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At present, the study of solid-propellant ignition is of particular 
interest owing to the adoption of hybrid motors [1-3]. The status of 
experimental and theoretical research in this field can be evaluated 
on the basis of the rather extensive survey of American papers in [2]. 
It is noteworthy that a common deficiency in available references 
is the absence of exact ignition criteria; in most cases the propellant 
is assumed to have ignited when its surface temperature reaches apre- 
scribed level (gasification temperature), or when the rate at which 
the temperature increases with time at the propellant surface is suffi- 
ciently high. Exact criteria for this rate, however, are not given. 
In this article, we present ignition criteria for solid propellants 
and these are based on a diffusion-burning model. It is shown that 
for a diffusion flame to exist above the propellant surface, two con- 
ditions must be satisfied simultaneously: l) the propellant surface 
temperature must equal the gasification temperature for that propel- 
lant and 2) the temperature gradient at the surface must be smaller 
than some value which depends on the kinetics of the chemical reac- 
tion in the diffusion flame and on the rate of oxidizer input to the 
propellant surface during burning. 
Two ignition techniques are examined as examples: ignition by 
hot gases or radiant heat flow and ignition by means of an active fihn 
which reacts with a cold oxidizer; the film is applied to the propellant 
surface prior to ignition. 

1. C o n d i t i o n s  n e c e s s a r y  f o r  i g n i t i o n .  We  s t a r t  b y  
d e t e r m i n i n g  t h e  c o n d i t i o n s  n e c e s s a r y  f o r  t h e  i g n i t i o n  

of  a s o l i d  p r o p e l l a n t .  We  a s s u m e  t h a t  t he  p r o p e l l a n t  

h a s  i g n i t e d  w h e n  t h e  p r o d u c t s  of g a s i f i c a t i o n  a n d  a n  

o x i d i z e r  f l o w i n g  o v e r  t h e  p r o p e l l a n t  s u r f a c e  f o r m s  a 

d i f f u s i o n  f l a m e  a b o v e  t h e  p r o p e l l a n t  s u r f a c e  [4]. W e  

a s s u m e  t h a t  t h e  f l a m e  i s  c l o s e  to  t h e  p r o p e l l a n t  s u r -  

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

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

to  b e  o n e - d i m e n s i o n a l .  F i g u r e  1 s h o w s  a s c h e m a t i c  

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

t a n c e  l 0 f r o m  t h e  s o l i d - p r o p e l l a n t  s u r f a c e ,  a s  w e l l  a s  

t h e  d i s t r i b u t i o n s  of t h e  t e m p e r a t u r e  T,  t h e  fue l  c o n -  

c e n t r a t i o n  b ,  a n d  t h e  o x i d i z e r  c o n c e n t r a t i o n  a a t  t h e  

p r o p e l l a n t  s u r f a c e .  
In a c c o r d a n c e  w i t h  t h e  a s s u m p t i o n s  of t he  B u r k e -  

S c h u m a n n - Z e l ' d o v i c h  m o d e l  [5, 6] we  a s s u m e  t h a t  t h e  
p r o p e l l a n t  and  o x i d i z e r  c o n c e n t r a t i o n s  a r e  z e r o  in  t h e  

d i f f u s i o n  f l a m e  and  t h a t  t h e i r  i n f l o w s  to t h e  f l a m e  a r e  

in  s t o i c h i o m e t r i c  p r o p o r t i o n .  T h e s e  c o n d i t i o n s  a r e  

m o s t  g e n e r a l  a n d  d e r i v e  s o l e l y  f r o m  t h e  a s s u m p t i o n  
t h a t  t h e  k i n e t i c  r e s i s t a n c e  i s  s m a l l  a s  c o m p a r e d  w i t h  

t h e  d i f f u s i o n  r e s i s t a n c e .  
B o t h  s t e a d y - s t a t e  and  t r a n s i e n t  p h a s e s  of b u r n i n g  

in  t h e  d i f f u s i o n  f l a m e  a b o v e  t h e  p r o p e l l a n t  s u r f a c e  w i l l  
b e  e x a m i n e d .  T r a n s i e n t  i s  u n d e r s t o o d  to m e a n  t h e  
b u r n i n g  p h a s e  w h e r e  t h e  d e p t h  of t h e  h e a t e d  l a y e r  in  

