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Abstract

Local measurements of flow parameters were performed for vertical upward subcooled boiling flows in an internally
heated annulus. The annulus channel consisted of an inner heater rod with a diameter of 19.1 mm and an outer round
pipe with an inner diameter of 38.1 mm, and the hydraulic equivalent diameter was 19.1 mm. The double-sensor con-
ductivity probe method was used for measuring local void fraction, interfacial area concentration, and interfacial velo-
city. A total of 11 data were acquired consisting of four inlet liquid velocities, 0.500, 0.664, 0.987 and 1.22 m/s and two
inlet liquid temperatures, 95.0 and 98.0 °C. The constitutive equations for distribution parameter and drift velocity in
the drift-flux model, and the semi-theoretical correlation for Sauter mean diameter, namely, interfacial area concentra-

tion, which were proposed previously, were validated by local flow parameters obtained in the experiment.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The capability to predict the void fraction and the
interfacial area concentration in subcooled boiling re-
gion is of considerable interest to boiling water reactor
(BWR) safety. This is because the void fraction signifi-
cantly affects the reactor power and the interfacial area
concentration is one of the important parameters that
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determine the heat transfer capability and the possible
occurrence of critical heat flux. The existence of the ther-
modynamic non-equilibrium between the phases compli-
cates the analysis of the subcooled boiling flow. The
extensive literature reviews on subcooled boiling flow re-
searches were performed by Rogers and Li [1], Lee and
Bankoff [2], and the present authors [3]. The literature
reviews covered both correlations and phenomenologi-
cal models and attempted to point out the major
assumptions and methods applied to developing these
models. From the literature reviews, it has turned out
that most existing models or correlations are applicable
only to limited experimental conditions. It can also be
seen that there is limited local data and no local data
concerning interfacial area concentration distribution
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Nomenclature

A coefficient

a interfacial area concentration
Cy distribution parameter

Dy, 1ax  maximum bubble diameter
Do diameter of inner rod

Dy hydraulic equivalent diameter
Dspy Sauter mean diameter

G mass flux

g gravitational acceleration

hgg latent heat

j mixture volumetric flux

Je superficial gas velocity

Jr superficial liquid velocity

Ly heated length

Lo Laplace length

Nouwp subcooling number

Ny, Zuber number

n exponent

P pressure

q heat flux

R radius of outer round pipe
Ry radius of inner rod

Re Reynolds number

Rey Reynolds number of liquid phase
Tin inlet temperature

r radial coordinate

Vi void fraction-weighted mean drift velocity
Ufin inlet fluid velocity

Vg interfacial velocity

vy relative velocity

Vgi local drift velocity

We Weber number

Xeq thermal equilibrium quality
z axial coordinate

Zh heated length

Greek symbols

o void fraction

Ahgyy, subcooling enthalpy

ATpax  difference between bulk liquid temperature
and saturation temperature

Ap density difference

€ energy dissipation rate per unit mass
Ve kinematic liquid viscosity

Pe gas density

I liquid density

Pm mixture density

G interfacial tension

Mathematical symbols

() area-averaged quantity

() void fraction weighted cross-sectional area-
averaged quantity

~ non-dimensional quantity

for subcooled boiling flow. Consequently, it is desirable
to establish a database of local interfacial parameters. It
is also required to develop reliable constitutive models
for broad subcooled boiling conditions.

The purpose of this study is the continued enhance-
ment of the safety of the current generation of BWRs.
In this study, local measurements of two-phase flow
parameters such as void fraction, interfacial area con-
centration and interfacial velocity are conducted in sub-
cooled boiling flows in an experimental loop. The
extensive discussions are performed to examine the
dependence of inlet liquid temperature, heat flux and
inlet liquid velocity on local flow parameters. The ob-
tained data are also used for evaluating the applicability
of existing drift-flux model and interfacial area correla-
tion to subcooled boiling flow.

2. Experimental

An experimental facility was designed to measure the
relevant two-phase parameters necessary for developing

constitutive models for the two-fluid model in subcooled
boiling. It was scaled to a prototypic BWR based on
scaling criteria for geometric, hydrodynamic, and ther-
mal similarities [3]. The scaling criteria used to design
the test loop are detailed in Appendix A. The experimen-
tal facility, instrumentation, and data acquisition system
are briefly described in this section.

