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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-¢ model, which stimulates the near-interface variation of the turbulence
quantities, shows the more improved prediction compared with the wall k—¢ 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 [1] and
Sideman and Moalem-Maron [2], and empirical cor-
relations have been proposed [1-4]. 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 [5-9] 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—¢ 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 Patel ez al. {10]. 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—¢ model has to be modified to
describe the characteristics of the gas-liquid interface.
Some attempts [11-13] to solve the flow field below
the gas—liquid interface by using the k—& 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-
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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—¢ model, the surface
renewal model, and the heat conduction model. The
damping factors in the modified k— model are
adjusted to simulate the near-interface variation of
the turbulence quantities. The modified k— model is
based on the one proposed for the wall turbulence by
Myong et al. [14]. In performing the numerical analy-
sis using the modified £—¢ 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. [15].

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 er al, and 45 mm
high, 200 mm wide and 1000 mm long in the study of
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A7 function in the modified k—& model

a, coefficient in determining a wave velocity

b channel width [m]

Cp. specific heat of water [J kg~ ' K]

G, C.., C,5, C, constants in the k—& model

¢, wave velocity [m s~ ']

D hydraulic equivalent diameter [m]

2 o, J5, f,  damping factors in the k—¢
model

G mass velocity [kgm~?s7]

g  acceleration of gravity [m s

specific enthalpy of gas phase [J kg~ ']

latent heat of evaporation [J kg~ ']

H, wave height [m]

h  heat transfer coefficient [W K~ ' m™7]

h. liquid film thickness [m]

k  turbulent kinetic energy [m? s~ 7]

k, wave number, 2n/L, [m~']

L, wavelength [m]

Nu Nusselt number

Pr  Prandtl number

p  pressure [Pa]

Re Reynolds number, U, D/v

Reynolds number for the correlations of

Lim et al., U,x/v

R, turbulent Reynolds number

s surface renewal rate [s™ ']

T  temperature [°C}

bulk temperature of liquid phase [°C]

T, bursting period [s]

¥ non-dimensional bursting period, u; T,/v

t time [s]

U  velocity in streamwise direction [m s™']

U, critical velocity of the Kelvin—Helmholtz
instability [m s~ ']

u  velocity fluctuation in streamwise direction
[ms™]

u,  friction velocity [m s~ ']

V' velocity in vertical direction [m s~ ']

NOMENCLATURE

v velocity fluctuation in vertical direction
[ms™]

mass flow rate [kg s ']

mass flow rate of condensate [kg s™']
coordinate in streamwise direction [m]
coordinate in vertical direction [m)]

y non-dimensional distance, u_ y/v

Wi distance from the interface [m].

PTR IS

Greek symbols

ay, &, coefficients

B, coefficient

é; Kronecker’s function: 1if i = j;
0 otherwise
dissipation rate [m? s~ 7]
thermal diffusivity [m2 s~
thermal conductivity [Wm~™' K]
viscosity coefficient [Pa s]
kinematic viscosity [m?s~']
v,  eddy viscosity [m?s™ "]
p  density [kg m~7)
oy, 0., 6, constants in the k—¢ model
¢ surface tension [N m™'].

< = % o™

Subscripts
a  center-line of single phase flow
b  bursts at walls
bi  bursts at interfaces

G gas

i interface

in inlet value

L liquid

m  averaged value in a cross-section of each
phase

S saturation

W wave

x  length scale of the distance from the
entrance

* 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 al. 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

1 W) [Cp T m(0)—Hg
L) 24{ 0)[ WL(X)( ) 1

Cne +H°}‘ M

The local heat transfer coefficient was defined as

d Wc (HG - CPL Ts)

SN A )

()

The average heat transfer coefficient was calculated
by

[~ Co(Hg—Cp, T,
ﬁ(x) = ; J; h(x) dx = (_bﬁlx—-—sl
WL (0)a,
B
W (), — W (0)e,

x In {CPL WL(O)[TS—TLM(0)1}> ®)

