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ASSTRACT

This thesÍs reports the measuremenË of muÈual binary diffusion

coeffÍcients of gases using an appaïatus styled on Ëhat designed by

Ilarned for diffusion sËudies of elecËrolyte soluÈions. rt was un-

necessary to callbrate this apparaËus agaÍnst any standard sysËem in

order Èo obËaÍn absolute values.

The diffusíon coefficíents of the gas paÍrs He-Ar, He-Kr, He-

CCJ-F3 , H2-Ar and H2- N2 hrere measured as a functíon of mole fractj-on

aË 300 K and near 1 aÈmosphere pressure. The He-Ar system was also

sÈudied as a function of t,emperature in the range 278 to 325 K a.t

pressures near 1 aÈmosphere. The resulÈs from the temperature and

composition dependences were díscussed wíth reference to the Chapman

and Enskog theories.

In addÍtion, á pressure dependence study r^ras attempted, also

on the He-Ar system, but. due to experimental dífficulties, this ¡rras

restrÍcted to the range I to 5 atm.
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INTRODUÚTION

The Chapman and Enskog theories clescribe the transport pro-

perties í.e. viscosíËy, thermal conductívlty, diffusÍon, by connecting

the sizes of molecules and the f r¡rces between them with the values of

the transport coefficients. These intermolecular parameters may be

calculated from a set of values of only one coeffícÍenÈ and, in turn,

the calculated parameters allow the esËimaËion of Ëhe coeffícient for

boËh smoothÍng of Ëhe orj-ginal- daËa and extrapol-ation to experimenËally

inaccessible regions. In addition, other transport coefficients may be

calculated from the results of a more easily measured coefficienË. For

example, muLual díffusion coefficients have been computed, with an

accuracy similar to that fron dírect determinations, using the accurate

measurements of Èhe viscosíty coeffícients9 of Êhe same system.

It. can be seen that the Chapman and Enskog theoríes are very

useful for dealing ruith the transport propertíes of gases. However,

there have been doubts cast upon some aspects of Ëhese theories,

specifically, Ëhat the measured concentratíon dependencelBr65 (see also

ref. 43, p. 83) of the diffusion coefficient for some sysËems did not

correspond to the theoretical p::edíctions. It is the purpose of this

thesis to experimentally investigate this reporËed behavíour.

Because the diffusj-on coefficient changes by only about 47" max.

over the entÍre mole fractÍon range for mosL binary gas systems, the

precision of the method for such an investigation must be very high.
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The rnajority of methods that have been used previously díd not have

a precÍsion of better than, at best, about ! yÁ43 near room tempera-

ture. Aceordingly, the concentratíon dependence of diffusion coef-

fÍcients has not been experimentally examined by many workers.

our method, reported here, is belÍeved Èo have an accuracy

of abouË ! o.2/" for Índividual determinations at almosL any mole

fraction. The method is in some v/ays símilar to the classícal

Loschmidt method2l b.tt r¡Ie are able to monítor concentrations through-

out each experÍment; also the diffusion coeffÍcient obtaÍned is
specifi-c t,o a knorrrn mole fraction. The possibilÍty of leaks is also

reduced because of the absence of any partitÍon within the cell as Ís

required Ín the Loschuridt technique.

DescrÍptions of other apparatuses used for measuring diffusion
coefficients have been summarÍsed in a Ëhesis by Marrero.43 His

thesís also correlaËes all diffusion data publÍshed up Ëo J:969. Since

then, llogervorst has presenËed measurements of most of the raregas

bÍnary systems using a rather different techníque, involvi_ng cata-

phoreËic segregatíon, which is very suitable for measuring the temp-

eraËure dependence.
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1l¡
Chapter 1

APPARATUS Æ\ÌD METHOD

FÍckrs 2nd Law of Diffusion may be r¿rítten as

div (Di.f, "i). (1.1)
X¡Y ¡Z

where c.
L

t

xtY tz

and D.
l_

ís the concentration of the íth component,

ís the time variable,

are the fixed spaËial coordinates,

ís the díffusíon coeffícÍenË.

This expression can be consj-derably sÍnplified for experímental use in

determinations of the coefficient, D.. Firstly, most experímental-

sítuations require that there is only a one-dÍmensional concentratíon

gradient (e.9. along the x - directÍon). Secondly, íf Èhese gradients

are small enough, the diffusion coeffícíents may be assumed to be in-

dependenË of concentraËíon for that partícular experíment; this con-

dítíon j-s readily meË for gas mixtures since the D. have only a s1-ight

dependence upon composition over the entire composition range, Further-

more, for tr¿o-component systems measured with respect to a volune-fixed

frame of reference, D1 - DZ= D12, as can be readíly shown.l A vok:me-

fixed frame of reference is one for which the neËt flow of volume

relative to iL Ís zero. A systern confíned to fí1I a consËant volume

cel-1 and contaj.ning no pressure gradients (e.g. the gas phase ís a

good approxi¡nation for such a systeur) has its cell-fÍxed and voh¡rne-

fixed frames of reference ídentical. These conditions reduce equation
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(1.1) to

,#,- Dtz

nfixcos a-

(1.2)

(1.4)

A ce11 of length, f,

boundary condiÈions

and closed at boÈh ends lmposes the

dc
dx O, aË x=O andx=L, (1.3)

which sÍmp1-y means that the cell ís Ímpermeable to

material and so allows no flow Ëhrough the ends of

solutj-on is the Fouríer seriesr2

the diffusing

Ëhe ce11. A

c +a
o

æ

x
n=1

expan G#Drz.t)

This fomr of solutíon can be more useful than that empl-oying error

functions as r¡ras d.emonstrated by Harned3 in a deåígn of a cell for

measuring díffusíon coefficients of dilute elecÈrolyte solutions.

!trhen differences of concentration are Laken at sÍtes equidistant from

each end of the cel-l eag. at x = a and x = Y, - a, equation(l.Ð becomes

c(a)-c(L-a) z.at ."o" f + 2.a3t."o" f + z.ast."o" T * ..

(1.5)

where a' =- o2n2
n -anoexP C T Drzt)r iae. all- the even terms dÍsappear.

Additionally, if these two saurpJ-ing sites are aË positÍonsr x = Í,/6 arrd

x = 51,16, the 3rd, 7Ëh, etc.¡ terms also dísappear Ëo gíve
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c(Y,/6) c(sL/6) 2/ /3

Thus iË can be seen that, since the a'

magnítude (see Appendix A), the series

very rapidly with time yielding

{.r."*p ç # Drzt) * a5.exp çW Drzt) -J- I
J

(1.6)

coefficienËs are símilar in

converges to the first term

ln tc(7,/6) - c(sL16)) (*)
L'

Drzt + constanË. (1.7)

A plot of In (concentratíon differences) versus tjme ís a

sËraíght líne graph, with the díffusion coefficient obËainable from

the s1ope,

Dtz = - (/.!n)z x slope. (1.8)

By taking a large number of readíngs of coricentraËion difference over

an extended períod of tíme, the error in the slope, and consequenËly

in D12, wÍll be reduced. In addition, since these readíngs are taken

towards the end of a run when the concentratíon differences are re-

duced, the value of D¡2 obtained approaches the val-ue of the differen-

tÍaL diffusíon coefficient, Íae. the value of. D¡2 correspondíng to the

composiËion of the fínal mixture.

OfËen, concentratíons themselves are not measured directly

but some sensÍËíve physi.cal property whích varíes wíth concentration

is monitorerl instead. This was the case in llarned¡s study in whích

he used fivo paírs of electrodes whích detected changes Ín ionÍc
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conduc.tance. This property Ís, hor,vever, not dírectl-y proporLional to

concentration, although this proporËionaliËy is the leading term ín a

polynomial-like seríes. By taking dj-fferences in the conducËivitíes,

some of the higher Ëerms cancel exactly ¡rhi1sË the others are reduced

in magniËude so that the diffe:rence in conductivíËies is nearly pro-

portÍona1- Ëo the difference in concentraËÍons, and becoming more so

r¿ittr decreasing size of the differences (increasíng tÍme). It is this

aspect whích ís parËicularly appealing for gas analysis since there

are not many (ilqgpenEjJe) detectors r^rhich gÍve a proportionality to

concenËration.

Gover4 also exploited thís desígn in order to measure mutual

bínary gas diffusion coefficients at room temperaËure. HÍs cel-l- r¡ras a

vertical metal cylinder wiËh samplíng ports at l,16 artd 57,/6; these

ports were small holes sealed with rubber sePËa through whích hyper-

dermic syringes were pushed, sÍmultaneously, at regular íntervals and

samples wiËhdrar,¡n to be analysed Ín a gas chromatograph. Althought

for íËs purpose - a student experiment - iË was very adequater this

method of samplÍng has several dra¡vbacks for very accurate det,erminations.

In addition to the pressure being lowered rviËhin Lhe ce1l, the flow

lÍnes within the cell are disturbed as samples are dravm into the

syringen The sanpling needs to be done simultaneously; besidesr ít

also makes accuraËe thermostaËting of the ce1l diffÍcult. There is

also a possibil-ity of selective perneaËíon (for low molecular weight

gases) and adsorptíon (for polar molecules) at the sepËa"
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The clesign of Ëhe cel-l- used for obtaining Ëhe results reported

here was similar to that used by Gover. The main difference involved

the choice of concentration detectors; we used thermisÈors, one screwed

into each of the ports at 7'/ 6 and 5'L/6 so thaË the progress of a

diffusion run could be monitored continuously.

Thernistors are (physically) sma1l resist,ors whích have a

large negatÍve temperaËure coefficient of resisËance, o, i.ê. the resis-

tance clecreases rapidly wiËh increasíng temperaÈure. Those chosen for

this work hrere Fenr¡/a1-5 type G112 [Fig. J-], rvhich are pairs matched to

wÍthin 30, 25, 20, 20 mv of each other al 2, 5, 10 and 15 millÍamperes

Ín a he1Íum environment,, and their resísËances (zero current flow) Ëo

within 2% of. each other at 25oC. Thermistors wíth designations G112 H

and G112 P with 2x and 3x, respectivelyj stricter specificaËions were

also used, but the results obtaíned appear to be the sane, r,rithin ex-

perÍrnental error" The thermistor beads are composed of oxides of metals

such as nickel, copper, cobalt, iron, manganese and uranium sintered

together to make a cerarnic mass and this is Ëhen covered r^rith a J-ayer

of glass for proÈection. However, Ëhis is not sufficÍent protection

agaínsl the effecÊs of hydrogen8 which Ís (apparently) able to diffuse

through the glass and chemÍca11y react wíth Ëhe oxides which boLh

changes the characteristÍcs of the bead and generat.es heat as we1l.

It was noted thaË van Heijningenr9 et aL. vsed the:curlstors wÍthout any

shielding in measuremenËs of the Nz-Hz system; Èhis hydrogen atÈackI2'13

could account for what they ascrÍbed to a constanÈ temperature drift -

thÍs would ma-ke their procedure of calculating the asymptote rather

suspect.
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Since cr is so large, the resistance depends quite marlcedly

upon Ëhe pohrer, and hence upon Ëhe current, flowing through them so

that a thermistorrs intrinsic resistance is measured at zero current

fl-ow. A1so, when a currenË is florving, the resísËa.nce ís dependent

upon the therma-l conductivíty of its envíronment; a more highl-y con-

ducting medium carries Joulean heaË (I2 R) from the ËhermisËoï more

rapidly so that it is cooler and with a higher resisËance than in a

medium of low Ëhermal conductivíËy. At a constant arnbienË temperaËure,

Ít can be seen that a thermistorrs resistance is a measure of the therrnal

conductívity of Ëhe mediun, if a constant voltage ís used.

By naking each Ëhermistor TL, Tz, a separate arm of a trrlheat-

sËone bridge circuit [Fig. 2], with the other tÌro arms 51, 52, each

beíng a temperature - independent resistor and of the same resÍsËance,

the difference in resístance of the two thermisÈors can be re-corded

simulËaneousl-y. This can be done by adjusting Èhe varÍable resistance,

D, in serj-es wÍth T1 so thaË there is no poËential drop across brd as

indícated, fox example, by an automatic recording potentiometer, Z.

The difference Ín resistance, Tr-Tz, is gíven by-D, the value of the

variable resistance.

The recorder, Z, used in this vlork r¡/as either a Philips

PM 8100 or a Leeds & Northrup Speedomax )G6B1, r,rith differences ín

the potential between b and d beíng monil-ored on the 1 mill-ivolt full

scale (10") range. The variable resisËance box, D, used was either a

CerinbrÍdge Instrumentt s L-426149 with a specíf ied accuracy of 0"057^ or

an Electro Scientific IndusËryrs Decabox Dß 62 wíth a specífj-ed
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accrlracy of r- (.ÙIi¿ + 0"001 Çt) /year. The standard resisËors T¡rere

mica card resistors, nominally of 5 K A t O.O5î4, although the pdir

used here was matched to better than 0.00l-2. FluctuaËíons i-n volËage

of the constant volt,age por^rer supply tend to cancel out if the britlge

is at or near baLance; by deliberately altering the voltage by 1

volt ín the range 2-5 volts the balance 1s alEered by only a few tenÈhs

of an inch. The power supply, constructed by the Departmentrs

electronics ¡^rorkshop, has a temperature variation Ín volËage of .OO37"/"C,

and a l-oad varíation of 1 K Q in series urith the bridge circuit alËers

the voltage by less than O.O2%. The balance poinË of the bridge can be

maintained to better than about + 0.02 f¿ if the thermísËors are in the

same thermostatted environmenË, as occurs before or afËer a diffusion

rUD. This variaËion can be largely atËrÍbuted to the random fl-uctuaÉÍons

Ín tenperature of the thermostat baËh.

The diffusion ce11 itself [Fig. 3] consísts of a hollovr sËain-

less steel (type 316) cyclinder 102.0, 60.015 or 45.019 cm ín heíght

and 5 cm in outside diameter, with the cylinder r¡al1s being 0.25 cm in

thi-ckness. Each end-plate was atËached by screr^rs onto a flange which

had been argon welded (to prevent smalI pi-nhole leaks) to the ouLside

of each end of the cylinder. ViËon O-rings were placed in an annular

groove cut into each end-plaËe and clamped between the flange and the

end-p1-ate Èhus providing the vacuum sea1. A símilar techníque was used

Ëo seal the other metal--meËal interfaces. The end-plates, whích r¡/ere

each 1 cm thick, had threaded ho1es drilled through the centre ín order

to Ëake a hexagonal bolt whích ¡uas in turn drilled and threaded. Thj-s
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boJ-t carri"", on the internal sÍde, a brass jet (J1, J2), and on the

outer side, a Nupro bel-l-ows valve, BlrHr noË shoryn ín the figure, which

provides the gas inl-et. The brass jets, whích were of various sizes

in order to determine the effect of their size, vrere used to both

conËrol the rate and direcËion of the gas florving into the cell- and to

reduce the size of the volume beËween the valve and the cel-l- (about

0.3 ml) .

The sampling ports, shown in fÍg. 3, are also argor. welded to

Èhe cylinder and take a hexagonal bolt, sjmilar Ëo those descrÍbed

above, which jusË fill Ëhe length of the port. These bolts a11or¿ a

thermistor assembly Èo be positioned ínsicle them, and this :'-s then

held securely with a holl-ow screÌr which ís Ëightened behínd it. These

hexagonal bol-ts, and those in the end-plat.es, a1low easy access to

thej-r attachments for replacement purposes.

A ho11ow brass box, with a removable lid, r^ras scre\^red into

each bo1Ë behind the hollow screr¡r. This box allows trratertight

electrical connections to be made to each Ëhermistor. Shielded cable

was used for leads Ëo prevent, spurÍous signals and the cell earÈhed

wlËh the shíelding.

The cel-I was held aË two posi-tions by a c1amp, and the clamp

was posítioned kinematicallyG so Éhat the cell rÀras supported vertÍcally

(checked wÍth a sensitíve box 1evel) below the surface of a large glass-

front,ed water-bath containing about 500 lcg of deionísed water. The

r^raËer was stirred vigorously (wiLl-r a 1/l H.P. motor) Èo reduce thermal
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gradients and the ternperature rnras maíntained Ëo betËer than + 0.001oC

by a combinaËion of constant base and on/off heaters of stainless steel

pyroËenax. The base heater, posÍtíoned at the end of the bath cl-osest

to the ce11, was adjusted by rheosËat to produce a slightly fallÍng

temperature and then the temperature r¡ras regulaËed with a Ëhyratron

control- with a mercury-t.oluene regulaËor.7 The tempeïatuïe of the 1ab-

oratory was maintained to t 2oC throughout the year so that adjustments

via the base heater r^rere noË usually required; ít also reduced ternper-

ature fluctuations in the resj-stance elemenËs of the measuring circuít.

The Èernperature fluctuaËions within Ëhe cell coul-d be observed

quiËe easily by replacíng one of the thermistors in the bridge circúiÊ

with a resistor of a similar resistance (so that currenË conditions

within the bridge r¡rere approxímately the same). The f luctuations r¡rere

displayed as variaËÍons in the recorder output with a spread of about

0.5tt for 3 vo1Ë across the bridge. The ternpexaxuxefresj-stance relaÈíon

for thermístors is gíven by

R (r) (1.9)s (+-*l
*(r).e r rI

where

and

*(r) Ís the resistance of the thermistor at- T1 oK

*(r) i-s the resistance of the thermistor aL T I(

ß is a consËant depending on the material from which the

the:¡ristor is made; fu +OOO for Fenwal maËerial.
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dT
dR (1.10)
R (r)

Iherefore, the temperature range can be cal-culated from the resistance

range. Equation (1.10) also gives a means of calculating the temperature

of the thermÍstor. By íntegraËion,

T2 3 (1. 11)
R1

rn (¡r) + ß

T1

It is found that the thermistors are less than 4o above ambienL for the

range of volËages used, aË least when no diffusÍon is taking p1ace.

Another advantage of using Ëhe difference in signal beËween

two detectors is also demonsËrated here. \^lith only one thermistor in

circuit, the rrthermostat noiserr anounts to about 0.5"; r+ith both

thermistors, this noÍse is reduced to about 0.05t'. This reducÈíon is

due to the tendency of Èemperature fluctuations to occur at the same

tÍme Ëhroughout the cell.

Since diffusion coefficienËs are, to a good first approximation,

inversely proportional to the pressure, the accuracy of the D12_ obtaíned,

when referred to a partÍcular pressure or density, ís directfy propor-

tional Ëo thaË of the pressure measurement. A Bourd.on - type gangerg

the essential feature of which is an interchangeable quaÍtz spíral for

different ranges, is used to measure pressures. Each spíral had

previously been calibrated by Texas InstrumenÈs with reference to a

Primary standard }ficrometer Barometer or to a dead-weight Ëester aÈ
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about tr'renty points for each range. The reprodueibility of the gauge

reading is sirnilar to Ëhe calibration instruments I so that the gaugets

accuracy i.s that of the calibration of about 10.05 mm. Pressures can

be read very rapidly, and in dÍgital form, without using liquids, which

could possibly contaminaËe the system.

The block diagrarn of the apparatus is sho¡'rn Ín Fig. 4. The

connecting tubing is of Lf2tt stainless steel wíth joins made using

Swagelokl0 fittittg"; teflon front and brass back ferrules were used

when pressures up to 1 atmosphere were to be used, and stainless steel

or brass ferrules, depending if stainless steel or brass nuts, Tespec-

tively, r¡rere used, for greater pressures. The metal ferrul-es required

pre-swaging before .r"..11 The advantage of using teflon ferrules is

that the joint ís readily broken and remade so ÈhaË rnodifícations or

replacernents can be carried ouË easily, whereas the metal ferrules form

a semi-per:manent joínt; if these r^rere re-made, the joint had to be

carefully checked for leaks. Flexible braided meËa1 tubing was used

for joints requíríng manoeuvrability but its use r¡ras kept to a minimum

since it Ëook a long Èime to de-gas ruhen evacuating the apparatus. The

lúrole system" could be pumped out, right back to, and including, the gas

cylinder heads, Ëo give a pressure of 10-5 - LO-7 mm and a lealc/degassing

rate of about l0-4 mrn/min. The vacuum pumps used rvere an Edwards (síl-icone)

oí1 diffusion pump with an Edwards "Speedivac" tr^ro stage rotary oil pump.

An experimenË was performed by (i) Ioading the ceIl

gauge so that pressure could be registered) with one gas,

(and pressure

(ii) sealíng
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off the cell and purnping out the Bauge and all the connecting tubíng,

(iii) filling up Èhe tubíng and gauge with a second gas to a greater

pressure than that within the ce1-1, and then (iv) letting the gas into

the cel1 slowly through either top or bottom Nupro valve, depending on

whether the second gas ís less or more dense, respectively, than the

first; this time varíed from one to four minutes. (v) Readings of the

difference Ín resistance between the Lhermistors were taken as a

function of time. Further experimenËs could be performed by withdrawing

some of the gas mixture from the ce1l and repeaËing steps (ii) + (v).

The time required for a gas to reach the r,¡ater bath temperature

was shown, by using Ëhe thermistor cÍrcuit, to take, aÈ mosË, t[,ro or

three minutes, even if the gas is Ëaken directly from the cylinder (at

about 2000 p.s.i. pressure). The circuit is quite sensj-tive to temper-

ature changes; it was shornrn that a shifÈ in bath temperaÈure of 0.2o

altered the balance point by about 0.3" which is very easily seen compared

to the noise. This Índícates that temperaËure changes caused by the

Joule-Thomson effect disappear rapídly and so will not cause any sig-

nificant disËurbance on a díffusion run after a.bout five minutes.

