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DfURODUCTION

Heterogeneous ccndensed systems may be regarded as mechanical mixtures

of solid or viscous liquid fuels and oxidizers.

The most interesting systems of this type at the present time are the

composite solid propellents (for rocket, ramjet and other engines) and pyro-

technic mixtures (for further details see Refs.159, 222, 223 and others),

Neither of these two classes of condemr'ed systems is new. In fact the

history of the use of black powder as a rocket fuel and the history of various

pyrotechnic mixtures go back many centuries. However, at the end of the

nineteenth century black povder lost its sigpificance as a rocket fuel, at

first because of the temporary loss of interest in rocket technology and then,

after the beginning of the rapid development of rocket ttchnolcgy in the

twenties of our century, on account of the introduction of liquid rocket

engines and motors with a solid fuel of the double-basc type. Interest in

pyrotechnic mixtures continues unchanged, but because of the rather limited

volume of their production, invt-stigatins on the mechanisms of burning of

pyrotechnic mixtures have only been carriud out on a small scale. Apart fran

this, research in this area is much more difficult on account of the great

variety in the characteristics of the components of differvnt pyrotechnic

mixtures.

It is natural, therefore, that the theory of combustion, which began to

be developed about 1890,was worked out first of all for the combustion of

gases, which is of grat practical significanoc and has much simplcr lars.

It should also be remembcrod that many results obtained from the study of the

kinetics of gas reactions at lower tempratures can be applied to investiga-

tions of the combustion of gases.

Later it was established that the thcral theory of combustion can be

applied succeszfully to dcscribc the co,,Austion of volatile hcmcgcnccus con-

dcnsed systems. For non-vlatile homogeneous systems aspects of the thermal

theory of combustion w re applied iainly to reactions in the condensed phase.

These aspects were supplemcnted by a series of qualitative cncepts,

espeially concerning th- expulsion of particlhs from. the surface of a burning

charge.

Interest in hcmogur ous cenaensed systems and the amount of research on

them ccnsidurably increas,i about 1950 on account of the rapid dvl,-pment of

composite solid rocket propellents of various types.

V
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At the present time there are several dozen papers in 
the literature

whioh deal with work on the canbustion of heterogeneous systems. Qualitative

conoepts of the c6nbusticn cf heterogeneous condensed systems and the elements

of a quantitative theory can be derived from the results of this work and with

the support of deductions from the thermal theory of combusticn°



CHIMR I

BASIC PIOCES.S M T2flM1G -tHE -ITE We COUSTION

OF VARIOUS T S OF HAS

In general the rate cf burning depends on the rate of mixing of the

initial ccwponents in the heating zone and in the reaction zone (for hetero-

geneous systems), on the rate of the cherical reactions between the coapanents,

and on the rate of transfer of heat and reactive species from the reaction

zone to the initial system. The normal rate cf burning (and especially the

form of the combustion front) depends on the flew conditions of the unburnt

mixture* and of the products of combustion (especially for combustion in

engines).

Naturally it is out of the question to derive a single fornula for the

calculation of the burning rate that is applicable to all cases or even a

single system of equations of riot too unwieldy character and suitable for

numerical calculations.

Consequently, scveral basic types of flame are considered in the theory

of combustion. These differ in their scientific and practical significance

and in the extent to which they have been studied. The parameters of the

greatest interest for a given type of flame are different; the approach to

the theoretical treatment is essentially different for each typo of flame;

finally there are sevorel differences in the experimntal methods.

The typos of flame which are the most important for the theory of

combustion may be enumerated as:

(1) The laminar flame in a hmccgencous gaseous mixture. The flame

producQd by comibusticn of volatile exolcsivcs belongs to this type.

(2) The laminar diIfusion flame; in this case a stream of fuel gas

burns in an oxidizing atniosphoro An e2ainplc of this type is the flame

produced during the dif'usivc burning of liquid fuel poured into a cylindrical

vessel, etc.

(3) The flame produced during the burning of a drop of liquid fuel or

cf a particle of solid fuel in an oxidizihg atmosphore.

(4) Turbulent flames in homogeneous or non-prerixed gas tixtures.

*For gascus systems or systcms consisting of gas plus solid particles
(or liquid dropa).
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(5) The flame produced during the burning of non-volatile explosives,

powders, etc. when the reaction in the condensed phase is the most important.

There are many interdiate types, for example, the combustion of a

suspension of solid fuel particles or a suspension of liquid fuel drops in a

stream of gaseous oxidizer (this type has features characteristic of a flame

type 3 and 1, or 3 and 4). It is these intermediate types vhich are of the

greatest technical interest.

The ctrbusticn cf condensed mixtures i also an intermediate case

which combines to some extent the features characteristic of flames type is

2, 3 and 5. Turbulence can also play a definite role in the coumbustion of

condensed mixtures, althcugh in conditions completely different from those in

flames of type 4-

Some characteristics of the basic types of flames may be examined

briefly f-cm the point of view of their usefulness in understanding the

mechanis;e: of combustion of cndcnsed mixtures.

We will consider first the definition of burning rate. The concept of

normal burning rate (U) has an important and fundamental significance in

the laminar combustion of gas mixtures and homogeneous systems. By defini-

tion un  is the velocity of displacement of the flame front relative to the

unburnt mixture in a direction perpendicular to the surfacc of the flame at

the given point. The dimensions of un  in the Systome Internationale are

m/sec, although this unit is as yut rarely used for hturning rates and then

only for g.soou: systems. The quantity un  is usually expressed in cnysec

for gas systems and for condensed, systems in mm/sec; if the burning rate of

condensed systems were xpressed in m/sec then in the usual pressure range

very small fractional numbers would be obtained.

In hcmoguneous condensed systems, maasurutents are most frequently made

on the burning rate of end-burning cylindrical charges, where it is assumed

that the burming front is plane. It has boon shown expcrimentally that, in

the majority of cases whcre a coating has boon applied, this assumption
is correct and distortions are only observed at the edges of the charge.
In addition for solid substances, and for sufficiently viscous liquid sub-

stances, the initial solid or liquid re.nains stationary during the period of

combustion. Hence the normal burning rate is then simply the observablo

velceity of the flame (in the laboratory system cf coordinates) and is

constant at different points of the charge.
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The conditions are similar when measurements are made on the burning rate

of gas mixtures on a flat-flame burner, with the only difference that in this

case the combustion front is stationary and the unburnt mixture moves writh a

velocity v = u =V/S, where V is the volumetric discharge of gas through

the burner, cm3 /sec, and S is the area of cross-section cf the burner, cm2 .

The analogy is even more complete in that the volatile explosives first

vaporize and the stream of vapours burns in the combusticn front; however,

for condensed substances the burning rate is measured relative to the con-

densed phase and not to the gas phase.

In measurements of the burning rate of a gas mixture using a bunsen

burner, the combusticn frent is cone shaped (Fig. 1) and the area of its surface

S is ecnsiderably largcr than that of the cress-section of the burner. The

normal burning rate (moan) is equal to un = V/S . un  can also be expressed

in terms of v, the velocity of the gas flow ing into the canbustion front:

un = v sin 0, wehere 0 is the angle between the velocity vector of the gac

and the ccbustion front.

For combustion of a gaseous mixture in tubes or spherical vessels the

observed flame velocity (relative to the wialls of the vessel) is not equal to

the normal burning rate, since, aving to the expunsion of the combustion

products, the unburnt mixture in front of the caribustion front moves relatively

to the walls of the vessel.

Thus the measurmnont of the nomnal burning rate un  is simplest for

homogeneous condQnses systems, since in this case the combusticn front is
plant and the initial substance is stationary (in the labcratory system of

coordinates), and honzo un is equal to the observed velocity of propagation

of the flame, u (in the laboratory system of cotrdinatos).

Hc:wever, it should be wphasizod that this concept of normal burning

rate may not be applitd to all types of flames (see belov). In particular,

in the case of greatest Litcrest tc us, that of ,cndcmnscd mixtures, the surface

of the canbustion front has a ccmplicated fon.i that is not stationary and

there is little or no possibility of measuring its surfacc area. Therefore,

for condensed mixtures, the burning rate is undorstood tc be the observed

velocity of displacement cf the whole o.f the ccmbustion zone (in the laboratory

system of coordinatcs) rcgardless of th, thicknoss of this zone or the surface

area of the conbustien frcnt. It is only in the limiting case of sufficiently

finely d.vided mixtures cf vclatilc co-mponents, when combustion takes place

in a similar way to the combustion of homogencous systcms, that the burning
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rate is equal to the normal burning rate. As well as the linear burning rate

the mass burning rate is also used vhere m = pu. and p is the density of

the unburnt mixture. It is obvious that m is equal to the mass of substance

burnt in unit time per unit area of combustion front (where un  is used) or

per unit area of cross-section of charge (where u is used). In the S.I.
-2 -1

the dimensions of mass rate are kg m sec ; however this unit is not yet
-2 -1

found in the literature* and the quantity m is expressed as gm =- sec

-2 -1 -2 -1(gm cm see = 10 ;m sec

- Both for gascou and oondens a systems the mass burning rate is used

less frequently than linear burning rate. This is partly because it is the

linear burning rate that is generally Mieasured experimentally. Hcwever for

oompariscn of the burning rates of gaseous and condenbed systums only the mass

burning rate is suitable. In fact, the quantity m for gas mixtures and

volatile condensed substances has the saio order of magnitude. On the

cantrary, the linear buning rate at lov pressures for gas mixtures is several

orders of magnitude higher than fcr condensed systems (in order to bun the

same -antity of substance per unit time in. the reaction zone, gas has to. be

supplied at a higher velocity than a solid or liquid substance, since these

have a density ocnsiderably higher than- the density of the gas).

Moreover, in condensed systehis the mass- burning tate depends on the

pressurep with the same depondence as the linear burning rate and differing

from it only by a constant factor, since the density of candensed systems in

the pressure range of interest to us does not in practice depend on p.

Consequently if the function u(p) is approximated by the relationship
Vu = b, , then the exponent v will be the same for the linear and mass

burning rate.

However, for gas systems where the density is prcpartional to the

pressure, the exponent v for the mass burning rate will be higher by unity

than for the linear burning rate. Therefore to enable comparison to be made

of results for gaseous and condensed systems, the mass burning rate will be

used for both types of systemA.

*ie should note that if the linear burning rate is taken in mm sea "  and
the density in gm cm- ,then for the mass burning rate we obtain the value
corresponding to S.I. units

I m sec-1 gm cm7 3 = 10-3 msecr I j0-3 kg 106 e" 3 = I kg d"2 sc " I

4Usually the c rposition of gas mixtures is expressed by percentage volume.

Thus the densities of gas mixtures are readily calculated by the formvula

Pmix /1) i '

where e. = V j/ZVi , the fraction by volume of the ith gas component, and ji

is the molecular w.ight of the ith gas c-upeoent.
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ILAMIAR FIA UT~ !{HOOMNEW S QaS MflDUI S

This type of flame has been studied in considerably more detail and more

thorcughly than any other type of flame.

The flame in a homogeneous mixture (leminar and turbulent) is of

considerable practical interest in connection with problems of safety in coal-

mines and also of the use cf every kind of storage tank or tanker containing

fuel gas or a volatile liquid. In addition the investigation of several

types -' burners, etc. has been associated vrth this research.

The laminar flame in hcmogeneous mixtures is of exceptionally great

significance in the theory of combustion, since for this type of flame the

influence of chemical factors is not obscured by the mixing processes of the

initial components, md the velocity profile of the unburnt mixture can be

very simple.

Several different foms of a laminar, homogeneous flame have been

investigate&. Usually different typos df burners are used. A bunsen burner

flame is shown in Fig.1 and the flame cf a flat-flame burner is shown in Fig.2.

In these cases thl flame is stationary with respect tc the laboratory

coordinates vhich renders it convenient for measurement of not only the burn-

ing rate, but the tempcrature and concentration profiles (by means of optical

1 - nthods, thermocouples, gas sampling, etc).

The propagation of flames is also investigated in tubes and spherical

I vessels with rigid walls (constant volume bcmbs) or with elastic walls (con-

stant pressure bcnibs). Bi these cases both the combustion front and the

unburnt mixture move with r .,spoct tr the labcratcry system of ocrdinates and

therefore it beccm'cs very difficult to measure th c tenpcraturo and concentra-

tinn profiles. Hcvmver these methods offer considerable advanthges when

measuring the velocity of a flame at high pressures.

Thea availcble data in the literature a the burning rate of gas mixturos

will n=, be xemined. Only the normal burning velocity will be used, but for

the sake of brevity u, u x ax, etc. will be v-itten instead of u

(u)ma, c(), etc. Part of the cxpcrih-nital results (of'Refs.2, 3, 6

and others) ha~s ben taen fra the graphs. 'Ja have also caloulated the

values of the axnonent v in the forrmla ra = bp v and the value of the

tempcrature coefficient m = d i MATO frw the experimental data given in

the works cited.
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A ABSOUTE 1ANIUDE OF BURNING RAIT

Let us quote first of all data on maximum burning rates and burning rates

of stoichicmetric mixtures (for the overwhelming majority of gas mixtures

(Un) and m are obtained for a mi-ture ccmposition not far from

stoichiometric, see below).

The basic part of the experimental results refers to mixtures with air

ab atmospheric pressure. In this case, according to the data reviewed in

Ref.1the alue f m.-2 ec-1Ref.1, the value of ma x  lies within the limits 0.03 to 0.06 gm cm- sec
for the majority (45 out of 60) of fuel gases studied. m reaches a valuefoxth maxrecsavlu
of 0.1-0.2 gm cm"2 sec- I only for hydrogen and low-molecular weight unsaturated

and cyclic compounds (Table 1).

TAML ,1

Maximum mass burning rates, mass burning rates cf stoichiometric

mixtures and cciabustion temperature of stoichiametric gas

mixtures at atmospheric pressure and rccm temnerature

I gm. em-2 sec-S 1 , a " 2 sec "']  Calculated cnousti
mscy teperature,, 0

Fu Mg Mixtures

ixtus Mixtures Mixtur ixtureswwith with with airwith air with air 20y30n
oxgen oxygen (a = I) oxygen(a=1)

Hydrogen 0.19c3 [1) C.385 [8) 0.148 [io] 2345 [10]2370 111 3050 [11]
Acetylene 0.186 [1] 0.165 [4 1.6 [9] 2580 10

S0.t73[10] 2 0 1 3320 [11]

Ethyleneo 0.113 [I] 0.112 [10] - 2425 [10] -
oxide

Ethylene 0.088 [i] 0,072 [4] 0.761 [4)
0.089 [io0 0.645 9J 2340 [t0] 3170 [12]

Carbon 0.0616 i
monoxide 0.051 '2 0.125 r2

0.055 8  0.135 0.037 [8] 0.135 [8] 2570 18) 2970 [11]
Benene 0.06 [1] o.46 [3] 0.06 [ 0o] 0.46 [3] 2340 [10] -

Propane 0.057 [1] 0.041 [4]
0.054 [iOj - 2260 [10] -

Methane 0.03852 1 0362 [2) 0 037 [41 0.415 [41 2200 (1O0)
0.038 0367 8 0045 lOj 2220 [8J

0.0435 16.0.0425 .7.



13

The irAluence of the structure of the fuel molecule on the burning rate
13

for low-molecular hydrccarbons with a straight chain has been elucidated •

In this ca. the burning rate increases with the degree of unsaturation of the

bonds in the molecule (the burning rate increases in the order

alkanes < alkenes < alkadienes < alkynes (Fig.3)). This effect decreases

with increase in the length of chain (Fig.4), but nevertheless the burning

rate of mixtures ith air is approximately 25% higher for n-hexyne than for

n-hexane.

There are much less data for mixtures with oxygen (at I atm), Tba

burning rate of such mixtures is cunsiderably higher than for mixtures with

air (for hydrogen and carbon monoxide 2-3 times and for methane more than an

order of magnitude; see Table 1)9 The mass burning rate of the oxygen
-2 s -  (except for the

mixtures studied lies within the limits 0.4-1.2 gn cm excpo h
-2 -1

mixture CO + 02 for which m Z 0.125 8M cta sec
2 max

Data for flames with cxides of nitrogen are also of interest (see

Table 2).

TAE 2a

Mass rate of burniag of homogeneous gas mixtures a ) based on

oxides of nitrogen ,at atmospheric -ressure and rcom tur=-rature

Oxidizer
Fuel .

N20 [9] No £91 NO2 (9] 2 Air

H12 0.382 j0.02 0.108 0.575 (1] 0.148 (10)
I I

0212 0.273 j 0.106 0.226 1 1.16 [9] 0.173 £10)
I I

02114 0.208 0.073 0.079 j 0.645 [9] 0.089 (I0)

0.155 0.029 0.035I 0.394.[93 0.053 (1]

p = 1 atm abs.

From Table 2 it can be seen that the burning rate for mixtures with NO

is considerably lcwer than for mixtures with air, not to mcntion mixtures
with oxygen. For raixtures with NO2 the burning rate is close to the burning

rate of mixtures with air. Finally the burning rate of mixtures with nitrous

oxide occupies an intermediate position between the burning rates of mixtures

with oxygen and with air, but is nearer to the latter.



The combustion temperatures for mixtures of hydrogen with these

oxidizers are given in Ref s.11, 12 (Table 3).

Fraa Table. 3 it can be seen that the burning rate of a mixture of

H2 + NO is at least an order of magnitude lower than the rate which should

be observed for this mixture if the burning rate varied directly with ccmbus-

ticn temperature.

osre1 2
It should be'noted that two combustion zones are usually observed for

flames of mixtures with NO In the first zone NO2 deccmposes into

NO + 0.5 02 and the oxygen reacts with the fuel. I the second high-

temperature zone 110 reacts. with the fuel. Two reaction zanes are observed

in several instances also for carbon monoxide - NO flames. In this case in

the first zone the deccuposition of NO (with the subsequent reaction between

oxygen and carbon) occurs as a result of reaction vrith the radicals OH, CN,

NH, etc. In the second zone, where the temperaturc is higher, the thermal.

decomnposition of NO becomes possible.

Velocity and temperature of combusticn of stoichiometric mixtures

of hydro&en with variom oxidizers at atmos hric pressures

Oxidizer

N NO 02  Air
_ _ _ __. tj 2 , -_ _ _ ,__2

-2 -1 Im, gmu.m sec 0.382 [9) 0.02 o9 0.575 [4) o.14B (1o)
T0 (calculated), 'K 2960 [111 31"10 [12). 3050 [II] 2345 (IO)

____ ___ ____ ___ ___ 2370W(11

Some results can.be given for the decomposition flames of cndothermic

canpounds (in-the gas phase at atmospheric pressur6): ozone (TO = 2700);

hydrazine15  (T 15000); ethylene oxide16 (T= 2500) and aoetylane18

(at 2 atm abs):
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0 N2H3 2 (cH) 20 CA22
-2 -1 4m, g 2 CM sec 0.928 0.17 0.0040 0.0061

Tc (calculated), OK 2677 1950 1217 256 O

-2 -1

In Ref.17, m = 0.0225 gm cm sec was obtained.

Without taking intc account the loss in radiation by carbon particles.

Maximum rates of burning of &as mixtures at high pressures

.- 2 -
,ixtue .. mmax gm cm sec

5 atm 10 atm 20 atm 40 ati 60 atm 90 atm

I0-H2O.! 5 [4]j; - i - 211 [2]

CH 402 [2] - 15.5 67.3

00-0 2  [2] 0.70 4.18 10.6 15.3

H12 -NO (2] 0.23 - 1.29

0212 - 0.88 1.74 -

air E 41

i 0.32 0.160 1.02 -

air [4]*

CO - 0.79 - 1.82
air [2]

CH - air 0.13 [4]> 0.20 [lJ* 0.24 [2] 0.26 is] 0.29 [5] 0.51 12]

0.11 (6] 0.1, [(5) 0.29 [ 4]'i 0. 25 [7]

0.1t [7] - 0.21 (7] 1

02H2  0.08 (19] 0.094 [18] : [ i

deocmposi-
I on

H - I 0.033 0.07 0.146 - "
31.. I

tion m18]_given__nsteadof__ma x .

halis given instead of Mmax
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At high pressures the data are. sparse and only methane-air mixtures have

been studied relatively thoroughly (Table 4). It should be noted that at high

pressures the difference between the rates of burning of mixtures with oxygen

and air mixtures is even more marked.

B 1EPEFI CE C BURNING RATE ON THE OXIDIZMf./JEL RATIO

The mixture composition at which the burning rate is a mnaximum is now

considered, as is the effect on the burring rate of changes from this compoai-

tion. The oxidizer fuel ratio may be conveniently deiined by the coefficient

= (e/Of l~e ~f)stoich

where ox' F and Ocx , Of are the fractions, by weight and by volume,

respectively, of oxidizer and fuel in the giCven r; ( )stoiclh,

( toh ' and (Ofstoich are the same, quantities in a) stoiohf ox).St. 1istih

stoichiometric mixture Corresporin-ly, for excess fuel 0 < c < 1, for

a stoichiometric mixture a I, and for excess oxidizer I < a < oo.

'Tor calculating the stoichicmetrid composition in mixtures of gases, in
which the 'fuel' consists of one or several fuel gases (with fractions by
volume 0f in relation to the 'fuel')$ and the 'oxidizer' consists of anfi
active gas, e.g. 02, and inert diluents, e.g. N2, with fractions by volume

o, -0! (in relation to the 'oxidizer'), one can use the formula

i

in which k. is the number of moles of the oxidizer. necessary for the complete

oxidation of one mole of the ith fuel component.

Thus, for example, for hydroger-air mixtures,) = 0.5, 0' =I
H2 H2

(hydrogen without additive), Ot = 0.295. If in the composition of the fuelox
there is an inert gas, then for it k. = 0. If the oxidizer consists only of

an active component, then 0' = 1. Correspondingly, for mixtures of fuel gasox
(without additive)/0 2 , fonmiula (I) simplifies to

(of)stoich = + ki) 1 " (I)
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It may be noted when ca-i"er'arg the position of the maximum, burning

rate it is possible. in practice to obtain the s&me result us.ng either the

mass or the linear burning rate, since the density of th; majority of gases

and condensed mixtures changes relatively little over a reasonably wide range of

a. ,ie cny ,icceptions to this are mLxtures consisting of components of widely

differing densities such as H2-0 2 cr W-0104 , where mm. can be perceptibly
2 2 max

displaced in relatin to u towards the greater percentage of the heavy

compmaent.

The position of the maximum burning rate of gas mixtures as now examined.

?or mixtures with air (p = I atn abs), the drta reviewed in Ref.1 have

u close tc a = 1; for some mixtures it is obtained with a mnl excess
of fuel (c > 0.8), for others with a small excess of oxidizer (a 4 1.12).

Exceptions are mixtures of CO-air and H 2-air, where u is found for

considerably fuel-rich mixtures, for example, with CO-air mixtures at

a z0149.

By reductic, in the a1iLution of a mixture by an inert ccaponent and, in

particular, in the transition from air to oxygen mixtures, the maximum burning

rate of H2 and of CO mixtures is displaced towards the stoichicmetric. Thus,

for example, Yang (cited in Ruf.8) found that, for a change of oxygen ccntent

in the canposition of the oxidizer - 02 + (100 - x)A N2 from x = 21/1 to

x = 98.5%, the maximum burning rate f r hydrogen is displaced from a = 0.56

to a = 0.78, and for carbon monoxide from a = 0.37 to a = 0.62. For

benzene', a change of x frcm 16.4 to 88.6o displaced the maximum buning

rate frcm a = 0.74 to a = 0.92. Hoever, with methanc (according to Yang's

data) a significant shift of the maximum is not observed for a change of x

frem 21 to 98.5-5.

Thcre are only a few works 2 ' 5 ' 7 in which the relationship u(a) at high

pressures has been studied. The position cf unt x  was established with

reasonable accuracy (e.g. in iRefs5 and 7 the interval of a near u

consisted of Aa z 0.1). On considering the quotcd accuracy of determination

of the position of the mnaximum in thc work2 ) 5 ' 7 thc conclusion may be roached

that increase of pressure does not lead to a significant displacement of
2ure Only for CC is there a marked displacement of urea towards

stoichiomotric with increase of pressure (Table 5).
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Displacementof maximum burhnjn j rate with, increase of

jRessure for 00- mixtures

Pressure, mxressure,..t.. ar-"ab

arm abs CO-0 2  CO-air atm abs C0 2  CO-air

_ _ - -.-.-_-

I 0.60 0. I 52 0.82 -

5.1 o.7 90 0.86 0.71

21. g 0.82 0.53

Thus, for ghseous mixtures when they are not excessively diluted by

inert compcnents and the pressure is sufficiently high the maxim= burning

rate lies close to the stvichicmetric ccmpsition.

As the composition of the mixture is changed from (i.e. that
max

ccmpasition associated with maximun burning rate), the curve u(a) initially

falls rather gently, and then veiy steeply, and finally at some crit

combustion ceases. We shall characterize the form of the curve u(a) by the

ratio u/Ura x  at various values of a/ u
U=

We may note tvm results obtained frcm gaseous mixtures.

(1) Reduction of the amnt of inert diluent and, in particular, om
-2,3

transition from air tc oxygen causes the curves u(a) to become less steep2

In other words excess of fuel or oxidizer in the mixture with oxygen is less

strongly reflected in the burning rate, than i mixtures with air (Table 6).
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TABE, 6

Reduction of the burning rate of mixtures of benzene + xi 02 + (100 - x)% N2

with departure of mixture ccmposition from au.. at

various percentages of nitrogen (Pe 1 atm)

qCC' I _ ___ __ max

x =20.8 x =28.4 x =0.0Iz-51.5 x = 67.2 x=83.3 x=100

1.6 - - 0.87 0.92 0,,89 0.94

0.8 0.85 0.91 - 0.96 o.97 0.98 095

0.7 0.66 0.77 0.80 0.87 0.89 0.93 0.88

0.6 G..48 0.56 0.6i 0.69 0.73 0.77 0.74
It2 I_ _ __ __ 0-47

0.5 00028 ' - o.1 0.42 0.49 - 0.47
L

2
(2) The quantity u/ueax  can vary significantly with pressure 2 For

C0-02, CO-air and CH4-02 mixtures at a value of a, sufficiently far from

a u  , a substantial reduction of u/ueax  is "observed with increase of
max<

pressure. In other words, excess of a component reduces the burning rate

more at high pressures than at low pressures (Table 7).

TABIS ,

Reduction of the burning rate of gaseous ixtures with cnango of the

mixturc composition from au at various pressures2

mixture U.
p I atm p 5.1 atm p 21k4 atm  p =52 am p 90 at

CO-O 2  3.0 0.724 0.67 0.50 - -

2.5 0.80 0.76 0.61 - -

0.5 0.824 - 0.61 0.63 -

0.24 0.77 - o.42 o.42 -

00-air 1.6 1 0.86 - 0.724 - 0.51
1.24. 0.92 - 0.824 - 0.70

- I
0H2+-02 1.6 0.82 - 0 .78 - 0.73

0.6 0.72 - 032- 0.241
0.5 0.52 - 0.i3_ :_ -_-__
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0 IENDENCE OF BURNIIG RA.TE ON PRESEORE

We may approximate to the actual curve of re(p) by a function

V
m bp . (2)

. .0

If the pressure range is wide, then the curvemust be divided into several

sections, and the values of b and v 'etermined separately for each

section. N~vertheless-the -application of equation(2) is justifiable on

account of its simplicity and convenience.

For all the oxidiziAg mixtures studied, which are rather few, the value

of v lies close to unity (Table 8) and. does not display a systematic

dependence on a. For H2O 2 mixcures the exponent v is appreciably greater

than unity 2: in the pressure range 14 to 90 atm v(a=1.33) = 1.42,

1.56.

For mixtures with air the value of v is generally lower than for

those ith oxygen. For methane-air v z 0.5, although individual values

show a sharp drop (see Table 8). For mixtures of propane, ethane and
6

ethylene wita air the value of v is appreciably greater (v ; 0.65 - 0.85),

and for C2H2-air mixtures
4 v z 1.

In a number of cases the exponent v depends significantly on pressure.

Also for scme mixtures the value of v falls at very high pressure (see

Table 8, data for CH-air with a = I2 and 0.90, and also data for CO-air).

On the other hand, for other mixtures the value of v increases at high

pressures (see Table 8, data for CH -2 with 9 = 0.75 and 0.61).

For CO-air a reduction of v is observed for an increased excess of

fuel (particularly at high pressures, see Table 8). High values of v are

obtained for the d"camposition flames of acetylene (v 4-10 atm 
= 1"4418;

v 2.5-5 atm z 2 .119) and propyne (vto.O atn 10618)"

104 t
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D DEiNIENCE OF BURNING RATE ON NILT TFMIPkTU

An increase of the initial temperature T0  increases the mass (and

especially the linear) burning rate (Fig.5).

The data of Passauer (quoted in Ref.8) are satisfactorily described by

the empirical formula

m = b'T (3)0

where T is expressed in OK.
0

Then if the dependence of burning velocity on flame temperature T isc
expressed by

-E/2RT
c0

m= e-)

where E is the activation energy, cal mole - , then in the absence of

dissociation the dependence m(T ) will have the form

-E/2R(T0+q/5)m -e (1,')

-1

where q is the heat of combusticn, cal gn , and c is the average specific

heat of the reaction products, cal an deg

The dependence u(T0 ) is also characterized by the ratio UT/UTo2 of

the burning rates for definite initial temperatures (for example u 10 0oJu 2oo)

or by the coefficient

Iau alnu (u u uaT - aT()
O 0

or by the analogous coefficient for the mass burning rate

Amam 1nm (6)m m T a
o O
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For condensed systems (u and (m are similar to each other since tle

dependence of density on the initial temperature is slight and in many oases

it may be igncred. For gas systems

m _P U = w - U
0 0

where . is the molecular weight.

For p = constant we obtain in place of (6)

a in u/T 0  (6)

It is obvious that the coefficients end (3 are themselves

u m
dependent en the initial temperature. Thus if there is a dependence m(T 0 )

of type (3), then m = 1/T 0 (for example at room temperature

Om z 3. .10 - 3 deg- and at 5000 Om 1.3 .10 - 3 deg-1). If then (') is

true, then

3= E/2RT2  = E/2R1(To + q/c)2  (7)

But if the change in T0  is net too large, the experimental points in

the coordinates (ln m, To ) or (in u/To, To) lie satisfactorily on a

straight line in many cases which gives the man value (3 for the given

change in T0  Values of Pm determined in this way for a series of mixtures

of gases at atmospheric pressure are given in Table 9.

From Table 9 it may be seen that for stoichiometric mixtures of H2, 0H4?

C3 H8 , 0 6 H6 , n-107 H 6 , iso-' 8 1 8 in air the values of Pm are close to

2.10 - 3 deg - I and differ little. We may also note that the flame temperatures
of stoichiomotric mixtures of H, 014 , 8'66 vary only slightly and ar

close to 2200-2300 0 K (sce Table I)/.

'If we calculate the value of the activation energy from (7) we obtain
for a I=1

Fuel gas (+ air) H2 014. C66

E, kcal/mole 4 38.5 34.8

_ _ __ _
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alnmValue of" he temprature coeffIcient of burning rate m 8

for a series of air mixtures at atnspheric pressure

" 10
3 -

-M-
a Passauer's data8  Data of Data cf Ref.22l ~~~Ref *21 IDt fRf2

Hydrogetn Methane Proaek Benzene n-penanc iso-octane

1.43 2.09(38-5380)
1,18 ,2.Z;

(20-20 0)

l.86 1.70 1.64 1.7
(38-538c() (25-42700) (25-434°0

1.0.5 2.08-'.

(20-52oo)
1.0 2.01 f 1.6o 1.78 1.53

(20-430°C) (2 ,.547c) (35-306'0) (146.41;0)

0.94 10.9o(20-5200)

0.9 1(51 1.72 1.69 0.65
(8-5380 ((25.-270) (35-306°0) (25-4349C)o.881I62S,5 ]

3.88 (1 6- 2 0 0)

0L I

o.86 1.90
(95-523) 0)

0.r79 
3.76 

s
(95-350oo

o.96
(e -68o0C)

0.77 156

0. 74 1.99 1907• .
(190-430) (35-01o0)

0. 68" 2.13 1.90 ,
1050-52000) (38- 380)1

* For a = I.48; 0.59; 0,49 and O.Za the value Ora continuously
decr-,eases with the increase of Too..

14or a = 0.59 the value A. ccntinucusly decreases with the -increase

of To in the interval 205-538c0.,

SFor the interval 520-6800C Pm decreases.
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As the initial temperature increases n decreases in agreement with

(7) or with the dejendence .I/T -(which follows from (3)). This is

especially noticeable for rich mixtures.

FZ:.. for the mixtures given n Table 9, the effect first observed

by G.V. Lukashenya is particularly clear: for a change cf a, i.e. a change

of the mixture coposition, the temperature coefficient m goes through a

minimum close tc where the maximum burning rate is found (Fig. 6).

E IH1FOENC OF WAL ADDITIO, ON TW1 '- UIM RATE

Several investigators have shomn experimentally that small additions of

ga3 or of finely divided solid particles can influence the burning rate ct

homogeneous gas mixtures to a considerable extent.

The burning of carbon monoxide is the best known example.

Carefully dried C0-02 mixtur.s generally do not ignite. But on

addition of small quantities of water vapour which reduces the calculated heat

of combustion the mixture becomes. flammable, and the rate of burning increases

as the percentage of water- increases up to a limiting value. The data

obtained by Bone 2 3 for mixtures of 1.5% CO + 55%b air were:

water vapour, 0.7 1.45 3.5 5.2 80

u, cm/sec 58 76 106 120 118

In Ref.,24 the action of a large number of gaseous additives on the

burning rate of mixtures of H2-air was investigated. .In Table 10 are
presented the data obtained for the buning rate and also for the value

Z = ua/u where up is the burning rate of the original mixture, and ua

the burning rate of the mixture vith additives.
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TABLE 10

The effect of various gaseous additives on the burning rate

cf mixtures of H2-air at a = 0.7

Content of additive 2% by volume; p = 1 atm abs; T = 25 C

-I u-
Additive cm/sec Z Additive I .,c j

Without additive 300 - 1. I Difiuorethane 135- 0.45

1.3 Butadiene 27 0.09 Methane 141g 0.48

n-Butane 46 0.151 Methyl bromide 154 0.51

Dibromotetrafluoroethane 54 0.181 Methyl chloride 199 o.66

Ethyl chloride 80 0.271 1.1 Difluorethylene 202 0.67

Ethylene 100 0. 33, Vinyl chloride 230 0.77

Besides the canpounds listed in Table 10, additions of acetylene and

ammonia lowered the burning rate quite effectively. On the other hand

additions of SO., f6, NO, HCi, SiO4 , C02$ ]F 3 , Co, NO2 , 'L3P N2 0) and 012

lowered the rate insignificantly.

Vapours of sone liquids such as aniline, benzene, ethyl ether, iron

pentachloride, toluene, n-octane and acetone effuctively lowered the burning
rate; whereas acetic acid, nitromrthane, tetraethyl lead, chloroform and

carbon tetrachloride lowered the burning rate insignificantly. Water vapour
increased the burning rate.

The reduction of the burning rate of a stoichiometric mixture of methane

and air with the addition of some finely ground salts was investigated in

Ref.25 (Table 11). It vas noted that the effect of the additive NaHCO on3
C3H8-air and especially on NH -0 -"2 mixtures is much less than on a CH,,-air

mixture.
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TABIE 11

-iffect of the addition of certain ,powders on the burning rate

of the mixture CH -air at a = 1 at atmospheric pressure

A tSpecific surface Concentration u$Additive of m~xture, of mixture, /sc Z

Without additive 65 -

Na2CO3  10800 0.01 17 0.26

4,940 0.01 17 o.26

10800 0.02 13.8 0.21

4940 0.02 13.8 0.21

NaHC0 11900 0.01 19 0.29

7760 0.01 55 0.85

11900 0.02 14 0.22

7760 0.02 26 0.40
11900 0.04 13 0.20
7760 0.04 13 0.20

KHCO 3  12400 0.01 14 0.22

NaC1 4.500 0.01 31 0.4

4500 0.02 18 0.28

OuC 3000 0.01 34 0.52
2 3000I 0.02 22 10.34
I _3000_ _ 0.04 15.5__ 0.24

K2 04 I 5200 O.01 15 0.25

F T' I0RY CC' PROPAGATION CE A FIA,' IN H~i(C0.NUS S.YSVM

We have already mentioned that the burning rate of homogenous systems
depends on the rate of chemical reactions in the burning front, and on the

rate of transfer of heat and reactive species from the burning front to the

unburnt mixture.

The problem of theoretically calculating the burning rate requires the

combined solution of the equations of chemical kinetics, diffusion, and heat

transfer.
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There have been numerous investigations which have derived either a

numerical solution of the previously mentioned system of equations for the

burning of a particular mixture, or an approximate solution which not

infrequently yields a relatively simple expression for the burning rate of a

definite class of mixtums.

In discussing these approximate theories it is usual to separate the

thermal and diffusion theories.

The thermal theory of burning can be applied to cases where there are

different reaction mechanisms in a flame, provided that the temperature and

concentration fields are similar. The diffusion theory is applied to cases

where there is a chain reaction mechanism in the flame, especially when the

hydrogen atom concentration in the reaction zone is large.

The approximate thermal theory of burning is discussed briefly since for

the condensed systems only a few scattored attempts 2 D have been made to apply

either the approximate diffusion theor/ or the numrical methods of solution

of the complete system of equations of burning, because of the lack of

information on the reaction mechanism in the flamc.

The most widely applied of the several approximate thermal theories of

combustion is that developed at the end of the thirties and the beginning of

the forties in the Institute of Chemical Physics of the Academy of Science of

the U.S.S.R. by Ya. B. Zoldovich and D.A. Frank-Kamenetsky with the active

participation of N.N. Semenov (see Refs.26, 28, 192, 193) for the burning of

gases, and which was extended to the burning of volatile explosives (see

Ref.46 and also 27).

In this theory it is assumed that the rate of reaction increases

exponentially with temperature, and that burning proceeds in a single narrow

zone in the gaseous phaseg. In practice the heat release is concentrated

over a narrow temperature range (of the order of RTc 2/E) near to the maximum
combustion temperature.

.I

'Qualitative considerations of the possible effect of diffusion of the
active gaseous products during the burning of amnonium ptrchlorate arc
contained in Refs.106, 107.

§Subject to considerable limitations, this theory can be applied also to
the so-called flamoloss burning, where the reaction proceeds completely in a
single narrow zone in the condensed phase.
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In its simplest form the expression for burning rate according to this

theory can be written

M max R 2) max R (8)q 2 DI [;(T - TI)2 E
' q

where k coefficient of thermal conductivity of the mixture flowing into

the reaction zone, cal cm" sec- ' deg-l;

Omax =  rate of heat release in unit volume of the reaction zone with
max -1
T - T ,cal cm" see ;

q = heat of reaction, cal/gm;
-1 -

S mean specific heat, cal gm deg "I.

_ -./RT°

In the theory it is assumed that z e . The dependence of
Ommaxmaxon conicentration C of' the substance, and f or systems reacting in the

. Cn
gas phase, also on pressure, is C for a simple reaction of the nth

order.

Substitution in (8) yields*

M / e -" 2 a 0( 9 )

or more fully

n+1
n/2 RT2  2. n+I E/21(

M 10)c (T To )(0

Several attempts have been made to determine the relationship between the

burning rate and the ccubustion temperature which was varied by:

*In a number of oases the coabustion temperature depends on the pressure;
for example, at sufficiuntly high Tc' when dissociation becomes considerable,

the ccmbusticn temperature increases somewhat with increase in pressure.
This must be considered when analysing the dependence m(p).
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(1) changing from one mixture to another;

(2) dilution of the mixture by an inert component (for example, nitrogen)

or an excess of fuel or oxidizer;

(3) changing the initial temperature of the mixture;

(4) removal of heat from the zone of burning by the cold burner.

For the first method a single relationship between temperature and burning

rate has not been discovered, which is to be expected from (9) and (10), since

the values of the activation energy can change in going from one mixture to

another. Nevertheless it has been shovm 9 that for definite groaps of mixtures

the relationship u(Tc) is the sawe; for example, the points for a series of

hydrocarbons, alcohols and ethers in mixtares with 02 and N2 lie on the same

curve, although this was not constructed from equations (9) and (10).

The combustion tempcrature has been changed by varying the initial

temperature 21,22. The relationship u(Tc) obtained was in agreement with

equatitx (9) and (10). The values of the activation energy for mixtures of
22air with benzene, n-heptane and iso-octane are similar (Table 12).

TAMIE 12

Values of activation energ" for the combustion of stoichicmetric mixtures

in air at atmosphcric pressure.

E, kcal/mole E, kcal/mole
Fuel gas Fuel gas [ 9](ula 10] [21] [22], [29] [10] (2] (22]* (29

Hydrogen 16 - 47 Propane 26 33.1 - 53
Acetylene 20 - 47 Benzene 27 - 43
Ethylene. 24 - n-Heptane - - 34

Methane 26 - - 65 Iso-octane 39 -

Ethane 26 - - 50

*Results for mixtures with U
* max*

(However a was 0.95 to 0.97, and thus close to a = I.)
max

IL
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TDh combustion temperature has also been changed owing to the removal of

heat from the flame by the cold burner 2 9  In the 1300-19000K region using

coorf;tnates in u, I/I.c, the experimental points fall on straight lines the

z-!opes of which yield values of the activation energies depending only

slightly on a (with the exception of the mixture CH -air) and are approxi-

mately the same for mixtures of' acetylene, ethane, propane and hydrogen with

air.

The authors of the works mentioned emphasize that as a consequence of the

complexity of the reaction mechanism in the flame the activation energy should

be regarded as a composite quantity. It is not surprising, therefore, that

the numerical value of the activation energy for a given mixture can depend

markedly on the method of determination. In Table 12 are given the values of

the activation energy calculated by starting from the function u(Tc) and

also the values obtained10 determined from the relationship between the

activation energy and the temperature of burning at the weak limit. For the
10imjority of fuel gases (in mixtures with air) investigated , the value of the

activation energy lies within comparatively narrow limits - from 25 to '30

kcal/mole. ppreciable divergence is observed only for carbon disulphide

(16 kcal/mole), hydrogen (16 kcal/mole) and acetylene (20 kcal/mole).

The difference between the data of Ref.10 and 29 is extraordinarily

great.

However, the values of activation energy in Ref.29 refer to the range of

temperature 1300-19000 K. It is possible that for the adiabatic temperature

(2200-2500CK for theoc mixturec) the value of activation energy would be lower.

Evidently 30-40 kcal/mole is the usual range.

It is interesting to evaluate the order of magnitude of the rate of heat

release (Omx) in the combustion zone. Such an evaluation is useful when

comparing various types of flames, especially when investigating flames where

the combustion of a homogeneous mixture and of solid particles proceeds

simultaneously (see below). Unfortunately, the measurement of 0may (from

the temperature profile) is associated with great difficulties and erTors, and

in practice has been achieved only at low pressures. It is possible also to

evaluate the order of magnitude of Omax using (8) and similar relationships.

For mixtures of hydrocarbons with air some such evaluations are collected

in Ref.30. At atmospheric pressure the value obtained was about 103 cal cm- 3

-1
sec We note that the evaluation according to (8) is
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2
"" ~~ 2X 2 2Ii

ETC

-2 -1where -m = 0.05 g am - sec ;

= 0.3 cal 1 deg-1

T = 2300°K;

T- = 300k;

X = t10- 4 . ca] cm-1 see 1deg ;

I = 3*x 104 cal mole" 1;

then maxP.3x103 cal cm3 sec, i.e. thrice as hiih as in Ref.30.

-2 -1
For oxygen mixtures at atmospheric pressure m = 0.1 .- 0.5 gm cm. sec

(see Table i). Taking T = 3000'K we obtain from (i1)
-3 -1

# 1ax=15 x 10- 3.5 x 105 cal cm sec Ref.12 states that the rate
of consumption of oxygen in the reaction zone of a C2H- 0

2 mixture-was foundt o e a o u 4 ol e -3 s e -1
to be about 4 mole cm7 sec , which yields a value for Omax of the order

5 '7 -1maof 10d cal cm sec

For an increase in burning rate due to an increase in wessure OmaX
increases in proportion to the square of the burning rate (Doe equation ()).
Thus at a pressure of 100 atm absolute, where for mixtures of oxygen with2 -2 -1
hydrogen or methane the mass burning rate is of the order 102 gm cm se1 ,

the value of Omax is of the order 1010 cal 3 se

2 OCKBUSTION OF VOLAiT'l EXPOSiVES

The combustion of volatile explosives takes place in the gaseous phase
above the surface of th; charge and should therefore be subject to the same
laws as the combustion of homogeneous gas mixtures.

In fact the earliest and also the most successful. comparison of tha

pproximato thormal theory of Ya. B. Zeldovich and D.A. Frank-Kamwnetsky (see

above) with expcriment was made not for gaseous mixtures but for a volatile

explosive3 1 - nitroglycol OJOOH2 CIkON02.

The absolute mag.nitude of the burning rate of volatile explosives and
ito dependence on pressure and initial temperature are similar to thcse for

gaseous system.
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It is necessary first to emphasize the difference between the combustion

of explosive materials and the combstion of gaseous systems. These

differences are mainly ccncerneA with the stability of the combustion front.

The appearance of a aisturbed combustion front during the combustion of

a gas mixture in a burner is connected with the occurrence of turbulence in

the unburnt gas stream.

Correspondingly the condition for the stability of a lminar flame

coincides with the condition for the stability of laminar flow in a tube,

i.e. with the condition Re = Rv p/-1 - Recr (where R .s the radius of the

tube, p the density of the gas and -n the dynamic viscosity of the gas,

g cm se ). The presence of cobustion can change only to a small extent

the value of Reor (compared with flow without combustion). The results

which have been collected on the theory of turbulence can be used to study

the process of development of disturbances. The question of the stability of

combustion of a gaseous mixture in a tube or spherical bomb is a more

complicated problem. Here in particular, the effect of the self-turbulence

of the plane front of the flame has also to be considered, as predicted by the

theoretician L.D. Landau 32 . However, under usual experimental conditions

this self-turbralence effect of a gas flame is apparently unable to develop.

On the other hand during the combustion of liquid explosives the self-

turbulencei effect can arise very easily so that laminar combustion of

liquid explosivies ca. be observed only at sufficiently low pressures.

This effect was also predicted by L.D. Landau 33 and was examined in a

slightly different setting by V.G. Levich5 3 . In Rcf.34 some results of the
theory of Landau are discussed.

In the combustion of condensed Systems a tcnainology has not yet been
established to designate undisturbed and disturbed combustion. For the first
are used the terms 'stationary combustion', 'stable combustion', 'normal flame
propagation', 'laminar combustion' and for the second 'non-stationary combus-
tion', 'unstable combustion', 'turbulent combustion', 'disturbed cobustion',
'convective ccabustion' etc. To describe the transition from the first
regime to the second are used the tems 'breakdovn (or disruption) of the
stable regime of combustion', 'transition of combustion', 'penetration of
burning below surface of the charge', etc.
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33The burning of liquid explosives is stable only at m < mcr, where

4at 2 P2 X

k .P~ P )(12)
Here, a' is the surface tension of the liquid (at the temperature attained an

the surface of the burning liquid) dyn cm" , g the aceleration of graivity

CM se 2 and p,, Pg the densities of the liquid and its gaseous cart-,ust-Ln

products respectively.

The applicability of equation (12) as a criterion for the stability of

combustion of liquid explosives was investigated in detail by K.K. Andreev.

The values of mar calculated by him from (12) for methyl nitrate H C-0-N02was0, 2 m cj- se-1-2 -1
and for nitroglycol 0.38 gm cm se-2 The experi-

mental values of mr for methyl nitrate lie between 0.26 and 0.46 gm cm 2

-4-2 -1
sec (at about 1.75 atm abs) and for nitroglycol are about 0.90 gm cm sec.

(at about 20 atm) 3 5 . The transition to disturbed conbustion is accompanied

by the strong dependence of u on p (Refs.36, 37).

For solid explosives the disraption of laminar combustion (for a certain

critical pressure pc) is connected with the appearance of gaseous products

of combustion in the pores of th6 unburnt substance (see Refs.35, 198, 199,

230, etc). The value of Por decreases with increase cf the porosity of

the charge and for a given porosity with increase in size of the crystals of

the substance (since in this way the diameter of. the pores increases although

the number of them decreases). The presence of a liquid film on the surface

of a charge produces an increase in Pcr" If there is the possibility of the

explosive cracking in the process of combustion (under the influence of

thermal stresses 0 ), disruption of laminar combustion can occur in those cases

where the cold material was monolithic4 3 . A trivial cause of the disruption

of laminar combustion can be the penetration of products into the gap (even

the most insignificant amount so long as it takes place) between the charge

and the coating .

It is necessary to. use a coating (or grease) because a flame can
propagate along the free surface (boundary with the gas) of the charge with
a velocity considerably highar than the normal rate of burning, This arises

from the charge being surrounded by its gaseous cobustion products 8 '3 9 .

[I
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A ABSOLUTE 1,'AGITUDE OF BURNING RATE

The number of investigations devoted to the cmbustion of 'explosives is

considerably less than for gas systems. However, whereas for gas systems

almost all the data are obtained for p 4 1 atm abs, for condensed systems

almost all the investigations relate to high pressures, and scme were carried

out at pressures up to 1000-OOOC atm. This is ccnnected mainly with

practical considerations; for ballistite powders used in gun propellents,

the working pressure is of the order of 103 atm and for solid rocket

propellents - several tens of atmospheres; and high pressures can be

developed during the combustion cf explosives with various coatings, etc.

Apart from this, exper.mentally it is very much easier to work with condensed

systems at high pressures than with gaseous systems.

Data are given for the burning rate of a series of explosives in

Table 13.
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All these substances contain NO2 groups in the molecu3e. According to

current ideas, in the decomposition of a molecule of explosive the NO2 groups

split off and subsequently react rith the hydrocarbon fragments of the

molecule.

One naturally expe6ts, therefore, that the mass burning rate of volatile

exp losives will be similar to the mass burning rate of gasecus mixtures based

n NO In fact at atmospheric pressure such a corresoondence exists (of.

Tables 2 and 13). High-pressure data for gaseous mixtures exist only for

H2-NO mixtures (see Table ii).

