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The authors examine a simplified model of a flowing binary gas 
mixture reacting at a finite rate. The factors determining the tem- 
perature distribution in the wall region are analyzed. 

In ana lyz ing  heat  t r a n s f e r  c o m p l i c a t e d  by c h e m i c a l  
r e a c t i o n s  tak ing  p l ace  in a moving med ium it  is  m o s t  
r e a l i s t i c  to emp loy  a hyd rodynamic  flow mode l  us ing  
su i tab le  laws of d i s t r i b u t i o n  of ve loc i ty  and the t u r -  
bulent  coef f i c ien t s  of d i f fus ion of heat ,  m a s s ,  and 
momen tum.  

At p r e s e n t ,  we l a ck  a suf f ic ien t ly  r e l i a b l e  b a s i s  
fo r  applying to f lows of c h e m i c a l l y  r e a c t i n g  gas  m i x -  
t u r e s  the r e l a t i o n s  for  the d i s t r i b u t i o n  of v e l o c i t i e s  
and tu rbu len t  t r a n s p o r t  coef f i c ien t s  used  in ana lyz ing  
nonreae t ing  g a s e s .  

This  r e m a r k  app l ies  p a r t i c u l a r l y  to the v i scous  
s u b l a y e r ,  in which phenomena  a s s o c i a t e d  with the 
r e l e a s e  or  a b s o r p t i o n  of heat  and ef fec ts  d e t e r m i n e d  
by changes  in m o l e c u l a r  s t r u c t u r e  can modi fy  the 
hyd rodynamic  p i c t u r e .  

If i t  i s  pos tu la t ed  that  in the tu rbu len t  c o r e  the 
heat  and m a s s  t r a n s f e r  po ten t ia l  g r a d i e n t s  a r e  equal  
to ze ro ,  the a n a l y s i s  can  be c o n s i d e r a b l y  s i m p l i f i e d  
by a s s u m i n g  that  the v a r i a t i o n  of t e m p e r a t u r e ,  v e l o c -  
i ty ,  and concen t r a t i on  t akes  p l ace  in the wal l  r eg ion  
within the condi t ional  t h i ckness  of the bounda ry  l a y e r .  

In th is  e a se  the dev ia t ion  of the  t e m p e r a t u r e  and 
concen t ra t ion  d i s t r i b u t i o n s  f r o m  l i n e a r i t y  is  d e t e r -  
mined  only by the r a t e  of the c h e m i c a l  r e ac t i on .  This  
does  not e l i m i n a t e  the m a t h e m a t i c a l  d i f f i cu l t i e s ,  s ince  
in the r a d i a l  d i r e c t i o n  the p r o p e r t i e s  of the gas  v a r y  
in a c c o r d a n c e  with the non l inea r  c h a r a c t e r  of the 
dependence  of r e a c t i o n  r a t e  on t e m p e r a t u r e  and con-  
cen t ra t ion .  In o r d e r  to o v e r c o m e  these  d i f f i cu l t i e s  
a t t emp t s  have been made  to subs t i tu t e  for  the ac tua l  
dependence  of the r e a c t i o n  r a t e  a l i n e a r  a p p r o x i m a -  
t ion [1,2] .  Such l i n e a r i z a t i o n  is  p o s s i b l e  only at s m a l l  
t e m p e r a t u r e  d r o p s  be tween  the wal l  and the gas .  If 
the t e m p e r a t u r e  d rops  a r e  l a r g e ,  it is  n e c e s s a r y  to 
use  only spec i f i c  k ine t ic  r e l a t i o n s  fo r  the r e a c t i o n  
r a t e .  M o r e o v e r ,  we a s s u m e  that  the flow in the t u r -  
bulent  co re  is  in c h e m i c a l  e q u i l i b r i u m  at a t e m p e r a -  
tu re  c o r r e s p o n d i n g  to the volume-averaged t e m p e r a -  
tu re .  

