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The interfacial-area transport equation is of practical importance for two-phase flow analyses at reduced-gravity

conditions. In view of this, the interfacial-area transport equation, which takes the gravity effect into account, is

studied in detail. The constitutive equation for the sink term of the interfacial-area concentration due to wake

entrainment has been developed by considering the body acceleration due to frictional pressure loss. A comparison

of the newly developed interfacial-area transport equation with various experimental data taken at normal-gravity

and microgravity conditions shows a satisfactory agreement. An example computation of the newly developed

interfacial-area transport equation has been performed at various gravity conditions such as 0, 1.62, 3.71, and

9:80 m=s2, which correspond to zero-gravity and the lunar,Martian, andEarth surface gravities, respectively. It has

been revealed that the effect of the gravity on the interfacial-area transport in a two-phase flow system is more

pronounced for low-liquid-flow and low-void-fraction conditions, whereas the gravity effect can be ignored for high-

mixture-volumetric-flux conditions.

Nomenclature

A = cross-sectional area
ai = interfacial-area concentration
CA = coefficient
CD = drag coefficient
CP = coefficient
CV = coefficient
C0 = distribution parameter
D = diameter of a pipe
Db = bubble diameter
DSm = Sauter mean diameter
g = gravitational acceleration
gN = normal gravitational acceleration
j = mixture volumetric flux
jf = superficial liquid velocity
jg = superficial gas velocity
KB = constant
KC = constant
MF = frictional pressure gradient in the multiparticle system
NRef = liquid Reynolds number
p = pressure
rb = bubble radius
t = time
vg = average center-of-volume velocity of the gas phase

vgj = drift velocity
vi = interfacial velocity
vr = relative velocity
�vr = difference between area-averaged mean velocities of

phases
z = axial distance
� = void fraction
�B;max = void fraction at maximum bubble-eddy packing
�C;max = void fraction at maximum bubble packing
�RC = adjustable coefficient
�TI = adjustable coefficient
�WE = adjustable coefficient
�� = density difference between phases
" = energy dissipation rate per unit mass
�ph = rate of volume generated by nucleation source per unit

mixture volume
�f = kinematic viscosity
�f = liquid density
�g = gas density
�m = mixture density
� = surface tension
�B = source term due to bubble breakup
�C = sink term due to bubble coalescence
�j = sink or source terms due to bubble coalescence or

breakup
�ph = sink or source terms due to phase change
�RC = sink term due to bubble coalescence induced by

bubble random collision
�TI = source term due to bubble breakup induced by

turbulent impact
�WE = sink term due to bubble coalescence induced by wake

entrainment
h i = area-averaged value
hh ii = void-fraction-weighted-averaged value
hh iia = interfacial-area concentration-weighted-averaged value

Subscript

0 = test-section inlet

Received 22 April 2008; revision received 2 February 2009; accepted for
publication 6 February 2009. Copyright ©2009 byTakashiHibiki. Published
by the American Institute of Aeronautics and Astronautics, Inc., with
permission. Copies of this paper may be made for personal or internal use, on
condition that the copier pay the $10.00 per-copy fee to the Copyright
Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923; include
the code 0001-1452/09 $10.00 in correspondence with the CCC.

∗Professor, School of Nuclear Engineering, 400 Central Drive.
†Associate Professor, Graduate School ofMarine Science andTechnology,

Etchujima, Koto.
‡Dean, Graduate School of Marine Science and Technology, Etchujima,

Koto.
§Walter H. Zinn Distinguished Professor, School of Nuclear Engineering,

400 Central Drive.

AIAA JOURNAL
Vol. 47, No. 5, May 2009

1123

http://dx.doi.org/10.2514/1.38208


Introduction

T HE basic structure of a two-phase flow can be characterized
by two fundamental geometrical parameters. These are the

void fraction and interfacial-area concentration. The void fraction
expresses the phase distribution and is a required parameter for
hydrodynamic and thermal design in various industrial processes.
On the other hand, the interfacial area describes available area for
the interfacial transfer of mass, momentum, and energy and is a re-
quired parameter for a two-fluidmodel formulation. Various transfer
mechanisms between phases depend on the two-phase interfacial
structures. Therefore, an accurate knowledge of these parameters is
necessary for any two-phase flow analyses. This fact can be further
substantiated with respect to two-phase flow formulation.

In view of the great importance to the thermal-hydraulic design of
thermal-control systems at reduced-gravity conditions, a number of
experimental researches have been performed for two-phase flows
at reduced-gravity conditions by means of a drop tower and an
aircraft [1–7]. The constitutive equations of the drift velocity at
reduced-gravity conditions, which is a key parameter in the drift-
flux model, have been successfully modeled by considering the
body acceleration due to frictional pressure loss [8]. The constitu-
tive equations of the distribution parameter in the drift-flux model
at reduced-gravity conditions have been also developed based on
extensive databases at reduced-gravity conditions [8].

