life Radiation aor§8 Y No g- sec"? Mev g-! sec-1 

92 Uranium 238 4.5X<10° yr a 4.2 os 1.23 10* 5: 2e><108 
(Uranium I) 

90 Thorium 232 1.3910” yr a 4.1 5 4.1 10° 1.70 10* 
88 Radium 226 1620 yr ay 4.79 19 3.61108 1.8010" 
86 Radon 222 3.825 d a 5.486 a Sy 10S Sol 102 
86 Radon 220 54.5 sec a 6.282 a Se Sale 22, ><107 

(Thoron) 
86 Radon 219 3.92 sec a. 6.824 of 4.8 x10” 3.3 107 

(Actinon) 
86 Radon 217 10 sec a 7.74 a 1.93 10 1.5010” 
84 Polonium 214 1.5<10~ sec a 7.680 : 1.30 10* 1.0 x10” 

(Radium C’) 
84 Polonium 212 3.1107 sec a 8.776 by 6:4" <<107 5.6 <10” 

(Thorium C’) 
84 Polonium 211 5x10 sec a 7.434 A 398510" 2.9 «10% 

(Actinium C’) 
84 Polonium 210 138 d ay 5.3 Lh 1575<102 1:2° < 10" 
83 Bismuth 214 19.7 min ay 5.5 1.8 1-65><105 3.0 «10¥ 
81 Thallium 210 1.32 min B- 1.8 Ae 2.5110” 4.5 10” 

(Radium C”) 
81 Thallium 208 3.1 min BY 187, 2.6 1.08 10” 4.7 <10" 

(Thorium C”) 
81 Thallium 207 4.76 min BY 1.47 TASA10 1.0410" 

(Actinium C”) 
59 Praseodymium 142 19.3 hr By 2.1 1.9 4.2810" 8x10" 
53 Iodine 136 1.8 min BY 6.5 2.9 2.85 10” 8x10” 
19 Potassium 40 ** 1.8X10° yr BY 1.9 1.54 1.84 10° 3.9 «10° 

* For reference, see footnote 199, p. 618. : 
** The radiation from potassium may seem to be too intense as compared to that from thorium 232 or 

uranium 238 but it must be remembered that the active isotope of potassium constitutes only .01 percent of 
ordinary potassium while the active isotopes of uranium and thorium constitute about 100 percent of the mate- 
rial. It is also to be noted that the active isotope of potassium has more disintegration than either uranium or 
thorium, in part due to its greater number of atoms per gram. 

TABLE 754.—SAFE WORKING DISTANCES FOR DIFFERENT EXPOSURE 

TIMES TO DIFFERENT AMOUNTS OF RADIUM 

Daily exposure Safe distance Daily exposure Safe distance 
milligram-hr meters milligram-hr meters 

100 1 800 24 
200 14 1600 Rog 
400 2 3200 5 

SMITHSONIAN PHYSICAL TABLES 
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TABLE 755.—COMBINATION OF LEAD SHIELD THICKNESS AND DISTANCE 

FOR ADEQUATE PROTECTION FOR EXPOSURES TO DIFFERENT 
AMOUNTS OF RADIUM, NOT EXCEEDING 8 HOURS PER DAY 

Workers with radioactive materials must observe certain precautions to avoid being 
burned by the emitted radiations. Tables 749, 751, 754, 755, taken from the National 
Bureau of Standards Handbook H 23 on Radium Protection, give some of the necessary 
precautions. These precautions are for radium; if some other radioactive product is being 
worked with, care must be taken to increase these precautions if the materials are more 
active than radium. See Table 732. 

The a-rays are much more easily stopped than the B- or y-rays. The most energetic 
a-rays are stopped by an ordinary sheet of paper or a sheet of aluminum .06 mm thick. 
The B-rays are stopped by a few millimeters of aluminum, while many of the y-rays will 
penetrate a block of lead a number of inches thick. 

Amount of Thickness Amount of Thickness 
radium of lead Distance radium of lead Distance 

milligrams cm cm milligrams cm cm 

NO Seat ane IS 28 Shee 70 1OQQOBARS: sarsce il >, on eer 570 
1 Wi kt See GO MR RRS ted terior 340 
PAR ECE OR 0) Ae = =——“i‘( tC ee IO 160 

LOOT Soars 2 Linke SaaS 185 SOOO. eaters A) eed. ER 550 
To) 8 Gea Sen 140 OF cere 160 
3 OFF tte oe 105 10; ... S22! 220 

TABLE 756.—CONSTANTS FOR CATHODE-RAY SPEEDS IN MATTER 

Cathode rays whose direction of motion is perpendicular to the direction of a uniform 
magnetic field (H) describe a circular path of radius (r) according to the formula cor- 
rected for relativity change of mass of electron. 

Hr = 1704 [g (1 — 6”)*7] 

where H is expressed in gauss and r in cm. 
When cathode rays impinge on matter they are deflected from their original direc- 

tion of motion. These deflections grade all the way from 180° “reflections” to the “diffu- 
sion” corresponding to deflections through very small angles. The large-angle deflections 
are ordinarily comparatively infrequent. However, when the substance struck by the 
cathode rays is crystalline, certain directions may be preferred by the deflections. Here 
the beam of cathode rays behaves as though it consisted of a train of waves of wavelength 
he = 0.02426/8, where Xe is in angstroms. The preferred directions for the “reflected” 
cathode-ray beams may be calculated from the Bragg formula (see Siegbahn’s “X-ray 
Spectroscopy”). The simple Bragg formula is quite limited in application | here, however, 
since refraction in the crystal is very appreciable for the cathode-ray beams. In general, 
the cathode rays which have been deflected by matter will have lost speed, but the rays 
which have undergone these “preferred” deflections remain of the same speed as the 
primary cathode beam. 
Cathode rays lose speed on penetrating matter. The losses of speed by individual 

cathode particles grade from complete stoppage to no loss of speed. The maiority of the 
cathode particles, however, lose speed according to the relation (Thomas-Whiddington- 
Bohr law) 

Bo* = p* = ax 

where fo is the initial speed, and B the speed after traversing a path length x in the mate- 
rial (x to be measured in cm along the actual curved path). and a is a constant roughly 
equal to 6.59 where p is the density of the material in g/cm*®. A convenient form for the 
expression is the following. Note that the two forms are not equivalent except at very 
low speeds (experiment has not yet decided between the two) : 

Vi—V?=be 

where lo and V are the initial and final “equivalent voltages’ (see above) of the cathode 
rays, in kv, and b is a constant roughly equal to 40 * 10‘p. A tabulation of experimental 
values of a and b for various materials follows: 

Material a b 

Beery lle”, -ceniiestey. «oc sale oboe Meets ciel etaceare ele oo mene eA aX 10° 
PAUOITLNEVENIAN SoBPe oe oes ck ed RR ee eee ee 17. lalye 
EGODMER Pe rte Pee te ee ARE ce out OR Ps adie 56 305 
‘ST LS (cj geet RNC ETE ee ee UMM SE BA tna 66. 420 
NONI roses ee terciste dela. wate Panui xeiatn ratte ASR ee ee 138. DOF “ 
Moistvains 761emble: 18° Civico be a ee 0062 44 X 10° 
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TABLE 757.—ENERGY IN CALORIES/HR DEVELOPED BY ONE GRAM OF 

RADIUM IN EQUILIBRIUM WITH ITS PRODUCTS * 

Energy radiation in Mev 

Material Radiation a B 

SShRaditimy22Onsepyecite oem Goce ay 17.3210" 
SOMA dONBZ2 Ory yeteacie ke loie nis sic a 19.80 
S4ePoloniumypZiSy. s2.e6--....- a 21.64 

(Radium A) 
S2albeadi Zila ees rishi hence. ari. BY xe 2351072 

(Radium B) 
Sse Basmithieel 4 ieee seer nes a(.04%)B- y pista 11.46 6.50 

(Radium C) 
S4SRolomiumyZ 14) ers sis ois.s,« 116-0 a 27.70 

(Radium C’) 
Sie hallinmeZlOmesee eo. [ ees 6.50 

(Radium C”) 
S2olkeadeeil Omer ease aisccsvacton.s B-Y¥ ait 09 Al/ 

(Radium D) 
is} Ievicnatdn AM) Saceeceouoeede B- BAR 4.22 

(Radium E) 
84ePolonitim) 21 Olas ee cee ay 19.53 Sey 2.78 

(Radium F) 

Radiation! totals) ami MieVvice.. ics «viene « ects AOS OL 24.62 107° 10.14 107° 
3.71 

%, 
.69X 10” 

Alphas rayseand Teco. 0.2 ei0:s.0:<.s.0,sjsieeleteteres 109.70 10” 

Total energy radiated (a, 8°, y in Mev) = 144.4610" = 199 cal/hr. 
The total heating effect developed by one gram of radium in equilibrium with its prod- 

ucts in 199 cal/hr. 

* For reference, see footnote 199, p. 618. 

TABLE 758.—CATHODE RAYS 

Owing to the growth of the subject, electrons are treated under three separate headings ; 
cathode rays, the swiftly moving electrons from the cathode in a discharge tube; beta rays, 
from radioactive breakdown; and the general field, electrons. The velocity of the cathode 
rays (electrons) depends upon the applied voltage. At comparatively low pressures the 
cathode rays have a nearly uniform velocity. Free electrons are emitted from hot bodies 
(Table 683-689), especially if the heated substance is coated with barium, calcium, or 
strontium oxide (Wehnelt cathode). These electrons can be given any desired speed, 
always less than that of light, if the heated substance (usually in the form of a wire) be 
enclosed in an evacuated tube and the difference of potential (V) applied between the wire 
(cathode) and another electrode (anode, anticathode, or target). The speed of the electron 
and also its kinetic energy is often designated by giving the applied voltage, i.e, a 10 kv 
electron has a speed of 10 kv, about .2 that of light, and an energy of 10,000 ev, or 
1.602 * 10° ergs. (See Table 713.) The speed (v) of the cathode rays, expressed as a 
fractional part (8) of the speed of light (8 =v/c, where c is the speed of light), when 
they have fallen through the entire potential difference, is given by the formula (which is 
corrected for the relativity change of mass) 

V = 510.8 [(1 — 6”)? —1] 

where V is in kilovolts. : 
A tabulation of the corresponding values of V (kilovolts) and 6 follows. 

8 V (kv) B V (kv) B V (kv) 

01 0255 .40 46.5 .90 661. 
02 1022 .90 79.0 942 1000. 
05 639 548 = 100. 195,, , LOSS! 
.10 2.574 .60 127.7 98 2045. 
.20 10.53 80 340.4 
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692 TABLES 759-784.—X-RAYS 

X-rays, which are short wavelength (.06 — 1020A) radiant energy, are, in 
general, generated whenever swiftly moving electrons are suddenly stopped by 
striking any material substance. The electrons may come from a cold cathode 
(gas-filled tube) and the current increased by ionization of the gas in the tube, 
or they may come from a hot cathode (Coolidge tube) in a tube of very low 
gas pressure. Soft and hard X-rays are terms applied to X-rays produced by 
low or high applied voltage respectively. 
Two types of X-rays are generated when the electrons hit the target—con- 

tinuous spectrum (over a limited wavelength) and the radiation that is charac- 
teristic of the material of which the anode is made. The continuous X-ray 
spectrum has a very definite short-wave limit that depends upon the voltage 
applied to the tube. Thus 

V oe = hyo = hc/Xo 

If V, is given in volts, this wavelength A, will be in angstroms if the other 
units are properly chosen. 

12395 

Vo 
The characteristic spectra are designated K, L, M, N, O, etc., where these 

letters refer to the various electron shells (Table 658). 
X-rays, like any type of radiant energy, have two characteristics ; intensity 

(i.e., the rate of energy transfer), and wavelength. These two quantities are 
connected thus: the energy E = hy = hc/d. 

This, of course, assumes monochromatic radiation or the energy for a nar- 
row wavelength interval, which is not always the case; all electrons do not hit 
the anode with the same energy nor do all materials react alike to electron 
bombardment. Some of the characteristics of X-rays and the reaction of 
X-rays to various materials are given in the following tables. 

Ay (in A) = 

TABLE 759.—X-RAY PRODUCTION * 

Quantity of X-rays emitted by a tungsten-target tube per kilowatt of energy in 
cathode-ray beam.** 

Roentgens (r) 
Power in total Effective per second at 

Operating X-rays from wavelength 1 meter from 
tential focal spot (unfiltered) target 

ilovolts watts angstrom units (unfiltered) 

50 2.5 56 162 
70 3.5 40 62 

100 BE 28 34 
200 10. 14 39 
500 25) 056 1.1 

1000 48. 028 2.1 
2000 95. 014 4.0 

236 Clark, George L., Applied X-rays, McGraw-Hill Book Company, Inc., 1940. Used by permission 
of the publishers. 

* Compiled by A. H. Compton. 

TABLE 760.—CRITICAL ABSORPTION WAVELENGTHS (A), K SERIES* 

LZ M gba cick 9.5112 35- Bie. e ut 9182 TEM cst 17807 
13 (AIUD... 38 7.9470 AOPZ ORS. 2 c.06 58 .6874 7A! 5 San 1581 
7. CLR... 2 4.3938 42 Mof¥}...... 2 61842 T9YAG, 222 see 1534 
Z24-Creee...... 38 2.0663 AT ABS oso 8 4852 82 aRDE... i224 1410 
ZO MEO ties nite 1.7405 53 TAS... s4 3738 92 WERE. tte? 1075 
(al Os ae 1.3780 56--Ba~ss-ceg ews 3308 

“ For reference, see footnote 236, above. 
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TABLE 761.—RELATIVE IONIZATION PRODUCED IN VARIOUS GASES BY 

HETEROGENEOUS X-RAYS * 

Density Ionization relative to air =1 
relative 

Gas or vapor toy ain— 1 Soft X-rays Hard X-rays 

Ply Geely Milan, Se o.<j211= Wo « sro eis a dws s eed .07 01 18 
Garbonidioxides GOs. 940.224. .5. e aoe 1253 1.57 1.49 
Ethyjigeblonide, (Cre Cloge. .)....< 65 os. sss ee 2.24 18.0 17.3 
Carbon tetrachloride, COV ct Meine eee 35 67 71 
Nickel carbonyl, Ni(CO). Prete th vee 5.90 89 97 
Ethyl tbromideyG:bsBrae ss .4.ch en ~- seek 3.78 72 118 
IMiethyjsBrodicdes (GEV a Tey tee cseiee 0 ocnevevoxensvera tote 4.96 145 125 
Mercury methyl He (GR3)2...----... 444k 7.93 425 axe 

* For refcrence, see footnote 236, p. 692. 

TABLE 762.—WAVELENGTHS OF FLUORESCENT RADIATION EXCITED 

BY X-RAYS * 

Position 
Region of maximum 

Material A A 

Ful rs Da ty aperceer spect eas ass: cS ews aR Fors oes Seba Stic eles es 3640-2400 2840 
alttoxs pateand simonespancsce sere sci oersie oe welsh aeeiare 3900-2310 2800 
Scheeliten(Galstunestate)in > sue.- oss cet sivas eee coo oe eee 4800-3750 4330 
TEENS SUNTAN” Hod Gaise! SOOM BOL, 0, SOME OREO CO IIOES Senne 5090-4120 4500 
KeMplatinGeyanide’ .200.'. koe s site ns k toeoe eee ee ke 4900-4120 4500 
Babplatinocyanide meena tate oer eee oe ee On ee ee ae 5090-4420 4800 
Ga@platinocyanidemestc. « rte. ac.c cobs ooo otek ste ae cake 5090-4550 4800 
WiINtalh Ghats aera eee ee ae ee ee ee 4400-3800 4100 
> SSENY HOS (ESSE. SAY RRO He IIa ere Goo e er 5090-3000 3750 

* For reference, see footnote 236, p. 692. 

TABLE 763.—THE ABSORPTION OF X-RAYS 

The absorption of X-rays by materials follows the same law as the absorption of 
radiant energy, i.e., 

if — To x< e' 

where J, is the initial intensity and / the intensity after a distance x, and uw the absorption 
coefficient. 4/p is the mass absorption (p density) of the material. u/p is really the sum of 
two coefficients—r/p the true or fluorescent X-ray mass-absorption coefficient—and a/p 
the mass-absorption due to scattering. For light elements o/p has a practically constant 
value of 0.17 independent of the wavelength for intermediate ranges. 

The following relations may be written 

n/p =7/p + o/p = K * + a/p 

The constants for this absorption equation for several materials follow: * 

Mo 42 Ag 47 Sn 50 W 74 Au 79 Pb 82 

Kx 375 545 595 1870 2230 2570 
Ki 50 70 90 330 395 476 
Kr/Kt 7.5 7.8 6.6 5.65 5.65 5.40 
7A (10) 13.3 11.0 8.90 3.19 2.57 2.37 

* For reference, see footnote 236, p. 692. 

TABLE 764.—APPROXIMATE LEAD THICKNESS REQUIRED TO REDUCE 

RADIATION DOSAGE RATE TO 5 PERCENT OF USEFUL BEAM™” 

FSIOVOL ES ec oe seen ss 50 75 100 150 200 250 400 500 1000 2000 
Lead thickness, mm..... 1 hem eS) 4 7 OS 73.0 it 32 50 

237 National Bureau of Standards Handbook 41, Medical X-ray protection up to two million volts. 
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TABLE 765.—MASS-ABSORPTION COEFFICIENTS FOR A NUMBER OF 

MATERIALS FOR DIFFERENT WAVELENGTHS * 

Waucleuets Cc Al Cu Sn 
.010 .061 .059 .056 054 

015 073 .070 .067 067 

020 081 078 076 082 

025 088 085 085 102 

030 097 .094 097 130 

040 108 .104 120 204 

050 117 aS 150 32 

064 130 .130 198 49 

072 136 143 232 614 

098 142 156 325 1.17 

130 152 .186 45 2.15 

175 163 .228 We 4.50 

200 175 .270 1.59 6.10 

280 188 .402 3.25 12.8 
417 256 1.18 11.4 45.5 
497 315 1.90 18.9 11.8 
631 474 373 372 23.0 
710 605 5.22 51.0 34.0 

* For reference, see footnote 236, p. 692. 

TABLE 766.—EXPONENTIAL FORMULAE FOR THE TOTAL MASS-ABSORP- 

TION VALUES, u/p, FOR SEVERAL ELEMENTS * 

Absorber d (A) u/p Absorber d (A) u/p 

PN vecyse cat@, Aen 4 OSX acta IMIG) doan all (we) 3I5 450x M+ 4 
Al... 407 (490% 2 lo Mn. kr 515 AO 
IB@ soso ol 1) oS 110 + 118 1 4 603 r3 7, 

Co. Lt 14XM+ 18 ee ne aaah 
lige (80) 5 >a Fi lett ols 

Cie tea 147 50 x8 5 Pb .... >AKan, 510K + .75 

* For reference, see footnote 236, p. 692. 

TABLE 766A.—X-RAY DOSAGE UNITS 

The international unit of quantity or dose of X-rays (and gamma-rays), one roentgen, 
r, is obtained from that X-ray (or gamma-ray) energy which, when the secondary electrons 
are fully utilized and secondary radiation from the walls of the chamber avoided, under 
standard conditions 0°C and 760 mmHg, produces in a cubic centimeter of atmospheric 
air such a degree of conductivity that thé quantity of electricity, measured at saturation, 
equals 1 esu. 

TABLE 767.—PROTECTIVE POWERS OF MATERIALS RELATIVE TO LEAD * 

A lead screen is very effective in protecting against X-rays. The data in the table show 
the thickness of lead is as effective as 1 mm of certain other materials that are in common 
use for protection against X-rays generated by a 100,000-volt Coolidge tube. 

eead@olassi 5. cnaahaeiede re -e .12 to .20 Woods: snc see eee .001 
Keaduntbber (1... sates .25 to .45 Barium sulfate plaster...... .05 to .13 
Bricks and concrete........ 01 Steeler. BOAO LT AL atk) 

* For reference, see footnote 236, p. 692. 
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TABLE 768.—THE MINIMUM THICKNESS OF LEAD RECOMMENDED FOR 

PROTECTION FOR VARIOUS INTENSITIES OF X-RAYS 

X-rays generated X-rays generated 
by peak voltage Minimum equivalent by peak voltage Minimum equivalent 
not in excess of thickness of lead not in excess of thickness of lead 

(kilovolts) : millimeters (kilovolts) : millimeters 

75 1.0 225 5.0 
100 ES 300 9.0 
125 2.0 400 15.0 
150 25 500 22.0 
175 3.0 600 34.0 
200 4.0 

The National Bureau of Standards Handbook 41 on X-ray protection gives as the per- 
missible dosage rate 0.3 r per week. On the basis of a 48-hour week of uniform exposure 
the permissible dosage rate is 0.00625 r per hr (6.25 mr per hr). 

This booklet also gives safety rules for operating X-ray equipment and the thickness of 
lead or concrete necessary for protection against X-ray tubes operated at various intensities. 

TABLE 769.—DISTANCE PROTECTION * 

Distance + for various applied voltages (kilovolts) 
Target 
current 50 75 100 150 200 250 400 500 1000 2000 

ma feet 

A005" abr 15 20 20 25 25 25 25 30 90 195 
105* eke scee 40 50 60 60 65 70 70 75 220 400 
2S eaaarRCR ICIS as 85 115 145 145 165 170 170 200 460 850 

DIS ae > a ah 120 185 235 245 270 285 295 340 690 es 
NOR | Se 160 250 330 350 390 420 ae ee aM 
DAS | RS Boers 195 300 390 420 480 510 

* For reference, see footnote 237, p. 693. 
+ These distances were computed by taking into account distance and air absorption. The air absorp- 

tion was determined by assuming the radiation was monochromatic and of double the minimum wavelength 
of the polychromatic radiation given off by the tube at the indicated potential. 

TABLE 770.—PRIMARY PROTECTIVE-BARRIER REQUIREMENTS FOR 10 
MILLIAMPERES AT THE PULSATING POTENTIALS * 

AND DISTANCES INDICATED t 

Lead thickness with peak Lead thickness with peak 
kilovolts of — kilovolts of— 

Target —————— SS Target 
distance 75 100 150 200 250 distance 75 100 150) = (200), 250 

ft mm ft mm 

RB sola) 1 BB GCE Gz aaa} 20i(@Gs lest) alae leZe 24a OOS 
Sn aeleS2tm) We gb BG> BS O46 50 (15.2 m) CO elol | ee ee een aes 
essay * tore” 3.0°".45°" 84 

* Direct-current potentials require the order of 10 percent greater thickness than those given here for 
pulsating potential. 

+ For reference, see footnote 237, p. 693. 

TABLE 771.—PRIMARY PROTECTIVE-BARRIER REQUIREMENTS FOR 

400-KILOVOLTS PEAK PULSATING POTENTIAL 
WITH REFLECTION TARGET * 

Lead thickness with target Lead thickness with target 
current of— current of— 

Target A Target 
distance 1 ma 3 ma 5 ma distance 1 ma 3 ma 5 ma 

mm ft mm 

Sy 1252!) 16.5 20 22, 20 ( 6.1 m) 9.5 m1e5 13.0 
10 ( 3.05 m) 12.5 15.5 17.0 50 (15.2 m) 55 8.0 9.0 

* For reference, see footnote 237, p. 693. 

SMITHSONIAN PHYSICAL TABLES 



696 
TABLE 772.—PRIMARY PROTECTIVE-BARRIER REQUIREMENTS FOR 

1000-KILOVOLT CONSTANT POTENTIAL WITH 
TRANSMISSION TARGET * 

Barrier thicknesses with target current of— 

1 ma 2 ma 3 ma 
Target 
distance Lead Concrete f Lead Concrete Lead Concrete 

ft mm in. mm in. mm in. 

5( 1.52 m) 123 30.5 131 3255 136 33.5 
10 ( 3.05 m) 107 27.0 115 28.5 120 29.5 
20 ( 6.1 m) 91 23.0 99 25.0 103 26.0 

100 (30.5 m) 53 15.0 61 18.0 17.0 66 

* For reference, see footnote 237, p. 693. 
t These concrete thicknesses are for a concrete density of 147 pounds per cubic foot. 

TABLE 773.—FILTERS FOR OBTAINING MONOCHROMATIC X-RAYS * 

Lowest 
approximate 
voltage for d for 

series Ka Thickness, 
Target kilovolts doublet Filter millimeters g/cm? 

Chromium 6 2.287 Vanadium .0084 .0048 
Iron 7 1.935 Manganese .0075 .0055 
Copper 9 1.539 Nickel .0085 .0076 
Molybdenum 20 710 Zirconium .037 024 
Silver 25 560 Palladium 03 .036 

* For reference, see footnote 236, p. 692. 

TABLE 774.—CRITICAL ABSORPTION WAVELENGTHS (A), L SERIES * 

Ly Ly Liy Ly Ly Lin 

Element (L131) (La) (Le) Element (Li) (La) (Loe) 

ATA ok 3.2474 3.5067 3.6908 iso) 212 ee 8921 .9321 1.0709 
SSUTp oot. -e's2 2.3839 2.5475 2.7139 SZSED tence .7806 8136 .9500 
So! Bate 222. 2.0620 2.1993 2.3568 Wr aS 5687 .5920 .7216 
TAENNG Acicocse% 1.0205 1.0713 1.2116 

* For reference, see footnote 236, p. 692. 

TABLE 775.—CRITICAL ABSORPTION WAVELENGTHS (A), M SERIES * 

Element M, M,, Mi My My Element M, My My My My 

Wi ree coe 4:83) 5145 6 OZ2eemoleS AN can Asis Aol SSIS. Shy77il 
Bi .... 3.100 3.342 3.889 4.574 4.763 U ..2. 2.228 2.385 2.873 3.326 3.491 

* For reference, see footnote 236, p. 692. 

TABLE 776.—CHARACTERISTIC EMISSION WAVELENGTHS (A). K SERIES * 

Element (Be) By Bo ay a2 

2a Gai nt exe 2.0667 (Bs) 2.0806 aneeeds 2.28503 2.28891 
7A ga RRS 1.74080(Bs) 1.753013 1.75646 1.932076 1.936012 
ASIN Sosouase 1.48561 1.49705 Scie 1.65450 1.65835 
ZAS el CX he aah ae 1.37824 1.38935 Syeiens 1.53739 1.54123 
42. MO ie ehevave Scot 619698 .630978 631543 707831 712105 
AS GR s Sey ee 53396 54449 54509 .61202 61637 
AN Gs Seer 486030 .496009 .49665 55828 .56267 
TAO ene oe: 17899 t¢ 18397 .18477 .20860 21341 
BPR re Pe. woe .15887 .16370 oes .18523 .19004 

* For reference, see footnote 236, p. 692. 
+ 6= 0.17803, 62 = 0.17917 (Duane, 1933). 
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TABLE 777.—WAVELENGTHS IN ANGSTROMS OF K-SERIES LINES REPRE- 

SENTING TRANSITIONS IN THE ORDINARY X-RAY ENERGY LEVEL 

DIAGRAM * ALLOWED BY THE SELECTION PRINCIPLES * 

Siegbahn K ay Ka KB K B, K Be 
mrinectel Ka’ Ka K Bs Kp Ky 

Sorumesied K-Ly K-Liy K-M,, K-Myy K-Ly Nyy 

4 Be 115.7 
5B 67.71 
6C 44.54 
7N 31.557 
8 O 23.567 
OF 18.275 

11 Na 11.885 11.594 
12 Mg 9.869 9.539 
13 Al 8.3205 7.965 
14 Si 7.11106 6.7545 
155P 6.1425 5.7921 
16S 5.3637 5.3613 5.0211 
Vi Gl 4.7212 4.7182 4.3942 
19 K 3.73707 3.73368 3.4468 
20 Ca 3.35495 3.35169 3.0834 
21 Sc 3.02840 3.02503 2.7739 
Zoey 2.74681 2.74317 2.5090 
23 V 2.50213 2.49835 2.2797 
24 Cr 2.28891 2.28503 2.0806 
25 Mn 2.10149 2.09751 1.90620 
26 Fe 1.936012 1.932076 1.753013 
27 Co 1.78919 1.78529 1.61744 
28 Ni 1.65835 1.65450 1.47905 1.48561 
29 Cu 1.541232 1.537395 1.38935 1.37824 
30 Zn 1.43603 1.43217 1.29255 1.28107 
31 Ga 1.34087 1.33715 1.20520 1.1938 
32 Ge 1.25521 1.25130 1.12671 1.11459 
33 As 1.17743 1.17344 1.05510 1.04281 
34 Se 1.10652 1.10248 99013 97791 
35 Br 1.04166 1.03759 .93087 91853 
36 Kr .9821 9781 8767 8643 
37 Rb .92776 92364 82749 .82696 81476 
38 Sr 87761 87345 78183 78130 76921 
39 Y .83132 .82712 73972 73919 72713 
40 Zr 78851 78430 70083 70028 68850 
41 Nb 74889 74465 .66496 66438 .65280 
42 Mo 712105 707831 631543 .630978 .619698 
43 Tc 675 672 .601 
44 Ru .64606 64174 57193 57131 56051 
45 Rh 61637 .61202 54509 54449 53396 
46 Pd 58863 58427 52009 .51947 .50918 
47 Ag 56267 55828 49665 49601 48603 
48 Cd 53832 53390 47471 .47408 46420 
49 In 51548 .51106 45423 45358 44408 
50 Sn .49402 48957 43495 43430 42499 
51 Sb 47387 46931 41623 .40710 
52 Te 45491 45037 39926 39037 
53a .43703 43249 .38292 38315 37471 

54 Xe 417 .360 
55 iGs 40411 39959 35436 35360 34516 

56 Ba 38899 38443 34089 34022 33222 

57 La 37466 37004 .32809 32726 31966 

58 Ce 36110 35647 31572 31501 30770 

59 Pr 34805 34340 30439 30360 29625 

60 Nd 33595 BSA 29351 .29275 28573 

62 Sm 31302 30833 27325 27250 26575 

63 Eu 30265 .29790 26386 .26307 25645 

* This criterion cannot be strictly applied to the K a line from 4 Be to 9 F, nor to the K ; line from 

11 Na to 29 Cu as reported in this table. : , 
28 Compton, A. H., and Allison, S. K., X-rays in theory and experiment, D. Van Nostrand Co., Inc., 

New York, 1935. Courtesy of the publishers. 

(continued) 
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TABLE 777.—WAVELENGTHS IN ANGSTROMS OF K-SERIES LINES REPRE- 

SENTING TRANSITIONS IN THE ORDINARY X-RAY ENERGY LEVEL 

DIAGRAM ALLOWED BY THE SELECTION PRINCIPLES 

(concluded) 

Siegbahn K ap K a KB K B, K Bp 
mmerf Ka’ Ka K Bs KB K 

Somnerae K-Ly K-Lyy K-My, K-Myy RL Nin 

64 Gd 29261 .28782 25471 25394 .24762 
65 Tb .28286 .27820 .24629 24551 .23912 
66 Dy 27375 .26903 23787 .23710 .23128 
67 Ho .26499 .26030 mats eee <a. 
68 Er 25664 .25197 .22300 22215 .21671 
69 Tm .24861 .24387 21558 .21487 ae 
70 Yb .24098 .23628 .20916 20834 .20322 
71 Lu 23358 .2282 .20252 20171 .19649 
72 Hf .22653 22173 .19583 19515 .19042 
7/3) Ave 21973 .21488 .18991 .18452 
74 W 21337 20856 18475 18397 .17906 
76 Os 20131 .19645 17361 .16875 
“Tih ‘We .19550 .19065 16850 .16376 
78 Pt .19004 .18223 .16370 .15887 
79 Au 18483 .17996 .15902 .15426 
Sleeel .17466 .16980 .15011 .14539 
82 Pb .17004 .16516 .14606 14125 
83 Bi 16525 .16041 .14205 13621 
92 U .13095 .12640 .11187 .10842 

TABLE 778.—WAVELENGTHS, TUNGSTEN L SERIES * 

v4 Lu — On 1.02647 Br Ln = Nas, 44 1.2208 

Yo Lu — Nas 1.0439 Bu, 12 eee. 1.2354 

Y3 Ex = Na 1.05965 Ba Le = Naz, 33 1.24191 

“v2 Duy — Na 1.06584 Bs Lu = Mx 1.26000 

Ye Lu — Oz 1.0720 Bx La — Mx 1.27917 

8 La— On 1.079 Be Ln — Nu 1.2871 

1 JERS = Na 1.09553 Ba Liu == Ma 1.29874 

Ys La— Nu 1.1292 Bu Lu — Mu 1.3344 

Bo a 1.2021 ” La Sines 1.4177 
Bs Lu — Mss 1.2034 a1 Le a M3 1.47348 

Bro ORO 1.2094 a2 Ln = M2 1.48452 

Bs Ln in, Oz2, 33 1.2125 l Tiss => Mas 1.67505 

* For reference, see footnote 236, p. 692. 

TABLE 779.—TYPICAL SAFE RATINGS OF DIAGNOSTIC X-RAY TUBES 

General Electric Company Benson-type X-ray tube Westinghouse Corporation WL-355 tube 

Effective Full wave Half wave Potifed Effective Full wave Half wave area 
focal area kv* ma Kver ma kv* ma focal area kv ma kv ma kv ma 

Stationary target: 1 second Stationary target: 1 second 
1.5 mm? 110) 20 110) 15 tescvis ate 1.5 mm? 2770 2025 1520 
Sb7/ 110 =60 O50 250 ee SD cs Za 4830 3410 2570 
RZ 90 150 100 100 78 100 2.6 6500 4730 3400 

1/60 second 3.0 7680 5915 4150 
5.2 72 500 sand eee CTO 4.2 11900 9650 6870 

104 350 1/60 second 
Rotating target: 1 second 42 25000 sist 

80 280 
1/60 second 

80 540 om 

* Peak kilovolts. 
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TABLE 780.—WAVELENGTHS OF THE MORE PROMINENT L-GROUP LINES 

IN ANGSTROMS * 

goeetae oa a a : M4 ommertre 

transition LipMyy LiyyMy LyMy Luy™, ae 

16S ene: Sey 83.75 
20 Ca 36.27 7s 40.90 
21 Sec aL sy7/ AEX 35.71 
22a 27:37, te 31233 
23 V 24.31 ips 27.70 
24 Cr 21.53 21.19 23.84 23.28 
25 Mn 19.40 19.04 22.34 
26 Fe 17.57 17.23 20.09 19.76 
21.Co 15.93 15.63 18.25 17.86 
28 Ni 14.53 14.25 16.66 16.28 
29 Cu 13.306 13.027 15.26 14.87 
30 Zn 12.229 11.960 13.97 13.61 
31 Ga E27 11.01 12.89 12.56 
32 Ge 10.415 10.153 11.922 11.587 
33 As 9.652 9.395 11.048 10.711 
34 Se 8.972 8.718 10.272 9.939 
35 Br 8.358 8.109 9.564 9.235 
37 Rb 7.3027 ae 
38 Sr 6.8486 6.610 7.822 7.506 
39 Y 6.4357 6.2039 7.0310 

Be 71 

Lin Ny Ly N IV 

40 Zr 6.057 5.8236 5.5742 5.3738 
41 Nb 5.718 5.7120 5.4803 5.2260 5.0248 
42 Mo 5.401 5.3950 5.1665 4.9100 batts 
44 Ru 4.8437 4.8357 4.6110 4.3619 4.1728 
45 Rh 4.5956 4.5878 4.3640 4.1221 3.9357 
46 Pd 4.3666 4.3585 4.1373 3.9007 3.7164 
47 Ag 4.1538 4.1456 3.9266 3.6938 3.5149 

48 Cd 3.9544 3.9478 3.7301 3.5064 3.3280 
49 In 3.7724 3.7637 3.5478 3.3312 3.1553 
50 Sn 3.60151 3.59257 3.3779 3.16861 2.99494 
51 Sb 3.4408 3.4318 3.2184 3.0166 2.8451 
52 Te 3.2910 3.2820 3.0700 2.8761 2.7065 
53 I 3.1509 3.1417 2.9309 2.7461 2.5775 
55 Cs 2.8956 2.8861 2.6778 2.5064 2.3425 
56 Ba 2.7790 2.7696 2.5622 2.3993 2.2366 
SY/ ALE 2.6689 2.6597 2.4533 2.2980 2.1372 
58 Ce 2.5651 2.5560 2.3510 2.2041 2.0443 
59 Pr 2.4676 2.4577 2.2539 2.1148 1.9568 
60 Nd 2.3756 2.3653 2.1622 2.0314 1.8738 
62 Sm 2.2057 2.1950 1.9936 1.8781 12728 
63 Eu 2.1273 2.1163 1.9163 1.8082 1.6543 
64 Gd 2.0526 2.0419 1.8425 1.7419 1.5886 
65 Tb 1.9823 1.9715 1.7727 1.6790 1.5266 
66 Dy 1.9156 1.9046 1.7066 1.6198 1.4697 
67 Ho 1.8521 1.8410 1.6435 1.5637 1.4142 
68 Er 1.79202 1.78068 1.58409 1.51094 1.3611 
69 Tm 1.7339 1.7228 1.5268 1.4602 1.3127 
70 Yb 1.67942 1.66844 1.4725 1.41261 1.26512 
7A) Ne 1.6270 1.61617 1.42067 1.36731 1.21974 

72 Hf 1.57704 1.56607 1.3711 1.3235 1.1765 
73 Ta 1.52978 1.51885 1.32423 1.28190 1.13558 
74 W 1.48438 1.47336 1.27917 1.24203 1.09630 
75 Re 1.4410 1.42997 1.23603 1.2041 1.0587 
76 Os 1.39866 1.38859 1.19490 1.16884 1.02296 
Hi) MWe 1.3598 1.34847 1.15540 1.13297 .98876 
78 Pt 1.32155 1.31033 1.11758 1.09974 .95599 
79 Au 1.28502 1.27377 1.08128 1.06801 .92461 

* For reference, see footnote 238, p. 697. 

(continucd) 
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TABLE 780.—WAVELENGTHS OF THE MORE PROMINENT L-GROUP LINES 

IN ANGSTROMS (concluded) 

onceneee =i) a 3 oe v1 

transition LurMyy LyyMy LyyMy LiyNy LiyMyy 

80 Hg 1.24951 1.23863 1.04652 1.03770 8946 
ro) a 1.21626 1.20493 1.01299 1.00822 .86571 
82 Pb 1.18408 1.17258 .98083 .98083 .83801 
83 Bi 1.15301 1.14150 95002 95324 81143 
90 Th .96585 95405 76356 79192 .65176 
91 Pa 9427 .9309 7407 7721 6325 
92 U .92062 .90874 71851 .75307 61359 

TABLE 781.—WAVELENGTHS OF M-SERIES LINES IN ANGSTROMS FROM 
73 Ta TO 92 U* 

Transition 73 Ta 74 W 75 Re 76 Os 77 Ir 78 Pt 79 Au 81 Tl 82 Pb 83 Bi 90 Th 92 U 

MuOw eee Secs ie MI Sac iclg | 15 cn i OMSL 
MiNi ‘ein BOBLOS comeie... 4451 4.291'.4:005 3:864- 3.732 62.988" 2.745 
MuNw 5.558 5.342 4.944 4.770 4.590 4.424 4.110 3.964 3.829 3.006 2.813 
MinOv 1 ize be Sota .... 4859 4.682 4.514 4.207 4.063 3.926 3.124 2.941 
Min01 5.620 Boks aes ste oda 4235) 4.096 ae veer oolls 

MuNi1 Hit os asics oo eebee 235322 
y cea ERRORS boc. REPO eee B00. 41050" 4.506 eae 35465 

MinNv 6.299 6.076 5.875 5.670 5.490 5.309 5.135 4.815 4.665 4.522 3.672 3.473 

MinNi 6.340 6.121 5.919 5.712 5.529 5.346 5.175 4.855 4.705 4.560 3.710 3.514 
MyOn TORS = O70CR Te ec wees. bees teas seas ASS 7a B0sga e720 
Bp’ 6.984 6.718 .... 6.233 6.009 5.796 5.595 5.220 5.045 4.881 3.924 3.698 
MwNv1 7.008 6.743 6.491 6.254 6.025 5.8168 5.612 5.239 5.065 4.899 3.934 3.708 
MvOm oe cee ie. wy rte 0: O/ ORE SILOS 
a” 7.201 6.932 .. 6.440 6.215 5.997 5.794 5.416 5.239 
a’ 7.219 6948 .... 6.459 6.231 6.011 5.811 5.433 5.256 5.087 4.112 3.886 
MyNyu 7.237 6.969 6.715 6.477 6.249 6.034 5.828 5.450 5.274 5.108 4.130 3.902 
MvNvx Pe ae 262 61045 eSS42> (S461) E5288) SiO Rass es: SiG 
MinN1 75968 7h3400 eee 6.653 6.442 6.241 5.870 5.694 5.526 4.554 4.322 
MyNin bog = R559) 28.222 0 FES 7:629 7.356 7.086 ..-. 86371 ~6:149 P4O0T 4.615 
MyNin 9.297 8.943 8.612 8.293 8.002 7.722 7.451 6.960 6.726 6.508 5.229 4.937 
MwyNu 9.311 8.977 8.646 8.344 8.048 7.774 7.507 7.017 6.788 6.571 5.329 5.040 

* E. Lindberg, Dissertation, Uppsala (1931). In addition to the values listed here, measurements have been 
made in the range from Ce 58 to 72 Hf. The wavelengths may be found in the dissertation, or in Siegbahn, 
Spektroskopie der Réntgenstrahlen (1931). For reference, see footnote 238, p. 697 

TABLE 782.—X-RAY TERMS FOR VARIOUS ELEMENTS * 

v/R values; v in cm™, R = 109,737 cm™* 

Term 13 Al 20 Ca 29 Cu 42 Mo 47 Ag 74 W 92 U 

K 10.71 297.4 661.6 1473.4 1880.9 5120.7 8474 
Ihe A oc SEK 81.0 211.3 282.7 890.8 1602.6 
Lu 2.30 25.8 70.3 193.7 260.9 849.9 1542.7 
Lin 2.30 25.5 68.9 186.0 248.6 751.3 1264.2 
My con mete 8.9 37.5 54.4 207.3 408.5 
Mu 63 1.9 B/ 30.5 46.7 189.3 381.5 
Min 63 1.9 Be7/ 29.2 44.4 167.5 316.8 
Mwy Soe 4 4 17.3 29.2 13725 274.2 
My 4 4 17.1 28.8 132.9 261.2 
Nx nate a 5.1 8.7 43.3 106.0 
Nu aya 2.9 6.5 36.0 93.5 
Niu F 2.9 6.5 31.0 76.6 
Nw Sas Wl 18.7 57D 
Ny 4 2.0 17.6 54.3 
Nyx Bon avert [2x93 28.5 
Nyu Ae 2.0 27.6 
Or 5.4 2307 
On 2.9 18.3 
Om 2.9 13.9 
OwOy paren 7.0 
PuPuyr 8 

* For reference, see footnote 238, p. 697. 
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706 TABLES 785-793.—FISSION 

Artificial disintegration is generally considered in two parts: the first when 
the bombarded atom suffers a change not greater than the loss (or gain) of an 
alpha particle, and the second when the change in the bombarded atom is much 
greater—the bombarded atom being at times split into two nearly equal parts. 
This latter is called fission ; the former, artificial disintegration. Fission was at 
first brought about by bombardment with neutrons but it can be caused by 
bombardment by almost any particle with the proper energy (see Table 726). 
This effect can be produced in a number of isotopes of the heavier atoms such 
as Np, U, Pa, Th, Pb, Sn, Eu, and Ni. Some other atoms such as Bi, Rb, TI, 
Hg, Au, Pt, W, and many others show no fission; at least if such an effect 
exists it is less than 1/1000 that of Th. There are a great many products of 
fission as shown by a paper by scientists of the Plutonium Project.74° One 
example of fission is 

alee at. oft! —> 4oZr?" ate eee « ok ot as on 

There is a considerable release of energy when fission takes place. Complete 
data are not available but such as are available give values of about 200 Mev 
per fission per atom of the heavier elements. (See Table 790.) It is also to 
be noted that there are two neutrons given as a result of the above reaction ; 
thus, it is self-sustaining. 

© Journ. Amer. Chem. Soc., vol. 68, p. 2411, 1946. 

TABLE 785.—FISSION DATA * 

Target substance 225 a3Pu29 90 1 h282 92U 238 o Pa?3t 92283 

Compound inuclews Reser. 2 Se ee o2 78 eft PT ecole) dose sibs: | eerWery 
Threshold energy for fast neutron fis- 

Storettn (Mle vene se icra voieceiietnevae 0 0 POSE ee sl oe, 0 
Energy released per fission, in Mev... 200 
Energy of fission neutrons, in Mev... <3.5 

(Ave™ 1) 
Average number of neutrons released 

PO, MISSLOM awash cere oniate prele concrens (ag) Estimated to be same as for »2U*™ 
(2 to 3.5) 

Average number of neutrons released 
per thermal neutron absorbed, 7.... 1.4 

* For reference, see footnote 226, p. 667. 

TABLE 786.—FISSION THRESHOLDS * 

vg =I & 
aC Ss 2 z 2 Ss E 
a8 Threshold ener ys oe a8 Threshold en gf oe 
Bs for rt eI % ae ES a for Mages =I 4 eS 
5 5 exciting fission 5 3 ra iS S cs exciting fission oS s ra = 

slh*®?  5.40+.22 Mev y collie 28 5.08+.15 Mev Y o2*8 
solh= 1.10.05 n Rid Ni ote PAU Kd) See n o2U* 
01 Par ~1 n mleeie os N p** <0 slow n oNp™ 

91 Pa <6 9 p ania oN p*? <6 9 p ALU 

91 Pas ~8s d axl oe os Np”? ~8 UE 

2 HM B= 27/ OY ra wet ole 27 Y Pus 
n> 531225 OY AUR Pus <0 slown «Pu 
AU <0 slow n ne” 

* Revised by J. L. Rhodes, University of Pennsylvania. For reference, see footnote 226, p. 667. 
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TABLE 787.—ESTIMATED VALUES OF THE NEUTRON BINDING ENERGY 

OF THE DIVIDING NUCLEUS * 

Compound _ Neutron Compound Neutron 
nucleus binding energy nucleus binding energy 

sine 6.2 Mev online 5.2 Mev 
soghies eZ SUF= 6.1 
mibass 6.4 AAU 5.1 

aPa 34 oN p*” ~6.3 
o2 J? 6.5 ox N p**° ~5.3 
oUF 5.4 «Pu ~5.4 

oJ 6.4 Pu? ~6.4 

* For reference, see footnote 226, p. 667. 

TABLE 788.—THE CRITICAL ENERGY FOR FISSION * 

The experimental values of the critical energy for fission of a number of isotopes have 
been determined by Koch, McElhinney, and Gasteiger “* who give the following photo- 
‘fission threshold energies. (The work of Shoupp and Hill on the fast neutron fission 
energies for Th?” and U** was used for the values given for Th™ and U**.) 

Compound Compound Compound 
nucleus Ec nucleus Ec nucleus Ec 

hte. o40==22) Mev MUP? 56, SSIEEA5 Wigg PUR) BSeGul Mev 
podllies 5 6.3 AU siete OSH =s15 “neue 5 Splss27/ 

o2 78 Ba Ga= 27, 

* Prepared by J. L. Rhodes, University of Pennsylvania. 
241 Phys. Rev., vol. 77, p. 329, 1950. 
242 Phys. Rev., vol. 75, p. 785, 1949. 

TABLE 789.—HALF-LIVES FOR SPONTANEOUS FISSION #8 

These half-lives are calculated on the basis of a half-life of 10 years for U** 

Element Element 
Z A Half-life Z A Half-life 

lle” Pee: 10“ years MIPS Soook 8.010" years 
st Oper dees ors «xs 1.410" IPE Saooe eS>clOe 
os NID eee TA S< NO mere oc. es Oy<105 
Pel ett tame ed ih 6.8 10"° osAm*** 6.610" 
Rue ae The Me osAm*™* 1.410" 

243 Turner, Rev. Mod. Phys., vol. 17, p. 292, 1945. 

TABLE 790.—THE ENERGY RELEASED BY FISSION ON DIVISION OF SOME 

ATOMS INTO EQUAL PARTS * 

Energy released 
Energy released in subsequent 

Original Two products on division beta decay 

SANS aie Bt: ——||'1| Mev iz Mev 

ets) | 2Min®® °° 10 12 
esr” use 94 13 
sxPb™ BN Dsoeutoee 120 32 
o2U*” wPd™ a 200 31 

* For reference, see footnote 226, p. 667. 
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708 TABLE 791.—FISSION PRODUCTS OF LONG HALF-LIFE * 

Er oS 12 Be ied e 
5 ae ee i ; eed Peg 
2 ES ES we te ES ES woe 
pe) o fo oat cB) ce 

36 a> wlware a2 s ie ci ae ke Be ge og gh gb gs BF og gb go fs 
AG 9.4 yr 74 none 24 ES Daan 93 hr 1.2 iD, mene 

atrRb™ 19 d 1.82 1.08 00016 sle 90 d Ars Sate .033 
33ST 55d ILS) none 46 sle™ 32 d Ie eae 19 
339F 25 yr 65 none ~5 sle 77 br 28 22 3.6 
yee 62 hr 2.35 none pales 8d 687 37 2.8 
soe 61d 1.6 none 5.9 sues Segue eso (085° 56 
rhe 65 d 1.0 2 6.4 css. 13 d 28 1.2 .008 
aNb® 35 d ALS Lid) ae ssCs'” 37 yr 8 75 ~6 
aNb® O0Dhraeelede acts aoe “eee 12.8d 1.05 53 6.1 
a2Mo” 67 hr 1.5 WES: 6.2 rf CES 30 d 6 2. BE 

ag ket 41 d .67 55 $}7/ sess 275 d 35 none 5.3) 

aRu® 1.0 yr ~.03 none 2 calicae 13.8 d 1.0 none 6 
awAg™ Tey Gl dk) none 018 Niall ijl al 90 58 2.6 
aCd'® 43 d / .0008 a Pm" Se) sie PS) saoyae 2.6 
asCd™> 43 d 7 a5 .0008 osu 2 yr 2 084 03 
soon’ 130 d 1.8} 39 apr eu 154d 24 2.0 013 
3 Sb Bd S88. acl 6 .02 

* Revised by J. L. Rhodes, University of Pennsylvania. For reference, see footnote 226, p. 667. 

TABLE 792.—CROSS SECTIONS OF FISSIONABLE NUCLEI FOR NEUTRONS 

(IN UNITS OF 10-** cm?) * 

Cross section for energy ranges 
Target 

substance Process Thermal Resonance Fast + 

SAU fission 420+100 30 2.4 
scattering 17 17 6 

os 7? fission 0 0 a5 
scattering 17 17 6 
absorption 3 5000 + 0 

(resonance) 
Ordinary uranium fission 3 (ave) 2 (ave) =) 

scattering 17 17 6 
absorption 3 5000 ¢ 0 

bis (resonance) 

at ee Lassumed same as for »U™ 

s0 | h?2? fission 0 0 sl 
scattering 17 17 6 
absorption 8.3 ye Pte 

lebins fission 0 0 3 
scattering 17 17 6 

so 1h? fission 0 0 Ss) 
scattering 17 17 6 

* For reference, see footnote 226, p. 667. 
t+ Most of the scattering of fast neutrons is inelastic scattering, resulting in large energy losses (as 

much as 90 percent). } The resonance peak for U238 occurs at approximately 5 ev and is taken to 
have an effective width of 0.16. 
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TABLE 793.—CROSS SECTIONS OF SOME FISSION PRODUCTS FOR 

THERMAL NEUTRONS * 

Isotope (in units of 10-12 cm?) 
“Average nucleus” — 
A e ive 

Atomic Absorption Total Mass Absorption aera 
number Element da ct number Ca abundance 

35 Br 7] 9.5 79 12 50.6 
81 2.25 49.4 

36 Kr all 27 78 27 34 
84 16 57.0 
86 .061 17.4 

37 Rb i 12 85 724 72.8 
87 2135 i 

38 Sr 1.5 11 86 1S) 9.8 
88 005 82.56 

39 We al foe 89 1.1 100 

40 Ly 4 15 90 a2 Ble 
91 1.54 EZ 
92 i, IZal 
94 HS) 17.4 
96 1.07 2.8 

41 Nb 1.0 6.9 93 1.0 100 

42 Mo 3.9 7.9 95 13 1527 
97 23 9.5 
98 27, 24.1 

100 48) 9.25 

51 Sb 4.7 9 121 6.8 56 
123 25 44 

52 Te 5 10 126 88 18.7 
128 L 31.86 
130 eze 34.52 

53 I 6.1 9.4 127 6.1 100 

54 Xe 35 132 22 26.9 
136 15 8.9 

56 Ba P25 9.25 138 56 71.66 

57 ia 9 25 139 9 99.9 

62 Sm 8000 store 149 53,000 535 

63 Eu 2500 4500 151 5200 49.1 
153 240 50.9 

64 Gd 38,000 sets 155 50,000 14.8 
157 180,000 IS 7/ 

* Revised by J. L. Rhodes, University of Pennsylvania. For reference, see footnote 226, p. 667. 
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710 TABLES 794-801.—COSMIC RAYS **4 

Cosmic rays are an ionizing radiation that has been discovered in the atmos- 
phere of the earth. As generally discussed these rays are divided into primary 
and secondary cosmic rays, the primary rays being the high-energy particles 
that fall upon the outer atmosphere of the earth. In general, the intensity of 
cosmic radiation is given as the number of rays per cm? per second. The in- 
tensity (i.e., number of particles per cm?) increases for about the first one- 
tenth of the atmosphere where it is about 5 times the initial intensity and from 
there down to sea level the intensity decreases. These primary rays appear to 
come from all directions from outer space and to consist almost entirely, if 
not altogether, of particles charged positively **° (i.e., protons, alpha-particles, 
and probably other nuclei). Several theories have been advanced for the origin 
of this primary radiation: (1) Annihilation of matter; (2) speeding up of 
stripped atoms in outer space either by electrical fields or by changing magnetic 
fields; (3) from some activity in stars in distant space; or even (4) that it is 
radiation remaining from the original explosion some 10°—10'° years ago 
when the present known universe was started. These assumptions are based 
upon the theory that this radiation comes from the cosmos or outer space. 
Some **° present arguments for the sun as the source of the cosmic rays and 
argue that the magnetic field of the sun traps at least a part of the radiation 
from the sun, which give the results as now found on the earth. There are 
seemingly very great difficulties to explain away in establishing any one of 
these theories. 

Owing to the effect of the earth’s magnetic field there is less of this energy 
that reaches even the outer atmosphere at or near the magnetic equator than in 
higher latitudes, the lower-energy particles being screened off by the strong 
magnetic fields of the earth near the magnetic equator. The energy of the 
cosmic-ray particles that strike the upper atmosphere extends from about 10° 
to 101? ev, or even higher, with a maximum number for about 6x 10° ev. The 
average energy of all particles entering the atmosphere at the equator is about 
3x 10'° ev and for geomagnetic latitudes above about 40 the average is about 
6x 1UMev. 

In Tables 794 and 797 are given some data on the primary radiation reaching 
the outer atmosphere for different geomagnetic latitudes. 

** Rev. Mod. Phys., vol. 21, p. 1, 1949; Stranathan, The “particle” of modern physics, 
D. Blakiston Co.; Montgomery, D. ie Xe; Cosmic ray physics, Princeton University Press; 
Johnson, T. R., Rev. Mod. Phys., vol. 10, p. 193, 1938; Swann, W. F. G., Reports on prog- 
ress in physics, vol. 10, p. 1, 1946, 

**® Korff, Physics Today, vol. 3, p. 9, 1950. 
*° Teller, Edward, Physics Today, vol. 2, p. 6, 1949. 

TABLE 794.—PROBABLE CHARACTERISTICS OF COSMIC RAYS FALLING 

UPON THE TOP OF THE ATMOSPHERE AT VARIOUS 

MAGNETIC LATITUDES 

All energies are given in electron volts. 

Geomagnetic latitude 
S| 

3h Sie Sze 

Energy falling per sec on each cm’ of the atmosphere... 110° 1.7 10° 3:2) <108 
Total number of ions formed per sec below each cm? 

of the upper surface of the atmosphere............. 310" 5.4 10" 7.4 X10" 
Low energy limit of oncoming particles imposed by the 

eCanthis mapnetic heldy eee te eeetee eee eenoeene 15 10° 8x 10° 2x 10° 
Average energy per particle striking the atmosphere.. 310" L610" .88X< 10"° 
Probable number of particles striking each cm? of outer 

surface of the atmosphere per min................. 1.9 6.5 21.8 
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TABLE 795.—SECONDARY COSMIC RAYS 7M 

The secondary cosmic rays, which are due to the ionization and other actions of the high- 
energy particles of the primary cosmic rays, have been studied by various methods for 
various positions with respect to the geomagnetic latitude on the earth's surface and for 
different elevations up to such heights that only about 0.5 percent of the atmosphere, by 
weight, is above the measuring instrument. The secondary rays consist of all sorts of 
particles such as electrons, both positive and negative; protons, and other heavy particles ; 
meson neutrons, traveling with various speeds, and radiant energy of very short wave- 
ength. 

At the surface of the earth (sea level) the cosmic rays are of such intensity that they 
produce 1.63 ion pair cm™ sec”. The intensity is about constant, within a very few per- 
cent, for geomagnetic latitudes higher than above 40 and from this point to the equator 
the intensity drop-off is about 9 percent. 

The ionization increases with altitude up to about 16,000 m for geomagnetic latitudes 
>40, where it is about 150-200 times as large as at sea level. Above this altitude the in- 
tensity of ionization drops off until, at an elevation where the amount of the atmosphere 
above the measuring instrument :s only about 0.5 percent (35,300 m), the intensity is about 
0.2 percent of that at the maximum, or about the same as that observed at 0.4 atmosphere 
above the earth. The variation with altitude is much less at the geomagnetic equator. 

Cosmic rays react with the atoms of the atmosphere and produce a variety of effects; 
the production of a simple ion pair, the production of neutrons and electrons, the produc- 
tion of mesons, the production of extensive showers, where the released energy is so great 
that the cosmic ray must be only the cause of some explosion or some artificial disintegra- 
tion. Mesons are particles that may have a unit positive or negative charge or they may be 
neutral as to charge. The mass of the meson is about 200 times that of an electron; it is 
very penetrating and is radioactive, with a life of about 2X10 sec. Some evidence exists 
for mesons with a mass of about 1000 me. 

Thus, there are formed bursts, an extensive production of ionization, and stars when a 
group of particles have a common origin as shown by cloud-chamber pictures. Stars are 
probably so named because these pictures show a number of tracks that have a common 
origin. These tracks vary from 2 to 10 with an average of about 4. The number of stars 
increases with the elevation above sea level. At an elevation of about 4,500 m the average 
energy ionization star particle was about 12 Mev. 

Cosmic-ray showers, extensive ionizations of exceedingly complex reactions taking 
place in the atmosphere, extend over distances up to several hundred meters. These 
showers contain millions of particles and represent a total of about 10” ev. 

These secondary rays may be roughly divided into a hard and a soft component. The 
separation is generally made by filtering out the soft component with about 10 to 12 cm 
of lead. The hard component consists of mesons, a small number of protons, possibly some 
fast-moving electrons, and short-wavelength photons. The soft component consists of 
electrons, photons, and some slow-moving mesons, protons, and neutrons. The number of 
rays of the hard component does not reach a maximum with height but seems to increase 
to as great a height as measurements have been made, i.e., up to a height where the pres- 
sure is above 0.8 mmHg, where it is about 15 times as intense as at sea level. The soft 
component increases in intensity down from the top of the atmosphere to a pressure of 
75 mmHg, then decreases to sea level, where the intensity is about 1 percent of that at its 
maximum. At its maximum intensity the soft component is about 5 times that of the hard 
component, in the vertical direction. At the earth’s surface this hard component makes up 
about 75 percent of the cosmic radiation and a much smaller part at high altitudes. This 
hard component is very penetrating, since it will pass through many meters of water or 
lead. Cosmic rays have been detected in a mine at a depth of 384 meters, and by tipping 
the apparatus, the thickness through which the cosmic rays passed was equivalent to 1,408 
meters of water (about 124 meters of lead!). Another observer detected this radiation in 
a coal mine at a depth of 610 meters, which is equivalent to 1,600 meters of water! In this 
case, the intensity measured at the depth corresponding to 1,600 meters of water was only 
about 1/20000 of that at the surface! These highly penetrating rays are thought to be 
mesons, produced by the primary cosmic rays. 

TABLE 796.—MEAN IONIZATION ENERGY OF 7-RAY NECESSARY TO 

PRODUCE AN ION PAIR * 

(See Table 799.) 

Gas ev Gas ev Gas ev 

eames ORG, 5 33.0 ING scree oes 35.0 ING arin: 27.4 
Herre: 27.8 OeN koa 323. . ¢ —., OA, saeteinenne 25.4 

* For reference, see footnote 203, p. 624. 
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TABLE 797.—THE CRITICAL ENERGY * AND THE TOTAL ENERGY OF 

COSMIC RAYS ENTERING THE ATMOSPHERE AT FOUR LOCATIONS 

7 ( 
12] 12] 

2 = 2 2 = % 
a) 2 yea a7) : Qa 
eo 3 -£ So 3 “6 eo gn g5 gent ape gs 
Seid Va ee quel aioe So lr a eeunee ee 

. o3 tm & o&§ : oS t& & os& 
Location Om ie a & oF Location OF ie) a r= ch 

Saskatoon! :<2.- 60° 1.4 2.36 San Antonio ... 38° 6.7 1.81 
Oya, scococac Sle 2.9 225 Madame ete Se 17.0 94 

* The energy of a cosmic ray which enables it to enter the earth’s atmosphere. 

