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The problem about the s ta t ionary flame front s t ructure  in a gas suspension is solved on the basis  of 
the representa t ions ,  developed ear l ie r ,  for the mechanics  of multiphase multicomponent media in the p r e s -  
ence of heterogeneous chemical  react ions [1] within the f ramework  of a diffusion (differential approximation) 
to descr ibe the radiation field [2]. The behavior ofthe_sff_stemofdifferentialequations is investigated near  
the singulari t ies  corresponding to the initial and final states.  Distributions of the pa r ame te r s  cha rac te r i z -  
ing the gas, the par t ic les ,  and the radiation field, as well as the dependences of the flame propagation veloc-  
ity on a number  of pa r ame te r s  governing the p roces s  under investigation (the par t ic le  diameter ,  mixture 
composition, etc.), are  presented.  

The part icle  surface tempera ture  during thei r  heterogeneous combustion can achieve such high values 
that the radiant heat t r anspor t  becomes  governing during the flame propagation over  the suspension [3-5]. 
The gas, hence, has a lower t empera tu re  and is prac t ica l ly  t ransparen t  in the wavelength band charac te r i s t i c  
for the radiat ing par t ic les .  

Exist ing theor ies  of the radiation flame front in gas suspension [3, 4] are  based on the introduction of 
a mean radiation flux emerging  f rom the h igh- tempera ture  domain, and the existence of an ignition t e m p e r a -  
ture  is assumed.  The gas mixture with the hot par t ic les  is, hence, considered approximately as a ngray" 
absorbing and emitt ing substance with the absorption coefficient n = n r  d2/4 [6], where n is the number of 
par t ic les  per  unit volume, and d is the par t ic le  cliameter. 

Let us note [7] in which the problem of the radiation shock s t ructure  in a two-phase chemical ly inert 
medium is investigated in the diffusion approximation. 

1. B a s i c  E q u a t i o n .  F o r m u l a t i o n  o f  t h e  P r o b l e m  

The hydromechanics  equations of a two-velocity,  two- tempera tu re  continuous medium in the presence  
of heterogeneous chemical  react ions  have been obtained in [1] in application to a gas mixture with par t ic les .  
For  one-dimensional  s ta t ionary motion taking account of heat t r anspor t  by radiation, they are  

droll dmi3 = v i 3 j  ' dral, ~. O, din2 dnv2 
J dx ' = - - v l i J '  dz dx ~ =  - -V~J ,  ~ = 0 
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(m~=P~Ul, 'n~ =P2v2, mi = E m ~ ,  c , l ' = % l  (T2), c p3' =cpa(T~)) 
k 

(i.I) 

Moscow. Transla ted  f rom Zhurnal Prikladnoi  Mekhaniki i Tekhnicheskoi Flziki, No. 3, pp. 83-91, 
May-June,  1973. Original ar t ic le  submitted October 13, 1972. 

�9 19 75 Plenum Publishing Corporation, 22 7 West 17th Street, New York, 1~: Y. 10011. No part o f  this publication may be reproduced, 
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming, 
recording or otherwise, without written permission of  the publisher. A copy o f  this article is available from the publisher for $15.00. 

363 



Here a chemical  react ion of the form ~<nA +~t2B +~tl4D=~tl3C +~tl4D, is considered,  where A, B, C, 
D are the symbols of chemical  elements,  and vt k ( k = l l . 2 ,  13, 14) are  s toichiometr ic  coefficients. More-  
over,  v k =gk~tk, where gk are  the molecular  weights of the chemical  elements,  m k are the mass  flows of 
the components,  cq and ~2 are  the volume concentrat ions of the f i rs t  and second phases,  v 1 and v 2 are  the 
phase velocit ies,  p is the mixture p ressure ,  u k and i k =Uk+P/Ot~ are the internal energy and enthalpy, T 1 
and T 2 are  the phase t empera tu res ,  J is the chemical  react ion rate per  unit volume, f is the interaction 
force  between the phases because of friction, qi2 is the heat exchange between the phases,  and qR is the 
total radiation flux. 