In addition to the correspondence between the burning rates (at atmos-

pheric pressure) the similarity between volatile explosives containing NO2

groups and gaseous mixtures based on oxides of nitrogen is shown by the presence

of two cambustion zones (Fig.7). in section i,A it was noted that in the

flame of gaseous mixtures based on NO2 the decomposition INTO - 10 + 0.502 and the

reaction of oxygen with" the fuel occurs in the first zone and the reaction of

NO with the fuel in the second zone. A similar phenomenon is observed during

the cambustibn of explosives containing NO2 groups. The distance A between

the two zones can be considerable (for example for nitroglycol at 12 atm

c37A= 1.8c 7)fr

A decreases rapidly with increase of pressure. In photographs the

first flame is a narrow strip of low luminosity and the second flame is very

bright.

The question of mltistago cabustion is considered in section 10; here

it is noted only that if the distance between the neighbouring zones is large

(millimeters or, still more so, centimeters), then in practice only the

reaction zohe nearest to the unburnt mixture has an effect on the burning rate.

Consequently if a connection is being sought between the burning rate and the

combustion temperature, the final (equilibrium) combustion temperature should

not be used. Consequently it is necessary to introduce the concept of the

effective combustion temperature Toff '4 5 ,4 7

T eff is evaluated in Rcf.47 by two different methods:

(1) Toff is calculated according to equation (7) (for T. = T

starting from the experinntal value of the temperature coefficient 0 and

the eriprical value of the activation energy E = 37 kcal/mole, which vs

chosen on the basis of thermal decomposition data and also of data on the bond

energy RO-NO2 .

I _ __
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(2) Teff was measured by means of a thennocouple and was taken to be

the temperature where a plateau or a decided change of curvature was cbserved

on the oscillograph.

Approximate values of the equilibrium combustion temperature Te are

given in Refs.42 and 47- In the present case the approximate nature of the

evaluation T and of the calculation of T is not particularly signifi-
eff' e

cant since the main conclusion is that the value of Teff is considerably

lower than, Te  (Table 14).

TABLE 11,

Value of equilibrium and effective ccbustion te r

for a series of volatile explosives

Teff, OK4 7

Explosive p, atm oK47
Calculated by Experimental 'e

equation (15) (thermocouple)

Nitroglycol 1 1390 1400 3400

5 - i6oo 3400

Tetryl 1 1470 1400 2800

5 - 1500 2800

10 - 1600 2800

20 1630 - 2800

Nitroglycerine (gelatinized) 1 1350 - 3300

Methyl nitrate 1 1180 - 3200

Cyclcnite (DX) 1 1700 -3

However, substances with a high equilibrium (thermodynamic) combustion

temperature can have a higher value of Teff than substances with a low value

of T • Thus a correspondence can be observed between the burning rate and

the equilibrium combustion temperature. Such a correspondence was observed
42

in the series trotyl (TNT), picric acid, tetryl, cyclonite, but not for PETN

(pentaerithritol tetranitrate) and dynamite (Table 15).
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TABLE 15

Burning rate and equilibrium combustion temperature

fcr some volatile exolosives

,, -2 1 -2

Explosive: T OKseae -e seco -~oie e sec

(100 atm) (100 atm)

Trotyl (TNT) 1980 0.756 Dynamite 3090 1.02

Picric acid 2475 0-945 Cyclonite (RDX) 3510 3.06

Tetryl 2775 i 1.55 WN 3880 1.93

However calculatiuns of the activation energy, using formtula (10) and assuming

that T = T for the series of substances, gave excessively high values
C e

100-150 kcal/mole instead of the usual 30-50 kcal/mole.

It is possible that for gaseous mixtures based on oxides of nitrogen

there is no correspondence between the burning rate and the equilibrium

combustion temperature since the second (high temperature) zone has little

effect on the burning rate.

B MENDENCE OF BUPTNG RATE ON HRESSURE

For all the volatile explosives studied, the burning rate increases

monotonically with increase of pressure. Moreover for the most volatile

explosives the function u(p) shows a dependence close to direct propor-

tionality (Table 16).

For condensed systems as well as for gaseous mixtures an approximation

is made to the real curve m(p) or u(p) by using a function of p with

exponent v

m .= pu u = bpV (2)

(where p * f(p) is thv density of the initial condensed system). However

in the literature two-term formulae of the following form are often used

u = a +bp (2')

and

u = a+bpV (2't)

Obviously formlae (2) and ( 2 ') are special cases of formula (2'') (correspond-

ing to a = 0 and v = 1 respectively).
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In practice the two-term formulae (2') and (2'') can relate experimental

results over a much wider range of pressures than the corresponding single-

term (a = 0) formulae (conpare No. 13 with 14, 15 and 16 with 17, 18,

Table 16). The single-term formula (2) can be used as successfully by

dividing the whole range of pressure into the necessary number of portions,

since such a form of dependence u(p) follows from the theory of Zeldovich

and Frank-Kamenetsky. Moreover, it is shown in section 15 that only formla
(2) is suitable for calculating the pressure in the combusticn chamber of a

rocket motor with solid fuel. Further, an analysis of the literature data

shows that in some cases two-term formulae (2') and (2'') were used without
sufficient foundation and these same data could with the sam degree of
accuracy be approximated using the single-term formula (2) over the same (or

even a wider) pressure range. Thus, for example, in Fig.8, where the experi-

mental points for cyclonite (RDX) and dynamiteh 2 are plotted in log m, log p
coordinates, the full lines, constructed according to formula (2), give a much
better approximation for the data at low pressures (including at p = I atm abs)
than the dashed lines, constructed from the two-term fonaula (2'), used in

Ref. 42.

The data given in Table 16 show that at high pressures (>100-200 atm)

the value of the exponent v (in the formula u = bpv) is very close to
unity (except for cyclonite v z 0.82). The value of v is also close to

unity for oxygen gas mixtures and also for a H2 -NO mixture (see section 1,C).

This coincidence is unliktly to be accidental. The presence of the relation-

ship m c p is usually regarded as a strong argument in support of the idea

that the rate-ccntrolling step in the combustion zone is a bimolecular

reaction.

However for picric acid, trotyl (TNT) and tetryl the relationship u(p)

is almost a direct proportion in the high pressure range and shows much less
dependence on p at 'medium' pressures (for tetryl at 200-950 atm v = 1,
but a!c 10-200 atm v z 0.7). In other words if the burning rate falls rapidly
at high pressures with decrease in pressure, then at 'medium' pressures it

falls more slowly and the experimcntal points will be further and further

above the straight line m = b p corresponding to high pressures. Such an
increase, relative to the straight line m = bp, in burning rate is possibly
connected with the effect studied in Ref.201. It was shown there that

addition of 5% of finely ground wood charcoal increases the burning rate of

PETN at 12-80 atn, the increase bcing greatest at the lowest pressure.



The exponent v is correspondingly reduced (for pure IW N = 0.95 and for

ETN with 5% wood charcoal v = 0.60 to 0.65). During the combustion of

explosives with high fuel excess (especially trotyl (TNT)) a great deal of

soot is fomed in the cambustion zone, which may result in reduction of v.

C MPENENCE OF BURNING RATE ON INITIAL TAEUMTURE

As the ifiitial temperature T, is increased the burning rate of con-

densed exalosives rises monotonically. Thus, as for gaseous mixtures, the

relationship u(T0) or m(T 0 ) may be characterized by the forrnla:

-E/2RT (13U = MC 6 (13)

where Ta = f(T). ' For condensed explosives usually Tc = Tef f < T. (see

section 2,A) and therefore the form of the function T0 ; f(To) cannot be

established by general bonsideraticns.

This difficulty may be avoided by using the dependence of u directly

on TO although naturally such a dependence does not afford such a clear cut

physical meaning as that of equation (13). Thus is Ref.35 the relationship

used is in the form

a -bT- (14)

The function u(To) is also expressed in terms of the ratio of the

burning rates UT for given initial temperatures and of the tempera-

ture coefficient du = d in u/aTc S Pm d ln m/T o

Over mall intervals the experimental points are often equally satis-

factorily grouped about a straight line whether the coordinates 1/u, TO  (as

reqired by equation (14) or the coordinates 16g u, T (which correspond to

a certain constant value p =d ln u/dTc  (Fig.9)) are used.

For most explosives the function p(T) has not been determined, but
there is nc" fandation for concluding that there is a stronger temperature
dependence than for ordinary solid and _iquid substances (the coefficient of

volumetric expansion of solid bodies is 10- 4 degree "1 and of liquids 10- 3

degree' ). Hence in the temporature interval 0-100-20000 p can be taken
as constant, and thus the temperature coefficient of linear and mass burning
rate iliU be the same.
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When the interval is increased, i'z has to be divided into several

portions and the real relationship, u(T0 ), has to be apprcximat.ed separately

for each portion which not infrequently results in the appearance of a variety

of types of inflection and discontinuity which scarcely exist experimentally.

The values of the temperature coefficient for a series of volatile explosives

are given in Table 17.

TABLE 17

Value of temperature coefficient for linear buring rate

= 1 n u/dT° for a series of volatile explosives

10o ,  Temperature)

Substance p, atm abs deg_ Ref. T c

Nitroglycol 1 4.7 31 20-183

4.8 35 20-95

Nitroglycol. gelatinized 1 6.5 35 10-95(3%o collodion)

Nitroglycerine gelatinized 1 5.7 35 0-100
(3% conoion)

Methyl nitrate 1 7.1 35 0-52.8

Diglycoldinitrate I 6.0 35 19-95

Trotyl (TNJ) 1 3.75 47 20-70

Cyclonite (RDX) 1 3.2 47 20-70

Tetryl 1 4.3 47 20-70

20 3.5 1 47 i 20-70

From comparison of Tables 17 and 9 it can be seen that for explosives

the temperature coefficient Au z Pm is about 2-3 times larger than Om for

gas-air mixtures. This is in gcod, agreement with the ideas expounded in

section 2,A namely, that for volatile explosives containing NO2 groups combus-

tion takes places in at least two stages and only the first of these (the low-
termprature stage) has any significant effect on the buning rate.

As has already been noted in scotion 2,A it was proposed in Refs.45, 47

that the temperature coefficient could be used for evaluating the effctive

temperature in the zone which determines the burning rate. For this

forula (7) was used
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= -B/ ,2

hence

Te =(1

Thus this problem is the inverse of that solved in section 1,E. There,

assuming that the temperature in the zone determining the burring rate is

equal to the therodynamio temperature, the function u(Tc) was used to

calcul.ate the activation energy. For volatile explosives the function

UTc where Tc  f(To), cannot be, used for calculating the activation

energy since it is not clear how Teff, which determines the burning rate,

changes as T. changes. Thus in Ref.47 the activation energy was taken as

known in the fonula analogous to (7) and Tc = T eff = f(3) was calculated.

In studying the ccmbusticn of condensed systems it is customary to

assume that the activation energy for reactions taking place in the combustion

zone (T ) 1000-1500°C) is the same as for slow thermal decomposition at

T 100-3000C.

This assumption is completely unsupported. However from section 1 it

can be seen that, for the combustion of gases, attempts to determine the

activation energy for reactions in the combustion zone give such a wide range

of values of B that the choice of a particular value appears vezy arbitrary.

Therefore for gaseous as well as for condensed systems one has to take the

activation energy in equations (9), (10), and (7) as some empirical constant.

The most probable value of E for the combustion of gaseous mixtures is

30-40 kca/mole.. For volatile explosives the data for slow thermal

decomposition give values for the activation onergy in the range 30-60 kca3/

mole and usually 35-45 kcal/mole (Table 18).
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TABLE 18

Values of activation energy from data on thermal deconposition

for some vc7iatile explosives 3 5

E Temperature,
Substance. kc#ljmole cc

Methyl nitrate 39.5 212--239

Nitroglycol 39 85-105

Nitroglycerine 40.3 75-105
42.6 90-125
45.0 125-150
50.0 1.0-190

ETN 4.7.0 160-225

PETN in solution 39.5 171-238

Trotyl (T) 53.5 220-270

Cyclonite (RDX) 47.5 213-299

Cyclonite (RDX) in solution 41.0 -

Tetryl, liquid 60.0 129.9-138.6
38.4 211-260

Tetryl, solid 52.0 -
36.6

It is also significant that in assessing the value of Teff from

(15) an error in the activation energy has a relatively very small

effect on the value of Teff, since the activation energy appears

under the square roct. From section 2,A it can be seen that for

nitroglycol and tetryl the value of Teff calculated from (15) with

E = 37 keal/mole is in good agreement with the temperature of the first

flame measured by a thermocouple (see section 2,A).

If equaticn (13) is not used for the mass burning rate, but

instead the more complete expression (type (10)), then (7) is replaced

by

E n+2
- 2+ (7')

2 I 2  c
c

where n is the order of the reaction. Correspondingly for the same

value of 0 the value of Tel f  will be higher than that from

equation (7):
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~eff( 7) +M n+2

However such a refinement of Tel f has no real significance, since the cow-

' ept of effective temperatujre is approximate, In reality fomula (15) can

simply be regarded as the definition of effective temperature. n this case

the question of increased accuracy' is irrelavant.

D DBPEMNCE OF BURNING RATE ON DENSITY

The burning rate (u, m/sec) of solid explosives can depend on the

relative density of the specimen 6 = p/pmax where p is the actual density

of a particular specimen, and p the maximum possible density of this

specimen. The form of the curve u(8) depends on the condittcns in which

the reactiou takes place and on the presence of heat losses. Let us

enumerate a few individual cases:

(1) If the reaction takes place in the gas phase and there are no heat

losses, the mass bux.Ing rate u6 const * f().

(2) In the tiame conditions but in the p'ostr.ce of hcat lossus ub

decreases proportional]y as 8 decreases.

(3) If the reaction takes place in the ccndensed phase and the value

of 8 does not change in the preheating zone upstream of the reaction zone,

then in the absence of hea;. lossos u8 = 6, where X is thf conductivity,

cal ci-1 deg - , and n is the order of the reaction. In .rticular for

n =1 and Xo 8 we obtain u cc 6.

(4) In the presence of heat losses (for the conditions given in (3))

the decrease of ub proceeds more rapidly as 6 decreascs.

(5) If the reaction takes place in a melt where = 1, then the

conditions indicated ia (1) and (2) occur.

The above statements (1)-(5) are correct in the absence of the infusion

of molten substance or heated 7as into the pores of the unbuxt substance,

i.e. in the absence of convective heat transfer from the combustion zone to

the unburnt subetance. On the other hand if such an infusion takes ]Place

(usually in regions of small 8), the product u8 can increase with decrease

of 8.
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Thus the dependence u(6) is of great theoretical interest, but its

interpretation is rather ccmplex. The dependence u(8) has been studied

experimentally mainly in connection with the quenching of laminar burning

resulting from the infusion of combustion products into the pores of the

charge. lHuch less attention has been given to the question of the dependence

u(8) for a range of 6 where burning is laminar.

TABLE 19

Dependence of mass burning rate of volatile explosives

on the relative density of the charge

Initial
size of p,

Substance particle of atm m(8) Rer.
explosive-

0.9 0.54 0.56 0.62 0.64 - -
Tetryl I e 1 000 00235m, gm c-2 sec- 0 0.065 0 0.066 0.064 - -

0.065
- _ _' - t - -_

Cyclonite 8 0.38 io.46 o.47 o.56 0.58 0.635 0.645(fox) 1 4.. 48
m, gi cm- sec " 1 0.040 o.o45 0.045 0.047 0.047 0.048 0.048

0.50 0.51 0.66 0.73 0.88 - -
"5 5.

M, gm cm- 2 sec "1 0.99 0.85 0.86 0.88 0.99 - -P I" l... 200IC-0 __52_6 0.6o 0.82 o.86 0. 1 " -

m_ gm _m
"2 se -

_ o 1.00 0.87 *0 699 - - -

In Table 19 data are given on the dependence of the mass burning rate
on the relative density for three volatile explosives - tetryl, cyclonite

(RDX) and BETN. Por tetryl and METN the mss burning rate remains practically

constant for changes in 8 within the linits of the scatter of results
For cyclonite (RDX) a small increase of m with increase of 8 can be

observed. At the beginning of this section it was obscrved that this effect

is quite general. This is related to the fact that the heat emission per

1For PETN the mass burning rate for laminar bwo'ning is also independent
of the particle size of the original material from which the charge is pressed.
This result seems quite reasonable. Later, hoever, vie shall see that in the
combustion of pure 11 010 the burning rate can depend to a considerable

4 4
extent on the particle size of the original material.

t



unit volume increases in proportion to 6, but the heat losses are almo.st

independent of 8.

Data on the burning rate of octcgen (M%) taken from Rcf.200 are

presented in Table :20.

TABLE 20

Values of the mass burnain rate of octo _) r -values

of 6 at different pressures

Pressure, a, gn m- sec 1 resgz , m cm sec
a .n 8- 0.4 1D'JT7 -e - --. IIat___ _ 8:= Q5 - 0.87

- - -04 -

12.6 0.48 0.49 154 331 3.91 I27.2 0.88 - 205 5-1i3 5.20

52 1.43 1.4

Thus again m is practically- independent of 8.

3 .1AMINAR DIFEUSION PUME WIRING. TIE COMBUSTION C)?A GA RL~i

Diffusicn flames of a gas (or of af atcmized solid or liquid fuel) are

widely uscd in industrial furnaces. The study of diffusion flames is aso

of interest in developing methods of dealing with fires * in troleun storage

1< tanks, etc. Although in most industrial cases turbulent diffusion flamas are

concerned, a considerable scientific research has been made into laminar

diffusioft flames which arc more amenable to theoretical analysis and

laboratory investigations For condensed mixtures, where the particle sizes

of the components are snall, only laminar diffusion flames are relevant.

A D USIoI BURI G OF A JET OFI GAS.

During the flow of a jet of fuel gas into a parallel stream of alir (or
into ambient air) cbustion begins at the edges of the jeot Oxygen

diffuses into the flame through a laycr of combustion produc-s. When the

flame approaches the axis of the jet of gas, burning ceases. A simple

expression for the height h of the diffusion flame can be obtained from
equilibrium considerations

k't is essential to note that the diffusion flame cannot approach the rim
of The burner because of the occurrence of heat transfer to the burner. More-
over the interdiffusion of the oxidizer and fuel starts inside the burner.
Hen-ce near to the top of the burner combustion is taking place in a homogeneous
mixtuxe, and diffusive burning starts further do,istream. Although the region
of hcmogeneous combustion is small, it is most significant in stabilizing the
diffusion flama 2.



h(cm) v(C=/sec) . o2 (r2) (6)
D( cmsec)

where v is the velocity of the gas, R is the radius of the jet of fuel
gas, and D is the diffusion coefficient for the oxidizer diffusing through
the combstion products. It is not difficult to obtain a more ocmplete

formula for the height of the flame using sane simple approximations

kp v R2
h = i yR (17)

0 0

where k is the number of grams of oxidizer required to oxidize I gram of

fuel, p is the density of the fuel gas, gm/cm 3 and C is the concentra-
tion of oxidizer at a great distance from the flame, gm/cm. In accordance.

with (17) the height of the flame decreases with increase of C, resulting

for example from a change from air to oxygen*. Obviously equatins analogous

to (16) and (17) can be used to find the height of the flame for the case

where a jet of oxidizer flows into the fuel gas. Experimental data show that

the thickness of the reaction zcne in diffusion flames is considerably greater

than in homogeneous mixtures and at I atm abs it can have a value up to I cm
12for condensed mixtures and several millimeters for air' mixtures . Corres-

pondingly the rate of emission of heat per unit volume of the reaction zone

decreases. Thus, for the diffusion flame CH -0 2 , the ccnsumption of oxygen

amounts to -6.10 - mole cm e and ax -101 cal cm- 3 sec whereas in

the homogeneous mixture CH4 -O2 the corresponding values are 4 mole cm see

and -4.105 cal cm" 3 sec- i .

We will now examine how well the approximate formulae (16) and (17) fit

the experimental observations. It folla;is from those fonulac that, other

conditions being the same, the height of a flame is proportional to the volu-
2 3, 2 gmc-2 se1)

metric consumption v R cm sec (or mass consumption pg v R sm cm sec - )
2 92

of fuel gas. Consequently h/v R should be independent of v R The
data of Burke and Schumann 2 3 for a diffusion flame of methane in air are

presented in Table 21.

*In diffusion flame research the burning rate is generally not calculated,
although it can be dotemined as the discharge of gas through a ring element
of the conical surface of the flame divided by the area of this element. How-
ever, the burning rate determined in this way wuld not be a constant for the
mixture, but would depend on the diffusion coefficient for the oxidizes
diffusing through the combustion products and on the diameter of the burner.
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TABLE 21

Dependence of height of diffusion flami of methane in air on the

volumetric consumption (xR 2 v) of methane23

Consxump.%ion Consumpt ion
of mthane, h, cm h/x R2 v of methane, h, cm h/ R2 v

l/hr 1/hr

64.6 25.1 0.389 28.3 11.3 0.40

58.4 22.9 0.392 21.2 8.6 0.405

46-4 18.4 0.396 10.7 3.1 0.29

37.1 148 0.40

It follows from Table 21 that, for a threefold decrease in volumetric

consumption, the quantity h/vR2 remains practically constant and will

deorease to any significant extent only for a sufficiently small value of
2vR.

The data of Wohl, Gazley and Kapp50 for a diffusion flame of tovn gas in

air show that the length of flame h for cmstant volumetric flow which varied

from I to 100 cr3/sec does not depend on the diameter of the burner over the

range 4-10 ra. This is in agreement with formulae (16) and (17).

From formulae (16) and (17) it follows that h c I/D. For flames of

H 2  air and CO in air hoo/h z 2.5 whereas

I2H 2 l002 =0.55/0137 = 4 (the diffusion coefficients are

taken from the data of Hirschfelder; T = 273°K).

Formulae (16) and (17) also show that h does not depend on the pressure

for constant volumetric flow, calculated under standard conditions (i.e.

I atm abs and 2730K). This can be seen particularly clearly from (17), where

for P VR2 = const * f(p); C - p; D - I/p and correspcndingly h* f(p),
9 00

This result was cvfirmcd experimentally by Burke and Schumann for CH4 flames,

but only for a very narrv pressure range (1-1.5 atm).

B BURNiTI OF A LIQUID FUEL WITH A FE SURFACE

Let un consider the diffusion burning of a liquid poured into a cylindri-

cal vessel. If the level of the liquid relative to the end of the tube and

the temperature of the valls of the tube are kept constant, combustion is

statioAary. For small tube diameters (d 4 10 nn for combustion in air at

I atm abs49) burning is laminar. This combustion regime is considered here.
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The height h and shape of the flame during diffusion burning of a

liquid and a gas conform to the same laws. In particular, if the rate of

burning of a liquid is w, then the coadition hJw (d/2) 2 = const should be

fulfilled. In fact, for petrol, kerosene, diesel fuel, gas oil and ethyl

alcohol, the value of h/w (d/2) 2 does not change much and shaows no trend as

d changes 4 % 5 1 . The following values have been obtained for gas oil:

a, Mm 3.7 5.0 6.0 7.1 11 20

W, nmi/sec 0,155 0.085 0.068 0.055 0.040 0.018

h, cm 3.0 4.0 4-4, 4-9 7-9 11o8

h/w (d/2) 2 10- 3 see/c 52 7 7.5 7.2 7.1 6.5 6.4

However, for diffusive ccmbustion of a gas the velccity of the jet of

gas is controlled by the experimenter. On the other hand for a liquid the

rate of burning establishes itself and depends on the thermodynamic parameters

of the liquid and on the conditions of diffusion.

The velocity w differs considerably from the normal rate of burning in

homogeneous systems. On the one hand it refers only to the pure fuel. More-

over, for each gram of fuel consumed an additional 1.5-3.5 gm of oxygen

(depending on the nature of the fuel) is required. Therefore the mass rate

of burning of pure fuel p1 w (Where p1 is 'Uhe density of the liquid fue2)

is approxiately 2.5 to 5 times lower than the mass burning rate of the

'-raponding stoichiometric mixture of fuel and oxygen.

Hovever, on the other hand, p., w is related not to the surface of the

combustion front, but to the cross-sectional area of the tube. Data 5 l on the

height of the flame show that this raises the rate of burning about 10-30 times,

but the ovr-all rise is shown to be 2-10 times. However such a comparison

with the rate of burning of homogeneous systems is only of focmal interest

since, as shon later, the rate of burning of a liquid depends only slightly

on the total height of the flame.

The parameters having an offuct on the burning rate of a liquid (w) are

nay examined.

(1) As the burner diameter 2 increased the rate of laminar cobustior

of a liquid decreases rapidly (Fig. 10). "lhcn d is further increased (when

combustion already ceases to be larinar) the burning rate ceases to decrease

and thKn increases somevihat, cvidcntly approaching some limit; howvcr, this

part of the curve w(d) is not examined here.
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The maximum experimental value of the cri-ing rate51 (measured in the
-2 -1

narriest tubes) amounts to = 0.022 gm cm sec for petrol and z 0.016 gm-2 -1
cm see for kerosene (at I atm abs).

(2) The burning rate of a liquid increases with an increase in oxygen

concentraticn in the surrounding medium (Fig.11): on changing over from air

(211 02 by volume) tc a mixture of 5Ov 02 + 5Ck5/ N2 , the burning rate of petrol

increases approximately 2.1 times and that of diesel fuel 3.3 times.

(3) The burningrate of liquids increases rapidly with incLease of
52 ietA 3D npressure 2  Thus for n-octane in a quartz crucible of diemeter 11.3 ma in

a manometric Somb the following values were obtained (p1  is the density of

the iiaid):

p02, atm 15 20 30 40 50 60

-2 -1P1 W, gm cm sec 0.0052 0.0074 0.0120 0.0170 0.0230 0.0280

Comparison of these results with those .in Tables 4 and 13 shovs that the value

ef P1 w for n-octane at high pressures is one or two orders of magnitude
lower than the burning rate of homogeneous air mixtures (to say nothing of
oxygen mixtures) and 11 to 2 orders of magnitude lower than the burning rate

6f volatile explosives. The dependence of the mass burning rate qf n-decane,
benzene, gas oil and diesel fuel on the pressure can be expressed by the
empirical formula p1 w = pon where pO is the pressure of oxygen and the

2 2
exponent n = 0.96 to 1.07 (P0  = 10 tc 40 atm). For n-octane the exponent

2
n decreasce as the diameter of the crucible increases (frcm n = 1.2 at

dec, = 11.3 mm to n = 0.83 at dequ = 22. 6 m for the range
pO 15 to 60 atm). The presence of the strong depcndenoe of p1 w on p

2
is related to the convective transfer of oxygen -o the flame 5 2 . However with

increase of d the exponent n did not increase but decreased. It is
not clear whether combustion was laminar at high pressures.

(4) As the distance A between the surface of the liquid and the rim
of the burner increases (during the expilment A = const * f(t)) the burning

rate decreases:

Equivalcnt diameter calculated frcm the free area of liquid d = -r-4/.equ
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W, up/sec W, mw'sec

A, MM Ethyl A, m Ethyl
alcohol Kerosene alcohol Kerosene

0 0.060 0.055 h4.5 0.028 0.022

0.5 0.052 0.047 6.5 0.017 0.0067

2.6 o.o o.o_

At a sufficiently high value of A burning cease:3.

(5) The burning rate depends on the nature of the liquid. For example

the following results have been obtained5 1:

V1, nu/sec w, nm/sec
Fuel liquid Fuel liquid

d=6m d=20mm d=6 mm d = 20nm

Car petrol 0.300 0.057 Diesel fuel 0.070 0.028

Tractor kerosene 0.1065 0.032 Gas oi:L 0.068 0.018

The value of the ratio of w for the fastest burning to w for the slowest

burning liquid (waWn) for the same value of d is 3 to 4.5, i.e. about

the same as the analogous relationship for air mixtures or volatile explosives

at I atm abs. Values of w for 30 different liquids in quartz burners of

large diameter (62 and 106 rn) have been obtained4 9 . In particular the

following values of w (in m/sec) were obtained for d = 62 rm:

Benzene 0.052 Car petrol 0.028

Ethyl alcohol 0.048 Carbon bisulphide 0.028

Toluene 0.045 Acetone 0.023

Turpentine 0.040 Methyl alcohol 0.020

Aviation petrol 0.035 Kerosene 0.017

Xylene 0.033 Gas oil 0.013

In this case Wm/wmin = 4. The effect of the nature of the liquid on the

value of w decreases sanewhat vith the increase in diameter of the burner.
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(6) The burning rate of a liquid decreases with increase in the
11-9

conductivity of the material of the buxner and the thickness Of itb walls 9 .

Thus, for example, the following result&-were. -obtained. for ethyl alcohol:

W, n=Vsec
Burmer -

d 8mm -d=Omm

Glass 0.077 0.0.57
Steel 0-072 -

Copjer -0-0415

I

The factors which determine the rate of burning of a liquid with a free

surface may now be examined. It can be assumed that it is basically those

p~arts of the flame nearest to the surface of the liquid which influence the

value of w. Hence the relation between the buiiiing rate w and the height

of the flame 'h is unidirectional: the.height of-the flame is proportipnal

to w (see above),-but the burning rate depends only slightly on the full

height of the flame........... . ...... .. .. -

The amount of substance reacting in that part of the flame which has a

significant effect on the burning rate (in the 'zone of influence') is limited

by the.rate of supply of oxidizer from the surrounding volume, since it

increases with increase in concentration of oxidizer in the volume. The

quntity of heat which is emitted within the boundary of the zone of influence

naturally depends on the nature of the liquid, although the value of the heat

of combustion, calculated for a mole of oxygen (Q kcal/mole 02)' for the

majority of liquid fuels lies within very narrow limits:

Methyl alcohol 108 Ethyl ether 100

Glycerine 101.5 X yleno 99.5
Benzene 101 Acetone 98.2

This result seems reasnable, as the heats of combuslion even for

hydrogen and carbon (for one mole of 02) do not differ very much (115.6 and

94 kcal/mole 02) and the contribution of the heat of formation of a liquid is

not very significant.
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However the flow of heat q from the flame to the surface of the liquid

can depend to a considerable extent on the nature of the liquid; in particu-

lar the flow by radiation is large for the smoky flames of benzene, xylene,

etc, and sxpll for the transparent flames of the lower alcohols and ethers.

This heat flow is used up in heating and evaporating the liquid

q = P 7cd2- [Cl(Tev-To) +  
* (18)

Hence

7c d2
P1 [Cl(Tev - To) + Q

where c1  is the specific heat, cal gm dog - , and Qev is the heat of

evaporation of the liquid, cal gm . Hence the effect of the nature of the

liquid on the value of w is ccnnected not only with changes in the value of

q but also with changes in the thermodynamic properties of the liquid.

The data in Table 22 show (in agreement with the conclusions of Ref.49)

that there is a correspondence bctween the burning rate and the heat losses

plCl(Tev - To) + Qev ] in heating and evaporating the liquid (see the series
benzene, xylene, glycerine and ethyl ether, acetcne, methyl alcohol).

The influence of q on the burning rate is shown by comparison of

benzene with ethyl ether (see Table 22) when the value of
Pl[Cl(Tev - TO) + Qe decreases approximately 1*6 timcs but the burning
rate, nevertheless, decreases (apparently owing to thc decrease in the radial

flow).

TABLE 22

Burning rate and heat expended jn -preheating and evaporating

unit volumes of licuid fuels

Liquid fuel W, um see pl[ecl(Tv - T) + Q] cal cm 3

Benzene 0.052 105
Ethyl ether 0.OhB 67.5
Xylene 0.033 116.5
Acetone 0.023 120
Methyl alcohol 0.020 230
Glycerine 0.0067 361
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A few remarks an the relationships w(p), m(), etc, can be made.

(a) The increase in w with increase in - is related not only with

the increased convective heat transfer but also with the fact that the flame

Surning as a homogeneous mixture (at the tip of the burner) approaches the

surface f the liquid as p increases.

(b) The decrease in w with increase in a is because "he flow of

heat from the flame as a result of thermal conductivity takes place only at

the burner periphery and is proportional to the burner diameter ' 9 . The neat

tranasfer by radiation is proportional to the area of cross-section of the
burner. Hence w = (ad + bd 2)/d = a/d + b, i.e. v decreases with
increase of d.

(c) Some portion of the heat released in the flame I £ renoved along

the walls of the burner. Part of this heat is used in hcating the surface

layers of the liquid (and increases w). However owing to the low burning

rate of the liquid the greater part of the heat carried along the wall is

lost since the burner is not thermally insulated and this lowers w.

CCMBUSTION OF SOLID PARTICLES AND DROPS OF LIQUID

The combustion of atomized solid or liquid fuel plays an important role

in ram-jets, liquid propellent rocket engines, diesel engines end industrial

furnaces using coal dust or liquid fuel. It should be noted that in the

combustion of a gas there is the possibility that carbon particles are formed

in the flame (both in diffusion and homogeneous flames, especially at high

jressures 2). Consequently combustion is protracted and the height of the

flame increases.

The most important parameters for the combustion of an atomized fuel

are the ignition delay rig and the duration of combustion ' since they

determine the necessary dimensions of the combustion chamber.

The burning rate of a fuel particle generally depends both on the rate

of supply of oxidizer from the surrounding volume and the rate of the reaction

at the combustion front. 'This can be expressed quite clearly2 Lt the

concentration (in gm n of the oxidizer be C in the surrounding volume

A homogeneous mixture is formed because the flame is situated at some
distance from the edge of the burner (this distance is limited by the rate of
heat loss to the burner walls), but the mixing of the fuel vapour with the
gaseous oxidizer dtarts directly at the burner outlet.
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and 0 at the combustion front. For a stationary (steady) process the

amount of oxidizer reacting in unit area of ocrbustion front in unit time is

that which ir supplied by diffusion from the surrounding volume. For a first

order reaction this can be expressed by

o, -= (% -c ) (19)
k kin (3 dif *GGoC ag

where k.. and kdi f  are the reaction rate constant and the diffusion

coefficient, cm sec - 1 .  Hence we find the concentration of oxidizer in the

"nbustion front is C = C kdif/(kk n + kdif. Correspondingly the rate of
0 * 1-2 -1.consumption of oxidizer in the conbustion front mo. (in gm cm sec ) is

given by

C

mox = k. 00 (20)mo kin 1/k dif4 + S/ in"

From this it is easy to calculate the rate of burning of a particle 3 4 . If

kdif >> in' i.e. diffusion does not limit the rate of the process, the

combustion is kinetically controlled and C Z C ; m C. On the

other hand if kdif << kic, i.e. the reaction rate is very high, the ccarbus-

tion is diffusion controlled and C 0 O; m0 = kdfi C .

Experimental data show that the combustion of drops of liquid fuel and

metal particles usually follow the laws charneteristic of the diffusion

controlled regime tolerably well (see below).

A FOPZJULA FOR TJE RATE CF DIh 1,'USION P JPlG OF A SPHI-RICAL PARTICLE,

The combusticn of a single particle of fuel iii a gas at rest will be

examined. The diffusion of the ith gas to the -article can be expressed by

the equation

d / 2 di\ 
2 dC(D- r r v r  0V =  (21)

where C. is the molar concentration, mole cm-; D is the diffusion" 2 -1 -1
coefficient cm see ; v is the velocity of the gas for Stefan flow, cm sec•

It is assumed that the density of the gas and the diffu.;ien coefficient arc
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independent of the coordinates. The quasistaticnary solution will be

considered.

The con tinuity equation, sino pg * f(r), is

2 2 (22)
yr const , yr,

where r, is the radius of the combustion front, and v¢ = v

The boundary conditions are

Ci Oj C Ck ~rr (23)

Integrating (21) and taking into account (22) and (23) we obtain

/dCA \ - C

I:*
-D" vr /D (24),

The f ow of the ith gas to the combustion front is equal to

/dC\ 0. Ci i -Io

The value of Ci is known, since the initial composition, of the gas ia

given. However the values of Cio and vO cannot be predictod but must be

deduced from supplementary conditions. The most important Cf these that

must be fulfilled is that there is no accumulation of a substance in the

combustion front. In other words the flow of each element (L.go 0) of the

gases transferred to the combustion front ( 2.g. 0.) must be equal to the flow
of this element in the composition of tho gases transferred from the combus-

tion frrnt (c.g. H2 0, 0 2) As an illustration of the method, consider the

combustion of a hydrocarbon futl in air assuing that the products of
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combustion are only 002 and -0. Then the above mentioned cndition can be

written in the form*

(q0 2)0 +0.5 ( +0) + (00 = 0 . (26)

-2 -1Here the 1l=s a. are expressed in mole cm sec ; correspondingly
'Iequation (26) denotes that the numaber of moles of oxygen transferred to the

combustion front (in unit time through unit area) is equal to the number of

moles of oxygen in the composition of the products of ccmbustion transferred

from the combustion front. Furthermcre it is obvious that

= o . (27)

If in a molecule of the fuel the ratio of the ntuzeber of atcms of

hydrogen to those of carbon is equal to %/n 0  then in the above example

nhn

2(o-
2H 200 (28)

Further, for diffusion-ccntrolled con.busticn the concentration of

oxidizer, and the concentration of the fuel, in the combustion front is

exceedingly small. In the present exanple

(C) 0 . (29)

*This is only an approxiati., since in addition to the flow of CO2 and

H 2 ' from the combusticn front there exists a small flow of cubusticn products

(and nitrogen) to thu surface of the drop opposed to the flow of products of
the fuel. For an exact represcntation of the problcm, in addition to the
solution of the diffusion equation (21) for the external (relative to the
combustion front) region, the analogous equation for the internal region
(between the combustion front nd the drop) should be solvcd and take into
account the presence of a sharp discontinuity of density and of gas velocity
at the front. Hf'ever, because of the numerous simnplifications made at the
start of the solution "(Pg * f(r); D - f(r), the schematic composition of the
products of combustion, and the fact that the solution is for a quasistationary
state, a more exact representation is not considered justified.
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Finally from the equation of state of a real gas

-C = p/RT. (30)

It is ccnvenient to change from the dimensional concentration 0i = mi/ i)/V

mole O 73 to the dimensiculess volumetric concentration 0= V./v. Sub-

stituting for C. in the equation ce state p V= (m./i.)RT = C. V RT we
3.12 1

obtain Ci = 0i P/RT and condition (30) can be vwitten in the form:

I, = 1 (30')

i In equations (26)-(29) C. can simply be replaced by 0i since the multi-

plication factor P/Pu cancels out.

The systems (26)-(29), (30') consists of five equations and five

'=1aiows: (6~ 0) (OO)01(, 0 (0), and v, whioh can be determined
H20 C 2  (N 2  02

from this system. Moreover the expression for vO can be obtained in the

form:

D I(I (31)

where

(%2)00 + 0.5 (0H 2 O) + (Oo 2)=,- co .5 (,2o0) + (*()) 2
A 0) 05 + (0

(N 2 o 06N (32)

For the dombustion of a single drop in air. the approximaticn can be made that
(0Ho) = 0 o, ('o00 )00 0, (%06) 1 = 0*21, ('NO z 0 .79.

22 2 "2

Oonsider the equation relating the burning rate of a particle with the

rate of diffusion of the oxidizer to the combustion front. Let I mole of

fuel react with k moles of oxidizer. Then
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2 2

where hf is the molecular -eight of the fuel, t is time, rd is the

radius of the drop (particle) of !Auel, and pf is the density of the fuel

(solid or liqui.) gm om.

He.,ce the Late of burnbig of the particle is

drd  2 '20
w - = 2 ( 34)

Substituting for (q2) in (34) yields

, ( 2 -'f-L-+A) (35)=ra' rd 12 k pf k

where D = D0 (PIp)(T/To)n where p0 = I atm, T0 = 273ek , D0 = DpO T0

and n = 1.75 to 2.0.

The ratio r /rd  can be obtained from the ccnditicn that in the

stationary regime"' the quantity of heat supplied to the p a'ticle is equal to

the loss of heat in the evaporation of the particle

T  Pf w Qev P' v' Qev (36)

*Durin the coustion of a particle a steady regime of two types is
possible: (I) if the thennal conductivity of the particle and the interval
of time after the start of combustion ar sufficiently large, the temperature
becomes the svme at any point of the pa-ticl and is indepondent of time;
(2) if the thermal conductivity of th., particle is very s-all (or if the
combustion of a liquid it a burner -.ith tracer povdcr is being studied) a
stationary heating v:'ave is established at the particle surface.
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where V' p', vd are the thermal conductivity, dencity and velocity (at the

surface of the drop) of the fuel vapcur. The teaperature gradient ird s

a 2em\ .dT
given by the heat conduction equation -v 0 In the range

r

rd r 4r for the boundary conditions Ti =Ta =f(p) and Tj. T.

Whence

V, Tf Td37

where at = Xt/pc' iu the temperature transfer ooefioient of the fuel

vapou. Substtti (37) in (36) gives

w - a-(38)

ra r

where

vapolar. ~ -Sbtttn (37 in 36 g iv

'(T

00

Th two eqaton (r7 and (38 haeto3nnwn ndr). e

dr

-rd(14 +L) ,(39)
W= dt 'd Pf

r,
* 1d 

(40

where

(T[o2L Td -]

V and

N Do DT' pal ,02.f aC_

To 
A
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It should be noted that N does not depend on pressure and L depends only

slightly on pressure (with increase of pressure Td  can increase and Qev

decrease). Integrating (39) gives

d2

= d-nt

do/n

where d0  is the diameter of the particle at t =O, n =8 (N + L)/pf, and

is the time of burning of the particle (from d = d tc d = -0), Hence

the time of burning of the particle is proportional to the sqaare of its

initial diameter and does not depend on the pressure.

B E=BR TAL DATA ON T-E COhMUSTION OF PARTICLES

In studying the combusticn of particles and drops at least three

different rethods are used.

(1) The drop nr p.article moves freely in a stream of gas and its

combustion time is me&sured.

(2) The drop or rarticle is suspended on a fine filament, usually

quartz, and its radius is measured as a function of the time and the total

time of burning is also measured.

(3) A liqid fuel permea.es from inside a small porous sphere and burns

on the surface ,f the latter. Masurements arc made of the rate of consump-

tion of fuel, i.e. its rate of burn.g.

In the first and second m=thcds the acmbusticn is non-stationary and

quasistationary whereas in the third method it is stationary. The first

method is used for drops of size from -100 micrcns to a few millineturs and

for finer particles from 1-10 microns for solid fuels. The second and third

methods are used for relatively large particles (d I rm).

First consider the combustion of drops of liquid fuels. A spherically

symetrical flame is observed only in the case of vwry small drops. For

d > I mm the flame is considerably drawn out (Fig.12) ,aing to natural

convection. Experiments have been maJe in a free-falling charnber 5 "5 6 when

the flame became spherically symmetrical, but the rate of burning decreased

approximately 2 times oging to the absence of convection.
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In spite of the distortion of the flame shape many, but naturally not

all, experimental results agree with the results deduced from the theory

obtaIned for the spherically symetrical case. Most important of all is the

agreeent with theory of the dependence of the burning rate and time of burn-

ing on the diameter of the drop. Thus it has been showio5 ' 7 that for
coordinates d 2 , t the experimental points fcr seventeen liquids fall on a

straight line, ice. they satisfy equation (41).

It has been shown 5 4 ' 58 that the experimental points are in good agree-

ment with the relationship

2 drdA = p rd=f rd

which is derived from equation (39)*.
- 2

The dependnce of the time of burning r on the diometer of a drop do

has also been studied5 8. Equation (2) predicts that this dependence should

be r = d2 .  Thia result was obtained for drops of tetralin and paraffin
0(ao = 150 to 600 microns). For drops cf kerosene the ex-ponent was somewhat

higher ('2.3).

It has been shrn 5 that the burning .rate of ethyl alcohol on a

porous sphere of diameter 5.5 am increases with increase in the concentration

of oxygen (in mixtures with nitrogen or helium):

02, volume % 25 40 63 100

Rate of burning, 02 + N j 00O42 0.0057 0.0072 0,0W85

0/sec 2 H e 0.0055 0.0074 0.0083 0.0085

However the increaso in burning rate is less than would be expected from the

theory.

The burning rate of drops of furfuryl alochol, tetralin, decane and
amyl acetate increases with increase in pressure-5 (in general 0 0.25).

This result is also not in agrzcumnt with the theory expounded above and this

may possibly be connected with the effect of convection.

* is the rate of burning of a drop, gn sec "I .
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For I atm ab; the experimental value of n in ()1) and (42) for the

canbustimi of organic liquids in air lies between the limits (0.7 to 1-.0), 10-2
2 -1cm sec It can be shown that at I atm abs the mass burning rate of drops

(calculated for unit surface of combustion front taking into account the mass

of oxidizer) becomes comparable with the mass rate of burning of hcmogeneous

fuel gas - air mixtures (see Table 1) only for very small drops

(rd 4 10 microns). By reducing the size of the drop one can obtain very

high theoretical burning rates, but such small drops have sufficiont time to

evaporate completely before ignition.

The combustion of metal particles is most frequently studied under

conditions whIere the particle is free to move in a current of air (or oxygen)

and also in the combustion products of a gaseous (or condensed) system (see

Figs.13, 14, 15). In the latter case combustion of the metal takes place at

the expense of the reduction of H20 (to hydrogen) or CO2 (to CO), etc. In

comparison with the experimental results on liquid fuels, there are few

re3ults in the literature cn the combustion of metal particles; they are also

less carplcte and there is considerable divergence bvtwmen the works of

various authors. Hence a comparison of the experimental results with those
deduced from the diffusion theory can only be made within very narrcw limits.

We have seen that for the combustion of drops of liquid fuels the dependence

of the burning rate and of the time of burning on the diameter of a drop is

in good agreement with theory (in particular, time of burning o: dC). For

particles of metals the depencncc T(d) was stusiicd within very narrora

limits of d and on the basis of a very small numor cf points. For

aluminium r c d I " 5 was obtained in Rf .59 and r cc d 1 in Ref.60 (for two

points d0 z 60 microns and do : 95 microns). For magncsium 1 cc
1.59 vand for titanium v w d 0 are given in Ref.61.
0

It has been observed that the time of combustion decreases rapidly

with increase in con.- ntratirm of oxygen. The following values were obtained

for aluminium particles (d0 = 53 to 66 microns) in an atmosphere of the

products of combustion of the mixture C0-0 2 -N2 (-2500 K, I atm abs).

02 volume% 23.3 30 40 50 60

• 103 , sec 12.7 8.4 6.5 5.4 4-5.
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The strong influence of the oxidizer conccntraticn is .n agreement with

theory. On the other hand the decrease of cebustion time of aluminium
60particles with increase of pressure (Table 23) does not agree with the

diffusion theory and further considerations are required tc explain this.

It is possible that with increase in pressure ccibustion becomes more complete

and there is an increase in the intensity of combustion and of the cobustion

temperature of the mixture NH 010 - formaldehyde, in the combustion products

of which the experiments were carried out. Also, on increase of pressure the

concentration of the particle, of aluminium in unit volume increases and the
2 rdiative heat losses are correspondingly 'reduced.

TABLE 2

Dependence of cambustion time of aluminium -particles on pressure

Experiments were conducted in the products of cobustion of the

mixture NH 010' - parafoxlaaLdehyde 6 0

, ,. - , . . . .. , 4. .

Content of mixture, d 10
%bywt d 'r , 103. sec

NHI 010 PPA 1  microns 21 63 105 11,7 189

Sa-n I a ami atm atm atm atm

85 15 OMOI- 89-103 - 11.5 j9.7 7.9 7.3 7.3
90 10 0.1 53-66 9.6 7.4 5.9 14.8 4.7 4.7
95 15 0.01 513-66 5.5 14. 2 3. 6 3.5 3. 35

II

76 24 0.01 53-66 15.5 4-2 3.6 3-5 3.5 3.5

Some results found in the literature on the combustion of particles of

aluminium and manganese in various gaseous mixtures at atmospheric prcssure

are collected in Table 24. The combustion time (calculated according to

(42)) of drops of benzene in air is given as a comparison since no experi-

mental data on the burning of liquid drops of diameter 10-50 microns were
available.

The data of Refs59, 60, 62 for aluminiuxi are in agrecment but the
combustion time of aluminium in Ref.63 is cz-nsiderably higher. There can be
complications owing to the formation of ho2low shells of A1203 arcund the

aluminium particles (Fig.16) thus protracting ccr.ustion. The ccnditions

under which these shells are formed or are not formed, vhether they are
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formed round all particles or only a certain fraction of them or whether they

exist during the whole period of cabustion of a particlc, etc, are nct yet

established. Another can;;licatirg -,'actor is the breakup of particles during

combustion - by fragmentation, disruption, etc "see Fig.13 for aluminium and

Fig.15 for titanium). This phencmenon is aparently crinected with the

accumulation of metal vapours under the oxide film and the subsequent sudden

bursting of the latter. It is natural that when particle fragmentation

occurs the time of combustion can be considerably decreased.

Magnesium particles (d = 50 g) burn considerably racre rapidly than

aluminium particles. It should be noted that in changing frcm air to a

202 + 81ie mixture (thus the volume percentage of oxygen remaining unchanged)

the time of burning decreases considerably (about 1.5 tiros). This is in

calitative agreement with the theoretical expressions since the diffusion
22 -1

coefficient of oxygen in helium is 0.638 cm sec and in air 0.178 cm
-i

sec

The combustion time (and hence the lineax 5urning rate) of magnesium

particles is of the same order as for organic fuels, Sinc " /r for

magnesium is considerably less than for organic fuels bccause of the

essentially higher heat of evaporation, 1260 cal/g for ngncsium as against

-100 cal/g for the majority of hydrocarbon fuels, the burning rate of.

magnesium for unit surface of combustion front will be higher than for organic

fuels.

So far only the case where the reaction takes place in a certain zone at

a particular distance from the surface of tho particle has been considered.

However, there are two reaction zones during the burning of a small sphere of

ammonium pcrchlorato in an atmosphere of fuel gas (see Refs.231, 232). The

kinetically controlled flame of the Nl CIO decompositcion products (see
scetionsSO, 19) is located close to the surface of the small sphere and the

diffusion flame is located further away. The combustion mechanaism is

complex (sac section 10) and is, of course, not necessarily fitted by the

simple diffusion theory,  Nevertheless for the bumning of NH C10 in CH 8
d2  2 4~,cu to be38

bid NH the relationship (41) d = o - nt a-prcared to be correct. How-3
ever this result does net give any evidence for the diffusion character of

the burning. Moreover, the form of the dependence d(t) for the combustion

of a small sphere of Ii 010 in an inert atmosphere is not cortain ; apart

Afn analogy .i, the combustion of gaseous mxiturcs it seems probable
that there is an inc--ae in burning rate as d decreases. It is not

' d2
impossible that d -o - nt may be obtained.
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from this, in the present example functions have bean discovered for the

quantity n which are not characteristic cf diffusicn controlled cg~bustion.

