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A c r i t e r i a l  r e l a t i on  is de r ived  which c o n n e c t s  the heat  t r a n s f e r  coef f ic ien t  with the d i f fe rence  
in the c o n c e n t r a t i o n s  of  the 0 2 componen t  at the wall  and in the flow. A me thod  of de t e rmin ing  
the c o n c e n t r a t i o n  d i f fe rence  is p roposed .  A c o m p a r i s o n  with the e x p e r i m e n t a l  data shows 
that  the p r o p o s e d  method  g ives  s a t i s f a c t o r y  r e s u l t s  in a wide range  of p r e s s u r e s  and t e m p e r -  
a tu re s .  

O___ 

T h e r e f o r e  Nusse l t  n u m b e r  f o r  a c h e m i c a l l y  ine r t  gas  

A s s u m i n g  that  the tu rbu len t  heat  and m a s s  t r a n s p o r t s  a r e  s i m i l a r  and that  the " f r o z e n - i n "  Lewis  n u m -  
b e r  is equal  to  unity,  the equat ion of c o n s e r v a t i o n  of e n e r g y  f o r  a c h e m i c a l l y  ac t ive  gas  can  be wr i t ten  in 
the f o r m  of the c o r r e s p o n d i n g  equat ion fo r  an ine r t  gas  [1] and the so lu t ions  of  these  equa t ions  fo r  a p p r o p r i -  
a te  bounda ry  condi t ions  will co inc ide :  

H(x, R) = oj (x, R), 

T~ Tin H= h--hin . 
qr o/L t ' c ptqr o/ Z t 

Nu t = qcd = 2 
~,! (TIe- -  Tt0 ) 0re ~ 01o 

and fo r  a c h e m i c a l l y  ac t ive  ga s  r e f e r r e d  to the en tha lpy  d i f fe rence  at the wall  and in the flow 

qedcpt 2 
Nu (h) = Zt (he - -  ho) = Hc - -  H0' 

will  be equal  

Nu I = Nu (h). 

The r a t io  of  Nusse l t  n u m b e r s  f o r  a c h e m i c a l l y  r e a c t i n g  g a s  

N u =  qed 2 

~,f (Te - -  To ) - ---- 0e - -  00 

and fo r  a c h e m i c a l l y  iner t  g a s w i l l  be,  t ak ing  into account  (1), the fol lowing:  

T e 
N u  = Nu h e - -  h o 1 C cO 
Nu s Nu (h~ -- c, i  (T e - -  To)" = % I  (Te - -  To) .J cp~#dT = P'g Cpj, 

To 

On the o the r  hand 

TC ! TC " .. ~ n 

A T  . AT  ~ mjaii dT " 
., . T e Te 1=I-. 

(1) 
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According to computations cuf changes ve ry  insignificantly in a wide range of t empera tu res .  F o r  example,  
in the range 300-1000*K CpfChangesfrom 0.21to 0.26 kca l /kg ,  deg. The re fo re  it can be taken to be constant 
and equal to the mean value in-the t empera tu re  range T0-T c. 

Hence 

o ! ~ Qpi ac~ 
cperf = cps + ~ - -  --~ , 

i=t rnjal~ 

and for  the react ion proceeding in accordance with the scheme 

N~O 4 ~- 2NO~ ~ 2NO + O. v 

we obtain 

O Qpi . C 4 e  - -  C 4 o  Nu - -  cPdf = 1 + c1~  cic + QplI 
Nu s cvf tn 1 cp~ (T c -  To) m 4 Cpt (T c -  To) " (2) 

Equation (2) enables one to compute the heat t r ans fe r  coefficient  in the turbulent  channel flow of the mixture  
in chemical  equil ibrium (N204 * 2NO2) and nonequilibrium (2NO 2 ~ 2NO + 02). In the f i r s t  ease the follow- 
ing equation is used for  determining the re la t ive  concentrat ion of the N204 component at the wall [7]: 

_ _  m l  ~ I 3 2 c o: 

The resul ts  of an exper imental  investigation of heat t r an s f e r  in the turbulent  flow of an equil ibrium dis-  
sociating mixture  N204 -~- 2NO 2 in a c i r cu la r  tube have been analyzed for  the p r e s s u r e  range P = 10-85 atm 
and for  the values of Reynolds number  Re = 104-2 �9 l0  s. It was found that formula  (2) descr ibes  the expe r i -  
mental points with a maximum sca t te r  of 15%. As the resu l t s  showed, this formula  is applicable even in 
the p re s su re  range P = 120-150 atm. In the case of the second nonequilibrium dissociation stage 

2NO 2 ~ 2NO -{ O~ 

the formula  for  computing the concentrat ion of the 02 component is obtained in the following way. 