On the other hand, there are very few established theoretical
foundations to predict the interfacial-area concentration at reduced-
gravity conditions. The concept of the interfacial-area transport
equation has been proposed to provide the true dynamic nature of
changes in the interfacial structure [9]. Continuous efforts to develop
the interfacial-area transport equation have been made at normal-
gravity conditions. However, there are very few attempts to develop
the interfacial-area transport equation at reduced-gravity conditions.

From the viewpoint of the practical importance to the interfacial-
area transport equation for two-phase flow analyses at reduced-
gravity conditions, this study is focusing on the development of
the interfacial-area transport equation, taking the gravity effect into
account. First, this paper will briefly describe the basic concept of
the interfacial-area transport equation developed at normal-gravity
conditions. Next, to extend the interfacial-area transport equation
at normal-gravity conditions to reduced-gravity conditions, the
interfacial-area transport equation is modified by considering the
body acceleration due to frictional pressure loss and is evaluated
by data taken at normal-gravity and microgravity conditions.
Finally, the interfacial-area transport equation is applied to various
gravity conditions such as 0, 1.62, 3.71, and 9:80 m=s2, which
correspond to zero gravity and the lunar, Martian, and Earth surface
gravities, respectively, and the effect of the gravity on the interfacial-
area transport in two-phase flow systems is discussed.

Interfacial-Area Transport Equation

Formulation of Interfacial-Area Transport Equation

The interfacial-area transport equation can be formulated by
considering the fluid particle number density transport equation to
be analogous to Boltzmann’s transport equation [9]. The general
form of the three-dimensional interfacial-area transport equation is
given by
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where ai, t, vi, �, and vg are, respectively, the interfacial-area
concentration, time, interfacial velocity, void fraction, and average
center-of-volume velocity of the gas phase. The first term on the
right-hand side of Eq. (1) represents the sink or source term in the
interfacial-area concentration due to void-fraction change. This term
includes the rate of volume generated by nucleation source per unit
mixture volume, �ph. The terms �j and �ph represent the sink
and source terms due to bubble coalescence and breakup and

phase change, respectively. Under an adiabatic flow condition, the
interfacial-area transport equation can be simplified to
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where�B and�C are, respectively, the source term of the interfacial-
area concentration due to bubble breakup and the sink term of the
interfacial-area concentration due to bubble coalescence.

A one-dimensional form of the interfacial-area transport equation
with relatively uniform distribution of flow parameters is approxi-
mated by (see Appendix A)
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where h i, hh iia, and hh ii are, respectively, the area-averaged,
interfacial-area concentration-weighted-averaged, and void-fraction-
weighted-averaged quantities. The flow direction is denoted by z.
For a steady adiabatic flow condition, the interfacial-area transport
equation can be further simplified to
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For a steady adiabatic one-dimensional flow at an equilibrium
state of bubble coalescence and breakup (h�Bi � h�Ci � 0), the
interfacial-area transport equation is reduced to the most simplified
form as
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This most simplified interfacial-area transport equation clearly
indicates that the interfacial-area concentration varies along the
flow direction due to the bubble volume change by the pressure
change, even in a steady adiabatic flow at equilibrium state of bubble
coalescence and breakup.

Sink and Source Terms in Interfacial-Area Transport Equation

To complete the interfacial-area transport equation, constitutive
relations for the sink and source terms appearing in the interfacial-
area transport equation have to be developed. This can be achieved
bymodeling the bubble interactionmechanisms in a two-phase flow.
Extensive work has been done to model the sink and source terms in
the interfacial-area transport equation of vertical bubbly flows in
pipes at normal-gravity conditions [9–12]. In a bubbly-flow regime,
two major bubble-coalescence mechanisms are usually considered.
They are bubble random collision induced by liquid turbulence and
bubble collision due to wake entrainment. On the other hand, bubble
breakup is considered to occur due to turbulent impact on bubbles. In
what follows, bubble-coalescence and bubble-breakup models
developed at normal-gravity conditions are briefly explained.