Fig. 1 shows the experimental facility layout. The
water supply is held in the holding tank. The tank is
open to the atmosphere through a heat exchanger
mounted to the top to prevent explosion or collapse
and to degas from the water. There is a cartridge heater
inside the tank to heat the water and maintain the inlet
water temperature. A cooling line runs inside the tank to
provide control of the inlet subcooling and post-experi-
mental cooling of the tank. Water is pumped with a pos-
itive displacement, eccentric screw pump, capable of
providing a constant head with minimum pressure oscil-
lation. The water, which flows through a magnetic flow
meter, is divided into four separate flows and can then
be injected into the test section. The test section is an
annular geometry that is formed by a clear polycarbo-
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Fig. 1. Schematic diagram of experimental loop.

nate pipe on the outside and a cartridge heater on the in-
side. The test section is 38.1 mm inner diameter and has
a 3.18 mm wall thickness. The overall length of the hea-
ter is 2670 mm and has a 19.1 mm outer diameter. The
heated section of the heater rod is 1730 mm long. The
heater rod has one thermocouple that is connected to
the process controller to provide feedback control. A
pressure tap and thermocouple are placed at the inlet
and exit of the test section. A differential pressure cell
is connected between the inlet and outlet pressure taps.
The two-phase mixture flows out of the test section to
a separator tank and the vapor phase is drained away.
The water is returned to the holding tank. There are sev-
eral operation limits about the experimental loop that
should be noted. The limits are the flow rate of the liquid
(143-2010 kg/(m? s) at 100°C), the maximum heat flux
(0.193 MW/m?), the maximum cooling capacity (29
kW), and the inlet subcooling (2.2-26 °C).

There are several K-type thermocouples used in the
experimental loop. The uncorrected error of these ther-
mocouples is £2.2 °C. A thermocouple measures the
temperature in the main tank. There are two thermocou-
ples inserted into the inlet and outlet flanges of the test
section. Finally, there is a thermocouple inside the hea-
ter rod to provide a feedback to the heater controller.
The test section inlet temperature is measured by a
thermistor probe with interchangeable sensor accuracy
of £0.1 °C. A magnetic flow meter is used to measure
the average fluid flow rate entering the test section.
The magnetic flow meter has an accuracy of £1%. The

differential pressure between the inlet and outlet of the
test section is measured with a Honeywell ST 3000
Smart Transmitter. The combined zero and span inaccu-
racy for this differential pressure cell is 0.4% of span. Sil-
icon-controlled rectifier (SCR) is used to control the heat
flux. The SCR uses zero-voltage-switching that controls
the load by controlling the number of completed sine
waves. Because only whole sine waves are used and the
power is switched when the sine wave crosses zero, there
exists minimal radio frequency interference.

The double point electrical conductivity probe is used
to make the two-phase parameter measurements includ-
ing void fraction, interfacial area concentration, and
interfacial velocity. The diameter of the probe tip is less
than 0.002 mm. The double sensor probe methodology
was detailed in our previous paper [4], and the measure-
ment accuracies for void fraction, interfacial area con-
centration and interfacial velocity were estimated to be
+12.8%, £6.95% and +12.9%, respectively [4]. There is
an electrical double-sensor conductivity probe at the
axial location of zy/Dy = 52.6. The radial distributions
of the flow parameters were obtained by traversing the
double sensor probe along the radial direction. The
radial locations measured by the probe are from r/
(R — Ry) = 0.05-0.95, where r/(R — Ryp) = 0 and 1 corre-
spond to the surface of the inner rod and outer pipe,
respectively. The flow conditions in this experiment are
tabulated in Table 1.

3. Results and discussion
3.1. Measured flow parameters

Figs. 2-5 show the radial distributions of local void
fraction, interfacial area concentration, interfacial veloc-
ity, and bubble Sauter mean diameter, respectively. In
each figure, upper (a), middle (b), and lower (c) figures
show the radial distributions of flow parameters dis-
played as a fixed parameter of heat flux, inlet liquid tem-
perature, and inlet liquid velocity, respectively.

As expected in subcooled boiling flow, a sharp peak-
ing close to the heater surface is observed in the void
fraction distributions, see Fig. 2. The void fraction
reaches maximum around r/(R — Ry) =0.1, ie., 0.95
mm from the heater surface. Fig. 5 shows that maximum
local bubble diameters are around 2 mm. Thus, the peak
position of the void fraction roughly corresponds to the
maximum bubble radius. Since the bulk subcooling in-
creases along the radial direction, the bubbles collapse
and the void fraction drops along the radial direction
sharply. Fig. 2 shows the dependence of void fraction
profile on thermal and flow parameters. As the heat flux
increases, the void fraction not only increases in value,
but also propagates along the radial direction, see Fig.
2(a). The effect of increasing inlet temperature or
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Table 1

Flow conditions in this experiment
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Setting parameters

