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Abstract

A dynamic treatment of interfacial area concentratias been studied over the last decade by
employing the interfacial area transport equatidihen coupled with the two-fluid model,
the interfacial area transport equation replacesflibw regime dependent correlations for
interfacial area concentration and eliminates gakrartificial bifurcation or numerical
oscillations stemming from these static correlation An extensive database has been
established to evaluate the model under variouspiwase flow conditions. These include
adiabatic and heated conditions, vertical and bota flow orientations, round, rectangular,
annulus and 8x8 rod bundle channel geometrieshandal-gravity and simulated reduced-
gravity conditions. This paper reviews the currgtate-of-the-art in the development of the
interfacial area transport equation, available expental databases and 1D and 3D
benchmarking work of the interfacial area transpgudation.

Introduction

An accurate prediction of two-phase flow, eithedemna steady state or transient condition is
very important for the design, operation and anslgscomplicated industrial systems such as
a nuclear reactor coolant system. Two-phase ftothé nuclear reactor generally involves a
wide spectrum of scales ranging from the microesgdlenomena (<1mm) such as bubble
nucleation and condensation, to the system scatheirorder of 10m or larger. Due to its
complicated nature, the most practical two-phase finodel that has sufficient details yet is
simple enough to obtain transient solutions isvile#-known two-fluid model. The two-fluid
model is obtained by averaging the single phade &quations of each phase to remove the
high frequency spatial and temporal fluctuatiolsthis way, local instantaneous quantities of
fluids, such as variations of pressure, velocity tamperature inside a bubble or a droplet, are
not explicitly considered. The averaged quantisesh as volume fraction of bubbles,
averaged gas and liquid velocities, and averagedspre appear as unknowns in the field
equations in the two-fluid model. The distincttieas associated to the interface are smeared
off during the averaging process. The interfati@hsfer terms arise in the field equations to
account for the interactions between two phases.

For most two-phase flows under consideration, tierfacial transfer terms are as important
(if not more than) as the turbulent terms. Theriiaicial transfer terms strongly depend on the
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interfacial structures. To quantify the interfacg&ucture impact on the interfacial transfer
terms, the interfacial area concentratens defined as the surface area per unit two-phase
mixture volume. It can be shown that the intedhonass, momentum and heat transfer rates
are all dependent oa. Therefore, the interfacial area concentratiom isey parameter in
solving the two-fluid model.

The present thermal-hydraulic system analysis cosiesh as RELAP5, TRAC, and
CATHARE use one-dimensional form of the two-fluidbdel equations, where the interfacial
area concentration is specified by empirical catrehs based on steady-state, fully developed
conditions. This approach has many shortcomingsesiflow regime is a qualitative
description and it is often rather subjective.cdnnot handle the dynamic development of
two-phase flow structures such as entrance eflleet,near the transition boundary, and flow
structure with strong multi-dimensional distributgo When applied to system analysis code,
the flow regime dependent correlations may indugeerical oscillations and instabilities due
to the artificial bifurcation of these models.

In view of the above, the interfacial area transpeguation (IATE) was developed by
Kocamustafaogullari and Ishii [1] based on the emtcof particle number density
distribution. This approach starts from the Bolé&am transport equation which describes the
statistical characteristics of a large number spdrsed particles. The transport equation of
averaged interfacial area concentration can beirdataby first weighting the Boltzmann
equation with the surface area of each particld,then taking the integration over the entire
particle volume range. The IATE can model the etroh of interfacial structures across the
flow regime transition boundaries through mechamistodeling of various fluid particle
interaction phenomena. Therefore, using IATE tedpt the interfacial area concentration is
not only more accurate and consistent with the fltwid- model, but also eliminates the
artificial discontinuities stemming from the useflofv regime dependent correlations.

In this paper, the formulation of IATE from the Bohann transport equation and modeling
of various source/sink terms are first reviewed. séction 2, the instrumentation used for
interfacial area measurement and the availablererpetal database are presented. Finally,
sample 1D and 3D benchmarking results are discussszttion 3.