TABLE 798.—ESTIMATED COSMIC RAY INTENSITIES AT 50° GEOMAGNETIC 

LATITUDE 

In this table are given some data on cosmic rays for various altitudes for geomagnetic lati- 
tudes of 50° 

Total intensity Hard component Soft component 

Omni- Lati- Omni- Lati- Omni- Lati- 
direc- ; tude direc- tude direc- : tude 

; tional Vertical effect tional Vertical effect tional Vertical effect 
Altitude : : , : : , 

narticle particle per- particle _ particle per- particle _ particle per- 

meters atm seccm? seccm?w _ cent seccm2 seccm*?w _ cent seccm? sec cm? w cent 

Oey 01000 .020 015 10 013 .009 10 .007 .006 10 
2,000 784 .035 025 15 .018 012 15 017 013 15 
4,500 570 .10 07 25 03 .020 25 07 05 25 

10,000 .261 ii 43 45 .10 05 30 6 25 30 
16,100 .100 5 =) 75 225 .08 ? 1.25 42 80 
30,000 0115 5) 215 85 4 as ? .06 02 ? 

ae 0 3 | 90 ? ? ? ? ? ? 

w = solid angle. 

TABLE 799.—SOME COSMIC-RAY DATA 

Total number of rays at top of the atmosphere.......... 8x10" sec 
Total energy carried to earth per second (outer atmos- 
PRET) oa esate ape sierchon ee er a eas ccc as crates eda 9x10" Bev/sec, 1.4 10° watts 

If all particles are positively charged this stream gives 
axcunrentyOl fine. rated. Melee Fas Cate oe Fae anekse ie ochatos .13 amp 

Average number of rays t at top of atmosphere.......... .16 cm” sec* 
Average energy of all incident particles, latitude >40.... 7 Bev 
Average energy of all incident particles, all areas, about.. 11 Bev 
Cosmic energy reaching earth’s outer atmosphere, high 

latitude 4sfacniés. eran. atrasy= met ae ee He ee te ee 3.8107 erg cm”? sec” 
Average energy of the cosmic rays entering the atmos- 

phere. 1S: abouts s.cacdcec te Oe ne te eee 7X 10° ev 
Theaspectrumvextends from) abouty.<lntec eeerersvnansisicne auton 110° to 10 ev and probably higher 
The energy required for the ionization found in a column 

1 cm* in cross section extending to top of atmosphere 
at 60) N geomagnetic latitude. 9.34.8. shen. 444. ol 3.8107 erg cm™ sec 

Thus in this column there are formed about............. 7.410" ion pairs 
Ahisymeans abotit...cso. cl ee ee tee TE en eee. 90 ion pair, cm™ sec 
Total number of rays at sea level from all directions..... 1:2 ray mins, emp 
Cosmic. ray at Sea level produces't: 5. ena on Seas 1.63 ion pair, cm™ sec* 
Total cosmic energy reaching earth per second at sea level. 40 joules 
Radiant energy flux reaching earth from all stars....... 3.0210 erg cm™® sec* 

* If there were no compensating effects the potential of the earth would increase about 180) /sec. t The 
number varies with the geomagnetic latitude, being about 0.33 particles cm-? sec-4 at high latitudes (>40°) 
and about 0.032 particles cm-? sec! at the equator. This data is based upon an energy of 32 ev necessary to 
produce one ion pair. t Thus the average ray entering the cm at sea level has an energy of about 108 ev. 
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TABLE 800.—RADIATION AT EARTH’S SURFACE, MASS AND RADIATION 

DENSITY IN OUR GALAXY, AND IN THE UNIVERSE 

Our galaxy: 
Motalenumbersotustarshc ne ser eee eee 30 10° 
PAVEIAPesmIASSEOL StabS4..cialune- boo he oh oi hele Dae ck ae 2X10" ¢g 
Moral. masssotogalaxy sch lo. Cee sss oie ke aes. Ree 3.2710“ g 
Motalevolumeseyy.: cscs Seils oc ee eae hiv ns nies ee os BEE 10 *cm= 
Wiameteran(GiSks) ie eRe 8S Ph Bois oie cic hel eka oe eee 5x10” cm 
FAVELA g CHINAS SECCNISICY: srw te Sh teas caso Ate AE ce 341 Ons g cm™= 
fliotal@massmeneney:.... Jae Nos Os. cinctem sce naetatae ee ook eae 2.95 10® ergs 
Mata le KINCHEMCNELTY | AA 1%. 6615. le oko oie 3c Sn SE OE os roe 1.610” ergs 
INV eLap CmlliaSS-elleLmy.-~Censity,» oe seis «dee eee cee cene 310° erg cm™ 
Averaye tkinetich Cnergy-density \o.co5 0. .koes deleseh Se « oes ane 1.6X 10° erg cm“ 

Universe: 
Mas Si densitympiearis ci Sehchate ioe a s Mew tae oles erttakre cde betes aera ae 310m oucinin 
INVASS-ENEGEWKGENSILY. O84 265. bie sifu « ac bbe URL Mok 6 oe cere 310° erg cm® 
Radiant-ener py-denSitya) o<\./eicte's atte sade aes clos MO Libor. mero wane 6x 10° erg cm™ 
GosiiG TAVRCNELSY=GENSILY, «0.6. deere caleteisic « dole cisiahiahin occa She 1.710 erg cm™® 

At earth’s surface (top of atmosphere) : 
Motalesadiantxenergy, tromballistarsn.s. 1. .ceesoeee oso enaee 1.78107 erg cm” sec” 
Total radiant energy density (our galaxy).................. 5.810 erg cm™ 
Total radiant energy (sun directly overhead)*............... 1.2X10° erg cm” sec” 
(COSINICRTAYMENEL PR Vac Cees «ole he Waite clas oe EE nici oR 3.810% erg cm” sec 
Gosmictrayaenergy -densit ros dos crlslcisie oa «here eet een « s sae 10-* erg cm™® 

* Astrophysical data. 

TABLE 801.—COMPOSITION OF COSMIC RADIATION AT GEOMAGNETIC 

LATITUDE 30° ™” 

Relative No. of particles Relative No. of particles 

Nuclei Sun Tt Sco Cosmic rays Nuclei Sun t Sco Cosmic rays 

H eres 1.6 10° 1.6 10° 11<Z<14 157 215 ~2600 
He Btcy 2.9 10° 4.010° 16<Z<20 28 5 ~1000 
6<Z<8 3200 2500 14000 Fe 150 mee ~ 400 

247 Bradt and Peters, Phys. Rev., vol. 77, p. 54, 1950. 

SMITHSONIAN PHYSICAL TABLES 



714 

Latitude 
i) cm/sec? 

0° 978.0490 
5 0881 

10 2043 
12 .2716 
14 3504 
15 978.3940 
16 4404 
17 4893 
18 5409 
19 5951 
20 978.6517 
Zyl 7107 
22 MIA 
23 8357 
24 9015 
25 978.9694 
26 979.0394 
27 MIS 
28 1850 
29 2606 
30 979.3378 
31 4165 
32 4968 
33 5785 
34 .6614 
35 979.7455 
36 8308 
37 .9170 
38 980.0041 
39 .0919 
4) 980.1805 
4] .2696 
42 3591 
43 4490, 
44 5391 
45 980.6294 
46 7197 
47 8098 
48 8998 
49 .9894 

TABLES 802-807.—-GRAVITATION * 

TABLE 802.—ACCELERATION OF GRAVITY 

For sea-level and different latitudes. Calculated from the International Gravity Formuia: 

g = 978.0490 [1 + 0.0052884 sin’ ¢ — 0.0000059 sin’ 2 ¢] 

log g 

2.9903607 
.9903780 
.9904296 
9904594 
.9904944 
9905138 
9905344 
9905561 
.9905790 
.9906031 
.9906281 
.9906543 
9906815 
9907098 
.9907390 
9907691 
.9908001 
.9908321 
.9908648 
.9908983 
9909325 
.9909674 
.9910030 
.9910392 
.9910760 
9911133 
9911511 
9911893 
9912279 
9912668 
.9913060 
9913455 
9913852 
9914250 
.9914649 
9915049 
9915449 
9915848 
.9916246 
.9916643 

g 
ft/sec? 

Latitude 
gp 

507 
51 

em/sec?, 

981.0786 
1673 

8448 
981.9239 

log g 

2.9917038 
9917431 
.9917821 
.9918207 
9918589 
.9918968 
9919341 
.9919709 
.9920072 
9920428 
.9920778 
9921122 
9921457 
9921785 
9922105 
9922415 
.9922718 
9923010 
9923293 
9923567 
.9923829 
9924081 
9924322 
9924552 
.9924769 
.9924976 
.9925170 
9925351 
9925521 
.9925678 
9925821 
9925951 
.9926068 
9926172 
.9926262 
.9926338 
.9926402 
.9926450 
.9926485 
9926513 

g 
ft/séc2 

32.19 
19 
19 
.20 

.26 

.26 

TABLE 803.—FREE-AIR CORRECTION OF ACCELERATION OF GRAVITY 

FOR ALTITUDE 

To reduce log g (cm per sec per sec) to log-g (ft per sec per sec) add log 0.03280833 = 
8.5159842 — 10. ‘ a . ‘i 

The standard value of gravity, used in barometer reductions, etc., is 980.665. It was 
adopted by the International Committee on Weights and Measures in 1901. It corresponds 
nearly to latitude 45° sea-level. 

—0.0003086 cm sec~? m™* when altitude is in meters. 
—().000003086 ft sec-* ft when altitude is in feet. 

Altitude Correction Altitude Correction 

200m —.0617 cm/sec? 200 ft —.000617 ft/sec? 
300 .0926 300 .000926 
400 1234 400 .001234 
500 1543 500 001543 
600 1852 600 .001852 
700 .2160 700 .002160 
800 .2469 800 .002469 
900 VATE 900 002777 

“ Prepared under the direction of K. T. Adams, U. S. Coast and Geodetic Survey. 
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TABLE 804.—ACCELERATION OF GRAVITY, VARIOUS WORLD STATIONS 

Gravity, cm/sec? 

: Elevation Reduced to 
Name Latitude Longitude meters * Observed sea level 

eatitiagy, AChile YiShHORS..9 2995 33°2/18S 70°39'8 W 541.3. 979.429 979.596 
Rom Brazen ee 2t. Bee eee 22953:70)S 43 13.4 W 29.0 978.805 978.814 
sacha Penis treet Bsn TAINS 18 01.0 S 70 15.0 W 557.1 978.298 978.470 
ChalawRerto Ree. Hak. Mee ikea: 15 49.0 S 74 18.5 W 14.0 978.452 978.456 
[eimiak Ren wits AA ere. dee taeee 12 01.1 S 77 02.3 W 143.6 978.289 978.333 
Minkiidani wes Atricas.....4.2.)- 10 16.6 S 40 07.6 E 3 978.224 978.225 
“TDiReVOlPSSISEY: 6 pao hs CRED ORE RE Ree 936 S 12807 E — 340 978.233 978.233 
aitstd] tO MPR CL UU iey-y-)rocnskoun Sore coh eestchs 8 07.0 S 79 02.3 W 29.4 978.095 978.104 
IMiathiaarwAfriGas or...etaeck: 0 seid avers 7 54.9 S 39 39.4 E 5 978.168 978.169 
Traian © Cea syervens cA ocevsrciater ths 735s 10655 E — 230 978.292 978.292 
Ketliwat, Ee eAtinicas.s55 cer. «ches 5 04.2 S 31 47.5 E 1080 977.783 978.116 
BandaeSeam Gat. .cee owe... 36h 1 45, 38S 12657 E —1390 978.058 978.058 
Rimunuy Ee eA fricarke 49. ..... 255. 1078S 36 40 E 2193 977.412 978.089 
Manival aE Atiricastmaneec a. os 028 #N 35 59 E 1036 977.664 977.984 
ayia lbnabe 553 55a, d5nceeen oe 5 22 2eNi 73192 E 1 978.107 978.107 
Mpadianl© cea Wei f.c oA e cs A 7 56 58N 68 46 E —4390 978.102 978.102 
Runaliupe lincdiaee rsa nate «.-thene 9 01.0 N 76 55.8 E 34 978.107 978.117 
BAcitiCl@ Ceamipe seein crs savocee 952 N 13246 E  —6050 978.212 978.212 
Pacific Ocean ts on Ree sree otels 1S OOmEN: 95 27 W —3870 978.360 978.360 
Dharwara india) 2 -)eReeee «see 15 27.6 N 75 00.2 E 728 978.183 978.407 
Miismatie Atnicas nee asee see 18 13.0 N 35 58 E 493 978.399 978.551 
Macubaya.iexico) -Mheates ... 2-5 - 19 24.3 N 99 11.7 W 2299 977.941 978.650 
Pacities@ceaninsw. tee « esc Paes 1958 N 16456 W —4960 978.660 978.660 
Atlantic! @ceann spon ce © <cieyetor 20 44 N 65 37 W  —S5510 978.704 978.704 
SantiagzonsGubamers eee. . os ee 22 30.9 N 80 30.4 W 67 978.826 978.847 
Atlantic Oceank... -Phh ates. «see Zo Cleon 4705 W  —3550 978.880 978.880 
Key.eWestithilay.. ..ciseattt.: < . cite 24 33.6 N 81 48.4 W 1 978.973 978.973 
Dholpurs Indian: ose eee os eee 26 42.0 N 77 54.8 E 176 978.999 979.054 
Nagasalimapane- seers - acd-ke 32447 INie 12985228: 30 979.594 979.603 
MontawWilson,,Califieeiewn: «che 3413.4N 118 03.4 W 1719.4 979.253 979.783 
Batna-pAleeniann< ssttnn oe 2% ctcles 35 33.0 N 610 E 1050 979.468 979.792 
AtlantionOceant. aac eee mace ee 36 23 N 26 43 W —3610 979.890 979.890 
SevallasSpaini oc sec esis fore 37 23.0 N 5 59.5 W 11 979.965 979.968 
Denver nGolos accede as Soke 39 406 N- 104 57.1 W 1639.5 979.612 980.118 
Btittalo-nINGSY sioicrahtae sities cic cietete s 42 57.1 N 78 49.3 W 210 980.363 980.428 
Atlantica OGeanins cro laren sie iciete 4314 N 19 36 W —4100 978.520 978.520 
Oftawa-sOutanioycnner -ece or ieieiae 45 23.6 N 75 43.0 W 83 980.622 980.648 
Mirchens Germany: d-myeseictets sis <1 6 48 09 N L137 Aa: 525 980.733 980.895 
Greenwich, England ............. 51 28.6 N 0 00.3 E 47 981.189 981.204 
Saskatoon, Saskatchewan ........ 5207.8 N 106 38.1 W 497 981.138 981.291 
Viadimirskaja, Siberia ........... 54 57) oN 85 59 E 265 981.424 981.506 
MNomskwoibertagasy. ciate wo Sees 56 28 N 8457 E 125 981.582 981.621 
OslopNonway, she sA5-fs8 as. cis 0 59 54.7 N 10 43.5 E 28 981.927 981.936 

StMichaelepAlaskarsaaas: 225 63 28.5 N 162 02.4 W 1 982.197 982.197 
Arctic RedtRiver, Niidieek +... «1 67 26.6 N 133 44.3 W 41 982.438 982.451 
Whales Point, Spitzbergen........ 77 30.4 N 20 58.8 E 458 982.897 983.038 
Hellwald, Spitzbergen ........... 78 44.1 N 20 50.2 E 660 982.871 983.075 
Mende: Rossefisc...s 1s Sot ates Se Siete 80 49.6 N 20 20.6 E 31 983.145 983.155 

N 1925 E —3402 983.096 983.096 Awctics Ocean). .clotak sek os ose 81 48 

* For sea stations, the depth is recorded in this column; the observations were made in submarines and 

reduced to sea level. 
je ee 2 ee ee eee ere. Ser ee 
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TABLE 805.—ACCELERATION OF GRAVITY (g) IN THE UNITED STATES 

The following table is abridged from the table of Principal Facts in U. S. Coast and Geodetic 
Survey Special Publication No. 244, Pendulum Gravity Data in the United States. The observed 
values depend on relative determinations and on an adopted value of 980.118 for the Commerce 
Building Base in Washington, D. C. 

There are also given two types of gravity anomalies. The free-air anomaly is the difference 
between the observed value of gravity and the theoretical values of gravity for the latitude of the 
station corrected for the elevation of the station. The isostatic anomaly is the difference between 
the observed values of gravity and the theoretical value of gravity for the latitude of the station 
corrected for the elevation of the station, topography and isostatic compensation in the earth’s 
crust to a depth of 113.7 kilometers. 

Observed Free-air Tsostatic 
Elevation gravity anomaly anomaly 

Station Latitude Longitude m gal gal gal 

Atlantam Gal Berar. fot herte «sacs 33°45'3 = 84°23'5 324.0 979.527 —014 —.030 
Austin, Tex. (university) ........ 30 17.2 97 44.2 189 979.286 —.016 —.017 
Baltimore; Masha ccm... e 39 17.8 76 37.3 30.5 980.114 +.005 + .002 
Beautonte Ni Gincwie scien rite ce: sas 34 43.1 76 39.8 1.5 979.732 +.011 —.026 
Bisgmiineihamy was einer cec 33 30.8 86 488 179 979.539 —.027 —.038 
Bismanck NogDakee.....ccmeene. «. 46 48.5 100 47.1 514.4 980.628  —.006 —.001 
Boiseweldaho: ssc. ie cece 6s 43 37.2 116 12.3 822.0 980.215 —.036 +.010 
Bostomm Masse hstoct:. sclera. oe 425216n) 7103.8 22 980.399 +.014 + .002 
Burbank @lclari ee... Seer. so 8 36 42.2 96 41.0 345 979.788 +.003 —.001 
GalaisteMiaineen tts. otic cc. << 45 112 67 16.9 38 980.634 .000 —.008 
Cambridge Masstw. eerie ec. 42 22.8 71 07.8 14 980.401 +.012 +.001 
Ghasleston,SaG@os. cases 32 47.2 79 56.0 6.1 979.549 —.010 —.026 
Charlottesville) Vay ...%5-20...: 38 02.0 78 30.3 166 979.941 —.015 —.017 
Chicagoy Tile ia aks cen sc 5 41 47.4 87 35.9 182 980.281 —.003 —.004 
Gincinnati Ohiosaae eee. ee 39 08.3 884 25.3 245 980.007 —.022 —.024 
Cleveland =Ohiomsen. ce acess. oe 41 30.4 81 36.6 210 980.244 —.006 —.006 
Gloudland, Mennie-w-. eee eae 36 06.2 8&2 07.9 1890 979.386 +.129 —.001 
Colorado)Springess Golos ye4... 4.5 38 50.8 104 49.5 1841.8 979.493 —.017 —.008 
Columbusy Gare we... cesta on- +. 32 27.0 84 57.6 75) 979.526 +.015 +.014 
Columbus) |Ohioys.-..-been4. 6. 39 57.8 82 59.4 231.0 980.092 —.014 —.014 
Denver Coloteit. te ..< acteaics os 39 40.6 104 57.1 1639.5 979.612  —.034 —.016 
IDwblorioy, MGI, Soeeobeseucaoomouue 46 47.0 92 06.4 215.8 980.761 + .037 +.048 
DD) trrghrarris. Nie terse ite: sack tevagins a. 36 00.2 78 56 126 979.838  +.046 +.034 
PR ason Pexs heck cating acs vee 31 46.3 106 29.0 1146.0 979.127 + .002 + .009 
Empire State Building, N. Y...... 40 44.9 73 59.2 16.2 980.269 + 027 +.020 
Eugenes Oregere ©. oansaahen. eck 44 02. 123 05.6 129 980.493 —.010 +.005 
HorteOodge; lowates. .itia-ce soo. 42 308 94 11.4 340.1 980.314 +.014 +.011 
Grand’ Ganyonw Ariz. 5908-5. ..0. 36 05.3 112 06.8 847.0 979.466 —.111 —.014 
Grandi@anyonyWyo..5s sees oo. 44 43.7 110 29.7 2386.0 979.902 +.033 —.002 
Grand@Rapids@Mich>.5449554.-.-0 42 58.0 8&5 39.5 235.8 980.375 +002 —.004 
Greengkiver sWtahins ieee sss. 38 59.4 110 09.9 1243 979.639 —.068 —.025 
lowan City; vlowaese ceeade ee 41 39.6 91 32.2 PWS) 980.250 —.013 —.012 
Gh aca Nis, Voes err soxss a tevesnercicnes 42 27.1 76 29.0 246.9 980.303 —.020 —.022 
KeyaWest. Play. = amass neces 24 33. 81 48.4 1 978.973 +.034 —.O0ll 
Giornale casoasosboupoces aS Sy kh SE 280 O97 15) 027" 1026 
WancaSter,, Never. tte aetna 44295 71 34.3 261.8 980.489 —.014 —.014 
asiviegasy Ni Miexs. sadness ae S5roo.G8 LOS Gul 1959.6 979.207 +.015 —.003 
WittlesRock. “Arlee a ii tec ee 34 449 92 16.4 89.0 979.724 +.027 +.028 
Madison \ViaSaen co cee ts are 43 04.6 89 24.0 270 980.368 —.005 —.008 
Memphis, Tetin: ois. oj. anata « 35 08.7 90 03.3 80.3 979.743 +.010 +.008 
Wines Citi Milne sedasocooduoddec 46 24.2 105 50 718 980.542 -+.008 +.028 
Minneapolis, Minn. .............. 44.587 9313.9 256.1 980.600 +4.052 +.055 
Mitchell: Say alkceee sear ee 43 41.8 98 01.8 408 980.378 —.003 —.002 
Mount: Hamilton; @alif...-.......- 37 20.4 121 38.6 1281.7 979.663 +.112 —.004 
News @rleans leases see 29 56.9 90 04.3 2.4 979.326 —.007 —.020 
Newn WorkeGN Yenc... cen mesacpee 40 48.5 73 57.7 38.1 980.270 -+.029 +.019 
Oberlin; OMio gs | f.o.< aise w<etorontons AVIS S22 248 980.208  —.011 —013 
Philadelphia, [Pa. .(... 2.50. oon: 39 57.1 75) Wile7/ 15.8 980.199 +.028 +.018 
Rikeis Peak Colores... scapes - « 38 50.4 105 02.5 4293.1 978.957. +.203 +.018 
lexkt yore, EEL Gaoenousoavccauuce 40 27.4 80 00.6 235 980.121 —.027 —=.027 
Prestonsburgh, Ky. . 2200. sdagen ss 37 40.6 82 45.6 193 979.884 —.032 —.028 
rimGetOriai Net |r a cece cities « 40 210 74 39.5 64.0 980.181 —.011 = 025 

(continued) 
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TABLE 805.—ACCELERATION OF GRAVITY (g) IN THE UNITED STATES 

(concluded) 

Station Latitude 

Richmond Vas. atten eee nee ST S22 
Scouts Mor... ae ee oe 38 38.0 
StyRetersbure, wlase eee oe 27 48.9 
SaltelakelGity,sWtanerhe. ee 40 46.1 
SaniPrancisco, ‘Calif. ke. 20.2) 2: 37) 37-5) 
Seattle, Wash. (university)....... 47 39.6 
SheridanyeWivowere cee ane ee 44 48.0 
Smith Gollege;Massyneer..... see 42 19.0 
States Colleze) bamer sae ee. oe 40 47.9 
dlernestlautersbnd-eereeie ese nee 39 28.7 
siraverse- City, Macheusaae. cos 44 45.8 
Wrallaces Kans! perce siees ce. ste 38 54.7 
Washington, D. C.: 

Geophysical Laboratory ....... 38 56.6 
National Bureau of Standards... 38 56.5 
Smithsonian Institution ........ 38 53.3 

Wiheeling: WaViavaiseiiane te... sae 40 04.0 
Winnemucca, Neve Soh.0.....-6: ap 58.4 
Worcester, Mass. jean. seek oe 2 16.5 
Wright. Field, Ohiozie:. 2)... 60: 5 46.6 
DYATITI AM MATIZ eta c nie SENSEI fone a ce 32 43.3 

TABLE 806.—LENGTH OF SECONDS PENDULUM AT SEA LEVEL AND 

Longitude 

77° 26/1 
90 12.2 
82 40.2 
53:8 
12202517 
122 18.3 
106 58.7 
72 38.2 
77 51.8 
87 23.8 
85 37.2 

101 35.4 

77 03.4 
77 03.9 
771015 
80 43.3 

117 43.8 
71 48.5 
84 05.9 

114 37.0 

Elevation 

DIFFERENT LATITUDES 

Length Length 
Lat cm Log in. Log 

0° 99.097 1.996061 39.014 1.591221 
5 99.101 1.996078 39.016 1.591243 

10 99.113 1.996131 39.020 1.591287 
15 99.132 1.996215 39.028 1.591376 
20 99.158 1.996329 39.038 1.591488 
25 99.190 1.996469 39.051 1.591632 
30 99.228 1.996633 39.066 1.591799 
35 99.269 1.996814 39.082 1.591977 
40 99.313 1.997006 39.099 1.592166 
45 99.359 1.997205 39.117 1.592366 

Length 
cm 

99.404 
99.449 
99.490 
99.527 
99.560 
99.586 
99.605 
99.618 
99.622 

Observed 
gravity 

979.758 

980.104 
980.100 
980.118 
980.088 
979.847 
980.328 
980.094 
979.532 

Log 

1.997404 
1.997597 
1.99778 
1.997942 
1.998084 
1.998198 
1.998283 
1.998335 
1.998352 

Free-air 
anomaly 

gal 

+.009 
—.008 
+.025 
—.035 
+.018 
—.115 
—.012 
+.005 
—.014 
—.013 
+.001 
—.016 

+.044 
+.042 
+.039 
—.035 
—.016 
—.003 
+.010 
—.007 

Tsostatic 
anomaly 

gal 

.000 
—.007 
+.006 
+.006 
—.022 
—.095 
+.010 
+.006 
—.014 
—.011 
+.001 
—.016 

+.036 
+.034 
+.038 
—.032 
—.012 
—.022 
+.008 
+.006 

FOR 

Log 

1.592565 
1.592765 
1.592943 
1.593109 
1.593242 
1.593364 
1.593441 
1.593497 
1.593519 

Calculated from Table 802 by the formula /=g/z’. 
0.000953 cm or 0.000375 in. or 0.0000313 ft. This table could also have been computed by either 
of the following formulas derived from the gravity formula at the top of Table 802. 

1 = 0.990961 (1 + 0. 0052884 sin? ¢ — 0.0000059 sin* 2 @) meters. 
1 = 0.990961 + .0052406 sin* ¢ — 0. 0000058 sin? 2 ¢, meters. 
1 = 39.014135 (1 + 0.0052884 sin’ ¢ — 0.0000059 sin’ 2 2 @) inches. 
1 = 39.014135 + 0.2063214 sin? ¢ — 0.0002302 sin* 2 ¢, inches. 
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718 TABLE 807.—_SOME PLACES OF ANOMALOUS GRAVITY 

The departures are from values of gravity normally expected, from Table 802. 

Latitude 

19°29'8 N 
19 42.2 
19 25.4 
23 47.0 
32 21 
37 30.0 
38 06.7 
42 55.8 
37 11.0 
45 50 
45 57.5 
45 59.5 
67 53.6 
33 48.5 
51 48 
35 44.5 
40 38 
23 06.1 
42 08 
46 21.9 
56 08.0 
8 14 

30 19.5 
50 30.2 
1 50 
7 50 
52 

40 26 
8 48 

26 41.8 
2 09 

10 17 
0 29 
5 36 

19 32 

MALZLZMYAZAZNMAAZZNIYZ!A!Y!NYN}NYRZAS|YAAY!NY}YAAYNASA|NAA!ZAAZAY!|NAY™|AYSY 

ZW 

Longitude 
Elevation 
meters * 

Gravity 
cm/sec? 

978.096 
978.504 
978.673 
979.201 
979.806 
979.669 
979.792 
979.779 
979.669 
979.401 
980.019 
980.080 
982.622 
978.752 
981.015 
979.926 
980.337 
978.941 
980.317 
980.374 
981.435 
977.835 
979.063 
980.767 
977.753 
978.024 
977.962 
980.065 
978.019 
978.887 
977.877 
978.013 
977.833 
977.843 
978.284 

Departure 
from values 

of table 

4698 
4.495 
4428 
4315 
4282 
4265 
4248 
4224 
4206 
+180 
+166 
4157 
4142 
4133 
4129 
4118 
+107 
+100 
bhsg3 
&s 6] 
22570 
— 78 
— 89 
—100 
—109 
2194 
—129 
—136 
—151 
—166 
=179 
—200 
—216 
—255 
—341 

Place 

Mauna Loa 
Kalaieha 
Kilavea 
East Island 
St. Georges 
Baza 
Villacarrillo 
Pic du Midi 
Granada 
Mont Blanc 
Bétempshiitte 
Schwarzsee 
Sorvaagen 
Korag 
Brocken 
Mediterranean Sea 
Brindisi 
Clarence Town 
Poti 
Augio 
Kosulka 
Moliro 
Dehra Dun 
Invermere 
Buttaba 
Java Sea 
Indian Ocean 
Surachany 
Timor Sea 
Siliguri 
Celebes Sea 
Philippine Sea 
Celebes Sea 
Banda Sea 
Atlantic Ocean 

28 Heiskanen, W., Catalogue of the isostatically reduced gravity stations, Helsinki, 1939. : 
* For sea stations, the depth is recorded in this column; the observations were made in submarines 

and reduced to sea level. 
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TABLES 808-824—SOLAR RADIATION * 719 

TABLE 808—THE SOLAR CONSTANT 

A long series of measurements has been made ™® at widely separated, selected stations 
by the astrophysicists of the Smithsonian Institution on both the total intensity of the 
solar radiation and the spectral distribution of this radiation. One result of these measure- 
ments is the value of the solar constant, that is, the total solar radiation (cal cm? min“) 
at normal incidence outside the atmosphere at the mean solar distance. As a result of the 
work up to 1913 the solar constant was found to be 1.9408 ly. min™ (langley; see Table 2, 
Part 2). .Later investigations showed that the standard used in these measurements was 
somewhat in error. Observations showed that the correction employed for the unmeasured 
ultraviolet radiation was too low; also solar radiation in the infrared region beyond about 
2.5 w introduced some error. As a final result of all the corrections it was found that this 
1913 value of the solar constant was very good. It should be pointed out that there is 
evidence *® that the solar constant fluctuates as much as-+ 1.5 percent. In addition, the 
varying distance between the sun and earth (see Table 827) produces a change in the actual 
solar radiation at the top of the atmosphere of about + 3.5 percent from the mean value. 
Now in 1951 the value of the solar constant (amount of energy falling at normal incidence 
on one square centimeter per minute on body at earth’s mean distance) = 1.946 calories = 
mean 6430 determinations 1924-47. Subject to variations, usually within the range of 2.8 
percent, and occurring irregularly in periods of a week or 10 days. New data on the ultra- 
violet and infrared corrections to the solar constant given by F. S. Johnson (in press) 
indicate that the value 1.946 should be increased by 2.6 percent. Johnson’s best value is 
2.00 + 2 percent. 

Computed effective temperature of the sun: from form of blackbody curves, 6000° to 
7000° Absolute; from Amax 7 = 2930 and max = 0.470u, 6230°; from total radiation, J = 
16-54 1057 < Te. 58302 

STmenradiatesuek stats wks sok WEE oe ageaes eee ee 3.8 x 10" erg/sec 
6.25 & 10” erg sec’ cm” 

COMAUMISMRE REE aoe ea Eh oe Gece bas Bees 1.72 & 10% erg/sec strikes the earth. 

* Prepared by L. B. Aldrich and W. H. Hoover, Astrophysical Observatory, Smithsonian Institution. 
248 Abbot, C. G., Solar radiation and weather studies, Smithsonian Misc. Coll., vol. 94, No. 10, 1935. 
250 Aldrich, L. B., and Abbot, C. G., Smithsonian pyrheliometry and the standard scale of solar radia- 

tion, Smithsonian Misc. Coll., vol. 110, No. 5, 1948. See also Annals, Smithsonian Astrophysical 
Observatory, vol. 7, ch. 3 (in press). 

TABLE 809.—ATMOSPHERIC TRANSMISSION COEFFICIENTS 

Montezuma, Table Mt., Miami, 
Wave- Chile Calif. Fila. 
length ———— ——S — 

Lu High Low High Low High Low 

34 .620 568 605 552 S12 464 
35 656 .600 641 585 541 492 
36 .687 630 672 615 567 519 
137, 714 657 701 643 593 545 
38 738 .681 726 .668 617 571 
39 759 .703 749 692 .642 595 
40 778 122 .769 YAW 662 615 
45 848 792 .840 783 755 709 
50 .890 838 883 831 818 764 
55 900 849 890 838 850 788 
.60 913 863 905 854 873 814 
65 .936 884 933 880 925 872 
70 .963 .924 961 .922 935 890 
LS 972 .936 .970 .934 .943 902 
80 .980 945, .978 .943 .949 911 
85 .984 952 983 950 954 917 
90 985 .956 .984 954 957 .922 
95 .986 957 985 .956 .960 925 

1.00 .987 958 .986 .957 .962 928 
1.25 .989 .960 .989 959 .964 933 
1.50 .994 .965 994 .968 .969 .942 
75 .997 .970 .997 .970 .973 .946 
2.00 .996 975 .996 .974 .969 945 
D> .988 .970 .987 965 955 .930 

High transmissions are for every clear day and low precipitable water, 2 mm for Monte- 
zuma and Table Mt., and 3.5 mm for Miami. 

Low transmissions are for very hazy days and high precipitable water, 10 mm for Monte- 
zuma and Table Mt., and 25 mm for Miami. 

Transmission coefficients in the range .70 — 2.25 ® are all smooth-curve values drawn over 
the tops of the water-vapor bands. 

Unit air mass. 
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TABLE 810.—THE SOLAR CONSTANT, MONTHLY AND YEARLY MEANS * 

Year 
Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. ee 

1920 1.945 1.950 1.953 
21 1.957 1.955 1.949 1.947 1.950 1.939 1.950 1.943 1.950 55 57 52 1.950 
22 47 46 36 30 30 18 21 17 25 26 24 28 

* Calories per cm per min, 

TABLE 811.—AIR MASSES 

The transmission, both total and spectral, of the atmosphere depends upon several vary- 
ing factors besides the actual air masses, that is, the length of the path of the rays in the 
atmosphere; thus, corrections must always be determined for different tests. 

Values of the transmission of the atmosphere for any position of the sun except when it 
is directly overhead are calculated from measurement when the sun is in the zenith, i.e., 
€m = eoa™ when em is the intensity of the radiation at air mass m, éo the intensity for the 
sun in the zenith, and a the transmission for unit air mass. m is unity when the sun is in 
the zenith and approximately equals the secant of the zenith distance for the other positions. 

Besides values derived from the pure secant formula, the table contains those derived 
from various other more complex formulas, taking into account the curvature of the earth, 
refraction, etc. The most recent is that of Bemporad. 

Zenith dist 0° 20° 40° 60° 70° Jo 80° 85° 88° 

Secant 1.00 1.064 1.305 2.000 2.924 3.864 5.76 11.47 = 28.7 
Forbes 1.00 1.065 1.306 1.995 2.902 3.809 Boe, 10.22 18.9 
Bouguer 1.00 1.064 1.305 1.990 2.900 3.805 5.56 10.20 19.0 
Laplace 1.00 —— —— 1.993 2.899 —— 5.56 10.20 18.8 
Bemporad 1.00 -—— oe 1.995 2.904 —_—— 5.60 10.39ie 7 19:8 

SMITHSONIAN PHYSICAL TABLES 



721 
TABLE 812.—THE AMOUNT OF SOLAR RADIATION IN DIFFERENT 

SECTIONS OF THE SPECTRUM, ULTRAVIOLET, VISIBLE, 

AND INFRARED 

Calories, min“*cm™’, Smithsonian scale of 1913 

Miami, Fla. Montezuma, Chile 
Air mass Air mass 

Wavelength 
Mh 1 2 3 4 5 1 2 3 4 5 

.00 to .400 151 .070 .036 .018 .010 .005 094 .061 .041 028 019 
400to.770 925 .740 591 .476 386 .314 813.734 664 »=-.603—-.549 
.770 to © 18/4 OOO SE eOIZ. 450398 -359 142.00 695 298097.) | 26308608 
00 to™ 1.950 1.416 1.144 .944 .794 .678 1.649 1.490 1.362 1.261 1.176 

Average clear day at Miami, Fla. (sea level) precipitable water about 2.00 cm. 
Average clear day at Montezuma, Chile (altitude 9,000 feet) precipitable water 0.25 cm. 

TABLE 813.—SPECTRAL DISTRIBUTION OF SOLAR RADIATION OUTSIDE 

THE ATMOSPHERE 

On the bases of the Smithsonian and other observations, Moon ** in 1940 proposed a 
spectral solar-radiation curve at normal incidence outside the atmosphere at the mean solar 
distance and also a like curve for solar radiation at the earth’s surface for air mass 2 
(Table 815). More recently a rocket observation” has given a direct measurement (at 
55 km) of the ultraviolet spectrum of the sun at wavelengths below 0.34 u. Since less 
than 1 percent of atmospheric ozone is above this level, this observation should be closely 
representative of ultraviolet solar radiation at wavelengths above 0.22 u at the top of the 
atmosphere. Moon’s values for wavelengths above 0.33u and data from the rocket observa- 
tion for wavelengths below 0.334 were used in constructing the table. 

Part 1.—Intensity of solar radiation outside the atmosphere 

Wave- Intensity Wave- Intensity Wave- Intensity Wave- Intensity 
length Relative length Relative length Relative length Relative 

mn units a units 7 units “ units 

.220 14 420 1766 68 1473 DS 50 

.230 33 424 1742 69 1439 2.6 43 
240 40 430 1788 70 1405 Ded 38 
250 55 44 1939 afl 1374 2.8 318! 
.260 126 45 2036 We, 1337 2.9 30 
265 174 46 2096 A3 1304 3.0 26 
.270 162 47 2119 74 1270 3.1 23 
275 136 48 2127 LS) 1236 S14 21 
280 145 49 2103 .80 1097 oS 19 
290 378 50 2061 85 976 3.4 il7/ 
295 418 oil 2000 .90 871 SS 15 
300 386 a2, 1954 95 781 3.6 14 
310 538 253 1912 1.0 706 Si. 12 
320 621 54 1894 1.1 590 3.8 11 
330 796 SE 1878 EZ 488 3.9 10 
335 826 56 1861 1.3 395 4.0 9 
340 856 57 1841 1.4 319 4.1 8 
345 886 58 1819 1E5 260 4.2 8 
350 916 59 1795 1.6 214 4.3 7 
360 976 60 1762 1.7 177 4.4 6 
370 1046 61 1727 1.8 148 4.5 6 
380 1121 62 1690 1.9 124 4.6 5 
390 1202 63 1653 2.0 105 4.7 5 
400 1304 64 1616 Jos) 89 48 5 
405 1427 65 1579 2.2 76 4.9 4 
410 1728 66 1543 a 66 5.0 4 
413 1803 67 1508 2.4 57 

251 Moon, P., Journ. Franklin Inst., vol. 230, p. 583, 1940. 
252 Hulbert, E. O., Journ. Opt. Soc. Amer., vol. 37, p. 405, 1947. 

(continued) 
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TABLE 813.—SPECTRAL DISTRIBUTION OF SOLAR RADIATION OUTSIDE 

THE ATMOSPHERE (concluded) 

Part 2.—Energy distribution of solar radiation outside the atmosphere 

Wavelength Energy Wavelength Energy Wavelength Energy Wavelength Energy 
interval cal cm-2 interval cal cm-2 interval cal cm-? interval cal cm-2 

bh min-1 7) min-1 7 min-1 7 min-1 

.22—.23 .0004 45—.46 .0303 .68—.69 0213 .91—.92 .0123 

.23—.24 .0006 .46—.47 .0309 .69—.70 .0208 .92—.93 0121 

.24—.25 .0010 .47—.48 .0312 70—=71 .0203 .93—.94 .0118 

.25—.26 0011 48—.49 0311 1—.72 .0198 .94—.95 .0116 

.26—.27 0025 .49—.50 .0306 W2—73, .0194 .95—.96 .0113 

.27/—.28 .0021 50—.51 .0299 13—.74 0189 .96—.97 0111 

.28—.29 .0029 .51—.52 .0290 74—.75 0183 .97—.98 .0109 

.29—.30 0059 52—.53 0283 75—.76 .0179 .98—.99 .0107 

.30—.31 .0067 53—.54 .0279 10—/7 0175 .99—1.0 0105 
31—.32 .0085 54—.55 0277 77—.78 0171 1.0—1.1 0948 
32—.33 .0107 55—.56 0274 78—.79 .0167 11—1.2 0792 
33—.34 0121 56—.57 0271 .79—.80 .0163 12—1.3 .0643 
34—.35 .0130 57—.58 .0268 .80—.81 0159 1.3—1.4 0518 
35—.36 .0138 58—.59 0264 .81—.82 0155 14—1.5 .0424 
36—.37 0149 59—.60  .0260 .82—.83 0152 15—1.6 .0348 
.37—.38 0159 =.60—.61 0255 83—.84 0148 16—1.7 0288 
38—.39 0171 61—.62 = .0251 84—.85 0145 1.7—18  .0240 
39—.40 0184 62—.63 0245 85—.86 0142 1.8—1.9  .0197 
.40—.41 0212 .63—.64  .0240 .86—.87 0138 1.9—2.0 .0168 
41—.42 .0262 64—.65  .0234 .87—.88 .0135 2.0—3.0  .0719 
42—.43 0256 .65—.66 0229 88—.89 0132 3.0—4.0 0227 
43—.44 0276 = .66—.67 0224 89—.90 0129 40—5.0 .0084 
.44—.45 0292 .67—.68  .0219 .90—.91 .0126 

TABLE 814.—DISTRIBUTION OF INTENSITY (RADIATION) 

OVER SOLAR DISC 

Fraction of radius 

\o N wn \o Lye) \o lo e) NI N Do N ival \o On _ > own wm as > nN nN 5186 1H 
5485 1.000 967 919 884 832 756 650 565 487 
6151 1.000 980 936 900 853 790 687 600 528 
.6980 1.000 983 946 916 872 812 722 644 574 
8384 1.000 984 952 926 893 843 766 695 640 
9920 1.000 987 957 933 903 .860 788 727 670 

£1923 1.000 .988 965 944 918 .880 814 758 702 
1.000 .993 0973 .960 .940 O12 .863 811 763 
oo 

8.3 1.000 998 (992 (99:0 986 977. .960  .942 928 
10.2 1.000 998  .994 901 .988 .982 966 953 946 

* Values .3149 through .4487 uw from Cavanaggia and Chalonge, Ann. d’Astrophys., vol. 9, p. 143, 
ae ee through 10.2 «7 from Pierce, McMath, Goldberg, and Mohler, Astrophys. Journ., vol. 112, 
p. 3 E 
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TABLE 815.—SOLAR IRRADIATION AT SEA LEVEL WITH SURFACE 723 

PERPENDICULAR TO SUN’S RAYS m—2* 

r r 
microns J, microns 

295 2.09 * .60 
.296 2.39" 61 
.297 2.87° .62 
.298 9.87” 63 
299 0346 64 
300 .0810 65 
301 az) .66 
302 342 .67 
303 647 .68 
304 1.16 69 
305 1.91 70 
306 2.89 7A 
307 4.15 le 
308 6.11 ie; 
309 8.38 74 
310 11.0 75 
Sl 13.9 76 
312 17.2 il 
313 21.0 78 
314 25.4 79 
315 30.0 80 
316 34.8 81 
317 39.8 82 
318 44.9 83 
319 49.5 84 
32 54.0 85 

86 
87 

33 101 88 
34 151 89 
35 188 .90 
36 233 91 
37 279 92 
38 336 93 
39 397 .94 
40 470 95 
41 672 .96 
42 733 97 
43 787 .98 
44 911 .99 
45 1006 1.00 
46 1080 1.01 
47 1138 1.02 
48 1183 1.03 
49 1210 1.04 
A) VAIS 1.05 
51 1206 1.06 
yy 1199 1.07 
53 1188 1.08 
54 1198 1.09 
550 1190 1.10 
56r, Hl182 ial 
asy/ 1178 1.12 
58 1168 1213 
59 1161 1.14 

(Watts per square meter per micron) 

Jy 

1167 
1168 
1165 
1176 
1175 
1173 
1166 
1160 
1149 
978 

1108 
1070 

98.3 
164 

r 
microns microns 

1.65 z 

NAMA WN 

10 10 10 10 10 to 10 ty 10. 00 0. 00 Gn 00 00 00 00 0 Fo a STN AAD 

SESGRELESSLESE Bassas dInN2SssSaZo 

TDD IND IND i et tt et tt pe et et et et et et et et et et et et et et et et et tt et et et tt 

Sis teil) sea NPR SO Sate SUE Pay RTS 

ooo Whore 

2.04 

Wwe NRNI 

N 

OV 00 

OID SRAON— 

NR RADWOONWNRAUADUWOAYNY 

* For reference, see footnote 251, p. 721. 
ax 10-4 b»x 10-3 
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TABLE 816.—THE BIOLOGICALLY EFFECTIVE COMPONENT OF ULTRAVIOLET, 

SOLAR, AND SKY RADIATION PER MONTH PER CM? (UVQ IN WATT 

MINUTES) AND THE TOTAL SOLAR AND SKY RADIATION (Q IN 

CALORIES PER MONTH PER CM?) INCIDENT IN WASHINGTON, 

D. C., 1941-1946, MONTHLY AVERAGE * 

UVQ Q UVQ 
watt min cal watt min cal 

Month month-! cm-? month-! cm-2 Month month-! cm-2 month-! cm-2 

Jianteecetee JU 4,982 July eee ee 1.091 15,239 
ebieeieaceestiat .209 6,987 Ug aE TE Sa ie 1.012 14,470 
Mar Serre ates 466 10,847 Sept 2s. aie PHN 11,158 
DNS ee carats ae 692 12,916 Octet es RS. 406 8,767 
Miaygiirccrt ac: .990 15,203 INOver eerie. oe. SW 6,085 
June gees 1.108 16,019 Dect Aen 087 4,690 

258 Coblentz, W. W., Bull. Amer. Meteorol. Soc., vol. 28, p. 465, 1947. 

TABLE 817.—DURATION OF SUNSHINE * 

Approx 
declination 

of sun: —23°27’ —15° —10° —5° 0° +5° +10° +15° +20° +23°27’ 

Approx Feb. 9 Feb. 23 Mar. 8 Mar. 21 Apr.3 Apr. 16 May1 May20 June 21 
date: Dec. 22 Nov. 3 Oct. 19 Oct.6 Sept. 23 Sept.10 Aug.28 Aug. 13 July 24 

Latitude h m h m h m h m h m h m h m h m h m h m 

0° 12-07 12°07 12407 i207) = 12 07-7) AZ 07-0 1206" 12062) S127 07— 207 
10° ti 322 e457 e533, 12400 12°07 2a "12°21 12 29 eee aS 
20° 1055) le23; Sess” 12°07 12522, 12°37 255 el seOS eto 
30° 1042 1058 0 21° (1re44) | 12°08 eS IZ 54 oS ID (AS 4S 
40° 20 1026 8080 Ol 35, 12:09 12543 IS 16. 1353) 14ksZe esol 
50° 8 04 9:43. 1OnSS:elin23 AZ I2eed259y ISAT ATS39) USE37 Toes 
§5° 7 10 CIS M0016. 1014. 1212, ,A3-11 1408 “1S D1 ~~ les24 ig 23 
60° a 52 8 36 Or53 N03" 12 15° 13NZ5 1435 15 54 170) ass 
65° 3 34 7 42 O21 ys lON50, 12,07.. 13045, i514 1658 19eiG~ 22205 
70° 6 14 Sroc «10°29 122% 14et4 iols 18 44 
80° 3 10 846 1238 16 44 

* Prepared by G. M. Clemence, U. S. Naval Observatory. For more extensive tables, see ‘‘Tables of Sunrise, 
Sunset, and Twilight,’”’ Supplement to the American Ephemeris, 1946. 

TABLE 818.—RELATIVE DISTRIBUTION IN NORMAL SPECTRUM OF SUNLIGHT 

AND SKY LIGHT AT MOUNT WILSON 

Zenith distance about 50° 

This table is abstracted in modified form from the Annals of the Smithsonian Astrophysical 
Observatory. The observations, which were visual, made on October 17, 1906, probably represent 
the most ideal sky conditions on Mount Wilson. 

Eg D b F 

Placesiny spectrum (2)).. 40s. ee 422 457 .491 .566 .614~ .660 
Intensity sunlight ............. 186 232 227-2 191. SE IGG 
intensity sky light. 2... #e..-.- 1194 89868 701 3950 231 Pylz4 
Ratio at Mount Wilson........ 642 425°) 309 ~487i9 121 S105” 102 "1437246 VesiG 
Ratio computed by Rayleigh... — — — _ — — 102 164 258 328 
Ratio observed by Rayleigh.... — — — _ — = 102 168) 2915 369 
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TABLE 819.—ILLUMINATION DUE TO DIRECT SUNLIGHT, SKY LIGHT, AND 

TOTAL ON HORIZONTAL AND VERTICAL PLANES ™ 

Direct sunlight Skylight Total 
ee, oF 

. Tha Ipa Ths Ips Tne Ipt 
Solar Air Ee 

altitude mass ft —c ft —c ft —c 
m ———— 

3 15.36 19.6 374 256 587 277 961 
5 10.39 100 1150 325 746 425 1900 
7 Till 252 2050 395 848 647 2900 

10 5.60 590 3350 491 953 1080 4300 
15 3.82 1310 4910 629 1070 1940 5980 
20 2.90 2130 5860 750 1140 2880 7000 
25 2.36 2980 6390 856 1180 3840 7570 
30 2.00 3820 6620 945 1210 4760 7830 
35 1.74 4650 6640 1020 1220 5670 7860 
40 1.55 5440 6490 1090 1220 6530 7710 
45 1.41 6170 6170 1160 1220 7330 7390 
50 1.30 6850 5750 1210 1200 8060 6950 
55 E22 7450 5220 1270 1180 8720 6400 
60 1.15 8000 4620 1310 1150 9310 5770 
65 1.10 8470 3950 1350 1090 9820 5040 
70 1.06 8860 3230 1390 1020 10250 4250 
US 1.04 9160 2450 1420 930 10580 3380 
80 1.02 9380 1650 1440 834 10820 2480 
85 1.01 9510 833 1460 728 10970 1560 
90 1.00 9570 00 1480 615 11050 615 

The solar altitude, h, is expressed in angular units, the illumination, /, in foot-candles. 
The subscripts p and h designate the evaluation of illumination on the perpendicular 
(facing the sun) and horizontal planes. The additional subscripts, d, s, and t¢, designate 
direct sunlight, sky light and total light (direct sunlight plus sky light). 

254 Jones, L. A., and Condit, H. R., Journ. Opt. Soc. Amer., vol. 38, p. 147, 1948. 

TABLE 820.—MEAN INTENSITY J FOR 24 HOURS OF SOLAR RADIATION ON A 

HORIZONTAL SURFACE AT THE TOP OF THE ATMOSPHERE AND 

THE SOLAR RADIATION A, IN TERMS OF THE SOLAR RADIATION, 

Avy AT EARTH’S MEAN DISTANCE FROM THE SUN 

Motion of Relative mean vertical intensity 2 
the sun 4 0 

os Latitude north 

longi- Cm A Date fide 0° 10° 20° 30° 40° 50° 60° 70° 80° 90° As 

Janty 1 OSSS 2303 9 -205e0 E220) (ealO9> Sala 2066) O18 1.0335 
Feb. 1 SleS4 S12) 9 28260 —244 9200) S150R 2100) 20485006 1.0288 
Mar. 1 5O:14— 320) -.303:7<279. .=245 204.8 3158 <108 (0565 .013 1.0173 
Apr. 1 SOrOmmesize a SION ESt2 9295) 269N ae 2S 5) OSs el 45a Ol OSs 1.0009 
Nays) 119.29 1 13030 % 3180x330 .<329 4 :320,%5-302, <278 253%, 2555 | 259 .9841 
Jieeme: ti 149/82 ~ 1287.0 «31519 .334 , 23345 349) 002845 3.337 3440 360) 2366 .9714 
Jirlysle=179:39-—:283.-.312 2.333 —. 347 — .352-—..351-.3 45, «356 3735 <3 79 .9666 
Aus-ile 209945 294° 9 .316<- 330 ,-.334 «330 318 300) .282 295557300 .9709 
Sepemlen 240/50— .310). 318% <316 ,..305 3285 2250 .220, 180 .1395 4-140 .9828 
Oe, i BOO Sil ss A eo A IS II OR AS 9995 
INO VvanlESOOL6Stee -S2ee 286m 25ol ee lll 164 ea 06S Ons 1.0164 
DecwlrsSON Oi S045 62070224 ml 7/5) walZ4 20725 024: 1.0288 
Weare 05am eo0lle £209) meZOS) saci 209) “73) 1445 213355 2126 

Average annual solar energy received per square dekameter of horizontal surface in kilowatt 
hours. U. S.: Lincoln, 160,906; Mount Weather, 148,824; Washington, 145,403; New York, 
106,460; Chicago, 97,856. Other countries: Toronto, 139,523; Johannesburg, 175,696; Davos 
Platz, 174,043: South Kensington, 78,569; Stockholm, 79,267. 

SMITHSONIAN PHYSICAL TABLES 



726 TABLE 821.—MEAN MONTHLY AND YEARLY TEMPERATURES, °C 

Mean temperatures of a few selected American stations, also of one station of very high and 
two of very low temperature, and one of very great and one of very small range of temperature. 

Jan. Ieb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec. = o 4 a 

1 Hebron-Rama (Labr.). —20.7 —20.9—15.6— 69+ 2+ 4.5+ 76+ 8.04 4.5 — .8— 6.2 —16.2 — 5.2 
2 Winnipeg (Canada) ..—21.6 —18.8 —11.0 + 1.9 +10.9 +17.1 418.9 +17.6 +11.6 + 4.1— 7.6—15.74+ .6 
3 Montreal (Canada) ...—10.9— 9.1— 4.3 4+ 4.8 +12.6 +18.3 +20.5 +19.3 +14.7 + 7.8— .2— 7.14 5.5 
4 Boston) ghee omisicis +s Geos — 2.8— 2.24 1.2 + 7.3 +13.6 +19.1 +21.8 +20.6 +16.9 +11.14+ 4.8— .5+4 9.2 
SulehiCarOncriiisacents see — 4.8— 2.94 1.24+ 7.9 +13.4 +19.7 +22.2 +21.6 +17.9 +11.1+4+ 3.6— 1.5+ 9.1 
6eDenver  sguserss 6 eee — 2.1+ .1+4+ 3.8+ 8.3 +13.6 +19.1 +22.1 +21.2 +16.6 +10.3 + 3.3 0+ 9.7 
fe Wiashinetonee..- incite <e + 74+ 2.1 + 5.2 +11.7 +17.7 +22.9 +24.9 +23.7 +19.9 +13.44+ 6.94 2.3 +12.6 
SePikes Peak ys.e:cictaiers oc —16.4 —15.6 —13.4—10.4— 53+ 44+ 4.5+ 36— .3 — 5.8 —11.8 —14.4 — 7.1 
OMSE. Wouis S65. 5 tus sc — .8+ 1.74 6.2 +13.4 +18.8 +24.0 +26.0 +24.9 +20.8 +14.24+ 6.44 2.0 413.1 

1OySani Prancisco, =. =-5% +10.1 +10.9 +12.0 +12.6 +13.7 +14.7 +14.6 +14.8 +15.8 +15.2 +13.5 +10.8 +13.2 
TMMVaamiay oe ais ocala +12.3 +14.9 +18.1 +21.0 +25.1 +29.4 +33.1 +32.6 +29.1 +22.8 +16.6 +13.3 +22.3 
129New Orleanst...:-.2<- ee 1 +14.5 +16.7 +20.6 +23.7 +26.8 +27.9 +27.5 +25.7 +21.0 +15.9 +13.1 +20.4 
eeMassata’ Fare. occ... 25.6 +26.0 +27.1 +29.0 +31.1 +33.5 +34.8 +34.7 +33.3 +31.7 +29.0 +27.0 +30.3 
14 Ft. Conger (Greenl’d). * 39. 0 —40.1 —33.5 —25.3—10.0 + .4+4 2.8 + 1.0— 9.0 —22.7 —30.9 —33.4 —20.0 
US sVierkhoyanske™. «.. «/=c- —51.0 —45.3 —32.5 —13.7 + 2.0 +12.3 +15.5 +10.1 + 2.5 —15.0 —37.8 —47.0 —16.7 
162Batavia. ANYiA. .2-nee. +25.3 +25.4 +25.8 +26.3 +26.4 +26.0 +25.7 +25.9 +26.3 +26.4 +26.2 +25.6 +25.9 

Lat., Long., Alt. respectively: (1) + 58°5, 63°90 W, —; (2) + 49.9, 97.1 W, 233m; (3) + 45.5, 
73.6 W, 57m; (4) + 42.3, 71.1 W, 38m; (5) + 41.9, 87.6 W, 251m; (6) + 39.7, 105.0 W, 1613m; 
(7) + 38.9, 77.0 W, 34m; (8) + 38.8, 105.0 W, 4308m; (9) + 38.6, 90.2 W, 173m; (10) + 37.8, 
122.5 W, 47m; (11) + 32.7, 114.6 W, 43m; (12) + 30.0, 90.1 W, 16m; (13) + 15.6, 37.5 E, 9m; 
(14) + 81.7, 64.7 W, —; (15) + 67.6, 133.8 E, 140m; (16) — 6.2, 106.8 E, 7m. 

Note.—Highest recorded temperature in world — 57°C in-Death Valley, California, July 
10, 1913. Lowest recorded temperature in world — — 68°C at Verkhoyansk, Feb. 
1892. 

TABLE 822.—TEMPERATURE VARIATION OVER EARTH’S SURFACE (HANN) 

Maximum values for month in italics. 

Temperatures °C Mean Land 
ocean surface 

Latitude Jan. Apr. July Oct. Year Range temp % 

North pole —41.0 —28.0 — 10 —24.0 —22 7 40.0 = ly _— 
+80° —32.2 —22.7 + 2.0 —19.1 —17.1 34.2 — 17 20 

70 —26.3 —14.0 7.3 — 9.3 —10.7 33.6 +. 7 53 
60 —16.1 — 28 14.1 + 3 — 1.1 30.2 48 61 
50 — 72 + 52 17.9 6.9 "5:8 Hays | 7.9 58 
40 + 5.5 1S: 24.0 15:7 14.1 18.5 14.1 45 
30 14.7 20.1 27.3 21.8 20.4 12.6 21.3 43.5 
20 21.9 25.2 28.0 26.4 PASS) 6.1 25.4 31.5 

+10 25.8 27.2 27.0 26.9 26.8 1.4 27.2 24 
Equator 26.5 26.6 Laff 26.5 26.3 9 27.1 22 
—10 26.4 25.9 23.0 2507, 2555 3.4 25.8 20 

20 25.3 24.0 19.8 22.8 23.0 5.5 24.0 24 
30 21.6 18.7 14.5 18.0 18.4 HA 19.5 20 
40 15.4 12.5 8.8 Wily 11.9 6.6 13.3 4 
50 8.4 5.4 3.0 48 5.4 5.4 + 6.4 2 
60 32 — — 9.3 — — 3.2 12.5 0 0 
70 — 12 — —21.0 — —12.0 19.8 — 1.3 71 
80 (— 4.3) — (—28.7) — (—20.6) (24.4) — 100 

South pole (— 6.0) — (—33.0) — (—25.0) (27.0) — (100) 
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TABLE 823.—TEMPERATURE VARIATION WITH DEPTH WIG 

Table illustrates temperature changes underground at moderate depths due to surface 
warming (read from plot for Tiflis, Lehrbuch der Meteorologie, Hann and String, 1915). 
Below 20-30 m (nearer the surface in Tropics) there is no annual variation. Increase 
downward at greater depths, 0.03 + °C per m (1° per 35 m) l.c. At Pittsburgh, 1524 m, 
49.4°, 0294 per m; Oberschlesien, 2003 m, 70°, .0294 per m; or West Virginia, 2200 m; 
70°, .034° per m (Van Orstrand). Mean value outflow heat from earth’s center, 0.00000172 
g cal cm™® sec’, or 54 g cal cm” yr™ (39 Laby). Open ocean temperatures: Greatest 
mean annual range (Schott) 40° N., 4.2°C; 30° S., 5.1°; but 10° N., only 2.2°; 50° S., 2.9° 
Mean surface temp. whole ocean (Kritimmel) 17.4°; all depths, 3.9:. Below 1 km nearly 
isothermal with depth. In Tropics, surface 28°; at 183 m, 11°, 80 percent water less than 
44°. Deep-sea (bottom) temps. range —0.5° to +2.6°. Soundings in South Atlantic: 
OnkinelSOce 2S kmeloes 25 kim, 83° Slokm 3-3es)3 km, 172-425 km 0162: 

Maximum values in boldface. 

Temperature °C 
Depth, ee 
ee Jan; Feb. Mar. Apr. May. June July, Aug. Sept. ‘Oct. Nov.) Dee: 

0 il 4 10 14 21 29 32 32 24 16 9 4 
5 4 f 9 13 18 23 26 28 24 18 12 6 

1.0 6 6 8 12 15 20 24 26 23 18 14 10 
1e5 9 8 9 11 14 18 21 23 22 18 15 12 
2.0 11 10 10 11 13 16 19 21 21 18 16 14 
3.0 14 12 12 11 13 14 16 17 18 18 17 15 
4.0 15 13 12 2 12 118} 14 16 16 17 17 16 
5.0 15 14 13 13 13 13 14 14 15 16 16 16 
6.0 15 14 14 14 14 14 14 14 14 15 15 15 

TABLE 824.—WOLF’S SUNSPOT NUMBERS, ANNUAL MEANS *** 

Sunspot number = k (10 & number of groups and single spots observed + total number 
of spots in groups and single spots). k depends on observer and telescope, equaling unity 
for Wolf with 3-in. telescope and power of 64. Wolf’s numbers are closely proportional 
to spotted area on sun, 100 corresponds to about 1/600 of visible disk covered (umbras 
and penumbras). Periodicity: successive outbursts about 11 years apart, extremes a3 
years and 17.1 years. See references for daily and monthly values. 

Smoothed monthly numbers are formed from monthly means of observed number by 
weighting the sixth months preceding and following 1, all 11 intervening months 2. 