The pa rame te r s  r e fe r r ing  to the gas, the par t ic les ,  and the radiation field will be provided with the 
subscr ipts  1, 2, and R everywhere  below. The oxidizer,  react ion products,  and inert  gas will be dis t in-  
guished by using the second subscr ipts  1, 3, and 4, respectively.  Longitudinal diffusion of the components 
is neglected here.  Under the assumption of local thermodynamic  equilibrium, the radiation t r anspor t  
equations in the diffusion approximation are [2] 

dl  R - - c  --uR , - - ' - : - - - - q R  al R c (1.2) 
(:ll R = zdx, z = nnd ~ / 4) 

Here u R is the total radiation energy  density, l R is the optical thickness,  (r is the S te fan-Bol tzmann  
constant, and c is the velocity of light. 

The f irs t  equation in (1.2) is the radiation continuity equation, and the second is the diffusion equation 
which establishes an approximate connection between the flux and the density of the radiation. This equa- 
tion is valid in the case of weak anisotropy of the radiation field. Use of the diffusion approximation does 
not assume the radiation density to be equal to its equilibrium value. 

The mass ,  force and thermal  interaction between the phases is determined exactly as in [1]: 

j ~ n,~d 2 mu 1 ~1~'1 t /~+t / k  (~=NNu~Du/d'k=zexp(--E/BT~)) 
J~d2 D~I (Vll-- V2)2 (C A pl~ d )  (1.3) 

I = n T Ca a~vl 2 d = ~ ' NR~ = F~ 

ql~ n ' d 2 h ( T : - -  T2) (h ZINN~: ) = -- T ' NNu~ = NNul  (NRe) 

Here fi and h are the heat and mass emission between the particles and the gas, D n is the self-diffu- 
sion coefficient of the oxidizer, k is a chemical reaction rate constant, E is the activation energy, z is the 
pre-exponential factor, it i and /z i are the heat conductivity and viscosity coefficients of the gas phase, C d 
is the friction coefficient, A is a numerical coefficient (in particular, A =24 for Stokes law), and NRe, 
NNul, NNu 2 are the Reynolds, thermal, and diffusion Nusselt numbers, respectively. 

Let us assume that the components of the first and second phases satisfy the equations of state 

ill = %1 (T1 -- To) + hn ~ (p,~ = m~~ 
i2 = c~ (T= -- To) ~-/% ~ ~- (P -- P0) / 92 ~ (p,~ = coast) 

ila = cpa (Ti --  To) -J- his ~ (pla = pi3~ 

= c . ,  ( r l  - -  ro) + h i ,  ~ .(P" = p , ,o . , ,T ,  p = E hl, = 0) 
$ 

(1 64)  
k 

Here h i (i =11, 13, 14, 2) is the enthalpy of the components for T =To, P=P0- 

Equations (I.i) have the six first integrals 
m I -~- m s ~--- oonst, 7214 ~-~ eOllSt, roll -- ~,i'%~z -I fits = const 

nv 2 = const, mlv~ -]- mzv2 -t- P = const 
(n = 6~2 / ~ 8 )  

m,l (iil -l- ~-) + rn2 (i2 @- -~-) -}- mi,~ (il3 -l- v-~-~ ) + ml4 (il4 -t- ~ -) 
dT1 (1.5) -- ~1 ~ + qR = const 

For  optically thick flame fronts whose dimension l is ve ry  much grea te r  than the radiation mean 
free path 12(l 2 / l  <<1),the radiation flux f rom the high t empera tu re  domain will equal in o rde r  of magnitude 
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qn N ~724 l~ / l (1.6) 

in conformity with (1.2). 

Then the interrela t ionship between the heat flux, because of heat conduction over  the gas and be-  
cause of radiation, is defined by the dimensionless  pa r ame te r  

II  = (~T28l~ / ~1 (1.7) 

If the par t ic le  t empera ture  reaches  high values during combustion so that 11 >> 1, then the t e r m  taking 
account of heat t r ansmiss ion  because of heat conduction in (1.1) is negligible. In this case,  the flame p rop-  
agation over  the mixture occurs  only because of radiation heat t rans fe r .  

The boundary conditions of the problem of steady flame front propagation are values of the pa r ame te r s  
charac te r iz ing  the state of the sys tem before ( x = - ~ )  and after  (x=+~)  the flame front, which will be de- 
noted by (0) and (e), respect ively.  

