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The r e su l t s  of a calculat ion of heat  exchange during the l amina r  flow of a chemica l ly  
r eac t ive  gas in a f lat  tube a r e  presented .  

The p rob lem of heat  exchange during the l amina r  flow of liquids in tubes has  obtained cons iderable  
development  for liquids with constant  and va r i ab le  (monotonically changing) p rope r t i e s  [1]. Fo r  c h e m i -  
cal ly r eac t ive  gases  r epo r t s  a r e  known in which heat exchange under conditions of  chemical  equi l ibr ium 
is studied. In this case  the chemica l  reac t ion  is taken into account  by means  of "effect ive"  the rmophys ica l  
p rope r t i e s  and the p rob lem of heat  exchange is reduced  to the analogous p rob lem for  a chemica l ly  uni form 
gas with p r o p e r t i e s  Which a r e  s t rongly dependent on the t empe ra tu r e .  An extensive bibl iograph on the 
study of heat  exchange in these  d i rec t ions  is p r e s e n t e d  in Pe tukhov ' s  r e p o r t  [2]. 

At  p r e sen t  not enough at tention is paid to the effect  of the chemical  r eac t ion  ra t e  on heat  and m a s s  
t r a n s p o r t  dar ing the l am i na r  flow of a chemical ly  r eac t ive  gas.  A r e p o r t  can be ment ioned [3] in which 
the p rob lem of hea t  exchange during the l amina r  flow of a chemica l ly  r eac t ive  s t r e a m  of N~O4 ~- 2NO 2 in 
a tube was solved numer ica l ly .  The boundary conditions were  ass igned f rom the conditions that the wall  
t e m p e r a t u r e  is constant  and the concentrat ion gradients  of the mix tu re  components  at  the wall  a r e  equal 
to zero .  The r e su l t s  of the numer ica l  calculat ion p resen ted  for different  values  of the ra te  constant  indi-  
cate  the cons iderable  effect  of the chemica l  reac t ion  ra te  on the heat  exchange.  

We have studied the effect  of the k inet ics  of the chemical  reac t ion  2NO 2 ~ 2NO + O 3 during the l amin a r  
flow of this sys t em in a f lat  tube in the case  of  heating with boundary conditions of the second kind. 

Le t  us examine the l amina r  flow of the chemica l ly  nonequil ibrium gas 2NO 2 ~ 2NO + 02 in a heated 
flat  tube in the boundary layer  approximat ion  with the following assumpt ions .  

The gas flow is s ta t ionary  and hydrodynamical ly  s tabi l ized,  the gas is i ncompress ib l e ,  i ts  physical  
p r o p e r t i e s  a r e  constant  (Cpf, ~f, D k, p, #, Qp), and the Lewis  number  Le = 1. At the ent rance  to the heated 
channel the t e m p e r a t u r e  and concentra t ions  of the gas components  a r e  constant  ove r  the c r o s s  sect ion and 
the veloci ty  prof i le  is parabol ic .  The densi ty of the hea t  flux qw at the wall  is a s sumed  to be constant .  
The s to ich iometr ic  ra t io  C2 /m 2 = C3/2m 3 exis ts  between the concentra t ions  of the components  NO and O 2 
The l a t t e r  assumpt ion  s impl i f ies  the chemica l  reac t ion  under  considera t ion and reduces  it to the type 
2A ~ - 3 B .  With these  assumpt ions  we obtain a s y s t e m  of d i f fe ren t ia l  equations in d imens ion less  fo rm:  

(1--Y2) OO _ 020 K, (1) 
8 OX OY" 

(I--Y2) aC _ O2C , K .  (2) 
8 OX OY ~ 

Boundary conditions: 

X = O ,  O..<Y-<.h C-----O=O; 
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F i g .  1. D i s t r i b u t i o n  of  t e m p e r a t u r e  (a) and  c o n c e n t r a t i o n  of 
02 c o m p o n e n t  (b) o v e r  r a d i u s  of  f i a t  tube:  1) X = 0.875 �9 10-4; 
2) 0.875 "10-3; 3) 0.875 "10-2; 4) 2 .63.10-2;  5~ 5.26-10-2; 6) 
8.75 �9 10 -2. 

