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A genera l  approach to the p rocess ing  and cor re la t ion  of exper imental  data, as exemplified 
by the condensation of a chemical ly  react ing gas and an iner t  v a p o r - a i r  mixture,  is p ro -  
posed. 

The condensation of a chemical ly  reac t ing  gas,  in which chemical  react ions  occur  between the con- 
densed and uncondensed components,  is one of the most complex and, at the same t ime, most important  
p rac t ica l  thermophys ica l  p roblems.  A theore t ica l  analysis  of this p rob lem entails the solution of an ad-  
joint sys tem of differential  equations of heat and mass t r ans f e r  in liquid and gas phases and equations of 
chemical  kinet ics .  Such a solution for the chemical ly react ing gas sys t em N204 -~- 2NO 2 ~- 2NO + 02 was 
obtained in [1]. 

The resul t s  of calculations of the distr ibutions of t empera tu re s ,  velocit ies,  concentrat ions,  and 
other pa r ame te r s  during the condensation of a chemically react ing gas ,  given in [1], i l lustrate the mech-  
an ism of the p rocess  to some extent, but it is not at all obvious how these resu l t s  can be used in p rac t i ce .  
F i rs t ly ,  the c lass ica l  problem of condensation on a ver t ical  sur face  was considered,  whereas in r ea l  su r -  
face condensers  condensation usually occurs  on horizontal  tubes.  Secondly, in pract ical  calculat ions of 
rea l  condensers  it is obviously essent ia l  to take into account the resu l t s  of experimental  investigations of 
the condensation of a chemical ly reac t ing  gas in conditions which more  or less simulate the p roces s  in 
rea l  appara tuses .  

These investigations were conducted in the Institute of High Tempera tu r e s ,  Academy of Sciences of 
the USSI~ [2], and the Institute of Nuclear Power,  Academy of Sciences of the Be loruss ian  SSR [3], but the 
only at tempt to p roces s  these experimental  data that has so far  been published [2] is based on the use of 
the concept of the hea t - t r ans fe r  coefficient,  which for the considered complex case of heat and mass  
t r ans f e r  with physical  and chemical  changes,  as was shown in [1], is a very  a rb i t r a ry  and simplified 
quantity. 

Mikhalevich [4] developed a genera l  approach to corre la t ion  of the resu l t s  of numerical  calculations 
of the condensation of pure vapor,  v a p o r - g a s  mixtures ,  and a chemical ly  react ing gas on a ver t ica l  su r -  
face, based on the method of "fract ional"  analysis  of the differential  equations and boundary conditions 
[5]. In the present  work this method is used to p rocess  and cor re la te  exper imental  data for the conden- 
sat ion of gas mixtures on horizontal  tubes.  

For  the most genera l  case of condensation of a chemically react ing gas the sys t em of differential  
equations of heat and mass  t r ans f e r  in the adiacent gas boundary layer  has the fo rm 

aw~ o 
(rw~) = o, (1) 

as Or 
r 
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It  is convenient to wr i te  Eq. 
(sink) Ik  has the f o r m  

or OT [ o b OT ) ] 
~ '  ~ 7  + :~-bT-~ : a -LT~ a~ ) ]  ' (3) 

OPk~ " w~ Oph~ D V o {r opko ~] lh 

(4) for  the component  0 2 . In this  case  the e x p r e s s i o n  for  the m a s s  source  

4K rec p~p3 ~ 
J'~ = -  M-~- h" (5) 

For  the indicated s y s t e m  the liquid phase  can  be r e g a r d e d  as  a single subs tance  and, thus,  the diffusion 
equation can be excluded f rom the ana lys i s .  The boundary conditions for the two adjoint s y s t e m s  of dif-  
fe ren t ia l  equations in the gas  and liquid phases  of type (1)- (4) for  the case  of condensat ion on a hor izontal  
tube have the following fo rm:  

on the tube su r face  (r = 5'),  

on the phase  in te r face  (r = 0), 

w: = =;. = o, (6) 

T' = To; (7) 

w, = w:, (8) 

