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The results of an experimental study of heat transfer are presented for 
the dmpwise condensation of vapor on vertical tubes over wide inter- 
vals of variation in tube length and specific heat load. It is demon- 
strated that the condensate runs off in jets on long tubes. 

There  are  ex t remely  few exper imenta l  data on heat  
t r ans fe r  for the dropwise condensat ion of water  vapor 
on the long ver t ica l  tubes genera l ly  used in indust ry  
(4 m and longer).  We know that Kirsehbaum [1] tested 
a 1 . 5 - m e t e r  hea t -exchanger  tube and found a heat -  
t r ans fe r  coefficient on the order  of 20-35 kW/m 2o deg, 
i~ e . ,  one s m a l l e r  by a factor of 2 -5  than obtained by 
other r e s e a r c h e r s  [2-6]  on ins ta l la t ions  with l imited 
surface  height (less than 0 . 6  m). F i tzpa t r ick  and his 
co-workers  [7] found s im i l a r  r e su l t s  with ver t ica l  
tubes 1 . 8  and 3 m long. Thus, in dropwise condensa-  
tion, the hea t - t r an s f e r  coefficients for a tube 3 m in 
length are  sma l l e r  by a factor of approximately three 
than for a tube 1 . 8  m in length. We assume [6, 8, 9] 
that the comparat ively  low values for the h e a t - t r a n s f e r  
coefficient measured  on long tubes a re  a r e su l t  of the 
merging  of the dripping condensate drops into a con-  
tinuous f i lm and a changeover to a f i lm-condensa t ion  
r eg ime  in the lower sect ions of the ver t ica l  hea t -ex-  
changer surface.  However, no special  invest igat ion of 
this p rob lem has yet been under taken- - f rom the p r a c -  
t ical  standpoint,  a most  important  next step. 

This pa r t i cu la r  study was under taken  for the con-  
densat ion of vapor on the outside sur face  of a ver t ica l  
tube. The exper imenta l  condenser  consis ted of a 
" tube - in -a - tube"  heat  exchanger made up of a wa te r -  
cooled copper tube with an outside d iamete r  of 40 mm, 
4 . 6 3  m in length, within a casing.  The vapor was led 
into the condenser  through three  connecting tubes un i -  
formly located along the height of the apparatus.  The 
length of the heating surface  was al tered (between 0 . 5  
and 4 . 6 3  m) by shift ing the locat ion of the point at 
which the condensate  run  off f rom the tube, and this 
was done by means of a movable cup attached to the 
tube. To ensu re  dropwise condensation,  the surface  of 
the tube was covered with a thin ( 0 . 2 - 0 . 3  pm) hydro-  
phobic polyethylhydrosi loxane f i lm [10]. 

Hydrodynamic and thermal  s tabi l iza t ion of the cool- 
ing water  flowing into the hea t -exchanger  tube was 
provided for in these tes ts .  

The flow ra te  for the condensate  was measured  by 
means of a volume meter .  The quantity of t ransmi t ted  
heat was calculated on the bas i s  of the condensate-f low 
rate .  The water - f low ra te  through the hea t -exchanger  
tube was measured  by means of a membrane .  The 
t empera tu re  of the vapor and the water was measured  
with a me rcu ry  the rmomete r  ca l ibra ted  for 0 . 1  deg. 

The specific heat loads were regulated by varying the 
t empera tu re  of the heated water,  i . e . ,  by a l te r ing  the 
ove r -a l l  t empera tu re  head. 

The coefficient for the t r ans fe r  of heat  f rom the 
condensing vapor was de te rmined  f rom the fami l i a r  
formula  

[ I  d o d,, 1 d o l - t  a --- In . (1) 
k 2~ d i a w d i J 

The total he a t - t r a n s f e r  coefficient k was de termined 
on the bas i s  of exper imenta l  data:  the coefficient a w 
for the t r ans fe r  of heat to the water  was calculated 
f rom the following equation [11]: 

Nu = 0.14 RePr l /~  - . (2) 

In R e l / ~  + 2 In 1 -t- 5Pr +2.4 Prr (Pr) 
760 1 -t- 0.2 Pr 

The exper iments  were ca r r i ed  out under  conditions 
in which the vapor was condensed at a tmospher ic  p r e s -  
sure  and at heat  loads between 40 and 300 kW/m 2 . The 
maximum velocity for the vapor in the condenser  sec-  
tion did not exceed 1 m/ see ,  i . e . ,  it was not great .  
The velocity of water  motion through the hea t -exchanger  
tube was kept constant  in all of the tests  and amounted 
to 25-26 m/see .  The need for high-speed water  was 
methodically dictated by the following cons idera t ions .  
F i r s t  of all, i t  provided for g rea te r  sens i t iv i ty  on the 
par t  of the over -a l l  h e a t - t r a n s f e r  coefficient to changes 
in the intensi ty  of the heat  t r ans fe r  on vapor condensa-  
tion (the coefficient  for the t r ans f e r  of heat to the water  
ranged f rom 85 to 105 kW/m 2. deg, i . e . ,  i t  was of the 
same order  as in the case of dropwise condensation).  
Secondly, the use  of high-speed water in the tube en-  
sured  v i r tua l ly  i so thermal  vapor -condensa t ion  condi-  
t ions over the height of the surface  (the water in the 
tube was heated 0 . 2 - 1 . 5  deg). 

