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Abstract

We experimentally investigate the interfacial condensation heat transfer for a steam-water countercurrent stratified flow in a horizon-
tal pipe. In contrast to the previous work of Chu et al. [I.C. Chu, S.O. Yu, M.H. Chun, Interfacial condensation heat transfer for coun-
tercurrent steam—water stratified flow in a circular pipe. J. Korean Nucl. Soc. 32 (2) (2000) 142-156] that investigated only the interfacial
condensation heat transfer in a stratified smooth flow in a horizontal pipe, this work investigates the steam—water stratified wavy flow. A
total of 105 local interfacial condensation heat transfer coefficients for a wavy interface have been obtained. The parametric effects of the
flow rates of steam and subcooled water and the degree of subcooling on condensation heat transfer were examined. The empirical Nus-
selt number correlation was developed on the basis of the bulk flow properties. This correlation agrees with the experimental data within
+32% with a RMS error of 16.2%. Its applicable ranges for a steam-water countercurrent stratified flow in a horizontal pipe are as fol-
lows: the ranges of Reynolds numbers are 4000-14000 for the water and 12000-23000 for the steam, and the Jakob numbers for the

water are 43.5-180.
© 2006 Elsevier Ltd. All rights reserved.

Keywords: Interfacial condensation; Stratified flow; Wavy flow; Horizontal pipe; Thick water layer; Thermal stratification

1. Introduction

The modeling of direct-contact condensation heat trans-
fer in a steam-water stratified flow is important for the
safety of nuclear reactor systems, especially for the conden-
sation of steam on the emergency core cooling water in a
cold leg during a postulated loss-of-coolant-accident
sequence of a pressurized water reactor. The condensa-
tion-induced water hammer in a steam generator feedwater
line is another well-known problem. Direct contact con-
densation heat transfer can also be encountered in a hot
leg during a reflux condensation mode.
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Over the past 30 years, a number of experimental studies
[2-7] have investigated the interfacial condensation heat
transfer in stratified concurrent and countercurrent
steam-water flow. Some analytical works [8,9] have also
investigated the heat transfer coefficient (HTC) at the
steam—water interface. Table 1 shows details of the test sec-
tion geometry and experimental conditions used by earlier
workers. Most of the previous experimental studies (except
for Ruile’s work) used a wide rectangular channel and a
very shallow water layer.

However, most piping in a nuclear power plant has a cir-
cular geometry rather than rectangular. Therefore, the flow
geometry of existing works is not directly applicable to a
nuclear piping system. When the cross-sectional area of a
wide rectangular channel is the same as that of a circular
pipe, the water layer of the circular channel is much thicker
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Nomenclature
Ap cross-sectional flow area (m?)

C, specific heat (J/kg °C)

D inside diameter of circular channel (m)

Dy equivalent hydraulic diameter (m)

g gravitational acceleration (m/s?)

h local heat transfer coefficient, HTC (W/m? °C)

i specific enthalpy (J/kg)

ifg latent heat of condensation (J/kg)

Jk superficial velocity of phase k (m/s)

Ja Jakob number

k conductivity (W/m °C)

L channel length (m)

Nu Nusselt number

Pr Prandtl number

gr,  heat flux to the atmosphere due to steam con-
densation at the wall (W/m?)

q! heat flux to the water layer due to steam conden-
sation at the interface (W/m?)

Re Reynolds number

S wall perimeter (m)

S; interface perimeter (m)

T temperature (°C)

T; bulk water temperature (°C)

vV velocity (m/s)

mass flow rate (kg/s)

axial distance from the water inlet (m)

vertical distance from the bottom of the pipe (m)
horizontal cross-stream distance from the center
line of the pipe (m)

NEX%

Greek symbols

0 water layer thickness (m)
0 inclination angle (degree; °©)
U viscosity (Ns/m?)
p density (kg/m?)
Subscripts

water; water side
g saturated steam; steam side
i interface
in inlet of water or steam
sat saturated value
m averaged value in z-direction
c value along the center line
Superscript