Flow parameters at z/Dy = 52.6

Tin (°C) Urin (/) q (kW/m?) ATpui (°C) Yeq (—) () (%) (Dsm)(mm)
95.0 0.498 99.6 -3.69 —0.00693 2.89 2.03
95.0 0.665 98.7 —4.95 —0.00930 2.41 1.92
95.0 0.970 99.6 —7.66 —0.0144 0.0738 1.14
95.0 1.190 101 -9.19 -0.0173 0.00 0.00
95.0 0.662 151 -1.66 —0.00311 4.88 2.21
95.0 0.994 149 -5.90 -0.0111 271 2.30
95.0 1.240 150 —6.77 —0.0127 0.159 112
98.0 0.502 99.2 —0.610 —0.00115 16.8 2.74
98.0 0.997 98.1 —4.55 —0.00856 1.55 1.67
98.0 1.230 150 —4.48 —0.00845 1.77 1.93
98.0 0.987 151 -3.19 —0.00600 6.29 2.41

decreasing inlet liquid velocity has the similar conse-
quence, see Fig. 2(b) and (c), respectively. Fig. 2 also
indicates the existence of a bubble layer in subcooled
boiling, that is, the flow can be characterized as two dis-
tinctive flow regions, boiling two-phase (bubble layer)
region and liquid single-phase region [5]. As heat flux in-
creases, inlet temperature increases, or inlet liquid veloc-
ity decreases, the bubble layer thickness increases.

As shown in Fig. 3, the radial distribution of interfa-
cial area concentration exhibits the similar behavior to
that of void fraction. The local interfacial area concen-
tration reaches the peak around r/(R — Ry) = 0.1, and
then drops significantly along the radial direction. The
effects of thermal and flow parameters on the interfacial
area concentration are also similar to those on the void
fraction, that is, the interfacial area concentration in-
creases as heat flux increases, or inlet temperature in-
creases, or inlet liquid velocity decreases.

As shown in Fig. 4, for most of the experimental con-
ditions, the local interfacial velocity profiles are found to
be almost flat in the region where the radial location is
roughly smaller than the local bubble Sauter mean
diameter, namely, 7 < Dsmmax. Since the bubbles in
the region are expected to slide on the heater surface,
the flat interfacial velocity profile in the bubble-layer re-
gion may mainly be due to the sliding bubbles on the
heater surface. For r > Dgy, max, the interfacial velocity
gradually increase along the radial direction, and may
reach its maximum value around the channel center.
The inlet liquid Reynolds numbers varies in the experi-
ments from 28,870 to 70,260, which means that the flows
are essentially turbulent flow. Thus, the liquid velocity
profile is expected to be quite flat around the channel
center. Therefore, the increase in the interfacial velocity
along the radial direction around the channel center may
not be so significant.

The flow and thermal parameters affect the distribu-
tion of interfacial velocity profile. Fig. 4(a) and (b) indi-
cates that the increase of the heat flux increases the
interfacial velocity and the increase of the inlet liquid

temperature increases the interfacial velocity, respec-
tively. The increase of the heat flux or the inlet liquid
temperature increases the void fraction, resulting in the
liquid velocity. Thus, the increase of the interfacial
velocity may mainly be attributed to the increased void
fraction. Fig. 4(c) shows the dependence of the inlet lig-
uid flow rate on the interfacial velocity. Unlike the
dependence of the heat flux or the inlet liquid tempera-
ture on the interfacial velocity, the effect of the inlet lig-
uid velocity on the interfacial velocity may not be clear
in the vicinity of the heater surface in some experimental
conditions. The increase in the liquid velocity certainly
tends to increase the interfacial velocity, since the inter-
facial velocity is basically the sum of the liquid velocity
and the relative velocity between phases. On the other
hands, the increase in the liquid velocity keeping the
heat flux and the inlet liquid velocity constant decreases
the void fraction, see Fig. 2(c). Thus, the systematic ef-
fect of the liquid velocity on the interfacial velocity is
not obtained particularly in the vicinity of the heater
surface.