1. Formulation of interfacial area transport equation

1.1  Two-group interfacial area transport equation

The foundation of the IATE was established basetherBoltzmann transport equation of the
particle number densities for dispersed two-phgséems [1]. Letf(x,V,t) be the particle

number density distribution function per unit miduvolume. This is assumed to be
continuous and specifies the probable number deofftuid particles moving at a given time

t, in a spatial rang@x with its center-of-volume located at with particle volumes between

V andV + ¢V. The kinetic theory gives the following transpeduation of particle number

density distributiorf:
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In the right-hand side (RHS) of the equation, $hand S, terms are the particle source and
sink rates per unit mixture volume duej'foparticle interactions (such as the disintegration o
coalescence) and that due to phase change, reghectBy multiplying the above equation
by the surface area of particles with volumMeand then integrating over the entire particle
volume range, one can obtain the macroscopic toahsguation of; [1]:
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The first two terms in the LHS of Eqg. (2) represém time rate of change af and its
convection. The other terms are divided into tvwtegories based on their mechanisms to
alter interfacial area: volume change term as ki@l tone in the LHS and number density
change terms in the RHS of the equation. In tHeme change term, the volume source from
nucleation or condensatiogy, is excluded from the total void fraction chang&his is
becauseypn comes with bubble number density change anddbrsidered in the ternp, .

The ¢’s and ¢, in the RHS of Eq. (2) represent the rate of changthe interfacial area
concentration due to particle interactions and due&t to phase change, respectively.

In typical two-phase flows, a large amount of beiskéxist in various sizes and shapes. These
variations cause substantial differences in theddghamic behaviors such as drag, lift and
wall forces, as well as the bubble interaction naat$ms. For most two-phase flows, bubbles
can be classified into five types [2]. sphericaistarted, cap, slug and churn-turbulent
bubbles. Based their geometric and hydrodynamaraciteristics, they can be divided into
two major groups, such that group 1 includes sphkand distorted bubbles, while group 2
consists of cap, slug and churn-turbulent bubbl&sr typical industrial systems such as
nuclear power plants, the length scale of groupuZblkes is usually comparable to or even
larger than the flow duct. Therefore geometrieetffof the flow duct should be considered in
developing the hydrodynamic and interfacial closureThis is not necessary for group 1
bubbles as the length scale is usually much smtikm that of flow duct. The boundary
between the two groups is given by the maximum odistl bubble limit [2]

D, me = 4\/0/90p , Whereg, Ap andg are surface tension, density difference and grtiwital
acceleration, respectively.

Given the above bubble classification and groupniawy, the two group IATE can be
obtained in the similar way as the one group IABE [
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HereDg. is the surface area equivalent diameter at thepgbmundary. The consta@tis a
coefficient to quantify the magnitude of inter-gpotransfer. It can be seen that the same
inter-group transfer term arises in both equatiants opposite signs. Therefore the inter-
group transfer terms vanish if adding equationsa(8) (4) together, which is consistent with
the form of one-group IATE. It is also noticedtttize nucleation and condensation temms

and ¢,, are excluded from the group 2 equation, given shall nucleation and condensation
bubbles generally fall in group 1 category.

Equations (2), (3) and (4) compose the basic #gjdations of the one group and two group
IATEs. The source and sink terms should be cdyrembdeled to account for various particle
interaction and phase change mechanisms.

1.2  Modeling of interfacial source/sink terms

Bubble interaction, either coalescence or brealargely exists in both adiabatic and diabatic
two-phase flows. The flow regime transitions argually caused by various bubble
interactions. Therefore, the bubble interactiolay pery important roles in the development
of interfacial structures and they must be propenlydeled to close the IATE. There are
generally two approaches to develop source and tnks caused by various bubble
interaction mechanisms: considering the algebrgicagon of the particle mean parameters
(or assuming monosized particles); and solving ititegral equation with particle size

distributions. In the first approach, the souerartis simplified as [3]:

@ =SAA. (5)

Here§ is the particle number source and sink rate dy® ilteraction mechanismJA is the
surface area change during one particle interaegvwamt. It is assumed that each coalescence
and breakup event is a binary process which oniglues two particles of the same size.