— average value

than that of the wide rectangular channel for the given flow
rates of steam and water. In particular, when the thickness
of the water layer is increased, there is a change in the char-
acteristics of the heat, mass and momentum transport, such
as the turbulent intensity profile and the efficiency of turbu-
lent mixing in the water layer, which are dominant in the
interfacial condensation heat transfer. Therefore, the differ-
ence in the flow geometry may change the overall inter-
facial condensation heat transfer characteristics. According
to Ruile’s study [7], a thick water layer (about 40 mm) pre-
ventes full turbulent mixing and establishes thermal strati-

Table 1
Comparison of test section geometry and experimental conditions

fication. The limited turbulent mixing in the water layer, in
turn, reduces the convective heat transfer mechanism as
well as the interfacial heat and mass transfer property.
The main objective of this study is to experimentally
investigate the condensation heat transfer of saturated
steam in direct contact with the wavy countercurrent flow
of a subcooled thick water layer in a nearly horizontal cir-
cular pipe. In contrast to a previous work of Chu et al. [1]
that investigated only the steam-water tratified smooth
flow, in this work, we investigate the steam—water stratified
wavy flow. This work also aims to determine the paramet-

Authors and references  Test section geometry and test condition

Channel geometry

Dimension (cm)

Flow direction

Water level (cm)

Interface conditions

(inclination) (width x height)
Chu et al. [1] Circular (horizontal) ID =8.4 Countercurrent  1.8-3.2 Smooth
Linehan et al. [2] Rectangular (horizontal) 15x1.9 Cocurrent 0.05-0.15 Wavy
Segev et al. [3] Rectangular (17°, 45°) 15.2x(5.1-15.2)  Countercurrent  — Wavy
Lim et al. [4] Rectangular (horizontal) 30.48 x 6.35 Cocurrent 0.95-2.22 (inlet) Smooth/wavy
0.5-1.0 (downstream)
Kim et al. [5] Rectangular (4°,30°,33°,87°) 38 x (7.5, 3.8) Countercurrent 0.1 — 0.7 Smooth/Wavy
Rulie [6] Rectangular (horizontal) 7.9 % 6.6 Cocurrent and ~4 Smooth (cocurrent)
Countercurrent Wavy (countercurrent)
Choi et al. [7] Rectangular (2.1°,5°) 12x4 Cocurrent 0.1-0.3 Wavy
Present work Circular (horizontal) ID=84 Countercurrent  1.3-2.8 Wavy
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ric effects of a thick water layer, the steam and water flow
rates, and the water subcooling on the interfacial condensa-
tion heat transfer.

2. Experiments
2.1. Experimental apparatus

Fig. 1 shows a schematic of the experimental apparatus.
The test facility is designed and constructed such that the
condensation rates of the steam along the circular channel
can be measured while the saturated steam and subcooled
water flow in the opposite direction. The test apparatus
consists of a test section, a steam and water supply system,
associated piping, and a data acquisition system.

The test section is slightly inclined (about 0.2° from the
water inlet) and consists of several transparent tempered
glass pipes that were connected in series by flanges. A tra-
versable pitot tube with a outer diameter of 1.6 mm and a
thermocouple with a outer diameter of 0.5 mm are installed
at the bottom of each flange located at five different axial
positions. Fig. 2 shows a schematic of the test section.
The total length of the horizontal channel is 2.0 m and
the inside diameter is 0.084 m. The test section used in this
study has the same inside diameter as that used in Chu
et al.’s experiment [1]. However, we amended the test sec-
tion and instrumentation to enable a more suitable investi-
gation for the interfacial condensation heat transfer under
wavy interface conditions. Due to condensation, the steam
flow rate decreases as the steam flows through the test sec-
tion. As a result, the wavy interface cannot be maintained
downstream of the steam flow. In our experiemnt, there-
fore, five pitot tubes and thermocouples are placed in the
region close to the steam inlet.