D i m e n s i o n l e s s  c o m p l e x e s :  

OC O0 
X > 0 ,  Y : : O :  --  = 0 ;  

OY OY 

OC 0(9 
X ~ 0 ,  Y,:= -+- 1: - -0 ,  - - ] .  

OY OY 

X -  z I . y_~ y ; 0 T--T~ 
h Pe r o qwro/L.f 

Qv 2~ Qprj,_ 
C : :  (C~--C~o) . . . . . . .  ; K -  

nh %I qwro m.,_qw 
3 

qk ( 0 h k / 0 Y )  in Eq.  (1) i s  a c o n s e q u e n c e  of  the  a s s u m p t i o n  tha t  the  t h e r m a l  The  n e g l e c t  of  the  t e r m  
k=l  

e f f e c t  of  the  c h e m i c a l  r e a c t i o n  i s  c o n s t a n t .  

Us ing  the  equa t i ons  

3 
Z 2m 3 

ql~ = 0; q3 - q4, 
k~ l  m 4  

we ob ta in  

3 
Z Ohl, qz OQp 

qk ~-y= --: m~., -~- 
k : l  

The  c h e m i c a l  r e a c t i o n  r a t e  w a s  d e t e r m i n e d  f r o m  the fo l lowing  e q u a t i o n s :  

I=Keo(, Cipm--~- / ] 2 - 4  K~-Kc~ ( Cop.);;n~,, 

I~ : - :mJ ;  C I : 1 - -  2m 1 C2; Ke = /k-p 
m~ RT 

T h e  c h e m i c a l  r e a c t i o n  r a t e  c o n s t a n t  [4] and  the e q u i l i b r i u m  c o n s t a n t  [5] a r e :  

Kr = 0,5.109.6 exp ( - -  26900/RT); 

InKp=--0.58451n(T. lO -a)-i-12.5862 104 1 t47.088.102 1 , �9 - -  q- 17.5121--0.3079.20-4T 
T ~ T 

- -  1.6017.10-ST 2 --0,1183.10-a2 T 3. 

(3) 

(4) 
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Fig. 2. Distribution of mass  
flow density of 02 component 
over  radius of fiat tube: 1) X 
= 0.788-10"4; 2) 0.175-10-2; 
3) 0.35-10-2; 4) 1.0.10-2;  5) 

Besides the determination of the main charac te r i s t i c s  of the chemically 
react ive  s t r eam calculations were also made of the average  mass  t em-  
pera ture  

1 

~) = . f o ~ r ,  (5) 

the average mass  concentrat ion of the 02 component 

1 

= f Co, dr ,  "(6) 
0 

and the average over  the c ros s  section of the m a s s  source  of the O~ 
component 

1 

= S I.,dY. (7) 
0 

The parabolic type sys tem of differential equations (1) and (2) in 
part ial  der ivat ives  with the boundary conditions (3) was solved by the 
difference method on a Minsk-22 electronic  computer .  For  the d i f fer -  
ence approximation an i r regu la r  grid is introduced with the steps 

Ari ~ Y~ Yi-~; i -: 1,2 . . . . .  N, 

Ax.,=.v~+ 1 xj: ] = 0 ,  1 . . . . .  M 

1.75" 10-2; 6) 7.5" 10 "2. and partit ion with respec t  to Y according to the equation 

_ t i  ~'~ x, , -~- - -T]  ' (8) 

where by setting the size of ~ae step near  the wall at  YN = 1, ~ r  N = Y N - Y N - t  one can find the exponent 

lnll hrN) (9) 
b - -  

l n (  N - - 2  

Using the implicit  two- layer ,  six-point  difference sys tem of Crank and Nicotson the sys tem of dif-  
ferential  equations in part ial  der ivat ives  (1), (2) was reduced to a sys tem of nonlinear a lgebraic  equations 

re la t ive  to the unknown functions Cij and | at the points (Yi; xj): 

A1C = B 1 (C, O); A~O = B~ (C, 0); (10) 

where B l , B 2, C, and | a re  vec tors  (grid hmctions) ; A 1 and A 2 are  constant ma t r i ce s  (at the given j-th 

layer) of the three-diagonal  type. 

