
T W O - D I M E N S I O N A L  S T A B I L I T Y  O F  T H E  

C O M B U S T I O N  OF C O N D E N S E D  S Y S T E M S  

G.  M.  M a k h v i l a d z e  a n d  B .  V .  N o v o z h i l o v  UDC 536.46 

The question of the combustion stability of condensed sys tems  relat ive to curvature  of the 
front is investigated in a l inear approximation.  Two of the s implest  combustion models are  
examined, a gas less  sys tem and a model of f lameless  combustion of a solid fuel. In the 
f i rs t  case ,  the combustion products are  condensed, just as are  the initial mater ia ls ,  and in 
the second the solid fuel is converted into a gas in which no chemical  react ions occur .  
Boundaries of the stabili ty of the s ta t ionary combustion mode are  found. It is shown that 
gas less  sys tems  a re  less stable with r e s p e c t  to two-dimensional  perturbations than to one- 
dimensional  per turbat ions .  For  the f lameless  combustion model the resul t  depends on the 
relat ionship between the thermophysical  constants of the initial mater ia l  and the products.  
The question of the influence of heat emission on the one-dimensional  stability of the gas -  
less  composi tes  is considered.  An increase  in the heat emission diminishes the stable 
combustion region, where a one-dimensional  instability originates ear l ie r  than collapse of 
combustion occurs  because of s t rong heat emission to the wall. 

1 .  S t a b i l i t y  o f  t h e  C o m b u s t i o n  o f  G a s l e s s  S y s t e m s  

Combustion of a solid fuel is ordinar i ly  accompanied by the transit ion of the mater ia l  f rom the con-  
densed into the gaseous state.  However, there  are  cases  when reaction products remain  in the condensed 
state behind the front of an exothermal reaction being propagated over a solid fuel. An example might be 
the combustion of thermi tes  which were investigated experimental ly in [1,2]. An analogous picture o r ig i -  
nates in the propagation of a polymerizat ion front in a condensed medium. The question of the s ta t ionary 
veloci ty of react ion front propagation in such sys tems  was considered theoret ical ly  in [3-6]. 

Let us investigate the combustion stability of a gas less  composition by using the assumption of a 
strong t empera tu re  dependence of the chemical  react ion ra te .  This assumption permits  considerat ion of 
the na r row zone of initial mater ia l  convers ion in compar ison with the width of the heating zone, and to con-  
s ider  it as a surface  separat ing the initial mater ia l  (zone 1) and the react ion products (zone 2). (The quan- 
ti t ies r e fe r r ing  to each of these zones are  marked with the subscr ipts  1 and 2, respect ively.)  Let us take 
a coordinate sys tem in which the unperturbed powder surface  is at r e s t  (x = 0) and the initial mater ia l  
located at x < 0 moves at the velocity u equal to the s ta t ionary propagation velocity of the chemical  r e a c -  
tion front.  

The s ta t ionary  t empera tu re  distributions 

:7,0 = 70 + (/'a - -  70) e ~/x, 

satisfy the same heat-conduction equation 

T~ ~ = Ta (1.1) 

dZT~ dT~ ~- 0 )~ ~ - -  puc - ~ -  (1.2) 
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and the  b o u n d a r y  c o n d i t i o n s  

rl0[ . . . .  = To, Tx~ I~=0 = r~  

r,01~0= to, dr_A~l~= = 0 
dz 

(i.3) 

H e r e  T o i s  the  i n i t i a l  p o w d e r  t e m p e r a t u r e ,  T a = T o + q / 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 ,  p i s  the  
d e n s i t y ,  c i s  the  s p e c i f i c  h e a t ,  ~t = ~ [ p  c i s  the  c o e f f i c i e n t  of t e m p e r a t u r e  c o n d u c t i v i t y  (~ is  the h e a t - c o n d u c -  
t ion c o e f f i c i e n t ) ,  and q i s  t he  t h e r m a l  e f f ec t  of the  r e a c t i o n .  The  s t a t i o n a r y  t e m p e r a t u r e  v a l u e s  a r e  m a r k e d  
wi th  d e g r e e s .  

