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a b s t r a c t

Axial developments of the local void fraction, interfacial area concentration and bubble Sauter mean
diameter were measured in subcooled boiling flow of water in a vertical internally heated annulus using
the double-sensor conductivity probe technique. Measurements were performed under varying condi-
tions of heat flux, inlet liquid velocity and inlet liquid temperature. A total of 10 data sets were acquired.
Based on these measurements with the previous data obtained in the present test loop, the influence of
flow condition on the profiles of local two-phase flow parameters was discussed. The measured average
void fraction and interfacial area concentration were compared with the predictions by existing correla-
tions for drift-flux parameters and interfacial area concentration. Also, the recently proposed bubble layer
thickness model in subcooled boiling was evaluated for the measurement data.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Accurate predictions of void fraction and interfacial area con-
centration in subcooled boiling regime are essential for boiling
water reactor (BWR) safety analysis. The void fraction affects the
heat transfer rate in the reactor core, the stability and the core
reactivity. Also, the interfacial area concentration takes a signifi-
cant role in the estimation of heat transfer capability, and is one
of the key parameters in the current nuclear reactor safety analysis
codes such as RELAP5, TRAC, and CATHARE in which two-fluid
model is employed. In such codes, the void fraction is solved as a
dependent variable while the interfacial area concentration should
be given as a constitutive relation. Currently, the interfacial area
concentration is implemented as flow regime dependent empirical
correlation in most safety analysis codes with two-fluid model [1].
This approach, however, does not mechanistically represent the
change in interfacial structure and may lead to the numerical oscil-
lations in system behavior due to its static and flow regime depen-
dent nature. Recently, the interfacial area transport equation has
been introduced to improve the two-fluid model [2]. It can replace
the traditional flow regime maps and regime transition criteria.
Thus, the interfacial area transport equation is expected to contrib-
ll rights reserved.

: +82 42 861 7697.
ute to a great improvement in the predictive capability of code in
safety analysis.

In order to develop a reliable interfacial area transport equation
applicable to subcooled boiling flow, fundamental experiments to
obtain accurate data sets for the distributions of local two-phase
flow parameters are indispensable because the related model
development and its validation depend on the availability of quan-
titative information on the subcooled boiling flow field. Especially,
in view of the importance to the interfacial area transport equa-
tion, accurate data sets on the local void fraction and interfacial
area concentration are required in various channel geometries
and flow conditions.

Over the past 20 years, extensive experimental studies on the
local measurements of these parameters in two-phase flow have
been carried out. However, most of the studies have been
restricted to an adiabatic bubbly flow due to the practical impor-
tance in many engineering applications. In subcooled boiling flow,
most of previous works have dealt understandably with the mea-
surements of gross effects rather than local effects. The earliest
experiment to attempt the measurement of local void fraction
was by Delhaye et al. [3]. They developed a fast micro-thermocou-
ple that could enable the detection of the gas or liquid phase, and
measured the local void fraction and temperatures of liquid and
gas in steam-water flow. The local void fraction was estimated
from the probability density function of the temperature signals.
Sekoguchi et al. [4] used the single-sensor conductivity probe to
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Nomenclature

ai interfacial area concentration
Co distribution parameter
Db bubble diameter
DH hydraulic equivalent diameter
Drod heater diameter
Dsm Sauter mean diameter
G mass flux
g gravitational acceleration
j mixture volumetric flux
jf superficial liquid velocity
jg superficial gas velocity
NBo boiling number
NJa Jacob number
NRe Reynolds number
Nsub subcooling number
NWe Weber number
NZu Zuber number
P pressure
q00 heat flux
R inner radius of outer round tube
Ro radius of inner heater rod
r radial coordinate
T temperature

Vgj weighted mean drift velocity
vfi inlet liquid velocity
vg gas phase velocity
vr relative velocity
xeq thermal equilibrium quality
z axial coordinate

Greek symbols
a void fraction
DTsub,in inlet liquid subcooling
DP pressure difference
l dynamic viscosity
q density
r surface tension

Subscripts
crit critical
F friction
f liquid phase
fi fluid inlet
g gas phase
h heating
m mixture
in inlet
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measure both radial and axial distributions of local void fraction in
subcooled and low quality boiling flow of water through cylindrical
tubes. Hasan et al. [5] measured radial profiles of void fraction in
subcooled boiling of R-113 through a vertical annulus. The void
fraction was measured by a cylindrical hot-film sensor. Roy et al.
[6] measured the local void fraction and the bubble size in sub-
cooled boiling flow of R-113 through a vertical annulus. The void
faction was measured by optical fiber probe. The local interfacial
area concentration was also estimated using the measured void
fraction and bubble size. Zeitoun et al. [7] also measured the void
fractions and mean bubble sizes at various axial locations in sub-
cooled flow boiling. The bubble mean diameter which can be used
to calculate interfacial area concentration was determined using
high-speed photography, and the void fraction was measured by
a single-beam gamma densitometer. Based on the measured data,
they proposed a correlation for mean bubble diameter. Recently,
Garnier et al. [8] performed the measurements of local two-phase
flow parameters in R-12 flow boiling in a vertical channel. The void
fraction and interfacial area concentration were measured by an
optical probe. Also, Lee et al. [9] measured the radial profiles of lo-
cal void fraction and velocities of both phases in subcooled boiling
flow of water in a vertical concentric annulus with a heated inner
tube. A double-sensor conductivity probe was used for the mea-
surements of local gas phase parameters.

