
EFFECT 

ON THE 

V. 

OF CONDENSED POWDER PHASE REACTIONS 

STABILITY OF STEADY-STATE COMBUSTION PROCESSES 

N. Vilyunov and A. P. Rudnev UDC536.46+662.311 

A study has been made of the low-f requency  stabil i ty of powder combust ion in a s emic losed  
chamber ,  working within the f r a m e w o r k  of a l inear  theory  with account taken of condensed-  
phase  (k-phase) iner t ia  and evolution of t h e r m a l  energy.  The ca se  t r ea t ed  is that  of the f i r s t -  
o r d e r  react ion.  It is shown that  k -phase  exothermtc  chemica l  decomposi t ion i n c r e a s e s  the 
s tabi l i ty  of the combust ion p roces s .  The r e su l t s  of numer ica l  computa t ions  a r e  in terpre ted .  

1. Formula t ion  of the P rob lem.  Theore t i ca l  s tudies of the s tabi l i ty  of powder combust ion,  in an 
open or  in a s emic losed  c h a m b e r  (see the rev iew of [1], as  well  as  [2l, etc.) ,  usually s t a r t  f r o m  the a s s u m p -  
tion that  the k -phase  react ion  l aye r  is inf ini tes imal ly  thin and the re fo re  has ze ro  inert ia .  In actual  fact ,  
th is  l a y e r  must have finite dimensions .  According to p re sen t  combust ion theo r i e s  [3], the g r e a t e r  par t  of 
the t h e r m a l  energy  requ i red  fo r  k -phase  combust ion c o m e s  f r o m  reac t ions  occur r ing  in the phase itself.  

Let  it be supposed that  a f i r s t - o r d e r  chemica l  reac t ion  is taking place  in the k-phase .  Under s t eady-  
s tate  conditions,  act ive  component  decomposi t ion and t h e r m a l  ene rgy  propagat ion can be desc r ibed  by the 
following sy s t em  of equations 

d'T~ uodT~ Qz aOexp( E ) 

(o>x > -  ~) 
o da ~ , E o  pou ---~x --i- za~ exp ( - -  l~--~-~) = O 

(1.1) 

(1.2) 

with the conditions 

T ~ Tt ~ T~( - c~)----- T0, a ~ --- b ~ a ~  co)----- i , 

the origin of coordina tes  be ing located in the combust ion sur face .  

He re  x is a spat ia l  coordinate ,  T~ the t e m p e r a t u r e ,  a ~ (x) the re la t ive  reac tan t  concentra t ion,  b ~ 
the d ispers ion  depth, TI ~ the sur face  t e m p e r a t u r e ,  T O the initial t e m p e r a t u r e ,  u ~ the combust ion ra te ,  P0, 
Co, and vt the r e spec t ive  density,  specif ic  heat capaci ty ,  and t h e r m a l  conductivity,  E the act ivat ion energy,  
z the preexponent ia l  factor ,  Q the heat of react ion,  and R0the mola r  gas constant,  the degree  sign indicating 
the s tandard  state.  

The f i r s t  integral  of (1.1) and (1.2) gives a s t eady - s t a t e  relat ion between ]co the t e m p e r a t u r e  gradient  
at  the k -phase  side of the interface,  the d ispers ion  depth, and other  fac to rs ,  namely  

ht  v 

= --~ (T, ~ - -  To) ~ Qu--~~ (i --  b ~ (1.3) 

Let  us now solve the s y s t e m  (1.1), (1,2) a s suming  the combust ion  ra te  u ~ to be known, We f i r s t  draw on the 
Arrhen ius  equation to pass  f r o m  (1.1), (1.2) to two other  equations which, taken together ,  give a f i r s t -  
approximat ion descr ip t ion of combust ion and t h e r m a l  ene rgy  propagat ion in the k -phase  react ion  and 
Michelson heating l aye r s .  The Michelson l ayer  solution can  be wri t ten as -  
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0o ~  = H e x p ( ~ - -  ~,), ao ~  = i (~z> /  ~ >  - - ~ 1 7 6  (1.4) 