The monosized particle approach greatly simplifiessprocess to develop the source and sink
closures. However, it is not proper for the twotgy IATE, where the sizes of group 2
bubbles have much larger variations compared tamfobubbles. In this case, the approach
based on the integration over bubble distributiooutd be adopted in developing source and
sink closures. For a coalescence mechanism, buhlitder density gain rat&;c can be
given for the bubbles with voluméas [1, 4]:

V2
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where h(V-V',V’) and A(V-V',V’) are the collision frequency and coalescence effy of
bubbles of volumeV-V’' and V'. Similarly, the loss rate due to the same coalese
mechanisng ¢ can be written as:

Viax—V

ANV Y) (Y (V) av. M

Given the surface are¥q of the particle with volum¥, the interfacial area source or sink term
can be obtained by integrating theweighted particle number density gain or loss:rate

Sc (V) = _I

Vimin

"S(V) A(V) av. (8)
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The net change rate of particle number densityhéssum of the gain and loss rate. For
example, the bubble coalescence results in galargé bubbles and loss of small bubbles.
The net change of interfacial area is the comlonatf these two opposite effects. In
practice, one must also consider the particul@raation mechanism and proper classification
of the two groups.

During the past studies over a wide range of twaspghflow conditions, a number of bubble
coalescence and breakup mechanisms have beenfiekentiAmong them, the random
collision, wake entrainment, turbulent impact, shmgn off and surface instability, were
considered to be important for most two-phase flawd the mechanistic models have been
developed for these mechanisms [5].

2. Interfacial area measurement and database

2.1 Local multi-sensor probes

The local time-averaged interfacial area conceotratan be measured using various local
conductivity or optical probes [6, 7]. A four-sensonductivity probe method based on the
difference in conductivity between the two phasas bheen widely used in various two-phase
flow conditions up to churn-turbulent flow regim@[ One of the most important features of
the four-sensor conductivity probe is that it cagasure the local interfacial velocity. This is
of great importance because the local time-averagexifacial area concentration can be
obtained from the interfacial velocity through thathematical relation [6],
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whereQ is time interval ands is the passing velocity of th& interface over sensér In

the above equation, no hypothesis for bubble shapeeeded for calculating the local
interfacial area concentration from the interfasialocity. Therefore, the four-sensor probe
can be utilized in a wide range of two-phase flegimes where bubbles are no longer
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spherical in shape. If we consider spherical bylflblv with no correlation between bubble
velocity and moving direction, Eq.(9) can be sirigd to enable double sensor probe method
to measure the interfacial area concentration [8].

To minimize the finite probe size effect on the swament, a miniaturized four-sensor
conductivity probe has been developed [9]. This feensor probe design accommodates a
built-in double-sensor probe for measuring smablides. Therefore, the probe is applicable
to a wide range of flow regimes, spanning from Bulib churn-turbulent flow regimes.
Along with the probe design, the signal processsngpnstructed, such that it can identify and
separate the local parameters into two groups, lyargeup-1 for spherical and distorted
bubbles and group-2 for slug and churn-turbulefobes. The measurement area of the four-
sensor probe used in the experiments is less t?amBf and the tip distance of the double-
sensor probe for small bubbles is 2.4 mm. Thisaalthe measurable bubble diameter to be
as small as 1 mm. The details of the double sermbfour-sensor probe techniques can be
found in reference [8] and [9].