The equation of mass  conservat ion for  the k ' t h  component can be writ ten in the following fo rm  tinder the 
assumption that the diffusion coefficient  and the density are  constant,  and Prandt l  number  is equal to unity: 

o =  w~, Dah Ikr2o 
w o = pD~" 

Integrating Eq. (3) over  R f rom 0 to 1 and putting 8ek/SRI 1 = 0, we obtain 

R e s t  Ocho =Daho.' 
2 Ox. " (4) 

Assuming that 8ek/SX ~ ~ek0/Sx [3] and making use of (4) we obtain the following equation for  the concen-  
t ra t ion difference:  

We introduce the definition 

1 

Cke--Ch ~ .i" 
0 

R 
.i (o Daho - -  Dab) RdR 
0 

1 -~ IX_~T Sc.) R 
IX 

Chc--Cho--~2 .Io~(ckcL-ch) RdR. 
R 

Making use of (5) we can now write 

'[i cke --  cko = 2 .I ~ 
0 . 

�9 d R .  (5) 

/{  , 

f (a~ Daho - -  Dab) RdR ] 

(1 + ~ - S c ]  R 
�9 , I x / 

(6) 
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P u t t i n g  w = 1 and r e m e m b e r i n g  tha t  0.5 -< 8c -< 1 we have  

~T Sc >> I, 

We app ly  the  m e t h o d  of i n t e g r a t i o n  of  a p r o d u c t  to  Eq.  (6) tw ice .  
s o e i a t i o n  s t a g e  we have  

C 4 c - - C 4 o  

Then f o r  the  s e c o n d  n o n e q u i l i b r i u m  d i s -  

Da'~ 0 Rexp V V ln16 Rj (  c. / ~ 0 { 'R In 16 R i d R +  , 
Z To Tc .  \ C2o Y J \ Q o / .  

R 0 . . . . . . . . . . . . . . . . . . . . . . .  

0,316 4 6 Sr ~ - X ( 6 - - R ) R ,  % = a R e }  ~/32Sc, ~ = ~ [  l, 
tt 

. r e .v  " �9 
c: -- 0.39, 0 m4Jd ~ _ mr d rev. 

i4 ~ , 14 ~ I4 = m4 [Jii - -  J i i  l, 

,]d I p2 o trey KcHo PZc43 = ----2- Kr ,,~ = 4 ~ , 
m 2  / ~ c l I  /7~4 

KcHa - 10 s,gr exp ( 25800 " K,n 
�9 R T  )' K i n =  R ' T "  

In Kpii  = --0.5845 In (T,  10-4)§ 12.5862.104 1 _ t47.088.10 "~ I 
T 2 T 

+ 17:5121 0.3079.10-~T - -  1.60117.10-ST 2 - -  0.1183.10-1~T317f. 

(7) 

Le t  us  e v a l u a t e  the  i n t e g r a l s  o c c u r r i n g  in (7): 

He re  

I 

0 

I 

T c 7 dT  
o ~'oT 2 dR 

1 To 

1 ; x -- To x o = t - -  . 
c'o 1 ' -~o 

Te 

e,:,,Xdx. 
(8 )  

We sha l l  a p p r o x i m a t e  the  i n t e g r a n d  in the  fo l lowing  way: 

R In 16 R[ "~ Ax  5 - -  x. 
Y dT  

Xo T2 dR (9) 

We can  d e t e r m i n e  A,  f o r  e x a m p l e ,  f r o m  the  cond i t i on  of e q u a l i t y  of the  r i gh t  and  le f t  hand s i d e s  of  Eq.  (9) 
f o r  x = R = 1. F o r  the  i n v e s t i g a t e d  r a n g e  of p a r a m e t e r s  q = 1 .4 -5 .5"  102, Re  = 0 .2 -2"  105 A was  found to be 
a p p r o x i m a t e l y  equa l  to  1. Then i n t e g r a l  (8) b e c o m e s  

1 

.f (.0 x) eXo~dx = e~~ 
0 

w h e r e  

Next 

4 ( 5 15 30 2_ 30 e-x ,  30e-~o)  
fl---- x--~o 1 ~- ~ - -  4 Xo x~ x~ ~ xo 4 + - -  

l 1 

r / r ] 
0 0 

I l 

, \ C4o I C4o Cao \ C4o / 
0 0 
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Fig. 1. A comparison of the resul ts  of computation 
by formulas  (2), (10) with exper imental  data in the 
range of pa r ame te r s  P = 11.5-150 aim, Re = 0.3-2 
�9 105, To= 500-800~ T e = 559-900~ [1) P = 11.5-30 
aim; 2) 40-85; 3) 120-150]. The rat io C~eff/Cpf is 
plotted on the abscissa.  