Smoothed monthly sunspot numbers, annual means 

Maximum and minimum values for period in boldface 

Year 0 1 2 3 ~ 5 6 7 8 9 

S0t MURS leh S22 W459 | 280M Tes as Bia Oe SIs 47 2~ Soa 
Maite C27 802" 601 | 485. 367! eal Page 358): foes a sine e 
1770 Me ORS AlG867 & 10657)" 39.7 1 27.5 wees = 2078 Mrop? anisia wise 
Ie. N6es5 — 387 “225 [103 = Zod a cele Mules 2eckad ous wie 0 
TZOOIN 80.60067:6. 10 SOR rn <47.BONP SR SOR 2d0T MMS crete Steere? 
SOO HEUHISIO’ GNSS Free 441i 4310 » eae BUN —42. 550279" Cwllorint O76 3.1 
1810 10 Daweete7 eey= 455 Pea 12a  USUSw Shelve Wg A0Bany S00. HeZaA 
RePOHON 160 6.6 = 140 (c. 2.6 | 38.3nn M69 MOU 35 oe. SLGraO21ye moval 
1S Sllnas iG 72iw 08 5059 Ay 2603) 09.40 Has Bd eS stalZiel y STO, LOZ Abe t od 
(SAN a COL B85cicy230%. 132 177) “SBA 1/059 7 enor deste 
ASSO eER GOS: 63.2.0 & 528 bBo LON Meith nein 2 0iy in lOet abet 
feqmsoas = 777 «CO61.1)S—454 Cs «452 S14 147 BB tO em 
TS7ZOMMPIGUS OF11GRor' 8 99:79" 67.9% 6 4IT OM 18orowML7. 11.0 ~ 39 ei 
WeiesrGlio we std ewer esa? 86se oS ~~ 25.l ~—C ae 
1890 ge 6377 OF Z0Qen 83:7". 679101 “OL Sey uid4saey) sae 226 aes 
1900 Be. cnr sa bots . D3! aatotesezorkensn oiSa0out Silent sim 
isi. 210 65° 434 '!' 22 118 4 464 [591 962 ‘83% — Gh5 
1920718 636:90027.0.0 113.08. 63%) 168 “la4s7 OSL 700s 62.0 
T9307 VOIR Ble 21.4 YoHZ1 | MRO 94 A ZESorh7OteM sae, MSD) Bes 
10401 266s 505° 6303-11 153.0 ant ° 364 ‘(1917 1456 Bie 1887 
1950 839 69.4 

* Prepared by Allan I. Cook IT. ‘ 
an Asuen. Mitt. Zurich, No. 145. 1945; Tourn. Geophys. Res., vol. 54. p. 347, 1949; Wane 

Astron. Mitt Zurich; Terr. Mag.; Journ. Geophys. Res., Trans. Int. Astron. Union Quart. sa piel 

Activity; American Sunspot Number Reductions, Central Radio Propagation Laboratory, ationa 

Bureau of Standards. 
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728 TABLES 825-884.—ASTRONOMY AND ASTROPHYSICS * 

Astronomy, including astrophysics, is a study of the geometry and physics of 
the heavenly bodies and the material in the intervening space. This experi- 
mental science requires some very special apparatus—in general, used in con- 
nection with large telescopes. Table 825 gives a list of the larger telescopes 
that are now (1949) in active scientific use. Some definitions and standards 
and other data on astronomy follow. 

* These tables were prepared under the supervision of D. H. Menzel, of Harvard University, and 
Edith Janssen Tebo, of Harvard College Observatory. 

TABLE 825.—THE LARGEST TELESCOPES IN ACTIVE SCIENTIFIC USE 

(1949) ¢ 

Reflectors 

(60-inch mirrors and larger) 

Halemielescope, Palomar Mountains Calif) Une SuvAuseiseeeen intricate 200-inch 
Hookermilielescope, Mount tlsonaCalites Us SapAeermac occ ctececinic tomo eit 100-inch 
MacDonald'@bservatory, Mount HockesMexs Us Sy Ae. cemereeeneee see cin eae 82-inch 
Radcliffe) Observatory, “Pretoria: South;Ainicas.. .oiy.. sees. aceee cll eae aes 76-inch 
David Dunlap Observatory, Richmond Hill, Ontario, Canada................. 74-inch 
Dominion Astrophysical Observatory, Victoria, B. C., Canada................. 72-inch 
PerkinssObservatory, ‘Delaware, Ohio, U: S. A......c2...-245+-.a¢- eres Birdies te 69-inch 
Wyeth Reflector, Harvard Observatory, Oak Ridge, Mass., U. S. A............ 61-inch 
Southern Station of the Harvard Observatory, Bloemfontein, South Africa..... 60-inch 
Mount Wilson Observatory, Mount Wilson, Calif., U. S. A..................5- 60-inch 
Cordoba Observatory, Bosque Alegre, Argentinas Saiencase ac. am sya oias? sarees mon 60-inch 

Refractors 

(30-inch lenses and larger) 

Werkess@ObsenvatoryawvilliamspBayen WIS mW orn Ac-rje ices sterile < niaiche eres 40-inch 
Micki Obsenvatory~eMount Eamiltony GCalit Wasp Acee ena eeeeae eer eer 36-inch 
Astrophysical Section, Observatory of Paris, Mundon, France................. 33-inch 
Allegheny, @bservatonyaveittsburchiweea Os Salven eee rico erent ies eamOUsiaGh 
Wniversity of PanisisObsernvatonyay Nice Hinance sear reer oe iit ioe 30-inch 

Schmidt-type telescopes 

(of large aperture) 

48-inch correction plate, 72-inch mirror, Palomar Observatory, Calif., U. S. A. 
24-inch correction plate, 36-inch mirror (Burrell Telescope), Warner & Swasey Observa- 

tory, Case Institute of Technology, Cleveland, Ohio, U. S. A. 
24-inch correcting plate, 33-inch mirror (Jewett Telescope) Harvard Observatory, Oak 

Ridge, Mass., U. S. A. 

t Prepared by J. J. Nassau, Case Institute of Technology. 

TABLE 826.—APPROXIMATE EQUATION OF TIME ** 

The equation of time in this table is to be added algebraically to local apparent solar time to 
obtain Jocal mean solar time. 

Accurate values of the equation of time may be obtained from the American Ephemeris and 
Nautical Almanac. 

min min min 

Jana 58 Apeyl oe 4 July1 44 Oa. lane l0 
11 + 8 11 + 1] 10k + 5 11 —13 
21 +11 21 — 1 21 + 6 21 —15 

Feb. 1 +14 May 1 — 3 Aug. 1 + 6 Nov. 1 —16 
11 +14 11 — 4 11 +. 5 11 —16 
21 +14 21 — 4 Zyl + 3 21 —14 

Mar. 1 +13 June 1 —2 Sept. 1 0 Dec. 1 —l11 
11 +10 11 —1 11 — 3 Bl —7 
21 + 8 21 + 1 21 —7 21 —2 

** Prepared by G. M. Clemence, U. S. Naval Observatory. 
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TABLE 827.—MISCELLANEOUS ASTRONOMICAL DATA * 729 

Aberration constant.—20°47 (conventional value; work of Doolittle, Spencer Jones, 
and others, indicates a value of 20.50). 
Aphelion.—Point where earth is farthest from sun = 1.520 * 10% cm. 
Astronomical unit (A. U.)—Distance: mean distance earth to sun, 149,500,000 km. 

(Conventional value, solar parallax 8°79 would give 149,700,000.) Mass: the combined 
mass of the sun and earth which means, practically, the sun’s mass = 1.987 « 10" g. 

Color index.—Ordinary stellar magnitudes are supposed to correspond to observations 
with the normal eye. This is by no means easy to define, for the brightness of a red star 
compared with a white, appears greater when the amount of light entering the eye is 
increased for both in the same ratio (Purkinje effect) for low brightness. 
Owing to differences in the actual distribution of the energy with wavelength, the rela- 

tive brightness of stars of different temperatures and colors measured with receptors 
sensitive to different spectral regions vary greatly. 

On ordinary photographs, red stars appear much fainter than to the eye. If the measures 
are calibrated so that the visual and photographic magnitudes average the same for spec- 
tral class A, the difference for any other group of stars is called color index. This ranges 
from about —0”.3 to + 1.8 for class MW and reaches 5” for the reddest stars of class N. 

The difference in color index between the two standard types, e.g., AO and KO is 
called the color-equation. It varies over a wide range with the spectral sensitivity of the 
He ate very large and positive for the violet and ultraviolet and negative for the red and 
infrared. 

Photoelectric devices, combined with screens and measurable transmission have at last 
provided standard systems for stellar photometry of at least approximately definite physi- 
cal significance for spectral regions ranging from the ultraviolet to the infrared. Radio- 
metric magnitudes correspond to the measures of the whole observable energy radiation. 

Bolometric magnitudes are supposed to represent the total energy radiation of all wave- 
lengths, and must be found by calculation. 

Date line.—Established by convention not far from the 180th meridian from Green- 
wich. Where the line runs across a group of islands, the change of the date line is diverted 
to one side so that the group has the same day. Ships crossing from the east, skip a day ; 
going east, count the same day twice. 
Day.—Mean solar day = 1,440 minutes = 86,400 seconds = 1.0027379 sidereal day. 

Sidereal day (ordinary, two successive transits of vernal equinox, might be called equinoc- 
tial day) = 86,164.09054 mean solar seconds = 23 hr, 56 min, 4.09054 sec mean solar time. 
Two successive transits of same fixed star = 86,164.09967 mean solar seconds. 
Declination.—If 5—declination, t, hour angle measured west from meridian, Ah, 

altitude, ¢, latitude and A, azimuth measured from S. point through W. Then 

sin h = sin ¢ sin 6+ cos ¢ cos 6 cos t ‘ 
cos h cos A= — cos ¢ sind + sin ¢ cos 5 cos ¢ egiven 4, t, 
cos h sin A= cos 6 sin ft 

sind= sin ¢ sinh—cos ¢coshcos A) | 
cos cos t= cos ¢ sinh + sin ¢ cos h cos A pgivenh, A, > 
cos 6 sin t= cos h sin A 

Delaunay’s y = sin 1/2 J = 0.04488716 (Brown). 

Dip of horizon.—In minutes of arc = V elevation in ft (approximately). : 
Earth.—Mean r = 6.371210° cm. Equatorial diameter = 12,756.78km; polar diameter 

= 12,713.82 km. Area = 5.10110" cm. Angular velocity = 72.910 radians/sec. Volume 
= 1.08310 cm®. Mass = 5.97510" g. Density = 5.517 g/cm*. Mean distance to sun = 

1.495X10"cm. Distance to the moon = 3.844x10"cm. Light traverses mean radius of 

earth’s orbit in 498.6 sec. Semimajor axis orbit = 1.4950X10"%cm; semininor axis = 

1.4948 10"%cm. Viscosity = 10.910" cgs. Velocity of equatorial point on earth, because 

of rotation: 1,050 mi/hr = 1,550 ft/sec = 1,650 km/hr = 460 m/sec. In orbit: 18/5 mi/sec 

— 30 km/sec. See Tables 831 and 833. Rotational energy = 2.16X10" erg. 

Earth’s orbital velocity = 18.5 miles/second. 1,550 ft/sec (rotation at Equator). 

Eccentricity of earth’s orbit = ¢ = 0.01675104 — 4.180107 (¢ — 1900) — 1.2610 

t — 1900)’. 
Eccentricity of moon’s oe tie 0.05490056 (Brown). 

Gal.—Unit of gravity acceleration = 1 cm sec™. : 

General precession. (westward movement of the equinoxes) = 5072564 + 0000222 

(t — 1900) per year (Newcomb). Probably requires correction of about -!-0°01. See 

Table 838. 13 
Gravitation constant = (6.670 + 0.005) x 10° dyne cm’ g™® (Heyl, 1930). 

Gravity, acceleration due to, g = 978.0495 cm sec” (conventional value at sea level at 

equator. See Table 802). Unit, gal = 1 cm sec”. 

* Prepared by G. M. Clemence, U. S. Naval Observatory. 

(continued) 
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TABLE 827.—MISCELLANEOUS ASTRONOMICAL DATA (continued) 

Heat index.—Radiometric (heat or bolometric), zero taken to agree with Class AO, 
(radiometric — visual magnitude) = heat index, + for red stars. 
Horizon.—Distance at sea is approximately, miles = V (3/2) height in feet. Local 

refraction (mirage) may introduce large percentage changes in either direction for obser- 
vations from altitudes of 30 feet or less. 

Inclination of moon’s orbit = J] = 5°8'43.5” (Brown). 
Julian period, 1950 = 6663.—January 1, 1950, Julian-day number = 2433283. 
Latitude variation.—The direction of the axis of the earth in space changes approxi- 

mately 20”5 per year owing to precession. The change is roughly periodic in 25,800 years 
with an amplitude of 23°5. This does not affect terrestrial latitudes, but a variation in 
them is caused by a shift of the earth’s body about this axis. The two ascertained com- 
ponents of the polar motion have periods of 1.00 and nearly 1.20 years (the annual and 
Chandlerian components, respectively), so that the oscillations in X and Y, as well as the 
resultant total motion have variations in amplitude with a “beat period” of about 6 years. 
In contrast to the annual terms, Chandler’s term shows striking variations in amplitude. 
There is, further, a variation in the period of the Chandlerian term (1.18, 1.20, 1.17, 1.15, 
1.19 years) which appears nearly proportional to the corresponding amplitude variations 
according to the relation P = 0.185 A +1.128, where P is the period in years and A the 
amplitude in 0701 units. (See T. Nicolini, appendix to Commission 19 Report, Trans. Int. 
Astron. Union, Zurich, 1948.) 

Light, velocity of.—(Mean value) in vacuo, 299773 + 10 km sec” (Dorsey). 
299792.5 + 0.8 km sec™ (Bearden). 
299776 + 0.00004 km sec™ (Birge). 

Light year.—The distance light travels in 1 year = 9.5 X 10” kilometers = 5.9 & 10” 
miles. Light traverses mean radius of earth’s orbit in 498.6 sec. 
Lunar inequality of earth = L = 6.454” 
Lunar node d= daily motion = — 02052954. 
Lunar parallax = 3422.70” (Brown). 
Lunar perigee, daily motion = + 0°111404. 
Lunar-solar precession = p’ = 50.3714” per year (De Sitter, 1927). Of this 0.0191”, 

Einstein, orbital motion earth. 
Magnitudes.—The observed intensity of light received on the earth from astronomical 

bodies ranges over a factor exceeding 10”. It is therefore expressed on a logarithmic 
scale—the system of stellar magnitudes. This system, which was adopted by Hipparchus 
more than 2,000 years ago, is closely represented by the equation 

m — 2a logio (1/1) 

where / is the observed light and Jo a standard value corresponding roughly to the light 
of Arcturus or Vega. Decrease of light by a factor of 100 increases the stellar magnitude 
by 5.00; hence the brightest objects have negative magnitudes. (Sun: — 26.8; mean full 
moon: — 12.5; Venus at brightest: — 4.3; Jupiter at opposition: — 2.3; Sirius: — 1.6; 
Vega: + 0.2; Polaris: + 2.1). The faintest stars visible to the naked eye on a clear dark 
night are of about the sixth magnitude (though on a perfectly black background the limit 
for a single luminous point approaches the eighth magnitude). The faintest stars visible 
with a telescope of aperture A (in inches) is one approximately of magnitude 9+ 5 
logi A. The magnitude of the faintest stars which can be photographed with the 200-inch 
telescope is about + 22.7. The apparent magnitude of a standard candle at a distance of 
1 meter is — 14.2. 

Absolute magnitude, M, is that which the body would exhibit if placed at a distance of 
10 parsecs, and corresponds to its actual luminosity. For a star of magnitude m, and 
parallax p, in seconds of arc 

M=m-+5-4 5logp 

For the sun, M =+ 4.7. The brightest stars probably exceed M = —7 and the faintest 
observed value is M = + 18, a range of 10°. The full moon (could it be observed without 
Hees from the standard distance) would have M=-+ 32 and a standard candle 

Mean distance earth to moon = 60.2678 terrestrial radii. 
; = 384,411 kilometers = 238,862 miles. (See Table 834.) 

Mean distance earth to sun = 149,500,000 kilometers = 92,900.000 miles. (See As- 
tronomical unit.) See Table 833. 

Month.—Sidereal = 27.321661 days, synodical (ordinary) = 29.530588 days (Brown). 
Nutation constant (periodic motion of celestial pole) =9.21”, conventional value; 

9.207" Principal in long = A = (—17.234” — 017” T) sin Q; principal term in obliq- 
uity = Ae= (+ 9.210 + .0009 T) cos 2 (Newcomb). T centuries from 1900. 

Obliquity of ecliptic = 23°27'8.26” — 0.4684 (t — 1900)” (Newcomb). 

(continued) 
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731 
TABLE 827.—MISCELLANEOUS ASTRONOMICAL DATA (concluded) 

Parallactic inequality moon = Q = 124.785” (Brown.) 
Parsec.—Distance of star whose parallax is 1 sec =31 & 10% km = 19.2 & 10” miles 

= 3.263 light years. 
Perihelion.—Point where earth is nearest sun = 1.4700 & 10" cm. 
Planetary precession = \ — 0.1247” (Newcomb). 
Pole of Milky Way =R. A., 12 hr 48 min; Dec., + 27° 
Refraction.—r in. (") = [983 x (barometer in in.)/(460 + t°F)] tan Z, where Z = 

zenith distance. Error < 1”, Z < 75°, ordinary t and pressure. 
Solar diameter = 864,408 miles. 
Solar parallax = 8780 (conventional value), 8779 (Newcomb, Spencer Jones). 
Sun.—r = 6.965 « 10cm. Area = 6.093 X 10¥cm*. Volume = 1.412 X 10° cm*. Mass 

= 1.987 k 10° g. Density = 1.41 g/cm*. Mean distance to earth 1.495 x 10%cm. See 
Table 831. 
Twilight.—There are three definitions of twilight: civil, nautical, and astronomical. 

Civil twilight lasts until the sun is about 6° below the horizon, after which motor-car 
lights must be turned on. Nautical twilight lasts until the sun is about 12° below the 
horizon. This is the limit for observations of stars with the sea horizon. Astronomical 
twilight is considered to end when the sky is dark in the zenith. It lasts until the sun is 
about 18° below the horizon. For latitudes > 50° there is a faint twilight at midnight 
in midsummer. 
Year.—Anomalistic (two successive passages of the perihelion) = 365.25964134 + 3.04 

x 10° (t — 1900) days. Eclipse (time taken by sun to pass from a node of the moon’s 
orbit to the same node) = 346.620031 + 3.2 * 10 (t — 1900) days. Sidereal (from given 
star to same star again) = 365.25636042 + 1.1 « 10°° (tf — 1900) days. Tropical (ordinary) 
(two successive passages of vernal equinox by sun) = 365.24219879 — 6.14 x 10° 
(t — 1900) days. 

TABLE 828.—ELEMENTS OF SOLAR MOTION * 

Because of the asymmetry in stellar motions (Table 876), determinations of the speed 
and direction of the sun’s motion are very sensitive to the selection of stars to which it is 
referred. Ideally we wish to refer the sun’s motion to the circular velocity with respect to 
the galactic center; this may be called the basic solar motion. It is possible to determine 
this basic solar motion from detailed studies of the distribution of motions among nearby 
stars and it is found that such a determination made from the giant K stars is in excel- 
lent agreement with an independent determination from the A stars (Janssen and Vyssot- 
sky). This value is given in the last line of the table. The figures listed for the first five 
groups are smoothed values obtained from a combination of the best observational re- 
sults. The values for the next four groups come from investigations made at Leiden, 
Mount Wilson, and: McCormick Observatories. The solar motion with respect to B stars, 
c-stars, and Cepheids is difficult to determine satisfactorily because of uneven distribu- 
tion in space, very small proper motions, etc. 

Coordinates of the apex 

Stellar group Solar Gal Gal 
of reference velocity RA Dec long lat 

BTS OMV/ANS I enic Soke DIGIEsG OCR 16 km/sec 263° +20° Ile +24° 
INGE Oye BIA ek ee 17 266 +23 15 =22 
GS) tog GOP ae Meiers le 18 269 +26 18 4221 

IO to KAA cies pee ek: oh 20 273 +29 23 +19 
aK SatonsMSiclacstccw odes: 22 276 +31 27 Sey 

al Get (oy. GUNS sah eceeane Soon 23 275 +44 39 Sy 

dine ottlan va Guectsiel s,s, «fe skate -.s 35 265: +38: 30: +28: 

MOne=PEGloOd Vals ei1o entero 6 « 54 295 +46 47 +19 

luster typemvaG os suse oS. 130 297 S152 53 +12 

Basicrsolak motions...) 15 260 +17 7 +25 

* Prepared by A. N. Vyssotsky, University of Virginia. 
256 Astron. Journ., vol. 53, p. 87, 1948. 
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732 TABLE 829.—PERPETUAL CALENDAR * 

This calendar gives the day of the week for any known date from the beginning of the Christian 
Era down to the year 2400. 

Dominical letters 

Julian Calendar Gregorian Calendar 
ee ee a ee ee ee See SS ae 

Century 0 100 200 300 400 500 600 1500¢ 1600 1700 1800 1900 
700 800 900 1000 1100 1200 1300 2000 2100 2200 2300 

Year 1400 1500 + 

0 DG ED RENIGE SVAGIEBA eEB —— BA C E G 
| 2 Gy BS B Cc D E F G A F G B D F 
2, 30) SSe86 A B C D E F G E F A C E 
3 silky BO) BY G A B C D E F D E G B D 
4 32 60 88 PEP AGhe AGEs BAS IeEB DEED CB DCWhEVAG GB 
5 33 oll co) D E F G A B G A B D F A 
6 34 62 90 C D E F G A B G A C E G 
7 ss 6s) ON B G D E F G A F G B D F 
83616492 AG: BAVA GCBae DG IEDMIEhEaGk BD EE, VAG VGB ED 
9 37 65 93 F G A B C D E E D F A Cc 

10 38 66 94 E F G A B C D B e E G B 
LIN S967. G95 D E F G A B C A B D F A 
12 40 68 96 CBD TE Dake Gh AG BA GF AG CB ED GE 
13 41 69 97 A B G D E F G E F A € E 
14 42 70 98 G A B C D E F D E G B D 
15 43 71 99 F G A B C D E C D F A C 
16 44 72 EDI RES. Gh AG IBAY Seba DE —— CB ED GF BA 
U7 46) ws (C D E F G A B ——— | A (é E G 
18 46 74 B (C D E F G A —— G B D F 
IO. LY 7S A B G D E F G —— 19 A C E 
20 48 76 Ghee AGB AS Cb DG SED inE ——— 18/0) Gk Iy\ IDC 
21 49 77 E F G A B G D =— € E G B 
22 50 78 D E F G A B G —— | *~B D F A 
23 Bil As G D E F G A B =—— A C E G 
24a 52 80 BA CBY De ED? RE (Gi AG ——" GF” BA’ DE) FE 
2B Bee xGsill G A B G D E F —— £-— G B D 
26 54 8&2 F G A B G D E C D F A C 
fl 55. £33 E F G A B C D B C E G B 
28 56 8&4 DEC SED hE Gk AG? BAY EB AG? BAY Dee BE ANG 

Month Dominical letter 

Jan., Oct. A B C D E F G 
Feb., Mar., Nov. D E F G A B C 
Apr., July G A B (e D E F 
May B C D E F G A 
June E F G A B C D 
Aug. C D E F G A B 
Sept., Dec. F G A B SG D E 

OS Sy A BAS) Sun Sat. Fri. Thurs. Wed Tues Mon 
2609) 16 ¥23:430 Mon Sun. Sat. 1Ryai, Thurs. Wed Tues 
SeelOn 7 247s Tues Mon. Sun Sat Fri Thurs. Wed 
Areal 18 25 Wed Tues. Mon Sun Sat Fri Thurs 
Sele 9 26 Thurs. Wed. Tues Mon Sun Sat Fri 
Gaels 200927 Fri. Thurs. Wed Tues Mon. Sun. Sat. 
74> 21°28 Sat. Fri. Thurs. Wed. Tues. Mon. Sun. 

To find the calendar for any year of the Christian Era, first find the Dominical letter for the 
vear in the upper section of the table. Two letters are given for leap years; the first is to be used 
for January and February, the second for the other months. In the lower section of the table, 
find the column in which the Dominical letter for the year is in the same line with the month 
for wich the calendar is desired ; this column gives the days of the week that are to be used with 
the_mont 

E.g., in the table of Dominical Letters we find that the letter for 1951 is G; in the line with 
July, this letter occurs in the first column; hence July 4, 1951, is Wednesday. 

* Prepared by G. M. Clemence, U. S. Naval Observatory. + On and before 1582, Oct. 4 only. t On 
and after 1582, Oct. 15 only. 
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TABLE 830.—JULIAN DAY CALENDAR * 733 

Days are numbered consecutively, beginning with the number 0, from Greenwich 
on Jan. 1, 4713 B.C. The number of days since that time that have elapsed at Greenwich: fen 
noon on any given date is the Julian Day Number of that day. 

For A.D. 0 to A.D. 1580 inclusive, the Julian Day Numbers in this table are the days elapsed 
at Greenwich mean noon up to January 0 of the Julian Calendar in each leap year. 

For 1584 to 2096 inclusive, the Julian Day Numbers are for January 0 of the Gregorian Calen- 
dar, except that in 1700, 1800, and 1900, which were not leap years, they are for January — 1. 
eee 

A.D. 0 100 200 300 400 500 600 700 800 900 
0 1721057 1757582 1794107 1830632 1867157 1903682 1940207 1976732 20132 
4 1722518 1759043 1795568 1832093 1868618 1905143 1941668 1978193 5018718 3081243 8 1723979 1760504 1797029 1833554 1870079 1906604 1943129 1979654 2016179 2052704 

12 1725440 1761965 1798490 1835015 1871540 1908065 1944590 1981115 2017640 2054165 
16 1726901 1763426 1799951 1836476 1873001 1909526 1946051 1982576 2019101 2055626 
20 1728362 1764887 1801412 1837937 1874462 1910987 1947512 1984 
24 1729823 1766348 1802873 1839398 1875923 1912448 1948973 1985498 5022084 3088548 28 1731284 1767809 1804334 1840859 1877384 1913909 1950434 1986959 2023484 2060009 32 1732745 1769270 1805795 1842320 1878845 1015370 1951895 1988420 2024945 2061470 36 1734206 1770731 1807256 1843781 1880306 1916831 1953356 1989881 2026406 2062931 
40 1735667 1772192 1808717 1845242 1881767 1918292 1954817 1991342 2027867 2064392 
44 1737128 1773653 1810178 1846703 1883228 1919753 1956278 1992803 2029328 2065853 
48 1738589 1775114 1811639 1848164 1884689 1921214 1957739 1994264 2030789 2067314 
52 1740050 1776575 1813100 1849625 1886150 1922675 1959200 1995725 2032250 2068775 
56 1741511 1778036 1814561 1851086 1887611 1924136 1960661 1997186 2033711 2070236 

60 1742972 1779497 1816022 1852547 1889072 1925597 1962122 1998647 2035172 2071697 
64 1744433 1780958 1817483 1854008 1890533 1927058 1963583 2000108 2036633 2073158 
68 1745894 1782419 1818944 1855469 1891994 1928519 1965044 2001569 2038094 2074619 
72 1747355 1783880 1820405 1856930 1893455 1929980 1966505 2003030 2039555 2076080 
76 1748816 1785341 1821866 1858391 1894916 1931441 1967966 2004491 2041016 2077541 
80 1750277. 1786802 1823327 1859852 1896377 1932902 1969427 2005952 2042477. 2079002 
84 1751738 1788263 1824788 1861313 1897838 1934363 1970888 2007413 2043938 2080463 
88 1753199 1789724 1826249 1862774 1899299 1935824 1972349 2008874 2045399 2081924 
92 1754660 1791185 1827710 1864235 1900760 1937285 1973810 2010335 2046860 2083385 
96 1756121 1792646 1829171 1865696 1902221 1938746 1975271 2011796 2048321 2084846 

A.D. 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 

0 2086307 2122832 2159357 2195882 2232407 2268932 2305447 2341971+ 2378495+ 2415019t 
4 2087768 2124293 2160818 2197343 2233868 2270393 2306908 2343432 2379956 2416480 
8 2089229 2125754 2162279 2198804 2235329 2271854 1308369 2344893 2381417 2417941 

12 2090690 2127215 2163740 2200265 2236790 2273315 2309830 2346354 2382878 2419402 
16 2092151 2128676 2165201 2201726 2238251 2274776 2311291 2347815 2384339 2420863 
20 2093612 2130137 2166662 2203187 2239712 2276237 2312752 2349276 2385800 2422324 
24 2095073 2131598 2168123 2204648 2241173 2277698 2314213 2350737 2387261 2423785 
28 2096534 2133059 2169584 2206109 2242634 2279159 2315674 2352198 2388722 2425246 
32 2097995 2134520 2171045 2207570 2244095 2280620 2317135 2353659 2390183 2426707 
36 2099456 2135981 2172506 2209031 2245556 2282081 2318596 2355120 2391644 2428168 
40 2100917 2137442 2173967 2210492 2247017 2283542 2320057 2356581 2393105 2429629 
44 2102378 2138903 2175428 2211953 2248478 2285003 2321518 2358042 2394566 2431090 
48 2103839 2140364 2176889 2213414 2249939 2286464 2322979 2359503 2396027 2432551 
52 2105300 2141825 2178350 2214875 2251400 2287925 2324440 2360964 2397488 2434012 
56 2106761 2143286 2179811 2216336 2252861 2289386 2325901 2362425 2398949 2435473 

60 2108222 2144747 2181272 2217797 2254322 2290847 2327362 2363886 2400410 2436934 
64 2109683 2146208 2182733 2219258 2255783 2292308 2328823 2365347 2401871 2438395 
68 2111144 2147669 2184194 2220719 2257244 2293769 2330284 2366808 2403332 2439856 
72 2112605 2149130 2185655 2222180 2258705 2295230 2331745 2368269 2404793 2441317 
76 2114066 2150591 2187116 2223641 2260166 2296691 2333206 2369730 2406254 2442778 

80 2115527 2152052 2188577 2225102 2261627 2298152 2334667 2371191 2407715 2444239 
84 3116988 2153513 2190038 2226563 2263088 2299603§ 2336128 2372652 2409176 2445700 
88 3118449 2154974 2191499 2228024 2264549 2301064 2337589 2374113 2410637 2447161 
92 3119910 2156435 2192960 2229485 2266010 2302525 2339050 2375574 2412098 2448622 
96 3121371 2157896 2194421 2230946 2267471 2303986 2340511 2377035 2413559 2450083 

2000 2451544 2020 2458849 2040 2466154 2060 2473459 2080 2480764 
2004 «2453005 2024 + «2460310 2044 «= 2467615 2064 «= 2474920 2084 «= 2482225 
2008 2454466 2028 2461771 2048 2469076 2068 2476381 2088 2483686 
2012 +«-2455927 2032 «© 2463232. «= 2052:-Ss 2470537 «2072S «2477842 «=-2092-~S «2485147 
2016 2457388 2036 2464693 2056 2471998 2076 2479303 2096 2486608 

jenn EEE 

Days to be added to reduce to the beginning of each month: For dates from 1582 October 15 
to 1583 December 31, inclusive, Gregorian Calendar, diminish all numbers in this table by 10. 

In 1700, 1800, and 1900, Gregorian Calendar, for January 0 use the number 1 instead of the 
tabular value 0, and for February 0 use 32 instead of 31. 

_ ES Ee La a ae a ee ee eee eae rt 

Year Jan.0 Feb.0 Mar.0O Apr. 0 MayO JuneO JulyO Aug.0O Sept.0 Oct.0 Nov.0 Dec. 0 

0 0 31 60 91 121 152 182 213 244 274 S05 aos) 

1 3606 397 425 456 486 517 547 578 609 639 670 700 

2 731 762 790 821 851 882 912 943 974 1004 1035 1065 

3 1096-1127. 1155... 1186 1216.,..1247_*\ 1277 | 1308 1339. . 1369, 1400 «1430 
jun nnn nnn ne UU nErEnnnnrnereennnnrenerenne renner nInEEEEEIEIUE UE IEEE EE 

* Prepared by G. M. Clemence, U. S. Naval Observatory. ft For January —1. t Julian Calendar. 

§ Gregorian Calendar. 
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734 
TABLE 831.—PHYSICAL DATA; PLANETS AND PRINCIPAL SATELLITES 

(From unpublished compilation by G. P. Kuiper and D. L. Harris, Yerkes Observatory.) 

Mean Mean Surface Velocity Rotation 
Planet or Mass * diameter f density gravity of escape period 
satellite (Earth = 1) (1S =|) = (Oz, 11) km/sec (days) 

Mencury {i8ttaea ta snes 0543 38 5.46 38 4.3 88.0 
Wii Oeeeeton errs cores .8136 .967 4.96 87 10.4 15-30? 
Banthe .i3< 96. 214 o cet ec 1.0000 1.000 Spe 1.00 eS 1.00 
MiaiSiese SRRSSSOS © LeReRR 1069 523 4.12 39 Sal 1.03 
Jiipitersa ata oes sda 318.35 10.97 1733 2.65 61.0 41 
SHUCUT CIRO Bote cone DOE: 95.3 9.03 ik lei 17/ 36.7 43 
Uiranise =-+a19006 on eiaes 14.58 SZ 1.56 1.05 22.4 45 
Nepiiie sxasaaae - <cengane 17.26 3.38 2.47. 1:23 25.6 .66 
PAUtOpAS. ..chacoe > ere Rt <a 45 <5.5? <e577 <aONSIE ? 
Mioontts ateceaer strate oe 0123 LS; $56}5) 16 2.4 2765 
Jeo ee, eres: 0121 255 4.03 19 2.5 179 
iia ute tc UT ee as sitet foo esteyep eens 0079 .226 3.78 16 Zeal 3.55 
Jupiter sscoc.. rane: 0261 394 2.35 a7, 2.9 735 
Jupiter Verhoe. ..brsare: .0160 350 2.06 a3 2.4 16.69 
CWA toes ten eer ats ckonea hope: 0235 Vil 2.54 Aly 2.8 15.95 
Mat ICOMy ons ce tes ua ie .022 oor 2.8? 18? 2.8? 5.88 

* Mass of the Earth is 5.975 & 1027 grams; of the Sun 332,488 (1 + 0.00013) E = 1.987 X 10% grams; of the 
Moon (0.012289 + 0.000004) EF = 7.343 & 10°5 grams. + Equatorial diameter of the Earth = 12,756.78 km; 
polar diameter 12,713.82 km; ‘‘mean diameter’’ 12,742.46 km. See Table 827 

TABLE 832.—PLANETARY TEMPERATURES 

Calculated 

Measured A B 

Migeratay (Girdle SiClOyes sonac oe noncducesoccobnuor 690° K 445° K 631° K 
Weintisa (dare Side) skinner ee eons 250 =e — 

(bright side)tc cr. ches See -RRtaSE Ree 330 327 464 
arthiGimean) eth ion ieee gee Ceeaeen cee Seer 287 277 392 
Moon (center of illuminated hemisphere)......... 400 277 392 
Mais Gwatinests portions) ass). si nae. cnc ieee 285 222 316 
Nupiterers sore watitnet 6 eetaaee + cetoe re teaces ae 135 122 273 
SaUiisiis SemNet! dccyarccosule chktte CERO ASS rare 120 90 128 
(Wir amittS) essen > Kopsretieds « PEROT Oc PERE SES RP ok less than 90 63 89 
INIEDEUMEMALER « SURTAAS « CIRSSNS.. RORIHSS, LAEOTURS |B — 51 Wir 

All temperatures are given on the absolute scale. To change to centigrade, subtract 273. 
The column headed “measured” presents values determined by Coblentz and Lampland, 
and by Pettit and Nicholson. The column headed “A” gives black sphere temperatures ; 

“B” gives these multiplied by V2 or the calculated maximum temperatures of the center 
of the illuminated hemisphere of atmosphereless black planets. The observed values lie, 
as expected, between 4 and B in nearly every case. 

TABLE 833.—PLANETARY ORBITS * *” 

; Sidereal period 
Mean distance to Sun 

Mean Tropical Inclina- Eccen- 
Body AU km days years tion tricity 

Niercuny eee eee 387 57.9 t 87.97 241 7°004 .2056 
WSbGe Hoesen omad wen. 728 108.1 224.70 615 3.394 .0068 

aur thay Sep en ak are 1.000 149.5% 365.26 1.000 000 .0167 

Mars Sf ced «: 8a Greases 1.524 227.8 686.98 1.881 1.850 0934 

Jupiter SF Ae eee 5.203 777.8 4332.58 11.862 1.306 0484 

Satur nh-e... ere 9.539 1426.1 10759.20 29.458 2.490 0557 

Wirantiss eee 19.191 2869.1 30685.91 84.015 BTS) 0472 

INepttine™ =.) ote cet: 30.071 4495.6 60187.60 164.788 1.774 .0086 

EEO RM «age «3 ee 39.457 5898.9 90469.27 247.697, 172143 .2485 

* Prepared G. P. Kuiper, Yerkes Observatory. : 
257 \merican Ephemeris and Nautical Almanac for 1950, 
+ x 108, t Mean distance in km computed from earth’s equatorial radius (6378.388 km) and 

solar parallax of 8.”80. Recent determinations by Spencer Jones (Monthly Notices, Roy. Astron. Soc., 
vol. 101, p. 356, 1941) and Rabe (Astron. Journ., vol. 55, p. 112, 1950) give 8.”790 + 0.”001 and 
8."7984 + 0.”0004, respectively. 
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TABLE 834.—SATELLITE ORBITS * 735 

Mean distance Sidereal Vis 
from planet period magnitude Direction 

Body (km) (days) at mean opp of motion + 

Earth 
IMiOomige jasrtaes. dase 384,400 2h322 —12.7 D 

Mars 
IBtiobos Passo eenmiees 9,400 .319 11.5 D 
Deimos. 5.525. eae 23,500 1.262 13.0 D 

Jupiter 
VE Pz Sect ils Saas ae 181,200 498 13.0 D 
We Oss scttvaccwss «4s 421,400 1.769 5.0 D 
IU IITA Gossard 670,500 S55 Se D 
III Ganymede ..... 1,069,500 7.155 4.6 D 
TWisiGallisto; 55.2". 1,881,200 16.689 5.6 D 
Wiehe oe ok tes ceields 11,500,000 250.6 1B 7/ D 
WAG Ct ae See as Seat 11,750,000 259.6 16. D 
DS Laescotne ce eote eR 11,750,000 260. 7/2) D 
VOUS Maeecnssetevenevere) Sickovieve 23,500,000 739. 16. R 
IDS Agee CeCe 23,700,000 758. 17.6 R 
2) bad oie etcern Pee 22,500,000 692. 17.4 R 

Saturn 
Mimi a‘Siiesry.sietet anes 185,500 942 12.1 D 
Enceladus .:...... 238,000 1.370 11.6 D 
Methysapsetsizis cic csv 294,600 1.888 10.5 D 
DIONE Goines caeien che 377,300 2737 10.7 D 
IRE! so.deoe ae annie 526,900 4.518 9.7 D 
tari eet fateeres os 1,220,800 15.945 8.2 D 
Eiyneriony 2s cscs. 1:482°000 21.277 13.0 D 
lapetusesrrrisesers 3,558,000 79.330 10.1-11.8 D 
Phoebe asees eo. tS 12, '950, 000 550.48 16. R 

Uranus 
IMirani@arcresiacs ss 129,700 1.413 16.8 D 
NGC] Mee ae cn cscan os 190,700 2.520 14.8 D 
(Wimbrielttacs sca. crs 265,700 4.144 15.4 D 
MUR tatiial ee rreret store se.e 435,800 8.706 13.9 D 
Oberon ee js ciscieas 582,800 13.463 14.3 D 

Neptune 
SMTTEONG cis -c tev eters stot = ors 353,700 5.877 13.5 R 
INereid) Ais csiss vies ed 5,580,000 368. 18.5 ? 

* Compiled by D. L. Harris, Yerkes Observatory. 7 With respect to rotation of planet. D= 
direct motion, R = retrograde motion. 

TABLE 835.—NUMBER OF STARS [¢(M)] PER CUBIC PARSEC NEAR THE 
SUN WITH ABSOLUTE (PHOTOGRAPHIC AND VISUAL) 

MAGNITUDES M—1/2 TO M4. 1/2*25 

log @ (M) + 10 log ¢ (M) + 10 
i oe a ed 

M Phot Visual M Phot Visual 

— 6.0 2.10 1.63 + 5.0 7.35 7.40 
— 5.0 3.07 Del, + 6.0 7.49 7.45 
— 40 3.65 3.58 + 7.0 7.53 7.45 
— 3.0 4.25 4.12 + 8.0 7.46 7255 
— 2.0 4.75 471 + 9.0 7.49 7.75 
— 10 5.07 5.32 +.10.0 7.64 7.84 

0 5.68 5.98 +11.0 7.81 7.99 
+ 1.0 6.34 6.59 +12.0 7.97 8.02 
+ 20 6.77 6.71 +13.0 8.01 8.05 
+ 3.0 6.86 6.98 +14.0 8.06 
+ 40 7.19 7.29 

* Prepared by S. W. McCuskey, Case Tnstieute of Technology. 
258 van Rhijn, Groningen Publ. No. 47, 1936. 
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736 TABLE 836.—LUNAR AND TERRESTRIAL CRATERS * 

Relationship between diameter and depth of terrestrial explosion craters, terrestrial meteoritic 
craters and lunar craters. (All explosions occurred slightly below the surface.) 

D = 0.1083 d? + 0.6917 d + 0.75 
where 

D = log diameter (feet) 

d = log depth (feet) 
Examples: 

Observed Calculated 
Diameter depth depth 

Shreliligenaterann eepseiorrsicremona hae 10 ft yee 2.20 ft 
Arizona meteorite crater............. 4150 ft 700 ft (originally) 732 ft 
unarcrater Moretus). aa-e.12 1s 77 mi 14,600 ft 16,900 ft 

Relationship between diameter of crater and rim height, above ground level for terrestrial ex- 
plosion craters, terrestrial meteoritic craters, and lunar craters. 

E = —0.097 D* + 1.542 D — 1.841 
where 

E = log rim height (feet) 

D = log diameter (feet) 
Examples: 

Observed Calculated 
Diameter rim height rim height 

Shellitcrater ttt mtg fuk aloes Sc eees 10;ft 4, ft 40 ft 
Arizona meteorite crater............. 4150 ft 165 ft (past erosion 295 ft 

neglected) 
lnnarerater Cleomedes’..-..5-. «2-2 80 mi 5200 ft 5830 ft 

Terrestrial meteoritic craters 

Present Original 
Diameter depth depth Present 

(ft) (ft) (ft) rim height Discovered 

American craters: 
INTIZONAME EN Re cause se er as 4150 570 700 165 1891 
Odessa 1, near Odessa, Tex........ 550 14 130 12 1921 
@dessaucmiercil nicki toe 70 shallow 17 0 1921 
At least one other small crater 

imentived nearby .....6.sq2. 022. 
Brenham crater (near Brenham, 

Kans., also called Haviland 
Chakel meen ie ris oes 5636 shallow >10 0 1933 

(Gavel )o CONTA fe) ae ee 24 mi __filled—ice-covered lake 550 1950 
South American craters: Pits known 
Campo del Cielo, Argentine; many since 1576 

Gra tenS ects eee iakeeconxc oes 20 to 254 
Australian craters: 
Henbury 1, near Henbury cattle 

StAtOlle ener ac ee ieee 75 shallow 0 1930 
Dee. ee OR Ee. eet. Me LORIN ED 90 shallow 0 1930 
I ee OR ag, ayia ee eee 135 18 2 1930 
ANE a ca ate tie cs ogee Ste RENE 135 18 Z 1930 
GS) Peat eat eS RR <P RREIS (OX) Rtv ere. 75 6 Wee 4 1930 
Geen oe ae oe rE 240 25 ee 12 1930 
7 (probablyadouble)messrn: ake: 2 660 x 360 60 Breas high 1930 
Biter Eis crits Se en dee ee 175 15 AE high 1930 
(0) SR Panes: 2 a MRRRDY 5 ts, RS, , Oey SUR small 4: soe ee 1930 
Oe eect ees oc 2 SRR; sean eras 60 shallow , low 1930 
hts Seta se, See ee, emer ees ct, NY oe 45 as) AE Ade 1930 
SRO? | ya APR IRRD,<  OrRi ie NTaRY ar We 60 cw 30% 12 1930 
A Soesrc cos oe Poe os ORI eae 30 3 10 low 1930 
Boxhole crater, 200 miles N. E. of 
en binygt eos .o ee vor oe doen 600 50 Se Sore 1937 

IDallmevReyoSe: ONS? 5 oscshodao0000n¢ 230 16 oe prominent 1923 

* Prepared by R. B. Baldwin, Oliver Machinery Co., Grand Rapids, Mich. 

(continued) 
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TABLE 836.—LUNAR AND TERRESTRIAL CRATERS (concluded) 737. 

’ Present Original 
Diameter depth depth Present 

(ft) (tt) (ft) rim height Discovered 

WG ESC reel £ tew.wcrcpystors cheesiest hess 3700 200 100 1947 
Eurasian craters: 

Kaalijarv, on Baltic Island of Oesel. 300—360 50 25 1827 
@MeselRZwe era ree races 120 Ay an 1827 
I rage el Mec ea nee, eee a ee SO 100 1827 
ANS oh ttt ts SEE yo eae 65 1827 
Seep eared Sp or cicietet cuss oe chs ais reason sus 35 1827 
Gn(probablyadouble)ren-a- cece nee 120175 1827 
At least three small craters nearby.. 
Wabar 1 in Rubalkhali of Arabia.. 328 40 high 1932 

Jodo OOO A DUDS otte Ee ae ene 130 180 30 high 1932 
At least two smaller craters nearby. 1932 
Great Siberian craters. About 200 Formed 

AMeNUIMbDelE cet cee cee ce 30—175 June 30, 1908 
Silkhote-Alinsk, U.S.S.R., about 100 Formed 

Ghatersy ee ee eieere tier eyo <100 Feb. 12,1947 

The 1947 meteorite probably disintegrated high in the air. The 1908 meteorite exploded vio- 
lently either just before striking the ground or immediately after a ricochet. All others seem to 
have struck the ground, penetrated a short distance, and then exploded. 

It will be noticed that there is a tendency for several craters to be formed simultaneously as if 
the meteorites traveled in clusters. 

Only authenticated craters are here listed. Possible or doubtful cases have been omitted. 

TABLE 837.—ALBEDOS 

Photo- 
Visual Color graphic 

Object m g 0 p q albedo index albedo 

IMOOnNe sa. eee tons —12.66 + .29 2°40 104 £6945 5 0725 059 
WIGIRCIAY So0esco6 — 220 — .14 3.34 080 Ae. .058 +41.00 038 
Veenusindsmntiaronc — 5.12 —4.4] 8.50 630 1.20 76 + .62 70 
Mia steer, nies 5 « — 1.88 —1.39 4.60 m3 et 148 +1.00 088 
Jupiicnmsles chon 2 HP 3, ral 023y. WOS9m) a AZAIN® U2 te Slime Gane 
Saturn@en.caeeeee + 76 —8.80 78.95 416 EE 50 + .90 36 
UNENTIES sob anecooe -+- 5.55 7d ~ See 548 eZ: 66 + .42 73 
INeptumeyes:ace. 2s + 7.80 =H Ol ZY 514 2s 62 + 42 68 
Plutom een 2b aoext +14.74 = Jl517/ 4.0 146 ails 16 s- (6y/ 14 

Table compiled by D. L. Harris on the basis of measures by G. Muller and E. S. King 
and reduced to the International Photovisual System. Long-period variations of the outer 
planets have been suspected by W. Becker“ but are subject to confirmation. 

The albedo, according to Bond, is defined as follows: “Let a sphere S be exposed to 
parallel light. Then its albedo is the ratio of the whole amount reflected from S to the 
whole amount of light incident on it.” In the above table, m1: =the stellar magnitude at 
mean opposition; y = magnitude it would have at full phase and unit distance from earth 
and sun; ¢ =assumed mean semidiameter at unit distance; p= ratio of observed bright- 
ness at full phase to that of a flat disk of same size and same position, illuminated and 
viewed normally and reflecting all the incident light according to Lambert's law; q depends 
on law of variation of light with phase ; albedo = pq. 

Albedo of the earth: 0.39. 

250 Becker, W., Astron. Nachs., vol. 277, p. 65, 1949. 
200 Pyanjon, .\nn. Strasbourg, vol. 3, pt. 3, p. 168, 1937. 
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TABLE 839.—CHARACTERISTICS OF EARTH’S INTERIOR * 739 

Part 1.—Density and pressure 

The density distribution in the earth’s interior is obtained by a series of approximations 
made to conform with known data as boundary conditions. These known facts, with which 
any density distribution must harmonize, include the following : 

(1) The average density is 5.522, obtained by comparing the attraction of the earth 
with that of a known mass. Dr. Heyl’s value for the constant of gravitation is used, 
6.664 & 10°° dyne cm? g™* (Table 27). 

(2) The precession constant and other astronomic and geodetic data (Table 827) give 
the earth’s moments in inertia. J = 0.33344 Er*® where / is the moment of inertia about 
the polar axis, r the equatorial radius, and E the mass of the earth; further 

==) all) (Pd (Gia) 

where a is the polar semi-axis and p =f (a,r), the density. If the earth were a homoge- 
neous sphere its moment of inertia would be 0.4 M7? and density 4.6. 

(3) The known flattening of the earth from geodetic data is 1/297. If the earth were 
homogeneous the flattening would be larger. These should be sufficient to give a unique 
density distribution but, as Lambert of the Coast and Geodetic Survey pointed out, a 
distribution satisfying condition (2) also satisfies condition (3). 

(4) The last boundary condition results by comparing the elastic behavior at various 
depths with the known elastic constants of rocks. Time-distance curves of earthquake im- 
pulses enable one to calculate the velocities of the compressional, /’p, and distortional, Vs, 
waves at various depths in the earth. Assuming isotropy there are simple relations between 
K, R, E (moduli of compression, rigidity, Young’s respectively), « (Poisson’s ratio), Vp 
and I’; such that if the density and any two of them are known the others can be had. The 
variation in elastic constants for different rocks is small but sufficient to permit discrimina- 
tion when compared with the elastic properties at different depths computed by means of 
the equations 

2 GlL— @) 

1—2c 

The uncertainties result from extrapolating low pressure and temperature laboratory data 
to high pressures and temperatures. 
Whence we deduce: “granitic” material to a depth of 10 to 30 km; below this the rock 

is denser, about 3.0, and corresponds to a basalt or gabbro. At about 45 km depth a dis- 
continuity occurs; the change in elastic properties corresponds with a transition to peri- 
dotite, density 3.4. From this depth to 1,600 km the variation is uniform, the density in- 
creasing slowly with pressure. From 1,600 to 2,900 km the earthquake velocities remain 
somewhat constant and could be accounted for by a slow addition of iron and nickel to the 
material, the density changing from 3.4 to 9.0. Below, 2,900 km lV’, begins to decrease 
slightly and the assumption is that this core consists of nickel-iron with a density at the 
center of about 10.7. 

VEP=R/p, Vi —BViP=K/p, (Vo/Vi)? = 

Depth Density Pressure Rock type 

0 km 2.7 g/cm*® Granitic 
10 2 0027 < 10° kg/cm? 
30 3.0 .0067 Basaltic 
60 3.4 0171 Peridotitic 
120 She) 0381 
400 3.75 aii 
800 4.0 30 
1200 4.25 47 
1700 4.4 68 
2000 5.8 84 
2450 7.25 1.135 
2900 9.0 LS Transition layer 
3200 9.6 Ys 
4800 10.25 2.8 Ni-Fe core 
6370 10.7 3.1 

* Compiled by R. W. Goranson. ; 
(continued) 
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740 
TABLE 839.—CHARACTERISTICS OF EARTH’S INTERIOR (concluded) 

Part 2.—Elastic constants of earth’s interior 

Bulk modulus Rigidity Bulk modulus Rigidity 
Depth x 10-2 x 10-12 Depth x 10-2 x 10-12 
km dynes/cm2 dynes/cm2 km dynes/cm2 dynes/cm2 

0) 415 .26 1200 SIO ES (yp) Be 8) 
0-20 ESi==05 = 3005) 1700 AZ 3 THEE WES) 
20-45 / 2 all tle 2850 Sireyste: «2 40+ 1.0 
45-120 AL Seey) (jvesial 2900 ee anilie Smaller than at 
120-400 ROE EZ LO ==R2 6370 12 +10? surface, perhaps 

zero. 

Part 3.—Velocities of earthquake waves 

V’, is the velocity in km/sec of the primary or condensational wave, |’s, of the secondary 
or distortional wave. Turner speaks of them as the push and shake waves. 

Layer Vp, km/sec Vs, km/sec 

0 to 20 +10 km depth, depending on 5.4 to 5.6, depending on locality. 
locality May reach 6.1 S23 

20 + 10 to 45 + 10 km depth, depend- 6.25 to 6.75, depending on 
ing on locality locality he) Se 65) 

Between 45 + 10 and 2900 km depth: 
45 + 10 SiQ==al 44+ 2 
1300 WAS ae ol 6.9 + 2 
2400 1 PS eal os) Sif 
<2900 eS ==h ll TA TEPZ 

Core, 2700 to 6370 km (center) : 
>2900 ime) 7 7 
6000 10.9 + 2 ? 

TABLE 840.—BULK MODULI OF ROCK-FORMING MINERALS * 

The bulk modulus, K, of a compact, holocrystalline rock can be obtained with a fair 
degree of accuracy except for low pressures by adding the proportionate bulk moduli of 
the constituent minerals. 

Pressure, P, and K X 10° are in bars. 

Pressure in bars 

Mineral 1 2,000 10,000 

Meldspar-«Orthoclasems ernie coon eon nee 527 538 .603 
OligoclasesPAlb Ans: oo: Hea oases 582 592 641 
labradorite, eAlbisAiss) aoe ons acne ciel: 654 671 758 

Pyroxene: (Onthorhombic: .-+ +2. sine ae ace ee 1.00 1.00 1.00 
DIOpPSidee yrs seek) he ae noe chet Sra ers 935 935 935 
AUpifeMincs cent ee ote eo eerie 981 981 981 

ornblendece Actinoliteen asec e eae oie 769 769 769 
Micat Phlogopitemsiaiasentcae -catasits cat ononmpcuaene 431 451 516 
OUAREZ? Penh hs eared ere a aera Cee 373 383 437 
(GEIS SM iN econ Sune Ot Mine per ne eS ieeh Co <7) aes Bier es ie 736 741 758 
IY Ue Tear gC Sheahen aia eee eR Cre CoeeeeeasbeMncitychlcncicenNO OO 1.818 1.852 
Cortundiamy iS eerste Sean occa es ene eters 2.44 — 
ARO UNIAN se he etek oie caceeeere sccm eacee eer 22 — — 
Asta Gillie aera ee nates eran ee ctor onah toe eee aE rere manele 72 

* Compiled by R. W. Goranson. 
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TABLE 841.—ELASTIC CONSTANTS OF ROCK * 741 

P (pressure), and K, R. FE (bulk, rigidity, and Young’s moduli resp), are given in bars (1 bar 
= 10° dynes/cm?). Vp and I’, (compressional and distortional wave velocities respectively), are 
in km/sec. o is Poisson’s ratio and p is the density. p is in g/cm*. 

Dynamically determined elastic constants are surrounded by parentheses (single parenthesis 
represents seismic data); the others are static determinations. Italicized figures are calculated. 
In places where insufficient data were present to complete the calculations, figures in square 
brackets have been assumed. In the “P’’ column m.s. denotes mean stress. 

The basis of this table includes data of L. H. Adams and Williamson, F. D. Adams and Coker, 
Bridgman and others. 

Name 12 Kx10-9 a TOE <a058 p Vp Vs 

Graniten" ete cotton ce 1 C489) CSe) ELS) (.46) 2.62 (5:05)°" (262) 
m.s. 350 303 3; 20 50 _ — — 

2000 472 [.28] 26 62 2.62 Hos) 3.05 
10000 E552 [.28] 29 ss 2.67 5.91 3.26 

Basalt=eee erence cr. 200 (40) (SO) (22) S3) 2.91 (5.06) (2.72) 
2000 538 [.28] 28 J1 2.91 9 3.08 
10000 654 [.28] 34 86 2.95 6.11 3.38 

606 .24 35 84 2.85 — — 
Gabbro, norite, diabase.. 1 (CN) (2D) (Ges) (cata) 2.85 (6.22) (3.49) 

= = = 911 — — — 

600 641 — -- _ -- — — 
2000 oe ae 38 a 2.85 6.50 3.05 

. . - 10000 714 : 39 2a 2.89 6.54 3.67 ONG signee, olivine { 236 38 38 101 3.00 
ZabDLOMe rere cere ae ae — (ee) = 6.46 S57 

m.s. 350 741 28 o¥/ 95 3.00 
600 52 — —_ _ ~~ — — 

2000 .806 [.28] 42 1.06 3.01 6.7 37 
10000 826 [.28] 43 1.09 3.08 6.7 SE/. 

Peridotite dunite ....... 1 1.064 [.27] 58 1.47 3.28 hes 4.2 
2000 1.191 [.27] 65 1.64 3.28 79 4.4 
10000 1.265 [.27] 69 1.74 3.29 8.15 4.57 

Obsidianteeeeeeee eee ee 1 345 17 — ((.682)) 2.34 — _— 
2000 Eoa2 — — — 2:35 — — 

Basalteglassieeeeee eee 10000 4352 — — — 2.41 — — 
2000 690 { — — — 2.85 — — 

Cryst limestone, parallel 10000 ; 27) “tf 95 2.89 6.4 3.6 
bed OH. Saree m.s. 350 437 26 24 61 — _ — 

7000 JIN [.28] oi 94 2.71 6.68 3.69 
1 (CED) (CAD) (GP) (5) 2.71 (5.2) (2.81) 
1 402 26 a2 3 .57 2.69 — — 

Quartzitic sandstone .... 1 374 21 o27, 65 2.64 D983 19 
2000 383 — — —_ — — — 
10000 437 [.27] .24 .60 2.70 5.4 2.9 

* Compiled by R. W. Goranson. 

TABLE 842.—AGE OF EARTH, MOON, AND STRATA 

The age of the earth is probably from (1.3 to 3) & 10° years (radioactive data). Its 
liquefaction was probably complete within 5,000 years, solidification within 15,000 years 
from start. The age of the earth's crust may be taken as roughly 2,000 million years. 

Ages of geologic strata 

Kate Oligocene jay... 37,000,000 yr Late pre-Cambrian (?). 587,000,000 yr 
Se Gretaceousm(@s)) eer 59,000,000 “ Upper pre-Cambrian ... 640,000,000 “ 

Permian-Carboniferous . 204,000,000 “ Middle pre-Cambrian .. 987,000,000 to 
1,087,000,000 yr 239,000,000 to 
1,800,000,000 “ 374,000,000 yr 

Permian to Devonian... 
Lower pre-Cambrian ... 
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742 TABLE 842A.—ECLIPSES OF THE SUN 

The diagram, figure 31, prepared by the U. S. Naval Observatory, shows the paths of total 
and total-annular eclipses in the United States during the twentieth century. The following 
data for total United States solar eclipses between 1950 and 2000 are taken from the complete 
table of eclipses from A.D. 1900-A.D. 2000, given by D. H. Menzel.” 

Beginning ““Noon”’ End 
rr 

Lati- Longi- Lati- Longi- Lati- Longi- Maximum 
Date tude tude tude tude tude tude duration 

Junez30! 1954) 2.0. ae 42° -+ 99° +62° + 5° +-26° ~—7/4° 2. AQe 
Octobers2 1959 eee +42 + 72 +23 + 6 +) 7 —56 3 we 
tik AieitlOSss coeds ea +43 —143 +62 +126 +33 +44 1 
March 7, \1970)..5, eoe.. —2 +149 +25 + 88 +55 +23 3 
February 26, 1979....... +47 +140 +61 a7, +77 +34 3 

202 Menzel, D. H., Our Sun, p. 260,.Harvard Univ. Press, 1949. Used by permission. 

Fic. 31.—Curves showing the paths of solar eclipses during the twentieth century. 

TABLE 843.—SPECTRUM CLASS AND PROPER MOTIONS * 

Limits of pm O B A F G K M N 

SOO Mone O2cpaeerciiest). asses. 13 238 392 97 107 218 48 3 
OZR tOMLO4 . eens. neheotihst 6 164 533 115 91 327 54 4 
04 topeelOeineid. (MS Ss. hike. 1 88 476 231 168 393 99 2 
NO io\. AD) SN eee Ae ae 160 245 70 242 27 1 
Awan SG h5 capes ene 5 1 31 168 56 88 Sos 
PAS et Out CUM RRA icxcke toseesncnaxcr< ue si 1 46 20 23 1 
OMOEA DORR of Aa Ns. seek boeshieay fe 1 12 19 13 Be 
Owen #20 00s hp cee actions: ie at ae 1 6 6 Bid 
WIGEV oR Gon tel Seam omens aimee ae > 22 703 706 Sil “18 2 OA Oa 
Fevecniage of stars with 
MPSS OWE feds settee 0 2 5 25 18 10 4 0 

* This table, after Boss, gives the number of stars in his catalog brighter than 6™.5 which have proper 
motions between given limits. For reference, see footnote 272, p. 746. 
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TABLE 844.—SOLAR FLARES * 743 

Mean area in Mean area in 
10-® of sun’s Mean 10-8 of sun’s Mean 

Class hemisphere duration Class hemisphere duration 

1 217 17 min 3 1266 62 min 
2 570 ZO 3+ 2350 3 hr 

The following paragraphs are reprinted from F. Hoyle, “Some Recent Researches in 
Solar Physics,” p. 36, Cambridge University Press, 1949.7 

Flares are a particular class of bright reversal characterized by sudden commence- 
ments. The properties of flares are: 

(a) They are roughly classified in order of increasing importance as 1, 2, 3, and 3 +. 
The area of the flare, seen in projection against the solar disk, is, at present, used as the 
criterion of importance, Flares of class 3+ are rare, occurring on an average only once 
or twice per year. At the other extreme, flares of class 1 occur every few hours during 
periods of marked solar activity. 

