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A B S T R A C T

Earthquake vibrations have great impacts on two-phase flow in the reactor core. In this paper, numerical si-
mulations were conducted to identify the air-water two-phase distribution in a vertical upward annular channel
under horizontal vibration condition. The inner and outer diameter of the annular channel are 19.1 mm and
38.1 mm. The simulations were performed based on the two-fluid Euler-Euler modeling framework. Benchmark
simulations for bubbly flow under stationary condition were firstly conducted to validate the up-to-date inter-
facial force models. Applicability of the interfacial force models were evaluated and a set of Ishii-Zuber drag
force model, Tomiyama lift force model, Frank wall lubrication force model and Burns turbulent dispersion force
model was found to provide the best agreement with experimental results. Based on this work, two-phase flow
distributions under vibration condition were studied. Horizontal vibration of the annular channel was simulated
by introducing simple harmonic motion. The vibration frequency and vibration amplitude were set to 1.97 Hz
and 9.5 mm, respectively. Additional interfacial force caused by inertial effect was imposed on disperse bubbles
under vibration condition, which promoted the lateral migration of bubbles. The numerical results showed that
the distributions of local interfacial parameters varied periodically along the vibration direction. A maximum
increase of about 32% was observed in the peak void fraction compared to that under stationary condition for
case 3. But the distribution of local flow parameters remained unchanged in the direction perpendicular to the
vibration. A good consistency between the simulation results and the experimental data was found. The com-
parison results indicate that the present modeling method is able to predict the two-phase distribution of bubbly
flow under vibration condition. But an inhomogeneous model considering bubble interactions and grouping is
suggested for two-phase flow beyond bubbly regime.

1. Introduction

Two-phase flow is an important phenomenon in nuclear reactor
system. With the development of measuring techniques such as im-
pedance meter and probe sensor, a great number of two-phase flow
experiments have been conducted to understand the flow behaviors in
various kinds of pipes (Kataoka et al., 1985; Hibiki and Ishii, 1999;
Lucas et al., 2005; Yang et al., 2013; Tian et al., 2014; Shen et al.,
2017). Most of the experiments were performed under stationary con-
dition. But in the past few decades, earthquakes have caused several
events on nuclear reactors and its effects on thermal hydraulics and
reactor safety have brought public’s attention. Researchers have done
some fundamental experiments to clarify the vibration effects on two-
phase flow. Skoczylas and Urbanski (1992) investigated the influence of
vibrating element on heat transfer in a thin layer evaporator

experimentally. An increase inheat transfer coefficient value between
23.7% and 104.8% was observed in the investigated range of frequency
and amplitude of vibrations. Hibiki and Ishii (1998) studied the local
parameters distribution of two-phase flow in a circular pipe with flow-
induced vibration. The void fraction profiles changed from wall-peak to
core peak or transition at relatively low liquid flow conditions. Mizuno
et al. (2014) conducted some experiments on air–water two-phase flow
under earthquake acceleration and they observed periodical bubble
deformation and trajectory by image processing method. Recently, Xiao
et al. (2017) and Chen et al. (2017) conducted some adiabatic air–water
two-phase flow experiments under structure vibration conditions using
conductivity probe and impedance meter, respectively. Xiao et al.
(2017) found that the local interfacial parameters as well as the flow
distribution patterns varied continuously with the vibration of test
section, and Chen et al. (2017) suggested that the area-averaged void
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fraction may decrease under structure vibration due to the increase of
distribution parameter in bubbly flow. Unfortunately, the comprehen-
sive two-phase flow information cannot be

captured regardless of the measuring instruments adopted in these
experiments. Further investigations on vibration effects were suggested
in both studies.

