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The  c o m b u s t i o n  of a g a s  s u s p e n s i o n  of p a r t i c l e s  r e a c t i n g  in a c c o r d a n c e  wi th  a h e t e r o g e n e o u s  
m e c h a n i s m  was  c o n s i d e r e d  in [1-4] .  It w a s  a s s u m e d  tha t  the  r e a c t i o n  r a t e  a t  the  s u r f a c e  of 
the  i nd iv idua l  p a r t i c l e s  d o e s  not  depend  on the t h i c k n e s s  of the  ox ide  f i l m ,  o r  tha t  a f i l m  does  
not  f o r m ,  i . e . ,  the  r e a c t i o n  p r o d u c t s  a r e  g a s e o u s .  With t he  ox ida t ion  of many  m e t a l s  the  o x -  
ide  f i l m  f o r m e d  inh ib i t s  the  r e a c t i o n ,  i . e . ,  wi th  i t s  g rowth ,  the  r a t e  of the  r e a c t i o n  d e c r e a s e s .  
The  s p e c i a l  c h a r a c t e r i s t i c s  of the  p r o c e s s  of the  c o m b u s t i o n  of i nd iv idua l  p a r t i c l e s  of m e t a l s  
a r i s i n g  a s  a r e s u l t  of t he  ef fec t  of the  ox ide  f i l m  w e r e  c o n s i d e r e d  in [5], in which  i t  was  
shown tha t  the  d e p e n d e n c e  of the  r e a c t i o n  r a t e  on the  t h i c k n e s s  of the  f i l m  has  a c o n s i d e r a b l e  
e f fec t  on the  l aws  g o v e r n i n g  the  c o m b u s t i o n  of i nd iv idua l  p a r t i c l e s .  In the  p r e s e n t  w o r k ,  a 
s tudy  was  m a d e  of the  p r o c e s s  of the  c o m b u s t i o n  of a g a s  s u s p e n s i o n  of p a r t i c l e s  of m e t a l s  
ox id i z ing  in a c c o r d a n c e  with the  s o - c a l l e d  p a r a b o l i c  law (the r e a c t i o n  r a t e  i s  i n v e r s e l y  p r o -  
p o r t i o n a l  to the  t h i c k n e s s  of the  ox ide  f i lm) .  T h e  r e s u l t s  a r e  c o m p a r e d  with the  l aws  g o v e r n -  
ing the  c o m b u s i o n  of a g a s  s u s p e n s i o n  of p a r t i c l e s  r e a c t i n g  in a c c o r d a n c e  with a p u r e l y  h e t e r -  
ogeneous  m e c h a n i s m  in t he  a b s e n c e  of an ox ide  f i lm .  

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

We s h a l l  c o n s i d e r  the  c o m b u s t i o n  of a gas  s u s p e n s i o n  in a v e s s e l ,  a s s u m i n g  tha t  the  t e m p e r a t u r e  of 
the  gas  i s  i d e n t i c a l  o v e r  the  whole  v o l u m e  and tha t  the  h e a t  l o s s e s  f r o m  the  v e s s e l  a r e  p r o p o r t i o n a l  to the  
d i f f e r e n c e  be tween  the t e m p e r a t u r e s  of t h e  gas  and the w a l l s  of the  v e s s e l .  

A s s u m i n g  that  a l l  the  p a r t i c l e s  a r e  of i d e n t i c a l  s i z e  and tha t  they a r e  u n i f o r m l y  d i s t r i b u t e d  in the  
v e s s e l ,  we w r i t e  the  equa t ions  of the  hea t i ng  of an ind iv idua l  p a r t i c l e ,  of the  b a l a n c e  of the  t h e r m a l  e n e r g y  
of the  ga s ,  and of the  r a t e  of g rowth  of the ox ide  f i l m  
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I I e r e  T, Tg,  T w a r e  t he  t e m p e r a t u r e s  of the  p a r t i c l e s ,  the  gas ,  and the wa l l  of the  v e s s e l ,  r e s p e c t i v e l y ;  
T ,  i s  the  s c a l e  t e m p e r a t u r e ,  w h o s e  s e l e c t i o n  i s  e l u c i d a t e d  du r ing  the  c o u r s e  of the  so lu t ion ;  B i s  the  m a s s  
c o n c e n t r a t i o n  of the  p a r t i c l e s  in the  s u s p e n s i o n ;  50, 5 a r e  the  i n i t i a l  and i n s t a n t a n e o u s  t h i c k n e s s  of the  ox ide  
f i lm;  r i s  the  c h a r a c t e r i s t i c  d i m e n s i o n  of a p a r t i c l e ;  Xg is  the  c o e f f i c i e n t  of t h e r m a l  c onduc t i v i t y  of the  gas ;  
c ,  Cg a r e  the  s p e c i f i c  h e a t  c a p a c i t i e s  of the  p a r t i c l e s  and the ga s ;  p, pg a r e  the  d e n s i t i e s  of the  p a r t i c l e s  and 
the  gas ;  Q is  the  hea t  e f fec t  of the  r e a c t i o n  p e r  g r a m  of f i lm  of ox ide ,  m u l t i p l i e d  by  the  r a t i o  of the  d e n s i t i e s  
of the  ox ide  and the m e t a l ;  Nu, Nuw, a r e  the  N u s s e l t  n u m b e r s  of the  h e a t  t r a n s f e r  be tween  the  p a r t i c l e s  and 
the  g a s  and be tween  the  g a s  s u s p e n s i o n  and the w a l l s  of the  v e s s e l ,  r e s p e c t i v e l y ;  E i s  the  a c t i v a t i o n  e n e r g y ;  
k is  the  p r e e x p o n e n t  in the  law of the  r a t e  of g rowth  of the  ox ide  f i lm;  c o i s  the  c o n c e n t r a t i o n  of the  o x i d i z e r  
a t  the  s u r f a c e  of a p a r t i c l e ;  m is  the  o r d e r  of the  r e a c t i o n  with r e s p e c t  to the  o x i d i z e r ;  ~ w  i s  the  h e a t -  
t r a n s f e r  c o e f f i c i e n t  f r o m  the  g a s  s u s p e n s i o n  to the  w a l l s  of the  v e s s e l ,  ~ w  = NuwXg/L ;  L, V a r e  the  c h a r a c -  
t e r i s t i c  d i m e n s i o n  and v o l u m e  of the  v e s s e l ;  S i s  the  h e a t - t r a n s f e r  s u r f a c e  of the  v e s s e l ;  N i s  the  n u m b e r  
of p a r t i c l e s  in uni t  v o l u m e  of the  gas  s u s p e n s i o n ;  t i s  the  t i m e ;  n is  the  exponent  in the  ox ida t ion  law (n = 1 
r e p r e s e n t s  a p a r a b o l i c  ox ida t ion  law).  

