
S O L I D  P R O P E L L A N T  C O M B U S T I O N  IN T H E  

P R E S E N C E  O F  P H O T O I R R A D I A T I O N  

I .  G .  A s s o v s k i i  a n d  A .  G.  I s t r a t o v  UDC 662.311.1 

P rev ious  studies of the nonsteady p r o c e s s e s  assoc ia ted  with the i r radia t ion  of propel lmlts  
with light have chief ly  been devoted to the question of ignition [1-3].* It is also impor tant  
to cons ider  the effect  of such an eas i ly  control led influence as light on the propel lant  c o m -  
bustion p r o c e s s .  We have a t tempted  to e s t ima te  the dependence of the propel lant  burning 
ra t e  on the intensi ty  of the luminous radia t ion.  C a s e s  of s t eady - s t a t e  combust ion and c o m -  
bustion in the p r e s e n c e  of a light flux vary ing  harmonica l ly  with t ime  a re  cons idered .  It  is 
a s s u m e d  that  the incident light flux is absorbed  in the solid phase  in accordance  with the 
B o u g u e r - L a m b e r t  exponential  law with constant  t r a n s p a r e n c y  index. S teady-s ta te  c o m b u s -  
tion is cc~s ide red  within the f r a m e w o r k  of the Zel 'dovich  theory  [4]. It is shown that in the 
s teady s ta te  i r rad ia t ion  is equivalent to a cer ta in  inc rease  in the initial  t e m p e r a t u r e  of the 
propel lan t .  In the ca se  of combust ion with i r rad ia t ion  this makes  it poss ible  to use  the 
data on s t e a d y - s t a t e  combust ion without i r rad ia t ion .  Nonsteady combust ion in the p resence  
of a per iodica l ly  va ry ing  light flux is desc r ibed  with the aid of the Novozhilov model  [5]. A 
co r rec t iou  to the mean  burning ra t e  {Au~ propor t iona l  to the square  of the light flux amp l i -  
tude, is  obtained.  In the case  of an exponential  dependence of the burning ra t e  on initial 
t e m p e r a t u r e  the co r r ec t i on  Au ~ is negat ive .  The effect  of i r rad ia t ion  on the s tabi l i ty  of the 
s t e ady - s t a t e  propel lan t  combustion mode is d i scussed ,  

1 .  S t e a d y - S t a t e  I r r a d i a t i o n .  C o m b u s t i o n  L a w  

The equation descr ib ing  the change of t e m p e r a t u r e  in the solid phase  in the p r e sence  of conductive 
and rad ia t ive  heat  t r a n s f e r  takes the f o r m  

aT or a {~ aT 
(1.1) \ ox 

where  J(t) is the f rac t ion  of the incident luminous flux ( c a l / s e c  �9 cm 2) absorbed  in the solid phase~ a is the 
t r a n s p a r e n c y  index of the sol id  phase in the B o u g u e r - L a m b e r t  law (1 /cm) ;  p,  c,  and ~ a r e  the density,  
speci f ic  heat ,  and t h e r m a l  conductivity of the solid phase,  r e spec t ive ly ;  u is  the propel lant  burning r a t e .  

In this case  the following boundary conditions mus t  be sa t i s f ied:  

r ( -  co) = r0, r (0) = r l  (1.2) 

where  T O is the initial  t e m p e r a t u r e  of the propel lant ,  and T 1 is the t e m p e r a t u r e  of the propel lant  su r f ace .  

In the s t e a d y - s t a t e  case  Eq. (1.1) is eas i ly  in tegra ted  and i ts  solution takes the fo rm [6] 

u~ J~ ( u~ ) ~" (1.3) T- -  T o--(T1 ~  exp-~-x~-~(u  o /~_~)  e ~ x - e x p ~ x  , x ~  p--~- 
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If  the  t r a n s p a r e n c y  of the  p r o p e l l a n t  is  low (or R / u  ~ >> 1), then ha a b s o l u t e  va lue  so lu t i on  (1.3) t ends  to  

the  M i c h e l s o n  d i s t r i b u t i o n  

T - -  r0 = ( r : -  r0)exp ( ~ -  z)  (1.4) 

At  any v a l u e  of o" the  t e m p e r a t u r e  c u r v e  (1.3) p a s s e s  above  the M i c h e l s o n  d i s t r i b u t i o n  (1A).  

