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The burning of a solid propellant is investigated for nonsteady heat propagation in the in- 
duction zone. The equation of heat conduction in the propellant is solved in finite form for 
the case of a sharp change in burning rate; the time dependence of the tempera ture  gradient 
at the propellant surface is obtained and used to investigate the mechanism of collapse of 
the diffusion flame above the surface.  The combustion stability of a propellant burning in a 
channel with a large free volume is analyzed. The perturbations of the gas-dynamic  quan- 
tities are  related with the perturbations of the burning rate and hence with the proper t ies  
of the induction zone in the solid phase. An analysis of the dispersion relation for the l im-  
iting case of propagation of acoustic waves in a stat ionary gas shows that the longitudinal 
acoustic perturbations that develop in the channel may grow with time, interacting with the 
heated subsurface layer  of propellant.  

1. The nonsteady burning of solid and liquid propellants is accompanied by a change in the state of 
the subsurface heating (induction) zone that is charac te r ized  by the tempera ture  gradien t at the surface.  
In the diffusion burning regime the burning rate is determined in the f i rs t  approximation by the rate of sup- 
ply of oxidizer to the diffusion flame and thus depends importantly on the pa rame te r s  of the oxidizer gas 
flow bathing the surface of the propellant.  The physicochemical  proper t ies  of the propellant itself, its heat 
of gasification, specific heat, thermal  conductivity, etc., have a much weaker influence on the burning rate,  
so that they can be neglected [1]. 

The nonsteady propagation of heat in the induction zone is described by the l inear  one-dimensional  
heat conduction equation 

o0 w (~) O0 O~0 (1.1) 
o~ ~ = a~ - -~  

with the following initial and boundary conditions 

= 0, 0 = e-U, w :  1; ~ = 0 ,  0 : i; ~ = oo, 0 = 0  (1.2) 

Problem (1.1) and (1.2) is written in the dimensionless var iables  

u ~ u ~ T - -  T 0  u ( t )  = %- y, x = t, 0 w (~) = --u-Z-- 
T s - -  T o  

Here, t is t ime, y is the coordinate normal  to the propellant surface (the propellant is located a ty  > 0), 
% =~.//ptel is the thermal  diffusivity of the propellant,  u ~ is the s teady-s ta te  burning rate maintained a t t<  0, 
as a resul t  of which the s teady-s ta te  tempera ture  distribution was established, T s is the surface t empera -  
ture of the propellant,  T O is the tempera ture  in the inter ior  of the propellant.  Steady-state values are  de- 
noted by a superscr ip t  ~ The time dependence of the burning rate u(t) is given by the oxidizer flow con- 
ditions. 

For  a sharp change in burning rate w f f ) = k =  const it is possible to find the solution of (1.1), (1.2) in 
analytic form using the Laplace t ransformat ion.  We introduce the t ransformed tempera ture  
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0 (~, s)  = f 0 (~, ~) e-S':d'r 
o 

F r o m  Eq.  (1.1) and condi t ions  (1.2) we have 

- -  exp (-- ~) -- l)exp(:- 1!2k ~ - V ~ ) ~  0 ( ~ ' s )  - ~ T ~ - ~  k ( k  ~ ( k + . - - i )  

Using the inve r s ion  fo rmula ,  we obtain 

0 (~, v) ---- e-~-(k-1) �9 ~- (k --  i) e-'hk~ exp (~Ss ( k - - §  _ i) d s  (1.3) 
~ - - i ~  

In the complex  plane s the l ine of in tegra t ion  in (1.3) p a s s e s  to the r ight  of the s ingu la r i t i e s  of the 
in tegrand  function,  which a r e  loca ted  at the points  s 1 = 0 (pole), s 2 = 1 - k  (pole loca ted  on the negat ive  o r  
pos i t ive  s e m i a x i s  depending on the value  of  k), s3=-~/4k 2 (branch point).  Using the s t anda rd  method  of ob-  
taining the i nve r se  t r a n s f o r m  [2], we find that  the in tegra l  on the r ight  s ide of (1.3) is equal to the sum of 
the r e s idues  of the in tegrand  function at  the poles  sl  and s 2 and to the in tegra l  along a b r a n c h  cut in the 
complex  plane s, which m a y  convenient ly  be taken f r o m  the b r anch  point  s 3 along the rea l  axis  to s ~ - ~ .  
As a r e su l t  we obtain 

20 (~, z) = I --  (9 Oh) ~ --e-~a [t q- �9 (~h)] -}- eO-~),-a [t -}- �9 01a)] - -  ea-~)~+~ [t q-c I) 0h)] (1.4) 

m.2 = 112 (k~v, ___ ~- ' I , ) ,  ~18.4 - -  '/2 ((k - -  2) ~,s= • ~v-,s 9 

0 .  

