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Abstract-An investigation is carried out on heat transfer by direct contact condensation at a steam- 
subcooled water interface in a horizontal rectangular channel. Three types of models are used to predict 
the heat transfer coefficient at the interface. The heat conduction model is used to estimate the lowest limit 
of heat transfer. The modified k-s model, which stimulates the near-interface variation of the turbulence 
quantities, shows the more improved prediction compared with the wall k--E model and agrees with the 
experimental results with smooth interfaces. The experimental results with interfacial waves are predicted 

quantitatively by introducing the interfacial wave effect into the surface renewal model. 

1. INTRODUCTION 

GAS-LIQUID interfaces appear in many industrial 

devices, including heat exchangers, which utilize direct 
contact condensation. Many studies on heat and mass 
transfer phenomena at the interfaces have been per- 
formed. They were reviewed by Bankoff [I] and 
Sideman and Moalem-Maron [2], and empirical cor- 
relations have been proposed [l-4]. There are also 
studies investigating the turbulent characteristics in 
the vicinity of gas-liquid interfaces. Turbulent motion 
transfers heat, mass, and momentum more effectively 
than molecular motion does. To get a better under- 
standing of turbulent characteristics, a number of 
experiments [S-9] have been conducted. Komori et al. 
[8] performed an experiment on an open-channel flow 
and found that the surface renewal eddies were cor- 
related with the bursting phenomena which occurred 
on the wall. Banerjee [9] performed experiments and 
computations about the turbulence structure below 
the sheared smooth air-water interface, and observed 
the streaky or patchy structure, similar to the wall 
turbulence, in the vicinity of the smooth interface. 

In analyzing turbulent flow, the k--E model has been 
developed to simulate the high Reynolds number tur- 
bulence and the wall turbulence. The asymptotic vari- 
ation of the turbulence quantities to the wall was 

investigated by Pate1 et al. [lo]. When the solid wall 
is replaced by the gas-liquid interface, however, the 
asymptotic variation of the turbulence quantities to 
the interface becomes different from that to the solid 

wall. Therefore, the k-E model has to be modified to 
describe the characteristics of the gas-liquid interface. 
Some attempts [l l-131 to solve the flow field below 
the gas-liquid interface by using the k--E model have 
been reported. At present, however, the near-interface 
characteristics of turbulence is not well understood, 
because of difficulties of precise measurement. 

In this study, heat transfer by direct contact con- 

densation at a steam-subcooled water interface in a 
horizontal rectangular channel is investigated. Steam 

and subcooled water flow cocurrently and the flow 
regimes are the stratified and wavy flows. The heat 
transfer coefficient at the interface is predicted by three 
methods-the modified k--E model, the surface 
renewal model, and the heat conduction model. The 
damping factors in the modified k--E model are 

adjusted to simulate the near-interface variation of 
the turbulence quantities. The modified k-8 model is 
based on the one proposed for the wall turbulence by 
Myong et al. [ 141. In performing the numerical analy- 
sis using the modified k--E model, both the steam flow 
and the water flow are simultaneously computed by 
the finite difference method. In the prediction by the 
surface renewal model, three disturbance sources are 
considered-the bursts from the wall, the bursts at 
the interface, and the interfacial waves. By estimating 
the surface renewal rate of each phenomenon, the heat 
transfer coefficient is calculated. In the heat con- 
duction model, an analytical solution is adopted. This 
result is used as a fundamental reference in evaluating 
the results of the other two models. The results pre- 
dicted by these three models are compared with the 
experimental results of Lim et al. [4] and Murata et 
al. [IS]. 

2. EXPERIMENTS OF LIM et a/. AND 

MURATA et al. 

Lim et al. [4] and Murata et al. [15] measured the 
heat transfer coefficient at the steam-subcooled water 
interface in a horizontal rectangular channel. Steam 
and water flowed cocurrently, and the flow patterns 
were stratified and wavy. The dimensions of the test 
section were 63.5 mm high, 304.8 mm wide and 1601 
mm long in the study of Lim et al., and 45 mm 
high, 200 mm wide and 1000 mm long in the study of 
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NOMENCLATURE 

A,+ function in the modified k--E model 

a0 coefficient in determining a wave velocity 
b channel width [m] 
C specific heat of water [J kg- ’ Km ‘1 
C:“C,,, C,,, C, constants in the k-c model 

c, wave velocity [m s- ‘1 
D hydraulic equivalent diameter [m] 
,f2, fn, fn, f& damping factors in the k--E 

model 

V velocity fluctuation in vertical direction 
[m s- ‘1 

W mass flow rate [kg s- ‘1 
WC mass flow rate of condensate [kg s- ‘1 

X coordinate in streamwise direction [m] 

Y coordinate in vertical direction [m] 

Y+ non-dimensional distance, u* y/v 

Y! distance from the interface [ml. 

