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INTERACTION 

A method i s  p r o p o s e d  in [t] for  s tudying e x p e r i m e n t a l l y t h e  condi t ions  for  powder  ext inct ion,  in which 
t h e r m a l  i n t e r a c t i o n  be tween  the combus t ion  f ront  and the m e t a l - p o w d e r  contac t  is  used  for  c r e a t i n g  ex t i nc -  
t ion condi t ions  in the  combus t ion  zone (method of ' f r e e z i n g  ~t the combus t ion  zone).  Cy l ind r i ca l  powder  
s a m p l e s  with P l e x i g l a s - c o a t e d  l a t e r a l  s u r f a c e s ,  p l aced  on a m a s s i v e  copper  p la te ,  were  bu rned  in the 
expe r imen t~  The powder  was igni ted at the f r ee  end face  of the s a m p l e .  Since at  the moment  of igni t ion 
the  d i s t a n c e  be tween  the combus t ion  zone and the su r f ace  of the m e t a l - p o w d e r  contac t  is  much g r e a t e r  
than the c h a r a c t e r i s t i c  t h i cknes s  of the  t h e r m a l  l a y e r  in the powder ,  the cool ing  effect  of the me ta l  (high 
t h e r m a l  conduct ivi ty)  has a l m o s t  no effect  on the combus t ion  p r o c e s s  du r ing  the in i t ia l  burn ing  phase ,  so 
that  the burn ing  p r o c e s s  b e c o m e s  a l m o s t  s t a t i o n a r y  sho r t l y  a f t e r  igni t ion .  As the combus t ion  f ront  ap -  
p r o a c h e s  the m e t a l - p o w d e r  contact ,  the inf luence of the (high) t h e r m a l  conduct iv i ty  of the  me~al on the 
condi t ions  in the combus t ion  zone cont inues  to i n c r e a s e .  Heat r e m o v a l  f r o m  the combus t ion  zone i n c r e a s e s ,  
the t e m p e r a t u r e  g r a d i e n t  at  the su r f ace  of the k - p h a s e  i n c r e a s e s ,  the combus t ion  condi t ions  b e c o m e  non-  
s t a t i ona ry ,  the burn ing  r a t e  changes ,  and ex t inc t ion  o c c u r s  at a c e r t a i n  d i s t a n c e  f r o m  the contact .  On the 
copper  p la te  t h e r e  r e m a i n s  a l a y e r  of unburned powder ,  whose  t h i cknes s  depends  on the in i t i a l  t e m p e r a t u r e  
of the powder  and on the gas  p r e s s u r e  within the vo lume in which combus t ion  o c c u r s .  In a s e r i e s  of e x -  
p e r i m e n t s  p e r f o r m e d  with powder  s a m p l e s  with the s a m e  in i t ia l  t e m p e r a t u r e ,  it was  e s t a b l i s h e d  that  the 
p r e s s u r e  dependence  of the  t h i ckness  of the unburned powder  l a y e r  can be d e s c r i b e d  by the fo rmu la  

l n h = A  - - ~ l n p  (1) 

whe re  h is  the t h i c k n e s s  of the powder  r e s i d u e ,  p i s  the  p r e s s u r e ,  A is  an e x p e r i m e n t a l  cons tant ,  and u i s  
an e x p e r i m e n t a l  constant  equal to the exponent  in the  p o w e r - l a w  r e l a t i o n  be tween  the s t a t i o n a r y  burn ing  
r a t e  and p r e s s u r e .  