H e r e  ~, 00 ~ (~) a r e ,  r e s p e c t i v e l y ,  a d i m e n s i o n l e s s  coo rd ina t e  and t e m p e r a t u r e  

= x u  ~ / ~, %~ (~) = ( T  ~ - -  T o )  / ( T ~  ~ - -  T o )  

the l a t t e r  e x p r e s s e d  r e l a t ive  to the d i f f e rence  T s ~  the s u b s c r i p t  z e r o  indica t ing  a quant i ty  m e a s u r e d  
in the hea t ing  l a y e r  and the s u b s c r i p t  1 a quant i ty  m e a s u r e d  in the r e a c t i o n  l a y e r ,  ~ is a quant i ty  r e l a t ed  
to xl, the d imens ione d  depth o f  r e a c t i o n  l a y e r , b y  the equat ion  

~z = - -  x, u~ 

and H 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  at  the in t e r f ace  be tween k - p h a s e  r e a c t i o n  and heat ing l a y e r s .  

Within the r eac t i on  l aye r ,  the exponent ia l  c an  be app rox ima ted  by a pa rabo l i c  funct ion,  the coe f f i c i en t s  
of  this  funct ion being so c h o s e n  that  the va lues  of  exponent ia l  and pa rabo l i c  funct ions  will  be ident ica l  on the 
c o m b u s t i o n  s u r f a c e  (point T ~ =Tt  ~ and at points  whe re  exp i - E / ( R o T ~  is l e s s  than exp i - E / ( R o T s ~  by the 
r e s p e c t i v e  f a c t o r s  1 / e  and 1 /e  2 [points T ~ =ETs~  +ROT{) and T ~ =ETs~  +2ROTs~ Since the r a t e  of 
s t e a d y - s t a t e  c o m b u s t i o n  is r e l a t ed  to  the  k - p h a s e  kinet ic  and t h e r m a l  c h a r a c t e r i s t i c s  by an  equa t ion  of  the 
f o r m  [4] (a s i m i l a r  equat ion  has  been  independent ly  de r ived  in [5]) 

2~cz Bo (Tx~ 2 exp I -- E/(RoT~~ (1.5) 
(u~ = (I -- b ~ poE iT, ~ -- To -- (l -- b 0) Q/(2eo)] 

(1.1) and (1.2) can  be r ewr i t t en  

d ~ l  ~ d8~ ~ Gxa~ ~ 
d~ d~. + - V -  I - - B ( I - - 0 ' ~ 1 7 6  

(o > ~ > h) 
dal ~ 
d--~. + G~a'~ [1 --  B (i -- 0, ~ 4- C (1 --  0~~ = 0 

(1.6) 

(1.7) 

with the  condi t ions  

0, ~  al ~ ~ 

H e r e  01 ~ (~), as ~ (~) a r e  the r e s p e c t i v e  d i m e n s i o n l e s s  t e m p e r a t u r e  and r e a c t a n t  concen t r a t i on  in 
the k - p h a s e  r e a c t i o n  l a y e r  

Q (t "-b~ E (7'*r -- T") B ~  g (e --  t) (3e -- 1) 
= co(T~ ~ - f o i '  g =  Bo(Tl~ ~- ' ~2 

( ( i - - b ~  ;%', 
c=g~(e--i)~2e~ , GI ::b~k_ t - - - ~ 2 ) ,  G,z = 2 t - - - ~ - )  

The p a r a m e t e r  X r e p r e s e n t s  the ra t io  of  the amount  of  t h e r m a l  e n e r g y  l i be r a t ed  in the k - p h a s e  exo-  
t h e r m i c  r e a c t i o n  to t h e  to ta l  t h e r m a l  (physical)  e n e r g y  conten t  of this  phase .  The r e c i p r o c a l  of  g g ives  a 
m e a s u r e  of the r ange  of  r e l a t ive  t e m p e r a t u r e s  c o v e r e d  by the  c h e m i c a l  r eac t ion .  Typ ica l ly ,  the  condi t ions  
under  which c o m b u s t i o n  is o b s e r v e d  a r e  such tha t  X <- 1, g >> 1. Thus  fo r  n i t r o g l y c e r i n e  powders  at r o o m -  
t e m p e r a t u r e s  and r o c k e t  p r e s s u r e s ,  one has [3] t ~- 0 .7-0 .9 ,  g ~  10-14. 

