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The nature of the variat ion in tempera ture  differential  is establ ished around the p e r i m e t e r  
and along the length of tubes. Analytic formulas  are  obtained for  the local and mean heat 
t r ans fe r  coefficients during the condensation of a vapor mixture such as benzene--water  in 
horizontal  and ver t i ca l  tubes. An es t imate  is made of the effect  of nonisothermali ty.  

In the theoret ical  analysis  of the condensation of a binary vapor mixture such as benzene--water  [1-5], 
it a s sumed  that the wall t empera ture  and the tempera ture  differential through the condensate layer  are  con- 
stant both around the pe r ime te r  and along the length of a tube. It is well known [6] that the assumption 
A t  = coas t  does not lead to significant e r r o r  in the determinat ion of the mean value of the heat t ransfer  
coefficient for  f i lm condensation of a pure vapor.  

Visual observat ions  made it possible to es tabl ish [1-3, 5] that the organic component of the binary o r -  
d i n a r f l y f o r m s a f i l m o n  the condensation surface and the water fo rms  drops on this film. (A photograph of 
the condensation of a mixture of benzene--water  vapors  on a horizontal  tube with D = 0.024 m is shown in 
Fig. 1. ) This resu l t s  in a large nonuniformity of wall tempera ture  in compar i son  with f i lm condensation 
of pure vapors .  

Exper imenta l  studies of the variat ion of wall t empera tu res  around the pe r ime te r  of a horizontal  tube 
during the condensation of vapors  of water,  benzene, and var ious  vapor mixtures  such as benzene--water ,  
toluol--water ,  t r ichlore thylene--water ,  heptane--water[7],  benzene--water  [5], and turpent ine--water  [8], 
and along the length of a ver t ica l  tube for vapor  mixtures  of benzene--water  and toluol--water  [1] showed 
the periodic nature of this variation.  

F r o m  an analysis  of experimental  data [5, 7, 8], we have established that for  a horizontal  tube the 
relatior~ship tw = f(g0) is identical for  both the condensation of pure vapors  and the condensation of mixtures  
(Fig. 2) and can be descr ibed  by the simple empir ica l  formula  

Fig. 1. Condensation of b e n z e n e , w a t e r  
vapor mixture in a horizontal  tube with 
D = 0.024 m. Exper iment  No. 220 [5], 

t! 
b = 0.471; t s = 67.5~ tw = 6i.7~ 
At  = 5.8~ ~exp = 5796 W/m 2- deg. 
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Fig.  2. Var i a t ion  of tw a round  the p e r i m e t e r  of a 
ho r i zon ta l  tube. Po in t s  a r e  e x p e r i m e n t a l  data:  1) 
wa te r  [7], A-t = 10.5~ w = 0.26; 2) benzene [7], A~ 
= 32.7~ w = 0.08; 3) t o luo l - -wa te r  [7], A~ = 24.5~ 
w = 0.12; 4) t r i c h l o r e t h y l e n e - - w a t e r  [7], A~ = 19~ m 
w = 0.17; 5) h e p t a a e - - w a t e r  [7], A t  = 50.4~ w = 0.05; 
6) t u r p e n t i n e - - w a t e r  [8]; 7 ) b e n z e n e - - w a t e r  [_7], A~ 
= 15.7~ w = 0.15; 8) b e n z e n e - w a t e r  [5], At  = 5.8~ 
w = 0.37; c u r v e s  a r e  ca lcu la ted  f r o m  Eq. (1). 

tw - t w : l  Czcos% (1) 

The e x p e r i m e n t a l  data [1] which e s t a b l i s h  the na ture  of the va r i a t ion  of  t w a long the length of  a v e r t i -  
ca l  tube a r e  c o m p l e t e l y  s a t i s f a c t o r i l y  a p p r o x i m a t e d  b y t h e  po lynomia l  (Fig. 3) 

The se lec t ion  of Eqs .  (1) o r  (2) and the de t e rmina t ion  of the cons t an t s  Ci appea r ing  in t hem a r e  made  
on the bas i s  of wel l -known r u l e s  f o r  a n a l y s i s  of e x p e r i m e n t a l  data [9]. 