Let us assume the states (0) and (e) to be charac te r i zed  by complete thermodynamic  equilibrium. 
Then, it is neces sa ry  to give 

P0, v0, To, rn110, m20, m180, (dT1/dx)o = (dI'2'dx)o = 0 (1.8) 
p~, v~, T~, r n ~ ,  rn~, rn~3~, (dTJdx)~  = (dT2/dx)~ = 0 

respect ively  in the (0) and (e) states.  

The natural  boundary conditions for the radiation field pa r ame te r s  in the (0) state are  

~R0 = 4 ~T0 ~ I c, qR0 = 0 (1.9) 

When par t ic les  are completely absent in the (e) state (m2e = 0), it is natural to give 

uR~ = const, qn, = const (1.10) 

In the case of a propellant excess ,  when m2e ~ 0, it is neces sa ry  to give 

uR~ = 4 crTe 4 / c, qR~ = 0 (1.11) 

in the (e) state. 

Let us note that the problem is completely defined by the boundary conditions given for the part icle  
t empera tu re  when the radiation field is descr ibed by the exact radiation t ranspor t  equation [8]. The use of 
the diffusion approximation simplifies the problem substantially but ra i ses  the o rde r  of the t ranspor t  equa- 
tion. Hence, in this case still another boundary condition must be given for one of the field pa ramete r s ,  
for example, the f i rs t  relat ionships (1.9), (1.10), and (1.11), where the second relat ionships are  consequences 
of the first ,  and also (1.2) and the conditions (1.8). 

The solution of the problem of steady flame front propagation reduces to seeking the integral curves  
of (1.1), (1.2) pass ing through the two singulari t ies  corresponding to the equilibrium states,  i.e., to finding 
the eigenvalue which is the front propagation velocity in this case. 

2.  I n v e s t i g a t i o n  o f  t h e  B e h a v i o r  o f  t h e  S y s t e m  n e a r  t h e  E q u i l i b r i u m  S t a t e s  

The react ion rate equals zero  (J =0) near the initial state, and hence, 

m l l  = mllO~ In2 ~ ]n20~ ~ ~ ~0  

Moreover,  in the low- tempera ture  region the radiation density is ve ry  much grea te r  than the equilib- 
r ium value (u R >>4 cT04/c). Then (1.2) have the solution 

q~ = q~b exp (V'5  l~), ~ = - ] / 5  q,~bc -1 exp (V~IR) (2.1) 

The quantity qRb cor responds  to a sufficiently small  deviation of the radiation flux f rom the initial 
zero  value. It is assumed that the solution of the exact nonlinear sys tem should a l ready be used when this 
flux is exceeded. 

Using the equations of state (1.4) and the integrals (1.5), we obtain a solution of (1.1) in the fo rm 
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Tlb - -  T 0 T ~  - -  T O 

(,,mOnl~ + ml~n~O (T~ -- To) exp ,.~,'q/-~z~ 
Vl /2o 

C~opo 
s~ ( m n , R , t  + ml~Rl/) (Tlb - -  7'0) exp ~,~.,~d~ 

V2 U0 aopo 
~nod~A~t 

( e l =  ~xn~d,ol~lA + 1 6  ] / ' 3m~xo  ) (2.2) 

The r e l a t ionsh ips  

T t s  = T o -  esqn~ / m~ocz, Tss = T o - %q~*~ / msoc~. 
2~nodo~l 

82 = V3-• (mur + m~cpa) + 2antdoXl [l -~ (mnocpl + m~acpa ) / raz,c~] 

2~nodo;~l 
E 3 = 

should hence be sa t i s f ied .  

]/~3 Xom2,jc~ - /2.~nodo~ (t + ,n~oc~ / (mnOCpl + ,n~c~oa) ) 

(2.3) 

T h e r e f o r e ,  just  one of  the p a r a m e t e r s  Tlb , T2b , qRb is independent.  