Since, in general, all real gases are non-ideal at oËher than

very 1-ow pressures, Ëhere Ís general-ly a pressure change when two gases

are mixed. Therefore, the pressure measured Just after letting Ín the

second gas should differ from that aË the end of the run. This was

observed, although the difference only anounted to about O.25% al

pressures up Ëo five atmospheres. The difference in pressure before

mÍxing, Pb, and the pressure when m:'-xing is complete, Pf , Ís gíven by
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(see Appendix B)

P

Pf 1 - xr.x2.Pb.LZBtz - (Br + 82)l O. rz)

1f third, and higher, virial coefficÍenLs are neglected.

Bt, Bz

Btz

xr¡ x2

are the second vj-rial coeffÍcients of gases L and 2.

is Ëhe (second) interaction virial coefficient.

are the mole fractions of gas 1 and 2 in the final mixËure.

b

It can be seen thaË for a pair of gases aË a given temPeraturer the

pressure change is always of the same. sign for all compositions. If

Bt2 = (Br + BùlZ there will be no pressure change.

Decade box resístance and time measuremenËs were taken at equal

ÍnËervals of resistance, usually one ohm, for about B0 - 100 readings

which usually spread over about 80 minutes. It was found thaË those

readings taken before about 20 minutes from addíng Ëhe second gas were

systematically in error a¡rd had to be discarded. This is probably due

Ëo some after effects of convection caused by lettíng in the second gas.

Thj-s puts a 1ov¡er 1ímit on Èhe magnítude of the charge of the second

gas Lo be added.

The stopwaËch used was caLibrated against an electronic timer

which has an accuracy of. O.Of/". Times v/ere recorded at which the

recorder pen passed a pre-seE zeîo posíLion indicating thaË the two
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ËherrnisLor arrns of Èhe bridge were equal; these tÍmes were abl-e to be

observed wÍth an accuracy of + 0.3 sec. The final difference in

resistance, RF, after diffusion is complete, was usually measured about

five hours after Lhe starË.

All the gases used for this report had a puriÈy of betËer than

99.9% except for the CC1F3 which was specified to be better x}:.ar.99.O7..

No further purifications were atteinpted before the gases were used.

Mercury-in-glass thermometers monitored Èhe the::rrosLaË bath

temperaËures. Ihese were calibrated annually agaínst platinum resís-

tance thermometers so Lhat the temperature of the baËhs can be measured

at about t 0.0015".

By asstrmÍng a proportíonality bet\,reen the difference in thermal

conductivity and dífference Ín concenËration at the two ÈhermisËor

positions at any given time, for the perÍ-od over r,¡hich readirp are

taken, it can be shovrn thaË the difference in resistance, ARt, of the

thermistors is also proportional to the difference in concentration

(Appendix C). The measured Ëimes werê corrected Ëo allow for the

pressure change, indicated in equaËion (1.12), occurríng during diffusíon

assuming that Ëhe pressure change occurs aË the same raËe as dÍffusion.

(The value of PO j:n(L.L4 has also to be al-Ëered slíghtly for the sarne

reason). The pressure differences indicated by (L.Iz)agreed with those

obtained experímentally. Linear plots of ln(ARa - RF) versus time were

usually obtaÍned, although occasÍonalJ-y some (sometimes as many as 30)
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of Ëhe inítial points had Èo be rejecÈed in order to obtain lineariÈy.

(the computer program for processing thís daËa is listed in Appendix

as RFFI)O{). }fost, data obtained aÈ slightly elevated pressures, i.e.

gïeater than 1 atmosphere, úrere curved and the above procedure could

not be applied very sal-isfactoríly (see nexÈ Chapter).

To summaríse, the advantages of thÍs apparatus for measuring

diffusion coefficients are:

i) The high sensitivity of Lhe thermistors to concentration changes,

parËicularly for gases of large thennal conducÈivity differences.

ii) Thj-s allows the diffusíon coefficíenÈ to be measured towards Ëhe

end of the run so Ëhat the differential diffusÍon coefficienL is

obtained. Dj-sturbing influences due to 1eËtÍng gas into Ëhe ce1l

are also reduced in this lûanner. Equatíon (l-.Ð is more closely

followed aË larger times too.

iií) No zero-point time is required as is required by.some methods.14'15'21

iv) The precísion can be increased by taking a Large number of measure-

ments of resisÈance difference.

v) The thermístors are physically smal1 and monitor Ëhe diffusíon

continuously without dísturbing the fl-ow lines sígnificantly. The

heati-ng of Ëhe gas by the thermistors has little effect upon Ëhe

raËe of mixing (by causing convecti-on) as is demonstrated by the

stability of the base-l-Íne Ërace gíven by the recorder.
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The method is one for deËermíning absolute values of dÍffusion

coefficient.

There are no slidíng surfaces, whích need to be polis.hed and which

develop leaks rather readily, such as are needed ín a Loschnidt-

type apparaËus. These surfaces also require some lubricant, which

could cause some problems with adsorption.l5

The complete range of compositions of a pair of gases can be

s tudied.

Some disadvantages are:-

LL)

l-r-l-,

RelativeJ-y large amounts of gas are required so that Lhe gas mixÈures

studied have to be fai.rly cheap.

Large water baËhs are requíred to accommodaÈe the large cel1s used.

Close temperature control- of the ce1l is required because of Ëhe

high sensitivity of the thermistors Ëo temperature changes (see

equaËion C,2) ,

The thermj.stors are also sensitive to temperature changes generated

during diffusion such as heaË of mixing a¡rd Dufour effect.16r17

Thís Ís discussed in Chapter 2.

The method is not capable of high precisÍon for measuring sel-f-

diffusíon, or where the thermal- conductivity díffer:ence between the

two components is small . However, r^re vlere particularly interesËed

ín systems contaÍníng helium* nol¡le gas since van HeiJníngenl8 et aL.

reporËed some discrepancies encountered in the concenËratíon depen-

iv)

v)

i)
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dence of such systems. Our method seems to be very appropríate

for such an investigation.

The smal-l dead volumes associated l^lith the Nupro valves at eaðh

end of the ceLl causes a little uncerLainty with the correct

length to be used in calculatíng the absolute value of the

diffusÍon coefficients. However, this can be calculated for and

also checked experimen¡ally by usíng different sized jets; for

the l-02 cm cel1 the correction on1-y amounts to about 0.o3% f.ox

the jets used.

Another dífficulty encounËered rvas the corrosion Ëhat occurred

aË the brass Nupro valves; the waËer tended to aÈtack the union

beËween the bellows and the main body of the valve where solder

had been used, and the valves had to be replaced after aboug L2

monËhs of use.
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Chapter 2

Some Applications of the Chapman and Enskog Theories

Chapman and Enskog, in Ëhe períod from about 1910-1917'

independenËly proposed raËher similar theories for descrÍbing non-

equílibrium processes in gases. (These tvro theories will be

referred Ëo as the C-E theory in the remaÍnder of this thesis).

The C-E theory produces expressions for Èhe transporL coefficients,

e.g. the coefficíenËs of muÈual and thermal diffusion, viscosity and

thermal conducËívity, as long as some limitations are fulfÍl1ed.

These l-ÍmÍtaËions are presenËed more fully ín the texL of llirschfelder,

Curtiss and Bird22 lUCf¡, p. l8-2L, but wil-l be summarised here.

Í) The gases musÈ be sufficiently dil-ute, i.e. the pressure

must be low enough, that only binary collisions beËween molecules of

the gases need be considered. However, as has been shor¡n experimenxally23'z+

and predicËed theoretíca1ly by an extension to the C-E theory proposed

by Enskog himself (see later this chapËer), the deviatíons from the

Ëheory caused by increased pressures are raËher smal1. It is generally

considered that pressures of up to a few atmospheres cause experimentally

insignifícant departures from Ëheory.'

ii) The pressure must noÈ be so l-ow that the mean free path

ís comparable to any of the dimensions of the containing apparatus so

that collisions between the molecules and the cell wal1s need to be
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consídered. In this region, apparaËus requires to be cal-ibrated

al1ow for such collisions.l8'Ìg '

to

líi) The C-E solution applies only to siËuaËions where

gradienËs in physical properties are srnal1 (compared to the reciprocal

of the mean free path) . Thus, for pressures of greater than about one

atmosphere, the C-E solution applies to all but extreme conditions,

such as Ís found in shock waves.

iv) The Ëheory stricËly applies only to monatomic gases

but it is found thaË thermal conducËivity is the coefficíent most

affected by Ëhís restriction, the other coefficients not being

greaÈly changed if Ëhe molecules aïe noË too non-sphericall9'25

or polar.26

v) The theory was deríved using classical mechanÍcs so

that for 1ow molecular weight gases at lower temperatures, sÍg-

nificant deviaÈions will be observed. However, these guantum

corrections may be l-argely allowed for by the use of suitably

adjusted tables .27 P

The solutions gíven by the C-E theory for the transport

coefficients take the form of an infiniËe seríes, the higher order

Èerms becoming rapidly more complex but also being much smaller

than the first term,zg except for Ëhermal diffusíon (IICB, p. 480,

481). The convergence properLíes of the series has not been fully
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established but Ít appears LhaË only Ëhe first and second terms are

requÍred for processing the results of thís Lhesi.s.

The expression obtained by the C-E theory for the mutual

diffusion coefficÍenË of a binary mixture is (HCB' p. 539)

a (M1 + II2)
0 .0026280 2 M1M2 (m) (2.1)fl

[Drz]m
p .o\z.nf l't) 

o (t rzo)

where [Drz]m is the diffusíon coefficient for the gas paÍr L,2 as

calculaËed using Ëhe first m terms of the C-E serÍes. Its uniËs are

co,2. 
"ec-1.

B ís the pressure in aËmosPheres.

T ís the temperaLure ("t<).

Mt rMZ are the molecular weÍghts of species Lr2.

o1z is a molecular size parameter CÅ1.

- (ot) !-f''-l' is a Ëerm representj-ng the higher approximaLions and is

a function of molecular weíghts and mole f ractÍons, ¿tmong other pata-

meters d.iscussed later. fD(l) = f .

nllrl)o i" krorn as the reduced collision integral, and is the
I2

dimensionless ratio of the collísion integral divided ("reduced") by

its corresponding rigid sphere value

Le o

(t,t¡*
l2

(t,t¡*
T2

(
I

1) (1,1)
/a L2

(rig. sph.)o 1
2

The fl conLains Ëhe details of the colU-sion process (compared to
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the ÍdealÍsed model of a rigid sphere collision), and ís a functíon

of the reduced temperatur., f 12* = kT/elz oK, where k is Boltzmann's

constant and e 12 is a parameter representj-ng the interaction energy

between molecul-es L and 2.

Overall Ëhen, ít can be seen, in the first approximation,

thaË the diffusion coefficienÈ is dependent only on Èhe inËeraction

betrveen unlÍke mol-ecules and contains no terms representíng inËer-

actions beËween like molecules. The C-E expressions for the thermal-

conducËivity and viscosity coefficients of pure gases are similar to

(2.L) except that like molecule parameters only are presenÈ ín the

first approximation; even for mÍxtures, the like molecule terms are

predomínant. Therefore, the diffusion (both muÈual and thermal)

coefficient is particularly important for investigating unlike inter-

actions.

(1)Since f = 1, the fírst approximation Ís independent of
D

composition of the gas mixture. HÍgher approximaËions gÍven by

(n)
IDrz]m lDreJr fo (2.2)

(m)are composiËion dependent since the fO (m >. 2) are complicated

functíons of mole fraction and other parameters.

IË can be seen from (2.1) that the diffusion coeffícient ís

directly dependent on the parameter o¡2 arrd indirectly on e12 through
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nÍl't'*. Because Èhe form of the relation betr^reen e12 and the

col-lision íntegral ís noË given specifically but only through an

inÈermolecular potential energy function, the form of this function

needs to be known before calculations using (2.1) can be made.

It has been found that the form of this potential funcËion

cannoË be deduced unambíguously from determinations of the bulk

properties of gases.30r3l Ïtt addition, quantum mechanics has only

been able to derive usable functions for the very simplesË molecular

systems.32,33 InsÈead, what ís usually done is to assume Èhe form

of the poËential function, usíng a míxture of Íntuitive and Ëheoret,ical

reasoning, and testíng this with experimental daËa from transport

properËies Ëo discard unsuÍtable choices. Unfortunately, Ëhere are

a large number of such potentials whích fit the experimenÈal data

satisfactorily over rather large temperaËure ranges buÈ not uni-

versally nor oveï al-1 the temperature range34t35 *i¡¡out using

dÍfferent parameter values. (nCf, p. 1110) Such potentÍals fall-

into several c1ass"s35 the more conmon of which, in approximate

order of increasing complexity, ate the n-6, the Kihara, the Morse,

and the exp.6. These a1-1 predict that the potential energy of

interaction, V(r), [l'igure 5J, between a pair of molecules tends to

zero, although remaÍning attractive (i.e. negative), as the disËance

of separation, r, approaches infinity; that it increases rapidly so

that the molecules repel each other strongly at sma1l values of r;

and aÈ some Íntermedíate r, of the order of . f"t ^i., there ís an
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aËtractive I'poËential well-rr at r, of depth e. At a dis tance I = O ¡

V(r) = Q.

The Lennard-Jones (12-6) poËenËial, a member of Ëhe m-6 class,

j-s usually \^Iritten in the convenienË fornt

v(r) (2.3)

which is the sum of an attracÊíve potential, -4 e (Þ', which is

predominant aË large r, and a repulsive potential, 4 e (þ"¡ Pre-

dominant aË smal-l r. Thi-s poËenËj-al , as well as ttre others menËÍoned

above, ís spherically syrmcetric and so Ís sËrict1y applícable only to

uronatomic gases but it seems Ëhat small molecules are rather insensí-

tive to thi.s limiËation.26

The ínverse 6th power attractive term was deduced theoretical-ly

by London36 (in 1930) and so thÍs term is included in each of the above

poLenLials (buÈ the Morse which was designed particularly for regions

about r*). The repulsíve part of the potential is raËher less well known

theoreËically.38 Experímentally, thís region is best determined by very

high temperature measurements, since Èhis region is of hÍ-gh energy, or by

high energy aËomic beam scattering.39 The inverse 12th poü/er ::eplusive

term was introduced more out of mathemaËical convenience than theoretical

backíng37 and several values other Ëharr \2 have been used, and this

accounts for the family of m-6 potentíals.

Because of í) its simplicíty in having only two adjustable

parameËers, o- and e, ii) the availability of collision integral tables,

4et(å)t'-(nr>tl
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partÍcularly quanËum corrected onesr2T iii) iÈs abiliËy to reproduce

the data about as well as other semi-empirical potentials even though

they may contain more adjustable parameËers, and iv) the abundance of

data referred to iL, the Lennard-Jones (L2-6) potential is used Ín this

thesis for correlating results. It has been found that by including

an additÍonal term proportional t,o Ëhe inverse Bth po\,rer or r, whích

is the next highest term for the aËtractíve poËenti'al as calculated by

London, better correlations of experimental data over more extended

tenperaËure ranges were possible. The value of m which best fitted the

experirnental data usíng thís m-6-8 potential so formed was found to be

1l- for each of the three noble gases (Ar, Kr, Xe) investigated.34 How-

ever, this improved potential- was not used since tabulaËions for ít have

yet Lo be publíshed.

It can be seen that the C-E Ëheory, through equatÍon (2.L),

predícts that the diffusion coefficient for a given system varíes

wÍLh teurperaËure, pressure and, to a slight extent, wiËh composÍtion.

Each of these dependences will now be exarnined indívidual-ly.
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ComposíÈion Dependence

The composition dependence is contained entirely in the factor

tO(*), and the form of thís factor becomes rapídly more complex wiÈh

íncreasíng values of m. Kihara4o gave a slightlysimpler, æd apparently

more accurate, expression for Èhis factor (denoÈed here by ,o(t) to

distÍnguish Ít from the C-E facËot ,o(t)), and for m:2 thís becomes

2) 1+L'

(6cl.z - Ð2 *r2Pr + >?2e2 * x¡x2P¡2

( (2.3)gD

xr2Qi +xzz{z+x¡x2Qj2

xIt x2 are the mole fracËions of the heavy and li-ght components

respectively. The P and Q are

(2,2¡x

¡,rhere 
^t 

=

P1

Pv

M2(M1 * M2 ) M1 +M2
2 þÍz Qrt

o t2

B M1 M2 412*

(M1 + M2)2

10

2 Mtz (*l
2

1r1¡*

2+

Qr
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32 M¡Nl2A,12x

(n1 + ur) 2
aíz

Atx2=1,

+ +
8(Ml + M2) /nrr(2'2)o\r- l

s *-MrM2 \n* G'Ð* /

2
ozz

otz

Pz, Qi are obtained by interchanging subscripts in P1, Qí. 412* and

Cy2* are both ratios of colJ-ision íntegrals (HCB p. 528)

A* = o(2'2)*/0(l-'1)*

c* = CI(l'2) 
o¡ç(t't)o

and are approximately equal to 1.

These complicated expressions for the composition dependenee

simplify considerably at the extremes of mole fraction. At x1 = 1,

^=

(6ctr* - Ð2
10

1

->

(6crz* - Ð2
10

(6ctz* - Ð2

Lf Mt >t M2

M2

1 + 3(Ml)2 +

(r4zh4ù2

M2

1.6 (Ml) Aiz*

A
10 (Mzhtùz + 3 + 1.6 (¡lzlMr) Arz*
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-> 0 if Ml >> M2

It can be seen that the extent of the composition dependence ís deter-

mined solely by the reduced temperature and almosÈ completely by CtZ*.

Therefore the value of e¡2 can be calculated from the ratío of the

diffusion coeffícients at Èhe truo composition extremes. When this

value is combined with the absolute value of the diffusíon coeffícíents,

the value of o¡2 can also be obtained using (2.L>.

Bxperirnentally, the above procedure for obtaining the inter-

molecular potential parameÈers has to be modified since composi-tion

exÈremes are not accessible by our method of determining the. diffusion

coefficíents but a large range of mole fractions is. These diffusion

coefficients are fítted as a funcËion of mol-e fraction by a least

squares procedure (Prograrn MMC, in appendíx E ) and the smoothed

values of D¡2 at the l.owest and highest mole fractions measured, Èo-

gether wj-Ëh the standard error of fit, are evaluated. ÏIith these

smoothed values, together r^¡ith li-terature values of o1, a2¡ eI, €2,

the "best" values of. o¡2 and e 12 may be calculated using (2.L) and

(2.3). From the fíducial lirnits4l of boËh smoothed values of D12,

the correspondÍng fiducial limits of oy2, el2 may be calculaËed from

the maximr¡t and minimr:m ratíos of the limíting D12.

By Èaking measurements of D12 as close as possíble to the

Íntercepts, the values of o1 Z, eI2 obtaíned are less dependent upon

the pure parameter values assumed. Since quantum corrections are

applíed in such calculatíons (see Program CARKIH in appendix F) 
'
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a starting guess for the quanturn Paraneter

^*
h

orz 2vetz

(his flankrs constant, u is the reduced rnass) is required so that

the answers har¡e Èo be re-iteraËed. No more than f our íterations have

ever been required to obtain convergence (a change in e of less than

O.OIZ and in o of less than 0.12; the convergerÌce occurs in an

oscillatory manner so that the limíË is assured to be in these l-imits).

A wÍde varieËy of starting guesses of e 12¡ a 12 always gives Ëhe same

final result. Dífferent values of o1 ¡ ELt oZ¡ e2 have negligible effect

even if they are poor estÍmaLes.

The funcËíon used

of mole fraction was of

by Marrero and Mason43

to fit Ehe diffusion coefficíents as funcËions

a fo::rn suggesÈed by Amdur and Schatzki42 anð'

Dtz aI+
az xL

1*a3x1 (2.4)

where al¡ a2, â3 ârê fittÍng parameters and x1 Ís the mole fractíon

of the heavy componenË. It is found that this equation generally

gives a better fit of Èhe experimental data than does the polynonial

Dtz a1 + aZxI + a3 xl2 (2.s);

(2.4) also gives a lower intercept at x1 = 0. It is because of this
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sJ-ight anbiguity that exËrapolations to the intercepËs are noË used

in order to calculate the ParameÉers el1ra12. By generating l;heore-

tlcal concentraËion dependences with the aid of (2.3) using an

assortment of values of eLZ, oLZ, and fitting these dependences to

both (2,4) and (2.5) it is Ínvariably found t1nat (2,4) gives the

better fÍt and Ëo wiËhin the accuracy of the generated data.

Temperature Dependence

Equation (2.L) may be rearranged to the form

Drz.Eo
M1*M2

ñ
o,0026280

2

/ 13\
\"*-etnl

(2.6)(u) .P =(
otz

1.e Y m x.
a

the temperaËure dependence of the diffusion coefficient, at a given

pressure, ís given almosË entirely by the Xri there is only a sJ-ight

dependenee contained Ín *O(t) , Ðd this contríbutes very líttle,

especj-al-ly at lor,u mole fractions. This form of the equation suggests

a sÍmpler rnethod of determining the poËential parameters eI2, o12

thari that used by, for exanple' van lleÍjningen et a1.IB'19 and by

Hogervorst. q4

For a given set of DL2, T values, n sets of (X1' Yi) may be

calculated by using n values of e12; a single value of. o¡2 needs

t-
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to be assurned also to evaluaËe Ëhe gO and Â* but since Èhese have

onJ-y a minor influence, the value of oy2 used is not particularly

critical. Straight lines (ruhich are fixed to pass through the origin)

are fítËed to each of these (Xi, Yi) sets so that a ttbest" value of

el2 may be chosen from the fit of least standard error. This fit

will also generate a best value of a72 from the slope, m. By

applying a¡r F-test to the standard error of the best fit, the range

of standard errors T^riËhin the error limiËsrand hence the error limits

of e12 and ol2rcan be determined.