UsIng  the  m e t h o d  of s m a l l  p e r t u r b a t i o n s ,  l e t  us  g ive  the  c u r v a t u r e  of the  c o m b u s t i o n  s u r f a c e  in the  
fo l lowing  m a n n e r :  

---- D exp (oJt -k iKy) (1.4) 

w h e r e  y i s  a c o o r d i n a t e  d i r e c t e d  a long the  u n p e r t u r b e d  r e a c t i o n  f ron t ,  w i s  the  f r e q u e n c y ,  t i s  the  t i m e ,  K 
i s  the  wave  n u m b e r ,  and D is  the  a m p l i t u d e  of the  p e r t u r b a t i o n .  Wi thou t  l i m i t i n g  the  g e n e r a l i t y ,  the  t w o -  
d i m e n s i o n a l  p r o b l e m  can be  e x a m i n e d .  

L e t  us  s e e k  the p e r t u r b e d  so lu t ion  in t he  f o r m  

Ti = Ti ~ -k T( (x)  exp ((ot -k iKy) (; = 1, 2) 

Subs t i t u t i ng  (1.5) into the  n o n s t a t i o n a r y  h e a t - c o n d u c t i o n  equa t ion  

ol', [0".7' i o~Fi\ oT~ 

r e s u l t s  in o r d i n a r y  s e c o n d - o r d e r  d i f f e r e n t i a l  equa t i ons  in T l ' ( x ) ,  T 2' (x), w h o s e  s o l u t i o n  y i e l d s  

Tx' = A exp (z~ux / 2• z 1 = t -+- ~ 1  + 4~2 -b S i 

T~' = B exp (zdtx / 2u), z~ = I - -  If1 q- 4f] + s ~ 

f~ = ~ -  0~, s = 2  K 

{1.5) 

(1.6) 

(1.7) 

H e r e  f~ i s  the  d i m e n s i o n l e s s  f r e q u e n c y ,  s c h a r a c t e r i z e s  the  r a t i o  be tw e e n  the wid th  of the  M i c h e l s o n  
h e a t i n g  zone  ~ / u  and the  p e r t u r b a t i o n  w a v e l e n g t h  2 ~r/K, and  A and B a r e  i n t e g r a t i o n  c o n s t a n t s .  The  c o n d i -  
t ion tha t  the  p e r t u r b a t i o n s  d a m p  out  at  i n f in i ty  was  u s e d  in s e l e c t i n g  the s i g n s  of z I and z 2. 

The  p e r t u r b e d  s o l u t i o n s  a r e  i n t e r r e l a t e d  by  c ond i t i ons  on the  s u r f a c e  w h e r e  the  c h e m i c a l  r e a c t i o n o c -  
c u r s .  the  t e m p e r a t u r e  i s  con t inuous ,  bu t  the  hea t  f lux i s  c ha nge d  b e c a u s e  of h e a t  l i b e r a t i o n  in the  r e a c t i o n  
zone .  In the  a p p r o x i m a t i o n  u n d e r  c o n s i d e r a t i o n  we have  

x = ~, T 1 T~, ~'x P = (1.8) 

It  has  h e r e  been  t a k e n  into  accoun t  tha t  the  d e r i v a t i v e  wi th  r e s p e c t  to  the  n o r m a l  is  d i f f e r e n t  f r o m  the 
d e r i v a t i v e  wi th  r e s p e c t  to x by  a s e c o n d - o r d e r  i n f i n i t e s i m a l .  