E x p r e s s i n g  the  t e m p e r a t u r e  and c o n c e n t r a t i o n  by power  s e r i e s  in the ne ighborhood  of  the point  ~ =0, 
one can  p a s s  f r o m  (1.6), (1.7) to  the fol lowing solut ions ,  va l id  in the  k - p h a s e  r e a c t i o n  l a y e r  

01 ~ = I + cc~ + (co - -  G~) ~2/2 + ice "- G, (G 2 - -  i - -  aB)l~3/6 + 
-5 {co - -  G, [l + 2a (B + aC) - -  BG~ + G2 (G~ - -  t - -  3aB)]} ~4/24 + ... (1.8) 

a, ~ = b ~ {1 - -  G,~ -5 G~ (G2 - -  aB)~2/2 - -  G2 [2(z2C 'F B (a - -  G,) - -  G~ (3aB - -  G~)] ~a/6 - 5 . . . }  (1.9) 

w h e r e  c~ =dO~ is  a 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 ad i en t  on the k - p h a s e  s ide  of  the  c o m b u s t i o n  
su r f ace .  

The quan t i t i e s  H and ~ of  (1.4), (1.8), (1.9) a r e  d e t e r m i n e d  f r o m  the  condi t ion  that  the t e m p e r a t u r e  
and i ts  v a r i o u s  de r i va t i ve s  obta ined f r o m  the two solu t ions  be p a i r w i s e  ident ical  a t t h e  point  ~ =~1- E x -  
p r e s s i o n s  fo r  t he se  quant i t i es ,  va l id  to within t h i rd - -o rde r  t e r m s ,  a r e  
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H = t + ~1 -~ (1 *~- G1)~ll /2 -4- [ t  ~-  2 ~  1 ( i  --~ B - -  Gz)l~a/6 

= I + G1 {~, + (B - -  Gt) ~,*/2 + [2C + B (t - -  3G~ + 2G1) + G2 ~] ~xs/6} 

P r o v i s i o n a l l y  se t t ing  the r e a c t i o n  l a y e r  depth equal to  the d i s tance  f r o m  the k - p h a s e  su r f ace  at which 
the  r a t e  o f  evolut ion of  t h e r m a l  e n e r g y  has fa l len  to  1 /e  2 of  i ts  va lue  on the su r f ace  i tself ,  one obta ins  

x__u ~ ~t( +NG~ Ls),/, x~ = - -  [(M ~ + -- M]'/, + [(M ~ + La)'. ', + M]'/,} 

N = t + 2GI(t + B--Gz),  L==--if-- 

M--(l_~G.~__~)a+.~_(2--1nb~ I _~GQ 

Let  us now s tudy  the s tabi l i ty  of  s t e a d y - s t a t e  combus t i on  under  sma l l  pe r t u rba t i ons .  In a l i nea r  
approx imat ion ,  the e x p r e s s i o n s  fo r  the d i m e n s i o n l e s s  p r e s s u r e ,  combus t ion  ra te ,  r e a c t a n t  t e m p e r a t u r e s  
and c o n c e n t r a t i o n s  in the  k - p h a s e  r e a c t i o n  and hea t ing  l a y e r s ,  d i s p e r s i o n  depth, and su r f ace  t e m p e r a t u r e  
and  t e m p e r a t u r e  gradient ,  take  the f o r m  

u 
/)l~b (T), + j = ~ = I + ~ , , ( T ) ,  v = ~ = t 4 -  01 01 ~ (~) + 011 (~) r (T) 

~1 = al ~ (~) + an (~)'r (T), Oo = Oo ~ (~) + Ooo (~,) r ('0, ao = t 
b ----- b ~ + bx~p (~), . 0 --= 01 (0, ,) = t + e,~b (T), 

~'Ot (0, r) 

where r =t (u~ designating a dimensionless  t ime. The absolute values of ~1, vl, 0n (~), an(~),  000(~), 
bx, ~l, 91 a re  much smal le r  than the cor responding  s teady-s ta te  values,  and the function r (r)  gives the t ime 
var ia t ion  of the dimensionless  var iables .  