The t heo ry  unde r ly ing  the e m p i r i c a l  r e l a t i o n  (1) is  p r o p o s e d  below.  The e x p e r i m e n t a l  condi t ions  a r e  
such that  the p ropaga t i on  of the combus t ion  f ront  ove r  the powder  can be sa fe ly  c o n s i d e r e d  to be o n e - d i m e n -  
s iona l .  An i d e a l i z e d  p i c tu r e  of the mutual  pos i t ion  of the combus t ion  front  and the m e t a l - p o w d e r  contac t  is  
shown s c h e m a t i c a l l y  in the f igure .  The combust ion  f ront  moves  f r o m  the d i r e c t i o n  of pos i t ive  va lue s  of x. 
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The su r f ace  of the m e t a l - p o w d e r  contac t  co inc ides  with the p lane  x=0 in such 
a way that  the  reg ion  x< 0 i s  occupied  by the me ta l ,  and the r eg ion  0 < x< x s 
by the  powder .  The heat  conduct iv i ty  of the me ta l  is  a s s u m e d  to be l a r g e  
(infinite in the l im i t i ng  case)  c o m p a r e d  to that  of the  powder .  In the l i m i t i n g  
case ,  the t e m p e r a t u r e  of the contac t  s u r f a c e  m a y  be a s s u m e d  to have a con-  
s tan t  value  equal  to that  of the in i t ia l  t e m p e r a t u r e  T O , (To jus t i fy  th i s  a s -  
sumpt ion,  the  vo lume of the me ta l  d i sk  m u s t  be su f f i c ien t ly  l a r g e ;  o t h e r -  
wise ,  the to ta l  heat ing of the  d i sk  should be taken  into account . )  

We f o r m u l a t e  the p r o b l e m  of uns t eady  burn ing  of a f lat  l a y e r  of pow-  
dero The v a r i a t i o n  of the  powder  t e m p e r a t u r e  T(x, t) is  d e s c r i b e d  by  the 
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equat ion 
OT 02T or-- •  (O~x~x~(t)) (2) 

where  x, t a r e  a coo rd ina t e  and t i m e ,  r e s p e c t i v e l y ;  ~ is  the t h e r m a l  conduct iv i ty  coef f ic ien t ;  and x s (t) is  
the coord ina t e  of the powder  su r f ace  which v a r i e s  due to the p ropaga t i on  of the combus t ion  f ront .  Ini t ia l  
and bounda ry  condi t ions  mus t  be obta ined fo r  Eq~ (2). In v i r tue  of the adopted hypo thes i s  about a high 
t h e r m a l  conduct iv i ty  and high i n t e g r a l  spec i f i c  heat  of the meta l  d isk ,  the condi t ion of cons tan t  t e m p e r a t u r e  

= 0,  T = To (3 )  

mus t  be fu l f i l led  at any moment  of t ime  at the m e t a l - p o w d e r  contac t .  

The bounda ry  condi t ion  at the  burn ing  s u r f a c e  X=Xs(t) depends  on the type  of combus t ion  model  adop t -  
ed.  

We a s s u m e  that  powder  combus t ion  i s  d e s c r i b e d  by Ya. B. Zeltdovich~s t heo ry  [2], and a l so  that  the  
t e m p e r a t u r e  at the burn ing  powder  s u r f a c e  r e m a i n s  cons tan t  dur ing  the en t i r e  combus t ion  p r o c e s s  

=~, (t), T = Ts. (4) 

The v e l o c i t y  of mot ion  of the burn ing  s u r f a c e  is  equal  to the burn ing  r a t e  u(t); 

d~  = _ u �9 (5) 
dt 

As in [2], we a s s u m e  that  the  burn ing  r a t e  under  nons t a t i ona ry  condi t ions  depends  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  at the burn ing  su r f a c e  ins ide  the powder  and that  th is  dependence  is the s a m e  
fo r  nons t a t i ona ry  and s t a t i o n a r y  cond i t ions .  

With th is  a s sumpt ion ,  the d e r i v a t i o n  of an exp l i c i t  e x p r e s s i o n  fo r  the n o n s t a t i o n a r y  burn ing  r a t e  
u(~,  p) mus t  be b a s e d  on a s t a t i o n a r y  dependence  of the  burn ing  r a t e  on the p r e s s u r e  and in i t ia l  t e m p e r a -  
t u r e  (e. g~ an e m p i r i c a l  dependence)  and a l so  on a nons t a t i ona ry  r e l a t i o n  be tween the burn ing  r a t e  and the 
t e m p e r a t u r e  g r a d i e n t  at the burn ing  s u r f a c e .  An e m p i r i c a l  dependence  of the burn ing  r a t e  of powder  on 
p r e s s u r e  and in i t i a l  t e m p e r a t u r e  u s u a l l y  can be r e p r e s e n t e d  in the f o r m  

