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The f i lm condensat ion  of vapor  on a hor izon ta l  tube with t r apezo ida l  fins is  ca lcu la ted  
ana ly t i ca l ly  for  the case  where  su r face  tension is p redominan t .  E x p e r i m e n t a l  r e s u l t s  
for  wate r  and Freon-113  vapors  a r e  a l so  shown. 

The a r t i c l e  dea l s  with an ana ly t ica l  and an expe r imen ta l  study of heat  t r a n s f e r  dur ing f i lm condensa -  
tion of a s t a t iona ry  vapor  on hor izonta l  tubes with c i r c u m f e r e n t i a l  t r a pe z o i da l l y  shaped fins (Fig.  la ,  b), 
under  condit ions where  the effect of su r face  tension is p redominan t .  As has  been ment ioned in [7, 8], it 
is  p o s s i b l e  with such a finning to cons ide r ab l y  enhance - as c o m p a r e d  with smooth tubes - the p r o c e s s  of 
heat  t r a n s f e r  f rom vapor  to tube wall .  

Such a finning would p robab ly  be most  effect ive on the su r face  of a hor izon ta l  tube, where  su r f ace  
tens ion wil l  cons t r i c t  the l iquid condensing on the f ins - around the en t i r e  tube c i r c u m f e r e n c e  - into the 
d r a in s  ( r e c e s s e s  between fins) .  At the same  t ime,  the fin c r e s t s  (overhangs) become c l e a r e d  of liquid and 
vapor  condensat ion wil l  occur  p r i m a r i l y  the re .  One can r e a l i z e  such a pa t t e rn  of condensate  f i lm flow by 
p r o p e r l y  designing the d imens ions  of the bas ic  fin e l ements  so that the su r face  tens ion at the c r e s t  su r f ace  
will  be g r e a t e r  than the fo rce  of g rav i ty  by at l eas t  one o r d e r  of magnitude,  i .e . ,  so that We _> 10. 

The Weber  number ,  which is the r a t io  of these  two fo rces ,  can be e x p r e s s e d  as follows: 

We = Op/Ox ~ ~ cos r (1) 
p b (1 + tg  ~)hp ' 

where  the p r e s s u r e  g rad ien t  3p/0x at a c e r t a i n  depth of fin i m m e r s i o n  A (Fig.  1) may be e x p r e s s e d  as 

b 

Op Ap - -  ~ cos ~ (2) 
U~ ~ a ~ -  ~ ( h - - a ~  ' 

1 

Fig. I. Model representing the film 
condensation of vapor on a trapezoidal 

fin, when We_> I0. 

and the rad ius  of the l iquid f i lm cu rva tu re  R T at the top of a 
t r apezo ida l  fin can be de te rmined ,  to a f i r s t  approximat ion ,  

by the formula :  

R~ :b(1 -l-tg~). (3) 

It is  evident f rom (1) that by d e c r e a s i n g  b and angle ~, with 
given phys ica l  p r o p e r t i e s  (o-, p) of the subs tance ,  one can 
a lways  at ta in  the condit ion at which We _> 10. 

While observ ing  the bas ic  r e q u i r e m e n t  We -> 10, we 
will  analyze  the motion of a condensate  f i lm along a h o r i -  
zontal  tube with c i r c u m f e r e n t i a l  fins under  the following 
assumpt ions :  

1. The thin condensate  f i lm on the overhang will  be 
t r ea t ed  as a l a m i na r  boundary layer ,  with the p r e s -  
su re  g rad ien t  along the p rof i l e  de t e rmined  by the 
p reva l en t  su r face  tension.  The effect  of g rav i ty  and 
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fo rces  on the motion of the f i lm along the la te ra l  su r face  of a fin toward the bot tom will be d i s -  
regarded .  

2. The motion of the condensate into the drain  is l amina r  and occurs  due to g rav i ty .  Vapor con- 
densat ion d i rec t ly  at the bot tom is not taken into account, because  the f i lm is v e r y  thick he re .  