G mass velocity [kg m- * s- ‘1 Greek symbols 

9 acceleration of gravity [m s- ‘1 MO> aI coefficients 

Ho specific enthalpy of gas phase [J kg- ‘1 Bi coefficient 

H&? latent heat of evaporation [J kg- ‘1 6, Kronecker’s function : 1 if i = j; 
H, wave height [m] 0 otherwise 
h heat transfer coefficient [W Km ’ mm ‘1 & dissipation rate [m’ s- ‘1 

hi. liquid film thickness [m] thermal diffusivity [m’ s- ‘1 
k turbulent kinetic energy [m’ s- ‘1 ; thermal conductivity [W m- ’ K- ‘1 

k, wave number, 2n/L, [m- ‘1 Ir viscosity coefficient [Pa s] 

L* wavelength [m] V kinematic viscosity [m’s_ ‘1 
Nu Nusselt number v, eddy viscosity [m’ s- ‘1 
Pr Prandtl number P density [kg mm ‘1 

P pressure [Pa] ak, ar, at constants in the k-8 model 
Re Reynolds number, U,,,Djv a surface tension [N m- ‘I. 
Re, Reynolds number for the correlations of 

Lim et al., Umx/v Subscripts 

R, turbulent Reynolds number center-line of single phase flow 
s surface renewal rate [s- ‘1 : bursts at walls 
T temperature [“Cl bi bursts at interfaces 
T LM bulk temperature of liquid phase [“Cl G gas 

T, bursting period [s] i interface 
Tbf non-dimensional bursting period, u,’ T&J in inlet value 
t time [s] L liquid 
u velocity in streamwise direction [m s- ‘1 m averaged value in a cross-section of each 
Uc, critical velocity of the Kelvin-Helmholtz phase 

instability [m s- ‘1 S saturation 
u velocity fluctuation in streamwise direction W wave 

[m s- ‘1 X length scale of the distance from the 

u* friction velocity [m s- ‘1 entrance 
V velocity in vertical direction [m s- ‘1 * friction velocity. 

Murata et al. They both measured the steam velocity 
profile in the vertical direction by electrically heated 
pitot tubes at five locations downstream in the study 
of Lim et al., and four locations downstream in the 
study of Murata et ul. Their experimental conditions 
are shown in Table 1. In Table 1, the length scales 
and the velocity scales of Reynolds numbers are the 
hydraulic equivalent diameters and the mean veloci- 
ties, respectively. The experiments of Lim et al. cover 
a range of the higher Reynolds number of the steam 
flow. Lim et al. [3] calculated the bulk liquid tem- 
perature at the axial distance, x, from the energy 
balance (see Fig. 1) as 

TLM(X) = c’ W,(O) [CPL TLM (0) -f&l 
WL (4 

(1) 
PI. 

The local heat transfer coefficient was defined as 

d Wc 
h(x) = ~ 

WG - Cm_ Ts) 
dx W’s - TLM WI ’ (2) 

The average heat transfer coefficient was calculated 

by 

/;(x) = ; 
s 

oX h(x) dx = cpL(H;B;;‘LTs) 

( 

W,(O)a, 
x W,(x) - W,(O) + 7 I 

’ In { 
WLW, - WLCW, 

C,I_ WI_ (0) 1 Ts - TLM 691 1) 
(3) 

where 

ai = C,,%(O) -Ho 

PI = C,,Ts--Ho. 



Table 1. The experimental conditions and the 
computational conditions (Runs l-3) 

Inlet 
Reynolds 
number 

Inlet 
temperature 

(“C) 

Lim et al. 
Water 1973-30 200 
Steam 17 00&65 200 

Murata et al. 
Water 6900-2 1900 
Steam 7700-19 700 

Run 1 (Murata et al.) 
Water 21500 
Steam 7800 

Run 2 (Lim et al.) 
Water 13597 
Steam 28 947 

Run 3 (Lim et al.) 
Water 23414 
Steam 28 327 
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Table 2. Exponents with respect to the distance from the 
boundary expressing the near-boundary variation of the tur- 

bulence quantities 

Wall Interface The modified 
side side k-c model 

1,25, 50 kS:‘e 0 4 0 0 0 0 
105-140 fL -1 1 (or larger) 1 

--ulJ 3 1 (or larger) 1 
25, 60, 70 1 (or 

100 
s&y 0 3 0 larger) 0 1 

70.0 
100.0 

25.3 
137.7 ~=&[(v+v,)~]-b$ (i= 1,2) (10) 

51.0 
137.7 

E=&[(x+J$y (11) 

!g=&[(v+$]-&$c (12) 

EntmtlC.3 , Wall 

II 

Wall . J ’ x __dx 

FIG. 1. Model used for the energy balance. 