Bubble random motions are induced by liquid turbulence and
bubbles collide in a random manner. Based on this modeled
mechanism, the one-dimensional form of the bubble random-
collision term �RC is formulated by [9,10,12]

h�RCi �
�RCh�i2h"i1=3

hDbi5=3�h�C;maxi � h�i�
exp

�
�
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1=2
f hDbi5=6h"i1=3

�1=2

�

(6)

where �RC, ", Db, �C;max, KC, �f, and � are, respectively, the
adjustable coefficient, energy dissipation rate per unit mass, bubble
diameter, void fraction at maximum bubble packing (0.74), constant
(1.29 for air–water system [10]), liquid density, and surface tension.
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When bubbles enter the wake region of a leading bubble, they will
accelerate andmay collidewith the leading one (see Fig. 1). Based on
this mechanism, the one-dimensional form of the bubble wake-
entrainment term �WE is formulated by [9,11]

h�WEi � �WEC
1=3
D haii2hvri exp

�
�
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�1=2

�
(7)

where �WE, CD, and vr are, respectively, the adjustable coefficient,
drag coefficient, and relative velocity between phases. Note that
h�Ci � h�RCi � h�WEi. When bubble diameter reaches about one-
third of a channel diameter (Db=D≳ 1=3), bubble random motions
are suppressed significantly by the presence of a channel wall and

most of bubbles are in the wake region of preceding bubbles,
resulting in wake entrainment as the dominant bubble-coalescence
mechanism. In this case, it can be approximated that h�Ci � h�WEi
[11]. A preliminary calculation supports the validity of this
assumption in the test conditions listed in Tables 1 and 2. It should
be also noted here that hvri is generally not equal to hhvgii � hhvfii.
The approximate method to calculate hvri from hhvgii and hhvfii
is given in Appendix B.

When turbulent eddies with sufficient energy and similar size to
bubbles hit bubbles, bubbles are disintegrated into smaller bubbles.
Based on thismechanism, the one-dimensional formof the turbulent-
impact term �TI is formulated by [9,10,12]
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where �TI, �B;max, and KB are, respectively, the adjustable coeffi-
cient, void fraction at maximum bubble-eddy packing (0.74), and
constant (1.59). When liquid velocity and void fraction are low, the
turbulent-impact term is negligible [11]. A preliminary calculation
supports the validity of this assumption in the test conditions listed
in Tables 1 and 2. In Eqs. (6–8), terms expressed by exponential
function indicate either bubble-coalescence or bubble-breakup
efficiencies.

In the bubbly-flow regime, it can be approximated that hhvgii �
hhviiia [10,12]. For Db=D≳ 1=3, the steady one-dimensional
interfacial-area transport equation at low liquid velocity is expressed
as
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The wake-entrainment term can be evaluated solely by data taken in
the conditions such as low liquid velocity and Db=D≳ 1=3.

Extension of Wake-Entrainment Model to Microgravity Condition

Equation (7) indicates a general form of the wake-entrainment
term. In our previouswork [14], we formulated the drag coefficient in
a confined channel by taking into account the effect of a frictional

Table 1 Experimental conditions at normal-gravity conditions [13]

Flow parameters Run 1 Run 2 Run 3 Run 4 Run 5

hjg;0i, m=s 0.018 0.015 0.064 0.065 0.057
hjfi, m=s 0.58 0.58 0.58 0.58 1.0

Gas injection method A B A B A
Flow ratioa 68:32 86:14 68:32 86:14 71:29
CP0, Pa 0.12351 0.12380 0.12435 0.12406 0.12605
CP1, Pa 7:33549 � 10�6 5:59328 � 10�6 8:21246 � 10�6 6:85111 � 10�6 �5:93331 � 10�6

CP2, Pa �2:73082 � 10�7 �2:74533 � 10�7 �2:96432 � 10�7 �2:79385 � 10�7 �2:47465 � 10�7

CA0 0.02117 0.01529 0.07307 0.06278 0.04374
CA1 �1:73988 � 10�4 �6:11150 � 10�5 �1:92183 � 10�4 �2:96728 � 10�4 �2:06175 � 10�5

CA2 1:35002 � 10�6 1:45565 � 10�6 1:07026 � 10�6 1:17274 � 10�6 6:07901 � 10�7

CV0, m=s 0.86852 0.95004 0.87617 1.03160 1.31039
CV1, m=s �7:64381 � 10�5 �0:00106 0.00357 0.00204 0.00189
hai;0i, m�1 64.64 42.89 120.0 103.3 82.07

aThe ratio of flow in the inside pipe to flow in the annulus between the inside and outside pipes.

Table 2 Experimental conditions at microgravity conditions [6]

Flow parameters Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7

hjg;0i, m=s 0.015 0.0092 0.011 0.018 0.0083 0.015 0.022
hjfi, m=s 0.073 0.13 0.13 0.12 0.20 0.20 0.22
p, Pa 0.44 0.51 0.45 0.51 0.49 0.51 0.54
CA0 0.0556 0.0268 0.01922 0.03154 0.00793 0.02078 0.02657
CA1 6:60894 � 10�5 �3:75154 � 10�5 1:06059 � 10�4 6:11385 � 10�4 2:85692 � 10�4 1:31201 � 10�4 6:27265 � 10�4