Following the well-known method of [61, one can now pass  f rom the s teady-s ta te  equations 

to  �84 

u ~  u ~ (p, r0), T, ~  r l  ~  r0), b ~ = b ~  To) 

u = u ( p , ] ) ,  T 1 = r 1 (p , /9 ,  b---- b ( p , / ~  (1.10) 

va l id  under  n o n s t a t i o n a r y  condi t ions .  H e r e  f = 8 T (0, t ) / 8  x des igna t e s  the t e m p e r a t u r e  g rad ien t  on the k -  
p h a s e  s ide  of  the su r face .  

Work ing  s t i l l  in the l i nea r  approx imat ion ,  and combin ing  (1.10) with (1.3), one obta ins  

).mb~ l~mb~ b~ vl = Iv ( r - -  I -4- i _  bo/-- k (~ + l~_-"~b~)]Tl, + k ( ~ q  ~, (1.11) k ( t - -  ~,) + r - -  i + 

+ r - - ,  = { . ? ( ' - ' - '  _ _ , ~ - - T ~  ~ (1.12) 

~,mb.~ q m (t (1.13) = {I3 ( i  - x) 4- r - tJ - m [~ (t  - X) + ~1} ~ ,  + ~, [k (t - -  ;L) + r - -  t -}- t _-~-~ j ~ -  , �9 

The k, v,  r ,  ~t, m,  13 p a r a m e t e r s  o f  these  equat ions  r e s p e c t i v e l y  c h a r a c t e r i z e  the dependence  of  the c o m -  
bus t ion  r a t e ,  su r f ace  t e m p e r a t u r e ,  and d i s p e r s i o n  depth on the init ial  t e m p e r a t u r e  and p r e s s u r e  

k = (T, ~ - -  To) {# In u~ {a lu u~ far~" / 
a r o / p '  v = \ a - i - ~ l r . '  r = \~-Jolp 

~ =  Tl~ ' m=(Tl~176176 @To ]p'  ~ ~ \0l--i'~/r.[81nb'/ 

Under  nons t a t i ona ry  condi t ions ,  the k -phase  iner t ia  is e x p r e s s e d  th rough  the equa t ions  f o r  t h e r m a l  
conduc t ion  and c h e m i c a l  k ine t ics ,  i .e . ,  

00 0~0 a0 Qzxa - -  Ro--o-o-o-o-o-o-o-~-~0) (1.14) ~ -  --= ~ - -  v ~  + f~co (T~ ~ -- To) (u~ ' exp  

( 0 > ~ > -  ~ )  

688 



Oa Oa , zua - -  
- E +  v--~--f- p o ~  ex p = 0 (1.15) 

with the condit ions 

0(0,~) ~--i~, 0 ( - - o o , ~ ) - ~ 0 ,  a(0,  T ) = b ,  a ( - - o o ,  T)----I 

P roceed ing  as  with the solution of (1.1), (1.2), we now divide the s y s t e m  (1.14), (1.15) into two sys t ems .  
L inear iz ing  these  las t  two equat ions over  the reac t ion  layer ,  introducing a parabol ic  approx imat ion  fo r  the 
exponential ,  and drawing on (1.5), one is led to 

dz0, dO~ OH de b~ __-- (1.16) dU d~ ~ d~ k [ t - - B ( t - - O x ~ 1 7 6 1 7 6  dO'~ 

dall --d~ + G ~ [ l - - B ( l - - O ~ ~ 1 7 6  +ga~011) + all, dTd* _ e l  = 0 ~ -  ~da'~ (1.17) 

with the conditions 

011(0 ) = 01, a u(0)  ---- b 1 

In the heating l aye r ,  l inear iza t ion  of (1.14), (1.15) leads to 

d ~  dO~ O~ de dOo ~ 

aoo(~)=O ( h > ~ > - ~ )  

with the condition 

(1.16) 

0oo (-- ~) = 0 

A f i r s t - a p p r o x i m a t i o n  solution for  (1.14), (1.15) is now obtained by in tegra t ing (1.16)-(1.18) with a 
p r e d e t e r m i n e d  r function, adjust ing to get t e m p e r a t u r e  dis t r ibut ion coincidence at ~ =~1. 

