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This paper  discusses  the motions of multiphase media, consisting of a homogeneous reaction mix- 
ture of gas with solid or liquid par t ic les  of fuel. Combustion of the par t ic les  takes place ei ther  in the con- 
densed phase, or  af ter  p re l iminary  vaporization; the vapors  of the fuel burn in the volume of the gas or in 
the narrow front of the flame enveloping the part icle.  

A multivelocity and mul t i temperature  model, with heterogeneous chemical  reactions,  is used to de- 
scribe the motion of such media. The ar t ic le  gives expressions charac ter iz ing  the force,  thermal,  and 
mass  interaction between the phases.  A study is made of the problem of the normal  propagation of the flame 
front inthe gas suspension for the case when the combustion of the par t ic les  takes place in the condensed 
phase. The values obtained for the rate of propagation of the flame front are  given as a function of several  
pa ramete r s  which determine the process  under investigation (particle size,  composit ion of the mixture, 
etc.). 

An analysis of the experimental  data permits  the isolation of three limiting sets of conditions for  com-  
bustion of the par t ic les .  In the f i rs t  place, purely heterogeneous conditions, when the chemical reaction 
takes place directly within or on the surface of the par t ic les  (in the condensed phase) and, by the same token, 
the heat of the chemical  reaction is evolved direct ly in the condensed phase. For  example, par t ic les  of 
graphite or carbon, which contain no volatile substances,  burn in this way. In the second place, quasihomo- 
geneous conditions, when combustion and heat evolution take place over the whole volume of the gas phase 
af ter  vaporizat ion and mixing of the fuel vapors  with an oxidizer. Sufficiently fine par t ic les  of an easily 
vaporized fuel burn in this fashion. In the third place, vapor-phase  conditions, when combustion and direct 
heat evolution take place in thin layers  of flames surrounding the par t ic les .  These layers  of flame have a 
considerably higher temperature  than the surrounding gas and the par t ic les .  

With regard  to the combustion of a mixture with solid par t ic les ,  the problem of the normal  propaga-  
tion of a flame front in a s ingle-veloci ty and s ingle- tempera ture  approximation has been discussed by O. I. 
Leipununskii [1]. Papers  [2, 3], for the case when the tempera tures  of the gas and the par t ic les  differ, dis- 
cuss the combustion of a gas suspension under purely heterogeneous combustion conditions. Flame propaga-  
tion in a gas suspension of an easily vaporizing fuel was studied experimental ly by Burgoyne and Cohen [4]. 
They observed that, with an increase  in the part icle  size, the quasi-homogeneous conditions go over into 
vapor-phase  conditions. In such mixtures ,  for  quasi-homogeneous conditions, the problem of the propaga-  
tion of the flame front in its s implest  form is investigated in the art icle  of Williams [5]. 

To describe the above three sets of combustion conditions of a gas suspension, the concepts of the 
hydrodynamics of a multiphase medium with phase t ransformat ions  have been used [6-8], while, for an ex- 
amination of vapor-phase  combustion conditions, use has also been made of a model of the combustion of 
an isolated part icle,  developed by Varshavskii  [9] and by Spaulding. 

1. Basic Assumptions.  Let there be a mixture of a gas with suspended par t ic les ,  in which a hetero-  
geneous chemical reaction is taking place. In this case, the gas phase consists  of a minimum of two com- 
ponents, the oxidizer and the react ion products.  We assume that the basic assumption of the mechanics  of 
a continuous medium holds, i.e., that the distances at which the flow pa ramete r s  of the mixture vary  sub- 
stantially (outside of the breakaway surface) are  much grea te r  than the charac ter i s t ic  dimensions of the 
inclusions and of the special combustion zones (the diameter  of the par t ic les  or  drops, the diameter  of the 
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f l a m e  a r o u n d  a p a r t i c l e ) ,  a s  we l l  a s  the  d i s t a n c e s  b e t w e e n  them.  This  p e r m i t s  d e s c r i b i n g  the  above  d i s -  

p e r s e  m i x t u r e  a s  a s e t  of two o r  m o r e  cont inua ,  f i l l i ng  one and the s a m e  v o l u m e ,  a t  each  po in t  of which  
the p a r a m e t e r s  a r e  d e t e r m i n e d  fo r  each  p h a s e ,  inc lud ing  the  v o l u m e t r i c  f r a c t i o n s ,  r~ i,  e n t e r i n g  into each  
p h a s e .  

As a f i r s t  s t ep  in the s i m p l i f i c a t i o n  we sha l l  a s s u m e :  1) the p a r t i c l e s  in an e l e m e n t  of v o l u m e  a r e ,  
on the a v e r a g e ,  i d e n t i c a l  s p h e r e s  mov ing  a t  r a n d o m ;  i n d i r e c t  c o l l i s i o n s  be tw e e n  the p a r t i c l e s  m a y  be  neg -  
l e c t ed ;  

2) the  c h e m i c a l  c o m b u s t i o n  r e a c t i o n  obeys  the  s i m p l e s t  equa t ion  

u i i A  + ~%B = }r (1.1) 

w h e r e  A, B, C a r e  the  s y m b o l s  of the  c h e m i c a l  e l e m e n t s  of the fuel ,  the o x i d i z e r ,  and the r e a c t i o n  p r o d u c t s ,  
r e s p e c t i v e l y ,  and ~ k  (k = 11, 2, 13) a r e  s t o i c h i o m e t r i c  c oe f f i c i e n t s ;  

3) a l l  the fuel  e n t e r i n g  the  c o m b u s t i o n  zone in  the  f o r m  of v a p o r s  (into the  c a r r i e r  p h a s e  o r  in to  the 
f l ame)  i s  b u r n e d  c o m p l e t e l y ,  so  tha t  the  p r e s e n c e  of  f r e e  fuel  v a p o r s  in the  gas  can  be  d i s r e g a r d e d ;  

4) in the  c a s e  of v a p o r - p h a s e  combus t i on ,  the m a s s  of  s u b s t a n c e  con ta ined  wi th in  the f l a m e  l a y e r  is  
c o n s i d e r a b l y  l e s s  than the m a s s  of a p a r t i c l e ;  t h e r e f o r e ,  the  p r o p e r t i e s  of th i s  l a y e r  wi l l  be  t aken  into a c -  
count  us ing  the concep t  of a s u r f a c e  p h a s e .  

F u r t h e r ,  e v e r y w h e r e  in what  fo l lows p a r a m e t e r s  r e l a t i n g  to the  gas ,  the p a r t i c l e s ,  and the  f l a m e  
a r o u n d  the  p a r t i c l e s ,  wi l l  be  a s s i g n e d  the  s u b s c r i p t s  1, 2, a n d f .  The  p a r a m e t e r s  of the  f i r s t  p h a s e ,  i . e . ,  
the h o m o g e n e o u s  m i x t u r e  of g a s e s  (the c a r r i e r  gas  m e d i u m ) ,  r e l a t i n g  to  the  o x i d i z e r  and  to the  r e a c t i o n  
p r o d u c t s ,  wi l l  have the  s u b s c r i p t s  11 and 13. C o r r e s p o n d i n g l y ,  the o x i d i z e r  wi l l  be  c a l l e d  the  f i r s t  c o m -  
ponent ,  and the r e a c t i o n  p r o d u c t s  the  th i rd ;  the  p a r t i c l e s  (the c o n d e n s e d  phase )  wi l l  be  c a l l e d  the  s e c o n d  
p h a s e  (or the  s e c o n d  component ) ,  and  the  f l a m e  a r o u n d  the p a r t i c l e s  wi l l  be  c a l l e d  the f - p h a s e .  