Let  us tu rn  to  an inves t iga t ion  of the behav io r  of  the  med ium n e a r  the (e) s ta te .  This  s ta te  is c h a r a c -  
t e r i z e d  by the a sympto t i c  t endency  of  the r eac t i on  ra te  to z e r o  as  mll --* mile,  m2~m2e .  Let  us a s s u m e  the 
p a r a m e t e r s  of the f i r s t  phase  and the ve loc i ty  of the second  to be a l r e a d y  the equ i l i b r ium va lues  [1] 

vl = v2 = re, p = p~, T1 = Te, NNul = N,~u2 = 2 (2.4) 

Using the a sympto t i c  e x p r e s s i o n s  fo r  the r e a c t i o n  ra te  in the diffusion combus t ion  mode [1] fo r  
s t o i c h i o m e t r i c  mix tu re ,  e x c e s s  oxidation,  and e x c e s s  p rope l lan t  c a se s ,  r e spec t i ve ly ,  we obtain a s y m p t o t i c  
e x p r e s s i o n s  for  the opt ica l  t h i ckness  

,v~lD1------ ~ m l  , lne - -  IR = 4v~Dumlle 

~m V, 
2e Into2 ' ~  lR - -  la ~ vnDwl  

i2m2)* A 6m2~'/a 
m~' : m~ - -  m2e , "q --  p2~do2aoVe , ~ -- p~-~-~G~O') 

/Tl~ 

(2~ 

w h e r e  the z e r o  s u p e r s c r i p t  denotes  p a r a m e t e r s  c o r r e s p o n d i n g  to some  fixed s ta te  f r o m  which the a s y m p t o -  
t ic  solut ion s t a r t s  to be used.  

Le t  us examine  the s t o i c h i o m e t r i c  mix ture .  Using the e n e r g y  equat ion of  the second phase  [the las t  
equat ion  in (1.1)] and the r e l a t ionsh ip  (1.3), we obtain an equat ion to  desc r ibe  the s y s t e m  behav io r  nea r  the 
s ingu la r i t i e s  in the v a r i a b l e s  (T '2 ,  m2): 

dT~' alT~'--bxm2-}-el'n~'hq~R ( dqR ) (2.6) 
dm2 tn2 2 q)R = dlR , 7~' ~ T ~ - -  T e 

t 2 , . 2 o  h 0 ~ - -  ( : r  _ To) [ v ~  (%,( - -  %3') + ~ (c2 - -  era,)  1 'el = ~ 
al = ctop~dogqC~,~aDn , bl --  ~c2 

It can be seen by d i r e c t  in tegra t ion  of  (2.6) that  if the function go R HE tends  to z e r o  as  m 2 --~ 0 o r  
tends  to z e r o  m o r e  s lowly than m22/3, then the de r iva t ive  dT2/dm 2 is negat ive,  which con t r ad i c t s  the p h y s i -  
cal  meaning.  By us ing (2.5) it can  be shown that  the  solut ion of (1.2), (2.6) which sa t i s f i e s  the condit ion 
dT2 /dm 2 > 0 as  m 2 ~  0 is to the h i g h e r - o r d e r  a c c u r a c y  

bl ea 
T2' = ~ (lee -- / , )a ,  qa = - -  T~ (l,e - -  l,) ~ 

( P ' = 3  ( l R e - l ' ) a  ( e* - t6'1'~ab1" ) alet 

If  t h e r e  is an e x c e s s  of ox id ize r  in the mix ture ,  then  the equat ion in the (T'2, m2) va r i ab l e  is 

(2.7) 
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dTe '  a ~ . T g - - b 2 m ~  , e2oiRrn2 

~Dl 2 Ht 2 

a2 = al /11511 e - -  (vii (cpl '  - -  Cp3t) @ v2 (c2 - -  Cp3' )) / "r T2' ~ T2 --- T2e 

al Tea l  / m l l e  @ Q~ -~, To (al / ro l l  e - -  a2) \ 
1)2 = V-T  ' T2e --  a2 , e2 = elY'll/ roll e, a2 ~ l ]  (2.8) 

E x a c t l y  a s  in the  p r e v i o u s  c a s e ,  it  can  be shown tha t  the  so lu t ion  of (2.8), (1.2) which  s a t i s f i e s  the  
cond i t ion  of d e c r e a s i n g  t e m p e r a t u r e  T2 * a s  m 2 ~ 0 i s  to h i g h e r - o r d e r  a c c u r a c y  

4b~ 16e5 (lRe - -  lR)' '" 
T~ : 3 (a2__ t ) e~ (lRe - -  IR) U*, qR : qRe - 21 

~R -g-(~R,  - -  IR) b~ 
(2.9) 

In the  c a s e  of  a p r o p e l l a n t  e x c e s s ,  a s y m p t o t i c  s o l u t i o n s  of  the  equa t i ons  a r e  e a s i l y  ob ta ined ;  hence ,  in 
the  l i m i t  a s  m 2' ---0 we have T e ~ T e '  , q R - - 0  and ~ P R -  0 .  