The  f i r s t  t e r m  in the  r i g h t - h a n d  p a r t  of Eq. (1.1) d e s c r i b e s  d i f fu s iona l  c o n d i t i o n s  of the  ox ida t ion  of a 
m e t a l l i c  p a r t i c l e  u n d e r  which the  r a t e  of the  r e a c t i o n  i s  l i m i t e d  by the  d i f fus ion  of the  o x i d i z e r  th rough  the  
ox ide  f i lm;  the  d i f fus ion  c o e f f i c i e n t  i s  a s s u m e d  to depend  on the  t e m p e r a t u r e  in a c c o r d a n c e  wi th  the  A r -  
r h e n i u s  f o r m u l a  with the  ac t i va t i on  e n e r g y  E. Th i s  e x p r e s s i o n  e n t e r s  a l s o  into the  e x p r e s s i o n  fo r  the  r a t e  
of growth  of the  ox ide  f i lm.  The  r e m a i n i n g  t e r m s  in the equa t ions  d e s c r i b e  the  h e a t  t r a n s f e r  be tween  the  
p a r t i c l e s  and the gas ,  and be tween  the gas  s u s p e n s i o n  and the w a i l s  of the  v e s s e l .  

T h e  s y s t e m  (1.1)-(1.3) i s  w r i t t e n  in the a p p r o x i m a t i o n  of a t w o - t e m p e r a t u r e  con t inuous  m e d i u m .  T h i s  
i m p o s e s  a l i m i t a t i o n  on the  m a s s  c o n c e n t r a t i o n  of the  p a r t i c l e s ,  s i n c e  in th i s  a p p r o x i m a t i o n  the  d i s t a n c e  
be tween  the p a r t i c l e s  m u s t  be  g r e a t e r  than the s i z e  of the  p a r t i c l e s  (at p r e s s u r e s  on the  o r d e r  of 1 a tm  
B _< 0 .45 -0 .5 ) .  

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

Le t  us  c o n s i d e r  the  c a s e  w h e r e  the  evolu t ion  of hea t  in the  wa l l  of the  v e s s e l  m a y  be  neg l ec t ed .  A s  
a n a l y s i s  shows ,  t h i s  can  b e  done,  f o r  e x a m p l e ,  when the t e m p e r a t u r e  of the  w a l l s  Tw e x c e e d s  the  c r i t i c a l  
c o m b u s t i o n  t e m p e r a t u r e  due to h e a t  l o s s e s  f r o m  the  whole  gas  s u s p e n s i o n  in s o m e  c h a r a c t e r i s t i c  r a n g e s  
of RTw2/E,  so tha t  a s t r o n g  r i s e  in the  r e a c t i o n  r a t e  t a k e s  p l a c e  unt i l  i n t e n s e  hea t  t r a n s f e r  f r o m  the w a i l s  
of the  v e s s e l  s e t s  in. F r o m  s y s t e m  (1.1)-(1.3)  we  ob ta in  the  b a l a n c e  of the  to ta l  e n e r g y  of the  gas  s u s p e n -  
s ion  in the  f o r m  

z - -  z 0 = (0 - -  00) + (t - -  B )  B :1 (Og - -  0~0) (2.1) 

T h e  t i m e  i s  e l i m i n a t e d  f r o m  the  r e m a i n i n g  two equa t ions  by the  d i v i s i o n  of (1.1) by (1.3). 

I t  i s  not  p o s s i b l e  to e v a l u a t e  Eq.  (2.2) in a n a l y t i c a l  f o r m .  N u m e r i c a l  c a l c u l a t i o n s  w e r e  m a d e  which  
m a d e  i t  p o s s i b l e  to b r i n g  out  a n u m b e r  of  the  s p e c i a l  c h a r a c t e r i s t i c s  of the  c o m b u s t i o n  p r o c e s s ,  and to  
f ind an a p p r o x i m a t i o n  which  m a d e  i t  p o s s i b l e  to e v a l u a t e  the  c o m b u s t i o n  t i m e  a n a l y t i c a l l y .  

: - oxp' , + , _  . 0  i o - , ,  ( 0 -  005- / o (2.25 

In wha t  fo l l ows ,  we  s h a l l  n e g l e c t  the  s m a l l  p a r a m e t e r  z 0 (in a c c o r d a n c e  with [5] z 0 << 1). We s h a l l  f i r s t  
c o n s i d e r  the c a s e  of i d e n t i c a l  i n i t i a l  t e m p e r a t u r e s  of the  p a r t i c l e s  and the  gas ,  and w e  s h a l l  then c o r r e l a t e  
t he  r e s u l t s  t ak ing  accoun t  of t h e i r  d i f f e r e n c e .  