As expected in subcooled boiling flow, a sharp in-
crease close to the heater surface is observed in the bub-
ble Sauter mean diameter distributions, see Fig. 5. At
low void fraction conditions, the distribution profile of
the bubble diameter along the radial direction is similar
to that of the void fraction. This indicates that bubbles
collapse in the subcooled bulk region due to high liquid
subcooling. On the other hand, at higher void fraction
condition, such as the condition with T}, =98.0 °C,
q =100 kW/m?, and vgin = 0.499 m/s, the void fraction
keeps dropping along the radial direction even at the
outer half of the channel. However, the bubble diameter
is still about 2 mm even in the vicinity of the outer chan-
nel wall. This suggests that the bulk temperature is
around saturate temperature and thus bubbles would
not collapse. The effects of flow and thermal parameters
on the radial profile of Sauter mean diameter is similar
to those on the void fraction profile, that is, as heat flux
increases, or inlet temperature increases, or inlet liquid
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Fig. 2. Local void fraction profiles as a parameter of: (a) heat flux; (b) inlet liquid temperature; (c) inlet liquid velocity.

velocity decreases, the Sauter mean diameter will
increase.

Figs. 6 and 7 show the dependence of the area-aver-
aged void fraction on the thermal equilibrium quality
and the dependence of the area-averaged Sauter mean
diameter on the thermal equilibrium quality, respec-
tively. These figures imply that the area-averaged void
fraction and bubble Sauter mean diameter can closely
be related to the thermal equilibrium quality. When the

0.
00 02 04 06 0.8 1.0

5355

thermal equilibrium quality is less than —0.013, the void
fraction is negligibly small, see Fig. 6. As the thermal
equilibrium quality increases, the void fraction increases
significantly, and it reaches 0.17 when quality is —0.0012.
When the thermal equilibrium quality is less than
—0.017, the bubble Sauter mean diameter is almost zero,
see Fig. 7. As the thermal equilibrium quality increases,
the bubble diameter increases gradually, and it reaches
about 3 mm when the thermal equilibrium quality is 0.
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Fig. 3. Local interfacial area concentration profiles as a parameter of: (a) heat flux; (b) inlet liquid temperature; (c) inlet liquid velocity.

3.2. Constitutive equations of void fraction and interfacial
area concentration

The void fraction and interfacial area concentration
are two fundamental geometrical parameters in a bubbly
two-phase flow. The void fraction expresses the phase
distribution and is a required parameter for hydrody-

namic and thermal design in various industrial proc-
esses. On the other hand, the interfacial area
concentration describes available area for the interfacial
transfer of mass, momentum and energy, and is a re-
quired parameter for a two-fluid model formulation.
Various transfer mechanisms between phases depend
on the two-phase interfacial structures. Therefore, an
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Fig. 4. Local interfacial velocity profiles as a parameter of: (a) heat flux; (b) inlet liquid temperature; (c) inlet liquid velocity.

accurate knowledge of these parameters is necessary for
any two-phase flow analyses. This fact can further be
substantiated with respect to two-phase flow formula-
tion. In what follows, the constitutive equations for dis-
tribution parameter and drift velocity in the drift-flux

model, and the semi-theoretical correlation for Sauter
mean diameter namely interfacial area concentration,
which were proposed previously, were validated by
area-averaged flow parameters obtained by integrating
local flow parameters over the flow channel.



5358 R. Situ et al. | International Journal of Heat and Mass Transfer 47 (2004) 5351-5364

— 6 6 6 6
E O ¢=98.7 kW/m’ O ¢=99.6 kW/m’ O g¢=101 kW/m’ O ¢=98.1 kW/m’
5 5| 2 g=151 kW/m’ 5| & ¢=149 kW/m’ s 2 =150 kW/m’ s 2 ¢=151 kW/m’
Q T,=95.0°C T =95.0°C 7,=95.0°C T,=98.0°C
K v, =0.661 m/s v,,=0.982 m/s v, =122 m/s v, =0.992 m/s
Q4 4 4 4

g

=

= 3 3 3 3

g 0

=1
3 (%A AMA A MOO A
g 2B A 2 2 2 Ap

%ﬂ o (o]

g o | o

1 1 1 1
i s °
E

&= 0

000707060510 0002040608510 000207060510 0002040508510
Radial Position, r/(R-R) [-]
(@

.g\ 6 6 6 6

E o T,=950°C o T,=95.0°C O T,=950°C o T,=95.0°C
d% sl A T=980°C sl A T=980°C s & T=9s0°C sl & r=9s0°C
- =100 kW/m® =100 kW/m’ ¢=150 kW/m’ ¢=150 KW/m’
é‘ v,,=0.499 m/s v,,=0.984 m/s v,,=0.991 m/s v, =124 /s
- 4 4 af 4

P

=

5 3AAMAA 3 3t 3

3 N

3 A

3 a A PN Q

A A

3 20Qb al ol A, 2000 %A, o] £a%a

] o N A

Q

> [a]

Z 1 1t 1t 1{©

& (e}

E

=

00.0 02 04 06 08 1.0

8.0 02 04 06 08 1.0

3.0 02 04 0.6 08 1.0 8.0 02 04 06 08 1.0

Radial Position, #(R-R)) [-]