At each  po in t  of the  v o l u m e  o c c u p i e d  by  the m i x t u r e ,  we can i n t r o d u c e  the m a c r o s c o p i c  v e l o c i t i e s  
and the  m e a n  d e n s i t i e s  of the  c o m p o n e n t s  and p h a s e s ,  v i ,  Pi (i = 1, 11, 13, 2), and the v o l u m e t r i c  con ten t s  
of the  p h a s e s  a i ( i = l ,  2); h e r e  

P = Pl + P2, Pl = Pn + Pi~, Pi1=Pil~ Di3= P1B ~162 P~ = P~ 
a~ ~ O, ~i + ct2 = i ,  a~ = I/2~nd3 (1.2) 

Here  p is  the  d e n s i t y  of the  m i x t u r e ;  pi ~ (i = 1, 11, 2, 13) i s  the  t r u e  dens i ty  of the s u b s t a n c e  of the i - t h  
componen t  o r  p h a s e ;  n i s  the  n u m b e r  of p a r t i c l e s  o r  d r o p s  (in the g iven  c a s e ,  s p h e r i c a l  with a d i a m e t e r  d) 
in uni t  v o l u m e  of the  m i x t u r e .  The m e a n  m a s s  v e l o c i t y  of the f i r s t  p h a s e ,  v~, i s  d e t e r m i n e d  in t e r m s  of the  
v e l o c i t i e s  of the  c o m p o n e n t s  

plY1 = pllvli q- P13v13 (1.3) 

The r e l a t i v e  mo t ion  of  the  c o m p o n e n t s  in the gas  m i x t u r e ,  which c o n s t i t u t e s  the  gas  p h a s e ,  i s  d e t e r -  
m i n e d  by d i f fus ion  p r o c e s s e s  (in c o n t r a s t  to the  r e l a t i v e  mo t ion  of the  g a s  and the  d i s p e r s e  condensed  
p h a s e s ) .  T h e r e f o r e ,  we can  d e t e r m i n e d  the  d i f fus ion  r a t e s  of the  f i r s t  and t h i r d  c ompone n t s  wll and w13 

vii  = vi + wil, vi3 = vi + wiB (pnwn + p18w~3 = O) (1.4) 

which a r e  d e s c r i b e d  us ing  F i e k ' s  l aw  

CliWll = - -  DIBVCll (el = Pi [ pi, t = ti,t3) (1.5) 

w h e r e  D13 is the  coe f f i c i en t  of b i n a r y  d i f fus ion;  c i a r e  the  m a s s  c o n c e n t r a t i o n s  of the  c o m p o n e n t s  in the  
f i r s t  p h a s e .  

Fo l l owing  [6-8] ,  we have the fo l lowing equa t ions  fo r  the  m a s s e s  and the m o m e n t u m s  (with the e x c e p -  
t ion  of  the e x t e r n a l  m a s s  f o r c e s )  of each  p h a s e ,  a s  wel l  a s  the equa t ion  fo r  the c o n s t a n c y  of the  n u m b e r  of  
p a r t i c l e s  (in the  c a s e  w h e r e  t h e r e  a r e  not  p r o c e s s e s  involv ing  p u l v e r i z a t i o n  o r  a d h e s i o n  of the  p a r t i c l e s )  

Op11 Op~8 
a-~- -}- VPll (vi q- wll) = - -  J l l ,  - ~  q- VPIB (Vl -~ Wl~) = 3rl~ 

ap~ On 
0--F q- Vp~v2 = - -  Ys, -~- + Vnvs = 0 

dlvl _ dzv2 
Pi -dT --  V'nalm - -  rib + y~ (v~' - -  vl), OB ~ = Vmq~ 'n + rib - -  J2 (v2' - -  v~) 

( di 0 -q -v iV= 0 ) = ~ ~ + v~ ~nvm (1.6) 
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Here  and in what  fo l lows ,  s u m m a t i o n  i s  c a r r i e d  out  only  fo r  the  s u p e r s c r i p t s ,  r e f e r r e d  to the  c o o r -  
d ina te  axes ;  Jj {j = 11, 13, 2) i s  the  r a t e  of change  of the  m a s s  of  the  c o r r e s p o n d i n g  componen t  in uni t  v o l u m e  
of the  m i x t u r e ,  c a l c u l a t e d  fo r  a h e t e r o g e n e o u s  c h e m i c a l  r e a c t i o n ;  r 12 i s  the  f o r c e  of the  i n t e r a c t i o n  b e -  
tween  the p h a s e s ,  r e f e r r e d  to uni t  v o l u m e  of the  m i x t u r e ;  ~i (i = 1, 2) i s  the t e n s o r  of the  s u r f a c e  f o r c e s  of 
the  c o r r e s p o n d i n g  phase ;  v 2' c h a r a c t e r i z e s  the  m o m e n t u m  of the  m a s s  u n d e r g o i n g  c o n v e r s i o n  a s  a r e s u l t  
of the  c h e m i c a l  r e a c t i o n .  

F r o m  a s s u m p t i o n s  2) and 3) i t  fo l lows  tha t  

J~_2 _-- J3_=_=Jjs j ,  via _-- vll  _}_ v2 
"Vll V2 %~13 
(vn = gnx11, v~ = g2• v~ = g18• (1.7) 

F o r  d i s p e r s e  s y s t e m s  with  s u f f i c i e n t l y  s m a l l  v o l u m e t r i c  con ten t s  of the  s u s p e n d e d  p h a s e ,  a 2, t ak ing  
accoun t  of the  e f fec t  of the  v i s c o s i t y  of the  c a r r i e r  m e d i u m  only in p r o c e s s e s  invo lv ing  p h a s e  i n t e r a c t i o n ,  
i t  can  be a s s u m e d  tha t  

zl m~ = p16 m~, z~ ' ~  = 0 (1.8) 

The f o r c e  of the  i n t e r a c t i o n  b e t w e e n  p h a s e s ,  r12, can  be r e p r e s e n t e d  in the  f o r m  

rl~ = - -  ~2Vp -~ f (1.9) 

w h e r e  the  f i r s t  t e r m  is  c o n n e c t e d  with  the  a c t i o n  of  the p r e s s u r e  f i e ld  of the c a r r i e r  p h a s e  on the i n c l u s i o n s  
(the A r c h i m e d e s  fo r ce ) ,  whi le  the  s e c o n d  i s ,  in fac t ,  the  f o r c e  of f r i c t i o n  b e t w e e n  the p h a s e s .  

A s s u m i n g  that  the  v e l o c i t y  of the g a s  at  the  s u r f a c e  of a p a r t i c l e  is  equa l  to  the  v e l o c i t y  of  the  l a t t e r ,  
which,  in turn ,  m o v e s  a s  a s o l i d  body,  i t  c an  be  t aken  tha t  

v2' ----- v~ ( 1 . 1 0 )  

F r o m  (1.6), (1.2), and f r o m  the cond i t i on  of the  i n c o m p r e s s i b i l i t y  of the m a t e r i a l  of the  p a r t i c l e s  
(p2 ~ =cons t ) ,  t h e r e  fo l low the r e l a t i o n s h i p s :  

0pl a l  dip1 ~ . f i I ~ ) 
0--i" + Vptvl = v~], ~ di = v2J ~'~z - -  ~-z2o ) - -  V (alv 1 + a2v s (1.11) 

2. E n e r g y  of  the  M i x t u r e .  Heat  F l u x  Equa t ions .  We adopt  the fo l lowing  de f in i t ion  of  the  t o t a l  ene rgy ,  
E, of uni t  m a s s  of the  m i x t u r e :  

pE = PlIul-l- v-,~l ~- P2Iu~ ~ V~---~l-{- nut* (2.1) 

w h e r e  u i (i = 1, 2) i s  the  i n t e r n a l  e n e r g y  of the  c o r r e s p o n d i n g  phase ;  u f *  i s  the  i n t e r n a l  e n e r g y  of the  f l a m e  
l a y e r s  a r o u n d  the  p a r t i c l e s ,  a r r i v i n g  a t  one s ing le  p a r t i c l e .  F o r  the i n t e r n a l  e n e r g y  of the f i r s t  p h a s e  we 
adopt  the cond i t ion  of a d d i t i v i t y  with r e s p e c t  to the m a s s  of the  c o m p o n e n t s  e n t e r i n g  into i t  

plUl  ~--" ~)llUll "~ P13U13 (2.2) 