uo (p, To) = /(To)ulP v , (6) 

w h e r e  u 0 is  the burn ing  r a t e  of powder  unde r  s t a t i o n a r y  condi t ions ,  T o is  the in i t ia l  t e m p e r a t u r e ,  p is  the 
p r e s s u r e ,  v and u 1 a r e  e x p e r i m e n t a l  cons tan t s ,  a n d f ( T  0) is  a known function which may  be given,  fo r  
example ,  in g r a p h i c a l  f o r m .  

The t e m p e r a t u r e  g r a d i e n t  at the burn ing  s u r f a c e  under  s t a t i o n a r y  burn ing  condi t ions  i s  r e l a t e d  to the 
burn ing  r a t e  by the f o r m u l a  

OT 
~ ~ (~XX)s: ~ (Ts -T0). (7) 

A f t e r  e l i m i n a t i n g  T O in (6) and (7), we get  a dependence  of the burn ing  r a t e  on the t e m p e r a t u r e  g r a -  
d ient  at  the burn ing  s u r f a c e  and on p r e s s u r e ,  which holds  a l so  for  n o n s t a t i o n a r y  condi t ions  

u(% p ) = / ( ~ ,  - ~ )  ulp ~. (s) 

F r o m  Eqs .  (5) and (8) i t  fol lows that  unde r  nons t a t i ona ry  condi t ions  at  cons tan t  p r e s s u r e ,  the t ime  
dependence  of the  d i s p l a c e m e n t  r a t e  of the moving boundary ,  Xs, is  def ined by  the dependence  of the t e m -  
p e r a t u r e  g r a d i e n t  (p at the burn ing  s u r f a c e  of the powder~ 

The t e m p e r a t u r e  g r a d i e n t  at the burn ing  su r f a c e  v a r i e s  dur ing  the combus t ion  p r o c e s s  but cannot 
exceed  a c e r t a i n  c r i t i c a l  va lue  ~*, which r e p r e s e n t s  the m a x i m u m  value  of the g r a d i e n t  o b s e r v e d  under  
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s t a t i o n a r y  burn ing  condi t ions .  By us ing  the condi t ion  of m a x i m u m ,  i . e . ,  by d i f f e ren t i a t ing  (7) ove r  T o 
with a l lowance  fo r  Eq. (6), and equat ing the r e s u l t s  to ze ro ,  we a r r i v e  at  the equat ion 

d In / (To) -~ t 
- -  . ( 9 )  

dTo T s - -  To 

The so lu t ion  to Eq. (9), which is  T0=T0*, def ines  the  m i n i m u m  in i t i a l  t e m p e r a t u r e  at which a s t eady  
burn ing  r e g i m e  can s t i l l  ex i s t .  Since the  t e m p e r a t u r e  g r ad i en t  at the  burn ing  su r f a c e  r e a c h e s  i t s  m a x i m u m  
value  in th is  r e g i m e ,  the  c r i t i c a l  g r ad i en t  q* can be obta ined f r o m  Eqs .  (6), (7) by subs t i tu t ion  of T O = T 0*: 

~, = ulpv / (To*) (T~ - -  To*) .  (10) 

Combus t ion  c e a s e s  at the momen t  where  the t e m p e r a t u r e  g r a d i e n t  at the burn ing  su r f a c e  r e a c h e s  the  
c r i t i c a l  va lue  ~*~ Consequent ly ,  the condi t ion for  ex t inc t ion  has  the  f o r m  

- ~ -  (~o) (T~ - To*). (11) 

In o r d e r  to f ina l ly  f o r m u l a t e  the ex t inc t ion  p r o b l e m ,  i t  i s  n e c e s s a r y  that  an in i t i a l  condi t ion,  which 
d e s c r i b e s  the t e m p e r a t u r e  d i s t r i b u t i o n  in the  powder  at  the in i t ia l  moment  of t ime ,  be in t roduced  to Eq. 
(2), the  bounda ry  condi t ions  (3), (4), the Eqs~ (5), (8) (which def ine the law that  gove rns  the mot ion  of the  
moving boundary) ,  and to the condi t ion  fo r  ex t inc t ion .  