3 .  A n a l y s i s  o f  t h e  R a d i a t i o n  F l a m e  F r o n t  S t r u c t u r e  i n  a G a s  S u s p e n s i o n  

F o r  c o n v e n i e n c e  in c a r r y i n g  out the  n u m e r i c a l  c o m p u t a t i o n s ,  the  s y s t e m  (1.1), (1.2) is  r e d u c e d  to  a 
d i m e n s i o n l e s s  f o r m  s o l v e d  fo r  t he  h ighes t  d e r i v a t i v e s  [1]. S e l e c t e d  a s  d i m e n s i o n l e s s  v a r i a b l e s  a r e  

U~ = vi 0~---- T~ _ rn~ qn 
P = /~o' a---~" ~ o '  M ~ -  ml--'~' q R * -  p~oao~ (3.1) 

i t . a * =  pica} a ~ =  T~~176 ; ~ : = t , 2 ;  k = I ,  t1 ,13 ,  t 4 , 2  
pao 

In o r d e r  to  f ind the  i n t e g r a l  c u r v e  p a s s i n g  t h r o u g h  the two s i n g u l a r i t i e s  c o r r e s p o n d i n g  to  the  s y s t e m  
s t a t e  a h e a d  of  (x = - ~ )  and b e h i n d  (x = ~ o r  x = x 6 )  the  f ron t  n u m e r i c a l l y ,  an a d j u s t m e n t  m u s t  be  made  a c -  
c o r d i n g  to  the  p a r a m e t e r  U 0. F o r  x = 0 ,  l e t  us  d e t e r m i n e  a O2b such tha t  1 < 02b < 0 e, w h e r e  02b mus t  be 
t a k e n  s u f f i c i e n t l y  c l o s e  to uni ty .  The q u a n t i t i e s  01b , qRb a r e  d e t e r m i n e d  a c c o r d i n g  to  02b in c o n f o r m i t y  
wi th  the  a s y m p t o t i c  s o l u t i o n s  (2 .1) - (2 .3) .  F u r t h e r m o r e ,  l e t  us  s e l e c t  U 0 so tha t  the  v a l u e s  of the  p a r a m e t e r s  
in the  l i m i t ( x - -  ~ o r  x - -  x6)  would  y i e l d  v a l u e s  c o r r e s p o n d i n g  to  the  s t a t e  (e) upon i n t e g r a t i o n  of  the  s y s -  
t e m  to  the  r i g h t  f r o m  x = 0 .  The  a s y m p t o t i c  b e h a v i o r  of  the  p a r a m e t e r s  n e a r  the  s t a t e  (e) is  d e t e r m i n e d  in 
c o n f o r m i t y  wi th  the  s o l u t i o n s  (2.7), (2.9). 

4 .  R e s u l t s  o f  t h e  C o m p u t a t i o n s  

A s  an i l l u s t r a t i o n ,  the  c o m b u s t i o n  of  c a r b o n  p a r t i c l e s  in a i r  is  c o n s i d e r e d .  The  p a p e r s  [3, 9] a r e  
devo t ed  to  an e x p e r i m e n t a l  i n v e s t i g a t i o n  of  f l a m e  p r o p a g a t i o n  in a c a r b o n - a i r  m i x t u r e .  The  r e l a t i v e l y  low 
v a l u e s  of  the  f l a m e  p r o p a g a t i o n  v e l o c i t y  ( ~  20 c m / s e c ) o b t a i n e d  by  us ing  a b u r n e r  [9] w e r e  the  r e a s o n  why 
the  c o m b u s t i o n  of such m i x t u r e s  w a s  e x a m i n e d  f r o m  the t h e r m a l  t h e o r y  v i ewpo in t  in a n u m b e r  of  t h e o r e t -  
i c a l  p a p e r s  [1, 10]. H o w e v e r ,  the  c l e a r l y  e x a g g e r a t e d  v a l u e s  of  the  p a r t i c l e  t e m p e r a t u r e  in the  c o m p u t a -  
t i o n s  [i] indicate that radiatior~ must be taken into account in investigations of carbon-air flames. The 
experiments [3, 4] also indicate this (particles of polymer materials were used in [4]), where the flame 
propagation in pipes was investigated. High values of the velocity (~ 1-5 m/sec) and the front length (1-5 
m) characteristic for the radiation mechanism of flame propagation are obtained in these papers. 