Tak ing  T .  equal  to T 0, we  ob ta in  00 = 0g 0 = 0. In th i s  c a s e ,  the  b e h a v i o r  of the  i n t e g r a l  c u r v e s  of Eq. 
(2.2) d e p e n d s  on two p a r a m e t e r s ,  i . e . ,  the  m a s s  c o n c e n t r a t i o n  of the  p a r t i c l e s  B and the  d i m e n s i o n l e s s  r a t e  
of the  c h e m i c a l  r e a c t i o n  t2. 

It i s  exped i en t  to c o n n e c t  the  d i f f e r e n t  t y p e s  of i n t e g r a l  c u r v e s  and t h e i r  c o r r e s p o n d i n g  c o m b u s t i o n  
c o n d i t i o n s  with the  r e l a t i v e  d i s p o s i t i o n  of the  i n t e g r a l  c u r v e s  and the z e r o  i s o c l i n e  of Eq. (2.25. Se t t ing  
d 0 / d z  = 0 in Eq. (2.2) w e  ob ta in  
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The  va lue s  of the  quan t i t i e s  a t  t he  i s o c l i n e  a r e  d e s i g n a t e d  by the  "p lu s "  s ign  f o r  the  d i f f e r e n c e  f r o m  

the  c o r r e s p o n d i n g  v a l u e s  a t  the  i n t e g r a l  c u r v e .  A z e r o  i s o c l i n e  e x i s t s  with 

( 2 \ 
u < u0 = exp ! -4;3 / (f -- 4~)~ (2.4) 

and i s  a c l o s e d  c u r v e  in w h o s e  i n t e r n a l  r eg ion ,  fo r  the  i n t e g r a l  c u r v e s  d 0 / d z  < 0, and in w h o s e  e x t e r n a l  r e -  
gion,  d 0 / d z  >0 (the i s o c l i n e  0+(z+) and the i n t e g r a l  c u r v e s  0(z) a r e  p lo t t ed  on the r i g h t - h a n d  ha l f  of F ig .  1, 
and the  d e p e n d e n c e  of the  t e m p e r a t u r e  of the p a r t i c l e s  on the t i m e  u n d e r  d i f f e r e n t  c o n d i t i o n s  i s  p lo t t ed  on 

the l e f t - h a n d  half) .  

S t r a i g h t  l i n e s  1 and 2 on F i g .  1 bound the  r e g i o n  wi th in  which the i n t e g r a l  c u r v e s  (2.2) can  l i e .  S t r a i g h t  
l i ne  1, bounding the r e g i o n  f r o m  above ,  c o r r e s p o n d s  to the  equat ion  0 = z and to hea t ing  of the  p a r t i c l e s  
wi thout  hea t  t r a n s f e r  with the  gas  ( D - -  or S t r a i g h t  l ine  2 c o r r e s p o n d s  to h o m o g e n e o u s  hea t ing  of the  whole  
g a s  s u s p e n s i o n  ( D - -  0), with which  0 = 0g, and i s  d e s c r i b e d  by the equat ion  0 = Bz; i t  bounds  the  r e g i o n  f r o m  

below.  

Let  us  fol low the b e h a v i o r  of the  i n t e g r a l  c u r v e s  with d i f f e r e n t  v a l u e s  of the  p a r a m e t e r s  B and ~, and 
l e t  us g ive  a q u a l i t a t i v e  d e s c r i p t i o n  of the  c o r r e s p o n d i n g  c o m b u s t i o n  c o n d i t i o n s .  Al l  the  i n t e g r a l  c u r v e s  d e -  
p a r t  f r o m  the  o r i g i n  of c o o r d i n a t e s  wi th  a p o s i t i v e  d e r i v a t i v e .  At l a r g e  v a l u e s  of the  p a r a m e t e r  ~ with 
mot ion  a long  the  i n t e g r a l  c u r v e ,  the d e r i v a t i v e  d 0 / d z  a l w a y s  r e m a i n s  p o s i t i v e  (curve  1, I' on F i g .  1). Th i s  
m e a n s  that  t h e r e  i s  a monotonic  r i s e  in the  t e m p e r a t u r e  of the  p a r t i c l e s ,  i . e . ,  the  growth  of the  ox ide  f i l m  
does  not inh ib i t  the  d e v e l o p m e n t  of the  c h e m i c a l  r e a c t i o n s .  T h e s e  c o m b u s t i o n  c o n d i t i o n s  (condi t ions  I) a r e  
ana logous  to t he  c o m b u s t i o n  c o n d i t i o n s  of i s o l a t e d  p a r t i c l e s  of m e t a l .  