H e n c e f o r t h ,  l e t  us c o n s i d e r  the  c o m b u s t i o n  v e l o c i t y  to  depend  on ly  on the  t e m p e r a t u r e  in the  zone of 
c h e m i c a l  c o n v e r s i o n .  Then in the  l i n e a r  a p p r o x i m a t i o n  the  change  in c o m b u s t i o n  v e l o c i t y  wi th  t e m p e r a t u r e  
can  be  d e s c r i b e d  by  the  c o e f f i c i e n t  

k ---(T a ~, . d lnu  
- -  -0 )  ~ (1 .9 )  

whose  e x p l i c i t  e x p r e s s i o n  depends  on the  f o r m  of the  s t a t i o n a r y  c o m b u s t i o n  l aw  u (Ta) .  In the  c a s e  of the  
A r r h e n i u s  c h e m i c a l  r e a c t i o n  r a t e  d e p e n d e n c e ,  wh ich  was  c o n s i d e r e d  in [3--6], we have  when we n e g l e c t  the  
p o w e r  d e p e n d e n c e  as  c o m p a r e d  to  the  e x p o n e n t i a l  d e p e n d e n c e  
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u ~ e x p  (-- E / 2 B T a ) ,  k ~- ( T a - -  T~ 2/r (1.10) 

H e r e  E is the ac t iva t ion  ene rgy ,  and R is the gas  cons tan t .  

The in t roduc t ion  of a coeff ic ient  of t e m p e r a t u r e  r e s p o n s e  of  the combus t ion  ve loc i ty  p e r m i t s  wr i t ing  
the condit ion of the total  consumpt ion  of  the r e a c t i n g  m a t e r i a l  as  fo l lows:  

O~ ku (ra - -  To) (1.11) 
" X ~ ,  ~ ' ~  . T a ~ T O  

Let  us  l i n e a r i z e  (1.8), (1.11) r e l a t i ve  to s m a l l  a d m i x t u r e s ;  hence  for  x = 0 we have 

t iT1  ~ __ d T 2  * - 

d2r~ ~ OTI' O~ k dSr2" ~ OT~' 
- dx~ ~ Ox 

Ot - -  T a - -  To  ~ - - d ~  ~ - ~  T~" u (1.12) 

Subst i tut ing the so lu t ions  (1.1), (1.4), and (1.7) into these  r e l a t i ons ,  we obtain a homogeneous  s y s t e m  
of t h r e e  l i nea r  equat ions  in A, B, and D, whose  so lvabi l i ty  condit ion y ie lds  

16f~ 3 q- 4~ s (l q-4k - -  k s q- s ~) q- 4f~k (i q- s ~) + s~k s -= 0 (1.13) 

Sett ing ~ = ~-i~ h e r e ,  we find the s tabi l i ty  boundary  k 1 (s 2) 

ka = (4 q- as s -4- ] / ( 4  q- 3ss) s -4- 4 ( i  -4- sS)a)/2 (l  q- s 2) (1.14) 

The m i n i m a l  value is  k 1 = 4 and is ach ieved  fo r  s = 1. Pu t t ing  s = 0 into (1.14), we obtain that  the 
domain  of ins tab i l i ty  to o n e - d i m e n s i o n a l  pe r tu rba t i ons  is loca ted  at k > 2 + ~f5 ~ 4.24.  T h e r e f o r e ,  the 
c h e m i c a l  r eac t ion  f ront  i s  m o r e  s table  r e l a t ive  to one -d imens iona l ,  than to t h r e e - d i m e n s i o n a l  p e r t u r b a t i o n s .  

The f r e q u e n c y  is pure  i m a g i n a r y  on the s tab i l i ty  boundary ,  i .e . ,  the loss  of s tab i l i ty  is o s c i l l a t o r y  in 
n a t u r e .  I t  is e x p r e s s e d  as  a function of  the pe r tu rba t i on  wave length  in the f o r m  

~p2 = ~/s (4 -4- 3s 2 q- 1/(4 q- 3s~) ~ A- 4 (i  ~- s2) -s) (1 .15)  

As we r e c e d e  f r o m  the  s tab i l i ty  boundary  (an i n c r e a s e  in k), we can r e a c h  a domain whe re  the p e r t u r b a -  
t ions  will  g r o w  exponent ia l ly .  The bounda ry  of the o s c i l l a t o r y  and exponent ia l  ins tab i l i ty  k2(s 2) can be ob-  
ta ined by us ing Ca rdano  f o r m u l a s  fo r  the cubic  equat ion (1.13). It is d e t e r m i n e d  by the equation 

