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The c h a r a c t e r i s t i c s  of the c o n j u g a t e  h e a t  and m a s s  exchange  fo r  a gas  s t r e a m  and a r e a c -  
t ive  so l id  body a r e  found and the a d v i s a b i l i t y  of us ing  the h e a t - e x c h a n g e  c o e f f i c i e n t  is  d i s -  
eussed~ 

The flow o v e r  the  f ron t a l  s t a g n a t i o n  po in t  of a m o d e l  which is  f r e e  of p o r e s  and c o m p o s e d  of g r a p h i t e  
o r  e l e c t r o d e  c a r b o n  i s  a n a l y z e d .  A m i x t u r e  of oxygen ,  n i t r o g e n ,  and c a r b o n  monox ide  f lows o v e r  the body.  
The p r i m a r y  and s e c o n d a r y  i r r e v e r s i b l e  c h e m i c a l  r e a c t i o n s  C + O z = CO 2 and C + CO 2 = 2CO, due to the 
i n t e r a c t i o n  of  the so l id  body and the o n c o m i n g  s t r e a m ,  o c c u r  at  the  s u r f a c e  of the m a t e r i a l .  The p r o d u c t  
of the  s e c o n d a r y  h e t e r o g e n e o u s  r e a c t i o n ,  e n t e r i n g  the o n c o m i n g  s t r e a m ,  i n t e r a c t s  wi th  the oxygen  and the 
i r r e v e r s i b l e  c h e m i c a l  r e a c t i o n  O 2 + 2CO = 2CO 2 d e v e l o p s  in the b o u n d a r y  l a y e r .  It is  a s s u m e d  that  the  p r o -  
c e s s e s  of hea t  and m a s s  exchange  in the g a s  a r e  q u a s i s t e a d y  and tha t  the  t e m p e r a t u r e  in the bounda ry  l a y e r  
d o e s  not  e x c e e d  the t e m p e r a t u r e  of oxygen d i s s o c i a t i o n .  Since the m o l e c u l a r  we igh t s  of CO, O2, and N 2 a r e  
c l o s e ,  the f o u r - c o m p o n e n t  m i x t u r e  of  CO (1), 02 (2), CO 2 (3), and N~(4) is  a s s u m e d  to be an e f fec t ive  
b i n a r y  m i x t u r e  with the coe f f i c i en t  of b i n a r y  d i f fu s ion  of O 2 in CO 2. We wil l  a l s o  a s s u m e  tha t  the  h e a t  
c a p a c i t i e s  of the  c o m p o n e n t s  a r e  c o n s t a n t  and i d e n t i c a l ,  and then  the m a t h e m a t i c a l l y  f o r m u l a t e d  p r o b l e m  
c o m e s  down to the so lu t ion  of the fo l lowing  s y s t e m  of equa t ions :  
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F i g .  1. Dependence  of s u r f a c e  t e m p e r a t u r e  Tw, ~ on the 
t i m e  t ,  s e c ,  wi th  the  i n i t i a l  t e m p e r a t u r e  of the body T.  = 1000~ 
and m a s s  c o n c e n t r a t i o n s  C2e = 0.3 and C3e = 0.7 a t  the  o u t e r  
l i m i t  of  the b o u n d a r y  l a y e r  f o r  d i f f e r e n t  v a l u e s  of the  o u t e r  
p a r a m e t e r s :  1) T e = 900~ fix = 1406.25 sec -1 ;  2) T e = 900 , / ]x  
= 7500; 3) T e = 1500, ~x = 1406.25; 4) T e = 1500, fix = 7500; 5) 
Te  = 500~ f~x = 1 .5 .104  sec  -1.  

F i g .  2. D e p e n d e n c e  of h e t e r o g e n e o u s  ign i t ion  t i m e  to, s ec ,  on fix, 
s e c  -1, wi th  m a s s  c o n c e n t r a t i o n s  C2e = 0.3 and C3e = 0.7 at  the o u t e r  
l i m i t  of  the  b o u n d a r y  l a y e r  f o r  d i f f e r e n t  v a l u e s  of  Te :  1) Te = 900~ 
2) 1500. 

wi th  the  b o u n d a r y  and i n i t i a l  c o n d i t i o n s  

~'w Pw 
- -  ~ 

~,e Pe 

( .  (r162 = 1, 0 ( 2 )  0e, c~ (oo) = c~,  

V 2A 9w [ 0~, MI q 2 
- -  ~ (On)~ -~- ~ c2w exp 1 TI30~ a c.w exp 

' M3 ql 

/ 00~ \ 
- -oE(  + + = - Ko 

blow ] 
1 + ~ o ~  

(7) 

(s) 

Zw V f 2A M1 bx0 w 
Z~ L% ~ (cln)~ o -+- Vc~o (p-v)~ = 2va ~ c3w exp 1 + l~0~ 

X, Le~ + ?ca~(~-~)~o = ? c2~ exp 1 + 130 w - - -  ac3~ ,. exp 

(9) 

b~O~ ] (i0) 
1 -7- ~Ow ' 

~'~ ~ f ~  = - ~'(P~'-)~ �9 P---~ L (o) = 0, ~,~ Le w V ~ -  e (c~n)~ -~?ccw (~)~ = 0, fw ] / 2 , ~  P~ , 

0, (o, YD = o~ (r oo) = % .  

