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The  p r o b l e m  of d e t e r m i n i n g  in p r a c t i c e  the ef fec t  of  a zone  o f  c h e m i c a l  t r a n s f o r m a t i o n  on the 
c o m b u s t i o n  r a t e  i s  d i s c u s s e d .  W o r k i n g  r e l a t i o n s  a r e  p r e s e n t e d  and t h e i r  e f f e c t i v e n e s s  i s  d e m -  
o n s t r a t e d  on s p e c i f i c  e x a m p l e s .  

Whi le  the c o m b u s t i o n  of  gunpowder  and e x p l o s i v e s  has  been  t r e a t e d  in a n u m b e r  of w o r k s  [1-10],  the 
r e a c t i o n s  invo lved  have  been  m o s t  c o m p l e t e l y  t r e a t e d  in  a t h e o r e t i c a l  s c h e m e .  P r a c t i c a l  so lu t i ons  of the  p r o b -  
l em of the  e f f ec t  o f  i nd iv idua l  zones  of c h e m i c a l  t r a n s f o r m a t i o n  on the c o m b u s t i o n  r a t e  in  the  s y s t e m  have  been  
l i m i t e d  to e s t i m a t e s  of the t h e r m a l  c o n t r i b u t i o n s  o f  v a r i o u s  p h a s e s  - the gas  p h a s e  and the c o n d e n s e d  p h a s e .  

The p r e s e n t  p a p e r  adop t s  a s o m e w h a t  d i f f e r e n t  a p p r o a c h  to th is  p r o b l e m ,  by m e a n s  of which ,  fo r  a known 
h e a t - l i b e r a t i o n  funct ion ,  i t  i s  p o s s i b l e  to d e t e r m i n e  not  only  the e f f e c t s  of the g a s  and c o n d e n s e d  p h a s e s ,  but  
a l s o ,  in  g e n e r a l ,  the e f fec t  of any zone of t r a n s f o r m a t i o n  of g iven  ex ten t .  

We c o n s i d e r  the c a s e  of a s t e a d y - s t a t e  e x o t h e r m i c  r e a c t i o n  in a h o m o g e n e o u s  m e d i u m .  A s s u m i n g  the 
f r o n t  c o r r e s p o n d i n g  to the o n s e t  of r e a c t i o n  to be  p l a n e ,  we i n t r o d u c e  a s y s t e m  of  c o o r d i n a t e s  (axis  Ox) such  
that  the po in t  x = 0 s e r v e s  as  the p r o j e c t i o n  of  the f ron t .  Th i s  c a s e  c o r r e s p o n d s  to a s t e a d y  d i s t r i b u t i o n  in 
s p a c e  of the v a l u e s  o f  the v o l u m e  r a t e  of  h e a t  l i b e r a t i o n ,  g iven  by s o m e  func t ion  ~(x) .  

We wi l l  c a l c u l a t e  the d e s i r e d  h e a t - f l u x  d i s t r i b u t i o n  funct ion  @(x) in  the r e g i o n  x _> 0. Then the h e a t -  
conduc t ion  equa t ion  can  be w r i t t e n  in the f o r m  

d c~u 
d--~ q (x) - -  ~, q (x) + �9 (x) = 0 (1) 

w i th  b o u n d a r y  cond i t ion  x = 0~ q = 0. 

We so lve  Eq.  (1) to g ive  

x 

(2) 

H e r e  we a s s u m e  w e a k  v a r i a t i o n s  in c/X [11]. 

