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In p ro longed  combus t i on  of s y m m e t r i c  powder  p a r t i c l e s  ( l ameUar ,  cy l ind r i ca l ,  o r  spher ica l ) ,  the t e m -  
p e r a t u r e  d i s t r ibu t ion  inside a pa r t i c l e  no longe r  " r e m e m b e r s "  the t h e r m a l  condi t ions  c r e a t e d  dur ing  the ig -  
nit-ion p r o c e s s .  T h e r e f o r e ,  in p r inc ip le ,  e s t a b l i s h m e n t  of s e l f - s i m i l a r  condi t ions  of uns t eady  combus t ion  
can  be expec ted  in p ro longed  c o m b u s t i o n  of powder  p a r t i c l e s .  

It  will  be seen  below that  such  condi t ions  a re  p roduced  by the t ime va r i a t ion  of  p r e s s u r e  if the p r e s -  
su re  i n c r e a s e s  to a c e r t a i n  m a x i m u m  as the p a r t i c l e  burns  up and then drops  to z e r o .  

A c c o r d i n g  to the phenomeno log ica l  mode l  of uns t eady  powder  combus t ion  [1, 2], this p r o b l e m  is de -  
s c r i b e d  by the s y s t e m  of equa t ions  [3, 4] 

OTot -- r s• orO r S T  ' O ~ r ~ R ( t )  

Or - -0  for r = 0 ,  Ts=Ts p, -0-r--r R(t) for r=R( t )  (l) 

- -  d t  = u  p ,  ~ R(t) ' P =  p ( t )  

Here ,  the coord ina te  or ig in  is loca ted  on the s y m m e t r y  axis  of the pa r t i c l e ;  s = 0, 1, 2 for  a plate,  a 
cy l i nde r ,  o r  a s p h e r e ,  r e s p e c t i v e l y ,  and R(t) is the d is tance  to the burning s u r f a c e ;  the e x p r e s s i o n s  fo r  the 
su r f ace  t e m p e r a t u r e  Ts and the combus t ion  r a t e  a re  a s s u m e d  to be known functions of the p r e s s u r e  p and 
the su r f ace  t e m p e r a t u r e  g r ad i en t  in the condensed  phase  (k-phase) .  

The fol lowing d i m e n s i o n l e s s  v a r i a b l e s  a re  in t roduced :  

u% u0 T -- To u p 
z ' ~ r - ~ - - ,  {) = T s 0 - - T o  ' w u 0  ' p 0  

= ( o ~  "~ , 8 (.~) = :~ (t) ~~ 

where  the s u b s c r i p t  0 denotes  the p a r a m e t e r s  c h a r a c t e r i z i n g  the combus t ion  of a semi inf in i te  powder  
vo lume at the ini t ial  t e m p e r a t u r e  To, the s u r f a c e  t e m p e r a t u r e  Ts0 , and the p r e s s u r e  P0. 

S y s t e m  (1) a s s u m e s  the fol lowing f o r m :  

o~ i a ( a~ )  

o~ 
O--X- = 0 for ~ = O, ~ : ~s (~, r for ~ = 6 (v) 

d8 
- -  - 3 7 -  = u, ( .~ ,  r :~ = ~ (x) 

( 2 )  

The init ial  condi t ion c o n c e r n i n g  the t e m p e r a t u r e  d i s t r ibu t ion  is absent  in (2), s ince s e l f - s i m i l a r  con -  
di t ions a re  con templa t ed .  We s h a h  seek  the solut ion of the t h e r m a l  conduc t iv i ty  equat ion in (2) among the 
c l a s s  of funct ions 

= B6 '~ ] (~ / 8) = B6,~ f On) (3) 
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We obtain 

d2/ d/ f i d6 a~, +-~- k~- + ns-~-)-  e6 m16 ~ = o 

It is evident that, if 

6 d 6 /d z=  - - 4 , 4  = c o n s t  (4) 

(the combust ion-ra te  increment  is inversely proportional  to half the present  value of the par t i c le ' s  thick- 
ness),  the nonstat ionary Four ier  equation from (1) is reduced to an ordinary differential equation: 

/" -]-/' (S#l - -  4A~]) + 4 m A / =  0 ( f  (0) = o, f (1) = 1.0) 

so that a s e l f - s imi l a r  tempera ture  distribution occurs  in the k-phase.  

With the substitution of variables  

(5) 

l =  x(1-s)/Zz (x), x = TI ~, y = 2Ax  = 2ATI ~ 

(5) can be reduced to a degenerate hypergeometr ic  equation, 

yz'-{- --y z'-- 2 
z=0  

the solution of which is expressed  in t e rms  of Pochhammer  functions IFl((~, y,  y). In te rms  of the initial 
variables  f and 7,  this solution has the following form for a plate (s = 0) and a sphere (s = 2): 

) ( , + ,  )] �9 2 ' 2 - - - '  2A~I~ -]-C$(2A~IZ)( 1)/ F1 - -  - ~ - ,  2 ' 2A~12 

while, for a cyl inder  (s = 1), 

)§ ), , / I = C n F 1  - - ~ , t , 2 A ~ I Z  2 1F1 - - ~ , t , 2 A t 1 2  n2Atl2q- 

c~ k--1 

k=l v=O 

The general  solution for a se l f - s imi la r  temperature  distribution in a lamel lar ,  cyl indrical ,  or  spher i -  
cal  part icle follows on the basis  of finiteness of f for ~ = 0 and the boundary condition f(1)  = 1: 

1F1 (-- m/2, ( i  ,4- s ) / 2 ,  2A~l ~) 
0 = B6 m 1F1 (--  m/2, ( t  + s ) / 2 ,  2 A )  (6) 

For  the surface tempera ture  gradient  q = 0 4 /a  } and the temperature  4 0 at the center  of the part icle 
we have from (6) 

Bm 4A 1F1 ( i  - -  m/2, (3 -[- s)12, 2A)  
(D : - -  i ~- s 61-m 1F1 ( - -  m/2, ( i  + s ) / 2 ,  2 A )  

i 
~'o = B6 m IF1 (-- m/2 ,  (t ~- s)/2, 2A) 

(7) 

(S) 

Let us find the p ressu re  change securing the combustion rate and the surface tempera ture  required 
by (2) and (4). We assume that the dependences u(p, To) , Ts{P, T 0) have been determined experimental ly  
under s teady-s ta te  conditions. 