X <WL(x) — WL (0)+

where
oy = Cp T m(0)—Hg
Bi1=CpTs—Hg.
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Table 1. The experimental conditions and the
computational conditions (Runs 1-3)

Inlet Inlet
Reynolds temperature
number (°C)
Lim et al.
Water 1973-30200 1, 25, 50
Steam 17 000-65200 105-140
Murata et al.
Water 6900-21 900 25, 60, 70
Steam 7700-19700 100
Run 1 (Murata et al.)
Water 21 500 70.0
Steam 7800 100.0
Run 2 (Lim et al.)
Water 13597 253
Steam 28947 137.7
Run 3 (Lim et al.)
Water 23414 51.0
Steam 28327 137.7
Entrance ., Wl
4 A T
w(;(i)r> Steam  Wg(x)] . _Ef_l;(xwx)
jaw, 1
W (0) Water Wi (x)! WL (x+dx)
et o —1?
T (0) 2 T ) La(x+dx)
ﬁ,l N
Wall . 7 N \L dx

F1G. 1. Model used for the energy balance.

They defined the average non-dimensional numbers
as

2xGy,
= 4
Rers = O+ @
Reg, =20 )

2]

2hx
ARREAOENE) ©

where G is the average mass velocity. Lim et al. [3]
proposed the following two correlations depending
upon the shape of the interfaces:

for smooth interfaces
Nu, = 0.534Red® Rel?° Pri? @)
for wavy interfaces

Nu, = 0.0291Re%5* Rel4? Pro-3, (8)

3. MODELS

3.1. The modified k—e model
The conservation equations of the two-dimensional
turbulent flow are
oy,

a_x,.“o ®

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—¢ model
I3 0 0 0
ke 4 0 0
L -1 1 (or larger) 1
—uv 3 1 (or larger) 1
v, 3 1 (or larger) 1
aU/dy 0 0
DU, 0 oU, 1 dp
= ——— (=12 1
Dr ~ ax, [(”+"') ax,] pox, =12 10
DT 0 v \oT
—_ = — | 11
Dr  Ox; [<K+ al> 0xj:| an

Dk_ o [( w\ok] —ou
Dr — ox; vt g,/ 0x; Uity ox; ¢

Ds_ 5} Ve ﬁ
Dt_(?xj v+a_€ Jx;

e, __ 0U g2
+Ce 4(—uiu')_—l—csz.f_ (13)
'k 7 0x; >k
where
D_0 .3
Dt o ox
— au, odU,; 2
—“z“/ = Vt<ax~ é-;{)—gké” (14)
j i
k2
V= Cufu—; (15)

o,=14,0,=13,0,=09,C,, =14,
C.,=18,C,=0.09.

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.

The k—¢ turbulence model of Myong et al. is for the
wall boundary layer. Their k—¢ 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 [10]. 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
series expansion with respect to the distance from the
boundary [10], as shown in Table 2. If the lowest
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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—¢ model is explained briefly
below. In the modified k—¢ 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 [16]

' C
fu= (1 + ) fo (16)
VR
R, = k—z, C, =345
ve
where

o =[1—exp(—=yi/47)] (17)

+ _ _
AT = 70|:1 exp( u>:| (18)

In equation (18), A4;" 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, 17]. 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. [14] expressed the destruction term in
the dissipation rate equation with a damping factor
as

fo={1-Q2/9) exp [~ (R/6)’]} fD. (19)

In the wall turbulence, the destruction term is pro-
portional to y~2, so f§ is a function proportional to
y2. In the turbulence near the interface, however, k
and ¢ have non-zero finite values at the interface, so
there is no restriction for f}, from the near-interface
characteristics. In the modified k—¢ 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 ez al.