CA2 �1:92663 � 10�6 1:24256 � 10�7 �2:24044 � 10�6 �1:17271 � 10�5 �3:75128 � 10�6 �1:39212 � 10�6 �9:14816 � 10�6

hai;z=D�7i, m�1 90.0 64.0 46.4 65.8 30.7 53.7 72.7

Wake Region

Db

Fig. 1 Schematic diagram of wake-entrainment model [11].
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pressure gradient due to a liquid flow:

CD �
8

3
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where hrbi and g are, respectively, the area-averaged bubble radius
expressed by 3h�i=haii and gravitational acceleration. Two-phase
frictional pressure gradientMF is given by

MF �
�
� dp
dz

�
F

(11)

where p is pressure. The validity of Eq. (10) has been verified by
comparing the drift-flux model incorporated with Eq. (10) and
experimental data taken at microgravity conditions [8].

Substituting Eq. (10) into Eq. (7) yields
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An expression for the energy dissipation rate per unit mass can be
obtained from the mechanical energy balance on the assumption
that the dissipation of turbulent energy in the flow is equal to its
production [15]. The expression is extended by considering the
effect of a frictional pressure gradient due to a liquid flow as

h"i �
�
g� MF

���1 � h�i�

�
jhjgij exp��0:0005839NRef �

� jhjij
�m

MFf1 � exp��0:0005839NRef
�g (13)

where jg and j are, respectively, the superficial gas velocity and
mixture volumetric flux. Mixture density �m and liquid Reynolds
number NRef are defined as Eqs. (14) and (15), respectively:

�m � �gh�i � �f�1 � h�i� (14)

NRef 	
hjfiD
�f

(15)

where �g, jf,D, and �f are, respectively, the gas density, superficial
liquid velocity, channel diameter, and kinematic viscosity of the
liquid phase.

The two-phase frictional pressure gradient MF can be computed
from the Lockhart–Martinelli method [16], which provides the
estimation error in the order of 
30%. Because h�WEi is approxi-
mately in proportion to M1=3

F , the estimation error may not affect
the estimation of h�WEi significantly. For example, 30% estima-
tion error in MF approximately propagates 9% estimation error
in h�WEi.

Experimental Data

Brief Description of Existing Experimental Data Characteristics

To evaluate the wake-entrainment term, we performed two kinds
of experiments at normal and microgravity conditions. Interfacial-
area transport data at normal-gravity conditions were obtained
under the flow condition in which Eq. (9) holds: namely, low liquid
velocity, Db=D≳ 1=3, and steady flow [11,13]. �WE in Eq. (7)
can be determined by the data.

Interfacial-area transport data atmicrogravity conditionswere also
obtained under theflowcondition inwhichEq. (9) holds [6]. Because
this experiment was performed at 0.5 MPa to avoid any sudden
gravitational head loss change at the instant of dropping a test section
in a drop tower, the first term on the right-hand side of Eq. (9) is

negligible. Thus, the data are ideal to verify the wake-entrainment
model modified at microgravity conditions. The detailed explana-
tions of these data will be given in what follows.

Experimental Data at Normal-Gravity Conditions

Axial changes of adiabatic air–water bubbly-flow parameters such
as void fraction, interfacial-area concentration, and gas velocity
were measured in a vertical 9-mm-diam and 945-mm-long pipe at
20�C and an atmospheric pressure under normal-gravity conditions
[11,13]. A mixing chamber in the flow loop consisted of an air-
injection nozzle placed in an inside pipe and the annulus between the
inside and outside pipes to investigate the effect of the inlet bubble
size on interfacial-area transport at the same gas and liquidflow rates.
The details of themixing chamber andflow-loop design can be found
in our previous paper [13]. Measurements of flow parameters at
10 radial locations were performed by the stereo-imaging method at
6 axial locations of z=D� 3, 6, 12, 24, 57, and 91. One-dimensional
flow parameters (namely, area-averaged flow parameters) were
obtained by integrating the local flow parameters over the flow
channel. To confirm the measurement accuracy, the imaging method
was compared with the double-sensor-probe method in an experi-
ment using a 25.4-mm-diam pipe [13,17]. The area-averaged
interfacial-area concentrations measured by the imaging method
agreed with those by the double-sensor-probe method within an
average deviation of
6:95% [17]. Themeasurement accuracy of the
image-processing method was reported to be on the order of 10%
[13]. A total of 5 data sets were acquired at flow conditions (inlet
superficial gas velocity of 0:015–0:065 m=s and superficial liquid
velocity of 0:58–1:0 m=s) listed in Table 1. The detailed experi-
mental results are described in our previous paper [13].

