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T h e  l o w - f r e q u e n c y  s t a b i l i t y  of t h e  s t e a d y - s t a t e  c o m b u s t i o n  c y c l e  i s  i n v e s t i g a t e d  in l i n e a r  
a p p r o x i m a t i o n  f o r  a p o w d e r  in a h a l f - c l o s e d  c h a m b e r ,  t a k i n g  accoun t  of i n c o m p l e t e n e s s  of 
c o m b u s t i o n ,  hea t  l o s s e s  at  t he  w a l l s ,  and d y n a m i c  e r o s i o n .  The  n e c e s s a r y  cond i t i ons  fo r  
s t a b l e  c o m b u s t i o n  a r e  ob ta ined .  Q u a l i t a t i v e  c o n c l u s i o n s  a r e  d r a w n  of the  i n c o m p l e t e n e s s  of 
t h e  c h e m i c a l  r e a c t i o n s  t a k i n g  p l a c e  and of the  d e s t a b i l i z i n g e f f e c t  of t h e r m a l  l o s s e s  and e r o -  
s ion  on the  c o m b u s t i o n  p r o c e s s .  Only two out of t h r e e  p o s s i b l e  s t e a d y - s t a t e  m e c h a n i s m s  a r e  
s t a b l e .  The  e x i s t e n c e  of l i m i t s  of c o m b u s t i o n  with  r e s p e c t  to  p r e s s u r e  i s  shown. 

1.  S t a t e m e n t  o f  t h e  P r o b l e m  

T h e o r e t i c a l l y ,  t he  s t a b i l i t y  of the  s t e a d y - s t a t e  c o m b u s t i o n  of  a p o w d e r  in a h a l f - c l o s e d  c h a m b e r ,  on 
t h e  a s s u m p t i o n  of c o m p l e t e n e s s  of  t he  c h e m i c a l  r e a c t i o n s ,  w a s  s t u d i e d  in [1-4] ,  e tc .  At  r e d u c e d  p r e s s u r e s ,  
t he  hea t  of c o m b u s t i o n  i s  c o n s i d e r a b l y  d i f f e r e n t  f r o m  i t s  l i m i t i n g  va lue .  F i g u r e  1 (curve  1), c o p i e d  f r o m  
[5], shows the  e x p e r i m e n t a l  d e p e n d e n c e  of the  hea t  of c o m b u s t i o n  of n i t r o g l y c e r i n e  p o w d e r  HES 4016 on the  
p r e s s u r e .  Reduc t i on  of t he  hea t  r e l e a s e  can  l e a d  to  a r e d u c e d  t e m p e r a t u r e  and p r e s s u r e  in t h e  c h a m b e r  and 
can  e x e r t  a c o n s i d e r a b l e  e f fec t  on the  s t a b i l i t y  of t he  c o m b u s t i o n  cyc le .  

In a c c o r d a n c e  wi th  [5], we  s h a l l  a s s u m e  tha t  u n d e r  s t e a d y - s t a t e  cond i t i ons ,  the  h e a t  of the  c h e m i c a l  
r e a c t i o n s  Q is  a func t ion  of t he  p r e s s u r e  p 

0 ~ = 0 (pO) (1.1) 

which  i s  found, f o r  e x a m p l e ,  by  s u i t a b l e  i n t e r p o l a t i o n  of the  e x p e r i m e n t a l  da t a  (he re  and in the  fu tu r e  the  
q u a n t i t i e s  f o r  s t e a d y - s t a t e  cond i t ions  a r e  de no t e d  by  a d e g r e e  symbol ) .  In p a r t i c u l a r ,  t he  r e l a t i o n s  s i m i l a r  
t o  t ha t  shown in Fig .  I can  be r e p r e s e n t e d  by func t ions  of the  t y p e  