The dimensionless temperature gradient 

2. In [1] it is  shown that  fo r  a diffusion f l ame  to ex is t  above the p rope l lan t  the t e m p e r a t u r e  g rad ien t  
at the su r f ace  m u s t  be l e s s  than a c e r t a i n  c r i t i ca l  va lue .  At the c r i t i c a l  g rad ien t  f ,  the flow q of ox id ize r  
to the diffusion f lame,  given by the hyd rodynamic  condi t ions ,  t akes  its l imi t ing  value  [3] 

~E (2.1) 
~,,f, = ~Te + vq (clT~ + Q) - -  2B In (k0 V ~  / q) 

# =  u~ (T~ - -  To) ~/  

Here,  the heat  t r a n s f e r  coeff ic ient  ~ d e t e r m i n e s  the heat  flow f r o m  the diffusion f l ame to the gas  and 
is ca lcu la ted  f r o m  the hydrodynamic  condi t ions ,  T e is the t e m p e r a t u r e  of the ex te rna l  flow, p is the gas  
densi ty,  E and v a r e  the ac t iva t ion  e n e r g y  and s t o i e h i o m e t r i c  coef f ic ien t  of the c h e m i c a l  r eac t i on  in the f lame,  
R is the gas  eonstant ,  Q is the total ene rgy  r e l e a s e  p e r  unit m a s s  of propel lant ,  which is equal to the dif-  
f e renee  be tween the ene rgy  of  the r eae t ion  in the f l ame  and the heat of gas i f i ca t ion  of the propel lant ,  k 0 is 
a d imens ion le s s  quant i ty  that  conta ins  the total  o r d e r  of the reac t ion ,  D is the diffusion coeff ic ient .  

We will inves t iga te  the m e c h a n i s m  of co l lapse  of the diffusion f l ame in the p r e s e n e e  of a sha rp  in- 
c r e a s e  in burn ing  ra te .  In Fig.  1 we have plot ted  the qual i ta t ive  dependence of the c r i t i c a l  (curve 1) and 
s t e a d y - s t a t e  Xl f~  (Ts--T0) (s traight  l ine 2) g rad ien t s  on the  flow of ox id ize r  to the f l ame  (the a s y m p -  
tote of cu rve  1 is the s t r a igh t  l ine q =k0 p ~ ) .  Let  the s t e a d y - s t a t e  burn ing  of the p rope l l an t  with ox id ize r  

i 
f o, f* # 2 
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1 
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f low qo be d e s c r i b e d  by  the poin t  AI. Fo l l owing  an i n s t a n t a n e o u s  i n c r e a s e  in b u r n i n g  r a t e  the  s t a t e  of the 
p r o p e l l a n t  c h a n g e s  a long  the  s t r a i g h t  l ine  A1A p a r a l l e l  to the ax i s  of  a b s c i s s a s ,  the  t e m p e r a t u r e  of the  f l a m e  
i n c r e a s i n g .  Then,  a t  a cons t an t  b u r n i n g  r a t e  c o r r e s p o n d i n g  to o x i d i z e r  f low ql  the  t e m p e r a t u r e  g r a d i e n t  i n -  
c r e a s e s  and a t r a n s i t i o n  i s  m a d e  f r o m  the po in t  A 2 to the  new s t e a d y - s t a t e  po in t  B 1. The d u r a t i o n  of th i s  
t r a n s i e n t  p r o c e s s  1- 1 can  be  c a l c u l a t e d  by. equa t ing  the g r a d i e n t  (1.5) to the  s t e a d y - s t a t e  g r a d i e n t  a t  the  
poin t  B 1 

k [t ~- r (~/~k-qv~)] - -  (k - -  2) e( ~-~)', [1 "-b ~ (~/2 (k - -  2) ~lV')] = 2vq~ / 91u* 
(k = qi / q0) (2.2) 

