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The influence of gas  t e m p e r a t u r e  per tu rba t ions  on the stabil i ty of powder  combust ion in a rocket  
chambe r  is  invest igated theore t ica l ly  on the bas i s  of the Zel 'dovich-Novozhi lov t heo ryo fpow-  
de r  combustion.  The influence of the bow space adjacent to the  burning channel is a l so  examined. 

The s tabi l i ty  of the s ta t ionary  powder combust ion mode in a ha l f -c losed  space has been invest igated 
e a r l i e r  in [1, 2]. The change in gas  t e m p e r a t u r e  in the chambe r  was hence not taken into account f o r a  rapid 
change in p r e s s u r e .  Taking account of the influence of the gas  t e m p e r a t u r e  f luctuations was examined in [3]. 
However,  underlying the invest igat ion in [3] was a specif ic  s ta t ionary  fuel combust ion model,  which p r e d e t e r -  
mines  the n a r r o w n e s s  of the applicat ion of the r e su l t s  obtained. This  pape r  is  based  on the nonsta t ionary 
theory  of combust ion developed in [4, 6] and re lying on the exper imenta l  dependences of the combust ion ve -  
loci ty on the p a r a m e t e r s .  

1.  I n f l u e n c e  o f  G a s  T e m p e r a t u r e  F l u c t u a t i o n s  

The s ta t ionary  combust ion veloci ty  in the adiabatic  mode depends only on the p r e s s u r e  and initial  t e m -  
pe r a tu r e  of the powder.  In r ea l  combust ion ca se s  the heat t r a n s f e r  f r o m  the f lame zone r e su l t s  in a reduc-  
t ion of the m a x i m u m  t e m p e r a t u r e  v e r s u s  the adiabatic  combust ion t empera tu re ,  which r e su l t s  in a reduct ion 
in the combust ion veloci ty  and in the p re sence  of propagat ion  l imi ts .  Hence, it is  a s sumed  below that the 
s ta t ionary  combust ion ve loc i ty  u ~ and the surface  t e m p e r a t u r e  Tl~ a r e  functions of the p r e s s u r e  p ,  the init ial  
powder t e m p e r a t u r e  To, and the gas  t empe ra tu r e  in the chambe r  T2: 

u ~ ---- u ~ (p, r0, r2), TI" ---- r t  ~ (p, r0, T~) (1.1) 

According to Ya. B. Ze l 'dovich  [4, 5], by using the s ta t ionary  connection between the t e m p e r a t u r e  g r a -  
dient on the sur face  f~ the combust ion velocity,  the sur face  t empera tu re ,  and the ini t ial  t e m p e r a t u r e  

x s  = u ~ ( r l  ~ - -  To) (1 .2)  

it i s  poss ib le  to go f r o m  a dependence of the kind (1.1) to dependences such as 

u =  u(p,  l, T~) ,  T1----TI(p, /, r~) (1.3) 

which a r e  valid even under  nonsta t ionary conditions. Here  ~ is  the coefficient  of powder t e m p e r a t u r e  con- 
duction. 

Introducing the p a r a m e t e r s  k, v, q, r ,  it, s which c h a r a c t e r i z e  the dependence of the combust ion ve loc-  
ity and sur face  t e m p e r a t u r e  on the p r e s s u r e ,  initial t empe ra tu r e ,  and gas  t e m p e r a t u r e  inthe s ta t ionary  mode 

(01 .  uo I (_al~ uo~ {0:n ~~ 
k = (T1 ~ - -  To) \'-~-~'0/p,T~' v = \ 0 In  P/To,  r~ '  q = \ 0  In  T~tp, TO 

r : k - ~ o  / p, T ,, 1~ = ~ a ' a ' ~  T o, T z, 

fo rmu la s  connecting the de r iva t ives  of the combustion veloci ty  and the su r face  t e m p e r a t u r e  under  s ta t ionary  
and nonsta t ionary  conditions a r e  eas i ly  obtained f r o m  (1.1)-(1.3): 
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( 0 h ~  / , , ( , - ~ ) - ~  ( 0 ~ . ~  
Olnp//.T~ = k - t - t - - 1  . \Oln//p.T =k+r__ i 

~ l p ,  I = k J f - r - - ~ .  " '  T I ~  \ O - ~ I I ,  T,~--- k - ~ - r - - I  

T i ~  \~--~n~lp, T~ = k - J c r - - I  ' f i ~  \ 0  l-- '~ '~]p,  t ~ k - ~ r - - i  