S =[1—exp(—y*/9)"

The turbulent kinetic energy, k, has a non-zero
finite value at the interface. In estimating this value,
the idea of Nezu and Nakagawa [13] is adopted. They
connected the turbulent kinetic energy, k;, 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 &,
was expressed as

(20)

k= 0.8k,
(k = 0; at the wall).

@1

They chose 0.8 as the coefficient from the experimental
results. In this study, the value, k,, is approximated
as u2 from the numerical results of Kim ez al. {18].
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 [16).
If the steady and fully developed flow is assumed, the
turbulent kinetic energy equation approaches

_ Oy )k
gi—a)’ ' o) 0y |ii

o’k
£ = VW; at the wall ).

Equation (22) is the exact boundary condition of ¢
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—& model assumes that the interface
is smooth. It should be noted that the modified k—
¢ model is not applicable to the phenomena with
interfacial waves.

(22)

3.2. Surface renewal model
The surface renewal model was originally proposed
by Danckwerts [19]. 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, A, as
h= pCPL\/(KS). (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 ef 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

u2

o ET*Tb=85.

(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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F1G. 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 ez al. [15].
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—
Helmbholtz instability

ag
b= 27[/((/&—/)@) g>'

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]

(25)

gL, 2na, 27}0.5
G e
e[ (] e

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, H, /L., as

UC L

H,
= 0079, (28)

\/(m +0a [Zmr
Uer = T
o | L
The value of o, in equation (28) is calculated by using
the third-order polynomial as

g = —0.0744+1.2421(khy) — 0.5015(k )2
+0.0701 (k. A, ).

L
+(p=p0) 7?]) @9

(30)

The surface renewal rate by waves, s, 1s determined
as

@30

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

S = Cyof Ly

(32)
(33)

Ssmooth = Sb +sbi
swavy =S + Sbi + Sw

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,
54, from 0.1 to 37.5 Hz for the wall bursting effect, s,
and from 0.2 to 10.3 Hz for the interfacial bursting
effect, sy;,. The larger values of s, and s,; 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

0T, °T,

Tl e 34
For simplicity, the depth of water is assumed to be
infinity. The boundary and initial conditions are
T, = Ts (y; = 0;at theinterface) (35)
T, = a finite value (y; = oo ; at the wall) (36)
T, =Ty, t=0). 37

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

TL*TLin=erfc< Ji >
Ts—~Tun 2/ (x0) '

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

x = Uyl (39

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

obtain
TL - TLin yi Um
To—T, = erfc(2 =/

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 (1)—(3).
The results are arranged in the same way as explained
in Section 2.

(40)

4. NUMERICAL PROCEDURES

The two-dimensional finite difference method is
employed for the numerical analysis of the modified
k—& 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 3in 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 ef 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-
wisk 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(Cp . WL ()T mx
Co Léx) imé ))= —pcVic(Hy+ TsChpy).

(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 ef 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 Re, , 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—¢ model of Myong ef al.
[14] are also presented for comparison. The results
of the modified k—¢ model and the wall k—¢ 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—¢ model predicts the intermediate
values between the correlation (equation (7)) for the
smooth interface by Lim ef 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—& model
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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 1). The marks and line types
represent: (QO) the experimental results; () the surface
renewal model (without wave effect); (V) the surface
renewal model (with wave effect) ; (A) the heat conduction
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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—
model. The surface renewal model excluding inter-
facial waves gives a little larger values than the exper-
imental results and the modified k—¢ model.