Thi.s method is very suitable for determíning the poÈenËia1-

parameters from a sma11 temperature range sínce only one Parametert

e12, needs to be adjusted to give the best fit¡ more pararneters

confuse the search when fitting a slight curve.

Pressure Dependence

It can be seen frorn (2.1) that for conditíons of constant Ëem-

perature and composÍËion, the product DLz x P should be a constant.

Hornrever, the C-E theory r.¡as derived f or pressures where only binary

collÍsions occur i.e. rather low pressures where the gases acL as

ideal ga¡¡es r¡rÍth respect to their PVT properties. The use of Q.f)

can be extended if aceount is taken of the change in density (from

ideal) wíth pressure by using the product D12 P (nlnideaL) so that

tfre diffusion coefficient is still referred to the standard of 1

(n)
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atmosphere pressure. If pressures are low enough (a few atmospheres)

that only the second vírial coefficientr B, (atm-1), need be considered,

this product becomeg

D:.2 P
(2.7)

where n is the number densiËy. It i.s this modifj-cation of ttre producË

Dtz x P that ís used in thís thesis.

The oríginal C-E theory, because it disregarded three-body and

higher orde-r collisions and Ít assumed the size of molecules were

small compared to the average distance between them, was only correctly

applied to dilute gases. Enskog ext,ended the C-E theory by assuming

tåat devj-ations caused by elevated pressures could be accounÈed for by

assigning the molecules a rigíd sphere diameter whích was independent

of pressure buË different for each temperature. In effect, iË is

assumed that the íntermolecular potential is unchanged by PTessure

varÍations since the collision cross-section, fl, is held constanË aË

its dilute gas value for Ëhat temperature. The influence of manY-

body collisÍons was disregarded due to theoreËica.l difficultiesr45

although a recent artic1e46 describes a correction for a type of

many-body encounÈer but. which ís applicable only for special conditions.

Enskogrs theory was furËher extended by Thorne4T Ëo apply Ëo

binary mixÈures, and this was combined v¡ith the Percus-Yevick approx-

imatÍon by McConalogue and MclaughlinqB to yield an expression appli-cabl-e

Drz P ,tl (1 + BM.P)
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to diffusion rrp to very high pressures and all mole fract,ions.

expression can be writÊen as

Thís

x1 {-x2r (2.8)
(1 -5)*(r*)

x1 * x2 13

where @ D;p)o Ís the value of the product n DtZ at zero density,
o2

r is the raLio of Ëhe rigid sphere dianeters ;; ,

and 5 is Ëhe ratio of the volume of all the molecules to Èhe volume

of the system. If the ideal gas law Ís used for calculating the

approximate number densify of the system,

P o13

If o2 2.56 A

1-s 2

T = 0.749

1-y
n Dtz

@ Dtz)"

KT (xr * x2 x3) (2.e)

It can be seen Ëhat I contains Èhe pressure depenclence. It was foundr+8

that (2.8) was able to reproduce the experimenËa1 data49 within the

esËimaËed experiuenÈal- error (for pressures up Ëo 408 atmospheres).

For an exampl-e, Ëhe helium-argon system, using the Lennard-Jones

(6-L2) parameLers as an approximation for the har:d sphere diameters,

the following val-ues are obtained f.rom (2.8):-

g
,IT

=
6

o

oI
o

3.42 
^

(tte is component 2, Ar Ís 1) ,
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then 5 5.04 x 10-a (x1 + x2 :r3) P

[Note: the value of I for close packing is 0.74]

and y equals

aË

and at

for

x2-o

xI=0

1 atm

0.0012

0 .00057

5 atm

0.0057

0 .0029

It can be seen, Êherefore, ËhaÈaË high mole fraction of Ar, Ëhe raËio

n Dp/(n DtZ)" decreases in goíng from I atm. to 5 atm. by 0.45% f.ot

trace He, and by 0.237" for trace Ar.

It would appear that r'-f the accuracy of Ëhe 1 atm. results r¿as

maíntained, Ëhis decrease woul-d be relatively easy Lo measure. However,

it was found that for He-Ar diffusion runs at elevated pressures (of 3 t

5, 6, 7, and 9 atm.), the output of RFFI)OI using (L,7) became increas-

íngly curved, particularl-y at higher mole fractions of argon. The only

difference in experimenLal set-up between these runs \¡/as Ëhe lengÈh of

the cell used in order to keep the runs Ëo a suitable length of time;

102 cnr cel1s were used for 1 atm. runs, 60 cm for 3 atm. r and 45 cm

for 5 atn. and higher. Using a 45crn ce1l, it was found that the other

systems Ëried, N2-Ar at 1.3 atm. and He-CO2 al 4,2 atm., also gave

similarly curved output.

IË was suspected that EemperaËure changes occurring \,rith diffusÍon

might be the cause of the difficulty. This was investigated by al-teríng

the thermistor circuit. so thaÈ Ít was less dependent upon Ëhermal con-
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ductivj-ty changes and relaLively more responsive to temperature changes.

The potential difference across the bridge circuÍt was reduced to about

0.05 volt (c.f" about /+ volt for usual díffusion run) - this reduces

Êhe sensiËivity Èo changes in thermal conducÈr'-vi-Ëy differences (see

(C.6)) relative to changes in temperaÉure differences ((C.2) and (C.3)).

IË was not possible to use volt,ages much less Êhan 0.05 volt due to

the lowered signal/noise raËio. The ouËput- signal was amplified abouË

50 fold wiLh a nul1 detector (Leeds and Northrup, caË. no. 9834) before

being fed to the recorder (Z in fig. 2) so Ëhat a change of 1 ohm

caused a change of about 0.6tt in the recr¡rder signal-.'For each

diffusion run observed wíth this amplífied signal, the signal rose

sharply Ëo a maximum of several ohms wíthin 3 to 6 minutes and then re-

turned to íts original zero with approximatel-y the same time constant

as diffusion (half-time of a¡proximately 16 minutes). This signal, there-

fore, behaved in much the same manner as that del-ívered by the usual

bridge circuit except that it v¡as of a smaller magniËude. In addiÈion,

the arnplifíed signal was in the opposiÈe dj-rection from usual shcwing

that the temperature dÍfferences produced by diffusion are such as to

cool- the lower regíon, contaÍ.ning the high nrolecular wei-ght componenÈ,

compared to the upper region of the ce1l.

For runs at 5 atm. (ín Èhe 45 cm ee11), the maxiruum deflectíon of

the amplified signal, for a LO% charge of Lhe second gas, T¡/as about 7

ohms when helÍum was the added gas and about 4 ohms wtren iU was argon.

Using (C.2) and (C.3), this indícates that the difference in tempera-

Lures at Ëhe two thermisËor positions htere approxímately 0.02" and 0.01o
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respectively. I'iowever, Ëhis signal vras f ourrd to be somewhat pov/er

dependenÈ erren though the b coefficients of (C,2) and (C.3) are

neglígíbly dependent on the porver at such J-otu powers; if the volLage

was doubled, the naxina I^JeIe increased by a factor of less than 2.

This ind-icates that Ëhe signal from thenrral conductiviLy differences

was sLíll p::esenË. Results for l atmosphere (in Ëhe 102 crn ce1l)

behaved similarly Ëo the 5 atmosphel:e except that the magnitude of

the maxima \,7ere reduced to less ttran one thircl .

0vera11, these experimenËs demonstrated Ëhe presence of

Ëemperature changes accompanying diffusion, as well as their approxi-

mate rate of decay, but Èhe size of these effects ís ín doubt.

Ki-ese1bachS3 dernonstrated the use of screened the-rmistors for ím-

provecl performance in gas chlomatography. These screened thermístors,

as used by Kiese.lbach, were for reducÍng the flow sensÍËi'vity but

rnrere used by u-s, in ihe 45 cn cell only, to conduct heat Ëo oT al¡ay

from Ëhe vícinity of Ëhe ËhermisÉors. A screen of. 48 mesh 0.005"

silver wire was glued to each ther:mistor mount-íng so thaL Ëhe screen

passed within a mil"limeËre on each síde of the thermj-sÈor bead.

Usíng these screened therrrrÍ-stors, the output (from RFFI)OÍ) of such

diffusion runs \¡/ere greatly improved in their linearity compared to

Ëhose wíthout screens. Howeve::, there sÈi11 remaíned some non-

linearÍty whích increased as pressures greater Ëhan 5 aÈrn. were used.

These experiments with amplified signals and screened thennis-

Èors ind-icated that inÈerference was being caused by temperature

dÍffe.rences being generated during diffusion, presuüab1y by Èhe
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diffusion drermoeffecËs4'55 (or Dufour5O effect) ar.dfor heat of

mixing. The amplified sígna1 experimenËs indícated that the Ëernper-

ature dÍfferences decayed aË the same time consËant, 'r, as the

diffusion sínce differences in temperature, 40, beËween the two

Ëhermístors are directly proportional Ëo differences ín resistance,

AR (see (C"2) and. (C.3)). Hov¡ever, íf Ëhis is the case, there shoul-d

be no change ín either diffusion coeffícient or lineariËy of (1.7)

for if

AR (Ëemp.) =

AR (therrn. cond. ) =

AR (total) =

b. A0 Be t/'c

t/t
and a.AK = Ae

(A + B) et/'

t

then

where b, B, a, A are proportíonality constants, and AK is the dífference

in thermal conductiviEy. The experiments r,¡íth screened thermistors,

however, showed that if Éhe ternperature Ín the vicinity of the thermí-

sËor úras maintained constant, or more nearly so Ëhan without the screens'

the runs ehanged signj-ficantly indicaÉing Ëhat there riTas at least a

component of the Ëenperature di-fferences which did noË decay with the

tíme constanË, r. These Ëwo conflicting conclusions can be reconciled

if iË is assumed that the signal from Ëemperature differences ' as

measured by the low power circuit, I¡Ias greatly reduced by the signal

from thermal conductivíty differences so that a smaller component'

wiËh a time constanÈ differenË from t, would have been masked.
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More complete investigaLions of the diffusion thermoeffect

have been carried out by Idaldmannsl using a cell of variable lengÉh

and sensití.ve Ëhermometers whÍch could be positioned anywhere a1-ong

Lhís length. IIe found thaÈ initially the temperature fell in the

half-cel-l conËaÍníng Ëhe heavier comPonent but rose in the upPer

half; both temperaLures Ëhen decayedr with Ëime constanÈ' rr Ëo

the temperature of Ëhe cel1 wal1s.

lnlaldmann derived a differentÍal equation to describe hÍs results

for v¡hich Ljunggren52 gave Ëhe approximaËe solution for the temperaËure'

v, generated during diffusion (ín a cell composed of Ëwo half-cells

which are separated aË Ëhe beginníng of each run):-

lcr.ay.(sin f . -t /r -9t/rv=F e + sin 3nx
1
l/

e + .....)

-2t/r+ (AY) 2 (Lz e (1 * cos +) * terms dfsappearing

faster th"r, "-9t/t) ]
(2 .1.0)

where x is the distance coordinate along the axis of the cylinder,

f i" tfr" molar volume of the gas mÍxture,

AY is the initial difference in mol-e fraction,

cx is the Èhermal diffusion factor,

þ:k = !,II* + BZZ* - 2 BtZ*,
ð 8..

,Ík." = Bik-t T ( AË)

B.n is the second interacEion virial coefficienË for components irk,

and F is a collectíon of constants.

4b*
rz \Ì
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F o (v) T

where d is the dianeter of the ceJ-l,

r ís the thermal diffusÍvíty,

R is the gas constant,

C ís the heat capaciLy at constant pressuret
p

T ís Ëhe absoluÈe ÈemperaLure of the thermostat,

and O (y) ís a furrction of posítion along the cliarneËer of the ce1l.

It can be seen from (2.10) that v is composed of two terms,

the firsL, vi, which disappears at the same rate as díffusion and is

present even for ídeal sysËems, and the second, vr, which disappears

aÈ Èwice the raËe of diffusion and i-s equal Xo zeto for ideal systerns

since b* is Èhen zero. In addition, v. ís of opposiËe sign Ín each

half-cell, clue to ÂY, but v, ís of the same sign ((¡V)2) so thaL when

differences are measured, the contribut-Íon from v. is doubled but that

from v, disappears; the v, term is also an order of magníËude smaller

than v,52 at low pressures. Because the circuit is sensitive to
1_

t,emperature changes, even though the ËempeÍaÈure at boËh Ël-rermísÈors

is equal (see Chapter 1), (2.1-0) indicaËes that there v¡Í1I still- be a

signal due to the v, term.

EquatÍon (2.10) is compaÈible with the experíments using screened

thermistors in Ëhat it suggests Ëhat, f.or a given diffusion cell,

increases in pressure will gÍve more discrepant results because bx ín

B

IT å ,eù' . ,þ,

the vr term increases. The equation is also compaËib1-e with the 1ow
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por,trer circuÍt experimenËs as it indicaËes that the tenperature differences

princj.pally decay with a t,ime constanË r.

The v, term is largel-y Í.ndependenL of pressure yeË the tempera-
1

ture difference signal at 1 atm. ís much smaller Ëhan that at 5 atm¡

this is due Ëo tine (d/L)Z tur* in F of (2.10), whích r¡ill similarly

affecË v_-. It is expecLed Ëhat Ëhe size of any diffusion Ëhermoeffectr
could have been reduced by using cel-ls of smaller diameter.

The resístance difference, ARi, Ëime, trr daËa were fitËed by

weighted leasL sguares56 Èo an equaËion modifíed from (1.7) by the

use of (2.1.0):-

AR. -RFL
a¡ ea}Ei- + a3 ea4tÍ (2.LL)

where alt ã2, a3 are fitLing païameLers, rvÍth az = (Þ'Dtr, and

,ã4 = 2 x a2. This equation dÍd indeed give a better î.iE of. the data

than did equati-on (1.7), however, the fit was sti1l not adequaÈe for

the majoriËy of Ëhe diffusion runs done at 5 atm. or hígher and the

D12 values obl-ained were not always cons:'-stenL. ThÍs indicates that

oLher terms should also be included in (2.10). Equation (2.1-1) was

also tried as a four parameter fitting equaËion by not fixing Ëhe

value of a4, buÈ even more inconsisËent D12 values were obtained and

often convergence of the iteratÍve least-squares procedure could not

be acl-rieved 
"
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The diffusÍon thermoeffect can also have an effect on Ëhe

results other than by changing the resistance of the thermisËors.

Firstly, from (2,L), it can be seen that D12 is quite temperature

dependenÈ; a change of 1oK causes a change i-n D1 2 of. approximately

0.5%. However, since differences in signals from the warmer and

cool-er (i.e. upper and lower) secËions of the cel-1 rvere being taken,

an average DLz is yielded r,rhich has a much reduced dependence on the

temperaËure dÍfferences produced. Secondly, the temperature field

seË up by v- is such as to bring about thermal diffusion Ín the
l-

opposiLe dÍre.cËion from mutual dÍffusion so that mÍxÍng of the gases

is slowed. This second consequence has noÈ been accounLed for in the

derivation of (2.10) by LJunggren who assumed Èhe concentration

gradienËs Éo be unaffected by the smal1 temperaLure gradienËs.

Due to the apparenË presence of a J-arge number of ínterfering

influences, and due to the lack of success in adequately fittÍng the

departures of the daËa from (1.7), particularly for the higher pressures

studÍed, wj-th equations such as (2.L1), it was necessary to apply some

compromises.

i) For diffusion runs in the l-02 crn and 60 cm cel-1s, i.e. for l- atm.

and 3 aL-n. He-Ar runs respecËively, the experimental arrangenent was

just as in ChapËer I but the l-east-squares procedure was modified by

the inclusion of a Ëhird parameter:

AR= - RI = .1 "u2fi + "3 Q.Lz)
l_
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If the departures from (1.7) are caused by an ínterference r¿hich could

perhaps be represenËed by a series of exponentíal like terms, the fírst

tenn of the expanslon r¿ou1d be a constarìl-. If these departures arise

from the díffusion thermoeffect, it would be expected, from Ëhe 1ol.r

poT^rer clrcu,i-t experíments, Ëhat the sígn of a3 would be opposite from

that of a1 (positive). For experíuents wiËh negligÍble interfer:ence

from the diffusion thermoeffect, the value of a3 may be looked upon

as being a calculated correction to the experimental deÈerminat.ion of

RF. For 1atrn. IIe-Ar runs, a3 was al¡rost always in the range of

t 0.03 CI, which is close to the experitnental accuracy of RF.r and also

usually negative. The spread of a3 increased Èo *0.03' -0.1 Q for

the 3 atm. (60 cm ce1l) runs indicaLÍng the increased prominence of the

diffusÍon thermoef f ect.

ii) It r^ras found |-inat- (2.L2) is noË at all useful for processing the

results from 5 atn. or hlgher (in the 45 cm ce1-1) . By choosing gTouPS

of approximately Ëv/enty successive points from a given run, ÍL was

possíble to calculaËe DI2 values with a spread of more than 3% and

with no regular paLtern Ëo the variation; 1 atm. resulËs, similarly

treated, give a spread of only 0.1- - 0.27!. It was Ëherefore necessary

to use onLy the results usíng screened thermj-stors in conjunction

r,rith (2.L2). ResulËs from pressuïes greaËer than 5 aËm. were sLlll

noL suffici-ent1-y consistent Lo be useful in testing Èhe pressure

dgpendence of D1z arLd are not Ínc1uc1ed in the results.
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iii) In addition, since (2.I2) ís noL a particularly good represen-

tation, it will noË fit the daËa from a given run equally we1l,over its

enËire lengÈh. The value of a3 is a type of average of the departures

from (1.7) occurrÍng during Èhe run. The j-nitial- data pointsr r¡Ihere

AR.-RF-a3 ís large, are not greaËly affected if a slightly incorrecÈ

value of a3 Ís used. The fj-nal few poÍnts, where AR. -> I{Fr are greatly

affecËed by the choice of a3, in fact, a3 should be zero f-or these poinËs.

To prevent bías from Èhese 1asË points, which also have the largest

experimental error, those which are less than abouÈ 5 or 6 ohms from

RF are omitted from the l-easÈ sguares fitting of the 3 and 5 aÉm.

results.

In surnma::y, equation (2.I2) is the fitting equaËion used for all

the data. The precision, and presumably the accuracy also, of the

lower pressure resulËs, i.e. those done ín the LO2 cm cell, is about

1 0.1 to 0.2% for indíviduaLDtz values. The 3 atm. He-Ar (from 60

crn cell) runs are fÍËted by (2.1"2) less well so that a few poÍnts

near the end of each run and as many as 30 points aË the beginning

need to be dropped, leaving abouË 50 points to be least-squated. This

drops Èhe precision to abouË ! 0.2 - 0,37". The 5 atm. results (45 cn

cell) obtained by usingscreened thermislors are similar to the 3 aun.

resulËs.



49

Chapter 3

Results

HelÍum-Argon: The diffusion coefficient of thÍs system tüas

deËermínecl as a funcËíon of mole fracÈion, Èemperature and pressure.

The results for the composiÈion dependence aË 300 K and correcÈed Eo

1 atm. pressure, using (2.7), are presenËed in Table 1.

The column headed "Drz" gives the values of the producË, DI2"

,"#ia, as in (2.7). The second virial coefficients of He (+ 4.58 x

10-q aün.-I) and of Ar (- 6.05 x 10-4 atm.-l) t.r" from the smooËhed

data presented by Dymond and Smithr5T and thaË of Ëhe mixed virial

(+ 7.54 x 10-a at*.-r) from Kalfloglou and Mí11er.58 All pressures

for these ïuns were within 0.3% of. 1atm. The ttDifferencett co1umn

gives the dÍfferences , (Dn)experimental -(Dv)smoothed. The smoothÍng

equation is (2.4) as used in program MMC (Appendix E). The column

headed ttvolts" gives the poÈentíal difference across the bridge cj-rcuiÈ

of f.ig. 2.

The runs numbered 10, L6, L9, 2L, 23, 24 røere performed wi-Êhout

jets being screwed inLo the Nupro valves so that there was an extra

volume of 1.14 c.c. avaÍlable r^rithin the cell whích Íncreased the

eff ective length of the cel1 by 0.LL"/"; these D ¡2 vaLues have Ëheref ore

been Íncreased by 0.22%. This assumes that Èhe extra volume can be

assumed to acË as though evenly spread Ëo produce an extra cylinder



No. Volts

3.5

4.s

5.5

3.5

4.5

5.5

3.5

3.5

3.0

4.O

5.5

3.5

3.0

3.5

5.5

4.0

3.5

3.0

4,O

3.5

4.O

3.0

4.O

4.0

1_

2

3

4

5

6

7

B

9

10

11

L2

13

L4

15

T6

L7

1B

L9

20

2T

22

23

24

50

"At

.0 8190

.08218

.08230

.08231

.08239

.o8243

.1865

.27 83

.3442

.3796

.3973

.4040

.4649

.497 3

.4973

.5L26

.5966

.628L

.6920

.8136

.8401

. 8485

. 8489

.849L

Dtz

.73398

.7330g

.7329 
2

"7336 6

.7328-
5

.7329 
2

.73652

.7 4040

.7 429 r

.7 44ro

.7 442

.7 439

3

1

.7 4583

.7 457 
o

.7 47O 
B

.7 469 g

.7 4800

.7 487 ,
4

.7 5OA 
2

,7 5207

.7527 
2

.75252

.7 535 
6

.7 s34B

Difference

.00080

-.00011

-.00028

.00046

-.00036

-.00029

- .000 83

-.00006

,00047

.00067

.00032

- .000 17

.0002 1

-.00069

.00069

.00025

-.00056

-.00050

-.00039

- .000 43

-.00019

-.00052

.00051-

.00043



No.