Thus addition of 1 i of copper chromite decreased n by approximately Io5

times. With increase of pressure (from I to 5 atm) the value of n increased

considerably (n c p057). The effect of kinetic factors Mas also evident

in that small spheres of K104, 'IHNO3 and iN03 , in contrast to MEi40104 ,

coald not support stable combustion in an atmosphere of propane (for p 3 atm).

Furthermore it was shown t1at for NH C104, n increases with decrease in do,

although according to the theory n * f(do).

The constant n increased slightly (and moreover linearly) with increase

in the velocity of the gas (n = no + n V)., At I atm abs the value of no

in 03H8 was i 0.036 Om21see and in NH3 about 0.027 cmO-lsec. For comparison

the value of n0  for the combustion of drcps of kerosene in oxygen (0.01 to

0.015 cm 2/sec) and of hydrazine in oxygen (0.035 cm 2/sc) is given.

The results of experiments on the combustion of small spheres of IOH C10

in a mixture of H2-N are in disagreement with the diffusion theory to an
22 1 3_even greater extent. In this case the relationship d- = d3 - kt was

obtained, where k was almost independent of the hydrogen concentration.

O RATE OF PROPAGATION OF A MQ0L .' SUr-SP9:,SIONS OF FUEPL ATOSE01D N AIR
AND OXY N

In the combustion of atomized fuel the rate of burning (or the time of

burning) of an individual particle is the basic parameter. However, in swe

problems the rate of propagation of the flame through a flow of suspended

particles of fuel in a gaseous oxidizer is also of interest (see Refs.77-79,

etc).
s.65

0.1. L6ipun5kii noted that the comrbustion of a suspension can be

considered as the combustion of a homog-necus mixture., provided that the

reaction in the combustion zone is subordinated to the mcchanism characterir.tic

of particle combustion. later, this question is considered in more detail;

here merely a few exporimental results77' 8 arc giver.. Suspensions of

aluminium powder in air (CC = 3.15 to 1.26) and of graphite ponder in oxygen

(= 0.52 to 0.46) were studied. In all cases the burning rate over the

range of a investigated increased with incrcased concentration of fuel

(Tablo 25).
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Linear and nass rates of f-Iz..e propa ation in suspensions

of aluminium in air
77

- (9 mm, diameter bunsen burner)

. . , , ,_ __ _ _ _ __ _ __ _ __ _

"''u, c4/sec oni 2 e-u CMA86 M, lir -  in - be I...

d< 10 d< 30 V d < 10 L d< 3,i
100 3.15 21 15 0.0275 0.0196

150 2.1 28.5 19 0.0387 0.0258

200 1.58 345 23 0.0486 0.0324

250 1.26 39.5 26 0, 0577 0.038

At a = 1.26 the mass burning rate of an aluminiu-in-air saspension is

of the same order as the mass burning rate of stoichicmetric mixtures of

saturated hydrocarbons. The flame velocity in graphite suspensions is

significantly less than in aluminium suspensicns.

Analysis of the experimental data is difficult since the flame vt,.ocity

depends largely on the apparatus parameters, such as type and diameter of

burner.

5 0OMBUSTION DUTE TO REACTION I-N TF& CCOD-M) PASE

In the combustion of condensed substances a regimi can be established in

which the main heat release, and in the limiti g case of so-called 'flameless

combustion' all the heat release, is evolved during reaction in the solid or

liquid phases. Such a regime, from the theoretical point of view, should be

sharply distinguished from the combustion of hcmogcnecus gaseous and volatile

systems, since in the condensed phase the rate of diffusion of the combustion

products and, in particular, of active particles, in the unburnt substance is

practically zero, and the propagation of combustion can proceed only as a

result of heat transfer by thermal conductivicy.

Further, it is natural to expect that the absolute value of the rate of

combustion and its dependence on pressure, initial termraturc, density, etc,

for such a combustion regime will be significantly different from the

analogous dependences for gaseous systems.

At first sight it might be expected that, for the regime where all the

heat is evolved in the condensed phase, the absnlute valuc of the rate of

combustion would be ver high, since the density of the condensed phase is
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high, and also its thermal conductivity exceeds the thermal conductivity of

the gas near the ccbtistion front for vnlatile systems. It might also be

expected that the rate of 'flamelessf canbusticn would not depend on pressure

and, in particular, should proceed steadily in a high vacuum. The mass rate

of 'flameless' canbusticn should fall steeply on decrease of density of the

system since the rate of reaction is decreased vrith fall of concentration of

the unburnt substance. Finally, for those substances for which 'flameless'

combusticn is a regime with incomplete liberation of the heat of reaction and

consequently a low temperature regime, there should bc a high temperature

coefficient.

No substance is described in the literature for which all the above

predictions have been observed., However, substances which show clearly some

of these predictions ate not rare; the other predictions are absent in such

cases or have not been investigated.

(1) A comparatively large group of fast-burning explosives is described

in the literature. Data for some of these are given in Table 26.

TABLE 26

Linear and mass rates of burning of sane fast-burning exolosives at I atm

Substance U) Ref.Subtacecm/sec gm cm- 2 sec - I

Lead trinitroresorcinate (load styphnato) 26-27 100 66
C6H(N02 )3 0 Pb.H2 0

70% lead styphnate + 30% trinitro-triazido- 26 - 67
benzene 6(N 2) 3(N 3)3

)40o lead styphnatc + 60l talc 14-6 - 31

Diazodinitrophenol C6H2 (NO2 )20N2  15 3.12 31

Mercury fulminate Hg(CNC) 2  1.55 5.9 31

Potassium picrate C JH2 (N02 )3OK, 1.50 2.74 31
Tricycloacetone peroxide 0306 ( 0 3 ) 6  0.95 1.16 ' 31

Canparing Tables 26, 1 and 13 it i.s evident that at I atm the mass

burning rate of explosives exceeds the burning rate of oxygen mixtures and

volatile subatances by an order of magnitude, and for lead styphnate by 2.5

orders of magnitude.
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A second feature is also observed for lead styphnate, apart from its

very high absolute rate of burning - that its burning rate is almost pressure

irependent. At a pressure of 15 mmHg in the bomb, u z 25 to 26 co/sec,

but at 50 atm the burning rate -increases to 33 to 35 cm/sec and remains

unchanged over the range 50 to I400 atm6 6

Fast-burning lead and potassium picrates also have a considerable range

of pressure where the burning rate is practically independent of pressure.

Thus for lead picrate the burning rate at 100 atm gauge is -26- cm/sec and at
66 69300 atm gauge -31 cm/sec . For potdssium picrate the burning rate is

praptically constant at 10 to 80 atm and is z 6 cm/sec. A more cmplicated

dependehce was obtained for potassium picrate in Ref.70: the burning rate has

a maximum (uax z 6 om/see) at 5 to 6 atm abs,. then it decreases slowly to

4.3 c/seo for an increase in pressure up to 25 atm abs and after that it

remains constant in the range 25 to 125 atm abs.

However below a certain pressure the burning rate of lead and potassium

picrates begins to fall rapidly and finally burning is extinguished (for

potassium picrate at 500 mmHg and for lead picrate at 20 atm).

For mercury fulminate over the whole of the pressure range studied

(10 mnHg to 150 atm) the burning rate increases with i'ncrease in pressure (at

p e I atm abs u (cm/see) = O.4 + 1.1 p (atm abs) and at p > I atm abs u x pO.5).

It has been shewn that at p < I ati abs the rate of burning increases with
increase in pressure also for trinitrotriazidobnzene and tricy,.L.cacetone

peroxide. The dependence of the mass rate of burning on the relative density

8 = P/Pmax was studied for mercury fulminate. The mass burning rate

immediately begins to rise with decrease in density, at first insignificantly

eand then very rapidly.

The temperature coefficient d In u/aT for mercury fulminate is

equal to 5.1 • 10- dog"  (in the range 20 to 10500)31, i.e. it has the same

value as for liquid nitroesters (see Table 17).

IIt is necessary to note that, from the lawis of conservation of mass and
momentum, the pressure at the colustion front for fast-burning substances can
greatly exceed the pressure (p ) in the surrounding volume, and this effect

00 68
becomes considerable at low p. Calculations show that in the case of lead
styphnai . the pressure at the combustion front ceanot be less than a few
atmosphe-es.

I . .
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(2) The regime cf flameless combustion for ballistite powders was
discovered and investigated in detail by P.P. Pokhil1 '1 .  Such a regime can

be observed only in a vacuum for a comparatively narrow range of pressures and

at a high initial termierature. Moreover cczbustion is fla:-.eless not only in

the conventional sense, i.e. in the sense that the whole of the heat of

reaction is emitted in the condensed phase, but also in the literal sense,

since no luuinosity is observed above the surface of the pcwder even in ccm-
plete darlness. The rate of flameless ccibusticn does not depend on pressure;
at a sufficiently high pressure, a flame appears above the surface of the

powder, and the rate of burning begins to increase with pressure (Table 27).

TAKE 27

Dependence of burning rate of pyroxylin pow;ider on the pressure

in a nitrogen7 1 atmosphere
-. CTo z 9o00

p, mniig U, MM/seci p. m3Hg u, Mrr/secI p, nfi~g u, mA/see p, imlg u, nn/sec
I._---I

I 0.8 18 0.8 120 j 11 550 2.4
2 0.8 30 0.3 200 1. 4 680 2.7

5 0.8 70 1.0 28 1. 6 720 2.8

0.8 I410 2.0

Ine temperature coefficient of the burning rate Pu= d ln u/dTo for

h-is ccnbusticn regime is high and amounts to 11.2 . 10-3 deg- 1 for the range
go to 140,C 7 1 .

The independence of the burning rate on pressure for Vho flamcless

combustion regime was also observed for nitreglyc~rin-. p wdcr (in the rangu
2 to 40 mmHg, when u = ccn st = 0.5 la/c).

It should be noted tUhat the absolute magnitude of the rate of flameless

burning for the given pressure range has to bc considered as high, since at
20 m ing the smass rate of burning of pyroxylin and nitroglyccrinc powders is
I to 1.5 orders of magnitude higher than the mass burning rate of gaseous

mixtures based on oxides of nitrogc r!.

'The data for gaseous mixtures refer to rocn temperature, but an increase
of the initial ttmperature to = 100CC does not chang, the ordcr of magnitude of
the burning rate, since for gaseous mixtures m = d ln m.dT j1-3.
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-2 -1
The mass burning rates m, gn cm scc at 20 g cf pyroxyinL w.ul

nitroglycrine powders (T 0  100°C) ana gaseous mixturcs (a = 1) based on

oxides of nitrogen (T0  20C) 9 are given below:

Povwer Gaseous system
Pyroxylin 0.128 002-N20 .0071

Nitroglycerine O.080 H2-N20 0.007

S2 0 0.005.

H2-N02  0.0047

C2H4 I-N20 0.0043

Consequ6itly at 2 mmHg this diffcrence can increase further by about an order

of magnitude.

0n the other hand, the rate of 'ordinary' burning of a powidr has the

same order of magnitude as the (mass) burning rate of gaseous mixtures based

on oxides of nitrogen. Thus at I atm abs and 1800 the burning rate of

nitroglycerine powder 72 is 0.08 gm cm see' whereas tne mass burning rate

for mixtires based on NO (for various fuels) lies betccn the limits 0.02 to
-2 -1

0.106 gm. m se- (see 'Table 2) and for mixtures be:a.d on NG2 within the
2 11

limits 0.035 to 0.226 gm cm- 2 se- "  c

(3) For nitroglycerine povdtr at atmospheric pressure a rapid rise in

the temperature coefficient of the burning rate vith increase in initial
72

temperature was observed 2 . The value of the temporature coefficient of the

burning rate 0u = d In u/dT. for nitroglycerine pover (calorific valut

870 ca!/g) at atmospherid pressure is as follows:

Temperature, 00 103  °nj0 10, dcg 1

-180 to -100 2.5 0 to 20 7

-100 to .-40 2.2 20 to 40 10.3

-40 to o 2.16 40 to 80 14

-10 to +10 4.6 80 to 100 15.4

.100 to 120 16.1
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161An analogous effect was also observed for powder N at I atm abs,

but the value of ( was somewhat lower (for T = -78 to +40 C,
6.107 3 deg -'; at To = 40 to 1300;, P z 12.1o deg- I.

An increase in A with increase in T0 for powder N was also
73observed at high pressures (10, 20 and 50 atm).

The most evident exolanation of this effect is that as T increases

the role of the reaction in the low-temperature zone, in particular in the

condensed phase, increases* with increase of To .

The absolute magnitude of the burning rate, in the range of T studied,
is still closer to the burning rate of volatile explcsives.

(4) The mass rate of burning of pyroxylin decreases perceptibly with

decrease in density (Table 28).

TABLE 28

Dependence of the mass burning rate m, M cm sec-1

of p;rxylin cn density

-2 -1
Density, , in gm cm sec

p = 21 atn p = 26 atm p= 31 atm

0.8 1.21 - -

1.0 1.29 1.44 1.53

1.3 1.35 1.66 1.78I ~ I
1.5 1.63 1.77 1.95

The decrease of burning rate (with decrease in p) for pyroxylin is

very much more pronounced than for volatile explosives, ahore it is asbociated

vith the decrease in heat release per unit volume and with the corresponding

increase in the role of heat losses, see section 2,D.

*It is paradoxical, however, that fnr nitreglyceric poaler studied in
Ref.235 the temperature coefficiont not z'ry &d not rise, but even

considerably decreased with increase of T (at T o < 60-, 19.10 - 3 dg

and at T O > 6000, 6.10 - 3 deg-1 ).
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Thus experimental results show that under certain ctnditicns it is

possible to observe very clearly soe features which are apparently characteris-

tic of combustion resulting frcm a reaction in the condensed phase. At the

same time there are usually a number of complicating circtmotances since in

most cases the reaction in the condensed phase proceeds cnly partially.

The phenomenon of dispersien must also be considered. It was first

discovered in the combustion of mercury fulminate in a vacuun 75 .  A thick

deposit of a very fine pom-der of mercury fulminate 6cntamninated with mercury

appeared an the walls of the bell jar wherein burning took place. If this

deposit is collected and pressed, then this mercury fulminate, which has

already been burnt, burns in the same way as fresh merc&ry fulminate.

The phenomencn of dispersion was later investigated in detail by

P.F. PokhiL in connection with the combustion ef ballistit powders4 1:71.

Dispersion amounted to 70 of the original pceaer for ccmbusticn in a vacutm.

Attempts were made in a series of theoretical investigations to obtain an

expression for the rate of burning resulting exclusively from a reaction in the
condensed phase in the presence of dispersicn, in which case the rate of burn-

ing, in principle, can depend on pressure. Twc different methods of &pproach

to the problem have been examined.

(1) It is assumed that the burning rate is dctermined by the rate of

heat release within -he boundary of the particles in the condcnscd phase not

detached from the solid, assuming that a reaction in the dispersed particles
and even more so a reacticn in the flame does net affect the rate cf burning.

The mean density of the substance in the reaction zone is close to the density

of the original charge. The temperature in the reaction zcne is lw and

equal to T5, the temperature at the surface of the charge. In this method

of approach the burlnig velocity falls as the degree of dispersion nd

increases*. Urd'ortunately the mechanisms of dispersicn have been little
studied experimentally, therefore the theoretical expressions (see for example

or porders the necessary condition for the appearance of such features

is a sufficiently high initial temperature of the powder.

*In the thcortice invstigation , some conclusicns were reached

concev, ing the exceptionally high rate of burning in the absence of dispersionand f or pyroxylin pmvder an est imate was givcn of u z 2500 fe * (p).

This conclusion has as yet no exprimcntal ccnfirmation since the expcrimental
value of u for pyroxylin powder at I atm abs and 90 C is z 3 rm/se 7
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Ref.202) in which the dependences u(p), u(To), etc, are expressed by means of
the dependencen qd(p), %(To), etc, are not even in qualitative agreeient
with experiment.

The particular case where 'n is determined by the solubility of the
gaseous intermediates in the liquid layer on the surface of the powder has
been examined215. Definite estimates and comparison with experiment are not

made.

(2) It is assumed238 that the burning rate is determined by the rate of
heat release in the dispersed particles or liquid films which form in the layer
of foam. The mean density of the reacting layer is close to the density bf
the gas, but the temperature can considerably exceed T ., If the velocity
of the particles and that of the gas are equal, the dependence u(p) is

close to u C (P.

As yet little work -has been done on comparing the single-stage models
discussed with experiment. It is clear, however, that for the most interest-
ing systems the canbastion which is known to exist is a niltistage process
and cannot be described by means of such models.

-, In the combusticn of ballistite pa.iders there are three zones of heat
release. P.F. Pokhil distinguished the reaction zone of the condensed phase,
the smoke zone and the flame zone (see Refs.41, 71, 204, 205 and others).
In the American literature (see Refs.240-24 and others) the terms foam-,

fizz- and flame-zone are used.

The mechanisms of multistage ccmbusticn have been investigated experi-
mentally by analysing experimental data en the functions u(p), u(T), etc,
and by measuring temperature profiles and gas composition and also the
distance between the zones, etc (see Refs.41, 71, 102, 103, 106, 109, 130,

131, 169, 204-206, 242-248, etc).

At low pressures, for ballistite pc,,iers, reaction in the condensed

phase is rate-contralling At Pressures of several tens of atmos-
pheres the burning rate is apparently determined by the reaction in the mnoke

*In particular for ballistite poders the experimental function u(p)
shows an increasing dependence on pressure at sufficiently high pressures 239
whereas the theoretical function u(p), cving to a derease in the degree of
dispersion, should reach saturation at high pressures.



Ii

78

zone45$'240 and the flas has only as. insignificant effect on the burning

rate2 4 '2 ' 2 4 7 . However, it is thought2 0 2 l 2 that at sufficiently h igh

pressures the flame zone begins to play the leading role.

In a series of theoretical investigations an attempt has been made to

modify the solution of Zeldovich and Frank-Eamenetsky or other analogous

solutions by means of successive transitions from one stage to the next,

taking into account the heat release at the given stage and the flow of heat

frm the other stages. An examination has been made of the more particular

problem where there is a single reaction zone and a fixed heat flow from out-

side (see Refs.203, 207-212, 240, 241 and others). Hoever it has not yet

been possible to find en expression which will give in an explicit for the

dependence of the rate of multistage burning on the pressure, the initial

tenperature, etc, for a given kinetic reactim in each stage.

The only case that is really clear from the theoretical point of view is

that in which one of the stages plays the leAing role (see section 10,A).

However, experimental methods which would enable us to establish the presence

of only one leading stage of combustion have not yet been devised,
Cn the other hand experimental techniues can be successfully applied to

,he case where one of the zones has practically no effect on the burning rate,

because it is located too far away from the surface of the charge nd the

other ocabustion zones, although the main part of the heat of reaction may be

evolved in the zo=e concerned (see, for example, Ref.247). This case has

drawn the attention of theoreticians to consider how such a zone is maintained

at a fixed distance from the surface of the charge and is not carried away

by the product gas stream. The most convincing explanation (see Refs.213,

214, 240, 260) is that in such a zone the spontaneous ignition of the inter-

mediates fonnad in previous stages occurs and thus guarantees an automatic

adjustment of the burning rate.

ith an increase in the degree of dispersion the rate of heat release
can ' ecrease iiithe cchensed phase and increase in the smoke zone. However,
the rate of burning can in principle decrease or increase. The double role
of dispersion can also to some extent appear even in flameless combustion;
In this case owing to a trivial'effect: the detachment and transport of
particles result in a discontinuity in the -ondensed phase. In this sense
the burning velocity is the sum of the velocity of gasification and the

202
velocity of dispersion
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BASIC POESSES M, DBER 1UNG THE BURNING RATE OF CONDENSED MIXTURES:

THEORY OF COMBUSTION OF CON]SED MIXTURES

The combustion of mixtures at solid fuels and oxidizers is ,more ccmplex

than the other forms of combustion discussed above. In the general case it

is a miltidimensional, multistage process and depends on both kinetic and

diffusion factors. The burning rate of condensed mixtures depends only on

those processes which occur in a very narrow zone adjoining the unburnt

mixture. It is only in the limiting case of sufficiently finely dispersed

mixtures of volatile components that combustion proceeds in the purely kinetic

regime and the combustion front becomes plane.

6 RATE OF MIXING C' FUEL AND OXIDIZER

In order that the components of a condensed mixture may react with one

another, mixing must take place sufficiently rapidly in the preheating zone or

the reaction zone.

A INFLUENCE OF THE AGGREGATE SLATE ON CHARACTER AND RATE OF MIXING OF

COMPONENTS

The aggregate state of the fuel and oxidizer in the preheating zone and

reaction zone has a pronounced effect on the rate cC mixing and the character

of the mixing. If the unburnt mixture is a mixture of two solid components,

then in the preheating zone and the reaction zone each component can either

remain in the solid phase, or liquefy or vaporize. There are thercfore six

variants
8 1

i) s+ s; (2) s+ l; (3) s + g; () 1+1; (5) 1 + g; (6) g + g.

The mixing of the components before the beginning of the reaction can

take place only when' the fuel and oxidizer (or their decimposition products)

possess sufficient mutual solubility. This condition is almost always

fulfilled in case (6) and hardly ever ,in cases (3) and (5), since the number

of grams of gas which can bo dissolved or absorbed in a gram of liquid or

solid is extremely amall in comparison with the usual weight relationships

between the components in condensed mixtures,

Thus in case (6) g + g and also in cases (1) s + s, (2) s + 1 and

(4) 1 + 1 (for components with sufficiently high solubilities) mixing may
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take place only partially, but for sufficiently finely divided mixtures

completely, before the beginning of the reaction. On the other hand in

cases (3) z + g and (5) 1 + g, which correspond 16t0ie c-.orstion 'of a

suspension of volatile particles or trops in s "stream of gas, miwing can take
81

place only sinultanecusly with the reaction81 The state of aggregation of

the components can 48so have a great effect on the rate of mixing and the

width of the mixing zone. In cases (6) g + g, and also (1) a + s,

(2) s + 1 and (4) 1 + i the width of the mixing zcne in accordance *Ith

equation (i.7) is expressed by the proportional relationship

hmi x a kmd 2/C D

where m is the mass rate of burning. The 'state of aggregation affects tha

magnitude' of C D, where C is the concentration of the diffusing
00 00

component at a great distance from the surface of contact of the components

and D is the coefficient of diffusion. If the particle diameter of the

components is not too large, mixing takes .place by molecular diffusion. If

the particle diameter is sufficiently large, convective mixing can also occur

(see below).

B VALUE OP MOL-UWLAR DFUSION CMFICI T IN VARIOUS MEDIA

There are numerous data on the diffusion coefficient (especially for

gases). However all the data for gases relate either to self diffusion or to

diffusion in binary mixture' (or in air). For multicomponent mixtures (to

which belong the products of combustion of any real system) there are no

experimental data, nor any basic methods of calculating the diffusion

coefficient. The majority of the experimental data for binary mixtures is

for not very high temperatures*.

The diffusion coefficient in gases is usually obtained from the equation

D Do (i)

*Results for the diffusion coefficient of some metal vapours in a flame
at T 1 1400-1800C are given in Ref.88.
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where D is the diffusion coefficient in cm2/sec at p 1atrn abs and

T = 2730K., Depending on, the 'nature of the mixture the value .of DO can

change by at least an order of magnitude. Mixtures with hydrogen are out-

standing for their high values of Do. For saturated hydrocarbons D

decreases monotonically with increase in length of the hydrocarbon chain3 0 '8 2 ' 8 3

Gas (in a mixture H2  C02 CH4  02H6- 012 01H22
with air)

Do , cm2/sec [301 0.611 0.138 182) 0.196 0.108 0.067 0.o4.

Equation (43) is empirical; the value of the expcnent n is determined

for a given mixture from the experimental points. Therefore equation (43)

does not permit a reliable extrapolation to be made beyond the limits of the

temperature interval investigated. For a reasonably wide range of temperature

it is usually assumed that n = constant, where n lies within the limits

1.5 vo 2.0 (see Refs.84, 30 and others). The value of n is frequcntly taken

to be 1.75. However for a closer approximation to the experimental data n

is temperature dependent. Thus in Ref.85 the coefficient of self diffusion

of 002 in the interval 200 to 1700 0K is taken to be D (cm2/sec) = 0.0967 (T/ 2 7 3)n,

where n = 1.81 + 0.035 (T/273).

The relationship D = I/p which follows from equaticn (43) shows a

smaller dependence of D on p than is actually observed82 '8 6'87; thus for

the system H2-N2 the following valucs were obtained
86:

Ic 2 -1 2  -1

a pD,a cm sec p, atmT=73KTo.73° oar . ..
T = 273K jT= 4730. T =273°K T = 473°K

1 0.708 1.86 100 0.570 1.425

50 0.570 1.44 200 0.562 1.474

In most papers the value of D is given without any indication of the

concentration to which it refers. There is, however, a considerable

dependence of D on concentration D(c) 86' 87. Thus for example the following

values were obtained for the mixture N2-0O at 3010K8 7:
22
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Dj, c 2 /sec

,1p- = 6 atm, p = 24 atm

,0 N 2 + ,,1.0 C02 0.027 0.005

0.5 12 + 0.5 002 0.030 0.0065

0.75 N2 + 0.25 002 0.032 0.007

In this case D increases as the content of the lighter component

ircreases, which seems natural.

For the diffusion coefficient in the liquid and solid phases the equation

D = D, e-"/ (14)

is used, where D, denotes the coefficient of diffusion for T-+ co and E

is the activation energy. The values of D* and E are determined by the

experimental points and show a much greater dependence on the nature of the

substance than the values of Do ard n in equation (1+3) for gas mixtures.

The diffusion coefficient in the liquid and solid phases depends on the

concentration of the diffusing substance. In aqueous solutions the function

D(C) shows a weak and ill-defined dependence of D on 0. With incrase in

concentration the diffusion coefficient can decrease, remain approximately

constant or increase, depending on the nature of the substance t2  There are
also data on the deperence D(C) for diffusion in alloys8 2  For the

diffusion of aluminium and zinc in copper the diffusion coefficient increases

rapidly with concentration:

0, atoms 0Al =4 C =12 ezn =4 C OZ 12

(80000)••3.3 10 •
2 -100-10

The depsndence & the coefficient of diffusion in the liquid and solid

phases on pressure is evidently slight, as shown by the following valueR for

the coefficient of self diffusion in liquid 002 (Ref.82):
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p, atm 71 138 307

D, cm 2/sec 2456 . 10- 5  40)4.. 10 5  3.2. 10- C 5

We have seen (see equation (17)) that the rate of mixing depends cn the
product 0 D pD (for a gas . D p) (Do PO p/RTo) (T/To)111 * f(p)).
The value of C. D f or diffusion in the gaseous, liquid and solid phases can
nov be considered.

For binary gaseous mixtures the value of D lies rithin the limits20
-0.05 to I cm 2sec. Taking n = 1.75 a reasonably reliable value at 1O00C

is obtained for D1 at abs 0.7 te 15 cm /sec and pD = 3.10 to 3,,10
gm cm sec . At 20000C only a rough value can be deduced because of the
wide extrapolation. For n = 1.75, this gives D1 atm abs = 2 to 40 cm/sec;-1 -1

pD z *5.10-4 to 5.10- gm cm sec

The evaluation of C D for diffusion in the liquid and solid phases
00

lies between much wider limits and is less reliable. Some data on the
diffusion coefficient are given in Table 29.

There are also data for diffusion in solid and fused salts at

T 400 to 7000082.

For diffusion across oxide films the value of C0 is limited by the
solubility of the metal or oxygen in the oxide. For solid Cr20 at 1000C

tCr o mz 10 gm/cm3 (Ref.93).

TABLE 29
Range of values D (Pr 2/sec) for diffusion in liquid and solid phases

Temperature, 00System ... .1000 
2000

Fe -FeS (liq); Fe Cu2S (liqJ(89]

Si; Ti; V; Nb in liquid cast iron[90] -13 3 4 -5 -2
Fe; Co; Oa; Si; Nb; V; Ti; Zr in melt of 0*10 to 5.10 to 5.

45,0 CaOP; 47% A1202 ; 6% MgO; 2% B2 0 (91) (in most cases

Fe; Ni; Ca; Si; Nb; V; 0 in melt of0 to ic05)
V.PlC CaO; 409 Si02 ; 2Si A 0 [91,92]

O r-+ Cr203 (s-1id)93) 5.10 - 22 to 1IO- 7  10 9 to I0- 1
o -U0 2 (solid)[94] A1203 (solid)[95) (in most eases (in most cases

0 Ti; Zr; Nb; Ta (solid) (96] 10 9 to IO- 7) 10- 5 to 10"o.
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Since, however, in most cases data on C are not.available the product C D

may be evaluated taking C 1 gz/cm (Table 30).

Range of values of C D (gm. cm see " )

T, 0 Gas phase Liquid phase Solid phase

1000 t310 to 3.10 3  6.1013 to 3.Q-4 5.10-22 to 4.10 7

2000 5.10-4 to 5.i0"3  5.1075 to 5.10 -2 10-9 to 10.4

Thus for T e 100000 the rate of mixing in the gas phase is considerably

higher than in the liquid phase and even more so than in the solid phase.

With increase in temperature this difference decreases, but nevertheless at

2000 C the rate of mixing in the gas is still several orders of magnitude

higher than in the solid phase especially when the fact that C in the solid
00

phase can be small is considered. However, the molecular transport velocity

in the fused state at 200000 is of the same order as the transport velocity in

the gas.

It shou3d be remembered that, in addition to molecular diffusion in the

gas phase, convective mixing of the components can also take place (see

section 6,D). The transport velocity by convection in a melt can be

considerably lower than in the gas because of the much higher viscosity of the

melt. However for systems whose components fuse before vaporization, or

vaporize with the formation of a liquid, the liquid layer may be. sprayed with

gas and a drop of the liquid (or .dissolved) conmonent can be transferred to the

reaction, zone.

C RATE OF VAPORIZATION OF FUELS AMN OXDIZERS

In so far as the state of aggregation of the conponents strongly affects

their rate of mixing, the question of the rate of vaporization of the

components becomes of interest.

During the burning of ordinary disordered mixtures where the oxidizer

crystals alternate successively with layers of fuel) the preheating and

vaporization of each particle occur in a non-stationary regime. The rate of
vaporization w = w(t) of the oxidizer crystals and fuel layers car be

measured by means of high-speed cinematography. However for varirjus reasons
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this is a difficult operation since it is necessary to take the photograph

with s=ficient magnification and yith very short exposure; photography is

made-more complicated by the ,presence of flames and smoke, and in a number of

cases by the presence of a condensed residue on the burning surface and so on.

It -is therefore- not- surprising that even the best series of photographs of

the burning surface allow only very limited deductions to be made.

The rate of non-stationary vaporization- must depend to a great extent

on the heat required for the preheating and vaporization of the particle.

Moreover, if a kinetically controlled decomposition flame is located in the

inmediate -proximity of the surface of a particle, then, considering the

burning zone as a whole, the calculation of the heat of vaporisation of

particles must include the emission of heat in this flame. From this point

of view, the vaporization of NH C10 and NH NO is an exothermal process 9 7 ' 118 ,
44. 4.13

although-vaporization at the surface of NH C10 and NH N0 crystals takes
4 4 J' 3place with the absorption of heat: NH40lO4 (s) -- NH3 (g)+ HC10 4 (g) -58 kcal/mole;

NH NO (s) -+ NH3 (g) + HN3 (g) - 40.5 kcal/mole. On the other hand the

vaporization of fuels requires considerable heat transfer from the combustion

zone, since the heat of depolymerization of typical polymers is 10 to 25 kcal/

mole (Table 31) . and the heat of vaporization of the corresponding monomers is

5 to 10 kcal/mole
1 19

Comarative data on the rate of non-steady vaporization of various sub-

stances could obviously be obtained by determining the time of vaporization

of a particle of a given size, which at the moment t = 0 is suddenly moved

into a stream of gas at a given pressure and temperature. As the time of

vaporization r becomes shorter, the rate of vaporization w = d/2r becomes

larger. However, such an experiment has not been carried out.

On account of the difficulties associated with the detcrmination of the

non-steady rate of vaporization, the relative ease of vaporization for various

substanccs has been evaluatcd using data wnich were obtained during their slow

thermal decomposition and also during the steady vaporization of sufficiently

thick laminae of fuel or oxidizer (by the heat transfer from a hot-plate or a

hot gas strcam or during the combustion of a ladna of fuel in an oxidizing

atmosphere, or during the combustion of a lamina of oxidizer in a fuel gas,

and, in the case of NH 010 and NH NO also in an inert atmosphere).
4 . Nh-N 3)

Naturally the mechanisms of vaporization can differ considerably in changing

from one system to another and can differ to an even greater extent from the

mechanisms of non-steady vaporization during combustion.
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TABLE 3'1

Heat of 1 tiea roducts of. dog,- osition of swe polymers

Polymer Heat of Pducts of decomposition
tion.,_-a/Ml

fgo " (9 122] ]Cj49)Polymetbytmethac ytate Monmr8

10-3 249], > >-
-10[(249] - Dimer, trimer,,tetramer( 2 49 ]

Polystyrene 1611-(9') icnmer 30 -6554f99j; ,65fP?9]
17L ) timr..r trimer, ,tetramrC2

Polybutaeae [ 2n 9  17-20 Monmr 20-30A;. higher
molccular weight products

Polyethylene 22-2512 4 9 ]  Mcncmer (up to 1I499Y128,219]);

higher molecular weight
products[24 l

In particilar, it is necessary to consider the effect of pressure. In
spite of the scantiness cf experimental data, it may be deduced that pressure
has no effect, or-a very small effect, on the rate of vapczrzation during slow
thermal decomposition and also during the vaporization of a fuel on a hot-
plate or in a Atream of hot inert gas (for Re = constant). Thus an inciease
of pressure of nitrogen from I atm to 100 atm at 260QC had practically no
effect on, and at 23000 only insignificantly increased, the rate of thermal
deo.positicn of NH 010 101 An increase in the pressure of nitrogen from
I to 7 atm abs did not have any effect on the rate of pyrolysis w on a hot-
plate A similar result was obtained for the range I to 26 atm for
pyrelysis of NH C10, on a porous plate2 3 '; in the case of a solid plate the
rate of pyrolysis increased with increase in pressure at the given temperature

233of the plate, but this effect results from experimental error

In the case of the diffusive burning of a pIymer plate an increase in
pressure can evidently increase the rate of vaporization considerably.,

although the way in which the surface temperature of the plate changes during

this process was not exaidned. The results obtained by indirect means, such
as the increase with increase in pressure of the rate of burning of a liquid

.1
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with a free surface (see section 3,B) and of the xate of burning of a drop

(see section 4,B), and also the result obtained1 2 4 for a plate of vinyl

plastic in contact with a layer of KC104 (see section 18) confirm this. In

the range 10 to WD atm the relationship w a p was fou-d for the linear

rate of pyrolysis w.

Finally for the combustion cf NH 010 and NH NO where a kinetically
4 4 ;3

controlled decomposition flame is near the surface, the rate of vaporization

w = u depends to a great extent en pressure (see section 19). At the same

time in the range of high pressures high values of w can be attained, thus
121

for NH 010 at 1000 atm w = u = 40 mm/sec was obtained* Data on the
4 4

dependence of the surface temperature T5  of burning strands on the pressure
are ambiguous: an increase in the surface temperature with increase in

pressure was obsernred for NH 010 although the data are only reliable for low

pressures, whereas for 3 , NH * f( (ace below).

Other differcnces* in the mechanisms of vaporizaticn alsc occur during

slow thermal decomposition, in the stationary preheating wave and during the

burning of actual rixtures. Nevcrtheless comparative data on the rate of

vaporization during slow thermal decomposition and also in the stationary

preheating wave are of great interest for the theory of combustion of systems

of mixtures.

First we shall consider the slov dccamposition of a weighed portion of

substance, uniformly heated to a certain (not too high) temperature that is

kept constant, or rises slowly with time. The rate of vaporization in this

case is determined by the rate of evolution of gas, i.e. the number of grams

of gas for I gram of the specimen in unit time. In practice arbitrary units

are used: the time for decanposition of a given percentage of the substance

at a given temperature; the temperature at which a given percentage is

decomposed in a given time, etc.

* Thus for example in Ref.113 it was shown that an addition of 3% (H 4) 2 r2J

increases the rate of slew thermal decomosition of N1H No by several

4 3orders of magnitude and increases the burning rate of compositions based on
NH NO3 by approximately a factor of twe, but has no effect at all on the rate

of pyrolysis of NI NO on a hot-plate. The increase in molecular weight of4 3
a polymer has a pronounced effect on its rate of vaporization on a heated
plate, but has little effect on the burning rate.
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The actual form of the kinetic curves (degree of decomposition v. tme)

can be very complex. It depends on temperature, on the presence of additives

and impurities, the atmospheres in which the test' was carried out, etc. In

particular, the mechanism of decomposition of NH C10 is much complicated by

the presence at 240OC of the phase transition:

NH C10 010C1. -2.3 kcal/mole

4 4>

(ofthorhatbic (cubic

p = 1.95/cm3 ) p = 1.76 g cm3)

In addition, at T < 30000 the decomposition of NH4. iO4 proceeds only

partially, although the residue is identical with the initial NH 010 (see,

for example, Refs. 100 and 101, which contain a bibliography on this question).

Examination of the actual mechanisms of slow thermal decomposition

would be beyond the scope of this book. Thus, only the respective data on

the mean rates of vaporization of various substances will be examined. For

polymers, there are similar data in Refs.99, 128 and elsewhere. The relative

order in which polymers increase in stability may depend on temperature

(Fig.17). However, many polymers can be listed unambiguously in accordance

with their tendency to vaporization; polyfornaldehyde vaporizes easiest of

all, then polymethyl mthacrylate, then polyisobutylene and polystyrene, etc.

The most thermally stable is polytetrafluoroethylene (Teflon, Fluoroplast-4).

The mechanism of vaporization in a stationary preheating wave is now

considered. In this case the rate of vaporization is determined as the

linear velocity w of disappearance of the condensed phase at a definite

value of the temperature Ts on the surface of a layer of component. In

accordance with this definition, those substances vaporize more easily for

which w is higher for a given Ts  (or Ts is lower for a given w).

Initially, let us examine the data of vaporization in a flow of hot gas
and dur-ing heating on a hot-plate. There is a large number of works dealing

with ablation, i.e. the mass carried away in a flow of gas. Without attempt-
ing to summarize all of them, a few will be considered. The condition of

interest to us is when ablation proceeds basically on accotut of vaporization.

The ablation of a series of homogeneous and reinforced plastics has been
studied in a flow of the combustion products of the mixture C2H2-02 at -3000 C0

110
-and I atm abs or of air, heated in an arc discharge, in conditions when the

iThus, for example, the presence of cxygen stongly modifies the mechanism ot thermal decomposi-
tion of polymers (see e.g. Ref.129). It makes a %lfference, ala, whether the decomposition prccducts
are removed or accunlate in IN vessel in which the experlment is made, in which case the ratio of the
mass of the substance under Investigation to the volume of the vessel is Important.
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enthalpy of air amunted to 6600 BrU/lb = 3670 cal/gm, bid the heat flow to the

specimen was 1500 BTU ft - 2 see z 360 oal cm sec (Ref.11l). The rate of

vaporization for teflon amounted to 0.45 m ec or 0.'89 jm/sec , and for

nylon 0.51 u/sec 0 . The surface tenierature reached 54000 for tefloni 1 or

< 520C1 1 , and for nylon 1260°0111.
Reasurements of the rates of loss of weight A (ga/sec) of °a speoimen

= 12.7 mm, h = 25.4 mm) of plastic in a town gas-oxygen flame

(T 2500-3"o0C) have been made125:

Nylon 0.180 Polyethylene 0.043

Polystyrene 0.052 Graphite 0.001

Perspex 0.045

With nylon and to a lesser extent with polystyrene and polyethylene, drrs of

melted polymer were observed to be carried away by the flow. Consequently

the quoted values do not allow the relative rates of vaporization to be

assessed.

The rates of vaporization (w, M/sec) of cylindrical specimens

( = , h = 12 mm) cf fuels in the flame of a charge ( =60 m) of
ballistit6 pcder (at I atm abs) have been measured by the authors. The

specimen was given an inhibitory coating on the longitudinal surface and was

rotated on its axis at several revolutions per second to avoid asymnetry of

combustion and trickling of liquid drops in thc case of fuels which melt.

The rate o? vaporizaticn (measured by the loss of weight during the t xpri-

ment, which lasted for 20-30 seconds) was very small:

Polystyrene 0.015 Polyformaldehyde 0.030

Perspex 0.022 Urotropine 0.035

For urotropine the magnitude of w is evidently raised by the small crystals

of urotropine cracking during rapid heating.

There is a series of works (Refs.112-116, 233, etc) in which the

vaporizatzion of specimens of perspex, NH C10 , NH4N0 and NH 01 pressed on to

a hot-plate was studied (usually at I atm abs). The rate of vaporization is

The vaporization of solid CO2 on a hot-plate was studied in Ref.117.
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measured by the displacement of the specimen. The temperature TpI on the

surface of the plate facing the specimens, or on. the zxverse side of the plate,

is'74%sured2 3 3 by means of thermocouples.

The magnitude of T- , with the corresponding correction or without

correction, is assumed to be equal to the temperature Ta on the surface of

the specimen. In pyrolysis experiments on a solid plate there is a gap

between the specimen and the plate along which the products of vaporization

flow out laterally. Consequently there is a temperature difference

AT = Tpl - T between the plate and the specimen*. This gap can bi reduced

sig.ificantly if a porous plate is. employed through which the vaporization

products can be pumped away.

For substances capable of self-sustained combustion, e.g. NH 4C104 ,

NH NOy at sufficiently high Tpl there is a kinetic flame between the surface

of the charge and the heated plate, and the regime of pyrolysis is completely

changed. According to Ref.233, pyrolysis in the prbsence of burning can be

studied only on a porous plate, since the scatter of the experimental points

is very wide for a solid plate.

For all the cases studied, the experimental points plotted on In w,
I/T coordinator! fall azrimnd a straight line, i.e. they satisfy the

relationship

w = Ae

Values of A and E for same substances are given in Table*32. The data of

the various authors differ widely.

Next .et us consider vaporization during the diffusive combustion of a

layer of fuel in a gaseous oxidizer. The burning out of a channel in a block

of polymer with a given flow of oxygen through the channel (w -was calculated
m

from the' loss of weight during the burning period ) was investigated in

Ref.122. For perspex at I atm abs w s 0.1 MR/see, Ts z 335-3900C, the
magnitude of wm  falls with inerease of r. The incorporation in perspox

*An approximate estimate for 6T Tpl - TS for the pyrolysis of perspex
is quoted in Ref.114: p

wp mM/sec 0;1 0.2 0.3 0.4 0.5

AT, °C 6 14.5 25 40 60.
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of O.25. or O.5% of carbon black, 30 or 60/ of aluninium; or 30% of titanium

hydride does not change the rate of vaporization. The magnitude of wm for

polyethylene is approimately the same as for perspex, but for polystyrene is

significantly higher (,cr account of the trickling of liquid drops).

The burning rate of strips (I in x 6 in,thickness I in) of butyl rubber,

polyurethane rubber and copolymer of butadiene and acrylic acid has been

measured 2 34 in a stream of 0 F2 and mixtures of 02 -F2 . The value of w

for fluorine is higher than for oxygen, but approximately the same for the

three polymers studied. For sdll rates of gas flow the value of w depends

to a great extent on the flow rate and is almost independent of pressure

(evidently the diffusion regime). On the other hand at high rates of gas

flow the quantity w depends only slightly on the rate of flow but to a large

extent on pressure, thus there is evidently a transition of combustion to the

kinetic regime. In particular the following data were obtained for the

burning or butyl rubber in oxygen and fluorine:

W, M/sec
p, atm

in oxygen in fluorine

1.75 0.155 o.34

4.2 o.28 0.66

8.4 0.42 0.90

102
Measurements have been made by moans of infra-red spectroscopy on the

value of T8 (in °C) for the combusticn of a series of polymers in air and

oxygen:

T 5 , 0°CTs$ o Ts,

Polymer - Polymer
'in air in oxygen in air in oxygen

Polyethylene 511 570 Polyurethane burns 507
badly

Polyisobutylene 428 49 Perspex 417 477-490
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Vaporization during burning along the boundary between the layers of

oxidizer and fuel was studied in Ref. 124. For the system of a layer of K010

of thickness d between two thick plates of perspex, the bu.rning rate of

perspex near to the 'tip' of the flame was found to have the value

w = 0.264ram/sec for d = 25 mm and w = O.218 nrnVsec for d = 3.8 mm

(p = 1 atm abs).

Finally, the cobustion of NH 010 and NH NO in an inert atmosphere is44 4 ;3
examined. In this case vaporization takes place by the transfer of heat from

the kinetic flame of RH + HOle or NH + HNO The burning rate of lH 010
3 4 3 3* 4 4

an NM NO depends to a considerable extent on the pressure, the initial

temperature, the presence of additives, density, etc, i.e. on the same para-

meters as the burning rate of homogeneous explosives, as may be expected since

NH 010 and NH NO are weak explosives. In section 19 the functions u(p),
u(To), etc, for NH C10 will be studiud in more detail, but here only data on

0~4 4
the function for the surface temperature T. = f(u) will be givZn.

The valum of the surface temperature for NH NO with 2.5/o additive was

measuredl 08 using Pt-Pt/Rh thermocouples at different pressures. In the

range 140-280 atm the surface temperature vas practically independent of

pressure (at 140 atm, T. = 325 and 3150C; at 210 atm, Ts = 306, 317 and
0s

285 0; at 280 atm Ts = 313 and 31800). At the same time the burning rate

increased considerably, i.e. from 4 nim/sec at 140 atm to 8 to 9 mm/sec at

280 atm. This result is in complete disagreenment with the relationship
-E/2RT

w = u = Ac s. Analogous results were obtained in this work for hydrazine
nitrate and the eutectic mixture of ammonium and hydrazine nitrates.

For NH 010 the value of T increases with increase of u, if u
4 4 5

increases due to increase of pressure:

p, atm 1 21 35 70

Ts, 00 90 O2  -650130 680130 -720130

8OO103,004 ~990103, 104

u, nm/sec 3-4 5-7

At room temperature pure NH C10 burns only at p > 20 to 30 atm. In
4 4order to attain combustion at lower pressures, it was preheated or a fuel

additive was introduced; the value of T in both cases was the same. In
s

accordance with Rufs. 102, 109, 130, the value of T for mixtures with

volatile fuels was the same as for pure NH C10
4 4
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The values of T were measured by infra-red spectroscopy and appear to

be reliablei 30 only at p 4 4 atm, since the mean temperature of a layer of

thickness not less than 2p is measured by this method.

If the burning rate was increased by addition of a catalyst 0 2 , t.,=n the

value df T may not only not icrease but even fall to a small extent.

There are also other data that are not in agreement with the equation

u = Ae . Thus the value of T., measured by means of thermocouples,

falls10 6 as the pressuke increases from -420 C at 50 atm to -3300C at 100 atm,

although the burning rate increases considerably. The value of T., measured

for a series bf compositichs based on 14l 00 remained constant 1 3 within the

limits of scatter, for changes in the burning rate produced by changes in

pressure (in the range I to 15 atm), in the particle size of the oxidizer or

by the addition of a catalyst*.

In concluding this section we can make the following deductions:

(1) In all the cases investigated the temperature on the surface of

organic fuels and also oxidizers of the type IH !04, NIN03 , 010 does not

exceed 1000 to 120000 and is usually 400 to 70000. At the same time the

combustion twmperature of systems of mixtures usually lies within the limits
02000 to 3000 0 (see for example Ref.126). Hence there is a reasonably wide

temperature range within the limits of which the components (or decomposition

products) are in the gaseous phase, and can mix thcroughly.

(2) At atmospheric pressure the rate of vaporization of organic fuels

does not exceed I im/sec both in case I, where vaporization tbkos place due to

the conduction of heat from a hot-plate or flw of fuel gas, and in case II,

where a lamna of fuel burns in a flow of gaseous oxidizer.
: Rate of vaporizaion

Conditions for vaporization _ w. mm/sec__

Burning of walls of conduit along which oxygen flows 0.1 to 0.4

Burning of lamina of fuel in contact with a lamina
of oxidizer

Ablation in the combusticn products of az. oxygen flame
or in a flow of gas heated in an arc discharge up to 1.0

Vapor 4,tion q:.a hot-plate up to 0.5

*Moreover, it is suggested 1 30 that the independence of the surface

temperature of the burning rate. and the fall in temperature of the surface
with increase in burning rate do not reflect the actual curve Ts(u) and
are connected with measurement errors, which become m6re significant as the
burning rate becomes higher.
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Evidently, however, with increase in pressure there should be a

differenQ- between cases ! and II (see above).
Ae-E/2MR

(3) The function w = Ae S is a good approximation to experi-

mental data for pyrolysis on a hot-plate (but here the values of A and E

measured by different authors for the same substance differ greatly). When

combustion also occurs tr relationship is not confirmed by experiment.

The so-called 'two-temperature theory of combustion' of Schultz and

Dekker (see Ref.97) will be discussed briefly.

(a) This theory starts from the relationship w = Ae

(b) It assumes that the surface of the charge has a stable form;

(c) It assvues that this surface consists of successive plane tsteps'

of fuel and oxidizer.

For ordinary disordered systems supposition (a) has not been verified

and suppositions (b) and (c) are known to be incorrect (combustion is unsteady

and is multidimensional with respect to d, whjre d is the particle size

of the components).

D COMIECTIVE MIXING IN GAMEOUS PHASE

Up +o this point it has been assumed that mixing of the components in

the preheating zone and reaction zone proceeds exclusively as a result of

molecular diffusion. However, it may be supposed that convective mixing can

also play a definite role for mixtures with components which vaporize 80

We may now consider the causes which can laq.3 to the mutual penetrationi

of volumes filled with the vaporization products of the components. The

most important cause is the non-parallel flow of the vaporization products and

also the difference in the absolute values of their flow velocities.

Experiments show that, at least when d is not too small, the surface

of the condensed phase (c-phase) facing the flame is not plane (see Fig.18b)

and wedge-shaped recesses, which increase as d increases, are formed along

the edge of contact of the components. In the inuediate vicinity of the

c-phase surface the vaporization products move in a direction perpendicular

to it because of the absence of any tangential forces. Therefore the direc-

tion of the velocity vector v on the surface changes from point to point and

near the surface the gas flows are in opposition, resulting in mixing.

