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ON THE THEORY OF COMEUSTION OF POWDERS AND EXPLOSIVES
Ya, B. Zel'dovich
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1, INTRODUCTION

The extremely interesting work conducted in recent yesrs by A. F.
Belyayev in the laboratory of explosives, Institute of Chemical Physics,
Academy of Sciences USSR, provides starting pcints for the theoretical
investigation of & mmber of important problems, such as:

1) the problem of the space distribution of temperature and the
state of matter in the combustion zone, .

2) the problem of the combustion rate and its dependence on the
conditions,

3) the problem of the conditions of transition of combustion intc
detonation,

4) the problem of the ignition o2 an explosive or pouder and of
the conditions necessary for its combustion.

As is well imown, Bslyayev [1] has cited convincing evidence of
the fact that in the combustion of volatile secondary explosives, the
explosive is first heated to the boiling point, then evaporated, and the
vapors of the explosive enter into a chemical reaction after supplementary
heating, By visual observation and photography, Belyayev demonstrated
the presence of a dark zones between the surface of the liquid and the
flame itself (the place where luminescence occurs, indicating an intense
reaction). Thus,the theories that the combustion reaction occurs in the
condensed phase or on the surface of separation of the liquid and gas
under the action of the dimect impact of the energy-rich molscules of the
reaction products have been refuted. To a considerable degree the probe

- lem of the combustion of comdensed explosive substances® has been redueod

"We shall henceforth use the abb_revia.tion ES in place of "oxplosin
substances,®
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to the theory of the propagation of a flame in gases, which was developed
by D. A. Frank-Kamenetskly and the author [2] sirmltaneously with Belyayev's
first works on combustion. Inasmuch as combustion of the evaporated sub-
stance in the gaseous phase determines the observed combustion rate, the
problem of the rate of steady-state combustion contained nothing new in
comparison with the problem of the combustion rate of a gas. The specific
features of the problem appeared in an analysis of the nonsteady-state
phenomena and the conditions necessary for setting up steady-state combus-
tion of a condensed substance, i.e. in the investigation of the limits of
existence of the steady-state system., On the one hand, a chemical reac-
tion in the condensed phase might be expected at s temperature approaching
the boiling point; the rate of such a reactlon can be substantial as a
result of the great density of the condensed phase; the reaction rate also
increases with increases in the boiling point, for example, with increasing
pressure, The author has found an expression for the boundary above which
the reaction in the condensed phase makes steady-state combustion impos-
'sible. The physical meaning of the boundary, however, did not becoms fully
clear until later, after Belyayev [3] had shown that the boiling of a
liquid ES greatly facilitates the appearance of detonation. It became
clear that the chemical reaction in the liquid leads to its boiling and
foaming, and, consequently, to detonation, and the expression found for

the boundary of the possibility of steady-state combustion represents the
conditlion of transition of combustion to detonation. ‘

Another aspect we have investigated is related to the observation
that an extremely great amount of heat is stored in the zons of heating
of the condensed phase from the initial temperature to the temperature at
which transition to the gaseous phase is accomplished (i.e. the boiling
point). Changes in this heat reserve, which (the changes) are absent only
in a strictly steady-state system, exsrt a very strong influence on the
energy balance of combustion., The physical results go along two lines:

1) ignition of the ES and the realization of steady-state combus-
tion require ths creation of the indicated heat reserve; the principles
of combustion theory are thus established;

2) it is found that a steady-state system of combustion becomes
unstable under definite conditions; the heat reserve in the narrow zone of
heating either is rapldly consumed by the accelerated (on account of this
heat) flame, or is dissipated within the condensed phase with simultaneous
- deceleration of the flame; the end result of the deviation from a steady-
state system in both cases is quenching of the ES. A supplementary condi~
tion, necessary for steady-state, stable combustion of a condensed sub-
stance, is formulated. Thus, a theory of a limit, beyond which quenching
of combustion follows, is given. ' :

Belyayev's experimental investigations pertained to liquid second-
ary explosives -~ methyl nitrate, nitroglycol, nitroglycerin, and second-
ary explosives solid at room temperature, but melting upon ignition (TNT,
pierie acid, etc.). : :

We believe -~ at present this is only a hypothesis = that our
theoretical investigations also pertain to the combustion of powders, and
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primarily to smokeless powder. Classical internsl ballistics does not
touch on the problem of the intimate mechanism and stages of the chemical
reactions that compose the essence of powder combustion., However, the
whole series of Belyayev's arguments and our (D. A. Frank-Kamenetskiy and
the author) work remain applicable. The hypothetical scheme of powder
-combustlon currently proposed differs only in the fact that listead of
reversible evaporation we should speak of a primary (irreversible) conver-
sion of the powder to a gas; howsver, conversion does not yet oczur to the
final combustion products, which are followed in the gasenus phase by the
reaction of "combustion itself," accompanied by the evoluticn of the bulk
of the heat of the reaction.

The reader interested in the new physlcal concepts pertaining to
powder combustion, the theory of ignition, and the combustion limit can
without loss skip Part 3 (pp.  6-17), devoted to more formal problems, anmd
Part 4 (pp. 17-21), in which the problem of the transition of combustion
. to detonation could not be brought up to a comparison with the experimental
findings on account of the absence of ruch necessary information and data
on the roles of other factors.

2, BASIC PREMISES OF THE THECRY OF STEADY-STATE COMBUSTION.
SCHEME OF POWDER COMBUSTION -

Let us recall and assemble here the basic premises of the theory
of steady-state combustion, including those that are scattered in the
. 1dterature cited above. _

The initial state of the powder or ES has been set and quite ac-
curately determlned. Such a state -- composition and temperature =- of
‘the combustion products can be determined under definite assumptions, for
example, of the achievement of complete chemical equilibrium or of the
fact that the reaction proceeds to definite chemical products (nitrie
oxide); the selection of the initiai assumptions is controlled experimen-
tally -- at least at present, in the absence of sufficient information
on the kinetics of chemical reactions at high temperatures. :

~ The temperature of the combustion products T, is high as a rule —-
1200-2000°C, and the combustion products represent a mixture of gases.
The entire temperature rangs from T, to T, 1s realized in the combustion
zZone; it 1s possible to show that under the conditions of a slow process
of nonsteady-state combustion in comparison with the speed of sound, no
break in the temperature can exist; all intermediate temperatures are
realized. Simultanscusly with a change in the temperature from To to Tqy
a change in the aggregated state also occurs,

For the case of secondary ES capabls of svaporation, as Belyayev
indicates, the change in the aggregated state occurs at the boiling point
corresponding to the external pressure. Actually, the rate of evaporation
from the free surface of a superhsated liquid is extremely great,* and

*The dependance of the evaporation rate on the superheating is easy
to find by using the principles of detailed equilibrium. The coefficient
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superheating of it is practically impossible. The dilution of the vapors

by the reaction products, diffusing from the combustion zone, even some-

what reduces the temperature of the liquid surface in comparison with the
boiling point, :

More complex and less studied from the physicochemlcal viewpoint is
the process of powder combustion. The vital influence of pressure on

the combustion rate undoubtedly irdicates a role of the gaseous phase,

" Letan and other researchers [10, 11] believe that the collision of mols-
cules of the gaseous reaction products, which possess sufficient ensrgy,
produces the decompositicn of the molecules of the powder components sit-
uated in the surface layer. Such a concept leads to proportionslity of
the combustion rate to the pressure and its dependence on the temperature
of the combustion products. ‘

The theory of the action of direct collision of gas molecules can
also be called the temperature drop theorlies: <they have meaning only in
the case when there 1s a boundary betwsen the cold powder and the hot
reaction products; if the temperaturo of the powder and that of the gas
are the same at the surface of separation, then activation as a result
of thermal motion in the solid, and not activation by collision of the
gas molecule, is far more probable, C

, In the presence of a temperaturs drop between the gas and the solid
powder, a heat flux of enormous intensity, a hundred times exceeding the
svolution of heat of combustion, should arise. Obviocusly, such a heat
flux cannot exist during combustion. :

: We were forced to give up the naive molecular representations of
direct collision ard to seek another mschanism for powder combustion.

of accommodation, i.e. the probability of adhesion of vapor molecules
striking the surface of a liquid, is assumed equal to 1. The number of
molecules evaporating in a unit time is equal to the mumber of molecules
incident on the surface in a unit time at the equilibrium pressure, which
in turn is equal to the product of 4 the number of molecules in a unit
volume of the vapor n and the mean velocity of the molecules in the direc-
tion normal to the surface ;x. : ‘

- If thw supsrheating of the surface is such that the equilibrium
vapor pressure with respect to 1 + P is greater than the external pressure,
‘the rate of evaporation, expressed as the linsar rate of outflux of vapor
from the surface, comprises ‘}g . The rate of combustion in 1 mm/sec of
liquid ES corresponds at atme ;ger:lc pressure to a rats of vapor outflux
of the order of 50 cm/sec, to which § from 0,001 to 0.002 and a super-
heating of 0,02-0,04° correspond. At an accommodation coefficient o # 1,
ard with all other conditions equal, the superheating increases in pro-

" portion to é o Finslly, the superheating is proportional to the combuse
tion rate. ‘ )




Smokeless powder, which is based on polyatomic nitroesters of cellulose,
csmnot be distilled under normal conditions or under vacuum, When heated
it decomposes, liberating a number of products, including the substances
that are contained in the combustion products of the powder (carbon dicx-

'~ 4de, ecarbon monoxide, water vapors, and partly nitric oxide). Can we not

assume that a decomposition of this nature, accelerated by the temperature

‘increase, also represents a combustion process, i.e. that combustion and.

conversion to a gas represent one inseparable step, or in another formila-
tion -- that chemical reactions do not proceed in the gaseous phase --

chemical transiormation proceeds only in the solid phase and upon transi-

tion of the solid phase to a gas?