, aw~ aw~ 
T - -  I~ ar  ' (9) 

, (o: ,~ ~ 
d~ 

_ s  0T = _ s  0T +Ahp{w dS' ) 

p~oP w. ~ ") = PDk T' 

(1o) 

(11) 

(12) 

beyond the l imi t s  of the gas  boundary l aye r  (at infinity: r - -  ~o), 

w= = 0, 

T = T |  

Pk0 = Ph0| 

(13) 

(14) 

(15) 

To p rob l em  (1)-(15) we apply the method of f rac t iona l  ana lys i s ,  for  which the following two main  r e -  
qu i rements  must  be sa t i s f ied:  All the equations and boundary conditions mus t  be  homogeneous as  r e g a rd s  
units of m e a s u r e m e n t ;  a l l  the d imens ion less  va r i ab l e s  which may be introduced in p rob l em (1)- (15) must  
l ie in the in te rva l  [0, 1] in the cons idered  region.  

It is  e a sy  to  es tab l i sh  that  the f i r s t  of these  r e q u i r e m e n t s  is au tomat ica l ly  sa t i s f ied  in the se lec ted  
s y s t e m  of coordinates  a s soc ia t ed  with the su r f ace  of the liquid f i lm.  To  fulfill the second r equ i r emen t  
we introduce new d imens ion less  v a r i a b l e s :  

~, T'--To. R" r .~,= w, . f~ w, . 
T , - - T  o 8" W, W, 

T - - T  r 
~ho - p ~ o - p ~ o .  ; f - -  - r - "  : ~ ,  = " 

Pk0Max-- Pk0| Ts | 6~ ' 

r r 

Substituting the new v a r i a b l e s  (16) in Eqs .  
p lexes  which have the following fo rm:  

(16) 

(1)-(15), we obtain as  coeff icients  d imens ion less  c o m -  
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Fig. 1. Cor re la t ion  of experimental  data of [2] for 
condensation of a chemical ly react ing gas on a hor izon-  
tal tube:  1) P = 2 - 3 ;  2) P <  2; 3) P = 3 - 4 ;  4) P = 4 - 5 ;  
5) P = 6-8 aim. 

in equations for the liquid phase of type (1)- (3), 

W ~ n d b  . gf'adb ( p ; -  P) 
, 

in equations for  the gas phase (1)-(4), 

W~nd b , fie 
/ ...... " Sc- ; 

w~6 ~h 

�9 v'zdb a n d b  . (17) 
' ; w; ' 

in boundary conditions (6)- (15), 

g 6 b ( 9 -  P=) arCdb. 

Dh . Ik6g . (18) 

6gW~ ' PPho| ' 

p' . Ix' . ~.' ( T , - -  To) . D h 
a'w;o'ah ( 1 9 )  

Using the es t imat ion procedure  devised in [4], we can use the above complexes to construct  a dimension-  
less equation represen t ing  the exper imental  m a s s - t r a n s f e r  data for condensat ion of complex v a p o r - g a s  
mix tures :  

t n l  ~1, ~ P.rn,Sn,Te.n,^n, n^n, 

Equation (20) has a c lear  physical  meaning. The various t e rms  on the r ight side charac te r ize  the 
effect of individual factors  on mass  t r ans f e r  in the gas phase:  Gr -- natural  convection, Sc -- the t r ans -  
por t  p roper t ies  of the gas mixture,  Pk0~ -- the concentrat ion of uncondensed gas ,  K x --  the kinetics of 
the chemical  react ion,  Re T --  the removed  heat flux, and # ' / #  - -  the f r ic t ion on the phase in terface .  The 
Nusselt diffusion number is determined through the m a s s - t r a n s f e r  coefficient for the uncondensed compo- 
nent of the gas mixture .  If we define 

pD~VPkol b (21) 
~h - -  P~ob-- P~o~ ' 

then from the impermeability condition we obtain an equation for the mass flux in a form slightly different 
from the usual one: 