1 

- - R I d R '  IR (  c4 . - - c ,  ) ' l n l 6 , R I d R .  
�9 g40 
0 

Remember ing  that /,/(1 m1")2 
m 4 K c I I a  

\ C4o / 1 -  ml C4o K~~ ' 
�9 ' m  4 

we obtain 

[ l (x0)* 3 1--  
\ .C~o 1 

Thus we get 

C4c~ ] 

1 (Da d fi ~ rev~ 
C4C--C40 ~ -  - - l . ) a 4 o  f2), 

x 

where 

f~ { x~ 3 3 e r ~ - ~ ;  f~=-f~ 4" 

Using the above method of computing the heat t r ans fe r  coefficient we analyzed the resu l t s  of expe r i -  
mental investigations c a r r i e d  out at the Nuclear  Energet ics  Institute of the Academy of Sciences of the BSSR 
[8, 9] (see Fig. 1). The sca t t e r  of the points is +20% and the root  mean square e r r o r  is 5%. The average 
values of the quantit ies were  calculated in accordanee with the recommendat ions  of [10]. 

h 
T 

q 

c k = pk/p 

NOTATION 

is the specific enthalpy, kcal/kg; 
is the t ime,  sec ;  
is the heat flux density, kca l /m  2- sec; 
is the re la t ive  par t ia l  density of the k- th  component; 
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is 
is 
is 
t s  

i s  

t s  

i s  

~s  

i s  

i s  

i s  

i s  

the density of the multieomponent mixture, kg/m3; 
the source of the k-th component of the mixture, kg/m 3" see; 
the diffusion coefficient of the multicomponent mixture, m2/sec; 
the thermal conductivity, kcal /m 2" sec; 
the absolute temperature,  7s 
the Lewis number; 
the specific heat at constant pressure ,  kcal/kg" deg; 
the velocity of the fluid, m/sec;  
the Reynolds number; 
the Peclet  number; 
the Sehmidt number; 
the c'oefficient of dynamic (turbulent) viscosity, kg/m" sec; 

is the thickness of the laminar sublayer, m; 
are the direct and reverse  reaction rates of the second stage of decomposition of N204, 
kg/m 3. sec; 
is a coefficient, deg; 
is the activation energy, kcal/kmole; 
is the universal gas constant, kcal/kmole �9 deg; 
is the universal gas constant, m 3. atm/kmole" deg; 
are  the rate constants of dissociation, l i t e r /mole ,  sec and equilibrium, mole/ l i ter ,  of 
the second stage of decomposition of N204, respectively; 
is the mass of the k-th component; 
are the heat effects of the f i rs t  and second stage of reaction, kcal/kmole. 

denotes 
denotes 
denotes 
denotes 
denotes 
denotes 
denotes 
denotes 
denotes 
denotes 

the k-th component of the mixture; 
the "frozen-in" component; 
the "effective" character is t ics;  
the wall parameters;  
the flow parameters;  
the value of the parameters  at the entrance to the channel; 
the value of the parameters  in the case of equilibrium reaction; 

N204; 
NO2; 
NO; 

denotes O2; 
denote the direct and reverse  reactions; 
denotes the f i rs t  stage of the reaction; 
denotes the second stage. 

L I T E R A T U R E  C I T E D  

1. Ya. B. Zel'dovich and D. A. Frank-Kamenetskii ,  Zh. Fiz. Khim., 12, 100 (1938). 
2. A . N .  Devoino, S. D. Kovalev, B. E. Tverkovkin, et al . ,  Izv. AN BSSR, Ser. FINN, No. 3 (1971). 
3. Yu. V. Lapin, Turbulent Boundary Layer in Supersonic Gas Flow [in Russian], Nauka, Moscow 

(1970). 
4. M . D .  Millionshchikov, Atom. ]~nerg., 28, 206 (1970). 
5. M . D .  Millionshchikov, Atom. ]~nerg., ~__, 317 (1970). 
6. S . S .  Kutatelazde, Fundamentals of the Theory of Heat Transfer  [in Russian], Nauka, Novosibirsk 

(1970). 
7. Thermodynamic Transfer  Characterist ics of Chemically Reacting Gas Systems [in Russian], Nauka i 

Tekhnika, Minsk (1971). 
8. S . D .  Kovalev, L. I. Kotykhan, B. E. Tverkovkin, e t a l . ,  Izv. AN BSSR, Set. FI~N, 4 (1971). 
9. A . N .  Devoino, N. N. Zdanovich, S. D. Kovalev et al . ,  in: Heat and Mass Transfer  [in Russian], 

Vol. II, Par t  II, Minsk (1972), pp. 358-369. 
10. V . B .  Nesterenko and B. E. Tverkovkin, Izv. AN BSSR, Set. FTN, No. 2 (1966). 

397 


