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ON T H E  T H E O R Y  OF S T A T I O N A R Y  V E L O C I T Y  O F  P R O P A G A T I O N  O F  AN 

E X O T H E R M I C  R E A C T I O N  F R O N T  IN A C O N D E N S E D  M E D I U M  

S. S. N o v i k o v  a n d  Yu. S R y a z a n t s e v  

Z h u r n a l  P r i k l a d n o i  M e k h a n i k i  i T e k h n i c h e s k o i  F i z i k i ,  No. 3, pp.  4 3 - 4 8 ,  1965 

It has been demonstrated experimentaily that in the combustion 
of many explosives and powders in the condensed phase (k-phase) an 
exothermic chemical reaction occurs. Although the heat release in the 
k-phase is usually small in comparison with the calorific vaIue, it 
may play an important roIe in the multistage reaction in the combus- 
tion zone. 

Analysis of the heat balance of the k-phase reveals that in a 

number of cases heating of the substance before gasification is pri- 

marily due to self-heating. According to the thermocouple measure- 
ments made by A. A. Zenin, 'the heat release in the k-phase during 
combustion of nitrogIycerine N powder is more than 80% of the total 
quantity of heat in the heated layer of the k-phase (pressure ~ 50 atm). 
This makes it possible to speak of the propagation of the exothermic 
reaction front in a condensed medium as the first stage in the com- 
bustion of condensed systems. Cases are also known where the pro- 
pagation of the reaction front is maintained only by seIf-heating 
(fiameIess combustion El]), and there are cases when such propagation 
is not accompanied by gasification (combustion of thermites, some- 
times the polyrnerization process). Theoretical investigations of sta- 
tionary propagation of a reaction front in a condensed medium were 
made in [2-6]. We note that this problem is also of interest in rela- 
tion to the study of various nonstationary phenomena associated with 
the combustion of powders [7-9]. One of the principal theoretical 
problems is the derivation of a formula for the velocity of propaga- 
tion of the reaction front in the k-phase. The Zel 'dovich-Frank- 
Kamenetskii method [10] was used in [2-5] in the solution of this 
problem. 

This paper is an investigation of the applicability of the Zel'do- 
vich-Frank-Kamenetskii method to the case of propagation of a zero- 
order reaction front in the k phase. A method is proposed for deriving 
a formula for the propagation velocity of the front leading in the case 
of a'zero-order reaction to a formula identical to that obtained using 
the Zel'dovich--Frank-Kamenetskii method, and this method is then 
used to derive a formula for the propagation velocity of a first-order 
reaction front in the k-phase. The upper and lower limits of the velo- 
city given by this formula are investigated. 

T h e  p r o p a g a t i o n  of a r e a c t i o n  f r o n t  in  a c o n d e n s e d  

m e d i u m  d i f f e r s  f r o m  t he  p r o p a g a t i o n  of  a f l a m e  

f r o n t  in  a h o m o g e n e o u s  g a s  m i x t u r e .  In  a c o n d e n s e d  

m e d i u m  t h e  d i f f u s i o n  of r e a g e n t s  m a y  b e  n e g l e c t e d  

a n d  t h e  d i f f u s i o n  c o e f f i c i e n t  D m a y  b e  c o n s i d e r e d  
e q u a l  to  z e r o .  As a r e s u l t  of  g a s i f i c a t i o n ,  t he  c h e m -  

i c a l  r e a c t i o n  in  t h e  k - p h a s e  c a n n o t  go to  c o m p l e t i o n ,  

a n d  t h e r e f o r e  t h e  q u a n t i t y  Q of h e a t  r e l e a s e d  p r i o r  
to  g a s i f i c a t i o n  m a y  b e  n o t  e q u a l  to  t h e  t h e r m a l  e f f e c t  
h of t h e  r e a c t i o n  in  t h e  k - p h a s e .  

