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Abstract

In relation to the development of the interfacial area transport equation in a subcooled boiling flow, the one-
dimensional interfacial area transport equation was evaluated by the data taken in the hydrodynamic separate effect
tests without phase change, or an adiabatic air-water bubbly flow in a vertical annulus. The annulus channel consisted
of an inner rod with a diameter of 19.1 mm and an outer round tube with an inner diameter of 38.1 mm, and the
hydraulic equivalent diameter was 19.1 mm. Twenty data sets consisting of five void fractions, about 0.050, 0.10, 0.15,
0.20, and 0.25, and four superficial liquid velocities, 0.272, 0.516, 1.03, and 2.08 m/s were used for the evaluation of the
one-dimensional interfacial area transport equation. The one-dimensional interfacial area transport equation agreed
with the data with an average relative deviation of £8.96%. Sensitivity analysis was also performed to investigate the
effect of the initial bubble size on the interfacial area transport. It was shown that the dominant mechanism of the

interfacial area transport was strongly dependent on the initial bubble size.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

In relation to the modeling of the interfacial transfer
terms in the two-fluid model, the concept of the inter-
facial area transport equation has recently been pro-
posed to develop the constitutive relation on the
interfacial area concentration [1]. The dynamic changes
in the two-phase flow structure can be predicted mech-
anistically by introducing the interfacial area transport
equation. Such a capability does not exist in the current
state-of-the-art nuclear thermal-hydraulic system anal-
ysis codes like RELAPS, TRAC and CATHARE. Thus,
a successful development of the interfacial area trans-
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port equation can make a quantum improvement in the
two-fluid model formulation and the prediction accu-
racy of the system codes.

The present status of the development of the inter-
facial area transport equation was extensively reviewed
in the previous paper [2]. In the first stage of the devel-
opment of the interfacial area transport equation, adi-
abatic flow was the focus, and the interfacial area
transport equation for the adiabatic flow was developed
successfully by modeling sink and source terms of the
interfacial area concentration due to bubble coalescence
and breakup [3-5]. In the next stage, subcooled boiling
flow would be the focus, and a preliminary local mea-
surement for interfacial area concentration was initiated
for subcooled boiling water flow in an internally heated
annulus [6]. To develop the interfacial area transport
equation for boiling flows in the internally heated an-
nulus, sink and source terms due to phase change should
be modeled based on rigorous and extensive boiling flow
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Nomenclature

A4; interfacial area

a; interfacial area concentration

C adjustable valuable

Crc adjustable valuable

Cwg adjustable valuable

Cr1 adjustable valuable

D diameter of outer round tube

Dy diameter of inner rod

Dy critical bubble size

D, volume equivalent diameter

Dy hydraulic equivalent diameter

Dgm Sauter mean diameter

dx spatial range

dv volume range

f particle density distribution function

Je superficial gas velocity

JaN superficial gas velocity reduced at normal
condition (atmospheric pressure and 20 °C)

Jr superficial liquid velocity

ifg latent heat

n exponent

R radius of outer round tube

Ry radius of inner rod

R; change rate of particle number density due
to particle coalescence or breakup

r radial coordinate

S; change rate of particle density distribution
due to particle coalescence or breakup

SpH change rate of particle density distribution
due to phase change

T; liquid temperature

Tiat saturation temperature

t time

Uy turbulent velocity

14 particle volume

Vinax maximum particle volume

Viin minimum particle volume

vy particle velocity

Uy gas velocity

Ug gas velocity

Vg gas velocity in z-direction

We Weber number

We,, critical Weber number
b spatial position
z axial coordinate

Greek symbols

o void fraction
Omax maximum void fraction
Pe gas density

a interfacial tension
dexp change rate of interfacial area concentration
due to bubble expansion

o change rate of interfacial area concentration
due to bubble coalescence or breakup

Oy change rate of interfacial area concentration
due to phase change

dre change rate of interfacial area concentration

due to bubble coalescence caused by bubble
random collision

o1 change rate of interfacial area concentration
due to bubble breakup caused by turbulent
impact

Ow change rate of interfacial area concentration
due to wall nucleation

Owe change rate of interfacial area concentration
due to bubble coalescence caused by wake
entrainment