As stated above, most attempts have been made for the local
measurement of void fraction, whereas a few works have been
done for the interfacial area concentration measurement in spite
of its crucial role in interfacial transfer mechanism. Moreover,
the data on axial development of local two-phase flow parameters,
which are very important to evaluate the interfacial area transport
equation, are extremely limited so far. From this point of view,
Thermal-hydraulics and Reactor Safety Laboratory in Purdue Uni-
versity have been performing extensive experiments to obtain
accurate data sets on local two-phase flow parameters in sub-
cooled boiling flow [10]. As a continuation of this activity, this
study also aims to construct a reliable database to model the inter-
facial area transport mechanisms. Using the double-sensor conduc-
tivity probe method, the axial developments of local void fraction,
interfacial area concentration and bubble Sauter mean diameter
were measured in subcooled boiling flow of water in an internally
heated annulus which was scaled-down from a prototypic BWR.
Combining these new data with the previous data [10] obtained
in the present experimental facility, the influences of inlet liquid
subcooling, heat flux and inlet liquid velocity on the distribution
of local flow parameters are discussed. In addition, the measured
area-averaged void fraction and interfacial area concentration are
compared with the predictions using existing correlations for
drift-flux parameters and interfacial area concentration. Also, the
recently proposed bubble layer thickness model [11] to formulate
a one-dimensional interfacial area transport equation in subcooled
boiling flow is tested to evaluate the applicability of the model.

2. Experiments

The test loop of present experiment has been designed to mea-
sure the relevant two-phase parameters necessary for developing
constitutive models for the two-fluid model in subcooled boiling
in BWR. It is a scaled-down loop from a prototypic BWR based
on proper scaling criteria for geometric, hydrodynamic, and ther-
mal similarities. The scaling criteria used to design the present test
loop are detailed in the work of Situ et al. [12]. A schematic of the
test loop is shown in Fig. 1. The test loop mainly consists of a test
section, a main tank and a circulating pump. The main tank holds
the subcooled water, and has a cartridge heater and heat exchanger
to control the inlet subcooling of test section. Distilled and
degassed water from the main tank is pumped by a positive dis-
placement pump, flows through a magnetic flow meter and is then
divided into four separate lines. Each line runs to a fitting that is
connected to the bottom of the test section. The test section
contains a heated section where subcooled boiling occurs. The
two-phase mixture at the test section outlet flows back through
a separation tank to the main tank. The test section is a vertical
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Fig. 1. Schematic diagram of test loop.
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concentric annulus that is formed by a transparent polycarbonate
tube of 38.1 mm ID on the outside and a cartridge heater of
19.1 mm OD on the inside. The heater has an overall length of
2670 mm with a heated section of 1730 mm in length. The maxi-
mum power of the heater is 20 kW which corresponds to a maxi-
mum heat flux of 0.193 MW/m2.

The test section inlet temperature was measured by a thermis-
tor probe with a sensor accuracy of ±0.1 �C. The volumetric flow
rate entering the test section was measured by a magnetic flow
meter. It has an accuracy of ±1.1% of reading. The differential pres-
sure between the inlet and outlet of the test section was measured
by a differential pressure cell with an accuracy of ±2.1% of reading.

The local two-phase parameters were measured by the double-
sensor conductivity probe method. The details of the method are
given by Hibiki et al. [13]. The measurement accuracies for void
fraction and interfacial area concentration were estimated to be
±12.8% and ±6.95%, respectively. The measurements were taken
at four axial locations of zh/DH = 31.3, 52.6, 68.7, and 89.4. At each
axial plane, the probe was traversed between r/(R � R0) of 0.05 and
0.95 to obtain the radial profiles of local flow parameters. Here, zh

and DH are the axial distance from the beginning of heating section
and the hydraulic diameter, respectively, and r, R, and R0 are the
radial location measured from the heater surface, the inner radius
of outer tube, and the outer radius of heater rod, respectively.

Experiments were carried out at different levels of heat flux,
inlet liquid velocity and inlet liquid temperature. The system pres-
sure was maintained at atmospheric pressure. For the determina-
tion of experimental conditions, the experimental ranges of
previous works on local measurements in subcooled boiling flow
were examined. Table 1 summarizes the geometries and experi-
mental conditions of those works including the present experi-
ment. Also, the experimental ranges which have been covered by
some experiments in Table 1 are represented in Fig. 2 where
the data are shown in the plane of Jacob number at measuring po-
sition versus inlet liquid Reynolds number. The Jacob number at
measuring position could not be calculated for some experiments.



Table 1
Experimental works on local measurements in subcooled boiling flow

Investigators Geometry DH (mm) Fluid P (kPa) q00 (kW/m2) G (kg/m2s) DTsub,in (�C) vfi (m/s)

Sekoguchi et al.a [4] Circular 11.0 Water 137–196 47–163 295–669 15.0–55.0 0.31–0.71
13.6 196–1570 116–465 318–1815 11.0–98.0 0.38–2.10
15.8 785 291–1745 898 15.0–97.0 1.00