In t h e  c a s e  of  m u l t i s t a g e  c o m b u s t i o n  a t  t h e  g a s i -  

f i c a t i o n  s u r f a c e ,  t h e r e  i s  a f i n i t e  h e a t  f lux  qs" F i -  
n a l l y ,  in  t h e  c a s e  of  a f i r s t - o r d e r  r e a c t i o n  in  t he  

k - p h a s e  t h e  e q u a t i o n  d e s c r i b i n g  t h e  t h e r m a l  p r o -  

c e s s e s  h a s  a f o r m  a p p r e c i a b l y  d i f f e r e n t  f r o m  t h a t  

1 A. A." Z e n i n ,  C a n d i d a t & s  D i s s e r t a t i o n ,  I n s t i t u t e  of  
C h e m i c a l  P h y s i c s ,  M o s c o w ,  1962.  

of  t h e  e q u a t i o n  d e s c r i b i n g  t he  t h e r m a l  p r o c e s s e s  

d u r i n g  the  c o m b u s t i o n  of g a s e s .  T h i s  d i f f e r e n c e  
c a n  be  a t t r i b u t e d  to t he  f a c t  t h a t  t he  c o n d i t i o n  D = 

= 0 in  t h e  k - p h a s e ,  in  c o n t r a s t  to  t h e  c o n d i t i o n  of  

e q u a l i t y  of h e a t  c o n d u c t i v i t y  a n d  d i f f u s i o n  c o e f -  
f i c i e n t  in  a ga s ,  o b v i o u s l y  c a n n o t  l e a d  to s i m i l a r i t y  
of  t h e  c o n c e n t r a t i o n  and  t e m p e r a t u r e  f i e l d s .  

F i r s t ,  we w i l l  c o n s i d e r  t h e  p r o p a g a t i o n  of a z e r o -  
o r d e r  r e a c t i o n  f r o n t .  

The  h e a t  c o n d u c t i o n  e q u a t i o n  a n d  t h e  b o u n d a r y  
c o n d i t i o n s  h a v e  t h e  f o r m  

d ~ T  d T  , 
L T~-x~ --mc--d-dz d - h ( D ( T ) = O  (-- . ,o~<z~<o),  (1) 

T ( - - ~ ) = T 0 ,  T(0 )=T, ,  ~dr/  = dz x=0 qs" (2) 

H e r e  T i s  t e m p e r a t u r e ,  h t he  h e a t  c o n d u c t i v i t y ,  

c t he  s p e c i f i c  h e a t ,  m t h e  m a s s  v e l o c i t y  of t h e  r e -  

a c t i o n  f r o n t ,  h t h e  t h e r m a l  e f f e c t  of t he  r e a c t i o n  in  

t he  k - p h a s e ,  a n d  (b (T) t h e  d e p e n d e n c e  of t h e  r a t e  of 

t h e  c h e m i c a l  r e a c t i o n  on  t e m p e r a t u r e .  We a s s u m e  

t h a t  t h e  r e a c t i o n  in  t h e  k - p h a s e  p r o c e e d s  a t  a c o n -  
s i d e r a b l e  r a t e  a t  t e m p e r a t u r e s  c l o s e t o  t he  t e m -  

p e r a t u r e  T s a t  t h e  g a s i f i c a t i o n  s u r f a c e .  T h i s  c o r -  
r e s p o n d s  to t h e  a s s u m p t i o n  of h i g h  a c t i v a t i o n  e n -  

e r g y  f o r  a n  A r r h e n i u s  r e l a t i o n  (~ (T).  

E q u a t i o n  (1) f o r m a l l y  c o i n c i d e s  w i t h  t h e  e q u a t i o n  

d e s c r i b i n g  t he  t h e r m a l  p r o c e s s e s  d u r i n g  c o m b u s t i o n  
of  a h o m o g e n e o u s  ga s  m i x t u r e  [10]. 

We wi l l  now o b t a i n  a n  a p p r o x i m a t e  e x p r e s s i o n  f o r  

t h e  m a s s  v e l o c i t y  m of  t he  f r o n t  b y  t h e  ZeP d o v i c h -  
F r a n k - K a m e n e t s k i i  m e t h o d .  D i v i d i n g  t h e  r e g i o n  of 

t e m p e r a t u r e  c h a n g e  i n t o  two s u b r e g i o n s  T O <_ T _< 

T~  a n d  T~ --- T - T s in  s u c h  a w a y  t h a t  h e a t  r e -  

l e a s e  c a n  be  n e g l e c t e d  in  t h e  f i r s t  s u b r e g i o n ,  a n d  
c o n v e c t i v e  h e a t  t r a n s f e r  c a n  b e  n e g l e c t e d  in  t h e  

s e c o n d ,  a n d  i n t e g r a t i n g  t h e  e q u a t i o n s  i n  e a c h  z o n e ,  

we c a n  d e r i v e  e x p r e s s i o n s  f o r  t h e  h e a t  f lux  on  t h e  
b o u n d a r y  of  t h e  s u b r e g i o n s .  