F o r  idea l  f o rmu la t i on  of the p r o b l e m ,  i t  m a y  be  a s s u m e d  that  the combus t ion  f ront  p r o p a g a t e s  f r o m  
inf ini ty .  Such a p ropaga t i on  i s  a ccompan ied  by  a heat  wave which moves  in f ront  of the combus t ion  f ront ,  
and t e m p e r a t u r e  d i s t r i b u t i o n  of which i s  d e s c r i b e d  by the s o - c a l l e d  Miche l son  t e m p e r a t u r e  p ro f i l e  

T ( x )  = To ~- ( T  s - -  To) exp uo ( x  - -  X s )  (12) 

It i s  obvious that  an inf ini te  powder  l a y e r  (0 < x < -  oo)burning at  a f ini te  r a t e  will  burn  indef in i te ly ,  in 
which ca se  the p r o b l e m  l o s e s  i t s  sense~ We shal l  t h e r e f o r e  r e p l a c e  the idea l  f o r m u l a t i o n  of the p r o b l e m  
by an a p p r o x i m a t e  one~ We a s s u m e  that  at a moment  of t ime  t=0,  the powder  l a y e r  had a f ini te  t h i c k n e s s  
l =Xs(0), that  the t e m p e r a t u r e  d i s t r i bu t i on  in the  powder  was of the f o r m  (12), and that  the s u r f a c e  t e m p e r a -  
t u r e  of the m e t a l - p o w d e r  contac t  was not T O but  r a t h e r  To+, d e s c r i b e d  by (12), Joe~ 

t ~ 0 ,  

x~0,  T(0):T0+(Ts--T0)exp --lu~ • (13) 

x s (0) : l, T (x, 0) = To -- (Ts -- To) exp u0 (x -- l) (14) 

F r o m  f o r m u l a  (14), i t  m a y  be seen  that  by  i n c r e a s i n g l ,  the d i f f e r ence  be tween  the t e m p e r a t u r e s  T o 
and To + can be reduced ,  t h e r e b y  i n c r e a s i n g  the a c c u r a c y  of the adopted a s sumpt ion  conce rn ing  the va lue  
of the  t e m p e r a t u r e  at the su r f ace  of the m e t a l - p o w d e r  contac t .  

With the a s s u m p t i o n s  in t roduced ,  the p r o b l e m  of a p lane  powder  l a y e r  burn ing  on a m e t a l l i c  sub -  
s t r a t e  r e d u c e s  to the  solut ion of Eq. (2) with the  boundary  condi t ions  {4) and (14), and the in i t i a l  condi t ion 
(13) for  a given law of mot ion  of the  moving boundary ,  d e s c r i b e d  by  Eqs .  (5), (8). A so lu t ion  to th is  p r o b -  
l e m  should p e r m i t  d e t e r m i n a t i o n  of the  t e m p e r a t u r e  p ro f i l e  in the powder ,  the pos i t ion  of the burn ing  s u r -  
face,  and the burn ing  r a t e  at  any moment  of t ime  down to the moment  of ext inct ion,  where  the t e m p e r a t u r e  
g r a d i e n t  at  the burn ing  su r f ace  b e c o m e s  c r i t i c a l .  This  wil l  a l so  y ie ld  the t h i cknes s  h of the unburned pow-  
d e r  l a y e r .  