(11),(12) 

(13) 

In the  n u m e r i c a l  so lu t ion  of th i s  p r o b l e m  it  was  a d d i t i o n a l l y  a s s u m e d  tha t  the P r a n d t l  and L e w i s  num-  
b e r s  a r e  c o n s t a n t s ,  wh i l e  the  d i m e n s i o n l e s s  f u n c t i o n / w a s  t a k e n  a s  equa l  to  uni ty .  The k ine t i c  c o n s t a n t s  fo r  
the  h o m o g e n e o u s  r e a c t i o n  w e r e  t a k e n  f r o m  [1], t hose  fo r  the h e t e r o g e n e o u s  r e a c t i o n s  w e r e  t a k e n  f r o m  [2], 
and the i n i t i a l  t e m p e r a t u r e  and t a k e n  a s  the  c h a r a c t e r i s t i c  t e m p e r a t u r e  T. .  

The  b o u n d a r y  p r o b l e m  (1)-(13) was  s o l v e d  by  a d i f f e r e n c e  s y s t e m  o b t a i n e d  on the b a s i s  of the  i t e r a t i o n -  

i n t e r p o l a t i o n  m e t h o d  [3]. 

A s e r i e s  of  c a l c u l a t i o n s ,  in the  c o u r s e  of which  the v e l o c i t y  and t e m p e r a t u r e  of the  o n c o m i n g  s t r e a m ,  
the g a s  c o m p o s i t i o n  a t  the  o u t e r  l i m i t  of  the  b o u n d a r y  l a y e r ,  the  t h e r m o k i n e t i c  c o n s t a n t s  of the  h o m o -  
g e n e o u s  and heteroge ,  neous  c h e m i c a l  r e a c t i o n s ,  and the  P r a n d t l  and L e w i s  n u m b e r s  w e r e  v a r i e d ,  was  p e r -  
f o r m e d  on a B E S M - 4  c o m p u t e r .  In a l l  the c a l c u l a t i o n s  we took  the p r e s s u r e  a s  equa l  to 1 a rm and the 
c o e f f i c i e n t  of t h e r m a l  c o n d u c t i v i t y  of the  e l e c t r o d e  c a r b o n  a s  k s = 0.001 c a l / c m  �9 sec  �9 ~ With subson ic  
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T A B L E  1. E f f e c t  of C h e m i c a l  N o n e q u i l i b r i u m  in the B o u n d a r y  L a y e r  
on the T e m p e r a t u r e  of the I n t e r f a c e  and the Ab la t i on  Rate  
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flow o v e r  the v i c i n i t y  of the f ron ta l  s t a g n a t i o n  po in t  of a h e m i s p h e r i c a l  body (due/dx) x = 0 = t3x = 3/2 - U J r w ,  
whi le  with s u p e r s o n i c  f low o v e r  the body th i s  va lue  m u s t  be d e t e r m i n e d  f r o m  the New~oa equa t ion  [4]. 

N e g l e c t i n g  r a d i a t i o n ,  we wil l  e x a m i n e  the f low of  a " f r o z e n "  gas  s t r e a m  o v e r  the body .  

A s e r i e s  of c u r v e s  of Tw(t ) is  g iven  in F i g .  1. The f i r s t  fou r  c u r v e s  have a poin t  of i n f l ec t ion  a t  t 
= to, s e p a r a t i n g  the two m o d e s  of o c c u r r e n c e  of the h e t e r o g e n e o u s  r e a c t i o n s :  k i n e t i c ,  in which  the r a t e  of 
the p r o c e s s  is  l i m i t e d  by  the r e a c t i o n  r a t e ,  and d i f fu s iona l ,  in which the r a t e  of the p r o c e s s  i s  l i m i t e d  by 
the r a t e  of  supp ly  of the ox idan t .  In a c c o r d a n c e  with [5] we wil l  c a l l  t o the  h e t e r o g e n e o u s  igni t ion  t i m e .  
F r o m  a c o m p a r i s o n  of  c u r v e s  i and 2 i t  is  s een  tha t  the  ign i t ion  t ime  i n c r e a s e s  c o n s i d e r a b l y  with an in-  
c r e a s e  in the r a t e  of supply  of the ox idan t ,  s ince  the low t e m p e r a t u r e  of the ox idan t  h i n d e r s  the g rowth  of 
the r a t e  of  the  p r i m a r y  h e t e r o g e n e o u s  r e a c t i o n .  Th i s  mode  of igni t ion ,  which was  e x a m i n e d  e a r l i e r  in [5], 
i s  c a l l e d  s e l f - i g n i t i o n .  