Then, the ordinary  gradient  convers ion used for the phenomenological model in [4, 5] t r ans forms  
these dependences into 

u , T ,  = T ,  p ,  T ,  - -  - ~ -  \--~"]RJ u = u  p, Ts----~- R 

Let, for instance, 

u =  ulp '~ exp [iTo, u = D  e x p ( - - E / R T i )  
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Then,  in t e r m s  of the d imens ion l e s s  v a r i a b l e s ,  we have 

w = n ~ exp~  (Tso - ~  To) @. ~ ~lw) (9) 

" s - - I  ( E Tso--To) (10)  
w----expsA i-~A~s ~ = ~ .  A To . 

F ig .  1 Cons ide r ing  that  I~ s - 11 << 1.0, we r ewr i t e  Eq .  (10) in approx ima te  
f o r m ,  as was  done in [5], 

�9 eA E (T,o - -  To) 

By subs t i tu t ing  he re  (3) and (4), we find the r e l a t ionsh ips  between A and B and between m and n 

ra = - - i / n ,  B : (4A) i/n (11) 

With an al lowance for  (11), e x p r e s s i o n  (6) for  the t e m p e r a t u r e  d i s t r ibu t ion  a s s u m e s  the fol lowing fo rm:  

( 4~ )~i~ ~F~ (i/2n, ( i  + s)/2, 2A~) (12) 
= ~ iFi  (t]2n), r -7 s ) /2 ,  2A) 

As an example ,  F ig .  1 shows the solut ion of (12) for  s e l f - s i m i l a r  combus t ion  of a plate  (s = 0) fo r  n = 
5 and 10 and A = 0.5.  We now find f r o m  (7), (9), and (11) the p r e s s u r e  change c o r r e s p o n d i n g  to these  c o m -  
bust ion cond i t ions :  

[4A~i/* r / 4A\i/n Br 

[ (13) Bt ~ ~ (Tso --  To ) 1 n (s + l) iFl (l/2n, (i -7 s)/2, 2A) 

Ana lys i s  of (13) shows that ,  with a r educ t ion  in the s i ze  of the pa r t i c l e ,  the p r e s s u r e  i n c r e a s e s  to a 
c e r t a i n  m a x i m u m  value 

~ ,  = \ - - ~ ( )  exp t -  ~ )  f~ 8, = ~A 

and then drops  to z e r o  as the pa r t i c l e  bu rns  up comple t e ly .  F o r  o r d i n a r y  fuels ,  n = E(Tso - To)/(RTs02 ) >> 1; 
as n i n c r e a s e s ,  the pos i t ion  of the p r e s s u r e  m a x i m u m  shif ts  toward  s m a l l e r  pa r t i c l e  d imens ions ,  while,  for  
n -  oo ( fue l  with a cons tan t  t e m p e r a t u r e  at  the burn ing  su r f ace ) ,  we obtain the l imi t ing  law of unboundedly  
i n c r e a s i n g  p r e s s u r e  v ~ 5  - 1 / ~  

If we change  the ini t ia l  point  in m e a s u r i n g  t ime in the above p r o b l e m  and pass  to infinite p r e s e n t  
d imens ions  of the pa r t i c l e ,  we obtain the law of p r e s s u r e  va r i a t ion  in t ime ~r ~ ~- - 1 / 2 ~ ,  which is c h a r a c t e r -  
is t ic  fo r  s e l f - s i m i l a r  combus t ion  of a semi inf in i te  fuel r eg ion .  This  p rob l em was  c o n s i d e r e d  in [1, 5]. 

The author  is g r a t e fu l  to V.  B.  L ib rov ich ,  Yu. S.  R y a z a n t s e v ,  S. S. Novikov, and A. G. I s t r a t o v  for  the 
d i s cus s ion  and the i r  r e m a r k s .  

LITERATURE CITED 

I. Ya. B. Zel'dovieh, "Powder combustion rate at variable pressure," Zh. Prikl. Mekhan. i Tekh. Fiz., 
No. 3 (1964). 

2. B.V. Novozhilov, "Unsteady combustion of powders characterized by variable surface temperature," 
Zh. Prikl. Mekhan. i Tekh. Fiz., No. I (1967). 

3. Yu. A. Gostintsev and A. D. Margolin, "Unsteady combustion of thin powder plates," Zh. Prikl. 
Mekhan. i Tekh. Fiz., No. 5 (1964). 

4. Yu. A. Gostintsev,"Ignition, unsteady combustion, and flame cutoff for a unitary fuel particle," Fiz. 
Goreniya i Vzryva, No. 3 (1971). 

5. V.B. Librovieh and B. V. Novozhilov, "Self-similar solutions in unsteady powder combustion rate 
theory," Zh. Prikl. Mekhan. i Tekh. Fiz., No. 4 (1971). 

137 


