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ABSTRACT

Interfacial area transport equation (IATE) is considered promising to evaluate dynamic changes of the
interfacial area concentration in gas-liquid two-phase flows, which is of significance in characterizing
the interfacial structure of the flows. Efforts were made by the authors in the past on the implementation
of the IATE into computational fluid dynamics codes, such as Fluent. However, it remained unclear
whether the IATE model coefficients derived from one-dimensional IATE model calibrations can be
applied to three-dimensional simulations. The current study aimed to examine, primarily by investigat-
ing the lateral profiles of phase distributions, the applicability of the coefficients obtained from the
one-dimensional IATE model calibration to a three-dimensional simulation of bubbly flow in a pipe. In
addition, effects of the lift force on the lateral phase distributions were studied. A new set of the IATE
model coefficients was suggested for a three-dimensional bubbly flow simulation. Good agreement
was obtained with the updated coefficients between the predicted and measured flow parameters.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

In the two-fluid model, knowledge of the interfaces that sepa-
rate different phases in two-phase flows is a key to accurately pre-
dict gas-liquid two-phase flows. To characterize the interfacial
structure, the interfacial area concentration (IAC), a geometric
parameter defined as the total interfacial surface per unit mixture
volume, is introduced (Ishii and Mishima, 1980). There are several
ongoing studies to model the IAC, one of which is the development
of the interfacial area transport equation (IATE). Pioneering work
on the formulation of the IATE was performed by Kocamustafao-
gullari and Ishii (1995). It was emphasized that the IATE was capa-
ble of modelling changes in the two-phase flow structure
dynamically and mechanistically since it takes into account the
bubble coalescence and disintegration caused by fluid particle
interactions as well as phase changes due to boiling, evaporation
or condensation. In generalized gas-liquid two-phase flows, bub-
bles observed in different sizes and shapes behave differently in
terms of relative motion and interaction mechanisms. In view of
this, bubbles are categorized into various groups with its own
transport phenomena analogous to the basic concept of multi-
group neutron transport theory. For a special case of bubbly flows,
all of the bubbles are in spherical or distorted shape and thus can
be treated as one group; therefore, a one-group IATE was recom-
mended and developed (Wu et al., 1998). It is also noteworthy that
two-group IATE has been proposed to be applicable to a wide range
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of flow regimes beyond bubbly flows (Fu and Ishii, 2003a; Smith,
2002; Sun et al., 2004).

One of the challenges in establishing the IATE is to construct
appropriate closure relations of bubble-bubble and bubble-eddy
interactions. Previous studies show that for most bubbly flows
there were three major mechanisms, namely, bubble disintegra-
tion caused by the impact of turbulence eddies (TI), bubble coales-
cence due to wake entrainment (WE), and bubble coalescence
caused by turbulence-driven random collisions (RC). Theoretical
model of each mechanism was derived with adjustable coefficients
that varied with flow channel configuration (Kim, 1999; Ishii et al.,
2002; Kim et al., 2003). Continuous efforts have been made to
determine these coefficients by comparing numerical results to
experimental measurements. Kim (1999) used the one-dimen-
sional two-fluid model and a one-dimensional one-group IATE to
calculate the phase distributions for flow in a narrow rectangular
channel. During this calibration process, the values of the coeffi-
cients in the one-dimensional one-group IATE were suggested
based on comparisons with experimental data. Similar work was
carried out by Ishii et al. (2002) later for bubbly flows in different
sizes of circular pipes. All of their work showed acceptable predic-
tions of flow parameters along the flow direction.