The temperature of the combustion products is predetermined by the
value of the heat of reaction, If the final reaction products ars immed-
iately liberated from the surface of the solid powder, nomore chemical reac~
tions and evolution of heat oeccur in the gaseous phase. Hence, the reac-
tion products liberated from the powder, which possess a definite composi-
tion, should also have a final temperature T,; the powder itself (solid
phase) should also possess this same temperatures on the boundary where
the gas is evolved, under the assumptions we have made.

This seems quite improbable, keeping in mind the extremely high ‘
tempersture of powder combustion. The difference of .the conditlons during
combustion from the usual thermal decomposition lies in the rapidity of
the process: at a combustion rate of 1 mm/sec, the effactive width of the
heating zone is less than 0.2 mm, and the time of heating less than 0.2

‘gec (these values depend little on the temperature of the surface, of

which we shall speak below,

In the case of such rapid heating, and energetic supply of heat,
the increase in the temperature of the powder is limited orly by the endo-
thermic reactions, which are accompanied by its transition into the gas-
eous phase.® The rate of these reactions at low temperatures is less than
the rate of normal decomposition, but as the temperature increases, the
rate of the endothermic reactions rises more rapidly,** and at some tem- -
perature T3 reaches a value equal to the rate of combustion., This tem-
perature will also be achieved on the surface of separation of the powder

*Tho reaction does not have to be endothermic for the temperature of
the solid powder not to reach the combustion temperature; it is necessary
only that not all the bheat of combnstion be liberated in the reaction of
gas formation, l.e. that the reactlion be less exothermic than the combus-
tion reaction. This determines the possibility of combustlon, i.e. the
subsequent reaction of the gases with evolution of heat. The reservation

‘made here pertains to all cases, while we shall speak below simply of

endothermic reaction.

#%In conmnection with this, wo should mention the enormous value of
the preexponential factor in the expression for the probability of evap-
ora.tion in the case of polyatomic molecules (see Langmuir (4]).




axd gas, :

The chemical energy of the final combustion products is less than
the chumlcal ensrgy of the powder: 1t is precisely in the liberation of
the chemlcal energy and its conversion to thermal ensrgy that the essance
of comhustion lies., The chemical energy of the gaseous products obtained
in the endothermic decomposition of powder is obviously greater than the
chemical energy of the powder. The products of such & decomposition re-
act further, i.e. burn in the gaseous phase, liberating the bulk of the
heat.

Thus, in our opinion, endothermic decomposition with the formstion
of energy-rich intermediate products is the analog of the evaporation of
low-molscular ES in the combustion of powder. Let us note the features
of the difference: evaporation occurs without the cleavage of chemical
bonds; e might expect that the decompositicr temperaturs of powder, T4,
will prove to be higher than the boiling points, Ty, of such substances
as methyl nitrate (63°), nitroglycol (200°), nitroglycerin (2509 and
TNT (300°). Evaporation is a reversible process, and Ty, can be fourd by
measuring the vapor pressure; Ty depends on the pressure at which the com-
bustion ocecurs, but has practieally no direct dependence on ths combustion
rate (sce the footnote to p. 3). On the other hand, the decomposition tem-
perature T, is deterndned kinetically from the condition that the rate of
deconposit%on is equal to the combustion ra’e; otherwise the front of the
flame would approach the surface, the heat flux would be intensified, ard
the temperature of tha surface Ty would increase mntil it would no longer
correspond to the abovementiored condition. We might expect that the only
faztor determining Ty would be precisely the combustion rate; others,
such as, for example, the pressure, initial temperature T,, influence Ta
oniy insofar as they change the combustion rate. However, the dependence
of Tq on the combustion rate should also actually be weak. The decomposi-
tion rate 1s an exponential function of the temperature; the heat of ac-
tivation, which includes the heat of reaction for the emdothermic reaction,
is great; under these conditions, a small change in Tq will be sufficient
to produce a censiderable change in the decomposition rate, i.e. to com.
pensate for a substantial change in the combustion rate. We shall neglect
the variation of Ty. Hence, in the future, wherever no special reserva-
tions are made, we shall treat the combustion of ES and powder together,
denoting Ty, as the temperature on the surface of separation of the con-
densed phass and the gas (the boiling point or, correspondingly, the de-
composition temperature) and L as the thermal effect of transition from
the condensed phase to the gaseous phase (the latent heat of evaporation
or, correspordingly, the heat of decomposition).

3. MATHEMATICAL THECRY OF THE STEADY~STATE SYSTEM AND THE
COMBUSTION RATE

- Let us introduce a system of coordinates in which the flame is .
quiet., For definition, let us make the coordinate plane Y0Z coincide with
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the surface of separation of the condensed phase (abbreviated C phase) ar
the gas, where the C phase lies to the leit when x < 0. In a system in
 which the flame is quiet, matter should be moved. The rate of motion of
matter, u, has a positive sign. The rate of motion of the C phase far fy
the flame when x < 0 obviously coincides with the combustion rate u.

When x is increased, accompanied by heating, conversion to a gas,
and chemical reaction of the matter, the rate of motion changes. '

Let us begin by establishing the laws of conservation. For this
purpose, let us set up a control surface O far from the flame; the values
pertaining to this surface will be noted by the subscript "o," since they
correspord to the initlial state of the substance. All these gradients ar
also equal to zero at a sufficient distance from the flame, where we have
placed the surface O. ‘ ,

We can draw up the expressions for the laws of conservation at the
place where we now select a second control surface, T7T (we shall write the
values pertaining to it without subscripts): here, in the steady-stats
system under consideration, the state of the matter between the control
surfaces 1s constant; the amount of matter, energy reserve, and other
quantities do not vary between the surfaces. The laws of conservation th
reduce to equality of the fluxes on the control surfaces. :

The conservation of mass gives -

Pulty = ou1, ' : ) 3, 1)

where p is the density, u is the velocity. , _

The law of conservation can also be applied to each irdividual typ
of atoem. Let us have g types of molecules (first subscript), consisting
of £ types of atoms (second subscript); let us characterize the compositl
of the molecules by the stoichiometric numbers »y; (the number of atoms o
the type . in a molecule of type i). The conservation of atoms of the
given type ! is written thus: '

(3, 2)

WL epy=uZc vt Tipy,

where ¢4 is the concentration of molecules of type i, ¢ o 1s the same on
plane O, 61 is the diffusion flux of molecules of type %, Z is the sign
of summation over the index i fromi =1 to i = L. . '
Finally, the law of conservation of energy is written for the
process proceeding at constant pressure, in the form:

dT

vty Ho= puH — v, S TEAR G, 3)

where H is the specific enfhalpy (heat content, H = E + pv), 7 is the
heat conduction, so thé.t -q:—;l-‘-‘ is the heat flux transferred by the ‘molac;
ular heat conduction, hi°'are the values of the chemiecal energv. of the
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various moleculss, i.e. their enthalpies hy at absolute zero.* The values
of hy0® and hy satisfy the following equations:

1
hy=hp—g= hP+ f‘p ar ' {3, 4
pH =S¢ h=Ech’ :":fl‘hz2‘i”:"+?Q=z"t":'+P fr,dT. (3.5

Hore we introduced not only the enthalpies H, hy but also the
thermal energy Q, q4, the significance of which 1is clear from the formulas.
The expression for the energy flux transferred by diffusion contai.nsl:%
ard not hy because the transfer of physical heat was already conside in
the heat conduction.

The expressions written are the most general, in particular, they
hold true in the presence of a chemical reaction, since only the conversion
of certain typas of ensrgy into others, certain types of molecules into
others occur in a reaction, without any change in the amount of energy or
the number of atoms,

Lot us take the second control surface in such a way (position 1,
subscript 1) that the chemical reaction can be neglected between 0 and 1.

In this case the fluxss of individual types of molecules are also cone-
- served, since in the gap under consideratlion, no conversion of some types
of molecules into others occurs. In additlon to the equations written
above, wo also have the following g equations:

Byl == i€y +9p. @, 6

In particular, in the entire zone in which no chemical reaction
occurs, the final reaction products (substances for which ¢4, 0) can be
present, but their flux 1is equal to zero in the selected sysgem of coor=-
dinates, in which the flame is quiet.

Thermal energy 1s conserved, since there 1is no conversion of cheme
ical energy to thermal.