To perform the interfacial-area transport calculation, axial values
of pressure p, void fraction h�i, gas velocity hhvgii, and initial
interfacial-area concentration hai;0i should be given by either consti-
tutive relations or measured values. To evaluate the modeled wake-
entrainment sink term, the flow parameters in the model should
be given as accurately as possible. Therefore, the pressure, void
fraction, and gas velocity are given here by the following fitting
functions obtained from the measured flow parameters [11]:

p� CP0 � CP1�z=D� � CP2�z=D�2 (16)

h�i � CA0 � CA1�z=D� � CA2�z=D�2 (17)

hhvgii � CV0 � CV1�z=D� (18)

Coefficients in Eqs. (16–18) are listed in Table 1. Note thatCP0,CA0,
andCV0 correspond to the pressure, void fraction, and gas velocity at
the test-section inlet, respectively.

Experimental Data at Microgravity Conditions

Axial changes of adiabatic nitrogen gas–water bubbly-flow para-
meters such as void fraction, interfacial-area concentration, and gas
velocity were measured in a 9-mm-diam pipe at 20�C and about
0.5 MPa under microgravity conditions using an underground-drop
shaft at the Japan Micro-Gravity Center (JAMIC) [6]. Among many
drop shafts in the world, the one at the JAMIC, which has the longest
free-fall depth (490 m), is one of the best facilities in view of a long
duration of microgravity (about 10 s) and negligible residual gravity
of 10�4–10�5gN (1gN � 9:8 m=s2, normal gravity).

A mixing chamber in the flow loop consisted of a double column
made of an acrylic tube and a 7-mm-diam Teflon tube bubble gener-
ator with four holes of 0.6 mm diameter. The details of the mixing
chamber and flow-loop design can be found in our previous paper
[6]. Area-averaged flow parameters were measured by the image-
processing method at 4 axial locations of z=D� 7, 30, 45, and 60.
The measurement accuracy at microgravity conditions was similar
to that at normal-gravity conditions. A total of 6 data sets were
acquired at flow conditions (inlet superficial gas velocity of

1126 HIBIKI ET AL.



0:0083–0:022 m=s and superficial liquid velocity of 0:073–
0:22 m=s) listed in Table 2. The detailed experimental results are
described in our previous paper [6].

Axial changes of pressure, void fraction, and gas velocity at
microgravity conditions are given in a similar way to those of the
normal-gravity experiment. Because the system pressure was main-
tained at about 0.5 MPa, the axial changes of pressure and void
fraction were insignificant. The axial change of void fraction is
calculated by Eq. (17) with coefficients given in Table 2. The gas
velocity can be calculated by

hhvgii �
hjg;0i
h�i (19)

where hjg;0i is the superficial gas velocity at the inlet. Because there
are insufficient axial measurement locations due to limited space in
the drop capsule, the interfacial-area concentrations at the inlet were
not obtained by fitting the axial data change. Thus, the interfacial-
area concentration measured at the first measuring station, z=D� 7,
will be used as the initial value.

Results and Discussion

Evaluation of Wake-Entrainment Model Using Normal-Gravity Data

The sink and source terms of the interfacial-area concentration due
to bubble random collision and turbulent impact are neglected in
the interfacial-area transport calculation. These approximations are
supported by a preliminary calculation of these terms and visual
observation in the normal-gravity experiment. The axial change of
interfacial-area concentration is computed fromEqs. (9) and (12). As
can be seen from these equations, there is one adjustable coefficient,

�WE, in the interfacial-area transport equation. The value of �WE is
determined to be 0.232 using 5 data sets taken at normal-gravity
conditions. In Eq. (12), the gravitational term is dominant over the
frictional loss term at normal-gravity conditions, and Eq. (7) is
usually used for computing the interfacial-area transport at normal-
gravity conditions. However, because the adjustable coefficient �WE

determined by normal-gravity data will be used for computing the
interfacial-area transport at microgravity conditions, the value of
�WE should be determined using the exact form of the wake-
entrainment term [Eq. (12)].

Figure 2 compares the computed axial changes of interfacial-area
concentrations with the measured ones for all 5 data sets. Figures 2a
and 2b depict the comparisons for the data taken by injection
methods A and B, respectively. Open symbols and lines indicate
the measured and computed interfacial-area concentrations, re-
spectively. Figure 3 shows the contribution of each mechanism to
interfacial-area concentration change for two cases as typical
examples of the data taken by injection methods A and B. Open
symbols and solid lines indicate measured and computed interfacial-
area concentration changes from the inlet interfacial-area con-
centration, haii–hai;0i respectively. Broken and dotted lines are,
respectively, the interfacial-area concentration changes due to
void-fraction change and wake entrainment.