In a d d i t i o n  to the mode  of s e l f - i g n i t i o n ,  t h e r e  is  an igni t ion  mode  (see c u r v e s  3 and 4 in F ig .  1) in 
which an i n c r e a s e  in the r a t e  of supp ly  of hot  ox idan t  p r o d u c e s  a d e c r e a s e  in the igni t ion  t i m e  t 0. 

Thus ,  for  the ign i t ion  mode  the hot  s t r e a m  of ox idan t  p r o m o t e s  an i n c r e a s e  in the r a t e  of the h e t e r o -  
g e n e o u s  r e a c t i o n  C + 02 = CO 2. 

If the  c o n d i t i o n s  fo r  the o c c u r r e n c e  of the h e t e r o g e n e o u s  e x o t h e r m i c  r e a c t i o n  a r e  e x t r e m e l y  un-  
f a v o r a b l e  - v e r y  low t e m p e r a t u r e s  and a high v e l o c i t y  of the o n c o m i n g  s t r e a m  - then the d i f fu s iona l  mode 
of o c c u r r e n c e  of the c h e m i c a l  r e a c t i o n s  is  not  r e a l i z e d  and coo l ing  of the m o d e l  o c c u r s  (see c u r v e  5 of 
F i g .  1). 

A q u a l i t a t i v e  d i f f e r e n c e  be tween  the m o d e s  of s e l f - i g n i t i o n  and igni t ion  fo l lows  f r o m  an a n a l y s i s  of 
the c u r v e s  of  F i g .  2, in which the ign i t ion  t i m e s  t o a r e  shown g r a p h i c a l l y  a s  a func t ion  of f~x with an in i t i a l  
t e m p e r a t u r e  of the body T.  = 1000~ f o r  the  two v a l u e s  Te = 900~ and T e = 1500~ ( cu rves  1 and 2). 

By ana lyz ing  the b e h a v i o r  of  c u r v e  2 of t h i s  f i g u r e  one can  p o s t u l a t e  the e x i s t e n c e  of  a t e m p e r a t u r e  
T e of the e x t e r n a l  s t r e a m  fo r  which the ign i t ion  t i m e  t o wi l l  not depend  on the v e l o c i t y  of the o n c o m i n g  g a s  
s t r e a m .  Th i s  r e s u l t  a g r e e s  with the da ta  of [5], w h e r e  such  a va lue  of t o is  found a n a l y t i c a l l y  by  the me thod  
of d i r e c t  c o o r d i n a t e  e x p a n s i o n  [6]. 

As the c a l c u l a t i o n s  showed ,  the ign i t ion  t i m e  t o in the  igni t ion m o d e  d e p e n d s  s t r o n g l y  on the oxygen 
c o n c e n t r a t i o n  C2e. The igni t ion  t i m e  i n c r e a s e s  c o n s i d e r a b l y  wi th  a d e c r e a s e  in the  oxygen  c o n c e n t r a t i o n ,  
s ince  the l o w e r i n g  of the O 2 c o n c e n t r a t i o n  d e c r e a s e s  the r a t e  of the p r i m a r y  e x o t h e r m i c  r e a c t i o n  and the 
r a t e  of the  s e c o n d a r y  e n d o t h e r m i c  r e a c t i o n  i n c r e a s e s  s i m u l t a n e o u s l y  with an i n c r e a s e  in the CO 2 c o n c e n -  
t r a t i o n .  

S i m u l t a n e o u s l y  with the d e t e r m i n a t i o n  of Tw(t) and the c o n c e n t r a t i o n s  Caw(t ) of the  c o m p o n e n t s  we 
c a l c u l a t e d  the  a b l a t i o n  r a t e s  (PV)w a t  d i f f e r e n t  t i m e s .  It was  e s t a b l i s h e d ,  in p a r t i c u l a r ,  tha t  in the igni t ion  
mode  (pv) w a t  a f ixed t ime  i n c r e a s e s  with an i n c r e a s e  in the s t r e a m  v e l o c i t y .  

S ince  v o l u m e t r i c  c h e m i c a l  r e a c t i o n s  w e r e  not  t aken  into accoun t  in th i s  s e r i e s  of c a l c u l a t i o n s ,  the 
p r o f i l e s  of t e m p e r a t u r e  and c o n c e n t r a t i o n  in the b o u n d a r y  l a y e r  a r e  mono ton ic  func t i ons  of ~ f o r  any  t i m e s  
t .  The ques t i on  of the  e f f ec t  of  the h o m o g e n e o u s  c h e m i c a l  r e a c t i o n  on the h e a t -  and m a s s - e x c h a n g e  c h a r a c -  
t e r i s t i c s  was s tud i ed  at  the s a m e  t i m e .  

