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Abstract--This work presents an approximate theoretical solution of the direct-contact condensation 
problem. The analysis is based on a simplified energy equation, in which both velocity and temperature 
gradients in the direction of the liquid flow are taken from the average energy balance. The theoretical 
results obtained were compared with experimental results from other authors. Satisfactory agreement was 

obtained. 

1. INTRODUCTION 

Film condensation phenomena have been studied by 
many investigators, beginning with Nusselt [1], who 
investigated the laminar film flow condensation under 
certain specified assumptions. Later on this model was 
modified by adding the contribution of the sensible 
heat term to a heat transfer coefficient. Rohsenow [2] 
has included the effect of cross flow on heat transfer 
(convection in flow direction) within the film. 
However, direct-contact condensation, where steam 
flow is being condensed onto a thick layer of cold 
liquid, with negligible heat transfer to the solid bound- 
ary, has hardly been studied. The condensation heat 
transfer in direct-contact mode may be encoun- 
tered in a variety of industrial applications, such as 
reflux condenser and tubular contractor. In recent 
years, the modelling of direct-contact condensation 
heat transfer has been of major importance in con- 
nection with the analysis of nuclear reactor safety 
systems [3-5]. In the case of loss of coolant in a 
pressurized water reactor, the emergency cooling 
water is injected into the pressure vessel to prevent 
overheating. When the subcooled water is brought 
into contact with the escaping steam, then direct- 
contact condensation occurs. 

The complexity of the thermo-hydrodynamic coup- 
ling of the liquid and vapour phases has resulted in a 
large number of correlations, including some empiri- 
cal ones and theoretical works. 

The main objective of the present work is to estab- 
lish a simplified, approximated theoretical solution 
for direct-contact condensation. This was done by 
developing a model based on the mass, momentum 
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and energy conservation equations, in addition to the 
overall heat balance equation. The solution resulted 
in a more detailed description of flow behaviour, and 
heat and mass transfer. 

2. ANALYTICAL APPROACH 

Consider steady, laminar flow of a liquid layer on 
an adiabatic solid surface, with inlet mass flow rate 
mo and subcooled inlet temperature To. Steam with 
saturation temperature Ts flows concurrently with the 
liquid layer and condenses on the liquid free surface 
(Fig. 1). Both the gravity and the shear stress are the 
means of driving the liquid layer. Any instabilities or 
waves which may be present due to steam upflow 
are neglected. Using these assumptions, the simplified 
heat balance for a control volume, therefore, is 

r h c p d T f  = hfg d r / ' / =  q b d x  = h , , b ( T s - T f ) d x  (1)  
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Fig.  1. D i r e c t - c o n t a c t  c o n d e n s a t i o n  mode l .  
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A area [m 21 
b width of the liquid film [m] 
cp specific heat at constant  pressure 

[J kg-JK -l] 
G gravity parameter, g62o/vuo 
g acceleration due to gravity [m s -2] 
h heat transfer coefficient [W m -2 K '] 
hrg latent heat of evaporation [J kg-~] 
k thermal conductivity [W m l K -j]  
M function defined by equation (35b) 
rh mass flow rate [kg s -I] 
Nu average Nusselt number,  hao/k 
Pe Peclet number,  Uo6o/~ 
q heat flux [W m - q  
S subcooling number,  cr,(T~- TO/hrg 
T temperature, shear stress parameter, 

Z~ao/pVuo 
u velocity in direction of flow [m s ~] 
x coordinate in direction of flow [m] 

NOMENCLATURE 

y coordinate normal to the flow [m]. 

Greek symbols 
c~ thermal diffusivity [m 2 s-1] 
6 liquid layer thickness [m] 
# dynamic viscosity [kg m -~ s -I] 
v kinematic viscosity [m 2 s '] 
p density [kg m -3] 
z shear stress [kg m-~ s 2]. 

Subscripts 
f average over cross-section of flow 
o at the inlet 
s saturated 
x local. 

Superscripts 
+ nondimensional  
- average over the axial length. 

Other terms in the heat balance equation were neglec- 
ted, since 

hfg >> cp( T~- TO. 

