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PROPELLANT SURFACE 

The occu r r ence  of acoust ic  combust ion instabi l i ty  in solid propel lan t  rocke t  engines is a s soc ia ted  
with the poss ib i l i ty  of ampl i f ica t ion  of sound waves  upon ref lec t ion  f rom the burning sur face  of the solid 
propel lan t .  Several  exper imenta l  methods have been proposed  for  measu r ing  the acoust ic  conductivity 
of the burning sur face  of solid propel lan ts ,  and values  of this quantity have been p re sen ted  in the l i t e r a tu r e  
(for example ,  [1-3]) for  s eve ra l  solid propel lan ts  ove r  a wide f requency range .  

The p rob lem of theore t ica l  de te rmina t ion  of the magnitude of the acoust ic  conductivity in the c o m -  
bustion zone reduces  to s tudyof the  r e s t r u c t u r i n g o f t h e  phys icochemica l  p r o c e s s e s  in the combust ion zone 
under  the influence of the harmonic  p r e s s u r e  d is turbances  and calculat ion of the magnitude of the acoust ic  
pe r tu rba t ion  of the gas efflux veloci ty  f rom the combust ion zone. Several  s tudies ([4-7], for  example)  
have been devoted to the calculat ion of the acoust ic  conductivity of the solid propel lant  burning su r face .  
In these studies the acoust ica l  conductivity is found using the solid propel lant  combust ion models  which 
contain s eve ra l  constants ,  for  example  such as the ac t ivat ion energ ies  of the chemical  r eac t ions .  By 
choice of these c h a r a c t e r i s t i c s  of the solid propel lan t  combust ion zone we can obtain sa t i s f ac to ry  a g r e e -  
ment  between the exper imenta l  and theore t ica l  data.  However ,  such compar i son  of theory  and exper imen t  
does not p e r m i t  drawing any definite conclusion on the val idi ty  of the unsteady solid propel lant  combust ion 
models  used, so the question of the region of appl icabi l i ty  of these  models  r e m a i n s  unreso lved .  

A model of unsteady solid propel lant  combust ion based  on the use of the s t eady - s t a t e  dependences 
of the combust ion ve loc i ty  and solid p rope l lan t  su r face  t e m p e r a t u r e  on the p r e s s u r e  and initial t e m p e r a t u r e  
was proposed  in [8, 9]. These  re la t ionships  were  de te rmined  exper imenta l ly  for  bal l i s t i te  propel lant  in 
[10]. This makes  i t  poss ible  in the case  of ba l l i s t i te  propel lant  to obtain an analyt ic  fo rmula  and numer ica l  
va lues  of the acous t ic  conductivity on the bas i s  of quite definite exper imenta l  values  of all the p a r a m e t e r s  
which appea r  in the governing equat ions.  In the following we p r e sen t  the r e su l t s  of such a calculat ion,  
obtained using the bas ic  assumpt ions  and equations of [6]. 

1. Equat ions.  The s y s t e m  of equations for  de termining  the acoust ic  conductivity of the burning s u r -  
face of a solid propel lant  consis ts  of five equations for  the burning sur face  t e m p e r a t u r e  per tu rba t ion  5Ts,  
the soIid propel lant  burning ve loc i ty  per tu rba t ion  5U, the t e m p e r a t u r e  gradient  pe r tu rba t ion  5<p at the 
burning sur face  inside the condensed phase ,  the per tu rba t ion  5u of the gas efflux veloci ty  f rom the burning 
su r face ,  and the p r e s s u r e  pe r tu rba t ion  5p. 

Th ree  of these equations e x p r e s s  v e r y  general  p rope r t i e s  of the solid p rope l lan t  burning zone and 
a re  independent of the concre te  assumpt ions  on the connection between the combust ion veloci ty  and sur face  
t e m p e r a t u r e  and the conditions in the burning zone. These  a r e  the equations descr ib ing  the r e s t ruc tu r i n g  
of the t he rma l  l a y e r  in the condensed phase ,  the t he rma l  energy  balance in the ine r t i a l e s s  pa r t  of the 
burning zone, and the m a s s  balance  on the burning su r f ace .  In accordance  with the r e su l t s  of [6], we wr i te  
these  equations in the f o r m  

8~ ~, 8Ts i(~,--21 8U = 0  ( ~ l = l + V l + 4 i ~ , a =  x~) 
2 Ts~T0 "+ 2n U ~ (1.1) 

8, 8Ts 8u t 8T~ ( V T ) 
- ~ - - -  Ts--To ----ff-}-u = 0  ~ = - ~ - - ( s - - T 0 )  (1.2) 