As  the n u m e r i c a l  c a l c u l a t i o n s  showed,  in the p r e s e n c e  of a h o m o g e n e o u s  c h e m i c a l  r e a c t i o n  the s u r -  
face  t e m p e r a t u r e  and the a b l a t i o n  r a t e  (0v) w d i f f e r  s i g n i f i c a n t l y  f r o m  the c o r r e s p o n d i n g  v a l u e s  of t h e s e  
c h a r a c t e r i s t i c s  ob ta ined  fo r  " f r o z e n "  f l ow .The  r e s u l t s  of n u m e r i c a l  i n t e g r a t i o n  of the  s y s t e m  of Eqs .  (1)-(6) 
wi th  the  b o u n d a r y  and i n i t i a l  c o n d i t i o n s  (7)-(13),  which c o n f i r m  the r e m a r k s  m a d e  above ,  a r e  p r e s e n t e d  in 
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F i g .  3. P r o f i l e s  of d i m e n s i o n l e s s  t e m p e r a t u r e  0 ( cu rves  1-3) 
and m a s s  c o n c e n t r a t i o n  of CO 2 (curves  1 ' ,  2 ' ,  3 ' )  in  the bound-  

a ry  l a y e r  with T.  = 1000~ T e = 1500~ fix = 1406.25 
sec -1, C2e = 0.3,  and C3e = 0.7 for  d i f f e r e n t  t i m e s :  1, 1') t = 0 

sec ;  2, 2') t = 0.685 sec;  3, 3') t = 1.625 sec.  

F ig .  4. Heat  flux qw, cal /cm2 "sec ,  f r o m  the gas  phase  as  a 
func t ion  of the t ime  t ,  sec  with T ,  = 1000~ T e = 1500~ 

= 1876 see  -z , C2e = 0.3, and C3e = 0.75. 

Tab le  1 fo r  •x = 1875 sec - i  and the p r e v i o u s  v a l u e s  of the o the r  p a r a m e t e r s  (T. = 1000~ T e = 1500~ C2e 

= 0.3,  C3e = 0.7).  

F r o m  the data  of the table  it fol lows that  the ab la t ion  ra te  in the case  of " f rozen"  flow is g r e a t e r  than 
the ab la t ion  ra te  fo r  n o n e q u i l i b r i u m  flow. Th i s  fac t  is exp la ined  phys i ca l ly  by the fact that  be c a use  of the 
c o m b u s t i o n  of the c a r b o n  monoxide  which f o r m s ,  l e s s  oxygen and m o r e  c a r b o n  dioxide a r r i v e  at the i n t e r -  

face .  

The n a t u r e  of the b e h a v i o r  of the d i s t r i b u t i o n s  of t e m p e r a t u r e  and c o n c e n t r a t i o n s  wi th in  the boundary  
l a y e r  changes  q u a l i t a t i v e l y  in the case  of n o n e q u i l i b r i u m  flow. W h e r e a s  for " f rozen"  flows the t e m p e r a t u r e  
and c o n c e n t r a t i o n  p r o f i l e s  a re  mono ton ic  c u r v e s ,  fo r  n o n e q u i l i b r i u m  flow the t e m p e r a t u r e  and CO 2 concen -  
t r a t i o n  p r o f i l e s  have a m a x i m u m  for t > to, where  t o is the igni t ion  t i me .  Graphs  of 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  ( cu rves  1, 2, 3) and m a s s  c o n c e n t r a t i o n  of CO 2 (cu rves  1 ' ,  2 ' ,  3') for d i f f e r en t  t i m e s  a r e  g iven  in 
F ig .  3. i t  is  s een  that  a f t e r  a c e r t a i n  t i m e ,  when a suf f ic ien t  amoun t  of CO, which s e r v e s  as the in i t i a l  
p roduc t  of the h o m o g e n e o u s  r e a c t i o n ,  i s  r e l e a s e d  a s  a r e s u l t  of the s e c o n d a r y  h e t e r o g e n e o u s  r e a c t i o n ,  a 

m a x i m u m  of the t e m p e r a t u r e  and CO s c o n c e n t r a t i o n  is  c r e a t e d  n e a r  the i n t e r f ace .  

The b e h a v i o r  of C3w at  the i n t e r f a c e ,  which is  connec ted  with the m e c h a n i s m  of o c c u r r e n c e  of h e t e r o -  
geneous  c h e m i c a l  r e a c t i o n s ,  i s  e a s y  to follow f rom Fig .  3. The p r i m a r y  r e a c t i o n  m a i n l y  p roceeds  at f i r s t  

because  of the r e l a t i o n  E 1 < E2, a s  a r e s u l t  of which the CO 2 c o n c e n t r a t i o n  at the su r f ace  i n c r e a s e s .  Af te r  
a r r i v a l  a t  the d i f fus iona l  mode i t s  ra te  h a r d l y  i n c r e a s e s ,  and s ince  the su r f ace  t e m p e r a t u r e  be c omes  con-  
s i d e r a b l e  the r a t e  of the s e c o n d a r y  h e t e r o g e n e o u s  r e a c t i o n  beg ins  to i n c r e a s e ,  as  a r e s u l t  of which the CO 2 

c o n c e n t r a t i o n  fa i l s  while the CO c o n c e n t r a t i o n  g rows .  