With s m a l l e r  va lue s  of the  p a r a m e t e r  9., the  d e r i v a t i v e  d 0 / d z  d e c r e a s e s  a long the  i n t e g r a l  c u r v e  and 
with  s o m e  va lue  of gt r e v e r t s  to z e r o  (under  t h e s e  c i r c u m s t a n c e s ,  the  i n t e g r a l  c u r v e  touches  the  z e r o  i s o -  
c l i n e  at  the  point  b c o r r e s p o n d i n g  to a m i n i m u m  of the  c u r v e  of the  i s o c l i n e ) .  Th i s  m e a n s  tha t  the  g rowth  
of the  ox ide  f i lm  and of the  hea t  t r a n s f e r  f r o m  the p a r t i c l e s  to the  gas  s t a r t  to inh ib i t  the  p r o g r e s s i v e  d e -  
v e l o p m e n t  of the c h e m i c a l  r e a c t i o n  t ak ing  p l a c e  as  a r e s u l t  of hea t ing  of the  p a r t i c l e .  With a f u r t h e r  d e -  
c r e a s e  in the  va lue  of ~2, the  i n t e g r a l  c u r v e  i n t e r s e c t s  the  i s o c l i n e  (here ,  the  l e s s  the  va lue  of ~,  the  f u r -  
t h e r  the  po in t s  of i n t e r s e c t i o n  e, e '  l i e  f r o m  the po in t  b) and f a l l s  in to  the  r e g i o n  w h e r e  d 0 / d z  < 0. In th i s  
r eg ion ,  a s  a r e s u l t  of the  g rowth  of the  ox ide  f i lm ,  t h e r e  is  a d e c r e a s e  in the  t e m p e r a t u r e  of the  p a r t i c l e s  
unt i l  the  i n t e g r a l  c u r v e  i n t e r s e c t s  the  l o w e r  b r a n c h  of t he  z e r o  i s o c l i n e  (the p o i n t f ,  f ' ) .  A f t e r  r e p e a t e d  i n -  
t e r s e c t i o n ,  d 0 / d z  aga in  b e c o m e s  p o s i t i v e  and,  unde r  t h e s e  c i r c u m s t a n c e s ,  the  i n t e g r a l  c u r v e  m o v e s  a long  
the  z e r o  i s o c l i n e  r i g h t  up to a t e m p e r a t u r e  c o r r e s p o n d i n g  to the  poin t  c ,  c ' .  The  type  of i n t e g r a l  c u r v e s  
d e s c r i b e d  (II, II '  on F i g .  1) c o r r e s p o n d s  to c o n d i t i o n s  II. 

In the  s e c t i o n s  de ,  d ' e '  a n d f c , f ' c ' ,  the  i n t e g r a l  c u r v e  p a s s e s  n e a r  the  z e r o  i s o c l i n e ,  w h e r e  d 0 / d z  "<1. 
Th i s  m e a n s  tha t  the  s e l f - h e a t i n g  of the  g a s  s u s p e n s i o n  t a k e s  p l a c e  in a q u a s i - s t e a d y - s t a t e  m a n n e r :  a t  e v e r y  
m o m e n t  t h e r e  i s  t h e r m a l  e q u i l i b r i u m  b e t w e e n  the p a r t i c l e s  and the  gas ,  sh i f t ing  s lowly  as  a r e s u l t  of the  
a c c u m u l a t i o n  of h e a t  in the  g a s  and the g rowth  of the  o x i d e  f i lm .  In wha t  fo l l ows ,  the  s t a g e s  de  a n d f c  wi l l  
be  c a l l e d  the  h i g h - t e m p e r a t u r e  q u a s i - s t e a d y - s t a t e  and the  l o w - t e m p e r a t u r e  q u a s i - s t e a d y - s t a t e  s t a g e s ,  r e -  
s p e c t i v e l y .  
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In the  h i g h - t e m p e r a t u r e  q u a s i - s t e a d y - s t a t e  s t a g e ,  the  ox ida t ion  r a t e  and the d r o p  be tween  the t e m p e r -  
a t u r e s  of the  p a r t i c l e s  and the gas  a r e  g r e a t  in c o m p a r i s o n  with the  ana logous  c h a r a c t e r i s t i c s  in the  l o w -  
t e m p e ~ l t u r e  q u a s i - s t e a d y - s t a t e  s t a g e  (the l i ne  0g(Z) a l w a y s  l i e s  be low the  s t r a i g h t  l i ne  2 on F i g .  1). D u r i n g  
the  c o u r s e  of p r e l i m i n a r y  hea t ing ,  c o n d i t i o n s  a r e  a t t a i n e d  in the  l o w - t e m p e r a t u r e  q u a s i - s t e a d y - s t a t e  s t a g e  
(the t e m p e r a t u r e  0 2, point  c ,  F ig .  1) u n d e r  which t h e r m a l  e q u i l i b r i u m  b e c o m e s  i m p o s s i b l e  and t h e r e  i s  i g -  
ni t ion of the gas  s u s p e n s i o n ,  i . e . ,  a s h a r p  b r e a k a w a y  of the  t e m p e r a t u r e  of the  p a r t i c l e s  f r o m  the t e m p e r a -  
t u r e  of the  g a s .  

With a s t i l l  g r e a t e r  d e c r e a s e  in the  p a r a m e t e r  ~2, the  point  of i n t e r s e c t i o n  of the  i n t e g r a l  c u r v e  by the 
z e r o  i s o c l i n c  i s  sh i f ted  t oward  the point  a of the  z e r o  i s o e l i n e ,  and the i n t e g r a l  c u r v e  p a s s e s  a long the  who le  
l o w e r  ha l l  of the  z e r o  i s o c l i n c .  Th i s  c a s e  c o r r e s p o n d s  to s t r o n g  inh ib i t ion  of the c h e m i c a l  r e a c t i o n  by the  
ox ide  f i lm.  

Under  t h e s e  c o n d i t i o n s ,  the  l o w - t e m p e r a t u r e  q u a s i - s t e a d y - s t a t e  s t a g e s  ( s e g m e n t s  a c ,  a ' c ' )  a r e  p r e -  
c e d e d  by an u n s t e a d y - s t a t e  ox ida t ion  p r o c e s s ,  with p a s s a g e  of the t e m p e r a t u r e  of the  p a r t i c l e s  through a 
m a x i m u m  and a m i n i m u m .  Under  t h e s e  c o n d i t i o n s  (condi t ion III), the  p r i n c i p a l  c o n t r i b u t i o n  to the  induc t ion  
p e r i o d  i s  m a d e  by the  l o w - t e m p e r a t u r e  q u a s i - s t e a d y - s t a t e  s t a g e s .  N u m e r i c a l  so lu t ion  of the  c o m p l e t e  s y s -  
t e m  (1.1)-(1.3)  shows  tha t  the  gas  s u s p e n s i o n  a r r i v e s  a t  the  l o w - t e m p e r a t u r e  q u a s i - s t e a d y - s t a t e  s t a g e  at  a 
t e m p e r a t u r e  c l o s e  to 01 (point  a on F ig .  1). 