In recent years, Computational Fluid Dynamics (CFD) has become a
very useful tool for two-phase flow analysis and prediction since it can
provide detailed information which might be difficult to obtain through
experiments. Currently, two-fluid model is the most popular and ex-
tended formulation for gas–liquid flow systems. In the two-fluid model,
gas and liquid phases are treated separately in terms of two sets of
conservation equations (Ishii and Hibiki, 2010). The interfacial transfer
term that appears in the balance equations is one of the most important
characteristics of two-fluid model. Closure equations are required to
describe the interaction terms between two phases and they can de-
termine the predictive capability of two-fluid model to a large extent.
The interfacial forces in the momentum equation are generally con-
sidered to include drag force, lift force, wall lubrication force, virtual
mass force and turbulent dispersion force, as illustrated in Fig. 1 (Wang
and Yao, 2016). A complete description of these forces determines the
phase distribution pattern across the transverse section of the channel
in bubbly flow. A series of calculation formula have been proposed for
each force by different researchers, and some work have been done to
evaluate the force models (Lucas et al., 2004; Rzehak et al., 2012;
Yamoah et al., 2015; Chuang and Hibiki, 2017). But confusion still
exists in selection of the force models because of the absence of full
insight into the predictive features of different models. Therefore, to
obtain reliable calculation results, it is necessary to test the validation
of each model for specific flow condition before using it. With regard to
earthquake condition, the vibration of the test section could further
change the effective interfacial forces acting on bubbles, leading to

continuous variations in flow distributions. Thus, it is necessary to
determine the predictive capability of CFD method for calculating the
transient two-phase flow distributions under vibration conditions.

This paper is a part of the ongoing study on adiabatic air–water two-
phase flow under earthquake condition. The test section is a vertical
upward annular channel with a total height of 2.32 m. The inner and
outer diameter of the annular channel are 19.1 mm and 38.1 mm, re-
spectively. In this study, simulations on bubbly flow under stationary
condition are firstly conducted. The performances of each interfacial
force model are comparatively analyzed and a set of interfacial force
models applicable for bubbly flow in the vertical annular channel is
proposed. Based on this work, numerical simulations on bubbly flow
under horizontal vibration condition are conducted by introducing
simple harmonic motion to the flow channel. The vibration frequency
and amplitude are set to 1.97 Hz and 9.5 mm. The transient two-phase
flow phenomena under vibration condition are calculated, and the

Nomenclature

→a vibration acceleration (m/s2)
C coefficient
d diameter (m)
D pipe diameter (m)
E vibration amplitude (mm)
Eo Eötvös number
Eo’ modified Eötvös number
f vibration frequency (Hz)
⎯→⎯
F Interfacial force (N)
→g gravity acceleration (m/s2)
j superficial velocity (m/s)
k turbulent kinetic energy (m2/s2)
K interfacial momentum exchange coefficient
m power law coefficient
p pressure (Pa)
r radial distance from the centerline of the annulus (m)
Ri inner diameter of the annular channel (m)
Ro outer diameter of the annular channel (m)
Re Reynolds number
S vibration displacement (mm)
Sr shear rate
Sc Schmidt number
t time (s)
→v velocity vector (m/s)
vT terminal velocity (m/s)
yw distance to the nearest wall (m)
z measurement location under stationary condition (m)
z’ measurement location under vibration condition (m)

Greek symbols

α void fraction
ρ density (kg/m3)
μ viscosity (m2/s)
θ vibration angle (rad)
ω vibration angular velocity (rad/s)
σ surface tension coefficient (N/m)
Γ vibration phase

Superscripts and Subscripts

b bubble
h equivalent hydraulic diameter (m)
k phase symbol
g gas phase
l liquid phase
m maximum value
w wall
wd damping coefficient
wc cut-off coefficient
D drag force
L lift force
W wall lubrication force
TD turbulent dispersion force
IN inertial effect induced interfacial force
t turbulent fluctuation

Operators

< > area-averaged quantity

Fig. 1. Interfacial forces in bubbly flow (Wang and Yao, 2016).
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comparison results with the experimental data suggest that the present
modeling method provides a promising way for predicting the two-
phase distribution of bubbly flow under vibration condition.