They defined the average non-dimensional numbers 

as 

Re,, = 
2xG, 

A(O)fb(X) 
(4) (15) 

ReG, = s (5) fJk = 1.4, oB = 1.3, fJt = 0.9, c,, = 1.4, 

C,, = 1.8, C, = 0.09. 

(6) In the above equations, subscripts i and j are used in 
accordance with the ordinary tensor expression ; 1 
means the streamwise direction and 2 the vertical 
direction. 

where G is the average mass velocity. Lim et al. [3] 

proposed the following two correlations depending 
upon the shape of the interfaces : 

2/ix 

NuX = 1,(O) +1,(x) 

for smooth interfaces 

Nu, = 0.534Re$~‘Re~~‘Pr~’ (7) 

for wavy interfaces 

Nu, = 0.0291Re~~‘Re~? Prt’. (8) 

3. MODELS 

3.1. The modiJied k-c model 

The conservation equations of the two-dimensional 
turbulent flow are 

au,_ 
ax; 

-0 
I 

The k-E turbulence model of Myong et al. is for the 
wall boundary layer. Their k-c model has to be modi- 
fied to stimulate the near-interface characteristics of 
the turbulence quantities. The turbulence quantities 
in the layer close to the interface can be examined in 
the same way as those near the wall [lo]. At the inter- 
face, the velocity fluctuations parallel to the interface 
can have a non-zero value. The velocity fluctuation 
normal to the interface becomes zero at the interface. 
This means that the turbulent kinetic energy has the 
non-zero value at the gas-liquid interface. The near- 
boundary characteristics of turbulence can be 
approximated by the lowest order term in the Taylor 

(9) 
series expansion with respect to the distance from the 
boundary [lo], as shown in Table 2. If the lowest 

where 
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exponent of the Reynolds stress is assumed to be 
unity, the eddy viscosity decays more slowly in the 
vicinity of the interface than in the vicinity of the solid 
wall. This implies that the turbulent transport is more 
dominant near the gas-liquid interface than near the 
wall. 

The near-interface variation of the Reynolds stress 
is represented by the damping factor, f,, which 
describes the boundary-proximity effect in the eddy 
viscosity. The modified k-e model is explained briefly 
below. In the modified k-e model, the lowest exponent 
with respect to the distance, y,, from the interface in 
the Reynolds stress is assumed to be unity. This near- 
interface variation is described by choosing the damp- 
ing factors as [ 161 

A, = fD 

R, = k’ 
VE ’ 

C, = 3.45 

(16) 

where 

f” = U -ev-x+/4+)1 (17) 

A,+ =70[1-exp(-:)I. (18) 

In equation (18), A,+ is expressed as a function of 
the friction velocities. The experimental results 
showed that the wall side turbulence was not affected 
by the interfacial shear stress [16, 171. To prevent 
the interface-proximity effect from affecting the 
turbulence of the wall side, this dependence on the 
friction velocities is introduced. 

Myong et al. [ 141 expressed the destruction term in 
the dissipation rate equation with a damping factor 
as 

fi = jl-(2/9)exp[-(R,/6)‘l}fb. (19) 

In the wall turbulence, the destruction term is pro- 
portional to y- *, so fn is a function proportional to 
y’. In the turbulence near the interface, however, k 
and E have non-zero finite values at the interface, so 
there is no restriction for f; from the near-interface 
characteristics. In the modified k-8 model, it is 
assumed that the factor, f& is not affected by the 
existence of the interface. The adopted form is the 
same as that of Myong et al. 

f; = [l -exp (-y+/5)]‘. (20) 

The turbulent kinetic energy, k, has a non-zero 
finite value at the interface. In estimating this value, 
the idea of Nezu and Nakagawa [ 131 is adopted. They 
connected the turbulent kinetic energy, ki, at the gas- 
liquid interface to the turbulent kinetic energy, k,, at 
the center-line of the single phase flow between two 
parallel plates. The relationship between k, and k, 
was expressed as 

k, = 0.8k, 

(k = 0 ; at the wall). 

(21) 

They chose 0.8 as the coefficient from the experimental 
results. In this study, the value, k,, is approximated 
as u: from the numerical results of Kim et al. [ 181. 

The boundary condition of the dissipation rate at 

the gas-liquid interface is determined from the near- 
interface variation of the turbulent kinetic energy 
equation of the two-dimensional boundary layer [ 161. 
If the steady and fully developed flow is assumed, the 
turbulent kinetic energy equation approaches 

d’k 
6 = vl; at the wall 

8Y > 

Equation (22) is the exact boundary condition of E 

at the gas-liquid interface of the steady and fully 
developed flow. In this study, the flow and thermal 
fields are not fully developed, so it is assumed that 
the turbulent kinetic energy at the interface does not 
change drastically in the streamwise direction. 