6 6 6 6
£ O v, =0.498 /s 0 v, =0.662ms O v, =0.502ms O v, =0.987ms
E A v, =0.665ms A v, A v,=0997 ms A v -123ms
&7 St O v,0970ms Stoo vy 5t ¢=100kW/m’ 5 ¢=150kW/n’
5 O v, =119mss =150kW/m’ T.=98.0°C T,-98.0°C
A 4 g=100kW/m’ 4 T,=95.0°C ni 4
g T,=95.0°C
=
5 3 3 3L © [e] o] 3
= A e} R9) %o loxd
3 A o
7] A 4 b
2 % 26°° o 2t B, %ol HFa%R0,
& N A
g a8
o A
z 1y o jla= 1f 1
& o
£
&

(())‘0 02 04 06 08 1.0

8.0 02 04 06 08 1.0

8.0 02 04 06 08 1.0 (0“0 02 04 06 08 1.0

Radial Position, #/(R-R ) [-]
©

Fig. 5. Local Sauter mean diameter profiles as a parameter of: (a) heat flux; (b) inlet liquid temperature; (c) inlet liquid velocity.

3.2.1. Constitutive equation of void fraction—Drift-flux
model

The drift-flux model is one of the most practical and
accurate models for two-phase flow. The applicability of
the existing constitutive equations for the distribution
parameter and drift velocity in the drift-flux model to
subcooled boiling flow will be examined by the data

obtained in this study. The one-dimensional drift-flux
model is given by [6]

g U () . (o)
W) =y = ~ i T
= Colj) + V4, (1)
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Fig. 6. Dependence of area-averaged void fraction on thermal
equilibrium quality.

where v, is the drift velocity of a gas phase defined as the
velocity of the gas phase with respect to the volume cen-
ter to the mixture. The distribution parameter, Cy, and
the void-fraction-weighted mean drift velocity, V, are
defined as

(/) (owg)
Co = ~ and V= . (2)
(@) (/) ()
Ishii [7] developed the constitutive equation of the
distribution parameter in developing flow due to boiling
in a round pipe as

Co = (1.2 ~02 pg/pf) (1— e 8), (3)

Recently, Hibiki et al. [5] successfully derived the
constitutive equation of the distribution parameter in
developing flow due to boiling in an internally-heated
annuls from Eq. (3) by considering the difference in
the channel geometry as

Co = (1.2 —02 pg/pf) [1 - exp(—3.12<a>°-2‘2)]. (4)

On the other hand, Ishii [7] developed the constitu-
tive equation of the void-fraction-weighted mean drift
velocity in bubbly flow regime as

= va(*2r) Ty 5)

Pr

From Egs. (1), (4) and (5), the one-dimensional drift
flux model can be recast in the following form

(1:2 =02y /py/pc ){1 = exp(=3.12(2)"**)} i) + V2 (22) (1 = (o))
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Fig. 7. Dependence of area-averaged bubble Sauter mean
diameter on thermal equilibrium quality.

The above equation indicates that the superficial gas
velocity is a function of the void fraction at a fixed
superficial liquid velocity in a certain fluid system.

The distribution parameter and the drift velocity can
be determined from Eq. (2) experimentally, provided
that local void fraction and gas and liquid velocities
are available. In this study, since no local liquid velocity
data are available, the profile of the mixture volumetric
flux in the estimation of the distribution parameter using
measured local void fraction is approximated by

=2 fi- -2 )

R—R,

Since the profile of mixture volumetric flux is ex-
pected to be more or less a power-law profile in a turbu-
lent flow, the approximated profile of the mixture
volumetric flux may not affect the estimation of the dis-
tribution parameter significantly [4,5]. This means that
the void fraction profile is a dominant parameter to
determine the distribution parameter in a turbulent flow.
Thus, n is assumed to be 7 in this study [5].

The distribution parameters estimated by measured
local void fraction and assumed mixture volumetric flux
are compared with the existing constitutive equation,
Eq. (4), in Fig. 8. In the figure, open circles, and solid,
broken, and dotted lines indicate the experimentally
determined distribution parameters, the asymptotic
value of the distribution parameter at (x) = 1 calculated
by Eq. (3), the distribution parameter calculated by Eq.

1/4

Vo) =

1/{o) — (1.2 —-0.2 pg/pf){l — eXp(—3,12<a>0.212)}
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Fig. 8. Dependence of distribution parameter on void fraction
in subcooled boiling flow.