From the law of conservation of mass flow for each of the components the

absolute magnitudes of the velocity of the vaporisation products ca, be

written
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Pi wi~ Pp-2  (42pITV 2  P 2

where p, p are the densities of the condensed ccuponent and of its vaporiza-

tion products, and w is the rate of vaporization (rate of disappearance of

c-phase).

The mean values with respe6t to time w and w a ae propoticrial to

cne oiother and proportional to u, but the varying values wj and w2  can

be expressed for a given moment in time as an °arbitrary ratio. Since p1  and

P2 ' (PI)g and (p2)g can also be expressed as an arbitrary ratio, then in

general vI * V2 .

The inequality of the absolute values of the velocities of the vaporiza-

tion products enables them to mix in a tangential (perpendicular to _)

direction and makes possible convective mixing in the axial (parallel to u

direction. Consider the moment when, at a given point on the surface,

cmponent 2 is replaced by component 1. Since in general via * v 2a then

either an elementary shock wave (for Va ) , or an elementary rarefaction

wave (for vla< V2a). must proceed along the flow; these waves are

reflected froa the heterogeneities of density existing in the flow and trom

the surface of the c-phase and generate secondary, tertiary, et', waves which

gradually die away. Consequently, for example, for vla> v2a the stream of

gas I will penetrate into the volume of 3as 2 and the boundary between them

will become diffuse owing to pulsations in the pressure and velocity of the

gas, which arise during the passage of the elementary waves.

It is essential, however, to emphasize that the mixing of the gas in the

axial direction plays an insignificant role in comparison with mixing in the

tangential direction, since during the vaporization of a cube of solid

component we obtain a square column of gas, the dimensions of the base of

which do not change, whereas the height, and at the same time the mixing path

in the axial direction, fmorease by P/Pg times, i.e. under ordinary condi-

tions by 1 to 3 orders of magnitude.

The existence of turbulent mixing f the type considered is basically

connected with the fact that the initial condensed mixture with its particles

irregular in form and distribution has its ov type of 'frozen' turbulence

II
which 'comes 't o life' during the vaporization of the compcnents. Hence there

arises the qucstion of artifically generated turbulence. similar to that which
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occurs in the operation of various types of mixers, etc. This type of

turbulence does not have any direct connection with the parameters (and in

particular with the quantity Re) for steady flow of the vaporization and

combustion products. The degree of artifically generated turbulence is

greatest near the surface of the condensed phase (c-phase), i.e. precisely in

that zone which usually has the greatest effect on the burning rate. Further

along the flow the artifically created turbulence dies away. The basic scale

of turbulence in the present case should be proportional to d.

For the artifically created turbulence under discussion we have at our

disposal one parameter with dimensions of length d and one parameter with

dimensions of velocity v I - v2  fram which we can form a combination with the

dimensions of the coefficient of turbulent diffusion exchange (cm 2/sec):

Dtrb d(vl - '2) " (46)

Thus vlt - v2 t is taken for mixing in the tangential direction and

vla - v2a for mixing in the axial directicn.

Substituting (45) in (46) and taking into account w c w 2 M u gives

1 p
Dturb = d/9 P.

It is now taken into accou.,t that the molecular diffusion depends on

pressure, D clI/p, but not on d and also that usually u ccpV where
v 0 . Hence it follovs that the role of convective mixing becomes

increasingly important vith increase of d and p. It should also increase

in proportion to the distortion of the c-phasc surface, since in this way the

angle of impact of the jet is incrcascd and the path of mixing in the

tangential direction is much shorter than in the axial direction.

Equation (47), of course, does not yet allow an assessment of the value

of d at which convective mixing becomes comparable with molecular mixing,

since expressions are lacking for the magnitude of the numerical proportionality

constant on the right hand side of (47). In order to check qualitatively

ideas put forvard on the role of convective mixing the authors conducted

experiments together with Yu. V. Frolov; using a cine camera with a set of

light-filters, we determined the height h of the inner cone of the flame of

cylindrical charges ( = I cm) of a mixture of KC1O4 - bitumen, with KC1O
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particle sizes of d 10, 180 and 1700 .i. The charge was burnt in a large
veessl filled with nitrogen at a pressure of 1 atm abs and temperature 20°C.

It was fouh& that the height of the inner ocne of the flame not only did not
incrase, but on the contrary decreased- somewhat in changing from d s 10 V

to 1-700- ', which supports the argument that there is an increase in the

coefficient of mass traasfer as d is increased.

The dependence h(d) was 'also determined for the combustion of an
individual 'particle'. Fcr this purpose KO10 in the form of a powder was
pressed into thick cylindrical tubes of perspex of different internal diameters

(from 0-4 td 1.5 cm). It should be noted that in this case one has to reckon
that = d. From dimensional considerations

h vd2 / ud2/p D(
g

and mereover for the system under investigation u is almost independent of
1227d27.  Therefore for molecular mixing the relationship h = d2 should be

fulfilled. On the other hand if mixing is turbulent (D cc d), then

h c d.

The experiments showed that in each the value of h varied perceptibly

about some mean value from frame to frame. This mean value remained constant
for a considerable part of the time of burning for d = 4 to 10 mm but for

d = 15 mm it decreased as the burning of the charge proceeded. The following

mean values h were obtained:
m

.d mm 4 6 10 15
J#

h mm 10 19 40 60
m

Using coordinates (log hm, log d) these points yielded a straight line

corresponding to hcc d1" 3, which is an argumint in favour of the presence of

convective mixing.

7 SOME MECHANISMS OF TRANSPORT OF PA ICoLES AN DROPS BY A STIM OF, GS

For most pyrotechnic mixtures the oxidizer vaporizes much more easily

than the fuel. The fuel particles are entrained by the stream of vaporization

proaucts of the oxidizer ard bun in a itato of suspension above the surface

of the charge. The transport of particles of fuel and oxidizer by a stream
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of gas can occur also in systems with organic fuels. In additio to the

particles of fuel and oxidizer there may be present in the flow particles of

condensed residue formed auring the decciposition of the initial components

(e.g. 1(0l) or during their combustion (e.g. 1gO, A12 0 3 , etc).

There is a very extensive and varied literature devoted to the mechanisms

of flow of two-phase media (solid particles - gas, or liquid drops - gas).

However only a few elementary relationships for two-phase flc, useful for

gaining an understanding of the processes inich have an effect on the burning

rate of condensed systems, are considered here. Hence the motion of

particles is examined only in the vicinity of the surface of a charge and the

flow of two-phase media through a nozzle, etc, is not discussed.

A THE LL ITG CAMES OF EXTR ,MLY EM, LL -.10 E_(TIMLY LARGE PAI.ICLES

In order to understand the mechanisms of ccmbustion of particles close

to the surface of a charge it is useful to consider separately the cases of

'extremely small' and textromely large' particles.

The term 'extremely small' will denote a particle for which the time of

flight until it acquires a velocity close to the velocity of the gas is much

less than the time of stay in the zone which influences the burning rate (zone

of influence).

The term textremely large' vrill dencte a particle which is practically

stationary relative to thc charge or which moves woth a velocity much less

than that of the gas.

Using a system of coordinates refcrrcd to the combustion front and

denoting the velocity of a particle by I and the velocity of the gas by v,

then within the limits of the zone of influence for an extremely small

particle k z v and for an extremely large particle z u where u is the

burning rate.

To evaluate the sizes of the 'extremely small' and the 'extremely large'

particle it is necessary to possess iformation in the first place on the size

of the zone of influence and in the second place on the law of motion of a

particle. The zone of influence is cxamincd in more detail in section 1O,B,

but it should be noted here that quo.titative information on the size of the

zone of influence is extrcmely scanty. It is clear only that the width of the

zone of influence does not exceed a few milli.mters and docrascs with increase

in pressure. On the other hand, increase in particlu size of the componcnts

evidently increases the vwidth of the zone of influence.
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The sizes of 'extremely small' and 'extremely large' particles can be

evaluated for the particular case when:

(1) There is a solitary particle which at the moment t = 0 is

suddenly Zxava into the flow of gas.

(2) The force I acting on the particle owing to the gas flow can be

found by Stokes fornula*.

(3) The only other force acting an the particle in addition to F1  is

the force of gravity. The usual experimental condition is that the charge

burns from above domwards.

It should be noted that these limitations have no effect on the basic

proposition concerning the presence of 'extremely small' and 'extremely large'

particles (it is only the evaluations of the size of such particles that vary).

In this particular case the motion of a particle can be described by the

equation

od 3 p 7 dn(v d 3 pg (1)

where d, p are the diameter and density of the particles, n. is the

viscosity of the gas and g is the acceleration due to gravity.

Putting the right hand side of equation (49) equal to zero, the size of

an 'extremely large' particle is obtained as

*In the general case the expression for F1  is usually written in the

form F1 = P g For very mall values of Re, where Stoles

formula is valid, the dimmnsimnless coefficient of friction is C = 24/Re.x

With increase in Re the experimental value of C boccms larger. (See
for example Ref.32.) x

Re 0.1 1.0 10 100

C 24/Bc 240 24. 2o4 0.24.
(Ox) exp. 245 28 4.4 1.1

"Experimental data (minly on the combustion of metal particles) confirms
that there are evidently also forces of cohLsion between a particle and the
surface of the chargo (if there is a molten layer, then the particle is hold
to the surface by forces of surface tension ead viscosity). This problem has
not yet been investigated.
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=* 1-nv u (50)

Such an evaluation (d ; d*) is an upper limit, since particles some-

what smaller than d, move so slowly that within the limits cf the zone of

influence their velocity in practice attains the value A z u.

For d < d*, integrating (49) for the initial conditions x t=O 0

and xIt=O = u yields

U +(v U -Pd g) (I -e-18nt/pd) , (51)
/ u+ - 18- 18i

2v t d!( u pd 2g)( e 18 7t / p d 2 )  (52)
yra. 2 gt- 18T1(v-u..18g)

x : v -pd )18 - 18-n

Putting t o in (51) or making the right hand side of (19) equal to

zero the value of the steedy state velocity of the particle is obtained as

18 0 g. For very fine (d-*O) particles v.

From (51) and (52) the time tk and length of path xk which are

necessar for the particle to acquire a velocity equal to k 4 (e.g. 0.9 **)

are readily obtained. As an example, calculated for the vaporization products

of an ordinary system of mixtures, using u11 atm abs = n/sec,

ul100 atm abs =10 mm/sec, T z 1000°C, t = 40, ri = 4.I0 gm cm- 1 sec -

p = 2 gm/cm3 , the distance in microns at which the particle succccdt in reach-

ing a velocity 0.9 , is

It should be noted that in Ref.136 C was incorrectly assumed to be
2 5

constant; this assumption is correct only for Re z 2.10 - 105, but not for
the small values of Re which are characteristic of thc cc.nditions of interest.
As a result the values of xk and t k were very large.
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d, k =0. 9 microns d, Xk 0 0/9 microns
0.9ro mirocr mcr21

micron p= Iatmabs p = 1Oe atm p = atmabs p =OO atm

0.1 0.16 o.O16 0 1600 160

1 16 1.6 100 15.6 cm,

Particles of size less thani a micron can in practice be regarded as
'extremely small'. Particles cf size -100 j and larger are textremely large'.

It is also of interest to evaluate the time of preheating th of the

particle until it reaches the temperature of the gas. The value of t is
h

limited by heat transfer from the gas to the particle. t h  is determined as

follows: let at t = 0 a spherical particle with temperature T be drawn

into the flow of gas with temperature T • For brevity, only the case isg
considered where the particle does not melt and does not evaporate to any

significant extent at T 4 T and where the te.-r~erature at various points on

the particle changes in the same way with time. In addition th is equal to

the time during which the difference in the temperature of the particle and the

gas decreases by a factor e (from T - T to T - T* = (T - )/).

The equaticn for the heat balance is

~d d -T)at = g pcaT (53)

where at is the coefficient of heat-transfer and. o is the specific heat of I
the particle. Integrating (53) with the initial condition Tt O = T

yields

t = in Tg T (54)

For small spherical particles at = Nu - -
d d

Substituting in (54) this value a a' and also T T* = CT
gives
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h cd' I d2 X
h 12% 12 a X (55)

g g

where a is the temperature transfer coefficient (thermal diffusivity) of the

gas, i.e. the time of heating of a small spherical particle (Nu = 2/ is

proportional to the square of its diameter, proportional to the ratio of the

thermal cenductivities of the particle and the gas* and inversely proportional

to the temperature transfer coefficient of the gas.

The quantity th for smll particles is readily evaluated numerically

since the product pc for inorganic salts, polymers and metals is in

approximately the same range; thus for the substances of interest pc = 0.3

to 0.7 cal em" 3 deg - ', and at the same time pa depends only slightly on the

temperature, Taking Xg (2 to 4) . i0 - 4 cal cm-1 sec 1 deg-  (see for

example Ref.132), the following values are obtainad for the tne of heating of

small particles, irrespective ef whether fuel, oxidizer or metal:

d, micron 0.1 1 10

th, see (0. 6 to 3) 1( to 3) •06 (0.6 to 3) 10. 4

The time of heating of a small particle is of the same order of magnitude as,

or less by an order of magnitude than, the time of flight of a particle until

it reaches a steady velocity.

1n Ref.133 the empirical equation for Nu in the case of a sphere

surrounded by flowing gas is given by

Nu = 2 + 0.03 Pr O 33 Re' 54 + 0.35 Tr0.36 Pe0.58

For Re = I (and Pr z I) the value Nu 2.4 is still closer to Nu = 2.
In combustion conditions Re 4 1 corrcspends at I atm abs to particles less
than -10 V and at 100 atm to particles less than -1 V.

*Hence the time of heating of a particle, limitud by huat transfer from
the gas to the particle, exceeds the tiine cf equalizing the temperature inside

the particle (proportional to d2 /a) by X/% times; for example, by
g

approximately three orders of magnitude for metal particles.
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The time of heating of large particles (espeoialy when the distribution

of teuperature inside the particle is taken into account) cannot be obtained

by en elementary evaluation and it is beycnd the scope of this work to examine

this.

B PARAMETERS OF TWO-PHASE YWLJ

It is of interest to obtain an expression for the number of particles

and also the mass of particles and mass of gas in unit volume of two-phase flow

and for their mean specific heat and mean thermal conductivity, etc; some of

these expressions are given in Ref.134 and in another form in Ref.135.

For simplicity the system is considered in which the oxidizer vaporizes

as a whole, but the fuel is non-volatile and burns in a stream of the vaporiza-

tion products of the oxidizer. The follcviing notation is used:

Condensed mixture Two-phaseI (c-phase) flow

Density, gm/cM3

oxidizer Pox Pg

fuel p P

Fraction of fuel

by weight, ;/gn XX

by volume, om3 /cm V V1

Fraction of area of cress-section
occupied by fuel particles, cm2/om2  S S'

Number of particles of fuel in 1 cm3  n n

Velocity (relative to combustion front),.
cm/sec

of particle s u

of gas v

Specific heat, cal gm dog

oxidizer C C

fuel c a

*mean c ~

Thermal conductivity, cal cm- 1 see-' dog

oxidizer x g
ox g

fuel X
mean
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All. those mantities which refer to the c-phase will be regarded as

constant, as Vill Pg = pg/RT and k, which will be considered only in the

two limiting cases: for extremely large particles 1 = u and for extremely

small particles P. = v. The expressions for p, V, S and n are related to

other parameters of the u-phase:

1/ /P + (0 - X)/P , (56)

V= L =X p , (57)

n = = 6T/pxd -3  (58)

Now consider the equation cf conservatiat of mass flow for the state of

flow where the fuel particles are accelerated by the gas and are heated but do

not yet succeed in burning to any significant extent. In this case the

conservation of .mass flow of particles and mass flow of gas will be separately

maintained:

PXU PSU=TIXI =. si!(59)

R(- X)u = pOi - S)u = ,(I - X,)v . Pg(1 - S,)v (6o)*

From (59) and (60) we obtain

V S = V S- , (61)

6Vn - - n- • (62)

For large particles (5 u) the fractions of the volume and of the area of

cross-section of the flow occupied by the particles are equal to the corres-

ponding quantities in the c-phase where the fuel ptrticles form a stationary

*Note that in Ref.136 the left hand side of the equation (I') analogous

to eqUation (60) iz written inaccurately (it is valid only for k = v n

P =
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lattice through which the gas flors. On the other hand for the case of small

particles (x z v) the fractions of the Volume and of the area of cross-

section of flw occupied by the particles is very mch smaller than in the

c-phase, since the same quantity of particles, which are confined in the

c-phase in a cylinder of height u, are confined in a two-phase flow in a

cylinder of height v, where v >> u.

For the mean density of the substance (the number of grams of gas and

particles in unit volume of flow) we obtain

-= + - X) . (63)

x V

The first term on the right hand side of equation (63) corresponds to

the mass of particles in unit volume of flow and the second term to the mass

of gas in unit volume of flow. For large particles (* = u) the first term,

and consequently also p', is very large in comparison with the second,

since the mass of large particles in unit volume of flw, is the same as in

unit volume of the c-phase. The second term in this case can be neglected

(u/v << 1), so that ' z XF. In other words in this case the mass of

particles in uait volume of flow is very large in comparison with the mass of

gas in unit volume of flow.
For small particles (I z v) equation (63) assumes the usual form

Sv= U

The ratio of the mass of small particles to the mass of gas

(1-×X)' v -/

is the same as in the c-phase. This means that the mass of small particles

in unit volume of flow is proportional to the density of the gas pg and

hence is proportional to the pressure.

It should be noted that for a given burning rate u and given density
ef gas pg the velocity of the gas v in two-phase flow determined from (60)

9
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Pgv = uI Q S) (64)

will be lower than in single-phase flow, where it would be determined from the

relationship

Pgv = Pu

In fact

I-S 1 -SI- ' - u<1
1-SeI 1-S

x

since u. It is only for large particles where 5' = S, that (64) gives

the same value for v as (65). The meaning of this result is obvious; in

two-phase flow the particles cccupy a smaller fracticn of the cross-se.'tion
than in the c-phase, and the vaporizing canrpcnent occupies a corresponaingly
larger fraction. In the limit, where (i - S 1) , the velocity of gas in

the two-phase flow is lower than in single-phase flow by I - S times.

*The expressicn for the fraction by weight x' of partiules in twom-phase

* flow, i.e. the mas3 of particles per unit mass of substance of the flow, is

* also useful:

1 St 1

I' .= (66)

1 . W.,_

X =

xv

For small particles " X = X, i.e. the frtcticn by weight of small particles i

two-phase flow is the same as in the c-phase. In the remaining cases

X > X. In particular for large particles Xt -+ 1. (These results for

small and large particles were noted when stuih g equation (63).)

The specific heat for two-phase floyw is equal to

c, t c' , (1 - X') c . (67)
g

In the case of large particles (X u m) the specific heat is practically

equal to the specific heat of the particles c' c.
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Only approximate formulae exist for the thermal conductivity of mixtures

i"I of two components. In particular Maxwell' s formula can be used, which in the

case of two-phase flow is written in the form

( 2 (1 - V,) + .(l + 2V')(6

g X(2+ V1) + X( - ) )

or the equation for the geometric mean value may be used:

i,, =74%1- VI Vt (69)

For small particles VI -) 0 and therefore X i.e. the presence of

small particles has almost no effect on the thermal conductivity.

Equations of type (68) and (69) can scarcely be used for large particles,

since in this case the decisive role is played by heat exchange as a result of

convection of the gas and radiation, which is not taken into account in these

equations.

8 KIWZIC AND DIFFUSION BEGIMS OF COUiSTION: SO EXPRSSIONS FOR THE

BNflI RAT~E

The rate of burning of condensed mixtures in the general case depends on

kinetic and diffusion* factors. However there are some cases where only the

kinetic or only the diffusion factors are decisive.

If mixing is complete in the preheating zone, i.e. before the beginn ng

of the reaction, then it has no effect on the burning rate. It is obvious

that in this case combustion proceeds in the kinetic regime and the rate of

burning does not depend on the particle size of the components and must be

equal to the burning rate of the homogeneous system of that chemical composi-

tion. Such a regime of burning was first stuaicd in Ref.127 and then more

fully in Ref.81.

*Here and henceforth the term diffusion fdctors will be used to denote

the factors associated with the rate of mixing of fuel and oxidizer and not
those associatcd with the rate of diffusion of the products of combustion into
the unburnt mixture (as was the case in section I).
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In section 6,A it has already been noted that mixing in the preheating

zone can take place only if the fuel and oxidizer, or their decomposition

products, possess sufficient mutual solubility and this condition is known to

be valid for the system g + g but not valid for the systems g + s and

g + 1 (in the cases s + s, s + l, 1 + 1 the possibility of the mixing of

the components can be evaluated only for a particular system).

The regime under consideration can be observed only for sufficiently

small values of d(d ; dmin). The quantity dmi n  increases with increase in

the rate of diffusion and has a lower limit, since it must in any case exceed

the effective size of the molecules:

d > 10-8 to 10-7 CM (70)

Hence the second condition for the existence of the regime under consideration

is that the rate of inter-diffusion of the components must not be too small,

thus satisfying condition (70).

Starting from the expressions given in Ref.127, the inter-diffusion of

the components at a certain cross-section of the charge (x = O) vill be

considered. After an interval of time at the boundary of the mixing zone

is shifted transversely by an amount of the order

2(y2 D at (71)

Assuming that the combustion front moves relative to the given cross-section

w5th a constant velocity u, we car. write x = xI - ut where x' is

reckoned from the combustion front. Using the well know expression for the

profile of the preheating wave in front of the combustion zone

T -T
X a o (72)

u T -T0 0

* 2where a is the temperature transfer coefficient, cm /sec, and the tempera-

turcs T and T refer respectively to the cold mixture and the reaction0 c

zone; putting at = ax'/u in (71) and integrating, the order of magnitude of

d. is given as equal tomiln
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a (73)"min= T - T 0
T1

--2 -1

where m is the mass rate af burning (for d 4 drin), gmcm sec , p is
3- 1 - 1

the density, gm/cm3; for the quantities K (cal cm 1 sec deg "') and

(cal gm-1 deg-') the mean values over the preparatory zone are taken. If

there are phase transitions in this zone, then it is divided into subzcnes and

the integration in (73) is taken successively over each of them. For brevity

it is assumed that mixing takes place basically in one subzone in the interval

T to T (where T < T < T). The coefficient of interdiffusion of the

gases is tIen as D = Do(T/To)n, where n = 1.75 to 2. For n =2 we

obtain from (73)

nu ml p TToT T-n
S0 (7)

For diffusion in the solid and liquid phases D D, e and then

(73) gives

(li8~ -' IT " - '/(Q/ 75

-q/I'° [i~ /  -Jc) - li(e. /R 0 e ")] , 75
d l eX) f-

where l x  denotes x. The values li z are taken from Tables,

Aalthough for Q >> RT (for e"0"/1  <i 0 " e 1 04  thieapproxina-

tion i z z/lnRT z can be mde with an error not greater thn 10-12>. If in

addition e >> e , then (75) g.ves

-Ie
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Equations (74) to (76) in principle allw evaluation of dmin for any

particular system.

It is of interest to evaluate the range of values of the quantity d

for a given type of system. This is particularly successful for the type

g + g. In fact the value of the complex quantity 6 = Po Do varies

within relatively narrow limits for all gases which can appear as vaporization

products of various condensed systems and for which Tables of data are avail-
-3 -1

able; thus the range = 10 to 1o gm cm sec includes all the

ordinary di- and triatcmic gases, the various gaseous hydrocarbons including

the heaviest, the vapours of many organic liquids, etc (at temperatures from

200 to 300OC; it is assumed that TO = 2730 K). Apart fran this, if the

experimental dependence m(p, T) is neglected, then the right hand side of

equation (74) is independent of pressure and depends to a relatively small

extent on the choice within reasonable limits of the temp!ratures Tc, TI and

T0. Assuming for instance that the temperatures T and TI can changeC t'

independently in the intervals 1500 to 3000 and 600 to 1000 K respectively,

equation(74) gives the following range of values of dmin:

d 1.5 to 35 microns (77)min m

-2 -1
where m is in gm cm sec . In Ref.137 the experimental value dmi for

-2 -I
the stoichiometric mixture KCIO + bitutnen for m z 0.2 gm cm sec was
-70 microns which lies within the limits of evaluation (77)-

The position is much more difficult for the types 1 + 1, s + 1 and

particularly for s + s, owing to the lack of data on diffusion in the

systems, metal + salt, resins + salt, etc. Indirect data (diffusion of metals

in metals and slags, mutual diffusion of salts, cto) shaow, that for the system

s + s the diffusion coefficient depends to an extraordinarily large extent on

the nature of the ccmpon,nts and this excludes the possibility of any evalua-

tion of dmi n from indirect data. For diffusion in the liquid phase the

dependence on the nature of the compcnents is considcrably less but the range

of d obtained from indirect data inserted in expression (75) (for

reasonable assumptions regarding the range of variation of T ad Ta

extends over about four orders of magnitude. Such a widc evaluation has no

practical intercst.
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B DI.MIUSION IGII.S OF COEBUVION Or? USE IONS OF SOLID PARTICLES

In the previcus section 8,A it was stated that in systems of the type

g + s or g + 1 a kinetic regime that is associated with the mixing of the

comonents in the preheating zone cannot exist and that for these systems

mixing can occur only simultaneously with burning.

However for mixtures a + g or 1 + g there can occur a pure diffusion

regime (and in principle also a pure kinetic regime) associated with the fact

that the combustion of each particie (or drop) takes place in a diffusion (or

kinetic) region.

Only the diffusion regime is examined here, since the kinetic regime is

clearly not experimentally attainable.

65
0.1. Leipunslzii suggested that the combustion cf a suspension of solid

particles could be treated in the same way as the combustion of a homogeneous

gas mixture and in accordance with the theory of Zeldovich it was assumed that

m 6 (78)

where m is the mass burning rate, gm cm sac , and € is the rate of heat

release in unit volume of two-phase flow (solid particles + gas), cal cm 3

-1
Sec

This supposition is true for extremely, small particles, and it is this
case which is studied in Rcf.65. For large particles it is doubtful whether

equation (78) can be applied, but nevertheless since there is a lack of more

fundamental relationships this equation has to be used for qualitative

deductions.

The heat release due to the combustion of particles can be written in

the form (see Ref.138)

Lri d 2 nS a 2 (79)

where p is the density of a particle, o/cm3, 8r/at is its burning rate,

cM/sec, 2r = d is the diameter of a particle, cm, n' is the number of
3particles in I cm of two-phase flow and Q is the heat of combustion for

I gm of fuel, cal/g.
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Substituting at (N + L) from (39) and nt from (62) in (79) therp
mass rate of propagation of flame is obtained:

Iu
mCC d 12(N + L)QX (80)p x

If the dependence of the rate of burning on only the pressure and particle

size is required, then (80) can be rewritten as

M (81)

since all the remaining Tuantities under the square root in (80) are

independent of pressure (N, Q, x, : p) or almost independent of pressure

().

For small particles x v cc pu/p and correspondingly u/I = pg c p.

Thus for the rate of propagation cf a flame in a suspension of small solid

particles (or liquid drops) in the case where the particle combustion takrs

place in the diffusion regime

m Vp/d (82)

(which is the same as equation (4) in Ref.65).

For large particles burning in the diffusion regime it follovs from (81)

that

mc 1/d f(p) . (83)

Hence the velocity of propagation of a flamc in a suspension of solid

particles for the case of small particls dcpcnds on pressure end for the case

of large particles is independent of pressure. However the rate of burning

and time of burning of each individual particle (whether sma ll or large) in the

diffusion regime do not depend on pressure (see section 4,A). At the same

time the number of small particles in unit volt of flow is proportional to

the pressure, but the number of large particles in unit vclum of flow is
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independent of pressure (see equation (62)). Thus m mp, for a suspensicn

of small particles and m * f(p) for a suspension of large particles.

In the derivation of (80) and (81) no assumption was made whether the

particles were volatile or involatile sinct the mechanism of diffusive buLing

does not depend on volatility, which only changes the ratio r,/rk and

correspondingly the absolute magnitude of the burning rate; see seoticn 4,,A,

However the experimental results quoted in chapter III show that for mixtures

with components that are easily va.orized (to which belong such oxidizers as

N IO 0 10 NH N0 3 and most organic fuels) u depends only to a alight

extent on d and does nct shair the relationship u c m w I/d.

It is only for involatile fuels (for example, graphite and tungsten)

that u depends to a considerable extent on d and approaches the relation-

ship u c m c 1/d (see section 13).

In addition to the relationship u(d) it is necessary also to consider

whether the theoretical relationship u(p) is in agreement with experiment.

In accordance with equations (82) and (83) there should be a smaller

dependence of u on p in the transition from small to large particles.

However in Ref.139 for the mixtures Al-Fc2 03 and W-DIO04 the opposite effect

was discovered: the burning rate for coarsely dispersed mixtures depended .o

a greater extent on pressure than for finely dispersed mixtures (see Table 41).

This discrepancy may be connected with the fact that combustion of the

particles does not necessarily take place in a free gas flow. Hence the

theoretical dependence u(p) described by equations (82) and (83) is not the

only possible one for diffusive burning.

The case where vaporization of the oxidizer is accaoanied by the

formation of a condensed residue (for example, K10 - KU0 + 202 or

PC203 -+ 2Fe + 1.5 02) or where part of the products of caabustion at the

combustion temperature is solid or liquid is ccnsidered in Ref.140. In this

case the condensed residue prevents the particles of fucl from being carried

away by the gas and ferms a more or less d.nse film through vthich bubbles and

streams of gas burst.

In the present case the particles (both small and large) are stationary

relative to the unburnt substance x = u. Correspondingly the number of
particles in unit volume of flow is constant for al pressures and is equal

to the number of particles in unit volume of the initial mixture. However

the magnitude of N frmn (80) may, generally speakdng, depend on the
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pressure, since diffusion does not necessarily take place in ; free gas flow.

In the general case N c C D, Aheie D is the coefficient of diffusion,

o is the concentration of oxidizer at a great distance from the surface of

the particle; for diffusion in a gas D I/p; 0 p and correspondingly

N * f(p), thus for the burning rates

A few particular cases will be considered:

(i) Molecules of oxidizer (for example KCI0b), without decomposing,

diffuse through a film of condensed residue (for example KCl). For this case

C f(p) and D * f(p). Hence
60

m c 1/d * f(p) for any value of d. (85)

(2) Molecules of oxidizer decompose with the emission of oxygen, which

diffuses through the film of liquid residue in the form of bubbl:s or i

solution. In the latter case C 0 p (according to Henryts law); the
o

diffusion coefficient D, to a first approxiration, does not depend on p*3

Hence

mcc for any value of d. (66)

In practice, an intermediate case may occur: for extremely small values

of d, where the surface of the components is very large, the oxidizer

Alhe case of involatile particles, for which only the diffusion regim of
burning is observed, is being consiaerc here; c.nscouently ro/rk z I and

L << N, thus N + L z 11 (see expression (40)).

*The diffusion coefficient in solutions dcnaids on the concentration of
dissolved substance, but this dependence is relatively slight, moreover with
increase in crncentraticii there is obscrv,.d not only a decrease but also an
increase in D (see section 6,B).
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succeeds in diffusing to the surface of a fuel particle* which has not yet

decomposed, i.e. case (1)occurs and m * f(p). However for large values of

d, and considerable thickness of oxidizer, the overwhelming majority of

oxidizer molecules decomposes first and then oxygen diffuses to the surface of

the fuel particles. If under these conditions case (2)cocurs, then for large

particles m = Vp.

A similar explanation is in agreement with the fact that for mixtures of

KC10 with coarse particles of tungsten u depends on p to a less extent
as content of KCIO4 is reduced 139 (since in this case the thickness of the

layers of liquid residue decreases and correspondingly the role of diffusion

through the liquid is reduced). In addition, it was found1 39 that u

increasingly depends on p not only with increase in the particle size of the

metal dm, but with increase in the particle size of the oxidizer dox (for

dm  constant). This result can be readily understood from the consideration

that with increase of dox the path of diffusicn of oxygen through the con-

densed residue increases in length.

o EXPRESSION FOR BU I RATE MN HO01.10 OUM AVID HETEM7OUS
EACTIONS OCCUR SngULiA EOUSLY

ii section 8,A the case where burning takes place as a result of a

homogeneous reaction was examined, since mixing of the components is brought

to completion in the preheating zone. On the other hand in section 8,B the

case was examined where burning takes place as a result of a reaction near to

the surface of the particles. In the present section the heterogeneous

reaction is considered initially.

There is also the possibility that a homogeneous reaction in the mixture

of the vaporization products might occur simultaneously with a heterogeneous

reaction at the particles (see Ref.174). Moreover particles may be intro-

duced into the system intentionally (catalytic or energy-providing additives),

or they may appear spontaneously in the process of combustion (for example,

set).

Lot the burning rate of a system %.thout particles in the reaction zone
b u and the burning rate of a system with added particles be u'. Their

ratio is denoted by u'/u = Z.

*The practical problem is more complex since the combustion temperature
of the particle is high and there is a gas film between the surface of the
particle and the layer of condensed residue.
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If the combustion of the system without added particles takes place in a

regime close to the kinetic regime, then the burning rate is proportional tc

the square root of the rate of heat release in unit volume, 0ho' as a result

of homogeneous reaction (see Refs.26, 27), i.e.

U 4 ~o f 2  e/R (87)

where p is the pressure, v is the exponent in the equation u = bp V, E is

the activation energy, and T is the coubustion temperature of the system

without added particles.

When particles are introduced there di hea release as result of

heterogeneous reaction at the surface (or clcse to the surface) of the

particles. Where a homogeneous and heterogeneous reaction occur in the same

zone,

F [2v C-rT'4 Uom + het 10 e Ohet (88)

where V is the combustion temperature when particles are present.

c

Consider the case when the hvterogoneous reaction tales place in the

diffusion regime, i.e. its rate is limited by the velocity of approach of the

reagents to the surface of the particles; then

Ohet P9 D/d2 A)(u/) (89)

where pg is the density of the gas, D is the diffusion coefficient, d the

size of the particles, and A is the velocity of the particles.

For small particles k. is close to the velocity of the gas, and

v c Pu'/Pg (where p is the density of the initial system). In this case

Shot p/d2 '  (90)

Substituting (90) in (88),for the value of Z = u'/u is ottained

I.
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Z cc X- R T T d2 exp _,RT (91)

If T' is independent of pressure, i.e. if the intensity of burning of
C

the particles is constant or the heat required tc heat them is constant, then

(91) yields the relationship

z cc \ A + Bp (92)

Hence, if for the system wLthout added particles exponent v < 0.5, then the

quantity Z increases with pressure, but if v > 0.5, then the quantity Z

falls with pressure.

It is also evident from (91) that Z increases with reduction of

particle size d, with increase of TI and with decrease of T • The lattera c

denotes that, other conditions being equal, it is easier to increase the burn-

ing rate of a cool mixture, i.e. a mixture with a lav combustion temperature.

In the literature there are a few experimntal results which enable the

validity of formula (92) to be asscssed. The change in the burning rate of

the stoichiometric mixture K010 + bitumen (v = 0.73 in the range 5 to
4

100 atm) with the addition of particles of tungsten and other substances was

investigated in Ref.138. In all cases the value of Z fell with increase in

pressure, which is in agreement with (92).

The action of added particles of charcoal on the burning of PETN

(v z 0.95) was investigated in Rf.201. In this case also the value of Z

falls with increase of p and at the same time the exponent v decreases to

Vf = 0.6 to 0.65.

It was s hovn by S.A. Tsyganov 7 that, for the gclatinized mixture

NH4C104 (5 ) + perspex with az 0.6, u depends only very slightly on p:

p, atm 25 40 70 100

u, MD/sec 9.3 93 8.0 8.3

(V25-40 atm O, VOlO 0 atm < 0); with the addition of char.coal or Cu20 u

depenas more strongly on p. Consequently the value of Z rises rapidly with

increase in pressure:
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z _ _ z _

p: am -. atm

2% charcoal 2 Cu2 o2% charcoalI 2c u2ou I 2.. 2

25 1.04 1.26 70 1.45 2.25

40 1.19 1o59 100- 2.65

An increase in the exponent v with the additicn of soot was observed

i.n Ref - 141 for the mixture WH CIO -paraformaldehyde in the pressure range4 4.-
where v = 0 for the original system.

Thus the relationship (92) is in agreement with the experimental data to

be found in the literature.

D T BEO0RiICAL S2UDY OF U!I T R1 OACI A1ONG T.E CCMLN±2 MJE'ACE
BBINMK FUEL AND OXID 1

The propagation of a flame along a plane and cylindrical cotact surface

between fuel and oxidizer' was investigated e;perim-ntally 2  and then' 142--145
theoretically as the limiting case of the ccbusticn of a system with

very large particle sizes of the components. Ho-ever the combustion of

ordinary composite mixtures not only leads to the propagation of a flame along
the surface of contact of the compnents, but also involves the process of the

transmission of burning from one particle of oxiaizer to another tinrough the
layer of fuel owing to thc transfer of heat frcm the neighbouring particles of

the system12 4

Experimental work on the propagation of a flame along the surface of

contact of the comononts will be considered later (section 18). At present

only the deductions of the theoretical wcrk are discusscd briefly.

In Ref.142, using the mcthod of Zcldavich-Schwab, thc two-dimensional

problem of the ccaustiOn cf plane layers of fuel and oxidizer was ivestigated

using the assumption that the masses of oxidizcr and fuel arc in stcichicmetric

proportions, that the surface of the charge facing The flame is plane, etc.

The solution is extremely cumbersome; at the samc time an -xprcssion for the

burning rate has not been obtained in an cxnlicit form and thc results of

numerical calculation are not given.

It is suggest'. that the rate of b-dig u is prc tically Lindcpondent

of pressure. In section 18 it will be shovn that this result contradicts
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experiment* in almost all cases. The problem of the propagation of a flame

along the surface of caitact of the components was solved in Ref. 143 using

similar assumptions. The results of the solution are also similar; for

instance it was found 1 4 3 that for the diffusion regime u 1i/h * f(p), where

2h, the width of the layer, is the same for the layer of fuel and the layer of

oxidizer. The method of solution used was different from that in Ref.1)42.

The combustion of an ordered system has been examined I1 5 on the basis of

the concepts of the 'two-teniperature theory', which proposes that on the sur-

face of the charge there are plane recesses and projections; the first

correspond to the component that vaporizes more readily and the second to the

component that vaporizes less readily. The expression for the burning rate

was not deduced in an explicit form. The numerical calculation was given for

the systems NHC10 -polystyrene and NH C10 -,nlyurethane, using data on the
4 4 4 4 -cyxehe

rate of pyrolysis cn a hot-plate.

The results are givcn in the form of graphs on log u, log d coordinates.

For the system _NTH C10 -polystyrene with oxidizer fuel ratios 90:10 and 80:20
4 4 d-n

calculation gives straight lines corresponding to the relationship u C d - ,

where n z 0.9 for any value of d. This result obviously ccntradicts

experiment. The actual dependence of u on d is generally less and more-

over the slope of the curve u(d) (and consequently the value of the

derivative a In u/0 In d) changes as d changes. For the system

NH.010 + polyurethane (for oxidizer fuel ratios 90:10 and 80:20) the slope

of the theoretical curve (coordinates log u, log d) increases with increases

in d, i.e. the dependence of u on d becomes greater as d increases.

This result is also doubtful. The mean value of the exponent n ever the
-n

appropriate range of d in the theoretical relationship u = d for the

system NH 4 C10-polyurethane lies between 0.5 and 0.6, i.e. the theoretical

dependence of u on d is too high in this case also.

Another approach to the solution of this problem was used in Ref.144.

This is the only wor so far which has taken into account the experimental

fact that along the surface of contact of the coamponents a wedge-shaped recess

is formed in which the flame is located. The expression for the velocity of

the flame in Ref.144 is found from the condition that at the 'tip' of the

*The velocity of propagation of a flame does not depend on pressure for

only one system (,kIO4 -pcr3spex) 1 2 7 over a wide range of prossurc (5-100 atm).
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flame (i.e. at the point of the flame nearest to the unburnt mixture) the

critical flow of substance is attained which can still be consumed by chemical

reaction in a diffusion flame. The expression for the burning rate is

obtained in an explicit foin. Although this apears cumbersome, it is

nevertheless clear that the rate of burning must depend on pressure. This

is also in agreement with experiment.

An absolute value of the rate of burning is also given in Ref.114-

This evaluation agrees in order of magnitude with the experimental data of

Ref.124. Agreement with experiment would be better if the fact was included

that the thermo-physical properties, especially the heat of vaporization, of

the fuel ard oxidizer usually differ greatly from one another. Therefore the

actual recess in the layer of fuel is sharper than in the layer of oxidizer,

whereas a symetrical configuration was considered in Ref.144. The evalua-

tion14 4 of the ,ridth d of the layer of cea onent at which the burning rate

ceases to depend on d, calculated to be d4 z 0.026 cm, can refer to the
fuel but not to the oxidizer, which by cxIerincnt is 4, " cm. In addition

d, depends on the pressure (see below).

a E IN3iEAM OF FJR R-'E BY 1Th EODUCTION OF .T ADDITIMS

It is useful to ccnsider the fact that thc mass (and even linear) burning

rate of a condensed system can in principle be increasd by the introduction

of an inert additive 134 .

According to (8) the mass bunning rate is

I 2,2
mnax

m= 1  2 E

It follows that, other conditions being equal, m increases as the heat of

combustion, q, dccreases. This result is of little significance if q

changes solely wing to the introduction of an inert acditive.

The subscript 'a' (active) denotes quniLios rcferring to the undiluttcd

system, and the subscript 'in' (inert; dCnotes quantities ruferring to the

inert additive. ;'.uantities referring to the mixture (activw substance + inert

additive) are left without a subscript. The hcat of aoinbusticn of a system

with additive is q = qa (I - x), wherc X is the fractirn of additive by

weight. The rate of heat release in unit volume of flw is

L.
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= qa a oat) " c - 3 s°1
max ,.(ma.t ~ c c So

where W is the mass rate of reaction of active substance in a mixturemax
containing inert additive (at T = T c) Neglecting the change in anmd EP

Ne obtain

T 1W
m I IflaC max

STmax a (W max a

FTmax 1n/2 n 2R-
cc ~ ~ a a] 1- '

If only extremely small particles are considered, then ., the fraction of

the volume occupied by the particles in the two-phase flw, is excecdingly

small (i.e. I - V1 z 1). In equaticn (93) as x increascs, the factor

1/ - % causes m/ma tc increase, whereas a very sharp reduction of

W (w(a)a resulting from the reduction of Tm]!(Tma,.)a, causes m/ma to

decrease. The resulting value of m for an incrt additive can be either
m/a

less or greater than unity, but not larger than I/(I - y), thus the limiting

value of n/a is 1.11 for X = 0.1 and 1.25 fcr X = 0.2, etc.

The significance of the factor 1/(I - X) in equation (93) becomes

cleax, if m is written as the sum of the flow of active substance m(1 - X)
and inert additive mX. Then for the mass burning rate of active substance

RT2
0 -X)max(q a)m J ? max  E

i.e. the mass burning rate of active substance can only decrease with increase

in X.

Thus the tcrm 1/(1 - x) describes the increase of mass burning rate as

a result of addition of a mass of inert substance. With the addition of

inert particles of low specific heat and high density the limiting value
Scan be approachud quite closely. It is not very difficult to

ma X
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obtain the expression for the linear burning rate by using expDressicns similar

to those given in section 7,B

"a n/2r- T i-/ 2R TJ

U - ma _ (ax mVanx[I) e~i a T .
Ua Ma T;;a

(94)

/ 'a
In this expression the factor + j- . ) which increases as X

increases, gives the upper limit of the increase of u/ua. This is related

to the fact that for the same rate of reaction in the gas phase the linear rate

of burning of the system with inert additive must be higher so as to be able to

supply the necessary amount of substance in the reaction zone (small inert

particles occupy an appreciable part of the volume in the solid phase and a

negligibly small one in the two-phase flw).

9 MULIDDONtI01RL CHARAT CF BURNING OF COMENSED NIXTUIES

For extremely finely dispersed (d < dmin) mixtures with vaporizable

comonents combustion takes place in the kinetic regime, and the combustion

front is plane (Fig.18a). When d becomes greater than dmi n  the mixing

cones cease to be enclosed within the boundaries of the preheating zone. At

the surface of the combustion front cone shaped projections appcar, where
combustion already displays a diffusion character (Fig.lb). The size of the

projections increase as d increases and the surface of the combustion front

becomes more and more distorted (Fig. 18c).

It should be noted however that for any value of d, houever large, the

'tipst of the flame are located in a homogeneous mixture, since the mixing of

the components starts earlier than the reaction bctwen them. Corrcspcndingly

burning at the 'tips' of the flame (in a zone cf width about dm) takes

place in the kinetic regime, but above this is located th3 dif/fusicn flame

(height about m 2 /d).

The surface of the condensed phase, gonerally spcaidrrg, is not plane

even for d < d because of the difference in the rate of vaporization of

the components. For large values of d deep recesses inside which burning

tokes place are formed along the surface of contact of the ccnpon(nts.

Thus for d > dmin cobustion of condensed mixtures is essentially multi-

dimensional. The combustion front consists of a scries of tongues of flam.
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the 'tips' of which penetrate deeply into the condensed phase along the surface

of contact of the ccmpcnents. In their ulper part the tongues of flame merge

together into a single diffusion flame.

The multidimensional character of the surface of the condensed phase can

be clearly observed by means of cine-photographs durin&, combustion (Fig.19) and

also by the examination of burnt charges. Under certain conditions the

oxidizer crystals form the projections and the fuel the recesses; under other

conditions the reverse may happen. Observation of the burning surface is

frequently made more complicated by the fact that the vaporization of each

given oxidizer crystal or of fuel is 'a non-stationary process. In addition

there is frequently a liquid or solid condensed residue on the surface. When

studying extinguished charges errors can result from the non-homogeneous

extinguishing of the charge (the tine during which the vaporization process can

be suppressed may be different for the fuel and oxidizer).

Experimental observations have shown that at high pressures

and high burning rates the crystals of NHIO 10 form recesses on the surface,4 4
and the fuel projects. At low pressura-s and low burning rates this difference

is smoothed out or the oxidizer crystals begin to project. Thiokol polymer

was used as fuel in Ref.105, and 2.4 parts by weight unsaturated polyester and

I part by weight nitroglycerine was used in Ref.146.

217
This type of structure of the surface of charges was observed for

mixtures of NH0104 with malonic acid and succinic acid and starch. For a
mixture of NH 010 with naphthalene (a very volatile fuel) only 10C1O was

found on the surface of extinguished charges along with a s-all quantity of the

decomposition products of naphthalene. Gn the other hand for a mixture of

NH 010 with tungsten there was an accumulation of tungsten (the non-volatile
4 4

component) on the surface.
,-c 124

In section 6 C the results of investigations 1 werc mentioned in which

measurements wore made on the shape of the recesscs formed on a plate of

perspex during combustion in the folloyring system: layer of XCO0 4 of thickness

d between two thick plates of perspex. Thu experiments were conducted in

nitrogen at I atm abs and thc. flame was suddenly extinguished at a known time

by a stream of water. The profile of the plate was measurcd under a micro-

scope with micrometer traverses on three mutually pcrpcendicular axes. In

Fig.20 is shown the mean profile, taken over many measurements, of the recess

for oxidizer layers of thickness 25 and 3.8 num. The angle of burning

(i.e. the angle between the tangent to the profile of the recess and the
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direction of propgation of the flame) decreases smoothly in proporticn to the

distance from the flame 'tipt. In the initial portion (2 to 3 m) the mean

value of 0 i1 -32 for d = 25 mm and -13 for d= 3.8mn. The burning

rate increased with decrease of d (from 0.50 nm/sec for d = 25 mm to

0.97 am/sec forc' d = 3.8 m). Thus the angle cf burning becomes less as the

burning rate increases owing to the decrease in d.

The angle of burning also beccmes less if the burning rate increases

oving to increase in pressure. In the same wcrk 1 2 4 the mean angle of burning

was measured for thickness d = 0.9 mm for vinyl plastic:

p, am 10 20 30 140

u, mm/sec 1.37 2.12 2.43 2.73

OM9m 0 14c 50' 14° 40' 130 -

These results car. be expressed by the empirical. relationship sin 0 z 0.4 u 0

It was not possible to obtain12 4 reliable measurements of the angle of

burning in the oxidizer layer, since in extinguishing the clrge with water

the surface of the oxidizcr layer was damaged. Measurements carried cut

during combustion, in the case of such oxidizers as 1C0 4 , KCI 3 , ; 1 r0 and

BaO2 , are made more complicated by the prescnce of condensed residue.
Approximate measurements (based on the appearance of temper colours on needles

introduced into the oxidizer layer) gave € 55-65 ° for K0O at I atm abs
and d = 25 ran.

10 HJULTISTAGE BURENG OF CONDENS) MIXTUIES

In the case of systems of mixtures with vaporizing components (for
d > da) there are two combustion zones: at ocints in the flame which are

not very close to the unburnt mixture combustion take place in the kinetic

regime and the diffusion flame is located above.

It is suggested 97 I04il18 et al. that for systems based on NHNO3 and

NH C10 a third zone also exists in which an exothermic reaction occurs. In
4 4

this zone, located immediately above the sLurface of the oxidizer crystal,

combustion of the vaporization products takes place.

In the case of N1 NO vaporization of the oxidizer proceeds according to

the reaction:

'I
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NH NO N41R1+ HR
4 3 3  3 - .5 kcal/mole

ammonia and nitric acid vapour form a flame with a calculated temperature of

-1250°K 97 ' 1 18 near to the surface of the c.rstal.

In the case of NH 010, the oxidizer vaporizes by the reaction:
4 4.

NH lO -0 NH + H010 - 56 kal/mole

and the ammonia and perchloric acid vapour burn near the crystal surface with

a calculated flame temperature of 1380 K at I atm abs 150 .

It would be interesting to study the characteristics of the NH3 + HC10 4

flawe directly but this is not possible due to expsrimental difficulties.

However successful studies have been made of the combustion of HC10 4 alone

(deccmpositicn flame) and the coiruustion of mixtures of 110104 with H2) C14, CO

and other fuels I ' 1 9.

The decompositicn of H010 4 at high temperatures proceeds according to

the reaction
148 :

HO10 HCl + 20 + 21 kcal/ole .