Carbon combustion is accompanied by different chemical reactions which generally result in the 
formation of carbon dioxide in the long run. This circumstance is particularly essential for mixtures with 
a large excess of propellant when the reaction of reducing carbonic acid, which proceeds at high tempera- 
tures, plays an important part. Because of the reaction of total combustion of carbon dioxide at not too 
high temperature (T < 1800~ the combustion of the carbon particles occurs as though only carbonic acid 
had been formed [11]. In this case, the heterogeneous reaction of carbon combustion according to the equa- 
tion 02 + C = CO 2 can be computed approximately. 

Figures 1-3 present the results of numerical integration representing the structure of the radiation 
flame front (v 0 =23.5 m/sec) in a gas suspension with the initial composition M20 =0.05 (an excess of 
oxidizer), the initial particle diameter d o =50 ~, and the following thermodynamic data: 

p 0 = l ,  T0 =300, 710---- 1.41, 910 ~ =0.118, 9~~ 
cp, ---- 0.915, c2 = 0.714, cp3 = 0.84, cp, = I.I 

~11" = 5.89 "t0-5, ~1~ ~ = 3.28"I0 -s, L14 = 6.6-I0 -5 

367 



M 

0./ 

j ~ f  
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i- 
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Fig. 1 Fig. 2 

1/00 

Fig. 3 

x, cm 

C d =  5z /o.2i ~ 

Dl10 ---- 0.t86, ~1,0 ---- 202 "10-~, i~t,~o = t46"t0-~ 

~tl,0 = t82.10 -6, Q~ 94052 

Here p is in atm, T O in ~ p in g / c m  3, c in J / g . d e g ,  X in ca l /  
cm .  sec-  deg, D in cm2/sec,  ~ in g / c m .  sec, and Q~ in cal. 

The tempera ture  dependences of the thermodynamic  coefficients 
(Cp, X, D, ~) were taken in conformity with [12]. The kinetic constants 
were  taken f rom [11] to be E =4 �9 104 ca l /mole  and z =5 �9 108 cm/sec .  

The following dependences were assumed for the dimensionless  co- 
efficients governing the interphasal interaction [11, 13]. 

1 -- exp (-- 0.28NRe ) i -- exp (-- 0.3oNi~e) 

Here m is the exponent charac ter iz ing  the tempera ture  dependence of the kinematic viscosi ty.  

It follows f rom the graphs represented  that gradual heating of the par t ic les  occurs  f i rs t  (curve 2 in 
Fig. 2) because of part icle  absorption of the radiation issuing f rom the high- temperature  dpmain. The 
react ion rate is low in this domain. Later  the react ion rate s tar ts  to r ise noticeably and to become so 
great  that the heat being l iberated in the par t ic les  does not succeed to be removed to the gas, and the p a r -  
t ic les  s tar t  to beheated up spontaneously. This heating is part icle  def lagrat ion;hence,  the passage to the 
diffusion combustion domain occurs .  The react ion rate in this domain depends slightly on the tempera ture ;  
hence, growth in the par t ic le  t empera ture  is retarded.  Because of the diminution (Fig. 1) in the available 
carbon (curve 2) and oxygen (curve 1) masses ,  diminution in the react ion rate occurs  (diminution in the 
heat evolution in the part icles) ,  and the part icle  t empera tu re  drops gradually because of heat losses  by 
radiation and heat supply to the gas, which tends to its equil ibrium value as the par t ic les  burn up. 