] = (22) 
Ph0b 

Although the d i rec t  proport ional i ty  between the quantities j and ~k is not so obvious in Eq. (22), a more  
thorough analysis  shows that the m a s s - t r a n s f e r  coefficient defined in this way c o r r e c t l y  re f lec ts  the quan- 
t i tat ive aspect  of mass  t r ans fe r  during condensation. For  instance,  an inc rease  in the m a s s - t r a n s f e r  co- 
efficient of the uncondensed component always leads to an increase  in mass  flux a c r o s s  the phase interface 
and vice ve r sa .  We should add that although ilk, by definition, cha rac t e r i ze s  only the diffusion t ranspor t  
of the uncondensed component, the quantity j in the equation is the total  flux of uncondensed substance (dif- 
fusion and convective).  

Such an approach great ly  simplif ies  the analysis  of mass  t r ans fe r  during condensation of mul t icom- 
portent gas mixtures  with chemical  react ions .  For  instance,  in the case  of condensation of the sy s t em 
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Cor re l a t ion  of expe r imen ta l  data of [7] for  
condensat ion of s t e a m - a i r  mix tu re  on a hor izonta l  
tube .  

N204 ~- 2N02 ~ 2NO + O 2 diff icult ies  a r e  encountered in de te rmina t ion  of the to ta l  diffusion flux of con- 
densed N202 and NO 2 molecules  on the phase  in te r face .  The r e l a t ion  between the concentra t ion gradients  
of these  components  is ve ry  complex  and the f luxes,  e x p r e s s e d  in the Fick form,  a r e  usual ly opposite in 
d i rec t ion.  

Using the d imens ion less  equation (20) we p r o c e s s e d  the expe r imen ta l  data of Kovalev et al .  [2] for  
condensat ion of the h e a t - t r a n s f e r  med ium N204 of nonequi l ibr ium composi t ion  on a hor izonta l  tube in the 
p r e s e n c e  of the uncondensed, but mutual ly  reac t ing ,  components  NO and 02 [2]. T r e a t m e n t  of these  ex-  
p e r i m e n t a l  data by the method proposed  in the p re sen t  work  gave the following d imens ion less  equation, 
which c o r r e l a t e s  the exper imen ta l  r e s u l t s  with a r o o t - m e a n - s q u a r e  e r r o r  of 8%. 

NUD~ '~ 8 ~ ,O-SA-o.25s~O,:'st, o.2neO.S  ̂-o.41 (20a) 

F igure  1 shows the complex  A = NUD~/Ar~176176 "2 • ~--0.41 ,40~ (# ' /p )  as  a function of the " the rmal"  

Reynolds number .  As Fig. 1 r e v e a l s ,  the g r e a t e s t  values  of NUDx a r e  obtained at high p r e s s u r e s ,  which 

is  pe r fec t ly  consis tent  with cu r ren t  ideas on the m e c h a n i s m  of the chemica l  r eac t ion  in an N202 s y s t e m  
[61. 

In Eq. (20a) the index of the  power  of P40~ not only t akes  into account  the effect  of the amount  of un- 
condensed gases ,  but a lso ,  in impl ic i t  fo rm,  the o rder  of the chemica l  r ecombina t ion  reac t ion .  A m o r e  
gene ra l  exp re s s ion  for  the case  of a r eac t ion  of any o rder  is obtained by introduct ion into the complex K x 
of the  intensi ty  of a m a s s  sou rce  (sink) of the k - th  component ,  

~ =  ~, ~o~ (23) 
po, 

In pa r t i cu l a r ,  for  the cons idered  s y s t e m  the index of the power  of P40~ in the genera l  equation will 
va ry  f r o m  --0.41 to --1.0,  and the constant  will be d e c r e a s e d  by a fac tor  of 1.32. 