Hasan et al. [5] Annular 22.2 R-113 184–253 42–140 579–801 20.0–37.0 0.40–0.56
Roy et al. [6] Annular 22.2 R-113 269 79–126 579, 801 29.8–37.1 0.41, 0.56
Zeitoun et al. [7] Annular 25.4 Water 117–168 287–706 151–412 11.6–31.1 0.16–0.43
Garnier et al. [8]a Circular 19.2 R-12 1458–3010 58–135 1007–5060 – 1.05–4.30
Lee et al. [9] Annular 18.5 Water 100–153 88–351 470–1061 10.2–21.4 0.50–1.10
Situ et al. [10] Annular 19.1 Water 110–128 99–151 475–1184 8.3–12.8 0.50–1.24
Present experiment Annular 19.1 Water 110–131 50–193 478–1917 8.0–14.6 0.50–2.02

a Inlet subcooling is not available.
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Fig. 2. Experimental conditions in present and previous works on local measure-
ments in subcooled boiling flow.
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Thus, only data in which Jacob number can be calculated are
shown in the figure. Except for Garnier et al.’s work [8], test condi-
tions of previous experiments were limited to low flow ranges
compared with the condition of the prototypic BWR where the li-
quid inlet velocity and Reynolds number are 1.93 m/s and
2.24 � 105, respectively. Also, it was found that most experimental
works have not been performed in a system scaled to a prototypic
BWR. The experiment of Garnier et al. [8] was intended to con-
struct the database to be used for development of models which
Table 2
Experimental conditions

Set q00 (kW/m2) Tin (�C)

Situ et al. [10] 1 98.7 95.0
2 99.6 95.0
3 101 95.0
4 151 95.0
5 149 95.0
6 150 95.0
7 150 98.0
8 151 98.0
9 98.1 98.0
10 99.2 98.0
11 99.6 95.0

Present experiment 12 193 95.0
13 193 98.0
14 193 99.0
15 150 99.0
16 193 95.0
17 50.0 99.0
18 100 99.0
19 150 99.0
20 50.0 98.0
21 50.0 99.0
describe the boiling two-phase flow in pressurized water reactor
(PWR) condition. From these considerations, the flow ranges of
present experiment were extended to higher flow up to the inlet
liquid velocity and Reynolds number of 2.02 m/s and 1.27 � 105

in order to approach the typical condition in prototypic BWR with-
in the capability of experimental equipment. A total of 10 data sets
were acquired. The experimental conditions are given in Table 2
where q00, Tin, DTsub,in, vfi, DP and Pin are, respectively, the heat flux,
the inlet liquid temperature, the inlet liquid subcooling, the inlet
liquid velocity, the pressure difference between inlet and outlet,
the inlet pressure. The experimental conditions of Situ et al.’s
works [10] are also tabulated in the table. Those data will be used
later in explaining the dependency of the distribution of local flow
parameter on flow condition and evaluating the existing models.

3. Results and discussion

3.1. Void fraction

Fig. 3 shows various profiles of the measured local void fraction,
a, in which some data sets by Situ et al.’s work [10] are also
included. The graphs in the figure are organized to understand
the effects of heat flux, inlet liquid subcooling and inlet liquid
velocity. In each graph, the radial profiles of local void fraction at
a fixed axial location are represented. The graphs in the first, sec-
ond, third and fourth rows show the void fraction profiles mea-
sured at zh/DH = 31.3, 52.6, 68.7 and 89.4, respectively. Thus, the
DTsub,in (�C) vfi (m/s) DP (kPa) Pin (kPa)

11.9 0.665 22.1 129.1
11.9 0.970 16.8 129.7
12.6 1.190 12.7 132.2
11.9 0.662 29.9 129.1
12.6 0.994 20.1 132.1
12.8 1.240 21.0 132.9
10.4 1.230 20.6 135.8
10.0 0.987 19.9 133.6

9.8 0.997 20.2 133.1
8.3 0.502 16.5 126.2

11.7 0.498 19.1 128.2

14.6 2.016 23.7 141.3
12.6 1.999 24.6 146.3
11.9 1.993 24.6 148.1
11.4 1.988 25.1 145.0
12.6 1.004 20.7 132.3

8.6 1.000 21.5 131.9
9.3 0.996 21.1 135.0
9.6 0.995 21.5 136.8
8.8 0.502 20.8 128.4
8.0 0.505 20.2 129.2
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Fig. 3. Local void fraction profiles.
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axial development of the void profile can be seen by comparing the
graphs in each row. The effect of heat flux on the void fraction pro-
files can be seen in the first column where the inlet liquid subcool-
ing and the inlet liquid velocity keep being nearly constant. The
second and third columns also show the dependencies of void pro-
files on the effects of inlet liquid subcooling and inlet liquid veloc-
ity, respectively. In some component figures, some data sets are
not shown, which means that no bubble was detected.

As shown in the first column of the figure, the void fraction not
only increases in value, but also propagates along the radial direction
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as the heat flux increases. As expected in the subcooled boiling flow,
the peak close to the heater surface is observed in the void fraction
distribution. The local void fraction reaches a maximum around
r/(R � R0) = 0.05–0.2, i.e., 0.48–1.9 mm from the heater surface.
The peak position of the void fraction roughly corresponds to the
maximum bubble radius which is shown to be around 0.5–2.0 mm
in Fig. 12. Since the bulk subcooling increases along the radial direc-
tion, the bubbles collapse and the void fraction drops along the radial
direction. Also, as the flow develops along the axial direction and the
bulk subcooling decreases, the location of maximum void fraction
tends to shift toward the center of flow cross section. In lower bulk
subcooling condition, more bubbles can survive condensation while
migrating toward the outer wall, which can causes large bubbles
near the center of heater surface and outer wall by bubble coales-
cence. The effects of inlet liquid subcooling and inlet velocity can also
be seen in the second and third column, respectively. At lower inlet
subcooling and lower inlet velocity, the condensation rate is smaller
and more bubbles survive. As such, the local void fraction grows with
the decreases of inlet subcooling and inlet velocity.