(b) The effective line width in H a at peak intensity varies between 1.75 A and 16 A. 
being approximately proportional to the importance of the flare. // 8, Hy show lesser 
widths, but the data for these are somewhat meager. 

(c) The contour of the bright emission is nearly symmetrical about the normal position 
of H a and is independent of the position of the flare upon the disk (there is invariably a 
greater extension in the red wing than in the blue wing, which increases with the impor- 
tance of the flare, reaching 0.7 A for those of the greatest intensity). Doppler displace- 
ments of the contour indicating large-scale turbulence of the emitting material in the line 
of sight have not been observed in excess of + 10 km/sec. 

(d) Flares are associated with sunspots, and in particular with complicated spot groups. 
The size of a sunspot, however, is not always a criterion of flare activity, some large spots 
being relatively inactive. The emitting material is mainly situated either in the reversing 
layer or the lower chromosphere, and the emission occurs in a region with fixed position 
relative to the position of the spot group. The areas of flares projected on the solar disk 
vary from a few hundred millionths up to the values exceeding 10,000 millionths of the 
area of the disk. The duration of a flare is usually of the order of an hour or less, but 
lifetimes > 5 hours occasionally occur. 

(e) Flares are strongly correlated with a number of terrestrial effects. Radio fadeouts, 
due to increased ionization in the D-layer, occur simultaneously with the visible appearance 
of intense flares. Great magnetic storms are associated with flares of classes 3 and 3+. 
The magnetic disturbances commence about 26 hours after the appearance of the flare, 
and are most marked when the flare is near the center of the disk. Finally, there is a 
growing body of evidence that the sun emits exceptionally high intensities in the radio 
meter wave-band during flares. 

* Prepared by Edith J. Tebo, Harvard College Observatory. + Used with permission of the author. 

TABLE 845.—CONSTELLATION ABBREVIATIONS (Astron. Union, 1922) 

Andromeda ... And Giccinusmer cae. Gis Ieacerta eee Lac Pisces Austr .. PsA 
Antiial seein. «Ant Columbame-oce Col FeO ec ee Leo Ruppisseses ee Pup 
AUS) «ches terste's Aps Coma Beren ..Com Leo Minor .... LMi IEND OG Uomo oe Pyx 
Aquaniasy «bee: Aqr Corona Aust ..CrA ILS: Soudwoon Lep Reticulum .... Ret 
ANquilag sone e. o/ Aql Corona Bor ... CrB ibrageeee sce Lib Sarita eeeee Sge 
ATA. Rene ti ateis Ara @orvusie. a. ee Crv IES acaoacac Lup Sagittarius .... Sgr 
ANTICS) oes ae Ari Grater foo <5 Crt LeyncmeeyeReee Lyn Scoupitis 4. eee Sco 
Avinigas ee aes Aur (CTIiXe os ee Cru [evra eee Lyr Sculptomce eee Scl 
Bootes! Stee a. Boo Cyenusiyis 2 Cyg Miensak. nents ck Men Scutuma-. sce Sct 
Gaelumbee-. .- Cae Delphinus .... Del Microscopium . Mic Serpens) 2.45. Ser 

Camelopardalis. Cam Dorado wm... 8 Dor Monoceros .... Mon Sextansy msec Sex 

(Gancertee wae Cne Dracomee nc Dra IMiuscasaaescr ce Mus ARNIS dagoooe Tau 

Canes Venatici. CVn Equuleus ..... Equ Normajeseor ee Nor Telescopium .. Tel 

Canise Majors. © Macen Eridanus... .- Eri @etansitas.c =, Oct Triangulum ... Tri 

ee Minores 6 GMa Honiaxe eee For Ophiuchus ....Oph AIST Ge ea 

Capricornus ... Cap Geminineess o- Gem OFionieee ee Ori cucanaypeee nie Tuc 
Carinaé.cs fee Car Gras te. P2842: Gru iPavo: eee hes Pav Ursa Major ... UMa 

Cassiopeia ....Cas Hercules ..... Her Pegasuse ne Peg “ Minor ... UMi 

Centatjus sat: - Cen Horologium .. Hor Perseus a. Per Velaro. Vel 

Cephetis: 4e...25 Cep lables! Goosookc Hya Phoenix 22-42 Phe Witton. ssedn sox Vir 

Geist cece cee Cet IEGRGIROS secodes Hyi IPNGWOIP So acadee Pic Wolansy see Vol 

Chamaeleon ... Cha IGNGIES or sancos Ind ISIE, aaasses- Psc Vulpecula . Vul 
NN $$ 
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744 TABLE 846.—EMISSION LINES IN THE SOLAR CORONA * 

The following table was taken from Edlén’s paper.” It summarizes the results of the 
identification of 19 of the coronal lines caused by forbidden transitions. Fe X, XI, XIII, 
XUV ONG NT OXI XeIRXOVE OXCVA Ca XT XeIT TeXeVews Al Xe ONVeneliwo of these iden- 
tifications, ‘namely 4359 attributed to A XIV and » 5694 attributed to Ca XV, are some- 
what questionable and therefore these two identifications are given with a (?) in the 
table. All these identified lines are caused by magnetic dipole radiation. 

The first column gives the wavelengths of the coronal lines taken from Mitchell’s com- 
pilation™ and reduced values from later work by Lyot.” The second column gives the 
corresponding wave numbers. The third and fourth columns give the intensities as meas- 
ured by Grotrian and Lyot respectively. The proposed identification is given in column five 
and the transition probabilities in column six. The seventh and eighth columns give the 
excitation potential and ionization potentials of the next preceding ionization stages. 

A em-1 Intensity Identification hee EP jUT 

3 328 30 039 1.0 Ca XII 2s? 2p°?P:, —?P:, 488 Sez 589 
3 388.1 29 507 16 Fe XIII 3s? 3p?*D. — °P2 87 5.96 325 
3 454.1 28 943 725 tema, 2: 2 gidits ice Al nea ee seas Bhs e Swe 
3 601.0 27 762 fs) ING eV SSaope gene eos 3.44 455 
3 642.9 27 443 ae Ni XDIT 35° 3p**D: —“P: 18 5.82 350 
3 800.8 26 303 on att sla” le irene oe ne ee 
3 986.9 25 075 a Ine Lh) G6? Hor Wak 95 4.68 261 
4 086.3 24 465 1.0 Ca XIII 2s? 2p**P; — *P2 319 3.03 655 
4 231.4 23 626 2.6 Why OU eigeethy? Py, = leans 2 ZASV7/ 2.93 318 
4 311 23 190 ch ates (ene age chee etna toeti 2 she A by: bj 
4 359 22 935 Bi ? A XIV 2s* 2p *Pix, —*Py, 108 2.84 682 
4 567 21 890 1 ka ieee at elds Mette orcas nce 8 Ay se Feat 
5 116.03 19 541.0 43°) 2.2 Ni XU 3s23p" Ps — see 157 2.42 350 
5 302.86 18 852.5 100 100 Fe XIV 3s?3p *Piy —*Py, €0 2.34 355 
5 536 18 059 We eats A X 2s°2p; *Ps. —" Pix, 106 2.24 421 
5 694.42 17 556.2 stg 12 et Cal XOVe 2seiep re — ko 95 2.18 814 
6 374.51 15 683.2 8.1 18 Fe X 3s? 3p°?P», — *Piy% 69 1.94 233 
6 701.83 14 917.2 54 210) Nixa SS Spe eo 57 1.85 422 
7 059.62 14 161.2 D2) Be vxeVe 3s op) tes bs see S127: 390 
7 891.94 12 667.7 13 Fe XI 3s? 3p**P: — °P2 44 B57, 261 
8 024.21 12 458.9 5 Ni XV 3s? 3p??P2— “Pi 22 3.39 422 

10 746.80 9 302.5 55 Fe XIII 3s? 3p?*P: — *Po 14 IIS) 325 
10 797.95 9 258.5 35 Fe XIII 3s? 3p?*P. — °P; Ova 230 325 

* Prepared by Edith J. Tebo, Harvard College Observatory. 
263 Zeitschr. Astrophys, vol. 22, p. 30, 1943. 
264 Handbook d’Astrophys., vol. 4, p. 324, 1929; vol. 7, p. 401, 1936. 
265 Monthly Notices, pee Astron. bass vol. 99, p. 580, 1939. 
t+ The ionization potential refers to the next lower stage. 

‘TABLE 847.—THE CEPHEID PERIOD-LUMINOSITY CURVE * | 
Qk R 2 

& he ov fo ow 

ES 283 ees se 2fe Pete 
ie at we Seeuie (aes eee wes 326 86 - SEE 
Boe ee see S38 eee. sae she S32 

0 F2.5 — 31 — 85 1:2 G6 —2.39 —3.77 
C FSS — 68 —1.26 1.4 G8 —2.80 —4.31 
a F7S —1.01 —1.74 1.6 Keogh —3.25 —4.99 
6 G0 —1.33 —2.25 1.8 K25 —3.73 —5.87 
8 G2 — 1.66 —2.74 2.0 M0 —4,24 —7.52 

1.0 G4 —2.02 —3.26 

* Prenared by H. Shapley, Harvard Uaivenstty 
266 Shapley, Harvard Bull., vol. 861, 
267 Shapley, Proc. Nat. Acad. Sci., oT a 544. 1940. 
268 Kuiper, Astrophys. Journ., vol. 88, p. 453, 1938. 
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TABLE 848.—A LIST OF NEBULAR LINES #* 745 

Intensity 
Excitation SSS 

r Classification potential 7027 7662 

lal Ii 
4340.5 2eeSee eS) 2 Sp 13.0 39 40 
4861.3 2, Sy 12 4) SS) 32" 1D) 12.7 100 100 
6562.8 2 Sy IP 3 SIE. 1D) 12.0 580 500 

He I 
3888.6 2s *S — 3p *P 22.9 <<1'3 <25 
4471.5 2p AdsD 23.6 6 5 
5015.7 2s *S — 3p *P 23.0 Gzte ae 
5875.6 2p *P — 3d *D 23.0 50 30 
6678.1 2p 2 — sd 23.0 8 6 

He II 
4541.6 42S; PD Hh — 92S, Pe) D) E.G 53.5 4 3 
4685.8 Soy DE 4 Sepak 50.8 39 60 
5411.6 4 *S,.P; D; F —7 7S, P; D, F, G 53H 25 10 

Cit 
4267.2 3d 7D — 4f ?F 20.9 3 1 

N II 
5755.0 [2p?*D — 2p??S] 4.0 30 : 
6548.4 [2p?*P: — 2p?*D] 1.9 150 Sete 
6583.9 [2p?*P. — 2p?*D] 1.9 260 10+ 

O} 
6300.2 [2p**P. — 2p**D] 2.0 50 1 

Ou 
3726.2 [2p?‘*S — 2p**D x] 3.3 20 8 
3729.1 [2p**S — 2p*?D2%, ] 8) 11 5 
7319.0 [2p?*D.y — 2p**P] 5.0 12 se 
7330.4 [2p**D.y — 2p*?P] 5.0 P 

O Ill 
4363.2 [2p? *D — 2p?'S] 5.3 23 19 
4959.5 [2p?*P: — 2p?*D] ZS 430 350 
5007.6 [2p? *P, — 2p?*D] DA 1200 1000 

Ne III 
3868.7 [2p* *P, — 2p**D] 3.2 95 80 
3967.5 [2p* *P, — 2p**D] 3.2 24 <80 

Ne IV 
4714.1 [2p*?Doy, — 2p**P] The «6 <10 
4719.7 [2p**D.y% — 2p°?P] 77 uN Bs 
Ne V 
3345.8 [2p?*P: — 2p? *D] 3.8 43 12) 
3425.8 [2p? *P2 — 2p? *D] 3.8 109 12) 

S II 
4068.5, [3p**S — 3p**P.y] 3.0 <8 <3 
4076.5 [3p?‘*S — 3p**Px,] 3.0 5 5 
6717.3 [3p°*S — 3p**D.y] 18 6 : 
6731.5 [3p**S — 3p*?Diy,] 1.8 12 

A IV 
4711.4 [3p?4S — 3p**D.y] 2.6 <6 <10 
4740.3 [3p**S — 3p**Di x] 2.6 10 10 
Fe XI 4.7 «95 «80 
3871.9 [3p**P; — 3p*’*D] 

The above table, containing most of the strongest and/or important lines under nebular 
conditions, is taken from a more complete list.” The brackets [ ] about a classification 
indicate a forbidden transition. These wavelengths are in all cases except Ne III and 
Ne V the values calculated from series analyses of the ions concerned. The last two 
columns give the observed intensities in the objects NGC 7027 and 7662. P indicates the 
line is present but out of the range covered by the observations and intensity estimates ; 
< represents a blend with a line classified otherwise, transition indicated probably an 
appreciable contributor; < is also a blend with a line classified otherwise, transition 
indicated probably is not an appreciable contributor. 

* Prepared by Edith J. Tebo, Harvard College Observatory. 
268 Bowen, I. S., and Wyse, A. B., 
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746 TABLE 849.—STELLAR SYSTEMS 

The solar neighborhood distance of 50 light-years, explored chiefly through the 
motions of nearby stars. A large majority are of less than solar luminosity, most below 
naked-eye visibility. Only 40 percent of the stars known to be nearer than 16 light-years 
are brighter than the sixth magnitude. Exploring the solar neighborhood therefore in- 
volves a search for telescopic dwarf stars. Any body 1/100 of sun’s mass within 1,000 as- 
tronomical units (.015 light year) would be detected by its disturbance on Neptune and 
Uranus even if invisible (Russell). Nearest known star is 4 light-years distant (Proxima 
Centauri, m=11, M= 15.5). 
Region of brighter stars extending 500 light-years. The great majority of naked-eye 

stars lie in this region, though some of unusually high intrinsic luminosity are farther 
away. It includes probably 500,000 telescopic stars. Studied by proper motions, trigono- 
metric and spectroscopic parallaxes, and photometry. 
The Milky Way with a radius of about 50,000 light-years. The stars within 5,000 

light-years of the sun are a trifling part of the galactic system outlined by the globular 
clusters and Milky Way clouds. The stars are so remote that proper motions and spectro- 
scopic analyses hopelessly fail. Statistical counts are of some help in the nearer parts. 
But most of our knowledge comes from eclipsing binaries, long-period variables, and 
Cepheids. The period-luminosity relation for Cepheid variables is the key to practically all 
distances > a few 1,000 light-years. 
The Clouds of Magellan, nearly 100,000 light-years distant, nearest of all external 

galaxies and the most easily studied. Great advantage, all of its varied manifestations are 
seen at practically the same distance. These phenomena include gaseous nebulae, star 
clusters, giant and supergiant stars, some 1,500 known Cepheids in the Larger Cloud. 
In this cloud 750 stars brighter than — 5.0 abs mag and over 200,000 brighter than the 
0.0 have been estimated. 
The Supergalaxies, 1,000,000 to 500,000,000 light-years distant. Composed of clusters 

of extragalactic nebulae. The relative diameters and brightnesses have been determined 
for some of the supergalaxies. The most conspicuous is the Coma-Virgo cloud A, a stream 
of several hundred bright spiral, spheroidal, and irregular galaxies, about 10’ light-years 
distant ; its greatest length about one-half this. One of the richest and most distinct super- 
galaxies is in Centaurus. 

TABLE 850.—STELLAR SPECTRA AND RELATED CHARACTERISTICS * 

The one-dimensional classification system.—The spectra of almost all the stars 
can be arranged in a continuous sequence, the various types connected in a series of im- 
perceptible gradations. With two unimportant exceptions, the sequence is linear. Accord- 
ing to the now generally accepted Harvard (or Draper) system of classification, certain 
principal types of spectrums are designated by letters—P, W, O, B, A, F, G, K, M, R, N, 
and S—and the intermediate types of suffixed numbers. A spectrum halfway between 
B and A is denoted by B 5 while those differing slightly from class A in the direction of 
Class B are called B 8 or B9. Classes R and N apparently form one side chain, and class 
S another chain, both branching from the main series near class K. 
The two-dimensional classification system.—In addition to the larger character- 

istics used to determine the spectral class (temperature differences) there are smaller 
luminosity effects that depend mainly on differences in densities in the atmospheres of the 
stars. Thus one can distinguish between dwarfs, giants, and supergiants. At Harvard, 
in 1897, Miss Maury was actually the first to denote certain stars by prefixing the 
letter “c” to the spectral class. These stars are now known to be supergiants. Mount 
Wilson observers still use this letter ‘‘c’” to denote supergiants, “g” for giants, and “d” 
for dwarfs. This dM 5 denotes a dwarf star of spectral type / 5 (see Table 874). Morgan, 
Keenan, and Kellman have extended the classification even further.°” Their luminosity 
classes include not only giants (III) and dwarfs (V) but subgiants (IV) and several classes 
of supergiants (I; Ia, and Ib) and intermediates (II). 

Almost all the stars can be classified on the above system. In addition to individual 
peculiar stars there are, however, groups of stars that cannot be given specific classifica- 
tions, such as the 4-type spectrum variables “’ and the “metallic-line” stars.” 

The colors of the stars, the degree to which they are concentrated into the region of the 
sky, including the Milky Way (Table 854), and the average magnitudes of their peculiar 
velocities in space (Tables 828 and 876) all show important correlations with spectral type. 
In the case of colors, the correlation is so close as to indicate that both spectrum and color 
depend almost entirely on the surface temperature of the stars. The correlation in the 
other two cases, though statistically important, is by no mean so close. 

* Prepared by Edith J. Tebo, Harvard College Observatory. 
*7 An Atlas of Stellar Spectra, University of Chicago Press, 1943. 
271 Deutsch, .\strophys. Journ., vol. 105, p. 283, 1947. 
*72 Roman, Morgan, and Eggen, Astrophys. Journ., vol. 107, p. 107, 1948. Greenstein, Astrophys. 

Journ., vol. 107, p. 151, 1948; vol. 109, p. 121, 1949. 
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TABLE 851.—STELLAR SPECTRA * 747 

Part 1.—The Harvard spectrum classification 

Number 
brighter Percent 
than in 

Principal spectral lines 6.25, galactic 
Class (absorption unless otherwise stated) Example mag region 

ie Gaseous nebulae. Emission lines and 
bands of H, He I and II, and O II. 

W Wolf-Rayet objects divided into two y Velorum 5 100 
sequences : carbon, WC, have emis- 
sion lines attributed to He I and II, 
Glee Miivand 1 Vesand Onl, I TV: 
\W and WATE nitrogen sequence, WN, 
have emission lines attributed to He 
I and II, and N III, IV, and V. 

O Lines of H, He I and II, O II and III, ¢ Puppis 20 100 
and N II and III. 

B Neutral H and He, N II, and O II, e Orionis 696 82 
and a few ionized lines of metals. 

A H series at maximum, Ca II (H and Sirius 1885 66 
K), and weak ionized metallic lines. 

F Ca II (H and K) strong, H lines Canopus 720 57 
fainter, metallic lines more abundant. 

G H lines faint, Ca II (H and K) strong, The sun 609 58 
many fine metallic lines. 

K Ca II (H and K) very strong, many Arcturus 1719 56 
neutral metallic lines. Spectrum 
faint in the violet. 

M Molecular bands of TiO, lines of Ca I Antares 457 54 
and II, and other metals. Long-pe- 
riod variables have emission H lines. 

Sy ZrO bands and metallic lines. Long- m1 Gruis 0 
period variables have emission H 
lines. 

R Bands of C2, CN, and CH; many me- BD 0 63 
tallic lines. —10°5057 

N Bands of C2, CN, and CH;; very little 19 Piscium 8 87 
violet light. 

a) Novae. Rapid spectral changes from 
early. supergiant type near maxi- 
mum, through nebular stage, and 
finally to a Wolf-Rayet type. 

Part 2.—Prototypes for luminosity classification *” 

Super- Main Super- Main 
Class giants Giants sequence Class giants Giants sequence 

BO e Ori « Ori ¢ Oph G5 9 Peg y Hya xk Cet 
6:5 67 Oph 6 Per « Hya KG? 56 Ori k Oph e Eri 
A2 a Cyg h UMa ¢ Vir M1 a Sco 75 Cyg BD + 42.2296 
FO a Lep ¢« Leo uw Cap M5 a Her 56 Leo BD+ 4.3561 
F8 y Cyg 1 Com B Vir 

For description of classification of Wolf-Rayet stars see reference, footnote 274. The “galactic 
region” here means the zone between galactic latitudes = 30°, and including half the area of the 
heavens. 96 percent of the stars of known spectra belong to classes A, F, G, K, 99.7 percent 
including B and M (Innes, 1919). Henry Draper Catalog, 9 vols., 1918-24, and H. D. Extension, 
2 vols., 1925-49, give positions, magnitudes, and spectra of nearly 360,000 stars. See also Yale 
Zone Catalogs, and the Bergedorf and Potsdam Spectral-Durchmusterungen. 

* Prepared by M. W. Mayall, Harvard College Observatory. 
273 Trans. Int. Astron. Union, vol. Zs p. 408, 1950 
274 Trans. Int. Astron. Union, vol. 6, p. 248, 1938. 
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748 
TABLE 852.—PERCENTAGE OF STARS OF VARIOUS SPECTRAL CLASSES * 

Visual B A F G K 
magnitude (B0 to B5)(B8 to A3) (A5 to F2) (F5 to G0) (G5 to K 2) 

< 2.24 28 28 7 10 15 
2.25 to 3.24 25 19 10 12 22 
3.25 to 4.24 16 22 7) 12 35 
4.25 to 5.24 9 27 12 WZ 30 
5.25 to 6.24 5 38 13 10 28 
6.26 to 7.25 5 30 11 14 32 
7.26 to 8.25 2; 26 11 16 37 
8.5 to 9.4 2 18 13 20 36 
9.5 to 10.4 1 16 12 24 38 

Photographic 
magnitude (B0 to B5)(B6 to A4) (A5 to F4) (F5 to G4) (G5 to K 4) 

8.5 to 9.5 7 31 16 24 24 
9.5 to 10.5 1 24 16 31 26 

10.5 to 11.5 1 17 13 40 27, 
11.5 to 12.5 0 10 13 47 26 
12.5) (eo JIBLS) 0: 3 10: 58: 26: 

M 
(K 5 to M 8) 

(K 5 to Mc) 
3 
3 
3 
3 
2 

The data are taken from the publications of the Harvard, McCormick, and Bergedorf Observ- 
atories. The discontinuity in trend appearing between the visual and photographic groupings is 
in the sense to be expected. Ninety-nine percent of the stars brighter than magnitude 8.5 belong 
to the six classes listed; 
Peculiar, and such stars are even more uncommon among the fainter groupings. 
Among stars brighter than sixth magnitude the percentages of dwarfs are as follows (Opik 

et al.): 

BS F8 G0 G5 
75 60 50 15 

K0 
5 

EGZ K5 
3 2 

less than one percent have spectra of classes P, WR, OnKANe S. and 

M 
0 

A limited sampling in the Milky Way yields the following percentages of dwarfs among 
fainter stars (Nassau and McCrae) : 

Photographic 
magnitude F8to G2 

8 to 10 75 
10 to 11 77 
11 to 12 82 

G8 to K 3 

7 
8 

10 

In higher galactic latitudes the percentages of dwarfs are higher; thus in latitudes 31° to 90° 
dwarfs constitute about 17 percent of the K 0 and K 2 stars of visual magnitude 10.4 (Janssen 
and Vyssotsky). 

* Prepared by A. N. Vyssotsky, University of Virginia. 

TABLE 853.—THE LOCAL FAMILY OF GALAXIES 7 

Modulus f 

Member Type Obs Corr 

Oe PRIEBSY gocdadeae Sb 
MES RA ke ye ere oa Sb 22.4 21.8 
ILM I Gone bade istenereseeaatt ne il 17.1 16.7 
Me SSpat eco coer Sc 22.3 21.9 
SIMIC rere: | 17.3 17.0 
Mrs 2 i eis! octet E2 22.4 21.8 
Fornax system ...... E 21.0 20.8: 
INGE 2052s aioe E 5p 22.4 21.8 
NG@i6822; 33-8 naan It 21.6 21.0 
GP IOVS as coh ete. If 22.0 21.8 
Sculptor system ..... E 19.4 19.2 

GEE ISS: irks. a E PR ES Vie 
NGG@al47. <...,.aeass E 224se. 2 1b 

275 Baade, Walter, Astrophys. Journ., 

Distance 
(corrected 

or 
lat effect) 

231 kpc 

69 
204+ 
204+ 

vol. 100, 150, 1944. 

Among the M0 and M 8 stars of all latitudes between visual magnitudes 8.5 
and 10.5 3 percent are dwarfs (Dyer and Vyssotsky). 

Diameter 

Mog Apparent Linear 

24 kpc 
—17.9 Seen leg 
—15.9 12° 4.6 
—14.9 62’ 4.3 
—14.5 8° 3.6 
—12.9 Ake ae 
—11.9: 50’ Zale 
—11.5 15'8 1.1 
—10.8 20’ 94 
—10.8 Wie ail 
—10.6 45’ .90 
—10.6 14/5 86 
—10.3 14/1 83 

1 Modulus in stellar magnitude is m — M = 5 dee d—1), where d is distance in parsecs and M is 
absolute magnitude. 
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749 
TABLE 854.—GALACTIC CONCENTRATION OF STARS OF VARIOUS 

SPECTRAL CLASSES * 

Part 1.—Number of stars per 100 square degrees 

Spectrum B A F G K M 

Visual Galactic latitude 0° to 5° 
magnitude 

< 6.0 4.5 6.0 iL 7/ Zl 35 123 
6.0 to 7.0 6.3 15 3.4 3.0 12 2.6 
AAV) feo) tS) 19 76 14 7A\\ 54 14 
8.5 to 9.4 46 190 85 96 200 57 
9.5 to 10.4 82 610 240 310 490 150 

Photographic 
magnitude 

9.5 to 10.5 38 510 150 220 180 19 
10.5 to 11.5 87 970 430 720 460 42 
11.5 to 12.5 100 1390 1200 1960 940 140 

Visual Galactic latitude 60° to 90° 
magnitude 

< 6.0 L 2.6 8 1.0 2.9 aL 
6.0 to 7.0 0 3.8 1.8 2.4 75 ol 
7.0 to 8.25 0 7.4 9.2 16 32 6.3 
8.5 to 9.4 0 8 20 83 75 0 
9.5 to 10.4 0 8 20 170 210 16 

Photographic 
magnitude 

9.5 to 10.5 0 9 32 120 75 9 
10/5 to sles 0 10 27 290 160 12 
WES) tol 2:5 9 14 34 680 270 26 

The data are taken from the publications of the Harvard, McCormick, and Bergedorf 
Observatories. The spectral groupings are the same as in the preceding table. Absorp- 
tion accounts for the apparent discrepancy in low latitudes between the numbers of early 
type stars in the last line of the visual magnitudes and those in the first line of the photo- 
graphic magnitudes. 

A measure of apparent galactic concentration may be found from the ratios of the star 
numbers in low latitudes to those in high latitudes. We obtain the figures given in Part 2: 

Part 2.—Index of apparent galactic concentration 

Visual 
magnitude B A F G K M 

< 6.0 22 2.8 AS Zl 1.2 1.9 
6.0 to 7.0 on 4.0 1.9 eZ IES 37 
7.0 to 8.25 By 10 ES) ES eZ, 2D, 
8.5 to 9.4 ae 24 4.2 1:2 Zh - 
9.5 to 10.4 eS 76 12 1.8 23 9 

Photographic 
magnitude 

9.5 to 10.5 bat 56 48 1.8 2.4 Za 
LOS etom les “ei 97 16 2.5 2.9 3.5 
ES toml2=5 AF 99 35 2.9 315 56) 

The irregularities here are attributable in part to inadequate sampling. 
Among the stars of the main sequence the true concentration increases with the stellar 

mass; the true concentration of the red giants is relatively low. The W, O, and N stars 
show high apparent concentration to the Milky Way as do the Cepheids, and planetary 
nebulae; on the other hand, the long-period variables show little concentration and the 
cluster-type variables even less. 

* Prepared by A. N. Vyssotsky, University of Virginia. 
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750 TABLE 855.—MEAN ANNUAL PARALLAX FOR STARS * 

Part 1.—Stars of given visual magnitude and galactic latitude 

Mag 0°—20° + 20°—+40° 

3.0 7027 "036 
4.0 .020 025 
5.0 015 017 
6.0 011 012 
7.0 .0080 .0086 
8.0 .0059 .0062 

40°—9 

"036 
027 
.020 
015 

0° 

0117 
.0092 

Mag 

9.0 
10.0 
11.0 
12.0 
13.0 
14.0 

0°—20° 

0043 
0032 
0023 
0018 
.0014 
0011 

20°—40° 

0047 
0037 
.0030 
0024 
.0020 
.0016 

40°—90° 

"0073 
.0057 
.0045 
.0034 
.0027 
0021 

These tabular values have been obtained by combining and smoothing the secular paral- 
laxes derived at Groningen and McCormick together with mean parallaxes for fainter 
stars derived at Leiden. To obtain annual parallaxes from secular parallaxes a solar veloc- 
ity of 19 kilometers per second has been assumed. Similarly the Leiden figures rest on cer- 
tain assumptions as to the peculiar motions of faint stars. Recent studies of the space 
motions of stars more than 500 parsecs from the plane of the galaxy indicate that the annual 
parallaxes listed here may well be systematically too large for stars fainter than tenth 
magnitude in the higher latitudes. 

Some idea of the dependence of the mean parallaxes on the spectral type may be gained 
from Part 2. Here the probable error of a secular parallax is approximately 07001. 

Part 2.—Mean parallaxes according to spectral class for stars of visual magnitude 

10.0 (latitude 0° to 90°) 

Spectral 
class 

B8& to A3 
Setoweee 
5 to GO 
ORtomkeZ 
0 to gM 8 

A 
F 
K 

gM 

Secular 
parallax 

"007 
O11 
022 
.014 
.005 

* Prepared by A. N. Vyssotsky, University of Virginia. 

Solar 
velocity 

16 km/sec 

Annual 
parallax 

TABLE 856.—SPECTRUM CLASSES AND TEMPERATURES OF STARS #* 

Observed 

Heat Water-cell 
Spectral index absorption 

type Mag Mag 

IBS Va trey Neen ee ere ee 05 20 
BRO ete Sea et 01 23 
Al (0), SERRE eS o,f 00 26 
ABO NO en rt 02 30 
JE (ORR es Oe, Aer ramen als) 36 
) OTE aie. it: 30 41 

dG Ace ee eee FOL 42 
DG kee ee ee 9 47 
I DY GAVE Ae Men Catan Aaa ot 5) 54 
UGS st ee ek 1.10 76 
CLM AD Os eee b Ae ene 1.40 87 
CUED: himen ces ec wen 1.14 

10K Col | heer dep Rcarcear ere Tea rea nne 47 50 
GHGS) Ae ane ee eee 65 60 
GIS. 0) SR Ce eR: ER .90 70 
GIR ete Cane 1.57 93 
Ga pets nopehs captien ts 1.86 1.01 
GI BRE OSORIO Zee, 1.14 
IIL SN ae a ee ee Sell 1.30 
GIVES cs a oe 4.2 1.46 
CLIVE RS sae, cht Ou eat SEER 512 1.62 
IVICHAN TASER toe syeuca tale « 4.4 55) 
WB IST dae oan eee 8.9 Z?, 

Temperature by several methods, °K 

Heat index 

6750° 
5760 

5700 
5350 
4820 
3720 
3400 
2870 

5000 
4550 
4020 
3240 
3030 
2810 
2400 
2050 
1780 
1990 

7300° 
6160 

6100 
5750 
5100 
3980 
3650 
3060 

5450 
4870 
4300 
3480 
3250 
3000 
2590 
2200 
2000 
2160 

Water-cell 

7500° 
6200 
5450 

5350 
4920 
4460 
3550 
3260 
2780 

4700 
4140 
3750 
3130 
2980 
2810 
2550 
2390 
2250 
2350 
1830 

* Prepared by S. B. Nicholson, Mount Wilson Observatory. 
*7 Kuiper, G. P., Astrophys. Journ., vol. 88, p. 464, 193 

t Interpolated. + Payne, Stellar atmospheres, 19 
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25. 
8. 

Color alas 

0.555 20.529 absorption index 276 

25000° 
15500 
10700 
8530 
7500 
6470 

6000 
5360 
4910 
41507 
3600 ¢ 
3200 

5200 
4620 
4230 
3580 
3400 
3200 
2930 
2750 

Toniza- 
tion 

20000 
15000 
10000 
8400 
7500 
7000 

5600 
5000 
4000 
3000 
3000 



| 
TABLE 857.—STARS KNOWN TO BE WITHIN 5 PARSECS OF THE SUN * 

Vrad RA 1950 Dec mov Sp p M mm i) 
h m wu” uu 

arCentinwes 2... 14 36.2—60° 38’ 6 dG 3 755 4.7 3.68 281° 22 
aeCent By” 25 6 .5,+: 14 36.2—60 38 els dK 2 755 6.1 3.68 281 — 22 
amCenmliGorns .o... 2: 14 26.3—62 29 FES dM: 778 16.0 3.85 282 Ane 
Sede) ene 17 55.44 4 33 9.4 dM 5 544 il "10.26 356 —110 
WeS59) SY os ces 10 54.14 7 19 13.8 dM 6 402 16.8 4.70 235 + 13 
LA 726280 A ete ok 1 36.4—18 13 12.4 dM6e  .4:: 15.4 3.38 80 + 30 
Ly 7ZG28eB IO. C510: 1 36.4—18 13 12.9 dMo6e 4: 15.9 3.38 80 + 30 
+36:2147 Aft ... 11 00.6436 18 es dM 2 390 10.5 4.78 187 — 87 
ar MagAT. £5 ac 6 42.9—16 39 —1.6 A0 378 1.3 1.32 203 — 8 
as@ MATES as sss 6 42.9—16 39 8.5 Je 378 11.4 1.32 203 — 8 
BRS pee cogs sate 18 46.7—23 54 10.5 dM 5 354 13.2 74 106 0 
RR 298 6 secret or 23 39.4443 55 12.2 dM 6 318 14.7 1.82 176 — 81 
GylBicies ts bene Seen 3 30.6— 9 38 3.8 dK 2 301 6.2 97 271 + 15 
Olly (CWBVIAS Gadsolee 21 04.7+38 30 5.6 dK § .298 8.0 5.21 52 — 64 
OL Cy eB alas fei 21 04.7+38 30 6.3 dK7 .298 8.7 5.21 52 — 64 
Te Cet Vs Wie ck 1 41.7—16 12 3.6 dG7 .298 6.0 192 296 — 16 
“os C2 ies als Res 7 36.7+ 5 21 SS) dF 4 .294 2.8 1.25 214 — 4 
ae MY BuO... 7 36.7+ 5 21 10.8 ats .294 13.1 1.25 214 — 4 
Witsoe © eee 22 35.7—15 36 12:3 dM 6 .293 14.6 3.27 46 — 60 
al yrs eas. dee eee 21 59.6—57 00 47 dK 5 .288 7.0 4.69 123 — 40 
asl 28% ee 35. 3, 11 45.14 1 07 11.0 dM 5 .288 13.3 1.39 153 — 12 
+59: 1914 A 18 42.2459 33 8.9 dM 3 .285 Ip 4 2.28 324 + 2 
+59: 1915 B 18 42.2459 33 9.7 dM 4 .285 12.0 2.28 324 + 2 
+43:44 AT ..... 0 15.4443 44 8.1 dM 3 270 10.3 2.90 82 + 8 
at 4 AA By) oes 0 15.44+43 44 10.8 sdM 4c .279 13.0 2.90 82 + 8 
90) DOORN eo. 23 02.6—36 09 7.3 dM 1 277 9.5 6.91 79 + 10 
SOE © hse ot 5 :09.7—45 :00 9.0 sdMQ 262 11.1 8.74 131 +242 
t=O SLOOS Ys 52s = 7 24.7+ 5 28 10.1 dM 5 .262 12:2 3.76 171 + 27 
30H OOZOIM. 2). re 21 14.3—39 04 6.6 dM 0 [257 8.8 3.46 251 + 22 
+56: 2783 A . 22 26.6+57 26 9.8 dM 4 .256 11.8 86 246 — 24 

56: 2783 B . 22 26.6+57 26 Uy er dM 6 .256 13:2 .86 246 — 24 
R G14¢A Bi i ..6 6 26.8— 2 46 11.6 dM6e _ .256 13.6 1.00 131 + 25: 
==) (a Lys een 16 27.5—12 32 9.9 dM 4 209 eg 1.18 182 — 18 
aE a eee 0 46.64+ 5 10 12:3 DF 245 14.2 2.98 155 +238 
Wy 424 OAD oe cece 12 30.8+ 9 18 127, dM 7 225 14.5 1.80 279 — § 
IW 4245B) oe cree 12 30.8+ 9 18 12% dM7 225 14.5 1.80 279 — 5 
Co—46: 11540 ... 17 24.9—46 51 9.7 dM 3 .224 11.5 1.04 147 ore 
So Sk ee 0 02.5—37 36 8.5 dM 3 222 10.2 6.07 113 + 24 
OSS 940 Sa 17 36.7+68 23 Die dM 3 .218 10.8 1.31 197 — 17 
ESOwmd7Z5. .. 8.5. 10 08.3+49 42 6.7 dK 8 218 8.4 1.45 249 — 27 
4 GSO on. ass 21 30.3—49 14 9.0 dM 2 212 10.6 81 185 <i 
—15:6290 ....... 22 50.7—14 31 10.2 dM 5 2h 11.8 LSU 123 + 10 
CO—44: 11909 ... 17 33.4—44 16 10.5 dM 5 .210 | am als ZN 
Os NG) Poe oS Sr: 19 48.34 8 44 9 A4 .206 2.5 .66 55 — 26 
I 145-141 .22k... 11 42.7—64 34 12.1 DA .204 13.6 2.68 97 
+43: 4305 ....... 22 44.7+44 05 10.1 dM 5 .203 11.6 86 237 + 2 
Ce Ete AN... Rete 4 13.0— 7 44 4.5 dK 0 .200 6.0 4.08 213 — 42 
On. EEIOBM als. 4 13.0— 7 44 9.4 DA .200 10.9 4.08 213 — 42 
2 Eis. th es. 4 13.0— 7 44 it dM 5« .200 12.6 4.08 213 — 42 
Grw+79: 3888 ... 11 45.4478 58 11.0 dM 4 .200 12.5 87 57 —120 

The stars have been designated by their B D or C P D numbers and only if neither of these 
was available, by their Cordoba Durchmusterung numbers: for very faint stars the discoverer’s 
numbers have had to be used. p = parallax, «= proper motion, m= magnitude, M = absolute 
magnitude, ’raa = radial velocity, Sp = spectrum, @ = position angle. 

* Prepared by W. Luyten, University of Minnesota. + These stars have invisible companions. 
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TABLE 858.—MASSES OF STARS FOR BINARIES WITHIN 10 PARSECS 

FROM THE SUN #*# 

This table contains all visual binary stars within 10 parsecs for which the orbital ele- 
ments and parallax are well determined. 

The sum of the masses follows from the harmonic relation: 

a 
Mi + Ma=>, 

where a is the semimajor axis of the relative orbit, expressed in astronomical units, P the 
period in years ; the masses are referred to the sun’s mass as unit. For the majority of these 
binaries the mass-ratio is known, thus permitting a determination of the masses of the 
individual component. 

Star Parallax 

Mei CASieart htc tve Ate ee Sen 7184 
PRET. Ro RAK aie de tiees 161 
Capri Bs Cw caden cms .202 
Sime. ee ee oe 381 
PrOCYON up SARs nes 287 
EMOMa. cr. Dae cere es 129 
en@enwA “Bigt... eee: 756 
ECB OO; Fae ees .142 
Carer eae 3 ces 102 
Se ohit o)0) Fae frp ea fe .148 
Budo. 2. Bie Se 155 
FUR SG4AT6? S..50 ce ce 132 
EURS6426) FAS. s seis << 147 
perlerPB: GRY sane. o .109 
{RODS eee eis .197 
OlRGy ge". ya es .294 
EG COO i. SARs oi ins 256 

Sum of 
a Jz masses 

AU years M,+ Mz. 

67.9 526 TAS 
52 251 2.22 
34.1 248 .64 
20.0 49.94 321 
15.8 40.65 2.37 
19.7 59.86 Pals) 
DZ3e 80.09 1.92 
34.4 149.95 1.81 
13.24 34.42 1.96 
1.28 LZ 70 
4.58 13.12 56 

37.4 242 89 
12.5 42.2 1.09 
11.8 43.0 87 
23.14 87.85 1.61 
83.5 720 a, 
9.23 44.52 .40 

* Prepared by Peter van de Kamp, Swarthmore College. 

TABLE 859.—THE FIRST-MAGNITUDE STARS ARRANGED 

R A 1950 
Name h m 

Sipmispieet® |< aes es shedod 6 42.9 
Ganopus: 22) et See! 6 22.8 
auCentauninite eae 14 36.2 
ViegaSir ion 53, vas bhie eae 18 35.2 
Capella ll* << 2x45 See. 5 13.0 
ACHUGUS,, cic c:tcfan= o> SEE 14 134 
Rigel lh. 2sfltenns SSS 5 12a 
Procyongl ..$.i8)..>.48ee 7 36.7 
Achesnar: <0 5. Secor. eee 1 35.9 
(3 Contzort tll poccsesse 14 00.3 
Al taingiab ics qacnue cine 19 48.3 
Betelgeuse ll$8 .......... 5 52.4 
Aldebaranit 9.72 oases 4 33.0 
aQGmucisai tall a eee 12 23.8 
Sotcaulte cutacca scan 13 22.6 
Polltetie cee acer ec ce 7 42.3 
ATICABES TH Mace cee ce cena s 16 26.3 
Momalhattteennceierccie. 22 54.9 
erie biSee critactsns Hen ees 20 39.7 
PREPS Faye ace cies os 6 10 05.7 
SB Crmeisi yore cscs es 12 44.8 

BRIGHTNESS * 

Dec mv Sp b 6 
m 

—16°39’—16 AQ 1732 203° 
—52 40 — 9 cFO 02 47 
—60 38 ly dGs 3.68 281 
+38 44 1 AO 34 36 
+45 57 oe Gl 44 «168 
+19 27 Ze» KAO 2.28 209 
— 815 so) (eladts: 00 E: 
+ 5 21 5 dF 4 1.25 214 
—57 29 {183 7/ LOR LI0 
—60 08 ‘O) Bis 04 217 
+ 8 44 9 A4 .66 55 
+ 7 24 AO VEZ .03 75 
+16 25 LOH UN KAS 20 160 
—62 49 11 Bil 04 235 
—10 54 12 B2 OG E250 
+2809 412 G8 (6239205 
—2619 12 M1 03 200 
—29 53 13 A3 197, eo 
+4506 13 cA2 ‘CO ta. 
SEN) iI), Ns 78S Es} Ls) PY 
—59 25 15) Bl (05) ZBS 

* Prepared by W. Luyten, University of Minnesota. F 
The magnitude shown is the combined visual magnitude. as an optical companion. 

+ Visual binary. 

“My M2 
69 44 

.44 .20 
2.15 1.06 
1.74 63 
98 1.15 

1.06 .86 
.96 85 
WW 84 

ol 745) 

89 72 
.69 43 
26 14 

IN ORDER OF 

V Pp Mabs 
km/s 

=f) 66 JEI3} 
20) 01209 —25:5 
a / See a 
=14 122 +35 
SLs) | LS} = 
— 5 .091 0 
==24 002: —8:: 
eA 24ers 
+19 032 —1.9 
Po (eGo S_Il8}s 
—26. .206 +25 
+21) “O13 7 ==3'5 
SEY AES Se! 
tS (Steele 
+2: O11: —2.6: 
+3 100 +41.2 
— 3 .020: —2:3: 
+6 145 421 
=p) O02 e— 7a: 
+ 3: 042 — 6 
+20 .006: —4.4: 

¢ Has distant_ companion. 
|| Spectroscopic 

binary. m= magnitude, Sp = spectrum, u = proper motion, 6 = position angle, V = radial velocity, p = parallax, 
M = absolute magnitude. 
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TABLE 860.—STELLAR TEMPERATURES AND DIAMETERS * 753 

Main sequence mv Sp ru M» Ie R d 7 p 

8 Centaur <...2* 9 B3 -036)  —13 ZU0002K 11 = 2001 > (25) .018 
V_SCOEDIIO peace 4.3 BYS .009 — 8 21,000 32 .0003 (5.2) .16 
B Aurigae A 2.8 AO 034 6 10,700 2.4 0008 2.2 aS 
ay eyraemen .ae te ey AO 122 5 10,700 2.4 .003 (3.0) elit 
a Gan) MajyVA 2216 AO 378 3 10,700 1.8 .006 2.4 42 
aeAquilaes sack see 9 A4 .206 25 8,800 1.4 .003 (1.7) 6 
@ (Cam IWIN ooscuc 15 dF 4 294 2.8 6,100 1.9 .006 al .16 
a) GentaunivAy nee ll dG 3 755 4.5 5,850 1.0 .007 tel 1. 
70 Ophiuchi A 4.3 dK 0 192 Bl. 5,740 1.0 .002 AS) 9 
OINGyenieAl sao 5.6 dK 5 298 8.0 4,300 w/, .003 (.45) 1.3 
Krtiger 60 A .... 98 dM4 256 11.8 3,180 34 §.0008 26 9 
Barnard’s Star ... 94 dM5 544 13.1 3,020 16 .0008 (.18) 45 

Giants 

a Aurigae A 2g Gul 073 — 5 5,150 12 .007 42 .0024 
a Bootise'...-22"- 2G KaO 091 0 4,620 30 .023 (8) .0003 
@ Daunte. ...2e.: Seer KeS 058 — 4 3,940 70 034 (5) 1.4107 
B Pegasi...0cen 2.25 GIVE 3 016 —1.0 3,390 160 025 (6) LSS 
G OWGWS coaacsac 9 cM 2 017 —4.0 3,060 480 048 (35) Splry 
Gi SCOLDIMAN sean. eZ cM 2 0095 —3.5 3,060 380 042 (22) 5x<107 

White dwarfs 

a Can Maj B ... 85 378 (aiid 22. 7:500 034 00012 96 5x10 
20 Endaa B ASL 940M A 200 109 11,000 018 .00008 44 7X10! 
van Maanen’s Star. 12.3 245 142 7,500 009: 00002 (.14) 10°—10° 

Many of the data were taken from the reference given in footnote 277. The spectra, magni- 
tudes, radii, parallaxes, and densities have been revised for some of the stars. The letters A and 
B denote the brighter and fainter components, respectively, of binary stars. 

Apparent (visual) magnitude is denoted by mv, spectral class by Sp, parallax in seconds of arc, 
p, absolute (visual) magnitude by M., radius in terms of the sun by R, apparent diameter in 
seconds of arc by d, mass in terms of the sun by yp, and density by p (in g/cm’). 

* Prepared by Edith J. Tebo, Harvard College Observatory. ‘ 
277 Russell, Dugan, and Stewart, Astronomy, p. 740, Ginn & Co., 1926. Used by permission. 

TABLE 861.—SPECTRUM TYPE AND MEAN VISUAL 

ABSOLUTE MAGNITUDE * 

Main Super Main Super- Sub- 
Type sequence gianis Type sequence Giants giants giants 

O —3.8 Be F5 + 3.7 +1.2 —42 
BO —3.1 —5.4 F8 + 41 + 8 —4.0 
Bl —2.6 —5.4 G0 + 4.4 Sb 16) —3.8 
B2 —22 —5.3 G2 + 4.7 + 6 —3.6 a 
B3 —1.7 —5.3 G5 + 5.1 + 5 —3.2 +3.0 
BS — 8 —5.2 G8 + 5.5 + .5 —2.8 a 
B& + 2 ——5.0 K0 + 5.9 + 5 —2.6 +3.0 
BY + 4 —-5.0 K2 + 6.3 + 5 —2.3 a 
AO +" 7 —4.9 K5 sie 7/3) + 2 —2.0 
A2 +1.2 —4.8 K8 + 7.7 0 ss 
A 3 +1.5 —4.8 M0 + 8.4 — 2 —4.5 
A5 +1.7 —47 M1 + 9.0 me Bee 
A8 42.3 —4.5 M2 + 9.6 x 
FO +2.6 —4.4 M 3 +10.4 
F2 +3.1 —4.3 M4 = 

M5 +13.6 

For Type R, M = —0.5; and for Type N, M = —2.0. 

* Prepared by R. E. Wilson, Mount Wilson Observatory. 
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TABLE 862.—-REDUCTION OF VISUAL TO BOLOMETRIC MAGNITUDE * 

The bolometric corrections (BC) given in the table are added algebraically to visual 
magnitudes. From tables by G. P. Kuiper,” slightly revised for O and B stars by same 
author. The (effective) temperature, Te, scale of the O and early B stars is still to be re- 
garded as provisional. The corrections for O;— Fo stars are based on the stellar tem- 
perature scale and on theoretical spectral-energy curves. For Fo— Ms stars they are 
based on radiometric observations by Pettit and Nicholson. 

Giants Supergiants 
Main seq Main seq (M = 0) (M = —4) 

ee eee 
Type 153 (© Te Type 183 (C Te BC Te 134(6; Te 

O5 —5.3: 100,000: FO 0 6500 Ao) 6500 0 6500 
O6 —4.8 70,000 : F2 — 04 6100 — 04 6100 — .04 6100 
O7 —4.3 50,000 F5 — 04 6100 — .08 5850 — .12 5720 
O8 —3.9 41,600 F8 — .05 6050 — 17 5500 — .28 5150 
O9 —3.5 35,000 GO — 06 6000 — .25 5240: — .42 4830 
BO —3.0 28,500 G2 — .07 5900 — 31 5070 Roe O50 
Bl —2.8 26,300 G5 — .10 5770 — .39 4880 — .65 4480 
B2 —2.5 23,000 G8 — .10 5770 —— 476 964720 — 700) 4330 
B3 —2.3 21,000 KO —.11 5740 — 54 4620 — 93 4240 
B4 —2.1 19,300 K2 — 15 5580 — .72 4420 —1.20 4060 
BS —1.9 17,800 K3 = 31 5070 — .89 4260 —1.35 3940 
Bo —1.6 15,600 k4 — .55 4600 —1.11 4120 —1.56 3780 
BY, —1.4 14,300 K5 — 85 4300 —1.35 3940 —1.86 3590 
B8& —1.2 13,100 Ko —1.14 4100 aha “aEe 
B9 — 9 11,600 MO —1.43 3880 —1.55 3800 —2.2 3420 
AO — 7 10,700 M1 —1.70 3700 —1.72 3680 —2.6 3230 
Al — .6 10,150 M2 —2.03 3540 —1.95 3560 —3.0: 3060 
A2 eo 9,600 M3 —2.4: 3320 —2.26 3390 —3.6: 2840 : 
A 3 — 4 9,000 M4 —27: 3180» —2:72° 3160 Wee 
A5 — 3 8,500 M5 —3.1:: 3020 —3.4: 2920: 
A7 3 7,900 
FO 0 6,500 

* Prepared by G. P. Kuiper, Yerkes serv erory: 
278 Astrophys. Journ., vol. 88, p. 446, 8. 

TABLE 862A.—RUSSELL-HERTZSPRUNG DIAGRAM * 

Absolute magnitudes (ordinates) of 3,915 stars of different spectrum types (abscissae) 
determined by the spectroscopic method by W. S. Adams and his associates (courtesy of 
Mount Wilson Observatory, 1932). The diagram shows distinctly the division of types 
G, and later, into giants (high-luminosity stars) and dwarfs (low-luminosity) with few 
intermediate stars. The curve simulates the mirror image of the figure 7, and with the 
addition of much new material confirms fully that first drawn by Russell in 1913. 

The majority of the stars may be divided into dwarfs, giants, and supergiants (a few 
stars do appear to have luminosities intermediate between these classifications). The 
luminosity of the dwarfs decreases regularly with advancing spectral type (reduced sur- 
face temperature); it drops abruptly for the coolest. Among the giants the luminosity 
decreases until about class Ff 5 and then increases with decreasing temperature at least as 
far as the early subdivisions of class M. For supergiants, the luminosity does not appear 
to change appreciably with spectral class. 

In the diagram, the concentration into vertical columns is purely an effect of rough 
spectral classification. Most of the stars on this diagram belong to Population Type I 
(Table 874). The white dwarfs occupy the lower left corner (Table 872). 
Kuiper *” has more recently derived the empirical mass luminosity relation for (1) the 

visual binaries, (2) some selected spectroscopic binaries, and (3) Trumpler’s massive stars 
in clusters. His diagram is reproduced in figure 33. Morgan, Keenan, and Kellman” 
have presented a preliminary calibration of their luminosity classes in terms of visual ab- 
solute magnitudes, which includes B stars as well as subclasses (intermediates between 
giants and dwarfs and between giants and supergiants). 

* Prepared by Edith J. Tebo, Harvard College Observatory. 
279 Astrophys. Journ., vol. 88, p. 472, 1938. 
290 An atlas of stellar spectra, p- 34, University of Chicago Press, 1943. 
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Fic. 32.—The Russell-Hertzsprung Diagram 
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TABLE 863.—LOG (NO. STARS)/(SQ. DEGREE) BRIGHTER THAN PHOTO- 

GRAPHIC MAGNITUDE, m, AT STATED GALACTIC LATITUDES * 

Ratio Nos. Ratio 
successive Nos. at 
magnitudes 0° + 90° 

ee ee 

m +90° +40° +20° +10° o° -—10° 20° 40° 90° +90° 0° —90° +90° -—90° 

5.0 8.15 824 837 849 877 865 8.50 8.25 8.07 41 5.0 
6.0 859 872 885 895 9.22 910 894 8.71 8.62 22S W260 43 4. 
70 9.02 9.18 9.31 9.41 9.64 9.51 9.35 9.16 9.08 244 26. 29 41 3.6 
8.0 9.44 9.62 9.77 9.87 09 9.93 9.79 9.60 9.50 AAS 7253) PAS; 4'5> 23.9 
0) Osi 05) Al $38) lS 37), «23 04 9.92 2672926 49 43 

10.0 2S 4765 Ta O02 A (67/ 47 32 2S SiO ZS 5:9 S10 
11.0 63 S7lOse lez o1k49) 1-26" 1 89 72 74g SSS 5) LZ ESO 
1210) SOLS Zones O64 ee95) 1270 154 e292 24029) 25 8:7 FRGS 
13.0 1.38 1.63 1.90 2.05 2.39 2.14 1.95 1.68 1.48 ZS 2:6) 23) SAO 8.1 
140 LEAN STZ 2ene4on e262 02-57. 2-54 2.03, 178 Dive 2/20) weals 11 
TSO 1980 2230ie 2166) 2285) 93:22 82:99 12272 2.34 2002 O25 P72 7, 16 
NGO 226982 Ol S: 02, 93°25) 23:60) 3-59) 13.07 92.64 2:26 UE 2A. 78 22 e22 
170 2.53 2.90 3.36 3.64 3.96 3.76 3.40 2.92 2.48 MoM 455) eel le7, ee A 30 
US:00 2:79 eroslomes.o7 3:97 4532) 410)" Bosses) 270 1ESrP23) 1E7> 834 42 
19.0 0), 7A) 
20.0 Seares... 41s 1.9 

21.0 49 

(Characteristic 8. or 9. means, of course, —2. or —1.) 

For values averaged over all galactic longitudes see reference, footnote 281. An excess 
of stars, relative to the averages, between longitudes 230° and 50°, and a deficit elsewhere, 
reflect the eccentric position of the sun within the stellar system, which, in a first approxi- 
mation, may be regarded as a greatly flattened spheroid. For more detailed values for both 
longitude and latitude see references, footnote 282. The Groningen numbers are generally 
larger than the Mount Wilson values, notably so in low galactic latitudes. This defference 
arises partly from the irregular influence of the highly complex structure of the stellar 
system and especially of the obscuring dust clouds in and near the Milky Way. Mount 
Wilson results were derived from counts of stars in small areas at and north of declination 
—15°; Groningen results from sample counts over the whole sky. The Groningen magni- 
tude scale for faint stars south of declination —15° is, however, somewhat in doubt and 
may also affect the totals. 

* Prepared by F. H. Seares, Mount Wilson Observatory. 
281 van Rhijn, Groningen Publ. No. 43, Table 6, 1929. 
*82 van Rhijn, Groningen Publ. No. 43, Table 10; Seares and Joyner, Mount Wilson Contributions 

Nes. 346, 347; Astrophys. Journ., vol. 67, p. 24, 123, 1928; Publ. Astron. Soc. Pacific, vol. 40, p. 303, 

TABLE 864.—STARS OF LARGE PROPER MOTION * 

Star m Sp b 6 Star m Sp a 6 

43561) 7. .k,: 9.4 dM5 10°26 356° Wis Oil2 i oer 14.8 DC 3292) 252° 
—44:612 ...... 90 sdMO 8.74 131 Proximal Gents elcome aS oe eee 
ate 480) “aoowi 64 dG6 7.04 145 SOL OOS) mee: 105 a5 SON eal 
—36:9694 ..... 7.3 dM1 6.91 79 # Cassiopeiae 53°) GG 5 sia 
= 377) 94358". S22: SH) ois OOY 7 ou GuCentautinn see 3 dG3 3.68 281 
R619" Le a! WAS GhiG 52) IG — 157340412" 1 49s sdGioy 368235 
OlvGyenm eee SiON aKa 2 52 =—39)8920) teen ee 6.6 dM0 3.46 251 
SESS ZA, EEO Oe Hes) GWE — BTR sey I) 72628 eee 12.4 dM b6e 3.38 80 
WES SOME Enka 13.8 dM6 4.70 235 EY D6) Migs cttio ¢ WAS) GLO, SL 46 
End th, Ae Ae KES 4 6925 R45 Ae tel WAT) el tev BPAV) IZ! 
44 i 205i os... 2 8.7 dM1 4.49 282 —43:354 ...... ARS) dG5r SelS 76 
Op JBBGENN sonac 45 dKO 4.08 213 ReS7Se ee 14s: 306 152 

m = magnitude, Sp = spectrum, “ = proper motion, 6 = position angle. 

Stars have been identified with their B.D. or C.P.D. numbers. In case of multiple stars the 
magnitudes and spectra of the brightest component are given. For further information on stars 
possessing large proper motions see references, footnote 283. 

* Prepared by W. Luyten, University of Minnesota. 
283 Lick Obs. Bull. No. 344; Harvard Circ. 283; Publ. Cincinnati Obs. LO 18; Publ. Astronomical Obs. 

Univ. Minnesota, vol. 3, No. 1. 
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TABLE 865.—NUMBERS AND EQUIVALENT LIGHT OF THE STARS* 757 

Equiva- Equiva- 
lent no. lent no. 

Photographic lst mag Totals Photographic lst mag Totals 
magnitude Number of stars to mag magnitude Number of stars to mag 

m stars (photogr) m m stars (photogr) m 

—1.6 Sirius 11 11 8.0— 9.0 40,600 40 258 
— 9 a Carinae 6 17 9.0—10.0 116,000 46 304 

a0) a Centauri Z 19 10.0—11.0 304,000 48 352 
.O— 1.0 8 14 33 LO TZA0 789,000 50 402 
1.0— 2.0 24 15 48 12.0—13.0 2,000,000 50 452 
2.0— 3.0 66 17 65 13.0—14.0 4,950,000 50 502 
3.0— 4.0 188 19 8&4 14.0—15.0 11,500,000 46 548 
40— 5.0 767 31 115 15.0—16.0 25,400,000 40 588 
5.0— 6.0 2,000 32 147 16.0—17.0 56,000,000 35 623 
o.0=720 5,360 34 181 17.0—18.0 115,000,000 29 652 
7.0— 8.0 14,800 37 218 130 =O Lo a rete 48 700 

This table derived from van Rhijn’s counts (Table 7 of reference 281) shows that to photo- 
graphic magnitude 18.0 the total of starlight received is equivalent to 652 stars of photographic 
magnitude 1.0. If all the remaining stars are included, the equivalent addition is only 48 Ist-mag- 
nitude stars, giving a total of 700, equal to about a hundredth part of full moonlight. The corre- 
sponding total of stars of visual magnitude 1.0 would be about 1,320, which agrees reasonably 
well with the equivalent total of 1,440 stars (zenith) found by van Rhijn from direct measure- 
ment of the visual brightness of the sky; or 1,674 stars outside the earth’s atmosphere. Density 
of stellar radiation = 0.8 * 10°“ erg/cm*. Cosmic radiation density = 1.3 & 10°“ erg/cm® (near 
the earth). 

The number of stars in each magnitude interval is still increasing rapidly at m= 18, but the 
run in the numbers in the second column of the table indicates that somewhere about m= 30 
the numbers begin to decrease and eventually to approach zero as the limit of the stellar system 
is reached. The extrapolated total number of stars in the system ‘given by different investiga- 
tions ranges from 30 to 100 billion. The great inherent uncertainty of this total is further in- 
creased by the unknown influence of interstellar absorption. 

Practically all the stars visible to the naked eye lie within 1,000 parsecs of the sun, and most 
of them are more than 100 parsecs distant. In the vicinity of the sun, the majority of the stars 
lie within 200 or 300 parsecs of the galactic plane; but along this plane the star-filled region 
extends far beyond 1,000 parsecs in all directions, and may reach 30,000 parsecs in the great 
southern star clouds (Shapley). 

* Prepared by F. H. Seares, Mount Wilson Observatory. 