Recently, capabilities of computational fluid dynamics (CFD)
codes together with the IATE model for two-phase flow simulation
have been examined. Graf and Papadimitriou (2007) demonstrated
that the IAC could be reasonably captured by FLUBOX code
equipped with the IATE in upward vertical pipe flows. Bae et al.
(2008) developed a CFD code based on the finite volume method
using the simplified marker and cell algorithm and coupled the
two-fluid model and the one-group IATE systematically. Wang
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and Sun (2007, 2009) implemented the one-group IATE into Fluent
code and conducted three-dimensional simulations for bubbly
flows in a rectangular duct and a round pipe. In addition, Sari
et al. (2009) performed two- and three-dimensional simulations
of isothermal bubbly flows by introducing the IATE model into
the Fluent code. They pointed out that different researchers sug-
gested different adjustable model coefficients for the same bubble
interaction mechanism in the IATE model and showed differences
between the predictions in the two- and three-dimensional simu-
lations. Alongside with the IATE model, bubble number density
(BND) transport equation was also developed to obtain the infor-
mation on the changes of bubble number density. The BND model
was successfully implemented into CFX (Cheung et al., 2007) for
three-dimensional simulations. In all of these studies, the model
coefficients in the IATE model that were determined based on
one-dimensional calibrations were used for either two- or three-
dimensional simulations. Nevertheless, the predictions of the
lateral phase distributions presented in these studies were consid-
erably improved compared to the numerical results without the
IATE model even though there existed some discrepancies with
experiments for some flow conditions. The above observation
suggests that the disagreement could be caused by the use of the
one-dimensional IATE model coefficients in the multi-dimensional
simulations. Therefore, in this study, an attempt was made to
address this issue.

The principal objectives of the present work are to investigate
the contributions of non-uniform lateral phase distributions to
the source/sink terms of the one-group IATE and to test the appli-
cability of the coefficients derived by Ishii et al. (2002) to a three-
dimensional simulation under pipe bubbly flow conditions. In
addition, effects of the lift force on the lateral phase distributions
are studied. Finally, a slightly different set of adjustable coefficients
in the one-group IATE are suggested for three-dimensional simu-
lations.

2. Implementation approach

Fluent, a control-volume-based code for multiple mesh styles, is
chosen as the CFD tool for two-phase flows. In the conventional
Fluent 6.3.33 code, however, the interactions among bubbles and
between bubbles and turbulent eddies are not taken into account
and bubble size must be specified by users (Fluent User’s Guide,
2006). In order to capture the dynamic evolution of the interfacial
structure, efforts have been made to implement the one-group
IATE into Fluent (Wang and Sun, 2009). In what follows, the imple-
mentation approach is discussed briefly.

The one-group IATE for an isothermal adiabatic bubbly flow is
given as (Wu et al., 1998)

a; — 2 ap (D = 1 2
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where a;, 7},; o, ?/g and R; are the interfacial area concentration, inter-
facial velocity, void fraction, gas velocity, and bubble number den-
sity change rate due to bubble interactions, respectively. If
bubbles are well dispersed with spherical or close to spherical
shape, the bubble shape factor  equals 1/(367). In addition, v;
may be approximated as v,.

Despite the importance of the IAC, this parameter is not used in
Fluent. Instead, the code uses the bubble diameter and void frac-
tion information. In the current study, IAC is introduced as a
user-defined scalar (UDS) in the gas phase domain, which is solved
in Fluent based on the associated transport equation as
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where py, I'y, and Sg denote the gas density, diffusion coefficient of
the IAC, and source term, respectively. There is no physical diffusion
of the IAC in the flow field, leading I'; in Eq. (2) to zero. Sg is deter-
mined by a comparison with Eq. (1) as
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Wu et al. (1998) identified three major interaction mechanisms
in bubbly flows: bubble break-up due to the impact of turbulent
eddies (Ryy), bubble coalescence caused by the wake entrainment
(Rwe), and bubble coalescence due to the random collision driven
by turbulence (Rgc). They were modelled by Wu et al. (1998) and
Kim (1999) as
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In Eq. (4), We is the Weber number, defined as the ratio of the bub-
ble turbulent inertial energy to the surface energy as

RRC =

We = p;|ve[*Dasg/0, 7)

where py, o, Dave, and o are, respectively, the liquid density, turbu-
lent velocity for the liquid phase, average diameter of bubbles, and
surface tension between the two phases. The critical value, We,, is
used to describe the balance state between the cohesive force due
to surface tension and disruptive force by the turbulent eddies. In
Eqgs. (4)-(6), Cp, ¥y, and oimay are the drag coefficient, relative veloc-
ity between the gas and liquid phases, and void fraction at the bub-
ble maximum packing, respectively. Furthermore, Cy, Cwg, Cre, and
C are the adjustable model coefficients, whose values were obtained
earlier from several one-dimensional benchmarks based on an
extensive database (Kim, 1999; Ishii et al., 2002; Kim et al., 2003).
More details of the IATE implementation into Fluent are referred
to Wang and Sun (2009).