In the wal l  r eg ion  owing to d i f fus ion the gas  m a y  
be cons tan t ly  in a s t a t e  of c h e m i c a l  nonequ i l ib r ium 
even if the m a s s  f lux due to d i f fus ion is s t a t i o n a r y  
and the heat  t r a n s f e r  p r o c e s s e s  s t eady .  To exclude 
c o n s i d e r a t i o n  of the  p r o b l e m  in the ax ia l  d i r e c t i o n ,  we 

in t roduce  the a s sumpt ion  tha t  the  r e a c t i o n  r a t e  is  con-  
s tan t  a long the tube axis  [1]. We wil l  c o n s i d e r  a gas  
m i x t u r e  r e a c t i n g  a c c o r d i n g  to the equat ion 

aA ~ bB. (1) 

The k ine t ic  e x p r e s s i o n  fo r  the r e a c t i o n  r a t e  is  

r = Kf P~-- Kr P~ (2) 

or, taking into account the changes due to tempera- 
ture, 

r . - K o f  e x p [ _ ~ _ ( l ~  T ~ ) I  payS_ 

1 1 
--/(Or exp[--~-(T T o l l  phyS. (3) 

We now w r i t e  the ene rgy  equat ion fo r  the h y d r o d y -  
namic  model  adopted:  

( dT ) 
d )~fr  @ J A A H  =0.  (4) 

By def in i t ion  the r e a c t i o n  r a t e  

r -  dYA dJA (5) 
dV dy 

The dif fus ion f lux JA is d e t e r m i n e d  f r o m  the gen-  
e r a l i z e d  F i c k ' s  law:  

dYA 
JA = - -  p Deff - -  (6) 

dy 

In th is  c a s e  the e f fec t ive  d i f fus ion coef f ic ien t  is  
d e t e r m i n e d  f r o m  the s t o i c h i o m e t r y  of the d i f fus ion 
f luxes  [3] : 

DAB 
Deft= (7) 

Di f fe ren t i a t ing  Eq. (6) and us ing  r e l a t i o n s  (3), (4), 
and (7), we obtain,  a s s u m i n g  AH fixed,  the heat  and 
m a s s  t r a n s f e r  equat ions  in d i m e n s i o n l e s s  f o r m :  

i 1]} __ 1 - -  Y0A ~ b exp 1 ' 
I - -YOA �9 ~ _~_[.t2 

(8) 
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- -  -- ~ @~ exp - -  
dz Po Do elf dz 1 + 

w h e r e  

4 - -  

(i-Yo   b xp r ,, ]} 

'1:dif /~of P~ ]~A 5~ 200 D*ffAH~ 
"~rel 9oDoeff ' "ti = 1 ~ R T ~  " 

(9) 

k = 2 A H ( T w - - T ~  , k l - -  E: t (Tw--To) 

E~ (T w - -  To) RTo RTo 
E~ 

- y 
z =  ~1 , O: T - - T o  ~ 2 = - - .  

6 Tw- -To '  Yo 
(lo) 

The  b o u n d a r y  c o n d i t i o n s  a r e  as  fo l low:  

at  z = 0  0 = l ,  d ,  - 0 ,  
dz 

at  z = l  0 = 0 ,  ~ = 1 .  

F r o m  t h e s e  r e s u l t s  we  o b t a i n  

(11) 

~ q _ q ( d O )  (12) 
qfr ~' f r  (rw - -  To)  = - -  ~ S -  z=o' 

wh ich  c h a r a c t e r i z e s  the  i n c r e a s e  in the  h e a t  f lux 

f o r  a r e a c t i n g  m i x t u r e  as  c o m p a r e d  w i t h  the  f lux  
c a l c u l a t e d  wi thou t  a l l o w a n c e  f o r  the  c h e m i c a l  r e a c -  

t ion .  
E q u a t i o n s  (8) and (9) t o g e t h e r  wi th  b o u n d a r y  c o n -  

d i t i ons  (11) w e r e  s o l v e d  by a f i n i t e  d i f f e r e n c e  m e t h o d  
on a c o m p u t e r  f o r  a m i x t u r e  r e a c t i n g  a c c o r d i n g  to 
the s c h e m e  2A ~_ 3B. 