In p a r t i c u l a r ,  a t  the p o i n t  x = 0, i~  at  the f r o n t  c o r r e s p o n d i n g  to o n s e t  of  the e x o t h e r m i c  r e a c t i o n ,  the 
h e a t  f lux  i s  

0 

This  h e a t  f lux  leads :  to an  i n c r e a s e  in  t e m p e r a t u r e  of the s t a r t i n g  m a t e r i a l  in  the r e g i o n  x < 0 f r o m  an 
in i t i a l  va lue  T i to s o m e  e r i t i c a l  v a l u e  T o a t  whieh  a s e l f - p r o m o t i n g  e x o t h e r m i c  r e a c t i o n  beg ins ;  i .e~ i t  i s  con-  
s u m e d  p r e l i m i n a r i l y  by  the c h e m i e a l  t r a n s f o r m a t i o n  p r o c e e d i n g  a t  c o n s t a n t  r a t e  u of  a l a y e r  of the s t a r t i n g  
m a t e r i a l .  H e n c e  
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q (o) = cou (To - T i). 

Equat ing  the e x p r e s s i o n s  f o r  q(0) in Eqs .  (3) and (4), we ob ta in  

(4) 

Sexp  [ - - c p ~ U x ] C o ( x ) d x  

u 0 (5) 
co (To - Ti ) 

and h e n c e ,  i f  the t h e r m o p h y s i c a l  p r o p e r t i e s  of  the m e d i u m  and the func t ion  ~ (x) a r e  known, the c o m b u s t i o n  
r a t e  can  be d e t e r m i n e d  by s u c c e s s i v e  a p p r o x i m a t i o n .  

The exponen t i a l  e x p r e s s i o n  u n d e r  the i n t e g r a l  s ign  i s  a G r e e n ' s  funct ion  and can  be c a l l e d  the in f luence  
func t ion .  Th i s  t e r m  g i v e s  a s u f f i c i e n t l y  a c c u r a t e  i d e a  of i t s  p h y s i c a l  m e a n i n g .  In  f ac t ,  i t s  v a l u e  a t  each  poin t  
d e t e r m i n e s  that  f r a c t i o n  of the h e a t  l i b e r a t e d  which i s  c o n s u m e d  in  the p r e l i m i n a r y  hea t ing  of  the s t a r t i n g  
m a t e r i a l  that  e u s u r e s  the  o n s e t  of  c o m b u s t i o n .  In o t h e r  w o r d s ,  the n u m e r i c a l  va lue  at  each  po in t  x i s  the 
c h a r a c t e r i s t i c  e f f i c i ency  of the  r e a c t i v e  l a y e r  dx.  Th i s  func t ion  i s  uni ty  at  x = 0 and f a l l s  s t e a d i l y  a s  x i n -  
c r e a s e s .  Th i s  m e a n s  tha t ,  a s  the z o n e s  of  c h e m i c a l  t r a n s f o r m a t i o n  b e c o m e  e v e r  m o r e  d i s t a n t  f r o m  the e x o -  
t h e r m i c - r e a c t i o n  f ron t ,  they b e c o m e  p r o g r e s s i v e l y  l e s s  ~useful"  fo r  p r o p a g a t i n g  the f l a m e .  The  r a t e  of  
d e c r e a s e  of the i n f luence  funct ion  i s  l a r g e r  i f  the r a t e  of c o m b u s t i o n  of the k - s y s t e m  i s  h ighe r ;  with i n c r e a s e  
in the h e a t - c o n d u c t i o n  of  the  m e d i u m  i t  d e c r e a s e s ,  s i n c e  h e a t  t r a n s f e r  a t  the po in t  x = 0 f r o m  m o r e  d i s t a n t  
r e g i o n s  o f  the f l a m e  b e c o m e s  p o s s i b l e .  Some  d i s t a n c e  f r o m  the e x o t h e r m i c - r e a c t i o n  f r o n t  the hea t  l i b e r a t i o n  
has  v i r t u a l l y  no e f f ec t  on the  r a t e  of c o m b u s t i o n ,  s i n c e  the d e r i v a t i v e  of  the  func t ion  e ~ p [ - ( c p u / ~ ) x ]  ~(x) i s  
c l o s e  to z e r o .  We deno te  th is  d e r i v a t i v e  by F(x) .  The r e g i o n  i n s i d e  which  F(x) i s  n o n z e r o  can  be ca l l ed  the 
in f luence  zone ,  fo l lowing  [7]. 