3. The wall  t e m p e r a t u r e  will be assumed  constant a c r o s s  the height of the fin. 

Start ing out with the basic  assumpt ions  concerning the mechan i sm of heat  t r an s f e r  through a liquid 
f i lm, which were  introduced by Nussel t  [6] in an analysis  of vapor  condensation on smooth su r faces ,  and 
solving the different ia l  equation of condensate flow along the fin into the dra in  (Fig. lb) 

10p + 0 2 t ~  = 0 (4)  

Ox Og ~ 

with the boundary conditiGns Wy = 0 at y = 0 and 0Wy/ay  = 0 at y 6 ,  we find the mean  f i lm veloci ty  over  
the fin height 

~ = _ 69 . 0__pp = (~6 ~ cos~ (5) 
3~ Ox 3 ( h ,  A) (l + tg (p) b9 

and the thickness  of the condensate f i lm on the fin 

6 = (, 4 ~  (ts=tw)(1pro "~-COStg q9) (h -- A) b x ( ~  )1/4. (6) 

as functions of the physical  p rope r t i e s  of the condensing liquid, of the fin dimensions ,  and of the yet un- 
known liquid height.  

This  pa r t  of the analys is  has  been presen ted  m o r e  complete ly  in [3]. 

In o rde r  to calcula te  the motion of a liquid layer  A along a t rapezoida l  channel between fins under the 
action of gravi ty ,  we need some additional assumpt ions :  

1. The motion of the liquid is l amina r  with r e spec t  to the la te ra l  fin sur face  i m m e r s e d  in the l ayer  
A. The effect  of the tube wall sect ion (base a) is d i s rega rded .  

2. Within the i m m e r s i o n  zone, along t h e y - c o o r d i n a t e  f r o m  the fin wall to the groove axis the veloci ty  
dis tr ibut ion is cons idered  semiparabo l i c ;  according to Nusselt ,  for  a two-dimensional  flow of a 
liquid f i lm under the action gravi ty:  

Uy= ps in~  ( ~ d e t y _ y : l  (7) 
I* 2 ~ '  

where  

6,de t = (a ~- htg ~p). 

:l J 2// 

o 4 a if 16.~ 

Fig. 2 
0 8. r t~2 8,J Q4 m 

Fig. 3 

Fig. 2. Relat ive  height of liquid around the tube, f o r H  = 0.03 
and different  va lues  of the p a r a m e t e r  m.  

Fig .  3. Height of liquid at the boundary with the drip region 
of a tube (at ~ = 150~ for  different  values  of p a r a m e t e r s  H 
and m: 1) H = 0.30; 2) 0.20; 3) 0.07; 4) 0.05; 5) 0.03; 6) 0.02; 
7) 0.01; 8) 0.005; 8) 0.0025; 10) 0.001; 11) 0.0005. 
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On the bas i s  of these  a s s u m p t i o n s  one can  d e t e r m i n e  the ve loc i ty  of a l iquid along the r e c e s s  and the 
r e su l t i ng  r a t e  of condensa te  flow along the g roove :  

4 Gr = sm-cP sin ~ (z + m)4, (8) 
129 

where  

z = A/h; m = a/h tg % 

as funct ions  of the d i m e n s i o n l e s s  i m m e r s i o n  p a r a m e t e r  z and the angular  coord ina te  r 

The  change  in the r a t e  of flow along the g roove  

p~h 4 sin s 
dGr = [(z -~- m) 4 cos ~d~ -~- 4 (z -t- m) ~ sin ~dz] 

12~ 

p e r  e l emen t  of length R0d r is due to an efflux of the condensa te ,  of the th ickness  is g iven by Eq. (6) and 
with the ve loc i ty  g iven in Eq. (5), off the fin: 

0.94hl/2 cos1/4 q30.1 '~ ~3/4 (t s _.~1W)3/4 RO (1 - -  z) ~/2 d~. 
dG~ = pWvSRod~ = (1 + tg tp)r b , /4 ~ s/4 r3/4 