The  p r e l i m i n a r y  hea t ing ,  with the  c o m b u s t i o n  of a gas  s u s p e n s i o n  of p a r t i c l e s  r e a c t i n g  in a c c o r d a n c e  
with a h e t e r o g e n e o u s  m e c h a n i s m  (n = 0), may  a l s o  t a k e  p l a c e  in a q u a s i - s t e a d y - s t a t e  m a n n e r  [3]; the  d i f -  
f e r e n c e  c o n s i s t s  in the  fac t  that  the  sh i f t  in the e q u i l i b r i u m  t a k e s  p l a c e  only a s  a r e s u l t  of the  a c c u m u l a t i o n  
of hea t  in the  ga s ,  and the l o w - t e m p e r a t u r e  q u a s i - s t e a d y - s t a t e  s t a g e  i s  a t t a i n e d  wi thout  p a s s a g e  of the  t e m -  
p e r a t u r e  of the  p a r t i c l e s  th rough  a m a x i m u m  and a m i n i m u m .  

The  b o u n d a r i e s  s e p a r a t i n g  c o n d i t i o n s  I, II, I l l  w e r e  ca lcu la t (x l  n u m e r i c a l l y  ( l ines  1, 2 on F i g .  2). C o n -  
d i t i ons  I a r e  rea l i zcx l  in the  r e g i o n  of p a r a m e t e r s  above  l ine  1, and c o n d i t i o n s  III in the  r e g i o n  be low l ine  2; 
c o n d i t i o n s  II c o r r e s p o n d  to the  n a r r o w  reg ion  of p a r a m e t e r s  be tween  l i n e s  1 and 2. The  i s o c l i n e  e x i s t s  in 
the  r eg ion  of p a r a m e t e r s  be low l ine  3 [se(~ Eq.  (2.4)I. Under  cond i t i ons  I, with su f f i c i en t ly  l a r g e  va lues  of 
the  p a r a m e t e r  l~ (above l i ne  4), each p a r t i c l e  b u r n s  u n d e r  a l m o s t  a d i a b a t i c  c o n d i t i o n s .  

The  d i f f e r e n c e  be tween  c o n d i t i o n s  I, II, III with r e s p e c t  to induct ion  p e r i o d s  and t e m p e r a t u r e s  i s  s u b -  
s t a n t i a l  only in the  c a s e  w h e r e  the  i s o c l i n e  o c c u p i e s  a l a r g e  i n t e r v a l  with r e s p e c t  to 0 and z. I t  i s  shown 
be low that  the  d imens ions  of the i s o e l i n e  a r e  d e t e r m i n e d  by the d e g r e e  of r e m o v a l  f rom the l i m i t  of the  e x -  
i s t e n c e  of the  i s o c l i n e  ( l ine  3 on Fig .  2). With a r i s e  in the  c o n c e n t r a t i o n  of the  p a r t i c l e s ,  the  b o u n d a r i e s  
1 and 2 on F ig .  2 a p p r o a c h  the l i m i t  3 and the d i f f e r e n c e  be tween  the  c o n d i t i o n s  v a n i s h e s .  

The  q u a s i - s t e a d y - s t a t e  n a t u r e  of the  p r e l i m i n a r y  he a t i ng  unde r  c o n d i t i o n s  I l l  o f f e r s  the  p o s s i b i l i t y  of 

ob t a in ing  an a p p r o x i m a t e  a n a l y t i c a l  e x p r e s s i o n  f o r  the  induct ion pe r i od .  

Let  us  m a k e  f u r t h e r  c a l c u l a t i o n s  us ing  the F r a n k - K a m e n e t s k i i  expans ion  [6] o f / /  = 0. Le t  us  e v a l u -  
a t e  the  va lue  of the  q u a s i - s t e a d y - s t a t e  i n t e r v a l  [01, 02]. C a l c u l a t i n g  d0+/dz+  f r o m  Eq. (2.3), and se t t i ng  
d0+/dz+  = 0 with 0 = 01, d0+ /dz+  = ~ with  0 = 02, we ob ta in  the  fo l lowing  r e l a t i o n s h i p s  d e t e r m i n i n g  01 and 02 

In l (0:  - -  1) / ul  : :  02, In (0 t  2 / 4u) =~ 0~ ( 2 . 5 )  

A g r a p h i c a l  so lu t ion  of both equa t ions  i s  i l l u s t r a t e d  on F ig .  3. With i n c r e a s i n g  d i s t a n c e  f r o m  l i m i t  of 

t he  e x i s t e n c e  of the  i s o c l i n e  (In u -1 = 2), the  q u a s i - s t e a d y - s t a t e  t e m p e r a t u r e  i n t e r v a l  (02-01) i n c r e a s e s  and,  
with a p p r o a c h  to the  l i m i t ,  d e c r e a s e s  a s  (In u - l - 2 )  1/2. 

The  t e m p e r a t u r e s  01 and 02 depend  on ti le mass c o n c e n t r a t i o n  of p a r t i c l e s ,  in d i s t i n c t i o n  f r o m  a g a s  
s u s p e n s i o n  of p a r t i c l e s  r e a c t i n g  in a c c o r d a n c e  with a h e t e r o g e n e o u s  m e c h a n i s m  [3]. Th i s  i s  exp la ined  by the 
the  f ac t  that  the  ox ida t ion  r a t e  of the  p a r t i c l e s  a t  a g iven  t e m p e r a t u r e  de pe nds  on the  c o n d i t i o n s  of the  
h e a t i n g  of the  p a r t i c l e s  up to this  t e m p e r a t u r e .  