(1.4) 

The heat  conduct ion  equat ion 

~0 a~O aO (0 > ~. > -- ~) (1.5) ~=~-~-v~ 

with the condi t ions  

o (0, ~) = ~ ,  o ( - -  oo,  z) = 0 

is  va l id  f o r  a s ingle  ine r t i a l  domain ,  a heated powder  l aye r ,  whe re  0, ,9, v, ~, ~- a re ,  r e spec t ive ly ,  the d imen-  
s ion le s s  t e m p e r a t u r e  in the powder ,  the su r f ace  t e m p e r a t u r e ,  the combus t ion  veloci ty ,  the space  coord ina te ,  
and the t ime  

O :  T - - T o  T 1 - - T o  u u ~ (u~ ~ 
TIO T,. ~ = ~ = -~ X, "f = . t T, ~ ' V: ~. 

Limiting ourselves to an investigation of the stability of the stationary combustion mode relative to 
smaU perturbations, we obtain in a linear approximation 

q --~ iVpO = i -F 111~) ('r ~ : T~ --sT~ = i -F ~ i r  ('~), V = I "Jr-. V i ,  (X), 

ao (o, ~) i + %~ (~) 0 = [ l + % ( 5 ) , ( ~ ) l e x p L  ~ = 1 + ~ , ( %  ~ =  o~ 

w h e r e  [ 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  in the c h a m b e r ,  r 6-) is some  funct ion of  the t ime,  ~l, ~l, vl, 0t, 
Or, ~t a r e  m u c h  l e s s  than one in abso lu te  value .  We hence  obtain the fol lowing equat ion f r o m  (1.5) fo r  the 
t e m p e r a t u r e  c o r r e c t i o n  

Or" + 01' O~ d~ 9 d~ vi = 0 (1.6) 

with the e onditions 

and the r e l a t i ons  

01 (o) = ~1, % ( -  ~o) = 0 

( k + r - - i )  v l =  [v ( r - -  t ) - - k ~ t ] ~ h  + k~i + [ q ( r - -  l ) - - k s ]  [l (1.7) 

(k + r - -  i) #l  ---- [~ (k - - i )  - -  vr] ~]t -{- rq01 -+- [s (k - -  t) - -  qr] ~t 

r e su l t  f r o m  (1.37 taking account  of  (1.4). 

The p r e s s u r e  in the c h a m b e r  i s  sub jec ted  to the m a s s  c o n s e r v a t i o n  law 

d p A0 
= F , ,  

f o r  a v a r i a b l e  gas  t e m p e r a t u r e .  

H e r e  V 0 i s  the f r e e  space ,  (r is  the  c o m b u s t i o n  su r f ace ,  P0 is  the  powder  densi ty ,  F .  is the a r e a  of the 
c r i t i c a l  nozz le  sec t ion .  A 0 i s  a cons tan t ,  and R is  the gas  cons tan t .  Going o v e r  to d i m e n s i o n l e s s  v a r i a b l e s  
in (1.8), we obtain in a l i n e a r  a p p r o x i m a t i o n  

+ (1.9) 

where  X is  the r a t io  be tween  the r e l axa t ion  t i m e s  of  the heated  powder  l a y e r  t 2 and of the c h a m b e r  t i 

ti ~ Vo 
X = ~ ,  t~ = (~o)---~, tt AoF. V-R--~ ~ 
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Fig. 1 

Let us use the energy equation, wr i t ten  

Vo Yt (pRT2) = p0zu V-RT~2 F , p  n R T  2 (i.io) 

to c lose  the sys t em (1.6), (1.7), (1.9). 

Here  p is the gas  densi ty in the chamber ,  n is  the adiabat ic  index. T o w r i t e  
(1.10) more  r igorously ,  a m e m b e r  taking account  of heat l o s ses  in the c h a m b e r  

should be added to the r ight  side.  The heat l o s ses  have been taken into account approx imate ly  in (1.10), by 
introducing the effect ive adiabat ic  index. An inc rease  in n r e su l t s  in a r i s e  in the heat  lo s ses .  F r o m  (1.10) 
we have in a l i nea r  approximat ion  

(1_.n) 

Let us  a s s u m e  that  sma l l  pe r tu rba t ions  ~ exp (7~') a r e  imposed  on the s ta t ionary  combust ion mode.  
Then the mode s tabi l i ty  will  be de te rmined  by the law of the rea l  pa r t  of the f requency ~2 = Re -y. Stability 
may  hence be los t  in going through the c r i t i ca l  mode by both a continuous and a jump change in the damping 
dec rement .  