F r o m  the las t  two equat ions  we obtain a d i f fe ren t ia l  equat ion which d e s c r i b e s  the height  of liquid in 
the channel  as  a funct ion of angle ~: 

dz H (1 - -  z) I/2 z 4- in (9) 
de  (z -}- m) a sin ~ 4 tg ~p 

w h e r e  

2,8e,/4 ~3/~ ~V4R0 (t~ ~ t~) 3/4 
H ~  

sin s (p (1 + tg qo) I/4 cos !/4 r f / 4  h7/2 bl/4 r3/4 

It a p p e a r s  f r o m  Eq. (9) that the height  of liquid as  a funct ion of angle ~ is d e t e r m i n e d  by two d i m e n -  
s ion l e s s  p a r a m e t e r s  m and H. P a r a m e t e r  H r e p r e s e n t s  the phys ica l  p r o p e r t i e s  of the liquid, the mean  
t e m p e r a t u r e  excess ,  and the s u r f a c e  g e o m e t r y .  P a r a m e t e r  m c h a r a c t e r i z e s  the fin g e o m e t r y .  

By v i r tue  of s y m m e t r y  with r e s p e c t  to the ve r t i c a l  axis  of the tube in this p rob l em,  

dz 
at ~ = 0  - - = 0 .  @ 

M o r e o v e r ,  f r o m  (9) we find the equat ion of the init ial  liquid height  (z 0 + m) = 4 H ( 1 - z 0 ) l / 2  where  z 0 - z l r  =0" 

Having found the the r e a l  r oo t s  of this a lgebra ic  equation,  we obtain, a f t e r  genera l i za t ion ,  the bound- 
a r y  condi t ions  in expl ic i t  f o rm:  

at ~, = 0 Z o = 1.01H~ ~ (10) 

The d i f fe ren t ia l  equat ion (9), with the boundary  condi t ion (10), was  in teg ra ted  n u m e r i c a l l y  using the 
E u l e r  method with c e r t a i n  r e f i n e m e n t s  on the Mir  c o m p u t e r .  

The g r a p h  shown in Fig .  2 i l l u s t r a t e s  the prof i le  of liquid height  a round the tube, for  H = 0.03 and a 
s e r i e s  of m values  f r o m  0 to 0.5. 

As fol lows f r o m  s imple  phys ica l  cons ide ra t i ons ,  an i n c r e a s e  of the p a r a m e t e r  m, i .e . ,  a widening of 
the g roove  between fins will  r e su l t  in a r educed  height  of liquid. Along the f i r s t  por t ion  of the path t he re  
takes  p lace  even s o m e  reduc t ion  of the f i lm th ickness ,  which is caused  by the a c c e l e r a t i n g  component  of 
g r av i ty .  Along the lower  por t ion  of the tube, beginning at r = 150 ~ the height  of liquid i n c r e a s e s  rap id ly  
as  the liquid d e c e l e r a t e s  and s e p a r a t e s  f r o m  the tube s u r f a c e .  H y d r o d y n a m i c  s tudies  [1, 5] conce rn ing  
the flow of liquid f i lms  along hor i zon ta l  tubes have a lso  shown that the s o - c a l l e d  dr ip  r eg ion  of the tube, 
where  the liquid a c c u m u l a t e s  and s e p a r a t e s  f r o m  the s u r f a c e  in the f o r m  of s ingle  d rops ,  cons t i tu tes  a 60 ~ 
z o n e .  

In t e r m s  of the C-coord ina te ,  this zone (r = 150 ~ will  be cons ide red  the end of the reg ion  where  vapo r  
c e a s e s  to condense  on a ho r i zon ta l  tube.  
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The d i f f erent ia l  equation (9) w a s  s o l v e d  n u m e r i c a l l y  for the boundary with  the drip reg ion  of a tube, 
and the r e s u l t s  are  plot ted in the f o r m  z b = f(H, m) in F ig .  3. It can be s e e n  h e r e  that the v a l u e s  of the 
p a r a m e t e r s  which def ine  the condi t ions  of vapor  condensat ion  on the tube, m f r o m  0 to 0 .5  and H f r o m  0.5 
�9 10 -3 to 300 �9 10 -3, e n c o m p a s s  the en t i re  range of l iquid he ights  f r o m  z e r o  to unity.  