If the  i n c r e a s e  in the f low of o x i d i z e r  to the  f l a m e  i s  so g r e a t  tha t  the  po in t  d e s c r i b i n g  the s t a t e  of 
the  p r o p e l l a n t ,  mov ing  a long  the  s t r a i g h t  l ine  A1A , i n t e r s e c t s  the c u r v e  1 (for e x a m p l e ,  if  i t  r e a c h e s  the  
po in t  At) , then  the d i f fus ion  f l a m e  wi l l  i n s t a n t a n e o u s l y  c o l l a p s e ,  s i n c e  at  the  po in t  of i n t e r s e c t i o n  the g r a -  
d i e n t b e c o m e s  c r i t i c a l .  I f  the  i n c r e a s e  in b u r n i n g  r a t e  i s  such  tha t  the  c r i t i c a l  g r a d i e n t  i s  r e a c h e d  as  the  
r e p r e s e n t a t i v e  poin t  m o v e s  a long  the  v e r t i c a l  s t r a i g h t  l ine  (the t r a n s i t i o n  A s ~ A  3 ~ B2) , then  the d i f fus ion  
f l a m e  does  not  c o l l a p s e  i m m e d i a t e l y ,  but  only a f t e r  the  t i m e  r e q u i r e d  f o r  the hea t ed  zone to r e l a x  f r o m  the 
poin t  A~ to the  po in t  B 2. Th i s  l ag  T 2 can  be  c a l c u l a t e d  by  equa t ing  the g r a d i e n t  (1.5) to the  c r i t i c a l  g r a d i e n t  
a t  the  po in t  B 2 

k 11 § (1) (~/~k%vO] - -  (k - -  2) e('-~) ~ [1 + @ ( 'h  (k - -  2) %'/2)1 
[- c~E 

= 2 [ocTe-~vqa(ciT . -~ O ) -  -2)? in (k0 ] / - ~ / q a ) 1 / P ' t t ~  To) (2.3) 

(k = q~ / q0) 

The m a x i m u m  i n c r e a s e  in b u r n i n g  r a t e  k . ,  a t  which  the d i f fus ion  f l a m e  does  not  c o l l a p s e ,  c o r r e s p o n d s  
to the  o x i d i z e r  f low q ,  and can  be c a l c u l a t e d  f r o m  the cond i t i ons  of i n t e r s e c t i o n  of c u r v e s  1 and 2 

aEI = vq ,c l  (T~ --  To) (2.4) aTe + vq ,  (clT ~ + Q) - 2[/In (ko V-P-D / q.) 

(k ,  = q .  / qo) 

3. We wi l l  i n v e s t i g a t e  the  a c o u s t i c  s t a b i l i t y  of s t e a d y - s t a t e  c o m b u s t i o n  of a s o l i d  p r o p e l l a n t  in a 
c y l i n d r i c a l  channe l ,  t h rough  which  f lows  a g a s e o u s  o x i d i z e r  (Fig.  2). We a s s u m e  tha t  in zone 2 (x 1-<x <-x2, 
x l , 2 = x  0 • ~/2b), which i s  s h o r t  a s  c o m p a r e d  with the  length  of the  channe l ,  d i f fus ion  bu rn ing  of the  p r o p e l l a n t  
t a k e s  p l ace ,  whi le  the  r e s t  of the channe l  (zones 1 and 3) does  not  con ta in  p r o p e l l a n t  (the r e g i o n  o c c u p i e d  
by the p r o p e l l a n t  i s  c r o s s - h a t c h e d  in the  f i g u r e ) .  

We e m p l o y  the o n e - d i m e n s i o n a l  g a s - d y n a m i c  equa t ions  of an idea l  g a s  with hea t  and m a s s  s o u r c e s  
c o n c e n t r a t e d  at  the  channe l  w a l l s  in zone 2; the  s t r e n g t h  of t h e s e  s o u r c e s  depends  on the p a r a m e t e r s  of the  
g a s  f low in a c c o r d a n c e  with the  fo l lowing  e x p r e s s i o n  fo r  the  m a s s  bu rn ing  r a t e  (see  [4]) 

m -= Bocj ~ (3.1) 

w h e r e  e is  the  r e l a t i v e  m a s s  o x i d i z e r  c o n c e n t r a t i o n ,  B 0 and n a r e  c o n s t a n t s ,  and j i s  the  m a s s  v e l o c i t y  of  
the  gas  f low.  