(s2) 3 - -  (sS) 2 (2ks s +6ks - -  3) + s s (ks a --  i0ks 3 q- 26 k~ --  t2k2 + 3) 

+ k ~  s - 6 k  s q- I = 0  (1.16) 

This  c u r v e  can be c o n s t r u c t e d  n u m e r i c a l l y  by finding the z e r o e s  of the funct ion in the left  s ide  of 
(1.16) fo r  each  k.  In p a r t i c u l a r ,  for  s = 0 we have k 2 = 3 + 2~f2 ~ 5.83. Graphs  of  the funct ions kl(s2), k2(s2), 
and ~b (s 2) a r e  r e p r e s e n t e d  in F ig .  1. The ins tab i l i ty  domain  is loca ted  above the cu rve  k 1 (s2). 

The s t ab i l i t y  ana lys i s  m a d e  above shows that  g a s l e s s  s y s t e m  s a r e  l e s s  s table  to t w o - d i m e n s i o n a l  than 
to o n e - d i m e n s i o n a l  p e r t u r b a t i o n s .  The loss  of one -d imens iona l  s tab i l i ty  o c c u r s  in the domain of  developed 
t w o - d i m e n s i o n a l  p e r t u r b a t i o n s .  This  c i r c u m s t a n c e  should  be  taken into account  in a t t empts  at  a n u m e r i c a l  
computa t ion  of the n o n s t a t i o n a r y  ve loc i ty  of the c h e m i c a l  r eac t i on  f ront  in an uns tab le  domain .  The one-  
d imens iona l  a p p r o a c h  to such  p rob l ems  is i n c o r r e c t .  

I t  should  a l s o  be no ted  that  the s tab i l i ty  ana lys i s  p e r f o r m e d  above dupl ica tes  the inves t iga t ion  of  the 
d i f f u s i o n - t h e r m a l  s tab i l i ty  of  a gas  f l ame  to t h r e e - d i m e n s i o n a l  pe r tu rba t i ons  [7] to a s igni f icant  d e g r e e .  
The au thor s  of [7] l imi ted  t h e m s e l v e s  to a c l a r i f i ca t ion  of the inf luence  of  the f ac to r  D - ~t (D is the diffu-  
s ion coeff ic ient )  on the s t ab i l i t y  of  a gas  f l ame  to longwave p e r t u r b a t i o n s .  M o r e o v e r ,  the p rob l em was 
so lved  fo r  a m e d i u m  with cons tan t  dens i ty .  Hence ,  if we do not  l imi t  o u r s e l v e s  to jus t  longwave p e r t u r b a -  
t ions  and we pas s  to  the l imi t  as  D / ~ t  --* 0 in the a p p r o p r i a t e  r e l a t i ons  [7] then we obtain the d i spe r s ion  r e -  
la t ion (1.13) which  y ie lds  uns t ab le  r o o t s  fo r  k > 4. 
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o 2 q 6 

Fig.  1 

2 .  I n f l u e n c e  o f  H e a t  E m i s s i o n  on t h e  O n e -  
D i m e n s i o n a l  I n s t a b i l i t y  o f  G a s l e s s  C o m p o s i t i o n s  

Ya. B. Zel 'dovich [8] has shown that heat emiss ion can resul t  in the co l -  , 
lapse of combustion.  A minimal  t empera tu re  in the react ion zone T b at which 
s ta t ionary combustion is still possible was found in [8] and the combustion velo-  
ci ty corresponding to this t empera ture  u~ has been calculated 

"Rr,~ ~ (2.1) T ~ * = T ~  g ' u~*= V~- 

Although the theory of combustion l imits has been developed for gases in 
[8], it can be applied also to the combustion of condensed sys tems  subjected to 
an Arrhenius  kinetics [the combustion law is expressed  us a dependence of the 
form (1.10) in this case] .  