The combustion of the vapour was studiedI  of 72, aqucous H0 solution
4

which corresponds to H010 + 2.17 H20* at 21000. The burning rate was
4 2-

u z 19 cm/sec, m = 0.021 gm cm- 2 sec-1 ; the calculated flame temperatureMwas 1076°K.

The rate and temperature of burning increase considerably Vwth he
addition of a gaseous fuel tc the HCIO vapour (Table 33).

*i

"

* Anhdrous 11010 is too unstable. I

4I

II
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TABLE 33

Mass rate of burning and combustion temperature of homogeneous mixtures

(HCO 4 + 2.17 H2 0 + xN2 ) - gaseous fuel !U 9 , p = I atm abs, TO = 210 0 C

2 , T4..... 
...ee 1 T v

Fuel x- . . .. . .. 
= 1

a a-- -66 a= 0-5 ac=0-4 max OK K

CH 1 0.48 0o..46 0.41 0.67 0.90 2630 2620

00 0 0.285 0.334 0.388 0.37 0.50 - - -

oH3OH 2 0.459 0.503 0.395 - 0.72 0.91 2520 2505

toH 1 0.502 0.545 042 - 0.72 0.84, 2650 264
A __ _ _ _ _ _ _ _ _ ___ ___.___ __ __ __I__ __

For the same flame temperature, the burning rate of mixtures with WI0 4

is higher than for those with oxygen 1 9 .  Hence HC110 4 does not simply

decompose to release oxygen, but is also a more active oxidizer. The mass

burning rate of pure NH 010 4 at i atm abs and 2 0 0- 2 2 0 c0 47 is 0.029 to 0.036 gm
-2 -1.

cm sec , i.e. it is considerably less than the value of m for mixtures of

HI1 with gaseous fuels. This is not unreasonable since the vaporization of

NCI O 10 -+ NH + HC10 is a strongly endotherntic process and the combustion
*44 3 4

temperature of NH 4C10 4 is low (1380'K).

The mass buning rate of NH 010 - polyester mixtures at I atm abs

and 2000 lies within the limits 0.20 to 0.27 gm cm 2 sec 1 , i.e. it is quite

close to the value of m for mixtures of H010 with gaseous fuels, although
4

it is smaller.

Dfrect observations on the kinetic combustion zones under consideration

are extremely difficult, since the distance from these zones to the surface of

the charge can be calculated to be 10 " to 10 - ow Only during the burning

of relatively large (several millimeters) spheres of NH CIO in propane232 are

two combustion zones clearly observed on cine-photographs, and that directly

adjoining the surface of the sphere apparently results from the combustion of

NH3 + HClO.

A LEADING STAE OF C~MUSTION

In chapter I it was observed that combustion can proceed in several

widely separatcd stages in homogeneous ccndcnsed systems and in even homo-

geneous gaseous systems. This is related to the special characteristics of



128

the chemical reaction kinetics in such flames since the reactions proceed

stepwise. Such a 'multistage chemical' character can also be associated with

systems of mixtures. However, the existence of several combustion zones,

considered at the begining ef section 10. is associated..not with the 'multi-

stage chemical' character but with the ]resence in the system of two different

ccm onents (one of which - the oxidizer - is capable of self-sustained burning)

and with the multidimensional character of burning.

The problem of multistage burning is the question of the extent to which

each stage influences the burning rate, or in other words to what extent the

burning rate 6hanges, if the reaction in a given stage is either-retarded or

accelerated, without changing the rate of the reaction in the other stages.

In section 5 this question was examined for homogoneous systems. For

homogeneous systems the suggestion has been. put forward in seyeral papers (for

example 138, 153 and others) that in multistage burning there is not

infrequently one leading stage, which determines the burning rate. The

remaining subsidiary stages are controlled by the burning rate.

This S3ppositimi seems reasonable for a plane cutbustion front which was

considered in the works mentioned above. In fact there is a single value for

the burning rate for a plane cabustion front with a given temperature and
54.

composition of reagents . If a catalytic additive is introduced, which,
for example, increases the rate of decomposition of the initial substance into

intermediate products, without changing their tcmpcratuxm or composition, then

the leading reaction zone bcgins to be moved by the inieased flow of inter-

mediate products in a direction away frot the surface of the charge, until, as

result of the decrease in heat flow from the leading stage, the velocity of

the subsidiary stage again returns to its original value. At the same time
only the temperature profile changes throughout the whole ccoabustion zone, and

in particular the temperature decreases at the surface of the charge.

This treatment refers ;o the case where the leading stage is located

further from the unburnt mixture than the subsidiary stages. Alternatively,

when the subsidiary stages aro located flirther away than the leading stage,

then if there is an increase in the rate of the leading stage and an unchanged

rate of reaction in the subsidiary stage, it would seem that the zone of the

subsidiary reaction should be displaced by the flow, i.e. such a configuration
would be unstable. In practice this does not occ,,ur (see section 5)o

The existence of a leading stage during the burning of condensed mixtures

was examined in Ref.155.
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When the multidimensicnal burning characteristics of condensed mixtures*
for d > dmin (see above) are considered, the logical expressions which
showed the necessity for a leading stage of combustion lose their significance.

In fact for multidimensional burnig there is no single value of the rate
for a given temperature and reagent composition, since there is an additional
independent parameter - the area of the combusticn front for Vnit cross-section
of flow.

As an example consider the fairly common case of condensed mixtures in
which the oxidizer is capable of self-sustained combustion and the fuel is
able to vaporize as a result of heat transfer from outside. The intermediate
products formed during the burning of the oxidizer mix with the intermediate
products formed during the vaporization of the fuel ard fcrm a flame which
near its 'tip has a kinetic and above it a diffusion character.

Introduction of a catalytic additive, which for example accelerates the
burning of the oxidizer but does not change either the temperature or the
concentration of intenmdiate products, should rapidly change the f co- of the
surface of the charge and the shape of the diffusion flame. Assume that
initially the vaporization of the fuel and the oxidizer take place in the same
plane. After addition of the catalyst, which acccelerates the oxidizer
decomposition, but does not have any effect on the vaporization of the fuel,
the oxidizer particles will form recesses and the fuel will project. Con-
sequently the shape of the diffusion flame changes. The burni-ng rate also
changes, since it could not remain constant for two different configurations
of the combustion zone.

The diffusion flame is also not a subsidiary stage. Direct experiments
(see section 13) show that on changing the velocity of a diffusion flame by
changing the degree of mixing of the components the burning rate as a whole

is changed.

Thus theoretical ccnsiderations show that the rate of mult" imcnsional
multistage burning is not determined by processees taking place in any one

stage.

Howev r the effect of the varicLs zones on the rate of burning is not the
same. For condensed mixturcs the proposition remains valid that only those
zones which are not too far away have any significant effect on burning.

* *Multidimensional burning can also exist in homogeneous systems if it is
acompanied by the formation of a condensed rtsiduo such as flakes of soot.
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In section IO,B this is examined in more detail. However, it is necessary to

bear In mind that the effect of the i-th stage on. the rate of burning Jamnot

be. correctly assessed, if only the direct heat trarsfer f rcm this zone to the

unburnt substance is considered. The supplementary flow of heat from all the

(i-i) stages between the wnournt substance and the i-th stage, arsociated with

the rise in temperature within the boundaries of these zones owing to the

transmission of heat frm the i-th stage, can be much more significant. Heiie

only that zone which i3 located far away not only from the unburnt mixfure but

also from the intermediate ombustion zones is 'sufficiently far away'.

Direct observations of all the combustion zones of the systems of

mixtures considered above present great experimental difficulties and have

not yet been carried out, So far there has been even less success in using

direct experiments to determine to what extent each of these zones affects the

burning rate. Only indirect treatments of this problem exist in the

literature.

Itis ste 9 7 01 1 3 0 1 8
sIt is s ste that for mixtures based on NH NO the basic

role is played by the NH + HNO3 flame ncar to the surface of the cxidizer

crystals. The following argumpnts support this view:

(I) Many powdera and model mixtures based on N T NO3 have the same,rate,

of burning as NH NO3 without fuel, when NH NO as well as the mi.tiwos based,

on it contain the same catalyst.

(2) A change of the molecular weight of a polymer hae a great effect on

the rate of'pyrolysis and hence must have a groat effect on the characteristics

of the diffusion flame*'. However, the burning rate is practically independent

of a change in th molecular weight of the polymer.

For mixtures basbd cm NH40104 it is proposed in Refs.104, 141 and else-

where that th6 basic role is played by the flame of the decmpos ition products

of the oxidizer (NH + H010 ) It has been shovn 1 4 that it is necessary
fundamentally to include the increase in temperature in the NH 3 + I0=4 flame
zone due to the transfer of heat from the diffusion flame wlich thus rCsults

in an increase in the burning rate.

An assessmcnt of the distance a between the surface of a crystal of

NH00 4 and the N + h lO4 flame is given in Ref.104. This distance

was very sall, of the order of a micron.

'This conclusion is far from obvious and mcreover has not been vcrified

experimentally.



151

Such an assessment is easily deduced frcn the heat balance equation on

the assimmticn that the burning rate is determined only by the NH3 + HC10 4

flame zone:

dTT Ts

pu[c('r-T dT X (99)ox A
S

where for NH 010 p : 1.95 gm/cm3 ,  = 0.26 cal gm- i deg- ', the heat of

g a / c m , - - 1
vaporization Q 56 kcal/mole = 477 cal/gm and r-iso X z 2.10 cal cm

- eg-'1 T lO0.
sec deg IT = 11100.

At 35 atm (Ts = 6 8 0 01 30 , u z 0.3 cm/sea) a value A z 2.3 9 is

obtained from (95) and at 70 atm (Ts z 72000130 and u z 0.7 cm/sec) a

value A = 0.9 V.

Although the experimental dependences of the burning rate of multistage

combustion on the pressure and initial temperature, etc, differ very little

from the parallel relationships for single-stag burning, theoretical

expressions have net yet been obtained for the burning rate of multistage

combustion (see section 5). It is true that Sumerfield's equation10 5 for

the dependence of the burnng rate of two-stage combustion (kinetic zone +

diffusion zone) on pressure is widely used in the literature, i.e.

I a b+ -(-)
u p S

where a is determined by kinetic factors (in particular a . c c).

The coefficient b is determined by diffusion factors (in particular,

b c d). However in the derivation of (96) a series of arbitrary assumptions*

has been -ade and hence this should be regarded only as an empirical equation

*It is assund that the vaporization products of the fuel and oxidizer

forni separate 'pockets' and also that the mass of a 'pocket' does not depend
a the pressure and is small in comparison with the mass of an oxidizer
crystal or layer of fuel. It is assum.-d also that the tempnrature gradient
can be written in the form (T. - T s)lk + 1d). wherc Ik and 1d are the

widths of the kinetic and diffusion zones, etc.
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suitable for those mixtures in which the expcnent v in the equation u = bpv

is greater than -

B ZONE 'IUICH CONTRQLS BjRRMl PATE

The proposition (formlated in Refs.124, 156 and elsewhere) that the
burning rate of &ystems of mixtures is not controlled by the whole of the

reaction zone in which the initial mixture is converted into the final combus-
tion products, but only by a oertain part of it ('zone of influence', 'active
combustion zone' etc) abutting on the charge surface, has proved to be most

useful in explaining experimental data.

Some idea of the width of the zone of influence can be obtained from the

on the propagation of a flame along the surface of contact of
plane layers ef perspex and HC00 Various thin Lilm were pressed or
deposited from solution on -o the surface of the perspex layer. For poly-
ethylene filns of increasing thickness A, the velocity of the flame at first
increased ard then (Fig.21) for a certain thicimess A* developed a plateau.

The value A, is evidently equal tv the thickness of the film which can burn
completely in the zone of influence. Further increase in thickness (above

A.) of the polyethylene film no longer hqs any effect on the burning rate,
since the latter is unaffected by what occus outside the zone of influnoo -

whether polyethylene. or perspax is burning there. With increase of pressure
the value of A, decreases (from A,* : 0.9 imm at 10 atm gauge to
A, z 0.2 ran 'at 30 atm gauge). If the angle of burning of polyethylene is

equal to 0, then the height of thc zone of influence is equal to
hinfl z A* cot 0. For pclyethylene the angle of burning was not measured.
If it is assumed that the value of 0 for polyethylene is the same as for

vinyl plastic, then at 10 atm hinfl Z 0.9 cot 190 2.6 m, and at 30 atm
hinfl z 0.2 cot 4° . z 0.76 m.

The size of the zcne of influence for ordered systems can also be
evaluated fraa the depcndence of thu flame velocity u on the thickness of the
oxidizer layer dox, With increase in d ox the velocity of the flame at
first falls and then at a certain valuc (dox)* straightens out into a

plateau (Fig.54). As in the case of A* the value of (dox)* is equal to
the thickness of layer which can burn completely in the zone of influcnce.
The valun (dox)* is 5-6 mm for the K0104 -pcrspcx system1 2 4 12 7 It is not

possible to calculate the height of the zone of influence starting from
(dox), , since the angle of burning in the layer of oxidizer was not measured.
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In the usual disordered mixtures the size of the zone of influence and

the fracticn of the components which succeeds in reacting in the zona of

influence must depend on the particle size of the components and also on the

pressure, etc. Special experiments 4n which the width of the zone of

influence could be measured have not yet been carried out.

Nevertheless., some conclusions may be deduced from the experimental

dependence of the buning rate on the degree of mixing of the cooponents, the

ratio of the components, the pressure, etc (see chapter III). For ordinary

disordered mixtures the size of the zone of influence is evidently considerably

less then for the ordered systems which have just been considered. For an

oxidizer particle size of scveral hundred microns and not too lov pressures it

is not possible for the components to react completely in the zonc of influence.

The fraction of the components reacting in the zone of influence falls rapidly

with increase of d, but the absolute size of the zone of influence evidently

increases scswwhat with increase in d.

The heat used to heat the particles which react a long way dm'stream

from the zone of influence is not campensated, generally speaking, by the heat

tran3ferred from distant parts of the flame. The presence of such particles

in the zone of influence results only in a loss of heat. In other words

combustion in the zor.e of influence takes place in the presence not only of

sources of heat (as a resit of chemical reaction), but of heat sinks (heat

exchange to particles reacting outside the zone of influence). Other condi-

tions being equal, heat losses become hligher as the temperature transfer

coefficient of the particles increases, and the size of the particles

decreases.

In many cases the components first vaporize and then subsequently react

with one another. If the particle size of the components is sufficiently

small, and their volatility high, the particles vapcrizc completely aud the

mixture ratio remains the same as in the initial mixture. H-cwcver -with

increase in narticle size of the components different fractions of fuel and

oxidizer succeed in turning into gas within the boundaries of the zone of

influence. Consequently the mixturt ratio in the gas phasL bLgins to differ
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from the initial mixture ratio in the direction of an excess of the more

volatile compcnent*#

In section.6,O it was noted that in the burning of ozrlinary disordered

mixtures the rate of vaporization of the componente depends on the heat of

vaporization. Consequently mixtures that are not too finely divided contain

more oxidizer in the gas phase within the boundary of the zone of influence

than the original mixture, since the heat cf vaprizatin. of KOO is close
.9 4.

to -zero and the decomposition of NH 010 and PH NO is accompanied by the
fomation of the NH3 + HC10 4 (or NH + HRO3) flame and thus takes place with

heat release. However, the vaporization of ordinary organic fuels requires

a considerable expenditure of heat.

C MODEL: COMBUSTION OF AN OXIDI2R PARTICIE + VAORIZATION OF A IAYR
OF tUnL

Various works 10 4 ' 14 t etal. have already been mentioned in which it is

suggested that the rate of burning of compositions based on NH4C1 4 ia the

same as the rate of bmu-rhng of crystals cf pure NH 010 after making allowance
4 4.1

for the temperature increase in the Yd + TiOlO flame as a result of heat
3.4

transfer from the diffusion flame.

However it is also necessary to take into account the rate of transfer

of burning from one crystal of oxidizer to anether through the fuel layer.
It is therefore relevant to consider the fcllo;ing elementary model of cmbus-

tion. Let the oxidizer crystals, identical in sizo, be distributed uniformly

in the fuel. The tite of burning of a portion of the charge of length

d is equal to (do/Uox) + (dr/W)t -whore Uox is the rate of burning

of an oxidizer crystal vrith allownace for the heat transfnr from the flame,

and w is the rate of vaporization of fuel as a result of the heat transfer

from the diffusion flame. The mean rate of burning of the composition is

*In this respect the burning of not too finely divided condensed mixtures
has some similarity to the diffusive burning of multi-omponent liquid fuels
(±or example petroleum oils) (see.Ref. 49) or with the burning of liquid

218
axpssA.re' mixtures In these cases the cmposition of the vapour phase,
in wtich burning takes place, aso may diffur considerably frm the ctaposi-
t _on of the initial mixture in thu directicn of excess of thc volatile com-
ponent. However for liquid mixtures burning does not prcceed steadily; the
most volatile components burn first. Oonsequently the rate of burnig can
change c-itinuously (for liquid explosive raixtur:.s prriodic oscillations were

also observed in the rate of burning2 18 ). On the other hand for condensed
mixtures burnng can proceed quite steadily; the fraction of the componcnts
which has not vaporized within the boundary of the zo.a of irn.luonce does not
mix with the initial mixture, but is carricd away to tho zone of the
diffusion flame, v&erc its combustion is cmnpletcd.
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d + dfi (97)

The rate of burning uox and rate of vaporization w vary with pressure in
different ways. For NH C10 at p 4 100-125 atm, Uox = bp. On the other

hand w, as can be seen in section 6,0, depends only slightly on pressure:

w b' p .to 0,25 Taking as a first appcximaticn w*. f(p) = b' and

putting doldf =k in (97)

k + I (k + 1)bb' (98)u:k/bp +-7b r bt k +bp

where b, b' and k do not depend on pressure.

It follows from (98) that, at pressures which are not too high, u

depends considerably on pressure (at bp << bi k, u c p). On the other hand

at sufficiently high pressures the rate of burning in practice flattens into a

plateau* (at bp >> b' k, u = const = b'(k + i)). The explanation of this

plateau is obvious: at high pressures the time of 'burning of an oxidizer

crystal is negligibly small in comparison with the time of transfer of burning

through the layer of' fuel, i.e. the rate of burning of the charge is equal to

the rate of vaporization of the layer of fuel multiplied by (k + 1).

Although this model is very primitive, it can evidently express the

characteristics of burning of systems with binder of very low volatility.

11 EFECT OF COMDENSED I&SIDUE ON TIE DTBEPVIMEE OF PdNGr RATE ON
PRSSURE

In some cases va-porization of the fuel or oxidizer is accompanied by the

formation of a solid or liquid residue.

In certain cases, for example for nmixturcs based en KClO , a layer of

residue of a definite finitc thicknuss is fend- on the surfLcU of the charge;

for the stationary regime of burning the ratc of formation of con"ensea rcs..due

*Taking the value w z 0.5 m/scc for the rate of vaporization (see
section 6,C) and the value -5, corresponding to -30. of binder by wcight, for[ the quantity k = dox/df, the limiting burning rate is ureI z 3 mr/sec,

which is reasonable.
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on the surface of the unburnt substemce is equal to the rate at which the con-

densed residue is removed by the gas at the- external surface of the layer.

Burning of the vaporization prcd-cts can take place either under the layer of

residue or inside it (in bubbles or streams).

In other cases, for example during the burning of MnO or BaO2 in

ccatings of perspex, the layer of condensed residue increases continuously as

burAing proceeds. The volume of slag formd can be roughly equal to the

volume of the original charge, or even exceed it. Burning of the vaporiza-

tion products takes place inside the layer of residue.

Obviously the presence of the layer of condecsed residue can have a

marked effect on the mixing of the components, on the heat transfer frcm the

combustion zone to the iunburnt substance, etce, and thus also on the dependence

of the rate of burning on the various parameters. As yet this problem has

been investigated only to a very small extent,

Only one possible mechanism for the influence of the condensed residue

on the relationship) u(p) is considercZ in this section.
Usually the rate of burning of condenseL. systems (both heterogeneous and

homogeneous) increases monotonically with increase of pressure so that the

exponent i in thu equation u = bp' remains greater than zero.

However a fair number of systems has been described for which Y, = 0

over a definite range of pressures. Much more rarely are found &ystems f.":

which v < 0 over a certain pressure range. Burning, for at least some of

these systems, is accompanied by the formation of a condensed residue, for157example the burning of a mixture 39g + Cr20 burning of potassium

picrate7 , burning of BaO2 in a coating of perspex 1 , etc.

It was shown 1 58 that under defined conditions thepresence of condensed

residue alone can lead to v e 0.

Let the system react in two stages and neglect thcir interaction, on the

assumption that it is insignificant; the second stage is talen to be the

leading one which completely determines the v6lccity of the first stage. In

the first stage the original mixture deconposes Yith the formation of con-

densed residue (x gm for 1 gm of original mixture) and gaseous intermediate

products ((i - X) gm for I gn of original mixture). The latter react in

the second stage.

The condensed residue forms a dense layer of thickness y., through

which bubbles or streams of gaseous intermediate products burst, but for
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y > y, this layer breaks up. Consequently increase of y through y =y,

causes the velocity of the gas to fall.

At a certain pressure the zone of the leading reaction is considered to

be outside the dense layer. With increase in pressure this zone will cone

close to the unburnt substance. However as soon as it comes close to the

dense layer (at p = p'), an increase in the rate of tn.e reaction in the gas

phase canniot increase the burning rate, since the reaction zone cannot pene-

trate into the layer of condensed residue, 'dhere the gas velocity is higher

than the burning rate, From this point and so long as the pressure is

insufficient for the penetration of burning into the layer of condensed

residue, the relationship u(p) will be dctermined by the relationship y, (p).

Another possibility is that increase of pressure should increase the

thiclross of the dense layer of residue y,. Consider for instance the case

where there is a layer of viscous liquid or of a conglomeration of particles

and where the residue is carried away due to bursting of the viscous film by

the emergence of a bubble of gas on the surface. In such a regime the rate

at which the residue is carried away is proportional to the flow of th, bubbles

1I and to the square of the radius of the bubbles. For the thickness of the

layer of 'esidue to be stable, it should not be too large and should be such

that in tne length y* a considerable expansion of a bubble could take place.

If this condition is fulfilled, then for a chance decrease in y,, the radius

of the bubbles emerging on to the surface of the layer decreases, and thus the

rate at which the residue is carried away becomes less than its rate of forma-

tion, so that y* increases to a stationary value, although this is possible

only for a dcfinite value of X.

The change in y, with change in p is now considered. Let for

p < p', where p' is the pressure at which the reaction zone 'settles' on
V

the dense layer of residue, the burning rate be proportional to p , where

v > 0. The volume flow cf gaz across the layer of residue is proportional to
v-1

p , hence, for v < 1, H should decrease or the volume of the bubble in

this cross-section should decrease as the pressure increases, but y* depends

on the rate of expansion of the bubble ins .de the layer. As long as p < p',

the increase in y* has no effect either on the burning rate or on the

dependence of the burning rate on pressure, if the change La thermal

conductivity is neglected. Hcwever, for p > p' an increase 3n y, sh.uld

lead to a .. duction in the burning rate. For a further increase in pressure

burning is either extinguished or penetrates inside the layLr of rusidue,

i.e. there is a transition from one combustion regime to another.
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As well as when yi Inc es with increase of pressure, a maxi.m can

be observed on the curve u(p) for those cases where at low pressures a dense
• condensed residue is generally not formed, but at a certain pressure p* a

residue is deposited and forms a dense layer. Oonsequently at p = p, the

burning acaze can begin to fall with inorease in p.

It would be of interest to follow the change of density and width of a

layer of condensed residue with change in p. for those systems for which

Y < 0 over a certain pressume range. This is difficult since the width of

the zone influencing the burning yeloolty cannot exceed tens of microns. The

concepts considered indicate that systems with Y - 0 should be sensitive to

effects influencing the thickness and density of the condensed residue.

Thus the f am of the crve u(p) could bn changed, for example, by

addition of substances preventing the formatin -of a conglomerate lycr, cr of

volatile aiditivos which break up the layer, or by directing a sufficiently

powerful st;ream of gas on to the surface.
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CHAPTER III

DEPENDENCE OF BURNING RATE OF CONDENSED IIXTURES ON

VARIOUS PAA1ERS U DATA)

There are more parameters influencing the burning rate for condensed

mixtures than there are for other types of systems:

Condensed Homogeneous Homogeneous
mixtures gaseous condensedmixtures explosives

Nature of components + + +

Oxidizer/fuel ratio + + -

Pressure + + +

Initial temperature + +

Particle size of components +*- -

Relative density + - +

Catalytic additives + + +

It should be emphasized that each of the parameters listed affects the

burning rate of condensed mixtures not in isolation but in close association

with the others. Thus, for example, the shape of the curve u(p) can depend

to a great extent on a, and in some cases also on d and To o In turn,

pressure can influence the curve u(a), etc. The most important oases of

these interdependenoes will be examined in the following sections.

Several investigations on the burning of systems of mixtures refer to

solid propellents and compositions which are models of them based on NH4 C10.

Consequently data on the burning of pure N4CIO4 (see section 19) and NH4NO,

are of special interest. The mechanisms of flame propagation in ordered

systems composed of plane or cylindrical layers o? components (see section 18)

are also examined. A short section is devoted to the burning cf black powder,

the oldest system of mixtures (section 20).

Where possible the experimental results will be considered in association

with the views on the burning of condensed systems proposed in Chapter II.

*The shape of the particles (and in some cases the orientation of the
particles with respect to the burning front) is also important.
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Condensed systems are outstanding in the great diversity of their ue,

the characteristics of their components, their oomposition,- -eto. .Henoe the

absolute mugnitude of the 6burning rate and the, dependenoe of the burning rate

on the various parameters can change considerably in the transition from one

group to another.

Condensed systems can be divided according to their use into solid

propellent mixtures .(for rocket.motors and various types of jet engines, for

further detail., see the books of A.A. Shidlovskii ! , Ya. V. Paushkin2,
B.V. Orlov and G, Yu. Mazi 2 3  ere) and pyrotechnic mixtures (igniter, flare

and ho'endi i co0iipositionsi 5 9a eto).

The nature of the fuel in a given composition is of great importance for

the theory of burning which is discussed in the present work. The oomposi-

tions can be divided into the following groups:

(I) Compositions which use an organic fuel that vaporizes at a

moderato temperature and use a metal only as an additive to increase the

specific impulse.

(2) Compositions which use a metal (usually magnesium or aluminium) as

the basic fuel and use an organic fuel only as an additive to improve the

mechanical properties of the charge.

The combustion mechanisms of the5e two groups differ markedly. As the

proportion of fuel to oxidizer is changed the maximum burning rate urax for

the first group is found close to the stoiohiometrio composition; generally,

for a small excess of fuel, a. = 0.7 to 0.9, whereas for the second group of

mixtures u is often considerably displaced in the direction of excess

fuel (down to a 4 0.1).

The dependence of the burning rate on the particle size of the components

for the first group is less than for the second. On the other hand a slight

deprndonoo of the burning rate on pressure is much more frequently observed

for mixtures belonging to the second group.

n the present work the first group is mainly examined, since the

majority of the literature data refers to such mixtures.

Methods of measurng burning rate

Existing methods of measuring the burning rates of condensed systems oan

be divided into three groups depending on the physical phenomenon associated
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with combustion which is utilized in the particular method (Table 34).

Under laborat.ry conditions, methods in-volving the fusing of fine wires are the

most frequently employed and the break in the circuit is determined by means of

a loop oscillograph, etc. Ordinary or high-speed cinematography is often used.

Alternatively, thq duration of burning is determined from the p(t) curve

using a low-inertia pressure trarsducer. Photorecording has been used in

numerous experiments. Ocoasior, 2.y, as in Ref.161, where the temperature

profile is measured by thermocouples, it is possible to determine the burning

rate from the records of two thermocouples located at a known distance from

each other.

Generally, only the mean burning rate ; is measured in a rocket motor;

the time T elapsing between the beginning and end of burning is determined

from the p(t) curve, whence u I/T where 1 is the thickness of the web

of the charge. In all cases when the burning rate is to be determined at

different points of a charge, the charge is extinguished at a definite time

after the beginning of burning and the extinguished charge is then measured at

various sections (see, e.g. Ref°236). Occasionally, a burning charge is

photographed through a window or through the wall of a transparent chamber

made of perspex.

The choice of a particular method of measuring burning rate depends on

the experimental conditions, such as laboratory apparatus or rocket motors,

experiments in vacuo, at atmospheric pressure or at high pressures, etc. It

is also important whether iz is required to measure only the mean burning rate,

or the burning rates at different points of the charge, or to confirm that the

rate is constant in time. In some cases the properties of the mixture can be

a deciding factor; for example, the burning rates of mixtures with very trans-

parent or very dim flames are unsuitable for measurement by photographic

methods. It is also necessary to consider the accuraoy of a particular method.

Finally, the choice of a method may be influenced by the possibility of obtain-

ing additional information besides the measurement of burning rate; thus, for

example, cinematography allows study of the form of the surface of the charge,

the flame shape and luminosity, etc.

The methods of measuring the burning rate in laboratory conditions are

now considered in furthevi detail.

[4



Methods of j,

Phenomenon on which Continuity* a
method is based Methods of measurement Quantity measured ness** of mes

Luminosity of the Photorecorder Linear rate asoer- Direct oontinuo
flame or the tained along a measurement
difference in the certain line on
absorption coeffi- the surface of the
oient of the charge

'Unburnt and reactedsubstance Cine-camera Linear rate and Direct measurea
shape of front in tinuity determi

one lateral ratio of burnin
projection to camera speed

Photoelements, Linear rate along Either direct
photo-resistance surface of charge or indirect oor

measurement
Increase of Fine wires that burn Linear rate between Direct discrete
temperature and through small number of measurement
extent of ioniza- points at a depth
tion in the combus- below or on the
tion front surface of the

charge

Ionization detectors Linear rate between Direct discrete
smll number of measurement
points at a depth
below or on the
surface of the
charge

Thermocouple, Linear rate between Direct discrete
thermoresistance small number of measurement

points at a depth
below or on the
surface of the
charge

Increase of Pressure tran3ducer of M~ass rate Indirect continu
pressure low inertia measurement

Linear rate Direct discrete
between a small measurement
number of points

*In a continuous measurement the rate of burning is determined at a particula
points of a charge.

*In the case of a direct measurement, the progress of the combustion front isIi (for example, the development of pressure in an enclosed space).
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ods of moasuring burning rate

uity* and direct- Reaction of detectors on Laboriousness of experi-
* of measurement process being measured ments and calculations Remarks

-,oontinuous Absent or (for short Experiments and evaluation Transparent coating on
ement exposure) very small of results are simple the charge and windows

in apparatus are
necessary, also careful
orientation of charge

;measurement; con- Absent or (for short Experiments are simple; Transparent coating and
determined by exposure) very small evaluation of film is windows in apparatus are

f burning rate tedious necessary. Usually the
ra speed film consumption is high

direct discrete Absent or (for short Experiments are simple;
ect continuous exposure) very small evaluation is simple for

fment " discrete measurements
'discrete Increases with increase of Time consumption in mount-
ment number of detectors, ing. Difficulty of instru-

increase of size of detec- menting the charge
tor, and reduotion of dis- increases with increase in
tance between detectors number of detectors;

__ _ _evaluation very simple

discrete Increases with increase of Time consumption in mount-
ement number of detectors, ing. Difficulty of instru-

increasu of size of detec- menting the charge
tor, and reduction of dis- increases with increase in
tance between detectors number of deteotorj;

evaluation very siple

discrete Increases with increase of Time consumption in mount-
Pment number of detectors, ing. Difficulty of instru-

increase of size of detec- menting the charge
tor, and reduction of dis- increases with increase in
tance between detectors number of detectors;

_evaluation very simple

at continuous Absent
" oment

[discrete Absent when registering When recording only the When only the start and
ement only the start and finish start and finish of burn- finish of burning is

of burring. Can be signi- ing, experiments and recorded the accuracy
ficant on introduction of evaluation are very simple of measurement is low
intermediate layers

particular point of a chtrge, and in a discrete measurement, the mean rate between individual

h front is measured, and in the case of an indirect measurement, the secondary phenomenon
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Constant and variable pressure bomb~ 

In the laboratory the burning rate is u11ually measured on small cylindri

ca.l cigarette burning charges of diameter 5 to 15 mm, height 10 to 100 mm, 

burning from the top downwards.-- Since the velocity of-the flame along the 

free surface, i.e. boundary with the gas, of the charge can exceed the normal 

velocity, the lateral surface of the charge is coated with a layer of lacquer, 

resin, ccmertt, etc, or an inert gas is blown on to it (upwards from below) or 

the charge is pressc~ into a casing of metal ~r perspex*. 

At pressure:s above atmospheric experiments ure carried out in air-tight 

vesGels (bombs) capable of withstanding the n~cessa.ry pressure. If the 

weight of the charge per unit volume of the bomb is sufficiently small so that 

the increase of pressure 6p as a result or combustion of the charge is .emall 

in re~ation to the initial pressure in the bomb p
0

, then the term 'constant 

pressure' bomb is usOO.. In the case where 6p is comparable to p
0 

or 

exceeds it, the term 'va.ria1?1e pressure' bomb is used. These terms are not 

strictly accurate, since in both cases the bomb is of cons'tant volume; 

incidentally, this correct term is used in the study of burning of gas 

mlxtures. However, these terms are widely used in the literature of the 

burning of co:ntlcnsed gystems and arc convenient to a certain extent. The 

constant p:rcssure bomb is referred to as the 'Crlmford. bcmb' or 'Crawt'ord. type 

bomb' in most foreign works. 

There are various designs of constant pressure bomb, but they all con

si8t of the same basic elements: the body, the lid (or, less of'ten, two lids), 

piping for application of pressu·,:·c to the bomb and for relea.se of pressure, 

high voltage, >> 100 V, elect.ric leads which supply the hcativ.g coil, 

electromagnets, ignition coils# ctc,and low voltage leads from the thermo

couple terminA.l:J; windows of pcr::~pcx or glnsf for optical mca~urements; 

*T~1e casing should fit the charge very tightly 1 since otherwise there may 
be a :nrlden increase in burning rate as the flame is propagated with extremely 
high velocity along the gap38. 

,6Pcrspcx facilitates scaling of the window and possesses m•.:!chanical 
characteristics which are reasonably constant with respect to time, whereas 
glass needs very careful seJlling and is also inclined to fracture owing to 
fatigue;; cases have been observed where a glass window has broken under the 
application of a pressure severnl times less thll.n that to which it had been 
:mbjcct(rl for a prolong<Xl period. On tho other hand, the optical characteris-
tics of !)crspcx arc significn.ntly worse than those of gla.s:1 since,during scal
ing, the nurface of pcrspcx bu1GCS to a marked extent; also pcrspex is easily 
scratchorl, scorchc:d, etc. 

PRECEDING PAGE BLANK 
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leads for pressure transducers. In some cases there are also inlets for the

thermostatio control liquids, various kinds of handles for mechani iovement

of the charge. or other component inside the bomb when the latter is under

pressure, and so on.

The sealing of all these connections to the bomb is of great 3mportance.

This is effected by means of gaskets. Metal (copper or aluminium) or soft

(rubber, teflon, fibre) gaskets may be used for part s which are only

infrequently removed. ..Soft gaskets ara preferable for the lids.

C'ostaht pressure bombs -usually work at p 4 150 atm ani the pressure

is obtained by compressed nitrogen .from standard cylinders, However, con-

stant pressure btbs have also been designed for pressures of 500 atm3,

1000 atm 42 and ligher presoures in which the pressure is obtained by a gas

coipressor.

'The volume of a constant pressure bomb does not usually exceed 10 litres.

A reservoir is used if necessary; a standard cylinder may be used as a

reservoix at p < 150 atm. However, the higher the burning rate, the larger

should be the free cross-sectional area of the pipes connecting the, bomb with

the reservoir, uo that the pressure can be rapidly equalized.

As an exataple, the construction of the B 150 bomb designed by the

Institute of Chemical Physics of the Academy of Sciences of the U.S.S.R. is

shown in Fig.22. It is of 2 litre volume and has three perspex windows

(20 x 40 mm), and four high Voltage (several hundred volts) leads. There

have been several modifications of B 150 bombs, for temperature measurements,

etc.

Variable pressure bombs are the oldest devices for investigating the

burning of powders at high pressures. The p(t) curve is measured by means

of simple mechanical transducers. The maximum pressure in the bomb may also

be determined by the extent of compression of a small copper rod (' crusher').

From the ihape of the p(t) curve it is possible to obtain a tentative idea

of the relationship u(p) for the composition under investigation. Bombs

'I of this type are ofter called manometric bombs and the maximum working pressure

may reach several thousand atmospheres.

4 °In modern variable pressure bombs low-inertia piezo-electric or strain

gauge transducers are usually employed for recording the p(t) curve. It

is also possible in principle to utilize other methods for measuring the burn-

ing rate, such as the fusing of fine wires or even optical methods,



The use of a variable pressure bomb is exemplified in Ref.42 by a

4000 atm bomb to record p(t) curves by means of piezo-electric transducerS;

charges consisting of several pellets with different burning rate were usd -

the start and finish of burning of each pellet was determined feom the inflec-

tions in the p(t) curve.

Some other laboratory methods of measuring burning rate are now con-

sidered in rather more detail than at the beginning of section 12.

Photographic recording

Photography of a flame on film continuously moving perpendicularly to

the direction of propagation of the flame is one of the oldest methods of

measuring the rate of burning or detonation. The apparatus is called a

photorecorder ('fotoregistr' or 'fotoregistrator') in the Russian literature,

but its principle of action is more clearly shown in the terms 'slit camera'

or 'drum camera' used in the English literature.

There are two types of photographic recorder. In the revolving drum

type the film is secured to the lateral surface of a revolving drum and the

image of the charge is stationary (in the laboratory system of co-ordinates);

in the other, using 'moving mirror' recording, the film is stationary and the

image of the charge passes over the film by means of a rotating mirror (for160
more detail, see the book by A.S. Dubovik ). Photorecorders of the first

type can record rates not greater than 100-200 m/sec, whereas the other type

can record rates up to several kilometres per second. In practice, revolving

drum photorecorders are used for the study of combustion, and the rotating

mirror type mainly for the study of detonation.

On the film from the drum camera the inclineA line corresponds to the

progress of the flame front; below the line the film is transparent, and

above the line it is obscured by the combustion products (Fig.23). The burn-

ing rate is calculated from the equation

u = k vfilm tan (99)

where u is the burning rate, Vfilm the film speed, k the magnification

factor of the camera and is the angle between the line recorded by the



* 148 ~

flame front end the horizontal axis, which is the linear velocity vector of
th6 film*.

The accuracy of the burning rate measurement is increased as the

dafinition of the flame front on the film becomes sharper. It is not

difficult to show that the most sharply defined front is obtained if the

flame propagation is photographed through a certain sized narrow$ slit such

that the luminous point or luminous edge moves perpendicularly to the direc-

tion of motion of the film.

There are two schemes for the optical system of a photorecorder. With-
a single objective the slit is located near the charge, whereas with the

double-objective syitbm the slit is located in the plane of the image of the

charge formed by the first objective. The second objective reflects the slit

and the intermediate image of the charge on to the film. In the first case

the image of the fi out on the film is less sharp, since the charge and the

slit are in different, though adjacent, planes, whereas in the second case

the illumination intensity of the system is lower and focussing is more

complicated.

Analysis of the errors in burning rate measurements using a drum camera

shows 6 2 that there is an optimum value of the angle 0 at which the errors

of measurement are minimised. For the combustion of small charges (of height

I to 2 am) for the single-objective camera Oopt Z 10-150 and somewhat

greater for the double-objective system.

The burning rate of condensed mixtures varies over a wide range (at

least from 0.1 to 100 mm/sec) depending on the nature of the mixture, its

oomposition, the pressure, etc. Consequently choice of film speed over a

wide range is necessary so as to obtain photographs with 0 not too far from
Oopt" Thus drum cameras for measuring burning rates are fitted with a
reducing gear to give a wide range of operating 8peeds. Thus, for example,

the drum photorecorder shown in Fig.25 designed by the Institute of Chemical

Physics, Aoadeny of SciencesU.S.S.R. has a double-objective optical system

and film speeds of 1, 2, 4, 8, 16, 32, 64, 128, 256, 512 and 1024 mm/sec.

*It is convenient to use a magnifyi.g attachment for evaluating tan $
on the film, as shown in Fig.24. The pivoted ruler is set parallel to the
front of the image and the scale division marked on the edge of the attach-
ment plate is read off; the value of tan O is calculated previously for
each scale division.

it is not possible to reduce the slit width beyond the point where
diffraction occurs. The practical slit width may be reached even earlier
on account of the decreased light passing through the slit.



Measurements of u by means of pressure transducers

This method determines the interval of time r between the beginning

and end of burning on an oscillogram showing the recorded curve of p(t),

both in constant pressure and variable pressure bombs. Then u = h/ , where

h is the height of the charge. The oscillogram also enables fluctuations of

the burning rate to be- detected. In constant pressure bombs it is convenient

to use piezo-electric pressure transducers, since these can operate as

differential pressure transducers; when supplying compressed nitrogen to the

bomb, at a pressure measured by an ordinary manometer, the faces of the piezo-

quartz crystal are earthed; the transducer is set in operation before the

experiment is begun. The maximum amplitude of the beam on the oscillgram

co.responds to Ap (the increase of pressure as a result of burning). The

sensitivity of the piezo-electric transducer is easily controlled by varying

the capacitance of the capacitor to which the electrical charge from the piezo-

quartz crstal is fed, and also by altering the ratio of the area of the

crystal to the area of the rod on which the pressure in the bomb acts.

A small weighed portion of rapid-burning composition (e.g. potassium

picrate) may be fixed to the end of the charge so as to achieve vigorous

igndition, and thus obtain a record of p(t) which can be more easily inter-

preted. In this case 'steps' appear on the curve at the beginning and end of

burning (Fig.26).

The above method is readily carried out, but is infeiior as regards

accuracy o'f measurement to other methods of determining u in which the trans-

ducers are located at a sufficiently great distance from the ends of the

charge.

Other methods of measuring the mean burning rate

As already stated, the most widespread laboratory method of measuring

the (mean) burning rate is the strand burner method. A wire may be inserted

through a hole drilled in the strand, but this is often unsatisfactory, since

a brittle strend crumbles and the hole in an elastic strand becomes on

incorrect shape; moreover it is difficult to pull a fine wire through the

hola, etc. Alternatively, several pellets can be 'composited' or stuck

together to form a charge, the wires being pressed between the pellets, in

which case there is little difficulty in using fine wirus and in measuring the

vertical distance betwceon them accuratelyo However there are possible errors

connected with the change in burning rate at the moment cf transition of burn-

ing from one pellet to thq next.
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The ionization detector used in Refs.163-165 oonsisted of two wires to
which was applied a voltage of i00-200 V; the gap between the -wires w3 I Mm.

As the flame passed between the wires, the ionization gap was .olosed and a

current was produced in the circuit which was measured by a loop oeoillograph.

Such ionization detectors were insertedabetween the first and second, second

and third pellets, etb, of which the charge consisted. The time of burning is
calculated in the same way as for the fusing of fine wires.

The propagation velocity of a flame along the surface of contact of

cylindrical layers of metal powder with solid oxidizer was measured in Ref.166

using instead of fine wires fine (0.3-0.6 rmi) quartz fibres, which penetrated

to the surface of contact through holes bored in the external layer. As the

flame passed these fibres the ight from the flame fell on a photocell and the

signal was recorded by a loop osoillograph.

The methods of measuring a by the fusing of wires, ionization detectors,
photoelectric oonductqrs, etc, are basically more or less equally accurate.

From the experimental point of view, the first method (fusing of fine wires)

is the simplest, although the se.)ond method is only slightly more complicated.

The mounting of the detectors in the third method makes it more complicated

than the two others, The choice of method is often dictated by the

characteristics of the system to be measured.

13 DEPENDNCE OF BURNING RATE ON PARTICLE SIZE OF COMPONENTS

The dependence of the burning rate of condensed mixtures on the particle

size of the components is of great practical interest, since i.6 enables the

burning rate to be controlled without changing the mixture composition and

hence without changing the specific impulse of the propellent.

In preparing condensed mixtures it is necessary to consider the function

u(d), where d is the particle size of the components, so that the change in

the burning rate from one bath of raw material to another, eto, does not

exceed the permissible limits.

The dependence u(e.) in also of great theoretical interest, since it

shows most clearly the effec' of diffusion factors on the burning rate. The

most significant part of the '.oncepts of tho burning of condonsod mixtures ia

based on the study of this particular function.

A PARTICLE SIZE OF COMPONENTS

In general the burning rate of a condensed mixtura depends both on the

size of the oxidizer particles dox and on the size of the fuel particles d.
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However if the fuel is plastic at the moment of mixing, it forms layers between

the crystals of the oxidizer. The size of the layers of fuel is directly

proportional to the size of the oxidizer particles (d = (IA) d6x). Hence

for this case, which has the most practical significance, the dependence of u

on the particle size of the components is similar to u(d ox). A similar

result will be obtained for a mixture of two components in powder form which

readily vaporize, if the size of the particles of one con.Oonent is much less

than that of the other. A finely divided component forms layers, the size of

which is proportional to the size of the particles of the coarse component.

If, however, the finely divided component is non-volatile and does not

conglomerate into an unbroken layer, the burning rate can depend on df as

well as on d x

So far it has been assumed that all the particles of a given component

are the same size. In practice this ccndition may be only an approximation,

valid when narrowly defined unimodal fractions are used.

Sieves of brass or bronze wire or of silk cloth are used to obtain

fractions, for particle sizes greater than 30-40 P. It is customary to

regard fractions of type 40-50, 100-140, 300-400 p as suffici.. ly unimodal.

There ib usually no advantage in using more narrowly defined fractions, since

the accuracy with which the dependence u(d) can be determined is not very

high because of the differences in the particle size distributions for each

fraction, the differences in the uniformity of mixing of the components, etc.

In addition, the preparation of very narrow fractions is extremely

time-consuming.

The original material used to prepare narrow sieved fractions should not

contain any significant amount of fine particles (Z 10 i, since these are

very difficult to remove by sieving. If the original powder is too coarse

for the required fraction, it should not be ground, since much fine powder is

produced during grinding, but it should be recrystallized (naturally if this

is possible) in such a way* as to obtain particle sizes close to those desired.

For a particle size less than 20-30 v the preparation of narrow fractions

by precipitation in a flow of liquid or gas or by other methods is a tedious

*If a saturated solution of KCO 4 or NH4 CO 4 is cooled very quickly, for

example, if the hot solution is poured in a thin film on to the surface of a
massive metal vessel at a low temperature, then fine crystals are formed.
On the other hand, very large (several millimeters and more) crystals are
formed by the very slow cooling (tens of hours) of a saturated solution.
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operation with low ,yields. Therefore. for d < 20-30 .iolymoal fractions

obtained.by grinding in- mills of various types are frequently used. Neverthe-

less such fractions. are not infrequently characterized by some mean .effective,

particle size which is :usually calculated from the specific surface using the

relationship

deff = 6/SSp P

(cm) =6/crM2 3)

where p is the density of the particle.

In addition to the sieve size (which is usually defined as the arithmetic

mean of the mesh size of the sieve used for obtaining the fraction, e.g. for

the fraction* -0.140 + 0.100 the mean sieve size is 120), and to the effective

size calculated from the value of the specific strface, the size obtained by

microscope measurements is also used. In this method a sufficiently large

number of particles (not less than a few hundred) is measured using a micro-

scope with an ocular grid along two mutually perpendicular directions and then

the arithmetic mean is taken, or other methods f obtaining the mean value can

be used.

For the same fraction, the size by microscope measurements is usually

larger than the mean sieve size, since elongated particles may shake through

a sieve hole of a given size.

In contrast to systems with unimodal f.ractions, systems where the com-

ponent under investigaticn is a mixture of two narrow fractions differing

considerably in their particle size are of greater practical interest. Such

systems can be used to study the dependence of the burning rate on the ratio

of the coarse to the fine fraction, on the size of tLe coarse fraction (size

of small fraction constant), and conversely on the size of the fine fraction

(size of coarse fraction constant), etc. Naturally the dependence of the

burning rate on the particle size is complex in this case and it is more

difficult to form a clear picture of it,

In some investigations (e.g. Ref.167) the size of a fraction is

characterized by a complete curve (usually an integral) of the particle size

*It; is customary to denote by a minus sign (-) the mesh aize of the sieve

through which a given fraction passes completely and by a plus sign (+) the
mesh size of the sieve which retain; the given fraction.
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distribution. This enables a better idea to be obtained of the particle size

of the fraction, but so far it has not brought any perceptible advantage to

the study of the dependence u(d) and in fact for each fraction some mean

size is calculated which is used in the dependence u(&).

B ENTEDT OF CHANGE IN BURNING RATE LoE TO CANOGE IN PARTICLE SIZE

It is of paramount interest to know the extent to which the burning rate

can be changed by varying the particle size of the components. This question

was specifically investigated in Ref.139.

6. = U/u, is used to denote the ratio of the burning rate of the limit-

ing case of a finely divided mixture u = u/d. 0 to the burning rate of the

limiting case of a coarse mixture u = u/ . Under actual conditions the

range of change in particle size is not infinitely large. Even under

laboratory conditions the most finely ground fraction of oxidizer usually has

a particle size greater than 5 to 10 V although metal powders can be consider-

ably finer - dOwn to 0.1 to 0.01 ; see for example Refs.171, 172. At the

same time in practice it is impossible to mix components so carefully as to

avoid agglomeration of the fine particles. The particle size in the :oarLest

mixtures does not exceed 300-500 1. and only in rare cases reaches 1-, (in

laboratory mixtures).

Thus in general the possibility of controlling the burning rate by

changing the particle size can only be partially realised. The actual value

of 6 = ufi/Uco, where ufi and uco are the burning rates of the most

finely and most coarsely divided mixture respectively remains less, often

considerably less, than the limiting value 6* = uuo.

Experimental data show that for vaporizing components the dependence of

burning rate u on particle size d is relatively slight and the extent of

change of u due to change of d, as characterized by the quantity 6, is

small. On the other han. for non-volatile components the dependence u(d)

is considerably grea'.er and the quantity e is considerably larger (Table 35).

In other words by changing the particle size of a non-volatile component one

can change the burning rate to a much greater extent than by changing the

particle size of a component that easily vaporizes.