3. Interfacial forces

The interfacial area concentration affects the flow field through
the interfacial mass, momentum, and energy transfer. Assuming no
mass exchange between the two phases for adiabatic flow, the
ensemble-averaged momentum equation for the gas phase in the
Eulerian multiphase model is written as (Fluent User’s Guide,
2006)

Py Vs)
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where p, T4, g, Ry, Fg, i1, and F,, are the pressure, stress—strain ten-
sor, gravitational acceleration, interaction force, additional external
body force, lift force, and virtual mass force, respectively. The inter-
action force is comparable to the steady-state drag force, given by

- a; - = D
R~ Conyorloil () ©)
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Here, Dy, is the bubble Sauter mean diameter defined as Dy, = 6a/a;
and Dy is bubble drag diameter. These two diameters are approxi-
mately the same in bubbly flows. For the drag coefficient Cp, the
model suggested by Tomiyama (1998) for slightly-contaminated
air-water two-phase flows is adopted in this study:

B . [24 0687\ 72 8Eo
Cp = max{mm {Reb (l + 0.15Re, )’Reb 3o+ 4))’ (10)
where two dimensionless numbers, namely, Eotvos number
(Eo) and bubble Reynolds number (Re,) are defined as

- 2 |
Eo = &%%9% and Re, — —"/‘Z}‘Dd.
The shear-induced lift force is of importance to the lateral phase

distribution and given as
Fi = —Copyv, x (V x 7y), (11)

where C; is the lift force coefficient. Tomiyama (1998) combined the
shear lift force (Zun, 1980; Auton, 1987; Drew and Lahey, 1987) and
effects from slanted wake, and proposed a lift force coefficient mod-
el as

min[0.288 tanh(0.121Rey), f(Eop)], if Eop < 4
C =< f(Eoy), if 4 <Eo, <10 (12)
—-0.29, if Eo, > 10

where f(Eop) = 0.00105E0; — 0.0159E02 — 0.0204Eo, + 0.474. In Eq.
(12), the modified Eotvos number, Eoy, is defined based on the max-
imum horizontal dimension of a bubble, Dy, which is calculated as
Dy =Dgy(1 +0.163E0%7°7)'/3, to account for the influences from the
deformation of bubbles.

Wall lubrication and turbulent dispersion forces are also con-
sidered in the current study. The former is due to the asymmetric
drainage of the liquid around the rising bubble near a wall while
the latter is driven by the void fraction gradient. Antal et al.
(1991) deduced a two-dimensional analytical solution of the wall
lubrication force based on the complex potential function of flows
as

2004 D, \1_
F, — % [cwl +Cua <ﬁ>] M. (13)

with v, = v, — [y - v,]w, Cu1 = —0.104 — 0.062;, and C,,, = 0.147.
Here, dp,, and n,, are respectively the distance between the bubble
and the wall, and the unit outward normal vector to the wall sur-
face. The turbulent dispersion force, analogous to the molecular dis-
persion force, tends to flatten the void fraction distribution. The
constitutive equation of the turbulent dispersion force is given as
(Lahey et al., 1993):

M} = —CrpsksVor, (14)

where kis the total turbulent kinetic energy of the liquid phase and
coefficient Cr is taken as 0.1.

Any transient two-phase flow will also experience transient
forces, such as the virtual mass force and Basset force (Drew and
Lahey, 1987; Michaelides, 1997). They are important not only to
provide accurate predictions of flow distributions, but also to sta-
bilize the numerical solutions in general. Since the flow of interest
in the current study is quasi-steady-state, the transient forces are
neglected.