In a f ixed  e l e m e n t  of v o l u m e  dV, the to ta l  e n e r g y  of the  m i x t u r e  v a r i e s  a s  a r e s u l t  of the  inf lux of 
m a s s  and of e x t e r n a l  ac t ion ,  i . e . ,  

dE ap___Eat =--VIpll(Vl+Wll)(un+V-f~)+pla(Vl~-wla)(u13+ 2-~2) +P~V,(u~+V---~)+nv2u,*]+Pu (2.3) 

w h e r e  d E / d r  i s  a quan t i ty  which,  by def in i t ion ,  i s  the  change  in the to ta l  e n e r g y  of the  m i x t u r e  a r r i v i n g  a t  
uni t  m a s s  of the  m e d i u m  in the  f ixed  v o l u m e  a s  the r e s u l t  of e x t e r n a l  ac t i on .  F r o m  (2.3), (2.1), (1.7), and 
(1.6) t h e r e  fo l lows  a g e n e r a l i z a t i o n  of the concep t  of the  s u b s t a n t i v e  d e r i v a t i v e  of  the  t o t a l  e n e r g y  of the  
m i x t u r e  

dE dl d~ d~u/* 

d~ul . (2.4) + p2~t(u2-~v2 -~) ~ - n ~ +  PllWl,V(u11--ttla ) -+- J(vlaula--vllul,--veue-~,2 ~ )  
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F r o m  the m o m e n t u m  equa t ions  of both  p h a s e s  (1.6), t ak ing  accoun t  of (1.8)-(1.10) t h e r e  fo l lows  the  
t h e o r e m  of the  ac t ing  f o r c e s ,  o r  the  equa t ion  of the k ine t i c  e n e r g y  of the  m i x t u r e  

dl vi ~ d2 v~ ~ 
P l ~  y + P2 2~ -2- = - -  (~lvl + a2v2) Vp - -  f (v i - -  %) + J2 (v~ - -  vi) v i (2.5) 

F u r t h e r ,  we m u s t  i n t r o d u c e  the  h e a t - f l u x  equa t ions  f o r  e ach  p h a s e  [7, 8]; t h e s e  m a y  be  w r i t t e n  in 
the  f o r m  

dial = plAi __ J 2 x l  + qll - -  Vql - -  Vpilwll (all - -  uls) P~ -37- 
d~u~* A (2.6) d~u2 = p~A2 - -  J~x~ + n - ~  = n ,% J2x j  - -  qli - -  q1~ P2 ~ qt2' 

w h e r e  A i (i = 1, 2, f )  i s  the work ing  c a p a c i t y  of the  i n t e r n a l  f o r c e s .  The r e m a i n i n g  t e r m s  a r e  the  hea t  f luxes ;  
x i (i = 1, 2, f )  i s  the hea t  f lux f r o m  the  i - t h  p h a s e  to the  s u b s t a n c e  u n d e r g o i n g  c h e m i c a l  c o n v e r s i o n ,  r e f e r r e d  
to i t s  m a s s ;  q f i  (i = 1, 2) i s  the  hea t  f lux f r o m  the  s u r f a c e  of the  f l a m e  to the  i - t h  p h a s e ,  r e f e r r e d  to uni t  
v o l u m e  of the  m i x t u r e ;  ql  i s  the  hea t  f lux ou t s i de  of the  c a r r i e r  phase ,  due to t h e r m a l  conduc t iv i ty .  The 
l a s t  t e r m  of the  f i r s t  equa t ion  of (2.6) c h a r a c t e r i z e s  the  c o r r e s p o n d i n g  change  in the  s p e c i f i c  i n t e r n a l  e n -  
e r g y  of  t he  f i r s t  p h a s e  due to the  r e l a t i v e  m o t i o n  of  i t s  c o m p o n e n t s ,  s i n c e  the  f i r s t  p h a s e  i t s e l f  is  a two-  
v e l o c i t y  m i x t u r e .  

Fo l lowing  [6-8] ,  and  t ak ing  accoun t  of the  i n c o m p r e s s i b i l i t y  of the d r o p s  and the p a r t i c l e s  and the a b -  
s e n c e  of " s u r f a c e  t e n s i o n "  in the  f l a m e  a r o u n d  a p a r t i c l e ,  and a s s u m i n g  tha t  a l l  the k i n e t i c  e n e r g y  of the  
m i x t u r e  d i s s i p a t e d  in uni t  t i m e  a s  a r e s u l t  of f r i c t i o n  (see  (2.5)) b e t w e e n  the p h a s e s ,  f (v l -v2 ) ,  goes  o v e r  
d i r e c t l y  to  the  i n t e r n a l  e n e r g y  of  the c a r r i e r  p h a s e ,  we have  the  fo l lowing  e x p r e s s i o n s  fo r  the w o r k  of the  
i n t e r n a l  f o r c e s  of the p h a s e s :  

• + f (v~ - v~) + d2(~ ~ v0~ p i A l = - - p l P ~  p o , A ~ = A  s- - -0  (2.7) 

Tak ing  (2.7) into accoun t ,  the  h e a t - f l u x  equa t ions  (2.6) a s s u m e  the f o r m  

dluI aIp dlpi ~ J2 (v~ ~ l )  ~ Pl d'--/- = p - ~ - ~  -~ f (vl - -  V~) -~- - -  J2Xl  Jr- q ] l  - -  V q l  - -  V P l l W 1 1  (/2'11 - -  u13 )  

d2u2 &ut* : - -  J2x!  - -  qli - -  q12 (2.8) 
P2 ~ = - -  ]2x2 -}" qt~' n dt 

Sta r t i ng  f r o m  (2.4) and  f r o m  Eqs .  (2.5) and (2.8), we obta in  an e x p l i c i t  e x p r e s s i o n  f o r  the  s u b s t a n t i v e  
d e r i v a t i v e  of the  t o t a l  e n e r g y  of the m i x t u r e  

dE / t  x3 t p-~ 

The change  in the  t o t a l  e n e r g y  of the  m e d i u m ,  d e s c r i b e d  by the s u b s t a n t i v e  d e r i v a t i v e ,  in a c c o r d a n c e  
with  the  de f in i t ion  of the l a t t e r  i s  c o n n e c t e d  with  the  e x t e r n a l  a c t i o n  ( d e s c r i b e d  by the l a s t  two t e r m s  in 
(2.9)), but  in no way  with i n t e r n a l  p r o c e s s e s  involv ing  i n t e r a c t i o n  of the  p h a s e s .  T h e r e f o r e ,  the e x p r e s s i o n  
in s q u a r e  b r a c k e t s  in the  r i g h t - h a n d  p a r t  of (2.9), of the type  of a s o u r c e ,  connec t ed  with the  c h e m i c a l  con -  
v e r s i o n ,  m u s t  r e v e r t  to z e r o ,  i . e . ,  

x i + x ~  + x t = i i - i  2 (2.10) 

w h e r e  i i =u i + p / p i  ~ is  the  en tha lpy  of the  c o r r e s p o n d i n g  p h a s e .  The v a l u e s  of x k depend  on the c o m b u s t i o n  
cond i t i ons  and m u s t  be  s t i p u l a t e d .  T h e s e  s u p p l e m e n t a r y  r e l a t i o n s h i p s  wi l l  be c a l l e d  " a c c o m m o d a t i n g . , '  