Vi factor depending on bubble shape (1/(367)
for spherical bubble)

Subscripts

calc. calculated value

meas. measured value

Probe quantity measured by double-sensor con-
ductivity probe

Rotameter quantity measured by rotameter

y-densitometer quantity measured by y-densitometer

Mathematical symbols

() area-averaged quantity

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

(N interfacial area concentration weighted

cross-sectional area-averaged quantity

data to be taken in the annular channel, and sink and
source terms due to bubble coalescence and breakup
modeled previously [3] should be evaluated separately
based on adiabatic data to be taken in the same channel.

From this point of view, this study aims at evaluating
the one-dimensional interfacial area transport equation
with axial development data of local flow parameters
(void fraction, interfacial area concentration, and in-
terfacial velocity) of vertical upward air-water bubbly

flows in an annulus. The annulus test loop is scaled to a
prototypic BWR based on scaling criteria for geometric,
hydrodynamic, and thermal similarities [6]. The data
obtained from the double-sensor conductivity probe give
near complete information on the time-averaged local
hydrodynamic parameters of bubbly flow to evaluate the
sink and source terms of the interfacial area concentra-
tion. In this study, the one-dimensional interfacial area
transport equation is evaluated by the data set taken in



T. Hibiki et al. | International Journal of Heat and Mass Transfer 46 (2003) 4949-4962 4951

the annulus loop. The detailed discussion is also given
for the mechanism of the axial development of local flow
parameters.

2. Interfacial area transport equation

For the purpose of modeling interfacial area trans-
port, Kocamustafaogullari and Ishii [1] obtained the
interfacial area transport equation based on statistical
mechanics. The fluid particle number density distri-
bution changes with the fluid particle contraction and
expansion, entering and leaving, coalescence and disin-
tegration, evaporation and condensation, nucleation and
collapse. Simply accounting for these effects in a control
volume yields the fluid particle transport equation:

of AN
6t+v (fvp) + <fE>_zj:S/+SPH7 )

where f (¥, V,¢) is the particle density distribution func-
tion, which is assumed to be continuous and specifies the
probable number density of fluid particles at a given
time ¢, in the spatial range dx about a position ¥, with
particle volumes between V and ¥ +dV. v, (x,V,t) de-
notes the particle velocity, which is a function of the
position, ¥, particle volume, ¥, and time, 7. For small
rigid bubbles, the particle velocity, ¥, is identical to the
gas velocity, ¥,. The interaction term, ) ;S), represents
the net rate of change in the particle density distribution
due to the particle coalescence and breakup processes.
The second term of the right-hand side, Spy is the fluid
particle source or sink rate due to the phase change. For
example, for a one-component bubbly flow, Spy repre-
sents the bulk liquid bubble nucleation rate due to ho-
mogeneous and heterogeneous nucleation, and the
collapse rate due to condensation for the subcooled
boiling flow. The wall nucleation rate which is not in-
cluded in Spy must be specified as a boundary condition.
The third term of the left-hand side in Eq. (1) represents
the rate of change in the particle density distribution due
to the pressure change and/or phase changes appearing
on existing interfaces.

The interfacial area concentration transport equation
of fluid particles can be obtained by multiplying the
particle number density transport equation by the av-
erage interfacial area, 4;(V), which is independent of the
spatial coordinate system. This yields the following
equation:

6fA() . 9 / dv
PO v (1) + 40 (f )

dr
=D Si(V)

+ Spudi(V). (2)
For practical purposes, the fluid particle interfacial area
transport equation is too detailed. Hence, it would be

much more useful to average an interfacial area trans-
port equation over particle size groups that are deter-
mined according to particle mobilities. As a general
approach, two-group interfacial area transport equa-
tions have recently been proposed by treating the bub-
bles in two groups such as the spherical/distorted bubble
group (group one) and the cap/slug bubble group (group
two) [5]. If only one group of bubbles is considered,
the interfacial area transport equation can easily be
obtained by integrating Eq. (2) from Vi, to V. and
applying the Leibnitz rule. Then, we have the three-
dimensional interfacial area concentration transport
equation:

where R; is the rate of change of particle number due
to coalescence or breakup, y is the shape factor de-
fined by