25

26

27

2B

29

Volts

3

3

3

4

4.O

TABLE 1:

( cont. )

.7 544 .
4

.7 537 
6

.7 537 
7

.7 547 g

.7 541+ g

Difference

.00036

-.00032

- .00031

.00065

.000 20

5

0

5

5

5l-

xAr

.9t7 B

,9T7 B

.9 180

.9224

.9323

Dtz

Helium-Argon. Díffusion CoefficienÈs at 300 K'

I aun.
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of length 0.11_2 crn, wi-th the same diameter as the cel-l, added to

each end. Similarly, run 29 lnas been decreased by 0.03% to allorv

for the jeÈs used r¿hich protruded to decrease Ëhe cel1 volume by 0,0L6"/".

The remainder of these runs had jeLs rutrich were flush with the ends of

Ëhe cells.

It was f ound that Lhe results \^rere some-.I^/haL dependent upon the

potential difference across the bridge circuÍt and were affected in

tr'ro dif f erent l^Iays.

i) Large poËential differences yielded larger diffusion coef-

f Ícients. This \.^¡as presumably due to convection brought about by the

latgex po\^/er generat,ing more heat È1-ran could be conducËed away by the

gas; Ëhi.s eff ecÈ would be expecÈed to be more promínent ín gas niixLures

of l-ow thermal- conducËivity i.e. high mole fractions of argon. At mole

fractions near xAr = 0.9, potential differences up to /t.5 volts yielded

the same D12 brtt 5.0 volts caused a 0.3% increase. Larger volËages

than about 5.0 volËs htere noË able to be used aL these mole fractions

because of the possibÍlity of t'thermal runal^/ayrrs of the Ëhermistors.

íi) snall potentÍal differences yielded runs which fítted

(2.1.2) rather poorly, particularly for small mole fractions of argon.

ThÍs was possibly due to the decreased sensitivity of Ëhe thermistors

Ëo thermal conductívj-ty changes compared to temperaÈure changes (see

Chapter 2). The sensitiviËy to thennal conductivity dífferences

decreases vriËh decreasing mole fractíon of argon so that thj-s effect
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r,rrould be expected to be larger at these mole fractions fot a given

potenÈial difference. At x* = 0.08, the lower limít of the useful

poËenËia1- differences appeared to be 3.5 volts; at 3.0 vo1ts, arr

increase of 0.4% j:nD¡2was observed. AË Largex mole fractionsrËhis

effecË vras noË observed aË 3.0 vo1ts, Ëhe lowest poËentÍal difference

used.

TheD12 values seem to be independent of the ranges of voltages

quoÈed in Ëhe Ëable.

The smoothing equaÈíon for this data is

0 .0505 .x.
AT (3 .1)D tz = o.72935 + 1 + 0 .954,xAr

with the standard errors of the coefficients being 0.00035 (at)' 0.0029

(aù and 0.099 (aa), and the standard devÍation of fit being 0.00049.

From Ëhe smoothed values of Dtz ta *A, = 0.08190 (0.73319) and aË

*A, = 0.9323 (0.75428), rogether wiÈh theír 95"/" fidueial 1imÍts, Ëhe

intermolecular potentíal parameÈers

+5 .3
e¡2/k 32.2

-6.7
(3.2>

and orz 3.045 I
1

K

æ.055

-0.039

o
A

were obtained from CARKIH (Appendix F). Note: Ëhe minimum ratio oÍ DtZ

valrres, 0.75398 and 0 .7335L, pro<luced the values 37,5 K, 3.006 Å., and



x.Ar
Dtz

EquaËion (3.1)

.72935

.73396

.737 84

.74rr3

,7 4398

.7 4646

.7 4863

.75056

.75228

,75382

.7552L

TABLE 2
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ItBest" RaË1o

Paraneters

- (3.1)

- .00109

.00015

.00077

.00104

.0010 8

.0009 B

.00082

.00059

.00034

.00007

,- .00020

Mín. Ratio

- (3.1)

-.00057

.000 49

.00097

.00113

.00108

.00091

.00069

.00041

.00011

-.00019

-.00049

Max. Ratío

- (3.1)

-.00159

-.00017

.000s9

.00097

.00109

.00 107

.0009 6

.00078

.00057

.0003 4

-.00011

0.0

1_

.2

3

4

5

.6

.7

.8

9

t-.0

Comparison of Kihara 2nd Approxination with

ExperimenÈ - Composition Dependence.
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the ma:<Ímum ratio 0,75459, O.73286, the values 25-5 K, 3.100 Í..

The composiLion dependences predicËed by these three sets of

lntermoLecul-ar parameters are compared to the smoothed resulLs of

(3.1) in Table 2. Cohrmns 3, 4 and 5 give iL}Ie D12 values of the_2nd

Kihara approximaËion, using (32.2 K, 3.045 Å.), (37.5 I(, 3.006 Â.), and

25.5 K, 3.100 ¡,) respectively, from rvhich the values in Ëhe 2nd cohrmn

are subËract.ed. IË can be seen thaË Ëhe second approxímation predicts

a rather more curved dependence than has been obtained a1-though the

maximum departure ís only abouL 0.I5"Á. The values of the intermolecular

palaneters for Lhe pure comPonents thaË were used in generaËing the

composítion dependence are

Ar L2L K, oA, 3.42 Ãlke

tH"/k 10.5 K, o'e 2.s6 L

These were Èaken from Table )O{II, "Mean values from other sources" of

reference 18. The composÍLion dependenee is virtually unaffected by

poor choices of Ëhese parameters.

Marrero43 presenËs an equatíon for correlating concenËration

dependences:

t e.(6ctz* - 5>2
a. x.

AT (3.3)A l+b. x.
AT

with C12*, L' as defÍned in (2.3) and arb deÈermined from molecular

parameters; E ís a fiËËing parameter which should be 1.0 Íf the
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Kihara 2nd approximaËion is follorved. For the lle-Ar system, Marrero

obtains a = 0.18, b = L.L7, assuming ep/k = 40.2 K, and, based upon

van Heijningenf"Ì8 dat", sets Ç = L.67; (3.3) then gives a concen-

tratÍon dependence at 300 K, A' = [Dtz (xO, = L)/Dtz (*A, = O) - 1] =

0.0578 compared to that obtained from column 3, Table 2 of 0.0367 !

0.001-1. Thís ís a fai-r comparison, even though \,7e vlere noË abl-e Ëo

cover the entire composíÈíon range, sj-nce (3.3) ís also based upon the

Kihara 2nd approximation. Ilor.¡ever, if Ç Ís set Ëo its theoretical

value of 1.0, A' = 0.0346, which is much closer to our resulLs, the

small difference probabl-y being due to the differenL etZ/k patameters.

The value of N obtained from van HeiJningertt"IS païameters, e¡2/k =

4O.2 K and o12 = 2.98 Â, when used in (2.3), ís 0.0341; The a and b

of (3.3), when calculated from (3.1) 
' assumin9 1 = 1-.0, are 0.1-55 and

O,954 respectívely.

The values of e tZ/k artd ay2 obLaLned from the concentraËion

dependence are raÈher insensitive to errors ín ttre absolute values of

Dni a displacement of 0.27" in D¡2 cavses a change of 0.05% in e72/k

and of O.L7" ín o¡2. Ilowever' an error in ÍDn (*O, =.L)/Dv (*lr = O)]

of 0.2% catses an error of 227" in e12/k and of 2% ín o12.

The effect of pressure on the D12 values, other Ëhan via Ëhe

vj-rÍal coefficienËs, as Ln (2.7), is assumed to be insignificant at 1

atmosphere; any corrections would be raÈher dÍfficult to make with

sufficient accuracy, anyhow, because of Ëhe lack of knowledge of the

correct rigid sphere diameters to be used in (2.8); the accuracy of

the experimental deLerminatíon of Ëhis dependence is also fairly 1-ow

(see later 1n Èhis chaPter).
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The r:esults for the temperature dependence are presenËed in

Table 3. Only the small tenperaËure range of 48 K was attempËed but

the D1 2 fxom each end of the mole fractÍon scale were measured. A

Iarger ratlge of pressures \^ras necessaTy in order to keep the experí-

ments Ëo silrílar 1.engËhs of time. A greater spread of voltages

(Column 3) r¡as also necessaly so that the circuit sensiËivity was

approximateJ-y the same for each run. The t'Dífferencer? colur,rn gives

the díf ference , Drz - (value calculated \^rj-th Ëhe íntermolecular para-

meters gíven below (rn (3./¡), and using Kiharaf s 2nd approxímatíon).

Figure 6 plots the fit of. (2.6) to the experimental data from

both concentraÈion ranges separately and together. The abscissâe are

the set o1. e¡2/k values used and the ordinates are the pe::centage

errors of the slopes, m, whích are given by 100 x (standard error of

slope)/stope. Table 4 gives Èhe values of o12 corresponding to each

e12/k value for the three sets of concentrations (A is argon-richt

*A. = .o2 ->.1, H is helium rich, *A, = .89 + '98, and c is Ëhe

combined resulÈs).

Each of these plots has a series of miníma giving rise to a

rnult.iplícity of possible poËential parameters. Curve H has thro

almost exactly equal lowest míni-ma at e1Z/k = 33 K and 44 K, which

is close Ëo the usual figure given by other references.lSr44 Curve A

has minima at símiLar ¿tz/k val,¿es buÈ with a slight bias towards the

smaller etz/k value. However, when combined, this smal.ler e¡2/k value

minimum ís decidedly favourecl. Table 4 shows that A and H have rather

different slopes, i.e. clifferenl o¡2 valuesr near ep/k = 40 K nhereas



Temp. (K)

325.877

319.186

319 .186

313 .170

313 .170

313 .170

307.992

307.992

300 .000

300.000

288. 153

288.153

283.t29

283.L29

278.L04

278.L04

Pressure ( atn. ) Volts x.
AT

Dtz

.8904

.9062

.09409

.9539

.1054

.08002

.9262

.08308

.9000

. i.000

.9309

.06506

.96L5

.03857

.9810

.01940

.86683

.83672

.8L528

.80998

.79052

.78827

.7 87 5r

.76635

.75383

.73426

.70624

.68498

.6Bs89

.664LL

.66537

.6438r

Difference

.00040

- .00007

.00055

- .0009 6

.000 80

- .00007

-.00070

-.00044

- .00011

-.o0a4z

.00099

-.00037

.00069

-.00021

.00009

-.0001_1

t-.15

1.09

1.09

1.06

t.o7

1.06

1.03

1.04

1.00

1.00

.980

.983

.9L6

.91.6

.885

885

5J

2.3

2.5

3.3

4.A

3.5

J.J

4.0

4.3

6.6

4.8

7.8

4.9

8.7

(.Il
oo

TASLE 3: Helium-Argon. Temperature Dependenee of D¡2
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e¡2lk

25.25

28.25

3L.25

34.25

37 .25

40.25

43.2s

46,25

49.25

52,25

55.25

58.25

orz (A) orz (H)

3.L024

3.0764

3.0480

3.0234

3 .0006

2.97 88

2.9s73

2.9388

2.92L5

2,9057

2. BB83

2.87L8

o12 (c)

3 .099 I

3.07 46

3 .047 B

3.0235

3.001_B

2.9806

2.960r

2.9426

2.9263

2.9L07

2.8944

2.8790

3. t-011

3.075s

3.0479

3.0234

3.0012

2.9797

2.9587

2.9407

2.9239

2.9079

2.89L3

2.8754

TABLE 4: Values of. oy2 generated from runnÍng

pararneter, e¡2/k - Temperature Depen-

dence.
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rLear 34 K Ëhe o12 values become identj-cal . The smal-ler-valued mínimum

of C provicles

ep/k 34.1
+2.5

-2.7

+0.022

-0 .0 19

K

(95% f.iducial limits) (3 .4)

o12 3.O25

in agreemen.Ë r^rith those obËained from the concenËration dependence (3,2).

Since Ëhese parameters are rather differenË from Ëhose obuained

from other workers, some comparísons with their results Ís necessary,

and these are presented in Table 5. The Di2 values are calculatecl aË

*A, = O usÍng the Kihara 2nd approximation (except for the "M" resulÈs

which are at xO, = 0.5) and may be as much as O.Ls% 1ow (see Table 2).

The dífferences of (the second column derived D12 values) fron (the

reference r,¡orkers t experimenËal or derived Dp) are given in the thírd

column. t'K" is calculated usÍng the parameters derived from KesËinrs

víscosiËy clata (e r2/k = 43.10 K, ot2 = 2.9667 L)i these parameters also

predi-ct a lower concentratÍon dependence of 0.0333. t'Vt' are the experí-

menÈal resulËs of van Heijningen et aL. l8 which have been corrected,

using their experimentally det.ermined concentration dependence, to xAr =

0. "M" are values calculated from Marrerots43 equation for correlaÈing

al-l- diffusion data that had been obtained (up Ëo L969). The remainder

of the values in the Ëable are the experimentaL D72 rreasured in the range

300 - 1400 I( by Hogervorst44; his results are consistently 
'2 

- L%

higher than our values calculated from (3.4), but this is wíÈhín his

estimated experimental error.

A,



Temp. (K)

300

90,2

L69.3

295

400

300

350

400

4so

500

550

600

650

700

750

800

850

900

950

1000

1050

1100

Ll-50

l_200

62

D¡2 flom (3.4)

.7289

.09zLL

.2783

,7087

L.L7 4

.729

.943

L.L7

1,43

L,7L

2.00

2.31

2.63

2.98

3.34

3.72

4.IL

4.52

4.94

5.38

5 .83

6.29

6.77

7.26

Difference

-.0026 K

.00056 v

-.0021 v

-.0023 v

.010 v

.003

.003

.01

.01

.01

.o2

.o2

.02

.o2

.03

.03

.05

.04

.05

.04

.01_

.04

.07

.o7

TABLE 5



Temp. (K)

L2.50

1300

1350

1400

90.2

300

800

1400

63

D72 fxom (3.4)

7.77

8.30

B. 84

9,39

.0931

.7475

3.815

9.637

DÍfference

.1-0

.08

.06

.06

.0021 M

.0085 M

.319 M

1.328 M

TABLE_S-: Comparisons of predicted temPerature

dependence with thaË from oËher workers.
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It can be seen from Table 5 that our Parameters' (3.4), are

essenËially ab1-e to duplicate the D12 obtaíned by Kestin, van lleÍjningen,

and HogervoïsÈ in the range 90.2 -> 1400 K, but their íntermolecular

parameters are noË able Ëo reproduce our concentratíon dependence.

Marrerots equaËion predicts a greaÈ1y different Ëemperature dependence

from (3.4) , especially at elevated temperatures.

The effect of pressure upon Ëhe composíËion dependence of D¡2

for Ëhe He-Ar sysÈem is illustrated ín Figure 7 The 3 and 5

atnosphere results are listed in Tables 6 and 7 together with the

differences of the smoothed data from the experimental. The smooËhing

equaËion for 3 atn. is

Dn o.72638 +
0.0442 . *A,

1+0.64. *A,
(3.s)

(3.6)

with the standard errors of Èhe coeffícients being 0.00076 (ar)' 0.0070

(aù and 0.25 (as), and rhe stanclard deviatÍon of Ëhe fit is 0.00082.

For 5 atm., Ëhe equatíon Ís

Dtz O.7262 +
0.034 . *A,

1+0.55 . *A,

with standard errors of 0.0011 (ar), 0.0070 (aù and 0.28 (aù, and the

standard deviation of fit is 0.00096.

Although Ëhe pressure range amenable to measurement in our

apparatus is not large, the essentíal features of (2.8) are shown. The

raLe of decreas e of. D¡2 aË low *A, i" seen to be less than that for
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DtzAr

.06 805

.06892

.069 18

.1511

.3097

,4920

.790t

.8004

.8491

.9L36

,9t37

x Difference

(D't,> - smoothed)

.0001

-.0001-

.0002

-.0001

- .0005

.0009

-.0013

.0009

- .0011

.0006

.000 4

,7293

,7292

,7295

,7324

,7373

.7 438

.7 483

.7506

.7 496

.7524

.7522

TABLE 6: HelÍuur-Argon. 3 Aunospheres pressure' 300 K.



x.Ar

.0720 B

.r074

.25L2

.5104

.5L22

.5L22

.75L7

.9 130

.9304

.9306

.9306

.93r2

67

Dtz

.7289

.7293

,7336

.7 403

.7396

.7 407

.7 427

.7 479

.7 464

.7 487

,7 464

.7 473

Difference

(Dv - smoothed)

.0003

-.0004

-.0001

, .0005

-.0003

.0008

-.0016

.0009

- .0009

.0015

-.0008

.0001

TABLE 7: Helium-Argon. 5 atmospheres pressure' 300 K .
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Larger x*r in accordance with (2.8), but the rate Ís a litÈl-e larger

than that calculated ín the previous chapt,er. This could Ue ¿ue to

either the ÍnapproprÍ-aEe rJ-gid sphere díameËers chosen or to the scaLÈer

of the resulËs. An insufficient number of pressures were able to be

used to atternpE a ueaningful evaluation of the rigíd sphere díameters

to be used.

From our data, the calculated decrease of Dy2 from it's zero

pressure value is in the range of 0.1 to 0'.24%/am. wÍth the srnaller

mole fractíons of argon havíng the smaller decrease. Although Ëhere

appears to be no data on the pressure dependence of D¡2 for the He-Ar

system, there have been a number of oËher systems studÍed, among rvhich

are i) the Kr-tra..85 Kr by Trappeniers and Michel-s160 who measured an

inítíal decrease of abouÈ O.O67"laút. at 25ÒC, íi) the3 He-4% O2 system

by Karra and Kemmererr6l using nucl-ear spin laËtice relacation rate, who

found the large (compared to those of other systems) increase in D¡2

of about 77"/aÍm. at 23"C, and iii) 85Kr tr".e through a number of gases,

íncluding ordinary Kr, by Durbin and Kobaytshi4S'49; they found that

D¡2 incxeased wíth density by a similar amount for each system, ín-

creasÍng by abouË O.I%/affi. at 35"C for the Kr-85Kr which is in contrast

to Lhe results of Trappeniers and Michels. Our results a.re vlithin the

range of others sËudied.
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The composj-tion dependences of the systems HZ-NZ, H2-Ar, He-Kr,

He-CC1F3 (chlorotrifluoromethane, freon-13) aË 300 K were measdred and

are preseni:ed ín Tables B-11. These systems $/ere measured at approxi-

mately 1, 1, 0.88, 0.6 atn., respecËive11'. Ttre mixed virial coefficients

of the laËter tr^ro systems r^rere noË found in the literature3l and so

these diffusion coefficients \^/ere corrected to 1 aËm. as Ëhe product

Dtz.P. The second virial coefficienÈs of H2 (+6.01 x 1O-4 atm.-1), Nz

(-+.t x 10-rr "t*.-1) and-Ar (-6.05 x 10-4 atm.-l) were from Ëhe smoothed

daËa of Dyrnond and Smíth57; the míxed virial coefficients of Hz-Nz

(+ 4.43 x 10-a aun.-l) and H2-Ar (+1.10 x 10-4 atm.-l) hrere exËrapolated

from the data of Zandbergen and Beenakker.63 The smoothíng equation

for the H2-Ar, He-Kr, Ì1e-CC1F3 systems \^¡as equaËion (2.4), with the

actual value of the fÍtting parãreters presented ín Table 12.

Hz-Nz: There were insufficienË points to justify fitting Ëhem

to (2.4) in order to determine Ëhe intermolecular parameters. The

thermistors were affected by hydrogen during these runs so thaË this

series had to be abandoned af ter only a few runs . H2-Ãr runs \^rere

similarly affected, using a ner^r pair of thermÍst.ors, but several more

runs \¡/ere completed before the runs were affected signíficantly. Our

D¡2 values range from 0.132 1ess, to 1.02 greater Ëhan, the value gÍven

by Marrerofs correlatíon çat \z = 0.5, 300 K)¡ our values are also

very similar to those obtaíned usíng a similar apparaËus.64
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\2 Dtz

.7 828

.7 822

,7862

.7 BB9

.7924

.7921

.186

.187

,364

.689

. BB4

. B84

TASLE B: Hz-Nz. Diffusion Coefficients at 300 K, 1 atn.
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x.
AT

.11_5

.298

.308

.308

.422

,459

.540

.57I

.692

. B85

Dtz

.82630

.828!2

.82833

.8287 
3

.82926

.82950

.83230

.83233

,8343 
4

.83711

Difference

(Dv - Smoothed)

.00023

-.00013

-.00005

.00035

- .00062

-.00089

.00074

.00020

.000 4l-

-.00024

TA3LE 9: H2-Ar. Díffusíon Coefficients at 300 K, 1 atm.



72

.0340

.0735

.t250

.131_3

.2L07

.3520

.3924

.4393

.4957

.6003

.6649

.7280

.8422

.9011

.9660

Dtz

.6332

,6342

.6363

,6357

,6395

.6456

.6465

.6469

.6499

.6507

.65L9

.6530

.6526

.6538

.6562

k Difference

(Dv - smoothed)

.0012

-.0000

-.0005

-.001_4

-.0009

.0006

.0005

-.0003

.0015

.0002

.0003

.0005

-.0015

-.0010

.0007

TABLE 10: He-Kr. Diffusion CoeffÍcients at 300 K' l- abn.
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*cc1F3
Dtz Difference

(Dv - smooËhed)

.o499

.0518

.o547

.0793

.1305

.L956

.2970

.3975

.5052

.53 8s

.5996

.6468

.8996

.9495

.97 54

.4r94

.4r_85

.4L9t

.4L86

.4220

.4239

.42s6

.4265

.427 4

.428L

.4291

.4306

.4307

.4311

,4304

.0008

-.0002

.0002

-.0012

.000 4

-.0001

.0004

- .0003

-.0006

-.0003

.0002

.0014

-.0000

.0001

- .0007

TA3LE 11: He-CC1F3. Diffusion Coefficients at 300 K, 1 atm.



