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VAPOR CONDENSATION ON PLATE DUI~ING 

HORIZONTAL MOTION OF COOLANT 

V. F. Stepanchuk* and V. V. Kozhushko UDC 536.24 

An analytical study is made of heat t ransfer  during vapor condensation on a ver t ica l  plate. An 
engineering method of verifying the heat t r ans fe r  calculations is also shown. 

We consider the problem of heat t r ans fe r  during condensation of sa turated vapor on a ver t ical  plate while 
a coolant moves t r ansver se ly  relat ive to the descending condensate film. The same assumptions will be made 
here  as those on which the derivation of the widely known Nussel t  equation [ 1] is based. We will also assume 
that no s t i r r ing of the coolant occurs  on the cooled side and that its t empera ture  var ies  only in the direct ion of 
its flow. The la t ter  condition is possible  only in the case of laminar  flow with a small  ver t ical  t empera tu re  
gradient or  with the s t r eam subdivided into a large  number of paral lel  channels. 

The problem will be formulated as follows: it is required to determine the magnitude of heat t ransfer ,  
the thickness of the condensate film, and the temperature  of the coolant when on one side of the ver t ical  plate 
there is vapor under p r e s s u r e  Ps (saturation tempera ture  ts) and on the other  side the plate is wetted by a 
horizontal  s t r eam of coolant moving through a channel of width z at velocity w. The physical  cha rac te r i s t i c s  of 
the coolant are  known and the tempera ture  t o of the coolant at the entrance to this heat exchanger is given. 
This formulation of the problem is i l lustrated in Fig. 1. 

The elementary quantity of heat expended on heating the coolant is 

Ot dxdydT = W Ot dxdydT.  (1) dQ = wpcpz  O--y d y  

The same quantity of heat can be determined f rom the equation of heat t r ans fe r  

dQ = K (is - -  t) d x d y d ~  ---- a + ~ (t~ - -  t) dxdyd% (2) 

where 1 )~ 
K =  - - - ;  

1 ~ ~ + - ~ -  (3) 
r ' ~  w f 

�9 6 

The pa rame te r  a cha rac te r i zes  both the thermal  impedance and the heat t r ans fe r  f rom wall to coolant. 

Finally, according to the method used for deriving the Nusselt  equation [1], the change in the rate  of 
condensate flow in the film is 

drn -- g (p' - -  p') 08a 
3v Ox 

The quantity of t r ans fe r red  heat will then be 

dQ = r g (p' - -  p") 08a 
3v Ox 

(4) 

(5)  

(6) 
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Fig. 1 Fig. 2 

Fig. 1. Der ivat ion of the s y s t e m  of different ia l  equations. 

Fig. 2. Thickness  of condensate  f i lm as flmetion of the d imens ion-  
l ess  coordinates  X and Y: 1) Y =  0; 2) 1; 3) 1.5; 4) 2; 5) 2.5; 
6) 3; 7) 3.5. 

Equating express ions  (1), (2), and (6), we obtain a s y s t e m  of two different ia l  equations descr ib ing  the heat  
t r a n s f e r  p r o c e s s  

IYJ Ot _ X ( t s - - t )  rE ( p ' -  p") 063 
O~ a q-~ = 3,~ Ox " (7) 

The boundary conditions a r e  s t ipulated on the bas i s  of the following cons idera t ions .  At x = 0 the thickness  of 
the condensate  f i lm is zero ,  namely  5(0, y) = 0, while t(0,  y) sa t i s f i es  the di f ferent ia l  equation 

w d t (  O, g) ( t , - -  t (o, y)), 
dE a 

whose solution is 

t(0, g )= t~- - ( t~ - - t0 )exp  - - ~ g  . (8) 

At y = 0 the t e m p e r a t u r e  of the coolant r e m a i n s  constant  t (x ,  0) = t o and 6(x, 0) is found f r o m  the equation 

z ( t ~ - -  t) = r g  (V - -  V') da~ (x, 0) 
a q- 6 (x, 0) 3~ dx ' 

whose in tegra l  can be e x p r e s s e d  as 

3 6~ (x, O) - -  3v~, (t~--to) 
a63 (x, O) + T rg  (9' - -  p") x. (9 )  

Upon changing in exp res s ions  (7), (8), and (9) to d imens ion less  va r i ab les  O, h, X, and Y, we a r r i v e  at the 
boundary-va lue  p r o b l e m  O0 0 Oh 3 

OY 1 + h  aX ' (10) 

at X = O  h(O, Y)=O,  0(0, Y) = exp (--  Y), (11) 

a t  Y = 0  M(X, O)-F "5~h~(X, 0 ) = X ,  0(X, 0 ) =  1, (12) 
4 

for  the d imens ion less  t e m p e r a t u r e  0(X, Y) and f i lm thickness h(X, Y).  F o r  solving the s y s t e m  of Eqs. (10) we 
e l iminate  f r o m  it  0(X, Y) so that, a f t e r  a few s imple  t r ans fo rma t ions ,  the re  r e m a i n s  the equation 

c)X ~ h3 -~ T h~ -t- h 3 = 0 

for  h(X, Y). Af te r  in tegra t ion  for  the boundary conditions (11) and (12), we have for  h(X, Y) the t r anscenden-  
tal equation 

h exp h = h0 exp he exp (--  I1/3), (13) 

where  h 0 = h(X, 0) sa t i s f i e s  condition (12). 
2 

h0 ~ +-~- -h~  = X. (14) 
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Fig. 3. Dependence of the dimensionless in- 
tegral  T (X, Y) on the condenser  length and 
height; numbers  at the points indicate values 
of X, while Y = 13X/(X + 2.5). 

