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We examine the effect of thermal  diffusion on the condensation of small  additions of heavier  
vapor  molecules f rom the gas flow st reamlining a plate. We demonstra te  that the thermal  
diffusion in this case may noticeably increase  the diffusion flow of the vapor through the 
laminar  boundary layer  to the condensation surface  (the surface of the plate). 

The condensation of a vapor  f rom a v a p o r - g a s  mixture on the surface  of a colder  body is governed 
by the diffusion of the vapor through the boundary layer .  The vapor diffusion flow gl to the condensation 
surface  can be wri t ten in the following form (with considerat ion of the Stefan flow) [1, 2]: 

gi=~PDt2  1 _ _ (  OC i ; Mt kt OT I (1) 
1--  Pt \ Og + M T Og ~" 

P 

The flow g2 of the second noncondensed component is equal to zero.  For l a rge r  relat ive vapor  p ressures  
p l /P  = MC1/M 1 the cofactor  1/(1 - p l / P )  ~ 1 and formula (1) is simplified.* The f irs t  t e r m  in the paren-  
theses in (1) determines  the concentrat ion diffusion, while the second tern~ in the paren thesesde te rmines  
the thermal  diffusion. If the vapor molecules (component 1) are  g rea te r  in mass or  in size than the mole-  
cules of the noncondensed gas, the thermal-dif fusion ratio K t is positive (at t empera tures  exceeding the 
inversion t empera tu re  for  thermal  diffusion). This means that the vapor molecules will move as a conse-  
quence of thermal  diffusion to the colder  condensation surface,  while the molecules of the noneondensed gas 
will move in the opposite direction.  The total flow of the noncondensed gas molecules (resulting f rom con-  
centrat ion diffusion, thermal  diffusion, and Stefan flow) will in this case be equal to zero .  However, the flow of the 
vapor  toward the condensation surface  as a resul t  of thermal  diffusion increases ,  and the condensation rate  is 
g rea te r .  If the vapor molecules are  smal le r  in mass or  in size than the molecules of the noncondensed gas, 
the relat ionships a re  the opposite. The thermal-dif fusion flow of the vapor is directed f rom the surface,  
and the condensation rate is reduced.  

In the following we will examine the f irst  case - vapor  molecules g rea te r  in mass (or in size) thanthe 
molecules of the noncondensed gas.  The content of the vapor in the noncondensed gas will be assumed to be 
small .  For  small  contents of the component 1, as follows f rom the relationships given in [1, 2]: 

k t . ~ A  P~.  (2) 
P 

As shown by calculation, the quantity A for t empera tu res  considerably in excess of the inversion t empera -  
ture  is a vir tual  constant number  that is a function of the proper t ies  of the components making up the mix- 
ture .  In par t icular ,  the g rea te r  the difference in the molecular  weights of the components,  the higher the 
value of A. 

For  s m a l l p l / P e x p r e s s i o n  (1) in con]unction with (2) is rewri t ten as follows: 

g~ =- -9Dt~  ( ~ g  i -t-A C-iT ogOT). (3) 

*Here we can neglect  the effect of the Stefan flow on the flow in the boundary layer .  
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Using th is  e xp re s s i on ,  let us eva lua te  the effect  of t h e r m a l  diffusion on the condensa t ion  of smal l  ad-  
di t ions of a h e a v i e r  vapo r  f r o m  the gas flow. 
plate  longi tudinal ly  s t r e a m l i n e d  by this  flow. 
the bounda ry  l a y e r  is wr i t t en  as  fo l lows:  

w h e r e  v = u(0v/Ox) 
t e rna l  flow. 

The concen t r a t i on  su r f ace  is the su r f ace  of a semibounded  
The boundary  l a y e r  is l amina r .  The diffusion equat ion fo r  

[ / oc, c, or'll 9u OC, OC, _ O 9D,z ~ ~--y + A - -  (4) 
+poav av r aria 

To this  equat ion  we have to add the equat ion of gas  mot ion in the boundary  l a y e r  (we will  a s s u m e  the flow 
ve loc i t y  to  be sma l l  in c o m p a r i s o n  with the speed of sound), the equat ion of continuity,  and the h e a t - t r a n s f e r  
equat ion  [3]. In solving this p r o b l e m i t  is convenient  to use  the Dorodn i t s in  v a r i a b l e s .  F o r  a longi tudinal ly  