(4), and the distribution parameter calculated by Eq. (3),
respectively. As can be seen from Fig. 8, Eq. (4) can
reproduce the dependence of the distribution parameter
on the void fraction properly. This may be attributed to
the proper modeling of the distribution parameter, Eq.
(4), by considering the flow developing process in sub-
cooled boiling flow [5]. The average relative deviation
between Eq. (4) and the distribution parameters esti-
mated experimentally is estimated to be +4.83%.

In Fig. 9, the superficial gas velocities are plotted
against the void fractions as a parameter of the superfi-
cial liquid velocity. The superficial liquid velocity is cal-
culated by

Ur) = (G = pelie))/ ps- (8)
100 T T T
o Vi "=0.500 m/s
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Fig. 9. Dependence of superficial gas velocity on void fraction
in subcooled boiling flow.

In the figure, open symbols, solid, broken, dotted and
chain lines indicate the measured superficial gas veloci-
ties, and the superficial gas velocities calculated by Eq.
(6) for veiy =0.500, 0.664, 0.985 and 1.22 m/s, respec-
tively. As can be seen from Fig. 9, the drift-flux model
with Egs. (4) and (5) can reproduce the dependence of
the superficial gas velocity on the void fraction properly.
This may be mainly attributed to the proper modeling of
the distribution parameter, since the contribution of the
drift velocity to the gas velocity may not be significant in
the present flow conditions. The average relative devia-
tion between Eq. (6) and the measured superficial gas
velocity is estimated to be +6.92%. The comparisons
shown in Figs. 8 and 9 suggest that the drift-flux model
with Egs. (4) and (5) can be applicable to subcooled boil-
ing flow in an internally heated annulus. However, the
validity of the constitutive equation for the drift velocity
should be examined separately by local flow data of gas
and liquid phases to be measured in a future study.

The constitutive equation of the distribution para-
meter, Eq. (4), and the drift-flux model, Eq. (6) are also
evaluated by existing data. Lee et al. [8] conducted local
flow measurements of subcooled water boiling flow in an
internally heated annulus. The outer diameter of a
heated inner pipe and the inner diameter of an outer
pipe were 19.0 and 37.5 mm, respectively. In their exper-
iment, a total of 18 data sets were acquired consisting of
the mass flux, 476-1061 kg/m2 s, the heat flux, 114.8—
320.4 kW/m?, and the inlet subcooling, 11.5-21.3 °C.
Egs. (4) and (6) can predict the distribution parameters
and the superficial gas velocities within an average rela-
tive derivation of £9.73% and +4.20%, respectively. Roy
et al. [9] also performed local flow measurements of sub-
cooled R-113 boiling flow in an internally heated annu-
lus. The outer diameter of a heated inner pipe and the
inner diameter of an outer pipe were 15.9 and 38.1
mm, respectively. The experiments were carried out at
the mass flux, 579 and 801 kg/m2 s, the heat flux, 79.4—
126.0 kW/m?, and the wall temperature 95-102 °C. A to-
tal of 7 complete data sets to calculate the distribution
parameter and the other flow parameters are available
in the paper. Egs. (4) and (6) can predict the distribution
parameters and the superficial gas velocities within an
average relative derivation of *27.5% and %10.7%,
respectively. Although the available data supports the
validity of Eqgs. (4) and (6), extensive efforts to take local
flow data should be encouraged to evaluate the constitu-
tive equations in a future study.

3.2.2. Constitutive equation of interfacial area concentra-
tion and bubble diameter

Recently, Hibiki and Ishii [10] developed the consti-
tutive equation of the interfacial area concentration
under steady fully-developed adiabatic bubbly flow con-
ditions based on the interfacial area transport equation
as follows:
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(@) = 3.02Lo" ™ (o) Re"™  or
(Dsm) = 1.99Lo™ " ¥ Re™ 0%, )

where

o ~ Lo
a;) = (aj)Lo, Lo=,/— Lo=—,
(@) = (@) Vehn b

~  ((&"’Lo'P)Lo ~
Re=~Y — 77 d (Dgn) = =
¢ Ve » and - (Dsm) Lo Lo

The energy dissipation rate per unit mass in Eq. (9) is
approximated by [8]

j dp
(&) = g(j,) exp(—ARer) + % (*E) {1 — exp(—ARer)},
m f

(10)

where g, A, Rey, pm, and (—dP/dz)g refer to the gravita-
tional acceleration, a coefficient (=0.0005839), Reynolds
number of the liquid phase defined by (js) Dyy/vy, the mix-
ture density, and the pressure loss per unit length due to
friction, respectively. Although the applicability of Eq.
(9) to developing flows was also confirmed experimen-
tally [10], the applicability of Eq. (9) to subcooled boil-
ing flow has not been examined because of very
limited available data. It should be noted here that the
heat flux does not appear in Eq. (9) explicitly. However,
since the superficial gas and liquid velocities depend on
the heat flux, the bubble diameter is certainly dependent
on the heat flux.

