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It is shown that the ra tes  of heat and mass  t rans fe r  p rocesses  in this sys tem are higher than 
in a "frozen" mixture.  

Dissociat ive gases undergoing revers ib le  chemical  react ions have a potential application as heat c a r -  
r i e r s  and as working media tn power apparatus [1]. Of considerable  interest  is the g a s - l i q u i d  cycle with 
N 2 0 ~ 2 N O 2 - ~ 2 N O  + 02 as the heat c a r r i e r .  Condensation of this substance is complicated by the fact that 
the components NO and 02 are  gases  which do not condense along the saturation line of the N2Q ~ 2 N O  2 s y s -  
tem, while the recombination reaction 2NO + 02 ~ 2 N O  2 proceeds  at a low rate.  Available test data [2, 3] 
and calculat ions based on a semiempt r tca l  model [4] show that the integral cha rac te r i s t i c s  of heat t ransfer  
(the heat t r ans fe r  coefficient, etc.)  are much more  affected by the kinetics of the chemical  react ion than is 
the condensation of pure vapor  or  of a vapor and inert  gas mixture.  In this study the problem is f i rs t  solved 
theoret ical ly .  

We cons ider  the condensation of a s ta t ionary gas on a ver t ica l  surface during a laminar  flow .of the 
condensate film. In accordance  with the conventional approach [5] and the usual assumptions concerning 
condensation [6, 7], the problem is formulated in t e rms  of a sys tem of differential  equations descr ibing 
the heat and the mass  t r ans fe r  in a gaseous boundary layer  adjacent to the condensation surface and in the 
liquid condensate film. 
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It has been established in severa l  studies [7 et al. ] that the convective t e rms  may be omitted in the 
equations for the condensate film; fur thermore ,  the sys tem N204 ~-2NO 2 may be treated as one substance 
when tt is in the liquid state, and the equation of diffusion may thus be omitted f rom the analysis .  [.n this 
way, 
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Fig. 1. Distr ibut ion of the longitudi- 
nal veloeity in a gaseous boundary 
layer  at Too = 305~ and ~6 = 0.23: 1) 
Pk0oo = 0.02; 2) 0.01; 3) 0.005; 4) 0. 
Veloci ty  u (m/sec),  y (m). 

Sys tem (1)-(2) i s  supplemented by the following boundary 
conditions : 

at y = a(x) 

u L = v  L = 0 ;  T L = T  w at y = 0 ;  

Ou L dtt 
u L = u ;  btL = b t ~ ;  

Og Og 

dx % /  -~x / ;  

(u d6 - - v )  ' 9Dk ~O:; ~ = 0; 

OTL ( dS o t OT 
~L -~y = or \u dx ] + ~ - @ '  

.T L = T; T =  T s(08o, P);  

(3) 

a t y - -  

T = T ~ ;  u(c~)=0 ;  pko(oo)=pk0.. 

In Eqs. (1)-(2) the p r o p e r t i e s  have been assumed constant  
except  for  the t e r m  g ( p - p ~ ) ,  which is approximated  by a l inear  

function of the t e m p e r a t u r e .  Calculat ions have shown that taking into account the var iab i l i ty  of p r o p e r t i e s  
will make  the exp res s ions  for  the t empe ra tu r e ,  the concentra t ion,  and the veloci ty  prof t tes  not more  ae-  
cura te  than within 1-3% when the t e m p e r a t u r e  drop in the gaseous  phase is 10~ The equation of convec-  
tive diffusion and the co r respond ing  boundary  conditions apply to any of the noncondenstng components .  

F o r  our s y s t e m  here  it is convenient  to r e f e r  these equations to oxygen, and the kinetic re la t ions  
wit1 then yield [8]: 

p3 
I~ = Km0p30 �9 (4) 

256 

The t e m p e r a t u r e  at the [n te rphase  boundary  (saturat ion t empera tu re )  as a function of the composi t ion 
and of the p r e s s u r e  has been tabulated on the bas i s  of data in [8]. 