8u 8U 8p ST, = 0 (.g o(Ts--  To) ~ 
u U + p T~ \ ] c : T ~  (1.3) 
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H e r e  T s ,  To, T2, U, u, p a r e  the s t e a d y - s t a t e  v a l u e s  of the t e m p e r a t u r e  a t  the  s u r f a c e  of  the  s o l i d  
p r o p e l l a n t ,  i n i t i a l  t e m p e r a t u r e ,  b u r n i n g  t e m p e r a t u r e ,  b u r n i n g  v e l o c i t y ,  gas  e f f lux  v e l o c i t y ,  and  p r e s s u r e ,  
r e s p e c t i v e l y ;  c l  i s  the  s p e c i f i c  hea t  of  the  c o n d e n s e d  p h a s e ;  c2 i s  the  s p e c i f i c  h e a t  of the  ga s ;  ~ i s  the  
t h e r m a l  d i f f u s i v i t y  of the  c o n d e n s e d  p h a s e ,  w i s  the  o s c i l l a t i o n  f r e q u e n c y .  We note  tha t  (1.3) i s  w r i t t e n  
on the a s s u m p t i o n  tha t  w a v e s  of two t y p e s  - a c o u s t i c  and  e n t r o p y  - p r o p a g a t e  in  the  c o m b u s t i o n  p r o d u c t s .  
The  n e c e s s i t y  fo r  a c c o u n t i n g  fo r  the  e n t r o p y  w a v e s  was  po in t e d  out  in [11]. The  e x i s t e n c e  of  the  e n t r o p y  
w a v e s  was  r e c e n t l y  e s t a b l i s h e d  e x p e r i m e n t a l l y .  

In d e r i v i n g  the  o t h e r  two equa t ions  fo r  the  p e r t u r b a t i o n s  5T s ,  6U, 6(p, and 6p we s h a l l  u s e  the  b a s i c  
a s s u m p t i o n  of the t h e o r y  d e v e l o p e d  in [8, 9]. In [8, 9], a l o n g  wi th  s e v e r a l  a s s u m p t i o n s  c o i n c i d i n g  wi th  
t h o s e  adop t ed  in [6], i t  i s  p o s t u l a t e d  tha t  the  s t e a d y - s t a t e  d e p e n d e n c e s  U(p, r  and  Ts (p ,  ~) of the  bu rn ing  
v e l o c i t y  and b u r n i n g  s u r f a c e  t e m p e r a t u r e  on the  p r e s s u r e  and t e m p e r a t u r e  g r a d i e n t  a t  the  s o l i d  p r o p e l l a n t  
s u r f a c e  r e m a i n  v a l i d  u n d e r  u n s t e a d y  cond i t i ons  a s  w e l l .  In  th i s  c a s e  the f o r m  of  the r e l a t i o n s  U(p, r and  
Ts (p ,  r  i s  d e t e r m i n e d  by exc lud ing  the  i n i t i a l  t e m p e r a t u r e  T O f r o m  the d e p e n d e n c e s  U(p, To) and Ts (p ,  T 0) 
of  the  b u r n i n g  v e l o c i t y  and s u r f a c e  t e m p e r a t u r e  on the p r e s s u r e  and i n i t i a l  t e m p e r a t u r e  wi th  the  a id  of 
the  r e l a t i o n  

--  (T, - -  To) U ]  

Using  th is  hypo thes i s ,  we can  ob ta in  the equa t ions  

6Ts - - .  ~ ( k - - i ) - - v r  ~p r 8~ = 0  ( 1 . 4 )  
Ts - -  To k -p r - -  i p r-t- k - -  i 

65' ,J ( r - -  I ) - -  l~k 8p k 8,~ 0 (1.5) 
U k~- r - - t  p k + r - - i  cp 

H e r e  

k = ( T , - -  :lo)~--~-~o )p ,  v = \ Olnp I T , '  r =  \OToJp  ' ~ - ~  T'-~-~--To \ O l n p ] T ,  

The  p a r a m e t e r s  k,  v, r ,  P a r e  found f r o m  the  known s t e a d y - s t a t e  r e l a t i o n s  U(T0, p) and  T s  (To, p) .  
Equa t ions  (1.1)-(1.5)  m a k e  i t  p o s s i b l e  to c a l c u l a t e  the  a c o u s t i c  c onduc t i v i t y  of the s o l i d  p r o p e l l a n t  b u r n i n g  
s u r f a c e .  