The test  r e su l t s  a re  shown in Fig. 1. We see 
from the curves  that for heat loads on the o rder  of 
40-180 kW/m2--charac te r i s t i c  for indus t r ia l  heat-  
exchanger equipment-- the he a t - t r a n s f e r  coefficient 
drops with inc reas ing  heat load and with inc reas ing  
tube length. With low heat loads (40-60 kW/m 2) the 
effect of the length of the hea t -exchanger  tube  on 
the in tens i ty  of the heat t r ans fe r  is pa r t i cu la r ly  
pronounced.  Thus, with an inc rease  in the tube 
length f rom 0 . 5  to 4 . 6 3  m there  is a corresponding 
drop in the he a t - t r a n s f e r  coefficient f rom 150 to 65 
kW/m 2" deg (q = 60 kW/m 2). An inc rease  in the heat  
load leads to a level ing of the effect exerted by the 
length of the hea t -exchanger  tubes on the in tens i ty  of 
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Fig. 1. H e a t - t r a n s f e r  coeff ic ient  c~ (kW/m 2 ; deg) v e r s u s  specif ic  heat 
load q (kW/m 2) for the following tube lengths,  1) 0.5, 2) 1.5, 3) 2.5, 
4) 3.5, 5) 4.63 (1 -5  show dropwise  condensat ion) ,  6) 4.63 (fi lm conden-  

sat ion.  

Fig. 2. Dropwise condensa t ion  in va r ious  reg ions  of the ve r t i ca l  tube (I, q = 60 kW/m2; 
II, 250) with the following d i s t ances  of the reg ion  from the upper  end of the tube: a, d) 0.2 m; 

b ,e )  2 . 5  m; c , f )  4 . 5  m. 
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the hea t  t r a n s f e r ,  and for  hea t  loads  on the o r d e r  of 
150-200 k W / m  2 the h e a t - t r a n s f e r  coeff ic ients  in the 
c a s e  of d ropwise  vapor  condensa t ion  become v i r tua l ly  
ident ica l  for  both long and s h o r t  tubes (about 50 
k W / m  z * deg). 

To expla in  the r e su l t i ng  r e l a t ionsh ips ,  le t  us  e x a m -  
ine the hydrodynamic  r e g i m e s  of condensa te  runoff.  
The v i sua l ly  obse rvab l e  pa t t e rn  of d ropwise  condensa -  
tion at va r ious  sec t ions  of the v e r t i c a l  tube is  shown 
in Fig.  2 (for hea t  loads  of 60 and 250 k W / m  2. deg, 
r e spec t ive ly ) ,  and h e r e  we can note two b a s i c a l l y  d i s -  
t inct  r e g i m e s  of condensa te  runoff:  the "dropwise"  
r e g i m e  (a, b, d) and the "jet"  r e g i m e  (e, e, f). The 
"dropwise"  r e g i m e  of condensa te  runoff is  b r i e f ly  d e -  
s c r i b e d  as fo l lows:  The condensat ion su r f ace  is  coated 
with drops  i nc r ea s ing  in s ize  (Fig.  2a) and these,  on 
reach ing  a c r i t i c a l  d imens ion  (2 -4  mm), bead up, p i c k -  
ing up the s m a l l e r  d rops  on the i r  way, and i n c r e a s i n g  
in s ize .  As the volume of the beading drop  i n c r e a s e s  
they g radua l ly  a s s u m e  the fo rm of a je t  and the r e g i m e  
of the en t i r e  condensa te  runoff  motion then becomes  
exc lus ive ly  " j e t - l i ke"  in nature .  