The modified k--E model assumes that the interface 
is smooth. It should be noted that the modified k- 
E model is not applicable to the phenomena with 
interfacial waves. 

3.2. Surface renewal model 
The surface renewal model was originally proposed 

by Danckwerts [ 191. This model assumes that the 
molecular diffusion is renewed by the surface renewal 
eddies with the surface renewal rate, S. This model 
gives the heat transfer coefficient, h, as 

h = pC,,J(K.s). (23) 

In this study, the surface renewal eddies are 
assumed to be generated by three disturbance 
sources-the bursts from the wall, the bursts at the 
interface, and the interfacial waves. As Komori et al. 

[8] pointed out, the gas-liquid interface of an open- 
channel flow is strongly affected by the wall bursting 
phenomenon. When the interfacial shear stress is 
imposed on the interface, Banerjee [9] showed that 
the bursting phenomenon occurred just below the 
interface in the stratified flow (see Fig. 2(a)). Banerjee 
[9] showed equation (24) could be applied to the burst- 
ing phenomenon at the interface by evaluating the 
friction velocity at the interface, as well as the bursting 
phenomenon at the wall 

T,t 2Tb=85. 
V 

(24) 

In this study, the bursting periods are estimated by 
equation (24), where the friction velocity is given by 
the Blasius equation. The surface renewal rate is a 
reciprocal of the bursting period. 

When interfacial waves are formed at the gas-liquid 
interface, the increase of heat transfer rates has been 
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(4 

’ an the-wall 

///////////////////////// 

(b) 

Spporaticii 

////////////////////////// 

FIG. 2. Conceptual sketch of the surface renewal model: 
(a) for a smooth interface ; (b) for a wavy interface. 

reported by Lim et al. [3] and Murata et al. [1_5]. 
This wave effect should be introduced in the surface 
renewal model. As shown in Fig. 2(b), the windward 
side of waves is sheared by the gas flow. On the lee- 
ward side, the separation of flow occurs, and the inter- 
facial shear stress is smaller than that on the windward 
side. The accelerated liquid on the windward side goes 
into the weakly sheared region on the leeward side, 
and it goes downwards. Okuda et al. [20] observed 
this downward motion. This motion causes eddies 
which renew the interface. It is assumed that the sur- 
face renewal occurs with the frequency of interfacial 
waves by the downward motion described above. The 
period of this renewal motion is determined as follows. 

The wavelength of the interfacial waves is approxi- 
mated by the critical wavelength of the Kelvin- 
Helmholtz instability 

(25) 

The wave velocity relative to the bulk water is deter- 
mined by using the analytical results of finite ampli- 
tude waves in deep water [21] 

The wave height, H,, in equation (27) is estimated by 
using the correlation of Bontozoglou and Hanratty 
[22]. They proposed the empirical correlation of wave 
steepness, HJL,, as 

ffW UG-UL 
- = o.o79u, 7 
LV 

(28) 
cl. 

where 

The value of Q0 in equation (28) is calculated by using 
the third-order polynomial as 

Q0 = -0.0744+1.2421(k,h,)-0.5015(k,hL)2 

+O.O701(k,h,)3. (30) 

The surface renewal rate by waves, s,, is determined 
as 

s, = c,lL,. (31) 

The total surface renewal rates of smooth and wavy 
interfaces are assumed to be expressed as 

(32) 

SwLWy = sb+sbi+ss, (33) 

where the subscripts b, bi, and w denote the bursts 
from the wall, the bursts at the interface, and the 
interfacial waves, respectively. These values are sub- 
stituted into s in equation (23) and the heat transfer 
coefficient is evaluated. The experimental results are 
used in calculating the surface renewal rates. The aver- 
age heat transfer coefficient is calculated by averaging 
the surface renewal rate at each location in the stream- 
wise direction. The estimated surface renewal rates 
vary from 9.5 to 10.3 Hz for the interfacial wave effect, 
s,, from 0.1 to 37.5 Hz for the wall bursting effect, sb, 
and from 0.2 to 10.3 Hz for the interfacial bursting 
effect, sbi. The larger values of sb and sbl correspond 
to the higher Reynolds numbers of water and steam, 
respectively. 