TABLE 866.—BRIGHT OR WELL-OBSERVED NOVAE * 

rc) 

Dura- 8 b Expansion velocities in 
Apparent tion \bsolute ee km/sec (absorption lines) 

magnitudes 3 mags Dis- magnitudes Se ————— 
——, decline tance ———~ TAG Prin- Diffuse 

Nova and year Max Min days parsecs Max Min’ §Zine a cipal enhanced Orion 

Aquilae 1918'—1.1 10.8v 8 AG) =O) 5} E21) eC +1500" —2200 —4000 
T Aurigae 1891 38 148 100 800 —5.3 +5.7 12 — 400 — 870 —1200 
Carinae 14}, 8} AQ EONS NAY Sa 7/ek SE ihe o. Bae fe sed 
iGoronaer Ber 946).59) 3:0 MT ey, 9 850 —7.0 +1: .. —1100 —4360 a iets 
Cyeni S20 ZO eliSeS 16 1470 —89 +46 09 — 725 —1400 —2500 
Geminorum 1OVZT 325) 427) OF, 790) 64 as .. — 800 —1400 —2100 
DQ Herculis 1934 14 15:v 100 2307 55 S75 27, S18) 800) == 100 
CP Lacertae WS Ahn a NS)58) OP S50 ow = 24 Oe 2515003200 — 3800 
RS) Ophiucht 1933'S 435s ih Ov, QU) Seve il a Note ae nie 
Persei 1901 Fo AGEAY 13 470 —84 +4:v 4 —1300 —3500 —3700 
RR Pictoris NIOZ5y AN IB ale) 500 3) 427 7 320) 750) 1500 
CP Puppis 1942 Bb APY 7 Fijet =e [See .. —1000 aed Sere 
RT Serpentis 1909° 10.5 [16 8000: 3300” +3.6” oe A small abit eet 
T Pyxidis 1944° 64 13.6 130 1370” —54” +1.6 .. — 940 —1800 —1900 
Tauri OSA =5:: Sr Onn B,s8 1180 —16 +43 20 —1100 ee ice 

* Prepared by D. B. Mclaughlin, University of Michigan. a, .\bsorption velocities increased with time: 
N .\ql, to —1700 km/sec; CP I.ac, to —2500 km/sec. bh. Absolute magnitude assumed; distance based on 
assumed absolute magnitude. c, Recurrent novae: T CrB; RS Oph, 1898; T Pyx, 1890, 1902, 1920. 
T Crh: distance based on spectroscopic parallax of class M companion. d, Nova Gem and CP Pup; 
distances based on strength of interstellar calcium lines. e, RT Serpentis reached maximum in 1919, 
f, Nova Tauri 1054; a super nova; now the Crab Nebula. Note on velocity of RS Ophiuchi: there was no 
system of absorption lines at the short-wavelength edge of the emissions as in other novae. 
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758 TABLE 866A.—MASS LUMINOSITY RELATION * 

The mass-luminosity relation is shown in figure 33, which is based on data by G. P. 
Kuiper.“ Dots and open circles represent visual and spectroscopic binaries, each com- 
ponent being shown separately. Crosses represent several visual binaries in the cluster of 
the Hyades. Squares represent the white dwarfs. The symbol © stands for the sun. 

* Prepared by O. Struve, University of California, Berkeley. 
284 Astrophys. Journ., vol. 88, p. 472, 1938. 

LUMINOSITY 

ABSOLUTE BALOMETRIC MAGNITUDE 

10 /5 1/2 190 2 5 10 20 §w~ so 

MASS 

Fic. 33.—The mass luminosity relation for stars. 

TABLE 867.—CLASSIFICATION OF NEBULAE 

Symbol e. g. 

I Galactic nebulae— ‘Ae Planetaniest sacecrcmc ccna Ie N.G.C. 7662 
Bap TEEISel eae eens Seacttine eee ae D 

(1) Predominantly luminous. DL N.G.C. 6618 
(2) = obscure . DO Barnard 92 
(3) Conspicuously mixed ... DLO N.G.C. 7023 

II Extragalactic nebulae— A Regular 
N.G.C. 3379 E0 

(1) Elliptical ......... ae Bs BL UBLL Be 
1 to 7 shows ellipticity “ O17 B7 

(2) Spirals 
(a) Normal spirals ..... Si 

(iBanlveee cn. fae Sa N.G.C. 4594 
(2) Intermediate ... Sb se | e284 
(3), deaten. 3653 susneks Sc yy 30457 

(b) Barred spirals ..... Myo 
(by leeidhy  .Gsccndnc SBa N.G.C. 2859 
(2) Intermediate ... SBc er Sol 
(3) deate ss: ea ascosyehs SiBG “7479 

B: tliccectulari. Sapeekeoe ce conker Irr N.G.C. 4449 
Extragalactic nebulae too faint to be classified, “OQ” 
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TABLE 868.—STELLAR RADIATION MEASUREMENTS * 759 

Radiometric magnitude of any star = visual (or photographic) magnitude of a spectral 
class 4° star giving the same radiometric deflection. If m-, mtpv, and mpg are, respectively, 
radiometric, photovisual, and photographic magnitude, then Color Index, C/ = (mp, — 
My»); heat index, H/po = 1mpv — mr; HIpg = mp, — mr. Spectral class: Henry Draper, 
revised by D. Hoffleit (DH); by W. W. Morgan (WWM). AIl measures reduced to 
zenith at Mount Wilson; two reflections from fresh silver; zinc-antimony black thermo- 
junction; rock salt window. Stars of known or suspected variability are rejected from 
this list. 

All the stars were in both the Mount Wilson and Harvard observing programs.” 
The reduction of the Mount Wilson and Harvard data to a common basis has been 

rather difficult. The following are the principal factors that differ between the Mount 
Wilson and Harvard observations. 

(1) The Atmosphere.—There was more water vapor over Oak Ridge than Mount Wil- 
son; hence, early-type stars would be too faint at Oak Ridge. 

(2) The thermocouple blacking.—Probably the surfaces were equally “black” in the 
ultraviolet and visible regions; the Harvard surfaces were blacker in the infrared; 
hence, late-type stars would be too faint at Mount Wilson. 

(3) The cell window.—Rock salt was used at Mount Wilson; fluorite was used at Har- 
vard. These are equally good throughout the ultraviolet, visible, and infrared to 
the region of 6 to 8 microns. For longer wavelengths, rock salt is better. The effect 
of this difference is in the opposite direction to the thermocouple blacking in (2) 
above. However, the very small percentage of stellar energy beyond 8 microns and 
absorption bands in the earth’s atmosphere means that the difference in the cell 
windows has a very much smaller effect than the thermocouple blacking and, there- 
fore, (2) above dominates. 

A systematic difference exists between the Mount Wilson and Harvard observations 
which follows a pattern predicted in accordance with factors (1) and (2) above. There- 
fore, corrections which are usually less than 0.1 magnitudes have been applied. The largest, 
0.16 magnitudes, is for 51 Gem. This correction brings the two sets of data into better 
agreement but there remains an apparent difference in zero-point of about 0.13 magnitudes. 
Since it is impossible to determine which of these two sets of observations is in error, the 
mean of the Mount Wilscn and Harvard data has been taken, corrected as indicated for 
factors (1) and (2) above. These mean values are the data given in the m, column. 

Magnitude Speciral class Magnitude Spectral class 
‘a eS a oN = ——_ -- + - 

Star May Mog mM, DH .WWM Star Moy Mog m, DH WWM 

a And Zale ZiOS meee 2 nBs aout 51 Gem 4.85 Jy. 27 Meas 
B Cas 2Shmn w2eScmmecala Fis F, III a CMi 40 83 al) 18 F, V 
y Peg S00 }ea2.67 892289 Be hae B Gem MIISh Asi YS Ts JOU 
B And 2.07 3.94 3s, EIS Ae Uo e Leo 2.96 Sie 244 G GI 
a Cet 2.54 4.47 99) 5 Moy Mio DLT a Leo 4.52 ge 21. Mia ee 
a Per NAS BE eV owls F; I B UMa 2-34 DAN Le 12-50 eas Bats 
n Tau DO 22 2.86 Bs ee a UMa ADO SOI A (Ga Ty ALU 
a Tau 41 2/0. —.80" “Ks ~ Ks Dil a Cyg 1.24 1.40 LS OAS panne: 
a Aur 14S 1035 p—-53,) (Ga (Gs I B Peg Die BS AU IME 
B Tau ROS loc. OO bs seats a Peg PN) AES) VARS) ANG 

* Prepared by R. M. Emberson, Research and Development Board, Washington, D. C. 
285 Pettit and Nicholson, Astrophys. Journ., vol. 56, p. 295, 1922; vol. 68, p. 279, 1928; vol. 78, p. 320, 1933. 

Stern and Emberson, Astrophys. Journ., vol. 94, p. 412, foal. 

TABLE 869.—NONGALACTIC NEBULAE 

Some 400 considered. Distribution of magnitudes appears uniform throughout sequence. 
For each stage in the sequence the total magnitude (Mr) is related to the max diameter 
(d) by the formula: Mr =C-5 log d. When minor diameter is used, C approx constant 
throughout sequence (C = 10.1). Mean absolute visual magnitude —15.2. The statistical 
expression for distance in parsecs is log D =4.04+4 0.2 Mr. Masses appear to be of the 
order of 2.6 X 10° our sun’s. Apparently nebulae as far as measured are distributed 
uniformly in space, one to 10" parsecs® or 1.5 & 10 in cgs units. 

Corresponding radius of curvature of the finite universe of general relativity is of order 
of 2.7 X10" parsecs, about 600 times the distance at which normal nebulae can be detected 
with the Mount Wilson 100-inch reflector. 
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TABLE 870.—VARIABLE STARS, GENERAL CHARACTERISTICS * 7° 

The task of cataloging and naming variable stars was delegated in 1946 by the Inter- 
national Astronomical Union to the Sternberg Astronomical Institute in Moscow. The 
1948 General Catalogue lists 10,912 variable stars; a supplement lists 265 additional vari- 
ables discovered in 1948. Several thousands of variable stars in globular clusters, in the 
Magellanic Clouds, and in the nearest galaxies are not included in this catalog, nor are 
thousands of stars whose variability has been announced, but which are not officially 
recognized pending confirmation. The total number of variable-star discoveries announced 
until 1950 probably amount to 20,000. 

Classification.—Variable stars, with the exception of eclipsing binaries (see Table 
879), can be divided roughly into three major groups: (1) Pulsating stars. The variables 
of this group are all giants, located above the main sequence in the Russell diagram. 
(2) Explosive stars. The variables of this group are, as far as is known, dwarfish; 
located below the main sequence in the Russell diagram. (3) Erratic variables, whose 
light, fluctuations, mostly of an erratic nature, are produced by external causes (nebulosity) 
or by peculiar phenomena in their atmospheres. 

Pulsating stars.—Ccpheids. Usually divided into cluster-type variables, with periods 
shorter than one day, and classical Cepheids, with periods longer than one day, although 
at least five subgroups are indicated. 

Cluster-type variables belong to Population II, have spectra ranging from A to F, 
absolute magnitudes close to zero; most variables found in globular clusters belong to 
this group. Periods range from 0°.061 (CY Aquarii) to 1°.35 (a star in the w Centauri 
cluster), with the greatest concentration around 0°.53. Typical variable: RR Lyrae (7™.1 
— 8™.0; period 07.57; spectrum 4 2—F0). About 1,700 galactic objects and 600 stars in 
globular clusters are known to belong to this group. 

Classical Cepheids belong to Population I, have spectra ranging from F to K, with 
marked dependence on period, and intrinsic luminosities increasing with the period (period- 
luminosity law) from —0™.5 to —3™ (absolute visual magnitudes). Periods range from 
12.13 (BQ Coronae Austrinae) to 45°.2 (SV Vulpeculae), with the greatest concentration 
around 27.7. Typical variable: 5 Cephei (3".8 — 4™.6, period 5°.37, spectrum F5— G2). 
About 500 galactic stars and 2,500 stars in the Magellanic Clouds and other extragalactic 
systems are known to belong to this group. 

For both cluster-type and classical Cepheids the shape of the light curve is a function 
of the period; the rise to maximum is always faster than the decline. Average visual am- 
plitude 0".75; photographic amplitudes 50 percent larger. Radial-velocity curves are in 
phase with light curves (maximum approach at maximum light); Average amplitude 
30-40 km/sec. 

Long-period variables. Typical variable: o (Mira) Ceti (2™.0 — 10™.1; period 331°; 
spectrum M 6c). Characterized by very large amplitudes (from 4 to 10 magnitudes, visual), 
late spectra (MV, S, R,N) with bright hydrogen emission lines near maximum light, un- 
stable light curves and periods ranging from 120° (W Puppis) to 1379* (BX Monocerotis). 
Greatest concentration of periods around 275". Long-period variables seem to fall into 
two major groups, whose periods overlap to a great extent. Stars of the first group have 
nearly symmetrical light curves with moderate amplitudes and periods ranging from 120% 
to 4507; they seem to belong to Population II. Stars of the second group have strongly 
asymmetrical light curve (rise faster than decline), large amplitudes and periods upward 
of 200°; they seem to belong to Population I. 

The enormous visual (and photographic) amplitudes are accounted for by a shift in the 
effective wavelength of the radiation with phase and by the formation of strong absorption 
bands at minimum light in the visual region of the spectrum. The total (bolometric) 
radiation has an amplitude of only one magnitude. Absolute bolometric magnitudes near 
—4. About 2,600 stars are known to belong to this group. 

Semiregular red variables. Typical variables: Af Cygni (6".3—8™.0; period 89%; 
spectrum M 6). Spectra similar tu those of long-period variables, except for much weaker, 
or entirely absent, hydrogen emission lines. Amplitude mostly comprised between 1 and 3 
magnitudes (both visual and photographic). Light curves very irregular, often erratic; 
periods ranging from 42° (TX Tauri) to 810" (S Persei), but mostly comprised between 
100° and 200°; several unrelated periods often occur in the same star and for many vari- 
ables periods have only a statistical significance. Then mean brightness often changes 
slowly, with cycles of 1,000-2,000 days. Absolute visual magnitudes high, between 0 and 
—4. Their galactic distribution suggests Population II. Total number of recognized 
variables 600. 
RV Tauri stars. Typical variable: RV Tauri (8".7 —11™.8; period 397.3; spectrum 

K IV). Spectra Cepheid-like, but light curves similar to those of the preceding group. 
Deep and shallow minima often alternate. Periods (intervals between two successive 

* Prepared by L. Tacchia, Massachusetts Institute of Technology. ‘ 
286 Kukarkin, B. V., and Parenago, P. P., Fiziceskie Peremennye Zvjozdy, 1937; Gaposchkin, C. P., 

and Gaposchkin, S., Variable stars, 1938; Campbell, J.., and Jacchia, L., The story of variable stars, 1941. 

(continued) 
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TABLE 870.—VARIABLE STARS, GENERAL CHARACTERISTICS (concluded) 

minima, irrespective of principal and secondary) range from 167.5 (SX Centauri) to 73 
(R Scuti). Galactic distribution suggests Population I. Only 60 stars can be safely 
assigned to this group. 

Explosive stars.——lU Gemuunorum stars. Typical variable: U Geminorum (8™.8 — 
14™.0; average cycle 97°). Characterized by long permanence at minimum light, interrupted 
by brief, sudden explosions which bring the star almost always to the same maximum mag- 
nitude; the time between explosions might vary as from 1 to 4 for an individual star, but 
the average length of cycles over long periods of time are constant for each star. Average 
cycle length ranges from 13° (AB Draconis) to 340° (AW Geminorum). A few stars 
undergo temporary spells of continuous, irregular fluctuations. The amplitude increases 
from 3 magnitudes for short-cycle stars to 5 magnitudes for long-cycle stars. Spectra are 
of early type and peculiar ; hydrogen lines in emission at minimum in absorption at maxi- 
mum galactic concentration low for short-cycle variables, greater for long-cycle ones. 
Group numbers about 70 stars. 
Z Camelopardalis stars. Typical variable: Z Camelopardalis (10".5 — 13".3; average 

cycle 22'.1). Similar to the preceding, but with shorter minima and smaller amplitudes ; 
erratic variation is the rule rather than the exception: Less than a dozen stars are known 
of this type. 

Novae, repeating novae, and novaelike stars. Novae are stars that suddenly blaze up 
with startling rapidity and then gradually fade out again. For data on bright or well- 
observed novae see Table 866. A repeating (or recurrent) nova, such as T Pyx, has 
several outbursts, any one of which would have identified it as a nova. A novalike star, 
e.g., Z Andromeda, from time to time shows novalike characteristics with the formation 
of a shell spectrum and displaced absorption lines and later emission lines. Nebular lines 
are often associated with these objects. 

Erratic variables.—R Coronae Borealis stars. Supergiants with G and R spectra and 
an abnormal abundance of carbon in their atmospheres. For long periods of time (often 
years) the light remains constant at maximum. At entirely irregular intervals the light 
is dimmed, probably by a carbon veil, with resulting fluctuations which may reach 9 or 10 
magnitudes. Typical stars: R Coronae Borealis (variable from 5™.8 to 15".0), RY Sagit- 
tarii (variable from 5.9 to 15™".0 and probably fainter). Only 23 stars are known to 
belong to this type. 

Variables associated with nebulosities. Stars in gaseous nebulae of the diffuse or of the 
cometary type, or even in dark nebulae, often show erratic variations with various ampli- 
tudes and speeds. At least three subtypes are indicated, typified by the following stars: 
T Orionis (9".6 — 117.9; ee often constant at maximum) ; R Monocerotis (10" — 14™; 
slow); RW Aurigae (9".0 — 13.5; very rapid, no constant light at any time). About 200 
stars can be attributed to one or the other of these groups. 

P Cygnt and Be Stars. These early-type giants are normally quiescent, but occasionally 
some of them undergo slow fluctuations of moderate amplitude (1"™ — 4™) which last over 
a series of years. Typical: P Cygni (3"—6™), active in the 17th century ; y Cassiopeiae 
(1.6 — 3™.0), active after 1936. 

TABLE 871.—VISUAL BINARY STARS * 

A. Visual binary stars are cataloged as follows: 

1. “New General Catalog of Double Stars within 120° of the North Pole” (abbre- 
viated: ADS = Aitken Double Stars), by R. G. Aitken, Carnegie Inst. Wash- 
ington Publ. 417, 1932 (2 vols.) ; contains 17,180 objects. 

2. ADS is the successor to BDS = “A General Catalog of Double Stars within 
121° of the North Pole,’ by S. W. Burnham, Carnegie Inst. Washington Publ. 
5, 1906 (2 vols.) ; this catalog contains 13,665 pairs. About one-third of these 
(mostly wide objects) are not repeated in ADS. 

3. SDS or “Southern Double Star Catalog,” from —19° to —90° declination, by 
R. T. A. Innes, B. H. Dawson, and W. H. vanden Bos, Union Observatory, 
Johannesburg, South Africa, 1927 (4 vols.). 

4. Many wide double stars of interest are contained in “Measures of Proper Motion 
Stars,” by S. W. Burnham, Carnegie Inst. Washington Publ. 168, 1913. 

B. A full discussion of mass determinations of visual binary stars is found in “The 
Masses of the Stars with a General Catalog of Dynamical Parallaxes,” by H. N 
Russell and C. E. Moore, Univ. Chicago Press, 1940. 

C. Orbits of visual binaries are listed in W. H. Finsen, “Second Catalog of Orbits of 
Visual Binary Stars,” Union Obs. Circ. 100, 1938. Supplementary orbits are found 
in later Union Observatory Circulars and in the Astronomical Journal. 

* Prepared by G. P. Kuiper, Yerkes Observatory. 
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762 TABLE 872.—WHITE DWARFS AND DEGENERATE STARS * 

Pe 

Star mv (Gl Sp 1 p Mv QS es 

m m 

Vii) eee ee 12.3 +.69 DF 2798 7245 14.2 009: 105—10" 
on eridanilsb. | ear 9.4 {0 DA 4.08 .200 10.9 .018 7X 10* 
SiniissBe tensions 8.5 ed DF 1232 378 11.4 034 5 SGI; 
IGS Rech ee 12.0 —.80 DB 90 .066 11.1 002-ae Oe 102 
TD Se275 A sate 14.7 +.15 IKE 55) aie St 012 10°—10° 
IID YS Yl B teen’ cose 15.0 SEIS IDXG 35 012 10°—10° 
| Ig 39 ae 0 a 17.2 +.2: ones ty) “46 Sab 005 : 10° 
Wire Os ie eats 14.8 +.77 DE 3.92 129 15.4 012: —10°—10° 
TAD S678 Awe oe 12.0 —.14 DA .20 er mee 014 10° 

p = parallax, » = proper motion, Sp = spectrum, m = magnitude, M = absolute magnitude. 

A representative selection of white dwarfs is given above, including the two stars for 
which the masses are known (o Eri B and Sirius B), the bluest white dwarf (He 3), the 
reddest degenerate star (W 489), the only known double white dwarf (LDS 275), the 
faintest known white dwarf (L 39- 44) and a typical example of a white component of 
red-white dwarf double (LDS 678 which has a red component of 13.7 vis with a color index 
of +1.81). 

The values given for the radii and the densities (p) are in most cases very uncertain 
estimates based on very approximate parallaxes and estimated masses. 

* Prepared by W. Luyten, University of Minnesota. 

TABLE 873.—LOW-DENSITY STARS, GIANTS * 

Visual Density Radius Mass 
Star Type abs mag Sun — a Sun) sun) = 'L 

MUOGOMS eee ss cee cM 2 —4.0 SOY 480 (35) 
QESCOGMIe AU mye ociteee cM2 —3.5 Sel Om 380 (22) 
BmRCoASIE Moers ccc or gM 3 —1.0 Les<ilOr 160 ( 6) 
cmelNatnT sl  <2 oro 5) dhs Au ees 'ayouere gK 5 — 4 1.4x10° 70 ('5) 

* Prepared by W. S. Adams, Mount Wilson Observatory. 

TABLE 874.—GIANT AND DWARF STARS * 

The table gives a list of typical supergiants, giants, and main-sequence stars. The rela- 
tions between the absolute magnitudes and spectral types of the stars are conspicuous and 
complicated. Along the main sequence M (visual) falls very rapidly from about —4 for 
class O to +14 for M6. For identical spectra, the scatter about the mean is of the order 
of +1". The normal giants form a sequence with M ranging from about 0 for class G2 
to —1.5 for M 8 with a somewhat greater scatter. Supergiants, with M from —4 to —7, 
are found sparingly in all spectral classes. The white dwarfs, of which nearly 100 are 
now known, form a widely separated group with spectra from A (or perhaps B) to G and 
with AZ from = 10 to == 15. Subgiants, one or two magnitudes fainter than the normal 
giants, are recognizable and the existence of other sequences is indicated by recent precise 
work. 

The above discussion applies to stars of Population Type I, which is found in many 
parts of the galaxy, the arms of spiral nebulae, and other regions where absorbing inter- 
stellar material is present. Population II, in regions far from such matter, includes no 
supergiants or bright blue stars and the relation of the sequences are different. This type 
is found in the globular clusters, the elliptical nebulae, and the central regions of spiral 
nebulae and the galaxy. Both types occur near the sun. 

The majority of the stars visible to the naked eye are giants, since these, being brighter, 
can be seen at much greater distances. Classes F and G comprise the greatest percentage 
of dwarf stars among those visible to the eye. The dwarf stars of classes K and M are 
actually much more numerous per unit of volume, but are so faint that few of the former, 
and none of the latter, are visible to the naked eye. 

* Prepared by R. E. Wilson, Mount Wilson Observatory, and E, M. Janssen, Harvard College 
Observatory. 

(continued) 
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TABLE 874.—GIANT AND DWARF STARS (concluded) 763 

Typical supergiants, giants, and main-sequence stars 

Mount 
Wilson 1950 
type Star Boss Vis mag 1 Eee 

hy: we 

cB0 e Ori 1370 1.8 ESN) = Wer 
gB0 k Ori 1435 2.2 5 45.4 — 9 41 
dB nm Ori 1301 3.4 5 22.0 — 2 26 
dB 3 7 Aur 1204 3:3 5 03.0 +41 10 
cB5 nm CMa 1934 2.4 eee, —29 12 
gB5 6 Per 838 3.1 3 39.4 +47 38 
dB5 7 Her 4162 3.9 16 18.2 +46 26 
cB8 B Ori 1250 3 ile — 815 
gB 8 B Tau 1304 1.8 By ZBI +28 34 
dB9 a Peg 5944 2.6 230253 +14 56 
gA0 5 Cyg 5048 3.0 19 43.4 +45 00 
dAl a Lyr 4722 al 18 35.2 +38 44 
cA2 eaeye 5320 13 20 39.7 +45 06 
dA2 a CMa 1732 1.6 6 42.9 16 39 
gA5 B Tri 482 2h) 2 06.6 +34 45 
dA 5 B Ari 428 Deh il Si) +20 34 
gA7 y Boo 3722 3.0 14 30.1 +38 42 
dF0 y Vir 3307 2.9 12 39.1 — 111 
gF2 B Cas 12 2.4 0 06.5 +58 52 
dF 3 a CMi 2008 35) 7 36.7 Je Al 
cF5 a Per 772 1.9 3 20.7 +49 41 
Dit 7 Ser 4055 3.9 15 54.1 +15 49 
cF8 y Cyg 5229 23 20 20.4 +40 06 
gF 8 e Hya 2354 3.5 8 44.1 + 6 36 
dF8 B Vir 3105 3.8 11 48.1 +. 2 03 
dG 0 6 Tri 514 5.4 2 14.0 +34 00 
gGl a Aur 1246 i 5 13.0 Ses Ey/ 
6G GC 10756 2099 4.4 7 54.7 2245 
gG5 y Hya 3449 oho! 13) 16:2 27 IS 
dG 5 kK Cet 752 5.0 3 16.7 + 3 11 
cG 8 e Gem 1717 3:3 6 40.8 4-25) 11 
gK0 a Boo 3662 2 14 13.4 +19 27 
dK 0 70 Oph 4571 4.3 18 02.9 + 2 31 
cK 5 Cyg 5431 3.9 21 03.1 +43 44 
gK5 a Tau 1077 Wil 4 33.0 +16 25 
dK 6 61 Cyg A 5433 5.6 20 04.7 +38 30 
dM 0 Gf Gye Bo 5434 6.3 20- 04.7 +38 30 
gM 0 B And 259 2.4 1 06.9 SEs ZI 
cM 1 a Sco 4193 WH 16 26.3 —26 19 
cM 2 a Ori 1468 9 55225 at 24 
gM 2 a Cet 691 2.8 PEAS + 3 54 
dM 2 GC15183 2935 7.6 IR +36 18 
cM 5 a Her 4373 3.6 17 12.4 +14 27 
gM 5 56 Leo 2915 6.0 10 53.4 = Ge 27, 
dM 5 GC 923 bey: 9.2 15 16.9 ae D) 

TABLE 875.—TEMPERATURE IN INTERSTELLAR SPACE * *" 

Because interstellar matter is far from being in thermodynamic equilibrium, the tempera- 
ture of space will depend on the measuring process used. 

° Temperature from energy density of starlight......... 
Colorstemperatunenot stan tehteocneem ace cocci scene 10,000 — 15,000°K 

dilution factor 10°“ 
Temperature of gas (kinetic) 

Eee leresionn (hy drogenenetiall)) vic rerio 60°K 
HYP region, (hydrogen iomized)) "2 ...0.22.5 52 ss 08 10,000°K 

Temperature of grains (internal energy) ............. 20°K 

* Prepared by B. Donn, Harvard University. 
281 Dunham, Proc. Amer. Philos. Soc., vol. 81, p. 277, 1939; Eddington, Proc. Roy. Soc. London, 

vol. A 111, p. 424, 1926; Spitzer, Astrophys. Journ., vol. 107, p. 6, 1948; vol. 109, p. 337, 1949; vol. 111, 
p. 593, 1950; van de Hulst, Rech. Astron. Obs. Utrecht, vol. 11, pt. 1, 1946. 
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764 TABLE 876.—MOTIONS OF THE STARS * 

The motions of the stars show various well-marked features, of which the ellipsoidal 
distribution and the asymmetry are a consequence of the rotation of the galaxy; the sig- 
nificance of certain other features is not yet fully understood. If we assume the circular 
velocity around the galactic center (Table 828) as our origin, and plot the individual mo- 
tions of the stars of any group as vectors from this origin, the ends of these vectors do 
not form a spherical distribution (as they would if the motions of the stars were at ran- 
dom) but rather an elongated distribution which is more or less asymmetrical and in 
which the area of highest concentration of the vector points is centered about the origin. 
If for the moment we ignore the asymmetry, the distribution may be characterized as 
roughly ellipsoidal and the approximate extent and shape of the distribution may be 
inferred from the dispersions of the velocity components along each of the three principal 
axe€S, da, ov, and oc, in km/sec. 

Spectral group 288 Ta oD Te Mg,? 
(main sequence) (km/sec) 

ALO tos AY 17 12 8 180 
FO to F9 244 16 123 250 
F5 to GO 27 17 134 240 
G0 to K6 32 16 164 270 
K&to M5 SY) 25 17 170 

(Giant branch) 

K0 to K9 234 17 20 1300 
M0to M9 27 19; 19: 1800: 

The direction of the a-axis is called the direction of the preferential motion; the two 
Opposite points on the sky at the extremities of this axis are called the vertices. The 
a-axis for any group of stars is always nearly parallel to the plane of the galaxy. In the 
case of most groups of stars fainter than eighth magnitude, it appears that the a-axis is 
directed approximately toward the galactic center at longitude 325° Among stars brighter 
than sixth magnitude the direction deviates from the direction of the galactic center toward 
greater longitudes and the deviation is most marked in the case of the A stars, for which 
the longitude of the vertex is close to 3502 In every case the c-axis is directed toward 
some point close to the galactic pole. The asymmetry referred to above characterizes 
the distribution of the components parallel to the b-axis. It is relatively slight when the 
dispersions are small as with the 4 stars, but becomes very pronounced in the case of 
groups with large dispersions, there being practically no large motions in the direction of 
the galactic rotation (longitude 55°). 

The last column in the table contains the product of the mean stellar mass (in terms of 
the sun’s mass) and the square of the dispersion along the c-axis. This quantity (analo- 
gous to kinetic energy) is practically constant for the various groups of the main sequence 
but is much larger for the giant branch. 

The dispersions of velocities for the B stars, the c stars, and the Cepheids are of the 
order of 10 km/sec and difficult to determine accurately. For long-period variables the 
dispersions average about 50 km/sec and for the cluster-type variables 90 km/sec. 
A general card catalog of radial velocities is kept at Mount Wilson Observatory. It 

now contains approximately 14,000 entries and will be published in the near future. The 
proper motions of all stars brighter than magnitude 7.0 and of many fainter stars may be 
found in the Albany General Catalog. The Transactions of the Yale Observatory contain 
the proper motions of many thousands of stars down to magnitude 9.5 and north of 
declination —30° and two catalogs of the Cape Observatory contain 40,000 proper motions 
in the zone —40° to —52? 

* Prepared by A. N. Vyssotsky, University of Virginia. 
288 Astron. Journ., vol. 53, p. 94, 1948. 
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TABLE 877.—STARS WITH LARGE SPACE VELOCITY GREATER THAN 

200 km/sec, BASED ON PARALLAXES 3 “005 * 

Vi 
Star mae Spec Par 

ZOWEG 1321 Ae. 10.8 dG 1 7005 
2ZOEEG 879 ae 10.2 dG 2 .008 

HD 134439 ..... 9.4 dG 2 .040 
HD 104800 ..... 9.3 dG 0 .006 
ERD 980) Aare 8.3 dl 6 009 
IBUD) WW/ZAUER) epoac 9.4 dG 3 .009 
ELUDES 1G06930 ea. 8.4 dF 8 O11 
EEDE 224618) 322-2 9.0 dG6 014 

18eG@- 560) 3.62 8.9 dA8 .007 
EVDE79626" ee. 9.3 dF 4 .007 
JEUD) GY/ES) VGoobties 7.8 dG 0 018 
EVD RG4090) Ste 8.2 sdG 0 .038 
BDC BYR) So bic 10.2 sdA 4p 009 

HD 230409 ..... 10.0 dG 4 .009 
ED E2227 60 eee 9.7 dG 4 009 
RG 3002) eee 8.4 dK 0 023 

1500) OS) 2b aa- 6.5 sdG 5 .108 
1SKG- 2348095: s « 9.1 dF 1 .008 

FEUDS 3083. eee 8.2 dF 4 014 
EU ES3793)0 oaeee 9.2 sdK 2 .262 
2OECe58) 6. AAs as 12.3 sdl* 3 243 

EVD RIS 4S es ae 8.7 dF 8 .009 
EVD SIOSIOIS sae. 8.2 di’ § 027 
1SRGe750. eee 9x2 dF 8 031 

ED S5223 2. Be 8.8 R3 019 
HD 148816 ..... 7.4 dF7 .029 
EMD EZIST ZS eee 8.3 dF 5 011 
JEUD) MOA ss 5 66 oc 8.0 dG 0 014 
HUD E74000) ) aaee- 9.4 dF 5 .005 
END E25329 ne 8.6 dK 0 047 
EDR 140283) Saree 7.3 sdA 5p 033 
FVD EZ199625 ee. 6.4 gK 1 .006 
EMD EAIOG7, axes. 9.0 sdA 8p .030 

* Revised by R. E. Wilson, Mount Wilson Observatory. 
288 Miczaika, G., Astron. Nachs., vol. 271, p. 265, 1940. 
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766 TABLE 878.—STARS WITH RADIAL VELOCITIES GREATER 

THAN 200 km/sec * 

Radial 
Proper velocities 

Star Mag Spec A (1950) D motion km/sec 

h m 

GDAS29° 22778 BS ES, sdF 6 5 26.9 —29°56’ 741 +540 
Vikeer Sant. aie 10.5v A6 16 28.5 +18 28 05 —390 
lallD) “AULA vom tesla oo 8.8 R3 22 02.1 +20 48 01 —381 
TUSPery Jeet... 12.1v A5 3 05.4 +53 00 05 —380 
GOR24 145" PRP, 6.9 A4 17 44.6 +25 46 .06 —362 
G@S108" Sage Ae 9.1 dA 8 4 11.6 +22 14 54 +338 
ARtHer™: eet: 10.4v A5 15 59.0 +47 04 a ==335 
SZanGem ec -Bbadener 2 lL5v A6 550.8 H%4-4-19.24 i 4.330 
PRD R67 55 ns Bree ss dF 5 1 06.5 SLi I 62 —325 
AC +25°67928 ..... 10.6 sdF 0 20 22.6 +24 54 Ate —319 
GGH2Z0393) Ake oes 9.9 sdG 9 15 07.5 —16 13 3.69 +306 
ZONE 993: Frakes oa MAUS) sdG 1 16 26.8 +44 48 74 —301 
Smet ee eee 8.5v M 2e 15) 18:5 —20 13 05 +294 

GG20394) Bi ke. x sere 9.4 sdG 2 15 07.5 —16 08 3.68 +292 
SiG@an, cece sia 6.9v K 9e 10 07.8 —61 18 12 +289 

3D) SEHUPAHUL snes eo 8.8 dG 2 15 04.8 +30 13 02 —279 
ZOME “491 ii see eres 11.4 sdG 6 8 47.8 + 7 49 67 +276 

BIOME72°945 0... oe 10.1 sdF 2 1 42.9 +73 13 25 —2066 
ZOMES8. . Shvctess: Aa « 12.3 sdF 3 0 46.5 + 5 10 2.98 +263 
ZOMG 12603) Pee <s 13.4 sdM 1 21 07.1 +59 33 2.14 —260 
AG =-64°4188 —..... 12.8 sdA 8 SS ZF +64 26 Sie +252 
20m W200. oe 8.5 dF 5 20 23.8 + 9 18 56 —247 

IS ygexce 124" Gee oes 12.5 dM 0 Ze 267; +11 58 py! —247 
FID ROS33 "awe oe Tol dG 5 1 06.8 +54 28 05 —244 
GGC369F A Ae PP 8 8.5 dK 2 5 09.7 —45 00 8.72 +242 
ELD RG4090" Fe. ee: 8.2 dF8 7 50.4 +30 46 1.98 —240 
SMG 2348. Oe 9.1 dF 1 17 36.1 +18 35 1.35 —240 

RI ZRSy ret ee 11.9y A2 18 41.8 +32 45 03 —240 
EVD S5223" 5 {Sse 8.8 R3 0 51.6 +23 48 14 —234 
BD 17°484r.. 9.4 Fl 2e29A A= 17/113! 43 +233 
GGM7670) Ee IO. 8.2 dF 4 12 58.8 —27 06 555 +226 
IO PING GOlh Se eee 11.0 sdF8 17P532 —16 23 60 —216 
FUDD RZOR eS Tee Sa 8.2 sgG 2p 0 02.8 + 8 30 26 —213 
EVD A000) Shae. a. 9.4 dA9 8 38.5 —16 09 63 +204 
RBRICR Rote thes 6.7Vv M 0e 4 44.8 —49 20 05 +204 

* Prepared by R. E. Wilson, Mount Wilson Observatory. 
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TABLE 879.—SPECTROSCOPIC ECLIPSING BINARIES * 767 

Radius Mass 

Period Ap R, Ro M, M. 
Star aves. brine ZS pd Sp. Qe) Gn) Gn @)orGni©)el'Gn'@) Rebs 

m 

V 444 Cyg ... 4.212 8.4 O06 WN 6 13 its 35 20 a 
AO Gass nce ds 3 523 5.8 O 8.5 OsSmwl6 10 31 29 b 
GY Gig rtae ts Ate 2.996 7.0 O9 O9 5.9 5.9 17.4 172 Cc 
SGuCEN ON oder 2.698 7.0 BO (B 2) AY) 5.6 36 10.3 d 
AH Cep ..... 1.775 6.6 BO BO 6.1 6.1 16.5 14.2 e 

oaOrnle 2. ae: 5.733 2.4 BO (B 2) 17 10 26 10 f 
V 478 Cyg ... 2.881 8.9 Bees BueS 7.1 TA 15.4 5e2 g 
WAV, .Gep vos ces 7430 6.6 B cM 2 13 1200 33 47 h 
iM Pupetr es: - 1.454 4.5 Bl B3 6.1 BES 16.6 9.8 i 
V 470 Gye 1.187387 B2 160) waz oeeng 11 j 
ie S COM err 1.446 3.0 B3 B6 BW BW, 14.0 9.2 k 
AL PAM ers cee 1.333 8.1 B3 atte 3.8 3.4 6.7 5.3 1 
E@ Aurl so 4.066 7.6 B3 (B 8) 13 16 Di, 27 m 
UM ELer ers os 2.051 4.6 B3 B7 4.4 4.4 6.8 5.4 n 
GWaCepeeee 2.729 7.6 BES B3 4.5 4.0 10.0 9.8 j 

AGr Pere. 2.029 6.5 B3 B4 Def, 2.6 5.0 4.4 fo) 
SxXetAunvee . 1.210 8.2 IBIS B3.5 5.1 4.4 10.7 5.6 i 
E Auirk eee 972.15 6.6 Bo cK 4 Aa 200 10 22 p 
UG By akeee 3.452 7.6 B5 (A 2) 4 5.5 6.4 2.4 q 
UsOphy eer: 1.677 5.8 B5 BS Sali 3.0 5.3 4.6 r 

V 599 Agl ... 1.849 6.5 BS B8 7.8 4.4 12 6.4 S 
LE NAM che Pehce has 2.455 7.0 B3 Rais 4.6 4.3 bes 2.4 t 
OnAg lace se... 1.950 5.0 B8 B8 3.6 3.6 6.8 5.4 u 
A Xone 5 3.063 6.8 B8 gF2 2.1 3.4 2.8 9 Vv 
[pl ae ee ae 2.867 ep B8 (G) 7g) 2.8 2.3 6 w 

ARSAure. Of 4.135 5.8 B9 AO 1.8 1.8 2.6 ys) c 
BE Sy Tommie iets 12.908 3.4 cB9 ayaa 47 31 52 43 Ww 
(MS cegeerexeusuccs 3.381 6.4 B9 G2 4.5 5.8 6.7 2.0 x 
GORGy ere 718 8.3 B9 oe 2.0 1.4 1.6 eS y 
[SIPEN Th oe ee 3.960 fas A0 AO0 2.6 2.6 2.4 2.4 Zz 

Wa Gasts SA ane 1.813 7.3 AO ao. 2.4 25 17 1.0 al 
RO. 18 lehe pene 1.779 Jel AO A0 2.3 1.8 PA 1.9 bl 
IMIRS Gyo) Pak, ae 1.677 8.5 AO (A 0) 32 3.6 3.0 2.6 Gull 
WextG@epi tan: 3.378 91 A2 (A 5) 3 3 1.0 1.0 dl 
1D ise eae 2.060 8.3 A2 A2 1.6 1.6 2.0 1.8 el 

GMiacacwes. 1.605 8.3 A2 A8 1.3 7 2.0 1.5 fall 
Wixe Mon’... =. 5.905 8.7 A3 G2 1.8 6.6 3.4 CS gl 
ReXe Gem yon 12.208 8.5 A4 KO 22 Be Shi 6 hl 
WW Aur 2.525 SY vAb/: A7 22 Pee Ze 1.9 r 
SA itaeie ace 648 8.8 A8 A8& 1.4 eit 1.0 9 il 

ANAC e084 3.993 Te, F2 (F 2) 1.5 Sul 1.5 123 q 
RS sGVae a SSN! 4.798 8.0 F4 G8 1.6 SS} 1.9 127 jl 
Wi Zaklyicaeeeae 2.904 92 FS F3 1S 1.0 eZ 1.1 k 1 
Va OPE ey ate 334 8.3 F8 F8 8 6 1.0 9 hal 
WS (Oo Bopas 4.183 9.7 G0 G0 13 12 1.4 156) m 1 

(WW tICeo, Sane: 600 8.5 G0 G2 Heat 1.2 13 1.2 nl 
Rb eAnd? vac 629 9.0 G0 Ket 8 1.4 165 1.0 ol 
eS OO bere oexsiers 268 6.6 G2 G2 jl 6 1.0 5 pl 
WW Dra 4.630 S10) b gGuz gK 0 48 8.3 $15) 2) ql 
AY WoaGen eters 1.983 13 G5 KO 1.8 3.0 1.4 1.4 k 1 

Reieleace .4y... 5.074 8.8 G9 Kl 4.9 4.9 1.0 1.9 re dl 
AMIS! Wate aise 408 9.7 KO K0 1.3 8 1.4 6 sl 
WY. Gems aoe 814 8.6 M1 M1 6 6 1.0 9 tal 

* Prepared by Z. Kopal, Harvard College Observatory. 
200 References: a, Keeping, Publ. Dominion Astrophys. Obs., vol. 7, p. 349, ee b, Wood, Astrophys. 

Journ., vol. 108, p. 28, 1948. c, Dugan, Princeton Contr., No. 12, 19312 , Kopal (unpublished). e, 

(continued) 
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768 TABLE 879.—SPECTROSCOPIC ECLIPSING BINARIES (concluded) 

Huffer and Eggen, Astrophys. Journ., vol. 106, p. 313, 1947. f, Luyten-Struve-Morgan, Yerkes Publ., vol. 7, 
t. 4, 1939. g, McDonald, Publ. Dominion Astrophys. Obs., vol. 7, p. 135, 1949. h, Geodicke, Michigan 
ubl., vol. 8, No. 1, 1939. i, Popper, Astrophys. Journ., vol. 97, p. 394, 1943. j, Gaposchkin, Astron. 

Journ., vol. 53, p. 112, 1948. k, Stibbs, Monthly Notices, Roy. Astron. Soc., vol. an8 398, 1948. 1, Joy 
and Sitterly, Astrophys. Journ., vol. 73, p. 77, 1931. m, Gaposchkin, Publ. Astron. Soc. Pacific, vol. 55, p. 
192, 1943. n, Baker, Lick Obs. Bull., vol. 12, p. 130, 1926. 0, Eggen (private communication). Pp, 
Kopal, Astrophys. Journ., vol. 103, p. 310, 1946. q, Shapley, Princeton Contr., No. 3, 1915. r, Huffer 
and Kopal, Astrophys. Journ. (in press). s, Gaposchkin, Harvard Bull., No. 917, 1943. t, Baker, Laws 
Bull., No. 2, p. 173, 1916. u, Wylie, Astrophys. Journ., vol. 56, p. 232, 1922. v, Huffer and Eggen, 
Astrophys. Journ., vol. 105, p. 217, 1947. w, Kopal, Astrophys. Journ., vol. 93, p. 92, 1941. x, Joy, 
Astrophys. Journ., vol. 71, p. 336, 1930. y, Pierce, Astron. Journ., vol. 48, p. 113, 1939. z, Piotrowski, 
Astrophys. Journ., vol. 108, p. 510, 1948; Smith, Astrophys. Journ., vol. 108, p. 504, 1948. a1, McDiarmid, 
Princeton Contr., No. 7, 1924. b 1, Wood, Astrophys. Journ., vol. 110, p. 465, 1949. c1, Fracastaro, 
Arcetri Publ., vol. 55, p. 37, 1937. di, Sahade and Cesco, Astrophys. Journ., vol. 102, p. 128, 1945. 
e 1, Baker, Laws Bull., No. 31, 1921. f 1, Wachmann, Astron. Journ., vol. 259, p. 323, 1936. gl, Struve, 
Astrophys. Journ., vol. 106, p. 255, 1947. h1, Gaposchkin, Astrophys. Journ., vol. 104, p. 376, 1946. 
il, Joy, Astrophys. Journ., vol. 64, p. 293, 1926. jy 1, Sitterly, Princeton Contr., No. 11, 1930. kl, 
Wood, Princeton Contr., No. 21, 1946. 11, Huffer, Astrophys. Journ., vol. 79, p. 369, 1934. m 1, Gaposch- 
kin, Harvard Bull., No. 907, 1938. ni, Gaposchkin, Astrophys. Journ., vol., 104, p. 370, 1946. pl, 
Eggen, Astrophys. Journ., vol. 108, p. 15, 1948. qi, Plant, Diss. Leiden, 1939. r1, Fowler, Astrophys. 
jou vol. 52, p. 261, 1920. s 1, Chang, Astrophys. Journ., vol. 107, p. 96, 1948. t 1, Kuiper, Astrophys. 
ourn., vol. 88, p. 456, 1938. 

TABLE 880.—SPECTROSCOPIC BINARY STARS * 

These binary systems were discovered and investigated by measuring the Doppler dis- 
placements of the spectrum lines. All except the widest systems are too close to each 
other to be observed as double stars through the telescope. The data given are from J. H. 
Moore’s “Fifth Catalogue of Spectroscopic Binaries.” ** In the table a designates the semi- 
major axis of the orbit in kilometers and refers to the center of gravity of the system; 
7 is the inclination of the orbit plane to the plane of the sky; and m designates the mass of 
each component. When both components of a binary system are bright enough to record 
their spectral lines, individual mass functions can be derived and these are shown in 
column 8. When only the spectrum of one star is visible a more complicated mass function 
is obtained involving the total mass of the system and the mass ratio. Several systems in 
the table are eclipsing stars and for them the inclination is nearly 90° Hence for them 
the quantity sin*7 in columns 8 and 9 is nearly equal to 1. 

Period Eccen- Orbital asini my, sin? i _ms8 sin8 t_ 
Star Mag Class days tricity velocity 10®km mo sin?i (my, + mo)? 

B.Gent A: US eee. 6. a7 208 1 37 Mc fs 01 
iS°CuupAB Ck. oe 5.2 2. Aoive 7 ts ii A s- 2 
a Ursa Minoris ..... 25 a, 29.6 yr .6 4 466 Fe 04 
Beare ee ee a Re eri yes 16 2014 “29 ea 6 
diecae., melee 49 KALB 973 4 24 294 en: 
SN eee 2 «Gi 104 02 4 ze ser ve 
WW) Onionis aun... g3 8B? 149 00 132 27 x 
WAV Otionis ane... x SO 3 13 205 02 
Beene ee a” AG 4.0 00-109 5.9 22] 
Donic Majors... 945. 907 439 «806 ~216. 980 4.60 
GiGeninorunihe 28 »A8 293 00, Lo «128 010 
a’ Geminorum...... 2.0 A3 9.21 50 12.9 1.42 3.4 

ake taGemel... . L:.. 340yr° 448... Se 00.6 re 
Wa Gen Ol. Me een er fay 4 { ue { a 

A DE CREE ee a GR 45 go, 4 { pea toeca 

WieUpsae Najoris....083 | wre 33. . 900 4.188 { iy { of 

BR Wines. ofa s.dc. 12 +B2 a0. . dig” 4 24 { pee { ps 

puncte. od... g4 Fo aa ex { at { te { ee 

aCe cee ee 74 os soo tm 1 2 og { ie 

* Prepared by O. Struve, University of California, Berkeley. 
281 Lick Obs. Bull. No. 521, 1949. 
+ System of Castor. 
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TABLE 881—PROPERTIES AND CLASSIFICATION OF STAR CLUSTERS * 

Star clusters fall into two distinctly different types: 
Globular.—Typical, Messier 13; open, Messier 4; elongated, Messier 19. Have strong 

central condensations, rich in faint stars. Scattered widely in latitude, restricted in longi- 
tude. Many variables—nearly 1,300 in 62 clusters. Radial velocities > 100 km/sec. All 
more than 5,000, and one-third more than 50,000 light-years away. Very few new ones 
found—about 100 known. Very definitely part of galaxy. Although concentrated toward 
its plane, only 2 within 4° of it (obstruction by interstellar dust clouds). Diameters about 
35 parsecs. Many stars, tens and hundreds of thousands. Many giants and supergiants 
with maximum luminosity about —2.5. 
Galactic.—Very varied: rich, M11; irregular, M35; nebulous, Pleiades; accidental, 

M 103. Almost exclusively in Milky Way, all longitudes; apparently no variables. Radial 
velocities rarely > 40 km/sec, generally less. Almost all less than 4,000 light-years dis- 
tant. Almost exclusively in galactic region devoid of globulars. Tens and hundreds, 
rarely thousands of stars. Hyades type, yellow stars as dominant as A type. Pleiades 
type, almost all B’s and A’s, on Russell’s main sequence. 

* Prepared by H. Shapley, Harvard University. 

Part 1.—Globular star clusters 

This table contains those with galactic latitudes => 20°, for which space absorption can 
be evaluated and distance correctly estimated (also the giant cluster Omega Centauri in 
lower latitude).” 

Galactic Apparent Distance Absolute No. of 
ooo magni- (kilo- magni- vari- 

NGC RA (1900) Dec Long Lat tude parsecs) tude ables 

h m 

104 (47 Tuc) 0 19.6 HOSES. Dee 45 (45) 7.6 —10.2 8 
Shy RRA ica 0 47.8 —27 08 157 —88 8.96 14.5 — 6.8 2 

3624 POR aes 0 58.9 —71 23 268 —47 8.0 10.0 — 73 14 
1261 ae Oe: 3° 9.5 =—55' 36 237 — (5 9.5 22 — 72 0 
USS RUNS Pe 5 10.8 —40 09 212 == 34.5 7.72 14 — 81 3 
ZEIGT St 7 31.4 +39 06 148 +26 ESI 56.2 a7) 36 
AVG] eae: 2 12 5.0 +19 06 226 +79 11.01 20.0 —— be 4 
4590 (M 68) ... 12 34.2 —26 12 269 +36 9.12 13.5 — 68 28 
5024 (M53) ... 13 80 +18 42 305 +-79 8.68 20.2 ene 42 
SO 5S ey eese SES +18 13 310 +78 10.9 17.4 — 5.3 10 
5139 (w Cen) .. 13 20.8 —46 47 277 +15 (4.7 :) 6.8 —10: 168 
527 21(M 3) ee 1337-0 +28 53 8 +78 Ua WAY = $2, 186 
5460) sac. e 14 1.0 +29 00 8 =127.2250 10839 17.0 —— Fis} 18 
5084 see se 14 24.4 — 5 32 310 +485 10.8 BY — 6./ 7 
50945 anges os 14 33.8 —26 36 299 +29 LOSAS S35 — 7.1: 0 
S897) essen e- Sibley —20) 39 312 +29 9.61 13.8 —— 655 0 
SOO MES) esac: WS TS 2, 332 +46 7.04 10.1 — 8.0 97 
6205 (M13) ... 16 38.1 +36 39 27 +40 6.78 9.5 — 81 15 
6218 (M12) ... 16 42.0 — 1 46 344 +25 7.95 8.3 a3 1 
62298 te 16 44.2 +47 42 40 +40 10.26 30 — 7,1 21 
6254(M 10) ... 16 51.9 — 3 57 343 +22 7.64 8.3 —- 7/(9 2 
6341 (M 92) ... 17 14.1 +43 15 36 +35 7.30 10.3 — 78 16 
O/52: vag oS 19 2.0 —60 48 303 —26.5 Mee 5.8 =—="7.4: 1 
6809 (M 55) ... 19 33.7 —31 10 336 —25 7.08 5.8 = ei 2, 
68645 (Mi7/5) ee aeZ0e 2 —22 12 347 —27 9.50 42 —= (oj) 
6954 ee IR. 20 29.3 4+ 7 04 20 —20 10.01 18 7.0 51 
6981 (M72) ... 20 48.0 —12 55 3 —34 10.24 16.6 — 6.6 31 

Sete cjoxoe-<'s 20 56.8 +15 48 32 —21 11.45 44 =——= J.3 20 
7078)(Mi 15). 5 21-252 +11 44 33 —28 Hess DES — 83 66 
7089 @ME2) =... 21 28:3 — 1 16 21 —36 7.30 13.8 — 85 17 

TAZ, fore Brags ove pay 8) —16 10 22 —64 12233 25.1 — 47 9 

282 Shapley, Proc. Nat. Acad. Sci., vol. 30, p. 63, 1944; Pop. Astron., vol. 57, p. 9, 1949. For num- 
ber of variables see Sawyer, Helen B., Publ. David Dunlap Obs., vol. 1, p. 388, 1947. 

(continued) 
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TABLE 881.—PROPERTIES AND CLASSIFICATION OF STAR CLUSTERS 

(concluded) 

Part 2.—Galactic star clusters 

Columns 2 through 6 from Shapley.”* Distances from R. J. Trumpler, unpublished. 
Linear diameters computed on basis of revised distances. 1 kiloparsec = 31X10° km = 
310° light-years. 

Diameter 
Galactic MM > Distance 

Ang Linear No. (kilo- 
NGC RA (1900) Dec Long Lat eet pe stars parsecs) 

h m 

663Re te er 1 39.2 +60°44’ 98° 4° 11 5.8 80 1.8 
B60 ran cree oe ANG +56 41 102.5 — 3.1 36 15.7 ree 1.5 
SSathns fee 2 15.4 +56 39 103 — 3.1 36 T5*7, aes 1.5 
Pleiades ... 3 41 +23 48 134.5 —22.3 ra a eT alls) 
Hyades .... 4 14 S='523 147 —22.6 ae as sae 04 
NOC OR eee 5 29.5 +34 04 143 + 2.4 12 Bn 60 1.0 
20 OOS ec stiat 5 45.8 +32 31 145 + 45 20 5.8 150 1.0 
ZOS2 ence 8 34.3 +20 20 173.5 +34.0 ote 3 alee als 
MelSiittua seca) +26 40 200 +85.4 ve Je ah 07 
OOS cecraenes 18 45.7 — 6 23 355 =e 42, 10 3.8 200 1.30 
1654 Pe cee 23 19.8 +61 03 80.5 5 12 4.9 120 1.40 

203 Star clusters, p. 228, McGraw-Hill, 1930. 

TABLE 882.—OUR GALAXY, ITS CENTER AND ROTATION * 

The center of the galaxy apparently lies among the dense Milky Way clouds in Sagittarius, at 
a distance of about 9,000 to 10,000 parsecs from the sun, About this center the sun revolves with 
a period of some 200 million years at an orbital speed of nearly 300 km/sec. The amount of 
matter within the sun’s orbit is probably more than 200 billion times the sun’s mass. In the 
table, A is the differential orbital radial velocity per kiloparsec of distance from the sun, rA is 
the maximum group velocity for a distance r, and Jy is the longitude of the galactic center. The 
sun is about 33 parsecs above the galactic plane.” 

Dist 
Vis Max to 
mag Distance rA A center 

Stars No. limit kpc km/sec km sec-!kpce-!_ ly kpc Source 2% 

(ON has, sc kamacs Beene 210 8.0 2— 1.1 35 19.0 324 6.3 a 
O=B 75 Ree Pac 849 hes 2— 1.4 22.2 15.0 324.4 10.0 b 
Interstellar 261 8.0 .4— 1.2 185 16.6 Boley, on Cc 
BaKet oe facie Oe 3786 * ae aoe 15.0 324 6.5 d 
P(E zi WHC peg GS on ree ae 15.0 aa eye 8.8 e 
Ka. nc team ba aerecnhs 392 Ts) 3 es 17.0 17 “ys f 
Pian Nehari ener 110 Ys .5—12.0 264 14.0 333.0 9.4 g 
@ephetdsy a. sae snc 156 14.1 4A— 2.3 39.4 20.9 325.3 10.0 h 
OB Gephyergasanncn lene oe .2—10.0 39.6 17.7 326.0 9.4 i 
CaS Nee aeons uae 205 8.4 2— 1.3 26.6 8 324.4 v j 
OS=Bibe yer 987 6.4 3— 1.1 18.8 Le we k 
inne cavaliemenmer cei 116 she 5 9.5 Be 325.7 1 

* Prepared by A. H. Joy, Mount Wilson Observatory. 
204 Gerasimic, Luyten, Proc. Nat. Acad. Sci., vol. 13, p. 180, 1927. 1 
25 a, Oort, Bull. Astron. Inst. Netherlands, vol. 4, p. 89, 1927. b, Plaskett, Pearce, Publ. Dominion 

Astrophys. Obs., vol. 5, p. 241, 1936. c, Plaskett, Pearce, Publ. Dominion Astrophys. Obs., vol. 5, Na 167, 
1933. d, Lindblad, Monthly Notices, Roy. Astron. Soc., vol. 90, p. 503, 1930. e, Wilson, R., Astron. 
Yourn., vol. 40, p. 121, 1930, f, Redman, Publ. Dominion Astrophys. Obs., vol. 6, p. 27, 1931. g, Berman, 
ick) Obs» Bulle ivols- 18s ap.) S748 19372 h, Joy, Astrophys. Journ., vol. 89, p. 356, 1939. i, Wilson, 
Astrophys. Journ., vol. 93, p. 212, 1941. k, Wilson, Astrophys. Journ., vol. 94, p. 12, 1941. 1, Wilson, 
Astrophys. Journ., vol. 96, p. 371, 1942. 
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TABLE 883.—ROTATION OF STARS * V7 

The maximum component (v sin 7) along the line of sight of the equatorial velocity v 
of rotation is found from the distortion of an absorption line produced by differential 
Doppler effect across the observed hemisphere. For stars in the following groups, v > 
50 km/sec very rarely, and v << 50 km/sec usually: supergiants, giants; main-sequence 
stars later than /° 5 and not close spectroscopic binaries. For main-sequence stars of early 
type, and not spectroscopic binaries or cluster members, the distribution function f (v) is 
found to be well represented by the formula 

f (v) = (i/V m) { exp [—7? (v — 11)?] + exp [—j (v + 1)? }, 
where the parameters j"', v%, and v have the following values: 

Spectral type 

Be O-B A F 0-F 2 

yz (km/sec) 70 63 107 90 
v1 (km/sec) 350 95 107 0 
v_ (km/sec) 348 94 112 51 

In an idealized Roche model, rotational instability sets in at v—=560 km/sec. The Be 
stars are surmised to be rotationally unstable B’s. Number of B 8’s per B 8e = 123; num- 
ber of (B0-B 5)’s per (B Oe-B 5e) = 15. In the Pleiades and in h and x Persei, v for B’s 
is ~ 2 v for noncluster B’s. For 13 Pleiades earlier than B 9, number of B’s per Be = 
3. In many close spectroscopic binaries of both late and early types, the components rotate 
with the orbital period. In some eclipsing systems, the sense of rotation is found from the 
Doppler shift of an absorption line at partial phrase. The sense is always that of the 
orbital motion. For the sun, v= 2.1 km/sec. 

* Prepared by A. J. Deutsch, Harvard University. 

TABLE 884.—TRANSMISSION OF LIGHT THROUGH SPACE * 

The obscuring matter in space is too irregularly distributed to be described by a mean 
extinction coefficient for the galaxy. For bright Milky Way regions a minimum value of 
0.2 m/kpc has been found.” 

Photoelectric measurements by Stebbins and Whitford ™ indicate that the wavelength 
dependence of the interstellar extinction is essentially the same throughout the galaxy. 
Their results are given with the table. See references to Oort ** and Strohmeier ™ for 
possibility of variations in bright and obscured regions. 

d (A) ~(u-) m (mag) d (A) ~(u) m (mag) 

3200 S112 1.307 5700 1.75 64 
3550 2.83 1.18 7190 1.39 x8) 
4220 DV) 1.00 10300 97 .00 
4880 2.05 81 21000 48 il 

An unknown constant must be added to these values to give the actual extinction. The 
scale has been adjusted arbitrarily to give 1 mag differential extinction between » 4200 
and 10,300. 

A value of 4 for the ratio of total photographic absorption to international color excess 
[LR = Assm/ (Asoo — Asso) ] is obtained by extrapolation of the above table to 1/A=0. 
Most observational determinations are between 3 and 5.%” 

Light from distant stars shows polarization up to 5 percent, approximately proportional 
to reddening. Plane of polarization variable but generally perpendicular to galactic plane.™ 

* Prepared by B. Donn, Harvard University. }+ Preliminary values, currently under investigation 
by Whitford. 
Petes Huffer, and Whitford, Astrophys. Journ., vol. 96, p. 209, 1939; Bok, Pop. Astron., vol. 

52. 261, 1944 
aot Stebbins xn Whitford, Astrophys. Journ., vol. 98, p. 323, 1943; Whitford, Astrophys. Journ., 

vol. 107, p. 102, 1948. 
268 Qort, Ann. d’ Astrophys., vol. 1, p. 91, 1938. 
29 Strohmeier, Zeitschr. Astrophys., vol. 17, p. 83, 1939. 
300 Greenstein, Astrophys. Journ., vol. 87, p. 151, 1938; Oort, Bull. Astron. Inst. Netherlands, vol. 

p. 308, 1938; Stebbins, Astrophys. Journ., vol. 90, p. 209, 1939; van Rhijn, Groningen Publ. 51, 1946, 
Weaver, Astrophys. Journ., vol. 110, p. 190, 1949. 