In Fig. 10, Sauter mean diameters obtained by meas-
ured void fractions and interfacial area concentrations
are compared with Eq. (9). In the figure, open circles
and solid line indicate the measured bubble Sauter mean
diameter non-dimensionalized by Laplace length and
non-dimensional Sauter mean diameter calculated by
Eq. (9), respectively. An excellent agreement is obtained
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Fig. 10. Comparison of semi-theoretical correlation for Sauter
mean diameter with experimental data.

between Eq. (9) and the data within an average relative
deviation of +28.3%. This suggests that the constitutive
equations given by Eq. (9) can be applicable to sub-
cooled boiling flow in an internally heated annulus.

The constitutive equation of the bubble Sauter mean
diameter, Eq. (9) is also evaluated by the R-113 data
taken by Roy et al. [9] existing data. Only one complete
data to calculate the bubble Sauter mean diameter and
the other flow parameters is available at the mass veloc-
ity of 801 kg/m? s, the heat flux of 115.8 kW/m?, and the
inlet R-113 temperature of 43.0 °C. Eq. (9) can predict
the bubble Sauter mean diameter with a relative deriva-
tion of *£25.0%. Although the available data supports
the validity of Eq. (9), extensive efforts to take local flow
data should be encouraged to evaluate the constitutive
equation in a future study.

4. Conclusions

Local measurements of flow parameters were per-
formed for vertical upward subcooled boiling flows in
an internally heated annulus. The annulus channel con-
sisted of an inner heater rod with a diameter of 19.1 mm
and an outer round pipe with an inner diameter of 38.1
mm, and the hydraulic equivalent diameter was 19.1
mm. The double-sensor conductivity probe method
was used for measuring local void fraction, interfacial
area concentration, and interfacial velocity. The ob-
tained results are summarized below:

(1) A total of 11 data were acquired consisting of four
inlet liquid velocities, 0.500, 0.664, 0.987 and 1.22
m/s and two inlet liquid temperatures, 95.0 and
98.0 °C.

(2) The dependence of the local flow parameters on the
heat flux, the inlet liquid temperature, and the inlet
liquid velocity were discussed in detail.

(3) The -constitutive equation for the distribution
parameter in the drift-flux model proposed previ-
ously was evaluated by local flow parameters
obtained in the experiment. The constitutive equa-
tion for the distribution parameter could predict
the experimentally determined distribution parame-
ter within an average relative deviation of +4.83%.
The drift flux model with the validated constitutive
equations for the distribution parameter could also
predict the experimental data within an average rel-
ative deviation of +6.92%.

(4) The semi-theoretical correlation for Sauter mean
diameter, namely, interfacial area concentration
proposed previously was validated by local flow
parameters obtained in the experiment. The correla-
tion for Sauter mean diameter could predict the
measured Sauter mean diameter within an average
relative deviation of +23.9%.
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Appendix A

The scaling criteria for two-phase flow loops have
been developed by Ishii and his colleagues [11-14]. In
what follows, the important scaling criteria for two-
phase flow will be explained briefly by taking the convec-
tive boiling flow under the subcooled condition in the
BWR core as an example. The prototypic conditions
in the BWR core are a system pressure of 7.17 MPa
and a water temperature that changes from 278 °C at
the inlet to the saturation temperature 287 °C. The pro-
totypic conditions in the BWR core is simulated by an
atmospheric pressure loop using water as the coolant
based on the scaling method, which provides similar
geometric, hydrodynamic, and thermal characteristics
as those found in the prototype.

The non-dimensional parameters specifying similar
hydraulic and thermal characteristics of the flow are ob-
tained from the scaling method. These non-dimensional
parameters include the Reynolds number and the Weber
number. However, it is almost impossible to satisfy all
the flow characteristics because each flow property de-
pends on the fluid properties and the fluid properties
are different. This is particularly true when the flow has
more than one phase such as a vapor/liquid flow. For
the vapor/liquid flow the geometrical similarity is impor-
tant, i.e., the relative size of the bubble to the channel
structure. A large deviation of the geometrical conditions
from the flow in the prototype induces a significant
change in the vapor phase distribution and could even re-
sults in a different flow regime. Therefore, the geometri-
cal similarity is used as the first scaling criteria.