In t h e  f i r s t  s u b r e g i o n  

L ~xdT r~-o -~ mc (T~ - -  To) . (3) 

In t h e  s e c o n d  s u b r e g i o n  

T 
xar 

dx  T~ +0 

s 

__" 2 f - - [q~ -} -O(s ,e ) ]  '/', O ( s , e ) = 2 ~ h  ( I ) ( T ) d T . ( 4 )  
Tr 

F r o m  (3), (4) we f i nd  

[%~ T 0 (s, 8)1 '/' 
r f t - -  c (7/, - -  To) (5) 
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Making the a s s u m p t i o n  that the t e m p e r a t u r e  in -  
t e r v a l  in which heat  r e l e a s e  occur s  is na r row,  we 
exclude f rom (5) the indef in i te  quant i ty  Ts and obtain 
a fo rmula  for the m a s s  ve loc i ty  of the f ront  of a 
z e r o - o r d e r  e x o t h e r m i e  r eac t i on  in the k -phase  
{the ve loc i ty  of the gas i f i ca t ion  front) 

[qs 2 q- 0 (s, 0)] % 
m = ( 6 )  

c (T s - -  To) 

Under  condi t ions  of f l a m e l e s s  combus t ion  it is 
n e c e s s a r y  to a s s u m e  in fo rmula  (6) that qs - 0, 
c (T s - To) = Q. We will show that (6) can be de -  
r ived  by a somewhat  d i f fe ren t  method.  As before ,  
we divide the reg ion  of t e m p e r a t u r e  change into two 
s u b r e g i o n s ,  and a f t e r  i n t eg ra t ion  of the heat con= 
duct ion equat ion  in the f i r s t  subreg ion ,  we a r r i v e  at 
fo rmula  (3). 

The quant i ty  Q of heat  r e l e a s e d  in the second s u b -  
r eg ion  is 

T s 

O=-~- l 
Tt 

The t e m p e r a t u r e  g rad ien t  in the in t eg rand  is r e -  
p laced by i ts  mean  value  in the chemica l  r eac t i on  
zone ; then 

O (s, e) (7) 
mQ = q~ + ~ [dT / d x l T  ~ . 

On the o ther  hand, the heat r e l e a s e  in the r e a c -  
t ion zone is  

m q  ~ L d r  (8) 
dx T ~ - -  qo. 

Using f o r m u l a s  (3), (7), (8), we find an e x p r e s -  
s ion  for m a s s  ve loc i ty  m, which a f t e r  e l im ina t i on  of 
the indef in i te  quant i ty  T8 , as in the Ze l ' dov i c h -  
F r a n k - K a m e n e t s k i i  method,  a s s u m e s  the fo rm (6). 

Thus,  in d e r i v i n g  the fo rmu la  for the ve loc i ty  of 
the z e r o - o r d e r  r e a c t i o n  f ront  in the k -phase ,  the 
Z e l ' d o v i c h -  F r a n k - K a m e n e t s k i i  method and the 
method us ing a v e r a g i n g  of the t e m p e r a t u r e  g rad ien t  
in the r e a c t i o n  zone lead to an iden t ica l  r e su l t .  
Grad i en t  a v e r a g i n g  is  used below for f inding a f o r -  
mula  for the ve loc i ty  of a f i r s t - o r d e r  r e a c t i o n  f ront .  

It was shown in [ i1 ] that the a c c u r a c y  of the fo r -  
mula  for the f l ame  ve loc i ty  in a gas i n c r e a s e s  with 
d e c r e a s e  of the t e m p e r a t u r e  i n t e rva l  in which the 
c h e m i c a l  r e a c t i o n  p roceeds .  F o r m u l a  (6) a l so  pos -  
s e s s e s  this  p rope r ty .  