Before proceeding further, it is convenient to bring 
this equation into dimensionless form. With 

X 
X ÷ ~ - -  

ao 

y+ = Y  
6o 

mo 

Ts- Tf 
Ts-To 

equation (2) becomes 

dT~ 1 dm + 

dx + Sm + dx + 

where 

S = cp(Ts-- To) (4b) 
&g 

Equation (4a) cannot  be integrated without evalu- 
ation of the rn ; therefore, from the momentum and 
continuity equations the velocity distribution may be 
obtained and can be written in the following form : 

u 1 g62 +2 fzs,5o g62o6+'\ 
U + --Uo-- 2~Uo y +lkpvuo + vuo )Y + ( 5 )  

o r  

where 

and 

H+ 1 +2  = - T G y  +(T+G6+)y  + (6a) 

T = Zs6o (6b) 
p V U o  

(3a) g62 
G = - - .  (6c) 

V//o 

(3b) The average velocity over the cross-section of the flow 
at any distance from the inlet is given by 

(3c) u~- = ~G6 +2 + ½T6 + (7) 

and the dimensionless mass flow rate is 
(3d) 

m+ =  aa+ +½ra +. (8) 

Therefore substitution of equation (8) and 

(4a) drn+ d6+ 
dx + = (Ga +2 + Ta +) dx + (9) 

into equation (4a) results in 

dT~- 1 G6 +2 + T6 + d6 + 
dx + - S~G6+3+½T6+2 dx + . (10) 

Integrating equation (10), subjected to the boundary 
conditions 

T/~ = 1 at 6 + = 1 (11) 

gives 

1, I  G+½r I 
T+ S ~G6 + ~ T6 ] 1. - - I n  1 + 3  1 + 2  + (12) 
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It thus appears that Tf + is undetermined from equa- 
tion (12), since there is no other relation to determine 
the 8 4-. The following approach proposed to estimate 
6 + is considered to be the main point characterizing 
this work. This was done through estimation of a new 
solution for T~- using a specific form of the energy 
equation instead of the heat balance equation used 
previously. The appropriate energy equation has the 
following form : 

~2T Ur dTf 
0y2 ~ dx" (13) 

It should be noticed here that the right-hand side 
of the above equation is a function o fx  only. Such an 
assumption may lead to error; however, this becomes 
ineffective for a thin liquid layer or well mixed flow. 

Introducing the dimensionless variables into equa- 
tion (13), it becomes 

~92 T + dTi- 
Oy+2 = Peu+ dx + 

where 

(14a) 

T+ = T~--T (14b) 
T~-To 

u~- =--uf (14c) 
no  

Uo¢~o (14d) 
0~ 

and 

Pe = - -  

with boundary conditions 

0T ÷ 
- - - = 0  at y+ = 0  (15a) 
c3y ÷ 

T + = 0  at y+ = 6  + . (15b) 

Substitution of  u~- and dT~-/dx ÷ from equations (7) 
and (10), respectively, into equation (14a) gives 

02T + Pe 8+ d6 + (16) 
0y+ 2 - ~- (G + T) dx-~-. 

Integrating equation (16) and fulfilling the boundary 
conditions (15a), (15b) yields 

4-2 da+ T+ =21-sPe(Ga+ + T)(a+Z-y )~x+. (17) 

In order to find the temperature T~ defined by equa- 
tion (3d), the definition of the bulk temperature may 
be used : 

~+ u + T + dy + 

T~- = (18) 

l u + dy + 

Substitution of equations (6a), (17) into equation (18) 
and integrating results in 

1 l ~ r ~ +  5 4-  1 TtS+ 1 Pe  - - g 6 - - -  - - ~ - -  d6 + 
r~  = ~ ~-(G8 + + T )  I + 3 1  + ~  ' (19) 

~G6 +~T8 dx + 

Comparison of equation (12) with equation (19) 
enables us to find the value of df+/dx +, which may 
be written in the form 

l ln !G ± 6 ~ 8  +2 
d8 + ,3 2 
- -  = - ( 2 0 )  

11 +5 1 + 4  " dx + 1 Pe + ~G8 +aT6 
2 s-(G8 +1) I +3 1 +: ~G6 +-~ T8 

Determination of liquid layer thickness 
The thickness of the liquid layer can be estimated 

for the following cases. 
Case 1. T = 0, the liquid layer is driven by gravi- 

tational force only ; equation (20) is reduced to 

11 Pe'G ~+3 dS+ 
dx + = - -  - -  (21) 

1 40 S - 3 " ~ 1 n 8 + + 1  

Since the expected value of 8 + is almost 1, then it is 
possible to write 

In8 + = 6 + -  1. (22) 

After introducing equation (22) into equation (21) 
and some rearrangement, it is possible to integrate 
equation (21) analytically and eventually get 

40 x + 1 + 3  1 ( 1 ) 
ll P e ' G -  ~(t~ - 1 ) - ~ S  3 " ~ + 1  (8+2-1) 

y  ,(ly 
-2-~ ~+1 (8--1)- s 3-~+1 

--3" 8+ 1 +1 . x In ~ -  + 3" ~ (23) 

The above equation can be used to calculate the thick- 
ness 6 + for any value o fx  ÷. 