The ca l cu la ted  data shown in Fig .  3 can be put, within a *2% a c c u r a c y ,  into a g e n e r a l  equation: 

z b = 1.6H ~ (1 - -  0.35H-~ (11) 

Equation (11) or  F i g u r e  3 can be used  d i r e c t l y  for ca lcu lat ing  the heat  t r a n s f e r  during f i lm  c o n d e n s a -  
t ion of vapor  on a finned hor i zonta l  tube when We __ 10. 

We wi l l  a l s o  c o n s i d e r  now the p r o b l e m  .concerning the m e a n  (over  the fin height)  t e m p e r a t u r e  drop 
t s - t w ,  with r e f e r e n c e  to which  the b a s i c  p a r a m e t e r  of the condensat ion  p r o c e s s  H m u s t  be ca l cu la ted .  

During t e s t s  one usua l ly  m e a s u r e s  the t e m p e r a t u r e  of a tube wal l ,  which  under  bes t  c i r c u m s t a n c e s  
i s  the t e m p e r a t u r e  at the root  of a f in.  A c c o r d i n g  to the m o d e l  of the p r o c e s s  on which  this  a n a l y s i s  i s  
based,  the pr inc ipa l  condensa t ion  o c c u r s  at the l a t era l  s u r f a c e  of a fin, w h e r e  the t e m p e r a t u r e  d i f f er s  f r o m  
the t e m p e r a t u r e  at the root .  

In o r d e r  to d e t e r m i n e  the law of t e m p e r a t u r e  d i s t r ibut ion  o v e r  the height  of a fin sur face ,  one m u s t  
s o l v e  the equation of heat  conduct ion for  the fin: 

d20 = nOa/4 ~--I/4, (12) 
d~ 2 

w h e r e  

O -  
r s - -  t o ; 

x cos q~ . 
h 

1 .4p  u4 r 1/4 O rI/4 ~L 3/4 h 3/2 
n ~ z , , 

i / 4  bU4)~p ( 1 + tg cp) (2b + h sin cp) (t~ - -  to) 1~4 

It i s  a s s u m e d  h e r e  that the fin t h i c k n e s s  r e m a i n s  constant  and equal to the t h i c k n e s s  at h / 2 ,  and that 
no t e m p e r a t u r e  drop o c c u r s  a c r o s s  the fin t h i c k n e s s .  The h e a t - t r a n s f e r  coe f f i c i en t  along the fin i s  d e t e r -  
m i n e d  f r o m  Eq.  (6), which  d e s c r i b e s  how the f i l m  t h i c k n e s s  v a r i e s  a long the u n i m m e r s e d  port ion  of a f in 
a c c o r d i n g  to the condi t ion  that 

a = )46.  

If the so lut ion  to the equation of heat  conduct ion (12) 

0 = [i - -  0.07n a/4 (1 - -  g)~ 19, 

obtained in [2] for the boundary condi t ions  
dO when. ~ = 0  - - = 0 ;  and when ~ =  1 0 = 1, 
d~ 

i s  in tegrated  with r e s p e c t  to ~ f r o m  0 to 1, then we  wi l l  find the d e s i r e d  m e a n - i n t e g r a l  va lue  of the tern-  
p e r a t u r e  drop along a fin as ,  a p p r o x i m a t e l y ,  

(13) 

TABLE I. 

N u m b e r  

G e o m e t r i c a l  C h a r a c t e r i s t i c s  of Finned T u b e s  

Material  

Brass 
Brass 
Brass 
C o p p e r  

Tube radius 

at the f in  

roots R o, 

m m  

9 

9 

9 

8.5 

Fin h e i g h t  

h, mlTl 

0.92 

0.92 

1.32 

2.05 

One  h a l f  o f  

f in  separa- 
tion2 a ml]3 

(at the base) 

0.07 

0.07 

0.07 

0.I0 

H a l f  o f  

thickness at 
t op  o f  f in  b, 

m m  

0 .07  

0 . 0 7  

0 .07  

0.32 

' f in t a p e r ,  
~0 deg 

16 

28.5 

11.5 

16.5 

Parameter, 
Yll 

0.27 

0.14 

0.27 

0.17 

We number 

for Freon- 
for water 

118 

70 14 

60 12 

5O 9 

7 1 .5  
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111 
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0 - C 
@ 
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i ! J  