Q (pO) = Q~ - [Q1 - Qo (t + g)] exp [ -  L (p~ -- do)] (1.2) 
+ g exp [-- L (p~ -- do)] 

w h e r e  

(Qo = O (p~ = do). Q~ = Q (p~ -~ ~)) 

L and g a r e  c o n s t a n t s  (L > 0, g > 1). The  e x p e r i m e n t a l  da t a  f o r  HES 4016 p o w d e r  ( cu rve  I in F ig .  1) a r e  
d e s c r i b e d  wi th  s a t i s f a c t o r y  a c c u r a c y  by  f o r m u l a  (1.2) wi th  t he  fo l lowing  p a r a m e t e r  v a l u e s :  

Q1 = i i40  e a l / g ,  0 o  = 5t0 c a l / g ,  do = 14 kgf /crn2 ,L ~ 0.2 crn2/kgf ,  
g = 24. 

W e  s h a l l  r e p r e s e n t  t he  t h e r m a l  l o s s e s  at the  w a l l s  of t he  c h a m b e r  and the  e r o s i o n  e f fec t  of g a s e s  on 
the  c o m b u s t i o n  p r o c e s s  in t h e  f o r m  of a func t ion  of t he  m e a n  d e n s i t y  of the  s t r e a m  of g a s e s  G = pW. H e r e  
p is  t h e  d e n s i t y  and W is  t he  a v e r a g e  v e l o c i t y  of t h e  g a s e s .  Thus ,  i t  is  a s s u m e d  tha t  in the  s t e a d y - s t a t e ,  
t h e  r a t e  of c o m b u s t i o n  u and a l s o  t h e  s u r f a c e  t e m p e r a t u r e  of t h e  p o w d e r  T~ a r e  known func t ions  of the  p r e s -  
s u r e ,  i n i t i a l  t e m p e r a t u r e  of t h e  fue l  To, t he  f low d e n s i t y  G, and the  t e m p e r a t u r e  of t h e  g a s e s  T 2 
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u ~  u ~ To, G, T~), Tz ~  T2(p,  T O ,G, T2) (1.3) 

Under nonsteady-s ta te  conditions, the p re s su re  and t empera tu re  
in the chamber  are  satisfied by the equations 

d p AoF,p 
V -~/- (-R-TT) : zp0u (1.4) ( RT~)'/, 

Vp dr.~ ~[ Q __ i~pOU__(n__l)] AoF,p ~1ql 
RT~ dt ~ (RT~)V~ cvT~ (1.5) 

having the meaning of the laws of conservat ion of mass  and energy. 
Here t, ~, P0, V, cr l, and F ,  are  respect ively  the t ime,  surface a rea  
of combustion, powder density, free volume, internal surface a rea  of 

the chamber ,  and cr i t ical  c ross  section of the nozzle; c V is the specific heat of the combustion products at 
constant volume; R is the gas constant; n =Cp/C V is the adiabatic index; A 0 is the coefficient of discharge;  
ql is the heat flow density f rom the combustion products  to the walls of the chamber.  

If we neglect radiant heat flow in compar ison with convective heat flow (the contribution of the 
var ious  heat loss mechanisms in the chamber  is analyzed in detail in [6]), we will have 

q~ = D1 (~W)b (T2 - T~) (1.6) 

where T 3 is the average t empera tu re  of the internal surface  of the chamber  walls;  D1 is a known function 
of the thermophysica l  pa r ame te r s  of the combustion products  and of the equivalent chamber  diameter;  b is 
a constant, ~ 0.8, for  the closed volume conditions. In the future, for approximate es t imates ,  we shall assume 
T 3 = constant. 

The mean density of the gas flow and the discharge of the combustion products  through the nozzle are  
connected by the relat ion 

AoF,p (1.7) 
G = pW = D2. F (RT~)'/~ 

where F is the c ros s - sec t iona l  a rea  of the chamber  free for  the passage of gases;  the coefficient D 2 depends 
on the design of the charge:  for end combustion D 2 ~ 1 and for channel combustion charges  D 2 ~ 0.5 under 
conditions in which the veloci ty of the gases  along the charge is distr ibuted according to a l inear  law. 