The  s t e a d y - s t a t e  s u r f a c e  t e m p e r a t u r e  g r a d i e n t  f ~  i s  r e l a t e d  wi th  the  i n i t i a l  t e m p e r a t u r e  T o by  the e x -  

p r e s s i o n  

• = u ~ ( r l  ~ - -  To) --  J~ (1.5) 

w h i c h  in the  a b s e n c e  of i r r a d i a t i o n  (J~ = 0) goes  o v e r  into the  u s u a l  r e l a t i o n  c o r r e s p o n d i n g  to d i s t r i b u t i o n  

(1.4) 

• ~ : uo ~ (T1o ~ -- To) (1.6) 

We no te  tha t  fo r  s t e a d y - s t a t e  i r r a d i a t i o n  the  g r a d i e n t  f~  does  no t  depend  on ~ .  

S ince  fo r  s t e a d y - s t a t e  c o m b u s t i o n  the  g r a d i e n t  f ~  canno t  be n e g a t i v e ,  f r o m  (1.5) t h e r e  fo l lows  the  u p -  
p e r  bound on the  v a l u e  of  t he  l igh t  f lux J~ at  which  the s t e a d y - s t a t e  m o d e  i s  p o s s i b l e ,  

jo 
~~ (T1 ~ --  To) ~ i (1.7) 

In p a r t i c u l a r ,  fo r  the  Z e l ' d o v i c h  m o d e l ,  in which  T 1 i s  c o n s t a n t ,  and  a d e p e n d e n c e  o f  110 ~ on T o of  the 
t ype  u0 ~ ~ eft To t h e r e  is  a m a x i m u m  bu rn ing  r a t e  uM ~ tha t  is  o b t a i n e d  a t  an i n i t i a l  t e m p e r a t u r e  T o c l o s e  to 
the  s u r f a c e  t e m p e r a t u r e  T i . In th i s  c a s e  r a t i o  (1.7) t ends  to un i ty ,  and u ~ ~ UM ~ fo r  f in i te  l ight  f luxes  jo .  
M o r e o v e r ,  the  r a t i o  (1.7) shou ld  no t  be too c l o s e  to  uni ty ;  o t h e r w i s e  the s m a l l n e s s  of  the  g r a d i e n t  f ~  l e a d s  
to  a p o w e r f u l  e x p a n s i o n  of the s o l i d - p h a s e  r e a c t i o n  zone ,  so tha t  t he  Z e l ' d o v i c h  c o m b u s t i o n  m o d e l  is  i n a p -  
p l i c a b l e .  In t h i s  c a s e  the  h e a t e d  s u r f a c e  l a y e r  of  p r o p e l l a n t  m a y  p e r i o d i c a l l y  exp lode  in a c c o r d a n c e  wi th  a 
t h e r m a l  m e c h a n i s m .  

Now, in the  a b s e n c e  of  i r r a d i a t i o n  l e t  the  d e p e n d e n c e  of the  b u r n i n g  r a t e  u0~ and s u r f a c e  t e m p e r a t u r e  
Tl0 ~ on the  i n i t i a l  t e m p e r a t u r e  T o and p r e s s u r e  p be  known:  

uo ~ = F (To, p), T10 ~ = G (To, p) (1.8) 

Us ing  r e l a t i o n  (1.6), we  can  e x p r e s s  u0~ and T10 ~ in t e r m s  of p and f0  ~ In a c c o r d a n c e  wi th  N o v o z h i l o v ' s  
t h e o r y  [5] the  s t e a d y - s t a t e  l aws  u(p,  f ) ,  T i (P ,  f )  ob t a ined  a r e  a l s o  v a l i d  in the  n o n s t e a d y  c a s e .  