The steam, which is supplied by a 200 kW electric steam
boiler, passes through a steam—water separator. Before the

Water ﬁ

steam flows into the test channel, the steam flow rate and
thermal property are measured. The steam—water separator
is used to ensure the supply of dry saturated steam or
slightly superheated steam. The volumetric steam flow rate
at the inlet of the test section is measured by a vortex flow-
meter. The density of the steam, on the other hand, is eval-
uated on the basis of the temperature and pressure, which
are measured by a thermocouple and an absolute pressure
transmitter. A water surge tank (1.0 m®) is used to provide
a steady flow rate as well as the constant temperature of the
water. The volumetric flow rate of the water that flows into
the test section is measured by a turbine flowmeter. The
vortex flowmeter was calibrated at the Korea Research
Institute of Standards and Science. The turbined flowmeter
was calibrated at Omega Eng. Inc., and the pitot tubes
were calibrated using a specially designed calibration loop.

2.2. Test parameters and test procedure

The controllable test parameters were, firstly, the inlet
flow rates of the water and steam and, secondly, the subco-
oling of the inlet water. Table 2 summarizes the test condi-
tions. The range of Reynolds numbers was 4000-14 000 for
the water (Reg) and 12000-23000 for the steam (Re,). The
Jakob number (Ja) for the water varied from 43.5-180.

The definitions of dimensionless numbers are as follows:

Nu = :
u e
VeD VD
Ref:,Of f h,f’ egng I h,g7
:uf :ug (1)
Ja — Pfcp-,f(T'g - Tf)
Pylfg
44, ¢ 44
D — P, D, — p.g
h,f Si + Sfa h,g Si + Sg7

| =l

L
@ @ @ @ Vortex
Flowmeter [}@
WATER P/T : Pitot-tube
SUPPLY T/C : Thermocouple
LINE P : Pressure Transmitter Storage
@{} . STEAM
Turbine Bypass Line SUPPLY @
Flowmeter LINE
Direct
Const Heating D_D
Head Const
Water Temp. Steam / Water
Storage Water

Tank Storage

Tank

Separator
Steam
Boiler
! Demineralized

Water

Water Pump Filter

Fig. 1. Schematic of the experimental apparatus.
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Fig. 2. Dimensions of the test section for the wavy interface experiments.

Table 2
Test matrix of the present experiments

Tiin (°C)  Tgin (°C) Wrin (kg/s) Wein (kg/s) Rey Re, Ja Number of data
25 100 0.08-0.22 (5 cases) 0.013-0.019 (6 cases) 4000-10000 12000-19000 77.9-180 41
45 100 0.08-0.22 (5 cases) 0.015-0.018 (6 cases) 4000-13 000 14000-17000 52.2-131 31
55 100 0.08-0.22 (5 cases) 0.015-0.02 (6 cases) 4000-14000 17000-23000 43.5-99.1 33
Total number of data 105

where Nu is the Nusselt number, / is the interfacial conden-
sation HTC, Dy, is the hydraulic diameter, 4, is the cross-
sectional flow area, and S is the perimeter. The subscript 1
denote the steam-water interface and the subscripts f and g
denote the liquid phase and gas phase, respectively. In
using these equations, we evaluate all liquid properties at
the bulk temperature of liquid layer.

The condensation rate of the steam at the steam—water
interface was deduced from the increase rate of the bulk
water temperature due to steam condensation. To evaluate
the bulk water temperature along the flow stream, mea-
surements were taken of the vertical velocity distributions
of the water layer and the bulk water temperature at five
axial positions along the test section.

A brief outline of the test procedure is as follows. First,
the water temperature in the surge tank is brought to a pre-
determined value for each test run. The inlet flow rates of
the water and steam are then set at desired values with
the aid of a pump rpm controller and valve opening adjust-
ment, respectively. Second, when the desired steam and
water flow rates reach steady conditions, the radial distri-

butions of the temperature and the velocity of the water
at five different axial position along the test section are
simultaneously measured by traversing the pitot tubes
and thermocouples from the bottom of the pipe to the
steam—water interface. The pitot tubes and thermocouples
are attached to a travering system with a mounted digital
vernier caliper; and they are attached in such a way that
both the pitot tubes and the thermocouples could be raised
vertically by an increment of 1.0 mm. All measurements
except the water film thickness, are recorded by the data
acquisition system. Third, the water layer thickness (J) at
each axial position is determined by both the visual obser-
vation and the degree of water subcooling measured by the
thermocouples.