F o r  a ho r i zon ta l  tube, the value o f t  w ca l cu l a t ed  o v e r  the en t i r e  p e r i m e t e r  is  v e r y  c lose  to the va lues  
of  t w a t  ~0 = Ir/2 and 37r/2. The value of C~ can  be defined a s  C 1 = 0.5 ( twmax-- twmin)  o r  C 1 = twmax--t 'Wmin. 
The loca l  and mean  va lues  of  the t e m p e r a t u r e  drop between vapo r  and wall  a r e  r e l a t e d  by 

At = --At k[1--CL~-~ cos r = h-t (1-- o~ cos r (3) 

F o r  a v e r t i c a l  tube, C 2 = twmax--t-w. In a c c o r d a n c e  with Eq. (2), 

A t  = a t  I -  ~ - _ = X7 [ x  (~)]  ( 4 )  �9 

The ana ly t ic  solut ion of  the p r o b l e m  of de t e rmin ing  the loca l  and m e a n  coef f i c ien t s  of  hea t  t r a n s f e r  
f o r  condensa t ion  of  a b ina ry  mix tu re  of  v a p o r s  of i m m i s c i b l e  f lu ids  on an i s o t h e r m a l  su r f ace  i s  obta ined 
[5], a s  i s  well  known, under  a s e r i e s  of  a s s u m p t i o n s  and s impl i fy ing  a s s e r t i o n s .  

Us ing  such a t w o - f i l m  mode l  [4, 5] and solut ion technique f o r  the case  of  a n o n i s o t h e r m a l s u r f a c e ,  we 
e s t ab l i sh  the e f fec t  of  the va r i a t i on  in tw, and consequen t ly  of the v a r i a t i o n  in At ,  on the value of  the loca l  
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Fig.  3. Var i a t ion  of tw--t 'w a long  the length of  a v e r t i c a l  tube. E x p e r i m e n t a l  da ta  m 
[11]: I) b e n z e n e - - w a t e r  (b = 0.10; A t  = 18.6~ w = 0.40); II) t o luo l - -wa te r  (b = 0.28, 
A t  = 18.9~ w = 0.27); III) b e n z e n e - - w a t e r  (b = 0.524, ~ = 7.3~ w = 0.41). C u r v e s  
a r e  ca l cu l a t ed  f r o m E q .  (2): 1) C 2 = 7 . 2 ;  C a = - 2 . 9 ;  C 4 = 2 1 . 0 ;  2) C 2 = 5 . 2 ,  C a = - 8 . 4 ,  
C 4 = i i . 0 ;  3) C 2 -- 3.0, C a -- - - I i ,  C 4 = 8.4. 

Fig. 4. Values of local e At  = f(r and e~ t = f(x/H). Solid curves are for a horizontal 
tube in accordance with Eq. (7) where 1) w = 0.005; 2) 0.1; 3) 0.2; 4) 0.3; 5) 0.4; 6) 
0.5; dashed curves are for a vert ical  tube in accordance with Eq. (13) and experi-  
mental data [i], 7) w = 0.3; 8) 0.4. 

and m e a n  h e a t - t r a n s f e r  coef f ic ien ts .  We a s s u m e  the v e l o c i t y  d i s t r ibu t ion  in the condensa te  l a y e r  r e m a i n s  
as  before  [5]. 

F r o m  the equa l i ty  of the hea t  depos i ted  dur ing  condensa t ion  of  the v a p o r  mix tu re  and the hea t  r e m o v e d  
by t h e r m a l  conduc t iv i ty  th rough  the condensa te  l a y e r  to the wall ,  we obtain  a d i f fe ren t ia l  equa t ion  which 
d e s c r i b e s  the v a r i a t i o n  of condensa te  l a y e r  th i ckness  o v e r  the p e r i m e t e r  of  a n o a i s o t h e r m a l  ho r i zon t a l  tube, 

d6 BRo (1 -- m cos tp) - -  8~ cos cp 
d~o 35 a sin ~p (5) 

whe re 

B = 

po)* 
0. 2 0 [ P~ Q 

3)~dq ArM* 

Br ing ing  Eq. (5) into the Bernou i l l i  f o r m  and solving i t  by the F o u r i e r  method,  we obtain an e x p r e s -  
s ion fo r  6 and a f o r m u l a  fo r  the loca l  h e a t - t r a n s f e r  coef f ic ien t  in condensa t ion  of  a b i n a r y  mix tu re  of  v a p o r s  
of  i m m i s c i b l e  f lu ids  on a ho r i zon ta l  n o n i s o t h e r m a l  tube in the fol lowing f o r m :  