As has been shown in [7, 9], the s y s t e m  of pa r t i a l  different ia[  equations (1)-(2) with the boundary 
conditions (3) is expediently solved by means of autonomous t r ans fo rma t ions  in the d imens ion less  coord i -  
nate 

n = ~/x 4v , �9 (5)  

For  l i q u i d 0 _ < V ~  V6, for  a g a s  0-< V<- 0% 

If the flow function ~b(x, y) is e x p r e s s e d  as 

= 4vcx 3/4 [ (*1), (6) 

where  e = 44~g/4u2 and f denotes the d imens ion less  flow function, then the or iginal  s y s t e m  of equations t r an s -  
fo rms  into a s y s t e m  of o rd ina ry  di f ferent ia l  equations.  

F o r  a gas  

F"' + 3FF" -- 2 (F') s + 13 ~ 1  (O -- 1) = 0; 

P , ~ o + 3 P , ~ o F S e + / k ' S c / ~  - 2 - 0 ; p  

O"+  3Pr FO' = 0; 

(~) 

(8)  

O) 

for a [[quid 

[ " ' +  1 = 0 ;  

0 " = 0 ,  

(i0) 

(11) 
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Fig .  2. Dis t r ibu t ion  of oxygen c o n c e n t r a t i o n s  (a) and t e m p e r a t u r e s  
(b) in a ga se ous  b o u n d a r y  l a y e r  at rl 5 = 0.23 and To~ = 305 ~ 1) Pk0m 
= 0.02; 2) 0.01; 3) 0.005. T e m p e r a t u r e  T (~ y (m). 

The boundary conditions transform into 

f ( 0 )=0 ;  f ' ( 0 ) = 0 ;  0 (0 )=0  0 for N = 0 ;  

at 7? = ~5 

F'(oo)=O; p~0(oo)=pn0=; 0 ( o o ) = i ;  

Y' (o) = R f" (n6); 
e'  (o) = f '  (']6); 

d ~  f, F (0) = Rf (~) + 4/3x T r (R - -  1); 

p ; o ( 0 l § 2 4 7  dq~dx F' (O)] = O; 

T~ - -  T w 1 e'(o)= 

3"gcF [F(O)_]_4/3x drl, F,(O)]} 1 
T= dx ~ ' 

(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

where iN = ~/p#/pL# L" 

In the equation of diffusion, after transformation, coordinate x is retained as a parameter amJ the 

conditions at the variable interphase boundary contain the derivative dNs/dx. Consequently, the so|ution 
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Fig. 3. Heightwise variation of the temperature of the 

condensation surface and of the wail temperature, at ~75 

= 0.23 and Too = 305~ i) Pk0oo -- 0.02; 2) 0.01; 3) 0.005. 
Temperature T (~ x (m). 
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F i g .  4. E f f ec t  of the c o n d e n s a t i o n  
r a t e  on the r e l a t i v e  c o n c e n t r a t i o n  of 
oxygen  at the i n t e r p h a s e  b o u n d a r y ,  

a t  Pk0oo = 0.01 and x = 0.13 m: 1) P 
= 1.6 ba r ;  2) 1.0 b a r .  

T A B L E  1. V a r i a t i o n  of Heat  and M a s s  T r a n s -  
f e r  P a r a m e t e r s  a t  V a r i o u s  C o n c e n t r a t i o n s  of 
Oxygen in the V o l u m e  

Oxygen con- Derivative 
centration in 
the volume, 0u/0y [6, 

SeC "I 

Pk0~o 

0 --81,0 
O, 005 85,5 
0,01 312 
O, 02 488 

Ratio of condensed N204 quan- 
tity per 0.5 m length to that 
calculated in accordance with 
the Nusselt theory 

with kinetics 
"frozen" mode 

0,712 
0,690 
0,585 

taken into \ 
a c c o u n t  

0,797 
0,755 
0,725 

to s y s t e m  (7)-(18) wi l l  not  be  a s i m i l a r i t y  (autonomous)  so lu t ion .  C o n s i d e r a b l e  s i m p l i f i c a t i o n s  a r e  p o s s i b l e  
b y  a s s u m i n g  that  d~6/dx  = 0 o r ,  wh ich  i s  equ iva l en t ,  tha t  

5 4 V 4 _ ~  - 06 = ~r x = const. (19) 

Thi s  cond i t i on  c o r r e s p o n d s  to a N u s s e l t  p r o f i l e  fo r  a c o n d e n s a t e  f i l m  f lowing down a v e r t i c a l  s u r f a c e .  
The  s u r f a c e  wi l l  not  be  i s o t h e r m a l  then,  h o w e v e r ,  wi th  the t e m p e r a t u r e  T w v a r y i n g  a long  c o o r d i n a t e  x. 
The  p r o b l e m  was  so lved  n u m e r i c a l l y  on a M i n s k - 2 2  c o m p u t e r  by  the fo l lowing  s c h e m e .  