We now a s s u m e  tha t  the  r e l a t i o n s  u(p,  f )  and  Tl(p ,  f )  o b t a i n e d  for  J = 0 a r e  a l s o  v a l i d  in the  p r e s e n c e  
of a l igh t  f lux .  Then ,  s u b s t i t u t i n g  r e l a t i o n  (I .6) in the d e p e n d e n c e  u0~ = F(p ,  To) and r e p l a c i n g  f0 ~ b y  the  e x -  
p r e s s i o n  for  f o  f r o m  (1.5), we obta in  the  d e p e n d e n c e  of  the  s t e a d y - s t a t e  bu rn ing  r a t e  u ~ on the  i n i t i a l  t e m -  
p e r a t u r e  T O in the  p r e s e n c e  of i r r a d i a t i o n  

u~ = F (p, To q- u~pc ) (1.9) 

Thus ,  the  i n c r e a s e  in bu rn ing  r a t e  f r o m  u0 ~ to u ~ in the p r e s e n c e  of i r r a d i a t i o n  of the  p r o p e l l a n t  s u r -  
f a c e b y  a s t e a d y  l igh t  f lux i s  e q u i v a l e n t  to  the  change  in b u r n i n g  r a t e  a s s o c i a t e d  wi th  an i n c r e a s e  in i n i t i a l  
t e m p e r a t u r e  by the amo~mt 

AT~ = J~ / u~ (1.10) 

S t a r t i n g  f r o m  t h i s ,  the  bu rn ing  r a t e  u ~ in the  p r e s e n c e  of i r r a d i a t i o n  m a y  c o n v e n i e n t l y  be  found as  fo l -  
l o w s  (F ig .  1): we c o n s t r u c t  g r a p h s  of the  func t ions  F - l ( u )  and (T o + J~  c) in the  c o o r d i n a t e  s y s t e m  (u, T);  
the  point  of i n t e r s e c t i o n  of the  g r a p h s  d e t e r m i n e s  the  unknown b u r n i n g  r a t e  u ~ and the  e f f ec t ive  i n i t i a l  t e m -  
p e r a t u r e  To* 

To* = To + . ] ~  u ~  (1.11) 
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The equivalence of a light flux and initial t empera ture  in the case of suf-  
ficiently t ransparent  propellants was previously noted in [6]. 

Equation (1.10) makes it possible to determine the rate  fluxes n e c e s s a r y  
to attain a given level of the burning ra te  u ~ for a known dependence of %~ on 
initial t empera tu re  

J~  _~ hTopCU ~ 

Thus, in accordance  with the experimental  data of [7] for a ballistite (N 
powder) at a p re s su re  p = 1 atm, in order  to ra i se  the burning rate  f rom 0.6 

(at T O = 0~ to 1.02 m m / s e c  a light flux of 2.8 c a l / c m  2 �9 sec is required,  which corresponds  to ra is ing the 
initial t empera tu re  T o to To* = 50~ At a p r e s su re  p = 20 atm in order  to ra i se  the burning rate  f rom 
0.26 c m / s e c  {T o = 0~ to 0.35 c m / s e c  {To* = 50~ a light flux J~ = 7.3 c a l / c m  2 �9 sec is required.  

At low values of the i l luminance [J~176 (T1 ~ - T 0) <<1] we have the following approximate expression 
for u ~ calculated c o r r e c t  to a factor  proport ional  to the square of the light flux J~ 

u ~  ~  + k 6  + ' / 2 ( l - - 2 k  ~)8  z] (1.12) 

where u0 ~ is the s t eady-s t a t e  burning ra te  in the absence of i r radiat ion 

jo (T1o ~ -- To)~ b~uo ~ 
~ uo~ (T10 ~ --  1'o) ' k ~- (Tlo ~ - -  To) 0 ln01,._.__~_, u~176 l = uoo OTo s (1.13)  

Here,  as before,  a degree  sign denotes the s teady-s ta te  value, while a zero  subscr ipt  denotes that the 
corresponding quantity is taken at J* = 0. 

2 .  S t a b i l i t y  o f  S t e a d y - S t a t e  C o m b u s t i o n  i n  t h e  P r e s e n c e  o f  I r r a d i a t i o n  

The equivalence of Steady-state  i r radiat ion of the propellant surface  to a cer taIn increase  in initial 
t empera tu re  makes it possible to employ, in combustion problems with irradiat ion,  the data on s teady-s ta te  
combustion without i r radia t ion .  This is achieved by simple convers ion of the t rue initial t empera ture  T o to 
the effective t empera tu re  To*. 