Our  i n v e s t i g a t i o n  i s  b a s e d  on the m o d e l  d e s c r i b e d  in d e t a i l  in [5]. On the s t e a d y - s t a t e  so lu t i ons  in 
zones  1 and 3 we s u p e r i m p o s e  s m a l l  p e r t u r b a t i o n s  tha t  depend  on t i m e  a s  exp f i t ,  fl =v +iw. L i n e a r i z i n g  
the  equa t ions  in zones  in 1 and 3 with r e s p e c t  to t h e s e  p e r t u r b a t i o n s ,  we obta in  the so lu t i ons  in the  f o r m  
of s t and ing  a c o u s t i c  w a v e s  [5] 

' ( 6 v = ~ f A e x p ~  t 

6p = + [A exp [l(t 

v : @ a  o B exp t - vO_aO 

z - -  Bexp~  t v.=_ao 

Here ,  x i s  the  c o o r d i n a t e  a long  the  channe l  a x i s ,  v i s  the  gas  v e l o c i t y ,  p i s  p r e s s u r e ,  a i s  the  s p e e d  
of sound,  A and B a r e  cons t an t s ;  the  p e r t u r b a t i o n  of  the quan t i ty  r i s  deno ted  by 6r and h e r e  and in what  
fo l lows  s t e a d y - s t a t e  v a l u e s  of the p a r a m e t e r s  a r e  i n d i c a t e d  by a s u p e r s c r i p t  ~ The p e r t u r b a t i o n s  of e n -  
t r o p y  S and o x i d i z e r  c o n c e n t r a t i o n  a r e  e n t r a i n e d  by the gas  f low 

8S = C e x p ~ ( t  ----fi-),  

(3.2) 

8c = / f  exp ~ ( t - @ )  (3.3) 
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As the a c o u s t i c a l  bounda ry  cond i t ions  at  the e n t r a n c e  sec t ion  of the channe l  we take the cond i t ions  
u sed  in  [5], name ly ,  

x = 0, pv -- const, pvc = const (3.4) 

Condi t ions  (3.4) p r e s u p p o s e  that  the gas  is  suppl ied  to the channe l  through a s u p e r s o n i c  nozzle ;  a c -  
co rd ing ly ,  the r a t e  of flow of the gas  e n t e r i n g  the channe l  is  cons tan t .  Moreover ,  s ince  the acous t i c  v i b r a -  
t ions  do not  p roduce  en t ropy  p e r t u r b a t i o n s  of the s a m e  o r d e r  of s m a l l n e s s ,  we a s s u m e  that 

x = 0 ,  S----const (3.5) 

A s s u m i n g  that the flow of gas through the s u p e r s o n i c  nozz le ,  in  which the channe l  ends ,  is  q u a s i -  
s t a t i o n a r y  (i.e.,  that  the pe r iod  of the acous t i c  v i b r a t i o n s  is  l a rge  as  c o m p a r e d  with the t ime  t aken  by a 
f luid  e l e m e n t  to move  through the nozz le  zone, and  that  the length  of the en t ropy  wave t r a n s p o r t e d  by the 
flow i s  much  g r e a t e r  than the d i s t ance  f r o m  the channe l  exit  s ec t ion  to the t h roa t  of the nozz le  at the chan -  
nel  outlet) ,  we have (see [5]) 

x = l, M = const (M is the Mach number) (3.6) 

L i n e a r i z i n g  (3.4)-(3.6), we obta in  

6v t 5, 0, 6 c = 0 ,  5 .5 '=0 (3.7) x = 0 ,  -~z--~ ~ po 

x = l, 6M = 0 

where  y is  the ra t io  of spec i f ic  hea ts .  The b o u n d a r y  condi t ions  at  the channe l  in le t  give 

B M-~ A , C = 0 ,  H = 0  (3.8) 
- -  M +  ~ { . . . .  

Here  and in  what fol lows quan t i t i e s  r e l a t i n g  to zone 1 a r e  denoted by a m i n u s  s ign,  quan t i t i e s  r e l a t i ng  
to zone 3 by a p lus  s ign .  

We note that  in the absence  of a c o m b u s t i o n  zone the flow is  n a t u r a l l y  s tab le .  In fact,  subs t i tu t ing  
(3.2) and (3.3) in (3.7) and us ing  (3.8), we obta in  

( / ~  ~ , (i + /~  [2 + (T -- t) u ~ 
~ =  21 ln(i  -- M~ [2-- ( 7 "  i)M~ 

0)= Tga~ (l --  M ~ N, N = 0, l ,  2 . . . 