2. A c o u s t i c  Conduc t iv i ty .  
l e s s  f o r m ,  is  

By de f in i t ion  the  a c o u s t i c  c onduc t i v i t y  of  a s u r f a c e ,  w r i t t e n  in  d i m e n s i o n -  

~ju 
: - -  pc--@- (2.1) 

714 



R//? 3 
/ 

~o 
l 

-q 

I ) 
- 6L  

fi / 

Fig.  1 

Here 5u, 5p are  the acoustic perturbations of the velocity and 
p r e s s u r e  at  the surface in question, p is the density of the gas, c is the 
speed of sound. Usually the acoustic conductivity has a complex value. 
Upon ref lect ion f rom the surface the sound wave is amplified if the 
real  par t  Re [ of the acoustic conductivity of this surface has a negative 
value Re [ < 0. Therefore  the tendency of a solid propellant toward 
acoustic combustion instability is usually charac te r i zed  by the magnitude 
of the real  par t  of the acoust ic  conductivity. It is not difficult to obtain 
f rom (1.1)-(1.5), with account for the definition (2.1),the explicit 
express ion for the acoust ic  conductivity and then, after  separt ing the 
real  part ,  obtain the formula 

x = [ 1 7 2 + 1 / 2  (1 + 16~2~)v~]'/~, a x - - - - ( w e + r +  ~ k - -  rv) r ] 2  

b x -~ ( ~  + ~tk - -  ~tkT - -  2 k r  - -  ~;zr - -  ~ k  2 + 2r  - -  2 rv  + v k r )  7 2 

c 1 - - - - ( k - - t )  (v + ~ - - t  + k ) - - a l ,  d I = i - - k  2 -  b 1 - v - ~ k ~ ,  ll  = ~ ; ~ + 2 k - - k v ,  

a 2 = r  2 1 2 ,  b 2 = r ( t - - k ) ,  c2 = ( t - - k )  s - r  212,  d~ = l - - k  s + r k - r ,  l 2 = 2 k  

3. Computation Results  and Discussion.  Formula  (2.2) was used to calculate the magnitude of the 
real  par t  of the acoust ic  conductivity of ballisti te powder for eight different steady state burning reg imes .  
The values of the pa rame te r s  k, r ,  ~, ~', and also the values of the quantities To, p, U for each regime,  
determined f rom the experimental  data of [10], a re  presented in Table 1. 

Table 2 shows the values of 10 ~ .R in the frequency range f rom 0 to 100 Hz for each of the eight 
reg imes  in question~ 

Figure  I shows the real  par t  of the acoust ic  conductivity as a function of frequency for  reg imes  1, 5, 
8. The calculation was made over a frequency range considerably broader  (up to 104 Hz) than the f r e -  
quency range shown in Table 2 and in the figure~ Data for frequencies higher than 100 Hz are  not presented,  
since in this region the calculation always led to positive values of the magnitude of the real  par t  of the 
acoust ic  conductivity~ A marked change of the value of R takes place only in the frequency range up to the 
o rde r  of 100 Hz~ 

With fur ther  increase  of the frequency the quantity 103 -R approaches a constant value which depends 
on the combustion reg ime .  For  example, for  r eg imes  1, 5, 8 the corresponding values of 103.R are 0.18, 
1.41, and 4.54. Analysis  of these resul ts  shows that the tendency of the sys tem to amplify acoustic 
oscil lat ions increases  with inc rease  of #, k, r ,  and reduction of % Moreover,  the p res su re  has a marked 
influence on the acoust ic  instability of the sys tem.  Of the five combustion reg imes  with p re s su re  p = 20 arm 
four have an instability region in the range f rom 10 to 80 Hz. For three combustion reg imes  with 
p r e s s u r e  p = 1 atm amplification of the acoust ic  oscil lat ions was detected only in one case.  

It follows f rom the calculation resul ts  that the formula for the acoust ic  conductivity obtained using 
the unsteady combustion model of [8, 9] and the experimental  data of [10] leads ei ther  to positive values of 
the real  par t  of the acoustic conductivity of the burning surface  or  indicates the possibil i ty of amplification 
in the low-frequency region (up to 100 Hz). The experimental  data indicate acoust ic  combustion instability 
over a b roader  frequency range.  More detailed information on the pa ramete r s  #, k, r ,  ~-, v are  required  
for a final compar ison of theory and experiment,  since the information which can be obtained f rom the 
experimental  data of [10] are  not sufficiently complete.  

We note also that the d iscrepancy between theory and experiment  for  unsteady p rocesses  with 
charac te r i s t i c  t ime shor te r  than 10 -2 s e c  can apparently be associa ted  with the incompleteness of the 
combustion model used as a basis  for the calculation, in which all the p rocesses  in the combustion react ion 
zone, including the chemical react ions in the condensed phase, are  considered quasis ta t ionary.  
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