- Using the notations introduced above, let us write the conservation
of thermal energy in the following form:

. Cas dT .
Sugcpqu=Suciqn -Ehgn—n ;ixl 3, 7)

*The heat content f of definite types of molecules containing all f
" types of atoms in various proportions should be taken as the zero heat
contents for all g diffsrent types of molsoules,




Using the preceding equations (3,6), we shall represent the law
of conservation of heat in the following form:

Sy i (dn—dw) =1 (3, 8)

| dx’ |
Introducing the specific heat of the initial mixture
ar _ .

4T » 3,9

mn=%%wm

where cg 1s the heat capacity of the initial substance, we obtain the

equatio
o2, [QT) — QTO) = QT) — QT =1 4. (3, 10)

By integrat:\ng this equation, we can easily find the temperature distri-

‘bution in the preheating zone, where the reaction has not yet begun,

= (. T ’-c()ﬁst. 3.11)
pa AN —QT,) '
Let us determine the value of the constant from the equation
T. :
i waT
T=T,x=0x= -|--. 2. | 3,12
"= o i AN = QT =1

This is the first concrete conclusion pertaining to the temperatur
distribution.
In the condensed phase we can assume with satisfactory accuracy:

~ m=const, p = const, u=const, c,=const, Q=1¢, 7. (3, 13)

In this case we find (the subscript 1 shows that the calculation
pertains to the preheating zone, where the reaction has not yet begun)
1, T—7, . o vz
= In Al =T (T, =T e * . 3,

' c,pu nT.--— T, ( ' ’ A(. _ ¢ 14

Ist us find the temperature distribution in the gas in the layers
adjoining x = 0, in which the chemical reaction has not yet begun. The
heat of evaporation or heat of endothermic reaction of gas formation L is
equal to the drop of thermal energy of the starting materisl. Thus, when
X = 0, there is a drop in the value of the heat flux on the phase boundar

. Using one prime for the C phase and a double prime for the gas, let us

. .




draw up the equailon

ety o e o AT T
X _‘(l, li=T'=171" 1, dxA__v,- s “fonl. (3, 15)

Equation (3,10) remains in force. ' :
Assuming constant 2" and e¢®_ in the gaseous phase (taking average
values of these quantities, the prgduct pu is strictly constant every-
where), let us find the law of temperature distribution in the gas in the
gone where the reaction is negligibly small, ‘
, Having performed the calculation, let us find a solution satisfy.
ing (3,10) and the boundary condition (3,15) in the following form:

" 'I,'lll

F=1A =10 7 5 x 0, | (3, 16)

where

(T -Tw =i L

Cp

T", can be defined as the temperature at which the ES vapors would
have an enthalpy equal to the enthalpy of the liquid ES at T,, if the
vapors did not condense when cooled and their heat capacity ¢"p remained
constant. The mmerator of the fraction in expression (3,16a) represents
the total expenditure of heat consumed for heating from T, to Ty, and evap-
oration of a unit mass of ES. ‘ ‘

Using (3,10), let us give an approximate estimate of the width of
the zone 7 in the gas from the surface of the C phase x = 0 to the site
of completion of the reaction. For a rough estimate, let us extrapolate
the law (3,10) to T = T, and find the corresponding value of x.

' We obtain: '

Ie=T— (3, 16a)

= 1 -

7.— 7-'.:1 .’.u W_‘:_ L
” .
€, ou

B e 1 I N I
"LITET G L (ST G. 1
where W is the heat of combustion.

As we shall see below, the chemical reaction proceeds almort entire-
1y at a temperature close to the combustion temperaturs.

From this it follows: 1) that our estimate of the quantity I is
numerically sufficiently close and 2) that the quantity / actually repre-
sents the width of the dark space between the surface of the C phase and
the thin zone of intensive chemical reaction.

The expression for the diffusion flux, which we nsed to investigate
the concentration distribution, has a complex form, since we are dealing

with a polyconponent system in the presence of a temperature gradient.

The diffusion flux of a given component dapends in genseral not only on
the concentration gradient of this componsnt, but also on the concentration
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gradients of the other components (an increase of some components by othe-
ers)* and on the temperature gradient (thermal diffusion).
The simplest case represents a mixture cf gases in which thermal

‘diffusion and expansion are absent., In the presence of a temperature

gradient, diffusion equilibriuwm in such a mixture is achievod at constancy
of the partial pressures of each component.

It is obvious that constancy of the partial pressures should be
required, and not of the concentratlions, since the total pressure is pre-
served in the presence of a temperaturs gradient, while the sum of the con-
centrations varies in proportion to p, i.e. in proportion to 1/T.

The diffusion flux is proportional to 8; ~ grad pi; to bring the

“expression obtained into correspondence with the usnal definition of the

diffusion coefficient D, pertaining to the isothermal case, let us write
for & flat flame

o d_Pr.'__'..D die;T) (3, 18
pidx . T dx '

D:—l' =—_z,v ‘ ) (3, .19

vhere ¥ is the so-called thermal diffusivity.

- We shall consider, finally, that the chemical reaction proceeds
without a change in the number of moleculss, without a change in the av-
erage molecular weight of the mixture (in essence, this is already neces-
sary to have equality of the diffusion coefficients and their equality
to the thermal diffusivity of the mixture). '

In such a case the density of a mixture of gases is inversely pro-
portioral to the absolute temperature. We can rewrite the expression for
the diffusion flux: ‘ -

*In contrast to thermal diffusion, the increase in the value of the
torm that is given in the text has practically not been investigated. Its
existence is easy to establish by a consideration of the three-component
system A, B, ©, in which the properties of A and B are extremely close,
while C differs sharply from them, lLet us place in contact mixture I:

z parts of A and (1 - z) parts of B, on the one hand, and It 2z C and
(1 - z) B, on the other., If C is many times heavierthan&anda, then A
frmtheﬁrstm:\xtmwﬂldifmseintoﬂmsecorﬂ,disphing == up to
a composition It 2z A, (1 -2)BandIIt 2C, (1 -2)s A, (1 =2)2B., The
concentration gradient of A produced a flux of B, the concentration of
which was constant; only later does slow diffusion of C occur, as a result
of which all the concentrations are evened out. The theory of the prob-
lem was recently discussed by Hellund [5]. '




(3,

We can transform the basic equation of the lwwr of conservation of
energy, moreover, written in such a form that it is not violated even in
the presence of a chemlcal reaction (3,3), for a gaseous mixture, using
the assumptions we made about diffusion - : »

| ., 4T .. dT - dlcip)
M,,: pul — 'qz; + 3% b= puH — ¢ i pr Th d—(‘-i!if-)- =
- ' 'dQ , dH° dH :
E — — — |=puH —px-". -
. putt P (dx + dx) p dex o 3,
Reduc‘.\.ng by the quantity fU = PoUys We obtain the differential
equation- : . '

« dH

To—=-=H-—H, '
. u dx - . (3,
Its gensral solution has one arbitrary constant
dH u oy ST as .
H—Ti. ==J';-dx+const, H=H,+4C-¢ . 3,

: The solution remains finite with wnlimited increase in x if and
only if C =0, so that

H=H, (3,

20)

21)

22)

23)

24)

Thus, we have established that the specific (per unit mass) enthalpy

is constant in the entire space occupied by the gaseous phase from x =

‘to x 2005 -close to x = 0 the temperature, compositior, and density of the

gas vary rapidly on account of transfer processes and the chemical reac-
tion; our result establishes a relationship bstween the changes in the
temperature and composition in the gas. At the same time we elucidated
the assumptions under with such a relationship holds true.

" Let us recall that (3,24) was postulated without derivation by
lewis and Elbe [6] for gas combustion.

In the cited reference [2] similarity of the concentration fields
(relative concentrations or partial pressures) and the temperature field
was also established for gas combustion, from which constancy of the en-
thalpy in the entire combustion zone also follows, .