a~ )~' sin l.,'a ~p - -  sin '/a ~p (1-- r cos ~p) dqa . (6) 
N 

0 

A n a l y s i s  of the r e s u l t a n t  solut ion and that  ia  [5] m a k e s  i t  poss ib le  to e s t a b l i s h  an e x p r e s s i o n  fo r  the 
ra t io  of loca l  h e a t - t r a n s f e r  coe f f i c i en t s  in condensa t ion  on ho r i zon ta l  i s o t h e r m a l  and n o n i s o t h e r m a l  tubes :  
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m[0:snJ3 1 v 3co sin4/3 ~o (7) e~[ = _ H ; =  o = I - -  ~ 

.... r162 ms sin 1/s r (1-- co cos r dip 4 .f sinWa ~dq9 

the vapor  I t  a p p e a r s  f r o m  Eq. (7) that  the composi t ion of mixture  and the the rmophys ica l  p r o p e r t i e s  of the 
components  have no d i r ec t  effect  on the quantity eH~t �9 However,  one can suppose that  this ef fec t  shows up 
ind i rec t ly  in C 1 and w. 

The r e su l t s  of calcula t ions  based on this equation using the tables  in [10] a re  shown in Fig. 4 for  c a se s  
where the non i so the rmal i ty  p a r a m e t e r  is  0.05 -< ~0 -< 0.5. The m a x i m u m  values  of the ra t io  of the local 

for  non i so the rmal  and i s o t h e r m a l  ca se s  fal l  in the range e ~  t = 0.114-1.192. Ac-  h e a t - t r a n s f e r  coeff ic ients  
cording to publ ished data [5, 7], the p r ac t i c a l l y  probable  range of the non iso thermal i ty  p a r a m e t e r  is  
w = 0.05-0.4. This  leads  to an e r r o r  of as  much as  13.7% in the de te rmina t ion  of the local  h e a t - t r a n s f e r  
coeff ic ient  when non i so the rmal i ty  is  not considered.  The value of e ~  t -  a re  g r e a t e s t  for  the upper  por t ion  
of the tube (0 -< ~o _< 120), which p lays  a fundamental  role  in heat t r ans fe r .  I t  i s  the re fo re  n e c e s s a r y  to 
take into account  the ef fec t  of non iso thermal i ty  in the calculat ion of local  aWH if  c0 >_ 0.2. We find f r o m  
Eq. (6) that the mean  h e a t - t r a n s f e r  coeff icient  ove r  the p e r i m e t e r  of a tube fo r  a mixture  when A t  = v a t  i s  

m H ~ zN ~ ~ " 
0 o [~43B-- j'sin~IS(p(l--coCos(p) dtp]-i- 

0 

Ia such a case ,  the equation for  the de te rmina t ion  of the ra t io  of the mean  h e a t - t r a n s f e r  coeff ic ients  
in noa i so the rma l  and i s o t h e r m a l  hor izonta l  tubes takes  the f o r m  

~ sin 1 la tp&p 
e~ =0.3674 w i (9) 

, ] o sinW3<pd~p 30 sin 4Is ~o T 

4 
0 

Calculat ions based  on this equation show that 1.012 - eH ~ t  -< 1.115 when 0.05 <- w -< 0.50. Fu r the r  
more ,  ~ t  > 1.06 if w > 0.3. 

Substituting Eq. (4) in the equation of heat  balance fo r  a ve r t i c a l  tube, we obtain a f t e r  t r an s fo rma t io n s  
the following d i f ferent ia l  equat ion desc r ib ing  the var ia t ion  of condensate l aye r  th ickness  along the length of 
a tube: 

d_o - _  8 �9 (lO) 
d~  3 

After  solving Eq. 
coeff ic ients  of the mix tu re  including cons idera t ion  of the non iso thermal i ty  of the condensat ion sur face :  

(10) we have an e x p r e s s i o n  for  5 andf ina l tyequa t ions  fo r  the local  mean  h e a t - t r a n s f e r  

1 

aA t _ ~,~M T [[ (x)] dx (11) 
m v N 

0 

dx 
i x L 
,S 

0 

�9 (12) 