301 Hall, Science, vol. 109, p. 166, 1949; Hiltner, Science, vol. 109, p. 165, 1949, Astrophys. Journ., 
1949. 
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772 TABLES 885-899—OCEANOGRAPHY * 

TABLE 885.—SOME DATA ON THE EARTH AND ITS SURFACE 

Part 1.—Dimensions 

The earth is a great oblate spheroid with the oceans making up about 71 percent of the 
area. The dimensions of the earth are as follows: 

EquatonialanadiltSuerweeee sent 6378.388 km 
Polareraditissscneee ee eee oe 6356.912 km 
ANreasotasuniaceree enn aici 510,100,934 km? 
Molumesoteceoidenn ase eceeene 1,083,319,780,000 km* 

The surface consists of: 

Oceansmandseasmeae ee eee 361.059 10° km? or 70.8 percent 
JEG". 5 eres ies SI Rem aa 148.892 10° km? or 29.2 percent 

The land surface is of various elevations above sea level, the mean being about 840 m, 
while the average depth of the three great oceans and adjacent seas is about 3800 m (Table 
886). The highest elevation and the lowest elevation in each continent are given in Part 2. 

Part 2.—Area and elevation of continents 

Area Highest Height Lowest Depth 
10° km2 mountain m point m 

AMEniGamer ae cccn. . 298 Kibo 5970 Libian Desert 133 
North America .... 21.5 McKinley 6150 Death Valley 85 
South America .... 17.6 Aconcagua 6960 Sea level re 
ASIA ss Ree: 44.0 Everest 8880 Dead Sea 392 
IQS “Stoo occande 9.7 Elbrus 5640 Caspian Sea 28 
Avistraliaws teers Uff Korciusko 2230 Lake Eyre 12 

TABLE 886.—SEA-WAVE HEIGHT IN FEET FOR VARIOUS WIND VELOCITIES 

AND DURATIONS 

Wind Wind velocity in knots 
duration en 
in hours 10 20 30 40 50 60 

6 2 5 10 14 20 25 
12 2 i) 13 20 30 35 
24 2 9 17 30 40 55 
48 2 10 22 35 45 70 

Waves consistently higher than the values given are not found because stronger winds 
blow the tops of the waves off. Isolated waves up to 80 feet are due to the addition of two 
or more crests. 

One of the longest swell periods recorded was 23 seconds. According to the relations 
given, its length in deep water would equal 2,650 feet, and its velocity 69 knots. A 28-second 
swell has been recorded near Cape of Good Hope. Its length must have been almost 
three-quarters of a mile and its speed 84 knots. 

TABLE 887.—APPROXIMATE HEIGHT OF SWELL IN FEET AT VARIOUS 

DISTANCES FROM THE STORM AREA 

Distance from storm area in nautical miles 
a 
0 500 1000 2000 3000 

40 25 20 12 8 
30 1 14 8 5 
20 12 8 5 3 
15 8 5 3 2 
10 b) 3 2 1 
5 2 1 3 — 

* Tables 888 to 894, and 897 prepared by R. H. Fleming, U. S. Hydrographic Office. 
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TABLE 888.—AREA, VOLUME, AND MEAN DEPTH OF OCEANS AND SEAS * 

Mean 
Area Volume depth 

Body 108 km2 108 km3 m 

Atlantic: Océan)? 2 cteocene ieee ee eer eee 82.441 323.613 3,926 
Pacific Ocean excluding adjacent seas........ 165.246 707.555 4,282 
Indianc@Ocean: w)) ewan ees ope ee 73.443 291.030 3,963 
All oceans (excluding adjacent seas).............. 321.130 1,322.198 4,117 
Anetic Mediterraneatie...ceeiie seid ete see ns eke 14.090 16.980 1,205 
Aumerican svWediterranean) .-eeesee samen oe aoe 4.319 9.573 2,216 
Mediterranean Sea and Black Sea......2....... 2. 2.966 4.238 1,429 
ANGiatics Mediterraneans eee cee eo eee eae 8.143 9.873 1,212 
arce Mediterranean@seas) jas sss cties oer ae 29.518 40.664 1.378 
BaltiCoSéaeese errr Peet Po be eee eee ree .422 .023 55 
FAI CSO:1M ES AVA Mee ects occ erere asian Riek 1.232 158 128 
edeS Calc. Sit tN csed os oe eer hte ee Ee 438 PANS 491 
Bersiatim Grit ime tert ae sat Eire sec .239 006 25 
Small Mediterranean season cs cnms cme cen occu 2233) 402 172 
All@Meditencaneaneseasmes. «6 seis). sei. seis) ares seni 31.849 41.066 1,289 
North Scag eer ee ceo eee ek eet ore 2575 054 94 
Fnelishw@hannel presrmacerl: a2lke so ales sess oe 075 .004 54 
LTIShAS Cale. SSPE en cae erecetaeheser!. accadadjeds .103 .006 60 
GiltfoteStulawnencesee eter ene oe ces ele .238 .030 127 
ANGamany SGaeer eRe terre ar aera giem onsld cae 798 694 870 
Bemiieg Sealy aertteryands «oe See tors Saas AM 2.268 3.259 1,437 
OkhotskseScavte eee are oe ee 1.528 1.279 838 
anatigS Campy oct cee nae aaott aso alates 1.008 1.361 1,350 
Baste G@hinamSear apes ate rice cecric tus Derse be 1.249 235) 188 
GulfsotaGalitorniaeeeee eine «ack occ. ok 162 li32 813 
Basse S tiation Samat: Serer oh sar eo trosereee oe 075 005 70 
MarcinaligseaSee-Pe cor aia Cierra, once ene 8.079 7.059 874 
Allgadiiacents seasterrey semen obcine. aa) sence 39.928 48.125 1,205 
Mtlanticn@ceamh it etre sis ici: Sethe iocibaters cron deaccte 106.463 354.679 3,332 
Pacific Ocean including adjacent seas......... 179.679 723.699 4,028 
Indianw@cean MUN ERR soon e bk Co oe omen 74.917 291.945 3,897 
All oceans (including adjacent seas)...... Serre: 361.059 1,370.323 3,795 

Mean elevation of land = 840 m 
Mean depth of oceans = 3,800 m 
Mean sphere depth = 2,440 m 

Continental shelves extend out with small gradients to depths of about 100 to 150 m. 
Average width about 30 miles but varies from zero to several hundred. Continental slopes 
have about 2° to 3° inclination. Volcanic islands, fault scarps, etc., may have slopes as 
steep as similar features on land. 

Greatest depths known are in the Pacific Ocean—10,800 m 
Deepest sounding in the Atlantic Ocean is 9,200 m 
Deepest sounding in the Indian Ocean is 7,450 m 

Greatest depths occur in troughs or trenches paralleling mountainous coasts and insular 
arcs. These areas are centers of seismic and volcanic activity. 
Topography of the ocean floor is in general similar to major features found on land. 

Submerged features such as the Mid-Atlantic Ridge are comparable in size and extent 
to the combined Rockies and Andes Mountains. In the Pacific are hundreds of isolated 
guyots, flat-topped seamounts rising thousands of feet from the ocean bed with minimum 
depths of 1,000-2,000 m. Many isolated seamounts rise more than 3,000 m from the sea 
floor. Continental and insular shelves and slopes are not regular but generally show topo- 
graphic relief such as shoals, terraces, canyons and valleys. Certain areas such as the 
Mediterranean, Black Sea, Sea of Japan, Red Sea, etc., are isolated at depth by ridges 
separating the deep water from the adjacent sea or ocean. 

5? Reprinted by permission of the publishers from The oceans; their physics, chemistry, and general 
Pee by H. U. Sverdrup, Martin W. Johnson, and Richard H. Fleming. Copyright 1942 by Prentice- 

all, Inc. 
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TABLE 889.—PERCENTAGE AREA OF DEPTH ZONES IN THE OCEANS *# 

Depth Including adjacent seas Excluding adjacent seas 
interval eS SSS All All 
(m Atlantic Pacific Indian oceans Atlantic Pacific Indian oceans 

0- 200 SIS By/ 4.2 7.6 5.6 7 32 3.1 
200-1000 7.1 Sell Sul 4.3 4.0 ZZ 27, 2.8 
1000-2000 5.3 3.9 3.4 4.2 3.6 3.4 Sel 3.4 
2000-3000 8.8 Se, 7.4 6.8 7.6 5.0 7.4 6.2 
3000-4000 18.5 18.5 24.0 19.6 19.4 19.1 24.4 20.4 
4000-5000 25.8 Se 38.1 33.0 32.4 37.7 38.9 36.6 
5000-6000 20.6 26.6 19.4 Ds \58) 26.6 28.8 19.9 26.2 
6000-7000 6 1.6 4 ilsil 8 1.8 4 1.2 

>7000 ft 2 se all : 58) My ail 

* For reference, see footnote 302, p. 773. 

TABLE 890.—PHYSICAL PROPERTIES OF SEA WATER (Fig. 34) 

Temperatures in the sea range from —2° to 30°C. The lower limit is set by the for- 
mation of ice and the higher limit by the:balance between incoming radiation, back radia- 
tion, and evaporation. 

Pressures in the sea vary from zero at the sea surface to about 1,000 atm in the greatest 
depths (10,000 m). Standard unit is the bar = 10° dynes/cm*. Approximately 10 m of 
sea water = | atm. 
Concentration of the dissolved constituents varies from nearly zero in river mouths to 

40°/oo (parts per thousand) in isolated seas in arid regions. In most ocean waters the 
total solids are between 33 and 37°/o.. In addition, sea water contains dissolved gases, 
dissolved organic matter, and variable amounts of poeulete material of biological or 
terrigenous origin. 

Salinity is defined as the total amount of solid material in grams in one kg of sea 
water when all carbonates are converted to oxides, the bromine and iodine replaced by 
chlorine, and all organic matter completely oxidized. 

Chlorinity, determined by titration with AgNOs, is essentially equal to the amount of 
chlorine in grams in one kg of sea water when all the bromine and iodine have been 
replaced by chlorine. 

Salinity = 0.03 + 1.805 & Chlorinity (°/00) 

Distribution of temperature and salinity is most variable in the surface layers. 
Low temperatures occur in high latitudes with relatively low salinities. In the Tropics 
surface temperatures and salinities are high. The great ocean basins are filled with high- 
density water produced in high latitudes during the winter when ice forms or when water 
of high salinity is cooled. Deep temperatures are therefore generally between 0° and 2°C. 
Convection and wind mixing produce a surface layer in which uniform conditions prevail. 
This may be as thick as several hundred meters. Immediately beneath this there is a 
rapid change in temperature called the thermocline. Diurnal variations of temperature 
at the surface rarely exceed 1°C. Annual variations of surface temperature are greatest 
in midlatitudes (about 10°C). Annual variations diminish with depth and rarely extend 
below 200 m. 

Density of sea water is a function of salinity as well as temperature and pressure. The 
range in values is from 1.00 to about 1.04 g/cm*. Most of the other properties are functions 
of temperature, salinity, and pressure. The difference from the values for pure water 
depends then on the effects of the dissolved organic compounds. Light absorption and 
color will also be primarily determined by suspended or dissolved debris. Processes of 
heat conduction, diffusion, and transfer of momentum are dominated by turbulent water 
movements and consequently the laboratory coefficients of conductivity, diffusion, and 
viscosity have to be replaced by “eddy” coefficients of vastly greater magnitude. 
Absorption of light.—Water is essentially opaque to electromagnetic radiation except 

in the visible spectrum. Below several hundred meters, even in the clearest water, all the 
solar radiation is absorbed. (See Tabie 891 and fig. 35.) In coastal waters that contain 
suspended debris, the radiation may be absorbed in only a few meters. The rapid absorp- 
tion of radiation limits photosynthesis to the surface layers. 
Evaporation.—The principal source of heat is radiation from sun and sky. The chief 

heat losses are due to long-wave radiation to space and evaporation. Evaporation is 
greatest when the air is dry and colder than the water. Regional variations are generally 
between 50 and 150 cm/year. 
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ATMOSPHERES 

TEMPERATURE °C 

|CHLORINITY. %o 
10 15 20 25 30 35 

SALINITY. %o 

Fic. 34.—Osomotic pressure, vapor pressure, of sea water, relative to that of pure 
water, freezing point, and temperature of maximum density as functions of chlorinity 
and salinity. 

TABLE 891.—PERCENTAGE OF RADIATION OF GIVEN WAVELENGTH 

TRANSMITTED BY 1 M OF WATER * 

Wavelength (x) 

Type of water 46 48 VS} 5) .565 60 .66 

Pure water. . fst in. seeks 20.2 98.5 98.5 98.2 97.9 96.8 88.3 75.9 

hishesteece ees es: 96.4 97.5 96.6 96.3 92.9 81.8 
Oceanic water highest .......... 91.8 92.7 92.5 91.8 89.8 75.9 

AVETAC CMe tan 85.1 85.7 86.7 86.9 84.5 71.6 ere 

BMI cogcceooc 80.0 79.4 82.6 84.5 iy 68.7 62.0 
Coastaliwateremlowestet. oe 69.7 71.6 75.9 76.4 he 64.6 53.6 

1OWeStug tte recat 60.0 63.5 67.1 70.6 ees 61.4 46.7 

* For reference, see footnote 302, p. 773. 
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EXTINCTION COEFFICIENT PER METER 

Wavelengths in microns. 

Fic. 35.—Extinction coefficients of radiation of different wavelengths in pure water and 
in different types of sea water. 

TABLE 892.—COMPOSITION OF SEA WATER #* 

The major ions present (over 99.9 percent of dissolved solids) are given in the table 
tore (Cll SS WOOO Yow 

Ton °/o0 Cl-ratio Equiv/kg Ion °/o0 Cl-ratio Equiv/kg 

Cheech 18.9799 99894 .5353 Nate aes at 10.5561 5556 .4590 
SOR Goa 2.6486 e399 0551 IMigeF tn: teers 1.2720 .06695 1046 
EC @scms. 3 21597. 00735 .0023 Gat Srnec .4001 02106 .0200 
Birt 224% .0646 .00340 .0008 iy, . isles .3800 .02000 .0097 
Big Bee eae .0013 .00007 .0001 Srey close 0133 .00070 .0003 
H;sBO; ....  .0260 .00137 sixes —— 

—— 5936 
.5936 

Salinity 34.329 «/co. Total solids = 34.48 °/oo. 

The Cl-ratios are constants for oceanic waters except for HCO;~ and Ca** which are 
affected by biological activity. Ratios are not valid in areas of river dilution. 

* For reference, see footnote 302, p. 773. 

TABLE 893.—GEOCHEMISTRY OF THE OCEANS 

The oceans contain about 5 < 10*° metric tons of dissolved solids. The amount in tons 
of any element can be estimated by multiplying the values in Table 894 by 1.42 x 10”. 
Rivers each year add about 2.7 < 10° metric tons. 
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TABLE 894.-ELEMENTS PRESENT IN SOLUTION IN SEA WATER * 

Elements present in solution in sea water in terms of C/=19°/o are listed in order 
of abundance in the table. Adding the dissolved gases Hz, Nz, Oz, He, and A, a total of 
some 49 elements are known to occur. 

Ranges are indicated for Si, N, P, As, Fe, Mn, and Cu. The distribution of these ele- 
ments, present in small quantities, is affected by biological activity. Lower values are 
usually near surface. 

All atmospheric gases are found in the sea. Their solubility decreases with increasing 
temperature and salinity. At 0°C, Cl= 19 °/oo, surface water contains 8.08 m//I/ of O: 
and 14.40 ml/l of Nz At 20°C corresponding values are 5.38 and 9.65. Distribution of 
dissolved N2 is determined by temperatures and salinity. Oxygen at middepths is reduced, 
but only in the waters of isolated basins such as the Black Sea is there stagnation and 
H.S present. Plant activity near the surface may increase O2 above saturation values. 
Carbon dioxide is present in large quantities (about 50 ml/l) chiefly as HCO; and COs ~ 
balanced against basic cations. Strong acid must be added to drive off all CO:. The pH 
in the sea varies between 7.4 and 8.4 depending upon the O2 = CO: changes due to respira- 
tion or photosynthesis. 

(Dissolved gases not included) 

mg/kg mg/kg 
Element Ck= 19. 06 °/oo Element Cl = 19.00 °/oo0 

Ghlorinefite:. 27. eanc oe coe ee 18980 Copper (ect. eee .001—.01 
Sodimleye ein a. « sheien 10561 Zinette Shs AV aes Ae Ae 005 
IMIAEESIN sieonccocauocouce 1272 Wead) G2Isee OVER. as ee oe .004 
Sultan. gies ie cee ee ee 884 Selenitim. “eo fan ae eee .004 
Galciunis “eeace en nereae 400 @esiumy 605.065 se eee eee .002 
.Gtassiliinmeeer ene eines 380 Wiranitumcs ...ckkc cece 0015 
Bromine! Ge captions serie 65 Molybdenumise-ee eee eee .0005 
Carbony ao ohne coins eis eas 28 ARHOT UMM ere ooo eee .0005 
Strontiumerremecniecroeree 13 Genilin@niscecouchceme bo .0004 
BOrOnwee Cohen eee 4.6 SHV eras occssnchy-ict cue ee Oo .0003 
Siliconmeec econ nee ae .02 —4.0 Wana ditt meee .0003 
BlUOKINe 9.5 ctasrcciz ree 1.4 Weanthanumeme se teciciece ene .0003 
INGROSSTV Saoboconvocenoee 01 — .7 VEER aeRO tee as oc anes .0003 
IN OreaTOT ~soccoangbonbogoo 5 , INGekelMOHRTNM POLIS. so: ceesae .0001 
Rabidinmieeeeeinece eee 2 Scandiumeeeececn eee eee .00004 
Mithiumeeree a sae eons “ll INVER CULV treats cis cheno re .00003 
Ehosphonish seeeebec ose .001— .10 Gold tea nace ste Potats, oer ee Re .000006 
Baniumee es eee oe ce eich 05 Radium 2s. .2eoeeee PSO 
WOGINC Eee Nore ace Orin ae 05 Gadmiume.+...ceeo oe ee traces 
INTSENICM sepa ie i oe Oe O2 @hromitims} osc sacar traces 
| FRO) av: x cg R/S RNR Sec eRe .002— .02 Cobalta gence ea Coreen traces 
Manganese ence etic .001— .01 EL EIR EAs tar halide ati henate Aeneas traces 

* For reference, see footnote 302, p. 773. 
+ Computed. 

TABLE 895.—WAVE VELOCITY IN VERY SHALLOW WATER 

Depth Speed 
of water of wave 

feet knots 

15 13 
10 11 
5 8 

TABLE 896..—VELOCITY OF EARTHQUAKE WAVES WITH 

DEPTH OF WATER 

lepehisn shee te ct.52 5.5 aryc.cinlere xe occse 500 1,000 2,000 5,000 10,000 15,000 
Welocitymingknotssee ence ce 70 100 150 240 340 420 

If a large swell or an earthquake wave approaches a shoreline great damage may be done 
before the energy of the moving water is absorbed. 
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779 TABLE 897.—OCEAN CURRENTS 

The permanent currents of the ocean are maintained by differential heat and cooling 
and by the indirect effects of the wind. They may extend to depths as great as 1,000 m 
and their speed is usually less than 50 cm/sec. In the Gulf Stream and Kuroshio, speeds 
may exceed 250 cm/sec. Volume transparents of the large current systems exceed 50 
million tons/sec. 

Wind-driven currents induced by the drag of the wind are generally shallow, less than 
100 m, flow with speeds about 2 percent of wind, and deviate about 30° from the wind 
direction, to the right in the Northern Hemisphere and to the left in the Southern 
Hemisphere. 

Tidal currents follow elliptical orbits during each tidal cycle. Motion probably extends 
to the bottom. In restricted coastal channels the currents are reversing and sometimes 
exceed 250 cm/sec. 

WAVES AT SEA * 

Whenever the wind blows over the water, the surface is formed into waves which grow 
under the influence of the wind and form a most irregular surface known as a sea. Such 
waves traveling out from a storm area are called swells. As waves break near the shore 
surfs are formed. 

Waves may also be formed by earthquakes, fault movements, submarine landslides, or 
volcanic eruptions beneath the sea. 

The height of a wave, H, is the vertical distance from crest to trough. The length, L, 
is the horizontal distance between adjacent crests. The wave period, P, is the time interval 
between passage of successive crests at a fixed point. The velocity, V, of a wave is the 
speed with which the wave travels along the sea surface. 

The following relations hold for depths greater than one-quarter wavelength with good 
approximation : 

fae P™ VV = Ste, 

where the wavelength, L, is in feet, the period, P, in seconds, and the velocity, V, in knots. 
The waves move along the surface of the water but the water, on the other hand, advances 
very littlhe—about one percent only of the wave velocity. 

The height of the sea is determined by three factors: 

Wind velocity, average speed of wind over fetch. 
Fetch, distance over wind blows. 
Wind duration, how long the wind blows. 

Tables 886 and 898 show the wave heights for some conditions. 

* Abstracted from an article prepared for the Encyclopedia Britannica, by Walter Munk, Scripps 
Institute of Oceanography. Used by permission. 

TABLE 898.—WAVE HEIGHT IN FEET FOR VARIOUS WIND VELOCITIES 

AND FETCHES 

letch in Wind velocity in knots 
nautical 
miles 10 20 30 40 50 60 

10 2 3 5 7 9 10 
20 Z 7 9 12 14 
50 Z, 6 10 14 18 22 

100 2 7 13 17 25 30 
500 2 10 20 31 45 55 

1000 2 10 21 35 50 70 

(See also Tables 886, 887, and 895.) 
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TABLE 899.—TIDES, SEA LEVEL, LEVEL NET 779 

(Nat. Res. Council Bull. 78, 1931.) 

Spring tides.—When moon (new or full) is in line with sun (large tide). 
Neap tide.—When moon is in quadrature with sun (small tide), 
Generally two high and two low each day. Variation in heights of two high and two 

low = “diurnal inequality.” 
River-type tide, steep short-period graph for flood, more inclined and longer for ebb. 

Extreme case = “bore,” tide rises so rapidly it assumes form of wall several feet high. 
Most famous bores, Tsientang Kiang, China; Turnagain Arm, Alaska; Severn and the 
Wye, England; Seine in France; Hoogly, India; Petitcodiac, Canada. 
Mean sea level (geodetic).—The equipotential surface which the oceans woud as- 

sume if undisturbed by the tides and effects of wind and weather. Starting with mean sea 
level at any given initial point the geodesist can determine by precise spirit leveling, the 
equipotential surface. 
Mean sea level (geographic).—Determined by averaging actual tidal heights over a 

sufficient period. It is a local or geographic value. It is much disturbed by prevalent winds 
and local contours. Note difference between average of hourly readings (mean sea level) 
and half-tide point (because of the shape of the tide height as related to time). On Atlantic 
coast 4 tide level lies below mean by about 1/10 ft: on Pacific above by 1/20 ft. Mean 
tide near rivers varies with rainfall. Nineteen years’ observation used for full tide cycle. 
A fundamental level net has been connected with mean sea level at Portland, Me., via 
Boston, Mass., Ft. Hamilton, N. Y., Sandy Hook and Atlantic City, N. J., Old Point Com- 
fort and Norfolk, Va., Brunswick, Ga., Fernandina, St. Augustine, and Cedar Keys, Fla., 
Biloxi, Miss., Galveston, Tex., San Diego, San Pedro, San Francisco, Calif., Ft. Stevens, 
Oreg., and Seattle, Wash. The accuracy of high precision leveling is measured by the 
correction necessary to close circuits, about 0.00063 foot/mile. Mean sea level difference 
indicated by special adjustment of leveling network in 1929: Portland, Maine, 9 cm 
higher than Ft. Hamilton; Vancouver, 2 cm higher than Seattle; Galveston, 27 cm higher 
than St. Augustine; San Diego, 33 cm higher than Galveston; Fort Stevens, 26 cm higher 
than San Diego; Isthmus of Panama, Pacific coast, 20 cm higher than Atlantic; Death 
Valley, 280 ft (84.1) below sea level; Mount Whitney, 14,495 ft (4418.1 m) above. 
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TABLE 900.—THE EARTH’S ROTATION: ITS VARIATION * 

From observations, Spencer Jones (Monthly Notices, Roy. Astron. Soc., vol. 99, p. 541, 
1939) deduces as the best value of the apparent solar acceleration 2.5”/(century)?. Lunar 
theory predicts 12.0”/(century)’ leaving part attributable to tidal friction 10”/(century)?. 

Estimates of tidal friction losses (Jeffreys, Philos. Trans., A, vol. 221, p. 239, 1920): 

LS NSIEY EARS Ao .6X10!8erg/sec So. China Sea.. —10!8erg/sec Hudson Str. ... .210!8 erg/sec 
Eng. sehannels lel: es Okhotsk Sea ... .4 “ os Hudson! Bay)... — 7s se 
North Sea ..... LAD, SS Beringasea se) 1520) SF a Kox)iStraitesen.- Ue ake te os 
WellowaSealca.s elite os) Malacca¥strimies lala ss Bay. .Pundys 2.) 1 edie $ 

Other contributions are small. Total for spring tides 22 x 10 erg/sec. 1.1 & 10” erg/sec 
average, corresponding to about 7” secular acceleration per century per century. If 
is earth’s angular velocity of rotation, dQ/dt = — 2.5 X 10°*/sec®. 2 =7.3 & 10° rad./sec. 
Q changes by 10° of its amount in 3 10% sec or 10° years. The day should have 
lengthened by 1 sec in 120,000 years. 

The fluctuations in the earth’s rate of rotation indicated by astronomical evidence are 
of a quite greater order of magnitude. Moreover the changes vary in sign whereas fric- 
tional effects should not. The observations come from deviations of the sun and moon 
from their gravitational orbits, the transits of Mercury, and eclipses of Jupiter’s satellites. 
Changes in the speed of rotation of the earth rotation seem the only explanation. This 
may be due to shifts of matter within or on the earth. The following figure by Brown 
indicates that in 1928 the earth was about 25 sec ahead of its average rotational motion 
during the last three centuries. The greatest apparent change in the loss or gain of one 
sec in a whole year. (1 part in 30,000,000.) 

Fic. 36.—Irregularities in the earth’s rotation derived from the 
moon’s motions. 

Tidal friction should make the earth rotate more slowly and the moon recede from the 
earth. The rate of dissipation of energy by friction is about 1.4 x 10” erg/sec. The earth’s 
rotation from this cause should have slowed by 4 hours during geologic time. The moon 
should continue to recede until its period of revolution and that of the earth’s rotation are 
equal to 47 of our present days. The moon should then gradually approach the earth, 
ultimately coming within Roche’s limit (about twice the earth’s radius) breaking up 
possibly into a ring like Saturn’s. 

803 Jeffreys, The earth, Macmillan, 1929; Innes, Changes in the length of the day, Scientia, vol. 42, 
p. 69, 1927; Brown, Nature, vol. 119, p. 200, 1927; Joirn. Roy. Astron. Soc. Canada, vol. 24, p. 177, 
1930. Revised by G. M. Clemence, U. S. Naval Observatory. 

SMITHSONIAN PHYSICAL TABLES 



781 

S1
Yy

-M
¥ 

LS
bl
 

[e
o-
3 

4 
OI
 

X
€
1
b
9
 

ni
g 

20
1 

XS
bS
'Z
 

9]
no
l 

OI
 

X$
89
°Z
 

31
9 

20
1 

X9
08
'6
 

qI
- 

:-
OI
 

X8
01
'¢
 

$3
19

 
OI
 

Xb
lZ

'b
 

n
g
 

s-
OI
 

X$
82
'T
 

Je
pu

no
d-

4 
LV
2e
 

ye
a 

8e
ze
 

Iy
-M
y 

1-
01
 

X9
9Z
L'
¢ 

S3
19
 

10
1 

X9
SE

'T
 

W}
e-
19
}I
] 

TE
 

87
 

31
9 

a-
O1

X2
09

'T
 

A
s
 

OI
 

X
2
9
 

sj
ep
un
od
-3
} 

»-
OI
 

XE
ZE
°Z
 

Sq
[-
3}
 

O
l
 

X9
LE
°Z
 

w9
-3
 

0
1
 

XZ
61
01
 

Pa
i)
 

s-
Ol
 

X6
8£
°Z
 

* 
N
G
 

1-
OT
X 

10
8¢
'6
 

31
9 

LO
LX
S8
I'
b 

(p
S9
 

‘Z
 

Sa
tq
e,
 

ee
s)
 

sy
tu

n 
AB

s1
9u

q 

S3
19

 
O
I
 

XZ
6b

'I
 

AS
W 

OI
 

XZ
e'
6 

(8
-9
 

S2
II

qe
, 

99
S)
 

s}
uN
 

]e
d1

13
99

1q
 

33
/4
1 

LV
2e

 
2
9
/
3
 

es
is
" 

lu
a 

/3
 

89
° 

LZ
 

W
o
 

/3
 

s-
OI
 

XZ
09
'T
 

st
 

00
1/
34
 

Z0
9'
T 

3}
3/

3n
]s

 
r6
'1
 

33
3/

41
 

¢¢
'7

9 
ye

3/
q]

 
s-

OI
 

XS
re
'8
 

u
r
 

/3
 

Te
se

 
u
l
e
}
q
o
 

0
}
 

4
q
 

Ay
is
us
q 

Iy
-d
y 

wl
d-
3 

[epunod-}3} qi 

WIe-1} 

}[OA-001}99]9 

B19 

[eo 

n
u
e
 3} /3n]s 

2 U
l
/
q
]
 

2
3
/
1
 

s13 OOOT/4I 

gun /3 ,uio/3 

J
a
y
y
/
3
 

33/3 
A
y
d
n
y
n
 yw 

(panuijuos) 

"(£ AIGEL 2S) sarsojeo e¢z7 = Mig ayy pue saqnof cgTp = atsojeo ayy a[qei sty) UT , 

(Aap) 7b poll 

gui 

SLLS 

ul 02°29 gui 88'8Z 

jes 

00z1° 

O'
H 

30
, 

ul
 

CL
 

LZ
 

O°
H 

30
 

2-
01
 

XZ
09

'I
 

sl
o 

30
1 

X8
z0

00
0'

T 

jes £9 ol fZb'8 

(pinbiy) 

yb 

"4 

(pinbiy) 

3d 

8 

J3}1] 

€S8Z'¢ 

g Ul 
201 

X1£°Z 
mY 

Zeer 
gla 

OI 
XPS8Z'¢ 

Ja
p]

 
7£

°8
Z 

je
s 

8r
Z 

je
s 

6 
nq

 
9¢
 

(A
sp
) 

3b
 

ze
 

(A
ap
) 

34
 

+9
 

s
y
e
d
 

id
 

yu
u 

2-
OI

 
Xb

7S
°¢

 
ul
 

s0
I 

XP
0S
1'
Z 

ly
 

pb
z'
1 

je
s 

SI
¢ 

(€
€-
1E
 

SA
Iq
eL
 

2S
) 

st
un

 
Aj

oe
de

y 

zW
d 

7S
b'

9 
W
d
 

20
1 

X0
62

'6
 

zW
d 

»-
 

OI
 

XZ
90

'S
 

F
l
o
s
 

O
T
 

ay
 

Ol
 

X9
SE
'b
 

p0
1 

20
1 

X0
9'
T 

ai
e 

Lr
 

Or
 

u
r
e
}
q
g
o
 

0
}
 

A
q
 

(€E-1E SPIGEL 29S) PIV 

S
Y
O
L
O
V
A
 

N
O
I
S
H
S
A
N
O
O
D
 

T
I
V
Y
H
A
N
A
D
—
 

1
0
6
 

A
I
E
V
L
 

(pmb1) 3b 

(Aap) 

4b 

(pinby) 

3d 

O'H 
3° qI 
1241] sprays doy uo]]es 

J el} 
Bae) 

(ap 

“S°) 

suoIpyeys Jousny 

Jatszeq 

“at zl} 

spt 

419 
aie o19e 

Aidnyin 

yy 

SMITHSONIAN PHYSICAL TABLES 



782 

‘ul YW Y ‘ut ‘ul ‘ut 

wd
 

o]H yeotynNeu “ul So[PpueI-}]} 

10
0°
 

Ty
yr

us
 

T0
00
00
° 

O
1
D
T
W
 

{e
e-
[e
 

Sa
jq
ey
, 

99
S)
 

sa
xy

ea
id

 
wo
j}
sA
s 

dI
ja
T,
 

6
 

u
e
d
s
 

O
l
 

XI
1'
¢ 

da
si

ed
 

»-
Ol
 

O
n
 

(
7
)
 

u
O
J
S
T
U
I
 

20
1 

X
Z
0
8
0
°
9
 

(
{
e
o
n
e
U
)
 

ay
tu

 
s0

1 
X0

8Z
°S

 
(2

3n
ye

4s
) 

o]
ru
T 

e-
Ol
 

yu
u 

L
E
 

6
¢
 

ur
 

: 
Z
I
/
T
 

ou
l]
 

n
0
I
X
Z
0
9
b
'
6
 

S1
4 

Y
I
]
 

¢
/
T
 

o
n
s
e
o
]
 

v
 

p
u
e
y
 

2
0
1
X
0
7
2
 

v
a
 

Su
oy

ji
ny

 

9
 

w
o
e
}
 

¢/
T 

S
h
O
L
 

+
 

cl
 

8h
 

OF
 

iY
 

20
1 

X
P
T
 

1
 

cr
 

S|
]?
 

o
T
 

S}
Iq
no
 

¢
/
T
 

s
u
I
O
.
A
I
T
I
1
e
q
 

_
O
L
X
T
 

s-
OI
 

X
I
 

o-
OI
 

X
T
 

V
 

(2
2S
 

‘€
€-
1E
 

S
A
q
e
L
 

2
9
S
)
 

s
}
u
n
 

s1
es
ur
y I 

at
f/
T]
 

Aq
 

Ad
y 

NW
 

U1
E}
qO
 

0}
 (Z
L-
12
 

SA
19
RL
 

99
S)

 
vo

Ne
ur

Ny
yy

 
(s
}t
UN
 

[e
UI
IB
Yy
} 

99
S)
 

JU
I}

UO
D 

Ze
dF
T 

(O
€T
-6
ZT
 

SP
IG

EL
 

29
S)
 

s}
tu
n 

Mo
y 

ye
aH
 

(penuljuos) 

(panuijzuo2) 

29
28

/3
} 

9
S
 

/W
I9

 

u
d
p
 

o
u
A
p
 ouAp 

o
u
A
p
 

Jy
 

S3
1I

9M
 

B
y
 

jy s1aMpunod |epunod das /[es 

298 
/ <3} 

298 
/,3 

Jas 

/ 
IIH] 

das /[es 

das 

/,WId 

"W
9}
SA
S 

S
Y
 

FY
} 

Ul
 

39
01
03
 

Jo
 

Ju
n 

a
y
y
 

|
 

b
l
e
 

20
1 

X$
99
08
'6
 

(e
d)
 

av
is

 

je
uo
rj
ew
ar
iy
 

2
0
1
X
1
8
6
 

(W
yS
1e
m)
 

we
s3
 

Ol
 

X8
bb

'b
 

(3
43
1a
M)
 

pu
no
d 

10
1 

X
L
7
8
E
 

1
 

je
pu
no
d 

(q
] 

99
s)
 

p
u
n
o
d
 

s
O
 

4,
 

UO
} 

Mo
u 

-O
LX
Z6
10
'T
 

o-
Ol
 

X8
b7
'2
 

O
I
 

X
E
E
7
Z
 

au
Ap

 
30
10
7 

s-
OI
 

X£
0b
'F
 

O
I
 

XS
88
°S
 

UI
I 

/1
9}

1]
 

s-
OI
 

X8
7Z
'Z
 

u
l
 

/[
es
 

OC
LF
 Le

el
 20

1 
X0

2Z
'F

 
U
I
I
 

/
 

14
 

M
O
]
 

(O
€T
-6
ZI
 

SP
IG

VL
 

2
S
)
 

Mo
y 

Ad
19

uU
y 

S
3
1
9
 

s3
19
 

S
3
1
9
 $3

19
 

]e
o 

n
i
g
 

aj
no
f 

qI
-3
5 

s
3
4
9
 

(7
 

g
 

=
\
)
 

e
u
e
n
b
 

Sq 

sjepunod-}} 

nig $319 

UI
e}
GO
 

0}
 

FA
NO
N 

G
R
E
 

(
7
9
°
 

=
 

\
)
 

w
n
j
u
e
n
b
 

sO
l 

X
O
f
1
Z
 

}
0
0
}
-
]
e
p
u
n
o
d
 

LO
T 

X
E
S
S
E
T
 

y
o
o
}
-
p
u
n
o
d
 

»
O
1
X
Z
0
9
'
T
 

A
I
T
 

<0
1 

XZ
09
'8
 

s
0
I
X
b
I
r
€
 

0
1
 

X
9
E
 

4
T
y
-
M
y
 

2-
Ol
 

X£
ET
 

ZL
 

<
0
I
 

X
 

2
0
8
6
 

W
9
-
3
 

s
0
I
 

X
1
Z
0
'
¢
 

9
L
E
L
 

E
L
E
C
 

+
O
I
 

X
Z
8
b
'
6
 

,0
T 

ay
no

f 
Aq

 
A
d
i
n
 

(panuizuor) 
sytun 

A
S
1
I
U
y
 

S
Y
O
L
O
V
A
 

N
O
I
S
H
S
A
N
O
O
 

I
1
V
Y
A
N
3
S
9
D
—
 

1
0
6
 

3
1
9
V
L
 

SMITHSONIAN PHYSICAL TABLES 



783 

souAp 

w
e
 2 UI/qI 

2453/1 
gl / 3

 

3
H
 

‘u
l u}

e 
s
y
w
u
 

ql
ll
/3
> 
(9
.0
) 

3H
 

ul
 

ae
q 

wj
ze
 

23/41 2 UI/q| souAp 

2 Ul
/q
| 

21
3/
41
 

ztul/ 34 

O*H 

joy uje 

sywu 

wjze 

zW
I9
 

/a
uA
p 

g
t
o
 

/
 

3%
 

a
A
r
e
q
 

zW9 /sauAp st /3¥ zu9/3 

sywu 

wjze 

3
/
4
1
 

s
y
w
u
 

s
y
 

gt /3> 
(D..p) 

1978" 
WD 

(Dp) 
409em 

3} aAreq 

u1e}q0 0} (
p
a
n
u
i
j
u
o
)
 

sy
wu
n 

aa
in
ss
ai
g 

Ol X98E'¢ 

s-OI 

XZpe'e secr 
e¢'c9 

201 

X8r0'¢ 9288" 

2-OI 

X066'Z 

OT 

X109°Z 

2-01 

XZ610'1 

s-OLX£S6'Z 

o-OT 

1-01 

X698'6 

e-Ol X8880'Z o-OIXS0Sb'T OI X€EET 

beer 

$8°Zc 

01 

X96SE'T 
19bp 

-OI X9IET 

-O1X0S°Z 

:-01 X698'6 00'T 

OT 01 
XZ610'I 
201 
XZ610'T 

201 
X10S°Z 6986" 

20 X89I1'Z 
201 

X09°Z 
-
O
1
X
9
Z
 VOI 
XZEEO'T 

OI 
XZEE0'T 

06°€¢ 
OT 

XSZET0'T 
Aq 

3} ‘ul 

Ja
}e
M 

JO
 

1 

;
W
9
/
s
a
u
A
p
 

syws aAreq Jeq 

m
j
e
 

A
p
d
i
y
n
 

y
y
 

(panutjzu02) 

1e
q 

SZ
E1
0'
1 

g
a
 

/s
au
dp
 

ol
 

XS
ZE
10
'T
 

(9
.0
) 

83
H 

‘u
r 

12
66
2 

zW
9/

34
 

Z£
eO

'T
 

10
L,

 
20
1 

X0
9°
Z 

(9
.0
) 

3
H
w
9
 

9Z
 

7;
 

Ul
/q

| 
W
A
 

al
 

zW
u9

/3
 

sO
LX
£e
0'
1 

(0
9Z
 

2
1
4
8
 

99
S)
 

sy
tu
n 

s1
in
ss
oI
g 

dy
 

Ir
e'

l 
S
}
J
e
M
 

2
0
1
 

s
e
m
 

20
1 

XZ
S¢

'Z
 

UI
UI
/[
e 

By
 

69
°0

1 
as
 

/n
yg
 

02
02
 

qi
-¥
 

20
1 

X0
S'

S 
My
 

LS
bl
’ 

ul
l 

/n
}g
q 

S
A
 

dy
 

e-
O1
XZ
8'
T 

My
 

>-
01

XS
26

'9
 

9s
 

/q
]-

14
 

2-
OI

XS
PI

'S
 

My
 

-O
LX

8S
Z'

1 
99
s 

/q
]-
14
 

96
°2
1 

syiun 1aMo0g 

w
e
 

M3 dy dy 938 /qI-} 

u
u
 
/]e@D urul/n}g 

(p
Z-
69
 

pu
ke

 
99
 

Sa
Iq
ey
, 

22
S)

 
s}

un
 

dr
IJ
aU
IO
JO
YG
 

53
99
18
 

20
1 

X0
0°
S 

di
ns
eo
ul
 

J
o
d
e
g
 

sOLX00't s01 X00'T 

201 

X00'T 

201 

X00'T 

Or ‘ 10° 

ur
e}
qO
 

0}
 

4
q
 

(panuizuos) saxyeid woajsks dV 

(p
an
ui
zu
0s
) 

S
Y
O
L
O
V
S
 

N
O
I
S
H
S
A
N
O
O
D
 

T
V
H
S
N
S
D
—
1
0
6
 

3
1
a
V
L
 

s
w
e
o
t
 

esoul eIAU Opry 01994 

exap 

Tap 

1qU99 

Apdo 

SMITHSONIAN PHYSICAL TABLES 



784 

99S 99S 

quio/WeM ,-29S 
,_UWID 
[BD 
_-UIUI 
, UID 
[BD 
i
)
 

nig 

q1
/g

 
(7

9°
 

=
x
)
 

ej
ue

nb
 

SI
y-

My
¥ 

si
y-
dy
 

qI
-3
 

nig WI}B-19}1] $319 

a
n
o
l
 

W
-
3
}
 (Do 8)/Je 

g
e
o
 
3x 

sUua/[eo 3/|e9 
W1}e-19}I] 

ul-34 sofnot 

sjepunod-}} 

SIY-My¥ siy-dy qI-4 yeo 

OI X¥9'8 
LOLXSILSST'E 

(622 
‘€ SPIEL 

29S) 
o
u
y
 

s-OIXL69 
09/1 

«01 X
9
2
 I
 

o- OI XE9T'T o-OIX6SS'T 
880°C 

s-O1 X896'¢ 
z-OI XOET'P 
O
L
X
S
8
I
'
b
 

S8I'P 
L9¢b 

I 
868'8 

s-OI X868'8 gsc" 

Ae
p g 

J
e
o
 

u
o
1
A
d
 

[29/34 3/[e2 

i) 
(
4
 
W
)
/
M
q
 

ol} /MIG 
qI/ng 

Tr 0l 

201 X%SZ0'T 
01 X9PS0'I 
x01 X9Z0S'Z 
+-OI X626'2 
»-Ol X626'¢ 201 

X7Z8Z°Z 
201 X7ZS'Z 

nig 

(Z ‘T S2qqeL 
29S) 

spun 
(yeay) 

yemsoyy 
Ul/ To 
W9d/D, ur1e}qo 0} 

c
L
S
 

b
 

L8
12

 
4q
 

wi
d/
9 

da
p 

“
u
l
/
 

J
 

B
a
p
 
A
i
d
a
n
 

(I 
F
9
2
1
 

29S) 
s
i
n
z
e
r
s
d
u
s
 f
 

(p
en
ui
zu
0d
) 

S
Y
O
L
O
V
A
 

(panurjuos) 

“aed 

[eoido1y 

§ 

44/33 20809 Jy /aptur jeoijneu 

$ J-]!u-sunyo 

JayeM 
JO J

 UIE}qO 
0} 

I I 

peeds 

001 X9T0'9 
A
}
A
S
I
S
O
Y
 

092/T I I I 

e-OI 

XS6SE'1 
S6se' 

T 
£6 
62 

-OIX8S1E1 Ol 

XZEEE 

I 
Of'0Z 

OL 

X£0'Z 

2-O1X£0'Z 

2-01 X£08°9 

Ol 

XS2Z'p 

OT 

O€0Z 1896" 

e-OI 

X22r'T 

-OLXE19'E 

£0c'S 
8085" 

OSC 

2-OI 

XSS¢°Z 

e-OI 

X8Sb'2 

flor 
bZ 
02 OI XESr'€ eel 

Aq 

(panurjuor) 
syiun 

ainssoig 

N
O
I
S
H
Y
S
A
N
O
O
 
I
1
W
H
A
N
3
9
—
 

1
0
6
 
3
A
T
I
E
V
L
 

*1
9J
IW
IL
IP
 

Ul
 

[I
U 

[ 
pu
e 

Zu
o]

 
ij

 
[ 

FI
IM
 

& 
JO

 
ad
ue
}S
IS
a1
 

ay
} 

SU
Ba

W 
SI
4T
 

ft
 

jouy 

Wd
-S

UY
yO

 
O
°
H
 
jo ‘ur 3} ‘ur 

Adin 

SMITHSONIAN PHYSICAL TABLES 



785 

‘ql 

34 
(OT 
/Se3 

yo 
wi 

UI
e}
q0
 

0}
 

e¢'c9 
frc9 

SUINJOA 

Jad 

JYSI9 

A 

201 X08°6 
QUES 201 X9ES"b 

01
 

X0
0°

Z 
2O

T 

s-OI XS0Z'Z 
2-OI XL725°¢ 

Aq 

syiun 

(SSeUL) 

}YSIOM 

(p
ep

nj
zu

02
) 

S
Y
O
L
O
W
S
 

(Db) 

Jayem JO ,1Y 

qI/SeS 

Jo 
,3} 

(S1jeul) 

snys 

snys (A013) q] ql sdiy 3 

Adin 

souAp 
zO 

3 

su
l 

Su
l 

su
re
i3
 

201 X208'6 

2-01 

XS7'9 GAA 

| 201 X00°Z 201 X£S0'2Z 891'¢ 

3 

(A
e)
 

su
te
ip
 

(d
1s
jo
ur
) 

Je
re
d 

(£281) #e4e9 

(T
E 

91
GB
 

2S
) 

sp
un

 
(s
se
ur
) 

S1
94
 

(3
4 

0O
T)

/4
29

4 
gh

f 
/S
Ul
eI
d u0

3/
qI
 

et OOT/T 

[4
/ 

tu
 

ur
e}
qO
 

0}
 

cLlb 
Ley c0 

LEET C8h 

LZ 

Ay
to
ed
eo
 

su
in
jo
a 

Ol XZIE8'Z 

L8¢°91 
Aq 

(
1
¢
 

3
1
9
q
e
L
 

2
9
S
)
 

s}
yi
un
 

s
u
I
n
j
o
 

A
 

N
O
I
S
H
Y
S
A
N
O
O
 

T
I
V
H
A
N
S
9
—
 

1
9
6
 

3
T
E
V
L
 

u0
}/

[e
d 

,ui/3 

84 001/38 
(c33 OOOT) 

/1e3 
[25/,33 ed 

ett 
4|dypnyy 

SMITHSONIAN PHYSICAL TABLES 



r
a
 

"
S
i
n
 

“ 
=
s
 

7 

: 
o
a
 

i
s
e
 

s
e
 7 

Jon 
was 

n
x
 

aie, 1
.
 

as 

— < 

S
i
 

ie 
p
A
 P
L
)
 

7 ts, 
sti C

o
a
,
 

r
e
 

i
 
F
o
e
 

+
s
 
a
 

« 
j[hebuiones) ‘andtORA 

W
O
I
E
R
S
V
M
O
D
 
s
A
n
S
n
3
d
 
1
0
8
.
4
 

~ 
p
e
”
 

. 

ations, (zesen} 
y
e
 

‘fj 
a
e
 

side 22) atiaw pense - 
“= 

=: 

b
t
 

v 
pede 

es 
cit 

i 
3
 

-a 
l
i
a
s
 

i 
a
2
 

e
s
 

ae 
a
e
 

eee 
s
a
i
s
 

rat 
a
o
:
 

e
:
 

Pinsqe oeatOF 
=
 

; 
a: 

taf 
rs 

, 
K
t
 

“See 
es 

e
e
 

i
 

aqia 
0
 
O
t
 

h
y
 

;
 

di 
nod 

aT 
7 

S
O
L
 

_
 

Stiezises 
s
 

: ol
 

F
T
,
 

5
,
 

/
 

(gol 
O
O
F
)
 

z
a
k
 

: Fi 

“ae; 
7 

e
e
e
 

, 
ib vile? 292)r8 

; 
L) 

ed 
e
e
 

< 
i
n
 

=
 

.
 

a
 

5 

H
r
a
e
e
 

(ody farce) 
warle 

a
e
 

, 

a 
| 

a
e
 

= 
sansior 133, riage W 

3
 

(wa) a
e
.
 

a
 

”
 

a
 
a
 
h
a
 

di\zeg 
to “si 

; 

A
h
 

Tew. 
in "it 

/ 
3 

ii 

: 
(p°EF 

|
 

l
e
l
 

7
 

<
=
 

—
—
—
—
—
 

r
 

-
 

4 
: 

o
 

4
 

2
 

: 
‘ 

7
 

2 
- 

|
 

Fed 
e
e
 

o
n
 

| 
, 

oo 
ie 

$ 
‘
M
i
l
d
e
 

b
i
a
)
 

= 
=
 

z
r
 

7 
a
 

%
 

a
e
 

’
 

O
R
 

- 
J
 

i
n
e
 

o
e
 

u
y
 

Pits 
7h 

a
 
i
d
 

- 
B
e
e
 

a
w
e
 

= 
é 

Ls 

iva 
= 
e
R
 

my 
S
e
t
e
 

Fe: 
a
?
 

cain 
. 

i
e
 

S
a
a
t
 

any) 
anigeandr 

i
e
 

S
S
 

: 

£
 

zi 
(
p
a
n
w
a
u
v
e
)
 
e
s
0
i
0
V
4
 
n
a
i
n
U
a
A
N
O
d
 
s
s
 
n
l
 

bes 
w
e
v
s
 

A
 



INDEX 
(References are to pages) 

Abampere, 10, 20 
Abbreviations: common units of measure- 

ment, 56 

constellations, 743 

Abcoulomb, 10, 20 

Aberration constant, 729 

Abfarad, 20 
Abhenry, 20 

Absolute units (see under name of unit), 20 

Absorption (see also Transmission) : 

for air (atmosphere), 538, 546 
components, 538 

moist, 546 

for crystals, 517, 545 
for filters, 535-537 
for gases, long wavelengths, 552 
for glass, 512 

red pyranometer, 537 
various, 512 

for mass: ‘y-rays, 687 
X-rays, 694 

for materials for blackening receivers, 548 
for radiant energy, 517, 535-546 

for screens, color, 535 
for various materials, 535 
for water, 536 
of gases by liquids, 360 
of vapors by liquids, 360 
of various radiations: alpha rays, 672, 684 

beta rays, 672, 690 
cathode rays, 672, 690 
gamma rays, 672, 687 

radiant energy, 549 

X-rays, 693, 694, 701 
critical, 701 

Abundance (see Elements, chemical) : 
ments, 625-629 

isotopes, 655 

Abvolt, 12, 20 

Acceleration: angular, 4 
gravity (see Gravitation), 714 
linear, 6 

Acoustics (see also Sound), 309 
architectural, 315 
attenuation coefficient, 315 
definition of terms, 315 
hearing, 314 

differential sensitivity, 314 
distribution of hearing losses, 315 
sensitivity of ear, 314 

reverberation time, 315 
calculations, 315 
optimum, 316 
room type, 317 

sound type, 317 

Actinium 228, 
Beta-ray spectrum, 685 

ele- 

Activity (power), 4 

Adsorption, heats of, 632, 633 
charcoal, 632, 633 

Aeronautics, 337 
air flow, 337, 349 

compressible, 348 
force, parameters, 337, 343 
illustrations, 349 

isentropic, 348 
formulas, 348 

normal-shock, 348 
formulas, 348 

oblique-shock, 348 
parameters (force) and Mach numbers, 

350, 352 
speed vs. pressure, 338 
supersonic, 348 

types, 339, 349 
vs. Mach number, 349, 352 
vs. Reynolds number, 349 

bodies moving through a liquid, 337 
forces on, 337 

angle of attack, 339 
aspect ratio, 339 
depends upon, 337 
for air: attitude to wind, 337 

center of pressure, 339 
drag coefficient, 339, 340, 342 
lift coefficient, 339 
Mach number, 337, 340 

and flow parameters, 342, 356 
pressure, dynamic, 338 

vs. air speeds, 358 
Reynolds number, 337 

critical, 341 
shape of body, 337 
speed, 338 
surface, roughness, 337 
turbulence of air, 337 

sample bodies: 

airfoils, 353 

air flow around, 352 
angle of attack, 352 

Mach number, 352 
Reynolds number, 352 
surface roughness, 352, 353 

flow parameters, 353 

vs. Mach number, 353 
force coefficients, 353 

illustrations, 352 

cylinders, nonrotating, 340 

drag coefficient, 340. 341 
aspect ratio, 340 

Mach number, 340-342 
Reynolds number, 340, 341 

inclination of axis to wind direction, 
341 

787 
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Aeronautics—continued 
flat plates, thin, 339 

force coefficients, 339 
angle of attack, 339 
drag, 339, 340 

lift, 339 
Mach number, 340 
Reynolds number, 340 

local skin friction, 343, 345 
moment thickness, 344 
skin friction, 343 

laminar flow, 343, 344 

Reynolds number, 343 
turbulent flow, 343, 344 

miscellaneous bodies, 343 
drag coefficient, 343 

Reynolds number, 343 
various bodies, 343 

forces on, 343 
spheres, 341 

drag coefficient, 341 
Mach number, 342 
Reynolds number, 342 

forces on, 342 

pressure coefficient, 342 
Reynolds number, 341 

critical, 341 

sphere size, 341 

standard atmosphere for, 345 

basis of, 345 
characteristics of, 347 

extension of, 347 

properties, 347 

ratio specific heats, 345, 348 

velocity of sound in, 347 
viscosity, 347 

kinematic, 347 

Age, earth, 741 
moon, 741 

radioactive materials, 679 

strata, 741 

universe, 710 

Air (see also Atmosphere), 592 
aqueous vapor, pressure in atmosphere, 

599 

sea-level, 605 

composition, ground level, 592 

up to Fe layer, 592 

compressibility, 265 
density of moist air, 596-598 

dry, thermal properties, 269, 270 

effects on weighing, 69 
corrections, 69 

flow (see under Aeronautics), 337 

compressible, 348 
heat capacity, 163 

height, 592 
humidity, relative, 602 

determination, 602-604 

dry-bulb temperature, 604 

maintenance, 599 

various vapor pressures, 601 

wet and dry temperature, 604 

index of refraction, 532 

infrared transmission, 546 
Joule-Thomson effect in, 278 

Air—continued 
mass, 592, 720 

different values, 720 
with direction of sight, 720 

moist: 
density, calculated, 596 

relative, 598 
transmission, 546 

saturated water vapor, 600 
pressure, 600 
weight, 601 

sound, speed in, 306, 594 
thermal conductivity, 142 
thermal properties, 270 

dry, 269, 270 
transmission of radiation, 538, 546 

components, 538 

ultraviolet, 538 
viscosity, kinematic, 345 
weight, 592 

Albedos (see Astronomy), 737 
Alcohol: compressibility, 282 

density, mixtures with water, 302 
melting point, with pressure, 118 
vapor pressure, 370 
viscosity, 320 

Alloys: alnico, 454 
aluminum, 192, 220 
Babbitt, 226 
brazing, 223 
carboloy, 224 
conductivity, electrical, 390, 391 

super, 394 
thermal, 138 

copper, 198 

density, 293 
Heusler, 458 
latent heat of fusion, 165 
low melting point, 125, 225 

composition, 125, 225 
magnetic, 458 

alnico, 454 
Heusler, 458 
permalloy, 453 

silmanal, 454 
superpermalloy, 453 

melting points, 125 
low, 125 

miscellaneous, 217 
resistivity, 384 
soldering, 223 
special purpose, 220 
thermal emf vs. lead, 379 
thermal expansion, 149 

invar, 221 

low expansion, 221 
special purpose, 220 

Alnico, 454 
Alpha particles (see also Radioactivity), 

664, 672, 680 
charge, 50 
characteristics, 672, 680, 681 
high-speed, artificial radioactive sources, 

682 
natural radioactive sources, 681 

ionization, 672 
mass, 49 
range in air, 672, 684 
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Alpha particles—continued Artificial disintegration—continued 
relative stopping power of selected sub- parts, 706 

stances, 684 pile yields, 670 
velocity, 672 results of, 666-670 

Alpha-ray spectra, artificial radioactive sub- Artificial radioactivity, 667 
stances, 682 slow-neutron-produced, 667 

natural radioactive substances, 681 Asbestos, thermal conductivity, 139 
Altitude, by barometer, 613 Astronomical units, 729 
Aluminum: alloys, properties, 192 Astronomy, 728 

atomic weight, 619 albedos, 737 
boiling point, 117 planets, 737 
conductivity, 404 calendars, 728, 732, 733 

mechanical properties, 192 equation of time, 728 
melting point, 117 Julian day, 733 
oxide, 162 perpetual, 732 
solder, 223 clouds of Magellan, 746 

wire, 414 constellation abbreviations, 743 
Alums, 521 craters, 736 

index refraction, 521 lunar, 736 
American candle (see Photometry), 94 terrestrial, 736 

after 1948, 94 data, miscellaneous, 729 
Ammonia: compressibility, 266 day (see also under Definitions), 729 

hydrolysis, 399 change of, 780 
latent heat of vaporization, 167 definitions, 729 

pressure variation, 167 earth, 734, 741 
liquid, density, 178 age, 741 

heat content, 162, 178 strata, 741 

latent heat, 178 diameter, 729 
pressure variation, 167 dimensions, 729, 734 
pressure effects, 167 distance, to moon, 730 
properties, 178 to sun, 730 
specific heats, 178 * interior, characteristics, 739 
thermal properties, 162 density, 739 

Ampere, 20 with depth, 739 
Ampere-turn units, 18 elastic constants, 740 
Amu, 21 rocks, 740, 741 
Angle, 4 pressure, 739 

Angstrom, 4, 63 temperature, 727 

Angular acceleration, 4 velocity, earthquake waves, 739, 740 
Angular momentum, 4 mass, 729 
Angular velocity, 4 orbit, 729, 734 

earth, 729 physical data, 729 
Antenna arrays, 434 precession for 50 years, 738 
Antifreeze solutions, 135 quake waves, 739 
Aphelon, 729 velocity in ocean, 777 
API scale, 290 rigidity, 740 
Apostilb, 93 rotation, 729, 780 
Apothecary mass unit, 63, 64, 66 variation, 780 
Aqueous solutions, 300-305 satellites, 734 

density, 300-305 strata, 741 
diffusion into water, 354 temperature, 734 

Arcs (see wnder name of) various places, 726 
Area, 4 velocity, earthquake waves, 739 
Argon: compressibility, 264 viscosity, 729 

melting point vs. pressure, 117, 118 galaxies, local family, 748 
parameters, 117 our galaxy, 713, 770 

volume-pressure, 118 center,.770 

Artificial disintegration, 653, 669, 706 rotation, 770 
bombardment, 669, 670 stars, mass, 713 

alpha-ray, 669 number, 713 
deuteron, 669 interstellar space, 771 

neutron, 667, 669 matter, 629, 771 

photonuclear, 669 temperature, 763 
products, 669 Magellanic clouds, 746 

proton, 669 moon (see also Moon), age, 741 

interesting results, 652, 669 nebulae (see also under stars), classifica- 

methods of producing elements beyond tion, 758 
uranium, 670 nebulae lines, 745 
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Astronomy—continued 
novae, well observed, 757 
orbits, planets, 734 
planets, 734 

albedos, 737 
distance to sun, 730 

orbits, 734 
period, 734 
physical data, 734 
satellites, 735 

orbits, 735 
temperature, 734 

precession for 50 years, 738 

rotation, earth, 780 
our galaxy, 770 
starse al 

Russell-Hertzsprung diagram, 754 
satellites, orbits, 735 

physical data, 734, 735 
planets, 735 

solar constant, 719 
variation, 720 

solar corona, emission lines, 744 
solar eclipses, 742 
solar flares, 743 
solar motion, elements of, 731 

stars: 
binary mass of, within 10 parsec of sun, 

752 
spectroscopic, 768 
spectroscopic eclipsing, 767 
visual, 761 

brighter than magnitude m, 756 
Cepheids, 760 

period-luminosity curve, 744 
clusters, classification, 769 

galactic, 769 
globular, 769 
properties, 769 

concentration, 749 
near sun, 751 

constellations, abbreviations, 743 
near sun, 751 

degenerate, 762 
diameters, 753 
dwarfs, 762, 763 

degenerate, 762 
density, 762 
white, 762 

equivalent light from, 757 
explosive, 761 
first magnitude, 752 
galactic concentration, 749 

magnitude, 749 

galaxies, 746, 748 
local family, 748 
our galaxy, 770 

center, 770 

rotation, 770 
stars, number, 770 

giants, 762 
low density, 762 

magnitude, 730 
absolute, 730 

bolometric, 754 
first, and brightness, 752 

per cubic parsec, 735 

SMITHSONIAN PHYSICAL TABLES 

Astronomy, stars—continued 

number and brightness, 756 
near sun, 735 
per square degree, 756 

photographic, 735, 749 
radiometric, 730 
reduction to visual, 754 
spectrum type, 753 
visual, absolute, 753 

to bolometric, 754 

mass, total our galaxy, 713 
mass-luminosity, 758 
masses, binaries, 752 

motion of, 764 

large, 756 
velocities, 765 

near sun, 751, 752 

masses, 752 
nebulae, brightness, 757 

classification, 758 
nongalactic, 759 
variables with, 760 

novae, 757 
brightness, 757 

well observed, 757 

characteristics, 757 
classification, 758 
Milky Way, 746 
nongalactic, 759 

number of, 757 
and galactic latitude, 756 
and light, 757 
and magnitude, 756 

log. No. per square degree, 756 
near sun, 735, 751, 752 

per cubic parsec, 735 
our galaxy, 713 
universe, 713 

various classes, 748 
within 5 parsec of sun, 751 
within 10 parsee of sun, 752 

of large proper motion, 756 
parallax, mean annual, 750 

magnitude 10, 750 
rotation of, 771 
Russell-Hertzsprung diagram, 754 
spectrum classes, 748, 750, 753 

galactic concentration, 749 
proper motion, 742 
temperatures, 750 

and diameters, 753 

visual magnitude, 753 
spectrum types, 753 

magnitude, 750, 753, 754 

temperatures, 750 
and diameter, 753 

variables: Be stars, 761 

classification, 760 

Cepheids, 760 
* period-luminosity curve, 744 
erratic, 760 

explosive, 760 
general characteristics, 760 
long period, 760 
luminosity curve, 744 
nebulosities, 761 