4. Turbulence model

The above discussion indicates that the bubble interaction mod-
els rely strongly on the turbulence. In addition, a mechanistic tur-
bulence model is essential to provide closure for the Reynolds
stress tensor in Eq. (8). In Egs. (4) and (6), the magnitude of turbu-

lent velocity, z;, can be evaluated based on the Kolmogorov’s uni-
versal equilibrium theory in the inertial sub-range of isotropic
homogeneous turbulence as (Batchelor, 1951; Rotta, 1972):

v =14¢"D}>. (15)

In this study, standard dispersed k — ¢ turbulence model is se-
lected, in which the transport equations of turbulent kinetic energy
and turbulent dissipation rate for the liquid phase, i.e., krand 5, are
given as
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where Py is the production of turbulence kinetic energy due to the
mean velocity gradients. The turbulence influenced by the gas
phase due to the bubbles agitation is taken into account by the
source terms @, and &, that are specified by users with the relation
of

kf

&, =
k CgB Sf

(18)

In our study, the constitutive relation of @y is furnished by (Flu-
ent User’s Guide, 2006)
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1 + ngl
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where ?)dr is the drift velocity; the coefficient #g stands for the ratio
of the bubble Lagrangian time scale to its characteristic relaxation
time; and coefficient b is calculated as

1
b= (1 +c,,)<%+c,,> 7 (20)
f

where C, is the added mass coefficient. In addition, bubble-induced
turbulence attributes to the two-phase turbulent viscosity, uf,
which is customized based on Lahey’s model (2005) as

2
t—C ks 0.6Dgmet|v 21
Hy = Cuy + 0.6Dunar|t. 21)
The model constants are given as

Co =144, Cy=192,
C,=009, o,=10,

Cs3 =12,
o, =13.

C,=0.5,

The corresponding turbulent parameters for the gas phase are pro-
vided using Tchen-theory correlations based on the values of the li-
quid phase (Hinze, 1975). The so-called standard wall function
bridges the near-wall region between the wall and turbulent core.
More details can be found in Fluent User’s Guide (2006).
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5. Results and discussions
5.1. Flow conditions

Three-dimensional simulations were performed for a co-current
upward air-water bubbly flow in a vertical pipe with an inner
diameter of 48.3 mm (Fu, 2001). Table 1 summarizes the experi-
mental conditions, including the superficial velocities of the gas
and liquid phases, void fraction, IAC, and bubble Sauter mean
diameter at the location of 5 pipe diameters away from the inlet,
i.e., z/D =5, where D is the inner diameter of the pipe. The superfi-
cial velocities of the gas and liquid phases range from 0.039 to
1.275 m/s, and 0.064 to 5.1 m/s, respectively. All of these flows fall
into bubbly flow condition on a flow regime map (Mishima and
Ishii, 1984) as shown in Fig. 1.

This argument being in bubbly flow is examined by considering
two geometrical bubble scales that bound the limits of the diame-
ter for small bubbles, i.e., the maximum spherical bubble limit (Dgy;s)
and maximum distorted bubble limit (Dgmax) defined as (Ishii and
Zuber, 1979)

1/6

2
Du=4 2| M| (22)

EAP\ \/pia/(ghp)

g
Damax = 4y |——. 23

Bubbles are in perfect spherical shape without wobbling motion un-
til their diameters exceed Dgs. Beyond this size, bubbles start to be-
come distorted. Furthermore, bubbles will transition to cap, slug or
churn-turbulent bubbles when the bubble diameter is larger than
Dgmax- Under the current air-water flow condition, Dys and Dgmax
are calculated approximately as 2 and 10.7 mm, respectively. It is
evident from Table 1 that the bubble Sauter mean diameter is below
Damax- In addition, the bubble Sauter mean diameters for all the
flow conditions but Runs 5 and 10 are near 2 to 3 mm. In the exper-
iment performed by Fu (2001), the local flow data were acquired at
three axial locations, i.e., z/D = 5, 30 and 55, using multi-sensor con-
ductivity probes, which have a measurement uncertainty less than
10% for the void fraction and IAC (Kim, 1999).