1 DSm ’ _
V= 36m ( D, ) ; (1// for spherical bubbles)
4)

where D, is the volume equivalent diameter, and Dy, is
the critical bubble size beyond which it is possible for
bubbles to grow due to evaporation, or for clusters of
molecules to serve as nuclei for bubbles, as

40T

Dpo = ————"——,
Pty (Tt — Toar)

)

where o, T, p,, iy and T; are the surface tension, the
saturation temperature, the gas density, the latent heat,
and the liquid temperature, respectively.

The simplest form of the one-group interfacial area
transport equation is the one-dimensional formulation
obtained by applying cross-sectional area-averaging
over Eq. (3). That is

aé‘?>+%<<ai><<vgz>>f>
= (Pexp) + Z + (dpn) + (Pw), (©

where (¢ppxp), (¢,), and (¢py) are the change rate of the
interfacial area concentration due to bubble expansion,
bubble coalescence or breakup, and phase change de-
fined as Egs. (7)—(9), respectively.

o) = (00 ){ S Sl )
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@)=5 (i))zum, )

(ai

) =013 (55 ) o)

(¢w) is the wall nucleation source, which is the most
important term for subcooled boiling flow.

For gas-dispersed flows with no phase change, three
major mechanisms are responsible for bubble coales-
cence and breakup that result in the interfacial area
transport [3]. They are (1) bubble coalescence due to
random collision driven by liquid turbulence, (¢rc), (2)
bubble coalescence due to wake-entrainment caused by
the relative motion between the bubbles in the wake
region and the leading bubble, (¢yg) and (3) bubble
breakup upon the impact of turbulent eddies, {¢;). The
source and sink terms of the interfacial area in Eq. (6)
can be expressed as follows [3]:

() (@)’
(@) (it — @)

<(/’RC> = 12yCrc

(@) (1)
<¢WE> = 12yCyg <<ur><ai>2>, (11)
_ 1 <u1><ai>2 We, 'z We,
<¢TI>_18CTI|: () :Hl We} exp(f We)’
We > We,,. (12)

where  Crc(=0.0041), C(=3.0), Cwg(=0.0020),
Cri(= 0.035) are adjustable valuables determined based
on extensive data set taken in various adiabatic bubbly
flows. u;, otmax, Ur, We, and We,, are the turbulent velocity,
the maximum allowable void fraction (=0.80), the rel-
ative velocity between gas and liquid phases, Weber
number and critical Weber number (= 2.0), respectively.

3. Experimental

An experimental facility is designed to measure the
relevant two-phase parameters necessary for developing
constitutive models for the two-fluid model in subcooled
boiling. It is scaled to a prototypic BWR based on
scaling criteria for geometric, hydrodynamic, and ther-
mal similarities [6]. The experimental facility, instru-
mentation, and data acquisition system are briefly
described in this section. The detailed explanation can be
found in the previous paper [6].

The two-phase flow experiment was performed by
using a flow loop constructed at Thermal-hydraulics
and Reactor Safety Laboratory in Purdue University.

Separation
Flexible Tank
Pipe L

HIF— Drain
Air Supply
®
Test Degasing Condensation
Section @B Cooler Tank

Air Flowmeters

S) Drain
MainTank
A

{

Heater
E:ﬁlcr Flowmeter Pump Filter T
Height ———
Adjuster

Drain

Fig. 1. Schematic diagram of experimental loop.

Fig. 1 shows the experimental facility layout. The water
supply is held in the main 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 water temperature and post-experimental
cooling of the tank. Water is pumped with a positive
displacement, eccentric screw pump, capable of provid-
ing a constant head with minimum pressure oscillation.
For the adiabatic air-water flow experiment, porous
spargers with the pore size of 10 um are used as air in-
jectors. The water, which flows through a magnetic
flowmeter, is divided into four separate flows and can
then be mixed with air before it is injected into the test
section to study adiabatic air-water bubbly flow.