The sys tem of Eqs. (13) and (14) was solved by a numerica l  method. The algebraic  equation (14) was 
analyzed by the combination method of chords and tangents, whereupon h (X, Y) was calculated by the i terat ion 
method with h 0 known. In o rde r  to ensure beforehand a convergent  i teration process ,  i t  is expedient to t r ans -  
form Eq. (13) into [2] 

h = 0.9 + 0.1 h0 exp h0 exp (-- h) exp (-- Y/3). ( 15 ) 

For  the purpose of establishing the intervals  of the dimensionless  var iables  X and Y for these calcula-  
tions, we est imated these quantities. According to these es t imates ,  the maximum values of these dimension-  
less quantities a re  related to x and y through the equalities 

Y = 10g, X = 10x. (16) 

Inasmuch as a real  condenser  is x = 0.1-3 m high and y = 0.1-0.6 m long, most  expedient for a numer ica l  
analysis  will be the intervals  of the dimensionless variables  

X = 1 --30, Y ~ 1 --60. (17) 

The resul ts  of calculations,  made with the aid of a computer ,  reveal  that a l ready at Y > 6 the thickness of the 
condensate film becomes h(X, Y) = 0 ( temperature  of the coolant close to the t empera tu re  of the condensate) .  
This important  fact  must  be taken into account in condenser  design and pe r fo rmance  calculations. The resul ts  
of calculations a re  shown graphical ly in Fig. 2. 

Now, knowing the thickness of the condensate film at each point (x, y) ,  we can calculate the quantity of 
heat t r ans f e r r ed  during condensation 

l 

Q = r g ( p , _ p "  ) r 
3~ J 5Sdg, (18)  

0 

where l is the length of the condenser,  or  in dimensionless  var iables  

L 

Q~_ W (t~ t~, ; h~dY, (19) 
ks 

0 

where 

3~s (G - -  to) . s (20)  
kx= a~rg(o ' - p ' )  , ky~--Wa ; L : k ~ l .  
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Relation (19) indicates  that, with the geome t r i ca l  and operat ing p a r a m e t e r s  of the condenser  given, calculat ion 
of the quantity of heat  r educes  to evaluation of the d imens ion less  in tegra l  

L 

T :  ~ h3dY. (21) 
0 

This in tegra l  was evaluated on a compute r  according  to the Simpson rule.  The r e su l t s  of these  calculat ions 
(graphical ly  shown in Fig. 3) indicate  that, when L is suff iciently la rge ,  T (X, L) and, thus, a lso the quantity 
of heat  r e l e a sed  during condensation becomes  a lmos t  equal to X without fu r the r  changing as L continues to in-  
c r e a s e .  In the f i r s t  approximat ion  one can p ropose  the following re la t ion  between X and Lma  x 

13X 
Lmax (22) 

X +  2 .5 '  

where  Lmax is  the value of L f r o m  which on the d i f ference  between T(X, L) and X will be s m a l l e r  than 0.1 
without r e s e rva t i on s .  This  means  that in designing a lamina te  condenser  with a p r e s c r i b e d  height X one mus t  
se lec t  i ts  length f r o m  the condition 

13X 
L <X Lma• X -[- 2,5 ' (23) 

s ince exceeding this c r i t i ca l  length Lma  x will not r e su l t  in a higher  condensate  flow ra te .  

In the case  of known geome t r i ca l  and opera t ing p a r a m e t e r s  one calcula tes  the quantity of t r a n s f e r r e d  
heat  (verifying calculat ion) in the following sequence:  1) p a r a m e t e r  a is  evaluated according to express ion  (4); 
2) one ca lcula tes  the d imens ion less  coordinate  X = kxx for  the given condenser  height x, with k x found f r o m  
express ion  (20); 3) one ca lcula tes  the d imens ion less  coordinate  Y = kyy for  the given condenser  length y (when 
this length y is not given, then the d imens ion less  length L is  se lec ted  f r o m  condition (23)), 4) one evaluates  
the d imens ion less  in tegra l  T(X, L) according  to re la t ion  (21) with the aid of the graph  in Fig. 3 for  given X 
and L; 5) one ca lcula tes  the quantity of heat  Q t r a n s f e r r e d  during condensat ion according  to re la t ion  (19). 

N O T A T I O N  

x, y, coordinates  in the d i rec t ions  of condenser  height and length respec t ive ly ;  z, channel width; w, 
ve loci ty  of the coolant; p, densi ty of the coolant; ep, specif ic  heat  at constant  p r e s s u r e ;  to, init ial  t e m p e r a t u r e ;  
t, t e m p e r a t u r e  of the coolant; 5, th ickness  of the condensate  film; ts,  sa tu ra t ion  t empera tu re ;  ~, t he rma l  con-  
duetivi ty of the condensate  film; ~, k inemat ic  v i scos i ty  of the condensate;  r ,  heat  of phase  t ransi t ion;  W = 
wpepz, wa te r  equivalent;  0 = ( t s - t ) / ( t s - t 0 )  , d imens ion less  t e m p e r a t u r e  of the coolant; h = 4/a, d imens ion less  
th ickness  of the condensate  film; Y = yX/Wa, d imens ion less  length; and X = 3vX(ts- t0) /a4rg(p ' - p ' ' ) ,  d imens ion-  
l e s s  width. 

2. 
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