Among the flow conditions shown in Fig. 3, the significant
slug/cap bubbles were detected at zh/DH = 89.4 for the flow condi-
tions of q00 = 150.0 kW/m2, DTsub,in = 9.6 �C, vfi = 1.0 m/s and q00 =
151.0 kW/m2, DTsub,in = 10.0 �C, vfi = 0.99 m/s. In this study, in or-
der to identify the flow regimes for all data sets in the present
experiment, the flow regimes for data sets in Table 2 were evalu-
ated using the methods proposed by Mishima and Ishii [14] and
Taitel et al. [15]. The results are shown in Fig. 4. Three data were
predicted to belong to slug flow regime and also three data to be
around the bubbly to slug flow transition boundary. The prediction
is consistent well with the experimental observation. The signifi-
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cant slug/cap bubbles were observed in the flow conditions of
q00 = 151.0 kW/m2, DTsub,in = 11.9 �C, vfi = 0.66 m/s at zh/DH = 89.4
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Fig. 5 shows the axial development of the area-averaged void
fraction, hai as a function of the thermal equilibrium quality. The
thermal equilibrium quality was calculated by the heat balance
across the channel assuming no heat loss. The symbols in Fig. 5
indicate the experimental data, and the solid and broken lines
denote the average void fractions calculated by the drift-flux mod-
el proposed by Ishii [21] and Hibiki et al. [11] which are listed in
Table 3. As expected, the average void fraction increases along
the flow direction due to the increase of nucleated bubbles on
the heater surface, the decrease of condensation rate and the con-
tribution from upstream region. The figure shows the typical aver-
age void fraction development in subcooled boiling flow where the
low void fraction region is followed by the high void fraction region
in which the average void fraction increases significantly. At about
less than 10% of average void fraction, the rate of increase of
average void fraction is small. Above 10%, the average void fraction
increases at a higher rate. For the flow conditions of q00 = 150.0 kW/
m2, DTsub,in = 9.6 �C, vfi = 1.0 m/s at zh/DH = 89.4 and q00 = 151.0 kW/
m2, DTsub,in = 10.0 �C, vfi = 0.99 m/s at zh/DH = 89.4 where the signif-
icant slug/cap bubbles were observed, the average void fractions
are too high for a subcooled boiling flow, and the corresponding
thermal equilibrium qualities are high. These indicate that the boil-
ing regimes are around the saturated bulk boiling flow for those
conditions.

The average void fractions for data sets in Table 2 were com-
pared with the predictions by existing correlations which are based
on the drift-flux model. The drift-flux model is expressed as fol-
lows [16].

hjgi
hai ¼ Cohji þ Vgj ð1Þ

Co �
haji
haihji and Vgj �

hvg � ji
hai ð2Þ

In Eq. (1), jg, j, Co and Vgj are the superficial gas velocity, the mixture
volumetric flux, the distribution parameter and the void-fraction-
weighted mean drift velocity, respectively, and hi denotes the
area-averaged value. With the given models for Co and Vgj, the
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Table 3
Existing correlations of drift-flux parameters

Investigators Correlations Applicable geometry

Ishii [21] and Hibiki et al. [11]
Co ¼ 1:2� 0:2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
qg=qf

q� �
½1� expð�3:12hai0:212Þ�

Vgj ¼
ffiffiffi
2
p grðqf�qgÞ

q2
f

� �1=4

ð1� haiÞ1:75 for bubbly flow regime
Annulus

Chexal et al. [20]

Co ¼ Cov for vertical steam-water flow
Cov ¼ L=½Ko þ ð1 � KoÞhair�; L ¼ 1 � expð�C1haiÞ

1 � expð�C1Þ

h i
C1 ¼ 4P2

crit=½PðPcrit � PÞ�;Ko ¼ B1 þ ð1 � B1Þ
qg
qf

� �1=4

r ¼ ð1 þ 1:57qg=qf Þ=ð1 � B1Þ; B1 ¼ minð0:8;A1Þ
A1 ¼ 1=½1 þ expð�Re=60;000Þ�
Re ¼ Reg if Reg > Ref ;Re ¼ Ref if 3Reg < Ref
Vgj ¼ Vo

gjvC9 for vertical flow

Vo
gjv ¼ 1:41 ðqf � qgÞrg

q2
f

� 	0:25

C2C3C4

for Reg P 0 C9 ¼ ð1 � haiÞB1 ; for Reg < 0 C9 ¼ minð0:7; ð1 � haiÞ0:65Þ
for qf=qg 6 18 C2 ¼ 0:4757½lnðqf=qgÞ�

0:7

for Reg > 18 C2 ¼ 1 if C5 P 1;1=f1- exp½�C5=ð1 � C5Þ�g if C5 < 1

C5 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
150=ðqf=qgÞ

q
C4 ¼ 1 if C7 P 1;1=½1 � expð�C8Þ� if C7 < 1
C7 ¼ ðD2=DHÞ0:6;C8 ¼ C7=ð1 � C7Þ;D2 ¼ 0:09144 m
C3 ¼ maxð0:5;2 exp½�Ref=60;000�Þ for upflow