We in t roduce  the nota t ion 

T - -  To q~ ~,h(D (T) 
T , :  T --T~-~' p s :  T - - T o  ' m : m e ,  q)(T) -- T , ~ T o "  

In addi t ion,  bes ides  the funct ion T(x), we i n t r o -  
duce the funct ion p(T) = Xd~'/dx. Then (1) and the 
b o u n d a r y  condi t ions  (2) can be r e p r e s e n t e d  in the 
form 

dp 
p ~ - - -  ~)p + q~ (v) = 0, p(0) ~ 0, p (1) -- p~. (9) 

Here (p(r) 0 w h e n  0 <7  < ~ and r (z) :-0 when 
< r < l .  
In the in t e rva l  0 + ~ < E solut ion of (9) has the form 

p (~) = WT.  The upper  and lower bonds for ~ ,  which 
we denote by ~o + and oJ-, can be e x p r e s s e d  in t e r m s  
of the upper  and lower bonds for the o rd ina tes  of 
the cu rve  p (T) at the point r = e (p+ (e) and p- (~:)). 
To d e t e r m i n e  p+ (8) we will  c o n s i d e r  (9) in the in -  
t e rva l  e < ~- < 1. An upper  bond of the solut ion of 
(9), sa t i s fy ing  the condi t ion p (1) = Ps, on this in -  
t e rva l  is the solut ion of the equat ion p+ d p + / d r  = - 

- ~p(r) with the condi t ion  p+ (1) = Ps. ]It has the form 

I 

p+(T)= l p ~ + 2 ~ ( l , r ) l  '/' O(~,T)= i ( p ( t ) d t .  
-t 

There fo re ,  as an upper  bond for p (e) we can  take 

a)+ e-Jip~ b 20 ( l , 0) ]'/', p' (e) = [p~2 -b 2b (t, 0)]'/'. (10) 

The lower  bound of the so lu t ion  p(T) wil l  be the 
so lu t ion  of the equat ion 

d p - / d r  = o ) - - e p ( ~ )  /p+ (~), p - ( i )  = p , .  

It has the form p - ( T ) = - - ~ ( l - - ~ )  + V 2 0 ( l , T ) + P r  
Accordingly ,  the lower  bound for  w is 

p (e) -0~(l -e)  !-~z~d+-z~(l,e } 

It follows f rom the expl ic i t  fo rm of the upper  and 
lower  bounds for  oJ that  with d e c r e a s e  of the t e m -  
p e r a t u r e  i n t e rva l  within which the chemica l  r e a c -  
t ion occurs ,  that is ,  as e ~ 1, both bounds  tend to a 
s ing le  l imi t  

o) = V p J  + 2@ (t, 0). 

This  fo rmula  is obvious ly  equ iva len t  to (6). 
The de sc r i p t i on  of the chemica l  r eac t i on  in the 

k - pha se  in t e r m s  of z e r o - o r d e r  r eac t i on  k ine t i c s  is 
val id  only when the quant i ty  of heat r e l e a s e d  in the 
k -phase  is c o n s i d e r a b l y  l e s s  than the t h e r m a l  e f -  
fect of the r eac t i on  in the k -phase .  The phys ica l  
p ic tu re  c o r r e s p o n d s  more  p r e c i s e l y  to the as= 
sumpt ion  that  the r e a c t i o n  i n  the k-phase is  a f i r s t  - 
o r de r  r eac t i on .  

We now obtain a fo rmula  for the ve loc i ty  of p r o -  
pagat ion of a f i r s t - o r d e r  e x o t h e r m i c  r e a c t i o n  f ront  
in the k -phase  by a pp r ox i ma t e  in t eg ra t ion  with av -  
e r ag ing  of the t e m p e r a t u r e  g rad ien t  in the r e a c t i o n  
z o n e .  

The equat ions  d e s c r i b i n g  the s t a t i o n a r y  p r o p a -  
gat ion of a f i r s t - o r d e r  r eac t i on  front  in the k -phase  
in the case  of comple t ion  of the r eac t i on  as  x ~ ~ 
have the form 

d2T d T  
~. ~ - -  mc ~ + ha(D (T~ := 0, (11) 

da 
m d.d }-a(b(T) = 0 ,  - - . -~ ' .~:x~ : ~ ,  (12) 

T ( - -  o~) = To, . ( - -  ~ )  ~ a,,. 