There are essentially two mechanisms that contribute to axial
interfacial-area concentration change due to void-fraction change
along the flow direction. These mechanisms are bubble expansion
due to pressure reduction along the flow direction and void dis-
tribution change along the flow direction. The bubble expansion
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has a positive impact to increase the void fraction along the flow
direction. Because the liquid velocity is relatively low, the void
fraction increases between z=D� 0 and 91 due to pressure reduction
being about 8% at maximum. As shown in the following drift-flux
model [18], the void fraction is also changed by how the void
distribution changes along the flow direction:

h�i �
hjgi

C0hji � hhvgjii
(20)

where C0 and vgj are, respectively, the distribution parameter and
drift velocity. The changes in void distribution from wall-peaked
to core-peaked distributions increase the distribution parameter,
resulting in the decreased void fraction. In an adiabatic bubbly
flow, the maximum of void-fraction change due to void distribution
change is generally 30%at bubbly-to-slug flow transition along a test
section that is a few meters long. In the current database, this effect
was negligibly small because local data did not show significant
profile changes [6]. As shown in Fig. 3, the axial interfacial-area
concentration change due to void-fraction change along the flow
direction is insignificant for these cases.

The bubble coalescence due to wake entrainment decreases the
interfacial-area concentration. As shown in Fig. 3a, the wake-
entrainment effect enhances the axial decrease of the interfacial-area
concentration. Figure 3b shows that the decrease of the interfacial-
area concentration due to wake entrainment is countered by the
increase of the interfacial-area concentration due to void-fraction
increase along the flow direction, resulting in insignificant axial
change of total interfacial-area concentration.

Figures 2 and 3 verify the validity of the interfacial-area transport
equation with modeled wake-entrainment term [Eq. (12)] within the

experimental conditions such as 0:015 m=s � hjg;0i � 0:065 m=s
and 0:58 m=s � hjfi � 1:0 m=s. The averaged prediction errors
of the interfacial-area transport equation for all 30 points (6 axial
locations times 5 flow conditions) and for 5 data points at z=D� 91
are 
8:67 and 
14:0%, respectively.

Evaluation of Wake-Entrainment Model Using Microgravity Data

The sink and source terms of the interfacial-area concentration due
to bubble random collision and turbulent impact are neglected in
the interfacial-area transport calculation. These approximations are
supported by a preliminary calculation of these terms and visual
observation in the microgravity experiment. The axial change of
interfacial-area concentration is computed from Eqs. (9) and (12),
with �WE��0:232� determined based on normal-gravity data. Note
that the first term in Eq. (9) is negligibly small due to relatively
high system pressure (p� 0:5 MPa). If the contribution of body
acceleration due to frictional pressure loss to relative velocity and
drag coefficient is not considered, the wake-entrainment term is
also computed to be zero, which means that the interfacial-area
concentration should be constant along the flow direction.

Figure 4 compares the computed axial changes of interfacial-area
concentrations with themeasured ones for all 7 data sets. Figures 4a–
4c depict the comparisons for the data taken at hjfi � 0:073, 0.13,
and 0:21 m=s, respectively. Open symbols and lines indicate the
measured and computed interfacial-area concentrations, respec-
tively. The experimental data show the decrease trend of the
interfacial-area concentration along the flow direction. Thus, bubble
coalescence at microgravity conditions is experimentally con-
firmed. The interfacial-area concentrations computed with the wake-
entrainment term [Eq. (12)] agree with the measured interfacial-area
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concentrations very well. This result indicates that body acceleration
due to frictional pressure loss induces the wake entrainment, even at
microgravity conditions.

Figure 4 verifies the validity of the interfacial-area transport
equation with modeled wake-entrainment term within the ex-
perimental conditions of 0:0083 m=s � hjg;0i � 0:022 m=s and
0:073 m=s � hjfi � 0:22 m=s. The averaged prediction errors of
the interfacial-area transport equation for all 21 points (3 axial
locations times 7 flow conditions) and for 7 data points at z=D� 60
are 
7:29 and 
12:6%, respectively.

Example Computations of Interfacial Area Transport Equation

at Various Gravity Conditions

To examine the effect of the gravity level on the interfacial-area
transport in two-phase flow systems, example computations using
the developed interfacial-area transport equation are performed at
various gravity levels. Major assumptions for these computations
are 1) air–water system at 0.5MPa; 2) uniform void distribution over
the flow channel; 3) negligible drift velocity; 4) hDSm;0i � 3 mm,
where hDSm;0i is the area-averaged bubble Sauter mean diameter
at the inlet; and 5) neglected bubble coalescence due to random
collision and bubble breakup due to turbulent impact to evaluate the
effect of gravity level on the wake-entrainment term only. Under
these assumptions, no axial interfacial-area concentration changes
occur if the body acceleration due to frictional pressure drop is not
considered in the wake-entrainment term.