Under s teady-s ta te  conditions the left-hand side of Eqs.(l .4)  and (1.5) are vanishing. Given a speci -  
fied law of combustion,  we obtain f rom Eqs. (1.4)and (1.5) the relat ions defining the s teady-s ta te  p r e s s u r e  
and tempera tu re  in the chamber.  In the s implest  case,  when the thermal  losses  and erosion are  not taken  
into account, the s teady-s ta te  t empera tu re  and p r e s s u r e  are  found f rom the equations 

AoF,p ~ Q (p~ 
<5~)0 u ~  (RT2o)V-~- , T2 r : r 

Calculations* for  HES 4016 powder show (Fig. 2) that when F . / ~  =0.0051, there  are  three  s teady-  
state cyc l e s  of combustion, defined by the following values of p res su re ,  t empera ture ,  and heat ofcombust iom 

pO 46 k g / c m  2, T2 ~ =2670 ~ ~ = t120 cal /g;  p~ = 32 kg /cm 2, T2~ ~ 
Q~ = 880ca1/g;p. ~ = t7kg /cm 2, T~ ~ = 1320~ Q~ = 555 cal /g;  

[in Fig. 2 the points of intersect ion $1, S 2, and S 3 of the curves  of the specific issue of the gases  G 1 (curve 1) 
and the specific d ischarge G 2 (curve 2), r e fe r  to the combustion surface].  For  sufficiently high values of 
F. /cr ,  only the lower cycle exists (in Fig. 2 the point of intersect ion S 4 of the curves  1 and 3 when F, /cr  = 
0.0055, p~ =13 k g / c m  2, T2 ~ =1200~ and Q~ =505 eal/g); in the case of low values of F , / ~ ,  it is the upper 
($5, the point of intersect ion of curves  1 and 4 when F , / a  =0.0046, p~ =69 k g / c m  2, Tz ~ =2720~ and Q~ =1140 
ca1/g). 

Figure 3 shows the resul ts  of a calculation of the s teady-s ta te  cycles,  taking into account convective 
heat losses  at the walls of the chamber.  The the rmal  losses  were determined by the procedure  discussed 
in [6], and the gas flow density was expressed  in t e r m s  of Pobedonostsevts  pa r ame te r  ~ [10]: 

*Here and henceforth, all calculations are  ca r r i ed  out for  HES 4016 powder, with T O =25~ The required 
charac te r i s t i cs  of the powder are  taken f rom [5, 7-9].  

838 



. _ ! / I . , I  

i A// 

,,, i)f l 

050 Z8 ' 56 

F i g .  2 

~,o~, g/cm2 : sec 

l.O - - ~  
, ss i I 

0.~ 28 

Fig. 3 

i 

! 

1, 
i 

I 21 
p, kg/cm i 

55 

G ~ ---- • p0u0 ~ (1.8) 

where  u0 ~ is the r a t e  of combustion,  without taking account of e ros ion .  Curve 1 in Fig. 3 is the specif ic  
i ssue  of the gases ;  cu rves  2, 3, and 4 a re  the specif ic  flow r a t e s  (discharges)  of the products  when F, /cr  = 
0.0051, 0.0055, and 0.0046, respec t ive ly ,  and d l = l  cm, ~ =100, T3 =600~ and a l / (T =1 .  