Since M ~ < 1 we have v < 0. The a t t enua t ion  of the s tand ing  acous t i c  waves  is  c aused  by the d i s s ipa t i on  
of acous t i c  ene rgy  through the nozz le .  

The gas  flow in c o m b u s t i o n  zone 2 i s  d e s c r i b e d  by the fol lowing equa t ions  u sed  in  [4] for  the a n a l y s i s  
of t r a n s i e n t  channel  b u r n i n g  r e g i m e s  

Op Opv 2 
0~- + ~-x = v l -g-  m 

Ooc ~_ O~cv 2 Opv 0 (3.9) 
Ot --  O, = - - v 2 w - m '  Oi + ~  (p + o r 2 ) = 0  

O l p § + Y E  pv " r - I  p 
o~ "p v - I  o 

where  v 1 and v 2 a r e  s t o i c h i o m e t r i c  coef f ic ien t s ,  and r is the channel  r a d i u s .  

Fol lowing [5] we r ep l ace  zone 2 with a su r f ace  of s t rong  d i scon t inu i ty  loca ted  at x = x  0. On the lef t  of 
th is  su r f ace  the flow p e r t u r b a t i o n s  co inc ide  with the p e r t u r b a t i o n s  at x = x 0 -  b/2, while on the r igh t  of the 
s u r f a c e  x = x 0 they co inc ide  with the c o r r e s p o n d i n g  quan t i t i e s  at  x = x  0 + b / 2 .  When we r e p l a c e  the r e a l  c o m -  
bus t i on  zone with a su r f ace  of s t rong  d i scon t inu i ty ,  we m u s t  a s s i g n  to tha t  su r f ace  a l l  the i mpor t a n t  p r o p -  
e r t i e s  of zone 2; consequen t ly ,  the so lu t ions  (3.2) and (3.3) on the lef t  and r ight  of that  zone a r e  coupled by 
cond i t ions  that  take into account  the t r a n s f e r  of m a s s  and t h e r m a l  e n e r g y  a s s o c i a t e d  with combus t ion .  We 
wil l  obta in  one of these  condi t ions .  I n t eg ra t i ng  the f i r s t  of equa t ions  (3.9) with r e s p e c t  to x a c r o s s  the c o m -  
bus t ion  zone,  we have 

- ~  9 d x - 4 - p §  c] ~dx 
(3.i0) 
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The i n t e g r a l  on the l e f t  of (3.10) is  equal  to z e r o ,  s i n c e  m a s s  t r a n s f e r  t a k e s  p l a c e  in a r e g i o n  f ixed  

r e l a t i v e  to  the  channe l  w a l l s  and  of s h o r t  ex ten t  in the d i r e c t i o n  of the  channe l  a x i s  (b ~ 0). We m a k e  the 
s i m p l i f y i n g  a s s u m p t i o n  that  the  m a s s  b u r n i n g  r a t e  depends  on the f low p a r a m e t e r s  a t  x = x 0 - 0 .  Then (3.10) 
t a k e s  the f o r m  

x = ' x  o, 9+v4- -p  v _ = v l + B o c : ] f f ' b  

In the  s a m e  way we ob ta in  the  cond i t i ons  a t  the  s u r f a c e  of  d i s c o n t i n u i t y  fo r  the  o t h e r  t h r e e  equa t ions  
(3.9) .  L i n e a r i z i n g  the r e l a t i o n s  ob t a ined  with  r e s p e c t  to the  s m a l l  c o r r e c t i o n s  and us ing  {3.8) and the  r e -  
l a t i o n s  [6] be tween  a s m a l l  change  in the bu rn ing  r a t e  ( e x p r e s s e d  by  m e a n s  of (3.1) in t e r m s  of the p e r -  
t u r b a t i o n s  of  the  o x i d i z e r  c o n c e n t r a t i o n  and  the  m a s s  v e l o c i t y  of the  g a s  flow) and the  p e r t u r b a t i o n  of the  
t e m p e r a t u r e  g r a d i e n t  a t  the  p r o p e l l a n t  s u r f a c e  w r i t t e n  in the  f o r m  

6] V t -}- 4~t0 - -  i 8rn 
/~ 2~t0 rn ~ 

w h e r e  t 0 = n / u  ~ i s  the  c h a r a c t e r i s t i c  r e s p o n s e  t i m e  of the  t h e r m a l  zone,  we ob ta in  the  fo l lowing cond i t ion  
r e l a t i n g  the  s o l u t i o n s  in zones  1 and 3 