In o r d e r  to inves t iga te  the disrupt ion of s tabi l i ty  of the f i r s t  kind on the s tabi l i ty  boundary,  let  us  a s -  
sume r 6-)=exp (i~/7) (7 is  real) .  Then the solution of (1.6) is  found eas i ly  and a re la t ionship between vl, q~l, 
and 41 obtained e a r l i e r  in [7] r e su l t s  t he re f rom.  Consider ing this re la t ionship  toge ther  with (1.7), (1.9), 
(1.11) as  a s y s t e m  of a lgebra ic  equations in ~/l, ~l, vl, ~1, ~vi, we obtain that the n e c e s s a r y  condition fo r  c o m -  
pat ibi l i ty  of the equations is  that  the s y s t e m  determinant  equal zero .  Expanding the de te rminant  and equat-  
ing the r ea l  and imag ina ry  p a r t s  to zero,  we a r r i v e  at two equations 

(1.12) 
- -~ -c  I d ~ n  d ) = O  

n [ n + t  / c (b  n-4-i 

where  

~S, , ~-~I I (qr - -  ks) a = ~ + ~f f~((vr--  klx) + n [ q  + ] 

rTS ,  k S  b = R ,  [~r - -  kt* -{- n (qr - -  ks)], c = i -~ ~ff(, - -  1 

ks, R, = 2-'/:[(i6y 2 + 1) I/: .- 1] '1~ d = Eff f  - -  r R , ,  S ,  = t RI 

Having been given a specif ic  7,  we de te rmine  the value of k f r o m  the f i r s t  equation in (1.12) for  given 
phys icochemiea l  p a r a m e t e r s  of the powder,  and X cor responding  to the s tabi l i ty  boundary f r o m  the second 
equation. Numer ica l  computat ions  us ing  (1.12) a r e  p re sen ted  below. 

The s ingular  case  7 = 0  is  not contained in (1.12). Putting r (~-) =exp ( ~ )  (~<<1) in o r d e r  to inves t igate  
it, and reason ing  analogously,  it can be shown that  the loss  of s tabi l i ty  fo r  7 = 0 occurs  in the case  

----.n-l-t--2(n--t) q ~ l  
2n 

There fo re ,  the s ta t ionary  combust ion mode can tu rn  out to be  unstable  even fo r  u < 1 when taking ac -  
count of the dependence of the combust ion velocity on the gas  t e m p e r a t u r e .  

To inves t igate  the poss ib i l i ty  of a jump disrupt ion of stabil i ty,  we should put r (1-) =exp (•  (~>>1). 
Then, as  in [2], it can be shown that for  a var iable  su r face  t e m p e r a t u r e  this kind of loss  of s tabi l i ty  is  not 
genera l ly  rea l ized ,  but occu r s  at k= 1 for  a constant  t e m p e r a t u r e .  

2 .  D e p e n d e n c e  o f  t h e  C o m b u s t i o n  S t a b i l i t y  

i n  t h e  P r e s e n c e  o f  a B o w  S p a c e  ( F i g .  1) 

A p r e s s u r e  change in the channel for  a constant t e m p e r a t u r e  in the chambe r  and taking account of the 
gas  overflowing into the bow space-channe l  s y s t e m  is  subject  to the balance  equation 

Yl dp, posit - -  A F , p ,  -- M (2.1) 
RT2 ~ dt 
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into the channel. 
resented as 

where the rate  of p ressu re  change in the bow space is found f rom the equa- 
tion 

Vs dp..~ = M (2.2) 
R f ~  ~ dt 

Here the subscr ipts  1, 2 denote pa r ame te r s  r e fe r r ing  to the channel 
and bow space, respectively;  

"/~ M = p 1 W 1 F 1  (2.3) 

M is the m a s s  flow rate of the gas f rom (or into) the channel, F 1 is the chan- 
nel c ros s - sec t iona l  area,  A is the exhaust coefficient, and W 1 is the over-  
flow velocity.  F o r  W 1 > 0 the overflow is into the bow space, and for  W 1 < 0 

F o r  smal l  Wl (as compared with the speed of sound), accelera t ion of the s t r e a m  is rep-  

dW__z~ i p2 -- p] (2.4) 
dt ==- Pl L 

where L is the charac te r i s t i c  dimension of the bow space.  