The t i m e - v a r i a t i o n  of the p r e s s u r e  in the semic losed  c h a m b e r  is given by the m a s s - b a l a n c e  equation 

V dp zp0u-- A F . p  (1.19) ICTz dt : 

Here  T 2 is the gas  t e m p e r a t u r e  in the c h a m b e r  (assumed constant) ,  V the f r ee  volume of the chamber ,  
a the a r e a  of the powder  combus t ion  sur face ,  F .  the c r i t i c a l  c r o s s - s e c t i o n a l  a r e a  of the nozzle ,  R the 
m o l a r  gas constant ,  and A the e scape  coeff icient .  In a l inea r  approximat ion ,  (1.19) t akes  the f o r m  

V--L=t + Z d~ (1.20) 
TII r d~ 

X being the ra t io  of re laxa t ion  t i m e s  for  k -phase  heating l aye r  (t~) and c h a m b e r  (t2) , 

t~ • V 

A stabi l i ty  ana lys i s  of the (1.11)-(1.13), (1.16)-(1.18), (1.20) s y s t e m  indicates that  continual va r ia t ion  
in the damping coeff ic ient  ove r  the c r i t i c a l  region r e q u r e s  a s table  combus t ion  l imi t  sa t i s fying the equations 

(A~k - -  A2) (Ask - -  vA2) - -  (Bxk + B2) (Bak - -  vB2) = (Axk - -  A~) ~ -Jr (B,k  + B~) 2 (1.21) 

H e r e  2 /  = 

(Alk --  A~) (B3k --  vB2) '.-- (Bxk -F B.a) (Aak -- vA2) 
X ~" T [(Alk - -  -d~ F Jr (Blk Jr B-..) 2] 

~ / ( u ~  2 is a d imens ion less  effect ive  f requency  and 

(1.22) 

AI = ( i  - -  X) (nO1 - -  W1) 
, Xmb ~ \ , A2 ---- (t - -  ~ ) ( r Y 1  + m X 1 )  - -  a(1)l r - -  t -~- i-------~j 

As = ( 1 - -  ~.) ( ,  Ya + ~Xl)  - -  aq), (~ -b i~_~'b. ) 
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- Rx]JJ 6 

- -  z + ( i - g G ~ )  0 J R , /  6 J 2 

_ _  ~ 1  - V  - - - - n ~ J _ - ~ _ .  

W.. = --~- \ 

__ : ~ L n ~ + (  n, ~) 
+ [B (i + G~h) + ~2- ~ -  + + ---~-~)--2G=] ~? [B 2C-- 

- - ( g + B ) G x + ( t + B )  t ( i - -  ~-~) - -  G. ( i  - -  ~ 

T --g-) - -  S~n ~ -  + [R, ( i  + B - -  ( 2 +  =)l-g-} 

x. = o. + [ .  (. + ( . - + . ) _  + 
"r 

.x ,  = - . . ,  ~ -  ~, + ~ ,  + [2~ (s - a,) + ~,  (s + i - a , ) -  + (~ + -~,;~-r~ 

R~ = 2-~:, [(t + t6y=)', - -  1l'/, 

The  f r e q u e n c y  and p h y s i c o c h e m i c a l  p a r a m e t e r s  of the  k - p h a s e  be ing  given,  (1.21) and (1.22) c a n  be 
u s e d  to  f ind the  v a l u e s  of  k and  )~ a t  the s t ab i l i t y  l imi t .  