This phenomenon is evidently quite regular. From section 6,A, B it is

seen that for systems with vaporizing components, the compononts can mix in

the preheating zone at a reasonably nigh rate. Ccnsequently the burning rate

can be determined to a considerable extent by kineti3 factors and the dependence

u(d) is slight, anA for sufficiently small values of d it is completely

absent, since mixing can be accomplished completely within the boundary of the

preheating zone.
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On the other hand for systems where one component (usually the oxidizer)

vaporizes and the other is non-volatile, mixing can occur only simultaneously

with the reaction. In this case burning takes place in a regime close to the

diffusion regime and there is a strong dependence u(d) (where d is the

particle size of the non-volatile component).

C SHAPE OF CURVE u(dl)

In the previous esction it was noted that when the particle size is

changed the burning rate changes considerably in the case of the non-volatile

component and slightly in the case of the vaporizing component. It is

natural to expect that the shape of the curve u(d) ought to be different

for the two cases.

For the non-volatile component the shape of the curve u(d) has been

investigated only in Ref.139. Experiments were carried out on W-KC1O 4

mixtures with five different fractions of tungsten, four of which were obtained

by sieving one batch of tungster, powder and the fifth from a powder with

particle size -2.7 p belonging to a different batch. The particle size of

the coarse fractions was characterized by a mean tsievel diameter and mean

'microscope' diameter; the particle size of the five fractions was also

characterized by the effective diameter deff calculated from the specific

surface area S which was determined by drawing air through a layer of

powder using apparatus PSKh-2:

'Sieve' fraction +0.400 -0.400- -0.140- -0.040 Powder
+0.140 +0.100

asieve' p 270 120 - -

dmicroscope, i 550 340 160 -13 -

deffl' -19 "-2.7

The function u(d) (or more precisely log u = f (log d), Fig.27) has

a platec.a for 'medium' values of d139 . In other words for small values of

d (-3 to 19 p) u is markedly dependent on d (u= 1/d); for 'medium' values

of d (19 to 160 p) the dependence u(d) becomes less strong and then at
1high values of d (160 to 550 ) u(d) again approaches u = . Because of

lack of other experimental data it is not yet clear how real is the reduction

of the dependence u(d) for 'medium' values of d.
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The shape cf- the curve u(d) for particles of vaporizing components has

been investigated in great detail (see Refs.137, 141, 46, 169, 170 ana others).

It should be noted first that there is a nc.-al' c-;re u(a) for

mixtures whose composition is not far from stoiohiometric and an 'anomalous'

curve u(d) for mixtures with a very large excess of fuel, and possibly also

for mixtures with a very small percentage of fuel, i.e. very large excess of

oxidizer.
137

The 'normal' curve u(d) is considered first. It was siiown 1 , using

a stoichiometric KC'0 -bitumen mixture, that at not too high pressures (for

the given mixture up to 5 atm) the curve u(aox) has an S-shape (Fig.28):

for the vaporizing component the burning rate is slightly dependent on the

particle size for small values of a ; then at 'medium' values of dox the
ox o

burning rate falls considerably with increase of dox, but for large values
of d the dependence u(d) becomes weaker. The first plateau, for

ox

sufficiently small values of d, evidently results from the fact that the

mixing of the components is successfully completed in the preheating zone and

burning takes place in the kinetic regime (see section 8.,A).

With increase in pressure, and consequently in burning rate, the first

plateau in the experimental u(d) curves disappears. It is possible that it

would still be observed at high pressures, if the experiments were carried out

with even more finely divided mixtures, i.e. that the plateau is observed both

at high and low pressures, but, its length decreases as the pressure becomes

higher.

The presence of a plateau for d < dmin is confirmed by the reslts of

experiments 1 2 3 which upheld that there is a definite value umin 0.35 to

0.4.5 m/see (the burning rate changed with increase in p for certain values

of G), such that for u < umin the fine fraction (74 to 105 V) and the

coarse fraction (297 to 4.20 v) of NH$CI00 burnt in a stream of methane at the

same rate.

The second plateau (for large values of d) results from the fact that

an increase in d above certain limits no longer affects the processes taking

place in the zone of influence. Among several investigations (including

Ref.137) which showed a decreased dependence u(d) for high values of d, the

work of Ref.146 will be mentioned. For a composition (65/ 4 CIO4., 24%

unsaturated polyester, 10% nitroglycerine, 1% additive) the experimental

points were approximated by the equation u d and the value of n was

as follows:
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d 
n

p= 15 atm p= 50 atm

less than 150 ji 0.57 0.59

larger than 150 1 0.20 0.074

The curve u(d) for a large excess of fuel is now conLidered. Experi-
170ments were carried out with mixtures of NH 4C10 * with polystyrene (<1i00 p)

for m = 0.15, 0.2 and (for comparison) a = 1, and also with perspex (-3 p)

for a = 0.2 and (for comparison) a. = I. It was shown that for mixtures

with a large excess of fuel the burning rate increases with decrease in d

only up to a certain limit, and then for a certain value of d goes through

a maximum and begins to fall (Fig.29b, c, and Fig.30).

This paradoxical dependence u(d) for Lixtures with a large excess of

fuel can be explai4ned by the concept that the rate of burning is determined

not by the whole of the combustion zone of the components, but only by that

part of it which is close to the surface of the charge (see section 10,B).

The mixtures considered in this work have components which first

vaporize and then react with one another. For sufficiently small values of

d the ratio of the components in the gas phase is the same as in the original

mixture, i.e. the reacting mixture is considerably diluted by the excess fuel

and the burning rate is low/.

However as the particle size of the oxidizer is increased only a portion

of the original components succeeds in vaporizing and reacting within the

boundary of the zone influencing the burning rate. At the same time the

vaporization of the fuel, which is a strongly endothermic process, lags behind

the vaporization of NH IO4 since the decomposition of H 0104 is accompanied

by the formation of an NH3 + HCIO4 decomposition flame and takes place with

the emission of heat; see section 10.

*NH C10 was used with 'sieve' fractions of 320-400, 140-320, 100-140,
4 4

63-lao, 50-63 and < 50 P and also fractions of -17 p which were ground in
a porcelain mill. The effective diameters of the two last fractions were
calculated using the value of S and wore measured using apparatus PSKh-2.

sp

4Generally it is not possible to ignite a very finely divided (d 5 )ox
mixture of NH 10 + perspex for a 0.2 at 5-100 atm.
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Consequently as dox increases, the mixture reacting in the zone of

influence is diluted less and less by the excess fuel. Hence the burning rate

increases but only up to the point when there is a reduction in the heat

release due to the decrease in the quantity of substance reacting in the zone

*' of influence and to the increase in the heat lost in heating the fuel and

oxidizer particles reacting a long way from the zone of influence. Thus for

mixtures with a large excess of fuel the curve u(d) must have a maximum.

On the other hand for stoichiometrio mixtures both these processes

(i - decrease of fraction of substance reacting in zone of influence, 2 - change

of composition of gas phase in zone of influence) with increase in dox operate

in the direction of a reduction in burning rate, since for a stoichiometric

mixture the delay in the vaporization of the fuel makes the reacting mixture

less rich and lowers its 'amperature.

The following observation should be made. A fall in the burning rate

occurs as d i decreased for a sufficiently large excess of fuel and for

small values of d. Thuts with a somewhat smaller excess of fuel in the range

of small a a plateau can be expected, although its cause will be totally

different from the one discussed previously in section 8,A. This may explain

the presence of the plateau (rather long even at 50 to 70 atm) on the u(d)

curves for the Thiokol composition in the investigations of Ref.178 (Fig.31).

An anomalous curve u(d) can evidently be observed also for mixtures

with a very small percentage of fuel (i.e. with large excess of oxidizer).

A considerable decrease in the dependence u(dx) was observed123 as the flow

of methane was decreased during the burning of a layer of particles of H 4C10

through which methane was blown. The ratio of the burning rate of the finest
fraction investigated (74 to 105 1) to that of the coarsest fraction investi-

gated (297 to 420 p) was as follows:

c 27.2 13.6 4.53 2.72 1.95

ufi/u10 1.22 1.25 1.25 1.27

Thus In this case there is a long plateau on the curve u(dx) for a
ox

very small percentage of fuel in that range of d where u increases

significantly with decrease in d for mixtures not too far from

stoichiometrio.
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In addition it was shown17 3 that mixtures of finely divided NHI 10 with
powdered volatile fuels, which contain a very small percentage of fuel have a

lower burning rate than pure NHC10 (see also section 19). In other words

the addition of a small percentage of fuel to finely divided M IO10 lowers

the burning rate. It is possible that with increase in d, other conditions

being equal, this reduction will be less. If this is so, the dependence

u(dox) -will be anomalous, since with increase in d the absolute burning

rate will increase somewhat. This has not yet been verified experimentally.

D DEPENDENCE ui(d) FOR POLYMODAL MIXTURES

The burning of systems using an oxidizer in the form of a mixture of two

4(or several) fracfions of considerably different particle size is of great

practical and theoretical interest.

If the burning rate were determined unambiguously by the magaitude of

the specific 6urface of' the components, then, for example, for a system

containing 50 of a very coarse fraction of oxidizer, the burning rate umi

would'be approximately (ufi + u co)/2, where ufi, uco are the burning rate

for a system with finely divided oxidizer and a system with coarsely divided

oxidizer respectively.

However, experiments have shown156 168 that this simple relation is true

for only part of the system (see composition 2 in Table 36).

For some of the other compositions (composition 3) Umix is close to

uf. or even exceeds ufi (composition I at 70 and 100 atm). On the other

hand for other compositions umix is near to uco (composition 4) or even

less than uco (composition 5 at 40 and 100 atm).

The relationship between ufi, umix and Uco may be conveniently

umi - Uo
represented by the parameter Y where Y = Mix co For the cases

Tfi Co,
considered above the value of Y is equal to

ufi + UcoU.i . ui u . u u . - 2
Mix Li mix co mIx 2

Y 1 Y<0 Y = 0.5
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TABLE 6

Burning rate of compositions based on NH4CIO with fine (-5.),

coarse (Q40 to 320 u), an mixea (50 f ine + 5 coarse) oxidizer

N9. of Method of Oxidizer - u, rn/se-
composi- Fuel preparir c. particle 10 25 4 70 100

tion mixturie 1O At atm aria atm ata

1 Polystyrene Ungelatinized* coarse 3.8 5.1 6.8 9.1 10.4
(<100 mixed 4.8 7.2 9.1 12.2 15.1

1 fine 4.9 7.. 9,3 12.0 14.6t y** 0,91 0.92 0.92 1,al 1.12

0.5 fine 5.4 7.8 10.6 14o0 16.6

2 P'olystyrene Gelatinized * coarse 4.2 6.6 7.6 10.3 12.1
mixed 7.2 12.2 16.6 22.2 29.2

07 ine 92917.1 3.4 35,2 42.4

y 0.52 0.53 0.57 oA8 0.56

0.35 fine* 6.2 14.0 26.5

3 Perspex UnelatinIzed coarse 2.7 4., 5.3 7.5 8.0
mixed 4.9 7.9 10.6 12.9 15.8

2 rflne 5.4 10.7 16.2
y 0.82 0.98 0.95

I fine 7.0 11.1 14.5 22.8

4 Perspex Ungelatinized F coarse 3.2 4.7 5.2 7.0(-3 pi) I mixed 4.0 5.3 5.8 7.3 7.5

1 fine 5.7 8.1 901 12a7
Y 0.32 0.18 0.15 0.09

0.5 . fino 3.3 4.2 3.9 4.O 6.0

5 Ferspex Ungelatinized coarse 3.5 4.8 5.7 8.2
0 mixed 4.0 5.2 5,6 6.3 7.4
0.7 f ina 4.5 5.4 6.2 7.8 8.7

y 0.50 0.67 ! -0.2 -1.6

0.35 fine Does not burn

*The ungolatinized mixture was prepared by mixing the components in powder form. The gelatinized

mixture ms prepared in the somo Wy, then treated with solvent (dichloroothans), mii.d for
21 hours and dried. During gelatinization the fuel m.s spread as a film over the surface of the
oxidizer particles.

*'Data obtained by interpolation on curve u(d).

%ft-ed ucoarsef uine "coarse
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The structure of the oombustion zone must be considered to explain why

in some cases umix is 9lose to u and in other cases closo to u0 o.

Compositions with bimodal oxidizer are essentially inhomogeneous; there is a

lattice of crystals of coarse oxidizer, the interstices between which are

filled with a relatively homogeneous mixture of fuel and fine oxidizer with

ratio of components equal to c/2.

If the burning rate of this homogeneous mixture (ufi),/ 2 is

sufficiently high, a flame is propagated in the interstices between the

coarse crystals of the oxidizer. The burning rate of a composition with

mixed oxidizer umix  is approximately equal to (ufi) /2. At the same time
if (ufi)/, 2w ufi, tbn umix = ufi. The presence of the coarse oxidizer

here only reduces the burning rate. On the other hand if (ufi)a./2 is close

to u0 0, then the presence of the coarse oxidizer can increase the burning

rate. Finally if the homogeneous mixture in the interstices betwee the

coarse crystals is unable to burn on its own or has a very low burning rate,

then u ix  will be close to u 00 and can even be less than Uco (but not

less than (U 0o)/2)

Thus the relationship between Umix, ufi and Uco is determined by the

relationship between (ufi)C/ 2 , ufi and uco. The general form of the curve

u(m) is shown in Fig.32. Thus (ufi)/2 > ufi, and Y ? 1, can exist for

q/2 > CL2, i.e. on the right-hand side of curve ufi (m). The equality

(ui) /2 = ufi can exist for c > a2. In this case the points (u fi)/2

and ufi lie to the left and right of the maximum respectively. Finally

(ufi)a/2 < uco is obviously satisfied for a <m

'Aperment wer als 168
Experiments were also made with a mixed oxidizer containing 20

coarse and 80 fine fractions, as well as with a mixed oxidizer containing 50%

coarse and 50 fine fractions. It was shown that (Umix)20:80 was always

almost equal to, but slightly less thanthe burning rate of the homogeneous

mixture (ufi)0O8m in the interstices between the coarse crystals. This is

in good agreement with the ideas proposed above.

14 DEPENDENCE OF BUNINC RATE ON MIXTURE RATIO

The burning rate of condensed mixtures depends to a great extent on the

oxidizer-fuel ratio, a,.

The curve u(a) has a maximum at some value a = qmax and on either

side of this maximum the burning rate decreases, at irst gradually and then

more steeply. The side of the curve u(m) corresponding to excess fuel
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stops sharply at some sufficiently small value of a. (' rich' limit). On the

other side there is also a 'lean' limit, for an oxidizer *thAt is unable to

burn on it:, own (e.g. XClo), whereas for oxidizers (e.g. NH C10 ) which owe

able to sustain combustion on their own theire is no 'lean' limit*.

* A POSITION OF TU, KAXIMUM BUR1ING RATE

It was shown in section i,B that for gaoeoas mixtures with air and
especially with o.Vgen mixtures the maximum burning rate was close to the

stoiohiometrio (for air mixtures a. 0.8 to 1.1). The only exceptions

were mixtures with hydrogen and. carbon monoxide for wich Ureax was displaced

coniderably in the direction of excess fuel. For hydrogen mixtures this

displacement is associated with the fact that the velocity of the flame is

determined to a considerablo extent by the diffusion of active particles, in

this case mainly hydrogen atoms, into the unburnt mixture.

For condensed mixtures with vaporizing components Ueax is close to the

stoiohiometrio value (Refs.164, 169, 141, 151, 175-177). Thus in investiga-

ion 16 4017 5 on finely divided mixtures of 10 C1O4 (or KClO4) with poly-

formalaehyde, perspex, bensoia acid and bitumen umex (at p i 100 atm)

occurred at a = 0.7 to 1.0; data are given for a finely divided NR UO -
177 4

perspex mixture in Pig.33. A similar result was obtained for mixtures of

H C104 with a bries of solid and liquid fuels .(Table 37), and also in

ief.176 for a layer (8 = 0.51) of loose NH CIO (250 to 540 j) in powder

orm, through which Was blown CH H %2, 2 , 3C % and In12 . In

particular the results obtained

TABI 27

Dependence u(a) for NH,,.CO mixtures with Various ful (p = 1 . ab)

Fuelii d3v 1 dX,
F"u1 dL d° 1'1 ,%. 1.67 a.. .25 . 1.0 m. o. a.. 0.714 Q.. oe6A

rwaonld ,b < 75 i02-e50 0.865 0.895 0.955 0.91 0.90

Urotrovine <100 102Foo 0o.56 1.77 0.93 o 9.91 0.86

MIc anlbydriae < 100 i0245 0.65 0.74 0.-80 o9 -

itwetby ,".ac 1025o o.94 ga 0,96 0.93 0.86 0.79
( r) LIqUtd 25o-50 0.83 0.90 2m! 0.87 0.82 0.77

M: The maximum value is underlined.

*In section 49 it is shown that small additions of fuel to amonium
perohlorato result in extinction of burning for pressures at which pure M1H4 Cl
burns perfectly steadily. In these oases there are two limits for the range
of lean 5stares between whvch burng aces not take plae.
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for methane and a 4 -N2 mixture were:

-2 -1
m. gcm sec

Mixture
cL 2 a- c -0.6 6 7 m- 0.5 =0.4

CH4  0.111 0.123* 0.112 0.099 0.087

90% OH4 + 1Q, N2 0.096 0.11* 0.10 0.087 0.0"4

80% CH! + 20 N2, 0.08o1 0-093* 0.085 0.074 0.063

*See note to Table 37.

With increase in particle size of the components the maximm

burning rate can be displaced in the direction of excess fuel (compare

Fig.33 for a finely divided and Fig.34 for a coarse NH4 ClO4-perspex

mixture and also the data for a finely divided and coarse HiC10 -
4 4

methylmethacrylate mixture in Table 37).

Pressure has a slight influence on the position of u formax

mixtures based on NH4C104  On the other hand for mixtures based on

K"lO4 urea x  is displaced considerably in the direction of excess fuel

with increase in pressure, e.g. for a KClO 4-urotropine mixture at
10 amn u = 0.9 and at 50 atm au Z 0.5.

max( max

If Uma x  is close to a, = i for mixtures with vaporizing com-

ponents, then in changing to a non-volatile fuel Umax  is displaced

significantly in the direction of excess fuel. Thus for mixtures

based on KCO 4 at 30 to 100 atm the following value of a u was

164.175.max
obtained164,175m

Dextrin 0.9

Graphite 0.4

Tungsten < 0.1

,"vhare dextrin is a vaporizing fuel and tungsten is a non-volatile fuel,

but with graphite the decisive role is played by the formation of CO

' ~" on the surface of the particles with the subsequent burning of CO.
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The burning of several mixtures with metal fuelo at I atm abs was

studied in Ref.179w In all cases Urea x was displace6 in the direction of

excess fuel. For the series of fuels Fe, Mn, Mo the greatest displacement of

umnx was observed fdr molybdenum, which is the least volatile (B.pt of

Mn' 21500C, of Fe , 27400C and of Mo - 4800°c).

Thus the results obtained for mixtures based on KnO were

Fuel An re Mo

- fuel at

u 45 55 76
max
9x45 35 30

a.U 10 0.44 0,136*

An increase in the particle size of aluminium in the mixture Al-Fe 0
139. 2 3

displacus urea x in the direction cf excess fuel1; thus for dAl - 4 j the

maximum burning rate is at a z 0.8, and for da = 160 t the burning rateAl
continues to increase slowly at least up to m = 0.3.

it is possible to explain these results for the positior of the maximum

on the curve u(m) by using the concept of the zone of influence. The value

of a in the gas phase within the boundary of the zone of influence for

mixtures with vaporizing components will be equal to the value of a in the

original composition only for sufficiently finely divided mixtures. With an

increase in the particle size of the components the value of a in the gas

phase will change in the direction of an excess of the component which
vaporizes more easily. For the xts aro considered this component is

evidently the oxidizer (see section 6, 8, 10,B). Hence the gas phase within

the boundary of the zone of influence contains more oxidizer than the original

mixture, for coarse mixtures. Moreover, there is less fuel in the zone of

influence for coarse mixtures than in the original mixture.

This effect can account for the displacement of the maximum burning rate

Umax in the direction of excess fuel with increase in particle size of the

components. In fact with increase in the coarseness of the mixture, a

greater excess of fuel is required in the original mixture in order to keep

*The value of mum is calculated on the assumption that the maximum

heat of combustion is reached at a. = .
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the composition of the gas phase in the zone of influence constant and close

to that corresponding to the maximum rate of reaotion.

The clearest -,,nation can be given of the phenomenon of the displace-

ment of U in the dirention of excess fuel by considering the ohange from

a volatile to a non-volatile fuel. With a less volatile fuel a greater

exces is required in the zone of influence in order to ensure the same rate

of reaction as calculated for example from the rate of consumption of oxidizer.

The other ease is equally important: with a vaporizing fuel there are high

heat losses in heating it and in decomposing and heating the products of

vaporization. Consequently the burning rate begins to fall significantly

when the excess of the vaporizing fuel is not yet very high and especially so

for a finely divided fuel. For a non-volatile fuel heat losses expended in

vaporization are absent and thus only a very large excess of fuel begins to

lower the burning rate.

B REDUCTION IN BURNING RATE DUE TO VARIATION OF MIXTURE RATIO FROM au
max

As the mixture ratio varies more from % the composition corres-
max

pending to maximum burning rate, the curve u(L) at first falls rather gently

and then more and more steeply. This fall in the burning rate may be

characterized by the ratio u/ureax  for the given value of a/4 max Using

the experimental data discussed in the previous section the following con-

clusions may be reached;

(1) In all cases an excess of fuel (in comparison with MUax) lowers

the burning rate of coarse mixtures slightly and of finely divided mixtures

considerably. In other words the value of u/urax (for a given value of

a/au < 1) for coarse mixtures is higher than for finely divided mixtures
max

(Table 38). This result is obvious from the point of view of the concept of

the zone of influence expressed at the end of the previous section. As the

coarseness of the mixture is increased the amount of excess fuel that succeeds

in vaporizing decreases and the ratio of the components in the gas phase

approaches more closely to the stoiohiometric value; with a non-volatile

fuel an increase in d loads to a decrease in the heat lost in heating the

excess fuel.

For excess oxidizer (a,/q max > 1) the dependence of u/umax on

particle size is less pronounced.



166 T

0.

0 0)
00

0~ 0, Q

0 0

0
0 '.0 4 a%4~'oCJ 4.0i- n cii CC)r ~ C r
-A 0' 0d CO *o * o

E-4 E0 ; 0 00 0 0 0 0 00

0
4 *o n )

9 104 0 CTi 0
o S4. 0 01

0 00 00 00 00 0

S0 0 0 0 0 0 0 0 0 0 *) (14M

00

0 .f 0 0

0 00 00 00 00

d c g - ci n Hlq r-

0 0 0 00 00 00 0 C

0~ CH~ ci N4

CS0 00 00 0 0 r 10

0 0

C.) ON A-I C) C

H 0)

04 4. 0 *d

* ~ ~ ( PP 4 -

0 0

0 0
0 1I* :z 04

*~ 0 0

0 0 Q- P4) a) 04

0 4

0r ci@ Pr
s ___ 04 "

-1+IH1:1



167

0 KN-'-"~4- n - r- N

C\l ~
'0 0

00

08

0 * *

0 00 8
0

OD p 0 C n *f *r LIN '

"4a > 0 D0 0 0 0 0 0 0 0

0 0

C~ 00l 0
o ,. ON OD a ''O' I a,% a,% '

0s 8

.~l 0
0) oooo 000 0 0 00

0 0 #0 0* 0 0 C; 8

W) -0' Cor - r-- 0co

-H r.o 0 0; 0;
20 0_

U1 4)I CV N
8p r- 4% 04Cti a~

o 0 0 * 0

0 00 0 0 0__ _ _ _ _ _ _ 0 )

0 0

o *'0' oC)L-P
0) -P

ho T- -.-
0 0 :1. t 4  r4

v~ ~ H -14 0:
1 : 1 U'% I

: L : . V.

0 -r Hr n O 00 0
O qc ?D' C\j04 0 4) *94 4

0 4IJI C. PVr ~ ~ ~
r. 0~~ U U ' 0 40 0 T/1 . r1 4Q 0 0 o- eC,0 0 4oL. o01 r 'N--0Cjr



I

168 1
(2) A systematic dependence of u/u on the volatility of the fuel

has not been discovered, i.e. using coordinates (U/Um.x , a/CU  ) the data
max

for condensed mixtures with a volatile and non-volatile fuel, for 'hybrid

mixtures' e.g. particles of NH 10 burning in a stream of methane, etc,and4 4
even for homogeneous gas mixtures are approximately grouped about the same

curve (Table 39; soc also Tables 6, 7 and 38).

However it should be emphasized that the variation of the composition

from m , i.e. from the composition with maximum burning rate, is being
Umax

considered. At the same time (as shown in the previous section) the value of

is different for volatile fuels (au = 1) and non-volatile fuels

(Cu 'corresponds to a large excess of fuel). If the ratio /u,= ismax

calculated to show how the burning rate changes with the extent of the varia-

tion from the stoichiometric composition, then the effect of volatility will

be very large; for instance for mixi.ares with perspex, when an excess of fuel
is introduced, the value of q/u,.1 begins to fall rapidly and for mixtures
with tungsten it will increase considerably ri t down to a < 0.1.

(3) An excess of fuel reduces the burning rate less at a high initial
216temperature of the charge than at an ordinary initial temperature . In

other words the value of U/uma x  for a given value of G/aU < I rises

max
with increase of T . A similar but less pronounced effect is observed for

0
an excess of oxidizer. Thus for a gelatinized NH4C0O4 (-10 j) + polystyrene

mixture at 40 atm the following data were obtained:

u/u axU/u
To, °C ma 40T o, 00

Ta x max 0 Imax

15 0.21 0.43 --90 0.37 0.45

60 0.22 0.42 135 0.41 0.57

:Ii
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15 DEPENDENCE OF BURNING RATE ON PRESSURE

The dependence u(p) is a most important function* for the solid

propellents used in rocket motors of various types. It is also of consider-

able importance for pyrotechnic mixtures.

For condensed mixtures (as well as for homogeneous explosive materials

and homogeneous gaseous systems) the actual curve u(p) is approximated by

equation (2), u = bp". Equation (2) was first used at the end of the XIXth

century by Vieille and since that time has been employed extensively. It is

convenient for ballistic calculations. In pai-ticular the pressure in the

combustion chamber of a rocket motor is given from theory by

Pc / S(iO)

where p is the propellent density, A is the discharge coefficient, S is
the burning area, and S is the critical cross-sectional area of the nozzle.

From (100) it is seen that combustion in the motor is stable only for v < I

(see also Ref.194, etc). The use of the more complicated expressions

u = a + bp, u = a + bpV and also (96) instead of (2) is not justified (see

section 2,B); where necessary the actual curve u(p) should be divided into

several portions and the coefficients in equation (2) selected for each,

Most experimental data relating to the depenac-nce u(p) refer to the

pressure range from i atm abs up to 100-200 atm. The very scanty data

obtained for p < I atm abs (section E) and for pressures from several

hundreds of atmospheres to several thousands of atmospheres (section F) will

be considered separately.

A SHAPE OF CURVE u(p)

The shape of the curve u(p) for condensed mixtures can be very varied

as is also the case for homogeneous oxplosive materials; see section 2 and

section 5. With increase in pressure the burning rate can behave as follows:

I It can rise monotonically. This type of curve u(p) is observed

both for systems with vaporizing components (Fig.35) and for systems Ahore the

fuel is non-volatile (Fig.36).

*In the literature on internal ballistics (see for example Rof.191) the
function u(p) is often called 'the law of burning' or the 'burning rate law'.

it
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II It can rise and tend towards some constant value. This type of

curve is often obtained for pyrotechnic mixtures (Fig.37, and curv6s 2 and 4

in Fig.38). However it is also sometimes observed (Refs.103, 141, 175) for

mixtures with organic fuels (Fig.39).

III It can remain constant throughout the whole pressure range investi-

gated (see curve 1 in Fig.38). This type of curve is relatively rare.

IV It can rise and then remain constant over a certain pressure range

(plateau) and after that rise &gain (see curve I in Fig.40). Curves of this

t1pe are of considerable interest for solid propellents but are less frequently

found than ourves of type I.

V It can rise to some maximum value and then fall, sometimes with the

extinction of burning. This type of curve is observed, although rather

infrequently, both for mixtures with organic fuels (see curves 2 and 3, Fig.41)

and pyrotechnic mixtures (see curve 3, Fig.38).

There is no sharp boundary between the types enumorated, and especially

between the curves of type II and III; see Fig.37. Moreover all the experi-

mental data relate to a limited pressure range. It is quite possible that by

extending this range a curve of typo II may change to a curve of type IV, etc.

The factors determining the form of the dependence u(p) have as yet

been investigated only to a small extent. The most natural explanation of the

rise of burning rate with increase in pressure, in those cases where this

occurs, is that the increase in pressure accelerates the reactions in the gas

phase in the same way as in the case of volatile explosives and homogeneous gas

mixtures*. However, while it is possible in a number of cases for gas mixtures

and volatile explosives to relate the value of the exponent v in the formula

m = bp v with the order of the controlling reaction n = 2v, the value of v

is determined for condensed mixtures to a much losses- extent by the order of

the controlling reaction and depends on many other parameters such as the

particle size of the components, their volatility, their heat of vaporization,

etc. It is usual to explain the absence of a burning rate dependence on

pressiwe for non-volatile explosives on the assumption that the reaction in

the condensed phase is the controlling reaction.

*For condensed mixtures theoreticol models can be constructed (see
Refs.202, 215, etc), in which the dependence u(p) is associated with the
ohange in the degree of dispersion for a change in pressure when the oontrolling
reaction is in the cordened phase. This has not yet been investigated
experimentally.
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Such an explanation is also feasible for condensed systems (see Refs.157,

250). However there are several examples such as burning of mixtures with a

large excess of organic fuel, burning of mixtures with polymodal components

and burning of some layer systems, for which the independence of the burning

rate on pressure is obviously connected with other causes (see below).

The case where the burning rate falls with increase of pressure may also

be connected with various causes. Thus in section 11 the fall in burning

rate with increase of pressure (v < 0) was related to the formation of a

crust of condensed residue on the surface of the 3trand in the presence of a

controlling reaction in the gas phase. Systems with a large excess of organic

fuel, for which on the u(p) curves portions are observed with v < 0, will

be examined below.

B EFTECT OF PARTICLE SIZE OF COUIPONENTS ON DEPENDENCE u(p)

It was shown in section 13 that the particle size of the fuel and

oxidizer can have a considerable effect on the absolute magnitude of the burn-

ing rate. Experiments show that the particle size of the components also has

an effect on the shape of the curve u(p).

For mixtures with organic fuels with a mixture ratio not far from

stoichiometric, the particle size of the components has a relatively small

effect on the form of the curve u(p). However for finely divided mixtures

u usually depends on p to a somewhat greater extent than for coarse

mixtures. Consequently the value of v in the equation u = bp v falls
slightly, or renains approximately constant, with increase of the particle

size of the components (Table 40).

For mixtures with a large excess of organic fuel the dependence of v

on d is variable: (1) for compositions 2 to 5 (see Table 40) the value of

v for finely divided mixtures is considerably higher than for coarse mixtures

(i.e. v falls significantly with increase of d); (2) for composition 7

the opposite effect is observed: the value of v for finely divided mixtures

is very much lower than for coarse mixtures at high pressures. An increase

in v with increase in dox is observed146 for the composition 65/1

NH C1O + 24V unsaturated polyester + Ml. nitroglycerine:

d, 4 40-53 53-74 74-88 88-105 105-147 147-297 297-500 500-710

v 0.33 0.33 0.36 0.37 0.37 0.36 0.42 0.45
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TABLE 40

Effect of NH4ClO4 particle size on the value of v in the equation u bp

for mixtures with organic fuels

No. o Fuel d. . .1

mixture Fuel c
mitue 1 ,. 2 Q= G a 0.7 m -. 0.5 M,•0.3 G,.0.2

1 Bituaen 173  -15 o,61 0.59 0.53 0.52 - -

-,12 0.56 0.53 0.48 0.50 -

2 Polystyrene (< 00 ) -6 - 0.50 0.50 0.56 - 0.91*
(unelatinized '40- 0.50 - 0.44 0.58 074
mxture)175 140 to 320 - 0.51 0.52 0.47 0,49 0.60

3 Do, gelfltinized "-6 - 0.67 0.71 0.68 - 0.81

Mixture 175  -40 - 0.61 - 0.50' 065 0.85

140 to 320 - 0.53 0.50 0.49 0.56 -

4 polystyrene (< 100 6.56 - - - 0.83~(ungelatinized iwlget e)10 63 to 100 - 0.550 - - - 0.58*
mixture) 170

loo to 140 - - - 0.580

320t o 400 " 0.59 --

5 Perspex ("-31.) 63 to 100 - - 0.360 0.69 - 1.08'
(ungelatinized (a,- 0.6) (c - 0.4)

mixture)170 1 00 to o4 - 0.33 0.36* o.41 - 0.83'
(cL -o.6) (a. 0.4)

6 Do175  -6 0.44 0.36* 0.38' - -

140 to 320 0.450 0.37 0.40 - -

7 Do, gelatinized '-6

mixture 175  (5 to 25 atm) 0.53 0.55 0.50 0.49 - -

(25 to 40 atm) 0.53 0.55 0.36 0.0 - -

(40 to 100 atm) 0.53 0.52 -0.24 -0.15 0 - -

140 to 320

(5 to 25 atm) 0.66 0.42 0.42 0.43 - -

(25 to 100 atm) o.48 o.56 o.42 o -0.-

*In the pressure range 40 to 100 atm; in the other cases, except for mixture 7 - In the
range 5 to 100 atm.
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The independence, or slight dependence, of the value of v on d forox
compositions close to stoichiometric is unexpected and is in fact rather

surprising. It would be expected for finely divided mixtures, where the

influence of the kinetic factors is greater, that the dependence of u on p

would be greoter. There is as yet no satisfactory explanation why this is

not observed, or is scarcely observed, experimentally.

On the other hand, the differences in the value of v for finely divided

and coarse mixtures with a large excess of fuel are in many ways more readily

understood (see the following section).

It is necessary to deal separately with compositions with mixed, i.e.

coarse + fine, oxidizer (section 13). But the burning rate of such mixtures

in all cases rises monotonically with increase in pressure and, moreover, on

the curves u(p) there are not infrequently portions w&ere the value of

Vmix is considerably higher or considerably lower than the value of vfi and

V corresponding to the finely divided and coarse oxidizer respectively.0O

Thus for example the following value3 of v (close to p = 40 atm) were

obtained 1 6 8 for a gelatinized H ClO + polystyrene mixture, a = I (mixture I);

ungelatinized H 4C10 + polystyrene mixture, a = 0.5 (mixture I!); and

gelatinized NH4 C104 + perspex mixture, a, = I (mixture III):

Mixture I II III

V 0.55 0.47 0.41
oo

v mix 0.75 0.57 0.18

Vfi 0.68 0.56 0.54

These results are ascribed to the fact that the burning rate of composi-

tions with mixed oxidizer u Mix is usually not the moan of the bnrning rates

ufi and uco for the finely divided and coarsc compositions respectively

(see section 13). If at low pressure Umix is close to uco, but at high

pressure close to ufi, then evidently Vmix > vfi and vmix > v co In the

opposite case Vmix will be lower than vfi and vco.

So far mixtures with vaporizing components have been considered. For
130

mixtures with non-volatile fuels, the depenaence ' of u on p is greater

for coarse mixtures and smaller for finely divided mixture3 (Table 41).
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TABLE I

Effect of particle size of fuel on the value of exponent- v in the equation

u b pV for mixtures of oxidizer + metal
139

Mixture a, for particle size of fuel,

0.1 2.7 19 160 340 550

2% KCOl + 8C o W -0.45 - 0.21 - -053 -

1,7 KC10O + 9C% W -0.20 - 0.23 0. 20 O.L2 0.40 0.37

~KC10 4+ 951%W -0. 10 - 0.20 -033 -

7 YFe203 + 256 Al -1 0.078, - i 0.14 0.26

For the KCIO -W and Fe 0 -Al mixtures studied 139 this can be related to the
4 2 3

mechanisms transferring oxidizer to the surface of the fuel particles through

a layer of liquid residue (KC1, Fe and others, see section 8,B).

C EFFECT OF 0XIDIZ!l!IJEL RATIO ON DEPENDENCE u(p)

The oxidizer/fuel ratio has a marked effect on the dependence u(p) and

in particular on the value of v in the equation u = bp .  Three types of

v() curves were observed for the mixtures studied175, almost exclusively in

the range 0 < a < i, i.e. for excess fuel.

p I The magnitude of v increases with increase in excess fuel ,

i.e. with decrease in a.. This .type of v(a) curve is observed for very many

mixtures (see compositions 2 to 5 in Table 40 and Fig.42a). The v() curve

for coarse mixtures and small values of m is located considerably below that

for finely divided mixtures (see data for mixtures 2 and 4 in Table 40).

e I The magnitude of v decreases with increase in excess fuel.

This type of curve is observed for a finely divided mixture of NH C10 with
4 4

perspex, especially at high pressures (see composition 7 in Table 40). A

similar effect was observed for finely divider! mixtures of INH C1O with

polyformaldehydo (PFA) and urotropine. Thus for examile in the pressure

range 70 to 100 atm the following values of v were obtained175 :

-|-
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- PFA Urotropine PFA Urotropine

1.0 0-53 0.72 0.,50 0.0 -

0.75 0.57 - 0.25 - 0.0

0.65 1  - 0.80

Type III The value of v increases slightly with decrease in a, and

then passes through a maximum and begins to fall as in Fig.42b for a KCO -W
'4

mixture. A maximum in the curve v(m) was also obtained for a KC104 -

graphite mixture.

The dependence of the value of v on a is connected with the

dependence on pressure of the shape of the curve u(a) and on the position

of the maximum on the curve u(a,).

(i) If the position of ura x  and the form of the curve u(m) remain

unchanged with increase in pressure (Fig.43a), then the exponent v generally

does not depend on m.

(2) If with increase in pressure umax is displaced in the direction

of excess fuel (au decreases with increase of pressure) (Fig.43b), then
max

the value of v increases with increase of excess fuel (curve v(a) type I).

(3) On the other hand if uma is displaced with increase in pressure

towards the stoichiometric value or excess of oxidizer (Fig.43c), the value

of v falls with decrease of a. (curve V(a.) type II).

(4) If the curve v(a) becomes increasingly steeper with increase in

pressure (Fig.43d), then v has a maximum value (curve v(a) type III).

In practice the form of the curve u(M) and the position of ureax may

change simultaneously. Some exp,.erimental data in Table 42 show that the form
of the curve u(a) is characterized by the magritude u/umax for a given

value of a/a (the flatter the curve u(c), the more nearly u/umnx
max

approaches unity).

For mixtures of NH 4C104 with polystyrene, polypropylene and urotropine

the curve u(a) becomes flatter (u/usax - 1) with increase in pressure.

Consequently on the side of excess fuel this leads to an increase in v as a

decreases (curve vkI) type I).
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On the other hand for a gelatinized mixture of finely divided NH4 CO4

with perspex the curve u(m) becomes steeper as the pressure increases, i.e.

u/uma x falls with increase of pressure. Consequently the value of v falls

with increase in excess of fu'l (curve v(a) type II).
It is found that for the ungelatinized NH4C104-polystyrene mixture

and also for the KClO 4-dextrin, KC1O 4-urotropinc mixtures Umax is

displaced in the direction of excess fuel with increase in pressure, con-

sequently v increases as a -+ 0. On the other hand for a gelatinized
mixture of finely divided NH C1O with perspex u is displaced in the

4 4 isx
direction of the stoichiometric mixture (from a. = 0.8 at p = 5 to 40 atm up

to a z I at p = 70 to 100 atm). This produces a reduction in v for

4 0.

When explaining the positive or negative sense of the dependence of v

on . it is useful to consider how excess f~iel affects the burning rate at
low and high pressures. If the excess is large enough to reduce the burning

rate perceptibly, and if the burning rate is reduced to a greater extent at
low pressures and to a smaller extent at high pressures, then the value of v
will increase for a, - 0 (curve v(a) type I). This corresponds to a fuel

that is not too volatile, or not very finely divided. At low pressures,
where tho zone of influence is wide, the excess of such a fuel vaporizes

completely or to a significant extent and thus greatly reduces the burning

rate. At high pressures, where the zone of influence becomes narrower, a

smaller proportion of the excess fuel vaporizes and the burning rate is

reduced to a lesser extent.

On the other hand if the fuel properties are such that an excess reduces

the burning rate to a lesser extent at low pressures and to a greater extent

at high pressures, then the value of v will fall for a, -* 0 (curve v(a.)

type II).

P EFFECT OF INITIAL TEMPERATURE, NATURE OF COMPON ETS AND ADDITIVES ON
DEPENDENCE u(p)

In the literature there is not much information on these variables.

It is obvious that if the burning rate increases to a greater extent at

high pressures and to c less extent at low pressures with increase in initial
temperature or increase of bome addiive, then the dependence u(p) becomes

stronger (V increases). On the other hand, when the burning rate increases

to a greater extent at low pressures and to a less extent at high pressures,

the dependence u(p) becomes weaker (v decreases). For additives which
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decrease the burning rate, the dependence u(p) becomes stronger (v
iacreases) in those oases where the additive is more effective at low

pressures and is less effective at high pressures.

The effect of initial temperature on the value of v for a composition
based on NH NO (with (NH )2 Cr2 07 as catalyst) is given in Ref.181. In this
case the value of v increases very slightly with increase in T :

0

T, C -60 +15.6 +76
0

V 0.384 0.388 0.416

Addition of copper chromite or SiO2 to an NH C10 4-polyurethane binder-Al
composition increases v considerably185; for the original compcsition

v t 0.11, for the composition with 1% SiO2  v = 0.31, and for the composi-

tion with 1% copper chromite v = 0.51.

The initial temperature and additives have a particularly marked effect
in those cases where there is a plateau or especially if there is a part when

v < 0 on the original curve u(p).

The burning of a gelatinized 1H10 (-5 P) + perspex mixture, m = 0.5,
2160Fwas studied At 20 C the curve u(p) for this mixture has a maximum at

p = 20 atm and burning is extinguished above 40 atm (Fig.44). With an
0increase in T0  to 75 C the burning rate increases up to -40 atm, and then

remains practically constant (at least up to 100 atm). Finally at 1500C the
burning rate increases monotonically with increase of pressure over the range

5 to 100 atm (v5 to 100 atm z 0.52).

A gelatinized NH 4C10 4  (-5 ) + perspex mixture, a = 0.6, which has a

maximum in the curve u(p) at -25 atm was modified i75 by addition of a less

volatile fuel (polystyrene, wood charcoal) or a catalyst (Cu2 0). In each case
the form of the curve u(p) changed significantly; at 25 to 100 atm the

burning rate no longer decreased but increased (Fig.45). A similar result
141was obtained for an addition of carbon black to an NH C1O + paraformaldehyde

mixture.
The experimental results14l ' 17 S' 18 5 discussed are in good agreement with

the concept (see section 8,C) of the simultaneous occurrence of homogeneous

reaction in a mixture of vaporization products of NH C10 4 and the basic fuel

14

I
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and heterogeneous reaction at the particles of the additive; the vaporization

of the polystyrene is accompanied by the formation of soot particles.

The nature of the components can have a marked eTfect on the burning

rate and the form of the dependence u(p). However it is still not clear to

what extent this is associated with the thermodynamic parameters of a given

component (heat of vaporization, specific heat, temperature transfer

coefficient, enthalpy) and to what extent with the chemical structure of the

substance under investigation. So far these problems have scarcely been

investigated.

Compositions based on KCIO4 show a much greater dependence u(p) than

compositions based on NH C10 Thus it was shown173 that for oxidizer + bitumen
4 4

compositions (a. = 0.75) the value of v for CH 010 is 0.51 to 0.55 and for
4 4

KC10 -- 0.78.
4

E DEPENDENCE u(p), FOR p < I ATM ABS

Experimental data for the range p < I atm abs are very scanty and

relate only to mixtures of oxidizers with organic fuels, whereas there are

practically no data on the dependence u(p) for pyrotechnic mixtures, although

this pressure range is their usual working range.

For the systems oxidizer - organic fuel at low pressures the dependence

u(p) becomes considerably greater than at medium pressures.

For several such systems the dependence u(p) at p < I atm abs

approaches u = bp (see Table 43 and also Fig.46)*.

The dependence u = bp (at p < I atm abs) was also obtained 197 for a

series of compositions with volatile components.

An increase of v with decrease in pressure was observed1 51 for systems

with volatile components, though v does not increase up to unity, but to

0.70-0.75 (Table 44).

The strong dependence u(p) for systems with volatile components at low

pressures is usually ascribed (as in Rafs.195, 197) to the fact that under

these conditions the mixing of the components is completed in the preheating

zone and burning takes place in the kinetic regime (section 8,A), similar to

the burning of homogeneous volatile explosives. It is soon from section 2,B

that in this case v z 1.

*The dependence u = bp is characteristic of volatile explosives

(Table 16).
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TABLE 44

Values of exponent _v (in formula u = bp") at various pressures

for NH 10 .-polyester composition
15l

-44

% Ner d .xP i 0.2 0.4 0.7 1.0 2.0 4.0 7.0 10

% binder atm atm atm atm atm atm atm atm
abs abs abs abs abs abs abs abs

75/25 40.6 0.7 0.7 0.69 0.68 0.67 0.60 0.48 0.40

70/30 40.6 0.7 0.7 0.66 0.64 0.63 0.47 0.43 0.42

75/25 75 0.72 0.67 0.65 0.64 0.64 0.59 0.51 0.47

70/30 75 0.75 0.68 0.66 0.66 0.66 0.54 0.3 0.27

70/30 120 0.7 0.7 0.69 0.68 0.64' 0.58 0.56 0.56

However, this point of view is not in complete agreement with experiment.

In particular, the concept of the complete mixing of the components in the

preheating zone is not in agreement with the fact that during burning in a

vacuum the extent of combustion decreases and the probability of dispersion

increases. It was shown98 that for stoichiometric mixtures of KClO + Zr and
-2KC1 + W at p = 10- mmHg the extent of combustion of the metal amounts to

for Zr and -1271 for W.

In addition, the concepts discussed predict that the following law should

be observed: as the particle size of the components is increased, the pressure

(or more accurately the burning rate) should decrease, and consequently the

dependence u(p) should become large. However, this law is not observed

experimentally (see Table 44).

F DEPENDENCEI u(p) AT VERY HIGH PRESSURES

The dependence u(p) in this range has been studied only in a constant

pressure bomb 4 2 at p 4 1000 atm and in a variable pressure bomb4at p - 4000

atm. These experiments showed that the dependence u(p) at very high
pressures can be essentially different from that at p < 100 to 200 atm

(Fig.47):

(a) For mixtures 1, 2, 7 (Fig.47) the dependence u(p) in the range

p z 300 to 1000 atm becomes considerably greater than in the range p < 100

to 200 atm.
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(b) For mixtures 1, 2, 3, 7 (in the range 200 to 1000 atm) and also for

mixture 4 (in the range 1000 to 4000 atm) the dependence u(p) becomes almost

one of direct proportion.

(c) For mixtures 5, 7 and especially 6 at aufficiently high pressures

the dependence u(p) becomes considerably less.

For mixture 7 the form of the dependence u(p) may be followed over a

very wide range of pressures: from "-0.5 atm abs to 4000 atm (Fig.48).

The curve in this case shows four distinct portionb; the dependence

u(p) is linear*'at low pressures (< i atm abs;. portion i) and at high

pressures (600 to 2000 atm; portion 3), but it is slightly curved at medium

pressures (portion 2) and at ultra-high pressures (portion 4). The available

data at high and ultra-high pressures are very sparse at present, but they are

nevertheless of great theoretical interest.

The decrease in the dependence u(p) at.high pressures is more easily

understood. The increase in the burning rate with increase in pressure is

connected with the increase in the reaction rate in the kinetic zone close to

the 'tips' of the flame (see sections 9, 10). Consequently as the pressure

increases, the reaction zone approaches closer and closer to the very point of

the 'tipt of the flame, and this results in an increase in the lateral removal

of heat used to heat that portion of the components which reacts outside the

zone of influence. Thus, at sufficiently high pressures, the dependence

u(p) must become less.

Merely qualitative expressions and such sparse experimental data are

insufficient to confirm that the dependence u(p) is less at several thousands

of atmospheres and that the mechanism discussed is correct.

It is more difficult to explain why the dependence u(p) in the transi-

tion from medium to high** pressures becomes more pronounced for a series of

mixtures (but not for all of them).

*The slope of the straight line u(p) at low pressures is considerably
greater than at high pressures; the value of b in equation u = bp is

-0-.78 mm soc "I atm "1 at low pressures and -0.115 mm soc atm- 1 at high
pressures.

**Only the case of mixtures of the NH4C1O, (or NH4NO3) - trotyl (TNT) type

seems comparatively easy to explain, whore both ccmponets are capable of self-
sustained combustion and for both the dependence u(p) is close to linear in
the high pressure range.
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16 D ENCE OF BURNING RATE ON INITIAL TE!EMIATURE

The burning rate of condensed mixtures increases monotonically with

increase in the initial temperature T in the same way as the burning rate
0

of homogeneous gas mixtures (see section 1,D) and volatile explosives (see
section 2,C). Consequently the shape of the curve u(T ) is simpler than

0
those of the curves u(p) and u(d).

The dependence u(T ) may be characterized (as in section 1,D and

section 2,C) using the temperature coefficient

1du d In u dIn m deg-1
-u dT dTdT

0 0 0

Thus if T is increased by one degree and the burning rate increases

by one per cent, then P = 10- 2 deg " 1 and so on. If for a temperature range
To 2 to Te0 the experimental points in the coordinates In u, T are grouped

with sufficient accuracy around a straight line, then for this range

A= constant = tan q = (In u2 /ul)/(To2  To1), where q is the angle of the

slope of this line with the axis of T • If the range of T is too wide,

then it may be divided into several parts and the value of p determined for

each part.

It was shown in section 1,D that for gas mixtures the value of P falls

with increase of To• On the other hand, for nitroglycerine powder (see

section 5) A was observed to increase with T , particularly over the

interval 0 to 400 C. For condensed mixtures, it is often possible over a
quite wide range of T to take P z constant (Fig.49). However for some

0~
mixtures P increases sharply with increase of T0  (see Fig.50 and Table 45).