To obta in  an a p p r o x i m a t e  f o r m u l a  fo r  the  induct ion  p e r i o d  (Ti), we  i n t e g r a t e  the  s y s t e m  of Eqs .  (1 .1)-  
(1.3), s e t t i n g  d 0 / d r  -- 0 in Eq. (1.1) 

OI es 

Ti ~ -~y z (0 )exp( - -0 )d0  B - - ~ j d 0  (2.6) 
I 
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where z(0) is the equation of the integral curve in the plane 0z (Fig. I). Taking into account that in the low- 
temperature quasi-steady-state stage, the integral curve 1 is close to the isocline, we can substitute z(0), 
determined from Eq. (2.3), into Eq. (2.6). The expression obtained in this case is simplified if the differ- 
ence between the temperatures of the particles and the gas is neglected. This follows formally from Eq. (2.3) 
with In u -I  >>2, where the second term in the expression under the radical sign is small in comparison with 
the first, and Eq. (2.3) coincides approximately with the relationship (2.1), written for a homogeneous gas 
suspension z+ = 0+/B. Integration of Eq. (2.6) gives 

f F @ . - , l l  1 ~F ( in u--l) 

The function ~I, (In u -l) is plotted on Fig. 3 (curve 4). A comparison of computer calculations of the in- 
duction period as a function of ~qand B (the dotted lines 1, 2, 3 on Fig. 3 correspond to B = 0.5, 0.091, 0.17) 
and calculations using formula (2.7) show that the approximate solution (2.7) is close to the exact solution 
under conditions III and differs sharply from it under conditions I and II. 

The sharp change in the induction period in narrow intervals with respect to .q and B (numerical so- 
lution) is connected with the transition from conditions III to conditions I through conditions If. 

In a gas suspension of particles reacting in accordance with a heterogeneous mechanism (this case is 
realized if n = 0 in the starting system), conditions II do not exist, and the transition from conditions Ill to 
conditions I takes place smoothly without sharp changes, sine e, at the boundary separating conditions Ill and 
I, the value of the quasi-steady-state interval (02-01) reverts to zero. In the case n = 1, the value of (02-01) 
reverts to zero at the line 3 (Fig. 2), and the transition from conditions Ill to conditions I takes place in 
region If, which does not intersect linc 3. 

With an increase in the concentration of particles, the induction period in a gas suspension with n = 1 
is more sharply curtailed (Ti~ B -2) than with n = 0 (Ti~B -I [3]). This difference is due to the fact that in 
the case n = i the concentration of particles affects not only the total reactive surface of the particles, as 
n = 0 [3], but also the thickness of the oxide film and the value of the quasi-steady-state temperature in- 

terval (0 2 -  01). 

Formula (2.7) can be used to evaluate the effect of the melting point 0m, at which the oxide film loses 
its protective properties, on the induction period. If the temperature 0 m falls into the interval [01, 02], then, 
in Eq. (2.7), 02 must be replaced by 0 m. 

Under these circumstances, the induction period is shortened and on the dependence 7i(P., B) there 
appears a point of inflection corresponding to the equality 02(~2, B) = 0 m. 

With the combustion of particles without the inhibiting effect of the oxide film, the breakaway from the 
low-temperature quasi-steady-state stage takes place at the ignition temperature of an isolated particle 
(Ti). For particles of metals with an oxide film, this condition is not satisfied. To convince ourselves of 
~is ,  we express the dimensionless ignition temperature of an isolated particle 0 i = (E/RT02)(Ti-T0) in 
t e r m s  of ~. This  va lue  of the p a r a m e t e r  ~ c o r r e s p o n d s  to an in i t i a l  t e m p e r a t u r e  T O = ER-11n~ -1 + cons t .  
It i s  shown in [5] tha t  with R = 1.57, T o is  equal  to the igni t ion  t e m p e r a t u r e  of a s i ng l e  p a r t i c l e  T i. E x p r e s -  
s ing ( T i - T 0 )  in t e r m s  of ~2, we obta in  0 i = (Ti/T0) in (1.57/~2). A c o m p a r i s o n  of the a n a l y t i c a l  e x p r e s s i o n s  
for  0 i and 02 shows that  0 i <  02 . 

By way of example ,  le t  us make  a ca l cu l a t i on  us ing  the t h e r m o p h y s i c a l  and k ine t i c s  cons t an t s  f rom [7] 
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c = 0.214 ca l / (g -deg)  p -- 2.7 g / cm 2 
kg = 2.4-10 -4 c a l / c m  � 9  deg Q = 4600 ca l / g  
E = 33000 ca l /mole ;  
kc0 TM exp ( - -E/RTo)  = 0.65.t0-aexp (--33000/TlTo) era2 /see  

Tile ignition t empera tu re  of an isolated part icle,  cor responding to these constants ,  is equal to 1300 ~ K. 
If the initial t empera ture  is 1000 ~ K, then, ~ ~0.04. With these values of ~2, the gas suspension will burn un- 
der conditions III with an induction period (with B ~ 0.1 and r = 4 �9 10 -3 cm) ti ~ 27 sec, which is two orders  
of magnitude g rea t e r  than the adiabatic induction period of an isolated part icle.  