Sys teur

H2-Lr

IIe-Kr

He-CCIF3

a1

.82482 (.00069)

.6298L (.00098)

.4L620 (.00074)

.011. ( .024)

.067 (.011)

.os6 ( .oLz)

a3

-0 .29 (0. r.6)

L.s7 (0 .36)

2.72 (0.69)

Std. Deviation

.00056

.00097

.0006 8

az

{
5

TABLE 12: VaLues of Fltting Parameters - refer to (2.4). Values

ín parentheses are sËandard errors.
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rÆ, e¡2/k = Lol.4 : 9g:3 K, or2 = 2.e66l:3i3 Å. rhe

concentraÈion dependence fítting para$reters (fabte 13¡ give very

dífferent a and b parameters (refer to (3.3) ) , 0.062 and -0 .29 xes-

pectÍvely, frorn those of Marrerors correlation, 0.17 and 0.85.

Although the deparËure of the smoothed D72 values from those given

by the Kihara 2nd approximation, as given j-n Table 13, is rather large,

these are mosËly within the error límits. There is a raËher large

range of intermolecular parameters found in the liËerature ranging

from 66.7 Kr 3.037.Ã,63 ro l-55 K, Z.lO Las. Our ínrermolecular para.

meters predict D72_ values ¡¿hich are from O,Ogi¿ 1ow at 295 K Xo 6.2%

low at 1-069 K when compared to Marrerors correlaËion; when compared to

I,rlestenberg and Frazíert" 65 data, Ëhey are from 4.7% to 12,5% low in

the same Ëemperature range.

He-chlorotrifluoromethane cclF326 e¡2/k = +a *!?gt atz = 3.s31'01å.

This system has apparenËly not been, studíed previously.43 The smooËhed

Dy2 values closely fo11ow the Kihara 2nd approximation curve (Table 13)

even though CC1F3 ís polyatomíc and polar:.

He-Kr e¡2/k = ,?:lI¡ 612 = 3.28+'.!1. (These parameters are dif-

ferent from thoæpresented by us prevíous1y.66 This is due to the

previous values being calculated from the assumed intercepts, aË :1, = 0

and x*, = 1r of the D¡2 Uertsu *f, graph, rather than from the measured

mole fractíon range, as ís done here). These parameters are still within

Ëhe error limits of Ëhose of van Heijningenl8 and of Hogervorstr44 ""
are the D¡2 at *K, = 0, 300 K. Thj.s demonstrates Ëhe negligible pressure

dependence of this system, up to pressures of 0.9 atm, since the other
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2nd Kihara Approximat,íon - Smoothed Dp

H2-Ar He-Kr IIe-CCIF3)L_
Heavy

0

1.0

-.00190

-.0001_9

.00099

.00173

.oo2L2

.oo229

.0019 8

.00153

.00081

-.00015

-.00134

-.00021

.00043

.00067

.00073

.00070

.0006L

,00051

.00049

.o0027

.00015

.00008

- .00039

.00023

.00038

.00036

.00029

.00021

.00014

.00006

-.00001_

-.00008

-.00014

1

,2

.3

.4

.5

.6

.7

.B

.9

TABLE 13: I12-Ar, Ile-Kr, He-CCIF3. Comparison of Theoretical

ComposítÍon Dependence of D12 with Experimental

(at 300 K, 1 atm.)
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tr^ro groups obtaíned their results in the pressure range .007-.O2

atm. The D¡2 predicted from our pararûeters fo:: the temperaÈure

range 111.7-1100 K agree with those of van Heijningen and ltoger-

vorst, with a maximrml deviation of. L.6% (aL 111.7 K). In this sarne

range, our D¡2 are 0.89"Á (at 111.7 K) greater than to 102 less than

(aÈ 1100 K) the Marrero correlation. The a and b parameters, (3.3),

determined from our concentration dependence, are 0.233 and I.57

compared Ëo 0.23 and 1.56 of Mar:rerors correlation (obtained from

van Heijningenrs data buË wíth Ç = 1.65).

Combination Rules: The rules usually used to determine the

1-2 interacÈion from the I-L, 2-2 species interacÈíons are (HCB 168)

er2 (er.ez) (3.7)

o12 \(o¡ + o2) (3.8)

Although Ëhese rules have little foundation in theory (HCB 955-968)

(3.8) is derived frorn the rule for rigid spheres - these rules are

often used for calculations, in the absence of suitable daËa. A

comparison of the combÍnation rules wiÈh Ëhe experimentally obtained

values is shown in Table 14.

H2-Ar does not fo11ow either rule; Èhis is in contrast to

Èhe conclusÍon reached by Zandbergen and Beenakker63 bnt iË is found

thaË second virÍal coefficient deËerminations are not very sensitive

to changes in Ëhe parameters if the area of the potentÍal we1l, Fig. 5,
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e/k (exp.\ t< e/k (c.n.) õ .) o (c.R. )

2.99

3.L7 4

3.095

3.74

o
AexD(

Ile-Ar

HZ-Ar

He-Kr

He-CCIF3

HerS

Arr I

Kr 18

rr2 (HcB 1r_10)

cclF3 (IrcB 1213)

34.L

L07.4

27

48

10.5

L27

Lt3

37

222

35.7

66.9

42.6

48.3

3.O25

2.966

3.28

3 .83

2.56

3.42

3.63

2.938

4.92

TABLE 14: Comparison of Combining Rules with ExperÍmental-.
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is kept constarit (ref. 31, p. 779) by these changes.

The arÍthnetic mean rule (3.8) ís approximately followcd by

the other sysËems studied, partly because the molecules involved

do not cliffer greatly in size so that any type of average will give

close Ëo the correct value. In agreement wiÈh some other workerslg'63

it was found thaË the geometríc mean rule (3.7) is followed ve::y well;

hoi¡ever, some oËher groupslS162 found that other choices of the para-

meter values r¡rere more suitable for fitting their daÈa. In sunnnary,

we agree wÍth Marr"ro43 (p. 34, 35) that Ëhese rules are useful in

predicËíng mosË propertÍes of a system, although it may be that the

combinaÈÍon rules do noË give the best vaLues for some systems (e.g.

H2-Ar).
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ChapÈer 4

Conclusions

Thís Ëhesis describes Ëhe measuremenL of absolute val-ues of the

mutual dj-ffusion coefficienÈs of binary gas mixÈures. The apparatus

used was of simple desÍgn and operation; it was also relÍable since

Ít had no sl-íding surfaces so thaÈ sources of leaks were mÍnímised.

Under the most favourable circumstances, when the two components of

the mixLure have widel-y dif f erent thermal conductj-vitÍes, and pressures

are not too large, the precision, and presumably also the accuracy of

measurement of índívidual diffusion coefficienËs is about ! 0.27".

Because of Êhe high degree of precision, Ëhe varíation of

diffusíon coeffícient with composi-Ëion of several systems was able t.o

be investigated. In contrast to the results of van lleijningen et aL.lB,

our composiËion dependences closely conformed to Èhose predicËed by the

Chapman and Enskog theories. In addition, $re were able to calculate

intermolecular parameters from these composition dependences ruhich,

although sometimes being different from those determined by other

workers, hrere approxímately as efficient in the correlation of diffusion

coefficients over large ranges of temperature.

The variation of diffusíon coefficienË r^riËh temperature over the

range 278 -> 326 K \¡/as measured for the Ile-Ar system. By using two mole

fraction ranges, and wiËh Ëhe applícati-on of a differenË calculation

technique from Ëhat usually used, íntermolecular parameters r¡/ere cal--

culated which agreed with those from our composition dependence but with
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smaller error 1Ímits. Although our parameters differed from Ëhose

presented by van HeijningenlS and by Hogervorstr44 r" were able to

predicÈ their diffusion data wÍthin very smal1 lirnits, Lf it ís

assumed that our predicted daËa is accurate, the correlation given

by Marrero43 is rather Ínaccurate, particularly aË hígher temperatures.

This same conclusion holds true, but to a lesser exËent, fot Ëhe He-

Kr and H2--Ar systems.

A sËudy of the variation of diffusion coefficient wj-th pressure

was attempted but r^/as greatly hindered by Ëhe increased promínence of

the diffusion Ëhermoeffect so thaË pressures greatet than 5 atmospheres

r^rere not. feasible. The results thaË were obtained were noË in disagree-

menË with a theory presented by McConalogue and Mclaughlin4B buL nor

were they very conclusÍve. A slÍght modíficaËÍon to the apparaËus

geomeËry r4ras suggested which would be expected to yield much betËer

results so thaË a more exËended pressure range míght be examined.

The combÍning rules, used for calculating mixed interaction

potential paraxoeters, were found to be suffícienËly accurate for pre-

dicting díffusion coeffÍcienËs. The Lennard-Jones (L2-6) potenLial-

funcÈion was used throughout and appeared adequate over l-arge tenper-

aLure ranges in spite of Ëhe crudeness of the i-nverse 12th por,rer re-

pulsive part of Ëhe potentlal; thís may be due to Ëhe insensiËivíty

of this repulsive regÍon to all but exËremely hígh energy col1j-sions.
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Appendix A

Evaluation of the coefficients of the Fourier series of (l-.4) 
'

æ

c=ao+X
n=1

c (x)

an.exp <- ff ot,

â6+X a .cosn

cos

nTxT (A.1)

The coefficÍents are constants and so are independent of t

At t = 0, (1.4) becomes

æ

n=1

These coefficients may be obËained, usíng Eulerts methofr,Oby itttugration

of both sides of (4.1), multiplied by the corresponding 
"o= ff , over

the period, 22, which ís twice the length of the ce1l. Therefore, the

experimental concentration profile has to be exÈended hypothetically

çvet 27,.

Let the concenËration profile in the cell at some time, tr = Orbe

c (x) c1 , 0 -< x < Zp,

(A.2)
c2 , LP <x-<l

where p í-s the proportion of Ëhe lengLh of the cel1 filled by gas of

concentïaËion c1 of one of Ëhe components; c, is the concentration

of the same component. ín Èhe remainder of the cell. ThÍs assumes that

there is no mixing by eíther diffusion or by convecÈion. ì4ixing does



B3

occur, of course, but since the foru of (7,4) is follot+ed, this nteans

that t ín (1.4) has a differerLt zero poi-nt from (4.2), i.e. the tr,ypo-

thetical situation of Ër = O ¡'rou1d occur at negative t. Ilorvever,

this does not affecL the evaluation of Lhe a' since these are Índepen-

dent of tirne.

The conditions of (4.2) have to be extended to 2'/. wj-tin boundary

conditions

average Ic(x) ]

This can be accomplished by defining

c(x) c1

cI

cl aÈ x = 0, 2L, 4L,

c2 at x = 1,, 3Y', 5L,
(A.3)

-lpcx<Lp,

Yp.*<l'(2-p),

L (2-p) < x < 'L (2+p), eËc.,

J*-

c2 t

rím its 0f inte rüt io n

c,e len rh

c,

rt

[p r tp

ca

t r(2 P) 2l l(?np)
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1
z=-,1,

c1.dx +

o

^L 
(2-p)

| "r.a*J,,

t
+ c1.dx

l, (2-p)

cos

]

p

ÉÌ6

ao pcr + cz. (1-p) (A.4)

whích is the average concentration of the component over the length of

the ce1l (and also over 2L)

Simílarly, the an may be determined over the same range.

dxTl-
arrL

(2-p)
nTx

COS 
--

. dx*

TT

{
c1(sÍn n?Tp - sin nn(2-p)) + c2(sin nn(2-p) - sin nnp)

= 1 (cz - cr) (sin nn(2-p) - sin nnp)
NTT

2 (cz - cr)

NT
. cos nn . sin nr(l-p) (A. s)

Combining (4.4) and (4.5),

2\e2 - c¡)

Jrt# . sln nt(l-p) I cos #

I I
t^L

nrx Icos*f.dx)+"rl
(z-p) T,p

nrïx 1
Jo

I
n

an

cx 1T
pcr + cz(1-p) '+

(A.6)
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NoÈe thaË

1) íf x/'1, = Ll6 ot 5/6, cos 3nn xfÍ. = 0, and Ëerms 3, 61 9, e,tc.¡

disappear.

ii) for a cell in whích Èhe size of the charge of gas added second is

always equal to the síze of Èhe first, ie. P = Llz, sin fl = O

for all even values of n.

It can be seen from (4.6) that none of Ëhe an can greatly exceed

in magnitude the value of a1 and so equat,ion (1.6) convel'ges rapidly

enough to consíder only the fírst term after only a shorË tÍne.
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Appendix B

To derive equation (1.f2): The conditions are that ínitially gas 1

fÍl1s a cel1 of fixed volume, V, Ëo a Pressure Pt. Gas 2 is then

added to the cel1, but without mi)ring of the two gases, for example,

if there Ís a flexible impenneable membrane beËween the two, so thaË

Ëhere is a Èotal pressur" PO. The final Pressure, Pf, after complete

mixíng of Èhe t\,ro gases ís found from:-

(nl, n2 are the number of moles of gases 1, 2i Bt,82, BLz, are Èhe

second vírial coefficients of gases 1, 2 and Lhe 'rmixed gas" L2; B,

is the second virial coefficien| of the gas mixture; R is the gas

constant; T is Èhe absoluËe temPerature.)

Prv n1 RT (1 + Br Pr)

n1 RT (1 + Br Pu)

n2 RT (1 + B2 Pb)

For gas 1- occupying

entire cell.

Before mixing.

where V1*V2

Pb v''

Pu V,

V.

Ilhen there is complete mixing'

= RT (n1 *or) (1 +BMPf)

Now, substituÉing for V,

Pt

P-Vt

RT (n1 * nr.) (l- + BM Pf )RT.þ-- [n1-b
(1 +BrPu) + nz(l-+82Pb)l
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Pt [(nr + n2) + Pb (nrBr + n2B2)] Pt (nr * n2) * PtBr"flr (n1 + n2)

(Pf - Pb) (n1 * n2) PfPu [(nr + oz) Bl¿ - (nrB1 + n2B)J

P -Pf b
P

B, - (xrB¡ * x2B2)
Pr b

Substituting for BU xt2 Bt xzz Bz I 2x7x2812 gives+

P -P
r. b *r2 B¡ * 2xyx2B72 *22 BZ - xlBr - xZBZ
P P

+
f b

4rBr (xr - L) * x2B2 (xz - L) * 2x¡x2B¡2

xtxz Í2 Bv - (Br + 3z)l

Pb
Í. 1- - x1x2PO l-2 Btz - (Br + tsz)lP
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4læ"4i" c.

It is shorvn here that the difference in resistance of the ther-

misËors is directly proportional to the difference in concentraËÍon aÈ

these two posÍtions, given Ëhe following assumptions:-

i) The difference in Èhermal conductivíty is directly

proportional Eo the difference in concentration for small concenËration

differences. Harned and French3 showed that this assumption is very

closely followed if the conducËivÍty is a polynomial-like function of

concenÉrat,ion.

Íi) The varíation in resísLance of a Èhermistor, T, is

gíven by

r = Ro exptB(+ - hl (c.1)
rT Lt J

where Ro is the resistance of the Ëhermistor at. 273"K, 0

a\'
T

i-s the tem-

peraËure of the Ëhermistor in "K, and B is(constant depending on the

material from which thetheruiisbr Ís made - its value Ís about 4000 ("f)-1

for Fenwal maËeria1.

iÍi) The value of B is assumed to be constant for each

thermÍstor in a pair, but Ro is not necessarily the same since ÍË is

difficulË to conËrol the amounL of material in each thermisËor bead.

trrrhen a thermÍstor ís heated, fot example by passing a current'
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the dÍfference in temperature produced is proportional to the difference

in resistance caused, if the Ëemperature dífference, A, is small.' Using

(c. 1)

fTr-Rr 1
Iexp(r ¡fr;) - exP,u Frrl/exP(B )

RI

BAr
exp (- 01*41 01

The subscript 1- refers Ëo thermistor 1;

thermistor aË 01

01

l_

is the resístance of Lhe

(c.2)

f

nrf

(r - åét+ ....) - 1
ot2

since B A1/012 Ís 'sma11-, approximately 4000 At/gOr000 t 0.05 Ai.

f nrf n
A1 (- = bt Ar

01

E

Rzt B

Tr-Rr

fSimilarly, Tz - RZ a2( =b2L2 (c.3)
ozz

where subscript, 2 ref.ers to thermistor 2. For sirnplÍficaÈion, it is

assumed Lhat 0L = 02 = 0, which is nearly exact. (It should also be

noted that since Ëhe val-ue of each b t - 300 A/oK, and n1f t Rtf , a

difference (Tz - Tr) of 100 Sì represents a dífference in temperaËures
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fof abouË L/3", wiÈh T1 above and 12 below R1 and R2
f. respectively. )

and Tz2 Tz

Irom power considerations,

rr2 Tr a Kt (0 - 0r^' + Ai)

a K2 (0 - 0\^, * tr)

(c.4)

(c.5)

rirhere T¡ = 12 = I¡ the current flowíng through each ther¡nistor, sínce

the bridge Ís balanced when a readíng is taken; this current does,

however, vary during the run. 0w is Ëhe temperature of the cell wa1ls

and so remains constant throughouL. K1 and K2 are the Ëhermál conduc-

tivities at Ëhermistor 1 and 2, and a is a cell constant depending on

geometrical factors only.

By division of (C.4) and (C.5) and substituting T2-D = T1,

K2 (T2 - D) (0 - Ot^r * Or) = KrTz (0 - 0w + ¡t)

LetKl =K- ôl¡ K2 =K* ô2whereKis the thermal conductivíty of

the final mÍxture, then

T2K (0 - 0w) * T262 (0 - 0w + Lù * T2KL2 = T2K (0 - 0w)

* T2ôr (o - 0w * a1) - DK (0 - 0w) - Dôz (0 - 0 * or) - DKA2

.l T2KA1

Trô2 (0 - 0w t Az) l- T26r (0 - 0w + ar) - K (T2Ar - TrAz) = * DK (0 - 0w)
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Now subsLj-tuting from (C.4) and (C.5) in first and second terms and

from (C.2) and (C.3) in third term, ,

a

I f.

T2TyT2 (å;.þ.;fr lrrrz (br - b2) + b2r2R1r - b1r1R2r] = DK (o - qd)

T2T7t2K(Kz-Kr)
f * S [rrrz

R2 -Rl

R1 R2
t

R2 g2
.KB . T2T¡x2

a K1 I(2

"K (o - q^i)

TtTz
f.

R1 R2
(rz - rr)

r.
R2 -R1

L l-

Kr Kz

This is now of the form

t + (rz - rr)l (rz - rr)

f f
R I

(r2 - 11) - rtrz;F;F a2 /n
(o - e\ù) - 02 lB

K
Kr Kz

(r2 - K1-)

I2TyT2
=(Kz-Kr) 

"

f.
d

a2K[(0-qd)-ir s2K [(o - q,/) - , f

f

(c.6)

A (thermal conducLívity) x coefficient.

(c.7)

A (resistance) f Èerm

Taking the coefficient of the right-hand side first.

i) The term at(o - Q¿) - g2/Bl is a constant.
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ii) I21¡T2 r2Ti (Tr + D).

d 12 (r2 + rt) 12,åF n' ål * t å3) + (r2 + rD)

Then

dD
at2
dD

(by ttre chaÍn rul.e of differentiation, and dropping Èhe subscript 1).

-T2(D+r)+2rr(D+r)#

= I (D+r) (2rgJ-I).

IÈ is found experimentally that the currenL changes by about -l-' 0.01 ma

for a decrease Ín D of 300 A when Èhe current is about 0. B0 rna; Ëhe

value for T is ín Èhe range 6-7 K CI. Taking the fractíonal change in

I2T¡T2, i.e.

d (t2t¡t2¡ zrll|-r
dD

t2t¡t2 rrr

gives a percentage change of about 0.O37". Therefore the producË LZT¡T2

may be considered to be constant withÍn very small l-imiÈs.

SrKz_:
tiii) [ny expanding the diffeïence in conductivity as a polynomial in

the dÍf ference in concentration at each poi-nt,

Kr Kz (K+ ß (cr - c) *Y (cr - q2 + ...) (K+ ß ("2 - c)

+\ (cz- c)2 +...)

t

K [K+ ß (ct * c2- 2c) +t (.r - cz) (ci t c2- 2c) +...]
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where c j-s Ëhe concentraËion throughouË the cell after complete mixing.

Froro (1-.4), it ís seen that

cL+cZ-2c 0+0*a2exp

ry 0 for Èimes duríng which readÍngs are taken.

Kt Kz fu K2, a constanË.

Consider Ëhe term

f f
R2 -R1 02 lB

T rTz
R1

f
R2

f (o-olr) -02/B

which arises from the mismatching of the thermÍsËors. Thè only variable

is T1T2 and this varies closely as L|TZ so that ËhÍs Ëerm changes by

about 2% (max.) over Ëhe range of measurement. The size of this term is

also raËher small; at the end of diffusion, it equals the value of the

resistance box at balance, and this anounËs Lo only a few ohms. Therefore,

the varj-at,ion of thÍs term may be neglecÈed and set as a constanLr RF.

Overall, (C.7) may be wrÍtLen as

A (resisÊance) c [ (tnermal conductivity)

or. usÍng assumpËion i),

A (resístance) * A (concentration).

ç#Drzt) +o+
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Appendix D

PROGRAM RIFI)M calculaÈes the diffusion coefficient of a run

from the difference ín resístance, time daËa. It consists of the

main program and this calls tT¡ro subroutines , WLSQ3, which contaíns

Éhe fÍËting procedurersG and CAI,C, which prJ-nts most of the results.