Similarity was established in [2] by a consideration of the secend
order differential equations of diffusion and heat conduction. Under the
assumptions made about the diffusion coefficient and heat conduction,
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similarity of the fields -~ and that means constancy of the enthalpy as
well =« occurs in the entire space in the case of gas combustion, and,
_moreover, not only in the steady-state, but in any nonsteady-state probe
lem. It 1s necessary only that thore be no removal of heat by radiation
or by heat-withdrawal to the walls of the vessel, for there to be no sup-
plementary -~ in addition to the chemical reaction == sources of energy.
These corditions also psrtain to the combustion of powder or ES and were
tacitly considered by us in writing the equatlons where the corresponding
factors are absent. ,
' In the case of combustion of a condensed substance, conservation of
. enthalpy and similarity occur only in the gaseous phase, only in part of
the space. In the C phase the diffusion coefficient is much less than
the thermal diffusivity coefficient; heating of the C phase occurs by heat
conduction without dilution by diffusion; the enthalpy of the C phase on
the boundary whers x -+ 0 (from the side x < 0) is greater than the enthal-
py of the C phase far from the reaction zone and greater than the enthalpy
of the combustion products. The advantage of the derivation cited here
lies in the fact that constancy of the enthalpy in the gaseous phase and
- its equality to H, (H, is the enthalpy of the C phase far from the com-
bustion zone, when x - - 00) were obtained regardless of the state of the
intermediate layers of the C phase. We should emphasize especially that
constancy of the enthalpy in the combustion zone occurs only for the
steady-state process. The presence of layers of the C phase possessing
increased enthalpy opens up the possibility in the nonsteady-state process
of a temporary change in the enthalpy of the gas and the combustion tem-
perature (for more discussion of this, see Fart 5).
" Let us find the concentration on the phase boundary when x = 0,

T =Ty. Under the same assumptions that were made in deriving the con-
stancy of the enthalpy, we find

=T, W—c,(T.—Ty) 2
P ™ 727 P T W P (3, 25)
Ty LT Ty '
P =7t P = o r 3, 26)

where pynit and p are the partial pressures of the initial and final
substances. Thus the evaporation of ES occurs in a medimm of diluted

vapors; the corresponding lowering of the surface temperature according
to the Clausium-Clapeyron Law is

—AT, = RTE P _RT2Lic T, - T) (3, 27)
L P L WL !

this valus, for example, for mitroglycol, reaches 9°. Actually the com-
bustion reaction is accompanied, as a rule, by an increase in the mmber
‘of molecules, & drop in the average molecular weight, and the diffusion
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¢ eofficient of the vapors proves to be less than the thermal diffusivity
ol the mixture. We should think that the order of magnitude of ATb
would not change in this case. ’

The combustion rate enters into the equation as a parameter; in
the most general case, set by an arbitrary value of the combustion rate,
we can always perform a numerical integration of the system of ordinary
second order differential equations, which are obeyed by the temperature
distribution and the concentration distribution (the equations of the heat
conduction and diffusion, all with a consideration of chemlical reaction;
argument -~ coordinate). The integration is conveniently conducted from
the side x >> 0 of the final reaction products. At an arbitrary value of
the rate, generally speaking, the boundary conditions will not be fulfilled
when x << 0, . It suffices us to perform the mumwrical integration to the
" place whare the reaction rate can be neglected and it can be established
whether the conditions (3,6), (3,7), (3,8) written above are fulfilled.

Performing the integration with various values of the parameter u,
we find by trial and error a value at which the boundary conditions are
satisfied, and this is the true value of the combustion rate.

We find the state of the reaction products at x >> 0, from which
we perform the integration, from the laws of conservation; these same laws
are included in the differential equations. In the gensral c¢ase of dif-
ferent D and ¥, there are no simple relatlonships between the concentra-

_tions and the temperature., However, the fluxss of molecules ef wvarious
types and the heat flux are interrelated by equations (3,2) and (3,3).
Hence the fulfillment of one of the conditions (3,6), (3,8) leads to the
fact that the remainder identically prove to be fulfilled. By varying one
quantity u, we should achieve fulfillment of one condition, which is al-
ways possible, -

The method developed in [2] of integration of the equations of
temperature and concentration distribution in the flame is based on the
following idea: the rate of a chemical reaction increases unlimitedly
with increasing temperature; in the presence of some temperature distribu-
tion, the reaction must always be considered at a temperature close to the
maximm; as D. A. Frank-Kamenetskiy has shown in a work on thermal explo-
sion [7], the rate constant of the reaction changes e times when the tem-

perature changes by the ‘qua.ntity 8= B{E s where R is the gas constant,

E is the heat of activation. This temperature range is also a deciding
factor; considering the interval 6 small in comparison with the interval
from To to To (for this it is necessary that E >> RT_ ), we can neglect the
change in the matter constants and the temperature 1% the reaction Z0Nne,
The fluxes of heat and of the reacting components (but not the temperature
and concentration) also change greatly =-- the rate of change is propor-
tional to the reaction rate. Under the assumption made, 6 << To = Ty

the equation looks like

.- Y- T=e— _.‘=‘/), (3a 28)




where § is the volume rate of heat evolution in the reaction. Observing

that when T = T, 52 = 0, we find

B K3 .
f’_T_.:]/2 jdnlr. (3, 29
dx 1, ‘
7 .

Let us write the condition of the heat balance, consisting of the
fact that the entire amount of heat liberated in a unit time is generated
by the chemical reaction

ou W= ovx. | (5, 30)

But with the aid of (3,29), we make the substitution

N
dT_ Y o Car
srpd.g_ 'r,dx—] -n‘\fbdl. | (3, 31)

where the integral extends everywhere over the entire region in which
> 0.
Finally
I's
1 ~
Pulle= pU== Wl/lv,j &dT, _ {3, 32)

The rate of evolution of heat depends not only on the temperaturse,
but also on the concentrations of the reacting substances. In the case
when % = D, the relationship of the concentrations to the temperaturs has
been indicated above.

In the case Z# D, as L. D. Landau has shown, the concentration of

the initial substance in the reaction zone proves to be 5 times greater
than in the preceding casse.
'~ Let us write the approximate expression for the combustion rate,

replacing
.T.' ‘ Tg
j¢d7'=¢mu"’=¢mn--R—£— (3; 33)
. " 29Puus RT: '
I’o”o='. -lw——: (3, 39
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- where Qpnax is’the maximm valus of the rate of heat evolution.

The integral (3,32) and approximate (3,34) formulas are more con-
vonlent for practical use than the closed expressions obtalned after inte-

. gration in the simplest cases,

The following basic conclusions are vital for a further development:
the combustion rate is proportional to the square root of the reaction rate
rate in the gag close to T,. The combustion rate pou,* depends on the

- pressure as p%/2, if the cRemical reaction is order, & ~ pB; the

combustion rate depends on the temperatyre as e~E/Z2RT, if E is the heat
of activation of the reaction, & ~ e-E/RTe, ,

As can be seen from the preceding,** the combustion rate depends on
the properties (T,, n, P) of the combustion products and the layers lying
closest to them; %he combustion rate deperds on the properties of ths C
phase insofar as the composition and temperature of the combustion products
depend on the composition, heat value, and temperature of the C phass,

* A formula for the velocity of the flame can also be obtained with-
out integrating a second-order equation, essentially with an accuracy '
within a mmerical factor of the order of 2. We shall proceed from the
explicit equation (3,30), replace the integral by the product D maxhX, oo
and evaluate the effective width of the reaction zome Ax,er, knowing
the temperature interval and the order of magnitude of the temperature
gradient ‘ . ' '

0. 'dT 8 ©h
Ax, = =t =t 3’ 35
Cdx 4T W ( )
"dx

Combining these estimates, we obtain an expression differing from
(3,34) only by the absence of the nmumerical factor.
- The considerations on the velocity of the flame in gases pertain
also to ES and powders; see also [8].

- As applied to the combustion of nitroglycol, the velocity of the
flame has been shown by A. F. Belyayev [9] to follow an exact exponential
dependence on the temperature of combustion. For powders, the empirical
formmlas proposed by Muraour [10] and Jamaga [11] are already available
in the literature. The content of these formulas reduces to the fact that
the flame velocity depends on the combustion temperature of the powder;
the very type of the dependence, according to Jamaga, is Arrhenius, just
as it follows from the theory developed here. Muraour proposes a depen-
dence of the form u = eA*BT, As Frank-Kamenetskiy has shown [7], such
a dependence 1s a good approximation to Arrhenius. Let us mention that
both authors (Jamsga and Muraour) relate the velocity to the combustion

*py — density of the C phase -- practically eonstant, .
**See especlially the description of the general method for finding
the rate by mumerical integration.
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.' very surface of the powder, always possess the combustion temperature at

temperature in a closed volume, calculated from the condition of equality
of the energy of the powder at T, and the energy of the powder gases.

' By analogy with gaseous systems, we shall call the combustion teme
perature in a closed volume Tgynjgsions 19aving the notation T, for the .
combustion temperature at cons pressure.

Actually the combustion products, just formed and situated at the

constant pressure, calculated from the condition of equality of the en-

thalpy of the powder at T, and the enthalpy of the products at T,.. 7
' In the case of the process in a closed volume, the combus%ion :

products that had appeared earlier also had this same temperature T.;

however, after this, the temperature of the gases increased as a result

of adiabatic compression during the increase in pressure during combustion.

. Thus Tgxnlosion 1s actually realized only as an average value -- cf, Mache's

theory of the explosion of a gaseous mixture in a closed volume [12].
The combustion rate actually depends on T,. Fortunately, the re-

‘lationship of the two temperatures is elementary:

Texplosiong'rc = Cpicy

and conversion from one to the other does not change the form of ‘nga's
and Mursour's formmlas, These formulas, pertaining to the corbustion rate

- at a high pressure, of the order of 1000 kg/em?, are in poor agreement

with one another. The most probable value of the heat of activation of the
reaction, following from the formulas, is 24 keal/mole. -

There are many works on the dependence of the rate of powder com-
bustion on the pressure, enumerated in all courses on internal ballisties,
Various authors give relationships from u ~ pOe5 to u ~ pt, which corres-
pords to reaction orders from first to second. In the case of powder
there is a complicating circumstance: at low pressure the combustion
products contain a substantial amount of nitric oxide, which disappears
at high pressure, Thus it is possible that a change in the pressure in-
fluences the velocity of the flame, also on account of the change in the
direction of the reaction and the combustion temperature. At present it

.does not seem ppssible to quantitatively distinguish these factors.