It is shown in this section that the instability of the s ta t ionary combustion 
mode of a gas less  compound originates ea r l i e r  (with fewer heat losses)  than col -  

lapse of combustion is rea l ized.  To do this, let us investigate the one-dimensional  stabil i ty of a react ion 
front being propagated under hea t - emis s ion  conditions. Considering the t empera tu re  constant  over the tube 
c r o s s  section, let us add a t e r m  taking account of the heat losses  to the right side of (1.6). 

OF~ 021"~ 07" i 
pc ~ = k-~-z~ - -  puc ~ - -  6(Ti -- To) (2.2) 

Here 6 is the heat-transfer coefficient. 

Let us first present the stationary relations. In place of (1.1) we have 

T1 ~ = To -~ (Tb - -  To) exp % (12~ ~) z 

T~" = T o + (T 5 -- To)exp %(i~x ~)z 

8 ~2 

Here  T b and Ub are  the t empera tu re  in the reaction zone and the l inear  velocity of combustion under  
hea t -emiss ioncondi t ions ,  respect ively ,  /3 is a pa ramete r  charac te r iz ing  the intensity of heat emission (/3 = 
1, T b = T a , u  b = u f o r  5 =0) .  

The equation of thermal  energy balance on the combustion surface  

x = 0 ,  --~dr1~ drY~ (2.4) 
dx -+-pubq = - - ~ .  dz 

determines  the combustion t empera tu re  

q ~ Ta  
T5 = To + ~ ~ T (2.5) 

(We assume T O << T b in this section.) 

The relat ions on the combustion l imit  (2.1) follow from (2.5) and the s ta t ionary connection between the 
combustion velocity and the t empera tu re  in the reaction zone of form (1.10). The introduction of the p a r a m -  
eterfl  permits  rewri t ing the f i rs t  relat ionship in (2.1) as 

~ * = ~ = t  + k= E (2.6) 
1'5" 

Let us investigate the one-dimensional  ~ = O) instabili ty by the scheme used in the previous section.  
The perturbat ions of the combustion surface and the t empera tu res  in zones 1 and 2 are  

TI' = A exp (zl'ubx / 2x), 

T~' = B exp (z2'ubx / 2• 

= D exp ~ot 

zl' I + g ~  +4P- a = - ~ j  (2.7) 
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The f i r s t  two re la t ions  in (1.12) r ema in  the same ;  in place of the th i rd  we have 

0t~ k ~  ~ + ~ )  (2.8) 

Substituting the solut ions (2.3), (2.7) into the f i r s t  two re la t ions  in (1.12) and in (2.8), and taking ac -  
count of (2.5), we obtain a homogeneous s y s t e m  of equations in A, B, and D, f rom which the c h a r a c t e r i s t i c  
equation for  12 follows 

4~ ~ + ~ (~ + 4k --  k~  ~) A- k~ ~ (~ --  k~ ~ + k) = 0 (2.9) 

For  fl = 1 the re la t ion  (2.9) ag rees  with (1.13) if  s = 0 is inse r t ed  in the l a t t e r .  The equation for  the 
s tab i l i ty  boundary k~8 ') r esu l t ing  f rom (2.9) is  

k =  gi_~, (2 A_ ]/ 4 A_ ~,4), ~ ' =  T___~ (2.10) 
T b ' 

where  Tb'  i s  the t e m p e r a t u r e  in the combust ion zone cor responding  to the l imi t  of one-d imens iona l  s tabi l i ty .  