However,  in nonsteady combustion modes in the presence  of i r radiat ion relation (1.5) ceases  to hold 
and the t empera tu re  gradient  at the propellant surface  depends on the t r ansparency  index of the solid phase 
~ .  In this connection, in the general  case such cha rac te r i s t i c s  of the propellant as the stabili ty l imit of the 
s teady-s ta te  combustion mode and the natural  f requency depend on ~ and jo. 

Nonetheless,  if the t r ansparency  of the propellant is low and the light is absorbed in a na r row surface  
layer  of the solid phase, whose width is negligible as compared  with the width of the sol id-phase induction 
zone ( ~ t / u  ~ >> 1), the heat distribution in the solid phase in the presence  of i rradiat ion has the same form 
as in the absence of i r radia t ion.  In this limiting case the equations for the stabili ty limit of s teady-s ta te  
combustion modes and the natural  frequency of the propellant, obtained in the absence of i r radiat ion [4,5], 
retain their  previous fo rm.  Thus, for example, for the case  of constant surface tempera ture  stable s teady-  
state modes cor respond  to the condition [4] 

k * <  i 

where k* is the Zel 'dovich cr i ter ion calculated for T O = To* 

k* = k(ro*) = ( r l  - To*) ~176 ~To* 

(2.1) 

(2.2) 

For  a u0 ~ (T 0) dependence of the type u0 ~ ~ exp fl T0(k = fl {T1 - To)) the presence  of irradiat ion leads to 
a dec rease  in the value of the cr i ter ion k, i.e., g r ea t e r  combustion stabil i ty.  

In the presence  of a var iable  sur face  tempera ture  stable s teady-s ta te  modes sat isfy the condition [5] 

r* ~ (k* - -  t)~/(k * + t) (2.3) 
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where r* is the Novozhilov pa ramete r  for T O = To* 

r *  = OT1~ * (2.4) 

In this case  the presence  of i r radiat ion,  like an increase  in initial t empera ture ,  may lead either to an 
increase  or to a dec rease  in combustion stabili ty.  For  example, for N powder, in accordance  with the data 
of [7], i r radiat ion brings the s teady-s ta te  combustion mode c loser  to the stabili ty l imit (2.3). We note that 
conditions (2.1) and (2.3) are  also conf i rmed by an exact analysis  of the problem of the natural  frequency of 
a propellant  on the assumption that its t r ansparency  is low. 

3.  P e r i o d i c  I r r a d i a t i o n .  Q u a s i - L i n e a r i z a t i o n  o f  t h e  P r o b l e m  

We will now consider  a propellant  burning in the p resence  of per iodical ly  varying i r radiat ion of the 
sur face  on the assumption that the p r e s s u r e  is constant .  Let the mean value of the light flux be equal to jo, 
so that 

J = J~ + AJ cos ot (3.1) 

and let the burning ra te  and sur face  t empera tu re  in the s teady-s ta te  mode at J = J~ be equal to u ~ and T1 ~ 
respec t ive ly .  We introduce the dimensionless  var iables  

0 =  T--a"o* ~o z=J"~ t 
Tl ~ -- To* ' ~ = -~- X, x 

80) u J 
= ~=o' " p = ~ '  ~l= uopc(T1O_To,) 

( 3 . 2 )  

In these var iables  the problem is formulated as follows: for a given law of variat ion of the light flux 

and known functions 

-q (-c) = ~ + e c o s  V ( 3 . 3 )  

v=vOp ), ~'=0(q~) ( ~ =  T,--T,') (3.4) 
T* ~ -- To* 

to find v = v ( r ) ,  if the gradient  ~o {3.2) sat isf ies  the equation 

with boundary conditions 

oo . 30 8 (~0 
- ~ - ~  v--~ = . ~ - , W  § ~ (~) e~) 

Ot . . . .  = - a ,  0 1 ~ = o = ~  

Here  we have introduced the notation 

(3.5) 

(3.6) 

J *  A J  <~ co~ 

u~ (T1 ~  To*) ' e = u~gc ( T l O _  To*) ' ~ = ~ , T = (uo)--'-r (3.7) 