~ v v+~ i+~ 6S A, p_~ + a--~-~, 6p_ p+5 ~-}- _-=~Sp+-- c += g+ 2 iO 

' ~ ( ~ ) �9 o v+~ ~ 1. c+ ~ 6S~ A2 p~ q- ~ 5p_ p+~176 q- 1+ 5c+ q- a+o------~ 5p+ - -  % = 

(1 + M~. ~ 8p+ + 21.,~247 /+~176 68, : (1 - -  M ~ 5p_+ 2j_~ 
Cp 

(3.11) 

__-- _ , , - - *  - -  , - - ' /  p a_ ~ - ~ _ 1 + - ~ - " ~  h-~31)hv_ 

( g -q 
b m ~  C o  b m _  ~ ' A 3 = Z  1 l _ _ Z 2  A1 = t § 2vln r / - ~ - ,  A2 ---- _ - -  2v2n r i_ ~ 2~t0 ] 

. bm_~ c~ (T s - -  To) 
Z 1 ~ / . n  r ] _ O % T  o ,  Z 2 - -  Q 

T h e s e  r e l a t i o n s  hold at  x = x  0. H e r e ,  Cp i s  the  s p e c i f i c  hea t  of the  g a s  a t  c o n s t a n t  p r e s s u r e ,  z 1 i s  a 
p a r a m e t e r  c h a r a c t e r i z i n g  the  s t r e n g t h  of the  s o u r c e s  in the c o m b u s t i o n  zone,  and  z 2 i s  the  r a t i o  of the  hea t  
s t o r e d  in the  s o l i d  p r o p e l l a n t  to the  t o t a l  r e a c t i o n  e n e r g y .  To r e l a t i o n s  (3.11) we add the b o u n d a r y  c o n d i -  
t ion  (3.7) a t  the channe l  ex i t  w r i t t e n  in the f o r m  

x :  l, v - - t  5p+ +6s__2_+ 2 6v = 0  (3.12) 
.( p+o % v+O 

We now s u b s t i t u t e  the  s o l u t i o n s  {3.2) and  (3.3) o b t a i n e d  above  in (3.11) and (3.12), u s i n g  r e l a t i o n s  (3.8). 
F o r  p u r p o s e s  of a s t a b i l i t y  a n a l y s i s  the  s e c o n d  of equa t ions  (3.11), which  g i v e s  H+ in t e r m s  of A_, can  be  
o m i t t e d ,  s i n c e  the  quan t i t y  H+ o c c u r s  only in tha t  equa t ion .  (This i s  a c o n s e q u e n c e  of the  f ac t  tha t  the  p e r -  
t u r b a t i o n s  of  the o x i d i z e r  c o n c e n t r a t i o n ,  g e n e r a t e d  in the c o m b u s t i o n  zone and e n t r a i n e d  by the g a s  f low, do 
not  i n t e r a c t  wi th  the  p e r t u r b a t i o n s  of  p r e s s u r e  and v e l o c i t y  a t  the channe l  ex i t  and  in r e g i o n  3.) As a r e -  
su l t ,  we ob t a in  a s y s t e m  of t h r e e  equa t ions  e x p r e s s i n g  the  q u a n t i t i e s  A+, B+, and C+ in t e r m s  of the  c o n s t a n t  
A_, which  r e m a i n s  i n d e t e r m i n a t e .  The cond i t ion  of s o l v a b i l i t y  of t h i s  s y s t e m  of equa t ions ,  which  c o n s i s t s  
in i t s  d e t e r m i n a n t  be ing  equal  to z e r o ,  is  v e r y  c l u m s y  and not  e n t i r e l y  a m e n a b l e  to i n v e s t i g a t i o n .  A c c o r d -  
ing ly ,  we wi l l  c o n s i d e r  the  c a s e  of  s m a l l  Mach n u m b e r s ,  n a m e l y ,  M ~ M+ ~ << 1. Re ta in ing  only t e r m s  of 
z e r o  o r d e r  in M_ ~ and M+ ~ and a s s u m i n g  tha t  the  q u a n t i t i e s  a_ ~ a +  ~ a r e  f in i te  ( acous t i c  v i b r a t i o n s  in the s t a -  
t i o n a r y  gas )  and  tha t  v > 0 (uns table  r oo t s ) ,  we ob ta in  the  fo l lowing  equa t ion  fo r  fl : 

th~t+cth~t_ = - - d [ i  + z ~ ( l -  z 2 V-i + 4 ~ t o - t  2~to )] (3.13) 

(d = a_ ~ / a+ ~ 

Here ,  t_ =xo /a_  ~ t+--- (l - -x0) /a+  ~ a r e  the  p r o p a g a t i o n  t i m e s  of the  a c o u s t i c  wave  in zones  1 and 3, 
r e s p e c t i v e l y .  