L. REACTION IN THE LIQUID PEASE AND TRANSITION OF COMBUSTION TO DETONATION* -

Let us preface our exposition of the problems posed in the heading
by a finer analysis of the theoretical fundamentals. ‘ -

We have asserted above that the reaction proceeds basiecally at a
temperature close to the combustion temperature.

Actually, the reaction rate reaches a maximum close to the combus-
tion temperature. The fact that this region is decisive is detected best

3The material following pertains to the combustion of liquid sec-
ondary ES, '
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of a1l when we attempt to caleulate the combustion rate i '8 assumption
of a reaction proceeding, for exarmple, to an extent of %%, +ith a corres-
pordingly reduced thermal effect and combustion tempsrai. ' .: the rate
proves to be less than the true rate. We might describe the matiter in such
a way that combustion at a temperature close to T, is propagated most rap-
idly and 1s responsible for a greater flame velocity, at which the reaction
cannot proceed at any lower temperature, although the absolute value of the
rate at this lower temperature may be substanti=l,* .
In the case of gas combustion, such a premise is a ruls, exceptions
- from which sre extremely rare. ‘ : '
In the case of combustion of a liquid ES, a change in the aggregated
state causes a sharp change in the properties at constant temperatire.
The volume rate of liberation of heat in the gas falls monotonously 25 the
tomperature is lowered, begimming with a temperature close to Tpe At Ty,
with transition from gas to liquid, the valume rate of heat liberation in-
creases sharply, jumpwise, on account of a sharp increase in the density.
As the temperature is further lowered, the density of the liquid remains
constant, and the volume rate of heat evolution again drops according to
the Arrhenius law of the temperature dependence of the reaction rate.
' The width of the reacting layer also increases jumpwise as a result
of the increase in heat conduction when the vapor is conmverted to a liquid.
In the gas the combustion rate decreases with decreases of the com-
bustion temperature - if a lowered combustion temperature with a given
initia]l state is obtained as a result of incomplete combustion. The rate
of combustion again rises, however, when the combustion temperature does
not exceed Ty, so that the reaction is limited by the liquid phase; the
causes of the increase are indicated above, On the other hand, here it is
better to speak not of the combustion rate, but of the rate of propagation
of the wave of heating of the liquid on account of the reaction in the
liquid phase, . The maximum temperature achievable in the liquid is limited
by the quantity Ty,, just as the combustion temperature, properly speaking,
is limited by the quantity T,. The calculation of. the velocity of the ’
heating wave in the liquid presents no difficuliies [see formulas (3,32),
g,au)] if the kinetics of the chemical reaction in the liquid phase is
) oWn, . . )

If the velocity of the heating wave caleulated in this way is less
than the combustion rate, then the reaction in the liquid phase does not
disturb the steady-state character of the combustion, but only negligibly
changes the temperature distribution in the liquid.

_ On the other hand, if the velocity of the heating wave is greater
than the combustion rate, & steady-state system is impossible: actually,
during combustion the liquid surface is heated to the temperature T
however, at this temperature a chemical reaction begins to proceed the
1liquid, heating the adjoining layers of liquid before they can evaporate

, *The explanation was first advanced by the author in a discussion
at the Scientific Council of the Institute of Chemical Physics in 1940.
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and burn, The temporature distribution in the liquid proves to be non-
steady-state.

- What actually occurs in this case? 'rhe heating wave uill travel o
beyond. the surface on which the combustion of the gas evaporates taoe liqu:'
An expanding reglon of liquid, brought up to the temperature Tp, bu’l not
yet evaporated, is formed in the temperature distribution.

» At the temperaturo Ty the reactlion in the liquid phase is not en-
tirely arrested; the increase in the temperature of the liquid is arrested
at Ty, and the cause of the stoppage lies in the fact that a further suppl
- of heat leads to evaporation of the liquid. At the free surface of the
liquid, evaporation proceeds without lag and superheating and removes heat
from the closest superheated layers. However, as the wave of heating up
to Tp moves forward, and the reglon of liquid heated to Ty expands, in thi
region the liquid becomes superheated as a result of the chemical reactior
and boiling occurs,

Belyayev [3] has shown e:q:erimnta.lly that a boiling ES detonates
‘when ignited.* The explanation he advanced is quite satisfactery: on the
one hand, boiling sharply increases the surface of liyuid-vapor separation
on which combustion occurs and thus increases the amcunt of the ES burned
in a unit time, increasing the mechanical effects (increase in pressure)
accompanyirg combustion. On the other hand, the presence of bubbles in
the liquid also extremely greatly increases the combustibility of the sys-
tem and its sensitivity to mechanical influences,.*®

Thus we can predict that an excess of the velocity of the heating
wave over the combustion rate will lead to a transition of combustion to
detonation.

The condition of transition of combustion to detonation can be pre=
. calculated according to the experimental data with minimal values of the
reaction machanism: in this calculation we shall use: 1) the dependence
of the combustion rate on the preseure, measured experimentally, u = 30
2) the rate of heat evolution during the reaction in the liquid
phase; this quantity can be four&igalorimtrica]ly or calculated from the
reaction rate, measured according to the rate of gas evolution; lat us re-
present the temperature.dependence of the rate of heat evolution in the
fom. :

d) ' = Ae—FRT, ‘ ' (4, 1)

3) the physical constants of the liquid heat conduction %', heat capac-
ity cp s density- p and heat of evaporation L; the lust can be found

: *Unfort.um.tely, for procedural reasons, the experiments were cone
ducted with an extremealy small amount of liquid, part of which evaporatad,
A more detailed investigation would be extremely desirable.

*4+In an unpublished work of 1939, Yu. B. Khariton observed a
strong drop in the sensitivity to shock of ]iquid ES when it was freed
from bubbles,
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according to the dependence of the vapor pressure on the temperature

pe= Be-LAT, 4, 2

‘ Llet us draw up an expression for the rate of propagation of the
heating wave: the reaction proceeds only so far as to heat the ES from
To to Tp, 80 that we should substitute the thermal effect W' = cp*(Ty - To)
into formula (3,32). This thermal effect comprises only a small portion
of the thermal effect of the reaction that goes to completion; hence the
change in concentration of the reacting molecules can be neglected.*

The expression for the velocity u' of the heating wave takes the
form:

[} . ‘ 4 )'-r_“l"" "y ? l -'r - T e
e )2 (TN = e oo Oyt r_-nr.;_n____l_v
Wi VAT = i Iy BT . 3

“e* _, find the dependence of the velocity u' on the pressures
the pressu=e does not enter directly into the last formula; however, the
surface *omperature 'Ik deperds on the pressure.

Comparing (4,3) and (4,2), we find

u'="l,P’:‘”‘. ‘ (41 4)

where ;' was calculated according to (4,3) for Ty; =- the boiling point
at a pressure of 1 atm; we neglected any other depsndence of u' on T,
other than exponential. The value of the power E'/2L is greater than one:
thus, when the prescwr is increased, the velocity of the heating wavs
increases more rapidly .han the combustion rate; an increase in the pres-
sure promotes a transition of combustion to detonation -= in agreement
with the experimental data. Let us find the cordition of transition in
the form ‘

13

: ’ g\ E-Um
B =u up"=u'p5; p= \;‘-,> . (4, %)
1

We should mention that the use of the simple relationship (4,2)
with constunt L 1s possible only when p << papite I the pressure obtained
according to formilas (4,5), (4;6) becomes comparable with p,.sss @ refined
curve of the vapor pressure must be used in the calculation. 113 is well
knovn, the heat of evaporation is lowered when the temperature is raised;
formulas (4,4), (4,5) with constant L, measured at low temperature, give
a high limiting value. Finally, if the pressure found exceeds the

v *Only if the products exert no sharp = positive or negative -
catalytie influence on the reaction rate.
**Msasured for the reaction in the gaseous phase,
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ceritlecal pressure, above which transition of the liquid to the gas occurs
continuously, then the theory developed hers is inapplicable.

At present, with the scanty experimental material available, it
would be premature to consider the problems of superheating of the liquid
and the evolution of gaseous reaction products in the form of bubbles,

Iet us mention in conclusion ons principal factort Belyayev's
initial argument conslsts of a comparison of the probability of reaction
and the probability of evaporation of a molecule of £S fournd in the liquid,
From the fact that the heat of activation of the reaction can be greater
than the heat of evaporation, he concludes that the probability of evapore
ation sharply exceeds the probability of reaction; hence, when heat is
supplied, evaporation occurs and the reaction proceeds only in the gaseous
phase, Does not a consideration of the reaction in the condensed phase
contradict this baslic premise? Actually, the argument cited is inapplie-
able without reservations. The probability of evaporation of an individ-
ual molecule cannot be written simply as ve-L RT, vhere v is any frequency;
in this form the formula is suitable only for molecules lying in the sur-
face monomolecular layer, and, moreover, if we digress from condensation.