The temperature coefficient can also depend on pressure. In chapter I

it was shown that for volatile explosives, and also for nitroglycerine powder,

a significant decrease of P is observed idth increase of pressure; thus,

45
for example, for nitroglycerine powder the value of P decreases on

increasing the pressure from 10 to 45 atm by a factor of three - from 12. 10 - 3

-3 -1
to 4. 10 dog-1 Tha relationship P(p) for condensed mixtures has been

investigated for only a few mixtures. Usually P falls slightly Aith

increase of pressure. Thus, for example, for a Ih C10 (-10 t) + bitu:on
4 4mixture (a. ),

L
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atm abs = 1.7. 103 deg - 1  and 225 atm abs = 1.4. 1073 deg 1

were obtained 45 for the range 20 to 900C. In a few cases the decrease in P

with increase of pressure is significant (see mixtures I and 2 of Table 46).

TABLE 45

181
The dependence u(T) for the composition NH NO + organic binder

43

0. 103 , deg- 1
A T o , C. . . .. .. .

p =28 atm p =42 atm p =56 am P= 70 atm p =140 atm

-60 to +15.6 253 2.47 2.52 2.44 241

15.6 to 76 3.0 3.01 3.35 3.73 3.73

Note: The composition examined contained 72.79% NH4NO3 , 9.79% polyester

resin (Genpol A-20), 12.22Y methacrylate, 2,22% styrene, 1.95%

(NH4) 2Cr207 and 1% other additives. The value of P was calculated

(by us) from the experimental points of the curve U(T 0 ).

TABLE 4

165Tho value of 0 for various mixtures at different pressures

Mixture Components 
P. 103 , deg-1

No.I atm 5 atm 10 atm 20 atm

I KO 4 (- I0 ) 4.43 3.4 2.5 2.3

+ W (3 ) (20 to 4 00) (20 to 2000) (20 to 2000) (20 to 2000)a. = 1.78

2 85% KNO + 15% 5.0 3.131
wood charcoal (20 to 3000) (20 to 2500)

3 Black powder 1.4 2.8

DRP-3 (50 to 300) (a to 2250)!

Note: Values in brackets ( ) = range AT in deg C.
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However, cases are also possible where the temperature coefficient

can increase with increase of pressure (see mixture 3 of Table 1,6 and also

the dependence P(p) over the interval I).6 to 760C in Table 45).

Thu existence of the dependence of the temperature coefficient on initial

temperature and pressure makes it difficult to compare the values of P for

different systems, since the experimental data are often related to different

ranges of initial temperature and different pressures. Fortune ely, for

systems with organic fuels the dependence P(p) at p t I atb is slight,

although some data at p < I atm abs show that the value of P can increase

significantly as the pressure is reduced.

A ORDER OF MAGNITUDE OF THE TEMPERATURE COEFFICIENT

It has been shown that, at atmospheric pressure for homogeneous mixtures

of fuel gases with air, the magnitude of P usually lies within the range
-3 -

(I to 2) lo deg (see Table 9), for volatile explosives between (3 to 7)

10- 3 deg - (see Table 17) and for nitroglycerine powder between (2 to 16)

103 deg-1 (depending on the range of To).

For condensed mixtures the order of magnitude* of P is also 10 deg

For mixtures with organic fuels with a composition not too far from the

stoichiometric, the value of P for finely divided mixtures usually lies

between (I to 2) 10-3 deg 1 , and for coarse mixtures between (2 to 3) 1073
-1

deg 

Thus the temperature coefficient for mixtuios with organic fuels lies

in the same range as that for gas mixtures anl is significantly lower than the

temperature coefficient for ballistite powders. Only for very largo excess

of fuel does the value of P for systems of mixtures rise sharply from 3.10
-31*~-3 _i,

to 7.10 deg , see B below.

For mixtures with metals and wood charcoal which are not far from the

stoichiomtric, the value of P lies within the range (0.5 to 5) 10-3 deg- 1 .

*Measuremont of the temperature coefficient for condensed mixtures and
*particularly coarse ones is experimcntally very difficult on account of its

small value. Measurement of the value of a temperature coofficiunt near to

1.10-3  dog" 1, to an accuracy of 2C0, roquires determination of the burning

rates at temperature T0 1 and To2= T0 1 + 1O0OC, for example, to an accuracy

of -1%., which is close to the limits of accuracy of existing methods of[ measuring burning rate.

I.
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The suggestion has been made165 that the value of f increases with increase

in the boiling point of the metal. Thus, for stoichiometric mixtures based

on Fe2 0 the following results were obtained over the range 20 to 4000C:

Metal Mg Al B

0
T, boiling point of metal, C 1100 -2300 -2500

t. 10, deg -  0.7 2.2 3.4

The data for black powder will be examined in section 20.

B EFFCT OF OXIDIW./FUEL RATIO ON VALUE OF _

This question has been studied in comparative detail only for mixtures

with organic fuels.

A clear relationship was established for these 2 16 : the curve P(a) has

a minimum which approximately coincides with the positicn of the maximum burn-

ing rate (see Tables 47 and 48, and Fig.51). On both sides of the minimum

the temperature coefficient increases substantially.

TABLE 4-7
216

Dependence P(a) for NH4 Cl + polystyrene mixtures

p = 40 atm AT = 15 to 1400C

CL
dox, , ...2.0 1.5 1.0 0.63 0.50 0.35 0.20

Pelatinized " 103, deg-1  4.2 4.4 2.0 2.0 1.3* 3.0 8.3

mixturo _

u1 8 O0 , mm/sec 10.5 13.5 20.2 23.8 -16.7 5.3

--10 - - 18- - -

f3. le, deg -  3.5 4.4 1.8 - 1.2 - 3.4

< 100 ..- -.. .

u15 Oc, mm/sec - 6.9 9.0 - 11.6 - 75

i 0" g- J 2.6 3.2 2.6 - 1.8 - 4.1

m40-3.0 < 100 1 pv1iudle
u15o, Mn/secj 5.65. 6. . 4.9

**The maximum value is underlined.
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Temperature coefficient for a mixture of I C10 + polyester binaerl51

p= I atm at's

oxidizer/% binder

a~'80/20 75/25 70/30 65/35

1deg-' .2 1.8 1.5 2.3
; qO(27"t+70) -(27-1_57°.C)_L (27-167°(0 (97"167°C-)

U 2oOc , mm/sec 1.1 1.03 0.98 o.76

. 103, ag 1 -17 1.7 2.0 2.7

75(27"177°0i (37-167°0) (37-207°C) (77-187°C)

71.

20 0

Note: If the empirical composition of the binder is taken as C2H40, then

the oxidizer/fuel ratios 80/20, 75/25, 70/30 and 65/35 correspond to

the values a z 0.76, 0.56, 0.44 and 0.35 respectively.

C EFFECT OF PARTICE SIZE OF COMOIN1TS ON VALUE OF

For mixtures with organic fuels with near stoichiometric compositions
the temperature coefficient increases with increase of the particle size of

the oxidizer (Table 49).

TABLE 49

Dependence P(dox for a series of stoichiometric mixtures 216

!Mixture dox , 11 P. .103, deg -' Tot °C p, at4

NH C10 -bitumen -10 1.4 20 to 90

__........ -1800 2.6 15 to 100 22.5

KClO -bitumen -10 1.4 -40 to +70
4

S- -1800 5,0 20 to 90

NH4C104-polystyrene (< 100p) -10 1.8 15 to 135 4

(ungelatinized mixture) 140 to 320 2.6 15 ,o 164, O

NHC104-perspex -5 1.2 15 to 1701IL 10

(gelatinized mixture) 100 to 140 2.6 15 to 180
__ _ _ _ _ _ _ _ _ _ to 1 0
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On the other hand the values of pfi and A., can approach one another

for a sufficiently large excess of fuel or oxidizer and moreover P., can

excaed P co Thus the results obtained for an ungelatinized NH4 CIO4 + poly-

styrene (<100 it) mixture (see Table 47) were:

C. 2 1.5 1.0 0.5 0.2

I/fi 0.74 0.73 1 .45 1.50 1.20

A similar conclusion may be drawn from the data of Table 48.

If mixtures with non-volatile fuels are considered, no dependence of

on the particle size of the tungsten for a 7 + KCIO mixture (CL = 0.76) at

atabswasfound165; d = 3, 4JO to 100 and 40 to 400 the value of

P in the range 20 to 3000 C within the limits of the scatter of the results

remained constant and equal to _3.1. 1073 deg 4 .

In conclusion, the explanation for the experimental data discussed will

be considered briefly.

The basic idea is that the value of the temperature coefficient P is
determined by the effective temperature Teo f = T in the conrolling reaction

zone; if T0  is high, then p is small and conversely if TC is low then

, is large45*147. This is reflected in equation (7), = E/2RT 2 .
-- C

For coarse mixtures, whose composition is not far from stoichiometric,

the main part of the heat evolved in the zone of influence is used to heat the

particles reacting a long way from the zone of influence. Therefore the

value of T is lower and the temperature coefficient correspondingly higherc

for coarse mixtures than for finely divided mixtures.

However, the difference in the values of T for coarse and for finelyC

divided mixtures is smoothed out with an increase in the excess of one of the

components, since in the zone of influence a smaller fraction of the excess

component is able to vaporize for the coarse mixture than for the finely

divided mixture. Consequently the values of p co and Pfi approach one

another and 'jr a sufficiently large excess of one component it is possible

that Pco < Pfi"
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The dependence P(m) is now considered. The maximum of the equilibrium

temperature of combustion T is close to , = 1, although some deviatione
from a. = I may be related to the dissociation of tie combustion products.
For finely divided mixtures with volatile components the value of T is close
to T Therefore the positions of u f(T), min and (Te)max emax'Pmine max
coincide and are close to a, = i as in Fig.52 for a finely divided NH 4 C1O +

polyformaldehyde mixture.

However for H4 C104 + polystyrene mixtures the vaporization of the fuel
lags behind the vaporization of the oxidizer and is accompanied by the forma-
tion of carbon black. The burning of the carbon black particles takes place

relatively slowly and cannot be completed within the boundary of the zone of

influence. It is necessary to have a sufficient excess of fuel in the
original mixture to ensure that the mixture reacting in the z~ne of influence

does not contain excess oxidizer. Therefore for Nli 4Ci04 + polystyrene
mixtures urea x = f(Tc )max and Amin are in the region corresponding to

considerable excess of fuel (a z 0.5) and do not coincide with (T e ) ma

The slight dependence of the temperature coefficient on pressure (at

p > I atm abs) obviously shows that complete combustion is acleved at low
pressures for systems of mixtures and a further increase of pressure has little

effect on the value of T ,, However there arib cases where P increases with

increase of pressure. That shown in Fig.+ where the burning rate falls with
increase in pressure at ordinary temperatures can be understood relatively

easily by the decrease in Tc 0 aused by an unfa¢oarable ihange in the mixture
ratio in the zone of influence, and also by the increase in the role of heat
losses, etc. Obviously p will increase with increase in pressure in this

case.

17 EFFECT OF CATALYTIC ADDITIVES

The burning rate of condensed mixtures can be changed in the same way as

for gaseous mixtures by introducing small amounts, not more than a few per cent,

of additives.

Since the action of such additives on the burning rate is not explained

in most cases by their effect on the heat of combustion, because many additives
which increase the burning rate lower the heat of combustion, it is customary
to call them catalysts. However it is not clear whether they are catalysts

in the precise meaning of the word.
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The data available in the literature, which are exceedingly sparse, show

that additions of catalyst can change the burning rates of condensed mixtures

by not more than a factor of two or three. This is considerably less than

for gaseous mixtures, where introduction of 1-2% of additives can change the

burning rate by a factor of 5 to 10 (see Tables 10 and 11).

Thus the effect of catalytic additives on the burning rate is very much

less than the effect of catalysts on the rate of chemical reactions at low and

moderate temperatures, where catalysts can change the rate by mary orders of

magnitude and tens of orders of magnitude. This is related to the general

principle which states that it becomes increasingly difficult to change the

rate of a reaction as the temperature at which the reaction takes place is

raised.

Nevertheless catalytic additives can play an important role in combus-

tion, and systems based on NH.NO are not, in general, used without catalysts
4 3

because burning is not sufficiently stable. Moreover at ordinary tempera-

tures pure NH CIO and NH NO can burn only at an elevated pressure (NH C10
4 4 4 3 4 4

at p > 30-40 atm and NH NO at a considerably higher pressure)*. Additions
4 3

of catalyst enable NH CIO and NH NO to burn even at atmospheric pressure.

First, the data available in the literature on catalytic additions to

systems based on NH NO are considered. In most cases 2-3% ammonium
4 3 180,181

bichromate, (NH.) 2 Cr2 07 , is used as the catalyst'. The most efficient
2i

catalysts are stated18 2 to be K2CrO4 and (NHM)2 Cr2 07 . The high efficiency

of K2CrO4 has been ccnfirmed 1 8 3 , although (NH 4 ) 2 Cr2 07 was found to be

considerably less effective (Table 50), but the investigations in Ref.183

were carried out at I atm abs, whereas those in Rofs.180 and 181 relate to a

pressure range c 30 to 300 atm. The action of Cr 0 was also studied1 0 8 ' 1 8 0 ,

r2 23
but it was found that (NH4 ) 2 Cr2 0 7 has a much stronger effect than the equiva-

lent concentration of Cr 2 03 .

*NH NO3 burns in a manometric bomb at p > 130 atm 237 It was not

poss'ble to attain stable burning of NH4 NO at p < 1000 atm in a constant
pressure bomb.
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TABLE 50

Burning rate of mixture NH N0 + 10% additive at atmospheric pressure 183

Relative -2 -I
Additive density of U, mm/sec m, gm cm see

charge, 8

K20ro 1. 5 1.73 O.086

K2Cr207 0.5 1.33 0.066

Na 2Cr207 . 2H20 0.6 0.83 0.05

(NH)4) 2Cr207  0.5 0.32 0.016

(NHI+) 2Cr% 0.5 0.23 0.012

Evaluation of the relative efficacy of additives is made diffioult,

since in Refs.108, 180-183 the burning rate is not given for the same systems

without additives. However, these data cannot be obtained at low temperatures,

since mixtures based on NH NO and especially pure NH NO will not burn under

these conditions.

Exceptions in this respect are the data184 on the effect of additions of

some surface-active substances on the burning rate of a composition based on

Ni4 NO 3 Thus for example the results obtained for sodium dinaphthylmethane-

disulphonate were:

Additive, % 0 0.1 1.0 2.0 3.0

u aM' nm/sec 0.97 1-17 1.50 1.58 1.57

U with additive

Z a i1.20 1.55 1.63 1.62Uwithout additive

Additives used for accelerating the burning rate of NH C10 and composi-
4 4

tions based on it are: CuO (Ref.120), copper chromita (856 CuO + 15% Cr203)

(Refs.120, 185, 187), Cu20 (Refs.173, 175), Fe203 (IPef.120), SiO 2 (Ref.185),

Cu2C12 (Ref.186), etc, and for retarding the burning rate LiF (Refs.185, 187)

is used.
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The burning rate of IH 4CO 4-fuel mixtures with t-2% additive could be
changed by not more than 1-5 to 2 times. The burning of pure H C1O4 is

greatly affected by the action of additives; it is possible to change its
burning rate up to 3 to 4 times with 2-5% additive.

The literature data enable certain conclusions to be :-eache& regarding

the effect of catalytic additives.

(I) The effect of the additives is intensified by reducing the oxidizer

particle size. Thus the composition 76% NH4CIO4 + 246 binder was studied' 8 7 .

for dox z 15 and z 80 p the respective burning rates at p = 14 atm were

8.4 and -4.2 mm/sec. Addition of 1 o copper chromite increased the burning

rate (at 14 atm) of the finely divided composition 1.67 times and of the

coarse composition 1.58 times0  Addition of 1% lithium fluoride reduce the

burning rate of the finely divided composition 1.7 times and of the coarse

composition only 1.23 times.

(2) The effect of an additive is intensified by increasing the

percentage of additive (within limits of 2 to 5). Thus the results

obtained1 8 5 for a composition with 70% NH 4 C10 4 + 25% polyester-urethane

binder + 5% Al were:

LiF, % 0 0.5 1.0 1.5 2.0

u56 atm' mm/sec 5.8 5.17 4.52 3.92 3.28

Z - 0.89 0.78 0.68 0.57

timilar results for the addition of copper chromite are given in Ref.120

(Table 51) and in Ref.187 (Table 52).

(3) The e~ficacy of the additives depends on the pressure. For copper

chromite and silica dioxide the effect becomes more marked as the pressure is

increased (see Tables 51, 52).
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TABLE 51

Influence of pressure on the efficacy of catalysts

on burning rate of pure NHC10 (Ref.120)

Pressure, atm
Catalyst -...-.-

50 60 70 80 90 100 150

No catalyst u, mm/sec 6.3 7.2 8.2 8.9 9.5 10.2 12.3

U, Mm/sec 11.1 17.1 23.2 27.4 30.7 33.6 43.6
311 copper chrcmite ..-. -

Z* 1.76 2.36 2.83 3.08 3.23 3.30 3.55

U, mm/seo 22.2 26.1 30 32.8 35.2 38 46.8
5% copper chromite - - - - -

Z* 3.52 3.60 6 3.68 3.71 3.73 3.81

Note: The numerical data are taken from graphs.

*Zu with catalystUwithout catalyst.

TABLE 52

Influence of pressure on the efficacy of catalysts

on burning rate of composition

NH Cl,-polyurethane binaer-Al (iRef.185)

CPressure, atm4Catalyst - 3

_______49 56 63 70

No catalyst u, nIn/sec 5.14 5.19 26 5.34

u, mm/sec 6.49 6.86 7.32 7.75
1~o oopper chromite - -

1.26 1.32 1.39 1.45

u, mm/sec 8.35 8.72 9.0 9.3
1% SiO2

1.62 1.68 1.71 1.74

Note: The numerical data are taken frcm graphs.

with catalystUwitholit catalyst.
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18 BURNING IN SYSTERS CONSISTING OF PLANE OR CYLINDRICAL LAYERS OF FUEL
AND OXIDIZER

Experiments have shown 1 2 4,127, 16 6 'chat combustion can be achieved in e
system consisting of layers of any thickness of fuel and oxidizer* in contact

with one another (layer system).

Various methods of manufacturing charges have been used depending on the
properties of the components. When an organic polymer with satisfactory
mechanical properties was used as the fuel, it was formed into a flat layer,
or cylindrical tube into which the oxidizer was pressed. In other investiga-

'ions a pellet was first formed by pressing and then the fuel in powder form
was pressed at a low pressure into a hole drilled in the pellet. If both

components were in powder form and the experiments were to be carried out at

low densities the components were poured into a mould provided with a fine
membrane, such as tracing cloth, which separated the components during the

preparation of the charge and was then removed.

The charge was ignited at the upper end simultaneously along the whole

length of the boundary of contact by means of a coil of nichrome wire in the
experiments with organic fuels or by means of an igniter compound in the

experiments with metal powders.

A flame was propagated from above down the surfat-e of contact of the
components. wedge shaped indentations were formed in the fuel and oxidizer
layers, inside which the combustion zone was locatedand these moved along

*In the t *mental investigations 1 2 ) 127.1 6 6 and the theoretical

investigations the case where each of the components was incapable of
sustaining combustion independently was investigated. The burning of NCH C10

4.4
in a perspex tube was examined in Ref.121. In this case the oxidizer was
capable of self-sustained burning over a certain pressure range. It is shown
in section 19 that in this case the diffusion flame on the surface of contact
of the fuel and oxidizer greatly extends the range of stable burning.
Experiments have shown, however, that in the pzessure range where the burning
of NH C10 is stable in an inert casing the use of a fuel casing changes the

4.4
burning rate slightly. It is, therefore, really the burning of pure NH C10

4 .4
in the presence of a 'pilot' flame at the edges of the charge.
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with the flame. The velocity of propagation of the flame along the surface

of contact of the components u attained a stationary value quite rapidly*.

The form of the indentation during burning was very sharply defined for
those components such as perspex which do not melt before vaporizing and do

not form a condensed residue. On the other hand, the shape of the indentation

was distorted by the presence of a condensed residue for such components as

KC10 4 , KC10 3 , BaO2 and KMnO 4 .  Thus the burning of systems with KC1O4 and

KC103 is accompanied by the formation of large liquid drops of KC1; from time

to time the drops are ejected by the flow of gas and new ones are formed in
their place. The burning of systems with BaO 2 and KMnO 4 is accompanied by

the formation of a solid porous slag with a volume close to that of the

original oxidizer.

The burning rate along the surface of contact in the case of layers of

transparent fuels was measured by means of a photorecorder1 24'1 2 7 and in the

case of layers of opaque components by means of ionization gauges or fine

quartz fiiaments acting as light conductors leading out from the surface of
166

ccntact

A LIITING CONDITIONNS FOR BURNING

The limiting conditions for burning along the surface of contact of the

components can be quite sharply defined. Thus in perspex tubes it was not

possible to establish combustion (at p 4.0 atm) for any one of the many

nitrates investigated 1 2 4 , although the calculated heat release for Pb(NO3 ) 2 ,

Ba(N3), Sr(NO 3) 2 and especially for LiNO3 is considerably higher than for

BaO2 or K0Th04 , which burn well in perspex tubes even at I atm abs. This is

possibly related to the fact that decomposition of nitrates does not liberate

oxygen but the relatively inert nitrogen peroxide. Burning in contact with

KC10 4 (at p < 60 atm) could not be established for those fuels (polyethylene-

terephthalate, galalith, phenolformaldehyde resin, etc) which form a large

*This is naturally not the normal burning rate. Thus the mass burning
rate should not be calculated in the usual way when considering the propagation
of a flame along the surface of contact of the components. The linear and
mass rate of vaporization of the fuel and, less accurately, of the oxidizer
inside the indentation can be calculated (soo section 6,C and section 9), but
this rate is characteristic only of the formation of the indentation and not
of the propagation of the flame along the surface of contact of the components.
Moreover the burning rate u for ordinary disordered systems for d > d.

is also not the normal burning ratc. However, the velocity of both processes

will be denoted by the letter u and where necessary subscripts will be used.

I.
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TABLE 5

Ability of various oxidizers to burn in contact with aluminium

+++ very vigorous burning sometimes with a loud noise;

++ vigorous burning;

+ burning of moderate intensity;

± feeble burning, often extinguished;

- burning does not take place.

Oxidizer and its Qdecomp' p, a rmt
decomposition products kcal/mole 02 (gauge) Result

KC1O4 - KC + 202 4,5 0 ..

Ag20 2 Ag + 0,50 14 0 +++

PbO2 -PbO + 0-502 24 0 ..

2 KnO - 2 +NO + 2,50 33 0 +++
4 20+ 20

BaO2 - B9.O + 0.502 38 0 ..

Ba(N0) 2 . BaO + N2 + 2.502 41.5 0 ++

HnO2 - MnO + 0,502 66 0 +

CuO - Cu + 0.502  75 0 ++

0 01
100Co203 -b 2 Co + 1,502100+

C2 3  2 100 2

FbO4 Pb + 0.502  104 0 +

Fe203 -2 Fe + 1.502 130 0;0 +

232130 20

SnO Sn + 0.50 136 0 .. _
2 136 20 +

ZnO Zn + 0-50 166 [L ;io0 -
2166 20 1+

182 0- 20; 0 -
Cr20 - 2 Cr + 182L1~5 + )0

Note: Aluminium (powder) in the form of a cylinder of diameter 8 mm
was surrounded by a coaxial layer of solid oxidizer with an
external diameter of 22 mm; the density of both components
was that of the powdorod form.
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amount of carbon residue during their thermal decomposition in the presence of

oxygen.

For metal powders there is a limiting relative density of layer for which

burning becomes impossible because of the extremely high heat transfer from

the combustion zone into the interior of the fuel layer. The limiting

relative density 81i m  is about 0.5 for tungsten powder (mean particle size

-3 V) in contact with KCIO at 20 atm.
4

The value of 8 depends on the size of the layer and the pressure.
lim

A limiting relative density is not observed for organic fuels, i.e. burning

takes place even for a solid plate (8 z 1) of fuel. It is reasonable to

relate this to their low thermal conductivity in comparison wi th that for

metals.

On the other hand the effect of the nature of the oxidizer on its

ability to burn in contact with aluminium or tungsten is exerted only through

the change in the heat of combustion, although such startling discrepancies

between the calculated and actual values of the ability to burn as found for

organic fuels have not been observed. The data given in Table 53 show that

the ability to burn for the systems under investigation decreases steadily

with increase in the heat lost Qdecomp in the decomposition of the oxidizer,

i.e. the amount required to liberate I mole of 02* As Qdecomp increases,

the pressure increases and hence burning becomes possible.

B DEPENDENCE OF FLUE VELOCITY ON LAYAM THICIMESS OF COMONDETS

Experiments were carried out in which the thickness d of the layer of

one of the components was varied whilst the thickness of the other was kept

constant (the configuration of the charges is shoyn in Fig.53).

In all the cases investigated there is a plateau on the curve u(d) f~r

sufficiently large values of d (Fita.54, 55a, b)*.

This phenomenon is related to the presence of the zone of influence (see

section 1O,B); the burning rate changes with increase in the width of the

combustion zone (resulting from an increase in d) only up to the point where

the value of d cot 0, vhere q is the angle of burning, becomes larger than

the size of the zone of influence. Thus the dependence u(d) -an be used

for evaluating the size of the zone of influence.

*A reduction of the dependence u(d) for large values of d was also

~ I 166observed for a core of aluminium powder in a coaxial tube of BaO2 although

a considerable scatter of the values of u was observed :'or small values of
d for this system.
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For small values of d the curve u(d) can have various formn:

(i) For a perspex layer (Fig.55a) and a polyetIVlone layer (Fig.55b)

batween layers of KC10 4 and also for a BaO2 layer between layers of perspex

(curve 3 in Fig.54) the burning rate falls as a is reduced.

(2) For a KC104 lyer between layers of perspex (curves I and 2 in

Fig.54) the burning rate increases as d is reduced.

The reasons for the different shares of the curve u(d) for small

values of d are still uncertain in mar , respects, but it is evident that the

form of the curve u(d) for a single layer at small values of d. is deter-

mined by two competing processes:

(al The total heat release is reduced with decrease in d for a sirgle

layer onereas the heat losses to the external layers remain approximately the

same. Consequently the rele.tive importance of the heat losses again
inoreases*.

(b) The dlistance between the flame propagated along the left and .ight
boundary of the layer decreases with decrease in a, and consequently the

heat losses dorease inside the layer.

C DEP MNCE OF FLAME VELOCITY ON PRESSURE

A:.I the basic forms of the curves u(p) known for the usual disordered

systems were observed for the layer systems studied in ,efs.127, 124 nid 166.

(I) For the systems KC1O-perspex$ polyethylene, polystyrene, vinyl

plastic; K010 -Perspex; Ba(NO -Al; KC10 -W the burning rate increased
monotonically with pressure over the pressure ranges investigated (see

curves I and 2 in Fig*56 and curve I in Fig.57). The value of the exponent

v 'in the equation u = bpV for these systems is as follows:

Oxidizer Fuel V Pressure, atm

KC1004 Polystyrene -1.2 5 to 40

KC103 Perspex i.06 20 to 125

KC10 Polyethylene 0.64 10 to 304fBa(N03 ) 2  Aluminiuio 0.49 30 to 100

KClO4  Polyvinylchloride 0.42 10 to 40

*On the other hand, for systems consisting of many layers, the number of
which per unit length of charge increases with decrease in d, the total heat
release in the zone of influence will increase as d is decreasod., and thus
the heat losses will decrease agau.
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For the YC.O04-perspex system v z 0.82 was obtained for plane layers (5 to

40 atr), v z 0.47 for cylindrical layers (2.5 to 20 atm) and v z 0.95 for

cylindrical layers (30 to 125 atm) (Re-s.i 24 and 127).

(2) The burning iate for the iQnO4 -perspex (see curve 4 in Fig.56) and

KEnO 4-W (see curve 2 in Fig.57) systems increases only up to a certain

pressure and then remains constant over a wide pressure range.

(3) The burning rate for the BaO2-perspex system first increases with

increase in pressure, then passes thxough a maximum and begins to decrease

(see curve 3 in Fig.56).

In the same way as in the usual disordered mixtures, the increase in the

velocity of propagation of the flame along the surface of contact of the com-

ponents is related to the increase in the rate of the reactions in the kinetic

zone close to the 'tip' of the flame.

The case where the burning rate of a layer system does not depend on the

pressure over a certain pressure range has been observed only for KMnO4 systems.

A considerable amount of solid residue is formed in the decomposition of KLnO4
The flow of oxygen to the reaction zone through the layer of solid residue

evidently cannot exceed a certain value (i.e. burning takes place in the

diffusion regime), which results in the appearance of a plateau in the curve

u(p).

Finally, the case of the Ba02-perspox layer system, where the burning

rate passes through a maximum, is probably also associated with a solid

residue; an alternative hypothesis, which cannot yet be discarded, suggests
127

that a reversal of the reaction BaO 2 BaO + 0,502 takes place, and thus an

increase in pressure retards the decomposition of BaO2, consequently reducing

the flow of oxygen to the reaction zone.

D DEPENDMICE OF FLAM VELOCITY ON LAYER DENSITY

Continuous laminae cannot always be used for studying the combustion of

44 layer systems.

(1) There is a limiting value for the layer density for metal powders

and possibly for some oxidizer powders, e.g. Ba02, so that for 8 > 51im

burning does not take place.

(2) There are technical difficulties which in many cases limit the

density of a layer. For example in pressing h 4C10 or CIO 4 into cylindri-

cal Perspex tubes the value of 8 is not greater than 0.90 to 0.95.
ca pespe tues te vlueof ox

I.
:£
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'When the pressure used in pressing is raised above 1500 to 2000 atm perzpex

begins to deform. For polystyrene, polyethylene and especially for teflon

ths limiting values of ppress and 8 are considerably lower than for

pei ,Oex.

Special experiments have been made to study the effect of the porosity

of the layer on the velocity of the flame along the surface of contact. It

was found that the dependence u(8) has the same character for volatile and

for condensed fusible explosives (see section 2,D); for sufficiently large

values of 8, the mass burning rate u8 decreases slightly with decrease of

8, since the heat release falls with decrease of 8 and the heat losses are

approximately constant. However at some sufficiently small value of 8,

which becomes smaller as the pressure becomes lower, the mass burning rate

begins to increase rapidly with decrease in 8. since the hot combustion

products begin to penetrate into the pores of the layer*. Such a form of the

dependence u(8) was obtained for KCIO4 in a cylindrical tube of perspex

(Fig.58) and also for aluminium in a coaxial tube of IGIn04 (Fig.59). W'ith

KC104 at 40 atm as 8 was decreased, the value u6 after a rapid increase

passed through a maximum and began to decrease because of the fall in the total

heat release. It is possiblp that such a decrease in u8 at very low vwlus

of 8 may also occur in other cases.

E COMPARISON OF BURNING RATE IM A LAYER SYSTEMI AND IN AN ORDINARY
DISOR)ERED MIXTURE

It is interesting to compare (for d = const) the flame velocity along

the surface of coiitact of the layers of fuel and oxidizer u1 and the burning
rate of an ordinary disordered mixture u di s .  From theoretical conidera-

tions it is obvious 1 24 ' 1 2 7 that u1 > Udis, since in disordered systems the

flame is retarded by the transmission of burning throgh a fuel layer.

However experimental verification of uI > udi s is complicated since it

is difficult to make a layer system, especially with a large number of layers,
for small values of d. The value of u 1 will be reduced with a decrease in

the number of layers, down to the limit of two (a layer of oxidizer + a layer

of fuel). So far, the experimental values of ul have been obtained only

*Consequently for a given value of 8 not very close to 8 = 1, the
dependence of u(p) at a sufficiently high pressure increases sharply. Such
an inflection in the curve u(p) was obtained for the layer systems:
tungsten (powder, 8 - 0.5)-KC10 (at p > 50 atm), tungsten (fraction 140 to

400 P, 8= 0.40 to 0.45)-1I4nO4 (at p ~ 100 atm).
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for charges made by pressing oxidizer in powder form into plane or cylindrical

channels in the fuel. The density of the layer of oxidizer is thus not very

high (usually 8 < 0.6 to 0.7).

The variation of the density from the maximum can affect uI and udi s

in different ways.

A tentetive comparison of u, und -di s for different values of d

for the KC104-perspex system is given in Fig.60. In this case ui  ud is
valid although the difference is not large. The aata were most reliable for

a layer system with d > 4 to 5 mm and for ordinary mixtures with d < 0.2

to 0.5 mm.

Moreover, the value of i, was obtained for a single layer of oxidizer

between tao reasonably thick layers of fuel and consequently ul was reduced;

this excess of fuel must also lower u, since the maximum of the burning rate

lies close to LL = 1 for a KCI -perspex system.

In addition, the porosity of the oxidizer layer in the layer system

( - 8 = 0.33 to 0.38) was higher than in the ordinary mixture i - 8 z 0.1);

this could raise u1 in comparison with udis., .ut not very greatly, since

the experiments were carried out at low pressure - 10 atm.

As well as the layer system ir which the flame moves along the stwface
of contact of the stationtry (relative to one another) layers of the components,

113
another type of layer system has been studied in which the end of a r-d of

oxidizer was pressed by a spring against the end of a rod of fuel and thus

moved as burning progressed. For rods of perspox and h. N0 with a certain
-4 3

cross-sectional area of the rods, a mass rate of vaporization oP 0.0127 gn/soc

was obtained for perspex and uf 0.1755 gm/soc for Nhi4N03 (at 70 atm). This

ratio of mass burning rates corresponds to a z 1.44, i.e. burning lakes place

with a considerable excess of oxidizer, since hH4 N03 vaporizes considerably

moZe easily than perspex.

19 BUJMTING OF ZAL,0NIUM PERCFI0RATE

The burning of ammonium perchlorate (pure or with small additions of

fuels and catalysts) has boon studied very extensively. It has been suggested

that the burning of pure NH 4CIO4 is one of the elementary processes during the

burning of 3ystems of mixtures based on N14 CIO4 . Thus the hypothesis has boon

proposed 141 that the burning rate of such systems is 5imply the burning rate

of NH 4C10 4taking into acccunt the flow of heat from the diffusion flame.
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Such a point of view is useful, but the presence of the fuel which burns in

the diffusion flmue acts on the burning rate of NH 4CO 4 in two mutually

opposite directions. At first the fuel burning in the diffusion flame must

heat up and vaporize. It obtains part of the necessazy heat from the

NH3 + HCI00 flame and thus retards its burningo However, the fuel then

reacts in the kinetic and diffusion flsmes; part of the heat emitted enters

the NH + H010 flame zone and increases the temperature in this zone. If
the percentage of fuel is near to stoichiometrio, the second effect pre-

dominates and the burning rate of the NH CIO -fuel mixture is groatly

increased compared with the burning rate of pure H CIO 4 .  If the percentage

of fuel is very small or conversely is entremely high, or if the fuel is very

inert, the first effect precdoinates and the burning rate of such 4F Cl0 -fuel
'4 4-

mixtures can be considerably lower than the burning rate of pure NH 4CIO4 .

Thus the burning mechanism of mixtures based on NH4 010 can be under-

stood only if the interaction of the components of the mixture is considered.
it ia hown below that the buring mechanism of pure NH4CIO4 (without

fuel) is very different from that of NH 010 -fuel mixtures.

The burning of pure NH CO is characterized by sharply defined limits

and it is therefore very sensitive to changes in the conditions of burning.

For the burning of NH4C104 specimens in an atmosphere of compressed nitrogen

there are a lower p, and upper limit p with respect to pressure so that

burning is stable only in the interval pL < p < pU" The value of pl and

PU (and the very existence of the upper limit) dapen& on the character of the

charge casing, on the diameter of the charge, on the relatik.e density of the

charge and on the NH4 CIO particle size, etc.

The burning of NH 4C104 is much more sensitive to an increase in the

initial temperature than the burning of mixtures of I 4 CI04 which are not too

far from stoichiometric; the temperature coefficient P is in the first case

(5.6 to 6.0). 10-3 deg " (Ref.47) and in the second case (. to 2). 10 3 deg "I.

In the same way pure NH C0 is muih more sensitive to the effect of
4 4

additivos than compositions based on NH4C10 (see section 17).

The dependence of the burning rate of NH C10 on the relative density 6
4 4

also testifies to the limited ocharacter of its burning. With decrease in 8

not only the mass rate of burning but the linear rate of burning decreases,

wheveas for secondary explosives and mixtures the linear burning rate generally

increases with decrease of 8.
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Finally when small additions of fuel are made to R14C104 the ourning

rate can not only not rise but may even decrease considerably -s far as the

poiD' where brning is extinguished, since the diffusion flarTe is feeble and

doz not compensate for the heat lost in heating and vap'.rizing the fuel.

The limited character of the burning of pure bJi 4ClO4 is essentially

connected wit:, its low combustion temperature (the calculated temperature is

13800KI at I atm abs)15 0, whereas the combustion temperature of compositions based

on NH 4C10 4 is usually not less than 2300 to 2700°K alc I atm abs (Ref.126).

A LOVER A XD UPPE. PRESSURE LIMITS UF BURNING

Data on the lower limit of burning are given in Refs.120, 173, 188, 189,

251, etc. It was found that the value of PL decreases under the following

conditions:

(1) With increase in the particle size of 1NH4CIO4 (Refs.102, 189, 251).
251 4

Thus for example the results obtained at 20 C were:

dM 10,' i < 50 50 to 63 63 to 100 160 to 250 250 to 31',

PL' atm 110 70 70 40 23

Data from Ref.189 are given in Fig,61.

(2) With increase in the initial temperature of the charge (Refs.47,

120, 180, 251). Thus for example the results obtained2 5 1 for d 010 < 50
4* 4

were:

To, 00 20 60 100 120

PL am 110 50 36 30

(3) Vith the addition of catalysts (Refs.47, 173, 190, etc).

(4) With increase in the diameter (P) of the charge, Thus

PL 50 am was obtained 1 21 for 0 = 5 mm and PL =30 atm for =7 am.

(5) With increase in the relative density 8 =p/pmax of the charge.

Thus PL z 80 atm was obtained for 8 : 0.65 and PL z 6 0 atm for 6& 1.

The value of P can be greatly reduced een a fuel casing is used (see
below).
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Additionally, the value of P depends on the character of the igniter.

Thus when a glowing filament igniter is used PT - 45 atm, and for an igniter

composition PL = 22 atm 1
88.

The value of the upper limit PU (and the existence of an upper limit)

is now considered. The presence of catalytic additives 12 and also the

character of the casing152.1 88 affects the value of PU. Thus it was dis-

covered 18 8 that for a charge in an asbestos tube an upper limit is not

observed, at least for p 4 300 atm. whereas for a charge without a casing
?U z 250 atm. The burning of a charge without a casing was extinguished1 5 2

at p , 280 atm; on the other hand the burning of a charge in an asbestos

casing was stable up to at least °1600 atm.

The existence of pressure limits for the burning of IH 4C104 is

undoubtedly associated with heat losses from the combustion zone of

NH3 + HCO 4 . The lower limit evidently depends to a considerable extent on
the intensity of combustion of NH 41C04 which increases with increase in

pressure up to % limiting value. Thus for example the composition of the

combustion product:s of NHC104 wss measured1 8 8 and it was shown that at I atm

abs (evidently combustion was assisted by an auxiliarj supply of heat from a

projector) the actuel composition of the combustion products diverges consider-

ably from those expected from NH IC0-o 0.5N + HCI + 1.5H 0 + 1.250 since
4 '.~ 2 2 12

the combustion products contain a large quantity of oxides of nitrogen.

However with increase in pressure the oxides of nitrogen djcrease and the

oxygen increases correspondingly (Table 54).

_ __B_

Influence of pressure on the composition of the combustion 4

products of NH CIO

No. of moles of products
Pjessure, per mole N,14C104  Ref,

tmN02 N20 N2  02

1 0.55 0.10 0.11 0.65 188

35 0.31 0.11 - 0.75

70 0.23 0.12 - 0.80'

140 0.23 0.05 _ _ 0.80I

1 10.5 (mole NO) 0.145 0.085 b 73 103

73.5 0.013 (mole NO) 0.11 - 0.78,

I



205

The loss of energy by radiation from the 113 + 1C104 flame and from the

NHI 10 surface to the surrounding volume can also be considerable as a result

of the limited character of the burning of H 4C104

The upper limit is possibly connected with the convection losses from the

flame zone to the surrounding gas since these losses increase with increase in

pressure.

An increase in the temperature in the NH + HOO flame zone can extend3 *4
the limits of burning considerably and thus the upper limit of burning in

general cannot be observed for the whole of the pressure range studied.

Such a temperature increase in the flame zone can be achieved as follows:

(1) by an increase in the initial temperature of the charge,

(2) by a supplerentary flow of radiative heat, incident on the surface

of the charge from an outside source,

(3) by the addition of catalysts which reduce the width of the combustion

zone and hence lower the heat losses from the flame zone. In those cases

where the intensity of combustion is low, catalytic additives can increase it,

(4) by additions of fuel* (in not too small amounts) or by the use of a

fuel casing,

(5) by decreasing the heat losses from the flame zone due to the use of

an inert casing with low tharmal conductivity.

Many experiments have been carried out to elucidate the particular problem

of the minimum preheating required to enable NH 4C104 to burn at I atm abs.
474

Thus it was found4 7 that pure NH4C1O4 (8 : 0.54) at I atm abs burns at
0-1 do-1i ae o tesii

T >, 200 C. If he value c z 0.26 cal gm-  dog is taken for the spcific

heat of NH4 C10 4 , this preheating amounts to 52 cal/gm. The minimum p.e-

heating due to an increase in T is estimated as 64 cal/gm and that due to
0

an addition of volatile fuel as not less than 107 cal/gm (i.e. approximately
.103

1.7 times greater)1 . This discrepancy is to be expected since only the part

*Addition of fuels leads to the appearance of the diffusion flame and a

considerable flow of heat to the surface of the charge. However a definite
quantity of heat is also required to heat and vaporize the fuel. Therefore
the burning rate can fall for a small percentage of added fuel. increase in the
fuel percentage uven resulting in complete extinction at pressures at which
pure NH4C10 4 burns steadily. However, for higher fuel porceitagcs the tempera-

ture in the Ni3 + HC10 4 zcno rises, the stability of burning improves and the

burning rate also begins to rise rapidly.
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of the heat emitted in the diffusion flame reaches tne NH + HCO reaction
3 4

zone. Moreover the flow of 'heat from the diffusion flame is partially

expended in the preheating and vaporization of the added fuel and only the

remaining par; of the heat is used to preheat the NH 4CIO 4 The minimum flame

temperature of NH4 C10 for which burning is stable at I atm abs is Z 9300C in
the case where volatile fhiels are added, but in the case of an addition of

carbon the final temperature of the flame must be not less than 16000C, since

carbon reacts slowly and the portion of heat reaching the surface of the charge

is small.

The minimum flow of heat using radiation from projector equipment for
which NH CIO could burn at I atm abs was found1 8 8 to be 10 k ca:I. cm" 2

-1 abs
se -  where kAb the coefficient of absorption is approximately equal to

1-0.63 = 0.37, assuming that the transmission coefficient is close to zero.
The burning rate was z 0.2 mm/sec. Taking 8 = I (p = 1.95 theom3)

10 x 0.357
minimur preheat required was 1.95 x 002 9 cal/gme

Catalytic additives and also a fuel casing can extend the limits of

burning very considerably, though quantitative assessments of the temperature

rise in the flame zone have not been made,

A considerable ntnber of catalytic additivos has been described which

ensurt3 the stable burning of NH4 CO4 at I atm abs and room temperature, for
example, OuO, Cu2C12, Mn02, "nC03 (see Ref.190, 6 z 0.6 to 0.65); Cu20
(Ref.173, 8 4 0.84; Rof.190, 8 = 0.6 to 0.65); copper chromite (Ref.47,

8 z 0.4), etc.

The disappearance of PU was observed120 (at least in the range up to

p = 340 atm) for the addition of ( ) copper chromite, CuO, Cr2 03 , Fe 2 05 ,

MnO2, etc, whereas without any additive PU = 280 atm.

A fuel casing improves the stability of burning very considerably. Thus

NH4C104 burns steadily in a perspex casing or with a sufficiently thick film
of lacquer at least over the range from several atmospheres 1 7 up to

121
p ; 1000 atm

B BUvNING 1 AT VARIOUS PESSURES

Owing to the limited character of the burning of NH4 CO4 the absolute
value of the burning rate at various pressures and oven the form of the u(p)

curve depend considerably on the condition .under rhich the experiments are

v e o
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carried out even wi1thin the limits of a single work and especially when

referring to different works* °

The fort of the curve u(p) is now considered, Despite the great

diversity of the data, three portions of the curve u(p) can be quite clearly

distinguished.

(I) At 'low' pressures from P, to pressures oL' 70 to 200 atm the

burning rate rises monotonically with increase in pressure. The dependence

u(p) at low pressures was found12 0 ,1 2 1 , 1 73 g18 8 18 9 to be close to one of

direct proportion (v z 0.8 to 1.0; see Table 55 and also Fig.62 at

p - 150 atm). However for uncased charges141 of NH4 CIO4 (5 x 5 m) and also

for charges of d4 CO 4 smeared with a fluorinated grease121 the value of v

(over the ranges 70 to 210 and 50 to 200 atm respectively) was only 0.34 to
0,58 (Table 55).

(2) At tmediumt pressures from 70-200 to 300-500 atm the burning rate

either continues to increase with rise in pressure, although much more slowly

than at 'low' pressures (see Table 55), or flattens out into a plateau, or

falls with increase in pressure over a certain pressure range and then begins

to rise (Tig.62 at 150 to 200 atm), or, finally, with increase in pressure

decreases to the point where burning is extinguished (Fig.64).

(3) At 'high' pressures (higher than 300 to 500 atm) a sharp increase

in the dependence u(p) is observed121'152 (see Table 55 and Figs.62, 63).

The 'low' pressure region will be examined in greater detail. Many,

but not all, authors find the dependence u(p) in this region to be close to

the dependence u = bp, which is characteristic of volatile homogeneous

explosives. This is to be expected, since CH 010 is essentially a weak
4 4

homogeneous explosive.

However, owing to the limited character of the burning of hTHC10 the
analogy with volatile homogeneous explosives is restricted and easily infringed.

In particular the burning rate of NH C104 can depend12 0 $1 8 9 .,251 to a
great extent on the particle size of the powder from which the charge is

pressed whereas for sceondary explosives for 8 z I the particle size of the

original powder has practi ally no influence on the burning rate. Data on

the dependence u(dNH CIO ) are shown in Figs.64 and 65, In Fig.65 the

The experiments in Refs.120, 121, 141, 173, 188, 189 were carried out in
a conntant pressure bomb and in Ref.152 in a manometric bomb.

J
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VValue of exponent Y in equations u =b or m b t'

for NH 4CI0 with various csings

Diameter -
Casing o f Chu , ILOWI tldiumt 'High' Ref*ox material M

pressures pressures pressures

Perspex 7 0.88 at 150-200 atm -2.0
(10-150) V < 0 (360-950)

Polyinl 7 -o -1.6 21
chloride lacquer 15 (100-250) (350-1000)

Fluorinated 7 0.53 0.14 -1.3greae (50-200) M M-500X (500-1000)

'-15 Cemet gless 10 0.93
(40-100)

100-140 cement + glass 10 0.82
(60-100)

-15 Perapex 6 0.91
6 ; 0.95 (13-100) 173

-15 Perspex 6 0.90-0.92
8NH104 Os.6 (5-100)

to 0.-4

320-410 Perspex j 6 -#.90

~H~l 0 * 94J (40-100)

o~o , 4 x o 1.06 0.36
(30-% (100-300)

II 0.6918
(50-100)

Asbestos 16 0.25 1.75
(7D-o,,(350) (350-1500) 152

53-665 Without (=Ings 5 x 5 0.585 "

(70-210)

66-76 5x 5 0.585
(70-210)

*I04 " " 5 x 5 0.57
17 D-210)

-15 " ' Sx5 -0, 1
recrystallized (140-210)

-15 f ' 5x5 0.34
Specimen A (70-210)

-15 U 5 x 5 0.57
Specimen 'B' (140-210)

No .e: The tigures in brackets ( ) denote the pressure mage in atm.

1
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burning rate at 100 atm changes from t 10 mm/sec (for the fraction 300 to

3000 1) to u 4.5 nmmsec (for the fraction 5 to 250 0, i.e. by a factor of 2.2.

It can also be seen from Fig.64 and 65 that there is no monotonic

relationship between the particle size of NH 4C10 and its burning rate,

although very wide fractions of NH4 C10 4 evidently have a higher burning rate.

However this dependence of u on the particle size of NH C10 4 has not

always been observed. Thus the data in Ref.1o1 (at 105 atm) and in Ref.173

(at 100 atm) indicate that the particle size of NH4 C10 only slightly affects

the burning rate (Table 56).

The significance of the effect of particle size on the burning rate of

charges of NH C10 compressed to a high density is not yet clear.

Effect of particle size of NH C10 powder from which charges
4 4

are pressed (8 1) on the burning rate

Fraction Coating Diame-cer
NH4C010 '  u, m/sec Cati of charge, Ref.

NH4 1 4-1 material.m

-15 12 Cement + glass 10

< 100 9.9 Cement + glass 10

100-140 10 Cement + glass 10 173

-15 11.4 Perspex 6

320-410 12 Perspex 6

53-66 8.9 Uncoated 5 x 5
66-76 8.6 Uncoated 5 x 5 41

76-104 7.9 Uncoated 5 x 5

Many authors have found that a hot charge of NH C104 does not have a

plane surface. It is possible that the surface area of a hot charge depenJs

on the particle size of the powder from which the charge is pressed, which can

affect the burning rate.

Impurities on the surface of the crystals, which can either retard or

accelerate the burning rate, can play a definte role. The percentage of the

impurities can change during the process of preparing different fractions;
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it can increase during the grinding of NH 4CO4 i. mills and can decrease during

recrystallization.

In marq cases it is interesting to compare the burning rate of pure

NH C1O with that of compositions based on it. From what has been said above

it is clear that the burning rate of pure NH CIO must be determined for that
batch and that fraction which is used in the composition.