The radiation energy density (Fig. 3) is g rea te r  than the equilibrium value in the preheating zone 
and less  in the combustion zone. The inflection in the curve ut~ (x) corresponding to the maximum value 
of the radiation flux q~  separa tes  the flame front into two domains.  Ahead of the inflection point the par t i -  
cles absorb more energy than they radiate (dq~/dx < 0) and are  heated by radiation; after  the inflection the 
par t ic les  emit more energy than they absorb (dql~/dx > 0) and are cooled by radiation. As the par t ic les  
burn up, the radiation density tends to the equilibrium value corresponding to the par t ic le  equilibrium t em-  
pera ture  02e , and the total radiation flux takes on a constant value different f rom zero.  An increase  in the 
gas tempera ture  (curve 1 in Fig. 2) occurs  because of its being heated by hotter part icles .  The gas t e m -  
pera ture  is, hence, pract ical tyunchanged in the p re l iminary  heating zone. This is explained by the fact that 
the flame front is propagated so rapidly in this case that the par t ic les  are ignited more rapidly than they 
succeed in giving off par t  of their  energy  to the colder  gas. The gas is heated mainly in the diffusion com-  
bustion zone; hence, i ts  t empera tu re  reaches  the equilibrium value determined by the heat of chemical  
reaction. 

As computations by means of thermal  theory  have shown [1], the gas veloci ty because of thermal  
expansion increases  sufficiently sharply,  but the more inert par t ic les  are  entrained in the gas motion with 
a cer tain delay; hence, the originating flow around the par t ic les  substantially influences the veloci ty v 0. 
Thermal  gas expansion occurs  more slowly when radiation is taken into account, and the par t ic les  are en-  
t ra ined at once in the gas motion. Computations taking account of the possibil i ty of relative motion of the 
phases show that the par t ic le  velocity in this case agrees  with the gas velocity on the whole extent of the front. 
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Shown in Fig. 4 is the influence of the composition M20 of the f resh mixture (the remaining pa rame te r s  
are  the same as indicated at the beginning of this section) on the flame propagation veloci ty therein. The 
diminution in the veloci ty v 0 as M20 increases  is explained by the fact that at high flame propagation ra tes  
the radiation heat flux heats only the par t ic les .  The fact that v 0 diminishes as M20 increases  has been noted 
in [4, 5]. 

The dependence of the flame front propagation veloci ty on the initial part icle  d iameter  d o is shown in 
Fig. 5 for a fixed f resh  mixture composition (curve 1 for M20 =0.05 and curve 2 for M20 =0.11). 

For  small  par t ic le  d iameters ,  when combustion occurs  in the kinetic domain,the t ime of combustion 
of a fixed mass  of propellant increases  as the par t ic le  d iameter  increases ,  but the radiation path length also 
increases ,  so that the veloci ty v 0 remains  prac t ica l ly  constant. For  large par t ic le  d iameters  (the diffusion 
domain), the velocity v 0 diminishes as the d iameter  grows (v 0 ~ d0 -m,  m ~ 5). 

Other conditions being equal, change in the kinetic constants can result  in essential  changes in the flow 
mode and the f lame propagation velocity. The tempera tu re  distribution in the flame front (v 0 =89 c m / s e c )  
is shown in Fig. 2 (curve 3) for a s toichiometr ic  mixture with z =5 �9 10 ~ c m / s e c  and E =4.104 cal /mole .  In 
this ease the flame is propagated so slowly that the gas and par t ic le  t empera tu res  are  pract ica l ly  the  same 
on the whole extent of the front. 

A deduction about the i r  qualitative agreement  can be made f rom a comparison between veloci ty values 
v 0 obtained and the resul ts  of an e lementary  analysis  [3, 4]. However, the resul ts  of the e lementary  analysis  
depend strongly on the selection of the ignition t empera tu re  and the effective t empera tu re  of the radiating 
par t ic les .  The approach elucidated herein affords the possibil i ty of taking account of chemical  kinetics, 
heat t r ans fe r  by radiation, and in terphase  interaction. 

A compar ison between experimental  resul ts  [3] and resul ts  herein indicates their  qualitative agree -  
ment. 

The author is grateful to R. L Nigmatulin for constant interest  in the r e sea rch  and to V. A. Prokof 'ev  
for d iscuss ing the formulation of the problem. 
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