For molecules found within the liquid, the probability of evapora-
tion 1s strictly equal to zero at all temperatures below the boiling
point corresponding to the extermal pressure. And yet, the probability
of reaction under these conditions, although small, is finite.* Only later,
at a temperature exceeding the boiling point, does the probability of evap-
oration become appreciable, increase vigorously, and soon sharply exceed
the probability of reactlion. It is precisely this that Belyayev observed
{13] in experiments on the ignition of nitroesters by combustion of a wire
in which the rapid delivery of heat at atmospherie pressure led to evapor-
ation, and not to its inflarmation or detonation. '

5. ON NONSTEADY-STATE COMBUSTION

It is impossible to consider in general form the differential equa-
tions of the heat conduction and diffusion in a medium in which a chemical
reaction proceeds in addition, discarding the assumption of steady-state
propagation of the system at a constant rate.

Below we: 1) shall neglect the chemical reaction proceeding in the
C phase, 2) shall consider the surface temperature T, as constant, and

*Belyayev considered this problsm in his unpublished caleculations
and showed that for atmospheric pressure and low-boiling ES, the number
of molecules evaporating in the surface layer is greater than the number
of molecules reacting in a layer 1 cm thick, i.s. the ratio of the prob-
abllity of evaporation to the probability of reaction is greater than the
ratio of the mmber of molecules in a layer 1 cm thick to the number of
molecules in the surface layer. However, the situation is changed under
conditions approaching the transition of combustion to detonation at high
pressure,
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3) shall consider the relaxation time of the processes occurring in the gas
2s extremsly small in comparison with the relaxation time (time of change)
of the distribution of heat in the C phase., Limiting ourselves to a con-
sideration of the periods of time considerable in comparison with the re-
laxation time of the processes in the gas, we shall consider that the
state of the layer of gas closest to the surface, in which the chemical
reaction is concentrated, corresponds at each moment to the distribution
of heat in the C phase. After such a correspondence has been established,
the problem reduces to a consideration of a comparatively slow change of
the distribution of heat in the C phase.

In substantiation of point 2, let us mention that in the case of re-
versible evaporation (secondary ES), Ty depends practically not at all on
the rate of evaporation and is only & weakly logarithmic function of the
pressure; in the case of irreversible gas production (powder), Tb does not
deperd directly on the pressure and is only a weakly logarithmic function
of the rate of gas formation. , ,

In substantiation of point 3, let us cite some characteristic fig-
ures: let us define the relaxation time of the process in the gas as the
ratio of the width of the zone of temperature change to the rate of motion
of the gas. ' .

In other words, we shall defins the relaxation time as the time d
ing which a definite particle of the gas travels over a path from the sur-
face of separation to the place where the reaction is completed.

Let us analogously define the relaxation time of the distribution
of heat in the C phase, let us cits a numerical example pertaining to
the combustion of powder at atmospheric pressure. ‘

‘ The density of the powder is equal to 1.6, ¢ tion rate 0.04
em/sec. The heat conduction of the powder is 5.1:10~* cal/emesec+°C, the
heat capacity 0.36 cal/gram.oC, % = 1.10-3 em?/sec; if the distance zfu
at which the initial heating changes e times is arbitrarily called the

width of the zons, we obtain % = 0,025 cz, aid the combustion time of such
_a layer ¢' = Qi-o—zz = 0,625 sec, |

We shall also perform an analogous estimation for the gas. In the
gas the welocity u is substantially greater, corresponding to a2 10,000=fold
drop is the density. The order of magnitude of the relaxation time in the
gas 1s equal to t" = 9+10-5 sec, ;’_—% = 6,800 times smaller than the relaxa-
tion time of the temperature distribution in the solid powder. When the
pressure is increased, the ratio ’;'_1', decresses scmewhat; at 100 kg/cm® it

is still equal to 75. These figures justify the method of comsideration
adopted in point 3. \
Since the relaxation tims of combustion in the gas is very small,
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we have the right to consider that combustion in the gas is determined at
each moment by the thermal state of the thin layer of the C phase closest
to the surfaces of separation: the temperature distribution in the deeper-
lying layers exsrts no direct influence on the process occuning at the sur-
face. The conditions in the gas should be determined entirely by the in-
stantaneous value of the surface temperature and temperature gradient in
the C phase near the surface; for the latter, let us introduce the abbrev-

iated notation
dT
— =ge, 1
(dx)‘_n s - (5, 1)

Let us consider the surface temperature (see above) T, as constant,

The basic quantity characterizing combustion in the gas is the com=
bustion temperature T,. Let us find it by compiling the heat balance, re-
lated to a unit time. Heated to Tb, the C phase burns, giving gaseous
combustion products, heated to Tc; the difference in the heat contents of
the second expenditures comprises an amount of heat increased by the heat
conduction within the C phase :

p'u’ [H'(T:.)—H”(Tz)] =79 (5, 2)

We can equip the product p'u equally with a double prime (sign of
the gaseous phase) and with one prims (sign of the C phase?, since it is
conserved. We selected the C phase for the sake of definition. let us
compare expression (5,2) with the elementary expressioa determining the
combustion temperature in the steady-state system Tee

H'(Ty)=H"(T.). : (5, 3)

Let us use the relationship between the heat content, heat capacity,
. and temperature, and obtain after simple transformations

T,—r..,=‘:[m-n)—-,—",—,—9]- (5. 4
A o -

In a steady-state system of combustion, the relationship between the
quantities is such that the expression in brackets is equal to zero, and,
Just as we should have expected, the temperature T, does not differ from
Tsos calculated according to (5,3).

In a steady-state system, moreover, the C phase, heated from Ty to
Tys actually burns; however, the corresponding gain of energy is campensated
for by a removal of heat into the C phase. Exact compensation is natural,
since the heat withdrawn is used immediately to heat the C phase from the
initial temperature T, to Ty. :

Using the function
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(Tim Topo i *3=0 - (5, 5)

(’ v a,

(the subscript "s" denotes steady-state), let us rewrite (5,4) in the
form:

T, — e =2a \ l‘—'°? s:"\l.-;5= :’,'.‘Tls"' 7o) (5, 6)
) ve ’ I 4

The difference of the combustion temperature from its steady-state
value deperds not only on the value of ¢ (i.e. on the initial heating of
the C phase), but also on the combustion rate u®, In tum, the combustion
rate u' deperds on the combustion tenperature

u'=Ae"’":. : (5, 7)

At the given value of the temperaturs gradient ¢, we Lave two
equations for determining two quantities, u' and T,. Let us investigate
this system of equatlons by constructing curves :Ln the system of coordi-

nates u', T..

In . 1 the thick 1line gives the curve correspording to formla
(5,7). Formula (5,6) contains ¢ as a paremeter; the family of this lines
corresponds to different values of ¢} the direction of increasing ¢ is
shown by an arrow, The thin lines represent a family of equilateral

hyperbolae with cormon ' asymptotes: the Y-axis u' = 0 and a 1line parallel
to the X-axis, T, = Tse + A. ‘

m. 1.

We shall call the thick line the U-curve, since it gives the de-
pendence of the combustion rate on the temperature; let us call the thin
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lines the T-lines, since formula (5,6) describss the dependence o. the
temperature on the combustion rate. In the natural sciences the concepts
"a depends on b™ and "b depends on a"™ ares nonequivalent, while in mathe-
maties a = fl(b); b = £5(a); fa(a,b) = 0 have a quite identical meaning,

At large values of ¢ t.hg curves do not intersect at all. Powder
insufficlently prehsated from the surface does not burn, With preheating
and the inward propagatlon of heat, the gradient ¢ drops.

We finally reach the T-~lines tangent to the U-curve at the point B
at the value ¢ =¢p, Beglnning with this value of ¢, the system of equa-
tions has solutions; combustion is possible., The critical value of )
corresponding to tangency determines the comdition of ignition of the C
phase and makes it possible to calculate the necessary amount of heat and
the rate of heating, A calculation of 95 will be presented below..

"~ At still smaller values of p, the curves, as is easily determined,
always have two points of intersection each: this follows from the '
presence in curve (5,6) of a horizontal assymptote, and from the fact that
at small T, the nential function (5,7) drops more rapidly 'than the al-
gebralc curve (5:2?: which has a vertical assymptote in common with the
exponential function, u* = 0, , . '

In particular, when = Py WO have beforehand a solution describ-
ing steady~-state combustion: the equations are obwiously satisfied by the
solutivn 9= @5, Ty = Tge, u' = ug* (point C, Fig. 1).

Iet us write the value of ¢

9= %L (Tv—Tou, | , , (5, 8a)

(ef. 5,8b below). :

As Ty, changes to Tg and below, the quantity ¢, first increases on
account of the increase in the quantity T, - T,; soon, however, the ex-
ponential drop in ug' reinforces the growth of (T, - T,). As T, changes,
the quantity ¢, passes tirough a maximm, Pepmey = Pge &msoqu s ON®
value of ¢¢ correspords to two different steady-state systems, with two
different Ty and two different ug'. Thus, we obtain a confirmation of
the fact that two values of u' and T  correspond to one value of the
gradient. Each of them, at the corrésponding valus of T,, describes a
system satisfying the equations of steady-state combustion.