2.2 Interfacial area database

Extensive data of axial development of flow parargein adiabatic and boiling two-phase
flow have been obtained over a wide range of flowditions including downward flow. The

measured flow parameters include local void fractionterfacial area concentration,
interfacial velocity, bubble Sauter mean diameiquid velocity and liquid turbulence. The

covered experimental conditions are

» Test section geometry: Round pipe, confined charmmelulus and rod bundle,

* Test section size: 1 mm to 102 mm,

* Flow regime: Bubbly, cap-bubbly, slug and churrbtuent flows,

» Flow condition: Superficial gas velocityg, up to 10 m/s and superficial liquid velocity, from
-3.1 m/s (i.e. downward flow) to 5.0 m/s (i.e. upd/&ow),

* Flow direction: Vertical upward and downward flows,

 Thermal condition: Adiabatic and diabatic flows,

» Gravity condition: Normal and micro gravity conditis,

* Pressure condition: Atmospheric pressure and edvatessure up to 10bar.

The extensive review of the existing database eaiodnd in the references [5, 10].

A recent interfacial area database is developediifewater two-phase flow in an 8x8 rod
bundle test facility at elevated pressures [11ije Test section is composed of a stainless steel
outer casing with square cross section and sidgtHeof 140 mm. Inside the casing are 64
stainless steel rods with diameter of 10.3 mm atwh@f 16.7 mm. These values have been
carefully determined by a detailed scaling analyb@sed on actual BWR bundle
specifications. Spacer grids, which function asytbo in actual reactor systems to maintain
the spacing between the rods, are located in Hteséetion at axial locations ofD, = 21, 42,

63, 83, 104, 123 and 143, whddg = 2.14 cm is the subchannel hydraulic diameter zisd

the distance from the test section inlet. Measergmare obtained at four locations watby,

=5, 77,85 and 137.
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Sample two group void fraction and interfacial apeafiles in a cap-turbulent flow regime is
shown in Figure 1. Open and solid symbols indidatal flow parameter measured at
subchannel center and rod narrowest gap, resplctircle and triangle symbols indicate
local flow parameters for group-1 and -2 bubblés. can be seen from the figure, difference
in flow parameter distribution between the subclehiwenter and rod narrowest gap are quite
noticeable. The global distribution and relativagmitude of two group parameters are
similar to those found in large pipe flows. Getiigraroup 2 void fraction shows apparent
center peaking in both subchannel and over theeehtindle cross section. Group 1 void
fraction, on the other hand, has a relatively umifodistribution. The interfacial area
concentration of group 1 bubbles is considerabigdathan group 2 bubbles, especially near
the casing wall. This is opposite to the void fi@t since group 1 bubbles are much smaller
than group 2. From the experiment, it is obsetad group 2 bubbles can grow to be larger
than the subchannel size and therefore can spaiplaidubchannels. This has a multitude of
effects on the flow, largely resulting in a shift the dominant length scale from the
subchannel hydraulic diameter to the casing hydradibmeter. This leads to the effect
shown in the figure, where the profile across #st section is much more significant than the
profiles within each subchannel.
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Figure 1 Local data in an 8x8 rod bundgfe0.59 m/sjs=1.2 m/sp=300 kPay=0 mm.
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3. Benchmarking of IATE

3.1  Benchmarking of 1D IATE

The interfacial area transport equation has betdatad against an extensive amount of data
obtained in experiments under various two-phase ftonditions. Consistently throughout
the evaluation studies, good agreements were ftnatdeen the predictions made by the
interfacial area transport equation and the expartal data. As an example, Figure 2 shows
the axial interfacial area development and 1D twoug IATE prediction for the cap-turbulent
flow condition in the 8x8 rod bundle geometry diseed previously. The void fraction
development agrees very well with the data, andrtesfacial area concentration prediction
is also reasonable. For Group 1, the dominantcsouof interfacial area concentration is
bubble expansion, while dominant sinks are wakeagmhent by Group 2 bubbles and, to a
lesser extent, coalescence due to random collisieor. Group 2 the dominant sources are
bubble expansion and wake entrainment of Group dbles, with coalescence of Group 1
bubbles by random collision having a small effed@ominant sinks for Group 2 include
random collision of Group 2 bubbles and wake entn&nt of Group 2 bubbles.
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Figure 2 IATE prediction in an 8x8 rod bundle,0.59 m/sjs=1.2 m/sp=300 kPa.