If  the  p r o p a g a t i o n  t i m e s  of the  a c o u s t i c  wave  in zones  1 and 3 a r e  equa l ,  the  so lu t i on  of  (3.13) i s  
e a s i l y  found 

zaz~ - -  1 - -  d 
vto = zlz~ (1 + z~ + d) '~ ' C0 = 0 (3.14) 
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F o r  r e a l  v a l u e s  of z~ and z 2 the  n u m e r a t o r  of the  
f r a c t i o n  in (3.15) i s  n e g a t i v e  and v < 0; a c c o r d i n g l y ,  a t  
t = t+  t h e r e  a r e  no so lu t i ons  with v > 0. 

I f  the  n o n s t a t i o n a r y  c h a r a c t e r  of the s u b s u r f a c e  
hea t ing  zone,  i . e . ,  the r e o r g a n i z a t i o n  a s s o c i a t e d  with  f luc -  
t ua t i ons  of the bu rn ing  r a t e ,  i s  d i s r e g a r d e d ,  then the p e r -  
t u r b a t i o n s  a r e  d a m p e d  and c o m b u s t i o n  i s  s t a b l e .  In fact ,  
in t h i s  c a s e  Eq. (3.13) t a k e s  the  f o r m  

th ~t+ cth ~t_ = - -  d (i -~ zl) 

S e p a r a t i n g  the r e a l  and i m a g i n a r y  p a r t s ,  we ob ta in  

sh 2vt_ sh 2vt+ @ sin 2(ot_ sin 2(0t+ = - -  d (1 ~- zl) (3.15) 
(ch 2vt_ -- cos 2cot~) (ch 2~t+ @cos 2o)t+) 

sin 2cot+ = s h  2vt+ sin 2rot  / sh 2vt  (3.16) 

Subs t i tu t ing  the  e x p r e s s i o n  fo r  s in  2wt+ f r o m  (3.16) in (3.15), we s e e  tha t  the  l e f t  s i d e  of  (3.15) is  
p o s i t i v e  a t  v > 0. Since the  r i g h t  of th i s  equa t ion  i s  n e g a t i v e ,  s y s t e m  of  equa t ions  (3.15), (3.16) does  not  have 
s o l u t i o n s  in the  r e g i o n  v > 0. 

We wi l l  now show tha t  t ak ing  the  n o n s t a t i o n a r y  p r o c e s s  into accoun t  l e a d s  to the  a p p e a r a n c e  of  un-  
s t a b l e  r o o t s .  F o r  th i s  p u r p o s e  we c o n s i d e r  Eq. (3.13), a s s u m i n g  tha t  

vt . ~ t ,  v t+~t ,  rosy ,  r o t 0 ~ t  (3.17) 

Cond i t ions  (3.17) m a k e  i t  p o s s i b l e  to s u b s t i t u t e  fo r  (3.13) the  fo l lowing  equat ion:  

( 1 - - i  ',1 sin 2(0t+ sin 2(ot_4cos 2+ ivat+(t_ sin ~sin 2(ot+~ot_ -- t+ sin 2~ot) = __ d I -}- z 1 I - -  z 2 ~ ) j  

In ob ta in ing  (3.18) we a l s o  m a d e  use  of the  cond i t i ons  

sin 2rot_ =r 0, sin 2rot+ 4= 0, vt_ <~ ] sin rot_ ] 

(3.18) 

(3.19) 

~ t+ .~  [ sin rot+ [, ~tt+ <~2~ I sin 2o)t  sin 2(ot§ ] 

Cond i t ions  (3.17) and (3.19) a r e  s u b j e c t  to v e r i f i c a t i o n  a f t e r  the  r o o t s  have been  found. 