The approximation e r r o r  of the equations and boundary conditions at the wall and at the axis has the 
order  O(~xx + LxY). The sys tem (10) was solved by the difference tr ial  method with success ive  i terat ions 
at  each layer  x = xj. For  the choice of Ax and Ar sys temat ic  calculations were made for an inert  gas with 
constant proper t ies  and es t imates  were  made of the accuracy  of the solutions. Comparisons were  made 
with the resu l t s  of an analytical solution [2] for the tempera ture  prof i les  in the thermal ly  stabil ized section 
and f rom the values of the Nussel t  numbers  over the entire length of the channel studied, as well as f rom 
the thermal  balance. The values N = 51 and Zkrn = Yn-YN_I  = 0.007 were chosen in our  calculations from 

the condition of acceptable accuracy .  

In addition, the step 5x 1 = Y1 -Yo obtained from Eq. (8) was divided again at five nodes (YkXj) k = 0, 
1, 2 . . . . .  6. The initial step in x w a s  equal to Ax = 10 -5. In the interval 10 -4 -< x < 10 -'~ the step was 
increased  by an o rder  of magnitude to Ax = 10-4, and in the next interval 10 -'~ -< x _< 10 -3 it was increased 
to Ax = 10 -3. To obtain a stable and sufficiently accura te  solution this step was also kept for the case of 
x _> 10 -2. With such a choice of the step 5x  and Ar the e r r o r  in calculating the tempera ture  profi les  did 

not exceed 4%, for the Nussel t  numbers  1%, and for the heat  balance 1%. 

The distr ibutions of tempera ture  O, concentrat ion of the 02 component C 2, and m a s s  flow density of 
t he |  2 component over  the radius  of the tube are  presented in Figs.  1, 2 for  the following physical  and g e o -  

met r ica l  cha rac te r i s t i c s :  

272 



I I l l  I[ I 

�9 2 t 

ilt11  
'1 I I l l  I l lll r"-4 l 
,v'* e , ~ 8 1 5 3  e �9 6 e g  e a ~ e x 

Fig.  3. Var ia t ion  in Nusse l t  number  along length 
of f la t  tube: 1) chemica l  equi l ibr ium s t r e a m ;  2, 
3, 4) nonequi l ibr ium s t r e a m  (2: Re = 57.2;  3: 181; 
4: 572); 5) " f rozen  in" s t r e a m .  

a = hf /Cpfp = D2 = 0 .35 .10  -5 m 2 / s e c ;  p = 10 kg /m3 ;  m I = 46 k g / k m o l e ;  m 2 = 32 k g / k m o l e ;  epf = 103 
J / k g - d e g ;  Qp = 1 .135 .10  s J / k m o l e ;  1 = 0.00632 m;  Vr = 0.1 m / s e e ;  T O = 500~ C20 = 0.001; 8 T / O Y  = qwr0 
/ h f  = 595 d e g / m .  

F r o m  Figs .  1, 2 it is seen  how the growth of the t he rma l  boundary l aye r ,  and along with it the di f -  
fusional  boundary l aye r ,  occu r s  a t  the sect ion of t he rma l  s tabi l iza t ion in the reg ion  of smal l  reduced  lengths 
x < 0.03. The development  of the prof i le  of the m a s s  flow densi ty  of the O 2 component ,  caused by the con ,  
een t ra t ion  diffusion q2 = (PD2/ ro ) (OC2/0Y)  (Fig. 2), depends both on the growth of the diffusional l aye r  and 
on the kinet ics  of the chemica l  reac t ion .  

An ana lys i s  of the r e s u l t s  of the numer i ca l  calcula t ion was conducted for  the case  of  a change in the 
geome t ry  of the f lat  tube and in the s t r e a m  veloci ty  ave r aged  over  the c r o s s  section," with the ra t io  between 
the d imensional  and d imens ion less  length of the channel kept constant  (X = 0.875 x). The values  of theph:~s- 
ica l  c h a r a c t e r i s t i c s  and the t e m p e r a t u r e  gradient  ( 0 T / 0 Y ) w  at  the wall  were  not changed. 