Let us pass on to the case  of different initial temperatures  of the particl.es and the gas. With T o < Tg0, 
there exist the same three sets of combustion conditions. The stages discussed above a re  preceded by the 
process  of equalization of the tempera ture  of the par t ic les  and the gas; the equalization tempera ture  is c lose  
to the tempera ture  of inert  mixing T k = BT 0 + (1 -B)Tg  0. After the inert  heating of the par t ic les  up to T k, 
the gas suspension a r r ives  at the low- tempera ture  quas i - s teady-s ta te  stage as a result  of chemical  r e a c -  
t ions.  Since, with To< Tg0, the tempera ture  T k is less  than To, the thickness  of the oxide film at the 
moment of a r r iva l  at the low- tempera ture  quas i - s teady-s ta te  stage will be g rea t e r  than with equal initial 
t empera tures  of the par t ic les  and the gas. As a resul t  of this, the rate of heat evolution in the gas suspen-  
sion dec reases ,  the t ime required for  attaining the tempera ture  of breakaway from the low- tempera ture  
quas i - s teady-s ta te  stage increases ,  and, in addition, the time required for  heating the par t ic les  up to Tk 
must be added Lo the res idence t ime in the low- tempera ture  quas i - s teady-s ta te  stage. As calculations show, 
with the development of the low- tempera ture  quas i - s teady-s ta te  stage, this t ime is small  in compar ison 
with the t ime required for quas i - s teady-s ta te  development of the process  and may be neglected. 

Choosing the initial t empera tu re  of the gas as the scale t empera ture  T., and determining z + (0+), 01, 02, 
7 i in accordance  with the scheme expounded above, it can be shown that the induction period is expressed 
in t e rms  of the function 

:= t f i n  u -1  _ (2.8) 

3.  E f f e c t  of  H e a t  R e m o v a l  a n d  B u r n i n g - O u t .  

The combustion of a gas suspension of par t ic les  with an oxide film, as well as of par t ic les  react ing in 
accordance  with a heterogeneous mechanism [2, 3], is limited by heat removal  in the wall of the vessel  and 
by burning-out of the par t ic les .  

With the presence  of heat removal ,  it is impossible to obtain relat ionships (2.1), determining the total 
r e se rve  of energy in the system.  However, during the course  of the process  under conditions III, the t em-  
pera tures  of the par t ic les  and the gas in the low- tempera ture  quas i - s teady-s ta te  stage differ only slightly, 
which permi ts  isolating a pa rame te r  determining the cr i t ica l  conditions in the region of the pa ramete r s  
where the ignition t empera tu re  of the suspension is less than the ignition t empera tu re  of an isolated part icle.  
Introducing the new var iables  x = T[B(1-B)-I]  2, y = zB(1 -B)  -1, and combining Eq. (1.1), multiplied by 
B(1-B)  -1, with Eq. (1.2), in place of (1.1)-(1.3) we obtain 

d(0a+B0(l--B))dx = T t  exp[ t__~_  j I - -BB 0g--0wA~ (3.1) 

dy/dx ! 0 = T e x p  [ ~ ]  (3,2) 

x =  O. 0 = ~)~; = O, y =  Bzo/(t - - B ) ~ I  (3.3) 

The cr i t ica l  condition for  ignition is the connection between the p a r a m e t e r s  of the problem (3.1)-(3.3) 

A • B / ( I  -- B ) - / [ ~ ,  z o B / ( l  - -B) ,  B / ( t - - B ) ]  (3.4) 

Neglecting the difference between the tempera tures  of the par t ic les  and the gas,  we see that in place 
of the  pa rame te r  B/(1--B) standing under the differentiation sign in Eq. (3.1), there appears  the pa ramete r  
I / (1--B) ,  which is insignificant with small  concentrat ions.  The small  pa r ame te r  z0B/(1--B) also has only a 
slight effect on the cr i t ica l  condition; therefore,  with a fixed value of fl, the r ight-hand par t  of relationship 
(3.4) is constant.  A numerical  solution of the complete sys tem (1.1)-(1.4) with fl = 0 is in sat isfactory ag ree -  
ment with the approximate resul t  (3.4) if we s e t f  = 1.2. 
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The  c r i t i c a l  c o n d i t i o n s  with r e s p e c t  to h e a t  r e m o v a l  f o r  a g a s  s u s -  
pens ion  of p a r t i c l e s  r e a c t i n g  in a c c o r d a n c e  with a h e t e r o g e n e o u s  m e c h -  
a n i s m  a r e  bound up with  the  i m p o s s i b i l i t y  of a s t e a d y - s t a t e  c o u r s e  of the  
r e a c t i o n ,  w h i l e  f o r  a g a s  s u s p e n s i o n  of m e t a l l i c  p a r t i c l e s ,  they  a r e  
bound up with the  e x i s t e n c e  of a b r e a k a w a y  t e m p e r a t u r e  f r o m  the l o w -  
t e m p e r a t u r e  q u a s i - s t e a d y - s t a t e  s t a g e  (under  c r i t i c a l  c o n d i t i o n s ,  the  
b r e a k a w a y  t e m p e r a t u r e  0 z v a n i s h e s ,  in view of the  b r e a k i n g  of the  i s o -  
c l i ne ) .  

S ince  

F i g .  4 A ~ B / (1 - -  B) r 2, (-} ~ r 1-~ exp ( - -E  / RT0) 

then the connec t ion  be tween  the c r i t i c a l  t e m p e r a t u r e  To ~ and the p a r t i c l e  s i z e  is  d e t e r m i n e d  by the  r e l a t i o n -  
sh ip  

exp ( - -E  / R T ,  ~ = const r ' ' 1  (l - -  B) 2 /B-'  (3.5) 