S e p a r a t i n g  the r e a l  and i m a g i n a r y  p a r t s  in (3.18) and n e g l e c t i n g  the  quan t i ty  z j z 2 / ~  0 a s  c o m p a r e d  
with  uni ty  by  v i r t u e  of  one of cond i t ions  (3.17), we obta in  

F (ro) = ctg rot_ tg rot+ = - -  d, 2 (d, ~ -- d (1 + z)) (3.20) 

sin2 (ot_ cos2 cot+ V/-@t0 (3.21) 
= d2~ t+ sin 2c0t_ -- t_ sin 2o)t+ d22 = dzlz2 

It i s  e a s y  to show tha t  the  quan t i ty  u i s  p o s i t i v e  if the  roo t  of  Eq. (3.20) s a t i s f i e s  the cond i t ions  tan  
w t  > 0, tan wt+ < 0, which  we r e w r i t e  a s  fo l lows :  

~L < fl < @  ~ (t -f- 2L), n(t + 2M) ~ c ~ ~  .... ~ < ~t (t -b M)h (3.22) 

(~2=cot_; h = t + / t _ ;  L , M = 0 , 1 , 2 . . . )  

F i g u r e  3 r e p r e s e n t  the p l ane  hf~, on which we have p lo t t e d  the  r e g i o n s  de f ined  by  i n e q u a l i t i e s  (3.22) 
fo r  v a r i o u s  L and M; they  cons t i t u t e  f o u r - s i d e d  f i g u r e s  bounded  by two s t r a i g h t  l i n e s  f~ =rrL, ~ = !/2 rr(1 +2L) 
and two h y p e r b o l a s  ~ =rr(1 +2M)/2h ,  f~ =Tr ( l+M) /h .  In o r d e r  to d e t e r m i n e  the v a l u e s  of ~ which,  fo r  a s p e -  
c i f i c  h, g ive  v > 0, i t  i s  n e c e s s a r y  to d r a w  a s t r a i g h t  l i ne  p a r a l l e l  to the o r d i n a t e  ax i s ,  a s  has  been  done in 
F ig .  3 f o r  h = 2; the  r e g i o n  of r e q u i r e d  ~ l i e s  be tw e e n  the o r d i n a t e s  of the  u p p e r  and l o w e r  po in t s  of i n t e r -  
s e c t i o n  of th i s  s t r a i g h t  l ine  and the s i d e s  of a g iven  q u a d r a n g l e .  F o r  h-- 1 t h e r e  a r e  no such  r e g i o n s ,  s i nce  the  
s t r a i g h t  l ine  h = 1 does  not  i n t e r s e c t  any of  the s h a d e d  f i gu re s ;  fo r  any o t h e r  h t h e r e  a r e  i n f in i t e ly  many  (for 
h< 1 the p r o j e c t i o n s  on the ax i s  of a b s c i s s a s  of the  r e g i o n s  (3.22), c o n s t r u c t e d  f o r  f i xed  M, span  a l l  v a l u e s  
of h owing to the  o v e r l a p p i n g  of the  p r o j e c t i o n s  of a d j a c e n t  f i g u r e s ;  a l l  v a l u e s  of h > 1 a r e  spanned  by the 
p r o j e c t i o n s  on the  a x i s  of a b s c i s s a s  of the q u a d r a n g l e s  c o n s t r u c t e d  fo r  f ixed  L).  

We wi l l  now show that  in any such  r eg ion ,  found fo r  a g iven  h, t h e r e  is  a r oo t  of Eq.  (3.20). In fact ,  
a s  ~2 ~ r r L  +0 and f~ ~ r r (1  + 2M)/2h + 0 the  func t ion  F(~2) ~ - ~ ,  and a s  ~2 ~ 2 7 r ( 1  + 2 L ) - - 0  and ~2 ~Tr(1 + M ) / h - 0  
F(~2) ~ - - 0 .  Hence as  ~2 v a r i e s  wi th in  a g iven  r e g ion ,  the funct ion  n e c e s s a r i l y  t a k e s  a v a l u e  equal  to - d  2. 
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Thus, for  any h 41 there  exis t  infinitely many roots  of equation (3.14) with v > 0. By select ing among them 
roots  with a sufficiently la rge  value of w it is poss ib le  to sa t is fy  conditions (3.17) and (3.19). 

In conclusion the author thanks B. V. Librovich for  formula t ing  and discuss ing the p rob lem and A. G. 
I s t r a tov  and V. G. Markov for  the i r  valuable comments .  
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