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A s tab i l i ty  c r i t e r i o n  for  combust ion  of powder  is  obta ined,  taking into account the effect  of 
the p r o c e s s e s  in the  gas phase .  It is  shown that  cons ide ra t ion  of the effects  of a nonadiabat -  
ic f l ame leads  to the s t ab i l i ty  r e s e r v e  of combust ion  being reduced and the na tura l  f requen-  
cy of v ibra t ions  being lowered .  The effects  thus found a re  phys ica l ly  explained by the r a -  
dia t ion of a pa r t  of energy  f rom the combust ion  zone with t h e r m a l  and acous t ic  waves.  

The in te rna l  ins tab i l i ty  of s t a t i ona ry  combust ion  of powder was cons ide red  in [1] neglect ing effects  con 

nected with the ex i s t ence  of the f lame and the p r e s e n c e  of a feedback between the pe r tu rba t ions  of p r e s s u r e  
p in the gas and the veloci ty  of combust ion  Us. 

A s t ab i l i t y  c r i t e r i o n  for  combust ion  was found, and the value of the na tura l  f requency of the heated 
l a y e r  of the condensed phase  (k-phase)  was e s t ab l i shed .  

Here ,  within the l im i t s  of the phenomenologica l  theory  of nons ta t ionary  combust ion of powder  with 
nonadiabat ic  f lame (nonadiabat ic  is unders tood in the sense  that  a flow of heat  f rom the f lame in the k -  
phase  takes  p lace  and that  the heat  output in the f lame depends on the p r e s s u r e  [2]), we analyze the s t a -  
b i l i ty  of combust ion  with the influence of the gas  phase  taken into account.  The gene ra l  sys t em of equa-  
t ions d e s c r i b i n g  the p r o c e s s ,  in the moving coord ina te  sy s t em connected with the combust ion su r f ace ,  has 
the form [3] 

O'F 0"-I" 01" 
-5? = x., 7 - -  "~ ,~,---7- ( -  ~ ~ a" ~ O) 

T ~ T s for .r-- 0, T-> 1'o for x-->--  

T -=  To -!- (T.,  ~ - -  To)exp ( u " . . r / x , ) .  T ,  = T~ ~. u~ - -  u~ ~ ( 1 )  

Tr. = TF ~ for t = O  

u, = u., (p, %), T~ =: T., (p. %) (% -= COl'~ d,r)o_) 

for  the k - p h a s e ;  for  the gas above the f lame (~ > x _> 0 )  it  has the fo rm 

~t ~_ d Ou c~u I 0f, 
~. r '~  -07"--u 0.,' - -  9 0., ' p~:pRT~ 

%!' \ --Yi-- - - "  --3-;-.~] = -OF § u 77- '  • 7,.,. 6~hu) = 0 

T r = T f ( p , % ) ,  h = h ( p , % ) ,  (2) 

(pu)s = (pu)F =9(u.~_ug) for x = 0 

p = p ~ ,  p = p " ,  u ~  ' r = o ~ u g ,  Tg Tl. .~ h = h t 2  for t = 0  
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When m~riting the equa t ions  f o r  the  gas  p h a s e ,  we a s s u m e  tha t  c h e m i c a l  r e a c t i o n s  a r e  a b s e n t  beh ind  
the f l a m e  and the  p r o d u c t s  a r e  c h e m i c a l l y  " f r o z e n "  (h i s  the  c h e m i c a l  en tha lpy  of  the c o m b u s t i o n  p r o d u c t s ) .  

Le t  one of  the p a r a m e t e r s  d e t e r m i n i n g  the c o m b u s t i o n  i n t h e  gas  o r  in the  k - p h a s e  r e c e i v e  a s m a l l  
d e v i a t i o n  A f r o m  i t s  s t a t i o n a r y  va lue .  