Case 2. G = 0, the liquid layer is driven by shear 
stress only; equation (20) is reduced to 

1 Pe" T 8 +2 d3 + 
dx + _ (24) 

4 S - 2 " 1 1 n 8 + + 1  

Using the approximation given by equation (22) in 
equation (24), after rearrangement it is possible to 
integrate the equation analytically to obtain eventu- 
ally 

x+ (8+2_1)_S(2 .1+1) (6+ 1) 16 pe" T 

1 2 ( 1  )2 8+ 1 1 
- ~ S  2 - ~ + 1  In - 2 " ~ - + 2 - ~ +  . (25) 

From this equation the value of 6 + could be calculated 
for any x +. 
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Case 3. T ~ O, G # O, both gravity force and shear 
stress are acting; the value of 6+ could be calculated 
numerically using equation (20). 

Heat transJer coefficient 
The local heat transfer coefficient may be obtained 

from heat balance (1) : 

hx - hfg dm (26) 
b( T~ - TO d x  

The average heat transfer coefficient may be esti- 
mated, based on the heat balance, to get 

h - b x ( T s -  Tf) din. (27) 

Using equations (26) and (27), both hx and h for 
b = 1 m can be estimated for the following cases. 

Case 1. T = 0, the liquid layer is driven by gravity 
force only. Substitution of equations (9) and (12) for 
T = 0 in equation (26) gives 

40 k 
h , -  11 6 '  (28) 

The average heat transfer coefficient is evaluated 
through obtaining an expression for (Ts -  Tf) by inte- 
grating equation (12) and averaging it. The length in 
flow direction with respect to the final result may be 
written in the form 

( T , -  To) - 60 • (6 +4 -- 1). (29) 

Then substituting equations (9) and (29) into equation 
(27) and integrating it gives the final result in Nusselt 
number form, as 

- -  1 6 0 ( 6 + 3 - 1 ~  
Nu = 33 \6  + 4 - 1 ] "  (30) 

Case 2. G = 0, the liquid layer is driven by shear 
stress only. Substitution of equations (9) and (12) for 
G = 0 in equation (26) gives 

k 
hx = 4  7 . (31) 

In a manner similar to that of case 1, the average 
Nusselt was obtained first through finding (T~-Tf), 
which is given by 

Ts - -T f  1 e e . r  
T ~ - T o  - 12 S . x  + ( 6 + 4 - - 1 ) "  (32) 

Then the average Nusselt number is given by 

- -  ( 6 + : -  1~  
Nu = 6 \ ~ j .  (33) 

Case 3. G # O, T # O, both gravity force and shear 
stress are acting. Similarly, the local heat transfer 
coefficient could be estimated to get 

1 + I 
k / ~ G 5  + T T \  

hx = 4 ~ / ~ +  +~_T ) (34) 

and the average heat transfer coefficient in the form 
of average Nusselt number is obtained : 

_ _  2 [ ~ G ( 6  +3 - 1)½ T ( 6  + :  - 1)1 
Nu - (35a) 

M 

where 

11 6+4. 1" 
M = ~ O a  ( - ) +  1~0 T ( 5 + 3 -  1) 

3 T 2 9 T 3 
+ ~ G  - ( 6 + 2 - 1 ) - - - 1 6 0  6 2 ( 6 + - 1 )  

27 T 4 126 + + 3 T  
+ 

G Sln 2 G ~ T -  " (35b) 

3. RESULTS AND DISCUSSION 

The values of gravity and shear stress parameters 
(G and T) are needed in order to perform calculations. 
Those parameters are interrelated through equation 
(8), and for the inlet conditions this equation becomes 

1 i ] = ~G+TT.  (36) 

Calculations of the liquid layer thickness and the aver- 
age Nusselt number were carried out for a number of 
selected values of the gravity and shear stress par- 
ameters which were determined from equation (36). 
For  a better understanding of the influence of the 
related parameters on the condensation process, the 
results are plotted against the axial position, as shown 
in Figs. 2-7. The graph of dimensionless thickness 6 + 
against the axial distance is shown in Figs. 2M. The 
observed increase in 6 ÷ with increment of  x ÷ is due 
to the continuous condensation at the liquid-vapour 
interface. Figure 2 is drawn for various values of Peclet 
number, while the other control parameters (G, T and 
S) are kept constant. The effect of variation of Peclet 
number on 5 + shows a significant decrement in 6 ÷ 
with increment of Peclet number. This is due to the 
more rapid growth of initial thickness than the local 
thickness of the liquid layer. The influence of changes 