3.3. Heat conduction model 

In the heat conduction model, convective heat 
transfer is ignored. By this assumption, the energy 
equation becomes 

aT, a*T, 
at=“=. (34) 

For simplicity, the depth of water is assumed to be 
infinity. The boundary and initial conditions are 

T,_ = T, ( yi = 0 ; at the interface) (35) 

T,_ = a finite value (yi = cc ; at the wall) (36) 

T,_ = TLin (t = 0). (37) 

The analytical solution of equation (34) is the well- 
known complementary error function [23] 

(38) 
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Here, time, t, is related to the distance, x, from the 
entrance as 

x = UJ. (3% 

By substituting equation (39) into equation (38), we 
obtain 

= = erfc($d(z)). (40) 

The bulk liquid temperature is calculated by assum- 
ing the uniform velocity profile. The heat transfer 
coefficient and the mass flow rate of condensate are 

calculated from the energy balance equations (l)-(3). 
The results are arranged in the same way as explained 
in Section 2. 

4. NUMERICAL PROCEDURES 

The two-dimensional finite difference method is 
employed for the numerical analysis of the modified 
k--E model. The SIMPLER algorithm by Patankar 
[24] is used. Both the steam and water flows are solved 
by making the interfacial shear stress and the vertical 
mass flow rate coincide at the interface. Because the 
phenomenon is steady, the differential term with 
respect to time is utilized as the inertia term in com- 
putations. Properties are interpolated from a property 
table at each grid point as temperature-dependent 
functions. The following items are assumed in per- 
forming the numerical analysis : 

(1) Flow is two-dimensional. 

(2) No-slip at walls. 
(3) Walls are thermally insulated. 
(4) Water level is uniform. 
(5) Inlet water temperature is uniform. 

The three cases, Runs 1,2 and 3 in Table 1, are selected 
for the reference of the computation by the modified 
k--E model, because the steam flow rate is low and the 
water level does not change drastically in the stream- 
wise direction. Run 1 is chosen as a smooth interface 
result from Murata et al. and Runs 2 and 3 as wavy 
interface results from Lim et al. The depth of each 
layer is given by the experiments as 13.0 mm for the 
water layer and 32.0 mm for the steam layer in Run 
1, and 15.83 mm for the water layer and 47.67 mm for 
the steam layer in Runs 2 and 3. In the streamwise 
direction, computational length is 0.6 m from the 
entrance. At the interface, the coincidence of stream- 
wise velocities and the interfacial shear stresses of both 
phases are satisfied. The boundary condition of the 
vertical steam velocity at the interface is determined 
from the energy balance equation 

d(Cm_ ~L(x)TI_M (4) 
dx = -PC~,,(&+ TsC,,). 

(41) 

The vertical velocity of water at the interface is cal- 

culated from the vertical steam velocity determined 
by equation (41) to conserve the mass across the inter- 
face. 

Judging from the velocity scales of both phases, the 
interface on the gas phase side can be treated as a 
solid wall. The fully developed profiles are given as 
the inlet boundary conditions. The grid points are so 
densely distributed in the vicinity of the wall and the 

interface as shown by a tangent hyperbolic function. 
In the vertical direction, 52 grid points for the water 
layer and 32 grid points for the steam layer are 
adopted. In the streamwise direction, there are 12 grid 
points for each phase. The grid number was sufficient 
to obtain a grid-independent solution. The con- 

vergence is judged to be enough when the mass con- 
servation error becomes within 0.5%. The com- 
putations were carried out on a super-computer 
HITAC S-820 at the University of Tokyo. 

5. RESULTS AND DISCUSSION 

The experimental results of Lim et al. [4] and 

Murata et al. [15] are shown in Fig. 3. The data of 
Lim et al. agree very well with the correlation (equa- 
tion (8)) for wavy interfaces, when ReL, is large. There 
are less data for smooth interfaces and they scatter. 
The experimental conditions of Murata et al. cover 

the low Reynolds number region of the steam flow 
and their data are located around the correlation 
(equation (7)) for smooth interfaces. 

The results of the wall k-c: model of Myong et al. 

[14] are also presented for comparison. The results 
of the modified k--E model and the wall k--E model 
are displayed by solid and broken lines in Figs. 4-6. 
Figure 4 shows the predicted results for a smooth 
interface. The wall k--E model predicts the intermediate 
values between the correlation (equation (7)) for the 
smooth interface by Lim et al. and the results by the 
heat conduction model. The heat conduction model 
can be regarded as the lowest limit of heat transfer, 
because it includes neither laminar convective trans- 
port nor turbulent transport. The modified k-e model 

1 o2 

:Correlotions of L 

1 o-l1 
ReLx IO6 

FIG. 3. The experimental results of Lim er al. and Murata et 
al. with the correlations of Lim et al. 
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ReLx 
FIG. 4. The predicted heat transfer by three models expressed 
in the coordinates of Lim et al.; the case for a smooth 
interface of Murata et al. (Run I). The marks and line types 
represent : (0) the experimental results; (0) the surface 
renewal model (without wave effect); (V) the surface 
renewal model (with wave effect) ; (A) the heat conduction 
model ; (- ) the modified k--E model ; (- - - -) the wall k- 

E model ; (- - -) the correlations of Lim et al. 