In the  q u a s i - s t a t i o n a r y  c a s e  (7 ~ 0), b r e a k d o w n  of s t ab i l i t y  o c c u r s  when 

• aN1 it -- ~ + ~ + ~ ' / ( i  -- b~ -- (t -- k) (N, + FN= + NV~) /r 
~ i T ~N1 [ r - - t  -~- ~mb~ --b~ --(i--~)(rNs-~-mN4) "" (1.23) 

w h e r e  

NI = i - -  g G l [ 4 [ i  + ( i  ~ - 2 B - -  3G=)-~LJ 

Ns + GI 

Calcu la t ions  show (Table  1) tha t  c r i t i c a l  v v a l u e s  c a n  be e i t h e r  g r e a t e r  o r  l e s s  than  unity,  under  
t yp i ca l  c o m b u s t i o n  condi t ions .  Tab le  1 shows v a l u e s  of  v .  c a l c u l a t e d  f r o m  (1.23) f o r  v a r i o u s  p a r a m e t e r  
va lues .  H e r e ,  and in what  fo l lows,  the  a s s u m p t i o n  is  m a d e  tha t  the  d i s p e r s i o n  depth d i m i n i s h e s  with in-  
c r e a s i n g  p r e s s u r e  and d e c r e a s i n g  ini t ia l  t e m p e r a t u r e ,  r e l a t i o n s  c o n s i s t e n t  with e s t i m a t e s  b a s e d  on  p r e -  
l i m i n a r y  e x p e r i m e n t a l  data .  It i s  obvious  tha t  fo r  the  T s mode l  [7] v ,  > 1, and f o r  Q m o d e l  v ,  < 1. 
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TABLE 1 

Combustion 
model 

18['9111] 

11oi 
A,D. 
Margolin 

This paper 

~0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

x/s 
*/s 
*/s 
*/s 
*/a 
x/s 
I/a 
x/s 
*/s 

~0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0.t 
0.t 
O.t 
0.t 
0.t 
0.1 : 
OA 
0.t 
0.t 

0 
0 

0.84 
0.51 
0.17 

0.84 
0.5t 
0.i7 
0.25 
0.5 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.25 
0.5 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 
0.75 

O0 

Oo 

t0 
t0 
t0 
5 

i5 
t0 
t0 
10 
10 
10 
t0 
t0 
5 

t5 
iO 
iO 
10 
10 

b ~ m 

0.5 
0.7 
0.9 

0.5 0.4 
0.7 0.4 
0.9 0.4 
0.5 0.2 
0.5 0.2 
0.5 0.2 
0.5 0.2 
0.5 ~.2 
0.5 
0.5 0.4 
0.5 0.2 
0.5 0.2{ 
0.5 0.2 
0.5 0.2 
0.5 0.2{ 
0.5 0.2! 
0.5 0 .2 i  
0.5 0 
0.5 0 . 4  
0.5 0 .2 :  
0.5 0.2 

--0.05 
--0.05 
--0.05 
--0.05 
--0.05 
--0.05 
--0.05 

--0.I 
- -0 .05  
--0.05 
-0.05 
--0.05 
--0.05 
--0.O5 
--00 . 05 

--0.t 

t--0.04 k 
i--0.0i k 
�9 14-0.03 k 
1• 
I+0.0~ k 
t+0.02 
~-i-o.o3 
1--0.02 
1+0.07 k 
i--0.04 k 
1--0.07 k 
I--0.1 k 
1--0.15 k 
I--0.08 k 
t--0.08 k 
1--0.13 k 
t--0.16 k 
t--0.03 k 

k ,  

6.4 
2.02 
1.2 

4.23 
t ,07 
0.47 

X 

/.0 

0.5 
Y 

2 3 

Fig.  1 

I 
S 
I 
I 
I 

,I 

If evo lu t ion  of t h e r m a l  e n e r g y  in  the k - p h a s e  c h e m i c a l  r e a c t i o n  
is  neg l ec t ed  (X ~ 0), the cond i t i on  for  s t ab i l i t y  b r e a kdow n  in the  s e m i -  
c l o s e d  c h a m b e r ,  n a m e l y  v ,  =1 [8, 9], is aga in  ob ta ined  as  a spec ia l  
c a s e  of (1.23)o 

Study of the c o n s t a n t - s u r f a c e - t e m p e r a t u r e  model  shows 

i -- b ~ I (~ < i) (1.24) 

to be a n e c e s s a r y  cond i t i on  for  d i s c o n t i n u o u s  l o s s  of c o m b u s t i o n  s t a -  
b i l i ty .  