In the p r e s e n c e  of heat  losses ,  the s t eady - s t a t e  cyc les  a re  displaced to the side of lower  p r e s s u r e s  
and t e m p e r a t u r e s  in the chamber .  In th is  case  the following situation a r i se s :  If, for  a ce r ta in  value of 
F , / a ,  without taking account of t h e r m a l  l o s se s ,  only one upper  cycle  is poss ib le ,  then if t h e r m a l  l o s ses  
a r e  taken into account,  the exis tence  of t h r ee  cycles  is found to be poss ib le  with the same  ra t io  of F , / o r ;  
if, without t h e r m a l  l o s se s ,  the calculat ions show the p r e s e n c e  of t h r ee  cycles ,  then when t h e r m a l  l o s ses  
a r e  taken into account and with the s a m e  value of F . / a ,  only the lower  cycle  is poss ible ,  etc. 

F r o m  the disposi t ion of the issue and d i scharge  curves  of the combust ion products  on the Bohr dia-  
g r a m  (Figs.  2 and 3), it can be seen that  of the  t h r ee  cycles  only two a re  s table  - t h e  lower  and the upper  
cycle.  The  lower  combust ion cycle  usual ly  is not achieved in p rac t ice .  Obviously, it can be achieved only 
by means  of a specia l  s t a r t - u p  of the ha l f - c losed  chamber  (low initial p r e s s u r e s ,  high initial powder t e m -  
p e r a t u r e ,  and l a rge  g e o m e t r i c  chamber  dimensions) .  It is poss ib le  also that  the lower  cycle  is unstable  in 
re la t ion  to the h igh- f requency  region of the spec t rum of the combust ion product  osci l la t ions  in the chamber .  
Th is  p r o b l e m  is not studied in this  p r e s en t  paper .  

In the future ,  we shal l  a s s um e  that  the nonuniquenes s of the s teady-  state cycle  occu r s  also for the gene ra l  
nons teady-s t a t e  case  of s y s t e m  (1.4) and (1.5). 

We shall  m a r k  the quanti t ies  which r e f e r  to the l imit ing s t eady - s t a t e  cycle,  and which a r e a c h i e v e d  at 
low p r e s s u r e  and t e m p e r a t u r e  in the chamber ,  by an a s t e r i s k  ( p , ,  T 2 , ,  u~ ,  etc). 

We introduce the d imens ion less  p r e s s u r e  and t e m p e r a t u r e  in the chamber ,  flow densi ty of the gases ,  
and the r a t e  of combustion:  

~] ~ p, T2, ~ , 

Under s t e ady - s t a t e  conditions ~=~o,  ~ =~o, ~. =X o, v =v ~. 

/ t  

~t~ ~ 

2.  Q u a s i s t e a d y - S t a t e  A p p r o x i m a t i o n  

Let  us inves t igate  the s tabi l i ty  of the s t e ady - s t a t e  cycle  in c l a s s i ca l  approximat ion,  when a heated 
l a y e r  of powder  becom es  tuned to pe r tu rba t ions  in the gas.  In this case ,  the propagat ion  ve loc i ty  of the 
f l ame  is equal to the quas i s t eady - s t a t e  r a t e  of combust ion z, which in l inea r  approximat ion  is r e p r e s e n t e d  
in the f o r m  

(2.1) 

where  the p a r a m e t e r s  ~, h, and q define the degree  of dependence of the r a t e  of combust ion on the p r e s s u r e ,  
flow densi ty  of the gases ,  and the t e m p e r a t u r e  in the chamber  under  s t e ady - s t a t e  conditions 
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We find f romEqs . (1 .4 )  and (1.5), taking into account re la t ions  (1.6), (1.7), and (2.1) in l inear  approx i -  
mation, 

t /roW, d~ /~o~/. d~ (2.2) 

H e r e  t 2 =V/[AoF,(RT2~ is the re laxat ion  t ime  of the chamber  and a =T3/T 2 .o is the re la t ive  t e m -  
p e r a t u r e  of the walls  

B~ = ..q (p,~ z - -  ml~ '/~ ~1~ (~ - a) [ Q (p,~ n l  
cvT2, ~ (1 -- a) ~b12 t cx rT2*~ 