1. At de f in i t e  v a l u e s  of x and ~6 one a s s u m e s  i n i t i a l l y  a p a r a b o l i c  t e m p e r a t u r e  p r o f i l e  | and T w. 
Equa t i ons  (10) and (7) a r e  so lved  as  d i f f e r e n t i a l  equa t ions  wi th  the i n i t i a l  cond i t i ons  (12) and with  an i n i -  
t i a l l y  a s s u m e d  a p p r o x i m a t e  v a l u e  f o r  f"(0) .  If, b e g i n n i n g  at  some.  k, the cond i t i on  

] F' (~n)[ < e5 IF' 0qn+l)] ~ es; k = 2, 3 . . . . .  

h o l d s  t r u e  wi th in  a s p e c i f i e d  a c c u r a c y ,  then one p a s s e s  on to the next  equat ion;  o t h e r w i s e ,  a c o r r e c t i o n  is  
m a d e  f o r  f"(0),  w h e r e u p o n  f and F a r e  r e c a l c u l a t e d .  

2. Equa t ion  (8) i s  so lved  with  the i n i t i a l  c o n d i t i o n s  (13) and (17). One a s s u m e s  a v a l u e  fo r  Ok0(0) 
and d e t e r m i n e s  Pt~0(0) f r o m  Eq. (7) so  a s  to s a t i s f y ,  wi th in  a s p e c i f i e d  a c c u r a c y ,  the cond i t ion  at  inf in i ty  

]Pko (B,,*) - -  Pho| < %; [Pho (~Im+O - -  9~o~o] -~  %, m = 2, 3, . . .  (20) 

3. Equa t ion  (9) is  so lved  wi th  the b o u n d a r y  c o n d i t i o n s  (12), (13), and (18). The so lu t ion  to Eq. (11) 
i s  

0 (~l) --  T, --- Tw (21) 

'16 

The temperature T s is calculated after the composition at the condensation surface has been deter- 
mined from tables. For the solution of (9) the wall temperature is selected so as to satisfy a condition 
like (20) at infinity and is then compared with T w specified in step 1. If the difference between the two is 
within specified accuracy limits, then one passes on to the next section; otherwise, the calculation is re- 
peated beginning with step 1 with a new assumed temperature proftle. 

The differential equations with the given initial conditions were solved by the method proposed in 
[101. 

Some  r e s u l t s  of t h e s e  c a l c u l a t i o n s  a r e  shown in F i g s .  1-4 .  The  c a l c u l a t i o n s  w e r e  m a d e  e s s e n t i a l l y  
wi th  the  p r e s s u r e  of the c o n d e n s i n g  gas  equa l  to 1.6 b a r ,  the t h e r m o p h y s i c a l  p r o p e r t i e s  a s  w e l l  as  the r e -  
c o m b i n a t i o n  c o n s t a n t  and o t h e r  n e c e s s a r y  d a t a  t aken  f r o m  [8]. 

In F i g .  1 is  shown the d i s t r i b u t i o n  of the l ong i tud ina l  v e l o c i t y  at  one s e c t i o n  (x = 0.37 m) a long the 
g a s e o u s  b o u n d a r y  l a y e r .  The  d a s h e d - d o t t e d  c u r v e  r e p r e s e n t s  c o n d e n s a t i o n  of p u r e  v a p o r ,  the d a s h e d  
c u r v e s  r e p r e s e n t  the " f r o z e n "  mode  wi thout  c h e m i c a l  r e a c t i o n s  (Jk = 0), and the s o l i d  c u r v e s  accoun t  a l so  
f o r  the k i n e t i c s  of the c h e m i c a l  r e a c t i o n .  The  p r e s e n c e  of n o n c o n d e n s i n g  c o m p o n e n t s  is  f a v o r a b l e  to f r e e  
c o n v e c t i o n  d e v e l o p i n g  in the g a s e o u s  b o u n d a r y  l a y e r  as  a r e s u l t  of n o n u n i f o r m  g a s  d e n s i t y .  The  c h e m i c a l  
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T A B L E  2. V a l u e s  of the Hea t  T r a n s f e r  C o e f f i c i e n t s  A c c o r d i n g  to 
F o r m u l a s  (22): (1) fo r  t h e " F r o z e n " M o d e ,  (2) wi th  the K i n e t i c s  of 
the  C h e m i c a l  R e a c t i o n  T a k e n  into Accoun t  