In the d ropwise  condensat ion c h a r a c t e r i z e d  by j e t -  
condensa te  runoff,  the d rops  on the su r f ace  a r e  unable  
to grow to c r i t i c a l  s ize ,  s ince  they a r e  r emoved  by the 
jet .  The na ture  of the je t  motion over  the h e a t - e x -  
changer  su r f ace  is  de t e rmined  by the amount of  conden-  
sa t e  runoff,  i . e . ,  by the hea t  load and the tube length. 
F o r  sma l l  quant i t ies  of condensa te  runoff ,  the motion 
of the je t  is  v i r t ua l ly  r e c t i l i n e a r  (Fig.  2c); in the ca se  
of l a rge  quant i t ies  the jet  meande r s  chao t ica l ly  (Fig.  
2f). In the l a s t  case ,  the j e t s - - e o v e r i n g t h e  g r e a t e r  
por t ion  of the s u r f a c e - - a r e  cons ide rab ly  m o r e  effect ive 
in r emoving  the condensa te  drop  f rom the su r f ace  (com-  
p a r e  Fig.  2e and f). In evaluat ing the effect of the run -  
off je t  on hea t  t r a n s f e r  in the ca se  of d r o p w i s e - v a p o r  
condensat ion  we should bea r  in mind at l e a s t  two com-  
pet ing consequences .  On the one hand, the j e t s  of the con-  
densa te  cover ing  a por t ion  of the su r face  i m p a i r  the t r a n s -  
fe r  of heat; on the o ther  hand, however ,  they r e m o v e  the 
condensa te  d rops  f rom the h e a t - t r a n s f e r  su r face  and 
p romote  an i n c r e a s e  in the in tens i ty  of the heat  t r a n s -  
fe r .  The r e l a t ionsh ip  between the c i ted  p r o c e s s e s  a p -  
p a r e n t l y  defined the na ture  of h e a t - t r a n s f e r  in tens i ty  
a s  a function of the quant i ty  of condensate  runoff.  

Thus,  with d ropwise  condensat ion on a v e r t i c a l  s u r -  
face,  the l a t t e r  can be divided into two zones:  an upper  
zone with a d ropwise  mode of condensa te  motion, and 
a lower  zone, with a je t  condensa te  motion. With in-  
c r e a s i n g  heat  load the upper  zone is  r educed  and the 
lower  zone i s  en la rged  ( compare  Fig. 2b and d, as wel l  
as Fig.  2c and e). The e s t ab l i shed  hydrodynamic  pa t -  
t e rn  of condensa te  runoff  makes  i t  pos s ib l e  to p rov ide  
the following explanat ion  for  the r e s u l t s  that  were  d e -  
r ived  (Fig.  1): With i nc r ea s ing  hea t  load the re  is  an 
i n c r e a s e  in the f r ac t ion  of the su r face  covered  by je t  
condensa te  motion, thus r e su l t ing  in a co r r e spond ing  
reduc t ion  in the h e a t - t r a n s f e r  coeff ic ient .  On reach ing  
spec i f ic  va lues  for  the hea t  load (150-200 k W / m  2) the 
zone of the ci ted r e g i m e  becomes  dec i s ive  both for  
long and sho r t  tubes ,  thus leading to the co r r e spond ing  
equal iza t ion  of the h e a t - t r a n s f e r  coeff ic ients .  

The weak re l a t ionsh ip  between the in tens i ty  of heat  
t r a n s f e r  and the hea t  load for  a long tube ind ica tes  that 
the e a r l i e r - c i t e d  compet ing  consequences :  1) the c o v e r -  
ing of the su r f a c e  by the runoff  jet  and 2) the c leans ing  
of the d rops  f rom the su r f ace  by the j e t s - - a r e  in app rox -  
imate  ba lance .  The s l ight  r i s e  in the h e a t - t r a n s f e r  co -  
ef f ic ients  noted in the expe r imen t s  for  the condensa -  
t ion of vapor  on long tubes in the ca se  of heat  loads  in 
exces s  of 200 k W / m  2 a re  apparen t ly  a lso  governed by a 
change in the c i ted  r e l a t ionsh ip .  With an in tense  j e t -  
condensa te  motion (Fig.  2c) the effect  of r emov ing  the 
condensa te  d rops  f rom the su r f ace  evident ly  begins  to 
p r edomina t e  over  the effect  of su r f a c e  cove rage  by the 
runoff  jet .  

In conclusion,  i t  is  a p p r o p r i a t e  to note that the in-  
t ens i ty  of hea t  t r a n s f e r  in the c a s e  of vapor  condensa -  
tion under  condi t ions  of j e t - condensa t e  runoff  (Fig.  1, 
curve  5) r e m a i n s  cons ide rab ly  h igher ,  as  before ,  than 
under  the condi t ions of a t u rbu l en t - f i lm  condensa te  
(Fig.  1, cu rve  6). 

NOTATION 

c~ i s  the h e a t - t r a n s f e r  coeff ic ient  in l iquid condensa -  
t ion of vapor ;  k is  the total  h e a t - t r a n s f e r  coeff ic ient ;  
~w is the coeff ic ient  of h e a t - t r a n s f e r  to the moving 
water ;  ~ is  the t h e r m a l  conduct ivi ty;  do and d i a r e  the 
outs ide  and ins ide  d i a m e t e r s  of the heat ing tube; Nu, 
Re, and P r  a r e t h e N u s s e l t ,  Reynolds ,  and P rand t l  num- 
b e r s ;  ~ is  the hydrau l ic  r e s i s t a n c e  fac tor ;  q i s  the 
spec i f ic  heat  load. 
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