The test section is an annular geometry that is formed
by a clear polycarbonate tube on the outside and a
cartridge heater on the inside. The test section is 38.1
mm inner diameter, D, and has a 3.18 mm wall thick-
ness. The overall length of the heater is 2670 mm
and has a 19.1 mm outer diameter, Dy The hydraulic
equivalent diameter, Dy is 19.1 mm. The heated section
of the heater rod is 1730 mm long. The maximum power
of the heater is 20 kW and has a maximum surface heat
flux of 0.193 MW/m?. The heater rod has one thermo-
couple that is connected to the process controller to
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provide feedback control. The heater rod can be tra-
versed vertically to allow many axial locations to be
studied with four instrument ports attached to the test
section. At each port there is an electrical conductivity
probe to measure axial development of local flow pa-
rameters. Pressure taps and thermocouples 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 gas phase is
piped away and the water is returned to the main tank.
Since the primary purpose of this study was to acquire
the data in the hydrodynamic separate effect tests
without phase change, the loop was operated with an
adiabatic air-water flow in this experiment. The loop
will be operated with a diabatic steam-water flow in a
future study.

The flow rates of the air and water were measured
with a rotameter and a magnetic flowmeter, respectively.
The loop temperature was kept at a constant tempera-
ture (20 °C) within the deviation of +0.2 °C by a heat
exchanger installed in a water reservoir. The local flow
measurements using the double-sensor conductivity
probe [7] were performed at four axial locations of
z/Dy =40.3, 61.7, 77.7, and 99.0, and 10 radial loca-
tions from /(R — Ry) = 0.05 to 0.9. Here, R and R, are
the inner radius of the outer tube and the outer radius
of the heater, respectively. »/(R — Ry) = 0 and 1 indicate
the walls of the heater and the outer tube, respectively. A
y-densitometer was installed at z/Dy = 51.1 in the loop
to measure the area-averaged void fraction. The flow
conditions in this experiment are tabulated in Table 1.
The area-averaged superficial gas velocities in this ex-
periment were roughly determined so as to provide the
same area-averaged void fractions among different
conditions of superficial liquid velocity, namely
(o) = 0.050, 0.10, 0.15, 0.20, and 0.25. The flow condi-
tions covers typical bubbly flow conditions, since the
primary purpose of this study is to acquire the data in
the hydrodynamic separate effect tests without phase
change to be the reference for future subcooled bubbly
flow tests. It should be noted here that void fraction
would increase along the axial direction on the order of
10% between z/Dy = 40.3 and 99.0 in the present ex-

perimental conditions due to the pressure reduction.
This leads to a continuous developing flow along the
flow direction.

Generally, a void distribution depends on an initial
condition (bubble size, generation method and mixing
condition), a flow condition (flow rates and physical
properties), and a test section condition (geometry and
wall surface) [8]. Although sophisticated experiments
controlling the initial condition were performed [8], the
initial condition was not controlled in this experiment,
resulting in the change of the initial bubble size with the
flow condition.

Fig. 2 shows the dependence of the Sauter mean di-
ameter, (Dsy,), measured at the first measuring station of
z/Dy = 40.3 on the void fraction, (), or the superficial
liquid velocity, (j). The bubble size measured at the first
measuring station increased with increasing the gas flow
rate, but the effect of the gas flow rate on the bubble size
came to be smaller for higher liquid flow rate. On the
other hand, the bubble size increased with increasing
the liquid flow rate for (jr) < 0.5 m/s and (o) <0.10, but
the bubble size decreased with increasing the liquid flow
rate for (j¢) = 1.0 m/s. The increase in the gas flow rate
or the increase in the liquid flow rate for (j;) < 0.5 m/s
and (2) <0.10 would enhance the bubble coalescence
due to the collision of bubbles, resulting in the increase
of the bubble size. On the other hand, the increase in the
liquid flow rate for (jr) > 1 m/s would enhance the
bubble breakup due to the liquid turbulence, resulting in
the decrease of the bubble size. However, the effect of
the liquid flow rate on the bubble size was not pro-
nounced for (j;) <1 m/s and () > 0.10, where the
bubble coalescence and breakup seem to be in the equi-
librium state. In this experiment, bubbles with the dia-
meters of about 3 and 2 mm were generated for (j¢) <1
m/s and (jr) = 2 m/s, respectively. The similar result was
obtained for vertical air-water bubbly flow in a round
tube with an inner diameter of 50.8 mm [9].