The one-group interfacial area transport equattorvialuated by comparison with the data
obtained in both the upward and downward adialat boiling two-phase flows in various
sizes of pipes, in various channel geometries ancitical and horizontal flow orientations.
Some of the notable findings can be summarized 2k (1) The model coefficients for the
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vertical upward two-phase flow in round pipe geamstremain the same regardless of the
pipe sizes; (2) While the mechanisms governing lthbble coalescence remain similar
regardless of the flow direction, it is clear tHay were affected by the channel geometry; (3)
The swirling motion of bubbles in co-current dowmd/idlow induces large scale eddies,

which sweep the bubble clusters as a whole, reguith a weaker bubble disintegration

mechanism due to turbulent impact than that inupnard flow; (4) The spacer grid in the

rod bundle acts as an interfacial area source ¢ depending on the flow rate and flow

regime; (5) The interfacial area change due to ensdtion is governed by inertia-controlled

and thermal-controlled bubble collapse mechanis(83; The interfacial area transport

equation formulated at normal gravity conditionsynmiae extended to reduced-gravity

conditions; and (7) geometric effects due to elbavesevident in interfacial area transport in
horizontal two-phase flow, as well as the contidms from the two-phase minor loss and
change in bubble velocity. In all of the abovedsts, the predictions made by the one-group
interfacial area transport equation agree well withexperimental data within £20% error.

The two-group interfacial area transport equatisnaiso evaluated by a wide range of
conditions in adiabatic vertical upward air-watevotphase flows in two flow channel
geometries: i.e., the round pipes of various saeba rectangular test section. For the round
pipe geometry, a comprehensive database in thiféeredit pipe sizes was established in
bubbly, slug and churn-turbulent flow regimes. Tgipe sizes employed for experiments
were 50.8, 101.6 and 152.4 mm inner diameters. t@rectangular geometry, a test section
with 10 mmx200 mm cross-sectional area was emploged the local two-phase flow
parameters were obtained in bubbly, cap-turbuledtcaourn-turbulent flow regimes. In total,
204 data points were evaluated for the two-phase ith round pipes, and 71 data points were
evaluated for the rectangular geometry. Accountiog the difference in flow channel
geometries and their influences in bubble transpant sets of coefficients were determined
based on the experimental data. In general, tlregfwup model showed good agreement
with the data.

3.2  Benchmarking of 3D IATE

Two-phase CFD simulation with 3D two-fluid modeldalATE has been carried out by many
researchers in the past decade or so. Yao and [M&emplemented a modified interfacial
area transport equation into CATHARE, and good iptexh results were observed. Yeoh
and Tu [14], and Huh et al. [15] explored the podisy of applying the number density
transport equation to gas-liquid two-phase flowsptovide a constitutive relation for the
interfacial area concentration. Recently, Wang 8ad [16, 17] implemented the interfacial
area transport equation into a the commercial Cé6@ecFLUENT. In their study, the fully
three-dimensional one-group IATE was implementeid iIRLUENT version 6.3.33. The
capability of interfacial area transport equatioaswclearly demonstrated by simulating the
lateral distributions of various two-phase flow gaeters, including the void fraction,
interfacial area concentration and the bubble $améan diameter.