We s h a l l  i n v e s t i g a t e  the  s t a b i l i t y  of  the s t a t i o n a r y  so lu t ion  of  the  s y s t e m  (1), (2). We i n t r o d u c e  the  
d i m e n s i o n l e s s  q u a n t i t i e s  

.'+ p I p ' ,  w �9 u i u% {b+ 2'~ / 1'~,.' , ix -' h / h ~, M = u ~ / c ~ (c ~ -.. ~?pO / pO) 

E l i m i n a t i n g  d e n s i t y  f rom (2), we o b t a i n  the  fo l lowing  l i n e a r i z e d  s y s t e m  of  e qua t i ons ,  in t e r m s  of  the  
c o m b u s t i o n  p r o d u c t s ,  fo r  the p e r t u r b a t i o n s :  

u. - -  I u' u ' - - . . - : O  d Y  O.r <It +J.r 

06+v ~, 06.+ , ':  ,Jbn - : 0  
5 ; T - - t - " .  ~ I - . . - - ; - -  o.--7- 

(3) 
u d~, ' t  \ +7''1 +(}+ " + I " ' -~++ 'g - - "  "~-T I ~(+}+ylt'/ .+ 11 "~TJ" ) : ( )  

H , .  ,) . 
-~-&,  1 u" -/76t., -() 

We seek  the so lu t ion  of  (3) in t h e  fo rm 6zj  = AZj  exp iwt.  Then 

d | l  "+ i to  / II 
: d l l  i""ll'+' (TW-" II), +"" d.,+ I k ]" 

l l  d .+-"--Z i I +' I - -  ,I I '- " 

IL 

,II~W) 

, I  I ~ it,)l d(-+ tt,,(T I) ( . I / . :TI1 / _.. I I ) -  it,V.'), .'+ ,I.,--- ~- . - -  
d , ,  • UII :  l ) 

(4) 

The  p a r t i c u l a r  so lu t i ons  (4) a r e  r e p r e s e n t e d  by waves  of  the  fo rm Zj  = 
the  a m p l i t u d e  ] Zjl and the wave v e c t o r s  k j ,  we have  the s y s t e m  of  equa t i ons  

.11 h o  '1 ,ll'-'{o~ 
I l l l  ,,'/, t ,,+-7~-1 .,-n-,: ] 1 . ' 1  o ,  I t ,  l ( k , , ' l -o , )  

~,J ( . i / h o  \ 
' IWl  /,,, I ~ )  o I I I  I:r ( i +  I) 

(7 -.  I ) m  
lW I t+ Jl +l)'llg''l -Ir t '" ) - l ee l s ,  t;++++-iS ~o 

Solving the  c h a r a c t e r i s t i c  d e t e r m i n a n t  (5) we find 

Zjl exp k jx .  To d e t e r m i n e  

(5) 

i , - , .  "' k+, "' /,':i - i g  "' (6) 

Here  k 1 is  the  wave  v e c t o r  of  the  ou tgoing  wave ,  k,+ is  the  wave v e c t o r  of the i nc iden t  wave ,  whi le  k,~ 
and 1r 4 a r c  the  wave  v e c t o r s  of  the induced  waves  of  t e m p e r a t u r e  and c h e m i c a l  en tha lpy .  

With (6) t aken  into accoun t ,  the  g e n e r a l  so lu t ion  of  (3) i s  w r i t t e n  in the fo rm 

6n - AWI/e +~ (C,, ,+~''~ -- C..,e +h':'~) 

5. '  : A, +,~~ (~ ',+'" ....... l" C".c ik:'') 

5'0'+., : A (7 --  l )Me i''l (('W i'' . . . . .  (% ei'+'') ~- A(':~c ",'.+i~'+' 

6i.+ =:.. ",_k( "4e;r176 +i•.v 

Since the  i nc iden t  wave  is  a b s e n t  (we c o n s i d e r  only  the  i n t e r n a l  s t a b i l i t y  of  the  p r o c e s s ) ,  C 2 = 0 and 
t l le g e n e r a l  so lu t i on  (7) m u s t  con ta in  only waves  d e p a r t i n g  f r o m  the c o m b u s t i o n  s u r f a c e .  It has  the  f o r m  
(the wave  of  c h e m i c a l  en tha lpy  is e x p r e s s e d  independen t ly ;  i t  does  not in f luence  s t a b i l i t y  and i s  not s u b -  

s equen t ly  c o n s i d e r e d )  

(7) 

6~ .... +~'T:|l('ic +'+'"w', 6w = A(',te ''̀ '+ ~ ;'%': 
. . . .  ~ ( '  rEZo~l + +~, +.,+ 60+ A~7 l ) . l l + ' j e  '++',+''+''' "- ~ .: (8) 
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We i n t r o d u c e  n e w  d i m e n s i o n l e s s  v a r i a b l e s  w h i c h  a r e  m o r e  c o n v e n i e n t  f o r  t he  s o l u t i o n  o f  the  s y s t e m  
(1) w h i c h  p r o p e r l y  d e s c r i b e s  t he  c o m b u s t i o n  o f  p o w d e r :  