A cond i t i on  fo r  c o m b u s t i o n  s t ab i l i t y ,  s i m i l a r  to that  of (1.24), 
was  o r i g i n a l l y  ob ta ined  by A. D. Margo l in  [10]. 

The  cond i t i on  for  b r eakdown  of s t ab i l i t y  ob ta ined  by Ya. B. Z e l ' d o v i c h  [11], n a m e l y ,  k ,  =1, fol lows 
as  the s p e c i a l  c a s e  of (1.24) with ~ ~ 0. 

Va lues  k ,  c o r r e s p o n d i n g  to v a r i o u s  v a l u e s  of the d i s p e r s i o n  depth w e r e  c a l c u l a t e d  f r o m  (1.24) with 

Q =270 k c a l / m o l e ,  T I ~  =400~ m =0.4,  and  e 0 =0.4 c a l / ( g -  deg) and a r e  shown in  Tab le  1. C r i t i c a l  
v a l u e s  of k t aken  f r o m  [10] and  [11] a r e  g iven  in  t h i s  s a m e  t ab le  for  c o m p a r i s o n .  T a k e n  in  c o n j u n c t i o n  with 
(1.24), the  f i g u r e s  of the  tab le  ind ica te  that  s t ab l e  s t a t e s  with k > 1 c a n  ex i s t  i f  the k - p h a s e  e x o t h e r m i c  
r e a c t i o n  l a y e r  has  f in i te  depth.  

Equa t i on  (1.24) i n d i c a t e s  tha t  s t ab le  s t e a d y - s t a t e  c o m b u s t i o n  (at c e r t a i n  v a l u e s  of ~) is  p o s s i b l e  when 
k > 1, the cond i t i ons  r e q u i r e d  bc iug  tha t  1 ~ 0, b ~ << 1, and the  d i s p e r s i o n  low (e leva ted  p r e s s u r e ) .  C o m b u s -  
t i on  can  be uns t ab l e ,  even  at k < 1, in the o the r  l i m i t i n g  c a s e  w he r e  the in i t i a l  t e m p e r a t u r e  is  low, b ~ ~ 1, 
and m > 0 .  

2. A n a l y s i s  of the R e s u l t s  of C a l c u l a t i o n s  Based  on Eqs .  (1.21) , (1.22) .  The effect  of the X p a r a m e t e r  
on the c o m b u s t i o n  s t ab i l i t y  is  i l l u s t r a t e d  by Fig .  1. C u r v e s  1, 2, 3, and 4 w e r e  deve loped  fo r  t =0,  0.25, 
0.5, 0.75, r e s p e c t i v e l y ,  u s i n g  the v a l u e s  v =2/3,  g= 10 ,  b ~ =0.5,  m =0.2,  /3 = - 0 . 0 5 .  The d a s h e d - l i n e  c u r v e s  
apply  to  the  c a s e  of s u r f a c e  t e m p e r a t u r e  c o n s t a n c y  (r =~ =0), the f u l l - l i n e  c u r v e s  to the  c a s e  of v a r y i n g  
s u r f a c e  t e m p e r a t u r e  ( r = l / 3 ,  ~ =0.1).  S i m i l a r  r e m a r k s  a l so  apply  to F igs .  2, 3, and 4. 

I n c r e a s i n g  the va lue  of X c o n s i d e r a b l y  ex t ends  the  r e g i o n  of s t ab le  s t e a d y - s t a t e  combus t ion .  P h y s i -  
ca l ly ,  th i s  is  to say  tha t  the t h e r m a l  effect  of the ga se ous  phase  on the c o n d e n s e d  phase  d i m i n i s h e s  as  the 
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contr ibution of the k -phase  chemica l  reac t ion  to the t h e r m a l  ene rgy  con-  
tent  of the powder inc reases .  The t h e r m a l  s ta te  of the k -phase  is then 
m o r e  and more  near ly  de te rmined  by the t he rma l  energy  l ibe ra ted  in 
the solid phase  react ion,  the tendency being toward s tabi l izat ion of the 
combust ion  p roces s .  