However, we have already established that the system of combustion
in the gaseous phase should be determined by the value of ¢, independent
of the temperature distribution in the C phase at a great depth and, in
particular, independent of T,.

Let us compare the behavior of two possible systems, A and B, cor-
responding to the same ¢. Let us imagine that system A is set up. A small
drop in the combustion rate u', according to the T-curve, causes a drop
in the temperature; the drop in rate corresponding (U-curve) to tho tem-
perature drep will be still greater, etc.; continuation brings us to an
unlimited temperature drop, signifying quenching. If, on the other hand,
proceeding from A, we somsvhat increase the temperature or combustion
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rate, then the same sequence of considerations leads us to the state of .
point B, On the other hamd, the character of the intersection of the =~
T- and U-curves that we have at point B (and at all points above B) guar-
antees stability; for example, when the rate is increased, the tempera-
ture rises weakly, the corresponding increase inthe rate is small (less
than the initial), etc.; the sequence reduces, reversibly, to B. -

Thus, at a given ¢, of two possible systems of gas combustion,.the
one that correspords to a higher combustion rate and a higher combustion -
temperature is always set up.

We established above a2 method of finding the system of combustion,
i.e. u' and T,, rapidly established in the gaseous phase at a given state
of the C phase (i.e. at given T, and ¢). In turn, the temperature dis-
tribution in the C phase also varies slowly as a function of the com-
bustion rate. The distribution and gradient ¢ at each given moment de-
pend on 211 the previous values of the combustion rate, on the entire

-thermal prehistory of the powder. This dependence is determined by the

solution of the heat conduction equation with a set value of T = Tb on
the line I(t), where g% = u'.* This dependence cannot be calculated aﬁ-

alytically. From equation (3,8) we find elementarily the limiting value
of ¢ for prolonged maintenance of a constant value of u’

.

limg=-? ,"'—(7} ~1au'. (5, 8b)
1.

We are easily convinced that point C (Fig. 1) is stable with re-.
spect to slow changes in the temperature distribution in the C phase.,
Let there be poin: B, ¢< Pg, u' > ug'. In a steady-state system, a
greater value of ¢ corresponds to a large value of u'. Hence, there will
be an increase in ¢, accompanied by passage from one T-curve to another
in the direction indicated by the arrow. The point of intersection of-
the T-curve and the U-curve is displaced in this case from B to C. At C
the movement stops, since here not only does the system of combustion
correspond to the thermsl state of the C phase, but the state of the C
phase also correspornds to the combustion rate. The establishment of
steady-state combustion after ignition can be considered by the same meth-
od; its establishment is described on the graph as a rise from B to C.

We have tacitly assumed that point C, which describes the steady-
state system, lies above the point of intersection B, as is shown in the
figure.

Actuslly, the opposite case is also possible, where the point C
lies below B, so that intersection of the U- and T-lines at point C occurs
according to the type of point A (Fig. 2).**

®Here X is a coordinate perpendicular to the flame with respect to
which the C phase is quiet.

-#*Let us mention that C describes a steady-state system at a given T,.
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Figo } 2.

What behavior of the system do we expect in this case? Let us
imagine that the conditions of steady-state combustion are set up, and,
primarily, the corresponding gradient ¢,. As we have seen, in this case,
instead of C, another system I’y with the same 9= ¢., but a greater com-
bustion rate, will very rapidly -~ in a small relaxation time of the gas
-- be established. A slow increase in ¢, accompanied by movement of the
depicting point from I” to B, corresponds to the increased combustion rate.,

Let us demonstrate for an arbitrary point J, lying on the sagment

B, that an increass in ¢ will occur in the case of Fig. 2.

% is steady-state at u,' and corresponds to Toy, which is higher
than T,, to which- point C corresponds; that T, < Toa can be seen from the
fact that C lies below { at smaller T, If tBe identity (cf. 5,8;,6)

- .
== F ) (IL-"Tu'l)u'Iy

is f‘ulfilled, then for the same rate and the To under consideratlon, the
value that ¢ approaches,

. o L .. .c;'r' " : .
=2 (n—Tu, T~ Tanu=sa |
)/ ' T -

(] . ) (] J
lims >, '

The proof of the increase in ¢ remains in force for the edge of the seg-
ment at point B as well. .
- Thus, the increase in ¢ does not cease at B.
: However, further increase in ¢ leads us to a T-line that does not
intersect the U-curve, and combustion ceases.
The physical processes that occur in this case are the following:
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Ty such tha

. the C phase, heated by an external source, begins to burn, but. it burns at

a rate exceeding the steady-state rate, and with a temperature of the com-
bustion products exceeding the calculated theoretical temperature. Such
intensive combustion occurs on account of irreversible expenditure of the
amount of heat stored during ignition., After thils reserve is exhausted,

" removal of heat into the C phase reaches such a great value that the flame

is quenched. Thus, in the case of ignition, in place of steady-state com-
bustion, we obtain an individual flash, rather energetic, but ending in
quenching,

Steady-state combustion, possible in the sense that a system can be

constructed satisfying the equations of steady-state combustion, essential-

ly proves to be unrealizable as a result of its instability, described in
detall above.

Lot us datermine the conditions, deperding on which, one case or an-
other occurs, and point C proves to be higher or lower than B.

At constant chemical composition ard constant pressure, the initial
temperature of the C phase Ty will vary

In the initial form (5,2) we see that the family of T-lines (in '
which each curve corresponds to a definite value of q) does not depend on
Tos (5,2) can be remtten in the foz-m

’

T:=Te‘:—'",—‘.“--,-: rae H™(Tu)=H'(T4), ‘ (5, 9
pc, u ‘ ,

so that Top is the theoretical combustion temperature of the C phase,

"heated to the highest temperature Tp.*

Hence, the same diagram with one U-curve and family of T-lines is
suitable for all values of T,. Only the position of the point C, which
always lies on the U-curve, varies as a function of T,. The relationship
of Tep to T, is elementary. Steady-state combustion is possible only at

g b > Tp is greater than the temperature corresponding to
the point of tangency. Powder or secondary ES, cooled to a lower temper-
ature, is incapable of steady-state combustion, and gives only flashes
when ignited, as described above. lLet us start on a calculation of the
coordinates of point B, at which tangency of the T- and U-lines occurs.

The condition of tangency 1s formulated thus:

*Comparing (5,9) with (5.6) we obtain the identity

Tudt =T+ :,’; (T« — T¢) = Toa = const. . (5, 9a)
e ot iy [ P '
l-u".'r—'gz’-—,l'(rl— Tu)u',-‘[_fi_' (Tﬁ'— TO)'“ f] =:'I (’—Z—COUSL (5, 9b)
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dry _ (4T
du* 'y (

=\ G. 10

The left~hand derivative is taksn along the U-line, the right -~
along the T-line, at constant ¢, Let us calculate these quantities. Let
us use (597) and (5’9)

(AT _(dw'\™ _ E VI2RTE L
’ \dl')u— (dT)u —\2RT"R Vo= E u;v (5, 11)
ﬂ" — 70' . 1 ____T.'l"' T
‘(du')r.';—;"‘c',' wi o ow (5, 12)

Conditioen (5,10) is written thus:

2RT*

Ta—T, 2RT2 1 c,’ o
_._.—..'=——‘..___.; T‘__T.‘.=_L T .—.[ F—
o E w’' " or (T=To)

2RT ¢,"2RTut ¢, 2RTuT.
oo ¢ Te——Toco -2 2% 22—, 3
E ' TS TE ST E (5, 13)

L}

Substituting into' (5,7), we £ind at t.he_ point of intersection
ﬁg':“'( T.)== -i-ll'( T.ln)- (5, 14)

The condition of the limit of steady-state combustion is related to
the temperature dependence of the combustion rate. The last formula states
that steady-state combustion is possible only at an initial temperature
such that the combustion rate is no less than l/e, i.e. no less than
of the combustion rate of the C phase, heated continuously to the tempera-
ture T, Above the limit, the dopendence of the steady-state rate on the
initial temperature undergoes no changes.

" . It is curious to compare the result with the theory of the limit of
flame propagation in zases, developed by the author [15]. In the case of
gases, the presence of a limit depends only on the heat removal to outside;
combustion 1is possible only until the heat removal reduces the combustion
rate no more than to 1/fe, i.e. to 61% of the adiabatic rate. The essen-
tial difference lies in the extremely steep drop near the limit in the case
of the gas, The principsl difference lies in the fact that in the gas no
steady-state solutions exist below the limit; in the case of combustion of
the C phase considered here, steady-state systems exist -« theoretically —
but are unstable and hence unrealizable.