t h e  p r o p e l l a n t  d o e s  no t  c o r r e s p o n d  to i t s  b u r n i n g  r a t e .  
I t  w i l l  b e  s h o w n  b e l o w  t h a t ,  i n  t h i s  c a s e ,  t h e  t e m p e r -  
a t u r e  in  t h e  d i f f u s i o n  f l a m e  d i f f e r s  f r o m  t h e  s t e a d y -  

s t a t e  t e m p e r a t u r e .  
T h e  c o n d i t i o n  of  i n s t a n t a n e o u s  a d a p t a t i o n  of t h e  

p r o c e s s e s  in  t h e  g a s  p h a s e  to t h e  s u r f a c e  s t a t e  of t h e  
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thermal layer in the propellant (a condition widely used 

in the theory of burning of powders and compacted ex- 
plosives [7]; a necessary and sufficient condition for 
its applicability is a sufficiently small ratio of the gas 
density to the density of the solid material) will be 
used in the analysis of the heat and mass transfer 

processes between the surface of the burning propellant 
and the diffusion flame. In this case, steady-state re- 
lations for burning in the gas phase can also be used 
for nonsteady burning conditions. 

We write the condition for fuel-flow conservation 

b e t w e e n  t h e  s u r f a c e s  x = - 0  a n d  x '= l 0 + 0, a n d  t a k e  

in to  a c c o u n t  t h e  r e l a t i o n  b e t w e e n  t he  fue l  a n d  o x i d i z e r  

f l o w s  in  t h e  d i f f u s i o n  f l a m e ,  o b t a i n i n g  

Plul = ~ h  . (1.1) 

H e r e ,  Pl i s  t h e  p r o p e l l a n t  d e n s i t y ,  u s i s  t h e  b u r n i n g  
r a t e ,  j i s  t h e  o x i d i z e r  f low to t h e  d i f f u s i o n  f l a m e ,  and  

i s  t h e  s t o i c h i o m e t r i c  r a t i o .  T h e  m a s s  f low of t h e  o x -  

i d i z e r  to t h e  f l a m e  i s  d e f i n e d  by  t h e  h y d r o d y n a m i c  c o n -  

d i t i o n s  of t h e  o x i d i z e r  f low p a s t  t h e  b u r n i n g  p r o p e l l a n t .  

N a m e l y  

] : ]3a0, (1.2) 

w h e r e  a 0 i s  t h e  o x i d i z e r  c o n c e n t r a t i o n  a t  a p o i n t  r e -  

m o v e d  f r o m  t h e  p r o p e l l a n t ,  w h i l e  t h e  m a s s  t r a n s f e r  

c o e f f i c i e n t  fi c a n  b e  c a l c u l a t e d  f r o m  t h e  d i m e n s i o n l e s s  
r e l a t i o n  b e t w e e n  t h e  N u s s e l t  n u m b e r s ,  t h e  R e y n o l d s  

n u m b e r s ,  t h e  P r a n d t l  n u m b e r s ,  and  t h e  r a t i o  of t h e  
g a s  d i s c h a r g e  v e l o c i t y  of t h e  p r o p e l l a n t  to  t h e  o x i d i z e r  

l o n g i t u d i n a l  f low r a t e .  

R e l a t i o n  (1.1) d e f i n e s  t h e  b u r n i n g  r a t e  of t h e  p r o -  
p e l l a n t ,  w h i c h  i s  i n d e p e n d e n t  of t he  s t a t e  of t he  t h e r -  

m a l  l a y e r  ( i . e . ,  i t  i s  t h e  s a m e  f o r  s t e a d y - s t a t e  and  

n o n s t e a d y  b u r n i n g ) .  