Y 

s t r e a m l i n e d  plate  the Dorodn i t s in  v a r i a b l e s  ~ = x and ~ = ~ (p/p:c)dy, w h e r e  p~  is the cons tan t  dens i ty  in 
,J  
0 

the ex te rna l  flow. If we a s s u m e  that  PDi2 ~ T (i.e., D12 ,,, T 2, s ince  in the app rox ima t ion  of an ideal gas  
p ~ l /T)*  and if we a c c o m p l i s h  the t r a n s f o r m a t i o n  to the Dorodni t s in  v a r i a b l e s ,  the di f fus ion equat ion a s -  
s u m e s  the f o r m  

OC~ OCi = D,2~ i 02C~ + 0 ( C, OT ~ l ' (5) 
" +:~ on T-On/J  

+ pv; Dl2oo is the cons tan t  d i f fus ion coeff ic ient ,  r e f e r r e d  to the t e m p e r a t u r e  of the ex-  

The equat ions  of mot ion,  cont inui ty ,  and hea t  t r a n s f e r  [3] a re  subject  to analogous  t r a n s f o r m a t i o n .  
In th is  case ,  if we a s s u m e  tha t  /z ~ T and X ~ T, the equa t ions  will  include only those  va lues  of v~ = #,~/p~ 
and a ~  = X ~r that  have been  r e f e r r e d  to the  t e m p e r a t u r e  of the ex te rna l  flow (the cons tan t ) . ?  As is 
well  known, it fol lows f r o m  the equa t ions  of cont inui ty  and mot ion  that  

w h e r e  % = ( ~ / 2 ) ] U ~ / v ~ ,  while the funct ion go(~) sa t i s f i e s  the equat ion and the bounda ry  condi t ions  

q~"' -t- qN)" = O, 

q~ ----- O, ~p' = 0 when ~ = O, q/---~2 as ~--~ w. 

(~f! ~ 
The n u m e r i c a l  so lu t ions  obtained by  Blas ius  and Howarth  and o the r s  [3] yie ld  va lues  f o r  9, ~0,, and 

In t roduc ing  the v a r i a b l e s  r = CI/(C1~r - Ctw ) and 0 = T / (T~ - Tw) and cons ide r i ng  the e x p r e s s i o n s  fo r  
u and v, we t r a n s f o r m  Eq. (5) to the f o r m  

(I)" + PrD~ ~ -k A - ~ -  -~- A 0 02 (D = 0. (6) 

The bounda ry  condi t ions :  r = t w  = Clw/(Cl~o-  Clw) fo r  ~ = 0, and ~ ~ C l ~ o / ( C l ~ -  Clw ) as  ~ ~ .  

Equat ion (6) is l inear ,  with the coef f i c ien t s  P(~) = PrDcc~P + AO,/O and Q(~) = A[O"/O - 0'2/02],  and 
these  a re  funct ions  of ~ (since 0 is a l so  a funct ion of ~). F o r  the case  in which A = 0 (without t h e r m a l  d i f -  
fusion) the  equat ion a s s u m e s  the f o r m  

q)~ -~- PrD~T(I) i = 0, (7) 

where  r  = r - (CIw)/(CI~ - Ciw) = ( e l  - CIw)/(Ci~c - CIw ). Vv-hen { =.0, ~l = 0, as ~ ~ ~ ,  @I ~ 1. The solution 
to Eq. (7) is the following [3]: 

.t' [q~"lPrD~d~ 

a), (~) = ~ . (s)  
,I [q)"]PrD~d~ 

0 

*As a m a t t e r  of fac t ,  DI2 is a w e a k e r  funct ion of T (D12 ,.~ T1"5-1"8), so  that  s o m e  e r r o r  is c o m m i t t e d  he re .  
t The funct ional  r e l a t i onsh ips  a s s o c i a t i n g  t e m p e r a t u r e  with # and )t a r e  a l so  weake r .  
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The so lu t i on  fo r  the  h e a t - t r a n s f e r  equa t ion  is of a n a l o g o u s  f o r m :  

(, 
d~ 

t~ (~) = 0 (~) - -  T~ T - -  T~ _ - _  0 ( 9 )  

T~ --T~ T~ --  T~ ~ J [~"lPr~d~ 

0 

Equa t ion  (6) w a s  so lved  n u m e r i c a l l y  in con junc t ion  wi th  (9) on a P r o m i n  d ig i t a l  c o m p u t e r  with a s t a n -  
d a r d  p u n c h c a r d  p r o g r a m .  G o l ' d b e r g  and Mikha i lov  did the  c a l c u l a t i o n s .  