In the cases of wavy interfaces in Figs. 5 and 6, the
modified k—& 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-¢ model. The
experimental results show larger values than the
results of the modified k—¢ model. As mentioned in
Section 3.1, the modified k—¢ 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—¢ 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—¢ 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—¢ 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-
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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—& 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— model. The modified k—
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¢ 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
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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—¢ 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—¢ 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.
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PREDICTION DU TRANSFERT THERMIQUE LORS DE LA CONDENSATION PAR
CONTACT DIRECT A L’INTERFACE VAPEUR-EAU SOUS REFROIDIE

Résumé—On étudie le transfert thermique lors de la condensation par contact direct a 'interface de la
vapeur avec ’eau sous-refroidie dans un canal horizontal rectangulaire. Trois types de modéles sont utilisés
pour prédire le coefficient de transfert thermique a I'interface. Le modéle de conduction estime la limite
inférieure du transfert thermique. Le modéle k—¢ qui simule la variation des grandeurs turbulentes prés de
Pinterface, donne I'estimation la plus forte par rapport & celle du modéle k¢ 4 la paroi et il s’accorde avec
les résultats expérimentaux pour des interfaces lisses. Les résultats expérimentaux avec des rides interfaciales
sont prédits quantitativement en introduisant I'effet de la ride dans le modéle de renouvellement de surface.

BERECHNUNG DES WARMEUBERGANGS BEI DER DIREKTKONDENSATION AN
DER GRENZFLACHE ZWISCHEN DAMPF UND UNTERKUHLTEM WASSER

Zusammenfassung—Die Untersuchung beschiftigt sich mit dem Wirmeiibergang bei der Direkt-
kondensation an der Grenzfliche zwischen Dampf und unterkiihitem Wasser in einem waagerechten
rechteckigen Kanal. Es werden drei unterschiedliche Modelle zur Berechnung des Wirmeiibergangs-
koeffizienten an der Grenzfliche benutzt. Das Wirmeleitungsmodell dient zur Abschitzung einer unteren
Grenze fiir den Wirmeiibergang. Das modifizierte k—¢ Modell, das die Verinderung der turbulenten
GroBen in der Nédhe der Grenzflichen wiedergibt, ermdglicht im Vergleich zum k—¢ Modell an der Wand
eine verbesserte Berechnung und stimmt gut mit den experimentellen Ergebnissen bei glatter Grenzfliche
tiberein. Die Versuchsergebnisse mit Oberflichenwellen kénnen quantitativ berechnet werden, wenn der
EinfluB der Wellen in das Oberflichenerneuerungsmodell eingefiihrt wird.

ONPEAEJNEHHWE TEILIONTEPEHOCA TTPU KOHTAKTHON KOHOEHCALIMU HA
TPAHULIE PA3JIEJIA BOASIHON TTAP-HEJOT'PETAS BOJA

Amnoramms—MHccrnenyeTcs TEIIONEpeHOC IPH KOHTAKTONH KOHIEHCALIMH HA TPAHMIE pa3fieNia BOIASHOM
Map-HeLOorpeTas BOJA B FOPM3OHTAIBLHOM KaHaJle MPAMOYTONbHOTO ceveHus. s onpexeneHus kosd-
¢uipenTa TemlonepeRoca HA TPAaHHIE Pa3/iella HCOOIL3YIOTCS TPH BUAa Moneneil. Monems Temwionpo-
BOIHOCTH MPHMEHSIETCA AJIA OLCHKH HHXKHETO Npejiesla nepefayn Temia. MoauduIHpoBaHHas MOIENb
k~¢, onuceiBaronas H3IMEHEHHE BEIMYAH TyPOYIEHTHOCTH BOIM3N IPaHUIbI pa3eia, AaeT 6oJlee TOTHbIE
Pe3yAbTAaThl IO OPaBHEHUIO C NMPHCTEHHON K—& MOJENBIO M XOPOIUO COTJIACYETCH ¢ IKCHECPHMEHTANb-
HBIMH JaHHBIMH JUIS [JIAJKHX IPaHAL pa3fena. DKCIEPHMEHTANbHBIE JAHHKIE IS CIyYas BO3HHKHOBE-
HHSl BOJIH HA FPaHULE Pa3fieNa ONpENeNIsIOTC KOIMIECTBEHHO IOCPEACTBOM BBeNeHHs >deKTa BOJIH Ha
TPaHuLE pa3/ena B MoJedb OGHOBJIEHHS TOBEPXHOCTH.