Pipe, bundle

Kawanishi et al. [19]
Co ¼ 1:2 � 0:2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
qg=qf

q
for hji > 0

Vgj ¼ 0:35 gDðqf � qgÞ
q2

f

� �0:5

for P 6 1:5 MPa; hji > 0:24; D;6 0:05
Pipe

Beattie et al. [18]
Co ¼ 1 þ 2:6

ffiffiffi
f

p
; f ¼ 5:525� 10�2 DG

3lf

h i�0:237
þ 8:0� 10�4

Vgj ¼ 1:4 grðqf � qgÞ
q2

f

� �1=4

for bubbly flow
Pipe

GE [17]
Co ¼ 1:1 for hai 6 0:65

Vgj ¼ 2:9 grðqf � qgÞ
q2

f

� �1=4

for hai 6 0:65
Pipe, bundle

Zuber and Findlay [16]
Co ¼ 1:13

Vgj ¼ 1:41 grðqf � qgÞ
q2

f

� �1=4 Pipe
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average void fraction can be calculated from Eq. (1) with superficial
gas velocity and mixture volumetric flux. Since the local liquid
velocity data are not available in the present experiment, the profile
of mixture volumetric flux is approximated by [11].

j � n þ 1
n
hji 1 � 1 � 2r

R � Ro

����
����

1
7

( )
ð3Þ

Six correlations for distribution parameter and weighted mean drift
velocity [11,16–21] were evaluated to examine the applicability of
those models to subcooled boiling flow. They are listed in Table 3
in which the applicable geometry of each correlation is also shown.
Among them, the models of Kawanishi et al. [19] and Chexal et al.
[20] were empirically developed based on the large database
obtained in the wide ranges of pressures, flows, and void fractions
for steam-water flow. Their models were developed by fitting the
average values from the global measurements. Hibiki et al. [11]
have developed the distribution parameter considering the effect
of channel geometry in boiling flow. Using the void fraction data
obtained from local measurements in subcooled boiling flow, they
proposed the distribution parameter applicable only to a boiling
flow in an internally heated annulus.

Fig. 6 shows comparisons between the experimental data and
the predictions by the various correlations in Table 3. The distribu-
tion parameter is also compared because it is more dominant than
the drift velocity in the determination of average void fraction. The
average deviation indicated in the figure was calculated by averag-
ing the prediction errors for hai and Co. For example, the prediction
error for hai is defined as follows.

Prediction error for hai½%� �
haimea: � haical:

�� ��
haimea:

� 100 ð4Þ
As shown in Fig. 6, most of the correlations predict the present data
well for average void fraction higher than about 1%. However, for
average void fraction lower than about 1%, only the models of Hibiki
et al. [11] and Ishii [21] could predict the measured data with a good
accuracy. Here, it should be noted that the measurement accuracy of
double-sensor conductivity probe has been confirmed for average
void fraction larger than 1% in this study. In this void fraction range,
the relative measurement error was estimated ±12.8% as described
previously. Thus, the data with average void fraction less than
10�2 in Fig. 6 may contain the measurement error larger than
±12.8% relative error but is considered to be smaller than 0.128%
which is the absolute error at average void fraction of 1%. For Chexal
et al.’s model [20] which satisfies the limiting condition on the
distribution parameter at near-zero value of void fraction, the
dependency of the distribution parameter on void fraction is too
strong in low void fraction region and the distribution parameter
is highly under-estimated leading to overestimation of void fraction.
Also, for other models, the distribution parameters are over-esti-
mated, which causes the underestimations of void fractions in low
void fraction region. Generally, the distribution parameter depends
on channel geometry. The effect of channel geometry on distribution
parameter may be attributed to the difference in the position where
void peaking appears between flow channels. For boiling in an inter-
nally heated annulus, the void peak exists near the wall of the inner
heater rod, whereas for a round tube, the void peak appears near the
wall of the tube. As indicated by Hibiki et al. [11], the effect of chan-
nel geometry is strong in low void fraction range. Using the data
obtained from profile measurements of local void fraction in an
internally heat annulus, they correlated the distribution parameter.
On the other hand, the correlations by other investigators have been
developed based on the data obtained in round tubes and/or tube
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bundles. Also, the weighted mean drift velocity by Ishii [21] has been
confirmed experimentally that the model can be applicable to devel-
oping bubbly flow [22]. As such, the models of Hibiki et al. [11] and
Ishii [21] reproduce the present data very well. Also, Fig. 5 confirms
that the models predict the experimental data very well.

3.2. Bubble layer thickness

Subcooled boiling can be characterized by the existence of two
distinctive flow regions, a bubble layer as two-phase region and a
subcooled liquid region. Ideally, the boundary between the two
flow regions is the first point where the local void fraction becomes
zero as moving from heater surface to outer wall, and the bubble
layer thickness can be taken as the distance between the heater
surface and the first point where the local void fraction becomes
zero. However, it is difficult to measure the point exactly in the
experiment. Actually, the exact location of first zero-void fraction
point was not measured in this work, and the location was consid-
ered to exist between the last fixed measuring point where the
bubbles were detected and the first fixed measuring point where
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Fig. 6. Comparison of the measured average void fraction and distri
no bubbles were detected as moving toward outer wall. Consider-
ing the boundary between the bubble layer and subcooled liquid
regions to be exist between these two points, Fig. 3 shows that
the bubble layer thickness increases with heat flux, and decreases
with inlet liquid subcooling and inlet liquid velocity.