Adding the heat conduction equation (1.5) to (2.1)-(2.4) and repeating the whole analysis  ca r r i ed  out in 
section 2, we obtain that the stable combustion boundary for  a continuous change in the damping decrement  
during passage through the cr i t ical  mode is found f rom the solution of the equations 

e ~ + d ~ = a l e  - -  b i d  

a l e  - -  bid ~ (2.5) 
X = T ( #  + d q  - -  1 - -  138T ~" 

where 

r~$i~ .. VS, bl = (vr -- k~)//i al = v (i + z-~-, ! -- ~P 2--~-~ ' 

X is the ratio between the relaxation times of the channel t i and the heated powder layer t2, 

Ix V1 
.X = 5 '  tl = AF,(RTso)V ' 
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and e a r e  d imens ion less  p a r a m e t e r s  

~- ts tS ~-- Vs L A F ,  
t--~' A F , ( R T O ) V j ,  8 ~-  t~F1 

t s is the re laxa t ion  t ime  of the bow space,  and the remain ing  notation is as before .  Hence, if 7 = 0, the loss  
of s tabi l i ty  occurs  only in the case  p =1.  An invest igat ion of the poss ibi l i ty  of a jump disrupt ion in stabil i ty 
leads  to r e su l t s  analogous to [2]. 

3.  A n a l y s i s  o f  t h e  R e s u l t s  

To study the quantitative influence of the p a r a m e t e r s  q, s, fl, ~, we c a r r i e d  out numer ica l  computat ions 
us ing (1.12) and (2.5). 

The boundar ies  of domains  for  the exis tence of s table modes  a r e  shown in Fig. 2 in the coordinates  
{k, X) for  v=2/3, r=l~=s=O,and different q. Curves  1-3 cor respond  to the values  q=0,  1/3, 2/3. Curve 1 has 
been obtained e a r l i e r  in [1] for  T2= const. The domain of s table modes  l ies  to the left  of the appropr ia te  
curves ,  and a r i s e  in q n a r r o w s  the stabil i ty domain. 

An analogous dependence of the s table  mode boundary on the p a r a m e t e r  q holds (Fig. 3) even for  a v a r -  
iable su r face  t e m p e r a t u r e .  Here  the s tabi l i ty  boundar ies  1-4 obtained for  v = 2/s , r = 1/2 , ~= 0.1, and s = 0 co r -  
respond to the values  q= 0, 1/3, 2/3~ and 1. The dependence 1 for  constant  t e m p e r a t u r e  in the chamber  has 
been  obtained e a r l i e r  in [2]. 

The s table  combust ion  boundar ies  for  a change in the p a r a m e t e r  s a r e  p resen ted  in Fig. 4. The curves  
1-3 have been cons t ruc ted  for  s=0 ,  1/3, 2/s, respect ive ly ,  for  y=2/3 , q=l/3 , r=l /3 ,  /z=0.1. An inc rease  in the 
p a r a m e t e r  s exe r t s  a s tabi l iz ing influence on the s tabi l i ty .  

As follows f r o m  Figs .  3 and 4, the curves  approach  a single ve r t i ca l  a sympto te  as  X- -~ ,  which c o r r e -  
sponds to the case  of constant  gas  p r e s s u r e  •nd t e m p e r a t u r e  fo r  an infinite chamber  volume.  The location 
of the asympto te  is  he re  independent of the values  of the p a r a m e t e r s  q and s. Using the combust ion s tabi l i ty  
c r i t e r ion  [6], an asympto t i c  fo rmula  for  ~ can be obtained f r o m  (1.12). 

The quantitat ive influence on the combust ion stabi l i ty  of the bow space  is  shown as  a function of fl in 
Figs .  5 and 6. A calcula t ion using (2.5) showed that the influence of the p a r a m e t e r  ~ is  insignificant.  The 
fundamental  r e su l t s  a r e  hence p resen ted  for  the mean  value e = 0.01. Curves  1-4 in Fig. 5 have been ob- 
tained for  ~=0,  0.05, 0.1, and 0.5, respect ive ly ,  for  p=2/3 , r = 0 ,  and #=0. The depe.ndences 1-4 in Fig. 6 
have been  cons t ruc ted  fo r  fl=0, 0.1, 0.5, and 1, respec t ive ly ,  fo r  p =2/3, r=l/s, ~=0.1; therefore ,  the p r e s -  
ence of a bow space  exe r t s  an essent ia l ly  s tabi l izing influence on the stabil i ty of the s ta t ionary  combust ion 
mode.  
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