B2 = k cvT2* ~ - -  (t -- a) ~(b-~)/~ cvT2, o 

The s t eady - s t a t e  solutions of s y s t e m  (2.2) a r e  s table  in a smal l  region if, as  shown in the theory  of 
different ia l  equations [11], the roo ts  of the c h a r a c t e r i s t i c  equation of s y s t e m  (2.2) 

Y' - -  ( % - - - i -  -~-~ )OB~~ Y + OBa~ n OB"~ OBa~ OB2~ 0 (2.3) 

have negat ive r e a l  pa r t s .  Fo r  this ,  it is n e c e s s a r y  and sufficient that the coeff icients  of Eq. (2.3) should 
sa t i s fy  the Routh-Hurwitz  conditions 

aBl~ J_ OB2~ . / i3  OB~~ OB2~ OBI~ OB~~ 
oq -- o~ " ~ '  o~ o~ o~ 0~ > 0  (2.4) 

The s t eady - s t a t e  solutions of Eq. (2.2) have the f o r m  

~! = n ~ ~ = ~~ (2.5) 

Wri t ten  in the f o r m  of Eq. (2.5), these  solutions include all the poss ib le  s t eady-s t a t e  combust ion 
cycles .  

Substituting Eq. (2.5) in Eq. (2.4), we obtain the n e c e s s a r y  condition of s tabi l i ty  of combust ion in 
quas i s t eady - s t a t e  approximat ion:  

v <  m i n ( ~ ,  ~3) (2.6) 

H e r e  
a (N -- n) 

,~+~ ( ~. b ) ~ - - .  (~+~)h (w-~)q 
~3 = b +  ( l - - b )  ~ - + - - - U N - +  "~~ 2" ~ a 2N N 

the p a r a m e t e r  ~ t akes  into account the dependence of the heat  of combust ion on the p r e s s u r e  

dln Q~ 
d lnp 

As numer i ca l  calcula t ions  show, for  HES 4016 powder  at p r e s s u r e s  of p >- 12 k g / c m  2, the value of the 
p a r a m e t e r  ~ v a r i e s  over  wide l imits :  0 < ~ -< 1.21 (in Fig. 1, curve  2); the max imum value of c~ is 
r eached  when p ~ 30 k g / c m  2. 

We shall  e xp re s s  the quantity h in t e r m s  of the s t ruc tu ra l  p a r a m e t e r s  of the chamber  and the phys ico-  
chemica l  p r o p e r t i e s  of the powder.  In the region of pos i t ive  erosion,  according to the usual  data  [12], the 
coefficient  of e ros ion  ~ =u~ ~ is r e p r e s e n t e d  by a l inear  in terpola ted  dependence on the d imens ionless  
p a r a m e t e r  g [13] 

] = (pW) ~ h v~ / (90u0 ~ 
uo [ t for  J~ ~ J ,  (2.7) 
uo ~ l + Da(d ~  f o r J ~  
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Fig. 4 

H e r e  ~l is the d rag  coefficient  

~,=o.a6[ ~' l '/' 

gi is the  dynamic v i scos i ty ;  d i = 4 F / I I  is the equivalent d i ame te r  (II is 
the p e r i m e t e r  of the chamber  c ro s s  sect ion f ree  for  the pas sage  of the 
gases) .  In Eq. (2.7), the  value of J depends on the coordinate  along the 
charge. With more accurate data, D 3 =0.006, J, =6.7 when 6 < J <- 20 
(the interpolated relation ~(J) is given in [12] over a narrower range 
of measurement of J). 

In the convers ion  of Eq. (2.7) to the flow density of the gases ,  we obtain 

u~ = [ ~1 ~'1, (Go)'/, 
u0 ~ Da 0.562 \-~T) p0 J , u o  ~ for  yo > j .  