The  v a p o r  p r e s s u r e  at  the  c o n d e n s a t i o n  s u r f a c e  can  be  a s s u m e d  to be  equa l  to  the  s a t u r a t i o n  p r e s s u r e  
at  the s u r f a c e  t e m p e r a t u r e .  The c a l c u l a t i o n s  w e r e  p e r f o r m e d  fo r  the  c a s e  in which  the s a t u r a t i o n  p r e s s u r e  
at the  s u r f a c e  t e m p e r a t u r e  is  c o n s i d e r a b l y  l o w e r  than  the  v a p o r  p r e s s u r e  in the  flow (and th i s ,  in tu rn ,  is  
s m a l l  in c o m p a r i s o n  with  the  t o t a l  p r e s s u r e ) . *  We t h e r e f o r e  a s s u m e d  tha t  Clw = 0. Thus ,  4~ = ~1 and when 

= 0, 4~ = 0 and as  ~ ,  ~- - -1 .  The  quan t i t y  T w / T r  T w was  a s s u m e d  to be  equa l  to uni ty ,  i . e . ,  6 = d + 1. 
When ~ = 0, 0 = 1, and as  ~ ,  0 ~ 2 .  The  v a l u e s  of the  P r a n d t l  n u m b e r s  fo r  the  cond i t ions  of the  e x t e r n a l  
f low w e r e  a s s u m e d  to be  the  fo l lowing :  P r D ~  = 2.56 and P r ~  = 0.64. Th i s  c o r r e s p o n d s  a p p r o x i m a t e l y  to  
h e l i u m  with  s m a l l  a d d i t i o n s  of c e s i u m  v a p o r  (the v i s c o s i t y ,  t h e r m a l  conduc t iv i ty ,  and d e n s i t y  a r e  d e t e r -  
mined  f o r  the  h e l i u m ,  and the d i f fus ion  coe f f i c i en t  c o r r e s p o n d s  to  the  C s - H e  b i n a r y  m i x t u r e )  at  a t e m p e r a -  
t u r e  of Too = 800~ The d i f fu s ion  coe f f i c i en t  h a s  b e e n  d e t e r m i n e d  by  the  da t a  in [4]. The c a l c u l a t i o n s  w e r e  
p e r f o r m e d  f o r  the  fo l lowing  v a l u e s  of the  p a r a m e t e r  A: A = 0 (without t h e r m a l  d i f fus ion) ,  A = 0.98, 1.5, and 
2. The v a l u e  A = 0.98 c o r r e s p o n d s  to  the  t h e r m a l  d i f fus ion  of c e s i u m  in h e l i u m .  It fo l lows  f r o m  the  c a l c u -  
l a t i on  d a t a  of [5] tha t  fo r  s m a l l  c e s i u m  con ten t s  in the  c a s e  of t e m p e r a t u r e s  above  400~ 

A = kt .-~ 0,98. 
P~/P 

We used  the i n t e r p o l a t i o n a l  func t ions  in the i n t e g r a t i o n  of (6) fo r  the quan t i t i e s  ~(~) ,  cp,(~), cp,,(~), 
P (~) ,  and Q(~) .  F o r  the  l a s t  two q u a n t i t i e s  the  g r e a t e s t  i n t e r p o l a t i o n  e r r o r  is  about  ~3%. The func t ions  
(p(~), cp,(~), and q~"(~) a r e  i n t e r p o l a t e d  m o r e  e x a c t l y  (the e r r o r  does  not e x c e e d  :L1-2%). In the  i n t e g r a t i o n  

we s p e c i f i e d  the  v a l u e s  of the  d e r i v a t i v e  4~'(0) f o r  ~ = 0 unt i l  we w e r e  ab le  to s a t i s f y  the  condi t ion  ~ 1  a s  
~ oo (in p r a c t i c a l  t e r m s ,  �9 = 1 was  r e a c h e d  when ~ ~ 2). The s l igh t  d e v i a t i o n s  in the  d e r i v a t i v e  ~ ' (0)  l ed  
to  p r o n o u n c e d  d i f f e r e n c e s  in the  v a l u e s  of �9 f r o m  uni ty  when  ~ ~ 2 (and fo r  l a r g e r  v a l u e s  of ~). The  v a l u e s  
of the  d e r i v a t i v e  r  f o r  the  v a r i o u s  v a l u e s  of A a r e  thus  d e t e r m i n e d  f r o m  the  e r r o r  tha t  only  s l i g h t l y  e x -  
c e e d s  the  c a l c u l a t i o n  e r r o r  b rough t  about  by  the  i n t e r p o l a t i o n  of the  func t ions .  The r e s u l t i n g  v a l u e s  of the  

d e r i v a t i v e  ~ ' (0)  fo r  v a r i o u s  v a l u e s  of A a r e  the  fo l lowing  

A = 0 ; 0,98; 1,5; 2,0 

r  0,92; 1,1; 1,2; 1,3. 