T ( ~ ) =  7', T,,q h n o / c .  (13) 
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H e r e  a i s  t he  c o n c e n t r a t i o n ;  the r e m a i n i n g  n o -  
t a t i on  is  the  s a m e  as  b e f o r e .  

A f t e r  e l i m i n a t i n g  the  hea t  r e l e a s e  func t ion  f r o m  

e q u a t i o n s  (11), (12), ann i n t e g r a t i n g  b e t w e e n  the  l i m i t s  
-~o ,  x, we ob ta in  

c . ,  ~, d T  
a (:~) = n o - -  ~ (1 - -  T~) 4- (14) 

' .mh.  d x  " 

I n t e g r a t i n g  (11) in the  r e g i o n  T O _< T -< TE, in 
wh ich  h e a t  r e l e a s e  can  be  n e g l e c t e d ,  and u s i n g  the  
b o u n d a r y  c o n d i t i o n  a t  the  " c o l d "  b o u n d a r y ,  we  o b -  
ta in  (3) fo r  the  h e a t  f lux a t  the po in t  wi th  t e m p e r -  
a t u r e  T = T~;. 

In the  c a s e  of a f i r s t - o r d e r  r e a c t i o n ,  the  e q u a -  

t ion  fo r  the  q u a n t i t y  of h e a t  r e ] e a s e  in the  k - p h a s e  
has  the  f o r m  

.~q  = h ~ a (~)q) IT (x)l dx. (15) 

A f t e r  r e p l a c i n g  in (15) i n t e g r a t i o n  wi th  r e s p e c t  
to the  c o o r d i n a t e  by i n t e g r a t i o n  wi th  r e s p e c t  to 
t e m p e r a t u r e ,  t a k i n g  into  a c c o u n t  tha t  in th i s  c a s e  

Q = ha0, and s u b s t i t u t i n g  the  e x p r e s s i o n  fo r  a{x), 
g i v e n  by (14), we ob ta in  

In( lO = 

"1 "1 

�9 - - -  ~ - j  L d ~ J  q) (T) dT. ( 1 6 )  

Then  a v e r a g i n g  the  t e m p e r a t u r e  g r a d i e n t  o v e r  

the  r e a c t i o n  zone  in (16), j u s t  a s  in the  c a s e  of  the  
z e r o - o r d e r  r e a c t i o n  c o n s i d e r e d  a b o v e ,  f r o m  (3), 
(8), (1.6) fo r  the  v e l o c i t y  of the  r e a c t i o n  f r o n t  we 

f ind 

T ,  T j  1, 

m -- 1 ",;/' (I) (7') dT -i ?ii2h~ . 
T .  T,, 

(17) 

The  a c c u r a c y  of t h i s  f o r m u l a  can  be e s t i m a t e a  

a f t e r  f ind ing  e s t i m a t e s  fo r  m, t he  e i g e n v a l u e  of  
p r o b l e m  (11)-(13).  

In d e t e r m i n i n g  the  uppe r  and l o w e r  bounds ,  we 

c o n v e r t  f r o m  the  u n l ~ o w n  func t ion  T(x) to t he  f u n c -  
t ion  p (T) - k dT/dx ,  and we i n t r o d u c e  the  n o t a t i o n  

(,) = . tc ,  T (1' 1'o) / (T~ - -  To), q~ (*) = ;~cr (T). 

With (14) t a k e n  into  a c c o u n L  e q u a t i o n  (11), c o n d i -  
t i ons  (13) and f o r m u l a  (17) r e d u c e  to the  f o r m  

,lj, : :  ~0 ~2 (~) (l --  ~) q~(T) 
d~ to p(r)" ' 

p(O)~-O,  p ( I ) = 0  (0<T~<I) ,  

,o : -  [~(~ ,  o) 4 - 2 ~ ( i ,  0 ) p ,  

0)  - -  ( i s )  
o 

F i r s t  we wi l l  ob ta in  an uppe r  bound fo r  03. 

F o r  th is  p u r p o s e  we use  not  only  (18), but  a l s o  
the  equa t i on  

dp+___o)~. - qD(~)+(I--T)q~(T) p+ (0) == p + (l) : 0. (19) 
d T  p ~  

In v i e w  of the  p r o p e r t i e s  of q~(1-), in a c c o r d a n c e  
wi th  [12] i t  can  be  a s s e r t 3 d  tha t  (19) a l w a y s  has  a 
un ique  s o l u t i o n  p+(T, ,~+). 