0: l c% [ 2 ]  c z~ [ l l ]  

P k 0 ~  
1 2 1 2 l 2 

0,005 
0,01 
0,02 

1,39 
1,56 
I, 75 

1,08 

�9 1 ,18  

1 ,28 

0,675 
0,55 
0,380 

O, 525 
0,415 
O, 370 

0,565 
O, 435 
0,258 

0,435 
0,328 
0,254 

reaction tends to suppress convection, which is indirectly confirmed by the curves of temperature and con- 
centration distribution in Fig. 2. 

The effect of the chemical reaction is to make the temperature profile smoother than under "frozen" 
conditions. At the same time; the saturation temperature at the interphase boundary rises and this leads 
to a higher rate of heat transfer during condensation. Thorough calculations have shown that the mass flow 
rate of condensing vapor through the interphase boundary 

P~oa \ Oy ]o 

is  a l w a y s  h i g h e r  in a 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  than when the r e a c t i o n  r a t e  is  z e r o .  Thus ,  in t e r m s  
of h e a t  and m a s s  t r a n s f e r  d u r i n g  c o n d e n s a t i o n ,  the g iven  s y s t e m  N204 ~ 2NO 2 ~ 2 N O  + O 2 r a n k s  s o m e w h e r e  
b e t w e e n  a p u r e  v a p o r  and a v a p o r - g a s  m i x t u r e .  

In T a b l e  1 a r e  l i s t e d  v a l u e s  of the r a t i o  of c o n d e n s e d  N204 q u a n t i t y  p e r  0.5 m length  to tha t  of p u r e  
v a p o r  c a l c u l a t e d  in a c c o r d a n c e  wi th  the N u s s e l t  t h e o r y ,  at  a mean  wa l l  t e m p e r a t u r e  T w = 297~ and T ~  
= 305 OK. 

In [7] and  in the c l a s s i c a l  N u s s e i t  so lu t ion  no c o n s i d e r a t i o n  w a s  g iven  to f r i c t i o n  at the i n t e r p h a s e  
b o u n d a r y ,  [. e . ,  it  was  a s s u m e d  tha t  p (Ou/Oy)t 6 = 0 .  In T a b l e  1 a r e  shown the v a l u e s  of d e r i v a t i v e  8u/3yt6 
fo r  v a r i o u s  c o n c e n t r a t i o n s  of the n o n c o n d e n s i n g  gas  (02) in the v o l u m e .  It  can  be  s een  h e r e  tha t  the  d e r i v a -  
t i ve  0u/0y[5 d i f f e r s  f r o m  z e r o  a p p r e c i a b l y .  In the f ina l  a n a l y s i s ,  t h i s  a f f ec t s  a l so  the hea t  t r a n s f e r  p a r a -  
m e t e r s .  Thus ,  at  x = 0.37 m, T = 305~ and 5 = 0 . 7 8 4 . 1 0  -4 m the l o c a l  t h e r m a l  f lux  d e n s i t y  c a l c u l a t e d  
fo r  the cond i t ion  8u/Sy[6 = 0 is  equa l  to 4338 W / m  2, w h i l e  wi th  f r i c t i o n  at  the i n t e r p h a s e  b o u n d a r y  taken in -  
to accoun t  it  is  only  4178 W / m  2. 

The  t e m p e r a t u r e  of the w a l l  and the t e m p e r a t u r e  of the  [ n t e r p h a s e  b o u n d a r y  have  b e e n  p lo t t ed  in F ig .  
3 as  func t ions  of the x - c o o r d i n a t e  at a c o n s t a n t  76- The  " k i n e t i c "  mode ,  un l ike  the " f r o z e n "  mode ,  is  
c h a r a c t e r i z e d  b y  a v a r i a b l e  t e m p e r a t u r e  at  the b o u n d a r y  of the c o n d e n s a t e  f i lm.  