I 
2 10 -J ~ 4 tO -~ H 

F i g .  4. T e s t  d a t a  fo r  w a t e r  and F r e o n - l l 3 ,  g e n -  
e r a l i z e d  into the  r e l a t i o n  z b = f(H, m) (b lank s y m -  
bo l s  f o r  w a t e r ,  b l a c k  s y m b o l s  fo r  F r e o n - 1 1 3 ) :  a) 
tube No. 1, b) tube No. 2; c) tube No. 3; d) tube 

No. 4,  

() = 0.38 @ 0.62 n+l - -  0.012n, (14) 

or ,  c o n v e r t i n g  to d i m e n s i o n a l  quan t i t i e s ,  

t~ ~tu7 (0.38 ~ 0.62 n~' 1 _ 0.012n) ([~-- to). (15) 

F i n a l l y ,  we w r i t e  down the m e a n  h e a t - t r a n s -  
f e r  coe f f i c i en t  fo r  a f inned h o r i z o n t a l  tube,  th i s  
coe f f i c i en t  be ing  the b a s i c  c h a r a c t e r i s t i c  of the 
v a p o r  f i lm  c o n d e n s a t i o n  p r o c e s s :  

- G~r 
r . . . .  , (16) 

Fs (ts - -  to) 

w h e r e  the r a t e  of c o n d e n s a t e  f low Gr a long  ha l f  a 
g r o o v e  is  d e t e r m i n e d  by Eq .  (8) t ak ing  into account  
tha t  s i n e  = 0.5 at r = 150 ~ and w h e r e  the  w o r k i n g  
s u r f a c e  a r e a  F S in the c o n d e n s a t i o n  p r o c e s s  can  be 
d e t e r m i n e d  a s  fo l l ows :  

In o r d e r  to v e r i f y  the a n a l y t i c a l  c a l c u l a t i o n s ,  an e x p e r i m e n t a l  a p p a r a t u s  was  bu i l t  and s p e c i m e n s  of 
f inned tubes  w e r e  p r e p a r e d  fo r  the p u r p o s e  of h e a t - t r a n s f e r  m e a s u r e m e n t s  d u r i n g  f i l m  c o n d e n s a t i o n  of w a t e r  
and F r e o n - 1 1 3  v a p o r s  on t h e s e  t u b e s .  

The  d e s i g n  of the  a p p a r a t u s  and the e x p e r i m e n t a l  p r o c e d u r e  have  been  d e s c r i b e d  in d e t a i l  in [4]. 

The  e s s e n t i a l  g e o m e t r i c a l  d i m e n s i o n s  of four  f inned tubes  u sed  fo r  t h e s e  t e s t s  a r e  g iven  in T a b l e  1. 
The  f i r s t  t h r e e  tube s p e c i m e n s  with f in he igh t s  0.92 and 1.32 m m  w e r e  p r e p a r e d  s p e c i a l l y  fo r  th is  e x p e r i -  
m e n t .  The  fou r th  tube with a fin he igh t  h = 2.05 m m  i s  a s t a n d a r d  i t e m  p r o d u c e d  in  f a c t o r i e s  fo r  r e f r i g e r a -  
t o r  c o n d e n s e r s .  I t s  d i m e n s i o n s  do not  p r e c i s e l y  m a t c h  the r e q u i r e m e n t s  of our  p r o c e s s  m o d e l  with We = 10, 
i n a s m u c h  as  in th i s  c a s e  We = 7 with w a t e r  and We = 1.5 with F r e o n - 1 1 3 .  