System (3.3)-(3.6) makes it possible to find the dependence of the burning ra te  and sur face  t e m p e r a -  
ture  on t ime.  With the object of finding only the f i rs t  cor rec t ion  of the o rder  of ~2 to the mean burning ra te ,  
we seek the solution of the problem in the fo rm of success ive  approximations 

v ( , )  = t 

(~) = l 

o (,, ~) = Oo (~) 
oo 

(*)  = ~ ~=o = 

+ ev~ (~) + e'v, (~) + ... 
+ e~l (~) + e~a2 (*) + ... 
+ eel (*, ~) + e~O= (*, ~) + ... 

081 z 382 [ (3.8) 

Substituting expansions (3.8) in Eq. (3.5), boundary conditions (3.6), and relat ions (3.4), we obtain a 
sequence of sys tems  of equations for finding the success ive  approximations.  For  the f i rs t  approximation 
the sys tem of equation takes the form 
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001 OOa 0~0~ 00o = v cos (Tz') e ~ 

O0~ (~, O) 
Vl = ax~t' q~ = a~, 

o~(~, 0) = o~ = b ,~ ,  o, (~, - ~ )  = o. 

The second approximation sat isf ies  the sys tem 

00~ 0~0~ 00o OOt O0, -a- + v~ --~C = -- vx 
o~ ' 0~, O~ ~ 

ua = a t ~  + X/~a~t~ , ~. = OB~ ('c, O)I O~ 
0,(% 0 ) = 0  8=bx~ , +  ~/,b,~x' , 0,(% - - o o ) = 0  

In sys t ems  (3.9) and (3.10) the coefficients al,  a2, bl, and b 2 a re  given by relat ions (3.4) 

Ov I O'w 

a:t = ~ [ , = 1 ' .  a.,. = ~ ,~=1 
0,0' o~ b 1 = ~ - ~ = ~ ,  b ~ = ~ = ~  

(3.9) 

(3 .lO) 

(3.11) 

4 .  C o r r e c t i o n  t o  M e a n  B u r n i n g  R a t e  

Omitting for the t ime being finding an explicit expression for 0 l, we seek the constant component v2 ~ 
which determines  the cor rec t ion  to the mean burning ra te .  F rom sys tem (3.10) it follows that v2 ~ depends 
on the s teady-s ta te  component of the second approximation for the t empera tu re  0 2 ~ (~). Integrating the f i rs t  
equation in sys tem (3.10) with respect  to ~ f rom - ~  to 0, we obtain the relation 

~)o _ 0  o (0)= a0~~176 v~~ (0) -- [v~0i]~ (4.1) - -  s 0~ 

Together  with the express ions  for v2~ and #2 ~ f rom (3.10) relation (4.1) forms a closed sys tem of a lge-  
braic equations.  Solving this sys tem,  we obtain the express ion for v2 ~ 

'al~bJ -I- 1/9 (a2 ~ bias --~ elba) 
v~'= A [ t--al--bx ] (4.2) 

where A is de termined by the s teady-s ta te  component of the square of the f i r s t  approximation for the t em-  
pera ture  gradient  q~l 

00t (~, 0) ~ ~ 

In its turn,  the gradient  cp 1 is determined by the solution of sys tem (3.9), which depends on the zeroth  
approximation of the t empera tu re  derivative dO 0/d  ~. F rom the s teady-s ta te  distribution (1.3) we find 

d0o = t - -  e ~ + ~ e  ~ (4.4) 

Substituting (4.4) in sys tem (3.9) and assuming that the natural  oscillations of the sys tem are  damped, 
we find that 01 can be represen ted  in the form 

where 

01 = Be [dv'(A1 e~ + A2e~ + Aae~)] 

= Ix1 + i ~  = Oh 4- 7 / R) + $I/~R 

R = [t/2 (Vrt + i6T ~ -- t)1 v' 

The coefficients A1, A2, and A 3 satisfy the sys tem of equations 

(4.5) 

(4.6) 

where 

~lgA 1 -~- (g  .-I- i'~) A~ + vA3 = 0 
pAA 1 + h A g  + ('v -- 'v  ~ - vh + iT) Aa = v  