With a d e c r e a s e  in the  p a r t i c l e  s i z e ,  the  e f fec t  of a d e c r e a s e  in the  r e a c t i o n  s u r f a c c  (n = 0 [2]) i s  r e -  
i n f o r c e d  by the  e f fec t  of i nh ib i t i on  of the  c h e m i c a l  r e a c t i o n  by the  ox ide  f i l m  (n = 1); t h e r e f o r e ,  To ~ with n = 
1 depends  on r m o r e  s t r o n g l y  than in the  c a s e  n = 0 (on F ig .  4 the  s e g m e n t  bc of the  do t t ed  l ine  r e p r e s e n t s  
n = 0, and l ine  2 r e p r e s e n t s  n = 1, u s i n g  f o r m u l a  (3.5). F o r m u l a  (3.4) i s  a p p r o x i m a t e l y  a p p l i c a b l e  so  long a s  
the  c r i t i c a l  t e m p e r a t u r e  of the  s u s p e n s i o n  i s  l e s s  than  the  c r i t i c a l  t e m p e r a t u r e  f o r  the  ign i t ion  of an i s o -  
l a t ed  p a r t i c l e  ( cu rve  2 on F ig .  4). With p a r t i c l e  s i z e s  g r e a t e r  than r I (r I i s  the  p a r t i c l e  s i z e  with which  
c u r v e s  2 and 3 i n t e r s e c t ) ,  the  ign i t ion  t e m p e r a t u r e  of the  s u s p e n s i o n  i s  c l o s e  to the  ign i t ion  t e m p e r a t u r e  of 
an i s o l a t e d  p a r t i c l e  and does  not depend  on the p a r t i c l e  s i z e  [5]. 

In the  r e g i o n  of s m a l l  p a r t i c l e  s i z e s ,  the a p p l i c a b i l i t y  of (3.4) i s  l i m i t e d  by the  c r i t i c a l  c o n d i t i o n s  
f o r  b u r n i n g - o u t .  The  m e a n i n g  of t h e s e  c o n d i t i o n s  c o n s i s t s  in the  f ac t  tha t  the  b u r n i n g  m a t e r i a l  in the  g a s  
s u s p e n s i o n  may  not su f f i c e  to a t t a in  the  t e m p e r a t u r e  of a b r e a k a w a y  f r o m  l o w - t e m p e r a t u r e  q u a s i - s t e a d y -  
s t a t e  c o n d i t i o n s ,  and the p a r t i c l e s  may  b e  c o m p l e t e l y  b u r n e d  out in the  l o w - t e m p e r a t u r e  q u a s i - s t e a d y - s t a t e  
s t a g e  a t  a t e m p e r a t u r e  c l o s e  to the  t e m p e r a t u r e  of the  ga s .  We w r i t e  the  c r i t i c a l  c o n d i t i o n s  fo r  b u r n i n g -  
o u t  in d i m e n s i o n a l  f o r m  

To ~ --- T 2 (In u -1) - -  B Q  / c (3.6) 

R e l a t i o n s h i p  (3.6) i s  a p p r o x i m a t e  s i nce ,  in the  s t a r t i n g  s y s t e m  (1 .1)- (1 .3) ,  no a c c oun t  was  taken  Of 
b u r n i n g - o u t  of the  o x i d i z e r  o r  of the  c h a n g e  in the  r e a c t i o n  s u r f a c e  of the  p a r t i c l e s  d u r i n g  the  c o u r s e  of the  
p r e l i m i n a r y  hea t ing .  The  p a r a m e t e r  P. ~ r 1-n with n = 1 d o e s  not  con ta in  the p a r t i c l e  s i z e ;  t h e r e f o r e ,  the  
t e m p e r a t u r e  of the  b r e a k a w a y  f r o m  the  l o w - t e m p e r a t u r e  q u a s i - s t e a d y - s t a t e  s t a g e  T 2 (In u -1) and,  t o g e t h e r  
wi th  i t ,  the  c r i t i c a l  i n i t i a l  t e m p e r a t u r e  T0 ~ do not  depend  on the  p a r t i c l e  s i z e  ( l ine 1 on F i g .  4).  The  c o m -  
p l e t e  d e p e n d e n c e  T0~ h a s  an S - s h a p e d  f o r m  (F ig .  4, c u r v e  4).  Wi th  a d e c r e a s e  in  the  c o n c e n t r a t i o n  of  
p a r t i c l e s ,  To ~ i s  sh i f t ed  u p w a r d  (curve  6 on F i g .  4).  

F o r  p u r p o s e s  of c o m p a r i s o n ,  the  do t t ed  l i ne  5 shows  the  d e p e n d e n c e  of the  c r i t i c a l  t e m p e r a t u r e  on the  
the  p a r t i c l e  s i z e  f o r  a s u s p e n s i o n  of p a r t i c l e s  r e a c t i n g  in a c c o r d a n c e  with a h e t e r o g e n e o u s  m e c h a n i s m  (n = 
0 [2]). The  s e c t i o n s  of th i s  c u r v e  ab,  bc ,  cd ,  c o r r e s p o n d  to the  c r i t i c a l  c o n d i t i o n s  with r e s p e c t  to b u r n i n g -  
out  and hea t  r e m o v a l ,  and to the  c r i t i c a l  cond i t ion  fo r  the  ignitior~ of an i s o l a t e d  p a r t i c l e .  

The  mu tua l  d i s p o s i t i o n  of c u r v e s  1 and 2 on F i g .  4 shows  tha t  a t r a n s i t i o n  with r e s p e c t  to the  p a r t i c l e  
s i z e  in a r e g i o n  w h e r e  b u r n i n g - o u t  i s  c o n s i d e r a b l e  i m p l i e s  a l s o  a s i m u l t a n e o u s  i n c r e a s e  in the  d e g r e e  of 
r e m o v a l  f r o m  the c r i t i c a l  cond i t i on  f o r  h e a t  r e m o v a l ,  wh i l e  in a r eg ion  w h e r e  c o m b u s t i o n  i s  l i m i t e d  by 
hea t  r e m o v a l ,  b u r n i n g - o u t  can  be  neg l ec t ed .  Th i s  a p p r o x i m a t e l y  j u s t i f i e s  the  s e p a r a t e  d e r i v a t i o n  of the  
c r i t i c a l  c o n d i t i o n s  f o r  h e a t  r e m o v a l  (3.4) and f o r  b u r n i n g - o u t  (3.6). 
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