I^ILSQ3 cal-ls the library subroutíne, MATRIX, which perf orms the matri-x

inversion.

The funcËion fítted is the 3 parameËer equation (2.L2) buÈ it

can be converted to the 2 parameter fit, with a3 = 0, by changíng the

rrM = 3tr card to rrM = 2rr ín line 5 of the main program.

INPUT

l-st card:

Ís a headíng card and contains Ídentification information. The first

column should be left blank.

2nd cardz

rATE , 16. ltre date in numerical form

The number of (resistance, Ëime) values takenr l-50 maxirnumNr13

1X

RZ, F10. The value of the resistance difference when only the firsr

gas i-s in the ce1l. This is not used in any cal-culaËÍons

but is prínËed out.

This is the final value of the resistance difference aË

completion of diffusion. ThÍs ís necessaty fox the calculation.

RF , F10.



R(1)

AR'

, Fl_O.

F10.
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is Ëhe first value of the resistance difference taken.

ís the (equal) increment of resistance difference, usually

1 ohm.

is the dial reading on the pressure gauge corresponding Ëo

the pressure after the second gas is added to begin the

diffusÍon. '

is the dial reading corresponding to the pressure of the

first gas by itself.

ls the ÍníËial mole fracËíon of heavy cornponent of the first

gas Ín the cell. If )G > 1, the initial mole fraction is

taken to be that val-ue already PresenË in the comPuËe-r.

This allows several di-ffusion runs to be calculated at one

run of the program. If XP < 0, the final mole fraction is

thaÈ of the previous seË of data.

TT,F10.

Tr , F10.

)(P , F10.

3rd card:

K(I),NB(I);13(I3,13). These are the numbers of the first and last daËa

poi-nts to be processed. This allows as many as 9

separate sections of the data to be exanined ín-

dividual-ly.

1 -< K(r) < NB(r) -< N.

4th card:

If the second gas added is the smaller molecular weight

species, LH = 1.

LH , 11.



T1 , F9.

rø , 11.

DøHM , F10.
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is the approximaËe time, in minutes, Ëhat readings were

taken afËer the addition of the second gas.

This is an opËion paranetet whlch aIlows the data to be

taken j-n three dif f erent I¡Iays.

lØ bLank or zeto. The readíngs are taken at equal inte::vals

of resístance dífference, ti.me j-s ín seconds.

IØ = L. As above, buÈ time is in mínutes and seconds.

IØ = 2. ResÍsËance readings are taken at equal irrtervals of

time Ín mínutes. AR is the interval of time.

Applies only if TØ = 2 when DØHM rePreserits the sen,sítÍvity

of the circuit. Specifically, thÍs is Ëhe deflection on

the recorder caused by a 1A change on the resistance box.

5Ëh + (4 + N/B) rh card:

IfIØ=0,

S(I) , 8F10.6, are the tíme values, in seconds

IfI@=1,
!fl(r), s(r),

rØ=2,

R(r) ,8F10.

8(I3rF3.1r4X)¡ 4rê the time values ín minutes and seconds.

are the values on the resisLance box at egual intervals of

time (minutes). To obtain the exact resistance at each

interval one also requires the extra resistance represented

by the deflection of the record.er, DELTA(I), from zeto,

which, when divíded by DØHM, represenËs a small resistance

value to be (algebraicl-y) added to R(I). These require a

further N/8 cards, 8F10. format.
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In addition to this forrnal input data, there are other para-

meters at presenË in thÍs program whÍch are specific to our apparatus

and Ëo the He-Ar system. Lines 6-11 conÈain inforrnaËíon about the

He-Ar system aË 300 K. BI, 82, BLz are the second virial coefficienËs

of He, Ar and He-Ar respectivel-y, all in atm.-l; RT is the producË of

the gas constant by 300 K; lJl and \12 are the molecular weights of He

and Ar respectively.

The calibration of the Texas Instruments pressure gauge Èo convert

dial reading to pressure in unn, is given in ttre lines begi-nning PI =

and PT = . The calÍbration of the stopwaËch ís gíven in Ëhe line

S(I) = S(I)tr(l. and S(r)x0.00000015). The facror (L/II)2 for rhe 60 cm

cel1 is already included, in the line D = -SLOPE* 364.939, in both Ëhe

main prograrn and CAIC.

More than one data set may be processed in one run of the program

as long as the N parameter is not equal- to zexo; therefore, Ëo ËermÍnate

Ëhe program, two blank cards need Ëo be inserted after the last data se-t

to be processed. (The first blank card corresponds Ëo the header card.)
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Dit.lFNSlON Í.? ( tS0) rtr (9) ç¡41 ( IS{t) gNti (9) rS ( liO) çU[|'-TA (150] r

$C(5r5) çS?(5)
CO¡-1¡¡0N iìL(l5C) çTIi'lt-(15.]) rA(6) rFF
M=.1
8ì= 4"51ó[*0q
BZ=-6.051Ë-(,,'.+
FJ I 2= 1 .544 [- r-]4

RT=2 "4617 5¡_+¡)4
trjl=4.0026
\.1?-=j 9. g4 ij

2 lìfAD'¿?i
?_?t) FOtìtJ¡\T (80r-t

ç)
R[A,D *'l c I¡\TF-çi.l n RZ oxF ç R ( I ) r Ail ¡ TTç ]'I r XP

3 FilPl4AT ( Iór t3ç l.Xc7Ë I0. )

iF.(N "l-C"l"l)G0 ÏO 5u
PR IN'Ï 35

35 rOËIMAI (1Hi )

Piì1NT ?¿0
READ 3óç (Á(I)çl'ls(l) sI=IrL3)

36 F0tì14ÀT(i3(I3çI3) )

39
RË.AD 39 ¡ LF r l'1 r I0: trOHM
ËOR}4AT ( I1 çFc/o ç IJ-r crxç f-lij. )

IË txP"LT"r'r) GC) l0 7
P I =T I ¿? ( T I r¡ 1.51:63 3i-G5 +'l . ó5ó3711 ) ')r5 I .'7 li+9
PT=J T-:t (Ì T'*?.L.6633r-05+{,r.ó5o37'Al r,5l '7149
PD=PT-P I
IttXP"GT"I.)(j0 TtJ t)
XH_XP
IF(LH"ETI"]) GO TLì5
US=B I
Fll\=ti?
PR=PIri ( I " +tiA'r'P1'/ 76{i. ) / (FO'r ( I "+'rJS'rP I/760. ) )

Xh= ( I n+XiJ'r.PR¡ 7 1 ¡ "+PR)
XL=1,.-Xl=
GO TO 7]
iJlt=þ]
tl5 =[J 2
XL- L -Xl-'
Pii=Plrl ( L " 

+sA-x-PT /7.UÜ "' / (Pll+ ( Ì . +d5ì'.P I/760 " ) )

Xl-= ( I " +XL{'PF{ ) / (}.o +Pi( )

XH= i " -XL
PTF=PI / (l ,*PT¿'.XL*X r+, (2 ""td12-tJL-H2, /76Û.1
CONT iNUE

7t
1

IF (IO"E
IF(TO"E
RI-AD i I

) G0 10 102
) GO TO I¡.7
S (I)yI=içi.r )

lr8 FOr¿l¡AT(8t'1fl.1)
D0 I21 I=lçì.t
S ( T ) =S ( I ) + ( I " +S ( I ) -:t{1,0C,0û{¡trl5)

TIt4E(I)= S (l)+TJ*f.¡4.
R ( I + I ) =r< ( 1) -AÍl
G0 TO 3(i7

6

c

c

5

G.2
0"1
8r (

346
I?T
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117
I

REAI) Bç (i'4T (I) r5(I) rI=l rtrr )

FORMAT (8 ( I-ì g t=3" I r4X) )

D0 9 [=1nl,l
R(T+ì)=F<(I)-AR
1.Il.1t_ ( I ) =6i) "ri;'41 ( I ) +5 ( I ) +-t i {f60 

"
G0 T0 3i7
Tl!,4Ë(l)=rì(t)
RF-Afl llr3r (iì(I) s I=IçN )

READ l0.lr (DF-LIA(I) :l=IrN )

FORI"IAT (lrl'ì0" )

DO lrJS I=].lrl
Tlr,lb. ( I ) = ( l-rAil+ I I )'Éb0,
R ( I ) =R ( i ) -DELTA ( I )./D0t-ti.r
COI'IT I \UE"
SLOPË=ALOG ( (Ê ( 1) -Rl- ),/ (tì (N ) -RF ) , / ('I If"lE ( 1) -T1t4t (N ) )

D0 961 I=Lqf'l
Rt-(I)=R(I)"RF'
't-lt¡F- (I)-TTt4Ë(1)-;r( (PTF-(ËTË-PT)',-rExP(SLOPf"r(TIMË(I)-90.) ) ) /PTF'
Pl'=Pi-l-
Pr'l:PT /7 ô0 .
ACI = (R (2) *i(t' ) /i:XP (SLOËjErtT it"ìE ( I ) )

r_] M = X L * X L * b I + X H -;r X l-j * l_r 2 + X [_ 
.;í ¡ h .:- rl I 2 +i 2 "

Dl4=P A/ (rT{' ( I * +dt,iitPA ) )

Dt! =D i'l * 6, r ;27tj?t + ? 3
D¡7I=Dlul';t ( X L';?'r/ I + X ¡i;: ¡11 )

Dr.1RT-!fl-:rQl
PTIINI 5t0r':.il"l
F 0 f.l l'¿,q T ( 5 X'f. i'¡ I X T U È f [: = 

+ E I 4 " 
z1 +i ¿ ¡ t'^',

lF(N "l_F..5) G0 T0 2
I=ü
A(:l)=A(4)=A(5)=i;
Prì1¡r54_-\
F0Flt"triT (5x-;¡F=Y-l+j .ÊìxP(42"x)-A3'É)
I==I+I
KK=K(I)
N =Níl ( I )

IF (N .[.G"û)(i0 T0 ?-

A(6)=t
A(2)=5L0uE
A(l)=ACi
Pf<tNtl lì85r (A (J) r'.1=l rf''i) çf/' qFìF

f--0Rt,r \I (/ 5X,¡F:ST I r,iATES=* 3r* i -t "2/7 x qI2.;- PARAMETTÍlS RF=.;t¡ 6.21
CALL WLSQ3 (¡l cliKrS2rf,lçC)
lF(A(ó).EQ,l) GO 10 ?
A3=A(3)
ÍìI=R(KK)-iìF
R2=R(N )-RF
I'jU=N -KK + I
SL0Pr-=A(?)
SS=S2 (2)
B=Ít ( 1)

9

li5
317

l::2.

I ;:3

967

51fl

543
9B

I f 85

556



PR Itr,t 3û3 c tJ14 r DDM r Dhl ç DDN r D[¡r rDDl^J ç DI"IRT r D lP

100
D=-SLOPE')t364.939
[þt"a-S+[t,1
DDN=Drtl)N
0[Jlr]=¡+1¡¡
D I P=D 'tDf'lRT

f- ORMAT ( l5X'*D X r'f,I?"4$ MOLES.CM (-3) =*El?.4/
$ IsX-)ÞD X )tîI?c4a+ cM(-3)=*812.4/
$ 15Xr1D X .'rFI2.4{. GM"cl'4(-3)=*Ël?-.4/
$ lsx-Éu x r.f L? o4T ATfq rsElz .4ìtÇl'|¿ISEC ' *)
P[iINT 3C r IATErRZçPI TRFTPI¡PDçPArX.HçRl rRZrKKrt¡J r.NUçT]rLH
FORf4AT ( / ?,ü X.xD ltTEJl I 6 / ZU.X+l-l ( ZËRÜ ) =-:åF.I C . 3 I 3X+P ( T0i AL ) =Jl f B . 3 /

R ( INF ) =-)þF I -"..3s 3XJlP ( INIT " ) ='*F'B .3/35]X'rf SIZE 0F CHARGb.=*F8.3/
P ( AT M ) =¿tF B . ó e JXrir\ ( HEAV Y ) =':r¡ I "6 / 20 XìtRES I S I ANCE ¡¡4¡6[=+'Ë 7' 3

'*11"3/?AX';'l'.10" OF P0ItlTS USED='xI3rå T0 ';tf3+'r'; t+I3/20X+TREADINGS

tJìtF5.I* MIi\tS" AFTTR ADUiNG GAS 1;IIlt
CALC (SLOPfIP6ISSTB'TII'48çR:RFTKKTN I43)

098
CONT INUT
EI\D

3û3

3Í

54

$e0 x¿t
$2t x';
$JI TO
$TAI<F.

CULL
GOT



SUBROUTiNT-- CALC (SLOPF-ePAeU/\sPEçTIMETRtRF çKKTNR; A3)
DII'4ENSIOi\ TIþìñ(150) rtl(I5û) rRC(150) rCT(150) sDT(150) rV (I50)
NU=NR-KK + I
Nl'4 3=NU-3
Df VS-DEV Éi=DEVT=i)
L)O tl5 ..¡=KKTNR
RE=RF + A3
RC (J) =PE*'tXP (SLOPE',¡TiMÊ (J) ) +RL

ALD=ALOG ( (R (J) -RE) /PF-)
CS=ALD,/ Til'lE(J) ,

CT t¡)=ALrJ/SL0PE
V(J)=R(J)-RC(J)
DT(J)=TIML(J)-CT(J)
DE VS= ( SLOP[-CS ) +t*2+DEVS
DEVR=V (u) x-V (J) +DEVR
DHVT=Dl'(J) rtDT (J) +LìF_VT

DEVR=SQfì T ( DEVR/N¡43 )

DEVT =SQR T ( Dñ V T /I'-¡I"i3 )

DEVS=SQtil' ( DE-VS/Ní'43 )

D=-SL0PÊ *364 
" 
939

Dl=D*PA
PC=-l t0 ",tUA/ SL0PE
ED=.01+1DI'.tPC
Fl=Dl+F-D
F?.=Dl-[D

10

PRINT I5 rPArDç Dì. eEDTPCTF I ç12
l5 F0Rt\4AT(//ls(,rll(rnF1ii"6¿rAlMr T K)=+-f-ltt"6/I5XrtD(lATMr T 6)=+FI0.ó:

$I2Xr +/-;t F7.5/51i:X¿¡PC ,-.'F6" 4/L7 XìáLIMI'IS +tF'9.6/?-lX+tT0 +F9"6)
PRINT 401 TDEVRTDEVT I DEVS

4frl FORMAI(/l0X+STD" DEV. Rrrl5XnTl¡ I5XJTSLÜPEtt/I2Xç815"6ç3XgEI5.6r
$ 3XqEl5"6/l
PRiNT 31

3l FORMAT (Z0X|TIME R(T) CALC R DIFF. CALC T' DIFF.',*/
$48 Xâ. RE S .';- I 5Xrf T I I'1 Ë * )

PRINT33ç (TIME(J) çR (J) rRC(J) sV(J) rCT(J) rDT (J) rJ=KKçtrR)
33 FORI"lAT ( i7X F8"?;Fl ü.3rFlC'3rF9.3rZF I0'2)

RITURN
END

Il5



SUBROUTINË l/l[-5Q3 (NcKKrS2çlvlrC)
DIMENSION AA (5) ¡AC (5) cV (5) rFA (5) ç52 (M)
C0M¡40N Y(Ì50) rX(t5ù) çA(6) rFF
G=1.
FA(3)=-1o
L=N- KK + I
NI=0
PftINT 2 r(KrK=l.rM)
F0RM AT (/ 3X ç 3 (.*A ( æ I I +1) -*gX..STD. DEV ")?4X,1 'NI=NI+I
FF=ADC-S=0
D0 96 J=Irl,l
D0 95 K=Irf'1
C(JçK)=0
V(J)=0
DO 150 I=KKcNl
FA ( I ) =-EXP (A (2) -:rÃ ( 1) )

r A (?) =A ( L ) ¿?x ( I ) J:.F A ( t)
FX= A (l )'x'A (2)+l tt( 1 ) *A (3)
F=Y ( I) +A ( I )+FA (I ) -A(3)
tF=FF+F.rF
DL=Z.5[-[t5+4" 0E- t?+F X+FX
D0 t55 K=lrM
V (K) =V (K ) +FA (K ) r?F,/DL
S=S+F*F/lSL
D0 150 J=lsM
D0 150 K=lçM
c ( J ¡K ) =C ( Jç K ) +FA (J) ¿¡FA (K ),/DL
CALL Mf\T R I X ( ì 0 r M s Í"1 y 0 r C r 19 ç C INV )

D0 166 K=]çM
AA(K)=il
D0 165 J-- I r l,l
AA (K) =A/t (t() +C (JsK) r¡V (J)
52(K)=SGIìT(AtlS(S/(L-M)'*C(KçK) ) ) ,

A(K)=A(K)-AA(Kr/G
lF(Afi()"NE"0 ) GO TO 190
AC(K)=0
G0 T0 i66
CONV ( K ) =AA (Kl / (A ( K ) ,rG)
AC(K)=At-¡S(CONV(K) )

ADC=ADC+AC ( K )
FF=SQRT (Fl / (r!-t"î) )

PRINT 3ç (A (K) ç52 (K) rK-l rþl) rFF
t ORf'lAT ( I ûLL?.3rf 13.4 )

IF tTT .GE" IOOiJ .AND.NI.GT.5) GO TO 7OO
If" (ADC ,LËn "0CSf "AND.i{I.GT.l ) GO T0 i68
IF(NI"LI ,'¿T) GO TO I
A(6):1
PRINl' T67
FOR¡4AT 1/ IOX+ICONVERGENCE DOES f\OT occUR#)
C0r'tT INUE
RETURN
END

LO2

rCONV(5) rC(PlrFl)

2
I

95
96

155

150

165

B

t90

166

3

It
7úo

t67
168
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Appendix E

PROGRAM MI{C calculaLes the fitting parameters, along with theír

corresponding standard errors, of equation (2.4). The program has one

subroutÍne, I^ILSQ3M, which is very sÍmilar t.o tr^lLSQ3 of Appendj.x D and

requires the lÍbrary subroutine, MATRIX, to perform matríx ínversion.

The program also prínts out the predicted values of Ëhe diffusion eo-

efficients at increments of mole fraction of 0.05. The routine some-

times <loes not converge if the data is very scattered or if poor estimaËes

of the parameters are read in.

INPUT

LsË card:

is a header card and contai-ns identífÍcation informaËíon. The fírst

column must be left blank.

2nd card:

Al- , F10. is the estimated value of a1

Ã2 , F10. is the estímated vaLue of a2

A3 , F10. ís the estimated value of a3.

The A2 and A3 coLumns may be left blank which will cause these estimates

to be calculated from the data. However, it may be necessary Ëo specify

these estimates if the data is scattered.

Ís the number of (mo1e fraction, diffusion coeffi.cient)

paÍ-rs which are present in the data. Up to 90 pairs may

be used.

N I3
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3rd -+ (2 -t- N/B)rh card:

X(I) , 8F10.10 are the mole fractions (heavy component) used.

(9 + N/B)rh + (2 + N/B + N/B)rh card:

Y(r) , 8F10.10 are Èhe diffusion coeffÍcients corresponding to the

X(I).

The program is terminaËed by two blank cards after the last set

of daËa.