L e t  u s  now w r i t e  t he  c o n d i t i o n  f o r  t h e r m a l  e n e r g y  

f lux  c o n s e r v a t i o n  

~] ( c t G  + q )  - -  ~ d  = 1~ = ~ ( L  - T0), 

(/=_ OT/Or. k~=o) ' (1.3) 
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where c I and kt are the specific heat and thermal c o n -  

d u e t i v i t y  of t he  so l i d  p r o p e l l a n t ,  T s i s  i t s  s u r f a c e  t e m -  

p e r a t u r e ,  ( g a s i f i c a t i o n  t e m p e r a t u r e ) ,  f i s  the  t e m p e r -  

a t u r e  g r a d i e n t  at the  s u r f a c e  (F ig .  1), Q is  the  to t a l  

t h e r m a l  e f f e c t  p e r  uni t  p r o p e l l a n t  m a s s ,  equa l  to the  

d i f f e r e n c e  b e t w e e n  the  t h e r m a l  e f f e c t  of t he  r e a c t i o n  
of t he  p r o d u c t s  of g a s i f i c a t i o n  wi th  the  o x i d i z e r  in the  
d i f fus ion  f l a m e  and the  g a s i f i e a t i o n  h e a t  of the  p r o p e l -  
[ant ,  and jq is the h e a t  r e l e a s e d b y  the d i f fu s ion  f l a m e  to 

the  gas  f low,  w h i c h  is  de f i ned  by the  h e a t - t r a n s f e r  c o -  
e f f i c i e n t  R, c a l c u l a t e d  f r o m  the  h y d r o d y n a m i c  c o n d i -  
t i ons  of t he  g a s  f low p a s t  t he  p r o p e l l a n t  and a l s o  by 
the  d i f f e r e n c e  b e t w e e n  the  d i f f u s i o n - f l a m e  t e m p e r a t u r e  

T r and the  e x t e r n a l  f low t e m p e r a t u r e  T e. 
F o r  s t e a d y - s t a t e  b u r n i n g  

h i  ~ = v i c e ( r ,  - To) (1.4) 

(the superscript ~ refers to quantities in the case of 
steady-state burning), while, from (1.3), the steady- 

state flame temperature is defined as 

o;(Tr ~ -- T~) = v j ( C l T  o + Q) = ~ a o ) ( C l T o  + Q) (1.5) 

(as d i s t i n c t  f r o m  the  d i f f u s i o n  f l a m e  e x a m i n e d  by 

Z e l ' d o v i e h  [6], t he  t e m p e r a t u r e  of  s t e a d y - s t a t e  b u r n -  
ing is h e r e ,  g e n e r a l l y  s p e a k i n g ,  not  equa l  to the  b u r n -  
ing t e r n p e r a t u r e  of a s t o i c h i o m e t r i c  f u e l - o x i d i z e r  
m i x t u r e ,  but r a t h e r  is  de f ined  by the  r e l a t i o n s h i p  b e -  

t w e e n  the  i n t e n s i t i e s  of h e a t  and m a s s  t r a n s f e r  at the  
p r o p e l l a n t  s u r f a c e .  An a n a l o g o u s  s i t u a t i o n  a r i s e s ,  fo r  
e x a m p l e ,  d u r i n g  c a t a l y t i c  o x i d a t i o n  of h y d r o g e n  on a 
p l a t i n u m  f i l a m e n t ,  w h e r e ,  owing  to the  d i f f e r e n c e  b e -  
t w e e n  the  c o e f f i c i e n t s  of d i f fus ion  and t h e r m a l  d i f fu -  

s i v i t y ,  the f i l a m e n t  t e m p e r a t u r e  d i f f e r s  a p p r e c i a b l y  
f r o m  the c o m b u s t i o n  t e m p e r a t u r e  [5]). U s i n g t h e  t e m -  

p e r a t u r e  T r ,  we i n t r o d u c e  the d i m e n s i o n l e s s  v a r i a b l e s  

O T- To V/Cl 
Tr ~  ' ~ ~ ~ Z . (1.6) 

R e l a t i o n  (1.3), wh ich  a l so  ho ld s  f o r  n o n s t e a d y  b u r n -  
ing,  t a k e s  the  f o r m  

q ~ ~  = m ( % , -  t )  m .= ~ q0 ~ Ts -- To w=~-, = :  0s--  ' ) (1.7) Tr o To 

w h e r e  cp is  the d i m e n s i o n l e s s  t e m p e r a t u r e  g r a d i e n t  
a t  the  s u r f a c e , ~  ~ is the g r a d i e n t  f o r  s t e a d y  b u r n i n g ,  

and Or is  the n o n s t e a d y  t e m p e r a t u r e  of  the d i f fu s ion  
f l a m e .  