Us~ us~ t, O= T - - T o  us • 
~. ~--- ~ X, "~--=- x~ Ts ~  ' /~ = - - U s  o , Q :=  usO~ (o 

• ~s  
; 1 ' 2 ' 3  = u , - ~  k 1 ' 2 ' 3 '  q ) = - ~ s *  

T h e n  (8) a s s u m e s  the  f o r m  

L i n e a r i z i n g  (1), we o b t a i n  

6z~ = A]  l-I I e~="; : :  (1 rl I - ,r,alC~) 

1 
7 

(9) 

0~ 6 0 - -  0 - - ~ 6 0  e~v  0~-- r ~ 60' = 

6 ~ ( ~ - . ~ ) = 0 ,  6 0 ( ~ = 0 ,  ~ ) = 5 0 ~ ,  6 0 ( ~ , T = 0 )  =4) 

~o, = ! 0.-~-) ,  o.~ + ,,%--)= ~ 
(10) 

Oe F ! O0 f \ 

(0,. / 
= ',,~3~ ]~ ', O(p },: 

S i n c e  the  p r e s s u r e  on  the  c o m b u s t i o n  s u r f a c e  v a r i e s  a c c o r d i n g  to the  l a w  5 r  ~ e x p  i ~ r ,  the  s o l u t i o n s  
(10) m u s t  b e  s o u g h t  a m o n g s t  f u n c t i o n s  o f  t he  s a m e  f o r m .  A c c o r d i n g  to [2],  f o r  t he  c o m p l e x  a m p l i t u d e s  we 
c a n  f ind  

v - 5 ( ~  --1) 
V = V ~ l l [  I, V , =  l - - # ~ - ( : t - - 1 ) ( r - - t / , ' : P . )  

(11) 
e g t ' = l I [ [  ( s - v  q "  t,. -~- ~=q V,",~ a = a h ( l - ' V l  -4i.o.) 

t I e r e  

[ O ln ,,~" . . [Ors  ~  . =  " , , k = ( r . ? - - T o ) [ O l n " : ~  
'~ O l n p  Iro \ 01',, ]p '  r - = \  Oro ']p 

( OTf "~ (OInTF~ ~ 
Y' = \ 0-NIT. p / r o  ( T / - -  7"o)-L s = \ a L--YiT~ p /-to' 

( a In ;",..~ '~ 
q = (T.3 - -  To) ~ / v  

5 =  v r - - u k ,  s = ( Y ~  ~  T o ) ' / T t  "~ 

T h e  pa rame te r s  v, k, r, ~, s, q, and 6 define the p r o p e r t i e s  o f  the react ion zones in  the f lame in the 
k - p h a s e  o f  t h e  powder. 

T h e  c o n s t a n t s  [ rl] and C 3 in (9) and  (11) a r e  found f r o m  the c o n d i t i o n  t h a t  the  s o l u t i o n s  a r e  " s e w n  
t o g e t h e r "  on  the  f l a m e :  

6x~tg = 8OF, 6u:~ .. . . .  6 w  e 

With  the  e q u a t i o n s  o f  s t a t e  and c o n s e r v a t i o n  of  m a s s  t a k e n  in to  a c c o u n t ,  we f ind  

q ,, i. L ~ ---- i .) ._ C.~ : :  0 

-7}  v-y-. -zfiT-. = 0 
(12) 

T h e  c h a r a c t e r i s t i c  e q u a t i o n  

[ q , q T: T - - 1  
s--v--#-~ - r - T - ' 1  ~r ' 

V , ( t -F + ) + s - " -~ -  - 1 -  - 
- - l ] =  0 

1 0 
"rM ' 
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f o l l ows  f r o m  (12). 

Us ing  the  e x p r e s s i o n  V1 f r o m  (11), we f ind f r o m  th i s  equa t ion  tha t  

= -i--- k + (~ -- 1) (r --  t~/o) (13) 

Since  ~ = R e  I2 + i I m  D and the  so lu t i on  of  the  p r o b l e m  was sought  in the  f o r m  ~ e x p i s  
(Ira ~)T],  the  s t a b i l i t y  cond i t i on  of  c o m b u s t i o n  i s  e q u i v a l e n t  to the  i ne qua l i t y  Im 9 -> 0 b e i n g  s a t i s f i e d .  