In order to verify the accuracy of local measure-
ments, the area-averaged quantities obtained by inte-
grating the local flow parameters over the flow channel
were compared with those measured by other cross-
calibration methods such as a y-densitometer for void
fraction, a photographic method for interfacial area

Table 1
Flow conditions in this experiment
Symbols [ J A | v L 4
Lines —  memeee e - == ——
(r) [m/s] {Jen) [m/s] (en) [m/s] {Jen) [m/s] (Jen) [m/s] {Jen) [m/s]
0.272 0.0313 0.0506 0.0690 0.0888 0.105
0.516 0.0406 0.0687 0.103 0.135 0.176
1.03 0.0683 0.130 0.201 0.400 0.489
2.08 0.108 0.215 0.505 0.651 0.910
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Fig. 2. Dependence of bubble size on void fraction and superficial liquid velocity.
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Fig. 3. Verification of the double sensor probe with other calibration methods.

concentration, and a rotameter for superficial gas ve-
locity. As shown in Fig. 3, good agreements were ob-
tained between the area-averaged void fraction and
superficial gas velocity obtained from the local mea-
surements and those measured by the cross-calibration
methods with averaged relative deviations of £12.8%
and +14.9%, respectively. The separate experiment to
evaluate the interfacial area concentration measured by
the double sensor probe with the photographic method
also showed a good agreement between the area-aver-
aged interfacial area concentrations obtained from the
double sensor probe method and those measured by the
photographic method with an averaged relative devia-
tion of £6.95% [10].

4. Results and discussion
4.1. Axial development of local flow parameters
Some discussions on the flow characteristics of local

flow parameters for gas and liquid phases in an annulus
can be found in the previous papers [11,12]. Here, the

axial development of the local flow parameters will
briefly be described as follows.

4.1.1. Void fraction

Fig. 4 shows the behavior of void fraction profiles
measured at z/Dy = 40.3 (upper figures) and 99.0 (lower
figures) in this experiment. The meanings of the symbols
in Fig. 4 are found in Table 1. As can be seen from the
figure, various phase distribution patterns similar to
those in round tubes are observed in the present exper-
iment, and void fraction profiles are found to be almost
symmetrical with respect to the channel center, r/

For (js) = 0.272 m/s, broad core peak with plateau
around the channel center and intermediate peak, which
is characterized as broad peak in void fraction near the
channel wall and plateau with medium void fraction
around the channel center, are found for low (@, A) and
high (M, ¥V, @) void fraction regions, respectively, at the
first measuring station of z/Dy = 40.3. As the flow de-
velops, the plateau observed for low void fraction region
(@, A) tends to be narrower. On the other hand, as the
flow develops, two peaks observed for high void fraction
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Fig. 4. Local void fraction profiles at z/Dy = 40.3 and 99.9.

region (H, V¥V, @) tend to move towards the channel
center and to be merged into one core peak. For
(jr) = 0.516 m/s, intermediate peak is observed at the
first measuring station of z/Dy = 40.3. As the flow de-
velops, the void fraction profiles are not changed for low
void fraction region (@, A), but the trough of the void
fraction profiles observed around the channel center
comes to be shallower for high void fraction region (H,
V, ®). The similar tendency is observed for (j;) = 1.03
m/s. For (jr) =2.08 m/s, wall peak is observed at the
first measuring station of z/Dy = 40.3. As the flow de-
velops, the void fraction profiles are not changed.

For (j;) =0.272, 0.516, and 1.03 m/s, the bubble
diameter is about 3 mm, which is close to a critical
bubble size of 3.6 mm pointed out by Zun [13], which
gives the boundary between the wall and intermediate
peaks. The bubble size is likely to determine the direc-
tion of the bubble migration. Thus, for tested low liquid
flow conditions, bubbles tend to move towards the
channel center gradually. For (j;) = 2.08 m/s, the bubble
diameter is about 2 mm, and the bubble can stay near

the channel wall, resulting in insignificant axial change
of the void fraction distribution.