The dependence 1~ ' (k) de te rmined  f rom (2.10) and ~ * (k) f r o m  (2.6) a r e  r e p r e s e n t e d  in Fig.  2. The in-  
s tabi l i ty  domain is located above the cu rve /3 ' (k ) ;  the domain under  the cu rve  ~ * (k) co r r e sponds  to the co l -  
l apse  of combust ion .  Fo r  this compound (k fixed), as the heat  emiss ion  i nc r ea se s ,  the s ta t ionary  c o m b u s -  
tion mode becom es  uns table  e a r l i e r  than the col lapse  of combust ion se ts  in because  of heat t r a n s f e r  to the 
wall .  This holds for  2.7 < k < 4.24 (for k > 4.24 the combust ion front  is  unstable  to one-d imens iona l  p e r -  
turbat ions  even under  adiabat ic  conditions).  There fo re ,  the t e m p e r a t u r e  T b'  in the react ion  zone (the c o m -  
bustion veloci ty  Ub', r espec t ive ly)  cor responding  to the loss  of s tabi l i ty ,  can cons iderab ly  exceed the corn- , 
bustion t e m p e r a t u r e  at the l imit  of combust ion T b (the combust ion veloci ty  at the l imit  u~,  r espec t ive ly ,  
which is E - f o l d  l e s s  than the adiabatic value) .  

Cons t ruc ted  in Fig .  3 as a function of the p a r a m e t e r  k is the magnitude of the combust ion veloci ty  on 
the s tabi l i ty  boundary 

Ub'/U,, = exp (k [l --  ~' (k)l) (2.11) 

3 .  S t a b i l i t y  o f  t h e  F l a m e l e s s  C o m b u s t i o n  M o d e l  

Now, let  us cons ider  the other  s imp le s t  model  of combust ion of a condensed m a t e r i a l  when gaseous  
products  a re  f o rm ed  because  of reac t ion  and the chemica l  t r ans fo rma t ion  occurs  on a solid phase su r face .  
Such a mode,  ca l led  f l a m e l e s s  combust ion,  is obse rved  in t e s t s  in the combust ion of bal l is t ic  powders under  
conditions of v e r y  low p r e s s u r e  [9]. 

Let us analyze the s tabi l i ty  of such a model  re la t ive  to t h r ee -d imens iona l  
pe r tu rba t ions .  The s t a t ionary  t e m p e r a t u r e  dis t r ibut ions in zones 1 and 2 a r e  

1.2 

11%'-2" 
k 

J,~ q 6 

Fig. 2 

TI ~  T o + (T a -  To) exp(u lx  / ~ ) ,  T~ ~  T a 

Because  of the continuity equation we have 

p l U l = p 2 u l = ] ,  U l / U ~ = p . / p l ~ l  

The equation of t h e r m a l  energy  balance  on the powder su r face  

x = 0 ,  - -~ ldr l "  + plul (q + clTa) = p2u2C~Ta 

de te rmines  the s ta t ionary  t e m p e r a t u r e  in the reac t ion  zone 

(3 .I) 

(3.2) 

(3.3) 

1.0 " 

0.5 
2 J q .q 

Fig.  3 

T a = J-L To -4- q- (3.4) 
C 2  . C2  

The per turba t ions  of the powder su r face  and t e m p e r a t u r e s  in zones 1 and 
2 have the f o r m  (1.4), (1.5). The solution of the l inear ized  heat -conduct ion  
equation (1.6) in zone 1 yields  
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Tl'=Aexp(z~uxx/2n~), z l = t + l / l + 4 0 + s  ~ 

= x~ s = 2 x~ K u7 ~o, u-T 

The heat-conduction equation in the domain of gaseous react ion products 

(3.5) 

OT~ ~ ( O~r~ _I O~T~ OT~ . OT, (3.6) 

contains the components Jx and jy of the mater ia l  flux along the coordinate axes.  However, since the s t a -  
t ionary t empera tu re  distribution in zone 2 is independent of the coordinates ,  perturbations of the quantities 
Jx and jy will not originate in the l inearized equation (3.6) 

p~e, aT" ~ (o~r~' o,T,'~ ar~' 

Substituting the expressic~ for T 2' into (3.7) and solving the equation obtained, we have 

T~" = B exp (z2u~x / 2• z~ = i - -  t A- s~a + 4 u- ~ to, a = ~ (3.8) 

Let us note that taking account of (3.2) 

o~x~ __ ~2 ~ el ~2 < .~  t ( 3 . 9 )  
u.~ 2 M ~ pL " 

This permi ts  neglecting the last  m e m b e r  in the radicand in (3.8). The condition (3.9) denotes the non-  
inert ia  of the p rocesses  in the gas phase.  