IO' 

FIG. 5. The predicted heat transfer by three models expressed 
in the coordinates of Lim et al. ; the case for a wavy interface 
of Lim et al. (Run 2). The marks and line types are the same 

as those in Fig. 4. 

IO' 

R-i”=28327 

10-l 
R~in=23414 TLi"=51 .o"C 

I 
lo4 

fh 
IO6 

FIG. 6. The predicted heat transfer by three models expressed 
in the coordinates of Lim et al. ; the case for a wavy interface 
of Lim et al. (Run 3). The marks and line types are the same 

as those in Fig. 4. 

predicts the value closer to both the experimental 
results and the correlation of Lim et al. for smooth 

interfaces compared with the result of the wall k-E 
model. The surface renewal model excluding inter- 
facial waves gives a little larger values than the exper- 
imental results and the modified k--E model. 

In the cases of wavy interfaces in Figs. 5 and 6, the 
modified k-c model predicts smaller heat transfer rates 
than the correlation of Lim et al. for smooth inter- 
faces. But the improvement is clearly seen when com- 
pared with the results of the wall k-c model. The 
experimental results show larger values than the 
results of the modified k-6 model. As mentioned in 
Section 3.1, the modified k-c model is not applicable 
to the case with interfacial waves. 

In Figs. 5 and 6, the predicted data series of the 
surface renewal model excluding the interfacial wave 
effect cross the correlation for smooth interfaces, and 
are close to those of the modified k-E model. The 
comparison with the experimental results shows a dis- 
crepancy. By introducing the wave effect, however, 
the results of the surface renewal model become closer 
to the experimental data. 

In the modified k--E model, the turbulent transport 

is described by averaged values. On the contrary, it is 
done in a dynamical way in the surface renewal model. 
It is interesting that the modified k-E model and the 
surface renewal model excluding wave effect give 
similar results. 

The results of the surface renewal model excluding 
wave effect are shown in Fig. 7. In this case, all the 
experimental conditions of Lim et al. are used with 
equation (32). The predicted data fall on a straight 
line very well. The data for higher Reynolds numbers 
of the liquid flow show higher values than the cor- 
relation for smooth interfaces. In the surface renewal 

model, it is assumed that all the bursts on the wall 
reach the interface. However, Komori et al. [8] mea- 

sured that only 90% of the wall bursts arrived at the 
interface in their experimental range. When the liquid 
flow Reynolds number becomes larger, the non- 
dimensional distance, y+, from the wall to the inter- 

FIG. 7. The predicted heat transfer by the surface renewal 
model excluding wave effect expressed in the coordinates of 

Lim et al. 
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face becomes larger. Thus, the arrival rate of the wall 
bursts to the interface may decrease. The surface 
renewal model will be refined by experimental results 
covering the higher Reynolds number range of the 
liquid flow. 

The experimental results which are located above 
the center of two correlations in Fig. 3 are regarded 
as the wavy cases in this study. The results of the 
surface renewal model with wave effect lie between 
two correlations (equations (7) and (8)) as shown in 

Fig. 8. As Lim et al. showed in their paper, the range 
of their experiments extends to higher steam velocities. 
They observed roll waves for some cases, which could 
promote heat transfer. The roll waves and the finite 
amplitude waves used in the present surface renewal 
model have quite different characteristics. This differ- 

ence can be one of the reasons for the discrepancy 
seen in Fig. 8. The approximate way to estimate the 
wave characteristics and the arrival rate of the wall 
bursts to the interface might be major reasons for 

discrepancy. 

6. CONCLUDING REMARKS 

The heat transfer coefficient by direct contact con- 
densation at a steam-subcooled water interface was 
predicted by using three types of models. 

The modified k--E model, which simulates the near- 
interface variation of the turbulence quantities, 
showed the better agreement with the experimental 
results in predicting the heat transfer at the interface 
compared with the wall k--E model. The modified k--E 

model predicted the heat transfer coefficient close to 
that of the experiments for a smooth interface and 
the correlation of Lim et al. for smooth interfaces. 
On the other hand, the wall k--E model predicted lower 
values close to the results of the heat conduction 
model, which is considered to give the lowest limit of 
heat transfer at the interface. 

The surface renewal model excluding wave effect 

ReLx 

FIG. 8. The predicted heat transfer by the surface renewal 
model with wave effect expressed in the coordinates of 

Lim et al. 

predicted a value close to both the modified k--E model 
and the correlation for smooth interfaces, equation 
(7). The experimental results with interfacial waves 
were predicted by introducing the wave effect into the 
surface renewal model. This indicates the validity of 
the method to estimate the surface renewal rate. The 
concept that the surface renewal eddies are caused by 
the wall bursts, the interfacial bursts, and the inter- 
facial waves, seems to be valid. 