? 
H I H 

-ata raY = --HI j atomy dx= X~M (~)--4 t ' - N H  
0 0 

Compar i son  of Eqs.  (11) and (12) with the cor responding  e x p r e s s i o n s  which a re  obtained by solution 
of Eq. (10) fo r  ~xt = const  yields  the following e x p r e s s i o n s  fo r  the local  and mean c o r r e c t i o n s  fo r  the e f fec t  
of non iso thermal i ty  in a ve r t i c a l  tube: 

x ! } ,13, v f ( x ) ] d .  , 
0 



e V - 4H3/4 , [ [(x)]dx dx. (14) 
0 0 

According  to data in [1], va lues  of the non i so the rmal i ty  p a r a m e t e r  for  ve r t i ca l  tubes a r e  0.16 -< w -< 0.46. 
In this case ,  1.05 -< e At  -< 1.18 and 1.02 -< ~At  _< 1.06. 

V V 
The dashed cu rves  in Fig. 4 show the va r ia t ion  of the local  va lues  of e ~  t a s  a function of the var ia t ion  

of the re la t ive  dis tance x / H  f r o m  the upper  and of a tube for  the two cases  w = 0.3 and w = 0.4. Values of 
the constants  appear ing  in Eq. (4) were  de te rmined  f r o m  specif ic  exper imen ' ta l  data [1]. I r i s  c l ea r  f r o m  the 
f igure that the va r ia t ion  of t a t  for  hor izonta l  tubes is  d i f ferent  f r o m  that for  ve r t i c a l  tubes.  But one should 
note that  the m a x i m u m  values  of local  e A t  and ~ t  a re  equal  for  ident ical  va lues  of the non i so the rmal i ty  

p a r a m e t e r  while eH A t  and eV At  a r e  different .  
y 

This theore t ica l  ana lys i s  al lows one to e s t ab l i sh  that in f i r s t  approx imat ion  the e f fec t  of non i so the r -  
real i ty  on the value of the local  h e a t - t r a n s f e r  coeff icient  for  the condensat ion of a mix ture  of vapo r s  of i m -  
misc ib le  f luids is  s ignif icant  for  a non i so the rmal / ty  p a r a m e t e r  w > 0.3 in the region 0 < q~ < 21r/3 for  ho r i -  
zontal tubes and in th e region 0 < x / H  < 0.5 fo r  ve r t i c a l  tubes. This is  explained by the fac t  the th ickness  
of the condensate l aye r  is  much g r e a t e r  in the lower  por t ion  of a tube than in the upper  port ion.  

The e f fec t  of i s o t h e r m a l i t y  on the magnitude of the mean h e a t - t r a n s f e r  coeff ic ient  of a vapor  mix ture  
for  l amina r  flow of the condensate  can be cons ide red  insignif icant  as  in the case  of f i lm condensat ion of 
pure  vapo r s  [6]. 
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NOTA TION 

i s  the angle ca lcula ted  f r o m  upper  point of hor izonta l  tube; 
i s  the c u r r e n t  coordinate ;  
i s  the height of the tube; 
is  the ex te rna l  rad ius  of tube; 
a re  the local  and mean  va lues  of wall  t e m p e r a t u r e ;  
a re  the local  and mean  va lues  of t e m p e r a t u r e  drop between vapor  and wall; 
i s  the non i so the rmal i ty  p a r a m e t e r ;  
i s  the constant  de t e rmined  f r o m  pa r t i cu l a r  expe r imen ta l  conditions; 
is  the th ickness  of condensate  l ayer ;  
i s  the g rav i ty  constant;  
i s  the weight f rac t ion  of wa te r  in condensate;  
a re  the water  and organic  component  density;  
a r e  the t h e r m a l  conductivi ty of wa te r  and organic  component;  
a r e  the la tent  heat  of evapora t ion  of water  and organic  component;  
i s  the dynamic v i s cos i t y  of organic  fluid; 
a re  the local  and mean  heat  t r a n s f e r  coeff ic ients  of mixture ;  

a re  the local  and mean co r rec t ion  for  noniso thermaUty ,  
is the function for  dependence between thickness  of organic  f i lm 52 and equivalent  tMck-  

ness  of water  f i lm 61. 

S u b s c r i p t s  

w 
lllax 
min 
m 

H 
V 

denotes  the wall; 
denotes the max ima l ;  
denotes the min imal ;  
denote s the mix ture ;  
denotes  the hor izontal ;  
denotes  the ver t ica l .  
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