We s h a h  i n v e s t i g a t e  the  c h a r a c t e r i s t i c  equa t ion  (13). 

Deno t ing  

(~ = i [ l  (a --- 1/2(i 4- ~ / l  _L 4a)), a~ = (l - - k )  a o - - ~ ' ~ M  

a 2 ---- r a  o - -  6 u  a s = a o k ,  a0 = [ i  -,~ 7 M  ( i  - -  s + v q  / k)l k / (k + q) 

we r e w r i t e  (13) in  the  f o r m  

( V i  - 4 a - i ) ( a  2 / a s -  l / a )  -- - -2a l /a .~  (14) 

The  quan t i ty  a in  Eq.  (14) in  the  g e n e r a l  c a s e  i s  c o m p l e x  (a = x + iy) (x and y a r e  r e a l  n u m b e r s ) ;  t h e r e -  
f o r e  (14) can  be  b r o u g h t  in to  the f o r m  

a2zo 2 ~-, a (2a2aa + a l a s - -  a('-) - -  a~ 2 ':- a l a  3 = 0 (15) 

A f t e r  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 find 

x = a.~ ~ / 2 ( 2 a 2 a  ~ § a~a 2 - -  al  2) (16) 

= 2 (2a~as ~- a l a  2 - -  a12) 2 / 4 (17)  a22y ~ a32 ~- a l~  3 - - a  S 

f r o m  (15). 

By the  de f in i t ion  the  value  of  y is  r e a l .  We find a r e g i o n  o f  p a r a m e t e r s  w h e r e  th i s  r e q u i r e m e n t  i s  
fu l f i l l ed .  F o r  th i s  we c o n s i d e r  the s ign  of  the  i ne qua l i t y  (a32 + a ~ a 3 )  - a 2 2 ( 2 a 2 a 3  + a i d  2 - a12)2/4. If i t  i s  g r e a t e r  
t han  z e r o ,  then y i s  a r e a l  n u m b e r ,  whi le  in the  c o n t r a r y  c a s e  i t  i s  p u r e l y  i m a g i n a r y .  

An a n a l y s i s  shows  tha t  the  l e f t  s i d e  of  the  i ne qua l i t y  is  nega t ive  if  

(18) 

o r  

v (1 4- k) "(M = k0 

Thus  in the  r e g i o n  k < k 0 the  c h a r a c t e r i s t i c  equa t ion  (14) has  no c o m p l e x  r o o t s ,  and y is  a p u r e l y  
i m a g i n a r y  n u m b e r .  Th i s  c o n t r a d i c t s  i t s  de f in i t i on .  T h e r e f o r e  in the  r e g i o n  k < k 0 the  r o o t s  of  the  c h a r -  
a c t e r i s t i c  equa t ion  a r e  r e a l ,  o r  they do not e x i s t  a t  a l l .  A s s u m i n g  ~ to be  r e a l  and p o s i t i v e  ( p h y s i c a l l y  th i s  
c o r r e s p o n d s  to e be ing  def ined  as  the  p e r t u r b a t i o n  f r equency ) ,  we s h a l l  c o n s i d e r  the  so lu t ion  (14) in the 

r e g i o n  k < k 0" 

We w r i t e  

~,~- kT--I k---~-~--[', - --s-h~'-2:-)TM-i-I --~TM - ' , , i--s"--f i- jT, J + t . v q '  ~. 

( k+~ i T /  

We s e e  t ha t  the  l e f t  s i de  of  (14) fo r  k < k 0 i s  nega t ive  ( a l / a  3 > 0 in v iew of  (18) and the d e n o m i n a t o r  
be ing  p o s i t i v e ) .  The  r i g h t  s i de  of  (14) i s  a l w a y s  p o s i t i v e  if  the  i nequa l i t y  k> v r  - r / y M  - (1 - s ) r  - tzk = k o' 
i s  s a t i s f i e d .  
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In the  c a s e  of  a d m i s s i b l e  v a l u e s  of  the  p a r a m e t e r s  the  quan t i ty  k 0' i s  a lways  nega t ive  and,  c o n s e q u e n t -  
ly ,  in the r e g i o n  o f  v a l u e s  k 0' < k < k 0 the  r i g h t  and l e f t  s i d e s  o f  the  c h a r a c t e r i s t i c  equa t ion  have  o p p o s i t e  

s i g n s .  Th i s  s i g n i f i e s  the  a b s e n c e  of  r e a l  r o o t s .  