PR0GRAM l'1t'1C ( I í''IPUT ' OUT PU f )

C0Mí'10N X(9Û)rY(9il)
1 READ 7
? F OR.I'f AT ( fJ OH

$
READ 3çAl rÁ2ç43çN

3 l-ORMAT(-1FI0.rÏ3)
IF(N"E.Q.(ì) GTJ T(i }I
READ ¡+ç(X(I)s I=l¡1.,1)
REALI 14 r(Y(I)çI=lrN)

4 FOR|.IAT ( 8F I0. i ü )

PRINT I C2
lii2 F0t?l''1AT ( tHl )

PK INT 2
IF(A2"NE.O) GO TIJ T¿3
L=N/2+l
Y3=Y (L ) -Al s YZ=Y (Ì\) -A I
A3= (Y3-ìtX (N ) -Y;.ltt)i (Ll 

' 
/ (X ( hi )')tx (L ) rï ( Y2-Y3) )

123
A2=Y2'¡ ( I " +A:JrîX (l\) ) /Å (i\ )

5X=V=DX=ù
D0 5 I=1rN
SXsSX+X ( I )

AÄ=S X/ l',1

KK= I
CALL llLS03þi (AI r¡ìZvA3rl',i¡KK)
TF(A2"EO"T) GO TÜ I
PliI¡T lü7
F0ilþl/\'i ( i0x JÍ xr. IlÀ*' Y -r I4x
D0 6I=lsf',1
cY=Al+l^z+x ( I ) I (I; +43''tX ( I ) )

DY =Y(I)-CY
v=v+DYr?DY
D=X ( I ).AX
DX=DX+D+t)
PRIfTI 7 gX(I ) rY (1.) TCYTDY
F0Rr."1AT (4F Ì 5.6 )

DIV=N-3
V=SQR-l (V/L)IV)
PÉìlrut BrDXçVçAXrf\
FORt.'ii\T (* SUt'4 0f X ÜEVIAI I0irS

$
$,rf AvtlRAGI X =-rFl5,6/ +i' NO, 0F'
PiìIf\I I1O
F OIIM A1 (/ /) ¿XT! X.I¡9XJ,f PÈi-DICTLI)
DU 9 I=lrZl
X(I)=(I-1)';'.:_ì5
Y ( I ) =Al +AZ,..X (ï) / ( Ì "+¡\3.rtÅ 

( I ) )

PxIltrT l-0çX(i)sY(l)
FORMAI ( t0X cl- 4 oZs5X ¡F.15 "6 )

GOTOl
Cüt'JT I rrUE
E l',t L)

5

lu7

105

1! CY -* l0X*-Y-cY-).. )

( X-X AV ) 2= rí F L5.6/rt S.ERi{OR 0F Cl.rRVÊ=+F15.6 /
VAL.Ut-S= ü. i3)

Ynt

6
7

I

Itü

9
I'J

ll



SUIìROUTIhIF. tit-SQ3l"1 (41 rA2çA3riçrKK)
DII'IENSICl! A (-i) v c (-J ç -l) r /\A (3 ) r,Ac (i ) r V (3) çt- A (3) s52 (.i) sCOfrV (.i)
cúr.1t'10Í..1 x (9f)) çY (rlii)

THIS FITS t)IiTFL]SiOi''I DI\I-l\ I\S A I-U\rCI-IOfI UF.CONCENTH/ìTION
A(l)=Al $, I\(71=A? f, A(-i)=43
1"1=3

N=N-KK+'1
PhìINT ? c (KrK=lsl'1)
FûRMAT(lCXr3(6X^;¡A('.¡I1r') STD. DEV.'Á))
Pf{INt 9lçAlçAZsA3
FOFìMAT ( I tXr 3 ([I3.+ g I"1À,) / )

I'JI=0 $ G=l "
NI=NI+L
S=0 ù ADC=il
D0 96 J=IcÞ¡
D0 95 K=l.rti
C(JrK)=0
V(J)=0
FA ( I ) =-1.
D0 I50 I=Kl(çl'j
ÊJ=l"+A(3),Íx(I)
F=y ( I ) -A ( I ) -/\ ( ¿)';t Í. (IJ / ti
FAtZ)=-X(I)/B
FÀ=-À(2) /Eli-i!7
F A (3) =-FX+rX ( I ) {'X ( I )

DL=1. . +FX-:f FÄ
DO 155 K=lcM
V (K) =V (K ) +FA (K) r¡F,/tJL
S=5+Fi(F /DL
DO l5ü ¡=leñi
l)0 t5C K=IsM
C ( Jq K ) =C ( J ç K ) +FA ( J)'rFA ( K ) /DL
C A L I lq A I R I X ( t 0 r 14 r M ç 0 ç C ç M r C I N V )
D0 lóó K=lgñ1
AA(K)=0
D0 Ió5 J=Ir14
AA (K ) =AA (K) +ç ( JIK) ¿IV (J)
S? (K ) =SGRI' ( AL¡S (S/ (l.j-rY )',i'C (K ç K ) ) )

A ( K ) =A (K ) -Ai.\ ( t( ),/G
CONV ( K ) =AA {K) / (lrr ( K )-;'.G )

AC (K ) =i\BS (COi.,¡V (K) )

ADC=ADC+AC(K)
PRIi\T 3ç (A (K) qS2 (K) rK=l rfi)
F0fìt'4¡\T ( I (:X r 3 ( E 13.4 r Ë.t'¿ "-rl I

It (/iDC .L8..00r:j.Ai.,JD"Í!I.GT" I ) GO l0 I6g
Ii'(NI*LT.20) GO T0 L

PR I NT I6'I
FORI'4A1 (/ IOX.*COIiVEf<Gi.-f!CE DOtS I\UT UCCURå.)
A(2)=0
COÌ\IT Ii\UE
Al=A(I) $ A2=A(Z) $ ¡\.J=A(3)
lrr=N+KK- I
RE TLJRI\
F: f.l D
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ç53(3)

c

2

9t

I

95
96

t55

l5û

I65

B

I66

3

t61

t68
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Appendix F

PROGRAM CARI(IH calculaLes the inËermolecular potential parameters,

en/k and o12, from the values of the mutual diffusion coeffícÍenÊ at

truo dífferent mole fracËions aË Ëhe specified pressure and ËernperaËure.

It also prints out Ëhe preciicted diffusion coefficÍents at 0.05 mole

fraction incremenËs. Subroutine LINT contains Ëhe quantum correcËed

collision integrals2T for the Lennard-Jones L2-6 poxential; interpolaËion

is performed linearly.

INPUT

1st card:

1s a header card and contains identificatÍon informaËion. The first

column must be left blank.
2nd card:
DS , F10. is Ëhe value of the diffusion coefficient at the low mole

fraction (of heavy component).

DB , F10. is the value of the diffusion coeffj-cíent at the large mole

fracËion (of heavy component).

T , F10. is tJ:e Êeurperature ín degrees Kelvin.

P , F10. is the pressure in atmospheres.

E , F10. is tTre estimated value of. el2lk K

S , F10. is the estimaËed value of o12 Å

L , T2 ís an option paraneter. If L + 0, the third card of data

must be c¡nitted and the values Ëhat thís card nor.mally

contains will be assumed to be those from the previous data
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set. L must be set to zeto

data of a particular run of

(or blank) for the fírst set of

the program. ' 
'

and rFD(2) ,2T2. These are set Ëo 1 if Èhe components are Fermions,

oËherrrise they are lef t blank.

3rd card: (onlyífL=0)

2X

rFD (1)

El- , Fl_o.

sl , F10.

Ml , F10.

x , F10.

E2, s2, M2,

Y , F10.

is et/k K of the heavier molecular weight specÍes.
ois o1 A of the heavier componenË.

is the molecular weight of the heavier component..

is the mole fracËíon of heavy componenË corresponding to DS.

3F10. are the lÍghter componenË analogues of E1, 51 ancl Ml.

is the mol-e fractíon corresponding to DB.

The program is termínated by two blank cards after the lasË set

of daËa.
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PfìOCRAM CAÑK I I-i ( 1 NPUl I I]I.JTPUT )

t)iN4ENS iCN Ç21?- ) , Ii'D ( 2) r I E (2) çrì (2 ) ¡ il (2)
tìf AL M l2 rl'121sM] ç lvì2 çl'11 I tla?Z
}{[AD L2
Fùlìl"1AT (8t)h
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S)
READ trLisç[i3çTrirrEç5çLç IFD(I)rIFD(2)
FORþ14.t (óFlC" c T?;7Xg7-I2)
IT (DS.EG.C) GC TO ?T
PRINÏ 5 I

FORMAT(IhI) I

PRINT I2
IF (L.Nf"C) G0 T0 17
READ Z.E.l çSìI rr''ll rX sEZrS? tl42sY
Füi?l'tAT (8F l.l)" )

It (E"f\E"C)G0 T0 l6
E =S0RT ( Ë l'*[2 )

Ç=.$r?(Sl+SZ)
P14=14l'rl',12
Sl'1=l'11 + ¡42

Rtuj=Pt4lSM
Ml2=Ml/tt,z
Y12I =M? / IttI
Slv 1=¡412r¡M 1Z
5¡q2=MZ l-kMal-
TS =T,/E
DR=DS,zDil
PRI t\T Ì 8 e ÚS ' DFI s E I r S I n12 ç57
FORMAT ( i () X.')rD ( Si4ALL. ) =rig8 ¡ 6 ç l xJi'Ü) ( tj I G ) =-;i¡8 '6/

$ t'JX.*fl/K=ìtF7e1,rr K'rä4X.1SIGl¡Al=-l'F'7 o/++ Att/
$ 1SX'r,t ?-/K=;t¡--l ,3'* K'rl/+XriSIGf¡42=x-F-l o4'å A;t/ I

PFiINT 5ç'lçXçY
FOi{MAT (itX-É l'10LI F tìACTIONS USË.Dr- /L0Xc'2lL?"6)
CX=I --X $ CY=1 o-Y
R(1)=Sl $ lì(2)=52 $ Fì (I)=Ël S il(?l=E?
l'[(ll=T/LI
TE (2)=Ï/r,Z
D0 I9 J-l'Z
IF(IFD(J).É-Q"l) G0'l-0 ?r
l(=5 0 Q

GO TO ?.?
K=66 çl

C0l'lT INLJÊ
tìP=3 0 .c)439 / liì ( J ) +rSQFiT ( e ( J ) N'Rl'1) )

CA\LL LiNT (KIOP:T[: (J) IC2 (J) )

Cül.JT I lrUE
fL)=f $ SD=S
t'lLl=l"tlitlrI
142?-ú2a!V'2
F S=. 0C2óZÚri'"S0Rl ( J'¡'f 3/ (?' #iìi'l 1 I /P
SF =FSlDS
I=-l
I=I+I
QP=30 " 94 39 / (S¿tSGrìT ( E{'R11) )

t(=20
C¡¡LL LINT (Kr0Pr'tS:AS)
K=34 C

CALI- LII',T (KTQP.TSçCIì I)
PRIN't Lt+Ie[DrSDçOPcAS sCIl 1

F ORM 
^1 

( / l ü Xrt I T tP Â'i l oNJ? 1 2 / l ?.X)rE /K=ì¡ F7 ô 3it Kr¡1 1'i xr?s I GMA -"t1 7 " 4* A':' /
$ I I xì+Q o p. =r;-¡ 1 "5/ ì 2X s ¿r11 Aå= ç î'7 ,5/ l0x+!0þiEGA=r¡ t'1 .t+ )

SSI=(SI/S)"k'n?

t

5

?

I6

l7

l8

5+1

23
2?

l9

3

4



I
SS2=(S2lS)'t'r';*¿)
RC)=C2 (L) /CTI\,
RC.2=CZ (7-) / C);,. ).)
Al't=¡-rMxiiS
F Q = ?-. -)i S 0 tì T ( ;:l' {r ¡'r f: / :; r'l )'}t'.< f- I':' S S ì / ( ¡ri ¿ -)t J Hj )
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6

15

t3

l4
?4

FT=2.'r:;0iìT ( 2 o-ävtt, y' Sl'ì ) -x-lìC¿';'552l ( i'i l -)i 5i"'r )

P I =M I I ì?F O

P à-14?2)tF 1.

QI=Fü+ (fvr I j +.'l ,,'i?t.\?¿'rl " LìJ''rìi'i )

(Jf:[ l-ri ( i'/ ? ¿1':l "'*i't i I + .l " b-> Ai-i )

F ¡= I b, -ri ( ( í"1 I -r.;2 ) / :rt";) "i 
-Y, ¿

F 4=B o'ìtLl,:/ ( Sl'4¿:S'1 )

pI?=F3+f-4 
|

Ql 2=F 3+4 .'r't 4+ I . â*-il'1,/Siìc.:l'( P,'i )-;'rkCl';ixC¿+rSSl'i-5SZ
XL: (X'riX'xPl +C¡,'riC¡.+!P2+ X';¡C,\':tP )?, /

$ ( X'l¿ Xl¡(l 1+C X-)i(.X-;tíJZ +Xr¡CX-;?'.ì 12 )

XH= ( Y*Y-rP I +CY';iCYìiPZ+ Yr¡CY':iP \'¿:) /
$ ( Y'ËY'*O I +CY')tCY')iC.)2'+Y*(:lYrr''.J I z )

cS=(stìRI ( (l'j"ì¡([)i'(-1") ) / (xL-Xl'l.;rÙii) )+5')/6'
K=ì¿ì'j
CAt'1- L-INl- 1¡i'OÊ'C5çl S)
K=3¿rÕ
CAt-t- LINT (KrG'jç TSçCIll )

ll[- =o I.)t ( 6. +iCS-5 * ) ii';i¿)

GtJ=I " +DF'-*Xl-
SU=St.JFiT ( SF'rrGD/C I i 1 )

'E D '- T ,/-[ 5j

SR=Itì,ü *'ÍÀljS (SD/--c*1. )

Pl-(lN'I I 5'CS' CI I I n I 5s t dr S,x

f OR j4AT ( Ì ?X:41-i C-;: = el'/ .5/ L''\ I L3h Ol'it-b/\ ( I ç t ) t=gr-l .5/ I?ì,s4H T'*=cT7 "5/
s ì.0x*pr_r: cLi.,lT DIFTF-ki,NCÈ 'òËi.,,rILi.rjili+x'x'E/K(lr+l) Ai!tJ F-./K(N) =;:-F'Ó.3/
$ I¡+X'*SIGþil\ (î\+I) lit'iD SIGIJ'A (N) =*'l-b "3/ /)
Eiì=l r)0 . +ALJS ( Ë.illr. - I " )

Ii' (Stì*L-F-.,tl nAiilj'i-iì.LE-. 1 ) Grj TU I
IF (LGL"5) G0 i(.) t)

E=L t)
S= SD
GO TO 3
PRII'rT 7
G0-to 1í)
FIJRMA'I(IOX+TF-IVT CYCLi- S h/\VT- dÈEi! RUN !TITIìOLJI SUCCLSS';T)

PR ]NI' 9
FORI4AT ( l0X'Ì1'. . nf. ji'jAl-o ó ! . o.LIi'l1T5 hrlvt- dÈLN 5Al-ISFIELj+)
Ql-r=3f).9/r39/ (SD':iSrJRT ( LD-;tl-ii'ì) )

PRINT 4rI sr-DrSù¡OPrl\5 rCltl
D=FSl(CIIl-:iq')?q)
PriIt\T I3rlj ntr rhii-rì!;-r rcat c.(rr.rt,(isITIC)N DEPtl.lDENcE)"/FUçþj þ,I ( / IìiX. *cr.LcttL¡.1 Ioli, oF Tl-rrtj'r<cl lccL c0t'11'osIT IC)N

$ 2tiX ìt0l =';if--8, 5')'. (Ci''?/ S¿C.', +'' / /
$ i0x{.r.1ûl_t_ FHACI lUl"r i\IhAriA alci,12/58-Ci)t/
X IZX-x- 1 ')tBX.riÙL-L-I!:,'x/ )

D0 24 I=1s?1
Xl= ( l-Il /Zl "
XZ=I "-Xl
ilL,Ll l\=Df-'.i ( 

^ 
l':-X]';-P I +X'¿'t'y.-¿';tP"¿+ X l-x'X ?'ttY I¿) /

x ( x 1Ìr'x I 'ìiu I + X¡-¡t xi'itt¡i+'/'1.'k x¿'*ul'¿l
GtJ=Ì,+DF-L'lA
DZ-.Dr?Gt)
PfiINT I4 g XI' D[L] ¿ì3 UZ
FO[?Ì4AT ( I óX"F 1"1-ç úXrl- 7.5raXrF ¡J.5)
C,¡¡T IÌrrrJf
Gù 10 2û
CIT,,I'I T I I\ LJ F.

Eírt)

't

ö
I
l '-'

2l
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$-638!;4 e-t)?1 4'lrv-i;vf l¿ ç"?>l'-t?'nt.)59JLrrt53+9br'i> )(:>(-'t5/ 
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DATA(X(L)çl-=:., 11 )uttír'.¡¡¡ L"'lt¡¿.1/urç.i ¡bti47Js1o5(j5(,JrIu3l5ô9çI.11549q
$I -û3Bl3r "9b9'16c,c)r:r:Z+ r,ii9i I'st '.j53>g *l-.r-(¡l5v "7J'jijtlr.'1 435-l s.l19l2s
$-?0016q,(¡7 169r,L,.¿¡!:i:,r.(,-i¿Jcl ,otr,¡.r.*f:,c"iri)522c I.lð¿.i?cI"6-lI+lcL.5807+s
$L'"3}¿t?t\çI,.1-681n;I"ilJji7ro9i¡'l¿1r.,t"9/.5t¡9c"ili)53;:¡"1ì53'31u.E241'lt"'li55oç
$.74-l 56ç .7 ]Icjll_""-l r;,,.7t, s,í:tlLri9r.nq,(¡i-iur e c(¡3¿i¿ s.6i,i 5L+(¡s.5à5 l2ç Io'!I7lt+q
1,1"60761.1,52r.jJiçì.¿:û3ti(',sJ nì.4,:licl ouig¿r:s n')itjlgr "919L12ç.öeIJlçolj5lblt
$,ç.8234 s.-l7aj6?e 6-f t+Jcr9,, o7 !;i¿j-Js. /$,,lir¿+ ¡.61l'l-jg "64'jb2r "ij3à33s "60:46s
$ " 5 fJ 5 2 3 ç l , !i q 71 6 s 1 

" 
,+ 7 .- 4 b : l . 4 ',il .i. l q l . x ti i o ¡ r l " 1 r.) ¿r 3 J r I . il Ù : G b ç " 9 !i l l L r

$"915;)3, "8b8?.Iç *8¿¡9t¡(ìc.iJ?li:.5 ",'l l+o/ q "'l¿+,)¿'cs."( Lrib5 g c7t).) 79s 'o7 I76t
$ "tr4916 q o b323b r n t: .5'+l, ç * ii.j ;Iq u I ":ì /53 s ], jIvÛ j v I "¿7415 t L " 137Iq I

$; I .0ó63(r ç .9rJ -l 1+3 s ,.g4I?. / r o 9 lr, L c o rjrJcrt I s u Ljl+'[y4 s . d¿-i.19;: g n7-i 42bt n I +?71 s

$"7t9I1 c"7i.r(j--Jóç.í,7itt'lsn\,4i)6"1 ç,o-irlè'3g obi.) 5+2s"3Lt5Zlç l-n2+ll6ç1.2014s
Sì1.I7985ç 1" t!Çi.i 1+3 ç I *ij:Jllliì I *'l 7q.ol ç .9J/+:ll ç "'iti49bç. ElJl9l ç.èJq67lcjs .tt?.U35s
$.?7398ç.74?aIs.7ib94"o-l \,r.. l/ç*o/13.'ç"í)495c-,:ub-J¿ttiqobLl 5r+ço5o5ItJr'
$1.,18449 ç I " .t !j5r.r9 s I .I:J 27 r:" ) u ¡:b4 iir- ç\ "t-\¿¿¿8g .96 /55' " 

9J ù1 t+s 
" 9tì309 ¡

S.aJBA96s.E.¡6ó5ç ".1 
(.),+5,t *7'l 4,;3s.14¿-ir-r! o7l"¡ldq g.li,¡¡tvl ç.6^lL? 7c "b/+954c o

$6Jpl5ç.6{r5-lllç.J¿:i5i-qr L*¿21 /.iç I "l l$ù7r I " 1+3i:ç 1.ri5991s 1"iìI¡96r
$"966()?socj313_Jqogr.tyi:4r"i_ìö¿!1 ¿ç.iJ+i¡!>ðe.LjCzt4g"77'7 16s"7¿¡5sls"7?I{+5s
$ " 7Ð216s .b7?-5b q ' {-r5'.r33 s * É-:Jiô3 ç n o()Íiói, . >ö!'-ì /

DATA(X(L) c[_=6r::jçts2i;J/ 1"792,!)i>sl.ocj¿¡-i.JsI.i¡95i;-Jç],JL5o9rl."l7549g
$I.11 3gI3ç"969?l 6g,9i1 (:¡'L¿¡¡u4,)r;/5r.rJijJ5U;ott'L+J-5so77rs'-¡ó't.'i4357r.-lI9-l¿ç
S"7[1 Çi-l 6ç"(¡7 169rof.49t;q"(t-J?-i?.c"it;5q(;s.5t¡52(,t I.l7lllrl"6b-l6lrl"57'ltt4
$ " I .3il342 r I - I 67g3 " I * iì:j.4ìÇ I * 9b-/c'',J I " -e 2'¡41 g . óe5-ji ç . ¿j533-j r . ÒJ24{J-l ç .J 7556
$r"7435C-, ,7Ic.¡7?s,7 i,i'7b ç *6i Ir.:L)t oo+9t1 Ur *6-3c3Zs oc¡i;3+6r.58322ç I.'7 Il7-4'
$ ç I,6Lr1 64 " 1..!j 2,',J e i " 2¡-ì8.l r i " L¡.+¡Z I r I. r) 19¿9s "9579,',: q .9I8Lr6: . ö9U68 r

$,¿j5078ç "U2.2¿v9t o-l'l ¿+9Lt s.1.+*t?çç.ll91r/.)r.7UÛCr I s "6 /i(:i5 c.(:+91 l:s "tt3è3lç
$. 60 545 c,5t5'ì.2 ¡ I *,t¡"-j 7qJ q l . +-/ rvJU ç 1 . 4(, I ôu ç 1 "'¿ U 165 ç L " l tl439 ç l . 0352B r

$.9514tç.91b3!¡r.t:iðl-';ïrls.;j¿iti:,bg.ô¿\7tie.i14'¿¿tsa"l 42tjIr "7L92r;c. /ÛÐ39r
$1 ,b-/149s "6496$r -rr 3?,7.,+ I oÉ'i,:jr ls oË¿d5¿ì ç I "3765uç I ":Jl99.l I L ,¿"1 47C1
$Ll37cl 6,l*i)Ér(r4-1,,9it'ltt6*o94l.Z9r"9J9Iàço8Li453g"S4'l 9Jg,8,2lUÜç.7l43ttt
Ír.1t+28-Jr " 7L92) s "7ìi:lJ9 ,) o,.,7 L45e eÛ+9rri ç "6s?r4t "it';5427.58521g L"2375-l ç

$l "20582n1.ì79l2rioÇcli).iiiçi ",;38.1-Jr.9745¿c.934¿3ç.(Jir¿+9ir'¿]llI88ç.FJ46|Jl
$ç.82043s ^77/+]]4,,.7tv?-t.;tito719türu7üû-rUr "61 I42tot>49L-4¡.63??LsoóÛ54ir
$.5g520 o I .l":Jrio8 ç j " ì Z-(7lt g i .11Ú:¡ij ç I .û621iú ç i "t)21t-43 r u 9b Zt,?, .9 3089 ç

Íi .vu3',2.4",iJBi û./r "t4 
¿ttt7-l r.i.i?,,5'9",-l l4¿j¡,-l 4'io¡iç.1 ).9ii49 "l()Ú?3s "6-l L3l ¡

$.6+96tl r "63219 ç o t'il:¿¡i,r ç o 1i.i':j2..; ç l. úJ4,'l 6 n I .05-JUcJ r I " ù62 +2g I "'i+t'78 ç