As a r e s u l t ,  we  ob t a ined  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  and c o n c e n t r a t i o n  p r o f i l e s  0 and r a s  a 
f unc t i on  of z (F ig .  1). S i n c e  the d i m e n s i o n l e s s  c o m -  
p l e x  ~ is  the r a t i o  of the  d i f fu s ion  t i m e  to the  r e l a x -  
a t ion  t i m e  and c h a r a c t e r i z e s  the  d e p a r t u r e  f r o m  

c h e m i c a l  e q u i l i b r i u m ,  as  7 - -  0 the  t e m p e r a t u r e  p r o -  
f i l e  b e c o m e s  l i n e a r ,  ~ = 1, wh ich  c h a r a c t e r i z e s  the  
"frozen" system. As u ~ r the chemical relaxation 

rate becomes many times greater than the diffusion 

rate, and the system is in thermodynamic equilib- 

rium. In this case the values of q reach a maximum. 
To analyze the temperature distribution over the 

thickness of the layer 5, we obtained the dependence 

dT/dy =f(y). It is clear from Fig. 2 that even at 

quite large values of the dimensionless complex 
there are large changes in the temperature gradients 

at the wall. Using the data of the solution, for the 

case of an equilibrium reaction process we can esti- 

mate the distribution of thermal conductivity with 
allowance for the reaction component over the thick- 

ness 6 (Fig. 3). 
The distribution obtained shows that nonequilib- 

rium conditions prevail in the thin boundary layers, 
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F i g .  1. D i m e n s i o n l e s s  t e m p e r a t u r e  p r o -  
f i l e s  f o r  v a r i o u s  ~- and ~ = 2, k = k 1 = 
= 0 . ]30 ,  # l =  0.0495,  E 2 = 0:  ] ) w i t h o u t  

a l l o w a n c e  f o r  c h e m i c a l  r e a c t i o n ;  2) ~- = 
= 1; 3) 10; 4) 50; 5) 100; 6) 300; 7) 500. 
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Fig. 2. Distribution of temperature 

gradient dT/dy (~ over tube cross 

section z (m) at T = 500, ~ = 3.97 (t o = 

=400 ~ C, t w =450 ~ C, P =7 arm abs.). 
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Fig .  3. D i s t r i b u t i o n  of t h e r m a l  c o n -  
d u c t i v i t y  k ( k c a l / m -  h r .  deg)  o v e r  tube  

c r o s s  s e c t i o n  z (m). 

while close to the wall there is a thin layer in which 
the chemical reaction does not affect heat transfer. 

This is because remote from the wall energy is 
transported by heat conduction and diffusion. If the 
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wall  is i m p e r m e a b l e  and is not a c a t a l y s t ,  in i ts  i m -  
m ed ia t e  v i c in i ty  ene rgy  can be t r a n s p o r t e d  only by 
heat  conduction.  In the gene ra l  c a s e  " f rozen"  bound-  
a r y  l a y e r s  a lways  occu r  when the boundary  condi t ions  
a r e  i ncompa t ib l e  with c h e m i c a l  e q u i l i b r i u m .  In this  
c a s e ,  if at the wal l  d Y / d y  = 0, and t h e r e  is  an e n e r g y  
f lux due to a d i s t r i b u t e d  hea t  s o u r c e ,  the t e m p e r a t u r e  
g r a d i e n t  at the  wal l  is  d e t e r m i n e d  by the r a t i o  of the 
quanti ty of e n e r g y  t r a n s p o r t e d  by heat  conduct ion and 
m a s s  d i f fus ion to the ene rgy  t r a n s p o r t e d  by heat  con-  
duct ion,  i . e . ,  

dO _ qa _ qfr - - q d i f  = 1 + qd i f  (13) 

dz q fr q fr q fr 

We denote  the r a t i o  q d i f / q f r  by Q; then 

dO -- 1 + Q. ( 1 4 )  
dz 

To d e t e r m i n e  Q we d iv ide  Eq. (8) by Eq. (9), a s -  
suming ,  fo r  s i m p l i c i t y ,  that  PDeff/PoDoeff = 1; as  a 
r e s u l t  we obtain 

d2~ __ d20 k (15) 
dP dz~ O1 - -  1) YoA 

AS a r e s u l t  of the double in t eg ra t ion  of Eq. (15) 
we obtain the fol lowing r e l a t i o n  fo r  the  d i m e n s i o n l e s s  
concen t r a t i on :  