Nevertheless certain mean values of the burning rate which are readily

available can be used for tentative comparisons:

p, atm 40 60 80 100

u, m/soo 4 6 8 10

The significeace of the unusual form of the curve u(p) for NH CIO at

'medium' and 'high' pressures is uncertain in mary respects. For medium

pressures vez convincing arguments are put forward on the role of convective

heat losses152,18 . As convective heat losses become more significant, the

dependence u(p) becomes increasingly less down to the point where burning is
121completely extinguished. When a casing of fuel is used burning becomes

more stable compared with the burning of a charge without a casing, but in

this case the dependence u(p) decreases sharply up to the point where there
is a fall in the burning rate with increase in pressure in a certain pressure

range.

The region of 'high' pressures, which was investigated only in Refs.121

and 152, is even less clearly understood. The sharp increase in tne
Vdependence u(p) close to 350 atm (the exponent v in the equation u = b p

was 0.251 at 70 to 350 atm and increased to v z 1.75 at 350 to 1500 atn) was
related'15 2 to the cracking of the charge of NH 4CIO due to the thermal stresses

4 .
at the high burning rate and also to tho rapid increase in pressure in the

manometric bomb in which the experiments wore carried out.

However a sharp increase in the dependence u(p) at p > 300 to 500 atm
121was observed in a constant pressure bomb by A.P. Glazkova 2 1  Hence the rise

of pressure in the volume was not a necessary condition for an increase in the

exponent v. Apart from this it was shown that the exponent v depends

considerably on the nature of the casing (for charges in casings of perspox

Vp=360 to 950 atm 2 2.0; for charges coated 'with a layer of fluorinated grease

Vp=,ROO to 1000 atm 1.3; Table 55). It is also most significant that for
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NH4 C104 cataJysed by 5% K2Cr2 07 (according to the data of A.P. Glazkova 2 27 )

the curve u(p) at p < 1000 atm is quite 'smooth' (v = const = 0.6) and

at all points is above the curve u(p) for pure NH4 C104  Hence it follows

that a sharp increase in the dependence u(p) for pure NH 4 CIO J at p > 300 to

500 atm is not necessarily related to the break down of laminar burning.

Possibly the increase in the dependence u(p) at 'high' pressures, and also

the decrease in the dependence u(p) at 'medium' pressures, is a result of

the limited character of thr burning of NH 4CO and reflects the temperature

changes in the reaction zone with rise in pressure. The introduction of a

catalyst improves the ratio of the heat gain to the heat losses and thus the

curve u(p) assumes the normal form.

In the previous section it was observed that a rise of temperature in

the burning zone of NH CIO, due to an increase in the initial temperature, to

catalytic additives, to fuel* or to the use of a fuel casing can considerably

extend the limits of burning.

A temperature rise in the burning zone must also result in an increase

in the burning rate. This has been investigated most thoroughly at 'low'

(4 70 to 150 atm) pressures.

The dependence of the burning rate of NH C10 4 (pure and with the

addition of 3% copper chromite) on the initial temperature has been studied 4'7

for the relative densities 8 z 0.4, 0.56 and 0.95 and pressures I, 20, 40

and 50 atm. In all cases, within the limits of accuracy of the experiment,

the value of the temperature coefficient p = d in u/dT was in the same

ranges = (5.6 to 6.0). 10- 3 deg-' (Fig.66). The value of P for NH-4C104
is very much higher than for mixtures of MN-CIO 4 with fuels (for a not too

far from a,= I), where ( I to 2). 103 deg -1 ) and than for gas mixtures

*See footnote p.162.

'Such a constant value of P is surprising to a certain extent; P might
be expected to decrease with increase in pressure and the addition of a
catalyst, since in-this case the intensity of combustion increases (see above).
However it was shown in section 2,A, C that the temperature coefficient depends
on the effective temperature in the combustion zone0  In the ease of NH CIO

without fuel, the effective temperature can change only between narrow limits,
since even for an equilibrium product composition the combustion temperature
is very low (1380 0 K at I atm abs (Rof.150)) and therefore a relatively small
decrease in the intensity of combustion results in the extinction of combustion,

and it has been deduced' 0 3 that burning at I atm abs is stable only at
Tc -1200 0K. Consequently the value of A for NH 4CIO without fuel can

change only within relatively narrow limits.
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(p = .10-3 deg'), but is close to the value for liquid nitroesters (see

nection 2,C) mhere burning takes place in two stages, and the burning rate is

determined by the first low-temperature stage.

Thus a rise in the initial temperature and also the addition of oatalysts

(see section 17) have a merked effect both on the limits of burning ana the

burning rate of NH0CIO However a differant state of affairs is involved

*en fuel is adatd or a fuel casing is used.

Small additions of fuel can in somes oases reduce the burning rate of

NH C10 even to the point of extin ction of burning - in which case the limits

of burning with respect to pressure also become narrower. As an example the

experiments with additions of bitumen and urotropine173 (Tables 57 and 58 and

Fig.67) can be quoted.

The cause of such a reduction in the burning rate was examined at the

beginning of section 19. It is observed that for small additions of

urotropine (Table 58) the most significant reduction in the burning rate

ocoo.rs at hiei pressures (100 aim), but at low pressures (5to 10 atm) the

burning rate generally does not decrease. This result is to be expected

since, as the pressure increases, the width of the zone of influence decreases

TABLE 57

Burning rate of lean NHCOO0 + bitumen mixtures (8 - 1)

with an inert oasing (phosphate cemant-dass)""

u (mm/sec) for bitumen

Fraction content by A P
NH C10, p, atm

Without 2.2 2-7 3.6 5.3
bitumen

-15 1o 0 0 0 .30 5.5
40 5.2 0 0 5.2 10.160 7.4 0 0
80 10.0 0 0
100 12.0 0 7.5 11.7 21.9

100-140 10 0 0 3.6

40 0 7.1
60 6.6 5.6
80 7.1
IO 10.0 17.8 13.o
123, 9.6

Note: Zero denotes that the mixture does not burn at the given pressure.
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TABBI 58

Burning rate of mixtures of NH C10 (z 15 wivth urotropine
S4

(< 30 to 40 4) in perspex casing - 3

8 z 0.95 to 0.98, diameter of charge 6 mm

u (nmVsec) for content u (nm/sec) for content
of urotropine by wt % of urotropine by wt %

p, atm 1 p, atm 0 - V -

4 1.02 2 2

5 0.68 0.98 i.4o 3.9 4)0 4.9 3.8 4.2 16.6

10 1.51 1.42' 1.77 6.0 100 :1.4 8.4 6.51 28.3

(see section 10,B) and the ratio of the heat losses in preheating and

vaporizing the particles of fuel to the heat conducted from the diffusion
103flame zone becomes less favourable*. Data are given on the narrowing of

the limits of burning and the reduction of the burning rate for small additions

of non-volatile fuels. Here the decisive role is played by radiation losses

and in this connection the effect of the fuel colour is to be emphasized; a

Riven percentage of black particles can suppress burning, but white particles

do not interfere with burning.

A fuel casing greatly reduces the lower pressure limit and can, though
not very markedly, have an effect on the burning xite at 'low' pressures

(see, for example, Table 56). In this case the heat transfer from the

diffusion flame at the edges of the charge does not raise the burning rate of

NH 4C10 to any significart extent and only compensates for the heat lost in
vaporizing the fuel, but at the same time by acting as a pilot flame it does

not allow the temperature of the NH3 + HCO flame to fall below a certain

level.

*For a high fuel percentage the burning rate is increased in comparison
with the burning rate of pure NhVCIC 4 over the whole pressure range investi-

gated, but this increase is greater at low pressures than at high pressures;
thus the ratio of the burning rate of the mixture NH 4C104  2"th I 2 urtropine
to the burning rate of pure MC0 is 5.75 at 5 atm and only 2.5 at 100 atm.
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C DEPENDENCE OF BURNING RATE ON DENSITY

In section 2,D it was shown that the character of the curve u(b) wheree

6 = p/p is the relative density of the charge can vary with the conditions

under which the reaction takes place and with the extent of heat losses.

If the reaction takes place in the gas phase or in a melt and there are

no heat loszes then u8 =const * f(8). Under the same conditions but in the

presence of heat losses, the product u8 decreases as 8 decreases (since

the heat release decreases in proportion to the decrease in 8, but the heat

losses, to a first approxdmation, do not depend on 8 and are determined by

the flame temperature and the temperature of the surrounding mediuzn, and by

the nature of the casing, etc). However for 3econdary explosives (see

section 2,D) the linear burning rate u usually increases with 8 in the

region of laminar burning, and especially in the region of convective burning

where a sharp increase in u and u3 is observed as 5 is reduced.

For NH 010 with an inert casing, the linear burning rate u and even
4 4

more so the product u8 decrease with decrease in 8 (Table 59). Moreover

the stability oe buinig of NH C1O for 8 = 0.75 anr. 0.65 was low; in some

experiments burning was intermitent, the charge did not burn completely and

;he scatter of the results was wide (the figures given in Table 59 are mean

values taken from a large number of expeciments).

TABLE~ 59

Depenaence u(8) for NH 1. (particle size 100 to 140 g)

in an inert casing

For 8 z I phosphate cement-glass; for 8 = 0.75 and

0.65, glass; diameter of charge 10 mm

u, mM/seo U8
p, atm

8 1 80.75 8 0.65 8:1 8=0.75 8=0.65

60 6.6 4.6 - 6.6 3.4

100 10.0 6.7 6.5 10.6 5.0 4.2

The burning of NHI 1O4 in perspox casings has a less limited character

owing to the diffusion flame at the edges of the charge. In this case the

l i n ear burning rate does not decrease with decrease in 8 but increases
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(Table 60). Although the product u8 decreases with increase of 8, the

decrease is considerably less than for NH CIO4 with an inert casing. As

regards the stability of burning, H 4C10 in perspex casings for 8 > 0.7

burns completely at a pressure of a few atmospheres, whereas NH 4C104 with an
inert casing, or uncased, does not burn below 20 to 40 atm. The scatter of

results for NH C10 in a perspex casing is considerably ]ess than for NH C10
44 4 +4

with an inert casing.

TABLE 60

Dependence u(b) for NH CIO in a perspex casing

(diameter of charge 6 rm)173

I u8
Particle size u, mmlsec uNH4C2LO4 , I. p, atm 80.72.

8 = 0.96 6 = 0.72 8 = 0.96 8 0.72

15 5 0.68 1.0 0.65 0.72

10 1.5 1.6 1.44 1.15

40 4.9 5.9 4.7 4.25
100 11.4 12.6 11.0 9.1

320 to 410 5 0.63 0.78 0.6 0.56

10 1.04 1.55 1.0 1.1

40 5.4 Sudden change 5.2 -
in burning

rate
1'u W 12.0 11.5

If a sufficiently efficacious catalytic additive is mixed with NH4 CIO4

the width of the combustion zone is decreased and consequenty the heat losses
are reduced. In a number of cases the intensity of comb-ustion increases.

Therefore the burning of Catalyzed NH 4C104 with an inert casing may be com-
pletely stable at low pressures, but tvn product ub remains constant as 8

is decreased.

Thus the following results were obtained for NH 4C104 (= 15 W) "with the
addition of 2/o Cu20 (p = I atm abs, glass casing, ck = 10 mm)173:

8 0.84 0.62 0.59 0.54 0038

u6, mVsec 0.92 0.98 0.94 0.94 0.95
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Finally, experiments carried out with pure NH C104 with an inert coating.,

but at an elevated initial temperature showed that the product u8 decreases

with decrease in 8 to lesser extent as T is increased (compare Tables 590
and 61).

TABLE 61

Dependence u(b) for pure NH4 C1O4 with an inert casing at an

elevated initial temperature (pressure 20 atm)173

U6, MM/seo T, C 8 ub, mm/see To. °I
0O 1_____ 0.

0.98 3.3 100 0.98 4.4 150

0.75 2.9 100 0.62 4.2 150
0.6 2  2.5 100

At 15000 the mass burning rate is almost independent of 8.

The results of experiments on the depeidence u(s) are in agreement
with the idea that the burning of NFI0104 takes place in the gas phase and is

very sensitive to heat losses. If the leading reaction took place in the

condensed phase, then an increase ,.n the initial temperature or an addition of
catalyst could raise the absolute value of the burning rate, but it could not

give u6 = const.

In concluding section 19 it is observed that the absolute value of the

burning rate of NH4 C104 is reasonably high despite the low combustion tempera-

t;ire and the high sensitiviV to heat Josaes. At 40 to 100 atm it lies

within the sa.ne limits as the burning rate of many explosives (such as PETN,

tetryl, see Table 13) and considerably exceeds the burning rate of such

explosives as dynamite, picric acid and trotyl (TNT), although their combus-

tion temperatures are 1.5 to 2.5 times higher than for NH 010 However,
4 4

the burning of many explosives containing N02 groups takes place in two stagea

and the burning rate is determined riniy by the first, the low temperature
stage. In section 20A it was observed that the burning rate of volatile

explosives was evidently close to the (mass) burning rate of gas mixtures
based on NO On the other hand the burning rate of NH 010 is small (or

20 4 1
vwiry small) in comparison with the (mass) burning rate of gas mixtures with

-1L
_____
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oxygen (see Table 4) and evidently with HC!O4 (see the beginning of section 10),

although reliable comparisons cannot be made since the experimental data are

limited. The burning rate of NH4 CIO4 , even without a catalyst, is consider-

able higher (4 to 5 times) than the burning rate of N1- NO (with catalytic

additives).

Fina)ly, if the burning rate of NH CO4 is compared with the burning

rate of mixtures of lH 010 with fuels, then (see the beginning of section 19),
4. 4

depending on the ier.centage of fuel and its properties, various types of

relationships betrien these burning rates are possible. Very small additions

of fuels can lower the burning rate of IiC104 considerably. Mixtures near

stoichiometric can have a burning rate much greater (2 to 4 times) than the

burning rate of NH4 C104 , although the burning rate of a mixture depends largely

on the particle size of the components, on th reactivity of the fuel and its

heat of combustion and or the heat lost in preheating the fuel and - in the

case of volatile fuels - in effecting vaporization, etc. On the other hand

the burning rate of mixtures with a large excess of fuel can be considerably

lower than the burning rate of pure NH 4C104

20 BURNING RATE OF BLACK POWDER

Black powder consists of a mixture of IMO3 , wood charcoal and sulphur.

The proportions of the components can vary to some extent; usually the

composition is 75 KNO3, 15% wood charcoal and 10o sulphur (the powders Mark

DRP-1 and Mark DRP-3 have compositions close to this).

Black (or smoke-forming) powder is the oldest mixed system, having been

employed both as gunpowder and as an explosive for many centuries. In recent

times, the use of black powder has become extremely limited. It is used (see

Ref.219) in time fuzes, in ignitors, in the pyrophoric (Bickford) fuze, in

sporting guns, etc.

The study of black powder, apart from its immediate interest, is useful

for understanding the mechanisms characteristic of systems in which carbon

particles are present in the combustion zone.
Thus the theoretical work,62 225p226 carried out specially for black

powders is of great interest, since examination of the experimental data

allows theory to be compared with experiment.
A DEPENDENCE ON PRESSRE

It was already observed in early work (the results of which are given in

Ref.219) that the dependence u(p) for black powder ;ms marked at low
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pressures, but became weaker with increase of pressure. Thus, the data of .1
Saint-Robert, at pressures below one atmosphere gave a value of the exponent v

in the equation u = bp V close to V = 0.7. At high pressures, according to

Vielle's data, v = 0.3 to 0.5.

Baum and Levkovich 2 3 0 obtained the value v = 0.505 for smokG-forming

powder at I atm abs, but at high pressures (in a manometric bomb) v = 0.17.

Shapiro2 2 0 evaluated the data of several authors aid obtained the follow-

ing results:

p, atm 0.4 1.0 2.0 3.0 500

1 1.00 0.63 0.49 0.40 0.33

According to Andreev 2 2 1 , for a Bickford fuze, v = 0.5 at p < 2 to

2.5 atm, and above this pressure, v = 0.24.

The decrease in the dependence u(p) for black powder with increase of

pressure has been observed more recentl 4  11 6 3  Thus the following values

for the coefficients b and y in the equation u (/sec) =bp" (atm)

were obtained:

Ref. 163 42 44 44

p, am 0.25 to 5 10 to 10O 400 to 2000 1500 to 4500

v 0.50 0.216 0.25 ,0.0

b 8.8 2.3* 8.0 -60

The experiments were carried out in a constant pressure bomb 6 3 and

in a variable pressure bomb4. Powder Mark DRP-1 was investigated in Ref.42

'nd Mark DRP-3 in Ref.44. The experimental values obtained4 2 '4' 1 6 3 are

plotted on log u, log p coordinates in Fig.68 and this shows clearly the

decrease in the dependence u(p) with iiorease of pressure. It is possible

to represent approximately the log u = f (log p) curve as four separate

straight lines. The corresponding values c' v are:

S -1 p
*Tis value is for b' in the equation m(gm cm " sec ) =b'p (atm).
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p, atm 0.1 to 0.25 0.25 to 3 1 to 1000 1000 to 4000

V 1.08 0.56 0.226 0.118

In spite of the considerable scatter of the experimental points, the
most reliable data are certainly those for the range 1 to 1000 atm, since the
straight line with v = constant is obtained from the results of three

independent works.

Data are given16 3 on the dependence of the exponent v in the equation
u = b p on the proportions of the components in a KNO 3-wood charcoal mixture
(black powder without sulphur):

SKNOY11 charcoal 92/8 85/15 76/24 68/32

CL* 2.13 1.05 0.59 0.39

v 0.57 0.50 0.28 0.30

Pressure, atm 12.5 to 100 5 to 125 1 to 100 1 to 100

Thus the dependence u(p) for MO 3-wood charcoal mixtures is reduced
with increase of excess fuel, which is similar to the results obtained for

sufficient excess fuel in KC104 -graphite and KCIO4 -tungsten mixtures, see
section 14.

B DEPENDENCE ON INITIAL TEMPERATURE

At moderate initial temperatures and pressures not far above atmospheric
the depenftence u(T 0 ) for black powder is very slight:

Ref. 159 159** 224 224

p, atm 1 - 1 10

T, °C 0 to I00 -30 to +44 20 to 115 20 to 125

•.10 3 , deg - 1  1.5 ±0.4 0.65 0.50 -I.0

However, at very high values of T0 the dependence u(T0 ) can increase

subotantially224 (for example, at I atm abs, P20-115OC = 0.50. 10-3 deg "1

and P115 25oO0C 1.9. 10.3 deg-; at 10 atm, P75225OC 3.10 3 deg- ).

*For evaluating a the wood charcoal competition was taken as C6H20.

**Data of F.A. Baum.
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The dependence u(To) for powder without sulphur, consisting of 85% KNO3

and 15; wood charcoal, was also studied22 . The value of P for 'sulphur

less' powder at I atm abs and moderate initial temperatures is substantially

higher (, 20 311 5 Oc i.10 -3 deg - 1) than for ordinary powder (z 0.5. 10- 3

-1 (2-&deg ). At high values of To the value of 0 for 'sulphurless' powder
(KN0 3 -wood charcoal) reaches 7.10 deg " '. However it must be stressed that

the data on the dependence u(T0 ) at high values of T have as yet been

obtained from only one source 2 24 , and therefore it is not possible to appraise

their reliability.

C DEPENDENCE ON COMPOSITION

Experiments were carried out163 with black powder of the usual composi-

tion (75% KN0 3 , 151 wood charcoal, 1C sulphur) which has a value of m of

0.7 and with binaiy KNO3-wood charcoal mixtures with the proportions 92:8,

85:15, 70:24 and 68:32, the corresponding values of a being 2.1, 1.05, 0.6

and 0.4.

From the aspect of heat of combustion, sulphur is far less effective than A

carbon, since the heat of combustion of a stoichiometric S-KNO3 mixture is
merely = 100 cal/gm and that of a atoichiometrin C-KNO mixture is 2 370

3
cal/gm. Nevertheless it has been shown that the burning rate of ordinary

black powder (with 1%O sulphur) in the pressure range studied (I to 125 atm)

is substantially greater (see straight line 1 of FigA9) than the burning rate
of binary KNO -wood charcoal mixtures with the proportions 85:15 (a z 1.05,

3
see straight line 3 of Fig.69) or 76:24 (a ; 0.6, see straight line 2 of
Fig.69). Moreover, for the 76:24 mixture, which has a value of a,

sufficiently close to that of powder with sulphur for these tao mixtures to
be compared, the value of v = 0.28 lies quite close to the value of v for

black powder, which is v z 0.23 over the range I to 1000 atm. Thus it may

be expected that the difference in the burning rates of ordinary black powder

(with sulphur) and tsulphtsles% powder will be retained evon at very high

pressures*.

*On the other hand., for 'eulphuriess' poi~dor with the proportions 85:15
the value of v is markedly higher (v t 0.50) than for ordinary pc'qdor
(v z 0.23). Consequently the difference in the burning rates of these two
compositions, which is pronounced at I atm (O 2 mm/sec for 'sulphurless' 85:15
powder, and z 10 mzsec for ordinary powder) decreases rapidly with increase
of pressure. It is possible that at a pressure of severe. hundred atmos-
pheres the straight line 3 on Pi .69 (1sulphurless' powder) will intersect the
straight line I (ordinary powder) and continue above it - in conformity with
the heat of combustion. However, the value of a for the 85:15 composition
is much closer to the stoichiome;ric than for the ordinary powder, so that
comparison between them is invalid.
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The marked acceleration of the combustion of KNO 3-wood charcoal mixtures

by sulphur has not yet been 6atisfactorily explained, despite the fact that

the use of black powder goes back many centuries. Further, it must be

emphasized that finely divided wood charcoal is in itself a very reactive fuel:

(1) A stoichiometric KN03-wood charcoal mixture burns very rapidly at

I atm abs. On the other hand, stoichiometric mixtures of KNO3 and bitumen,

paraffin or graphite will not burn stably at p < 100 atm (at room temperature)

or at T 0 200°C (at I atm abs).

(2) It is known that mixturas of ammonium nitrate with various organic

fuels can burn stably only in the presence of a catalyst (e.g. (NH4 ) 2 Cr207 )

and at not too low a pressure. However a NH NO -wood charcoal mixture at4 3
a = I burns stably even at I atm abs (according to the data of A.P. Glazkova).

However, the burning rate for this composition is much lower than for similar

compositions with KNO3 or KC10 (the burning rates of the compositions

indicated are approximately 1, 10 and 14 mm/sec at 25 atm).

(3) The stoichiometric KCl04-wood charcoal mixture (see curve I of

Fig.70) burns at a much higher rate over the pressure range I to 24 atm than

the KOlO 4-bitumen mixture*. The value of v for the KC104 -w,_.- charcoal

mixture for the pressure range investigated (v = 0.44) is significantly less

than that for the KC110 4-bitumen mixture (v = 0.64). Therefore at higher

pressures a KC104 -bitumen mixture may burn more rapidly than a KC104 -wood

charcoal mixture.

(4) Small additions of wood charcoal can significantly increase the

burning rates of a number of condensed systems, and especially those which

contain a high excess of fuel (for example, NH4C1O4 + perspex,m = 0.6)175.

It is possible to construct approximate curves c- u() for a KNO 3-

wood charcoal mixture (Fig.71). The maximum burning rate lies near to

m = 0.6, i.e. significantly closer to the stuichiometric ratio than u

for a. KC104-graphite mixture where ureax lies close to M = 0.4175" a

*The burning rate of a stoichiometric KC10 4-wood charcoal mixture at I to

25 atm is markedly higher than the burning rate of a similar mixture with KNO 3 ,
but at the same time is markedly lower than the burning rate of ordinary
black powder (with sulphur).
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D) COMPARISON WITH THEORY

A theoretical expression for the burning rate of black powder as a

function of pressure and carbon particle size was first obtained by

0.1. Leipunskii 6 5 . The natural assumption was made that vaporization of the

oxidizer takes place first and then the particles of carbon burn in the stream

of oxidizer vaporization products above the surface of the charge.

Using the basic supposition that the burning rate is proportional to the

square root of the rate of heat release in the reaction zone, by analogy with

the Zeldovich-Frank-Kamenetsky theory, see section IE, an expression was

obtained for the burning rate of finely divided* powder. For the diffusion

regime of burning of carbon particles the burning rate of the powder is

u rp -, and for the kinetic regime, with a first--order reaction, u - p/l.

It has been shown that the experimental value of v is close to unity

for pressure below atmospheric and is close to v = 0.5 for pressures of

several atmospheres, and for higher pressures the experimental value of v

decreases. It can be assumed that the value v = I in a vacuum corresponds

to the kinetic regime, and the value v z 0.5 at I to 5 atm to the diffusion

regime. The decrease of v at higher pressures was not explained in Ref.65.

However it can be understood if the concept of the zone of influence (see

section 10,B) is introduced. With increasing pressure, 'he size of the zone

of influence decreases more and more rapidly and the velocity of the fuel

partioles, the size romaining constant, falls more and more rapidly below the

velocity of the gas. At very high pressures the particles inside the boundary

of the zone of influence are practically stationary. In this case, as in

section 8,B, the burning rate does not depend on pressure, i.e. v = 0

The effect of the particle size of carbon on the burning rate (the

dependence u(d)) has scarcely been investigated experimentally. However,

exploratory experiments1 3 7 indicate that the experimental dependence u(d) is

much less than u z d'1 o

*The particle size d of the carbon particles is so small that their

velocity can be taken as equal to the gas velocity.

iTwo mixtures of identical composition (85 KNO3 + I6 wood charcoal) were

investigated. In one mixture the size of the particles of fuel and oxidizer
was = 10 to 20 1, in the other = 400 p. At I to 50 atm the burning rate of the
finely divided mixture was only approximate twice that of the coarse mixture
(at 50 atm, ufi z 16 m/sec, uco 8 mm/nsoc), although the particle sizes

differed by a factor of ten.
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B.V. Novozhilov225, who continued the work of Ref.65, attempted to

obtain a solution without making the assumption that the particles of carbon

move with the velocity of the gas. For the kinetic regime u z p/dy wasI

obtained, and for the diffusion regime u z p3 /d.

However in later work, B.V. Novozhilov 226 acknowledged that the above

results were incorrect in that the calculation of the entrainment of the

particles by the gas stream was made inaccurately and for the diffusion regime

he returned to the expression u z pd obtained in Ref.65.

226
An attempt was also made to calculate the absolute burning rate of

black powder, using the assumption that the ignition temperature of the
particles of carbon could be calculate. by means of the Frank-Kamenotsky

criterion. The calculated value of the burning rate proved to be considerably
lower than the 3xperimental value. Hence the conclusion w-as drawn that the

particles of carbon ignite earlier than follows from this criterion.
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Flames

activation enorey 23, 29-31, 44, 45

basic types 7, 8

'tipst 93, 120, 123, 124, 182

influence of kinetic factors 123, 124, 182

interaction of tips' 199

Heat of depolymerization 86

Kinetic regime of burning

condensed mixtures for small values 108-112, 153, 156, 179
of d

individual particle 57-63

suspension of particles 222, 223

Leading stage of combustion 41, 127-131

Limits of burning

dependence on a (oxidizer/fuel ratio) 161, 162

eependence on 8 (relative density) 197
for metal powders

dependence on p (pressure) 72, 196, 203-206
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SUBJECT INDEX (Contd.)

Mixing of components

convective 84, 85, 95-98

influence of state of aggregation 79, 80, 108-111

width of mixirg zone 49, 50, 80, 94, 108-111

Oxidizer/fuel ratio a

determina tion 16

Photorecorders (slit and drum cameras) 147, 148

Rate of evolution of hoat in reaction 31, 32, 49
zone

Stability of burning of explosives 33, 34

Summerfield equation 131

Surface temperature

during burning of

condensed mixture ) 93, 94
oxidizers 87, 93, 94

during diffusion burning 90, 92

during gasification

in a hot gas 89

on a hot plate 89-91

in theoretical expressions 76, 77, 90, 91, 93-95

Temperature coefficient of burning
rate, P

comparison for

gaseous and condensed systems 43, 183-188, 211

linear and mass burning rates 22, 23, 42

determination of 22, 23

value

ammonium perchlorate 211

ballistite powders 73-75, 183

black powder 219, 220

condensed mixtures 185-189

gases 23, 24

igniter explosives (initiators) 72

volatile explcsives 43, 44

[L
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SUBJECT INDEX (Cont&.)

Tiw.

of flight of particles 99-102

of preheating of particles 102, 103

tTwo-temperature theory 95, 120

Vaporization

dependence on pressure 85-87

heat of 85, 126

in a flow of gas 88, 89, 94

in diffusion burning 86, 90, 92, 94.

in systems of layers 87, 94

of a ,mifonmly heated sample 85-88

on a hot plate 86, 89-91, 94

non-stationary 85

Volatility of components

influence on dependences

u(d) 113-115, 150-159

u(p) 169-171

u(T0) 185

u(a) 162-167

methods of estimation, see Vaporization

Zeldovich-Frank-Kamenetsky theory of 28-32
bu.r'nng

Zone of influence

composition of reacting mixture 157, 158, 164, 165

estimate of size 132-134

heat balance 133



RP431I RPE Tr 19
FIG. I a 2

b) C) d)

7Ug. I Laadnar (a, b) and turbulent (o, d) flames of a atoiohiosetrio mixture
of natura gs an air5 0

a, o - or&4xAry photograph with long exposure
b, d - aohlieren photograph with very short exposure

Fig. 2 Ethylene-air flame on a flat-flame burner2

The gas veloCity is traced by means of fine partioles

C-4micron)
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RP4382 FIG. 3-6

u, CM134

U.u ccMlsec

/20

/00
10 50 1

70 2 /10-SO!

0 / _,

9084 0 8 05f ,11/2 CZ C3 C4 C5 C1 C7

Number of oarbon &tons

7i. 3 Dependenoe of burning Fit. . M burning rate in
rate on oxidizer/fuel air mixtures of (1)
ratio for ixures of n-alkn es (2) n-akenes
(£ propane (2) propylene (3) n-al1nes in dspen&-
3) propyns ifrth air at enoe on length of chain13

p 1 ata abs

U, Cm/sc

g 
P--.10 3

3200
//

17-150 'sI

,4
9 ,7 0,9 , 1I . 1, S 1,7 I 0 5 ,7 5 1 1,5 Z .5 1 c

Fig. .5 Dependence of linear burn- Fig. 6 Dependence of temperature ogeffi-ing rate of £ P -ir mx- cient A. = d 1n q/d to deg- on

.'ure on ratio N ooponent3 ratio of23 oponents a for Cp air

(1/a) at various initial mixrs2

temperatures Position of mnerimum burning rate
(p = 1 atm abs)21  shov by ,tted vertical line

1 - 311o0°0 .
2- ,77.6 0 K

- 644.30 K
4- 81l.0K
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RPE 4383 FIG 7-9

Fis. 7 Temperature profile in combustion zone at p =,atm abs

(thermocouple W + 5 Re, ' + 2Cf Re; = 3o J)"
Portion A = first flame; Portion B = second flame

log In'gm cMl 2 6sC t

m, 1r .

0

It

/0 2,0
log petm

Fig. 8 Dependence m f(p) (m,, cm 2sec -; p, atm) ftir cyclonite

(RDX) 0 and dyAmite A'4

i - strai6ght line m = 0.072 pO8 2  2 - straight line m = 0.034 1,.7"

1' curve m = 0.9 + 0.0216 p 2' - curve m = O.118 + 0.009 p

- our aat, Cor p I atm abs

Iu, 5CC/Cm

I0

7

0 20 40 60 80 100 0 2 o 60 S 0 100
T0,T C r, *IC

, 1/u T0 (b) lo, To

'i Le:,endence of burning rpte of g lat:.nizecl .-itrcglyc;,-ine (alth 31,
pidditio1 f collodion) on initial temperature *'t atulosp1z!r.'
pr--v- iav
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FIG 10 - 12
v~mml$¢c i

2

42 Fig. 10 Depand~noe of buirning velooity
of liquId *4on diameter of~test tab# d-"

1 - oar petrol
,17 2 - tractor kuvroa e,.

3 - diesel fuel

f I' I I I

# Ii 6' 101O21 /8120

wmmlmin

6" //

hg. 11 Dependence of burning ratex
of liquids -.1 on conoentra- O2

tion of oxygenat "
p =1 atm a2N9 - *
I - diesel fuel
2 - petrol 1 -

_NI I
10 20 30 i 50 80

C0 02, concentration of oxygen, vol. %

(a) p 650 mmHg (b) p 240 Hg

Fa. 12 of 650 and 240
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Fig* 13 Track& of aluminium
particles (30-35pi) burning
at puaIata ajL n a
stream of gas
Tempratue and oapozitico
of gas

&J T :2390% 34% 0210-%HA
b T 24,10 0K, 32% 02, 17H2

The fragmentation of particles

tracks

a) b)

Fig- 14 Cine' frames (3800 frame/ao)
of buiroing of aluxinium
particles above aurpe of
powder (Pu 14 a)f 0

Fig* 15 'Disruption, of burning particles
of titn Inl
partilto i ±1 150-J420u; burning
in o~Vgen; ignition by gas fl"m
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FIG. 16 & I

FIg. 16 Spheres of A1203 (d ts 150) formd &ringiburning of aluxinium particles (d. =0U W
Bo~ae of the spheres have disintegrated showing
that they are hollow

% volatiles
100 , ,

0
goo ,700 00 600

T,°c

,ig. 17 Degree of vaporization of polymers (% volatiles in
relation to initial polymr) on heating for
minutes in vaouo at the tomperatare indioateN.2

I yo1yvimyl obloride 6 polystyrene
2 polyacrylonitrile 7 polybutadiene
3 polymethylet yrne 8 pol thylene
I4 polyetylaothaorylate 9 polyvinyliasne fluoride5 polymetbyliaobutylene 10 polytetrafluoroetW-oens
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FIG.18-20

I i I M

WI 77P /4--1 -
a d,,, ,b) d >, j o ) d > ..-.

Fig. 18 Schemti v"iw of combustion front and surface of charge
for oondensed mixtres

Fig. 19 Burning of spherical
;rzicles of NH Co
in a block of ;K;_4
agtblv.xe tharylat,'232

0 28g. 20 Mean profile of indentation formed

in a plate of perspex burning in
z c-- ontact with KCl0. (6 . 0.68) atZ 1~ atm sbs 1 24 "

x = distance along length of plate
4 " "- Z = depth of bunng, origin of oo-

ordinates at 'tip' of flam1 - r0 5m .0r/e

2- dyX,04. = 3.8 sm; u= 0.98 ,m/sec
• Z,4 ,t

K
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FIG. 21 &22

u, m m/ sc
0- -

4,8'

2

- - -'-A

£?Z6 RS 0976 1.9 12S IS.6 . 20
dF, MM

Fig. 21 Velocity Of flame, u, in system: layer K=4O ( o.68) + film
or polyethylene of various t22iokneses, d1F, + thick substratum
of perspez at various prosaiea1

1 -5ata (6age)5 2 10oa (gwi ); 3 - 20oa(gauge);
4-30 ata (gauge5

Fig. 22 Sohematic
diagram of
oonstant
preassure borb
B-150
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FIG. 23-25

Fig. 23 Sample cf drum camera record

0 - Fig. 24 Appliance for evaluating

fil3 records made by
phot~recorder/ I - sliding plate

2 - ruler pivoting around

3 - film record

/1

Fig. 25 Drum camera with double-objective optical system
for mwasuring burning rate
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FIG. 26-28

Fig* 26 Osillogram with recordO t)ur*velower trace - ti e. M -4
widdls trace - zero line, which gao ahowe tiMO 2a4rkaof ,ult1-l. frsqn'i-y (X8 or X16 or X32Uppertrace eto) to f&dilitath evaluation of record

erecord of re Of Pressure in boh.-
during buruing

U-mm/sec

Fig- 27 oOP'md"?lc of bUni1g rat ofIitreiCW+ 0 K1 ontungAo/a partiol & is at
/17 . different preaaureos39

1 - 10 atm
.1 

2 - 2-50 at&

0

U,Mmmhgc

Fig* 28 Dependee of burnng rate of /9 -atoichio.j
0er mixture 

rMlO4 + 6bitumen on Oxidizer Partie lea.ze (d) at different preaur0 1 3 7  j
2 - 3atm a, 4 -10 atmaba

dmm
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FIG. 29 & 30

u.mm/sec

7, S jI

1,5- -- -- i

J 331

o2 
r

1&0 200 300 g 00 200 3170 0 /00 200 300
dj d) d

a) £ = 1.0 b) a = 0.2 c) a= 0.15

Fig. 29 Deponaence of burning rate on NH,Cl0. particle size (d) for
ungelatinized ixt6p-es 14P4C0 4 +'Polystyrene (< i001) at
various pressures

1 -100 atm 2- 70 atm 3 -40 atm

U, mini seC

/2\\

Fig. 30 Depenaence of burning rate on

NH4 ClOk particle size (d) for
ungela in;ea mixtures N41i4, 0 4
+ perspex (~3) at various
pressuresI 0

1, 2 - a I
J/ 10 .3, 4 - a= 0.2

/ o 100 aim
/ . \A 7o at

/ /

0 -
/00 200 300 4000
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FIG.31-34

u. mm/Sec

3
Fig -- --. 7.31 DUpneof bungrate on

2 - 7 ate
+ 3 - 112 ata

u(c) for fieyd~dt
cui n oarse (uoo) c

U, mm/sc

-Pig. 33 Dependemoc ua(c) for ungelatiize

NAb.aM-C0 -1j OI2 (-3p) at aifferent pressures

S-I 1-100 atm
[2 2- 40ata

U, mm/Sc

Fig. 34. Dependonoe u~)for ungelaied
mixture NH C10 (140-320P) + If J-
Perspex (fp) it differer..t
pressures. 4
1 -100 atm J
2 - 40 atm . 1
3 - 10 atm-
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FIG. 35-37

U, mm/SEC
30-*s J

FU, 35 Dependence u(p) for golatinized

F~~xture~~ M0. (-40,U) +plv

styrene for various vUS9 Of u a 7

- = 0.1

3 - a = 093
5-= 1

0 20 40 4FO JQ0 100

P,atm

U, mm/sec
200 T ,

/00

Fig. 36 Depenanoe u(p) for mixture 10C 50K010 4 + 9C% ( E ts 0.2) for A'various tungsten particle sizes 1 3 9  
j

I - 2.7p
2 - 19u /0 -

3 - 160 u-34011

5 550 2060P

p,atm

r oU, mm/sec

_0________/

Fig. 37 Dependenoe u(p) for nd.xture
" J Al + Po203 (a m 1) for various

_____e ___________ aluminium particle sizes (dg)aIA various charge dimetera (f)139
0 1 - ,U = ~0.t, 0 u 6 .0 mm7 5 2 - . =-30, : 6 .0 m

3 d a 12p, 10.0=-71 12, =6.o=mz, I -
5- d =-170P, =10.0 =

S6 P- -- ,401,1 10.0 =

15' 9O 30 O 0 O 70 70 0 0 ji-p ot t
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FIG, 30-40

Fig- 38 Depeadenos u(p) f~ nbar of
ther5.ts mixtwes? 7 &

1W ~2 -A, A, 102 03+2 Al

3 s . 1..A3.

/0-----------------------,, A,- xprimentsin nitrogen
o., a - experits in argon

a 20 4'9 rd to? A 120 w4' 1so
P~atm

NAC0 QW41)+Par tformal-
aty 06)for variowa values 41ge

S- a u 2.2344
2 - a 1.0
3 - a 0.64

200 400 6 N 10/000 1.509 W00 3000g

p~pbat 2

-ii

Fig*P±5 40 Dependenoe u(p) for eaild

07)
- - - liH4 C1 4 partiolo size

I :80% 5,u+ 20% 0410-32011

20 49 O 10 /870

p atm
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FIa 41-43

U.mm/sec
zj

Pis. V*. Dopanasne u(p) for leatinizea
xixture ?OIJ.PCDl+ (-511r+ rpz
I -%UI
2 a 0.7

S3 - a = 0.6

p.otm

zI

46,

24U b) C
Fig* 42 Dependence v(m) (at p=5 to 100 at.)

2 xci ' t + ( ret, 175)

b) Tpe Ui cur~ve (ref. 164.)
1O4 (-10,u) + tunsaten (,3u)

41 4
PiI

o ) d)

a) P: ,, b) , c) 8, )

4C

Fig. 43 Effect Of posittu of aximm and shape of 3urve u(a) at

different pressures On Ature of dependenoe P(a)
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PIG.44-46

7 (a 0.5) fatoajeLo initW.l

/ 2 + n*0

M0 40 f0 10 /00
patm

JisL.c5 Rffect of e&MUtiv on dappcIdao

(rf. 75)
I 0witm ditive&B1tIXW

23- Zg 2% Cuolytfe IUU

11,p 2% OW

jj ig. 46 Depasmmo of tuming ioia of fin2ly
-- 7 dividedStO an p~sre at

1 0, !Tj+C. 4 + bit~sa (a a 1)
460 - 2-4? IMh104 + Avtl Cw i)(a1WS-,Th +~(~) 1 i

*2 426 4I I49' fp. _____ ____
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FIG. 47 a 45

i / /0100 600 /000 00 8
I Mi10 +"' 10 4 V j-

(rot. 42
L 2 M0 04O + r' O tf 12 U4bC104, sucrc,, g. e6' .- 6

(rot. 42)

3 Autul vo:2o91
(rot. 41) -.

4)

(rot. 44)

6 IT cio .troyl (m' r). I , s)= )7 1 ~i44)r~y 7TTa*I ~ t6t9

pM tm

t Fig* +7 Value of exponent v in equation u = bpy for some
condensed niZrJ8wa over various pressure ranges

U,mmlSCC

4at0 -n - g 20001000 a0

0,v i 10 i o n 0 am 0 O/Or000.0 2000a

Data in t*he range 2000..400 atm (straight line 4,) are
given in inset on a nmzoh larger acale for p axis

L.
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FIG 49-e.2'

Ln u

3 Fig. 49 Dependenoe of burning rate on initiaL
2"tempera TO for soe thermite

.7 + 1 IAFe 20O (au1
2 - J-. 20 -j(" =i

I 3 -Ma? =104.zo a 178)

I -,

Ln u UMM/sec

Fig. 50 Dependence of buzming -.:at* on initial
temporatura TO for ungelatinized
IiH14 lO + polysatyrene mixture (a =1.5)
(ref. 216)2 -
I - dox = I Ou

2 - ox . 140-32ou

IO lya 1,§ O "t

p, 10. deg U,tftlMt€C

N 51 Depenrese of tamperature coefficient
.,S /S p and burnmg rate u on a for

/gelatinized NH4C104 ( -101) + polyatyrene

l mixture; p = 40 atm (ref. 216)

0-S
0 -- II I

ficient p, burnin rate u, and

., ~ ~~equili brium combustion tempera--- -
,i;ture T. (calculated) on a for 4 0

• h0of°inely divde 141414 pl- /1o 5- ... -- - If.

foraldhyd mxtue a ato0 09,0 1, k. o

Ahropesue10
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FIG. 53-55

dd

1a) 1e Ib)

:-- 4 Fig. 53 Confiagrations of layer aatema i2J*,27D 66

I e) cylindrical core of oxidizer in
co.-axi~al tube of fuel

tb) Cylindrical core of Duel iu coaxiil
tube of oxIdizer

2a) Oxidizer layer between two P,?A layers
2c) 2b) 2b Fuel layer between two oxidizer layers

2o1 As 2b, but with aditional fuel layer

on eaoh external face

22 2 c)

U, mm/sec

Fig. 54 Dependence of buming rtg u on

thiokess d of oxidizer

I - 004lO/+ layer (6 - 0.92) between

two perspex layors (p = 20 atm),

2KC0~ (6 0.62-0.67) betwentwo lyers, 0; in cylindrical 4\persx tube, *, (p a 10 atm) I br
3 -Ba02 (0 a 0*35) in plane channel '

in perspex (p 20 atm), + a

Z 4 S 8 /6 d,mm

u,mm/seC

4 0

R'S / o/ If o

'ummm/sec

mm bdmm

Fig. 55 Dependence of bunming rate u on thickness d of fuel layer

between two KClo 4 Lyera (p = 20 atm) (ref. 124)

a) - Perspex; configuratica 2c of Fig. 53, 6-co = 0.92
b) - Polyethylene; cofigi'mation 2b of Fig. 53, 6 KCIO = 0.84

6 0=08
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FIG. 56-58

u.mnl/SCC

Fig. 56 Dependence u(p) for various c idizera
in oo0a tube (dia. 6 w,) of
prapeax 20
i - izo, (6 = 0.84-0,.88)
2 KC1 o3 (6 50.85-o.89)
3-Bao 8 =0 .33-0.f1
-K 4  16=053-0.56)

5 Stojohiontrio naelatinised K=04
+ porap6x mixture; predominating
partiole size c 10)j 6

6
25 50 75 /00 /25

p,atm

U, mm/sec

7

6 - Fig. 57 Dependence u(p) for cylindrioal

oore (dia. 6 m) .fuel in ooaxial
/ 'btbe of oxidizer

I I - Al (powder, 6 = 0-91) - Ba(NO3)2
- - - 2- W (partiole size 140-400,u;

6 = 0.40-0.45) - DMnO 4 (6 0.94)

2

V 0 O 60 10 /00
p.otm

us, mmI/Sec
7 --

Fig. 18 Dependenoe u6u f(6) for - -
010 4 in oylindrol 3 --

tube (d.i 6 am) of peras2
pox at various pressures--

1 -40 atm
2- 5at-m /-

LZ 9 -_--

o, 45 46' 4,7 0 O,8 45 ,o0
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FIG. 59-62

uS, mm/sec

I ,S ,
Fig. 59 Dependence u6 = f(6) for a cylin- 5 -dr-ioa oor, (a.a. 6 ,-) of t i

aluinum :powder :in a coax:ial A 00
tube of U o, (6 0 .94) at

20 atm (ref. 16)

77
u, mm/sec

Fig. 60 Comparison of dependence u(d) for5 layer system anfsifrry di.
/ordsiea mixture P

I - KC1iO4 layer ( = 0.62-0.67)# k •of thickness d in perpex
-- - - (pu 10 atm)Aplane layer7cylindrical core2 - gelatinized KC10l4 + perapex
0 MixtL ure (a = 1; p =0 atm=;! 6 ft 0.9)

I

PL- tm d,mm

Fig. 61 Depandanoe of PL (pres=-- at lower
limit) on appro:dmate mean article
size d of' .NHjCIO (ref. 189
Experiments in constant pressure
bomb; uncoated charges 8 mm dia;
6 = 0.98

d F  mgm cm" 2 SCJ I

d+J

11 1

Figo 62 Dependence u(p) for NH4ClO4 3
(not fraotionated) in pars-
pox tubes (internal dia. 0;
wafl. tiknoess i mm; 7
% 4 c0 4 > 0.91) (ref. 121)

A . = 5 mm
0 - 7 mm
+ - a 10 mm

I •

0.1100 200 4L00 500 8640 /00
p, Otm
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FIG. 63-65

- 2  -1

Fig. 63 Dependne (p) forpellets (diameter 0) of 61,0

1*14lO (not fraotoin -atid, ON Z 0o. 9, ), .
oated with lar 7 /lacquer or grease Z

I -0, = 15 ma, er 6"
of polyvir'lohloriae 5 -, ,
lacquer 0.1 -a thick2 - 9, D~o, but =7 am /3 -.+, 0 = 7 =# la.y, / /
of fluorinatea grease 4

2

0

100 A99 00 OO70 500
p,otm

U. Cm/sec

3,0

Fig. 64 Dependence u(p) for
0, uncoated pe1.et

( 4 x 4 a) of VH C104

0,5 3 (6 - 0.97-0.98) 2K
I non-fraotionated

Nhi 4 C10 4, 700C
4,32 -Do, 210

3- ox < 530, 210C 0
4. - = " -105m, 21 C

4, 4,0 080410 200 JO
p,atm

u, cm/ ec

Fig. 65 Dependence u(p) of NH 10+ for various
particle sizes of M-,-1i01 (uncoated
o!arge 8 mm dia; 6 b .C1 0.98)
(ref. 189)f,
1 - 3 to 7u 4 - 100 0to300V 4
2- 55 to 95P 5- 250 to 400 P
3-5 to250P 6 - 300 to 3000,..

2O &? 180 /40
p,otm

L|
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FIG.66-68

U, If Isec

Fig. 66 Dependenoe of logarithm B/1 8
of burning rate of

1~C 04 (-1) ~ou initial
temperature 4 7 10
1 -p,, I atabs, 8  0.56 6'
2-p = I atm abs, 0=0.95,

addtive 50 oopper
chromita

3-A3 2, but 6 = 0.38
4-p = 20 am, s:0.95
5-p =40 atm, 6 = 0.95
6- p = 50 atm, 6 = 0.95,

additive 3% oopper 0,4
chromite 0,3 1 1 1 1 1

0 50 /o /0 200 260 To'C

uFig. 67 Depend.ne of burning rate3 (at
p = 100 atm) of lean mizxures of
NH C1O0 + fuel on..... r- of

127 1 -bitumen
2 - urotropine (<30-40)

X61',9i 6

Ia fuel

u,mM r/sec, og U 400 "010 P, atm
i002
80

Fig. 68 Dependence of ,

burning rate 4,l Y
of black pow- A /600 OO0 3000
der on pres-
sure +0 -

0 data of ref. 163
+ data of ref. 42
V, data of ref. 44 for / / - --

two different con- I - - --
atant pressure bombs;
data over pressure -/
range 11000-4000 arm /

given above on larger L
scale for p axis

S20 0 tog P
h,16.2I 1 2 S /6 202 S /1//602006811.pat m
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FIG.69-71

u, mMIsec. Log U

Fig. 69 Companlson of burn- Z6"
ing rate of' ordin-arj blaok powder "

(with sulphur) and 8 o
binar zENO + ,oo --,

I - ordina y blaok powder (lat
transferred from Fig. 68)

2 - ixt 76 03, + 24% wood
oha,'ooal 0

3 - mxtre 85%Xo 3 + 15% wood _

oharcoal

0~~W / oP
S 6 10 20 S0 Z0200 p. at-

U. mmlsec
c

, /' Pig. 70 Comparison of burning rates of
Z6 -,- - -finely dided stoiohionistrio

mixtures of 010, w i)o
oharcoal (2) bit.% (I) wood

6

/

6 /fl 16 226
p. aiM

U mmlc
20-

Fig. 71 Dependenoe of burning rate of /5 o
finely dividaa KN03 + woodI
oharooal mirture on at /0
different presaures1"-

I -'0 5. atm1' 5 t
_____________ ___IS____