We wi l l  now c o m p a r e  the  r e l a t i v e  pos i t i on  on 
the p l ane  p, 7 of the  c u r v e  p+ (% 03+) and the  i n t e -  
g r a l  c u r v e  (18), p a s s i n g  t h rough  the  poin t  p (1) = 
= 0, when 03 = 03+. It  can  be  s t a t e d  tha t  the  c u r v e  
p ( ? ,  034) p a s s e s  be low the  c u r v e  p+(% 03+), t ha t  i s ,  
p + ( ~ ,  03+) >_ p ( %  03+). 

In fac t ,  the  c u r v e  p+ (7, ~+) ,  i s s u i n g  f r o m  the 
po in t  p = 0, "r = 1 at  a l a r g e r  ang l e  than  the  c u r v e  
p (?, 03+) (T = 1, dp+/dT = - ~ ,  dp/d~- = - q0 (1)/03+), 

t h e r e a f t e r  canno t  i n t e r s e c t  the  l a t t e r ,  b e c a u s e  at  
the  po in t  of i n t e r s e c t i o n  we would  h a v e  d p + / d T _  
dp /dT .  But  th i s  i n e q u a l i t y  o c c u r s  only  i f  p+(7) > 03+. 
H o w e v e r ,  the  l a t t e r  r e l a t i o n  does  not  o c c u r .  

The  f o l l o w i n g  r e l a t i o n  b e t w e e n  the  o r d i n a t e s  at 
the  po in t  T = e fo l lows  f r o m  the  r e l a t i v e  p o s t i o n  of 
the  p+ 0-, 03+) and p (7, c0 +) c u r v e s  

p§ (~, c0~)> - 1~ (~, o) ~) . (20) 

As  po in t ed  out in [13] ,  the  v a l u e  p (e, 03) does  not  
d e c r e a s e  wi th  d e c r e a s e  of 03. It f o l l ows  f r o m  th i s  
p r o p e r t y  of the  p (~', w) c u r v e s  and the  i n e q u a l i t y  (20) 

tha t  the  e i g e n v a l u e  03 of  (18) s a t i s f i e s  t he  i n e q u a l i t y  
~ < 5 d  + . 

U s i n g  the  f o r m a l  a n a l o g y  of the  p r o b l e m  (19) to t he  
p r o b l e m  of the  p r o p a g a t i o n  of a z e r o - o r d e r  r e a c t i o n  
f r o n t  in the  k - p h a s e  c o n s i d e r e d  above ,  i t  i s  p o s s i b l e  
to w r i t e  an  e x p l i c i t  e x p r e s s i o n  fo r  the  uppe r  bound 
f o r  co 

r : :  J /2 ( t ( t ,0 )  -~ 2 9 (J. 0) . (21) 

We wi l l  now ob ta in  a l o w e r  bound f o r  03. We c o n -  
s i d e r  the  e q u a t i o n s  

0_(I, .) ._ i (1 .-~).'t, (~),l~ 0) $ 0)* J p (~, .)*) 
o 

(ol 5(t, ~)) _ ~(I, ()) o) . . . . . .  ~t (l. I0 ~(~, ~I) (22) 

H e r e  03* is  t he  e i g e n v a l u e  of  t he  p r o b l e m  (18). 
The  f i r s t  of e q u a t i o n s  (22) was  ob t a ined  by i n t e -  
g r a t i o n  of.(18),  wi th  the  b o u n d a r y  c o n d i t i o n s  t aken  
into  a c c o u n t .  

The  s e c o n d  of  e q u a t i o n s  (22) was  d e r i v e d  by the  
s u b s t i t u t i o n  of  co* into  the i n t e g r a n d  on the  r i g h t -  
hand s ide  of  the  f i r s t  of e q u a t i o n s  (22) in p l a c e  of 

t h e  func t ion  p ( %  03*). With  r e s p e c t  to p ( %  03"), t he  
s o l u t i o n  of  p r o b l e m  (18), i t  c an  be  a s s e r t e d  tha t  
p(03", T) < 03*. T h e r e f o r e ,  t h e  v a l u e  031, d e t e r m i n e d  
by  the  s e c o n d  of  e q u a t i o n s  (22), s a t i s f i e s  t h e  i n -  
e q u a l i t y  031 < 03". 