In the study performed by Wang and Sun [16, 178, ititerfacial area concentration was
introduced into FLUENT as a user-defined scalar 8JDor the gas phase and it was
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computed by the default transport equation. Therfiacial area concentration was then
linked with the Eulerian multiphase model throudie tinterfacial force in the ensemble-
averaged two-fluid momentum equations. When caliplgh the interfacial area transport
equation, the bubble size in FLUENT was calculaiadhe interfacial area transport equation
to obtain the drag and lift coefficients, while @astant bubble diameter was used as a default
in the original FLUENT code. Figures 3 shows theawation results obtained by the
conventional FLUENT code and those by FLUENT codpath the interfacial area transport
equation. The experimental data were obtaineddecurrent upward adiabatic bubbly flows
in a round pipe of 50.8 mm inner diameter. Figle&) shows the void fraction results
obtained for a test run with superficial liquid agals velocities ofjs = 0.986 andy = 0.321
m/s. The measured data at the inlet of the pipe wsed as the boundary conditions. In the
figures, » and R are the radial distance measured from the pip¢éecend pipe radius,
respectively. As can be seen, characteristicdhtistributions of the void fraction across the
pipe radius are successfully simulated by FLUENEwH is coupled with the interfacial area
transport equation. In contrast, the simulatissulteobtained by the conventional FLUENT
(without the interfacial area transport equatiorgdicts a uniform void fraction distribution
up tor/R = 0.8, which is different from the experimentataland not very realistic. Similar
results can be found in a more turbulent flow ctadiof js = 2.34 andy = 0.56 m/s, where
significantly more large bubbles, such as cap kefbéxist as well as the small dispersed
bubbles. It is clear from these results that theterfacial area transport equation is
indispensable for CFD codes to capture the two-g@Haw transport phenomena properly.
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Figure 3 Comparisons of void fraction predicteith the experimental data taken for air-water
upflow in a 50.8 mm pipe ()= 0.986)4 = 0.321 m/s; (b} = 2.34 andy = 0.56 m/s [16, 17].

4. Conclusion

A comprehensive review on the state-of-the-arthie tlevelopment of the interfacial area
transport equation is presented, including the mddeelopment, experimental studies and
1D and 3D model benchmarking. The interfacial draasport equation eliminates inherent
shortcomings of conventional flow regime based elations by dynamically modeling the
evolution of interfacial structures via mechanistodeling of fluid particle interactions.

10
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Two-group transport formulations are presented Wwhaccount for the characteristic
differences in bubble shape, transport phenomedababble interaction mechanisms in a
wide range of two-phase flow regimes, namely bulbblghurn-turbulent flow regimes. The
group-1 equation accounts for the transport of spaleand distorted bubbles and the group-2
equation accounts for the large cap or churn-tertububbles. The models are benchmarked
based on an extensive database established undeussawo-phase flow conditions,
including the adiabatic and heated conditions,ie@raind horizontal flow orientations, round,
rectangular, and annulus, and normal-gravity amikited micro-gravity conditions. Recent
efforts in implementing the interfacial area trams$pequation in CFD codes are briefly
discussed. Results from these studies clearly dstrade the capability of interfacial area
transport equation in modeling two-phase flow. 0dbé&he dynamic interfacial area transport
equation is not only consistent with the use of-flual model, but it also provides accurate
prediction for a wider range of conditions, andngtiates the numerical problems associated
with the use of static empirical correlations.

5. Acknowledgement

The work presented in this paper is performed urtter auspices of the U.S. Nuclear
Regulatory Commission, Bettis Atomic Laboratorye tNational Aeronautics and Space
Administration, the U.S. Department of Energy, arakyo Electric Power Company. The

author would like to thank them for their continumgports on the development of interfacial
area transport equation. The author would alsotbkacknowledge the contributions made by
many former and current colleagues.

6. References

[1] G. Kocamustafaogullari, and M. Ishii, "Founidat of the Interfacial Area Transport
Equation and Its Closure Relationfternational Journal of Heat and Mass Transfer
Vol. 38, pp. 481-493, 1995.

[2] M. Ishii, and N. Zuber, "Drag Coefficient amielative Velocity in Bubbly, Droplet or
Particulate Flows,AIChE Journal Vol. 25, pp. 843-55, 1979.

[3] M. Ishii, and S. Kim, "Development of One-Gp@and Two-Group Interfacial Area
Transport EquationNuclear Science and Engineeringol. 146, pp. 257-273, 2004.