In the  c a s e  of p u r e l y  h e t e r o g e n e o u s  cond i t i ons  ( combus t ion  in the  c o n d e n s e d  p h a s e ,  when t h e r e  i s  no 
f - p h a s e )  

ur ~ O ,  x I ~ - - O  , q i 2 ~  - - q t i = q l 2  (2.11) 

we a s s u m e  tha t  the  f i r s t  c o m p o n e n t  (the o x i d i z e r )  a r r i v e s  a t  the p a r t i c l e s  with an  en tha lpy  d e t e r m i n e d  by 
the  t e m p e r a t u r e  of the s e c o n d  p h a s e ,  i . e . ,  p l l i l l  (p, T2); the  r e a c t i n g  m a s s  of fuel  e n t e r s  into the  r e a c t i o n  
with an en tha lpy  vzi 2 (p, T2); the  r e a c t i o n  p r o d u c t s  (the t h i r d  component )  l e a v e  the  s e c o n d  p h a s e  wi th  an  
en tha lpy  d e t e r m i n e d  a l s o  by the t e m p e r a t u r e  of the  p a r t i c l e s ,  u13i13 (p, T2). Thus ,  t ak ing  account  of (2.10) 

u = V18i13 (P, Te) - -  Vnin (p, Ts) - -  v2i2 (p, T2) 

v~x i = v~i 1 (p, Ti) - -  vlail~ (p, T2) + vii i  n (p, T2) (2.12) 
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In the case of quasi-homogeneous conditions (combustion in the gas phase, when there is no f - p h a s e  
and (2.11) holds), we assume that the fuel leaves a part icle with an enthalpy Y2i'r12 (Ps (T2)' T2)' cor respond-  
ing to vapors  of the fuel in a state of saturat ion (Ps(T2) is the p r e s s u r e  of the saturated fuel vapors).  As 
a resul t  

v~xl = v2i1 (P, Tz) --  v~i12 (Ps (T~), T~) (2.13) 

In the case of vapor-phase  conditions (combustion in the f -phase ) ,  as in the preceding case,we as -  
sume that the fuel vapors  move away f rom the par t ic les  into the flame which surrounds them (the f -phase )  
with an enthalpy il2(Ps(T2), T2), that the oxidizer leaves the c a r r i e r  medium into the f - p h a s e  with an en- 
thalpy ill(p, Tf), corresponding to the f i rs t  component and determined by the tempera ture  of the flame Tf, 
and that the reaction products leave the f - p h a s e  into the c a r r i e r  medium at the tempera ture  of the flame 
Tf ,  i.e., 

%x~ = %i1~ (p .  ( r ~ ) ,  T2) - -  v=i~ (p ,  r~)  

v~xl = v:8 (p, TI) - -  vd l~  (P, (T2), T~) - -  %~ (p,  T~) 
%x1 = %iz  (p,  T1) + %1 (P, T1) - -  v ia  i ls  (p,  Tt)  (2.14) 

Taking account of (1.7)-(1.10), (2.11)-(2.13), the sys tem of equations (1.6), (2.8) descr ibes  the mutually 
interpenetrat ing motion of a two-phase disperse  mixture,  with combustion of the disperse  phase under one 
of the three above-descr ibed sets of conditions. F rom this system, the equation for the conservat ion of 
energy of the mixture follows in the form 

d: . d2 d2ul* Op (2.15) 
Pll ~ Ot 

?22 ~ - -  y l  2 

. ~  ( i l l  - -  i13) VpllW11 _~_ Vpl lWl  I (u13 __ u11) .~_ v2 ] 2- Vq I _~ ,)TQ 

(Q = v11hl (pn ~ T1) + v2i~ (p, T2) -- v:s (~13~ 

where Q is the heat of the chemical react ion under consideration.  In the case  of vapor-phase  combustion 
conditions, it is often possible to neglect the heat capacity of the f - p h a s e  (the quantity nd2ur*/dt). Then, 
the heat-flux equation for this phase goes over into the algebraic relationship 

J 

- -  v~Jx ,  = qf: + q]~ (2.16) 

which, taking account of (2.14), comes down to the equation for the tempera ture  of the flame around the 
par t ic les ,  Tf .  

3. Interaction between Phases.  For  what follows, it is necessa ry  to determine the mass  (J), the force 
( f ) ,  and the thermal(qfi) interaction between the phases,  taking account of the s t r u c t u r e  of the phases, as 
well as of the combustion conditions. The corresponding expressions will be given by considerat ions with 
respect  to the flow of a gas around an isolated sphere; the values of J and qfi will be determined in the ap- 
proximation of a "reduced film" [9]. The force of the interphase fr ict ion can be written in the form 

f = n - ~  ~d~ C@: ~ ] v~ - -  v~ 2[ (v: - -  v~) (c~ = c~(~a~,  ,,), N ~  = ~'~ I v,~,-- v~ I a ) ( 3 . 1 )  

where C d is the fr ict ion coefficient; NRe is the Reynolds number; # 1 is the dynamic viscosi ty  coefficient 
of the f i rs t  phase, which can be taken as 

Pl~I = Pll~ll -}- PlS~lS (3.2) 

With Re < 1 and small volumetr ic  contents of the second phase {a2 ~0), we can use Stokes law for 
laminar  flow around a sphere 

C~ : 24 ] Re (3.3) 

The hea t - t r ans fe r  rate between the f - p h a s e  and the f i rs t  and second phases, r e fe r red  to unit volume 
of the mixture, can be represented in the form 

qi 1 = ngd.t%: (T] --  T1), q]~ = n~t'th~ (T t --  Ts) 

( ~ xn 2~, x/~ 2~ 1 / (3.4) 

Here h i and h 2 are  the hea t - t r ans fe r  coefficients between the flame and the gas or  the part icles ,  
respectively;  d 1 is the diameter  of the reduced film; df  is the diameter  of the surface of the flame. It is 
natural to assume 
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~]1 = ~l  (Tt).w ~]2 = M~ (Tt) (3.5) 

where ~1 and ~12 are  the thermal  conductivity coefficients of the f i rs t  phase and of the fuel vapors;  analo- 
gously to (3.2), we have 

p1~1 = pzzXn + P1#12 (3.6) 

In accordance with the definition of the reduced film, we have 

2dx 
d~ -- d = NNu (3.7) 

Here NNu is the diffusion Nusselt  number,  and we can use the Rants-Marshal l  relat ionship,  

N N u  = 2 + 0 . 6 N s I V t N B d  I '  NSl = l~t (at~ Dtt-I 

where NSi is the Schmidt number for a gas.  

When there is no flame around the par t ic les ,  we have 

( h ~'~ 2dl 
ql~ = - -  q~z = n ~ d 2 h  (T1 - -  T2)  ~ = T d-d-~-'~-- d ) 

Here h is the hea t - t r ans fe r  coefficient between the par t ic les .  

We represent  the m a s s - t r a n s f e r  rate between the second and f - p h a s e  in the form [10] 

J~ -~ n ~ a  p~ R T ~  P - -  P8 

(3.8) 

(3.9) 

(3.10) 

where fl 2 is the m a s s - t r a n s f e r  coefficient between the flame and the par t ic les ;  D12 , g2, and R are,  r e spec-  
tively, the autodiffusion coefficient, the molecular  weight of the fuel vapors ,  and the universal  gas constant. 
Formula  (3.10), known in the l i te ra ture  as the Stefan formula,  determines  the rate of vaporizat ion by the 
rate of diffusion of the fuel vapors .  

If, in {3.10), we replace df  by dl, we obtain an expression which determines the rate of mass  t r ans fe r  
in the case  of quasi-homogeneous combustion conditions. 

The rate of mass  t rans fe r  between the f i rs t  and the f - p h a s e s ,  determined by the diffusion of the oxi- 
dizer  and by the chemical  kinetics, is represented in the fo rm [10] 

Sl, = ~ ~ ~ / ~ + ~ / k ~t ~,-7~9) (3.11) 

Here fl 1 is the m a s s - t r a n s f e r  coefficient between the flame and the gas; Dll and gll a re  the coefficient 
of autodiffusion and the molecular  weight of the oxidizer; Pti is the partial  p ressu re  of the oxidizer; k is 
the rate constant of the chemical react ion 

k ---- zexp (--E/l~r 1) (3.12) 

where E is the activation energy; z is a pre-exponential  factor .  