The  quan t i t y  031 is  s t i l l  not  the  l o w e r  bound fo r  
co*, s i n c e  i t s  e q u a t i o n  c o n t a i n s  w*. As  s u c h  an e s -  
t i m a t e  i t  i s  p o s s i b l e  to  u se  03-, d e t e r m i n e d  f r o m  the  
t h i r d  of e q u a t i o n s  (22) 
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(o- = } /~- ( t ,  0) + ~ (1, 0). (23) 

This  a s s e r t i o n  fo l lows f rom a c o m p a r i s o n  of the 
s econd  and t h i r d  of equa t ions  (22). In fact ,  l e t  us 
p o s t u l a t e  the oppos i t e .  A s s u m e  w -  > w*; then the 
r i g h t - h a n d  s ide  of (22) is  s m a l l e r  than the r i g h t -  
hand s ide  of the  s econd  of equa t ions  (22), and w 1 > 
> .~*, which c o n t r a d i c t s  the p r e v i o u s l y  e s t a b l i s h e d  
inequality w 1 < w*. 

Thus, the quantity w*, proportional to the velocity 
of propagation of a first-order exothermic reaction 
front in the k-phase, lies in the range 

0~- ~ co* ~ (~. (24) 

The values w + and w-are given by (21), (23). It 
can be seen that the value of w, given by (18), which 
was obtained by averaging the temperature gradient 
in the combustion zone, lies within the mentioned 
limits. We note that the formula for the velocity of a 
polymerization front, established in [3], leads to 
velocity values falling within the determined bounds. 

If it is assumed that in equations (11), (12) the 
rate constant of the chemical reaction has the form 

(T) = B exp(-E/RT), after substitution into (17) 
and approximate integration by the Frank-Kamen- 
etskii method we obtain 

m ~  _ BERT~ ~ - -  E 
hE exp ~T, " (25) 

When the processes in the k-phase constitute the 

first stage of a multistage combustion process and 

the k-phase occupies the region -:r < x -< 0, in de- 

riving the formula for the velocity of the reaction 

front it is necessary to use as a point of departure 

equations (II), (12) with other boundary conditions, 
which in this case have the form 

T (-- ~) = T0, a (-- ~) = ,~o ,  

dY 
T (0) = T~, )~ ~ = q~ 

x ~ O  
(26) 

Here  qs is  the hea t  f lux f rom the p r o d u c t s  of 
g a s i f i c a t i o n  in the  k - p h a s e .  Using  the s y s t e m  of 
equa t ions  (11), (12) with the b o u n d a r y  cond i t ions  
(26), by a p p r o x i m a t e  i n t e g r a t i o n  with a v e r a g i n g  of 
the  t e m p e r a t u r e  g r a d i e n t  in the r e a c t i o n  zone i t  is  
p o s s i b l e  to obta in  the fo l lowing  a l g e b r a i c  equa t ion  
fo r  the m a s s  v e l o c i t y  m of the r e a c t i o n  f ront ,  tha t  
i s ,  the g a s i f i c a t i o n  r a t e :  

qs  

T s T s 

4- ha,,; 1") (I) 

To :t'o 

(27) 

We note tha t  our  f o r m u l a s  fo r  the  v e l o c i t y  of the 
f ron t  of z e r o -  (6) and f i r s t - o r d e r  r e a c t i o n s  (27) in 
the k - p h a s e  we re  d e r i v e d  on the a s s u m p t i o n  tha t  the 
t e m p e r a t u r e  at  the g a s i f i c a t i o n  s u r f a c e  is  a given 
quant i ty  ( T s - r e g i m e  [12, 13]). As po in ted  out in [13] ,  
a no the r  f o r m u l a t i o n  of the p r o b l e m  of the p r o p a -  
ga t ion  of an  e x o t h e r m i e  r e a c t i o n  f ront  in the k - p h a s e  
in the p r e s e n c e  of g a s i f i c a t i o n  ( Q - r e g i m e )  is  p o s -  
s i b l e .  The p r o b l e m  of d e t e r m i n i n g  the v e l o c i t y  of 
the r e a c t i o n  f ront  in th is  r e g i m e  is  not c o n s i d e r e d  
in th i s  p a p e r .  
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