Thus ,  in the  c a s e  k < k 0 Eq.  (14) h a s  no r o o t s  and c o m b u s t i o n  i s  s t a b l e .  H c r e  the  s t a b i l i t y  c r i t e r i o n  

a s s u m e s  the f o r m  

k < ko := 1 --  ~ (t ~- q ) y M  I l i  + (t - -  s )  7 M I  (19) 

We now i n v e s t i g a t e  the s o l u t i o n  of  the  c h a r a c t e r i s t i c  equa t ion  (14) in the  c o m p l e x  r e g i o n  (k > k0): 

i .1[<,, 'f- ., 2 " + .  L~-~--" " - -  ,<-77) J ~ j (20) = ( iP . ) , ,~  = - y  t t  a~ ] ,~ a~ , , ,  - -  

A c c o r d i n g  to the  de f in i t i on  of  s t a b i l i t y  (Ira D _> 0) we ob ta in  the  c r i t e r i o n  

(a i  la~_) " - -  a , , 'a2  - -  2a:l!a~ ~ 0 

Since u n d e r  the  u s u a l  cond i t i ons  a 2 > 0, we have  a l 2 / a  2 - a 1 - 2a 3 < 0. 

Subs t i t u t i ng  h e r e  the  v a l u e s  a o,  a l ,  a 2 and a 3 ,  we can  find the s t a b i l i t y  cond i t i on  for  k > k o. F i n a l l y  the  
s t a b i l i t y  cond i t ion  of  c o m b u s t i o n  of  p o w d e r ,  with the  e f f ec t  of  the  gas  p h a s e  t a k e n  into account ,  i s  ~ r i t t e n  

in the  f o r m  fo r  

k < l  - v ( l  + q ) T M  [(1 - - s ) y M  - .  11-1 = ko : 

c o m b u s t i o n  i s  a l w a y s  s t a b l e ;  fo r  k > k 0 c o m b u s t i o n  is s t a b l e  onIy i f  

r r ! , - , , + - ' ,  {(t ,§ §  _ [(t 

:<L ~ - r ~ , q  , -- i 

The natura l  f requency of t he rma l  osc i l la t ions  of  the combust ion zone of  powder on the boundary of  

s t a b i l i t y  can  be  d e t e r m i n e d  f r o m  (20): 

Q ,  f r 7"[, X'q ~ ] 
= --T--~ T M  1 6TM ) ~l 

" / k - - 7 - ; i , ,  ' - ' ~  -"- - I • 

- .  , , k  0 - '  T i  

In the  e a s e  of  c o m b u s t i o n  of  p o w d e r s  u n d e r  the  u s u a l  cond i t i ons  the Maeh  n u m b e r  i s  s m a l l .  T h e r e -  
f o r e , e x p a n d i n g  (19), (21) and (22) in a s e r i e s  of  y M ,  we find tha t  c o m b u s t i o n  i s  s t a b l e  a l w a y s  i f  k < 1 - 
vyM(1  + q) = k0; fo r  k > k 0 i t  i s  s t a b l e  on ly  i f  

(~' - !)'-' ( k  + q) TM 'fu + v (1 - -  k) (3 + ,~.) / 
r >  2 _ 1  V (t. !.. i,-)'-' / 

He re  

r 

k - ! q  .. - 

The r e s u l t s  o f  an i n v e s t i g a t i o n  of  c o m b u s t i o n  s t a b i l i t y  o b t a i n e d  in [1, 4] fo l low f r o m  the e x p r e s s i o n s  
p r e s e n t e d  above ,  if  we n e g l e c t  the  e f fec t  of  the  gas  p h a s e  (~/M = 0). 

We s e e  tha t  the  e f fec t  of  the  gas  p h a s e  l e a d s  to a d e c r e a s e  both  in the s t a b i l i t y  r e s e r v e  of  c o r c b u s -  
t ion  and in the  n a t u r a l  f r e q u e n c y  of  the  p o w d e r .  P h y s i c a l l y  th i s  i s  c o n n e c t e d  with the  r a d i a t i o n  of  a p a r t  
of  e n e r g y  f r o m  the c o m b u s t i o n  zone  with a c o u s t i c  and t h e r m a l  w a v e s  [2]. 

1~ 
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