The modified k--E model and the surface renewal 

model have different ideas in predicting the heat trans- 
fer. In other words, these two models describe the 
same phenomenon from different standpoints. It is 
interesting that the results showed heat transfer rates 
close to each other so long as smooth interfaces are 
considered. 

For further refinement of the models, information 
on the near-interface characteristics of turbulence for 
a wider range of Reynolds numbers and the charac- 
teristics of wind-induced waves are required. 

1. 

2. 

3. 

4. 

5. 

6. 

I. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

REFERENCES 

S. G. Bankoff, Some condensation studies pertinent to 
LWR safety, ht. J. Multiphase Flow 6, 51-61 (1980). 
S. Sideman and D. Moalem-Maron, Direct contact con- 
densation, Advances in Heat Transfer, Vol. 15, pp. 227- 
281. Academic Press, New York (1982). 
I. S. Lim, R. S. Tankin and M. C. Yuen, Condensation 
measurement of horizontal cocurrent steam/water flow, 
Trans. ASME J. Heat Transfer 106,42%432 (1984). 
I. S. Lim, S. G. Bankoff, R. S. Tankin and M. C. Yuen, 
Cocurrent steam/water flow in a horizontal channel, 
NUREG/CR-2289 (1981). 
T. K. Cheung and R. L. Street, The turbulent layer in 
the water at an air-water interface, J. Fluid Mech. 194, 
133-151 (1988). 
I. Nezu and W. Rodi, Open-channel flow measurements 
with a laser Doppler anemometer, J. Hydraulic Engng 
112,335-355 (1986). 
H. Nakagawa and I. Nezu, Structure of space-time cor- 
relations of bursting phenomena in an open-channel 
flow, J. Fluid Mech. 104, 143 (1981). 
S. Komori, Y. Murakami and H. Ueda, The relation- 
ship between surface-renewal and bursting motions in 
an open-channel flow, J. Fluid Mech. 203, 103-123 
(1989). 
S. Banerjee, Turbulence structure and transport mech- 
anisms at interfaces, Proc. 9th Int. Heat Transfer Conf:, 
Jerusalem, Israel, Vol. 1, pp. 395418 (1990). 
V. C. Patel, W. Rodi and G. Scheuerer, Turbulence 
models for near-wall and low Reynolds number flows: 
a review, AIAA J. 23, 1308-1319 (1985). 
M. Akai, A. Inoue and S. Aoki, The prediction of strati- 
fied two-phase flow with a two-equation model of tur- 
bulence, Int. J. Multiphase Flow 7,21-39 (1981). 
I. Celic and W. Rodi, Simulation of free-surface effects 
in turbulent channel flows, PhvsicoChem. Hvdrodvn. 5. . _ 
217-227 (1984). 
I. Nezu and H. Nakagawa, Numerical calculation of 
turbulent open-channel flows by using a modified k-E 
turbulence model, Trans. Jpn. Sac. Civil Engng 387,125- 
134 (1987) (in Japanese). 
H. K. Myong, N. Kasagi and M. Hirata, Numerical 
prediction of turbulent pipe flow heat transfer for vari- 
ous Prandtl number fluids with the improved k-e tur- 
bulence model, JSME Znt. J. 32, 6 13422 (1989). 
A. Murata, E. Hihara and T. Saito, Heat transfer with 



Heat transfer by direct contact condensation 109 

condensation at a steam-water interface in a horizontal 19. P. V. Danckwerts, Significance of liquid-film coefficients 
channel, Trans. Jpn. Sot. Mech. Engng 57(536B), 13855 in gas absorption, 2nd. Engng Chem. 43, 146&1467 
1389 (1991) (in Japanese). (1951). 

16. A. Murata, E. Hihara and T. Saito, Turbulence below an 
air-water interface in a horizontal channel, Turbulence 
mod$calion in multiphasefiows, 1st Joint ASME-JSME 
Fluids Engng Conf. (Edited by E. E. Michaelides, T. 
Fulcano and A. Serizawa), Portland, U.S.A., FED-Vol. 
110, 67774 (1991). 

20. K. Okuda, S. Kawai and Y. Toba, Measurement of skin 
friction distribution along the surface of wind waves, J. 
Oceanograph. Sot. Jpn. 33, 19&198 (1977). 

2 1. L. Skjelbreia, Stokes’ Third Order Approximation, Tables 
of Function. Council on Wave Research, The Engin- 
eering Foundation (1958). 

17. M. Rashidi and S. Banerjee, The effect of boundary 
conditions and shear rate on streak formation and break- 
down in turbulent channel flows, Physics Fluids AZ, 
1827-1838 (1990). 