The result obtained is in agreement with the experimental findings.
Thus, in A. F. Belyayev's experiments [9], at the boiling point of nitro-




glycol, u'(ch) = 0,65 mm/sec.* .The lowest measured rate was 0,26 mm/sec
at 0° (Andreyev), i.e. 40% of u'(T,,). According to a personal commmica-
- tion of A. F. Belyayev, steady-state combustion could not be observed at
a8 lower temperature, o : ‘ .
K. K. Andreyev's article [14] contains much interesting material on
this problem. Thus, according to his observations, nitroglycol does not
give steady-state combustion at atmospheric oressure and room temperature.
Steady-state combustion can be observed when the pressure is lowered to
230-380 mm, upon which the boiling point is reduced to 210-225°C instead
of 245°C at 760 mm, . '
This example 1s especlally convineing because when the pressure is
“lowered, the combustion temperature can only be lowered, and the combus-

" tion rate decreases appreciably. The heat losses to outside, by which the

1imit is usually explained, only increase; it is difficult to find another
explanation of the observed fact. :

The explanations advanced by K. K. Andreyev are qualitative in
character and anticipate the more detailed representations developed here:
thus, Andreyev writes of the necessity of preheating for the ignition of
a condensed substance, of the possibility of quenching as a result of the
dissipation within the substance of the heat that was concentrated in a
thin layer at the surface, atec. .

In the case of comhbustion of condensed substances, the imvestigation
"of nonsteady-state processes, considering the nonadlabatie character of
combustion, which we do not present heres, leads to the following conclu-
sions:

1. At a given To ard properties of the substance, the presence of
heat removal to outside leads ~~ in the case of a small heat removal -
to a decrease in the velocity of the flame as against the adiabatic steady-
state value, and -- in the case of a sufficlently great heat removal --
to the impossibility of combustion. '

2. Under given external conditions (tube diameter, etc.), the rel-
ative heat removal, on which the rate and possibilily of combustion depend,
is greater, the lower the combustion rate; the existence of a limit of the
possibility of combustion at low pressure, depending on the drop in combus-
. tion rate with decreasing pressure (together with the possibility of the

existence of an upper limit, depending on the increase in Ty, with increas-
ing pressure ~- see the example of nitroglycerin above) is thus natural.

3. The system of combustion at the limit (including the limit depend-
ing on the heat removal) lies at the boundary of stability of the stesdy-
state system. The boundary of possibility of the steady-state system (see
[15]) is not reached. : ‘

4, In the one~dimensional theory, the rate at the liemt can be cal-
culated as a function of the quantity characterizing the heat removal.

*The rate observed at 184° is 0.62 mm/sec. At a higher temperature
the formation of bubbles hinders the measurement. The figure cited in the
text was obtained by extrapolation to Ty = 200°C. '
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In all cases

u'(T,.) ., . u : , :
’ V; >R npeas > i/:‘ » ‘ (55 15)

where u'jy, is the rate at the limit, uyq 1is the adiabatic steady-state -
combustion rate (calculated according to (5,3) without losses to ocutside).

In the light of the definite theoretical predictions, a detailed
experimontal investigation of the problem is desirsble.

The condition of tangency found (5,14) is vital for the theory of
ignition. The necessary condition for ignition consists of the fact that
at a surface temperature T the gradient should be no grester than that
vhich corresponds to tangency of the curves, ¢p. At point B, we find,
according to (5,8) and (5,14 . _

'll - E ¢

The value of the gradient necessary for ignition does not depend on
the temperature of the C phase, 'TO; ‘however, the amount of heat and dura- ,
tion of preheating necessary to reach ¢ =¢pg at the surface do depend on
T » !

n = (T Tyyuy= % 2R 0'UL) (5, 16)
1 '

With sccuracy within an order of magnitude, we find:
. =T, (T.—=T)E ¢, e

0 =2 e P (5, 17
B T IRTL ¢ w(Ta (5, 172)
Ko _[AL—=T)E o e
fost 7 2RTL - o ) WHTaF (5, 17%)

: » . ( T‘ -— To)' E ¢ " 7{(’
cza’e (T, — - e Tyl
06, To)xs IR, o &(T)

whers xg is the width of the preheated layer,
: is the necessary time of preheating, '
is the amount of heat consumed for the preheating.
Let us mention that the condition for the possibility of steady-state com~
bustion (5,13) can be written)

(Ta— T E

Sl e )

2RT. ¢,

B
t’

Substituting into (5,17), we obtain the upper limit of the corres-
ponding values (time of preheating and amount of heat necessary for igni-
tion) at the lowest temperature at which combustion is possible. As the
temperature T, is increased, the amount of heat and time required for ig-
nition decrease as (1T}, - TQSZ; the experimental results are in qualitative
agreemsnt with these conclusions, ILet us mention that in addition to
preheating of the C phase, ignition of the ES vapors formed is also

(5, 17¢c)

1. (5, 18)
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necessary for inflammation; the anount of heat consmod for this is ex-
tremely small in comparison with the heat consumption for preheating of
the C phase (approximately in the ratlo of the relaxation times —- see
the beginning of the section).

We have presented above the problem of nonsteadv-state combustion
as applied to secondary explosives. As applied to smokeless powder, a
possible complicating factor 1s its sulticomponent nature; in connsction
with this, the fact of the steady-state combustion of nitroglycerin,
gelatin'zed by 1% nitrocellulose, cited by Andreyev [14], is interesting,’
In the case of smoky powders and pipe compositions, the role of the con-
densed combustion products, adhering to the burning surface and accwmu-
lating heat, may be vital,

Finally, the considerations developed on the conditions of inflam-
mation and the possibility of combustion can also be applied to the com-
bustion of coal, liquid fuel, etc, at the expense of the oxygen of the
surrounding medium., In these cases, the temperature gradient in the C
phase (in coal or o0il) also plays a role in the thermal balance; a whole
series of vital differences, especially the different form of the combus-
tion rate curve as a function of the parame’cers, makes a special considera-v
tion, not appropriate hers, essential.

In addition to the problems of inflammation and the possibility
(1imit) of combustion, the concepts developed are essential for the com-
bustion of ES or powder under variable conditions, in particular -- in
the case of inconstant pressure. - A varlable combustion rate also corres-

pords to variable pressure; each valus of the combustion rate has its owm
comsponding value of the gradient ¢, established in the steady-state
system; it is precisely at this value g, that the steady-state value of
the combustion rate is realized. Ard yet, when the pressure 1s changed
rapidly, the temperature distribution in the C phase does not have time to
follow the pressure change; correspording to the ¢ differing from the
steady-state value, we should expect that the combustion rats will also
differ from the steady-state value. When the pressure is changed rapidly,
the combustion rate proves to depend not only on the instantansous pres-
sure, but also on the curve of its variation, which distorts the classical
combustion law, ,

According to Yu., B. Khariton's observation, the considerations de-
veloped make it possible to explain the unique phenomenon of quenching of
powder in the barrel of a weapon after the shell is ejected: at high
pressure the combustion rate is great, the temperature gradient is great,
and the preheated layer of powder is thin., The ejection of the shell is
accompanied by a sharp pressure drop. The powder is capable of burning
quite stably at atmospheric pressure, but its combustion occurs at a small
== comparatively ~- rate, at small @, and requires a substantial thicknaess
of the preheated layer. Hence the heating of powder burning at high pres-
sure can prove Ilnsufficlent for inflammation at atmospheric pressure; :
when the pressure drops rapidly, the temperature distribution does not have
time to readjust; the anomalously steep -- for combustion at low pressure
-~ temperature gradient leads to a lowered combustion temperature and to
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extinguishment of the powder grains, in particular those that have re- |
mained in the barrel. It would be extremely interesting to analyze in
detail the change in heat distribution in the powder in a problem of in-
ternal ballistics, in a manometric bomb, and in a weapon, and its influ-
ence on the combustion law,

In conclusion, let me express my sincere gratitude to my conaague
at the Institute, A. F. Belyayev, 0. I. Leypunskiy, D. A. Frank-Kamenet-
skiy, and Yu, B, Khariton for their interest in the work and their val- .
uable comments, as well as for providing the possibility of discussion
and the use of their umpublished results.

SUMMARY

.1. A scheme of combustion of smokeless powder is proposed, provid-
ing for its conversion to energy-rich gaseous substances by heterogensous
reaction and the subsequent reaction of these substances, liberating the
heat of combustion in the gaseous phase at the surface of the powder -~
in analogy with A. F. Belysyev's scheme of the combustion of ES.

2, A theory of steady-state combustion of condensed substances
(secondary ES and powders), determining the temperature distribution,
conce'xtration distribution, and combustion rate, was discussed.

. 3¢ A consideration of the exothermic reaction in the 1liquid phase
leads o thé~ imbossibility of. steady-state combustion at a high boiling
point. When the limit is reached, the combustion turns into detonation.
Formulas are given for calculating the conditions of transition.

: L, A nonsteady-state theory of the combustion of condensed sub-
stances was constructed, based on the fact that the relaxation time of
the heat distribution in the condensed phase is many times greater than
the relaxation time of the gaseous phase.

Se A combustion limit, reached when the combustion rate drops to
37% of the combustion rate at the boiling point, was predicted on the
basis of nonsteady-state theory. The limit depends on the internal in-

- stabllity of cambustion, and not on external heat losses.

6. A theory of the ignition of condensed substances was constructot
on the basis of nonsteady-state theory.

The time and amount of heat required for ignition are determined
chiefly by the preheating of the condensed phase and are proportional to
the square of the difference of the boiling point and the initial terper-
ature,
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