Under  s t eady - s t a t e  conditions Eq. (1.8) is achieved and t h e r e f o r e  f r o m  Eq. (2.8) we have 

(2.8) 

h =  7DaDa• {l + Da IDa • J ,  i} -1 (2.9) 
8 (pouo~ v' (pouo~ 

where  

D4 = 0.562 (~t 1 / dx) '/, 

If f o rmu la s  (2.7)-(2.9) a re  used for  an ave raged  flow density of the gases ,  then in p lace  of D 3 it is 
n e c e s s a r y  to take the quantity D3/2. 

Figure  4 r e p r e s e n t s  the graphica l  in te rpre ta t ion  of the inequality (2.6) for  HES 4016 powder  when 
T o =25~ In the  calculat ions,  the t h e r m a l  l o s se s  and the dependence of the ra te  of combust ion on the t e m -  
p e r a t u r e  of the gases  has not been taken  into account (N =n, q =0). The curve  1-1 r e p r e s e n t s  the exp e r i -  
menta l  re la t ion  v (p) [7, 8]. Curves  2-2,  3-3, 4-4 ,  and 5-5 depict the r igh t -hand  side of inequali ty (2.6) v .  
as a function of p r e s s u r e  when ~t =0, 100, 175, and 250, r espec t ive ly ,  and d 1 =50 cm. 

The  a r m s  of the curves  of v,(p,~t)  lying above the line v(p)cor respondto  s table  conditions. Taking 
account of the incomplete  heat  r e l e a s e  gives an upper  and a lower  l imit  of combust ion with r e spec t  to p r e s -  
sure.  With i nc r ea s e  of n (for a fixed value of dr) , the upper  l imit  i n c r e a s e s  but the lower  l imi t  fal ls .  The 
calculat ions showed that  with a reduct ion of the equivalent d iamete r ,  the effect  of e ros ive  combust ion is 
intensified.  The re fo re ,  in geome t r i ca l l y  s i m i l a r  chamber s  the l imit ing p r e s s u r e  at which cut -off  t akes  the 
p lace  of s table  combus t ion  is h igher  in sma l l  chambe r s  than in l a rge  ones. 

Special  ca ses  of inequali ty (2.6) w e r e  obtained p rev ious ly  in [3, 4]. 

3 .  L o w - F r e q u e n c y  I n s t a b i l i t y  

Now let us  invest igate  the s tabi l i ty  of the  combust ion p r o c e s s  under  nons teady-s ta te  conditions, taking 
account of the  iner t ia  of a hea ted  l aye r  of powder.  

Using Ze l ' dov ich ' s  method [1, 14], we p roceed  f r o m  fo rmu la  (1.3) to the re la t ions  

u = u (p, ], G, T~), T1 = 71 (p, ], G, T2) (3.1) 

where  f is the t e m p e r a t u r e  gradient  at the su r face  of the fuel. Relat ions  (3.1) and also fo rmula  (1.1) will 
be  comparab le  a lso  in nons teady-s t a t e  conditions. 

We introduce the d imens ion less  quanti t ies  t ime,  coordinate,  and t e m p e r a t u r e  in the fuel,  and t e m p e r a -  
tu re  gradient  at the sur face ,  by the fo rm u l a s  

He re  

~ (u*~ t, ~ u*~ T--To TI--To xo - ~ - x ,  0 ~} = 
T 1 ,  ~ - -  T o  ~ T I .  ~ - -  T o  ~ 

~-- ~0 (o, x) = 
O~ ],~ 

~0 is the coeff icient  of t e m p e r a t u r e  conductivity of the  powder.  In l inear  approximat ion  

~1=~1 ~ 2 4 7  ~ = ~ o §  ~ ,=~~247 v = v  ~  
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where  ~ i, ~l, X l, vl,  01(~), 01, and ql  in the module a r e  much l e s s  than the cor responding  s t eady- s t a t e  
va lues ;  the function r (T) defines the change of d imens ionless  va r i ab l e s  with t ime.  