The v a r i a t i o n  with t ime  in the hea t  flux -kw(3T/3Y)  w f rom the gas  phase is shown in Fig .  4. Curve  1 
c o r r e s p o n d s  to the c a s e  of a " f rozen"  bounda ry  l a y e r ,  while curve  2 c o r r e s p o n d s  to n o n e q u i l i b r i u m  flow in 
the bounda ry  l a y e r .  The c a l c u l a t i n g  p a r a m e t e r s  for  the n u m e r i c a l  i n t eg ra t i on  were  taken  he re  as the same  

as  the c o r r e s p o n d i n g  p a r a m e t e r s  of Table  1. 

An a n a l y s i s  of the r e s u l t s  of the n u m e r i c a l  i n t e g r a t i on  shows that  fo r  " f rozen"  f lows the he a t - exchange  

coe f f i c i en t  a ,  which is  d e t e r m i n e d  f r o m  the Newton law 

qw = ~ (rw --Te)  (14) 

when the hea t  flux qw and the su r f ace  t e m p e r a t u r e  a re  known, v a r i e s  l i t t l e  with t i m e .  Thus ,  us ing  the data  
of Tab le  1 and the v a l u e s  of the heat  flux qw c o r r e s p o n d i n g  to the points  of cu rve  1 in F ig .  4 one can find 
a = 0.4452 - 1 0  - 2  e a l / c m  2 � 9  deg a t  the t ime  t = 0 sec and a = 0 .4318.10 -2  ca l / cm 2 �9 sec .deg  for  t = 0.8843 
sec.  In connec t i on  with th i s ,  the so lu t ion  of the p r ob l e m (1)-(6) with the bounda ry  and in i t i a l  cond i t ions  (7)- 

(13) can  be d iv ided  into two s t eps .  
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TABLE 2. C o m p a r i s o n  of  T h e o r e t i c a l  and E x p e r i m e n t a l  Va lues  of 
T e m p e r a t u r e  wi th in  the B o u n d a r y  L a y e r  

Y, ITI r i l  0,4 0,8 1,2 I ,G 2,0 

T 
1,001 1,003 1,005 0,998 0,990 

The f i r s t  s t ep  c o n s i s t s  in the d e t e r m i n a t i o n  of the  f i e ld s  of c h a r a c t e r i s t i c s  in the g a s  p h a s e  and of 
c o n c e n t r a t i o n s  cow a t  the  i n t e r f a c e  with T w known. F o r  th i s  i t  is  n e c e s s a r y  to s o l v e  the  s y s t e m  of  Eqs .  (1)- 
(5) in the g a s  p h a s e  with the c o r r e s p o n d i n g  b o u n d a r y  c ond i t i ons  (7), (9)-(12).  By v a r y i n g  T w p a r a m e t r i -  
c a l l y  and us ing  the concep t  of the h e a t - e x c h a n g e  c o e f f i c i e n t  one can  ob ta in  a p p r o x i m a t i n g  a n a l y t i c a l  e q u a -  
t i ons  fo r  the hea t  f lux f r o m  the g a s  p h a s e a n d  fo r  the  v a l u e s  Caw(Tw). 

The s econd  s t ep  of the so lu t ion  c o n s i s t s  in the d e t e r m i n a t i o n  of the  c h a r a c t e r i s t i c s  Tw(t) and (PV)w(t), 
which a r e  m o r e  i m p o r t a n t  in p r a c t i c e ,  and 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 so l id  body.  F o r  th is  i t  is  
n e c e s s a r y  to so lve  Eq.  (6) for  the hea t  conduc t ion  in the so l id  body with the b o u n d a r y  and in i t i a l  cond i t i ons  
(8) and (13). In a c c o m p l i s h i n g  the s econd  s t ep  of the so lu t i on  one m u s t  use  a p p r o x i m a t i n g  a n a l y t i c a l  e q u a -  
t i ons  f o r  qw and Caw. 