R e l a t i o n  (1.7) d e f i n e s  the  d i f f u s i o n  f l a m e  t e m p e r a t u r e  
f o r  a g i v e n  s t a t e  of the  h e a t e d  l a y e r  in the  p r o p e l l a n t .  
F o r  v a l u e s  of g r a d i e n t  (p h i g h e r  than  the  s t e a d y - s t a t e  
va lue ,  the  f l a m e  t e m p e r a t u r e  is  be low  the  s t e a d y - s t a t e  
t e m p e r a t u r e ,  and v i c e  v e r s a .  

In the zone between the propellant surface and the diffusion flame, 
there occurs a Michelson temperature profite 

l 
0 2 =  i - -  e - ' c ~ ~  [ (0,~ - -  O,.e - v ~ ~  q- (0 , ,  - -  0~ )  e ' ~ ( ' ~ - ~ ) ] ,  

cs ~l'Cllo (1.8) 

where ? is the ratio of the specific heats for the gas and solid propeltant. 
The distance between the diffusion flame and die prepellant sur- 

face is determined from the condition of contact between the heat 
flows at this surface 

OT1 _ OTo 
pu (crT s - -  q) - -  L1 ~ = puc,.T s - -  ?.o 

(plul == const -- O_,uo = pu) �9 (1.9) 

where q is the gasification heat of the fuel, and subscripts I and 2 
refer to the propellant and gas, respectively. In dimensionless vari- 
ables, this condition takes the form 

0 O  I 
(1 - -  r) (0 s -F 00) - -  A - -  ~p = -~-~ ~=o 

/ A  q To ) (1.10) 
i = e l ( T r ~  To)' Oo-- TrO__ To " 

Substituting the derivative calcuIated from (L.8) into (1.9), we get 

[ ( % -  q~),m-F t - -  O~l (l.ll) 

ev;'~l--'  (0 s _ O o ) ( i _ 7 ) _ A _ _ c p  

For steady-state burning~ = o = Os ' we have 

T (l - -  0~) (1.12) 
e v~'~ = t + (0~ - -  00) (l - -  T) - -  A -- O~ 

Let us now examine the behavior of the diffusion 

flame as the temperature gradient increases. The 
flame temperature will drop until the oxidizer input 

(defined by the hydrodynamic conditions) to the flame 

finally corresponds, for a given flame temperature, 

to the critical mass flow to the diffusion flame, and 

which therefore will be extinguished. 

We know from theoretical papers [6, 8, 9], verified 

experimentally, that the critical mass flow to the dif- 

fusion flame is defined by the kinetics of the reaction 

in the flame 

/ ,  = k 1 / p . , D e x p - -  E 
: 2 / / %  " ( 1 . 1 3 )  

H e r e  E is  t h e  a c t i v a t i o n  e n e r g y  of t he  c h e m i c a l  r e -  
ac t ion ;  D is  the  d i f fu s ion  c o e f f i c i e n t ;  k i s  a d i m e n s i o n -  
l e s s  f a c t o r  wh ich  i n c l u d e s  the  to t a l  o r d e r  of  t he  r e a c t i o n  
# (k ~ pl/2#, w h e r e  p i s  the  p r e s s u r e ) .  T h e  o r d e r  of 
m a g n i t u d e  of  j .  is  the  s a m e  a s t h a t  of the  m a s s  v e l o c i t y  
of f l a m e  p r o p a g a t i o n  in a s t o i c h i o m e t r i e  f u e l - o x i d i z e r  

m i x t u r e  [6, 8]. 
We d e f i n e  the  c r i t i c a l  t e m p e r a t u r e  g r a d i e n t  ca. in 

the  p r o p e l l a n t  as  t he  g r a d i e n t  fo r  wh ich  a g i v e n  o x i d i z e r  
input  j to t he  d i f f u s i o n  f l a m e  wi l l  equa l  the  c r i t i c a l  i n -  
put,  due  to the  d r o p  in t e m p e r a t u r e  T r .  We  get  