In this case  the p rof i l es  of the d imens ion less  enthalpy H and the d imensional  enthalpy h for  all  the 
va r i an t s  w e r e  unchanged and only the ra t io  between the enthalpy components  for  t e m p e r a t u r e  and concen-  
t r a t i on  var ied :  

H = O + C - -  h - - h  o ~f ; h - - h  o = e p 1 ( T - T o ) ~  Q__2.p (C 2-C~o).  (11) 
C pf q~ o tn2 

The calcula t ion of the Nusse l t  number  was de te rmined  f rom the equation 
2 

Nu = (12) 

Dis t r ibut ions  of  Nusse l t  number s  along the length of the channel a r e  p re sen ted  in Fig. 3. The c h e m -  
ical  r eac t ion  ra t e  has  a l a rge  effect  on the va r ia t ion  in Nusse l t  number s  along the length of the channel. 
With an i nc r ea s e  o r  d e c r e a s e  in the s t r e a m  veloci ty  the values  of  the Nusse l t  number s  approach  the value 
for " f rozen in" o r  chemica l  equi l ibr ium s t r e a m s .  The chemica l  r eac t ion  r a t e  has  an analogous effect  
on the fo rmat ion  of the t e m p e r a t u r e  and concentra t ion p rof i l es  of the gas components .  

Adding the d i f ferent ia l  equations (1) and (2), we obtain 

3 (1 - - r~ )  OH O~H 
8 Ox OY ~ ' 

X = 0 ,  0 ~ Y ~ I :  H = 0 ,  

OH 
X ~ 0 ,  Y = 0 :  --0,  

OY 

(13) 

( 1 4 )  

OH 
X ~ O ,  Y =  • 1: = 1 .  

OY 

Equation (13) with the boundary conditions (14) is analogous to an energy  equation descr ib ing  the heat  ex -  
change during l a m i n a r  flow of a chemica l ly  iner t  l iquid with constant  p r o p e r t i e s  in a fiat  tube and with 
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boundary conditions of the second kind. Consequently the fields of dimensionless  enthalpy H and d imen-  
s ionless  t e m p e r a t u ~  | obtained through the solution of the appropria te  equations (1), (2), and (13) will 
coincide: 

n (X, r3 = 0 t (X, Y). (15) 

The values  of the average  mass  enthalpy and t empera tu res  also coincide: 

(X) = O~ (X). (16) 

The re f o r e ,  for  a chemical ly  reac t ive  gas the values of Nu H, which re la te  to the dif ference of dimensionless  
enthalpies:  

2 (17) Nun = Hw-- 

will coincide with the values  of Nuf. 

Consequently,  
N___Lu = n . - - n  = % - ~  08) 
Nu, O , -  ~ c~, (T~ - L 

then 

Le t  us define 
h~-- -~  

Z ~ =  r ~ - ~ '  

N___Eu c~, . 
Nu t c~1 

(19) 

Fo r  a chemical ly  equi l ibr ium gas 

m 1 y cr~dT. 
rw - -  T g 

(20) 

Fo r  a mixture  of NO 2 the maximum values  a re  

Nu -c~ ~ 3. 
Nu t '  = cp! 

Equation (19) pe rmi t s  a r a the r  d i r ec t  calculat ion of the Nusse l t  number  of a chemical  equi l ibr ium 
s t r eam.  F o r  nonequilibrium s t r eams  one must  know the dif ference in concentra t ions  between the values 
a t  the wall and in the s t r eam,  which in turn  r equ i r e s  that one find a c r i t e r i a l  equation for the calculation 

of this d t f ~ r e n c e .  

Ck = Pk/P 
Pk 

.-"-n- 

P=~Z. Pk 
.k=l . 

Qp 
Kc a 
Kc, Kp 

Ink, m 
Ik 
I 

qk 
w = 3 ( 1 - - Y 2 ) / 2  

N O T A T I O N  

is the re la t ive  concentrat ion of k- th  component;  
is the par t ia l  density of k- th  component;  

is the total densi ty;  

is the calor i f ic  effect  of reac t ion;  
is the dissociat ion ra te  constant;  
a r e  the equil ibrium constants expressed  through mola r  concentrat ions and par t ia l  p r e s -  

su res ;  
is the molecu la r  weight of k-th component and of mix ture ;  
is the mass  sink or  source  of k- th  component due to chemical  reac t ion;  
is the chemical  reac t ion  ra te ;  
is the mass  flow density of k- th  component;  
is the dimensionless  s t r eam velocity.  The remaining notation is standard.  

S u b s c r i p t s  

1 shows that the value per ta ins  to NO2; 

2 th  O 2; 
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3 toNO; 
0 to the channel entrance; 
w to the wall; 
f to a chemically inert gas. 
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