3. Method of analysis

Fig. 3 shows the control volume describing the heat
transfer process in a countercurrent steam—water stratified
flow in a horizontal pipe. An outline of the procedure to
obtain the interfacial condensation HTC is as follows:
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Fig. 3. Control volume of the countercurrent steam—water stratified flow.

(I) Based on the mass and energy balance, the local
interfacial condensation HTC at any location x from the
water inlet can be expressed as

ifg de
M) = ST o) ax

(2)

where W; denotes the mass flow rate of water. Therefore,
the interfacial condensation HTC can be deduced from
the increase rate of local water flow rate along the axial
direction of test section.

In the calculation of the condensation HTC, the bulk
water temperature and the physical properties at each axial
position were determined on the basis of the following
assumptions:

(i) that the steam along the test section is at saturation

condition

(i1) that the temperature of the water across the cross-
section (in the z-direction in Fig. 3) at each vertical
position is uniform

(1ii) that the velocity of water across the cross-section (in
the z-direction in Fig. 3) at each vertical position has
the 1/7 power velocity profile.

Actually, the temperature drop between steam inlet and
outlet was less than 1 °C and the experimental results of
Chu et al. [1] for the smooth interface showed the the water
temperature for different levels of water layer did not vary
significantly in the z-direction. Additional analyses also
showed that the velocity profile in the z-direction has a neg-
ligible effect on bulk water temperature.

(IT) Using the relations of the mass and energy conserva-
tion for the control volume shown in Fig. 3, the local mass
flow rate of water, Wi{(x), can be expressed as

 Weinlig = irin) + 5 44imSedx
ig — if(x)

where ¢, is the heat flux to the atmosphere through the

wall of the steam side and S, is the wall perimeter of the

steam side. The steam condensation rates at the wall of

the test section and the steam reservoir were evaluated by
directly measuring the heat flux to the atmosphere using

Wf(x) ) (3)

a microfoil heat flux sensor with an accuracy of +3%.
The results showed that the condensation rate at the wall
could be neglected when calculating the interfacial conden-
sation HTC. Hence, the term of heat flux to the atmosphere
is ignored.

(IIT) In Eq. (3), the local mass flow rate of the water can
be evaluated from the bulk water temperature. The bulk
water temperature at any x is defined as follows

_ fpf(xvyvz)Tf(xayvz) Vf(x,y,z)dydz
Tf(x) =
fpf(x7yaz) Vf(x,y,z)dydz

Eq. (4) can be approximated by the following equation
and, as shown in Fig. 4, T{x) can be evaluated by integrat-
ing the measured local temperature and velocity profiles
over the area of the water layer divided into several rectan-
gular cells;

To(x) = Z;pt‘,m(yj‘)Tf,m(yj‘) Vf,m(Yj)Si(y/‘)AJ’j
ijf,m(yj) me(yj)Si(yj)ijZ
where the subscript m refers to the value averaged in the
z-direction for each rectangular cell. Using assumptions
(i) and (iii), Eq. (5) can be further simplifed as follows:
Z;a(yj)pf,c(yj)Tf‘c(yj) Vf,c(yj)si (yj)Ay]
Z;'a(y/')pﬁc(yj‘) Vf‘c(yj)Si(yj)ijZ ’
where the subscript ¢ refers to the value measured at central
point of each rectangular. In Eq. (6), a(y;), which is the

ratio between the average and the center line velocity at
each vertical position of y;, is defined by

: 1/7
Sl _ —y 2 Z
|: (R—y)"+ 2:| dz

)

(5)

Te(x) = (6)

B
Vinb) _ . )
Jidz
The value of a(y) for each vertical position of y can be ob-
tained by numerical integration, and the following expres-
sion can be obtained by a fourth order polynomial curve
fitting:

a(y) = Vi)

[]
It *Si(y) !