YA 

YoA 

k 0 +  k ~ +  1 - ~ ~. (16) 
(~1 - -  1) Yo (~1 - -  1) Yo ~1 - -  1 

A t z = O  

Yw k (qY0--1) 
*w= r-~-= 1 ( ~ - I ) G  

F r o m  Eq. ( 1 7 )  

~-= ( 1 - - , ~ )  ( n -  1 )G  ~_ 1 

k Yo 

Subs t i tu t ing  into th is  e x p r e s s i o n  the va lues  of the 
d i m e n s i o n l e s s  c o m p l e x e s ,  we obta in  

(17) 

(18) 

q= PDeffAH(Y~ + 1 .  

~fr (Tw--To) 
(19) 

Since q = dO/dz, 

Q= PDeffAH(Yo-- Yw) (20) 
~'fr (Tw - -  To) 

In the e a s e  of an e q u i l i b r i u m  r e a c t i o n  Yw can be 
d e t e r m i n e d  f rom the condi t ions  of c h e m i e a l  equ i l ib -  
r i u m  at the wal l  t e m p e r a t u r e ;  then 

qeq. = q f r  + pDeffAH(Y~ (21) 
~fr (Tw - -  To) 

which m a k e s  it p o s s i b l e  to e s t i m a t e  the  m a x i m u m  
con t r ibu t ion  of the c h e m i c a l  r e a c t i o n  to hea t  t r a n s f e r .  

A n a l y s i s  shows that  the con t r ibu t ion  of the d i s s o -  
c ia t ion  r e a c t i o n  is  e s p e c i a l l y  m a r k e d  ff Q > 9. At 
s m a l l e r  Q the ef fec t  of the  c h e m i c a l  r e a c t i o n  on heat  
t r a n s f e r  i s ,  for  p r a c t i c a l  p u r p o s e s ,  s m a l l ,  e s p e c i a l l y  
if the d e p a r t u r e  f r o m  the e q u i l i b r i u m  s ta te  is  con-  
s i d e r a b l e ,  i . e . ,  at s m a l l  ~-. 

NOTATION 

A and B a r e  r e a c t a n t s  and r e a c t i o n  p roduc t s ;  a 
and b a r e  s t o i c h i o m e t r i c  coef f i c ien t s ;  Kf and K r a r e  
the r a t e  cons tan t s  of f o r w a r d  and r e v e r s e  r e a c t i o n s ;  
PA is  the p a r t i a l  p r e s s u r e ;  P is  the p r e s s u r e ;  YA is 
the mo le  f r a c t i o n  of component ;  E is the ac t iva t ion  
ene rgy ;  R is the gas  constant ;  r is  the r e a c t i o n  r a t e ;  
T is  the t e m p e r a t u r e ;  X is the t h e r m a l  conduct iv i ty ;  
JA is  the  d i f fus ion flux; q is  the hea t  flux; AH is  the 
heat  of r eac t ion ;  p is  the dens i ty  of the m i x t u r e ;  D is 
the d i f fus ion coeff ic ient ;  6 is  the  condi t iona l  t h i cknes s  
of the bounda ry  l a y e r ;  y is  the v e r t i c a l  coo rd ina t e .  
S u b s c r i p t s :  0 - - p a r a m e t e r s  at v o l u m e - a v e r a g e d  t e m -  
p e r a t u r e ;  w - - p a r a m e t e r s  at wa l l  t e m p e r a t u r e ;  f r - -  
" f rozen"  va lue ,  i . e . ,  without  a l lowance  fo r  c h e m i c a l  
r e ac t i on .  
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