If the a r e a  of  h e a t  l i b e r a t i o n  i s  d iv ided  into s u b r e g i o n s  of  a r b i t r a r y  ex ten t ,  the  t h e r m a l  c o n t r i b u t i o n  m a d e  
by each  s u b r e g i o n  in p r e p a r i n g  the s t a r t i n g  m a t e r i a l  fo r  r e a c t i o n  m a y  be  d e t e r m i n e d ,  i . e . ,  the e f fec t  of the 
s u b r e g i o n  on the c o m b u s t i o n  r a t e  m a y  be found~ If  the s u b r e g i o n s  a r e  of  equa l  ex t en t  Ax, then the s u b r e g i o n  
that  h a s  the g r e a t e s t  e f fec t  on the c o m b u s t i o n  r a t e  wi l l  ev iden t l y  be  that  in which the i n t e g r a l  of F(x) o v e r  the  
i n t e r v a l  Ax  has  the  l a r g e s t  v a l u e .  

In the p a r t i c u l a r  c a s e  of h e a t  l i b e r a t i o n  c o n c e n t r a t e d  in a n a r r o w  zone ,  a s  in Ya.  B. Z e l ' d o v i c h ' s  m o d e l ,  
the v a l u e  of the exponen t  in the l i m i t s  o f  the h e a t - l i b e r a t i o n  s u b r e g i o n s  i s  ve ry  c l o s e  to un i ty ,  and  the c o m b u s -  
tion r a t e  is  d e t e r m i n e d  by the m a x i m u m  h e a t  l i b e r a t i o n  ~(X)o In f ac t ,  s e t t i ng  the in f luence  func t ion  equa l  to 
uni ty  in  Eq.  (5) and  t r a n s f o r m i n g  a s  in [12], we ob ta in  

.f �9 (x) dx 
0 OmaxAXeff (])max ~ (RT~/E) 

u -- cp (T O -- Ti) --~ cp (T O -- Ti) -- c~p2u (To --  Ti) (':re-- Ti) ' (6) 

w h e r e  AXef f i s  the e f f e c t i v e  wid th  of  the r e a c t i o n  zone;  T c i s  the c o m b u s t i o n  t e m p e r a t u r e ;  E i s  the a c t i v a t i o n  
e n e r g y .  A s s u m i n g  f u r t h e r  that  T0-T i = T c - T  i ( this a s s u m p t i o n  ho lds  fo r  the  c a s e  o f  a n a r r o w  c o m b u s t i o n  zone) ,  
we ob ta in  Z e l ' d o v i c h ' s  e x p r e s s i o n  f o r  the c o m b u s t i o n  r a t e ,  d i f f e r ing  f r o m  the u s u a l l y  quoted  f o r m  by a f a c t o r  

u = 1 /  X(I) maxRT~ 

[cp (T c -  T i )]~ E 

It  i s  i n t e r e s t i n g  to note  that  the  in f luence  funct ion  i s  of  the s a m e  f o r m  a s  the exponent  d e t e r m i n i n g  the 
t e m p e r a t u r e  p r o f i l e  in  the p r e l i m i n a r y - h e a t i n g  zone x < 0, 

T ( x ) = T i  +(To--Ti)exp [ cp_~u x] .  (7) 

Thi s  a g r e e m e n t  i s  not  a m a t t e r  of  chance ,  but  h a s  a p h y s i c a l  e x p l a n a t i o n .  W h e r e a s  the f i r s t  func t ion  ex -  
p r e s s e s  the e f f i c i e n c y  of  the  v a r i o u s  hea t  s o u r c e s  in the  r e g i o n  x > 0 wi th  r e s p e c t  to a f ixed  po in t  x = 0, the 
second  e x p r e s s e s  the e f f i c i ency  o f  a f ixed  s o u r c e  a t  the p o i n t  x = 0 fo r  v a r i o u s  p o i n t s  in  the r e g i o n  x < 0. 
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Fig. 2 