Y

I yA K
i \ Measurement points
‘Cp (Temperature & Velocity)

Fig. 4. Nodalization of the water layer into rectangular cells.
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a(y) = 0.922 — 0.016(y/R) — 0.035(y/R)’
+0.042(y/R)’ — 0.038(y/R)*. (8)

When the laminar velocity profile is assumed, a(y) has a
constant value of 2/3, regardless of the value of y. How-
ever, the change in a(y) depending on the turbulent or lam-
inar velocity profile has a negligible effect on the bulk water
temperature. Because of the difficulty of measuring the
velocity near the steam—water interface, the velocity of this
region is evaluated by extrapolating the measured velocity
profile and assuming there is no slip at the interface.

4. Results and discussion

A total of 105 local interfacial condensation HTCs were
obtained for the wavy interface conditions, for various
combinations of the following initial conditions: the inlet
water flow rate, inlet steam flow rate, and degree of water
subcooling.

4.1. Flow regime

Fig. 5 shows the experimental data plotted in the
Mandhane’s flow pattern map [10]. Visual observations
showed that the transition from the stratified smooth to
the wavy flow occurred when the local steam superficial
velocity was greater than about 2.5 m/s for the range of
the water superficial velocity of 0.01-0.05 m/s. The gas
superficial velocities required for the transition from the
smooth to the wavy interface are lower in steam-water
experiments than in air—water experiments, because the
interfacial shear stress in the presence of condensation is
augmented by the mass transfer [2].

The water layer thicknesses were from 0.013m to
0.028 m. The ratio of the water layer thickness to pipe
diameter varied from 0.155 to 0.333, which was much
greater than the ratio obtained in the previous works for
a wide rectangular channel. In our experiment, a three-
dimensional pebble wave was dominant.

1¢ B e e
t  Bubble,
Elongated
Bubble Flow Slug Flow
Annular,
0.1F Annular Mist Flow 1
» "
E. Stratified Flow fogcg% a
ao
\“‘ ago ®©
0.01} .
o Smooth Interface
®  Wavy Interface
1E-3 el el e S
0.1 1 10 100

J, [mis]

Fig. 5. Experimental data plotted in the Mandhane’s flow pattern map.

4.2. Profiles of the local temperature and velocity
of the water

Figs. 6 and 7 show typical profiles of the local water
temperature and the local water velocity measured at
1.67 m downstream from the water inlet for three inlet
water temperatures of 25 °C, 45 °C, and 55 °C. To evaluate
the effect of the steam-water interface condition on the
heat transfer characteristics, the results of Chu et al. [1]
for the smooth interface, which were measured at 1.6 m
down stream from the water inlet, are also presented.

Fig. 6 shows that, for the smooth interface conditions,
the local temperature of the water layer close to the bottom
(i.e., /6 <0.6) is slightly higher than the inlet water tem-
perature and remains fairly constant. The figure also shows
that in the region of the higher water layer (i.e., /6 > 0.8)
the temperature of the water layer tends to rise sharply to
the saturation temperature. For the wavy interface condi-

T T T T T T T T T T T
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Fig. 6. Non-dimensionalized local temperature profiles of the water layer.
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Fig. 7. Local velocity profiles of the water layer.
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tions, as opposed to the smooth interface conditions, the
local temperature of the water layer in the region of
y/6 < 0.6 does not remain constant but rises more or less
gradually. In the region close to the interface, however,
the temperature profile of the wavy interface shows a sim-
ilar trend to the smooth interface conditions.

Fig. 7 shows that, for the smooth interface conditions,
the local velocity of the water layer reaches a high velocity
region at around y/d = 0.5 and remains more or less con-
stant. For the wavy interface conditions, however, the local
velocity of water layer reaches a maximum value at around
/6 = 0.3, and significantly slows down as it moves toward
the interface due to the enhanced shear stress of the coun-
tercurrent steam flow. The local water velocity at steam—
water interface is nearly zero.