[4] X. Sun, S. Kim, M. Ishii, and S. G. Beus, "Maihg of Bubble Coalescence and
Disintegration in Confined Upward Two-Phase Flowuclear Engineering and
Design Vol. 230, pp. 3-26, 2004.

[5] M. Ishii, and T. Hibiki, Thermo-Fluid Dynamics of Two-Phase Flow, Secondidtyi
New York: Springer, 2010.

[6] |. Kataoka, M. Ishii, and A. Serizawa, "Loc&ormulation and Measurements of
Interfacial Area Concentration in Two-Phase Flowrpiternational Journal of
Multiphase Flow Vol. 12, pp. 505-29, 1986.

11



The 14" International Topical Meeting on Nuclear Reactor Thermalhydraulics, NURETH-14
Toronto, Ontario, Canada, September 25-30, 2011

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

J. M. Le Corre, E. Hervieu, M. Ishii, and J..MDelhaye, "Benchmarking and
Improvements of Measurement Techniques for LocaleFAveraged Two-Phase Flow
Parameters Experiments in Fluidsvol. 35, pp. 448-458, 2003.

T. Hibiki, S. Hogsett, and M. Ishii, "Local NMsurement of Interfacial Area, Interfacial
Velocity and Liquid Turbulence in Two-Phase Flow{iclear Engineering and Design
Vol. 184, pp. 287-304, 1998.

S. Kim, X. Y. Fu, X. Wang, and M. Ishii, "Del@ment of the Miniaturized Four-
Sensor Conductivity Probe and the Signal ProcesSamgme,'International Journal of
Heat and Mass TransfgYol. 43, pp. 4101-4118, 2000.

T. Hibiki, and M. Ishii, "Interfacial Area &nsport Equations for Gas-Liquid Flow,"
The Journal of Computational Multiphase Flgw®l. 1, pp. 1-22, 2009.

X. Yang, J. P. Schlegel, S. Paranjape, Y., ISu W. Chen, T. Hibiki, and M. Ishii,
"Interfacial Area Transport in Two-Phase Flows iB@led 8x8 Rod Bundle Geometry
at Elevated Pressures," Tihe 14th International Topical Meeting on NucleaaRtor
Thermal Hydraulics (NURETH-14Yoronto, Ontario, Canada, 2011.

M. Ishii, S. Kim, X. Sun, and T. Hibiki, "letfacial Area Transport Equation and
Implementation into Two-Fluid Model Journal of Thermal Science and Engineering
Applications Vol. 1, pp. 1-7, 2009.

W. Yao, and C. Morel, "Volumetric InterfaciArea Prediction in Upward Bubbly Two-
Phase Flow,'International Journal of Heat and Mass Transf®iol. 47, pp. 307-328,
2004.

G. H. Yeoh, and J. Y. Tu, "Population BalamMedelling for Bubbly Flows with Heat
and Mass TransferChemical Engineering Sciencéol. 59, pp. 3125-3139, 2004.

B. G. Huh, D. J. Euh, H. Y. Yoon, B. J. Yu@. H. Song, and C. H. Chung,
"Mechanistic Study for the Interfacial Area Trang@@henomena in an Air/Water Flow
Condition by Using Fine-Size Bubble Group Modéhternational Journal of Heat and
Mass TransferVol. 49, pp. 4033-4042, 2006.

X. Wang, and X. Sun, "CFD Simulation of Phd3mstribution in Adiabatic Upward
Bubbly Flows Using Interfacial Area Transport Edqoat’ in Proceedings of the 12th
International Topical Meeting on Nuclear Reactorefinal-Hydraulics (NURETH-12)
Pittsburgh, PA, 2007.

X. Wang, and X. Sun, "Effects of Non-Uniformlet Conditions and Lift Force on
Prediction of Phase Distribution in Upward Bubbljows with Fluent-IATE," in
Proceedings of the 7th International Topical Megtion Nuclear Reactor Thermal
Hydraulics, Operation and Safety (NUTHOS-3¢goul, Korea, 2008.

12