Figure 5 shows the computed axial change of the interfacial-area
concentration at various gravity levels. The values of the interfacial-
area concentration is normalized by inlet interfacial-area concentra-
tion, hai;0i. The flow conditions for Figs. 5a–5d are h�0i � 0:05 and

hjfi � 0:5 m=s, h�0i � 0:2 and hjfi � 0:5 m=s, h�0i � 0:05 and
hjfi � 2:0 m=s, and h�0i � 0:2 and hjfi � 2:0 m=s, respectively.
Solid, broken, dotted, and chain lines indicate the computed
results for 0 � gN (0:00 m=s2), 0:165 � gN (1:62 m=s2), 0:379 � gN
(3:71 m=s2), and 1 � gN (9:80 m=s2), corresponding to zero gravity
and the lunar, Martian, and Earth surface gravities, respectively.

The comparison of Figs. 5a and 5b indicates that the increase in
void fraction enhances the bubble coalescence, and the decrease in
the interfacial-area concentration at z=D� 100 reaches about 50 and
70% for h�0i � 0:05 and 0.2, respectively. The effect of the gravity
level on the interfacial-area concentration at z=D� 100 is less than
20 and 10% for h�0i � 0:05 and 0.2, respectively. This means that
the bubble coalescence due to wake entrainment at microgravity
conditions should be properly considered.

Figures 5c and 5d indicate insignificant axial change of the
interfacial-area concentration at hjfi � 2:0 m=s on the order of 10
to 15%. The main reasons are 1) reduced residence time of two-
phase flow for higher hjfi, resulting in reduced bubble coalescence,
and 2) reduced bubble-coalescence efficiency for higher hjfi,
resulting in suppressed bubble coalescence. One of the important
findings is that thewake-entrainment term at a zero-gravity condition
cannot be neglected because of the body acceleration due to frictional
pressure loss.

Application of Developed Interfacial Area Transport Equation
to General Bubbly-Flow Problems

In this study, the interfacial-area sink term due to wake en-
trainment [Eq. (12)] has been extended to reduced-gravity conditions
and validated using the microgravity data obtained in the well-

0 20 40 60 80 100 0 20 40 60 80 100
0.0

0.2

0.4

0.6

0.8

1.0

1.2
System: Air-Water, Pressure: 0.5 MPa
Pipe Diameter: 9 mm, <D

Sm,0
>=3 mm

<α
0
>=0.05, <j

f
>=0.5 m/s

 0-g
N

 0.165-g
N

 0.379-g
N

 1-g
N

N
or

m
al

iz
ed

 I
A

C
,  

 <
a i>

/<
a i,0

>
   

[-
]

Axial Position,   z/D   [-]

0.0

0.2

0.4

0.6

0.8

1.0

1.2
System: Air-Water, Pressure: 0.5 MPa
Pipe Diameter: 9 mm, <D

Sm,0
>=3 mm

<α
0
>=0.2, <j

f
>=0.5 m/s

 0-g
N

 0.165-g
N

 0.379-g
N

 1-g
N

N
or

m
al

iz
ed

 I
A

C
,  

 <
a i>

/<
a i,0

>
   

[-
]

Axial Position,   z/D   [-]

0 20 40 60 80 1000 20 40 60 80 100
0.0

0.2

0.4

0.6

0.8

1.0

1.2

System: Air-Water, Pressure: 0.5 MPa
Pipe Diameter: 9 mm, <D

Sm,0
>=3 mm

<α
0
>=0.05, <j

f
>=2.0 m/s

 0-g
N

 0.165-g
N

 0.379-g
N

 1-g
N

N
or

m
al

iz
ed

 I
A

C
,  

 <
a i>

/<
a i,0

>
   

[-
]

Axial Position,   z/D   [-]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

System: Air-Water, Pressure: 0.5 MPa
Pipe Diameter: 9 mm, <D

Sm,0
>=3 mm

<α
0
>=0.2, <j

f
>=2.0 m/s

 0-g
N

 0.165-g
N

 0.379-g
N

 1-g
N

N
or

m
al

iz
ed

 I
A

C
,  

 <
a i>

/<
a i,0

>
   

[-
]

Axial Position,   z/D   [-]

a) b)

d)c)

Fig. 5 Example computations of interfacial-area transport equation at various gravity levels: a) h�0i � 0:05 and hjf i � 0:5 m=s, b) h�0i � 0:2 and

hjf i � 0:5 m=s, c) h�0i � 0:05 and hjf i � 2:0 m=s, and d) h�0i � 0:2 and hjf i � 2:0 m=s.