If there were full turbulent thermal mixing in the water
layer, the temperature profile should be almost uniform.
The curves in Fig. 6 imply that the thick water layer
(0.018-0.032 m for the smooth interfaces and 0.013-
0.028 m for the wavy interfaces) in the circular channel pre-
vents the water layer from inducing full turbulent thermal
mixing and forms thermal stratification in the water layer,
especially for the smooth interface conditions. That is, the
turbulence generated by the interfacial shear does not prop-
agate into the lower region of the water layer, and effective
turbulent thermal mixing is restricted within the upper
region of the water layer close to the steam-water interface.
Therefore, the thermal resistance of the water layer to the
interfacial condensation heat transfer was fairly large.

However, the turbulence generated by the interfacial
shear stress can be propagated into lower region of water
layer more efficiently for the wavy interface conditions than
for the smooth interface conditions, as shown in Figs. 6
and 7.

Fig. 8 shows how the bulk temperature of the water
increases along the water flow stream for both smooth
and wavy interface conditions. As expected, the increase
rate of the bulk water temperature for the wavy interface

T T T T T T T T T
8o | Water Inlet Temperature: 25 °C #5
o w A
— 4 v
o #3 - A .
S 60f Wavy Interface -y i
T #2 .y
8 # A
S 40t A o0 -
= Tf,in "———"“'%'— -
= e u - W (kgls) W (kg/s)]
3 . fin g.in
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Distance from Water Inlet [m]

Fig. 8. Increase rate of the bulk water temperature along the flow stream.

conditions is much larger than that for the smooth inter-
face conditions. This phenomenon occurs because for the
wavy interface conditions there is a greater convective heat
transfer due to the mixing in the water layer. Moreover, the
bulk water temperature increases almost linearly with
respect to the distance from the water inlet. This result
implies that the gradient of the water mass flow rate or,
equivalently, the steam mass flow rate in Eq. (2) can be
approximated as follows

de(x) _ Wilx+1) = Wi(x—1) 9)
dx 24x ’
where Ax is the distance between two adjacent measure-

ment positions, and x + 1 and x — 1 refer to the next and
the previous axial measurement positions of x, respectively.

4.3. Effects of the flow rates of the steam and water
and the water subcooling

In this study, the local interfacial condensation HTCs
varied from 1.9 to 5.1 kW/m?°C. In Figs. 9 and 10, the
local Nusselt number versus the local steam (and water)
Reynolds number are shown for different ranges of the
water (and steam) Reynolds numbers and the inlet water
temperatures. The results of Chu et al. [1] are presented
to investigate the influence of the interface conditions.

The effects of the water and steam flow rates on the
interfacial condensation HTC for the wavy interface condi-
tions can be deduced from Figs. 9 and 10. That is, for a
given water Reynolds number (or water flow rate), the
Nusselt number (or /) increases as the steam Reynolds
number (or steam flow rate) increases. In addition, for a
given steam Reynolds number, the Nusselt number
increases when the water Reynolds number increases.
These results are consistent with the experimental results
of Chu et al. [1] for the smooth interface conditions.

In the absence of a complete turbulent mixing motion,
the interface shear enhances the convection. This enhance-
ment explains how the condensation HTC (or equivalently,

_— T T T T T T
% Tl‘m(oc) ; Re{ Ti,ln(cc); Ref
E m 25 ; 4700 - 5600 o~ 20 ; -5695
- o 55 ; 7500 - 9000 @ 40 ; -6713
o A 20 ; -4035
~ Wavy Interface o o © v 40 5525
> »
n

Z 100t = fon .
o [ . Smooth Interface ]
= Chu et al. [1]
=
8 P o o sl
£ 0" @ @ ® )
o ° A Do NS
] v v v
h=t
|:
= 10 1 n 1 N |

4000 6000 8000 10000

Eeg (for smooth) or Re,/3 (for wavy)

Fig. 9. Effects of the steam flow rate on the interfacial condensation heat
transfer.
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Fig. 10. Effect of the subcooling of water and the water flow rate on the
interfacial condensation heat transfer.

the Nusselt number) increases with the higher steam Rey-
nolds numbers. The increase in the condensation HTC with
the water flow rate, however, is mainly due to the following
two factors: first, at higher water flow rates, the water tem-
perature increases slowly from the inlet value and the tem-
perature difference between the water layer and the steam
consequently remains relatively large; and, second, the
increase in the water flow rate may also increase the initial
turbulence in the water and therefore increase the conden-
sation heat transfer.