Astronomy, stars—continued 
novae, 761 

repeating, 761 
pulsating, 760 
P Cygni, 761 
red, 760 
RV Tauri, 760 
semi-irregular red, 760 
semiregular, 760 
temperature, 750 
with large radial velocities, 766 
Z Camelopardalis, 761 

stellar (see stars) 
stellar diameters, 753 
stellar radiation measurements, 759 
stellar spectra: classes, 748, 750, 753 

dwarf, 762, 763 
galactic concentration, 749 
luminosity classification, 747 
percentage various classes, 748 
proper motion, 742 
related characteristics, 746 
systems, 746 

brighter stars, 746 
clouds of Magellan, 746 
Milky Way, 746 
supergalaxies, 746 

temperature, 753, 754 

types and magnitudes, 753 
strata, age, 741 
sun (see Sun), eclipses, 742 
telescopes, largest in use, 728 

temperature, interstellar space, 763 
time, calendars, 732, 733 

equation, 728 
transmission of light through space, 771 

Astrophysics, 728 
Atmosphere (see also Air), 592 

aqueous vapor, 599 
pressure, sea level, 605 

characteristics, above F2 layer, 595 
up to F2 layer, 594 

density, above Fz layer, 595 
up to Fe layer, 594 
vs. height, 594, 595 

electricity (see Lightning), 614 
extent of, 592 
humidity, 596 

maintenance, 599 

pressure, 602 

relative, dry-bulb temperature, 602 
temperature, 602 

vapor pressure, 602 
wet-dry thermometer, 604 

ionic equilibrium, 615 
layers: 

ionosphere, 592 
E layer, 592 
Fi layer, 592 
F2 layer, 592 
G layer, 592 

stratosphere, 592 
troposphere, 592 
upper atmosphere, 592 

mass, 592 

and solar altitude, 725 
path through (radiation), 720 
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Atmosphere—continued 
potential gradient, 614 
pressure, above Fs. layer, 595 

up to Fe layer, 594 
vs. height, 594, 595 

regions, 592 

standard, 4, 47, 345 

basis, 345 
characteristics, 347 

above Fe layer, 595 
height, 594, 595 
ratio specific heats, 345, 349 
up to Fe layer, 594 

density, 347 
extension of, 347 

properties, 347 
stratosphere, 592 
temperature, above Fe layer, 595 

harmonic mean, 346 
up to Fe layer, 594 
vs. height, 594, 595 

transmission of radiation, 538, 546 
components, 538 

ultraviolet, 538 

with direction, 720 
troposphere, 592 
unit of pressure, 4 
viscosity, 345, 347 

water-vapor pressure, 600, 605 
saturated, weight, 601 

Atmospheric electricity, 615 
charge, 615 

rain, 615 
snow, 615 
space, 615 

conductivity, air, 615 
current, 614 

density, 614 
ions, 615 

equilibrium, 615 
life of, 615 
mobility, 617 
rate of formation, 615 

lightning (see also Lightning), 614 
potential gradient, air, 614 

Atom, 653 

angular momentum, 579 
Bohr, 579 

bomb, 653 

composition, 618 
data, 582, 618-624 
diameters, 643 

elements, 643 

diffusion coefficient, 644 
gaseous ions, 644 

neutral gases, 644 
dimensions, 618 

effective radii, 643 
electric orbits, 624 
electron configuration, 622 

elements, 622 
neutral atoms, 582 

ionization potential, 582 
normal states, 622 
singly ionized, 584 

ionization potential, 584 
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Atom—continued 
elementary particles, 618, 664 
energy, 579, 653 
heat, elements, 160 
ionized, 584 

singly, 584 
isotopes, 654 
mass, 50, 51 

mass units, 654 

molecular data, 618 
names, 620 

foreign, 620 
obsolete, 620 

neutral, electron binding energy, 649, 650 
spectroscopic properties, 582 

number, 620 
periodic system, 621 

radii, 643 
effective, 643 

radioactive, 672, 673 

specific heats, 160 
spectra (see also Series relations), 582 
spectroscopic properties, 582-585 

neutral, 582 
singly ionized, 584 

susceptibility, 451 
volume (elements), 160 

inert gas, 646 
weights, 47, 619 

international, 619 

physical to chemical, 47 
units, 47 

Atomic (see Atom), 653 
Attenuation coefficient, radio waves, 442, 

443 
Avogadro’s number, 4, 47, 51, 54 
Avoirdupois, 62, 63, 64, 66 

Babbitt metal, physical properties, 226 
Bakelite, 152 
Bar, 4, 277 
Barn, 653 
Barometer, 606 

capillarity, correction for, 606 
metric units, 606 

determination of heights, 613 
expansion, correction for, 607 

mercury meniscus, volume, 606 
pressure: columns of mercury, 606 

columns of water, 606 
reduction: barometric height to standard’ 

temperature, 607 
to standard gravity (different heights), 

608 
English units, 611 
metric units, 609 

temperature correction, 607 

Barye, 4, 277 

mega, 6 

Baryton, 653, 664 

Batteries, 377 
composition, 377 
emf, 377 
standard cells, 378 

Baumé scale: density of cane sugar, 305 
specific gravity of, 289 
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Bel, 309 
Beta particles, 651, 653, 691 
Beta rays (see also Radioactivity) , 653 

characteristics, 651, 672, 683, 691 
from radioactive materials, 683, 685 

energy, 683, 684 

isotopes, 683, 684 

spectrum: actinium 228, 685 
protactinium, 685 
thallium, 679 
thorium 227, 685 

Betatron, 653, 657 
Binding energy of electron, neutral atoms, 

649, 652, 653 
singly-ionized atoms, 650 

Blackbody, 7, 79, 80 
brightness, 95, 96 

calculated values, 81, 82, 85, 95, 104 
changes due to changes in cz, 86 
precautions in using c:, 80 

constants (radiation), 80 
value of cz at different times, 80 

crova wavelength, 96 
efficiency of radiation, 96 

luminous, 93 
equations, 7, 79 

Planck, 7, 79 
Stefan-Boltzmann, 7, 80 
Wien, 79 

displacement, 80 
laws, 7, 79 
lumens/em, 93, 96 
lumens/watt, 93, 96 
luminous efficiency, 93 

temperature, 96 
luminous intensity, 93 

spectral vs. temperature, 95 
mechanical equivalent of light, 96 
plane, lumens per unit, 80 

solid angle, 80 
radiant energy, 79 

calculated values: 
cz, 86 

short method, 85 

spectral, 82 
temperature, 82 

spectral intensity vs. temperature, 95 

spectral luminous intensity, 95 
standard radiator, 79 
symbols, 79 
total radiation, 81 

calculated values, 81 
Blackening receivers of radiation, 548 
Body moving through a liquid (see also 

under Aeronautics), 337 
Bohr atom, 581 

magnetic moment, 49 

magnetron, 49, 52, 54 

radius first orbit, 51 
Boiling points: elements, 117 

inorganic compounds, 120 

metals with pressure, 119 
organic compounds, 122 
pressure, 119 

salts in solution, 131 
rise in, 133 

effect of change in 
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Boiling points—continued 
water, 133 

pressure effect, 118, 169 
rise of boiling point due to salts in 

solution, 133 
Boltzmann’s constant, 49, 52, 54, 80 
Bond energies, 633 
Bougie decimal, 92 
Brass, mechanical properties, 195 
Brazing alloys, 223 

brass, 223 
iron, 223 

steel, 223 
Brazing flux, 223 
Brightness, 93 

blackbody, 94, 96 
blue and candlepower, various materials, 

104 
candle, 104 
flames, 104 
fluorescent lamp, 110 
lamps, acetylene, 104 

filaments, 104 
molybdenum, 103 
moon, 104 

Nernst glower, 104 
oxides, 104 

sky, 104 

sun, 104 

tantalum, 103 
temperature, 7 

correction to true, 100 

materials, 104 

various illuminants, 104 

tungsten, 102 

units of, 93 

various materials, 104 
Welsbach mantle, 104 

Brinell hardness, 187 

British Imperial system of weights and 
measures, 64 

metric equivalents, 64 

British Thermal Unit, btu, 7, 21, 60 
Brix degrees, 305 
Bronze, mechanical properties, 197 
Brownian movement, 630 
Btu, 7, 21, 60 
Building materials, 229 

brick masonry, 231 

strength, 231 

bricks: characteristics of, 230 

coefficient of expansion, 152 
water absorption, 230 
weighted average strength, 230, 231 

characteristics, 229 
concrete: compressive and 

strengths, 230 
elastic properties, 230 

strength, 230 
effect of quantity of mixing water, 

230 
compressive; effect of entrained air, 

230 
tensile, 229 

masonry mortars, 229 

reflection factor, 553 

tensile 

793 

Building materials—continued 
stone: American, 231 

stiffness, 231 
ultimate strength, 231 

Bursts (cosmic ray), 653 

ci, 80 

cz, 80 

at different times, 80 
Cadmium red line, 569 

lamp, 568 

Calendar, Julian day, 733 
perpetual, 732 

Calcite: density, 48 
grating space, 48 
molecular weight, 48 
ratio grating vs. Seigbahn, 48 
structural constant, 48 

Calcium fluoride, 515 
Calorie, 7, 21 

international, 8, 60 
Candle, 93 

foot-, 91, 94 

international, 94 
meter, 93 
1948, 94 
old, 92 
spherical, 93 
Waidner-Burgess, 94 

color, 94 
Candlepower, 93 

distance, 95 

inverse square law, 95 
disk, 95 
line, 95 

Capacitance, 11 
Capacity, electric, 16 

physical, 60 
Carat, 4 

metric, 4 
Carboloy, characteristics, 224 
Carbon, 105 

are, 105 

light output, 105 
cycle, 666 

energy, 666 
lamps, 104, 105 
untreated, 105 

Carbon dioxide, compressibility, 265 
Joule-Thompson effect, 280 
values of pv, 265 

Carcel unit, 92 
Castor oil, density, 322 

viscosity, 322 
Cathode rays (see also Electron), 653, 691 

constants for speed, 690, 691 
impinge on matter, 690 
ionization, 672 
path, 690 
speed in matter, 690 
three headings, 691 
velocity, 691 

and voltage, 691 
voltage, 691 

Cells (batteries), composition, 377 

emf, 377 
standard, 378 

Celsius temperature scale, 8 
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Centigrade temperature scale, 8 

Centipoise, 318 
Centistoke, 321 

Cgs, 15 
Chain (Gunter), 62 

Chain reaction, 653 

Charcoal: 
adsorbing power, 632 

activation, 632 
increased by treatment, 632 
heats of, 632 

gases, 633 
vapors, 632 

physical properties, 632 
types of, 632 

Charge, electron, 47 
hydrogen atom, 49 
rain, 615 
snow, 615 
unit, 10 

Chemical composition, earth, 626 
meteors, 626 

sun (atmosphere), 627 

Chemical energy data, 185 

Circular area, 4 

Circular functions, 32 
Circular inch, 4 

Coal, 181 
analysis, 181 
heats of combustion, 181 

Coefficient of thermal expansion, 8 

Colloids, 630 

bond energies, 633 
Brownian movement, 630 

charcoals, adsorbing power, 632 
effect of activation, 632 
heats of adsorption, gases, 633 

vapors, 632 

dimensions, 630 

dusts, explosion limits, lower, 634 
explosion pressures, 634 
ignition temperatures, 634 
particle size, 630 
propagation temperature, 634 

field, 630 
heat of sorption, 632 

particle size, 630 
dusts, 630 
influence of solubility, 631 
protein molecules, 631 
properties due to, 630, 631 
solubility, 631 

proteins: characteristics, 631 
molecules, 631 
pH stability range, 634 

spreading coefficients, organic liquids, 633 
types, 630 

Color, equation, 729 
index, 729 
of light emitted by various sources, 103 
screens, 535 

temperature, 8 

blue brightness and candlepower, vari- 
ous materials, 104 

illuminants, 104 
materials, various, 103, 104 
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Color—continued 
minus brightness temperature, carbon, 

104 
Combustion, constants (some substances), 

179 
flame temperatures, 179 
heats of, carbon, 179, 180 

carbon compounds, 179 
coals, 181 
gases, 182 

liquid fuels, 181 
miscellaneous compounds, 180 
peat, 181 

petroleum (crude), 182 
various sources, 182 

solids, 181 
sugars, 182 
values, fuels, 181 
woods, 181 

Common units of measurement, spelling and 
abbreviations, 56 

Compressibility: ammonia, 266 
carbon dioxide, 261 
compounds, 286 
crystals, 287 
elements, 285 
ether, 282 
gases, 267 

low temperature, 264 
under high pressure, 265 

glasses, 288, 289 

liquids, 282 
mercury, 282 
metals, high pressure, 286 
petroleum oils, 284 
quartz, 288 
rocks, 288 
rubber, 235, 237 
solids, 283 
sulfur dioxide, 266 

water, 283 
Compton effect, 49, 52, 55 
Concrete (see Building materials) 
Conductance, 11, 12 

electrolytic, 397 

temperature effects, 397 
Conduction (see also Thermal conduction) : 

gases, 115 

heat across air space, 114 
high temperature, 115 

Conductivity (see also Resistivity) : 
solutions, 398 

air, 616 
alloys, 384, 390 

temperature coefficient, 390 
bases, solutions, 398 

calculating, 417 
dielectrics, 395 
electrical, 11, 12 
electrolytic solutions, 397 

molecular, 398 
temperature coefficient, 397 

equivalent vs. temperature, 397 
ions, 399 

separate, 399 

solutions: acids, 400 
bases, 400 
salts, 400 

acid 
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Conductivity—continued 
glass, 396 
high-frequency, 396 
metals, 384, 389 
molecular (specific), 398 
nonconductors, 428 
oxides, 395 
plastics, 239 

pressure effects, 388 
rocks, 395 
salts (solutions), 398 
soils, 395, 440 
solids, 395 

solutions, 397 
specific molecular, 398 
super, 394 

alloys, 394 
compounds, 394 
metals, 394 

tellurium, 380 
temperature coefficient, 390, 391 
tension effects, 387 
thermal (see Thermal conductivity) 

Conductor, resistance of, 11 
Cones in eye (see also under Eye), 90 
Constants: critical gases, 276 

mathematical, 25 
physical (see also Units), 47, 51, 54 

Bearden and Watts, 54 
Birge, 47 
DuMond and Cohen, 51 

radiation, 80 
Constellations, abbreviations, 743 
Contact potentials: liquids, 376 

solids, 376 
various metals, 379-381 

Continents, 772 
area, 772 
highest point, 772 
lowest point, 772 

Convection of heat, 114 
air, 114 
cooling by, 112 

gases, 115 
pressure, 115 
temperature, 114, 115 

Conversion factors, 2, 57 
Centigrade to Fahrenheit, inside front 

cover 
dimensional formulas, 2, 58, 59 
Fahrenheit to Centigrade, inside front 

cover 
formulae, 57 
methods of calculating, 2, 57 
units: ampere turns to ordinary, 18 

area, 60, 781 

atomic mass to Mev, 54 
British imperial to metric, 67 
capacity, 60, 62, 781 
changing, 57 
conduction of heat, 137 
density 

API, 290 
Baumé, 289 

electrical equivalents, 20 

former, 22 
electricity, 10, 20, 781 

international to 1948, 20 
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Conversion factors, units—continued 
National Bureau of Standards to 

international, 20 
three systems, 20 

energy, 17, 20, 21 
flow, 781 
molecular, 618 

gage pressure (lb./in.2) to atmosphere, 

gas laws, 260, 267 

gaseous states (thermal), 268 
general, 781, 785 
gravitational, 782 
heat, 58, 784 

flow, 136 
for different gradients, 137 

illumination, 93, 94 
length, 60 
linear, 60, 782 
magnetic quantities, 16, 18 
mass, 60 

metric, to British, 64, 66 
to U.S.A., 61, 63 

Mev to atomic mass, 21, 53, 54 

miscellaneous, 63, 781, 785 
molecular energy, 618 

paper measure, 783 
photometric, 93, 94, 783 

photometry, 93 
brightness, 93 

illumination, 93 

pressure, 277, 783 

radiation, 136 
resistivity, 784 
speed, 784 

temperature, 784 
per area, 784 

thermal, 784 
time, 784 
U.S. customary to metric, 61-63 
volume, 60, 785 

wavelength, 509 

weight, 785 

per volume, 785 
Cooling: by convection, 112 

by radiation, 112 
effect of pressure, 112 

platinum wire, 113 
Copper (see also under Wire), 198 

alloys, properties, 198 

freezing point, 72 
high conductivity, 404 
mechanical properties, 198 
resistance standards, 404 

wire, 208 

annealed, 208 
characteristics, 408-414 
medium hard, 208 

ratio, ac-de resistances, 419 

resistance, to compute, 416 

temperature coefficient, 406 
safe carrying capacity, 416 

soft, 208 

specification values, 208 
standard annealed, 408 

Core losses, electric steel sheets, 456 
Cosines, 32 
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Cosmic rays, 653, 710 
bursts, 711 
characteristics, 711 

top atmosphere, 710 
critical energy, 712 
composition 

at geometric latitude 30°, 713 
data, 712 
earth’s magnetic field, 710 
energy, 710 

critical, 712 
total, 712 

entering atmosphere, 712 
hard component, 711 
ionization, 710, 711 
intensity, 710 

50° geometric latitude, 712 
sea level, 711 
top atmosphere, 710 

meson, 711 

origin, 710 
penetration, 711 

variation with latitude, 712 
primary, 710 

characteristics, 710 
source, 710 

radiation, composition and latitude, 712 
earth’s surface, 712 
our galaxy, 713 
universe, 713 

reaction, atmosphere, 711 
secondary, 711 

hard, characteristics, 711] 

intensity and altitude, 711 
earth’s surface (sea level), 711 
latitude, 710 

soft, 711 
showers, 711 
soft component, 711 
source, 710 

stars, 711 
theories, 710 
total energy, 710 
variation, latitude, 710 

Cosmos, 653 
Cotangents, 32-36 

Cotton, thermal conductivity, 139 
Craters (see also Astronomy), 736 
Critical constants: gases, 276 

light hydrocarbons, 293 
Cross section (particle), 653 

fission products, 709 
fissionable nuclei, 708 
organic molecules, 646 

Crova wavelength, 96 
Cryostats, liquids for (noninflammable), 183 

viscosity, 183 

Crystals: artificial (optical), 515 
biaxial, 529 
characteristics, 515, 529 
compressibility, 287 
cubic, 430 

dielectric: constant, 430 
monoclinic, 431 

strength, 430 

index of refraction, 516, 518-529 
temperature, 520 
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Crystals—continued 
infrared, 516-527 

transmission (spectral), 517, 545 
inversion, 126 

ionic, lattice spacing, 647 
radii, 648 

isotropic minerals, 522 
metals, interatomic distances, 648 

structure, 648 
optical, 515-521 
orthorhombic, 430, 432 
phases, 126 
size, 515 
thermal expansion, 152 
transitions, reversible, 126 

pressure, 126 
transmission, 517, 545 

range, 515-545 

spectral, 517-545 
types, 515 

uniaxial, 430 

uses, 515 

Cubical expansion (thermal): elements, 148 
gases, 154 
leather, 233 
liquids, 153 
organic, 153 
water, 153 

Cubit, 4 
Curie (unit radioactive decay), 672 
Curie constant for paramagnetic substances, 

461 
Current, electric, 12, 20 

effect on human body, 375 

Cyclotron, 653, 657 

Dalton, 5 
Data, experimental, 1-37 

treatment of, 37-40 
average deviation, 37 
errors, 37 
equations for: 

38 
linearly related quantities, 38 
quadratic and other related quanti- 

ties, 39 

indexes of precision, 37 
least squares: relations, 37-39 

solutions, 39 
terms, even, 42 

odd, 42 
tables, 41-43 

methods of averaging, 37 
modulus of precision, 37 
precision constants, 37 

average deviation, 37 
probable error, 37, 43 
reciprocal, 37 

modulus of precision, 37 
relation of, 37 
standard deviation, 37 

Date, international line, 729 
Day (see Astronomy), 729 

change of, 780 
De Broglie wavelength, 653, 665 
Debye unit, 441 

various particles, 441 

least squares solutions, 
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Decibel, 309 

Declination, 729 
magnetic, 468 

Definitions: astronomy, 729 
atomic physics, 653 

blackbody, 79 
electric: 10-20 

international units, 20 
1948 units, 20 

electromagnetic, 10 
gas laws, 259 
geomagnetism, 468, 469 

geometric, 4 
heat, 7 
illumination, 93 

magnetic, 10, 451 

magnetism, 451 
mechanical, 4 
nuclear, 653 
photography, 562 
photometry, 93 
physical properties, 187 
radiation, 79 
temperature, 9, 70 
viscosity, 319 

Degeneration (see Artificial disintegration) 

Delaunay’s y, 729 

Delta rays, 653 

Demagnetization factor for rods, 467 

Denier, 242 

Density, 5, 291 
air, 269, 270 

moist, 598 

alloys, 293 
API, 290 
aqueous solutions, 300 

alcohol, ethyl, 302 
methyl, 304 

cane sugar, 304 
Baumé and Brix degrees, 305 

sulfuric acid, 304 

Baumé scale, 305 

Brix, 305 
calcite, 48 
castor oil, 322 
critical, 278 

earth, 48 
variation with depth, 739 

elements, 291 
liquids, 291 
solids, 291 

ethyl-alecohol mixtures, 302 
gases (various units), 269 
gasolene, 322 

glycerol-water, 321 
hydrocarbons, 329 
inorganic compounds, 120 
kerosene, 295 
leather, 233 

liquids, 295 

methyl alcohol and water solutions, 304 

cane sugar, 304 

sulfuric acid, 304 

mercury, 299 

and volume, 299 

Density—continued 
minerals, artificial, 294 

natural, 294 
organic compounds, 122 
photographic, 562 
planets, 734 
plastics, 238, 239 
reduction in air to vacuum, 69 
salts, 531 
satellites, 734 
solids, various, 292 

egs, 292 

English, 292 
stars, high, 753, 762 

low, 753, 762 
sugar: Baumé degree, 305 

Brix, 305 
solutions, 304, 305 

sulfuric acid and water solutions, 304 
sun, 731 
vapors, 269 
water, 295, 296 

air-free, 296 

and volume, 298 
woods, 246, 258 

Derivatives and integrals, 23 

Deuterium, 653 

Deuteron, 653 

Developers, photographic, 563 

Deviation in experimental data (see under 
Data), average, 37 

standard, 37 
Diamagnetic elements, temperature effect, 

461 
Diamagnetic substance, 451 

susceptibility, 451 
temperature effects, 461 

Diatomic constants, 586 

Diatomic molecules, 586 
energy: electronic, 586 

rotational, 586 
formula, 586 

vibrational, 586 
formula, 586 
level, 589 

states, 586, 589 
molecular constants, 587 

Dielectric constant (specific inductive ca- 

pacity), 10, 423 

air, 423, 424 
pressure, 422, 424 

aleohol, 424 
ceramics, 437 
crystals, 437 

clamped, 430 
free, 430 

elastomers, 438 

gases, 423, 424 
liquefied, 426 
nonpolar, 436 
pressure, 424 
temperature, 423 

glasses, 427 
guttapercha, 427 
ice, 427 
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Dielectric constant—continued Dielectric strength, 421 
insulating materials, 429 air, 421 

at radio frequencies, 429 electrodes, 421 
kerosene, 425 spacing, 421, 422 
liquids, 425 potential, 421 

formula, 426 pressure, 422 
pressure, 424 voltage for spark: ac, 421 
temperature, 426 voltage for spark: de, 421, 422 

coefficient, 426 materials (various), 423 
wavelengths, long, 426 glass, 423 

loss tangent of dielectric materials, 437 guttapercha, 423 
lucite, 438 kerosene, 422 

materials (various), 427, 428 _ voltage for spark, 422 
dielectric, 437 liquid air, 423 
oils, 425, 426 mica, 423 
organic, 425 oils, 423 
pressure effects, 424 paper, 423 
silicone, 438 paraffin, 423 
soils, 440 rubber, 423 
vaseline, 439 unit, 423 . c 

mica, 427 Diffusion: aqueous solutions into water, 354 

minerals, 428 coefficients 
nonconductors, 428 gaseous ions, 644 

radio-frequencies, 429 gases, neutral, 644 
paper, 427 constants, water vapor through leather, 

paraffin, 427 232 
plastics, 437 oo 356 | aia 
quartz (fused), 428 ions, positive, mobility in noble gases, 644 

metals into metals, 356 
vapors, 355, 356 

Diffusivities for materials, 143 

quartz crystals, 430 
rochelle salt, 431 

rock salt. 430 
rocks, 426 

Digit, 5 

rubber, 438 Dimensional equations, 2 

artificial, 438 examples, 57 

shellac, 427, 438 pee formulas, 2, 58 

soils, 440 
mare of, de : Ms 

solids, 427 a ae ormulas of units, 

‘ erived, 
prondard eclutions, 428 year 

unit, 10, 423, 430 electrical, 59 
eter 425 ‘ fundamental, 57 

reads 438 geometrical, 58 

: : : : heat, 58 
Dielectric materials (dielectric constant and light, 58 

loss tangent): amber, 438 

ceramics, 437 

erystals, 437 

magnetic, 59 
mechanical, 58 
photometric, 58 

frequency, 437 thermal, 58 
glasses, 437 use of, 57 
guttapercha, 438 Diopter, 5 

liquids, 439 Dip: horizon, 730 
inorganic, 439 magnetic, 468 

organic, 439 Dipole moment, 441 
lucite, 438 inorganic, 441 
nylon, 437 organic, 441 
oils, 439 unit, 441 
paraffin, 438 Debye, 441 
plastics, 437 Discharge in air, 421 
rubber, 438 ac, 421 
shellac, 438 de, 421 
solids, 437 effect of electrode shape, 421 
temperature, 423 effect of pressure, 422 
vaseline, 439 length of gap, 421, 422 
water, 439 voltage required, 422 
waxes, 438 Disintegration, artificial, 651, 653, 669 
woods, 438 types, 669 

Dielectric properties of nonconductors, 428 Disk source, 95 
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Dispersion, glass, 509 Earthquake waves (see also under Astron- 
Displacement constant (Wien), 80 omy), 740 
Displacement law (Wien), 79, 80 Effective wavelength, red pyrometer glass, 
Dominical letter, 732 537 

Dowmetal, 220 Iifficiency, lamps, 105, 110 
Duralumin, 220 Elastic limit, 187 
Dusts (see under Colloids) Electric ares, 105, 109 
Dyestuffs, transmission of radiation, 538 
Dyne, 5 

Ear (see also under Sound), 306, 314 
Earth (see also under Astronomy), 728 

age, 741 
angular velocity, 780 
area, 729, 772 

land, 772 
oceans and seas, 772 

atmosphere (see also Atmosphere), 592 
characteristics, 734, 739 
composition, 625 

constants, various, 729, 772 
craters, 736 
density, 48, 739 

vs. depth, 739 
depth, oceans, 773 
dimensions, 729, 772, 773, 774 
distance to moon, 729, 730 
distance to sun, 729, 730 
earthquake waves, velocity, 740 
electrical data, 502 
elements, percent, 625 
elevation, mountains, 772 
energy, rotational, 729 
gravitation (see also Gravitation), 714 
interior characteristics: density, 739 

elastic constants, 739 
pressure, 739 

land area, 772 
liquefaction, 740 
magnetic data, 502 
magnetism (see also under Geomagnet- 

ism), 470 
mass, 729 
moment of inertia, 739 
oceans and seas, 772 
orbit, 729 

dimensions, 729, 774 
eccentricity, 729 
general precession, 729 
obliquity, 734 

physical data, 729, 734 
radius, 729, 734, 772 

equatorial, 729, 734 
polar, 729, 734 

rigidity, 740 
rotational energy, 729 
solidification, 741 

temperature: depth, 726, 727 
oceans, 774 
surface, 726 

highest, 726 

lowest, 726 
selected stations, 726 
variation, 726 

velocity: in orbit, 729 
rotation, 729 

volume, 729 

capacity, 16 
current, ll 

effect on human body, 375 
dipole moment, 441 
field intensity, 11, 12 
inductance, 17 
potential, 11, 12, 20 

difference, 11 

power, 17 
quantity, 13 
standards, 13, 19 
surface density, 11 
units, 10, 15, 16 

definitions, 10-20 
1948, 19 
relative values, three systems, 20 

Electrical capacity, 16 
characteristics of materials, 375, 380 
conductivity, 12 

alloys, 390 
metals, 390 

conversion factors, 18, 20 
definitions, 10-20 
effect on human body, 375 
equivalents, former, 22 
fundamental standards, 13, 19 
inductance, 17 

properties of insulating materials, 429 
resistivity, metals, 393 
sheets, magnetic properties, 456, 459 
standards, 10, 20 
steel sheets, core losses, 456 
units: ampere turn, 18 

basis of each, 16 
capacity, 16 
conversion factors, 20 
electromagnetic, 10, 20 
electrostatic, 10, 20 

unit quantity, 10 
former, 22 

international prior to 1948, 16, 19 
new (1948), 19 

absolute, 19 

how maintained, 19 
relation to electromagnetic, 20 
relation to electrostatic, 20 

relation to international (prior to 
1908), 20 

old, 22 
practical, 20 
relation of three systems, 20 

Electricity: 
atmospheric, 614 

constants, 615 

charge on rain, 615 

charge on snow, 615 

elements, 615 

ionic equilibrium, 615 

lightning, 614 
piezo, 432 



800 

Electricity—continued 
quantity, 16, 20 
specific heat, 379 
thunderstorm, 614 

characteristics, 614 
unit quantity, 10 

Electrochemical equivalents, 397 
iodine, 48 
normal solutions, 397 

silver, 48 
Electrode potential, 637 
Electromagnetic properties, 451 
Electromagnetic systems, 10-13 
Electromagnetic units, 10, 451 

definitions, 10 
difference of potential between metals in 

solutions of salts, 378 

Electrolytes, 397 
solutions, 397 
vs. temperature, 397 

Electron, 653, 664 
affinity, elements, 636 
angular momentum, 580 
atomic weight, 49 
binding energy, 649, 650 

neutral atoms, 649 
singly-ionized atoms, 650 

charge, 47, 50, 51, 54 
specific, 47 

configuration, 622 
neutral atoms, 582 
normal states, 622 
singly ionized atoms, 584 

emission, 635 
carbon, 635 
equation, 635 

hot solids, 635 
materials, various, 636 
metals, 635, 636 

temperature, 635, 636 

photoelectric effeet, 636 
potentials, 637 

contact (volta), 637 
electrode, 637 

solids, hot, 635 
formula, 635 

energy levels, 579 
energy relations, 651 

energy-velocity, 651 
mass, 651 
mass-velocity relations, 651 
negatron, 654 
positron, 654 

shell, 622, 653 
terms: from equivalent electrons, 580, 581 

from nonequivalent electrons, 580 
velocity relations, 651 

volt, 49, 54, 654 

weight, 50, 51, 54 
work function, 635 

Electronic charge, 47, 51, 54 
orbits, 624 

Electrostatic capacity, 12 
definitions, 11 
generator, 657 
units, 10 

Electrostriction, 427 

SMITHSONIAN PHYSICAL TABLES 

Elementary particles, 651, 664 
alpha particle, 664 
deuteron, 664 
electron, 664 

negative, 664 
positive, 664 

meson (several types), 664 
neutrino, 664 
neutron, 664 

photon, 664 
proton, 664 

Elements: - 
atomic: heats, 160 

numbers, 620 
radii, 643 
volume, 160 
weights, 619 

beyond uranium, 623, 651, 663 
production, 670 

binding energy: neutral atoms, 649 
singly-ionized atoms, 650 

boiling point, 117 
chemical: absorption wavelength, 701 

abundance: atmosphere, 592, 625 
early type stars, 628 
earth, 625 
earth-meteorites, 626 
gases, interstellar space, 629 
matter, interstellar space, 629 
meteorites, 626 

nebulae, 629 
rare gases, cosmos, 626 

sun, 627, 628 

sun’s atmosphere, 626 
universe, 625 

composition, 618 
compressibility, 285 
configuration, 622 
density, 291 
diameters, 643 
electrochemical equivalents, 403 
electron configuration, 622 

neutral atoms, 582 

normal states, 622 
radius of orbits, 624 
singly-ionized atoms, 584 

electron emission, 635 
emissivities, 98 
energy levels, x-ray, 697 
energy units, 618, 653 
evaporation, 363 
hardness, relative, 228 
heat: capacities, 155, 157 

evaporation, 165 
fusion, 157 

ionization potential: neutral atoms, 582 
singly-ionized atoms, 584 

isotopes, 654, 655 

abundance, 655 
atomic mass, 658 
radioactive, 655-663 

K-wavelength series, 697 
L-wavelength series, 698 
latent heat of fusion, 157 
latent heat of vaporization, 165 
mass absorption, 704 
mechanical properties, 189 
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Elements—continued 
melting points, 117 

standards, 9, 117 
number 1952, 651 
optical constants (metals), 558 
periodic system, 621 
physical properties, 189 
Poisson’s ratio, 227 
radii, electron orbits, 624 
resistivity, 384 

temperature coefficient, 384 
specific heat, 155, 160 

formula for, 157 
true, 157 

spectroscopic properties: neutral atoms, 

singly-ionized, 584 
symbols, 117 
thermal conductivity, 138 
thermal expansion: crystals, 145 

cubical, 148 
linear, 145 

vapor pressure, 362, 363 

Emf (thermal), alloys vs. lead, 379 
alloys vs. platinum, 381 
aluminum vs. platinum, 376 
batteries, 377 
cadmium vs. platinum, 383 
low temperature, 381 
metals, in solution of salts, 378 

vs. platinum, 381 
vs. silver alloys, 381 

vs. zine solutions, 377 
nickel, vs. copper, 381 

vs. platinum, 389 
platinum-rhodium vs. platinum, 381, 387 
vs. lead, 379 

zine vs. platinum, 390 

Emissivity, 8, 98 

spectral, 8, 98 
alloys, 99 
correction to brightness temperature, 99 
liquids, 98 
materials, 98 
metals and oxides, 101 

at melting point, 98 
out-gassed, 99 

molybdenum, 103 
solids, 100, 101, 102 
tantalum, 103 
tungsten, 99, 102 

total: glass, 100 
materials, 100 
metals, 101 

at low temperatures, 101 
oxides, 101 
relative, 100 

Kmu, 20 

Energy, 5, 17, 21 
blackbody radiation, 79, 85, 96 
bond, 633 
conversion factors, 20, 21 

cosmic ray, 712 
dissipation in cycle (magnetism), 460 

electron-volt, 49 
levels, 581 
losses, magnetic, 459, 460 
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Energy—continued 
radiant, 9, 79 
radiated by a number of radioactive ma- 

terials, 689 
temperature for 1 ev, 55 
transformer steel (losses), 459 
units, 21, 653, 618 

conversion factors, 21, 618 

Enthalpy, 8, 270 
Entropy, 8, 270 

Equation of time, 728 
Erg, 5 
Erichsen value, 187 
Error, probable, 37 
Esu/emu, 48 
Ether, volume-pressure, 283 

Ethylene, 265 
Ettinghausen effect, 507 
Eutectic mixtures, 130 
Ev, 618, 653 
Evaporation of metals, 363 

formulas, 363 
constants (various metals), 364 

rate of, 363 
Expansion (thermal), 145 

cubical, 148 
linear, 145 

Experimental data (see also under Data), 
- 37-40 

Explosives, 183 
analysis, 184 
chemical properties, 184 
ignition temperatures, 183, 634 
physical properties, 184 
pressures, 634 

time of heating, 183 
Exponential formulas for mass absorption 

values, elements, 694 
Exponential functions, 43 
Exposure, photographic, 562 
Eye: as measuring instrument for radia- 

tion, 87 
blind spot, 90 
contrast sensibility, 89 
diameter of pupil, 90 

and flux density, 90 
distribution coefficients, 91 
glare sensibility, 89 

I.C.I. standard observer, 90, 91 
distribution coefficients, 91 

instantaneous thresholds, 88 
luminosity factors, 87 

and brightness, 88 
macula lutea, 90 

minimum energy to produce sensation, 89 
miscellaneous data, 90 
physical properties, 90 
Purkinge effect, 87 
rate of adaptation, 89 
relative luminosity factors, 87 

various brightnesses, 87, 88, 89 
sensitivity, 87, 89 
standard observer, 90 

distribution coefficients, 91 
thresholds, 88 

various field brightness, 88 
vision, persistence of, 90 
visual range for white light, 92 
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Factorials, 26 
log of, 26 

Factors, conversion (see Conversion factors) 
Fahrenheit temperature scale, 8 

conversion to Centigrade, inside front 
cover 

Farad, 20 
Faraday, 47, 51, 54 

constant, 47, 54 

Fathom, 62 
Ferromagnetic substances, 451 
Fibers: 

artificial, 243 
acetate, 244 

glass, 244 
nylon, 244 
polyethylene, 244 
quartz, 534 

rayon, 243 

resin, 243 
characteristics, 242 
miscellaneous, 244 
natural, 242 

cotton, 242 

flax, 242 
hemp, 242 
jute, 242 
linen, 242 
ramie, 242 
silk, 242 
spider, 242 
wool, 242 

properties of, 241, 243 
rope, 245 
various kinds, 245 

Filaments, incandescent, heat loss from, 116 

temperature, 102, 116 
Filters (see also Color, screens), for obtain- 

ing monochromatic x-rays, 696 
light, 537 
narrow spectrum region. 536 

Fine structure constant, 49, 51, 54 

First radiation constant, 80 

units, 80 

Fission, 653, 706 
binding energy, 707 

cause, 706 
critical energy for, 707 
cross section of fissionable nuclei for neu- 

trons, 708 
cross section of fission products for 

thermal neutrons, 708 
data, 706 

elements, 706 
energy, 706 

critical, 707 
released by, 707 

examples, 706 
neutron-binding energy of 

cleus, 707 
produced, 706 

elements, 706 
products of long life, 708 
spontaneous, half-life, 707 
thresholds (Mev), 706 

Fixed points, temperature scale, primary, 71 
secondary, 72 

divided nu- 
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Flame temperatures, 179, 182, 183 
Flash lamps, 110 
Flash tubes, 111 
Fluidity, 5, 318 

Fluorescent lamps, characteristics of, 110 

Fluorescent powders, characteristics of, 107 
Fluorite, 515, 520 

Flux (see under type of), 93 
Foot-candle, 93 
Foot-lambert, 93 
Foot-pound, 5, 21 
Foot-poundal, 5 
Force, 5 

magnetic, 18 
Formulas (see wnder name of) 
Fourier, 144 

Fraunhofer lines, wavelengths, 577 
Freezing mixtures, 134 

anti, for radiators, 135 
Freezing point, lowered by various salts in 

solution, 131 
water-pressure effect, 118 

Fresnel formula, reflection of light, 549 
Friction, different materials, 336 

interior, at low temperatures, 227 
Frictional electric series, 375 

Fuels (see also under Combustion), 180 
coal, 181 

analysis, 181 
gas, 182 

gravity, 182 

heat values, 180 
liquid, 181 

gravity, 181 

petroleum, 182 
density, 182 

woods, 181 
analysis. 181 

Fundamental particles, 664 
alpha-particles, 664 
deuteron, 664 

electron, 664 
negatron, 664 

positron, 664 
meson, # (charge +, —), 664 

m (charge +, —, 0), 664 
neutrino, 664 
neutron, 664 

photon, 664 
proton, 664 

Fundamental standards, 1, 13 

maintenance of, 14 
primary, 13 

qualities of, 13, 14 
secondary, 13, 14 

selection of, 1, 2 
standards of, international temperature 

scale, 14, 70 
length, 14 
mass, 14 

temperature, 14 
Celsius scale (Centigrade), 14 
Fahrenheit, 8 
Kelvin scale, 9 
Reaumur, 9 

thermodynamic, 9 

time, 14 
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Gas, kinetic theory—continued 
discussion, 638 

incidences, ratios of, 640 
mass, 640 

mean free path, 641 
molecular, 640 

diameters, 638 

energies, 639 
mass, 640 

mean free path, 638 
number, 638 

velocities, 639, 640 
average, 639 
distribution law, 639 

Fundamental units (see under Units) 
Fusion, latent heats of, 157 

alloys, 165 
metals, 165 
substances, various, 165 

Gage pressure to atmospheres, 267 
Gages, wire, 405 
Gal, 5 

Galvanometric effects (see under Magnetic) 
Gamma (photography), 562 
Gamma infinity (photography), 562 
Gamma-rays, 653, 686-688 

absorption, mass, 687 
characteristics of, 672, 687, 688 
energy, of artificial radioactive isotopes, 

low atomic weight, 687 
of heavy isotopes, 686 

artificial, 686 
natural, 686 

to produce ion pair, 711 
ionization energy, 672 
mass absorption, 687 

various elements, 687 
spectrum, radioactive breakdowns, 686 

Thorium “C,” 686 

total mass absorption coefficient, 687 
Gas, absorption by liquids, 360 

abundance, cosmic, 626 
combustion values, 182 

compressibility (various gases and va- 
pors), 264 

low temperature, 264 
under high pressure, 267 

conduction of heat by, 115 
conductivity, thermal, 142 
constant, 49, 259 

convection of heat by, 115 
critical points, 276 
definition of laws, 259 
densities, 163 

critical, 276 
dielectric constant, 423 

liquefied gases, 426 
nonpolar, 436 
variation, with pressure, 424 

with temperature, 424 
diffusion cqefficient, 356, 644 

neutral gases, 644 
energy, 259 
fuels, 182 
heat, absorption, 633 

capacity, 164 

combustion, 182 

helium, 260, 261 

hydrogen, 260, 261, 268 

ideal gas state, 638 

ideal, 261 

in interstellar space, 629 

inert, atomic volume, 646 
infrared transmission, 546 

ions (see also Ions), diffusion coefficient, 
644 

Joule-Thompson effect, 278 
kinetic theory, 638 

calculations, 638-642 
collision frequencies, 641 

pressure, units, 638 
laws, 259 

simple, 259 
value of R, 259 

different conditions, 259 
units, 259 

long-wavelength absorption, 532 
mean free path, 641 
mixtures, 259 

ignition temperature, 186 

mobility, of positive ions, 644 
of singly charged ions, 645 

mol, 6, 259 
molecules: 
- diameters, 638, 644 

attractive spheres, 644 
Bragg, 645 

number per cm?, 638 
velocities, 639 

neon, 262, 264 

perfect, 261 
volume, 47, 54 

pressure, 268 
critical, 276 
high, 260 
temperature, 263 

Van der Waal’s equation, 261 
constants, 262 

volume, 261 

with vapors, 260 
properties, 259 
saturated, 263 

correcting factor, 263 

temperature, critical, 276 
thermal expansion, 154 
thermal properties, 259 
Van der Waal’s equation, 261 

constants of (imperfect gases), 262 
velocity of sound in, 306 
Verdet’s constant, 506 
viscosity, 331, 642 

liquefied gases, 329 
volume: 

conversion, 259, 260 
factor (Z), 260 

correction factor, 260 
saturated gas, 263 

ideal gas, 47, 54 
inert gas atoms, 646 
pressure relations, 263, 265 
relative with pressure, 263-267 

weight, 259 
Gasoline, density, 322 

viscosity, 322 
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Gauss, 18 
Gaussian system of units, 15 
Gem lamps, color temperature, 104 
General physical constants, 46 

discussion of, 46 
tables according to Bearden and Watts, 54 

Birge, 47 
Du Mond and Cohen, 51 

Gencral precession, 738 

Geographical data (see also under Astron- 
omy and Oceanography), 728, 772 

Geologie strata, ages, 741 
Geomagnetism, 468 

coordinates, 468 
north magnetic pole, 470 
position on earth, 493 
south magnetic pole, 471 

earth, as a dipole, 469 
geomagnetic coordinates of position, 493 
magnetic— 

axis, 502 
characteristics, 502 
data, 502 

dip in U.S.A., 471 
disinclination, hourly departure from 

normal, 477, 478 
isogonic, 472 

secular change in U.S.A., 479 
field, elements of, 468 

horizontal intensity 
474 

inclination (isoclinic), 473 
intensity, horizontal, U.S.A., 478 

total, U.S.A., 480 
vertical, U.S.A., 479, 480 

moment, 470 

pole (earth), 470, 471 
potential, Gauss coefficients, 470 
spherical harmonic coefficients, 470 
surveys, 469 

United States, dip or inclination, 471 
horizontal magnetic intensity, 478 
secular change of dip, 471 
secular change of horizontal in- 

tensity, 479 
secular change of magnetic declina- 

(isodynamic), 

tion, 478 
secular change of total intensity, 

480 
secular change of vertical intensity, 

480 

total magnetic intensity, 480 

vertical magnetic intensity, 479 
values of magnetic elements at ob- 

servatories, 481 
variations, 469 
world isoclinic lines, /473 
world isodynamic lines, 474 

horizontal intensity, 474 

total intensity, 476 
vertical intensity, 475 

world isogonic lines, 472 

sun, magnetic data, 502 
Geometrical units, 4 

definitions, 3-4 

Geophysical data, 739-741 

Giga, 5 

SMITHSONIAN PHYSICAL TABLES 

Gilbert, 18, 22 
Glass, compressibility, 289 

emissivity at low temperatures, 100 
optical, 509 

characteristics, American made, 509 
foreign made, 514 
National Bureau of Standards, 510 

coefficient of expansion, 529 
index of refraction, 509 

change with temperature, 513 

nu values, 509 

temperature, 513 

physical properties, special glasses, 534 
specific gravity, 529 
stain class, 529 

physical properties, 529 
transmission, 512, 514, 535 

red pyrometer, effective wavelength, 537 
transmission, 537 

reflection, Fresnel formula, 549 
resistivity, 396 

special, physical properties, 534 
stain, 529 

expansion, 529 

specific gravity, 529 
vessels, volume, 68 

viscosity, 330 
Glycerol-water, 321 
Gram, 5 
Gram-centimeter, 5, 21 

Gram-mass, 21 
Gram-molecule, 5 
Gravitation, 714 

acceleration of gravity at different lati- 
tudes, 714 

free-air correction for altitude, 714 
log, 714 
United States, 716 
various world stations, 715 

anomalous gravity, some places of, 718 
constant, 5, 47 

length of seconds pendulum, 717 
Gravity, specific, 5 

unit, 5, 729 

API scale, 290 
specific, Baumé scale, 289 

Graybody, 8 
Gunter’s chain, length, 62 
Gyration, radius of, 27 

h. 653 
k or k, 653 

H-ray, 653 

Hall constant, 507 

variation with temperature, 508 

Hall effect, 451 
Hardness, 187, 227 

Brinell, 187 
relative, of elements, 228 

of plastics, 239 
of various materials, 228 

Poisson’s ratio, 227 

scale of, 227 
Shore scleroscope, 188 

Hearing (see also Sound), differential sensi- 
tivity, 314 



INDEX 

Hearing—continued 
distribution of hearing losses 

tion), 315 

sensitivity of the ear, 314 
Heat, 7 

atomic, 160 
of elements, 160 

capacity, gases, 163 
materials, various, 157 
vapors, 163 

combustion (see also Combustion, heats 
of), 179 

conduction, across air spaces, 114 
at high temperatures (gases), 115 

content, ammonia, 162 
steam, 169 

convection in air, 114 
at high temperature, 115 

definitions, 7 
dilution of HeSOs, 186 
dimensional formulas, 2, 57, 58, 59 
entropy, 8 

steam, 169 

flow, 136 
conversion factors of units, 136 

different gradients, 137 
formation, compounds, 185 

ions, 186 
index, 730 

latent, 165 
formula for, 167 
fusion, 165 

elements, 165 
materials, various, 165 
steam, 175 

vaporization, 166 
elements, 166 
liquids, 166 

formulas, 167 
loss, effect of pressure, 113 

from incandescent filaments, 116 
from platinum wires, 116 

mechanical equivalent, 8 
neutralization, 186 
Peltier, 383 
radioactive materials, 689, 691 
specific, 155 

elements, 155 
gases, 163 

liquids, 161 
mercury, 161 

solids, 159 
vapors, 163 

water, 161 

Thomson, 383 

units, 7, 8 

values, fuels, 181 
Hefner unit, 92 
Height, determination by barometer, 613 
Helium: 

abundance, early type stars, 628 
nebulae, 629 
sun’s atmosphere, 627 
universe, 625 

atomic numbers, 620 
atomic weights, 47, 619 

boiling point, 117 

(popula- 
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Helium—continued 
compressibility, 264 

high pressure, 267 
conductivity, thermal, 142 
density, 269, 291 

critical, 276 

dielectric constant, 436 
electric dipole moment, 441 
electron configuration, 582 
expansion, thermal, 154 
heat, latent, 166 
heat capacity, 163 
index of refraction, 533 
ionization, energy for production of ion 

pair, 711 
isotopes, 655 

Joule-Thomson effect, 278 
magnetic susceptibility, 462 
melting point, 117 
molecular data, 640 

diameter, 644 
velocities, 640 

molecules, number of, 645 
percent in air, 592 
physical properties, 189 
pressure, critical, 276 
resistivity, thermal, 144 
Rydberg constant, 48, 51, 54 

“ temperature, critical, 276 
Van der Waal’s constant, 261, 262 
vapor pressure, 360 
velocity of sound in, 306 
viscosity, 331 
volume conversions, 260 

relative, 261 

Henry, 17, 20 
Heusler magnetic alloys, 451, 458 
High-energy particles, 657 
Horizon, 730 

dip, 729 
Horsepower, 5 
Horsepower-hour, 5, 21 
Human body, electrical resistance of, 375 
Humidity, 596 

and density, 597 
relative, and vapor pressure, 602, 604 
water-vapor pressure, 605 

at sea level, 605 
wet- and dry-bulb thermometer, 602, 604 

Hydrocarbons, physical properties (light), 
293 

viscosity, 329 
Hydrogen: 

abundance, 625 
early type stars, 628 
earth, 625 
interstellar space, 629 
meteorites, 626 
nebulae, 629 
sun, 626, 627 

universe, 625 
atomic number, 620 
atomic weight, 619 
Bohr atom, 579, 622 
boiling point, 117 
charge on one gram, 49 
combustion constant, 179 
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Hydrogen—continued 
compressibility, 264 

factor, 264 
high pressure, 267 
low temperature, 264 

cycle, 666 

De Broglie wavelength, 665 
density, 276, 291 

critical, 276 
dielectric constant, 423 
doublet separation, 55 
electric dipole moment, 441 
electron configuration, 582, 584 
heat, latent, 166 
heat capacity, 163 
heavy, 54, 653, 655 
index of refraction, 533 
ions, diffusion coefficient, 644 

ionization energy necessary for produc- 
tion of ion pair, 711 

ionizing potential, 53 
mobility, 644 

isotopes, 655 
deuteron, 653 

triton, 654 
long-wave absorption, 552 
magnetic susceptibility, 462 
mass, 50 

relative to mass of proton, 50 
mass absorption coefficient, 704 
melting point, 117 
molecular, properties of, 268 
molecules, diameter, 642, 643 

mass, 640 

mean free path, 642 
number of, 645 
rate of incidence, 640 
velocity, 640 

percent in air, 592 
physical properties, 189 
pressure, critical, 276 
radii of electronic orbit, 624 
Rydberg constant, 48, 54 
Schr6édinger constant, 51, 54 
temperature, critical, 276 
thermal conductivity, 142 
thermal properties, 268 
thermal resistivity, 144 
Van der Waal’s constant, 261, 262 
velocity of sound in, 306 
viscosity, 642 
volume, relative, 261, 264 

with pressure, 267 

Hydrolysis, ammonium acetate, 399 
Hysteresis, 451 

losses, Steinmetz constant, 460 

Ice crystals, modifications of, 119 
Ice point, 47, 71 

effect of pressure, 119 
Iceland spar, 521, 545 
I.C.I. standard observer, 90 

distribution coefficients, 91 
Ignition temperature: dusts in air, 634 

gas mixtures, 186 
Illuminants (see also Lamps): brightness, 

104 

brightness temperature, 104 

Illuminants—continued 
color temperature, 104 
photographic efficiency, 565 

Illumination, 93 
expressions, 93 
on surface, 93 
symbols, 94 
units, relative magnitudes, 91 

conversion factors, 91, 94 
Impulse generator, 657 
Incandescent filaments, heat losses, 116 
Incandescent: lamps (see also Lamps): effi- 

ciency of, 1878 to date, 105 
efficiency of tungsten, 106 

minature, 107 
photoflash, 110 
sealed-beam, 108 
temperature of tungsten, 106 

Inclination: magnetic (see also under Geo- 
magnetism), 471 

moon’s orbit, 735 

Index of refraction: air, 532 
alums, 521 
crystals, 515, 529 

artificial, 515 
fats ozo oad 
fluorite, 520 

calcium, 520 
lithium, 521 

gases, 533 

liquefied, 525 
glasses: change with temperature, 513, 

520 
foreign-made, 513 
nonsilica, 512 

Iceland spar, 521, 545 
isotropic materials, 522 

monorefringent, 522 
liquefied gases, 525 
liquids, 530 

relative to air, 530 
lithium fluoride, 521 
media for determination with microscope, 

561 
minerals, biaxial, 526 

monorefringent, 522 
uniaxial, 524 

nitroso-dimethyl-aniline, 519 
oils, 525 
plastics, 240 
potassium bromide, 519 
potassium chloride, 519 

formula, 519 
potassium iodide, 516 
quartz, 518 
reflection vs. 549 
rock salt, 518 

formulas, 518 
silver chloride, 520 
silvite, 519 
solutions, acids, relative to air, 531 

salts, relative to air, 531 
thallium bromide-iodide, 516 
vapors, 533 
waxes, 525 

Inductance (electrical), 17 
mutual, 13 
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Inductance—continued 
self-, 13 
standards, 17 

Inertia: moment of, 27 
photography, 562 

Infrared reflectivity: 
tungsten, 555 

Infrared transmission, 545 
air, moist, 546 

erystals, 545 
gases, 547 
solids, 547 
various substances, 546-547 

Inorganic compounds: boiling point, 120 
density, 120 
melting point, 120 
solubility, 357 

and temperature, 357 

Insulating materials: electrical properties, 
429 

values: of dielectric constant, 429 
of power factor, 433 

Integrals, 23 
Intensity: magnetic (see also under Geo- 

magnetism), 478 
of magnetization, 12 

Interior friction at low temperatures, 227 
International date line, 729 
International electrical units, 16 
Interstellar gases, 629 
Interstellar matter, 629 
Interstellar temperature, 763 
Inverse square law (photometric), disk or 

source, 95 

Tonic crystals, lattice spacings, 647 
Tonic equilibrium, atmospheric, 615 
Tonic radii, 648 
Ionization: energy, production of ion pair, 

711 
gamma rays, 711 

potentials. elements, 582 

neutral, 582 
singly ionized, 584 
water, 399 

Tons: equilibrium in atmosphere, 615 
equivalent conductivity, 399 
gaseous, diffusion coefficient, 644 

mobility, positive, 644 
singly charged, 645 

heat of formation, 186 
mobility, in noble gases, 644 

of singly charged, 645 
positive, mobilities, 644 

Tron: arc lines, 571 
magnetic properties, 452-456 

cast, in intense fields, 464 
in very weak fields, 452 

soft, 458 
mechanical properties, 209 
permeability, 458 
resistivity, 384 
spectral lines, 571 

Trradiancy, 79 
Isobar, 653 
Isomer, 654 

Isotope, 654-655 
abundance, relative, 655 

solids, 548 

Isotope—continued 
atomic weight, 658 
characteristics, 655, 658 
gamma-ray energy, 686, 687 

lead, 679 
life, 667 
magnetic moment, 658 
masses, 658 
nuclear magnetron, 662 

number, 655 
pile yields of, 670 
quadrupole moment, 658 
radioactivity: artificial, 655 

natural, 655 
number, 655, 658 

spin, 658 
table of, 655, 658 

Jena glasses, 513 
Joule, 5, 20 
Joule’s equivalent, 8, 47 
Joule-Thomson effect, 278 

air, 278 
argon, 279 

earbon dioxide, 280 
helium, 278 
mixtures, of helium and argon, 280 

of helium and nitrogen, 281 
nitrogen, 279 

Julian day: calendar, 733 
number (days), 733 
period, 730 

Jupiter, 734 

K. Boltzmann constant, 49, 52, 54 

K-wavelength series (see also 
X-rays), 697 

Kelvin temperature scale, 9, 14 

Kerosene: density, 295 
dielectric constant, 425 
dielectric strength, 422 

discharge in, 422 
viscosity, 322 

Kerr constant, 507 

Kerr effect, dispersion, 504, 508 

Kilodyne, 5 

Kilowatt-hour, 21 

Kinematic viscosity, 318 

Kinetic energy, 6 

Kinetic theory, 638 
mercury vapor: 

molecular diameters, 638 
molecular constants, 640 
molecular diameters, 638, 642 
molecular distribution laws, 639 
molecular energies, 639 
molecular velocities, 639, 640 

molecules: 
gases: mean free path, 638 

molecular diameters, 638 
viscosity, 642 

masses, 640 
mean free path, 641 
number of, 638 
pressure, 638 
rate of evaporation, 639 
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under 

mean free paths, 638 
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rate of incidence, 639, 640 Leather—continued 
velocities, 640 elongation, 232 

Kundt’s constant, 506 physical properties and humidity, 232, 233 
tensile strength, 232 

L series (see also under X-rays), 696 thermal conductivity, 233 
Lambert, 93 thermal expansion 
Lamps (see also Illuminants) : cubic, 233 

ares, carbon, 105 types of, 232 
mercury, 109 Ledue effect, 507 

automobile, 107 Length, unit of, standard, 14, 60 
carbon, 105 Light: color, various sources, 104 

carbon ares, 105 defined, 87 © 

coiled-coil, 106 definitions, 93 

color of light, 111 filters, red pyrometer glass, 537 
CX, 106 mechanical equivalent, 93 
early (incandescent), 105 minimum, 93 

efficiencies, 105 minimum energy for, 89 
filaments, coiled-coil, 106 polarization, rotation plane, 557 

temperature, 106 quantity, 94 
flash tube, 111 reflected, 549 
fluorescent, 110 scattering of, 3 
gem, 105 sources and source materials, 102, 103 
incandescent (see Incandescent lamps) characteristics, 102, 103 
large, 106 standards of intensity, 92, 94 
mercury ares, 109 symbols, 94 
miniature, 107 transmission through space, 771 
photoflash, 110 velocity, 47, 51, 54, 80 
photoflood, 106 visual range of white, 92 
photographic, 106 white, 96 
projection, 106 year, 731 
sealed-beam (all glass), 108 Lightning, 614 
small, 107 channel, 614 

street series, 106 diameter, 614 
tungsten, 106 constants, 614 

characteristics, 106 current, 614 

efficiency, 1968-1948, 106 data, 614 
temperature, 106 peaks, 614 

different types, 106 interval between, 614 
efficiency, 106 polarity, 614 

various, 106 potential, 614 

Langley, 9 cloud, 614 
Latent heat, 9, 165 gradient, air, 614 

fusion, 615 beneath cloud, 614 
alloys, 165 quantity of electricity discharged, 614 
beeswax, 165 single current peak, 614 
ice, 165, 167 total stroke, 614 
metals, 165 strokes: 

vaporization, 167 cloud to ground, 614 
ammonia, 167 polarity, 614 

liquid, 167 potential gradient, 614 
elements, 165 energy, 614 
formulas, 167 number strokes per mile?, 614 
liquids, 166 number strokes per year, 614 
metals, 165, 366 thunder, 614 
substances, various, 165 velocity, 614 
total heat, 167 Light-year, 730 

Latitude variation, 730 Lime-alumina-silica compounds, 130 
Lead: age ratios, radioactive materials, 679 eutectic mixture, 130 

atomic weight, 619 melting point, 130 
common, isotope variation, 679 transformation, 130 
isotopes, 657, 662 Linear acceleration, 6 

composition, locality, 679 Linear accelerator, 657 
protective thickness, X-rays, 693, 695 Linear expansion: alloys, 149 

materials relative to, 694 elements, 145 
Least squares solutions, 37-44 materials, various, 152 

tables for, 40-47 Linear measurements, 62 
Leather: diffusion constant, 232 Linear units, 62, 509 

density, 233 wavelength, 509 



Liquids: absorption of gases by, 360 
combustion, heats of, 181 
compressibility, 282 
conductivity, thermal, 143 
contact difference of potential, 376 
cubical expansion, thermal, 153 
density, 295 
dielectric constant, 424, 425 

pressure effect, 424 
temperature coefficient, 426 

expansion, thermal, 153 
fuels, 181 
index of refraction, 530 
latent heat of evaporization, 166 
magnetic susceptibility, 462 
media for determining refractive indices 

with microscope, 561 
melting temperatures, 118 

vs. pressure, 118 
noninflammable, for cryostat, 183 
organic: spreading coefficient, 633 

vapor pressure, 368 
viscosity, 323 

potential difference vs. other materials, 
376 

specific heat, 161 
surface tension, 361 
thermal conductivity, 143 
thermal expansion, 153 
vapor pressure, 371] 

velocity of sound in, 307 
Verdet’s constant, 505 
viscosity, 319-328 

pressure effect, 333 
Liter, 6, 47, 61 
Liter-atm, 21 
Lithium fluoride, index refraction, 515, 520, 

521 
Logarithms, 28-31 
Loschmidt number, 6, 49, 51, 54 
Lubricants, 335 

for cutting tools, 335 
Lumen, 93 
Luminosity, 93 

factors, 87, 93 
field brightnesses, 88 

Luminous efficiency, 93 
Luminous flux, 93 
Luminous intensity, 93 

spectral, 95 
Lunar craters, 736 

inequalities, 730 
Lunar node, 730 

Lunar orbits, 735 

Lunar parallax, 730 

Lunar parigee, 730 

Lunar solar precession, 730 

Lux, 93 

M series (see also under X-rays), 696 

Mach number, 337 

Magnet, permanent, 454 

Magnetic (see also Magnetism) — 
data, earth, 470, 502 

sun, 502 

definitions, 451 
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Magnetic—continued 
effects (galvanometric), 451 