5.2. Three-dimensional simulations with model coefficients from Ishii
et al. (2002)

As pointed out earlier, in early efforts of determining the model
coefficients for the one-group IATE, almost all the calibrations were
performed based on a steady-state one-dimensional assumption.
The following IATE model coefficients were suggested by Ishii
et al. (2002) for a medium-sized pipe:

Table 1
Flow conditions at z/D = 5.
Run # je(ms™) jr(ms™ o (%) a; (m™1") Dy, (mm)
2 0.039 0.682 2.21 58.0 23
3 0.136 0.682 9.37 180 3.1
4 0.138 2.336 3.74 94.8 24
5 0.506 2.336 12.8 171 4.5
6 0.538 5.10 5.75 193 1.8
7 1.234 5.10 11.7 260 2.7
10 1.275 2.607 25.7 166 9.3
14 0.039 0.064 11.8 295 2.4
16 0.039 0.20 7.03 188 2.2
17 0.133 0.20 25.0 559 2.7

10
Run6 Run7
Bubbly Flow u -
Rund  Runs Run il
[ []
1+ Run? Run 3
[
= Slug Flow
A Runl6 Rum |7,
= -
0.1r Run 14
n
Churn-turbuleni
Flow
0.01 ! .
0.01 0.1 1 10
Jg [m/s]

Fig. 1. Flow conditions in the flow regime map (Mishima and Ishii, 1984).

Turbulent impact : Cy = 0.0085; We,, = 6.0;
Wake entrainment : Cye = 0.002; (24)
Random collision : Cgc = 0.004; C = 3.0; 0tnax = 0.75.

Their consistency and universal applicability have been validated by
several studies, including the one by Fu and Ishii (2003b).

In the current study, three-dimensional numerical studies were
first performed with the hypothesis that the coefficients from the
one-dimensional model benchmark would be applicable to three-
dimensional simulations. After a careful mesh sensitivity study, it
was found that for the pipe test section, 380,160 cells with 900
nodes along the pipe axial direction are sufficient. A similar mesh
sensitivity study can be found in Wang and Sun (2009). Profiles
of the void fraction, IAC, and bubble velocity measured at z/D =5
by Fu (2001) were applied as inlet boundary conditions. These pro-
files are non-uniform in the radial direction. Differences of the
area-averaged IAC predictions ((a™)) and the area-averaged mea-
surements ((a;’?)) are quantified using the relative error, which is
defined as

qmumy _ a?XP
% x 100[%). (25)

As shown in Fig. 2, the relative errors at the locations of z/D = 30
and 55 are over 50% for the four experimental runs shown. The IAC
is always overestimated in the simulation for these flow condi-
tions, which implies that the break-up source term in the one-
group IATE is over-predicted.

Error =

5.3. Discussions on the three-dimensional simulation

There are two possible issues existing in the one-dimensional
IATE model when used for three-dimensional analysis. The first is-
sue comes from the averaging process to obtain the one-dimen-
sional IATE model from the three-dimensional model. In the
averaging process, the covariance term representing the difference
between the average of the product of two variables and the
product of two averaged variables is ignored, i.e., COV(AB)=
(AB) — (A)(B) =0 (Kim, 1999). The other issue is related to the
source term of the one-group IATE in Eq. (3), which includes the

velocity divergence in the form of —(aiop,)V - 7. It is treated as

gz

—aiop, 5= in the one-dimensional form while it should be
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Fig. 2. Relative error of the IAC using model coefficients from Ishii et al. (2002).
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Fig. 3. Bubble velocity profile from experiment and simulation for Run 5.

—a g | Wy | OVgzy 4 -di i i
Aiopg (G2 + 52 + =) in a three-dimensional model. It is clearly

seen that the additional contribution, i.e., from <’)0L§“ + "g—ygy) is omit-

ted in the one-dimensional model. The above two issues would
disappear if the lateral flow distributions are uniform, which how-
ever is not true for the current flow conditions. Fig. 3 shows the
velocity profile across the cross section of the test section in Run
5. The predicted profile is in fairly satisfactory agreement with
the measurement and apparently not uniform. The velocity gradi-
ent effect is especially important for the flow very near the wall. As
a result, the model coefficients from Ishii et al. (2002) become
inappropriate for three-dimensional simulations.