Since, at the flame front, there is complete consumption of the arr iving fuel vapors  and oxidizer 
(JllV2=J2v11), f rom this fact, and taking account of (3.10) and (3.11), an equation is also obtained which de- 
te rmines  the diameter  of the flame around the par t ic les ,  dr. 

If, in (3.11), we replace df by d, we obtain the rate of mass  t rans fe r  between the phases,  in the case 
of purely heterogeneous combustion. 

For  what follows, we need to determine the equations of state and the thermodynamic proper t ies  of the 
phases and the components.  We postulate that the f i rs t  phase and the fuel vapors  consist  of ideal gases,  
and that the second phase is an incompress ible  medium; then 

hi = c~x ( r l  - -  TO) + hlC, pn ~-- pu~ ( 3 . 1 3 )  
f l  = *2 (T2 - -  T~ -}- h2*-t- (p - -  po) / p20, p ~ ' =  cons t  

t i s  ffi c~a ( T i  - -  T~ "{- hla ~ Pin "~ P~ P ~ PJ l  + Pls 
112 (pl(r2) ,  1'2) = r (TB - -  To) T (ps (T~) - -  p~ / p2 + h• -t= 12 (r~),  p ,  = pz~oRz~r~ 

where h i (i = 11, 13, 2) are  the enthalpies of the components at T = T~ p = pO~ Cp I = Cp 3 are  the mean (in the range 
f rom T ~ and Ti) specific heat capacit ies  at constant p ressure ;  c 2 is the specific heat capacity of the second 
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phase ;  /2(T2) i s  the  hea t  of v a p o r i z a t i o n ;  p~o i s  the  t r u e  d e n s i t y  of the s a t u r a t e d  v a p o r .  F o r  a m a j o r i t y  of 
s u b s t a n c e s ,  the p r e s s u r e  o f  the  s a t u r a t e d  v a p o r  i s  a func t ion  of the t e m p e r a t u r e  of the p a r t i c l e s ,  which  i s  
we l l  d e s c r i b e d  by the f o r m u l a  

P8 = P* exp ( .  T* / Ts) (3.14) 

w h e r e  p* and T*  a r e  e m p i r i c a l  c o n s t a n t s .  

In a c c o r d a n c e  with (2.13), (3.13), the  hea t  of the  c h e m i c a l  r e a c t i o n  a t  T~ =T2= T ~ and p = p ~  i s  d e t e r -  
m i n e d  by the f o r m u l a  

Q~ = v n (hn" --  h~ ~ + v~(h~* --  h~a*) (3.15) 

4. Equa t ions  of O n e - D i m e n s i o n a l  F u l l y  E s t a b l i s h e d  Mot ion  in the  Case  of P u r e l y  H e t e r o g e n e o u s  
C o m b u s t i o n  Cond i t i ons .  We go o v e r  to d i m e n s i o n l e s s  v a r i a b l e s  

P --  P-~ Ui = v~ Ti m~ 
- -  p o  ' a-o  ' Oi --~ ~ o  , M k - -  m~o 

(ao "~4opdoto ~ m~ = o~v~. m~ = o~v~, m~ = ~,tv~, m~ = o~v~. i = 1, ~; k = 1, 11, la, ~) (4.1) 

w h e r e  the  s u b s c r i p t  0 deno tes  that  the  c o r r e s p o n d i n g  p a r a m e t e r  i s  t a k e n  in s o m e  f ixed  s t a t e ,  i . e . ,  ahead  
of the  f ront  of the r e a c t i o n ,  in an  u n p e r t u r b e d  s t a t e ,  which  is  a s s u m e d  to be  e q u i l i b r i u m  (v~=v 2 =v0, T~= 
T2= To); ct 0 i s  the  v e l o c i t y  of sound  in the  f i r s t  phase ;  Yl0 i s  the a d i a b a t i c  index  of the  f i r s t  p h a s e .  

We i n t r o d u c e  the  r e d u c e d  t h e r m o d y n a m i c  p a r a m e t e r s  

~.kTo cp~ C~ c~ 
~,r -- p~0Oaoa , C~ -- TmRm ' - -  T l o R 1 0  ' 

a s  wel l  a s  r e d u c e d  t e r m s ,  r e f l e c t i n g  the  p h a s e  i n t e r a c t i o n  

c~ Q* = Q~ (4.2) 
Ca -- T~oRm ' ao -''ff 

J f q~, J* _ /* = - -  q* = (4.3) 
ff~10 ~ ?~" 10~t0 ~ PI0 ~ 

In the  c a s e  of the  c o m b u s t i o n  of s u f f i c i e n t l y  l a r g e  p a r t i c l e s  (d 0->5 p) ,  i t  i s  u s u a l l y  p o s s i b l e  to n e g l e c t  
the v e l o c i t i e s  wl l  and wt3, c h a r a c t e r i z i n g  the m u t u a l  d i f fus ion  of  the  g a s e o u s  c o m p o n e n t s  of the  f i r s t  p h a s e  
in c o m p a r i s o n  with  the  v e l o c i t i e s  v 1 and v 2. T h e r e f o r e ,  f r o m  Secs .  1 and 2, we ob ta in  

d M n  d M ,  dM18 
dx ~ --  vnJ*, dx  - -  - -  v2J*, dx --~ (v1~ -}- vs) J* 

M dU'~ a~ dp  dU,  a s " d P  f .  
~ - " ~ ' +  a~o~oUo d x - - f ~ * '  M ~ - } - a m T m g o  d x -  

~ *  d~ rMa d P  " dg~ dU~ 
U o dx - -  --T'- "-d-x" - -  M ~ U ~ -'d-~x - -  M " U "-'d'x - = h a  (4.4) 

M z [ c ~ @ d C ~  0o)] dO, d01 
(02- -~x = b., - ~ -  = 0 

dU1 a,PU~ dU~ d P  

Here  

/1" = - -  ]* @ v2J* (Uz -- U1), ba = ~1] $ (C3 - -  C1) (01 - -  0 O) 

+ v ~ r .  [C3 (01 _ 0o) _ Cz ( 0 ~ _  0o) + U~=--U'~] 2 " - -  J ' Q *  -'}- (MllC1 + MlaCa) 

~" d~,1* O J*  (vlsMn + vltM13) / d01 dC33 

t 
x (01-- 0~ +bs, b s = - ~ o q * § 1 7 6  

rgn 
v~) -- vn / 

o~PU1 
b4 = amUoO1J* [~-~ ( vn  -}- _ - -  ~ v2J* 

[ , .  , g ~ ,  ) (4.5) 
+ a0br0 ~ z z  -1- ~ Mla_0 (r = pm~ / p~~ Ct" = C :(e,), O~' ~ O, (0,)) 

The l a s t  equa t ion  of  (4.4) is  the  equa t ion  of s t a t e  of the  f i r s t  p h a s e  in d i f f e r e n t i a l  f o r m .  