4.1.2. Sauter mean diameter

Fig. 5 shows the behavior of Sauter mean diameter
profiles, corresponding to that of void fraction profiles
in Fig. 2. The meanings of the symbols in Fig. 5 are
found in Table 1. The Sauter mean diameter profiles are
uniform along the channel radius with some decrease in
size near the wall, /(R — Ry) <0.1 and 0.9 <r/(R — Ry).
Only a part of a bubble can pass the region close to the
channel wall, resulting in apparent smaller Sauter mean
diameter. The profiles are not changed significantly as
the flow develops, although the bubble size increases up
to 10-20% along the flow direction.

4.1.3. Interfacial area concentration

Fig. 6 shows the behavior of interfacial area con-
centration profiles, corresponding to that of void frac-
tion profiles in Fig. 4. The meanings of the symbols in
Fig. 6 are found in Table 1. As can be expected for



4956 T. Hibiki et al. | International Journal of Heat and Mass Transfer 46 (2003) 4949-4962

[mm]

7 7
= <jp>=0.272 m/s <Jp>=0.516 m/s <jp>=1.03 m/s <Gp>=2.08 m/s
2 Dy=19.1 mm Dy=19.1 mm Dy=19.1 mm Dy=19.1 mm
6 IDy=403 or JDy=40.3 6 2/D,=40.3 6 2/Dy=40.3
5 S5t 5 5
4 4 4 4

0
00 02 04 06 08 1.0

Time-Averaged Sauter Mean Dia., D

0
0.0 02 04 06 0.8 10

0 0
00 02 04 06 08 1.0 00 02 04 0.6 08 1.0

Radial Position, r/(R-R 0) [-]
—
g 7 7 7 7
= <Jp>=0.272 m/s <j>=0.516 m/s <j>=1.03 m/s <jp>=2.08 m/s
< Dy=19.1 mm Dy=19.1 mm Dy=19.1 mm Dy=19.1 mm
6 D90 or 2/D;=99.0 6 2/Dyy=99.0 6 2/D;=99.0
5 st 5 5

0 0

0 0

00 02 04 06 0.8 1.0

Time-Averaged Sauter Mean Dia., D

0.0 02 04 0.6 0.8 1.0

Radial Position, r/(R-RO) [-]

0.0 0.2 04 06 0.8 1.0 0.0 02 04 06 08 1.0

Fig. 5. Local Sauter mean diameter profiles at z/Dy = 40.3 and 99.9.

bubbly flow, the interfacial area concentration profiles
are similar to the void fraction profiles. The interfacial
area concentration is proportional to the void fraction
and inversely proportional to the Sauter mean diameter.
Thus, since the Sauter mean diameter is almost uniform
along the channel radius, the interfacial area concen-
tration profiles display the same behavior as their re-
spective void fraction profiles.

4.1.4. Interfacial velocity

Fig. 7 shows the behavior of interfacial velocity
profiles, corresponding to that of void fraction profiles
in Fig. 4. The meanings of the symbols in Fig. 7 are
found in Table 1. As can be expected, the interfacial
velocity has a power-law profile. As shown in the figure,
measured interfacial velocities can be fitted by the fol-
lowing function reasonably well except for (jr) = 2.08
m/s and higher void fraction.

(13)

n

%_n+1@Q{L-§;J£_£QHUf

R—R,

As the area-averaged void fraction increases, the expo-
nent increases gradually, resulting in flatter interfacial
velocity profile. As the superficial liquid velocity in-
creases, the exponent decreases gradually and ap-
proaches an asymptotic value. Since the interfacial
velocity profile would basically be similar to the re-
spective liquid velocity profile [9], the interfacial velocity
profile might be attributed to the balance of the bubble-
induced turbulence and shear-induced turbulence. It was
observed in a round tube that for low liquid superficial
velocities ((j¢) <1 m/s) the introduction of bubbles into
the liquid flow flattened the liquid velocity profile and
the liquid velocity profile approached to that of devel-
oped single-phase flow with the increase of void fraction
[9]. It was also reported that the effect of the bubble
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Fig. 6. Local interfacial area concentration profiles at z/Dy = 40.3 and 99.9.

introduction into the liquid on the liquid velocity profile
was diminishing with increasing gas and liquid veloci-
ties, and for high liquid velocities ({j;) =1 m/s) the
liquid velocity profile came to be the power law profile
as the flow developed. Thus, for low or high liquid ve-
locity, the bubble-induced or shear-induced turbulence,
respectively, would play an important role in determin-
ing the liquid velocity profile as well as the interfacial
velocity profile.