5.4. Testing of model coefficients in one-dimensional simulation

A study was carried out to examine the model coefficients that
were obtained by Ishii et al. (2002) through a quasi-one-dimen-
sional simulation. A three-dimensional simulation of Run 10 was
constructed in a way where only the velocity gradient in z-direc-
tion (axial direction) was included for the term of —(aiop,)V - 7/g
in Eq. (3). Fig. 4a clearly shows that the predicted IAC along the ra-
dial direction at the elevation of z/D = 55 is in good agreement with
the experimental data. The predicted void fractions at z/D =55
from Fluent code with and without IATE are plotted with a com-
parison to the experimental data in Fig. 4b. The core peak observed
in the experiment is captured if the one-group IATE was incorpo-
rated, which was illustrated more clearly in Fig. 4c by the contour
plot of the void fraction from Fluent with the one-group IATE. This
exercise basically demonstrated that the IATE model coefficients
from Ishii et al. (2002) work reasonably in a simulation, where
the radial velocity profile is considered uniform, i.e., quasi one-

dimensional flow. However, the three-dimensional simulation for
Run 10 using the same set of coefficients led to large errors as
shown in Fig. 2.

5.5. Suggestions on model coefficients for three-dimensional IATE
model

The exercise in Section 5.4 indicates that it is indispensable to
develop appropriate coefficients in Egs. (4)-(6) for a three-dimen-
sional IATE model. The methodology of determining these coeffi-
cients is based on the experimental observations that the
different bubble interaction mechanisms are predominant in dif-
ferent flow conditions. The coefficient for one bubble interaction
term is possible to be estimated quasi-independently if for certain
flow conditions, this term is significant and all other bubble inter-
actions are either known or negligible. For instance, for flows with
low flow rate, the dominant bubble interaction phenomenon is the
wake entrainment, in which following bubbles inside the wake re-
gion of a preceding bubble catch up and collide with the preceding
bubble. When the superficial liquid velocity becomes larger, an
additional mechanism that would appear first is the random colli-
sion due to the higher turbulent intensity. When the superficial li-
quid velocity continues to increase such that the inertia of a
turbulent eddy overcomes the surface tension force at a bubble
interface, the bubble break-up phenomenon due to the turbulent
impact starts to take place.

Assuming We,,, C, and oy,2x remain the same as the values sug-
gested by Ishii et al. (2002), the process of identifying the other
model coefficients is illustrated as follows:

. Determine Cyr when j; and jy are low;
. Determine Cgc when j, is high and jris still low. Here, Gy is pre-
determined in step 1;

3. Determine Cy; when jg and jr are high. Here, Cye and Cyg are
determined in the previous two steps;

4. Check these adjustment coefficients for all flow conditions;

5. Adjust them iteratively until the relative errors between predic-

tions and experimental data approach their minimum.

N =

As a result, the following model coefficients yield the best fit to
the experimental data in our three-dimensional simulations. The
relative errors between the numerical and experimental results
of the area-averaged IAC are within 15%, as shown in Fig. 5.

Turbulent impact : Cy = 0.005, We, = 6.0;
Wake entrainment : Cyr = 0.006; (26)
Random collision : Cgc = 0.013, C = 3.0, tmax = 0.75.

In addition, the predicted IAC values using different coefficients

at the location z/D = 55 are compared to the experimental data in
Fig. 6 for Run 5. It is clearly seen that the IAC values using the
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Fig. 4. Lateral distributions of Run 10 from simulations and experiments at the location z/D = 55: (a) the IAC, (b) the void fraction, and (c) counter of the void fraction from
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Fig. 5. Relative errors of IAC using the suggested model coefficients in Eq. (26).
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Fig. 6. Comparisons of IAC using different coefficients with experiments at the
location z/D = 55 for Run 5.

coefficients suggested by Ishii et al. (2002) are overestimated,
especially near the wall region. A distinct wall peak of IAC arises
due to the contributions of the sharp velocity decrease close to
the wall.