The s y s t e m  (4.4) has  fou r  p r i m a r y  i n t e g r a l s  
P 

v1-'L M~ = Sa, MzU1 + M~U~ + ~ --- 38 Mll+Mz+Mla=S1 ,  Mxl-- V~ 

' " ~  ~0' / ~  12 / ~  22 (U11Cl--~-i13~3)(Ol--O~176 - - / 2  ~1o ( / o - - ' ) ' - ~ / 1 8  ~1--'~18 "-~ M13 ~-~3 : ~ ' 3  

(Mlt-~"M,a=M,, r r  M . . . .  V,o M= (4.6) 
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Solving sys tem (4.4) with respec t  to derivat ives,  we obtain 

dMil  ,tM~ dMla 
dx --  viJ*, dx --  - - ' ~ J * '  dx --  via J*  

dx --  Mll f l  - -  al0~oU0 ' dx --  M2 ]* - -  es 0 A j 

d01 dO~ b5 dP hp  
= ~ '  dx - -  M2C~ ' dx = T  

ai  a2 r \ Av'I 

A = :xlU1M1 - -  cq0T10U0 - -  - Ti0U2~ , Ap = b4M1 -}- r - -  r~toUoPU~M1J* 

Introducing the dimensionless var iables  

d V1 z Di~ E 
d* = - ~ 0 '  Ix* ~ - - ,  z* = Dl~* t3 A --  ,~o ao ' 7 aodo ' BTo 

we obtain express ions  for f * ,  q*,  J* 

3 ra,o UoM~Mi Cd (U1-- U2) a 
/* = T c~ldo UiU~ d* [ U1-- U~ I ' q* -- pzo~o~~ ~ NNu (0~ - -  0~) 

(4.7) 

(4.8) 

j ,  6mi0 M1M~ I d* exp(0A/02) ] - i  
p26d0~0 LIU1 ~ ~- z T 

( Re_P~ d* ct,0M1 Uo M2 ~/, ( 4 . 9 )  

5. The Problem of the Normal Propagation of a Flame in a Gas Suspension. The flame front in a gas 
suspension is a region in which par t ic les  undergo pre l iminary  heating, are  ignited, and burn. It is always 
possible to indicate a region in which the rate of a chemical  react ion is negligibly small, i .e.,  to introduce 
some tempera ture  T b (or 0b) below which the chemical  react ion does not proceed.  The presence  of T b 
(which may be a rb i t ra r i ly  called the ignition temperature ,  and which must be substantially lower than the 
tempera ture  at which combustion takes place at an appreciable rate) is a necessa ry  condition for  singu- 
lar i ty  of the solution of the s teady-s ta te  problem of the normal  propagation of a flame [10]. This is bound 
up with the fact that the boundary conditions of the corresponding boundary value problem are  given at singu- 
lar  points of the differential equations. In the case of the combustion of a gas suspension, the disclosure 
of these special charac te r i s t i cs  is complicated by two-phase effects.  

The above-mentioned boundary conditions charac ter ize  the state of the sys tem before (x=-oo, state 
0) and after  (x = +oo, state e) of the react ion front. In the one-dimensional  s teady-sta te  statement,  the sys-  
tem of coordinates will be connected with the flame front, and the rate of propagation of the flame is de ter -  
mined by the velocity of the flow of f resh mixture (x = - ~ ) .  F rom a mathematical  point of view, the solution 
comes down to seeking the above velocity, vo, (or Uo), which cor responds  to solution of the s teady-s ta te  
equations satisfying the given boundary conditions at 0 and e. 

We postulate that the conditions U 1 = U2, 01 = 02 are  satisfied in the states 0 and e; in addition, we as-  
sume that there is no third component (reaction products) ahead of the front. Thus, 0 and e are  cha rac t e r -  
ized by the pa rame te r s  

Po ----- i, U o, 0o = i, Mlio, M~o, Ml~o=0, ~ = 0 
P, ,  U, ,  0,, Mne, M~, Mis~, ~ = 0 (5.1) 

The values of the pa ramete r s  at the point e are  determined f rom the given pa ramete r s  at point 0 on 
the basis of the p r imary  integrals  (4.6), whence, if it is taken into account that U0<< 1 (the velocity of the 
flame is considerably less  than the velocity of sound), we have 

! 

P e  = i ,  O, ---~ i ~ ~ i~(ml leCV+Ml~C3 + m~ec~), Ue = + g~3 "ia*] (5.2) 

Since points 0 and e are  singular points of the sys tem of differential equations (4.4), or  (4.7), we must  
investigate the asymptotic behavior of the integral curves  in the neighborhood of 0 and e. 

The vicinity of point 0 (0 < 0b) is charac te r ized  by a zero  combustion rate (J* = 0). In addition, for 
sufficiently large par t ic les ,  the change in their velocity and tempera ture  may be neglected in compar ison 
with the change in the corresponding pa rame te r s  of the gas. Then 

P ~ i ,  0 1 =  l +  (O b - i )  e x p ( C i U o x / ~ i * ) ,  U i =  UeOt 
U~ = Uo, 0~ = i (5.3) 
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T h e  v i c i n i t y  of  po in t  e i s  c h a r a c t e r i z e d  by  the  a s y m p t o t i c  a p p r o a c h  of  t he  r e a c t i o n  r a t e  to z e r o .  As  a f i r s t  
a p p r o x i m a t i o n ,  we s h a l l  a s s u m e  tha t  t he  r e a c t i o n  g o e s  to c o m p l e t i o n ,  i . e . ,  up to c o m p l e t e  c o m b u s t i o n  of the  

f u e l  o r  t h e  o x i d i z e r ,  and tha t  t he  c o m b u s t i o n  t a k e s  p l a c e  u n d e r  d i f f u s i o n  c o n d i t i o n s  (k>>fl i, N N u = 2 ) ,  a s  a 

r e s u l t  of  the  r a t h e r  h igh  t e m p e r a t u r e .  U n d e r  t h e s e  c o n d i t i o n s ,  we  c a n  i s o l a t e  t h r e e  c a s e s ,  d e p e n d i n g  on 

the  c o m p o s i t i o n  of  t he  s t a r t i n g  m i x t u r e .  

1. A m i x t u r e  of  s t o i c h i o m e t r i e  c o m p o s i t i o n  

M~e : v2 / ~u, M n e  = O, M2e = O, Ml~e = I + v2 / vl, (5.4) 

in  wh ich  the  a s y m p t o t i c  b e h a v i o r  of  t he  s y s t e m  in t he  v i c i n i t y  of  t he  po in t  is  d e s c r i b e d  a s  f o l l o w s  : 

27M~~ ( : d~ . t  
~ '~  = [3 -~- (:V - -  X~ a .$ 18aoUov~rD,~*Mzo~/a.~12~ ] 

o a 1 a a 

M2 ~ 

( ~ 1 " e ' l l  ~/'. Q2* Q,$=Q$ ) 
a = doaoC~Du*Uo'  b = v~C----~ ' -~ (02e --  00) [vn (C1' --  Ca') + v2 (C2' --  Ca')] 

~ h e r e  the  d e g r e e  s i g n s  d e n o t e  t h e  p a r a m e t e r s  of  p a r t i c l e s  c o r r e s p o n d i n g  to  s o m e  f i x e d  s t a t e ,  s e r v i n g  a s  a 
s t a r t i n g  p o i n t  f o r  t he  a s y m p t o t i c  s o l u t i o n .  It  f o l l o w s  f r o m  (5.5) t ha t  a t  x - -  % M 2 -~0 ,  U 2 - U  e,  0 2 ~ 0 e.  

2. A m i x t u r e  w i t h  an  e x c e s s  of  o x i d i z e r  

M2o ~ ~ ,  Mne ----- M11o - -  v2 ~o, 
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M~ _ [ x s - - x ~  8A. Ue--U2 _ ( M ~ c  02--02e _[M2~a 
M~ ' ' ' -~  - -  ~x~ - - x  ~ ) ' U ~ -  U2 ~ - -  ~M2 ~ ] ' ~ - -  ~M~ ~ (x < x s ) 

31txovn~e ~*Ue Xl*~vnUe Qz* 
e =  2mllodo'v2Du*" M u e  ' a = doaoC2Dn*Uo M n e  ' O~e = Oe + v2C2 

x ~ + (M2~ "h "naeUe2d~ I (5.6) 
x~= kM--~/ 8aorUo~lDn*MileJ 

It follows f r o m  Eqs .  (5.6) that  at  x - - x 6 ,  M 2 ~ 0 ,  U 2 -~U e, 0 2 ~ 0 2e r 0e; this  m e a n s  that  the t e m p e r a -  
t u r e  of the p a r t i c l e s ,  in d i s t i nc t i on  to t h e i r  ve loc i ty ,  cannot  be equated with the t e m p e r a t u r e  of the gas at  
the m o m e n t  of t h e i r  comple te  combus t ion .  