The  t e s t s  w e r e  p e r f o r m e d  at  a v a p o r  p r e s s u r e  of 1.1 arm a b s .  and with  t e m p e r a t u r e  d r o p s  ( r e f e r r e d  to 
the t e m p e r a t u r e  of the  tube wall)  in the r a n g e  f r o m  2 to 20~ 

We wi l l  b r i e f l y  note  that ,  in t e r m s  of the m e a n  h e a t - t r a n s f e r  coe f f i c i en t ,  the  da t a  for  w a t e r  and fo r  
F r e o n - 1 1 3  on tube No. 4 ( s t anda rd )  a g r e e  with the  r e s u l t s  ob ta ined  in [4] fo r  s m o o t h  tubes  ( i .e . ,  no e n h a n c e -  
men t  of the c o n d e n s a t i o n  p r o c e s s  was  o b s e r v e d ) .  The  f i r s t  t h r e e  tubes  have  1 .5 -2 .0  t i m e s  h i g h e r  h e a t -  
t r a n s f e r  c o e f f i c i e n t s  than a s m o o t h  tube .  A c c o r d i n g  to the t e s t  d a t a  on w a t e r  and F r e o n - 1 1 3  v a p o r  con-  
densa t i on ,  the h e a t - t r a n s f e r  c o e f f i c i e n t s  of t h e s e  s u b s t a n c e s  - by v i r t u e  of t h e i r  d i f f e r e n t  p h y s i c a l  p r o p e r -  
t i e s  ( e s p e c i a l l y  the hea t  of e v a p o r a t i o n )  - d i f f e r  by a f a c t o r  of 10-15 .  

The  e x p e r i m e n t a l  da t a  w e r e  e v a l u a t e d  a c c o r d i n g  to the a n a l y t i c a l l y  d e r i v e d  r e l a t i o n  z b = f(H, m) .  The  
r e s u l t s  of th is  s tudy  a r e  shown in F i g .  4, the t e s t  po in t s  fo r  each  tube s p e c i m e n  with w a t e r  and with  F r e o n -  
113 p l o t t e d  on the s a m e  c u r v e .  S ince  the  g e o m e t r i c a l  p a r a m e t e r  m has  the s a m e  v a l u e  0.27 fo r  tubes  No. 1 
and No. 3, t h e i r  r e s p e c t i v e  t e s t  da t a  o v e r l a p .  

The  t h r e e  c u r v e s  on the d i a g r a m  c o r r e s p o n d  to the t h e o r e t i c a l  r e l a t i o n  (17) p lo t t ed  h e r e  f o r  t h r e e  
v a l u e s  of p a r a m e t e r  m: 0.14, 0.17, and 0.27 c h a r a c t e r i z i n g  the g e o m e t r y  of the four  t e s t e d  tube s p e c i m e n s .  
I t  fo l lows  f r o m  th i s  d i a g r a m  that  t e s t e d  and c a l c u l a t e d  v a l u e s  a g r e e  wi th in  *5%. 
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NOTATION 

is the density of condensing liquid; 
is the dynamic viscosity; 
is the coefficient of surface tension; 
is the thermal conductivity of liquid; 
is the thermal conductivity of fin wall; 
is the heat of evaporation of liquid; 
is the vapor saturation temperature; 
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is  the t e m p e r a t u r e  of fin wall; 
~s the t e m p e r a t u r e  of fin root;  
xs the mean  (over the fin height) t e m p e r a t u r e  excess ;  
is the fin height;  
is the one half the fin separa t ion  (at the base);  
~s the one half  the fin thickness  at the top; 
is the angle of fin t aper ;  
is the tube radius  at the fin roots ;  
is the curva ture  radius  of the liquid f i lm on top of fin; 
a re  the condensate  f i lm thickness ,  on the fin and in the channel, r espec t ive ly ;  
is the vapor  p r e s s u r e  on the liquid f i lm; 
is the coordinate  along the fin surface ,  where  condensate flows f rom top to base;  
is  the coordinate  normal  to the la tera l  sur face  of a fin; 
is the veloci ty of condensate flowing f r o m  overhang to drain;  
is the velocity of liquid f i lm flowing along the channel between fins;  
is the azimuthal  angle, m e a s u r e d  f rom top point of a hor izonta l  tube; 
a re  the flow r a t e s  along coordinates  x and r r e spec t ive ly ;  
is the h e a t - t r a n s f e r  coe f f i c i en t .  
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