5.6. Study on the lift force

The shear-induced lift force, proportional to the vorticity of the
liquid phase, is important for phase distributions in two-phase
flows. The study on the lift force was performed with three differ-
ent models available in Fluent: (1) Model 1: simulation without
IATE and without lift force (C; = 0); (2) Model 2: simulation without
IATE and with a constant lift force coefficient; and (3) Model 3:
simulation with IATE and with the lift force coefficient given by
Eq. (12). Fig. 7 shows the void fraction with the three aforemen-
tioned models as compared to the experimental data acquired by
Fu (2001) at z/D =55 in Runs 2 and 5. In the conventional Fluent
code without the IATE, the bubble size is considered to be constant,
which is defined initially at the inlet. The lift force coefficient
therefore can be determined based on the initial bubble size using
Tomiyama’s model given by Eq. (12), and it results in a value of
about 0.25 for Model 2 in Runs 2 and 5. As we compare the predic-
tions between Models 1 and 2 (the lift force coefficient was chan-
ged from 0 to 0.25), Model 2 provides a higher void fraction in the
wall region (local wall peak), which indicates that the lift force
pushes the small bubble towards the wall. In the Fluent simulation
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Fig. 7. Predictions of the void fraction with comparison to experiments at z/D = 55 for: (a) Run 2 and (b) Run 5.

with the IATE implemented (Model 3), the lift force coefficient is a 5.7. Results with three-dimensional simulations
function of bubble size and changes as the flow develops. It can be
clearly seen that Model 3 provides closer agreement with experi-

mental data for both flow conditions.

Three-dimensional simulations were performed for all the flow
conditions with the coefficients suggested by Eq. (26) in Section 5.5,
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Fig. 9. Predictions of IAC with comparison to the experimental data at z/D = 55 for: (a) Run 3, (b) Run 5, (c¢) Run 6, (d) Run 10, (e¢) Run 16, and (f) Run 17.

and the simulation results are reported in Figs. 8 and 9. As shown
in Fig. 8, the implementation of the one-group IATE considerably
improves the predictive capability of the conventional Fluent code
in terms of the phase distribution except for Runs 16 and 17. Run
16 has low superficial velocities and low void fraction. It was ob-
served that in this run the axial pressure drop was a major contrib-
utor to the change of the void fraction along the flow direction. The
bubble size in Run 16 was very close to D4 and therefore bubbles
did not actively interact with others in the neighborhood, i.e., bub-
ble interactions became negligible. The distributions of the void
fraction along the radial direction were almost flat except near
the wall region, where a small peak appeared. This phenomenon
could be captured by the Fluent code no matter whether the
one-group IATE was applied. In Run 17, turbulent eddy impact
was not strong enough to break up bubbles due to the relative
low superficial velocity of the liquid phase. In contrast, bubble coa-
lescence took place induced by both the random collision and wake
entrainment, producing relatively larger bubbles such as cap and
slug bubbles. It makes Run 17 close to the transition region, where
the bubble transport mechanisms are further complicated (Sun
et al.,, 2004). Therefore, the one-group IATE is not capable of
describing these additional bubble interactions, requiring the
application of a two-group IATE for Run 17.

As the IAC variable was introduced in Fluent, the predictions of
IAC were plotted in Fig. 9 to help understand bubble interaction
mechanisms and validate the models. Predictions of the IAC from
the Fluent code with IATE match the experimental results qualita-
tively and quantitatively. For instance, it can be seen clearly that
the peak of the IAC in the wall region in Run 3 is captured by both
the experiment and simulation. A core peak of the IAC is observed
in Runs 5 and 6 while a relatively flat profile of IAC is shown in
other runs. A sharp decrease close to the wall occurs in all runs
since the value of IAC on the wall is forced to zero.

6. Conclusion

In conclusion, the motivation of the present work is to obtain
reliable predictions of air-water bubbly flows employing a CFD
code Fluent with the implementation of the one-group IATE. This
work indicates that the model coefficients in the one-group IATE
obtained by Ishii et al. (2002) from a one-dimensional model cali-
bration need to be re-calibrated for three-dimensional simulations
of bubbly flow. The three-dimensional simulations with the new
model coefficients show good agreement between numerical re-
sults and experimental data. It demonstrates remarkable advances
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in the simulation of a dispersed two-phase flow system with the
help of the one-group IATE model. In addition, effects of the lift
force on the lateral phase distribution in bubbly flows are also
discussed.

The one-group IATE is limited to bubbly flows only. Larger bub-
bles will be encountered in flow regime transition region and have
substantial differences in their transport mechanisms from small
bubbles. This requires the application of a two-group IATE. Though
some deviations are found in the simulation from the experimental
data, it is believed that the accuracy of Fluent code can be en-
hanced with the incorporation of the IATE model in the simulations
of bubbly flow conditions.
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