Substitution of the solutions (3.1), (3.5), (3.8) into the f i rs t  equation in (1.12), which expresses  the con-  
dition of t empera tu re  continuity on the combustion surface,  yields 

u-L ( r ,  -- n0) D ~- A -- B -= 0 (3.10) 

Introducing the coefficient of t empera tu re  response  of the combustion velocity in conformity  with 
(1.9), let us wri te  the condition of total consumption of the react ing mater ia l  in the react ion front analogous 
to O_ .11) 

04 k u c~ T ' 
X = ~, Ot Ta--To 1-~ 2 (3.11) 

kS 0 i 

/ t / /  

2" 

/ 
17 Z q 

For  a combustion law of the form (1.10) 

k - -  ( T a -  TO) E Cl 
2RTa2 ca (3.12) 

Substituting the express ions  for ~ and T 2' into (3.11) yields 

k c~ B + Q D = 0  
T a -  To ~ (3.13) 

The energy-balance  condition on the solid phase surface is in the approxi-  
mation under considerat ion 

04 0r2 

Linearizing (3.14) and substituting the expression for smal l  admixtures 
resu l t s  in the equation 

i 

Equating the determinant  of the sys tem of l inear  homogeneous equations 
sz (3.10), (3.13), (3.15) to zero,  we obtain the charac te r i s t i c  equation for ~2 

6 

Fig. 4 
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4~8 + ~z [t + 8kr ~ s' - -  (| +-2kr --T +- r - ~ / ' ~ )  ~] 

-~ ~ 2kr(s ~ ~- r -{- r [/ l + s2a) + k~r~s 2 = 0 (3.16) 
c,~ = ( dr,  ) , '  

r =  c, k-~7o 

The stability boundary is determined by the equation 

k = ~ 2 (s~ + R) 
8~ ] 2  - -  - -  

-]- ~rii-{- R 2(s'-+/t) j +s'(1 r'~) -]- 2R(I r)'} (3.17) 
R = r ( l  + I l l  A- s 2a) 

The frequency on the stability boundary is pure imaginary (fl = i~/) and depends on the perturbation 
wavelength as follows: 

~ = l/~kr (s ~ + R) (3.18) 

where k is expressed  as a function of s ~ f rom (3.17). 

An investigation of the behavior of the neutra l  curve  (3.17) as s -* 0 shows that the react ion front is 
less  stable relat ive to three-d imensional  than one-dimensional  perturbations for the following relat ionship 
between the thermophysica l  constants of the initial mater ia l  and the products:  

~ < 2 ~ 2 +  V']--+ 8r (3.19) 

Constructed in Fig.  4 are  the dependences (3.17) and (3.18) for r = 1 and the values a~ = 0 (curve ' l ) ,  
tr 2 = 0.5 (curve 2), a 3 = 1 (curve 3). The neutral  curves  are  shown dashed. The unstable combustion domains 
are  located above these cu rves .  The k = 3 cor responds  to the one-dimensional  stabili ty boundary, which 
agrees  with the resu l t s  of the theory of one-dimensional  stabili ty of powder combustion [10] which yields the 
following relat ionship between the parameters on the stability boundary r -I = (k - l f / ( k  + 1). 

A diminution in the pa ramete r  tr resul ts  in expansion of the instabili ty domain. For  a < 0.4 the s y s -  
tem becomes more  stable relat ive to one-dimensional  than three-dimensional  per turbat ions.  The minimal 
boundary value k ~  2.91 is reached for a = 0, hence s ~ 1. A compar ison  between Figs.  1 and 4 permits  the 
conclusion to be made that noninert ia  of the zone of combustion products resul ts  in expansion of the ins ta-  
bility domain. 
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