(a, b ,  r e s p e c t i v e l y )  h e a t  l i b e r a t i o n  
in c o m b u s t i o n  zone of n i t r o g l y c e r i n e  p o w d e r  f o r  i n i t i a l  t e m p e r a t u r e s  + 120~ (curve  
A) and 0~ (curve  B) and p r e s s u r e  19.6 �9 105 N / m  2. x .  103, m; ~ .  10 -9,  J / m  3. s e c .  

F i g .  2. E f fec t  of i n i t i a l  t e m p e r a t u r e  on the f r a c t i o n a l  p a r t i c i p a t i o n  of the k - p h a s e  
in  the  f o r m a t i o n  of  a p r e h e a t e d  l a y e r  in the c o m b u s t i o n  of  n i t r o g l y c e r i n e  p o w d e r  a t  
a p r e s s u r e  of  19.6 ~ 105 N / m  2. T ,  ~ K,  %. 

Tak ing  accoun t  of Eq.  (7), we can w r i t e  Eq.  (5) in  the f o r m  

SIT ( - -  x) - -  T i ]  (x) q) dx 
0 

u = cp (T O - -  T i )2 (8) 

This  r e l a t i o n  m a y  p r o v e  u se fu l  in p r a c t i c e ,  s i n c e  a t  p r e s e n t  f inding the funct ion @ (x) i n v o l v e s  ob ta in ing  
the t e m p e r a t u r e  p r o f i l e  T(x) ,  knowledge  o f  which  in the f o r m  of  an o s c i l l o g r a m ,  fo r  e x a m p l e ,  a l l o w s  the in f lu -  
ence  zone to be  d e t e r m i n e d  wi thout  the need  to c a l c u l a t e  v a l u e s  of the  exponen t  a t  a l a r g e  n u m b e r  of p o i n t s .  

To i l l u s t r a t e  the p r a c t i c a l  u se  of Eqs .  (5) o r  (8), we s h a l l  a n a l y z e ,  a s  an e x a m p l e ,  e x p e r i m e n t a l  r e s u l t s  
[13] ob ta ined  f o r  n i t r o g l y c e r i n e  p o w d e r  bu rn ing  a t  a p r e s s u r e  o f  19.6 �9 105 N/m 2 and in i t i a l  t e m p e r a t u r e s  of 
- 1 4 0 ~  0~ and + 120~ E f f e c t i v e  e x o t h e r m i c  r e a c t i o n  i s  a s s u m e d  to b e g i n  a t  a t e m p e r a t u r e  T O = + 150~ 

[141. * 

In F i g .  1, g r a p h s  o f  the funct ion  r  a r e  shown for  two i n i t i a l  t e m p e r a t u r e s :  T i = + 120~ (curve  A) and 
T i = 0~ (curve  B).  The  g r a p h s  o f  F(x)  a t  the s a m e  t e m p e r a t u r e s  a r e  a l so  shown ( c u rve s  a and  b, r e s p e c t i v e l y ) .  
The a r e a  bounded by c u r v e s  a and  b (shaded)  c o r r e s p o n d s  to the p a r t  of the h e a t  c o n s u m e d  in the p r e l i m i n a r y  
hea t i ng  o f  the s t a r t i n g  m a t e r i a l .  As  s e e n  f r o m  F ig .  1, "use fu l "  h e a t  a ccoun t s  fo r  only  a s m a l l  f r a c t i o n  of  the 
to ta l  hea t  l i b e r a t i o n  ( c o r r e s p o n d i n g  to t h e  a r e a  bounded by the c u r v e s  A and B)o D i r e c t  c a l c u l a t i o n  shows  that  
the u se fu l  p o r t i o n  a m o u n t s  to 29% f o r  T i = -140~ 8% for  T i = 0~ and only  1% f o r  T i = § 120~ 

It i s  a l s o  ev iden t  tha t  the  s e c o n d  m a x i m u m  of hea t  l i b e r a t i o n  shows  s o m e  in f luence  on the c o m b u s t i o n  
r a t e  a t  T i = 0~ but  a t  T i =  120~ i t s  in f luence  is  n e g l i g i b l e .  