Ettinghausen, 451, 507 
Hall, 451, 508 

temperature, 508 

hysteresis, 451 
Joule, 451 
Laduc, 451, 507 
Nernst, 451, 507 
Villari, 451 
Weidemann, 451 

field strength (intensity), 12, 451 
flux, 12, 451 

Maxwell, 18, 451 
force, 12, 451 

hysteresis, 451 
energy lost, 451, 460 
Steinmetz constant, 460 

induction, 12, 17, 451 
intensity, 12, 18, 451 
moment, 12, 451 

permeability, 451 
and temperature, 457, 458 

iron, 453 
steel, 458, 459 

pole strength, 12 
unit pole, 10, 451 

poles, of earth (see also under Geomag- 
netism), 470, 471 

potential, 12 
properties of materials: 

alloys, 455 
alnico, 454, 455 

comal, 455 
Heusler, 458 
nickel-iron, 457 

nonmagnetic, 458 

permalloy, 453 
permanent magnet, 454 

composition, 454 

atomic susceptibility, 451 
basic equations, 451 

cobalt, 457 
composition, 453 
correction to ring specimens, 464 
demagnetization factor for rods, 467 
dissipation of energy, 460 

Steinmetz constant, 460 
earth (see under Geomagnetism), 470, 

502 
electrical sheets, 456 

energy loss, 460 

high permeability, 453 
iron, 452, 457, 458, 464, 465 

annealed, 452 

east, 464 
composition, 465 

intense field, 464 

soft, 452, 458 
temperature, 461 

very pure, 452, 453 

weak fields, 452 

magnetite, 457 

metals, 457 
nickel-iron alloy, 457 

temperature, 457 
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Magnetic—continued 
sheets (electrical), 456 

core losses, 456 
steel, 456 

earbon, 454 
composition, 465 
electrical sheets, 456 
permeability, 458 
sheets, 156 
temperature, 459, 461 

transformer, 459 
core loss (ac), 456 
energy loss, 459 

tungsten steel, 454 
reluctance, 12 
susceptibility, 13, 18 

atomic, 451 
materials, 462 
molecular, 451 
specific, 451 
temperature effects, 461 

units, 16, 18 
Gauss, 18 
Gilbert, 18 
Maxwell, 18 
Oersted, 18 
pole, 451 

Magnetism (see also Magnetic): Curie con- 
stant, 461 

definitions, 18, 451 
demagnetization factor for rods, 467 
diamagnetic substances, 451, 461 

susceptibility vs. temperature, 461 
dissipation of energy, 460 
energy losses, 460 
ferromagnetic substances, 451 
hysteresis, 451, 460 

Steinmetz constant, 460 
magnetic substances, 451 
moment, 451 

paramagnetic substances, 451, 461 
susceptibility vs. temperature, 461 

quantity of, 12 
and resistance (see Resistance), 463, 

465 
resistance effects: bismuth, 463 

nickel, 463 
various metals, 463 

Steinmetz constant, 460 
susceptibility, 462 

vs. temperature, 461 

terrestrial (see under Geomagnetism) , 468 

Magnetization intensity, 12, 18 
energy loss, various materials, 460 
specific: atomic, 451 

molecular, 451 
Steinmetz constant, 460 

Magnetizing force, 12, 451 

Magnetomotive force, 12, 18 

Magneton, Bohr, 49, 54, 654 

Magneto-optic rotation, 503 
definitions, 503 
Faraday effect, 503 

Verdet constant (see also Verdet con- 
stant), 504 
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Magneto-strictive effects: Joule, 451 
Villari, 451 

Weidemann, 451 

Magnets, permanent, 454 

Magnitudes (stellar): absolute, 730 
bolometric, 759 

Mass: electron, 50 
H’, 50 

H' to electron, 50 
neutron, 654, 664 

rest, 654 | 

standard, 14, 16 
units of, 14 

Mass-energy ratio, 654 

Mass-velocity ratio, 654 

Mathematical tables: constants, 25 
derivatives, 23 
exponentials, 43 
factorials, 26 

log of, 26 
formulas: moment of inertia, 27 

radius of gyration, 27 
weights, 27 

integrals, 23 
least squares, 42-45 
logarithms, 28-31 
moment of inertia, 27 
radius of gyration, 27 
series, 24 
trigonometric functions, 31-36 
weights, 27 

Maximum velocity, 654 

Maxwell, 18, 451 
Mean free path, 641 
Measurements (see also Data): definitions, 4 

derived, 2 

two factors, 1 
units, 1, 2 

choice of, 1 
Mechanical equivalent: 

heat, 8 
light, 93, 94, 96 

Mechanical properties 
properties), 187 

alloys, miscellaneous, 217 
special purpose, 220 

aluminum, 192 
Babbitt metal, 226 
brass, 195 
bronze, 195 
building materials (see also under Build- 

ing materials), 229 
carboloy, 224 
concrete (see also under Building ma- 

terials), 229 
copper (see also Wire), 198 

alloys, 198 
wire, 208 

hard-drawn, 208 
soft, 208 

definitions, 187 
elements, 189 
fibers (see also under Fibers), 241 

artificial, 243 
miscellaneous, 244 

definition, 8, 93 

(see also Physical 



Mechanical properties—continued 
natural, 242 
quartz, 534 
ropes, 245 

iron, 209 
leather (see also Leathers) 
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Mercury—continued 

masonic mortars (see also under Building 
materials), 229 

plastics, 239 
ropes, 245 

special-purpose alloys, 220 
steel, 209 

wire, 215 
experimental value, 216 
plow, 215 
rope, 215 

tungsten, 225 
white metal (Babbitt), 226 
woods, hard, 246 

soft, 254 

zine, 225 
Mechanical units, 4, 187 
Megabarye, 6 
Melting point: 

argon, with pressure, 117, 118 
compounds, inorganic, 120 

organic, 122 
effect of pressure, 119 
elements, 117 
inorganic compounts, 120 

lime-alumina-silica compounds, 130 
liquids, as a function of pressure, 118 
low-melting-point alloys, 125, 225 
metals, mixtures, 125 

pressure, 119 
nitrogen, with pressure, 118 
organic compounds, 122 
salts in solution, 131 
standard, 8, 14, 70, 71, 72, 117 

secondary, 725 

water, 119 

vs. pressure, 118, 119 

Melting temperatures: elements, 117 
eutectic mixtures, 130 
lime-alumina-silica compounds, 130 
metals, 72 
standard, 8, 14 

Meniscus, volume of mercury, 606 
Mercury: 

ares, characteristics, 109 
types, 109 

atomic: heat, 160 
radius, 643 
volume, 160 

weight, 619 
boiling point, 117 

pressure, 119 
compressibility, 282 
conductivity, super, 394 
critical points, 276 
density, 48, 177, 299 

and volume, 299 
diffusivity, 143 
electrochemical equivalents, 403 
electron configuration, 582, 583, 622 

entropy, 177 

alcohol vs. pressure, 118 

evaporation, 365 
expansion, cubical, 153 

linear, 147 
freezing point, 72 

heat: content, 177 

latent fusion, 165 
vaporization, 166 

of formation of ions, 186 
specific, 156, 160, 161 

isotopes, 657 
magnetic susceptibility, 462 
mean free path, 638 
melting point, 72, 119 

effect of pressure, 119 
meniscus, volume, 606 
molecular diameter, 638 
optical constants, 560 
planet, 734 
physical properties, 177 
pressure, columns, 606 
resistance, 389 

resistivity, 385 
pressure effect, 389 

specific gravity, 48 
specific heat, 161 

and temperature, 161 
surface tension, 362 

at solidifying point, 362 
temperature of equilibrium with vapor, 72 
thermal conductivity, 138 
thermal emf, 378 
thermal properties, 177 
thermal resistivity, 144 
thermometers: corrections, 73 

stem, 73 
vapor: mean free path, 638 

molecular diameter, 638 
pressure at low temperature, 369 
pressure vs. temperature, 372 

properties of, 177 
velocity of sound in, 307 
viscosity, 328, 331, 332 

effect of pressure, 334 
volume, 299 

and temperature, 299 
of glass vessel from weight of Hg, 68 

wavelength, Hg, 568 
Meson, 654, 664 
M 
Metals: 

esotron, 654 
boiling points, 119 

compressibility, 285, 286 
crystal structure, 648 
diffusion of, into metals, 356 
electrical conductivity, 384, 390 
emf vs. platinum, 376, 381 
emmissivities, 98 
evaporation, 363-367 

equations for, 363 
constants, 363 

rate of, 363 

friction, interior, 227 
interatomic distances, 648 

magnetic properties, 453, 457-461 
melting temperature of mixtures, 125 
molten, viscosity, 327 
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Metals—continued 
optical constants, 558 
reflecting factor, 558-560 
resistance, with pressure, 388, 389 

effect of tension on, 387 
temperature, high and low, 393 

resistivity, 384 
rigidity, 226 

vs. temperature, 227 
superconductivity, 394 
thermal conductivity, 138 
vapor pressure, 363 
variation of volume with pressure, 286 

Meteorology (see also Air and Atmosphere) , 
592 

Meteors, composition, 626 
Meter, 6, 61 

candle, 93 
Metric slug, 337 
Metric system: conversion to British Im- 

perial, 64, 66 
conversion to U. S., 61 
prefixes, 782, 783 
values in British Imperial, 64 

Mev, 21 
Micro-, 6, 782 
Micron, 6, 63 
Microscope, media for determination of re- 

fractive index, 561 

Mil, 6, 63 
Mile, 6, 62 

nautical, 62 
statute, 6, 62 

Milky Way, 746 
pole, 731 

Milli-, 6 
Millilambert, 93 
Milliphot, 93 
Minerals: density, 294 

dielectric constant, 428 
electrical resistivity, 395 
index of refraction 

biaxial, 526 
monorefringent, 522 
uniaxial, 523 

rock-forming, bulk moduli, 740 
specific heat, 162 

MKS system of units, 15 
Mobility of ions, 644, 645 
Modulus of elasticity, 6, 189 
Modulus of rupture, 188 
Mol (mole), 6 
Molecular constants of diatomic molecules, 

586 
energy, 586 

conversion factors, 618 
dissociation, 586, 587 
electronic, 586 
rotational, 586 
states, 587 

characterized, 586 
designated, 586 

electronic, 586 
for ground state, 587 
intermolecular distances, 586 

equilibrium position, 587 
moment of inertia, 586 
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Molecule, 618, 654 
diameter, 638, 642, 644, 645 
diatomic, 586 

constants, 587 
ground state, 586, 587 

dimensions, 631, 644 

evaporation, 639 
masses, 640 

mean free path, 641 
formula, 641 

number, 638 

of monolayer and equivalent volume, 645 
pressure, 638 

temperature, 638 
organic, 646 

cross section, 646 
length, 646 

pressure, gases (units), 638 
protein, 631 
rates of incidence, 639 

velocity, 639, 640 

formula, 639 
value, 640 

volume, inert gas atoms, 646 
Molybdenum, radiation and other proper- 

ties, 103 
Moment of inertia of various bodies, 27 
Momentum, 6 

angular, of nucleus, 654 
Month, 730 

Moon: age, 741 
albedo, 737 

craters, 736 
dimensions, 734 
mass, 734 

orbit, 735 
eceentricity, 729 
general precession, 730 
inclination, 730 

parallactic, 731 

physical data, 734 
temperature, 734 

Mortars (see under Building materials) 
Mountains, 772 
Musical instruments (see also under Sound), 

BO; Sill 

peak power, 310 
Musical scales, 312 
Mutual inductance, 13 

Nebulae (see also under Astronomy), lines, 
745 

Neptune, 734 
Neon, compressibility, 264 

standard wavelengths, 568 
Nernst effect, 451 

Nernst glower, 103, 104 

Neutralization, heats of, 186 

Neutrino (see under Particles, 

mental), 664 

Neutron, 654 
slow to produce radioactive isotopes, 667 
radioactivity, 667 

Newton, 6 

Nickel, radiation from, 101 
soot covered, 101 

funda- 
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Nickel-iron alloy, temperature effects, 457 Nuclear reaction—continued 
Nitrogen, abundance, 625, 626, 628 cycles, carbon, 666 

atomic weight, 47 proton-proton, 666 
boiling point, 117 temperature, 666 
compressibility, 264 energy produced, 666 

high pressure, 267 rates, 666 
conductivity, thermal, 142 stars, 665 
density, 269 carbon cycle, 666 

critical, 276 proton-proton cycle, 666 
dielectric constant, 436 time required, 666 
diffusion, coefficient of, 356 Nucleon, 652, 654 
electric dipole moment, 441 Nucleus, 654 
electron configuration, 582, 584, 622 mass, 651 

expansion, thermal, 154 Nutation, 730 
heat, latent, 166 constant, 730 
heat capacity, 163 Nylon, 244 
index of refraction, 533 
ionization energy for production of ion Obliquity of ecliptic, 730 

: pair, 711 Observatories, magnetic values (see also 
isotopes, 655, 658 Geomagnetism), 481 
Joule-Thomson effect, 279 Oceans, 772 
magnetic susceptibility, 462 area, 773 
melting parameters, 118 area vs. depth, 773. 774 
melting point, 117 currents, 778 

pressure, 119 depth and velocity, 778 
molecular diameter, 643 volume transported, 778 
molecular velocity, 640 depth, greatest mean, 773 
molecules, number of, 638, 642 dissolved, material, 777 
percent in air, 592 éarthquake waves, velocity, 777 
percent in atmosphere, 592 geochemistry, 776 

physical properties, 190 greatest depth, Atlantic, 773 
pressure, critical, 276 Indian, 773 
solubility in water, 358 Pacific, 773 
temperature, critical, 276 physical data, 773 
thermal properties (molecular), 272 topography, ocean floor, 773 
Van der Waal’s constant, 262 volume, 773 

vapor pressure, 360 waves (see Waves at sea) 
at low temperatures, 360 Oersted, 18 
relations, 119 

velocity of sound in, 306 eigen f ref : 530 
Verdet’s constant, 506 ils, index of refraction, 

petroleum, compressibility, 284 
thermal expansion, 284 

viscosity, 334 

viscosity, 331 

volume, conversions, 260 
pressure relation, 119 
relative, 261 Optical constants, metals, 558 

Nitroso-dimethyl-anilene, 519 crystals (see also Crystals), 509, 513 

Noise (see also Sound), 309 glass (see also Glass), 509-514 

Novae (see also under Astronomy), 757 pyrometry, 97 
Nuclear physics, 651 brightness temperature, 7, 97 

artificial disintegration, 651 correction to true, 99 

produced, 651 calibration of pyrometer, 97 

binding energy, 653 effective wavelengths, 97 

cosmic rays, 653 emissivity, 98 
definition of terms, 653 monochromatic sereen, 97 

fields, 651 : effective wavelengths, 97 

mass-energy, 654 true temperature, 97, 99 

mass-velocity, 654 wavelength used, 97, 537 

particles, 652 Orbits, planets, 734 

attraction, 652 Orchestral instruments, frequency range, 

fundamental, 664 311 
high-energy, device for producing, 657 Organic compounds, boiling point, 122 

mass, 654 density, 122 
formulas, 654 liquids, dielectric constant, 424, 439 

velocity and mass, 654 spreading coefficients, 633 

radioactivity, 654 vapor pressure, 368 
Nuclear reaction, 665 melting point, 122 

barrier penetration, 665 solubility vs. temperature, 358 
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Osmium filament, color temperature, 104 
Oxides, brightness, 104 

blue brightness, 104 
electrical resistivity, 395 
molten, viscosity, 326 
percentage emissivities, 101 

Oxygen, abundance, 625 
atomic weight, 47, 619 
boiling point, 117 

combustion constant, 179 
compressibility, 264 
conductivity, thermal, 142 
density, 48 

critical, 276 

diameter, 644 
dielectric constant, 436 
diffusion, coefficient of, 356 

electric dipole moment, 441 
electrochemical equivalents, 403 
electron configuration, 582, 584, 622 

entropy, 274 
expansion, thermal, 154 
factor to ideal gas, 48 
heat capacity, 163 
index of refraction, 533 
ionization energy for production of ion 

pair, 711 
isotopes, 655, 658 
magnetic susceptibility, 462 
melting point, 117 
molecular data, 274 
molecular diameter, 644 
molecular velocity, 640 
molecules, number of, 642 
percent in air, 592 
percent in atmosphere, 592 
physical properties, 190 
point, 71 
pressure, critical, 276 
solubility in water, 358 
temperature, critical, 276 
thermal properties (molecular), 274 
Van der Waal’s constant, 262 
vapor pressure, 360 

at low temperatures, 360 
velocity of sound in, 306 
Verdet’s constant, 506 
viscosity, 331, 642 
volume, relative, 261 

volume conversions, 260 

Packing fraction, 654 

Palladium point, 72 
Paramagnetic substances, 451 

Curie constant, 461 
temperature, 461 

Parsee, 63, 731 
Particles, 

attraction, 652 
range, 652 

De Broglie wavelength, 653 
elementary, 651, 664 

force, attractive, 652 
range, 652 

fundamental, 664 
alpha particle, 664 
characteristics, 664 
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Particles—continued 
deuteron, 664 
electron, 664 

negative, 664 

positive, 664 
meson, 664 

neutrino, 664 
neutron, 664 

production, 664 
photon, 664 
positron, 664 
proton, 664 

high-energy, devices for producing, 657 
mass and velocity, 652 
range, 654 

various, De Broglie wavelength, 665 
velocity, 665 

Peltier effect (see also Emf, thermal), 13, 
379 

coefficient of, 13 
iron-constantan, 381 

metals vs. lead, 380 
nickel-copper, 381 

Peltier heats, pressure effects, 382 
Pendulum, length of seconds, 717 

vs. latitude, 717 
Pentane candle, 92 

Perihelion, 731 
Periodic system, 621 
Permalloy, 453 
Permeability, 10, 457 

iron, 457, 458 

nickel-iron, 456 
steel, 458 

Petroleum (see also Oil): combustion 
values, 182 

compressibility, 284 
density, 284 

thermal expansion, 284 
viscosity, 284 

p®, 634 
sea water, 777 

Phot, 93 
Photoelectric effect, 636 

equation, 636 
Photoflash lamps, characteristics, 110 
Photographie materials, 563 

range of, 566 

Photography, 562 
characteristic curves, 562, 566 
comparison of nuclear and optical emul- 

sions, 564 
definitions, 562 

developers (formulas), 563 
edge gradient values, 564 
formulas for developers, 563 
illuminants, relative photographic effi- 

ciency, 565 
lamps for, 110, 111 

nuclear track plates, 567 
emulsions, 567 

nuclear, 567 
specification, 567 

optical emulsions, 564 
photoflash lamps, 110 
range of spectral sensitivity, 566 
resolving power, 564 
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Photography—continued Physical properties of materials—continued 
edge gradient, 564 bronze, 195 

value, 565 carboloy, 224 
sensometric constants for type plates and copper, 198 

films, 563 Dow metal, 220 
spectral sensitivity, 566 hardness, 187, 224 , 

films, 566 iron, 209 

range, 566 low expansion, 221 

Photometric standards, 92, 94 low melting, 225 
candle, 94 magnetic, 455 
color temperature, 94 alnico, 454, 455 
international, 92 Heusler, 458 
low brightness, 95 permalloy, 453 
standard of 1948, 94 superpermalloy, 453 
units, definitions, 93 mirror, 222 

obsolete, 92 miscellaneous, 217 
Waidner-Burgess standard, 94 resistance, 221 

color, 94 sealing to glass, 220, 221 
value, 94 soldering, 223 

Photometry, 87 special purpose, 220 
apostilb, 93 steel, 209 
apparent candlepower with distance, 95 stainless, 213 
brightness, 93 tungsten, 214, 224 
candle, 93 wire, 215 

Waidner and Burgess, 94 strength with lightness, 220 
conversion factors, 94 thermocouples, 221, 222 
definitions and units, 93 white metal bearing, 226 
equivalents, 94 aluminum, 192 

eye aS measuring instrument, 89 concrete (see under Building Materials) 
effect of color, 90 copper, 198 

Fechner law, 90 erystals, 515, 529 

foot-candle, 91, 93 definitions: elastic limit, 187 
flux, luminous, 93, 94 Ericksen values, 187 

radiant, 93, 79 hardness, 187 
glare, effect on sensibility, 89 Brinell, 187 
illumination, 93 Shore sceleroscope, 188 
light, 87 modulus of elasticity, 188 
lumen, 93 Young’s, 188 
luminosity factors, 87 proportional limits, 188 

vs. field brightness, 88 ultimate strength, 188° 
lux, 91, 93 compression, 188 

mechanical equivalent of light, 93 tension, 188 
phot, 93 elements, 189 
photon, 93 fibers (see Fibers) 
relation, instantaneous threshold to field glass, 534 

brightness, 88, 90 special, 534 

vs. field brightness, 90 hardness, 187 
spherical candle, 93 elements, relative, 228 

standards (see Photometric standards), measuring, 187 
92, 94 units, 187 

obsolete, 92 interior friction, 227 
Waidner-Burgess, 94 iron, 228 

stilb, 93 isolated tubular conductors, 418 
symbols and definitions, 94 leather, 232 
units, 93, 94 light hydrocarbons, 293 

Photon, 93, 654 masonic mortars, 229 
Physical constants (see also under name of), plastics, 239 

20, 46 optical, 240 
relations, 46 ‘ Poisson’s ratio, 227 

Physical properties of materials (see also rigidity modulus, 226 
Mechanical properties), 187 temperature effects, 227 

alloys: aluminum, 192 rope, 245 
Babbitt metal, 226 rubber, 234 
bearing metal, 226 artificial, 236 
beryllium, 220 compression, 237 
brass, 195 natural, 235 

brazing, 223 rupture, modulus, 188 
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Physical properties of materials—continued 
steel, 228 
strength, ultimate, 188 
tungsten, 225 

wood, 246 
zinc, 225 

Pi (values), 6, 25 
Piezoelectricity, 432 

crystals, 432 
strain coefficient, 432 
unit, 432 

Pile yield of isotopes, 670 
Planck’s constant, 49, 51, 54, 79, 80 
Planck’s law, 7, 79 
Planetary precession, 731 
Planets (see also under Astronomy), 734 

orbits, 734 
physical data, 734 
satellites, 735 
temperature, 734 

Plastics, characteristics, 239 
dielectric constant, 239 
dielectric strength, 239 

elasticity, 239 
index refraction, 240 
optical, 240 

properties, 240 
specific gravity, 239 
thermal conductivity, 239 
thermal expansion, 239 

Platinum, color temperature, 103 
cooling by radiation, 116 
emissivity, 98 

freezing point, 72 
thermocouples, 75 

Pluto, 734 
Poise, 318 
Poisson’s ratio, 227 
Polarized light, rotation of plane, 557 

various materials, 557 
Pole, Milky Way, 731 

North, 470 
South, 471 

Positron, 651 
Potassium bromide, 515, 516 
Potassium chloride, index refraction, 515 
Potassium iodide, 515, 516 
Potential difference, contact, 376 

alloys, 379 
aluminum vs. platinum, 376 
electrode, 637 
metals, 376, 378, 380 

in solution of salts, 378 
solids vs. liquids, 376 
voltaic cells, 377 

Potential excitation, 745 
Pound (see under name of) 
Pound weight, 6 
Poundal, 6 
Power, 6, 17, 22 

factor, 433 
insulating materials, 433 
radio frequency, 433 

Precession, 738 
Pressure, boiling point, 119 

columns of mercury-and water, 606 

conversion factors, 267 

Pressure—continued 
freezing point of water, 119 
gases, critical, 276 
melting point, 119 
units of, 4, 638 
Van der Waal’s equation, 262 
volume relation (see also Compressi- 

bility): argon, 118 
compounds, 286 

gases, 261 
metals, 286 
nitrogen, ‘119 

solids, 286-289 
Probable error, 37 
Propagation temperature, dust, 634 
Proportional limit, 188 
Proteins (see also Colloids), 631 
Proton, 50, 654, 664 

mass, 50 

molecules, 631 
pH stability, 634 
synchrotron, 657 

Pyrometer, optical (see also Optical pyrom- 
eter), 97 

glass, 537 
Pyron, 9 

Quantity of electricity, 10, 11, 20 
Quantity of light, 94 
Quantum, 21, 89, 654 
Quartz, crystal, 517, 518 

compressibility, 287 
dielectric constant, 428, 430 
fibers, characteristics, 534 

fused, 518 
index of refraction, 518 
physical properties, 534 
relative, volume with pressure, 289 
resistivity, 396 
rotation of plane of polarized light, 558 
transparency, 517, 546 

Radian, 6 

Radiancy, 79 
Radiant energy, 79 

absorption (see also Absorption), 517, 
535, 546 

blackbody, 79 
constants, 50, 80 

first (a1), 50, 54, 80 
density, 50 

second (cz), 50, 54, 80 
different values, 80 

definitions, 79 
Stefan-Boltzmann constant, 50, 52, 80 
Wien displacement constant, 54, 80 

cooling by, 112 
definitions, 79 
density, 50 
flux, 79, 93, 94 

density, 79 
intensity of source, 79 

mechanical effects, 671 
nickel, 101 
reflection, formula, 549 

light, 549 
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Radiant energy—continued 
solar (see Solar radiation) 
spectral, 79 
standard radiator (see also under Black- 

body), 79 

symbols, 79 
temperature, 70 
total, earth’s surface, 713 

our galaxy, 713 
universe, 713 

transmission, various substances, 535-556 
units, 36 

wavelength units, 509 

Radiation, alpha ray, 653-664 
beta ray, 653 
cathode, 653 
constants, 50, 54, 80 

cosmic, 651, 653, 710 
earth’s surface, 713 
electromagnetic (see Radiant energy) 
extraterrestrial, 449 
gamma, 653, 672 
mechanical effects, 671 
our galaxy, 713 
radioactivity, 654, 672 

receivers, 548 

solar, 721, 723 
over disk, 722 
spectral, outside atmosphere, 721 

sea level, 723 

universe, 713 

Radioactivity, 654, 672 
actinium family, 678 
alpha rays, 680 
artificial, 682 

long life, 667 
slow neutron produced, 667 

atoms (natural), 672, 680 
number, 672, 680 

beta rays (see also Beta rays), 672 
breakdown: character, 672 

decay constant, 673, 675 

rate, 672 
units of, Curie, 672 

Rutherford, 672 

danger from, 686, 689 
range, 686, 689 

disintegration, 672 
units for rate of, 672 

elements, number, 672 
emission characteristics, 672 

three rays, 672 
energy of, 672 

radiated, 689 

families (natural), 675 
artificial additions, 675 
characteristics, 675 

actinium (4n+3), 678 
neptunium (4n+1), 676 
thorium (4n), 676 
uranium (4n+2), 677 

gamma rays (see also Gamma rays), 653, 

672 
isotopes, 672 

characteristics, 667 
neutron produced, 667 
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Radioactivity—continued 
life 

range for determination, 618 

materials, 673, 675 
age, 679 
alpha-ray spectrum, 680 
beta-ray spectrum, 683 
energy emitted by, 689 

radium in equilibrium, 691 
isotopes, 675 

number, 672 
natural, 673 

characteristics, 673 
spectra, 680-689 

original names of, 675 
neptunium family, 676 
protection, distances, 686, 689, 690 

lead, thickness, 690 
other materials, 684 

radiation: alpha rays 
rays), 672 

beta rays (see also Beta rays), 672 
gamma rays (see also Gamma rays), 

672 
ionization, 672 
radium in equilibrium, 691 
thorium family, 676 

_ uranium family, 677 
Radio propagation, 434 

antenna array, 434 

direction control, 434 
formula, 435 

pattern, 434 

attenuation, 443 
coefficient, 442 
constant, 442 

formulas, 443 
ground, 444 
low frequency, 442 

formula, 442 
oxygen (atm), 449 
rain, 449 
sea water, 444 

water vapor, 445 

formulas, 443 
frequency: critical, 444, 445 

different layers, 448 
high, 446 
low, 442 
maximum usable (muf): 445 

2000 km, E-layer, 448 

4000 km, F:2-layer, 446 
factors for calculating, 448 

F.-layer muf, 448 
other distances, 448 
path length layers, 448 

reflection, 444 
different layers, 444 
frequency, 444 
ion density, 445 
layers, 445 
minimum height, 445 
skip distance, 445 

(see also Alpha 

Radio radiation, 434 
directivity, 434 
extraterrestrial, 449 
patterns, 434 
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Radio radiation—continued 
reflection, 444 

atmosphere layers, 444 
transmission, 444 

factors, 444 
over ground, 444 

bad, 444 
good, 444 

over sea water, 444 

Radium: 
danger ranges for persons working with 

Ra, 686, 689, 690 
amounts of radium, 690 

emanation, vapor pressure (emHg), 682 
energy emitted by 1 g Ra in equilibrium 

691 
protection for 8 hours per day exposure, 

distance, 686 
thickness of lead, 690 

safe working distance, 689 
Radius: atomic, 643, 644 

gyration, 27 
ionic, 648 
molecules, 645 

Range of particles, 654 
Rankin temperature scale, 9 
Rayon, 243 
Reaumur temperature scale, 9 
Receivers for radiation, 548 

blackening, 548 
Reflection factor: angle, 549, 550 

building materials, 553 
diffuse, 551, 555 
formula, 549 
long wavelengths, 554, 555 

materials for, 554, 555, 556 
metals, 550, 552 

ultraviolet, 550 

pigments, dry, 551 
powders, 550, 551 
sand, 554 
snow, 554 

surfaces, with angle, 550 
tungsten, 555 

Refraction, index of (see also Index of Re- 
fraction), 509, 532 

Refractive indices with microscope, 561 
materials for, 561 

Reluctance, 18 
Resilience, 6 
Resistance (electric), 11 

alternating to direct current, 419 
diameter wire for ratio 1.01, 420 

average pressure coefficients for metals, 
389 

bismuth, temperature variation, 
transverse magnetic field, 463 

change of: metals, transverse magnetic 

field, 463 

nickel, 463 
high-frequency, conductors, 417-419 

calculation of, 417, 418 

resistance ratio, 418 
temperature, 393 

human body, 375 

SMITHSONIAN PHYSICAL TABLES 

Resistance—continued 
increase of, due to transverse magnetic 

field, nickel, 463 
Mmanganin, under pressure, 389 
mercury, under pressure, 389 

metals, effect of tension, 387 
pressure, 388 

nickel, magnetic field, 463 
of conductor, 11 
pressure coefficient, 388, 389 
proximity factor, 419 

ratio, wire diameters, ac to de resistances, 
419 

skin effect, 417 
standard, 16, 19 

annealed copper, 404 
temperature 

high, 393 
low, 393 

tension, 387 
tubular conductors, 418 

frequency, 418 
variation with pressure (metals), 388 

Resistivity (see also Conductivity), 12, 13, 
19 

alloys, 384, 390 
aluminium, 404 
at high and low temperatures, 393 
copper, 404 

temperature coefficient, 406 

dielectrics (solid), surface, 395 
volume, 395 

elements, 384, 387 
glass vs. temperature, 396 
mercury vs. pressure, 389 
metals, 384 

vs. pressure, 388 
vs. temperature, 385 

minerals, miscellaneous, 395 
oxides, 395 
plastics, 239 
pressure effect, 388 
rocks, 395 
sea water, 396 

soils, 395 
solutions (electrolytic), 397 
surface, solid dielectric, 395 
temperature: coefficient, 384 

low, 393 
thermal, 44 
volume, of solid dielectrics, 395 
water, natural, 396 

sea (high-frequency), 396 
Resolving power (photography), 564 
Rest mags, 654 
Restrahlung bands, various materials, 555 
Reverberation time, 315 

optimum, 316 

room type, 317 
Reynolds number, 337 
Rigidity modulus, number of materials, 226 

and temperature, 227 
Ring (magnetic) specimens, corrections for, 

464 
Rock salt: index of refraction, 518 

transmission, 517 
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Rocks: bulk modulus (rock forming ma- 
terials), 740 

dielectric constant, 426 
elastic constants, 740, 741 
electrical resistivity, 395 
specific heat, 162 

Rods, demagnetizing factor, 467 
Rope, 245 

fiber, 245 
wire, 215 

plow, 215 
specification, 215 
steel, 215 
values, 215 

Rotation of plane of polarized light, 557 
Rubber: 

artificial, 236 
physical properties, 236 

comparison, 237 
compressibility, 237 
natural, 235 

physical properties, 235 
strength, 235 

Rupture, modulus, 188 
Rutherford, 672 
Rydberg constant, 48 

deuterium, 48, 51, 54 

helium, 48, 51 

hydrogen, 48, 51, 54 
infinite mass, 48, 51, 54 

Sackur-Tetrode constant, 52 
Satellites (see also under Astronomy), 734, 

735 
Saturn, 735 
Schrodinger constant, 51, 54 
Screens (woven wire), 188 

Sealed-beam lamp, 108 
Seas, physical data (see also Oceans), 773 
Sea water (see also Water), 774 
Second radiation constant, 50, 80 

precaution for use, 80 
value, 80 

Seconds pendulum, length vs. latitude, 717 
Self-inductance, 13 
Series, mathematical, 24 
Series relations in atomic spectra, 578 

Bohr atom, 579 
energy levels, designations, 579 
J values, 570, 580 
L values, 579 
quantum principle, 581 
Rydberg constant, 578 
S values, 569 

symbols, 580 
spectral designation, 580, 581 

quantum principles, 581 
spectral levels, 581 

Pauli principle, 580 
spectral terms, 579 

means of identification, 580 
spectroscopic properties, neutral 

582 

singly-ionized atoms, 584 
terms from electrons, 579, 580 
wave numbers, 578, 579 

atoms, 
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Showers, cosmic rays, 654 

Siegbahn, wavelength scale, 48, 54 

Silver chloride, 520 

Sines, 32 

Sky, illumination due to, 725 

Slug, 6, 337 

metric, 337 

Snow reflection factors, 554 

Sodium carbonate, 550 

Sodium chloride, 531, 550 

Solar constant, 719 
monthly means, 720 

1920-1952, 720 

yearly means, 720 

Solar corona, 744 
emission lines, 744 

flares, 743 

Solar irradiation at sea level, 723 

latitude, 725 
monthly, 720 

Solar motion, 731 
elements, 731 

Solar parallax, 731 

Solar radiation, 719 
air masses, 720 

* vs. sun’s elevation, 720 
atmospheric transmission, 719 
biological effective component, 724 
constant, 720 
corona emission, 744 

distribution over disk, 722 

flares, 743 
illumination, 725 

sky, 725 

sun, 725 
intensity, 721, 725 
outside atmosphere, 721 
mean intensity, 721 

relative intensity, 724 
spectral distribution, 724 

Mount Wilson, 724 
outside earth’s atmosphere, 721, 722 
sea level, 723 

sunlight, distribution over Mount Wilson, 

724 
illumination due to, 725 

sunshine, duration, 724 
total, 719 

to earth, 719 
variation with time and latitude, 725 
Wolf’s sunspot number, 727 

Solder, 223 

flux, 223 
hard, for aluminum, 223 

for brass, 223 
for copper, 223 
for gold, 223 
for iron, 223 

soft, for brass, 223 

for copper, 223 

for gold, 223 
for iron, 223 

for lead, 223 
for zine, 223 



Solids, compressibility, 286 
contact difference of potential, 637 
dielectric constant, 427 
electron emission, 635, 636 
infrared reflection, 548 

infrared transmission, 547 
specific heat, 155-158 
velocity of sound in, 306 
Verdet’s constant, 504 

Solubility, 357 
gases in alcohol, 360 
gases in water (temperature variation), 

358, 360 
inorganic salts (temperature variation), 

357 
organic salts (temperature variation) , 358 
organic solvents, 359 
pressure effect, 359 
vapors, 360 

alcohol, 360 
water, 360 

Solutions, density, 300-305 
molecular conductivity, 398, 399 

Solvents, organic, 359 
boiling point, 359 

Sound (see also Acoustics), 309-317 
acoustics, architectural, 315 

attenuation coefficient vs. humidity, 316 
reverberation time, 315 

and frequency, 317 
as function of volume, 317 
calculated, 315 
optimum, 316 

and volume of room, 317 

bel, 309 
consonants, frequency of occurrence, 309 

power, relative, 309 

decibel, 309, 314 
ear sensitivity to: binaural, 314 

differential, 314 
frequency range, 314 
monaural, 314 

threshold, 314 
fundamental frequency, female voices, 310 

male voices, 310 
hearing acuity: and frequency, 314 

loss by groups, 315 
thresholds, 314 

levels, various locations, 309 

musical: power peak, various instruments, 
310 

range frequency, orchestral instruments, 
ail! 

scales, 312 
cent, 312 

equally tempered, 312 

frequency and piano key numbers, 313 

frequency ratios, two scales, 312 
intervals, 312 
gust, oll2 

semitone, 312 
noise levels, various locations, 309 
pressure levels, 309 
pressure unit, 309 

sensitivity of ear, 314 
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Sound—continued 
speech: 

consonants, 309 
frequency of occurrence, 309 
relative power, 309 

power, 309 
men, 310 

women, 310 

pressure field around head, 313 

vowels, frequency of occurrence, 309 
relative power, 309 
resonance values, 311 

velocity: 
in air, 306 

for various densities and heights, 594 
in gases, 306 
in liquids, 307 
in sea water, 307 
in solids, 306 

in vapors, 306 

Spark in air, voltage required vs. distance, 
421-423 

ac, 421 
de, 421 

Specific gravity, 291 
API, 290 

Baumé scale, 289 
Specific heat, 9, 155 

aluminum oxide, 162 
ammonia, liquid, 162 

saturated, 162 
at fusion, 157 
atomic, 160 
electricity, 379 
elements, 155 
formula for (true), 157 
gas, 163 

ratao, 164 
hydrocarbons, light, 293 
liquids, various, 161 
materials, various, 158 
mercury, 161 

metals, 157 
minerals, 162 
rocks, 162 
silicates, 164 
solids, various, 158 

true, 157 
temperature, 157 

vapor, 163 
water, 161 

Specific inductive capacity (see Dielectric 
constant), 11 

Specific intensity of magnetization, 461 

Specific luminous radiation, 93 

Specific susceptibility, 451 

Spectra: 
alpha ray, 681 

artificial, 682 
natural, 680, 681 

atomic, series relations, 578 
energy state, 581 

beta ray, 653 
blackbody, 95 
Bohr atom, 579 
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Spectra—continued 
Catalan’s analysis, 579 
classes, stars, 746, 747, 753 
emissivities, 8, 98-103 
energy levels, 581 
quantum numbers, 579 
rotation of electron, 580 
Rydberg constant, 578 
spinning electron, 580 
terms, 579, 580 

symbols, 579 
X-rays, 699 

Spectral intensity, 79, 82, 85 
Spectral luminosity factors, 87, 90 
Spectral luminous flux, 93 
Spectral luminous intensities, 95 

blackbody at various temperatures, 95 
brightness of blackbody, 96 
crova wavelength, 96 
mechanical equivalent of light, 93, 96 

Spectral radiaut energy, 79 
Spectral radiation, 79 
Spectral sensitivity (photographic), 566 
Speech (see Sound) 
Speed (photography), 562 
Spherical candlepower, 93 
Spin, 580 
Spreading coefficient (see Colloids) 
Square statute mile, 62 
Standard atmosphere, 47, 345, 593 
Standard observer, 1931 I.C.I., 90 
Standard temperature, 9, 71 
Standard wavelengths, 568 
cadmium red line, value of, 569 
elements, prominent lines in simple spec- 

tra, Ovo, Oud 
extreme ultraviolet standards, 571 
Fraunhofer lines, wavelengths, 577, 578 
preliminary values of mercury™, 568 
primary standard, 568 

cadmium, 568 

mercury, 568 
secondary standards, 568-571 

iron, 571 

krypton, 570 

neon, 568 

simple spectra, wavelengths and relative 
intensities, 575, 577 

solar wavelengths, 571, 572 
tertiary standards, iron, 571 

Standards, fundamental, 13 
Stars (see also under Astronomy), 728, 746 
Statahenry, 20 
Statampere, 11, 20 
Statcoulomb, 20 
Statfarad, 20 
Statohm, 20 
Statute mile, 63 
Statvolt, 11, 20 
Steam: saturated, properties, 169, 175 

superheated, properties, 176 
Steel, composition of, 465 

high speed, 224 
magnetic properties, 452, 457 
mechanical properties, 209 
permeability, 457, 458 
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Steel—continued 
stainless, 213 
transformer, energy losses, 459 

wire, 215 
specifications, 215 

wire rope, 215 
specifications, 216 

Stefan-Boltzmann constant, 50, 80 
Stellar system (see also under Astronomy), 

728, 746 

Steradiancy, 79 
Stilb, 93 
Stoke, 321 

Stone (see under Building materials) 

Strain, 7 
Stress, 7 
Sugar, combustion values, 182 
Sugar solutions: 

density, 304 
Baumé degrees, 305 
Brix degrees, 305 

specific gravity, 305 

Sulfur dioxide, 266 
compressibility, 266 

Sun (see also under Solar): area, 731 

brightness, 92 
* ealeulated, 92 
density, 731 
diameter, 731 
distance to earth, 731 
eclipses 1950-2000, 742 
electric data, 502 
illumination due to, 725 

magnetic data, 502 
mass, 731 

orbit, 770 
matter within, 770 

radiation, 719-725 
at sea level, 723 
biological effective, 724 
over surface, 722 

radius, 731 
shine, duration, 724 

latitude, 724 
time, 724 

spots, 727 
annual means, 727 

volume, 731 

Sun and sky illumination, 725 
Mount Wilson, 724 

Superconductivity, 394 

Surface tension, 361 
liquids, 361, 362 

miscellaneous, 361 

metals at solidification point, 362 

salts in water, 361 

solutions of salt and water, 361 
various materials, 362 

water plus alcohol, 361 

Sylvite, 519 

Synchro-cyclotron, 657 
Synchroton, 654, 657 
Tangents, 32 
Tantalum: physical properties, 98, 103 

radiation characteristics, 103 
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Telescopes, largest in use, 728 
Temperature, 7 

brightness, 97 
correction to true, 99 
variation with c2, 86 

color, 8 
and brightness, 104 

earbon, 104 
various substances, 104 

conversion tables, inside front cover 
correction to true, 99 
corrections to mercury thermometer, 72 
critical (gas and vapors), 276 
definition in different ranges, 70 
earth: 

highest. 726 
lowest, 726 
selected stations, 726 

surface, 726 
variation with depth, 727 

electron volt, equivalent, 21, 54 
fixed points: °C 1948, 71 

primary, 71, 72 

gold point, 71 
ice point, 47, 71, 72, 73 
oxygen point, 71 
silver point, 71 
steam point, 71 
sulfur point, 71 

secondary, 70, 72 
flames, 182, 293 
ice point, 47, 73 
international temperature scale of 1927, 

70 
and older scales, 74 

international temperature scale of 1948, 
71 

and 1927 scale, 74 
interpretation for different ranges, 74 
Wien’s equation, 72 

interstellar space, 763 
measurement, 71, 72, 87, 97 

correction for emergent 
thread, 72, 73 

old thermoelectric scales, 74 
planets, 734 
reduction to gas scale, 73 
reduction to thermodynamic scale, 73 
reference tables for thermocouples, 75 
scales, 75 

Celsius, 8 
Centigrade, 8 

Fahrenheit, 8 
gas to thermodynamic, 73 
international: 

1927, 70, 71 
1948, 70, 72 
comparison with 1927 scale, 71 

Kelvin, 9 
old, 74 
radiant, 9 

Rankin, 9 
Reaumur, 9 
thermodynamic, 9 

secondary points (1948), 70, 71 
standard, 71 

mercurial 
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Temperature—continued 
standard fixed points 

points), 8 
thermocouple data, 75 
true, 99 

less brightness, 99 
various places (monthly means), 726 
Wien equation, corresponding tempera- 

tures on 1948 scale, 72 

Tenth-meter, 7 

Terrestrial magnetism (see Geomagnetism) 

Thallium brome-iodide, 515 

Thermal capacitance, 9 

Thermal conduction vs. temperature, 114 

Thermal conductivity, 9 
alloys, 138 
cork, 139 
cotton, 139 

fireclay, 141 
fourier, 144 

various materials, 144 
gases, 142 
insulating materials, 139 
leather, 233 
liquids: as a function of pressure, 143 

organic, 142 
materials, various, 136, 139, 141 
metals, 138 
organic liquids, 142 
plastics, 239 
rocks, various, 136, 140 
rubber, 140 
salt solutions, 136 
substances, various, 136, 141 
water, 142 

salt solutions, 136 
woods, 140 

wool, 140 

Thermal emf (see Emf) 

Thermal expansion, coefficient of, 8, 145 
alloys, 149 

crystals, 152 
cubical, 148, 153 

elements, 145 
gases, 154 
leather, 233 
liquids, 153 
metals, 145 
miscellaneous materials, 152 
plastics, 239 
rubber, 235 

Thermal properties: gases, 259 
liquid ammonia, 178 
saturated steam, 168, 169, 175 
saturated water, 168 
superheated steam, 176 

Thermal resistivity in fouriers, 144 
Thermochemistry, various materials, 185 

heat of formation, 186 
Thermocouples, reference tables for, 74-78 

chromel-alumel, °F, 78 
iron-constantin, °C-°F, 76, 77 
platinum to platinum 10 percent, °C-°F, 

75 
Thermodynamic laws, 9 

(see also Fixed 
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Thermodynamic temperature, 9, 14 
Thermodynamics, 9 
Thermoelectric effect, 13, 379 

properties at low temperatures, 381 

vs. copper, 379 
vs. lead, 379 

alloys, 379 

metals, 379-381 

pressure effect, 382 
temperature, 387 

vs. platinum 
alloys, 381 
aluminium, 376 
cadmium, 383 
metals, 376-390 
nickel, 389 
zinc, 390 

Thermomagnetic effects, 508 
Thermometry: correction for emergent 

thread, 72 
mercury thermometers, 72 
reduction, gas thermometer to thermo- 

dynamic scale, 73 
corrections for various gas thermome- 

ters, 73 
Thomson effect, microvolt per degree, 382 
Thomson heats, 382, 383 

pressure effects, 382 
temperature, 383 

Thunderstorm electricity (see also Light- 
ning), 614 

Tides: height at various places, 779 
mean sea level, 779 

geodetic, 779 
geographic, 779 

neap, 779 
spring, 779 

Time, equation of, 728 
unit, 14 

Torque, 7 
Transformation: eutectic mixtures, 130 

lime-alumina-silica compounds, 130 
of units, 1, 57 

Transformer rectifier, 657 
Transitions, crystals, 126 
Transmission of radiation: 

air, 538 

components, 538 

moist, 546 
alum, 545 
atmospheric transparency for ultraviolet, 

538 

cesium bromide, 547 
color sereens, 535 
crystals, 515, 517 
dyestuff solutions, 538 

gases, 547 
glass, 512 

Jena, 514 
lead chloride, 547 
optical, 512 
red pyrometer glass, 537 

effective wavelength, 537 
light filters: Bausch and Lomb, 537 

Corning glass, 536 
narrow band pass, 536 

spectral regions, 536 
Wratten, 536 
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Transmission of radiation—continued 
light through space, 771 
long wavelength, 545, 547 
Magnesium oxide, 547 
optical crystals, 517, 545 
red pyrometer glass, 537 
rock salt, 517, 545 
sapphire, 547 
silver chloride, 547 
solids, 547 
substances, various, 546, 547 

sylvite, 517 
thallium bromide, 517 
thallium bromide-iodide, 517 
thallium chloride, 547 
various materials, 554, 556 
water, 536 

Transparency: 
atmospheric, for ultraviolet, 538 
substances, various, infrared, 546 

various, for long wavelengths, 555 
ultraviolet, for atmospheric components, 

538 
water, 536 

water vapor (steam), 545 
Transverse galvanomagnetic and thermo- 

magnetic effects, 507 

Treatment of experimental data (see under 
Data) 

Triboelectricity, series, 375 
vs. silica, 375 

Trigonometric functions, 32 

cosine, 32 
cotangent, 32 
sine, 32 
tangent, 32 

Tritium, 654 
Triton, 654 
Troy measurements, 63, 64, 66 

Tungsten (Wolfram), characteristics, 102 

color temperature, 102, 103 
emissivity, 99 
lamp, 106 
melting point, 72 

pressure, 119 
radiation, 102 

Twilight, 731 

Ultimate particles, 654, 657 
strength, materials, 187, 188 

Ultraviolet, transparency for atmospheric 
components, 538 

Uniform point source, 92 
Unit pole, 451 
United States system of weights and meas- 

ures, 60, 61, 63 

metric to, 60, 61 

to metric, 60, 62 
Units: absolute, 2 

ampere turn, 18 

capacity 
carrying copper wires, 416 
electrical, 16 
mechanical, 60 
physical, 60-67 
specific inductive, 11 

egs, 15 

changing, 57 
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Units—continued 
choice of, 1 
common, 56 

abbreviations, 56 
spelling, 56 

conversion (see Conversion factors) 
cubic, 63 
defined (see under name of unit) 

derived, 2, 58 
dimensions, 58 

electrical and magnetic, 59 
geometric and heat, 58 

different systems, 15 
absolute, electric and magnetic (1948), 

19 
relation to international (1927), 20 

ampere turns, 18 
egs, 15, 20 

electrical, 10 
dimensional equations, 11, 59 
equivalents of discarded systems, 22 
relative value of 3 systems, 20 

Gaussian, 15 
heat, 58 

dimensional equation, 58 
flow, 136 

international electrical, 19 
magnetic units, 451 

ampere turn, 18 

Gauss, 18 
Gilbert, 18 
Maxwell, 18 
Oersted, 18 
ordinary, 18 
pole, 12 
practical, 16 
some proposed, 15 

MKS, 15 
dimensional formulas, 2, 58, 59 

use of, 2, 57 
dimensions, 58, 59 
electric, 10, 15 

absolute (1948), 19 
maintained, 19 
vs. international, 20 

electromagnetic, 12 
practical, 16 

electrostatic, 12 
energy, 17, 618, 653 
established, 2 
extensive, 1 
former electrical equivalents, 22 
fundamental, 1, 56, 60 

area, 60 
capacity, 60 
choice of, 2 
dielectric constant, 1 
dimensions, 57-59 
heat, 58 
length, 1, 60 
magnetic permeability, 10, 451 
mass, 60 
number of, 2 
temperature, 1, 14, 70 

scale of 1948, 70 
time, 14 
volume, 2, 60 

Gaussian system, 15 
geometrical, 4 
heat, 7 
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Units—continued 
intensive, 1 

legal definitions, 60 
linear, 60 
list of, 56 
magnetic, 18, 451 
mass, 60 

measurements, 1 

numeric, l 

unit, l 

mechanical, 4 
metric, 61, 62 
MKS, 15 
number of, 2 
numerically different, 15 
photometric, 94 
proposed systems, 15 
radiant energy, 136 
radiant wavelength, 509 
relations among wire size units, 404 
resistivity, 11 
square, 60 
transformation of, 1, 57 

Universe: 
abundance of elements, 625 
cosmic rays, 713 
mass density, 713 
radiant energy. 713 

Uranium: 
elements beyond, 619, 623, 670 

americium, 619, 670 
berkelium, 619, 670 
californium, 619, 670 
curlum, 619, 670 

methods of producing, 670 
neptunium, 619, 670 
plutonium, 619, 670 

radioactive properties, 676, 677 
Uranus, 734 

Valence electrons, 654 
Value of e, 47, 51, 54 
Van de Graff generator, 654 
Van der Waal’s equation, 261 

constants for different gases, 262 
Vapor pressure: 

alcohol, ethyl, 370 
methyl, 370 

argon, 117 
critical, 276 
diffusion, 354, 355 
elements (some), 362 
ethyl alcohol, 370 
gases (low temperature), 360 
hydrocarbons, light, 293 
liquids, 371 

organic, 368, 371 
mercury, 372 
metals, 362, 363 

rate of evaporation, 362, 363 
methyl alcohol, 370 
organic liquids, 368 
rate of evaporation, 362 
solutions of salts in water, 373 
temperature effects, 368, 369 

Vaporization, latent heat of, 167 
ammonia, 167 
elements, 165 
formula for, 167 
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Vaporization—continued 
liquids, 166 
pressure variation, 167 
water, 167 

Vapors: density, 269 
diffusion, 354 
molecules, 640 

mass, 640 
velocity, 640 

Velocity, 7 
maximum, 654 
of light, 47, 51, 54 

in different materials (see under name 
of material) 

of sound: in gases, 306 
liquids, 307 
sea water, 307 
solids, 306 
vapor, 306 

Verdet’s constant: acids, 505 
gases, 506 
liquids, 505 
salts in water, 505 
solids, 504-506 

Viscosity, 318 
air, 331 
alcohol-water mixtures, 320 
boron trioxide, 326 

eastor oil, 322 
temperature, 322 

centipoise, 319 

coefficient, 318 
constants, 331 

Couette correction, 318 
definition, 318 

equations, 318 
dimensions, 318 
dimethyl-siloxane polymers, 325 
diopside-albite-anorthite, 327 
fluids, 319-324 
formulas, 319 
gases and vapors, 331, 332 

pressure and temperature, 331, 332 
gasoline, with temperature, 322 
glasses, with compositions, 330 

with temperature, 330 
glucose, 321 

thermal effect, 321 
glycerin-water mixtures, 322 
glycerol in aqueous solution, 321 

with temperature, 321 
heavy water, 320 
hydrocarbons, 329 

pure, 329 

ice glacier, 319 
kerosene, with temperature, 322 
kinematic, 318, 321 

unit, 321 
liquefied gases and vapors, 329 
liquids, 328, 333 

miscellaneous, 328 
pressure effects, 333, 334 
pure, 333 

lubricants, 334 
oils, crank case, 334 

metals, molten, 327 
methods of measuring, 318, 319 

equations, 318 

Viscosity—continued 
Meyer’s formula, constants, 331 

molten metals, 327 
oxides, 326 

number of gases, 331 
oils, 328, 334 

pressure, 328 

organic liquids, temperature effect, 323 
orthoclase-albite, 325 
oxides, molten, 326 
pitch, 319 
pressure effects, 328, 333 

liquids, 328 

silicon dioxide, 325 
sodium silicates (temperature), 324 
solids, 319 

equations, 319 
Southerlands formula, 331 
specific, 318 
stoke, 321 

temperature variation, 322-326 
units of, 318, 321 

poise, 318, 319 
vapors, 319 

Venice turpentine, 319 

water: at high temperatures, 320 
at low temperatures, 319 
heavy water, 320 
pressure, 334 

water-alcohol mixture, 320 
wax, shoemaker’s, 319 

Volt, 20 
Voltaic cells, 377 

composition, 377 

emf, 377 
standard, 378 

Volt-electron, 654 
Volume, 60 

gas, correction factor, 260 

relative at various pressures, 261 
glass vessel, 68 
pressure relation: argon, 117 

compounds, 286 
gases, 261 

metals, 119, 286 
nitrogen, 118 

Water: 
absorption, gases, 360 

vapors, 360 
barometric pressure, column of water, 606 

boiling point, 71 
with pressure, 169 

compressibility, 283 
cubical expansion, 153 
density, 295, 296, 298 

free from air, 296 
maximum, 48, 297 
water and alcohol, 302 

ethyl, 302 
methyl, 304 

dielectric constant, 425 
dielectric loss tangent, 439 
diffusion of aqueous solution into, 354 

diffusivity, 143 
electrical resistivity, 396 
freezing point, effect of pressure, 119 
heat capacity, 161 
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Water—continued Water, vapor—continued 
heat of sorption, 632 density, 276 
heavy water, comparative properties, 671 diffusion of, 355 

viscosity, 320 heat capacity, 163 
humidity, 602 index of refraction, 533 

and wet-dry bulb temperature, 602 mean free path, 638 

index of refraction, 530 molecular diameter, 638 
ionization, 399 molecular velocities, 640 
latent heat of vaporization, formula, 167 pressure in atmosphere, 599 
magnetic susceptibility, 462 at sea level, 605 
mean free path, 638 saturated: pressure, 600 
melting temperatures, effect of pressure, temperature, 600 

118 weight, 601 
mixture, with alcohol, density, 302, 304 transparency, 545 
molecules, diameter, 638 variation of dielectric constant, 423 
phases, 119 velocity of sound in, 306 

freezing point, 119 viscosity, 332 
pressure of columns, 606 weight of, 601 
properties, heavy, 671 wet-dry bulb, 602 

ordinary, 295 vapor pressure of salts in, 373 
pure, free from air, 296 velocity of sound in, 307 
relative volume, different pressures, 283 Verdet’s constant for, 505 

saturated, thermal properties, 168 viscosity, 319 
sea: effect of pressure, 334 

absorption of light, 774 effect of temperature, 319 
with wavelength, 776 volume, and density, 298 

chlorinity, 774 and temperature, 298 
composition, 776 at temperature of maximum density, 

concentration of dissolved material, 774 297 
density, 774 free from air, 296 
elements in, 777 influence of pressure, 297 
evaporation, 774 of glass vessel from its weight in water, 
geochemistry, 776 68 

osmotic pressure, 775 Watt, 20 
pole, 7/7e, Wavelength: cadmium red line, 569 
physical properties, 775 conversion factor, 509 

absorption of light, 775 De Broglie, 665 
chlorinity, 774 elements, prominent lines in simple spec- 
concentration, 774 trasor 7, 

pressure, osmotic, 775 extreme ultraviolet, 571 
vapor, 775 Fraunhofer lines, 577 

salinity, 774 mercury?™, 568 
transmission of radiation, 775 primary standards, 568 

pressure, 774 sample spectra of some elements, 577 
resistivity, 396 secondary standards (international), 570 

salinity, 774 iron, 571 
solids dissolved, 776 krypton, neon, 570 

amount of, 776 solar lines, 572 
yearly addition, 776 standard, 568 

specific heat, 161 cadmium, 569 
temperature, 774 mercury, 568 

vapor pressure, 775 tertiary standards, iron, 571 
vaporization, 774 units, 509 
velocity of sound in, 307 ultraviolet, 571 

solubility: of gases in, 358 Wave number, 578, 581 
of salts in, 357 absolute volt, 50 
inorganic, 358 electron volt, 54 
organic, 358 moment of inertia and band spectra, 49 

solution of salts in, 300 one volt, 50 
specific heat, 161 Waves at sea: earthquake, 777, 778 
spreading, 633 fetch, 778 
surface tension, 362 height, 778 
thermal conductivity, 136, 142 vs. fetch, 778 
thermal properties, 168 vs. wind duration, 772 
total heat of vaporization, 169 vs. wind velocity, 772, 778 
transmission of radiation, 775 length, 778 
transparency, 538 deep water, 777, 778 
vapor: coefficient of diffusion, 356 shallow water, 777, 778 
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Waves at sea—continued 

sea, 778 

surf, 778 

swell, 778 

height 
vs. distance from source, 772 

vs. wind, 778 
velocity: deep water, 777 

shallow water, 777 

Weighing: effect of the air, 69 
reduction to vacuo, 69 

Weight, calculated, various bodies, 27 

Wet-dry bulb temperature and humidity, 

602 
Wien displacement constant, 80 

Wien displacement law, 80 

Wire (see also Copper) : 
aluminum, properties of, 415 

mass resistivity, 404 

copper, properties of, 406 
annealed, 408 

characteristics of, 408 
electric, 408 

carrying capacity (safe), 416 
mass resistivity, 404 
resistance, computing, 417 
resistance to standard temperature, 407 
temperature coefficient of resistance, 

404 
electrical and mechanical characteristics, 

408 

gages, comparison of, 405 

high-frequency resistance, 417 
calculations, 417, 419 
of conductors, 417, 419 

maximum diameter for high-frequency re- 
sistance ratio of 1.01, 420 

ratio of alternating to direct current 
resistance, 419 

rope, 216 

steel, 216 
tables, comparison (gages), 405 

for computing resistances, 416 
tubular conductors, resistance, 418 

Wolf’s sunspot number, 727 

Wolfram (see Tungsten) 

X-rays, 654, 692 

absorption, 693 
coefficients, 693, 694 

formulas, 693 
constants, 693 

critical, 692 
K series, 696, 698 

L series, 696, 699 

M series, 696 
mass absorption, 704 

calculated, 704 
elements, 695, 697 
materials, 696 

formula, 693 
wavelengths, critical, 692 

elements, 697 
voltage, 692 

characteristics, intensity, 692, 693 
wavelength, 692, 693 
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X-rays—continued 
dosage units, 694 

lead thickness to reduce, 695 

rate, 695 
emission, characteristic, materials, 696 

K series, 696 
energy, radiated, 692 
filters for obtaining monochromatic, 696 
fluorescence, excited by, 693 

materials, 693 
wavelength, 693 

generated, 692 
ionization, 693 

gas and vapors, 693 
mass absorption, 694 

formula, 694 

nature, 692 
production, 692 

quantity, 692 
protection against, 693, 694, 695 

concrete, 694 ’ 

distance vs. voltage, 695 
lead, 695 

materials vs., 694 
minimum thickness vs. intensity, 693 
requirement vs. voltage, 693, 695 

for 400 kv pulsating, 695 
for 1000 kv pulsating, 696 
for 10 ma pulsating, 695 

thickness vs. voltage, 695 
quantity, tungsten target, 692 
safe rating of tubes, 698 

spectrum, 692 
limit, 692 

terms, various elements, 698 

tubes, safe operating, 698 

types, 692 
characteristics, 692 
continuous spectrum, 699 

wavelength limit, 692 
wavelength, 692 

characteristic, 692 
critical absorption for elements, 701 
fluorescent, 693 
K series, elements, 696, 697 
L series, elements, 699 
M series (72Ta to 92 U), 700 
tungsten L series, 698 
various elements, 700 
various transitions, 697 
voltage and, 692 

X-unit, 509 

Year: anomalistic, 731 

light, 730 
sidereal, 731 
tropical, 731 

Yearly means: 
481-492 

solar constant, 719 

sunspots, 727 
temperature, 726 

Yield point (materials), 188 
Young’s modulus, 7, 188 

magnetic characteristics, 

Zeeman effect, 50 
Zero, absolute, 9, 47, 73 
Zinc, physical properties, 225 
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