At the s a m e  t i m e ,  as  fo l lows  f r o m  c u r v e  2 of F ig .  4 the  c onc e p t  of the h e a t - e x c h a n g e  c o e f f i c i e n t  c a n -  
not be used  in the  c a s e  of c h e m i c a l l y  n o n e q u i l i b r i u m  f lows  in the b o u n d a r y  l a y e r ,  s ince  the h e a t - e x c h a n g e  
c o e f f i c i e n t  l o s e s  p h y s i c a l  m e a n i n g ,  b e c o m i n g  nega t ive ,  $ fo r  e x a m p l e ,  fo r  t i m e s  t -> 0.8843 s ec .  In f ac t ,  a s  
fo l lows  f r o m  Tab le  1 and Eq.  (14), a t  t = 0.8843 sec  the t e m p e r a t u r e  T w = 1501~ and a c ha nge s  s ign  and 
b e c o m e s  equal  t o - 1 . 2 6 3 5  c a l / c m  2- s e c .  

The i n t e r p r e t a t i o n  of the c o e f f i c i e n t  ~ a s  a p u r e l y  m a t h e m a t i c a l  funct ion  of the s u r f a c e  t e m p e r a t u r e  
T w and a n u m b e r  of o t h e r  p a r a m e t e r s ,  which can  v a r y  in the r a n g e  f rom + ~  to - ~ ,  is a l so  i n a d v i s a b l e ,  
s i n c e  in th i s  c a s e  g r e a t  d i f f i c u l t i e s  a r i s e  is  the a n a l y t i c a l  a p p r o x i m a t i o n  of the r e s u l t s  ob ta ined ,  l e ad ing  to 
un jus t i f i ed  e x p e n d i t u r e s  of m a c h i n e  t i m e .  T h e r e f o r e  one m u s t  so lve  the con juga te  p r o b l e m  of hea t  and m a s s  
exchange .  

With  the  flow of a " f r o z e n " g a s  s t r e a m  o v e r  a n o n r e a c t i n g  so l id  body the b e h a v i o r  of the  hea t  f lux can  
be r e p r e s e n t e d  q u a l i t a t i v e l y  by the d a s h e d  c u r v e  3. As  t ~ ~ the va lue  - k w 3 T / 3 Y  ~ 0, i . e . ,  with t i m e  the 
s u r f a c e  of  the  body a s s u m e s  the t e m p e r a t u r e  T e of the o n c o m i n g  gas  s t r e a m  th rough  p r o c e s s e s  of c o n v e c -  
t ive  hea t  t r a n s f e r  and hea t  conduc t ion .  In the c a s e  of a h e t e r o g e n e o u s  e x o t h e r m i c  r e a c t i o n  the p r o c e s s  of 
e q u a l i z a t i o n  of the s u r f a c e  t e m p e r a t u r e  T w and the t e m p e r a t u r e  of the o n c o m i n g  s t r e a m  o c c u r s  c o n s i d e r a b l y  
f a s t e r ,  and b e c a u s e  of  the high h e a t - u p  of the s u r f a c e  the hea t  f lux can  b e c o m e  p o s i t i v e  (curve  1). 

F o r  c h e m i c a l l y  n o n e q u i l i b r i u m  f low in the b o u n d a r y  l a y e r  the v a r i a t i o n  in the hea t  f lux with t i m e  has  
a nonmono ton ic  n a t u r e  (see  c u r v e  2 of F ig .  4). In th i s  c a s e  the  hea t  input  f r o m  the h o m o g e n e o u s  c h e m i c a l  
r e a c t i o n  beg ins  to c o m p e t e  with the  p r o c e s s  of e q u a l i z a t i o n  of the t e m p e r a t u r e s  of the  body and the o n c o m -  
ing gas  s t r e a m ,  and the hea t  f lux to the body beg ins  to d e c r e a s e  when t h e r e  is  c o n s i d e r a b l e  n o n e q u i l i b r i u m  
in the gas  p h a s e .  We note that  the  n e c e s s i t y  of so lv ing  the con juga te  p r o b l e m  of hea t  and m a s s  exchange  
can be c o n n e c t e d  with the a p p e a r a n c e  of  a m a x i m u m  of the func t ion  qw(t) o r  a m a x i m u m  of the func t ion  0(~, 
T), which a r e  d e t e r m i n e d  by the d e g r e e  of n o n e q u i t i b r i u m  of the c h e m i c a l  r e a c t i o n  in the g a s  p h a s e .  The 
d e g r e e  of n o n e q u i l i b r i u m  of a h o m o g e n e o u s  c h e m i c a l  r e a c t i o n  is  d e t e r m i n e d  by the D a m k e l l e r  n u m b e r ,  i . e . ,  
the r a t i o  of the c h a r a c t e r i s t i c  t i m e s  of conv e c t i ve  r e l a x a t i o n  t M ~ 1/3 x and of the  r e a c t i o n  tpi .  

I t  should  be noted that  when the i nequa l i t y  t M << tpi in the g a s  phase  i s  v i o l a t e d  i t  i s  n e c e s s a r y  to 
so lve  the  a o n s t e a d y  e q u a t i o n s  of hea t  and m a s s  e x c h a n g e .  