The p r o b l e m  f o r m u l a t e d  is  a comp lex  non l inea r  one which does  not lend  i t se l f  to ana ly t i ca l  so lu t ion .  
A r e l a t i o n  be tween  the t h i cknes s  of the  powder  r e s i d u e  and p r e s s u r e  can be d e r i v e d  without obta in ing  an 
ana ly t i ca l  so lu t ion  to the p r o b l e m  if  use  is  made  of s i m i l a r i t y  and d i m e n s i o n a l i t y  t echn iques .  We w r i t e  
the p r o b l e m  (2), (4), (14), (13), (5), (8), (11 ) in  d i m e n s i o n l e s s  f o r m  
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o e  _ a~o (o < ~ < ~ (t)) 
at a~ 'z 

fi'(~s, t) = t ,  ~ ( 0 ,  t) = e - c ,  ',~ (~, 0 ) =  e 5-L, ~s (O) = L 

dv 

(15) 

(16) 

(17) 

with the aid of the following d i m e n s i o n l e s s  combina t ions :  

__ T - - T o  ~: = tuo ~ ' ~ = XUo ~s xsuo 

L= /u~  8 =  ~u~ ~ = ~ ,  a l = ~  
z u0 To 

08 

k = / (To*) (T~ - -  To*)_ . 
/ (To) (G -- To) 

It should be noted that the d i m e n s i o n l e s s  combina t ions  do not conta in  the p r e s s u r e .  

It is evident  that in the genera l  case  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  d i s t r ibu t ion  obtained f rom (15)- 
(17) will depend on the d i m e n s i o n l e s s  combina t ions  

= ~ (~, % z, k, al). (18) 

At the same  t ime the d i m e n s i o n l e s s  th ickness  5 of the unburned  powder res idue ,  of i n t e r e s t  to us,  
should be independent  of the d i m e n s i o n l e s s  va r i a b l e s  ~, T, so that  

6 = 6 (L, k, al) (19) 

Moreover ,  f rom the condit ions of the p rob lem,  it follows that the dependence of ~ and 5 on L may be 
neglected,  s ince  for a p rope r ly  pe r fo rmed  expe r imen t  (sufficiently l a rge  in i t ia l  th ickness  of the powder 
layer) ,  L has no inf luence onthe  exper imen ta l  r e s u l t s .  Hence, one may wri te  

6 = 5 (k, al) . (20) 

The d i m e n s i o n l e s s  p a r a m e t e r s  k, a 1 depend on the in i t ia l  t e m p e r a t u r e  T O and are  independent  of p r e s -  
su re  p. This means  that in expe r imen t s  a imed at s tudying ext inct ion,  the p a r a m e t e r s  k, a 1 r e m a i n  con-  
s tant  when the in i t ia l  t e m p e r a t u r e  is  kept constant  (only the p r e s s u r e  is var ied) .  This is  why in a s e r i e s  
of tes ts  in which the p r e s s u r e  is va r ied  while the t e m p e r a t u r e  is kept at the in i t ia l  level ,  the d i m e n s i o n -  
l e s s  th ickness  5 of the unburned  powder layer ,  as defined by Eq. (20), will r e m a i n  constant ;  

5 = const ~ C. (21) 

F r o m  (21), it is easy  to es tab l i sh  a r e l a t ion  between the th ickness  h of the powder l ayer  and the 

p r e s s u r e .  Making use  of the defini t ion of the d i me ns i on l e s s  p a r a m e t e r  5, together  with Eq. (6), f rom (21) 
we get 

h: • In h = A -- v In p ( A  = In zC ~ (22) 
/ (To) u~p" \ / (To) u~/  " 

It can be seen  that the r e l a t ion  (22) obtained c o r r e l a t e s  well with the empi r i ca l  r e l a t ion  (1). It can be 
shown that cons ide ra t ion  of the substr~te~s f ini te  t he rma l  conduct ivi ty  does not change Eqo (22)~ 

It is noteworthy that  the ana lys i s  pe r fo r me d  makes  it poss ib le  to obtain sole ly  a re la t ion  between the 
th ickness  of the powder res idue  and p r e s s u r e .  A re la t ion  between the th ickness  of the powder res idue  and 
the ini t ia l  t e m p e r a t u r e  can be obtained apparen t ly  only f rom the actual  solut ion of the p rob lem formula ted .  
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