$1.015bÛ q.9t,6,i)7 ç 'irl,rli,i: '\r..4:¡-ìç.c4?¿:7 g "d¡'¿j5U'ç 'dL?l'tc '177 1¿tg '7'+55Ic
S "-(21.45 s .7i:?16 r . É,7;:lì5 s ' í.,'ir.'3-j r * o-J¿r)r t ¡ trú5o I I .'òd5-1iJ /

I=L
lü-2r1(lP
NQ=2ç'+ l0
IF(K"EQ.l8ir) CO tü 1

NI=0
N.l2=K +Nt)
G0 1'0 3
l\l:K+i\(J
l!Z=0
J=I
It (VG-X (.J+i'il ) ),i3 c .Jl r.Jl
J=J+ I
GÙTO4
V(I)=X(.,r+i.,lZ)
G0 TO lijc
V ( I) = (VG*X (.J-1+ilJ ) ) ri (X (¡+l',2) -Ä (,J-l +riz) ) / (x(J+f'Jl ) -X (¡-I +lrll ) ) +

S X(¡_|+t,Z)
I=I+l
IÌ- (I.GE*J) GU If) liil
Nü =t\ (.1+ 2 it
G0 T0 4i
rJl.¡= (llQ"2 I) / t+() 

"
Vw=V ( Ì ) +2l.rf (V (¿t) -V ( I ) ) rt (û[:*tli.J)
RE i'Uiìlc

I

I

3
4
3

3?_

33

I*-"û

I;I

'C N, Tì



SUI:ltìOlJ-l I hjL L i í'l'f (i:, çuP ç V(: ¡ Vtl ) LL2
DilJi[t\STOi'r x (9ili,.] ) ç v (Z)
tJAl'A (X (L ) çL=l o l(., ) / "8 o "9,1 n ç I oj .o à u r3* e1+. ç5c e(ro e[ì" r j. (¡" r 15" çZiJ. r

S¿5"c3C,s 4t) ",'5Jo rÍ1i,.. rijJo r ì,., ç

1ì1.11CS3 c I ".1.,.i N' l ç J " r'l;\¡ 7-; ' í ".i.'.rr (.1 ç i u L) 9¿) 3 s I.l).t¿i.tt1ç I .0-crb75r l. C í¡91-l 
ç

5l.l{) '?-'2'Jcl"J(ì 7,.1 1,*t..1 ì.,5t.,cr* L!¡.i-Jiql.lÌtð2.ioI1ll¡eI.L?4tjL,l.l265u¡
$ I ' I ?ó?tJ sI , L29'r 5 ç jl ' I -ì I /. I g I, .:r1+ L i * I ii )*j i t ì , l,' /uô r i . i 0/+25ç I .09¡r.J8 ¡
$l,09207 c j "'l 9-.J2()c I o i; iibbl r I " -.:¡ri cJ; I.1(:r:-l 7 r i.Iu 7 jor l.l lrJTUç l.l i 64Lg I
i " I I 9 3 7 ç I . 1 

'/ ?2 ó o I . I r. 4 '¡ : c l, " i ' ,:, j i r I " t ? l: ¿ ú r -1. . i 2 y j+ ô r I . 1 3 t ? I ¡ I , i JZ + -à 
s

ii l. iig1(;7 o ì " '1 
8-; 9 J.+ " I .'.ti1 / 9.: g 1 - . ¡) i,Ìj r J- . [¡[i::i 54 r I . ûö j4i, ç I . (.J94Jr r I " UycJ /5 ç

51.102¿rIç1"J|,'l?,-tç¡"1ìi'/l.vJ.":J7'+7st.l/,t¡-,jçI,L¿l)?lçlol.?,,+5Jrl.1zo¿itç
$I " I2d39 sI " )7-951-r. i " I -;lil.'i r t . i..,1?+:s I. ilb66:ç i al'l'¡;t ì r I u 0 /Ji¡2- r I u ubJl5gy I
I.087L8ç 1"i-l 9lrtí.si.i.,'t9:)7*.i., r,,¿ts¡rloIûbJiç.l..Lu9lùçlorl2ulrl.lI723c
ÍìI ,1?-it69 s 1,123;ìð.e L " i ¿4d?:;'l " ) 27 L7 o ì .l ¿b7 3 r J.129¿i7 r 1.1311+ / s L " I325tì s

$l " 0'lt+6ts q j " l.': 7977. J , ijtrJ u.i ç I ".¡(;i¡ U I r L "t)9-;¿¿ c l.I rllûZ-'r ì " ii-;57 /-s L.lU869c
$ I " I I ù95 ç I . I I t-)-'7 , I " r .L o-l,i c I " I I-i'l (; r ì " j ¿ Lt5 s i . I¿Jo9 p l- " I?-5tjtj " 1 " Iè-l I7 s

1;l..l2ii6(rr1"ì2':¡'79" l"i.il4trl.r-i2:¿+ç .[oüc¡it1iç]..1i¡irri¡'l.lrjZ17g'1.10!ì75r
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Appendix G

PROGRAM TEMPDBP calculates the fit of equatíon (2.6) for a serles

of values of specified e ¡2lk aLong with the corresponding values or. o¡2,

Any mole fractíons may be used since all díffusion coefficients are

corrected to zero mole fraction (of heavier component) using the Kíhara

2nd approximation. The main program cal1s the subrouÈj-ne L1N whÍch is

very sÍmilar to LINT of Appendix F and also uses the same quantum corrected

collisíon integrals.27 The maj-n progr¿un ca1ls the one parameter línear

least-squares program FrxLSQl whÍch fixes the straight line to pass

through the origin.

INPUT

lst card:

is a header card and contains idenÈificaËÍon informatíon. The fÍrst
column must be left blank,

2nd card:

E1

S1

M1

10x

82,

F10.

F10.

F10.

is e1/k K of the heavier component.

Ís o1 of the heavÍer component.

Ís the M.I^I. of the heavíer component.

52, M3, 3F10. are Lhe lÍ-ghter conponent arialogues of E1, Sl,Ml.

rFD(l) and rFD(2), 2.r2 These are seË Ëo 1if the components are

FermÍons, otherwÍse they are left, blank.



3rd eard:

EF , F10,10

RN , F10.1_0

$ , Flo.l.o

NøI N 13

Nr13

LL4

fs the f frst val-ue of e¡2/k K Ëo be used to generaËe

the Xi and Y1 values of (2.6).

fs the íncrement by whÍch EF is lncreased each iteraËion.

fs the approxÍmate value of o¡2 thaÈ is assumed in the

ca]-cuJ-aË1ons.

fa rhe number of iËeratlons that are required.

fs the number of points to be fitted.

4th -> 3+ rh

D, Xl, T, 3F10.L0 are the values of Éhe dlffusion coefficient, DIz,

the uroJ.e fracËÍon, and Ëhe ternperature of each point.

Thfo program Ís terminaÈed by two blank eards after the last data

6ef,
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PROGRAM TL:"1P1)EP ( II'.JPUT "IJLITPUT )

DIl,iENSl0l'l C?(?-), IË U (2),1 E (2) ¡t< (21 ¡tt (?) çC (5Ù)

CD(30) rDU(.i{)) çG(30) tXI (3Ür3'j)
RtAL M I 2 : M2 I ç 1"1 L r Nl?si'|Il ¡i'42?
FìË.AD T?
frof-ìMAT (gûr-l

)

RtAD 2çE] r5l el'4i r Ë2çS2çVt2ç Il-rJ( ì' ) ç IFD (2)
FOt.'MAT (JFI Û. ç 10X' rIJFI ú " ç?I2)
lF(tI¿F-G"ü) GO T0 314
PRIN 5
FORMAT(IHI)
PRINT T2
Plul =l'1 I 'rl"l 2
SN1=M l. +f,12

Rä=Pi"1/ Sfv'

f"]12=i"1I/y,Z
ll2I=.i4? / V' I
sivll -1"1L?,*'úL'?-
St'l2=Ì,421*l'121
Mll=t.1lr3Ml
lvlll--itllti¡t.2
F3= 15.')¡ ( ( Í,11-l'i/l / s"'1, +'\i7-

RE./rD IIû tEFçRl'JçSTNOI rl'l
FORMAT ( *?F l'i . I rJ q 2I3 )

lJO 2L4 L=Içrt
REhD l00rDçXlrT
FoRÞI/\T(31-I'J.lü)
G ( L- ) ='t
D0 ZIt+ J J= I ; i'lÙ I
RIN=JJ-1 5i E=Et +riIi'{+¡F(i\
T S=T /E
QP=3 $ n9/t39 / (S¿tSQi{l- ( Ë.-¡R!i ) )

K=7 A

CAlt LIN (KçQPTTSTAS)
K=lB0
CALL LItr (Kç0PçTSTCS)
K=34 0
CALL t-IÌ\ (KTQPsTS:CIII)
Tt ( I ) =T,zËl
Il (?l =I / f-.?

.R(t)=Sl $ ii(Z)=SìZ ¡ tl(l)=F-l $ tJ(21=L7'
D0 l9 J=1qZ
il'(IFD(J).f:Q'l) GÜ -10 23
K=50 0
G0 T0 22
K= 6 6'l
CONT i NUE
(lr:=3 {J "9439/ lR (J) ¿tS(iRT (tj (J) rtill'1) )

CALL LIN (K.QBrTÉ(J) çC2(J) )

CONT Ii\IJÉ
SSI=(S1/S)'':t'2
SS2= l52/ S) ":'*?RCl=C2(i)/CIil
RC2=C2 (2) / CI IL
AM=PM'åAS

rù4 (3Uç3Ù) rTU (5iu) I

?';
t?

$

$

2

5

I6

T7

IIù

I ri0

?3
22

t9



?14

IB

LT;?

3e9
I,"ì5
9

199

314

7

I

FO=2.'.'SGRT ( 2 " 
*tìzlSii ) .x.RC 1.)r5S I,/ ( i4il*S{,¡) 116

F'T=2..ks0tìT ( 2. -:ri{ j /sfr¡ ) ¿iRc -ë.)rs52/ ( t1i *5M )
P1=l-'lllr+FC)
P2=Nl?2'*F T

Q I =l- 0r¿ ( M I I +3.':å¡4? ¿+\. b,.rAi4 )

O2=F T'r ( lv' 22+ 3" r*f"|¡ Ì + j 
" 6d-Ar'4 )

F4=8. nAM,/ ( Sl,lr.Sff )

P1?=F3+Fr+
Ql2=F3 +4 o+it 4 + I . ó-)!SM,/S0RT (irt,i ) JrkCl.x-xCZ*SS i *SSa
DF= o IJ+ ( 6, -riCS -5., ¿,r):,2

X1 tt_rJJ) =1.{'4r'I .5/C) t.L $ X¿=}.-^l
U Ë_ L T A= D f","å ( X I .ii X 1 -;i P I + ),'Z * ¡, ?- ;t p -¿ +^ I * Ä Zj! l, I Z ) /

x ( x 1#x l -),¡ü I + 

^¿tt 
xù"Q¿+x 1ì¿Ã2{-Q l2 )

GD=(1.+Dt-LfA)
D4tLçJJ)=t-,-,zGD
C0tlT i NUt_
Rf"¡=S0RT ( {ì.5+tSl/l/pivt )

D0 L99 J=lcl"lOI
TÛT=DT =SfD=0
RIN=J-t
f=fF+RIl.r.Rl.t
PxItlT löttng
FORMAI(//liÅ.1?I[i.1p; x, (D)1 cD D_CL)+/

$8À+¿Ë,/K=-;rF:jß2.;.1 5=+¡F7 "4/ )
ll0 lSZ I=lrt.t
c(I)=D¿+( I çJ) :ì, Tü(I)=ÃT (IrJ)
TOT=T0[+lO(I)
Al =T OT,/N
CALL F Ixt_.5a1 (TOrCçSL. E t.R5rt\r Sr*)
D0 7 l=lsf\
C{J(I)=l'0(i)itSL
Dl'-DT+T0 ( I ) r¿T0 ( 1 )

DD(I)=C(l)*CD(i)
PRIf\T Br (G(I) çT0 (I ):C(I) r CD( l) sDrr(I) r I=l rt!)
FORþ1AT (F 9 " 3 ç F l.t. ?; tí 9,5) \

SICìMA=SGRT (û "tti?otB ¿?ki4lSl-) b p=tRS,/SL
PC=AilS(l_',)0.*t, )

TU=l "
UL=SIGi.lA,¿ ( 1. +P-)rTl_.t/ ?l ")
ZL=SLGl4A?i ( I o-P-)iT D/ / "l
Pk I l'\T 39c) r Sr
F0RþìAT (lúX,riSoD" (Jf, pOItìTS=*-L tZ*q)
PR INT 9 ' SL r LiìS ¡ f-rC rt\l'r fJT r UL r S IGÌ'l AçZ.L
FÚF{MAT ( / T.X. .:T SLUPL ERiiOIì P. C O ERROR.'II$ bx ç2t15"4çlli.¿+/l0x':Av.x--;iFð.zr3xi¿suir(X sa ) =+Er5"7//$I¿X çl? "1+/5X1:'51e¡.i¡1-* Fl .4 ç-Ì Xc+I\x/ IgXçl 7,4 )
CONT i I\tJF.
GÛ TO 2ç
C0¡\iT i t\UE
El\ D



LT7

I

St-r[iiìOtJ-l- Il.]t F i /.t :',til (,x. ç ì' rS ç í:S e i'ls :¡t: )

Dlr4[:r.JSi.Oi\r X ( 5i] ) ç Y ( i,tl-r )

SY == !rX'.-X X -X Y=YY,=,'
IJU I l=1sN
SY=SY+Y (I ) :+; ::X-!iX+X (I )

XX=XX+X(t)J:X(i) :, YY=Yì'{Y (1)';tY (L)
XY==ÅY+X(1)rlY(i)
s=xY,/xx
SE=S(,ìiìT ( ( YY-5ri^Y) / (N*2) )

[5=SF./S0RT ( XX )

RI TUiìi\
F_Nt)
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SUITROUT llri[: Lilt (i(,r\r])r\/beV¡J)
DII-:[i!S].Cfr X (r,r;j) r V (¿')
DATA (X (L ) rL=1 ç ) t;i;l / eör../r i " ç I .5tl " r1l" ç.1n rlio ebo ç[J" r I0. r 15. r20 " r

S25* ç -l(i ' s /+-il. q iri.l. s (:U. r d{-i o s L¡jti " 't

5ì"1lLÌtì3,rJ.., 1it i¡it 7+l *i;11 ...a,y !.",,JizbuÒç I"ll9¿lJrlougli+lJs1"09575r1.099I7r
$1 " 1 022fl r 1 . ] tì'7i, J r i . l l ü5¿+ s,[ " 1 1 t,.:L c I " ] i')óZg I' I è¿:ZJr l . l 2+o Lr l . Ll6bu s

$1 .I ?SZt' ç I " I2945 ç 1," J:i j.2l y i . I *ìr:.r I r I " I L)991 q I " I ;-r'l u6 c I " l0 ¿tZ5g I " ü9,îvit c

sì1.092ù7 ¡1"i.:93?-ot j"tiSbf_i!ri",.i!95ðçl."iij2'i7¡'l "lul116çI"11ü7¿5çI.Jlb1+Ic I
l""i19B7rl "lV?7-6,¡'1 ").?,¿+i;.Jr, l.l.2651:I "L'¿j,'rt)gi"'17-9r+b¡lni3lZl *1"L3242c
$l " Li9 L{i7 çl "i)893¿r + I " i'iì79Ç y I *;: tJ5I¡ e 1 n úb!-,5¿+ i I " ijö9.+bç I . Ù9¿+J5 ç 1.09tJ75 ç

$I " I0¿4I ,I - I il7¿iv !, j " j I i 7 j r I .l jl41q I - l¿l t¡'l ¿ç I .I7l/.92s L iZ45J ç l " i ¿btll r

$'I"l?1J39çl.l29iidri.-l3i¿liirl"L"i'¿/+>r 100bÈJ6)yl"u7I2Is I"0734èç l"uÙl59rl
l,0tJ7?Eç i..û9¿rir6ç I oí:9c¡'s-l ,,L 1,r¿B-jrl.J',.1 -¡JirI"l,i)91.í.ie l.l1Ztt Içì.1Ì7ZJr
5:,I " L 2C6.l s 1. ),îÌ3i)[r., i. o\í:¿+d?: i u )'ì.1 17: ], " I¿ú7-i r I .I¿9ai7 ç I " ] 3Lq7 c l.l¡l5d r

S, l .,J7468s I " Lr7Í.', I i s I * i¡iii t.i l; y I "i;'iùu1: i "u95à?.s I .lú16¿ * I " I'J5-l lc 1.10U6L)r
$l " I t í195 n I . L Ì +I'l ç j " l j Õ,1-ìr I " i t v i u r ì " I¿J.j5ç I " lZ¡cc) sL ol'¿5l¡¡r l.I¿711 s

:51"12866rì "12c¡'l9sj."I:jl4ì rl ,L.s?.is,+ç iouiii45+I"lt.j98rl"L(l7I-lc l..l03i':>¡
$I"j.0792s1'JiÌl'ro,i", 1lii']ç'I ,Í149*{rin.ì.lbsZg}.Il¿,3irr}'ll'lSir¡i"l"2l5{-)ç
$1" I23üil s 1.124-l-lr i. ,')ia55l r'L"i;- {i9r I " L7¡:iiû: I .I¿9il6r 1.131¿+bç l. i i?57 g

$l.l-?-l?iicl"L?{-,lr6cÌ"12>7 lç l.J¿-iioçÌ "Ir-2.rIgL.17156ç1.I21"Ì4gI"IlZl4c
$1"12?.5/+tL*12-ìl,ri,,iì:l;-j1r¡-t*I?:rjo¡rl.iì4¿Ecl,l¿:-¡l-lçL"lZblircluI2-l 7Jg
$I "I29Jzs I " I.lüüq r i"i3i55r I "i:\¿b.J /
D/iTA().(L)çL:itìlr:J:iìr/ 1*15il8Ù;1"l+¡J¡jBçl"14llIrl"L+057s

$1"13612ç1"132-l\¡g l"l-Ji;94e ì.1-j0t.iJrl "I¿.957 rl"l-¿9¿6ç1."1.2(j-lli:IoLZC)6i+s
$t " l29iJl c) "1298q * I "'Iì'so-l ç I . j:Jl û' l.l*;ù5iy l..l¡l.u3r i.1320?çI " l-iZuur
$.de67éçn83ll;Ìr "tì-:6ls,t *:ió.3ii i ç.5rJ4iIç '9ü9t:''7 c '9i-J4Lts.9"ì124c "93t,û9r
$o94).49n"9447?uo(.ìt¡ijZç.94 l(¡2¡"94tr2,îs.9t+8-l4eè9¿{Pr37s.94tlI8s*9¿r¿jù3ç
5"947'l 6,t.g¿+'lcr¿r e cL.r?4i9ç "9Zct-)¿¡ r.Û-i528s "tìb456¡
5,"lJtJ63¿+ç"9iIiJ?g.c)?.¿+tJ4ç"!3]ì.¿vE.'l-i6¿Jlr'9rlL69ç"9¿r+4-lg.9r+7 llç "94797ç
$.948?7 s *94r1 3bc ogriJ3I s o94ill"'c- e *9.rEiliç,9477 L-t.94151¡g
$'ÉlJ 3230 .ti'¿.?6t,,¡ oii:ji8:Jr "8öt-ì.î7r.¡j'iib5g.9l.ir55 s o9?855r.9i51Ù¡,9390]Jr
$.943?l8s *94'j4-J",947tr8ç.--n1+cj39r c9r+Li{rl ç..r4Ll Õ3:.9¿+5+9 g o9+t33;.1 ç "94iJIZc
$.947E I r " 94156,¡ "B?31,J s n ð36q 5 r . ¡J4754g 
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Fig. l. Composition dependence of mutual diffusion coefficients, Qe, for He-Kr at 300'K, 760 mm. o, Present results; Curves I

anã II cal"uiated,fot Gnlk) = 39.0oK and o12 = 3.17 A (ref. [4] ) and (enlk) = 43.5"K and op = 3.14,4. (ref. [5]), respectively

dence studies, obtained rather similar parameters'

Using quantum collision integrals [6] , both these

sets ál parameters predict our composition dependence

assuming the Lennard-Jones (12-6) potential and

Kihara's second approximation to the Chapman-Ens'

kog theory [7] . In fig. 1 our experimental points are

compared with the courposition dependences calculated

with the parameters reported in refs. [4, 5]. Since both

these groups of workers [4, 5] although using quite

different techniques from each other and from us, ob-

tained results over the range 5-15 mm pressure' and

since our results were obtained at approximately 660

mm, the fact that over the whole concentration range

all resillts agree within 3% seems to justify our use of
the assurned linear dependence of D ,, on I lP.

Table 2 compaTes some quantities derived fiom out

results with the corresponding qtrantities of refs. [4, -5

The values of er, and o

the absolute values of in

?r, results in an error of

'lable 2

1o.z't,

o

o
o

o

o

o

e12lK t K) orz (Â) Drr@, -- 0)u) lDn$z = l,tlQ12@2 = 0)l u)

blexpl

ref. [41

ref. [s]

3'7.6 ! 8.4

39.0 1 5.0

43.5 t 3.0

3.19 I 0.06

3.17 J 0.04

3.14 ! O.02

0.6 301 t 0.001 3

0.632s t 0.00as

0.6316 r 0.0032

1.039 t 0.002

1.038 r 0.0015

1.036e t 0.000s

1ì Cotu*n, 3 and 4 present quantities derived from columns 2 and 3

b) ou. 
"rroru 

have 95% fiducial limits'
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