F r o m  fo rmulas  (3.1), just  as in [2-4], re la t ions  can be obtained which connect the ampli tudes  of the 
r a t e  of combustion,  p r e s s u r e ,  flow density,  t e m p e r a t u r e  in the chamber ,  and t e m p e r a t u r e  and t e m p e r a t u r e  
gradient  at the su r face  

( k §  v~ ~ ( r - - l ) - -  k h ( r - -  t ) - - f k  §  

(3.2) 
(k § r _ .~-~_.4~ @~ t~ (k - - ~ l  ~ - -  vr ill § v_6.{_5 qD1 § / (k - -  , r  t) - -  hr ~i § s (k - -  {) - -~o qr . ~  (3.3) 

The quanti t ies  k, r ,  g ,  j, and s define the degree  of dependence of the r a t e  of combust ion and the s u r -  
face  t e m p e r a t u r e  on the initial  t e m p e r a t u r e ,  p r e s s u r e ,  flow density,  and t e m p e r a t u r e  in the chamber  under  
s t eady - s t a t e  conditions 

\ ~ / p , G , T ;  \OTo/p ,G,T;  P = ~ \Olnp/Y , .G.Y ,  

] --  T1 ~ --  To \O-']-~/p, To, T: $ - -  T~ ~ --  T~ \O1- '~ /p ,  T,, G 

For  a heated  l a y e r  of powder,  the t h e r m a l  conductivity equation holds t r ue  

ao a~o oo (o >1~>-oo)  
O'r a~ v (3 .4 )  

(the coordinate  or igin is located  on the burning surface)  with the conditions 

0 (0,  ~) = # ,  0 ( - ~ o ,  ~) = 0 

In l inear  approximat ion we have, f r o m  Eq. (3.4), 

d~01 § vo dO1 01 d* V~176 ~ 0 

01 (0) = ~ ,  exp (v ~ ~) 01 (~) -+ 0 for  ~ -+ --  :~ 

(3 .5 )  

Assuming  that  

we find the  solution of Eq. (3.5) 

* (T) = exp [(v~ (fl = O)Xo / (u~ 

~o ,~ o ~o 

01 = ~ 1, -F -US vl)  exp (v ra~) - -  ~ vl (3.6) 

where  
m = - -  i /~ § ( i /~ § 0) ' / ,  

Equation (3.6) p e r m i t s  us to obtain one more  re la t ion  between the ampli tudes of the r a t e s  of combus -  
tion, t e m p e r a t u r e ,  and t e m p e r a t u r e  gradient  at the su r face  

m~)~ (3.7) (P1 : Z)O ( l  § m) ~i § --~/21 

Considering Eqs.  (3,2),(3.3), and (3.7) as a s y s t e m  of a lgebra ic  equations in r e spec t  of vi, 7/1, g01, ~l, 
)h, and s obtain the fo rmula  for  the nons t eady- s t a t e  ra te  of combust ion 

kv ~ [v~r'~lxm h t F - - / m  q~r'--sm ] v = z + i + r . ~ -  k~v ~ (~ - ~~ 4 ~o (~, _ ~ o ) +  ~~ ( ~ ,  ~o) (3 .8 )  

where  

T = I - -  m / ~  

Formu la  (3.8) is t r ue  for  any rea l  and complex  f requencies .  
( I~ ! << (u~ Eq. (3.8) a s s u m e s  the f o r m  

F(~ - F) dn (h - -  i)  d~  
v = z § k v ~  [" " ~  -di -+ ~o dt -~- 

In pa r t i cu la r ,  for  low f requencies  

~o d t ]  
(3.9) 
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where t 1 =~0!(u~ 2 is the relaxation t ime of the heated layer  of powder. It can be seen that in the case of a 
low-frequency nonsteady-sta te  combustion, the flame propagation velocity at any instant differs f rom the 
f ree  quasis teady-sta te  value by the sum of two quantities which are proport ional  to the scaled pressure ,  
flow density, and tempera tu re  of the gases  with respect  to t ime. The previously well-known results  of 
[14~-16] follows from Eqs.(3.8) and (3.9) as special cases.  