(l -- ~bl) A1 + (i -- bl)A~ + (t -- Vbl) A3 = 0 

g = a  I t - - ~  , h=atl_v 

(4.7) 

(4.8) 

696 



F r o m  (4.5) and  (4.7) we f ind 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  q)l 

1/f" (v --  ~i) 2 Jr ~2 2 COS (TV ~- ~P) (4.9) 

(v - -  ~1) A~ - -  ~ A ~  ( 4 . 1 0 )  

w h e r e ,  c o r r e c t  to  the  f a c t o r  ) , ,  A1, and A 2 a r e  r e s p e c t i v e l y  equa l  to the  r e a l  and  i m a g i n a r y  p a r t s  of the  d e -  

t e r m i n a n t  of s y s t e m  (4.7) 

~2 
A~ ---- ~" (~lb~ --  1) + t~2a~ + v --  [T~t2b ~ + g (i - -  g~)l 

(4.11) 

F r o m  (4.9), (4.2), and  (4.8) we obta in  the  e x p r e s s i o n  fo r  the  m e a n  bu rn ing  r a t e  i n c r e m e n t  Au ~ 

Au ~ I / . AJ ~ 2 ('~--[~I) ~ - ~  al2bl~-~/'z(a~--bla~alb'z) 
u o = T~u~176 ~ A ~ - A ~  ~ t - - a l - - b i  " (4.12) 

The  e x p r e s s i o n  fo r  the  i n c r e m e n t  A u  ~ c o n t a i n s  d e r i v a t i v e s  of the  b u r n i n g  r a t e  u and s u r f a c e  t e m p e r a -  
t u r e  T1 wi th  r e s p e c t  to  the  t e m p e r a t u r e  g r a d i e n t  a t  p r o p e l l a n t  s u r f a c e  ~o. H o w e v e r ,  in p r a c t i c e ,  i t  is  u s u a l  
to  e m p l o y  the  s t e a d y - s t a t e  d e p e n d e n c e s  of the  bu rn ing  r a t e  u ~ and t e m p e r a t u r e  Tl  ~ on the  i n i t i a l  t e m p e r a -  
t u r e  T O o b t a i n e d  in t he  a b s e n c e  of  i r r a d i a t i o n  (1.8). A c c o r d i n g l y ,  we s h a l l  e x p r e s s  the  d e r i v a t i v e s  a I . . . . .  
b2 in t e r m s  of d e r i v a t i v e s  of the  func t ions  F and G. A s  n o t e d  above ,  the  f lmct ions  u ( f )  and T~(f )  a r e  g iven  

i m p l i c i t l y  by  the  s y s t e m  

U s i n g  s y s t e m  (4.13) and the e x p r e s s i o n  for  the  g r a d i e n t  f ~  in the  p r e s e n c e  of s t e a d y - s t a t e  i r r a d i a t i o n  

(1.5), we ob ta in  

al ~- \ d ln f / l= l  o k * ~ - r * - - t  
(4.14) 

(Ti ~ -- To*) \-'~'-] 1]=I o ~--- "k* + r" -- i 

" d2u ' 1 [k*' k" (k*'+ r") k* (i  -- r*)l (4.15) a~l : (jO))u ~ (-~]~ )1=] ~ ---~.(k*-~r*--tf k , . . l _ r . _ i  t- 

(/~ (d2rl I I [ , * ( k * ' + r " )  k , r , ) l  
b2 = (Tlo_T0.) ~ d/'~ Yy=lo ----(k'+ r* t) 5 r*' - -  k * @ r * - - t  

w h e r e  

~ ,  ~.~ (Ti ~  To*) dF r* dG 
u ~ d r 0 *  ' - -  dZ'o* { 4 . 1 6 )  

T *" dk* dr* 
k*'----(Tx ~  *o )-d~o*' r * ' = ( T l ~  T ~  (4.17) 