4.2. One-dimensional interfacial area transport

4.2.1. Model evaluation

Fig. 8 shows the axial developments of the area-
averaged interfacial area concentrations measured in the
annulus loop. The meanings of the symbols and the lines
in Fig. 8 are found in Table 1. As can be seen from Fig.
8, significant axial changes of the interfacial area con-
centrations are not observed in most of the tested flow
conditions. This may mainly be attributed to (i) axial
measuring locations far from the test section inlet, (ii)
relatively short distance between z/Dy = 40.3 and 99.0

corresponding to 1.12 m, and (iii) not extremely high
void fraction and liquid velocity to promote the bubble
interaction.

Millies and Mewes [14] classified the bubble coales-
cence and breakup processes in a bubble column into
four basic processes along the flow direction such as (a)
primary bubbles, (b) secondary bubbles, (c) equilibrium
state of bubble coalescence and breakup, and (d) co-
alescence with the free surface, eventually formation of
foam. The size of primary bubbles would strongly be
influenced by the bubble distributor design. The primary
bubbles would coalesce and breakup violently in the
vicinity of the bubble distributor, and reach to the sec-
ondary bubbles. In fact, significant interfacial area
transport was observed near a test section inlet even at
relatively low void fraction and liquid velocity [10]. The
size of the secondary bubbles would be a weak function
of the bubble distributor design. This is particularly true
for high liquid velocity condition [2]. The axial length
for primary bubble region may be a function of liquid
velocity, void fraction and initial bubble size distribu-
tion. Judging from the present test data, the bubble
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Fig. 7. Local interfacial velocity profiles at z/Dy = 40.3 and 99.9.

coalescence and breakup processes seem to reach the
secondary bubble region or equilibrium state region
even at the first measuring station of z/Dy since the axial
interfacial area transport at the downstream of the first
measuring station is insignificant.

Unfortunately, the first two reasons, (i) and (ii), are
inherent in the present flow loop, which was basically
designed for subcooled boiling tests. In view of these, the
data sets obtained in this study may not be ideal to
evaluate the one-dimensional interfacial area transport
equation. However, these test data may still be useful as
the hydrodynamic separate effect test data without phase
change to be the reference data for future subcooled
bubbly flow tests and as the test data to check the ap-
plicability of the developed one-dimensional one-group
interfacial area transport equation to the annulus loop.
In what follows, possible discussions on the interfacial
area transport mechanism will be described.

The top priority to improve the current nuclear
thermal-hydraulic system analysis codes is to imple-

ment the one-dimensional interfacial area transport
equation into the codes. Therefore, the applicability of
the one-dimensional one-group interfacial area trans-
port equation developed in the previous study [3] to the
present annulus loop will be tested by the data obtained
in this study as the first step. In Fig. 8, lines indicated
the interfacial area concentrations calculated by the
one-dimensional one-group interfacial area transport
equation. The interfacial area concentrations measured
at z/Dy = 40.3 are utilized as the initial values. It is
recognized that the one-dimensional one-group inter-
facial area transport equation may reproduce proper
trends of the interfacial area transport depending on
flow parameters. As shown in Fig. 9, the one-dimen-
sional one-group interfacial area transport equation
gives excellent predictions of the interfacial area con-
centrations ranging over one order with an average
relative deviation of *8.96%, provided the accurate
initial values are given. Thus, in the interfacial area
transport calculation, the importance of the initial value
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should be emphasized. In subcooled boiling flow, the
mechanistic modeling of the active nucleation site den-
sity, the bubble departure size, and the bubble departure
frequency should be modeled accurately to provide ac-
curate initial bubble size [15].