Bubble layer thickness model [11] was developed to take ac-
count of a void distribution effect in one-dimensional interfacial
area transport equation. For example, in the subcooled boiling
flow, relatively uniform phase distribution over a flow channel
may not be assumed, resulting in many covariances in one-dimen-
sional interfacial area transport equation. In order to avoid the
covariances, the bubble-layer model was introduced to formulate
one-dimensional interfacial area transport equation. In this model,
a flow path is divided into two regions, namely (i) two-phase (bub-
ble layer) region where the void fraction profile is assumed to be
uniform (a squared void profile), and (ii) liquid single-phase region
where the void fraction is assumed to be zero. The bubble layer
thickness is then calculated from a definition the distribution
parameter, Eq. (2), the uniform profile of void fraction and the as-
sumed profile of mixture volumetric flux, Eq. (3) as
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bution parameter with the predictions by existing correlations.
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where n and xWP are, respectively, the exponent in assumed mixture
volumetric flux profile (�7) and bubble layer thickness. The present
data were compared with the predictions by the bubble layer thick-
ness model in order to evaluate the model. In the calculation, the
distribution parameter proposed by Hibiki et al. [11] was used,
which is indicated in Table 3. Typical results are shown in Fig. 7.
In the figure, the symbols such as ‘‘j” and ‘‘N” indicate the mea-
sured void fraction profiles, and the solid lines with hatched area
are the calculated void fraction profiles by the model. Also, the
upper, middle and lower figures, respectively, indicate the effects
of the heat flux, inlet liquid subcooling and inlet liquid velocity
keeping other two parameters nearly constant. The bubble layer
thickness model can capture the void propagation toward the outer
tube wall due to the increased heat flux, decreased inlet liquid
velocity and decreased inlet liquid subcooling reasonably well.

The bubble layer thickness is calculated in a way that the aver-
age fractions are preserved between the measurement and the cal-
culated value. Thus, the calculated bubble layer thickness should
be small compared with the measurement unless the measured
profile is uniform. This can be seen in Fig. 7. Although the bubble
layer thickness modeled as a squared void profile near the heater
rod surface does not exactly agree with the measured void profiles
due to a rough void profile approximation, the bubble layer
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Fig. 7. Comparison of void fraction profiles predicted by bubble layer thickness model with the measured data.
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thickness model can be considered as acceptable from the overall
simplicity of the one-dimensional model.

3.3. Interfacial area concentration

Fig. 8 shows typical profiles of the measured local interfacial
area concentration (IAC), ai. The experimental condition in each
graph of the figure is same as that in the corresponding graph in
Fig. 3. Because the double-sensor conductivity probe method was
developed under the assumption of spherical bubble shape [23],
the measurements of the local interfacial area concentration and
bubble Sauter mean diameter are generally not accurate for cap
or slug bubbles. For data sets in Fig. 3, significant slug/cap bubbles
were observed at zh/DH = 89.4 for the flow conditions of q00 = 150.0
kW/m2, DTsub,in = 9.6 �C, vfi = 1.0 m/s and q00 = 151.0 kW/m2,
DTsub,in = 10.0 �C, vfi = 0.99 m/s. Thus, the corresponding data are
not shown in Fig. 8. Accordingly, the Sauter mean diameter data
for such conditions are not shown in Section 3.4.

As shown in Fig. 8, the local interfacial area concentration
distributions exhibit similar trends to the local void fraction dis-
tributions. The local interfacial area concentration reaches a
maximum at about the same location as the void fraction peak.
The interfacial area concentration is as high as 1100 m�1 near
the heater surface, which indicates the high heat transfer rate
associated with the subcooled boiling and the convection of
the bubbles because the local transports of mass, momentum
and energy are proportional to the interfacial area concentration.
The interfacial area concentration depends on the bubble num-
ber density and the bubble size. Considering the relatively small
change in bubble sizes compared with the change in interfacial
area concentrations (see Fig. 12), the major cause for the high
interfacial area concentration in the vicinity of the heater sur-
face is the presence of many bubbles generated on the heater
surface. As the bulk subcooling increases along the radial direc-
tion, the bubbles are condensed and the interfacial area concen-
tration decreases along the radial direction. As can be seen in the
figure, the influences of flow conditions on the interfacial area
concentration are similar to those on the void fraction, that is,
the interfacial area concentration grows with an increase of
heat flux, a decrease of inlet liquid subcooling, a decrease of in-
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Fig. 8. Local interfacial area concentration profiles.
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let liquid velocity and a flow development along the flow
direction.

As can be seen in Table 2, the flow range of present experiment
covers up to 2 m/s of inlet liquid velocity which is very higher than
those of previous experiments in Table 1 that have been performed
in low pressure conditions. It is expected that the local interfacial
area concentration near the heater surface in high flow condition
will be higher than that in low flow condition for the same local
void fraction because the higher turbulences induced by wall and
bubbles could enhance the bubble breakup. This is shown in
Fig. 9 where the local interfacial area concentrations at
zh/DH = 89.4 of Fig. 8 are plotted against local void fractions. The lo-
cal interfacial area concentrations are shown to increase slightly
with inlet liquid velocity for the same local void fraction. However,
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Fig. 9. Variation of local interfacial area concentration according to local void fraction change.
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Fig. 10. Axial development of area-averaged interfacial area concentration.