The  r e l a t i o n  be tween  the  d e r i v a t i v e s  wi th  r e s p e c t  to  the  g r a d i e n t  and  the  d e r i v a t i v e s  wi th  r e s p e c t  to  
i n i t i a l  t e m p e r a t u r e  in the  p r e s e n c e  of i r r a d i a t i o n  has  the  s a m e  f o r m  as  in the  a b s e n c e  of i r r a d i a t i o n  [5]. 
The  on ly  d i f f e r e n c e  c o n s i s t s  in the  fac t  t ha t  the  p a r a m e t e r s  k and r m u s t  be c a l c u l a t e d  no t  a t  the  t r u e  i n i t i a l  
t e m p e r a t u r e  T O but  a t  t he  e f f e c t i v e  t e m p e r a t u r e  To*.  Subs t i t u t i ng  (4.16), (4.17) in the  e x p r e s s i o n  fo r  Au  ~ we 
obta in  

a u  ~ t ( a J  /2 v2  (v - -  F1) ~ + ~ 2  k*' - -  k* (a* + r*  - -  t )  
7 = T ~u~ (T1 ~ -- To*) / - Af ~ + hi ~ (a* + r* --  t) ~ (4.18) 

The  s ign  of the i n c r e m e n t  c o i n c i d e s  wi th  the  s ign  of the  l a s t  f r a c t i o n  in e x p r e s s i o n  (4.18). If the  d e -  
p e n d e n c e  of the  bu rn ing  r a t e  on i n i t i a l  t e m p e r a t u r e  i s  r e p r e s e n t e d  in the  f o r m  u ~ ~ e/3T0, w h e r e  fl i s  c o n -  
s t an t ,  then 

k *  = ( T 1  ~ - -  T o * ) ~ ,  k * '  = k *  ( r *  - -  l) 
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and the cor rec t ion  Au ~ is negative.  This resul t  is s imi lar  to that obtained f rom an analysis of combustion 
in the presence  of a var iable  heat flux [8]. The physical explanation is based on the fact that the effect of 
additional heating of the propellant is weakened as the mass  flux increases ,  whereas the cooling effect is in- 
tensified as the mass  flux dec reases .  The dependence of Au ~ on the frequency y and the t ransparency  index 
v is expressed  by the fac tor  

v~ (v - -  ~1) ~ 4- ~22 
AI~ + A~ (4.19) 

In accordance  with (4.6) and (4.11) at high frequencies ~, >> 1 and a t r ansparency  index v c lose to zero  
or  comparable  with unity [so that ~ - l (v  - v 2) << 1], for (4.19) we have the asymptotic expression [correct  to 

o{1/y)] 

IT I I~I-~ 4- ~" (I12b, - -  I) 4- a, I / - i ~ ]  ~ 4- IT K~-]~ bl ,--I- PI, - -  ~v - -  I /~I~)  a,] '  ( 4 . 2 0 )  

It follows f rom (4.20) that in the limit as y --* ~o the cor rec t ion  Au ~ tends to ze ro .  In absolute magni-  
tude Au ~ is the g rea t e r ,  the g rea te r  the t r ansparency  index v .  

In the other  l imiting case  as ~, - -  0 and simultaneously ~ << (v - v 2) expression (4.19) tends to 

(v --  1) 2 [aa~ -t- (v --  t) (1 --  b 1 --  g)]-~ + 0 (~) ~ . 2 1 )  

The value of the cor rec t ion  Au~ ~ can reach  values comparable  with unity only at sufficiently large 
amplitudes of the light flux oscillations (~ close to unity). At modera te  amplitudes AJ, the correc t ion  Au ~  ~ 
is not very  grea t .  Thus, for  example, for N powder, whose t ransparency  index ~ is equal to 15 cm -1 over a 
broad range of light waves,* we find that at p = 1 atm, T O = -100~ jo = 8.5 c a l / c m  2 �9 sec,  AJ  = 8 c a l / c m  2, 
r = 5-10 Hz the cor rec t ion  I A u ~  ~ I is about 10%. 

Near  the stabili ty l imit  of the s teady-s ta te  combustion mode and at frequencies 7 c lose to the natural  
f requency of the propellant  the correc t ion rapidly inc reases .  In this case fair ly large changes in the mean 
burning rate ,  possibly leading to extinction, are  to be expected in the presence  of periodic i rradiat ion.  

In conclusion the authors thank O. I. Leipunskii and V. B. Librovich for their  valuable advice.  
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