( ln<kv~/,) = Os -c m \i + Oo - -  2R(Tr ~ T o ) "  (1.14) 

Thus, to ignite a solid propellant, i.e., to create 
conditions under which a diffusion flame could exist 

above the propellant surface, the propellant must be 
heated to the gasification temperature and, in addition, 

a temperature gradient, smaller than the critical gra- 
dient, must be created at the propellant surface. (As 

distinct from the ignition of powders and explosives 
[7, i0], for which the surface of the material must 
also be heated to a certain temperature and a suffi- 
ciently thick boundary layer must be created in the 
material; the temperature gradient here is defined 
not only by the thermophysical and kinetic character- 

istics of the  m a t e r i a l ,  but  a l so  by the  r a t e  a t w h i c h t h e  
o x i d i z e r  i s  s u p p l i e d  to the  p r o p e l l a n t  d u r i n g  bu rn ing .  ) 
F o r  l a r g e  v a l u e s  of  j ,  the  g r a d i e n t  c a l c u l a t e d  f r o m  
f o r m u l a  (1.14) m a y  be  s m a l l e r  than  i t s  s t e a d y - s t a t e  
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v a l u e .  Such  a p r o p e l l a n t  c a n n o t  b e  i g n i t e d  f o r  any  m a s s  

s u p p l y  r a t e .  

L e t  u s  d e t e r m i n e  t h e  i g n i t a b i l i t y  c o n d i t i o n  f o r  p r o -  
p e l l a n t s  by  e q u a t i n g  t h e  c r i t i c a l  a n d  s t e a d y - s t a t e  g r a -  

d i e n t s ;  t h e  c o n d i t i o n  f o r  c r i t i c a l  m a s s  f low j* to t h e  

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

I q W'* (c, To@ Q) _ E 1 
:zTe 2HTe In (k V ~ . D I i * )  " (1.15) 

F o r  t h e  d e t e r m i n a t i o n  of  j*, i t  i s  c o n v e n i e n t  to s o l v e  

t h i s  r e l a t i o n  g r a p h i c a l l y  (an e x a m p l e  of s u c h  a s o l u t i o n  

i s  g i v e n  in  F i g .  2; t h e  v a l u e s  of lg[1 + ~j*(ClT 0 + Q ) /  

/CZTe] ( c u r v e  1) and  l g [ E / 2 R T  e i n  (k p~--~D/j*) ] ( c u r v e  2) a r e  
p l o t t e d o n t h e  y - a x i s  v e r s u s  j* f o r  v [ c l T  0 + Q ] / ~ T  e = 3 . 5 "  

�9 103 c m  2" s e e / g ,  E / 2 R T  e : 10, and  ln(k~p~-~D) = - 0 . 5 8 .  

T h e  p o i n t  of i n t e r s e c t i o n  c o r r e s p o n d s  to j* : 0 .52 
g / c m  2. s e e ) .  

It i s  n o t e w o r t h y  t h a t  t h e  i m p o s s i b i l i t y  of  i g n i t i n g  
t h e  p r o p e l l a n t  i s  e q u i v a l e n t  to  t h e  i m p o s s i b i l i t y  of a 

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

b u r n i n g  r e g i m e ,  w h e r e  t h e  c h e m i c a l  r e a c t i o n  t a k e s  

p l a c e  w i t h i n  t h e  v o l u m e  of t h e  c o m b u s t i o n  c h a m b e r ,  

i s  no t  e x c l u d e d  w h e n  t h e  g a s  t e m p e r a t u r e  a b o v e  t h e  
p r o p e l l a n t  i s  s u f f i c i e n t l y  h i g h .  

2. Propellant ignition by heat flows (hot gases, ra- 
diation). The theory of ignition of powders and explosives 
[7, 10J can be applied in full extent to the ignition of 
solid propellants, the only difference being that the 
critical temperature gradient for solid propellants has 

a different physical meaning. Moreover, the assump- 
tions made in [7, i0] concerning the nature of propel- 

lant gasification are more applicable to the conditions 

of solid propellant ignition, since for solid propellants 

the gasification reaction is endothermic and cannot lead 

to self-heating of the propellant. 