In ou r  c a s e  t M -~ 10 -3 s e c  and tpi ~ 10 -2 see  wi th  T .  = 1000~ i . e . ,  the  inequa l i ty  tM << tpi  i s  s a t i s -  
f ied .  B e s i d e s  th i s  i nequa l i ty ,  for  the q u a s i s t e a d i n e s s  of the p r o c e s s e s  in the  g a s  phase  it is  n e c e s s a r y  tha t  
the  r e l a x a t i o n  t i m e s  t i of the  p r o c e s s e s  of m o l e c u l a r  t r a n s f e r  and the r e a c t i o n  t i m e s  tpi  in the gas  phase  
be c o n s i d e r a b l y  l e s s  than the r e l a x a t i o n  t i m e  t s in the so l id  body.  Using the n u m e r i c a l  s o l u t i o n s  found,  one 

~A s i m i l a r  conc lu s ion  was  d r a w n  e a r l i e r  in [7, 8] fo r  one c l a s s  of p r o b l e m s  of c o n v e c t i v e  hea t  e x c h a n g e  b e -  
tween  an i n e r t  g a s  s t r e a m  and an i n e r t  so l id  body.  
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can d e t e r m i n e  the d i s p l a c e m e n t  t h i c k n e s s e s  of the the rma l ,  dynamic ,  and di f fus ional  boundary laye rs  and 
then, using the t he rma l  dif fusivi ty ,  v i s c o s i t y ,  and diffusion coef f ic ien ts ,  e s t ima te  the c h a r a c t e r i s t i c  t i m e s  
of the m o l e c u l a r  t r a n s f e r  p r o c e s s e s .  It is not hard  to show that  t i ~ 52/~, where 6 is  the dynamic  d i s p l a c e -  
ment  th ickness  in D o r o d n i t s y n - L e e s  v a r i a b l e s  and v is  the k inemat ic  v i s c o s i t y  coeff ic ient .  The e s t i m a t e s  
show that  t i ~ 10 -3 sec .  

The t ime of t he rma l  r e l axa t ion  in the so l id  body, which we take as  equal to the t ime of t r ave l  of the 
t h e r m a l  wave to the cen t e r  of a h e m i s p h e r i c a l  model  with a constant  sur face  t e m p e r a t u r e ,  can be d e t e r -  
mined f rom [9]. Actua l ly ,  this  t ime  is l e s s  than the r e l axa t ion  t ime ,  s ince it does not include the t ime  of 
fo rmat ion  of a constant  t e m p e r a t u r e  at the sur face  of the model .  The re laxa t ion  t ime t s is  on the o r d e r  of 
10-102 sec ,  and t he r e fo r e ,  al lowing for  the e s t i m a t e s  made above, one can a s s e r t  that  a quas i s t eady  fo rmu-  
la t ion of the p rob lem is phys ica l ly  c o r r e c t  in the p r e s e n t  case .  

It is  i n t e r e s t i ng  to compare  the t h e o r e t i c a l  data obtained above with c e r t a i n  expe r imen ta l  r e s u l t s  [10]. 
Attent ion is a t t r ac t ed  to the fact  that  t e m p e r a t u r e  m a x i m a  within the boundary l a y e r  were  a lso  de t e rmined  
through the rmocouple  m e a s u r e m e n t s  [10]. At the s ame  t ime ,  accord ing  to the theo re t i ca l  r e s u l t s  the tern- 
p e r a t u r e  prof i le  obtained e x p e r i m e n t a l l y  will r e p r e s e n t  a monotonic curve when the t e m p e r a t u r e s  Te and 
T w a r e  low enough. The ra t io  K = ~'/T in the case  of s teady combust ion of the model  is  given in Table  2, 
where  ~ = T(y) is the t e m p e r a t u r e  within the boundary l a y e r ,  obtained e x p e r i m e n t a l l y  in [10] with T e 

= 1200~ Cle = 0, C2e = 0.22, C3e = 0.02, C4e = 0.76, u,o = 1 5 e r a / s e e ,  a n d r w =  0.5 cm (the model ,  made of 
e l ec t rode  carbon ,  burns  in a s t r e a m  of heated a i r ) .  

It is  seen that  good quant i ta t ive  a g r e e m e n t  between the t heo re t i ca l  and e xpe r i m e n t a l  r e s u l t s  is ob- 

s e rved  in this  e a s e .  

At h igher  va lues  of T e, when a t e m p e r a t u r e  maximum a p p e a r s ,  the d i f fe rence  between the theo re t i ca l  
and e x p e r i m e n t a l  t e m p e r a t u r e s  ( e spec ia l ly  in the v ic in i ty  of the maximum) becomes  more  m a r ke d .  This 
r e s u l t  is evident ly  due to the i naccu racy  of the va lues  used for  the ac t iva t ion  energy and the preexponent  of 
the homogeneous  r eac t i on  and by noncor respondence  between the m a t he m a t i c a l  model  and nature  (in th is  
case ,  as  fol lows f rom the form of the t e m p e r a t u r e  cu rves  p resen ted  in F ig .  l l a  of [10], the th ickness  of the 
boundary l a y e r  is comparab l e  with the d i a m e t e r  of sphere  over  which the gas  s t r e a m  flows). 