The e x t e n t  o f  the  i n f luence  zone i s  s u f f i c i e n t l y  c l e a r  in  F i g .  1; h = 0.16 m m  f o r  T i = 0~ h = 0.08 m m  
for  Ti = +120~ F o r  c o m p a r i s o n ,  i t  i s  a p p r o p r i a t e  to g ive  the m a g n i t u d e  of the in f luence  zone d e t e r m i n e d  ex -  
p e r i m e n t a l l y  in  [7] f o r  c o m b u s t i o n  a t  p r e s s u r e  29.4 �9 105 N / m  2 in a s p e c i a l  l a m i n a r  s y s t e m .  The in f luence  zone  
was  0.20 m m .  

In F i g .  2, e s t i m a t e d  v a l u e s  of the t h e r m a l  c o n t r i b u t i o n  of the k - p h a s e  f o r  d i f f e r e n t  i n i t i a l  t e m p e r a t u r e s  o f  
the n i t r o g l y c e r i n e  a r e  shown.  T h e  f r a c t i o n a l  c o n t r i b u t i o n  of  the k - p h a s e  i s  deno ted  by K and e x p r e s s e d  in p e r -  
cen t .  I t  i s  ev iden t  f r o m  F i g .  2 tha t ,  a s  the i n i t i a l  t e m p e r a t u r e  r i s e s ,  the k - p h a s e  s u p p l i e s  an  e v e r  l a r g e r  f r a c -  
t ion of the  n e c e s s a r y  hea t .  F r o m  the g r a p h ,  the v a l u e  of  the i n i t i a l  t e m p e r a t u r e  a t  which the c o n t r i b u t i o n  of  the  
k - p h a s e  beg in s  to p r e d o m i n a t e  w a s  found to be  - 7 5 ~  wh ich  i s  in  s a t i s f a c t o r y  a g r e e m e n t  wi th  the r e s u l t s  o f  

*In  [14] i t  w a s  r e p o r t e d  that ,  beg inn ing  a t  + 120~ t h e r e  w a s  a change  in  s t a t e  o f  the  n i t r o g l y c e r i n e  (gas bubb l e s  
w e r e  r e l e a s e d ,  the v o l u m e  i n c r e a s e d ,  and  on coo l ing  a p o r o u s  m a s s  was ob t a ine d ) ,  but  v i g o r o u s  l i b e r a t i o n  of  
n i t r o g e n  began  only  on  hea t i ng  to 150-160~ 
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[15]. In [15] the temperature at which a discontinuity appeared in the curve of the temperature coefficient of 
combustion rate against the initial temperature of the material was taken as the point at which the k-phase 
began to predominate. 

It should be noted that, according to our analysis, only two phases have an effect on the combustion rate: 
the condensed phase and the smoky-gas phase. The gas phase plays a negligible role, which confirms direct 
experiments showing little change in the powder combustion rate when the gas-phase reactions were profoundly 
inhibited [16]. 

NOTATION 

c, specific heat, J /kg 'deg ;  E, activation energy, J/mole;  q, heat flux, W/m2; R, universal gas constant, 
J /deg 'mo le ;  T, temperature,  ~ u, combustion rate, m/sec;  x, coordinate, m; X, coefficient of thermal conduc- 
tivity of the medium, W/m "deg; ~, variable of integration, m;p,  density, kg/m3; @, rate of volume heat libera- 
tion, J/m3. sec. Indices: e, combustion; i, initial value; 0, crit ical value; eff, effective value; max, maximum 
value. 
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