The v a p o r  f low to the  c o n d e n s a t i o n  s u r f a c e  is  p r o p o r t i o n a l  to  the  d e r i v a t i v e  4~'(0). Consequen t ly ,  
u n d e r  the  cond i t ions  e x a m i n e d  h e r e ,  the  v a p o r  f l o w -  on r e a c h i n g  the s u r f a c e -  i n c r e a s e s  as  a c o n s e q u e n c e  
of t h e r m a l  d i f fu s ion  by  a f a c t o r  of 1.2 when A = 0.98, and by  a f a c t o r  1.3 when A = 1.5; it i n c r e a s e s  by  a 
f a c t o r  of 1.4 when A = 2. It s h o u l d b e  noted tha t  n e a r  the  s u r f a c e  the  t h e r m a l  d i f fus ion ,  in and of i t s e l f ,  is  
w e a k  (a low v a l u e  fo r  k t ~ A p J P ) .  H o w e v e r ,  the  c o n c e n t r a t i o n  ( p r e s s u r e )  g r a d i e n t  fo r  the  v a p o r  i n c r e a s e s  
b e c a u s e  of the  e f fec t  of t h e r m a l  d i f fu s ion  at  s o m e  d i s t a n c e  f r o m  the  s u r f a c e .  On the  whole ,  the  c a l c u l a t i o n s  
show tha t  t h e r m a l  d i f fus ion  can  m a r k e d l y  i n c r e a s e  the  d i f fu s ion  f low of h e a v y  v a p o r  m o l e c u l e s  t o w a r d  the 

c o n d e n s a t i o n  s u r f a c e .  

gi, g2 
P 
D12 
P, Pl 

C 1 = M l p l / M P  
M1, M 
x, y 

N O T A T I O N  

a r e  the  s p e c i f i c  d i f fus ion  f lows of the  c o m p o n e n t s  (in uni t s  of m a s s ) ;  
is  the  gas  dens i ty ;  
is  the  d i f fu s ion  c o e f f i c i e n t  fo r  the  b i n a r y  m i x t u r e ;  
a r e  the t o t a l  p r e s s u r e  and the  p a r t i a l  p r e s s u r e  of the  condensed  componen t  (of the  

vapor ) ;  
is  the  r e l a t i v e  m a s s  c o n c e n t r a t i o n  of the  vapo r ;  
a r e  the  m o l e c u l a r  w e i g h t s  of the  v a p o r  and of the  m i x t u r e ;  
a r e  the l ong i tud ina l  and t r a n s v e r s e  c o o r d i n a t e s ;  

*In  add i t ion ,  we a s s u m e  the v a p o r  p r e s s u r e  in the  flow to  be  so  s m a l l  tha t  t h e r e  is no zone of e x t r e m e  s u p e r -  
s a t u r a t e d  v a p o r  at  the  c o n d e n s a t i o n  s u r f a c e  nor  does  v o l u m e  c o n d e n s a t i o n  beg in  (fog fo rma t ion )  [6]. 
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k t 
U, V 

Too, Uoo, Tlo0 

Tw, CIw 

Poo, D12oo, 11oo, v o0 , ) t  : o  , a or 

Cp 
P r D o  o = po0/D12o0 

Pro0 = Po0/aoo 

is the thermal diffusion ratio; 

are the projections of the velocity onto the x- and y-axes; 

are the values of the temperature, the velocity, and the concentration of the 
vapor for the free stream; 

are the values of the surface temperature and the vapor concentration of the 
surface; 

are the values for the density, the diffusion coefficient, and the coefficients of 
viscosity thermal conductivity, and thermal diffusivity for the free stream; 
is the specific heat capacity of the gas; 
is the Prandt[ diffusion number (the Schmidt number), referred to the free- 
stream temperature; 
is the thermal Prandtl number, referred to the free-stream temperature. 
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