HIBIKI ET AL. 1129



designed experimental conditions in which the interfacial-area sink
term due to random collision [Eq. (6)] and the interfacial-area source
term due to turbulent impact [Eq. (8)] can be neglected because of
Db=D≳ 1=3 and low liquid velocity, respectively. To apply the
interfacial-area transport equation to general bubbly-flow problems
(higher liquid velocity and Db=D≲ 1=3), the random-collision and
turbulent-impact terms should be also implemented in the interfacial-
area transport equation (2). Because the random-collision and
turbulent-impact terms have no gravitational dependency, they
may be applicable at reduced-gravity conditions. The random-
collision and turbulent-impact terms have been experimentally
validated in vertically upward bubbly-flow systems with the ranges
of 0:262 m=s � hjfi � 5:00 m=s, 0:0130 � h�i � 0:442, and
25:4 mm � D � 50:8 mm at normal-gravity conditions [10]. Note
that the coefficient KC in Eqs. (6) and (12) may be dependent on
physical properties.

Conclusions

The interfacial-area transport equation is of practical importance
for two-phaseflowanalyses at reduced-gravity conditions. In viewof
this, the interfacial-area transport equation, which takes the gravity
effect into account, was studied in detail. The obtained results are as
follows:

1) The interfacial-area transport equation, which takes the gravity
effect into account, has been developed, and the constitutive equation
for the sink term of the interfacial-area concentration due to wake
entrainment has been formulated by considering the body
acceleration due to frictional pressure loss.

2) A comparison of the newly developed interfacial-area transport
equation with experimental data taken at normal-gravity and
microgravity conditions shows satisfactory agreement.

3) Example computations of the newly developed interfacial-area
transport equation have been performed at various gravity conditions
such as 0, 1.62, 3.71, and 9:80 m=s2, corresponding to zero gravity
and the lunar, Martian, and Earth surface gravities, respectively.
It has been revealed that the effect of the gravity on the interfacial-
area transport in a two-phase flow system is more pronounced at
low-liquid-flow-rate and low-void-fraction conditions, whereas the
gravity effect can be ignored at high-mixture-volumetric-flux
conditions.

In this study, thewake-entrainment term has been verified bywell-
designed experiments using a relatively-small-diameter pipe. As the
pipe diameter and liquid velocity increase, bubble coalescence due to
random collision induced by liquid turbulence and bubble breakup
due to turbulent impact may play an important role in the interfacial-
area transport. As can be seen from Eqs. (6) and (8), these terms
are insensitive to gravity level. Thus, it is expected that these
equations may be applied to reduced-gravity conditions with rea-
sonable accuracy. Further experimental works at reduced-gravity
conditions are recommended to verify the applicability of Eqs. (6)
and (8) to reduced-gravity conditions.

Appendix A: Covariance Due to Area-Averaging

Equation (3) is applicable to relatively uniform distribution offlow
parameters over a flow channel. The exact mathematical expressions
for the area-averaged source and sink terms would involve many
covariances that may further complicate the one-dimensional prob-
lem. In the subcooled boiling-flow case, in which a very sharp void
peak appears near a heated surface, the bubble-layer thickness model
was developed to treat the flow parameter distribution in two re-
gions (namely, the bubble-layer region and liquid single-phase flow
region) to avoid any covariance [19]. In one-dimensional nuclear
reactor thermal-hydraulics codes, the covariance terms in transport
equations are usually neglected for simplicity. This simplified
approach is adopted in this study. Thus, the empirical coefficient�WE

includes some covariance effects due to this simplification.

Appendix B: Area-Averaged Relative Velocity

The area-averaged local relative velocity hvri defined by Eq. (B1)
should be used in the computation of the wake-entrainment term:

hvri 	
1

A

Z
vrdA (B1)

where A is the flow channel area. In general, the area-averaged
local relative velocity, which is difficult to obtain from operating
conditions, is different from the difference between the area-
averaged mean velocities of phases given by

�v r 	 hhvgii � hhvfii (B2)

Based on the drift-flux model formulation, Ishii and Mishima [20]
showed that the approximate expression for hvri is given by

hvri ’
1 � C0h�i
1 � h�i hhvgii � C0hhvfii (B3)

for bubbly, slug, and churn turbulent flow. The distribution
parameters at normal-gravity and microgravity conditions are
estimated by Eq. (B4) [21] and Eq. (B5) [8], respectively:

C0 �
hhvgii �

���
2
p
���g�=�2f�1=4�1 � h�i�

h�ihhvgii � �1 � h�i�hhvfii
(B4)

C0 � 2:0 exp��0:000584NRef � � 1:0f1 � exp��0:000584NRef �g

� 
2:0 exp��0:000584NRef � � 1:0f1 � exp��0:000584NRef �g

� 1�
�����
�g
�f

r

(B5)

Because h�WEi / hvri1=3, the estimation error of hvrimay not affect
the estimation of h�WEi. For example, 20 and 50% estimation errors
in hvri propagate 6 and 14% estimation errors in h�WEi.
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