Table 4
Existing correlations of interfacial area concentration

Investigators Correlations Applicable
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[26]

Nai ¼ 3:68N0:335
Lo hai0:830N0:239

Reb
N�0:138

q

Nai � haiiLo;NLo � Lo
DH
;NReb

� hei1=3Lo4=3

mf
;Nq � qf

qg

Lo �
ffiffiffiffiffiffiffi
r

gDq

q
; mf � lf

qf

hei ¼ ghjgi expð�ANRef
Þ þ hji

qm
� dP

dz

� 
Ff1� expð�ANRef

Þg
A ¼ 0:000584

Pipe,
annulus,
bundle

Hibiki and
Ishii [25]

Nai ¼ 3:02N0:335
Lo haiN0:239

Reb
Pipe,
annulus,
bundle

Zeitoun and
Shoukri
[7]

haii ¼ 6haiffiffiffiffiffiffiffiffiffiffiffi
r=gDq
p

N0:324
Ref

NJa þ
149:2ðqf =qg Þ1:326

N0:487
Bo

N1:6
Ref


 �
0:0683ðqf =qgÞ

1:326 Annulus

Zeitoun et al.
[24]

haii ¼ 3:24hai0:757 gDq
r

� �0:55 lf
G

� 0:1
Annulus

484 T.-H. Lee et al. / International Journal of Heat and Mass Transfer 52 (2009) 473–487
strong dependency of local interfacial area concentration on liquid
flow is not found for the flow range of present experiment.

Fig. 10 shows the axial development of the area-averaged inter-
facial area concentration, haii as a function of the thermal equilib-
rium quality. The symbols in the figure indicate the experimental
data, and the solid and broken lines denote the area-averaged
interfacial area concentrations calculated by the model proposed
by Hibiki et al. [26] which is shown in Table 4. The trend of average
interfacial area concentration is shown to be similar to that of aver-
age void fraction. It is expected if considering the similarity in the
profiles of local void fraction and interfacial area concentration.
The area-averaged interfacial area concentration increases mainly
as a result of more phase change along the flow direction because
the pressure drop along the flow channel was less than 0.03 MPa as
indicated in Table 2.

The measured average interfacial area concentrations with a
bubbly flow regime were compared with the predictions by several
existing correlations. Even though many correlations were pro-
posed for adiabatic two-phase flow, the correlations based on
steam-water data have been limited so far mainly due to the lack
of experimental data. Zeitoun et al. [24] have evaluated the avail-
able correlations developed on the basis of adiabatic gas-liquid
flow. They compared the predictions by those correlations with
the data obtained in steam-water condensing flow. It was shown
that those correlations were unable to predict their measured data
accurately. In this study, four existing correlations [7,24–26] were
evaluated to examine the applicability of those models to sub-
cooled boiling flow, which were developed based on steam-water
data or could be applicable to developing flow. They are listed in
Table 4.

The model of Zeitoun et al. [24] was developed based on the
data obtained in the subcooled steam-water flow in an unheated
annular test section. They also found a strong dependency of inter-
facial area concentration on void fraction and proposed another
form of simple correlation as a function of void fraction only.
Zeitoun and Shoukri [7] measured the interfacial area concentra-
tion in subcooled boiling flow in a vertical annulus using the
high-speed video system. Considering the effects of heat flux, mass
flux and liquid subcooling, they developed the correlation for mean



T.-H. Lee et al. / International Journal of Heat and Mass Transfer 52 (2009) 473–487 485
bubble diameter which can be expressed as the equation in Table 4
using the following geometric relation between the interfacial area
concentration, haii, the void fraction, hai and the Sauter mean
diameter, hDsmi.

hDsmi ¼ 6hai=haii ð6Þ

Hibiki and Ishii [25] developed a semi-theoretical model from the
interfacial area transport equation to predict the interfacial area
concentration of adiabatic gas-liquid flow. They validated the
model for extensive range of channel geometries, flow conditions
and physical properties. Although the model was developed
based on the data which were obtained under the fully developed
adiabatic flow condition, the correlation deduced the flow param-
eter dependence on interfacial area concentration from the inter-
facial area transport equation considering the hydrodynamic
effect. Thus, in view of the importance of the interfacial area
transport equation, their model was tested to check the applica-
bility to the subcooled boiling flow. Recently, Hibiki et al. [26]
proposed the model which could be applicable to the prediction
of interfacial area concentration in subcooled boiling flow. Using
the available subcooled boiling data, they modified the previous
correlation [25] to extend the applicable range to the subcooled
boiling flow.