As in the case of the ignition of powders and explosives [10, 12], 
several conditions of heat input to the propellant can be distinguished: 

1. Weak heat input conditions. The heat flow to the propellant, 
at the instant that the gasification temperature Iq at the propelIant 
surface is reached, is less than the flow corresponding to the critical 
gradient: 

Iq ~ vl'c r ( r r  ~ - -  To) q),  (2.1) 

In this case, ignition occurs prior to the establishment of the gasifi- 
cation temperature. The time required for the conformation of a dif- 
fusion flame above the surface of an adequately heated propellant is 
neglected. This time is determined by the heating time of the gas 
above the propellant, which is small compared with the heating time 
of the solid material, owing to the low density of the gas. Here, it is 
necessary that the heat source above the propellant ensure heating of 
the gas to a temperature on the order of the diffusionflame temperature. 

1 --- 

YI 2o I 

o g-~ d" 

Fig. 2 

2. Intense heat input conditions, characterized by 

v/cz (Tr ~ --  To)q), < Iq ~ ~/ [c z (T~ -- To) @ q] (2.2) 

Under these conditions, the propellant ignites only after gasifica- 
tion of a certain layer of the propellant under the action of the heat 
flow, following the creation of a critical temperature gradient at the 
surface. 

3. Extremely intense hear input conditions, characterized by 

'v/ [ct (T s - -  To) @ q] < Iq (2.3) 

Such heat input conditions lead to steady-state gasification where 
the temperature gradient exceeds the critical gradient, so that diffu- 
sion burning cannot occur. 

3. Ignition of propellants with active film coatings. 
One of the possible means of igniting hybrid propel- 

lants is to deposit on the propellant surface a film of 

a substance capable of actively reacting with a cold 

gaseous oxidizer in an exothermic reaction. The re- 

action heat is in part used to heat the propellant, and 

will eventually lead to its gasification and ignition. 
Let us examine the following ignition model. At 

the initial instant of time (t = 0), we have the following 

temperature and concentration distributions (Fig. 3). 

For x < 0, the solid propellant has a temperature T 0. 

On its surface, an active film of thickness 5 has been 

deposited. In the following, it will be assumed that 

this thickness is much smaller than that of the thermal 

layer which must be formed in the propellant in order 

to ignite it. The film thickness will be assumed to be 

infinitely thin and, therefore, negligible. For x > 0, 

the gas at rest, which contains the oxidizer, is at a 

temperature Te; the oxidizer concentration is a 0. At 
the surface of the active film, there is a heterogeneous 
exothermic reaction which is governed by a strong 

Arrhenius temperature dependence. Both gaseous and 

condensed reaction products can form during the re- 

action. 
In view of the abrupt increase in the reaction rate 

with only a slight increase in the film temperature, 

the reaction proceeds almost from the start by dif- 

fusion. In this case, the rate of heat release is deter- 

mined by the rate at whichthe gaseous oxidizer diffuses 
to the propellant surface. 

For a reaction in the diffusion regime, the problem 

reduces to the solution of the following system of 
equations: 

OT1 02Tz f o r  x < O 
0--F = ~zgT- (3.1) 

~o 

re 

6 

O ~ 

Fig. 3 
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Oa O~-a Oa OTe O~"T,. 8T,. 
~[ = D ~ - -  U Ox ' at -- x2 ~ - U O~ 

f o r  z > 0  (3.2) 

H e r e ,  a i s  t h e  o x i d i z e r  c o n c e n t r a t i o n ,  u i s  t h e  ve- 

locity of t h e  g a s  f low f r o m  t h e  p r o p e l l a n t ;  s u b s c r i p t s  

i and  2 r e f e r  to  t h e  p r o p e l l a n t  and  t h e  g a s ,  r e s p e c -  

t i v e l y ;  t h e  d i f f u s i o n  c o e f f i c i e n t  D and  t h e  t h e r m a l  c o n -  

d u c t i v i t y  c o e f f i c i e n t s  ~ 1,~ a r e  a s s u m e d  c o n s t a n t .  T h e  

b o u n d a r y  c o n d i t i o n s  a r e  

OT, ~ OT~ = Q~D Oa (x=0)  