As can be seen in Figs. 9 and 10, for the smooth inter-
faces conditions, the subcooling of water had definite
effect on the HTC: the HTC increases as the bulk water
temperature decreases (that is, as the subcooling of water
increases) for a given steam and water Reynolds numbers.
However, for the wavy interface conditions, it is difficult to
evaluate directly the effect of the subcooling of water on the
HTC due to the lack of experimental data.

4.4. Empirical correlation for the interfacial condensation
HTC

To correlate the 105 experimental data obtained for the
wavy flow in a nearly horizontal circular pipe, the local
Nusselt number correlation was developed in terms of the
water and steam Reynolds numbers and the water Jakob
number using a least-square fit method as follows

Nu =12 x 10""Re}*Re;* Ja"* (10)

(for a wavy interface, where j, > 2.5 m/s).
The applicable ranges of Eq. (10) are

4000 < Rer < 14000,
12000 < Re, < 23000,
and

43.5 < Ja < 180.

All the dimensionless numbers included in Eq. (10) are de-
fined in terms of the bulk flow properties shown in Eq. (1).
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Fig. 11. Comparison of the measured Nusselt number with the calculated
value.

The relatively large exponent of the steam Reynolds num-
ber, compared with the water Reynolds number, shows
that the interfacial shear stress plays an important role in
the condensation heat transfer for the wavy interface con-
ditions. Fig. 11 compares the measured Nusselt number
with the calculated values obtained from Eq. (10). The cor-
relation agree with most of the data within +32% (with a
RMS error of 16.2%).

4.5. Uncertainty analysis

Based on Eq. (2), the uncertainty of the local HTCs is
given by the root sum square of a bias contribution and
a precision (random) contribution to the total uncertainty
of the HTC. Each of these two contributions can be evalu-
ated separately in terms of the sensitivity coefficients of the
reduced data to measured parameters (partial differential
terms) and the measurement errors of the parameters using
the uncertainty propagation equation of Kline and
McClintock [11]. The uncertainty analysis was performed
in accordance with a 95% confidence level. Its detailed
results are summarized in Table 3.

Table 3
Parameters and estimated uncertainties with a 95% confidence level

Parameter Bias limit Precision limit
Independent parameter ¢ (mm) 1.0 0.5

Wein (%) 0.5 0.5

Vie(x, ) (%) 5.0 0.5

Tie(x.p). T (°C) 22 0.1
Major dependent T¢(x) (°C) 0.84-2.15 0.37-4.32

parameter We(x) (%) 0.51-0.72  0.51-0.55

h (%) 10.4-39.9 6.03-22.2

Mean of total 22.59

uncertainty: & (%)
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5. Conclusions

We experimentally investigated the interfacial condensa-
tion heat transfer for countercurrent steam—water stratified
wavy flow in a nearly horizontal circular pipe. The main
conclusions are as follows.

e The condensation rates of saturated steam on a sub-
cooled thick water layer (0.013-0.028 m) in a counter-
current horizontal circular channel were obtained by
measuring the rate of increase in the bulk water temper-
ature due to the condensation of steam, and the local
interfacial condensation heat transfer coefficients were
subsequently deduced.

e The measurements of local temperature and velocity
profiles in the thick water layer show that the thermal
resistance of the water layer is appreciably large because
the turbulent thermal mixing generated by the interfacial
shear does not propagate into the lower region of the
water layer but is restricted to the upper region of the
water layer near the steam-water interface. However,
the turbulent thermal mixing can be propagated more
efficiently into lower region of water layer for the wavy
interface conditions than for the smooth interface
conditions.

e The empirical local Nusselt number correlation for a
wavy interface region was developed on the basis of
the bulk flow properties. The correlation agree with
most of the data within £+32%.
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