3. A m i x t u r e  with an exces s  of fuel 

v2 M V Z M  ( "~) M2o > ~ ~ Mne = O, M2e -~ zo ~1i 110, Mla~=Mn0 i +  

M,2 - -  M ~ e  x - -  x ~ 

O,--Oe (M,--M2e I a b(M,o~ ~M,--M2e (M2--M2ol a] 
0~~ ~ M T : - - ~ d  + (a--i)(02~ '~--~---~;--- - -  [ M z  - -  m2, ~M2 - -  M 2 e ]  J 

c aa,o ~*%Ue X'*cteUe b =  Q~* r~= daaeUe" 1 (5 . " / )  
= ~ Dtt* Mir ' a ~ doo:oCzDtt, M2e , .~Czl~12e , 12:r Mao~[3MfteX[a] 

F r o m  Eqs.  (5.7) it  follows that at x ~oo, M 2 ~ M ~ e  , U 2 ~ U e ,  0 2 ~ 0  e. 

6. Ca lcu la t ion  of the S t ruc tu re  of a Reac t ion  F r o n t  in  a Gas Suspens ion .  The p a r a m e t e r s  in a r e a c -  
t ion  f ron t  v a r y  con t inuous ly ;  the s ta te  of the s y s t e m  ahead of the f ron t  (x =-oo) and beh ind  the front: (x = +~o 
or  x= x6) is  known.  To find the c o r r e s p o n d i n g  i n t e g r a l  c u r ve  n u m e r i c a l l y ,  it  is  n e c e s s a r y  to c a r r y  out 
r ang ing  with r e s p e c t  to the p a r a m e t e r  U 0 (the e igenva lue  of the p r ob l e m) .  Since the i n t e g r a l  c u r v e s  p e r m i t  
d i s p l a c e m e n t  a long the x axis ,  fo r  x = 0 ,  we fix some  va lue  of 0b, which is  such that  1< 0 b <0e;  0 b m u s t  be 
taken  c lose  enough to uni ty  so that  the a sympto t i c  so lu t ion  (5.3) is s a t i s f i ed  in the r eg ion  x-< 0. At x = 0, the 
so lu t ions  y ie ld  p a r a m e t e r s  of the s y s t e m  which a r e  used  as s t a r t i n g  condi t ions  for  so lu t ion  of the Cauchy 
p r o b l e m  at x > 0. 

F u r t h e r ,  we se l ec t  U 0 in such a m a n n e r  that,  with i n t e g r a t i o n  of the s y s t e m t o  the r ight  of x=  0, the 
v a l u e s  of the p a r a m e t e r s  at the l i m i t  (x ~ o  o r  x ~ x  5) a r r i v e  at va lues  c o r r e s p o n d i n g  to the s ta te  e, i .e . ,  
~9 e = 0 (see Fig .  1, which shows the typ ica l  c o u r s e  of the i n t e g r a l  c u r v e s  in the p lane  x,5, w he r e  J is the 
t e m p e r a t u r e  g rad ien t ) ,  h e r e  

'}b = C~U0 (% -- i) / M* (6.1) 

The so lu t ions  of (5.5)-(5.7) a r e  used  to d e t e r m i n e  the a sympto t i c  behav io r  of the p a r t i c l e s .  N u m e r i c a l  

so lu t ion  of the s y s t e m  of equat ions  (4.7) was c a r r i e d  out in an e l e c t r o n i c  c o m p u t e r ,  u s ing  the Runge-Kut t a  
method;  in  th is  case ,  the i n t e g r a l s  (4.6) were  u sed  to ve r i fy  the a c c u r a c y  of the compu ta t ions .  

7. Resu l t s  of Ca lcu l a t i ons .  As an example ,  a s tudy was made  of the combus t i on  of p a r t i c l e s  of c a r b o n  
(e lec t rode  carbon)  in  an oxygen a t m o s p h e r e .  It  was a s s u m e d  that  [11, 12] a chemica l  r e a c t i o n  of comple te  
c o m b u s t i o n  takes  p lace  u n d e r  p u r e l y  he t e rogeneous  cond i t ions  

02 + C = C 0 2  ( 7 . 1 )  

F i g u r e s  2-5 give the r e s u l t s  of a n u m e r i c a l  i n t eg ra t ion ,  r e f l ec t ing  the s t r u c t u r e  of the r eac t i on  f ron t  
(v 0 = 17.8 e ra / see )  in a gas s u s p e n s i o n  with a s t a r t i n g  compos i t i on  M20 = 0.25 (excess of oxid izer )  and an i n i -  
t i a l  p a r t i c l e  s i ze  d o = 50 # ,  with the fol lowing t h e r m o d y n a m i c  data: 

Po = 1arm, To = 300 ~ KI 71o = t .4i ,  91o ~ = 0.13t-10 -2 g/crn s 
p2 ~ = t.5 g/cm ~, cpl = 0.9i5 J/g" deg, c 2 = 0.714 l/g" deg 

%,~ = 0.84 J/g.deg, ~n ~ = 5.89.i0-5 cal/cm.sec.deg 
Xja ~ = 3.28-10 -~ cal/cm �9 deg, DIi 0 = 0A86 cm2/sec 

/xn ~ = 202-10~g/cm'sec, !its ~ = t46.I0-~g/cm.sec,  Q~ = 94052 cal. 

The dependence  of the t h e r m o d y n a m i c  coef f ic ien t s  (Cp, k, D, p) on the t e m p e r a t u r e  was taken in a c -  
co rdance  with [13]. As a r e s u l t  of the s m a l l  ve loc i ty  effects  in the c o m b u s t i o n  f ron t  (NRe < 1), the Stokes 
f r i c t i on  law may  be u sed  in  the f o r m  Cd=24 /NRe .  The c o r r e s p o n d i n ~ k i n e t i c  c ons t a n t s  (see (3.12)) we re  
taken  f r o m  [11], equal  to E =4 �9 10 a c a l / m o l e ,  x=  5 �9 10 ~ c m / s e c .  

It follows f r o m  the c u r v e s  that,  at the s t a r t ,  in a c e r t a i n  r eg ion  the re  is  a g radua l  hea t ing -up  of the 
p a r t i c l e s  (Fig. 2) due to heat  t r a n s f e r  with the gas  which, in tu rn ,  i s  heated by heat  t r a n s f e r  f r o m  a zone 
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with a higher temperature .  In this region, the rate of the reaction J* {Fig. 3) is small .  Fur ther  on, the 
reaction rate s tar ts  to r ise  appreciably and becomes so great  that the heat evolved in the par t ic les  cannot 
be removed into the gas, and the par t ic les  s tar t  to heat up spontaneously. This heating up constitutes igni- 
tion of the par t ic les .  As the result  of ignition, the par t ic les  attain their  highest tempera ture .  The slowing 
down of the r i se  in the tempera ture  of the par t ic les  and the formation of a maximum of the curve of 02{x) 
is explained by a decrease  in the react ion rate result ing f rom a decrease  {Fig. 4) in the mass  of carbon 
{curve M2{x)) and oxygen {curve Ms(x)) present .  After the par t ic les  have attained their  maximal tempera-  
ture,  fur ther  combustion takes place in the diffusion region. 

The change in the tempera ture  of the gas in the react ion front is described by the curve of 0 t(x) on 
Fig. 2, which has a point of inflection corresponding to the maximal  value of the tempera ture  gradient  ,,~ 
(see the curve of~(x)). Up to the point of inflection, each element of the gas is a heat sink, i.e., it receives  
f rom hotter elements a g rea te r  amount of heat than it gives up to colder  elements;  af ter  the point of in- 
flection, the element of the gas is t r ans formed  into a heat source,  i.e., it gives up to colder  elements a 
g rea te r  amount of heat than it receives  f rom hotter elements.  
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Acce le ra t ion  of the gas  (the curve  of Ul(x ) on Fig .  5) takes  p lace  as  the r e su l t  of t he r m a l  expansion.  