Fig. 11 shows comparisons between the experimental data
and the predictions by the correlations listed in Table 4. The
model of Hibiki et al. [26] predicts the measurement data quite
well, which also can be seen in Fig. 10. On the other hand, Hibi-
ki and Ishii’ model [25] predicts the data reasonably well. How-
ever, the interfacial area concentrations are underestimated for
very low void fraction range, and overestimated for high void
fraction range. As pointed out in the study of Hibiki et al.
[26], this error was caused by the approximation for depen-
dency of interfacial area concentration on void fraction, which
was found to be different between adiabatic bubbly flow and
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Fig. 11. Comparison of the measured average interfacial area c
subcooled boiling flow. Using the data [10] obtained in sub-
cooled boiling flow, they determined the proper void fraction
dependency applicable to subcooled boiling flow. In the model
of Hibiki et al. [26], the dependency of the interfacial area con-
centration on the fluid properties and the flow dynamics is pri-
marily expressed by the terms of Laplace length and bubble
Reynolds number, respectively. Also, the dependency of the
interfacial area concentration on the bubble interactions and
the bubble volume due to phase change is primarily expressed
by the term of void fraction. The correlation of Zeitoun and
Shoukri [7] underestimates the measured interfacial area con-
centrations. Their correlation was developed on the basis of
measured bubble size in low flow condition compared with
the present experiment as shown in Table 1. They observed
that the bubble coalescence was intensified downstream of
the net vapor generation point and was caused by the increase
in bubble size and bubble growth-collapse period. This observa-
tion may imply that many large bubbles like slug bubbles ex-
isted along with small bubbles near the heater surface in that
region. The existence of slug bubbles causes lower interfacial
area concentration for the same average void fraction when
compared with that in bubbly flow regime. In the present
experiment, the interfacial area concentration was acquired
only in bubbly flow regime. This difference can be partly attrib-
uted to the underestimation of the present data. The correlation
of Zeitoun et al. [24] also under-predicts the data. In condens-
ing flow in an unheated annulus, there are no small sizes of de-
tached bubbles which cause large local interfacial area
concentrations near the heater surface. In addition, the maxi-
mum bubble size observed in their experiment was in the order
of 7 mm which is larger than the bubble sizes in the present
experiment (see Fig. 12). The lower prediction by the correla-
tion based on the data obtained in condensing steam-water
flow can be caused by these considerations.
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oncentration with the predictions by existing correlations.
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Fig. 12. Local bubble Sauter mean diameter profiles.
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3.4. Sauter mean diameter

Fig. 12 shows the profiles of measured local bubble Sauter mean
diameter, Dsm. The experimental condition in each graph of the
figure is same as that in the corresponding graph in Fig. 8. As shown
in the Fig. 12, the changes in the Sauter mean diameter profiles are
relatively small compared with the changes in the void fraction
and interfacial area concentration profiles. The Sauter mean diame-
ter increases near the heater surface and then decreases as bubbles
move toward the outer wall. Near the heater surface, the bubble size
increases due to the bubble growth on the heater surface and the
bubble coalescence away from the heater surface. The bubble size
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decreases due to the condensation as bubbles move toward the sub-
cooled liquid region. As the average void fraction increases, the radial
profile of Sauter mean diameter tends to be uniform. For high aver-
age void fraction conditions where the bubble layers extend to chan-
nel outer wall, the bubble diameters near the outer wall are about
2 mm independent of flow conditions. This implies that the bulk
temperature is around saturation temperature and bubbles would
not condense. The effects of flow conditions on the radial profile of
Sauter mean diameter is similar to those on the void fraction profile.
The bubble Sauter mean diameters increase with the heat flux, and
they decrease with the inlet liquid subcooling and inlet liquid veloc-
ity. Sauter mean diameter also increases along the flow direction.
The bubble coalescence and the bubble expansion due to the local
pressure reduction contribute to the growth of bubble size along
the flow direction.

The experimental data with bubbly flow regimes in Table 2
were compared with the predictions by the models in Table 4
and Eq. (6), and the average deviations were estimated to be
±13.3% for Hibiki et al.’s model [26], ±26.4% for Hibiki and Ishii’s
model [25], ±71.7% for Zeitoun and Shoukri’s model [7] and
±99.1% for Zeitoun et al.’s model [24], respectively.
4. Conclusions

Fundamental experiments for obtaining an accurate knowledge
of distributions of local two-phase flow parameters are essential
for the development of a reliable interfacial area transport equa-
tion. From this point of view, the axial development of local void
fraction, interfacial area concentration and bubble Sauter mean
diameter were measured in a BWR scaled vertical annulus for
the subcooled boiling flow of water. At atmospheric system pres-
sure, the local measurements were performed at four axial loca-
tions of zh/DH of 31.3, 52.6, 68.7, and 89.4 as well as radial
locations between r/(R � Ro) of 0.05 and 0.95 using the double-sen-
sor conductivity probe method. A total of 10 data sets were
acquired consisting of various combinations of heat flux, 50–
193 kW/m2, inlet liquid temperature, 95–99 �C, inlet pressure,
128–148 kPa and inlet liquid velocity, 0.5–2.0 m/s. From the scal-
ing consideration for a prototypic BWR, the flow range of present
experiment was extended to 2.0 m/s.

Combining these measurement data with the previous data [10]
obtained in the present experimental facility, the influences of flow
conditions on the radial profiles of local two-phase flow parame-
ters and their axial developments were discussed. The measured
area-averaged void fraction and interfacial area concentration
were compared with the predictions by the existing correlations
for drift-flux parameters and interfacial area concentration. Six
correlations for drift-flux parameters were evaluated to examine
the applicability of those models to subcooled boiling flow. Most
of the correlations predict the data well for average void fraction
higher than about 1%. However, for average void fraction lower
than about 1%, only the models of Hibiki et al. [11] and Ishii [21]
could reproduce the measurement data well. For the area-averaged
interfacial area concentration, four existing correlations were
evaluated. Among the models, only the semi-theoretical model of
Hibiki et al. [26] could predict the measured interfacial area con-
centrations quite well for the entire tested void fraction range.
The bubble layer thickness model for the subcooled boiling in the
internally heated annulus was also compared with the experimen-
tal data. The bubble layer thickness model could capture the void
propagation toward the outer tube wall due to the increased heat
flux, decreased inlet liquid velocity and decreased inlet liquid sub-
cooling reasonably well.
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