22. V. Bontozoglou and T. J. Hanratty, Wave height esti- 
mation in stratified gas-liquid flows, A.I.Ch.E. JI 35, 
13461350 (1989). 

18. J. Kim, P. Moin and R. Moser, Turbulence statistics in 
fully developed channel flow at low Reynolds number, 
J. Fluid Mech. 177, 133-166 (1987). 

23. T. K. Sherwood, R. L. Pigford and C. R. Wilke, Muss 
Transfer, p. 70. McGraw-Hill, New York (1975). 

24. S. V. Patankar, Numerical Heat Transfer and Fluid Flow. 
Hemisphere, New York (1980). 

PREDICTION DU TRANSFERT THERMIQUE LORS DE LA CONDENSATION PAR 
CONTACT DIRECT A L’INTERFACE VAPEUR-EAU SOUS REFROIDIE 

Resume-On ttudie le transfert thermique lors de la condensation par contact direct a l’interface de la 
vapeur avec l’eau sous-refroidie dans un canal horizontal rectangulaire. Trois types de modtles sont utilises 
pour predire le coefficient de transfert thermique a l’interface. Le modele de conduction estime la limite 
inferieure du transfert thermique. Le modele k-e qui simule la variation des grandeurs turbulentes prts de 
l’interface, donne I’estimation la plus forte par rapport a celle du modtle k-E ri la paroi et il s’accorde avec 
les rtsultats experimentaux pour des interfaces lisses. Les resultats exptrimentaux avec des rides interfaciales 
sont predits quantitativement en introduisant l’effet de la ride dans le modele de renouvellement de surface. 

BERECHNUNG DES WARMEtiBERGANGS BE1 DER DIREKTKONDENSATION AN 
DER GRENZFLACHE ZWISCHEN DAMPF UND UNTERKUHLTEM WASSER 

Zusammenfassung-Die Untersuchung beschlftigt sich mit dem Warmetibergang bei der Direkt- 
kondensation an der Grenzflache zwischen Dampf und unterkiihltem Wasser in einem waagerechten 
rechteckigen Kanal. Es werden drei unterschiedliche Modelle zur Berechnung des Warmeiibergangs- 
koeffizienten an der Grenzflache benutzt. Das WLrmeleitungsmodell dient zur Abschltzung einer unteren 
Grenze fur den Wlrmetibergang. Das modifizierte k-e Modell, das die Verlnderung der turbulenten 
Grogen in der Nahe der Grenzflkhen wiedergibt, ermoglicht im Vergleich zum k-e Model1 an der Wand 
eine verbesserte Bercchnung und stimmt gut mit den experimentellen Ergebnissen bei glatter Grenzfllche 
iiberein. Die Versuchsergebnisse mit Oberflachenwellen kiinnen quantitativ berechnet werden, wenn der 

EinfluB der Wellen in das Oberlhichenerneuerungsmodell eingeftihrt wird. 

OIIPEAEJIEHHE TEIIJIOI-IEPEHOCA IIPH KOHTAKTHOR KOHAEHCAHHH HA 
FPAHMHE PA3AEJIA BOmHOn HAP-HEAOFPETAR BOAA 

AsmoTarum-Accnenyercn rennonepeuoc npA KoHTaKTofi KoHneHcauBti Ha rpawiqe pa3Aena eonn~ofi 
IIapHeAOFpeTaX BOAa B rOpH30HTiUIbHOM KaHUe tlpXMO~OnbHOrO CeYeHLiII. &In OlIpeAeneHHK K03$,- 
+iwieHTa TennonepeHoCa Ha rpaIfirne paanena HcnonbsyloTcn TPH BuAa MoAenefi. MoAenb Tennonpo- 

BOWOCTH IIPHMCHXTCX AJIX OIWHKH HHXHW0 II~ACAa IE~AWIEI TClIJIa. MOAE+iWpOBaHHan MOAenb 

k-e, onWxdBaIoluaRH3MeHeHHeBenH~AHTyp6yneHTHoCTki a6nuau rpaHHublpa3Aena,AaeT 6oneerosanre 
p3ynbTaTbI II0 OpaBHeH&iKI C IIpHCTeHHOii k-E MOAenblO Ei XOpOrUO CornacyeTcr C 3KClTepESMeHTa,Ib- 

H~IMH AaHHbwi anr rnaLUrHX rpakisiu pa3nena.3KcnepHMeHTanbHbie naHHble ~nff cnyvan B03HHKHOBe- 

~5iaBon~Harpa~we pasnena onpeAennIoTcnKonasecrseH~onocpeAcrno~BBeAeH~x3~~KTaB0n~~a 