T : = T o  ( x = - - ~ ) ,  T ~ = T ~ ,  a = a o  ( * = + ~ )  (3.3) 

H e r e  X i s  t h e  t h e r m a l  c o n d u c t i v i t y  and  Q s  i s  t he  
t h e r m a l  e f f e c t  of  h e t e r o g e n e o u s  r e a c t i o n .  T h e  ou t f low 

v e l o c i t y  u of t h e  g a s e o u s  p r o d u c t s  i s  r e l a t e d  to t h e  

d i f f u s i o n  r a t e  by  

u = ~ D  Oa ~=+o , (3.4) 

where f is a coefficient which shows the amount by 

which the specific volume of the gas changes after the 

chemical reaction, owing to the change in the mean 

molecular weight of the gas. 

The ignition problem in the case of heterogeneous isothermic re- 
actions at the propellant surface has been examined in American papers 
[2, 3]. Our solution differs in that it takes into account the influence of 
the surface temperature gradient on ignition. NegIeet of this condition 
in [2, 3] resulted in an incorrect conclusion that ignition will always 
take place under kinetic conditions. 

Problem (3.1)-(3.3) with boundary conditions (3.4)-(3.5) has a 
similar solution. Let us introduce the new variables 

~: T, - -  To T.. -- To a (3.5) 

Then the equations and the initial and boundary conditions take 
the form 

d~t  
dz~. + 2z ~z  ~ = 0 

d% + 2LlZ / ds \ ] ds 

rlZ~?~dz ~ @ ~I I2L: z _ ds , 

(3,a) 

(L: % ) ;  (3.7) 

( L ~ - - ~ - )  ; (3.8) 

z = - - o o ;  ~p: = 0; 

T e - -  To 
z = : + ~ ;  ~ : - - ~ e - -  To ; s = l ;  

z = 0 ;  $1=~2;  s = 0 ;  

d** d*2 ds [ ;% __ QsDao~ 
d'~ff - - r  ~Tz = g ~ z  \ r = ' ~ l  ' g - -  TaX, ]" (3.9) 

We write the solutions to Eqs. (:3. 6)-(3.8) under the assumption that 
(ds/dz)0 = const = n (the value of this constant will be determined later). 

,= C24-Clerfz ,  
s = Cr -F Ca eK [I~ (L:z - -  ~n)] (ll -- t / ] f ~ ) ,  

~ . , -  C6 _ Cs err [ll& (L:z - -  P0] (& = i / t/'L~.) err z =-- " ~  e-t 'dt . 

(3.10) 

The integration constants C i witl be determined with the aid of 
boundary conditions which lead to the relations 

C~+ C aerf ( - / :~n)  = 0; C 6@ C~ erf ( - - l t l~n)  = O; 

Finally, we ge t  

~1 -- t -1- err{ zio.L ~ I / -~e-  d:;n): erfCerfc (-(-&&p')hl;n) @ 

+ % r ] / ~  

1 { e : ' f [ & ( L , z - - ~ n ) l - - n r f  ( - - 1 : ~ ) } ;  (3.13) 3 -  erfc(--h~n) 

] 
%-- ~ lL *e erfc (--[l~n)] off [~i[2 (L1z -  ~1~)] @ 

g V'~e-(hr..)~ 
erfc ( -  l:~n) @ ~e [r ~ ~ l  L2e-d,z~P,;- - -  

- -  orf ( - -  l :&~n)]} ; (3 .14 )  

% = r ] / L 1 / L ~ e - : (  t,~:~")~ + erfc ( - -  l l l~p  Q �9 (3.15) - 

T h e  r e l a t i o n  f o r  d e t e r m i n i n g  t h e  c o n s t a n t  n is  

n = ~ 0 ]/'~-erfc (--hP0 " (3.16) 

M o s t  c o n v e n i e n t  i s  i t s  g r a p h i c a l  s o l u t i o n  (F ig .  4). 

C u r v e  1 i s  t he  r i g h t - h a n d  s i d e  a n d  c u r v e  2 i s  t he  l e f t -  
h a n d  s i d e  of  t he  r e l a t i o n .  T h e  p a r a m e t e r s  h a v e  t he  

f o l l o w i n g  v a l u e s :  L 1 = 1, ~ = 0.3 .  T h e  s o l u t i o n  f o r  n i s  

n = 0 .92.  