By repeating the stability analysis ca r r i ed  out above for the sys tem of equations (1.4) and (1.5), and 
taking into account relations (1.6), (1.7), and (3.9), we find the conditions for  lew-frequency stability of 
the s teady-state  solution (1.4) and (1.5) 

Here 

~;N - -  [~ -4- k q  [~2 (~ - -  tx -}- h - -  j) + ~71t t2 < 0 

~5 : N ( h - - ~ - - ] ) +  (N- - l ) iq - - s - - (h - - / ) / 2 t  
B , - - ~ + ~ - - h ( N + ~ )  ( ~ ~--) " 2 + ~Z '~-} -  ( N - - r ~ ) + ( ~ - - ~ ) N - - ( N - - t ) q  

~ =[aN + (1 -- b)(N -- n)] [q -- s - -  (h -5 j)/2] 

(3,10) 

(3,11) 

(3.12) 

In par t icular ,  for quasis teady-s ta te  approximation (tl/t 2 << 1), Eq. (2.6) follows f rom Eq. (3.11) and 
(3.12). However, by taking account of the inert ia of the heated layer  of fuel it is necessary  that inequality 
(3.10) be satisfied. For  this, the pa ramete r s  of the combustion process ,  as follows fromEqs.(3.11)-(3.12) 
and taking Eq. (3.10) into account, should fur ther  satisfy the condition 

where 

< rain (~1/~, .~a) (3.13) 

~a = N (136 -- [~5) -- 1~ + { iN (~ -- [35) -- ~1~ -- 4N 2 [~2 (h -- 9 -- [) -- ~ ~,~v] }'A 
2N~, 

The physical  significance of condition (3.13) is the same as in the quasis teady-sta te  case. 

For  the s teady-s ta te  law of combustion in the form 

~~ = p~D (To) H (G) T2 q 

Eq. (3.10) assumes  the form 

uoOo~ftkT~ -q [ AoF, 
VD (To) H (O) [ poO RV'D (To) H (G) T(21+ ~q)/~ 

v 1 = (t + v)/(t - -  v) (3.14) 

The investigation of the conditions obtained for stable combustion, Eqs. (2.6),(3.13), and (3.14) p e r -  
mits  a number of conclusions of a qualitative nature to be drawn: 

1. The incompleteness of the course of chemical  reaction worsens  the stable operation of a half- 
closed chamber.  

2. Posit ive dynamic erosion destabil izes,  and negative dynamic erosion stabilizes, the combustion 
p rocess .  

3. For  a given charge geometry and chamber  volume, reduction of the initial t empera tu re  of the 
powder promotes  the appearance of unstable combustion. 

4. For  a given powder, ka order  to ensure stable combustion, it is necessa ry  to reduce the ratio of 
burning surface to f ree volume. 

5. For  geometr ica l ly  s imi lar  ha l f -c losed chambers,  instability is more probable in smal l - s ized  
chambers  than in l a rge - s i zed  chambers .  

6. Dependence of the surface t empera tu re  on the p r e s s u r e  and tempera ture  in the chamber  stabilizes, 
but dependence on erosion destabilizes,  the combustion process .  

7. For  a given chamber  geometry,  in the absence of erosion,  high-calor i f ic  powders burn more 
stably than low-calor i f ic  powders if the power index in the law of combustion v is g rea te r  than ( ! -4q) /3 ,  
but they burn less stably in the contrary  cases .  
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8. I nc r ea se  of heat t r a n s f e r  r educes  the s tabi l i ty  of the combustion p roce s s .  

9. The dependence of the r a t e  of combustion on the t e m p e r a t u r e  of the gases  in the chamber  worsens  
the stable operat ion of the chamber .  
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