A pape r  dealing with the p roces s ing  of expe r imen ta l  data for the condensat ion of N204 of nonequi l ib '  
r i u m  compos i t ion  on a hor izonta l  tube, obtained in the Inst i tute  of Nuclear  Power ,  Academy of Sciences 
of the B e l o r u s s i a n  SSR, has  r ecen t ly  been  published. The data were  p r o c e s s e d  by using Eq. (20a), except  
that in calcula t ion of the complex  Re T the superhea t ing  was taken  into account,  and the s implex  ~ ' / g  was 
omit ted in v iew of the insignif icant  change of this  p a r a m e t e r .  Inclusion of superheat ing  led to a change in 
the index of the power  of P40~- Otherwise ,  the r e su l t s  of [8] ag ree  sa t i s fac to r i ly  with the data p resen ted  
in  Fig.  1. 

Equation (20) can a l so  be  used  to c o r r e l a t e  the expe r imen ta l  data  for  the condensat ion of nonreact ing 
v a p o r - g a s  m i x t u r e s .  In this  case  K x is  omit ted f rom the se t  of d imens ion less  n a m b e r s .  

I sachenko and Bogorodski i  inves t iga ted  exper imenta l ly  f i lm and dropwise  condensat ion of wa te r  vapor  
f r o m  a s t e a m - -  a i r  mix tu re  on a hor izonta l  tube [7]. The authors  c a r r i e d  out two s e r i e s  of expe r imen t s .  
In the f i r s t  s e r i e s  of expe r imen t s  the authors  failed to  s ecu re  a s y m m e t r i c  feed of v a p o r - g a s  mix ture ,  
which preven ted  a cons idera t ion  of natural  convect ion in pure  fo rm.  In fact ,  in p roces s ing  the expe r imen-  
ta l  r e su l t s  the authors  found that the introduct ion of Gr  (or the numer ica l ly  equal At)  into the d imens ion-  
l ess  equation did not r educe  but,  on the con t r a ry ,  i nc rea sed  the sp read  of the points r e l a t ive  to the c o r r e -  
lat ing line. 
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Tr e a tme n t  of these  resu l t s  by using Eq. (20) a lso showed that introduct ion of Ar or Gr made the 
co r r e l a t ion  less accura te ,  but the introduct ion of the s implex  # ' / #  (Fig. 2) reduced  the spread  of the ex- 
pe r imen ta l  points.  The exper imenta l  data were  co r re l a t ed  with a r o o t - m e a n - s q u a r e  e r r o r  of 5.3% by the 
equation 

= 0,06iRe,' p20,'in ( ~ - )  �9 (20b) Nu D 0 5 - 0  36 

In conclusion, we express  our thanks to B. S. Petukhov, S. A. Kovalev, A. S. Komendantov, V. P. 
Isachenko, and A. S. Bogorodskii  for  kindly providing the exper imenta l  data.  

N O T A T I O N  

r ,  s, eurv i l inear  coordinates ;  Wr, Ws, veloci ty  components;  g, gravi tat ional  acce le ra t ion ;  v, 
k inemat ic  viscosi ty;  T, t empera tu re ;  a,  t h e rm a l  diffusivity; Pk0, re la t ive  density of k-th component in 
mixture;  Ik, sink (source) of mass  of k- th  component due to chemica l  reac t ion;  To, tubewall  t em pe ra tu r e ;  
Ts ,  t e m p e r a t u r e  on v a p o r - l i q u i d  boundary;  ~, dynamic viscosi ty;  ~, t he rma l  conductivity; h, enthalpy; 
5 T,  6d, 6h, th icknesses  of the rmal ,  diffusion, and hydrodynamic boundary layers ,  respect ive ly ;  d b = 
d o + 25'; do, outer d iamete r  of tube; Wr,  Ws, maximum values of veloci ty  components;  q, heat flux den- 
sity; Krec,  recombina t ion  constant of r eac t ion  02 + 2NO ~- 2NO2; Dk, diffusion coefficient  of k- th  compo-  
nent in mixture;  M, molecular  weight; ilk, m a s s - t r a n s f e r  coeff icient .  Dimensionless  numbers :  

Re'r'="AhP,' : NuD = D--7; Se = D--~; Gr-- v 2 

Kreoo'~ 1~g 
Kx--  m2Ol ~ . Kx= pD k 

1 .  

2. 
3. 

4 1  

5. 
6. 

7e  

8. 
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