The fact  that  the k -phase  chemica l  reac t ion  tends to inc rease  the 
s tabi l i ty  of combust ion  has a l r eady  been pointed out in [12, 13], where  
the p rob lem has been d i scussed  in t e r m s  of models ,  and fo r  opera t ing  
conditions different  f r o m  those cons idered  here .  The study of [13] 
s t a r t ed  f r o m  the improbable  assumpt ion  that  the k -phase  reac t ion  is 
a z e r o t h - o r d e r  p roce s s .  This  approach  led to an incor rec t  formula t ion  
of the p rob lem and a reduct ion in the number  of cha r ac t e r i s t i c  p a r a -  
m e t e r s  required  in a final solution. 

Inc reas ing  the m p a r a m e t e r  has  the effect  of destabi l iz ing the combust ion  p r o c e s s  (Fig. 2). Curves  
1, 2, and 3 of Fig. 2 apply for  m = 0 ,  0.2, 0.4 for  v =2/3,  k =0.75, g=10,  b ~ =0.5, and were  obtained with the 
va lues  ~ = -0 .05 .  An inc rease  In m impl ies  a reduct ion in the initial powder t e m p e r a t u r e ,  with an a c c o m -  
panying impa i rmen t  in k -phase  heating, the effect  of the t h e r m a l  s tate  of the powder on the gaseous  phase  
becoming  more  pronounced. 

F igure  3 shows l imi t s  of combust ion  s tabi l i ty  plotted as  a function of the p a r a m e t e r  ft. Curves  1, 2, 
and 3 apply for  ~ =0, -0 .05 ,  -~).1. Here  it was a s sumed  that  v = 2/3 ,  ~ =0.75, g =10, b ~ =0.5, m =0.2. Re -  
duction in/3 c o r r e s p o n d s  to an inc rease  in the p r e s s u r e .  

The re la t ion  between the s tabi l i ty  l imi t s  and the g p a r a m e t e r  is  shown in Fig. 4. Curves  1 and 2 
apply for  g=5 ,  10 and were  cons t ruc ted  for  the case  in which v =2/3,  ~ =0.75, b ~ =0.5, m =0,2, fl = -0 .05 .  
An inc rease  in the g value r e su l t s  in a dec r ea se  in the combust ion  stabil i ty;  it indicates  an inc rease  in the 
act ivat ion ene rgy  fo r  the condensed phase  react ion,  i .e. ,  a cont rac t ion  of the k -phase  zone of t h e r m a l  ene rgy  
evolution. 

Calculat ions indicate the mean depth of the reac t ion  l aye r  to be some 20-30% of the value of ~t/u ~ 

The approach  adopted he re  has  been phenomenological ,  account being taken of exo thermic  k-phase  
decomposi t ion and d i spers ion  in a genera l iza t ion  of e a r l i e r  methods.  

It has  been  shown that  many exper imen ta l  r e su l t s  can be c o r r e l a t e d  in a model  in which T 1 is a s su med  
to be constant  and account is taken of a poss ib le  va r ia t ion  in the d i spe r s ion  coefficient .  This  is indication 
that  it is the l ibera t ion of t h e r m a l  ene rgy  during chemica l  react ion,  r a t h e r  than reac t ion  l a y e r  iner t ia ,  which 
is  the significant  fac tor  here.  

Compar i son  of theory  and exper imen t  is st i l l  a ma t t e r  of difficulty since the re  a re ,  as  yet,  no t r u s t -  
wor thy data on the effect  of the initial t e m p e r a t u r e  and p r e s s u r e  on the d i spe r s ion  depth, the one fac to r  
which l a rge ly  f ixes  the l ibera t ion of t h e r m a l  energy.  
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