The  r a t i o  of oxygen  c o n c e n t r a t i o n  at  the c o n d e n s a t i o n  s u r f a c e  to i t s  o v e r a l l  c o n c e n t r a t i o n  in the v o l -  
ume has  been  p lo t t ed  in F i g .  4 a s  a funct ion  of the  c o n d e n s a t i o n  r a t e .  

As the p a r a m e t e r  c h a r a c t e r i z i n g  the c o n d e n s a t i o n  p r o c e s s  we have  chosen  the d i m e n s i o n l e s s  q u a n -  
t i t y  76 , which  can be e x p r e s s e d  a c c u r a t e l y  enough in t e r m s  of known s i m i l a r i t y  n u m b e r s :  

~16 = (K Pr) -:/4. 

An i n c r e a s e  of the c o n d e n s a t i o n  r a t e  r a i s e s  a p p r e c i a b l y  the c o n c e n t r a t i o n  of n o n e o n d e n s i n g  gas  at the 
c o n d e n s a t i o n  s u r f a c e  and th i s ,  in tu rn ,  l o w e r s  the s a t u r a t i o n  t e m p e r a t u r e .  

It ha s  been  p r o p o s e d  by  s e v e r a l  a u t h o r s  [2, 11, e t  a l .  ] tha t  the hea t  t r a n s f e r  du r ing  c o n d e n s a t i o n  of 
a m i x t u r e  which  c o n t a i n s  n o n c o n d e n s i n g  and c h e m i c a l l y  r e a c t i n g  g a s e s  be  c a l c u l a t e d  with  the  a id  of the 
r e s p e c t i v e  h e a t  c o e f f i c i e n t s .  The  v a l u e s  of t h e s e  c o e f f i c i e n t s ,  c a l c u l a t e d  a c c o r d i n g  to the f o r m u l a s  [2, 11] 

qo qc qc 
v:l-- T~--T w'  a 2 :  T~, . - -T  w'  % =  T . - - T  w (22) 

a r e  shown in T a b l e  2. 

As can  be s een  h e r e ,  the hea t  t r a n s f e r  c o e f f i c i e n t  is  a r a t h e r  t e n t a t i v e  p a r a m e t e r ,  i n a s m u c h  as  i t s  
m a g n i t u d e  d e p e n d s  v e r y  much on the method  of i t s  d e t e r m i n a t i o n  and, f u r t h e r m o r e ,  the me thod  of i ts  d e -  
t e r m i n a t i o n  m a y  invo lve  a change  in the c h a r a c t e r  of i t s  d e p e n d e n c e  on the c o n c e n t r a t i o n  (which, a c c o r d i n g  
to [2, 11], should be  def ined  uniquely). 
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N O T A T I O N  

x , y  
U, V 

T 

Ts 
Dk 

ep 
# 

P 
Pko 
g 

Ik 

6 
r 

P 

krec  
| = T/Too 
Pr 

Sc 

K = r/(epL(T s 
O~ 

q 

are the longitudinal and t r ansve r se  coordinates  on the ver t ical  walt; 
are  the tongitudinal and t r ansve r se  velocity components; 
ts the tempera ture ;  

the saturat ion temperature;  
diffusivity of the k-th component; 
thermal  conductivity; 
specific heat; 
dynamic viscosi ty;  
density; 
relat ive mass  concentrat ion of the k-th component; 
accelerat ion of gravity; 
source  (sink) mass  intensity of the k-th component,  as a resul t  of the chemical  r eac -  

t S  

Ls the 
ts the 
ts the 
ts the 
ts the 
ts the 
ts the 
ts the 
tion; 
ts the thickness of condensate film; 
ts the heat of evaporation; 
ts the p ressure ;  
ts the rate constant  of sys tem 2NO + O2~2NO 2 recombination; 
ts the relat ive tempera ture ;  
ts the Prandtl  number;  
ts the Sehmidt number; 

-Tw)) ;  
is the heat t r ans fe r  coefficient; 
is the the rma l  flux density. 

S u b s c r i p t s  

L re fe r s  to liquid; 
w r e fe r s  to wall; 
0 r e fe r s  to condensate film; 
oo r e fe r s  to infinity. 
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