The veloci ty  of the p a r t i c l e s  t hemse lves  (the curve of U2(x)) v a r i e s  only under  the act ion of the force  of 
f r ic t ion .  After  the r e l a t ive  ve loc i ty  becomes  suff icient ly grea t ,  the p a r t i c l e s  a re  en t ra ined  into the motion 
of the gas; this  p r o c e s s  is r e in fo rced  with combust ion of the p a r t i c l e s .  As a r e su l t  of the smal l  ve loc i t i e s ,  

the p r e s s u r e  in the  r eac t ion  front  is  p r a c t i c a l l y  invar iab le .  

F igu re  6 shows the effect  of the composi t ion  (M20) of the in i t ia l  mix tu re  (the o ther  p a r a m e t e r s  a re  
the same as those given at the beginning of this section) on the ra te  of propagat ion  of a f lame in the mix -  
tu re .  The max imum of the curve is loca ted  not at the s to i ch iome t r i c  composi t ion  (M20 = 0.375), but is  shifted 
somewhat  toward the s ide of mix tu re s  r i c h e r  in fuel, and occurs  at a value of M~0.5 .  This fact  is  explained,  
above all ,  by an i n c r e a s e  in the total  r eac t ion  sur face  in r i c h e r  mix tu re s .  An anlogous shift  has been ob- 
s e rved  a lso  with the combust ion of homogeneous mix tu re s  [11]. 

It must  be noted that,  gene ra l ly  speaking,  the combust ion of carbon is  accompanied  by secondary  r e -  
ac t ions  which, in the final ana lys i s ,  l ead  to the format ion  of carbon monoxide,  CO [11]. This s i tuat ion is 
p a r t i c u l a r l y  impor tan t  for  mix tu re s  with a composi t ion  c lose  to the s to i ch iomet r i c ,  whose combus t ion takes  
p lace  at h igher  t e m p e r a t u r e s ,  and for  mix tu re s  with a l a rge  excess  of fuel.  The fo rmat ion  of carbon mon-  
oxide during the combust ion p r o c e s s  must  inevi tably  be taken into account,  and must  l ead  to a d e c r e a s e  in 
the equ i l ib r ium t e m p e r a t u r e  Te, and, consequently,  to a change in the r a t e  of p ropaga t ion  of the r eac t ion  

f ront .  

F i g u r e s  7 and 8 give the dependences  of the t e m p e r a t u r e  of the p a r t i c l e s ,  0 2(x) for  different  va lues  
of the kinet ic  constants  z and E. The r e su l t s  given c o r r e s pond  to an in i t ia l  d i a m e t e r  d o = 5 #,  and to a densi ty 
of the m a t e r i a l  of the p a r t i c l e s  p2 ~  2.2 g / c m  3, typical  of graphi te ,  as well  as to M20 = 0.154. It is  evident  
f rom the cu rves  that  a d e c r e a s e  in the p re -exponen t i a l  f ac to r  f rom z = 5 �9 109 c m / s e e  to z = 5 �9 10 6 c m / s e c ,  

at E = 4 . 1 0 4  c a l / m o l e  (curves 1 and 2 in Fig .  7), l eads  to a longer  lag in ignit ion of the p a r t i c l e s  and, by 
v i r tue  of this ,  to a d e c r e a s e  in the ra te  of propagat ion  of the f lame f rom v 0-- 29 c m / s e c  to v 0 = 11.2 c m / s e c .  
However,  in both ca se s ,  the re  a re  regions  in which the t e m p e r a t u r e s  of the gas  and of the p a r t i c l e s  differ  
cons ide rab ly ,  i . e . ,  t he re  a r e  t w o - t e m p e r a t u r e  effects .  An i n c r e a s e  in the act ivat ion energy f rom E = 4" 104 
c a l / m o l e  to E = 5" 104 c a l / m o l e ,  at  z = 5 �9 106 c m / s e c  (curves 1 and 2 in Fig .  8), l eads  to qual i ta t ive  changes.  
In this  ca se ,  the combust ion takes  p lace  in the k inet ic  region,  which l eads  to a s ignif icant  i n c r e a s e  in the 
th ickness  of the r eac t ion  front,  and to a d e c r e a s e  in the ra te  of propagat ion  f rom v 0 = 29 c m / s e c  to v 0 = 4.3 
c m / s e c .  In th is  case ,  the d i f ference  in the t e m p e r a t u r e s  of the gas and the p a r t i c l e s  over  the whole length 
of the front is  not g rea t  (i.e., the t w o - t e m p e r a t u r e  effects  a re  l e s s  cons iderab le ) .  In th is  case ,  gene ra l ly  
speaking,  it has no meaning to ta lk  about ignit ion of the p a r t i c l e s ,  s ince the t e m pe r a t t i r e  of the p a r t i c l e s  
v a r i e s  r a t h e r  smoothly  along the whole length of the front.  

The same  may be said about the value of the two-ve loc i ty  effects .  In the case  when the p a r t i c l e s  burn 
in the k inet ic  region,  t he i r  effect  is  not g rea t .  At the same t ime,  with combust ion in the diffusion region,  
the r e l a t ive  ra te  of movement  (in spi te  of the smal l  dynamic effects) of the p a r t i c l e s  and the gas (NRe ~1) 
l eads  to higher  r a t e s  of heat and mass  t r a n s f e r  between the gas and the p a r t i c l e s .  This is  i l l u s t r a t e d  in 
Fig.  9, which gives  dependences  of J* (x), obtained by ca lcula t ion  using the s ing l e -ve loc i ty  approximat ion  
(v~ =v2, curve  1) and with the f r i c t ion  law C d = 24/Re (curve 2), with the following va lues  of the p a r a m e t e r s :  

M~0 = 0.154, d o = 2 5 ~ ,  
z = 5.106cm/~ec, E • 4.104cai/mole. 

In this  case ,  fa i lu re  to take account of two-ve loc i ty  effects  l eads  to a lower ing of the ve loc i ty  of the 
f lame to 6.6 c m / s e e ,  in compar i son  with 11.8 c m / s e c .  The effect of two-ve loc i ty  effects  a s s u m e s  more  
impor tance  the l a r g e r  the p a r t i c l e  d i ame te r .  Thus, at d o = 50 p,  the s ing le -ve loc i ty  approx imat ion  gives 
v0 = 3.9 c m / s e c ,  ins tead  of the value v0= 6.9 cm/sec  g ivenby  the two-ve loc i ty  model .  

F igure  10 shows the dependence of the ra te  of propagat ion of the front  on the ini t ia l  p a r t i c l e  d i ame te r ,  
with a fixed composi t ion  of the f r e sh  mix tu re  (M20 = 0.154). The fact  of a d e c r e a s e  in the ve loc i ty  (v 0 ~d0 -m,  
m = 0.5-0.8) is explained by the fact that, with an i n c r e a s e  in the p a r t i c l e  s ize ,  there  is  an i n c r e a s e  in the 
combust ion t ime of a fixed m a s s  of fuel.  The r e s u l t  obtained is in qual i ta t ive  ag reemen t  with the r e su l t s  of 
[1]. This same a r t i c l e  gives data on the p ropaga t ion  of a f lame in a g a s - c a r b o n  mix tu re  at  a tmosphe r i c  
p r e s s u r e ,  with r e f e r e n c e  to a g raph i t e -oxygen  mix tu re .  The mix ture  cons is ted  of g raphi te  dust (d o -< 5 p) 
and oxygen, in the amount of 1 l i t e r  p e r  0.2 g graphi te  (this co r re sponds  to M2o = 0.154). F r o m  a c o m p a r i -  
son of exper imen ta l  data and the data of the p r e s e n t  a r t i c l e ,  a conclusion may be drawn with r e s p e c t  to 
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the i r  qualitative agreement .  However, for  a quantitative comparison,  we need a complete solution of the 
inverse  problem of the theory of combustion and, consequently, a more  broadly determined and accura te  
set of exper imental  data. 
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