L e t  u s  now e x a m i n e  t he  c o n d i t i o n s  f o r  t h e  i g n i t i o n  

of s o l i d  p r o p e l l a n t s .  As  s t a t e d  in  s e c t i o n  1, t h e  n e c e s -  

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

t e m p e r a t u r e  and  t h a t  a s u f f i c i e n t l y  t h i c k  h e a t e d  l a y e r ,  

c h a r a c t e r i z e d  by  i t s  s u r f a c e  t e m p e r a t u r e ,  b e  d e v e l o p e d  
in t he  p r o p e l l a n t .  

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

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

to t h e  p r o p e l l a n t  s u r f a c e ,  t h e  s u r f a c e  t e m p e r a t u r e  of 

t h e  p r o p e l l a n t  r e m a i n s  c o n s t a n t  d u r i n g  t h e  e n t i r e  h e a t -  
ing  p r o c e s s ,  and  i s  e q u a l  to 

erfc (--/:~n) ~ 

+ %," t /& ,~e-(~,'~:',):~ (3.:7) 

where • is defined by (3.15). 

If this temperature proves to be below the gasifica- 

tion temperature, which we assume to be a known 

constant, the propellant will not ignite for any thick- 

ness of the active film on its surface. However, if the 

temperature Cs is higher than the gasification temper- 
ature, ignition will occur beyond the tirne needed to 

:/ 

~4 ~8 

F i g .  4 
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r e a c h  t h e  c r i t i c a l  t e m p e r a t u r e  g r a d i e n t  in the p r o p e l -  
lant .  In  th i s  ca se ,  'however ,  t h e r e  is  the danger  that  
the  ac t ive  f i lm  m a y  be blown off by the decompos i t i on  
p r o d u c t s  of the so l id  p r o p e l l a n t  du r ing  the hea t ing  
p r o c e s s .  

A s s u m i n g  that  the f i lm r e m a i n s  on the p r o p e l l a n t  
s u r f a c e  for  a su f f i c ien t ly  long t ime ,  the m i n i m u m  t i m e  
to igni t ion can  be eva lua ted  by ca l cu l a t i ng  the  g r a d i e n t  
at the p r o p e l l a n t  s u r f a c e  f r o m  f o r m u l a  (3.12) and 
equat ing it to the  c r i t i c a l  g r a d i e n t  

~,~ (Ts -- To) 
t ,  = ~ ( v/c~(TOr_ To)~, )~'" (3.18) 

It i s  of i n t e r e s t  to c a l c u l a t e  the  amount  of m a t e r i a l  
(f i lm t h i c k n e s s ) r e q u i r e d  to igni te  the  p r o p e l l a n t .  To 
th i s  end, we d e t e r m i n e  the amount  of o x i d i z e r  that  has  
d i f fused  to  the  p r o p e l l a n t  s u r f a c e  du r ing  the igni t ion 
t i m e  

t. 
Oa 2 a o ] f ~  , e -(l'v~n)~ 

M = f D ( ~ ) ~ = o d t - , [ ~  erc(-h:n)  " (3.19) 
0 

Then the f i lm  th i cknes s  5 i s  

5 = ~M/Po,  (3.20) 

w h e r e  P0 i s  the  dens i ty  of the  f i lm m a t e r i a l .  
Le t  us  ca l cu l a t e  the  e f f ic iency  of the f i lm,  def ining 

i t  as  the r a t io  of the quant i ty  of hea t  expended for  h e a t -  
ing the so l id  p r o p e t l a n t  to the to ta l  quant i ty  of hea t  r e -  
l e a s e d  i n  the r e a c t i o n  of the o x i d i z e r  with the f i lm  
ma te  r i a  1: 

~* ~ ~ ;Oa~ dt \-~ 
~}= (I;~1~,Ox ~=o (3.21) 

0 0 

Calculations on the basis of (3.12), (3.13), and (3.16) 
yield 

L1plcl (Ts -- To) 
~1: 2aoQsnl/~ ' (3.22) 

w h e r e  T s is  def ined  by f o r m u l a  (3.17). 
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