There are some parameters that are determined only
by the fluid properties and not by the hydrodynamic con-
ditions. For example, the constitutive equations for the
bubble diameter imply that the bubble size can be esti-
mated by the fluid properties. Also the relative velocity
between the bubble and the continuous phase can be ex-
pressed as a function of the flow properties. Although the
relative velocity does not affect directly the geometrical
parameters, it has a significant role in the calculation of
the void fraction distribution. Therefore the parameters
that can not be controlled by the design parameters
should be evaluated.

A.1. Geometrical similarity

The ratio of the bubble diameter to the heating rod
diameter should be scaled as

2],

Similarly the ratio of the bubble diameter to the
hydraulic diameter should be scaled as

D

H 1, (A2)
Dy |y

where the subscript R denotes the ratio of the value for a
model to that of the prototype

U = YV _ Y for model (A3)

» Y for prototype’

Both criteria, Eqgs. (A.1) and (A.2) are effective in the
bubble layer development for subcooled convection
boiling flow. To estimate the heating rod diameter and
the hydraulic diameter in the model, we may approxi-
mate the bubble diameter as

D max
Dy ~ "~2 ) (A.4)

where Dy max is the maximum distorted bubble limit
given by [15]

g
Db‘mux - 4‘ /@~ (AS)

A.2. Hydrodynamic similarity

The ratio of the relative velocity to the liquid velocity
should be scaled as

[ﬁ} - (A.6)

Ug

To estimate the liquid velocity in the model, we may
approximate the bubble rise velocity, v, as [15]

1/4
Oy N \/E(O—ggp) . (A7)

Pr

A.3. Thermal similarity

Subcooled number, N, and Zuber number (phase
change number), Nz, play an important role in the ther-
mal similarity criteria. The subcooled number is the
ratio of the subcooling to the latent heat as

Ny = Mt (A0 (A.8)
hfg pg

where Ahg,, and /i, are the subcooling enthalpy and the
latent heat, respectively. The Zuber number is the ratio
of the heat flux used for phase change over the inlet sub-
cooling as

4qL, Ap
Ny = — 4 (BP) A9
z DHUf‘inhfgpf (pg ( )

where Ly, is the heated length.
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Table 2
Prototypic BWR conditions and experimental conditions in the present experiment
Quantity Prototype Model
Pressure (MPa) 7.17 0.101
Saturation temperature (°C) 287 100
Heater diameter (m) 0.0123 0.0191
Hydraulic diameter (m) 0.0150 0.0191
Heated length (m) 3.81 1.73
Heater power (kW) 77.2 20.0
Heat flux (kW/m?) 526 193
Bubble size (mm) 3.18 5.01
Dy/Dy (—) 0.212 0.263
Bubble rise velocity (m/s) 0.172 0.222
Liquid inlet velocity (m/s) 1.93 0.498-1.24
Reynolds number (—) 224 x10° 3.22x 10%-8.05 x 10*
Weber number (—) 4.00 4.00
Subcooling number (—) 0.650 5.99-15.0
Zuber (phase change) number (—) 4.72 7.61-20.5
Inlet subcooling (°C) 9.49 2.00-5.00
[Dy/Drodlr 1.01
[Do/Dylr 1.24
[Welr 1.00
[vvdr 0.200-0.498
[Naublr 9.21-23.0
[Nzur 1.61-4.34
[XeqlR[AP! pglR —1.88-2.88

From the steady state energy equation balanced over
the heated section using a control volume analysis, Ny,
and Ny, are related by

A
<p) Xeq. = Nzu — Ngw.
Py

Therefore, the similarity of the subcooling and Zuber
numbers yields

Ap

(A.10)

=1 (A.11)

R

[eq.Jr

Pg

This indicates that the vapor quality should be scaled
by the density ratio.

Some of the important scaling criteria are highlighted
as described above, and the detailed discussions on the
scaling criteria are found in the previous papers [11-
15]. The loop geometry and the thermal-hydraulic con-
ditions in the prototypic BWR and the scaled model
are tabulated in Table 2. In the test loop used in the pre-
sent experiment, the geometrical similarity is almost pre-
served, but hydrodynamic and thermal similarities are
not completely preserved due to the limited capability
of the test equipment. The typical ranges of the similar-
ity parameters covered in the present experiment are
also tabulated in Table 2. Thus, since the geometrical
similarity, namely the bubble migration characteristics
is preserved in the present experiment, the obtained
data would provide the information on more general

basic flow characteristics in the channel of the BWR
core rather than that at the operating condition of the

BWR.
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