~,~ 

P 
l = t~O/t~ePe 

1/ 

D 

fw = (OV)w 2/~x0et~e 
Bx = (due/dx)x= 0 

1V[~ 

0 = (T-  T,)E 1/RT, z 

E, q, k, E l, ql,  kl, E2, q2, k2 

p" 

Dam = (T~ 3"25 E lqk/2~xPC p) 
�9 exp (E/RT,)  
Cp 
P r  = ~Cp/~. 
Sc =/JtJD 
Le = P r /Sc  

/~ = RT. /E  1 
R 
y = cpRT2./qtE1 

~s the 
is the 
is  the 
is  the 
t ime;  
is the 
is the 

N O T A T I O N  

r e  the Do r o d n i t s y n - L e e s  va r i a b l e s ;  
is the densi ty ;  
is  a d i m e n s i o n l e s s  p a r a m e t e r ;  
~s the coeff ic ient  of v i s cos i t y  of mix ture ;  

coeff ic ient  of k inemat ic  v i s c o s i t y  of mix ture ;  
b i n a r y  diffusion coeff ic ient ;  
d i m e n s i o n l e s s  s t r e a m  function; 
d imens iona l  p a r a m e t e r  connected with the c h a r a c t e r i s t i c  mechanica l  

m o l e c u l a r  weight of component  ~; 
m a s s  concen t ra t ion  of component  o~; 

is 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 ;  
a r e  the ac t iva t ion  energy,  heat of chemica l  react ion ,  and ra te  constant  of 
c h e m i c a l  r eac t ion  for  the homogeneous and the p r i m a r y  and secondary  
he te rogeneous  r e a c t i ons ,  r e spec t ive ly ;  
is the p r e s s u r e ;  

is  the Damke l l e r  number;  
is the specif ic  heat  capac i ty  of mix ture  at  constant  p r e s s u r e ;  
~s the P rand t l  number;  
Is the Schmidt  number ;  
~s the Lewis  number ;  
ts the coeff ic ient  of t he r m a l  conduct ivi ty of mixture;  
is  a d imens i on l e s s  p a r a m e t e r ;  
~s the un ive r sa l  gas  constant ;  
is  a d i m e n s i o n l e s s  p a r a m e t e r ;  
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b = E/E~, b I = E2/E I 
a = ~xt ,  

t ,  = r2, PeCpe/h e 
T : t / t *  

r ,  = (keRT~oe E lqkl) exp E 1 
/RT, 
Ys = ( y / r , ) ~  
lr~= ke0seps/ksOeCpe 
K e = VksPsCps /kePeCpe  
(h-~)w = ~r• [(Ma/Mp - le2w 
�9 exp [~w/(1 + ~0w)] + [2(M 1 
IMp - 1 ~ 3 w  exp ~ o ~ j ( 1  
+~6w)] 
a = (k2/k 1) exp [(E 1- E2)/RT*] 
~tr = e6T,2r,Ei/ke R 
T, 

a r e  d i m e n s i o n l e s s  p a r a m e t e r s ;  
is the p a r a m e t e r  character iz ing" the ra t io  of the c h a r a c t e r i s t i c  " c h e m i c a l "  
t ime for  the p r i m a r y  h e t e r o g e n e o u s  r eac t i on  to the c h a r a c t e r i s t i c  m e c h a n i -  

ca l  t ime;  
is the c h a r a c t e r i s t i c  c h e m i c a l  t ime;  
is the d i m e n s i o n l e s s  t ime coord ina te ;  

i s  the c h a r a c t e r i s t i c  " chemica l "  s ize;  
is the d i m e n s i o n l e s s  coord ina te  in solid body; 
is a d i m e n s i o n l e s s  p a r a m e t e r ;  
is the d i m e n s i o n l e s s  coef f ic ien t  of t h e r m a l  ac t iv i ty  of solid body; 

is the dimensionless ablation rate; 
is a dimensionless parameter; 
is the dimensionless parameter characterizing the radiant heat flux; 
is the initial temperature of model in ~ 

I n d i c e s  

wand* 
e 

s 

f 

a r e  a s s igned  to p a r a m e t e r s  at 7/ = Ys = 0 and to c h a r a c t e r i s t i c  va lues ,  r e spec t ive ly ;  
pe r t a ins  to va lues  at  the ou t e r  l imi t  of the boundary  layer ;  
pe r t a ins  to p a r a m e t e r s  of the solid phase;  
pe r t a ins  to p a r a m e t e r s  of " f r o z e n '  flow. 
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