In order to evaluate the contribution of each source
or sink term to interfacial area transport, the interfacial

area concentration change due to each mechanism along
the axial direction is calculated. Figs. 10-12 show the
contributions of bubble random collision, wake en-
trainment and bubble expansion to the interfacial area
transport, respectively. The meanings of the lines in
Figs. 10-12 are found in Table 1. Since the values of
Weber number in the present experiment are smaller
than the critical Weber number, the values of (¢) are
calculated to be zero. As a general trend, the bubble
expansion term, (Pexp), governs the interfacial area
transport at relatively low liquid velocity and void
fraction, where bubble-bubble and bubble—eddy inter-
actions are weak. The bubble coalescence terms, (¢pgc)
and (¢wg), are enhanced in the interfacial area transport
equation at high void fraction, where the distance be-
tween bubbles is short enough to cause the bubble
coalescence. It can be seen from these figures, the in-
terfacial area concentration decrease rates due to the
bubble coalescence terms, (¢pc) and (Pwg) are almost
comparable to the interfacial area concentration in-
crease rates due to the bubble expansion term, (Prxp)
for most of the present experimental conditions. These
consequently lead to insignificant interfacial area trans-
port along the flow direction for most of the present
experimental conditions as shown in Fig. 8.
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Fig. 12. Contribution of bubble expansion to interfacial area transport.

4.2.2. Sensitivity analysis on initial bubble size

The sensitivity analysis of the initial bubble size to
the interfacial area concentration is performed to in-
vestigate the effect of the initial bubble size on the in-
terfacial area transport. Fig. 13 depicts an example of
the sensitivity analysis for (j,n) =0.910 m/s and
(jr) =2.08 m/s. As can be seen from Figs. 10-12,
experimentally observed dominant mechanism on the
interfacial area transport is bubble coalescence for
<DSm.meas4>z/DH:4o.3 =2.10 mm, see the solid line. If
smaller bubbles such as (Dsm meas.)./py—a03 = 1.0 mm are
generated at the inlet, the bubble coalescence is en-
hanced significantly, see the broken line. On the other
hand, if larger bubbles such as (Dsmmeas.)./py—a05 = 3-0
mm are generated at the inlet, the dominant mechanism
on the interfacial area transport becomes bubble
breakup instead of bubble coalescence, see the chain
line. Thus, the dominant mechanism of the interfacial
area transport is strongly dependent on the initial bub-
ble size, and the interfacial area transport equation can
reproduce the dependence of the interfacial area trans-
port on the initial bubble size reasonably.

In a future study, the experiment should be per-
formed in the flow conditions where significant bubble
interactions are observed to evaluate the interfacial area
transport equation extensively. The local data should
also be utilized to evaluate two-dimensional interfacial

2500 s
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Fig. 13. Sensitivity analysis on initial bubble to interfacial area
transport.

area transport with the help of various component
models to calculate the flow field as the next step.
5. Conclusions

As a first step of the development of the interfacial
area transport equation in a subcooled boiling flow, the



4962 T. Hibiki et al. | International Journal of Heat and Mass Transfer 46 (2003) 4949-4962

one-dimensional interfacial area transport equation was
evaluated by the data taken in the hydrodynamic sepa-
rate tests without phase change for an adiabatic air—
water bubbly flow in a vertical annulus. The annulus
channel consisted of an inner rod with a diameter of 19.1
mm and an outer round tube with an inner diameter of
38.1 mm, and the hydraulic equivalent diameter was
19.1 mm. Twenty data sets consisting of five void frac-
tions, about 0.050, 0.10, 0.15, 0.20, and 0.25, and four
superficial liquid velocities, 0.272, 0.516, 1.03, and 2.08
m/s were used for the evaluation of the one-dimensional
interfacial area transport equation. The one-dimensional
interfacial area transport equation agreed with the data
with an average relative deviation of £8.96%. Sensitivity
analysis was also performed to investigate the effect of
the initial bubble size on the interfacial area transport. It
was shown that the dominant mechanism of the inter-
facial area transport was strongly dependent on the
initial bubble size.
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