G-2 
([ + S=. 167 Pe =2000 Pe- I000 

1.04 

1.02 Pe-88OD 

1.00 i 

0 I000 2000 9000 X + 4000 5000 

Fig. 2. Dimensionless thickness vs the axial distance for 
different values of Peclet number. 
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Fig. 3. Dimensionless thickness vs the axial distance for 
different values of subcooling number. 
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Fig. 4. Dimensionless thickness vs the axial distance for 
different values of gravity parameter. 
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Fig. 5. Average Nusselt number vs the axial distance for 
different values of Peclet number. 
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Fig. 6. Average Nttsselt number vs the axial distance for 
different 'values of subcooling number. 

in the subcooling number S on the liquid layer thick- 
ness is illustrated in Fig. 3. This figure indicates that 
the decrease in S is accompanied by a decrease in 6 ÷. 
This is due to the corresponding decrease in the heat 
transfered through the free liquid surface. Other par- 
ameters which may have an effect on 6 ÷ are related to 
the means of  driving the liquid layer. These are the 
gravity and shear stress parameters. The behaviour of  
6 ÷ for different values of  G and T [obtained according 
to equation (36)] is shown in Fig. 4. The maximum 
values of  6 + are corresponding to G = 0 or T = 2, 
while the minimum values of  6 + occur at G = 3 or 
T = 0. This may be attributed to both the changes in 
the thickness of  the cold liquid layer without con- 
densation, and the enhancement of  heat transfer at 
the l iquid-vapour  interface during condensation. 
Comparing the results of  Figs. 2-4, it can be noticed 
that the variation of  the subcooling number S is influ- 
encing 6 + more than the Peclet number or the gravity 
and shear stress parameters. 

Average Nusselt number was calculated and drawn 
in Figs. 5-7 against the axial position. The general 
trend visible in those figures is the decrement of  Nus- 
selt number along the axial position, while the heat 
transfer coefficient decreases. This is due to the 
increment of  the liquid layer thickness. F rom Figs. 5 
and 6 it appears that the variation of  Nusselt number 
is much less pronounced in comparison with the vari- 
ation of  Peclet number or the subcooling number. 
This can be explained through the relation between 
the thickness of  the flowing liquid layer and the heat 
transfer coefficient. Increasing the subcooling number 
or Peclet number will lead to a thick liquid layer, 
and in turn diminishes the heat transfer coefficient 
[equations (28), (31), (34)]. Therefore, both men- 
tioned parameters ( P e  and S) may lead to a small 
change in Nusselt number. Figure 7 shows N u  as a 
function of  x + for various values of  gravity and shear 
stress parameters. While the other parameters are kept 
constant, the average Nusselt number is inversely pro- 
portional to the gravity parameter and directly pro- 
portional to the shear stress parameter. 

To prove the validity of  the present approach, the 
results obtained were compared with data cor- 
responding to the countercurrent flow on a nearly 
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Fig. 8. Comparison between the present theory and the exper- 
imental data of Bankoff and Lee [6]. 

vertical channel (87 ° to the horizontal), obtained by 
Bankoff and Lee [6]. Theoretical results calculated 
from equations (30) and (33) indicate two extreme 
cases of flow conditions ; gravity and shear drive. The 
data taken from Bankoff and Lee [6], and the results 
of  the present theory, are presented in Fig. 8. The 
scattered points visible in this figure correspond either 
to the relatively high Rynolds number,  or to the thick 
liquid layer. This discrepancy can be explained by the 
simplifying restrictions imposed on the model. The 
assumption of the constant  velocity and temperature 
gradients used in the energy equation may have a 
negligible effect on the solution for the thin liquid 
layer. For  the thick layer, however, the effect is more 
pronounced, and may lead to some appreciable error. 
The comparison is based on the available data and, 
unfortunately, these do not  satisfy all the requirements 
of the model. This may be considered as another rea- 
son for the discrepancy apparent in Fig. 8. In spite of 
those conditions, the agreement between the present 

theory and the experimental results has justified the 
validity of the model. 

4. CONCLUSIONS 

The main points which can be drawn from the 
above analysis and discussion are : 

(1) an adequate solution for the direct-contact con- 
densation was obtained ; 

(2) the solution considers only a few parameters 
controlling the process--the Peclet number,  the sub- 
cooling number,  gravity and shear stress parameters ; 

(3) the major effect on the liquid layer thickness is 
attributed to the subcooling number,  while the effect 
of the other parameters is less significant ; 

(4) only about  10% of variation in the average 
Nusselt number  was observed for the two extreme 
cases--the gravity or shear stress driven film cases. 
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