2. Model description

2.1. Field equations

The simulation is based on Euler-Euler two-fluid model framework.
In bubbly flow with relatively low void fraction, bubble density is small
and bubble interactions are quite rare. Therefore, bubble coalescence
and breakup are not taken into account in the present model.
Reasonability of this simplification has been confirmed by experimental
results (Xiao et al., 2017). Based on this assumption, the mono-dis-
persed model in which the bubbles are equally sized is adopted. The
bubble diameter Db is only related to the inlet flow condition and it
keeps constant during flow process. Denoting the liquid phase as con-
tinuum (k = l) and the gas bubbles as disperse phase (k = g). For
adiabatic air–water two-phase flow, mass and heat transfer between
phases do not exist. Therefore, the conservation equations for gas–li-
quid two-phase flow under stationary condition can be written as fol-
lows:

Continuity equation:

∂
∂

+ ∇∙ → =
α ρ

t
α ρ v

( )
( ) 0k k

k k k

Momentum equation:

∂ →

∂
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In the above equations, αk, ρk,
→vk and μk are the local void fraction,

the density, the velocity and the effective viscosity of phase k respec-
tively. p stands for the pressure and →g is the gravity acceleration.

⎯→⎯
Fk is

the total interfacial force.
Apart from the interfacial forces, turbulent viscosity also needs to be

solved by closure equations. Unfortunately, standard turbulence model
applicable to all types of flow has not been proposed yet. But it has been
proved that the Shear Stress Transport (SST) model developed by

Menter (1994) can provide more realistic prediction for two-phase flow
compared to the other turbulence models (Yamoah et al., 2015). The
SST model can be seen as a combination of the standard k-ε model
(Launder and Spalding, 1974) and k-ω model (Wilcox, 1998). Through
applying the two-equation k-ε model in the bulk flow and the two-
equation k-ω model near the wall, the SST model improves the ro-
bustness and accuracy of turbulence calculation greatly. Thus, turbu-
lence of the liquid phase is calculated by SST model in this work. The
concrete introduction of this model can be found in reference (Menter,
1994). Furthermore, the turbulence of dispersed bubbly flow is calcu-
lated using a zero equation turbulence model and the bubble-induced
turbulence has been taken into account according to Sato’s model (Sato
and Sekoguchi, 1975).

2.2. Interfacial forces

The total interfacial force
⎯→⎯
Fk in the momentum equation includes

drag force, lift force, wall lubrication force, virtual mass force and
turbulent dispersion force, as illustrated in Fig. 1. Frank et al. (2008)
pointed out that the virtual mass force is of minor importance compared
with the other drag and non-drag forces and can be neglected. Thus, the
total interfacial force has the following expression:

⎯→⎯
=

⎯→⎯
+

⎯→⎯
+

⎯→⎯
+

⎯→⎯
F F F F Fk D L W TD

Here, the subscripts D, L, W and TD represent the drag force, lift
force, wall lubrication force and turbulent dispersion force, respec-
tively. As mentioned above, various empirical expression for each in-
terfacial force have been proposed, but these force models are still
subject to considerable difference. This is because each model was
proposed under some specific assumptions and was only fitted in the
experiments performed under limited flow conditions. Table 1 sum-
marizes the up-to-date available interfacial force models. The compre-
hensive introduction of these models which can be found in related
references will not be repeated here. For bubbly flow in the vertical
upward annular channel, the appropriate interfacial force models need
to be confirmed by the corresponding experimental results before ap-
plying them to vibration condition. The detailed model assessment will
be discussed in Section 4.

When the vertical annular channel was driven by an eccentric cam

Table 1
Interfacial force models.
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fixed on top of the test section, it started to vibrate periodically with
specific frequency and amplitude. The vibration system is shown in
Fig. 2 (Xiao et al., 2017). For the dispersed bubbles in the vibrating
channel, additional interfacial force is imposed on bubbles due to in-
ertial effect. This force has the following expression:

⎯→⎯
= − + →F α ρ α ρ a( )IN g g l l

Here, →a represents the vibration acceleration, which directly de-
termines the scale of additional interfacial force. Thus, the transient
total interfacial force becomes

⎯→⎯
=

⎯→⎯
+

⎯→⎯
+

⎯→⎯
+

⎯→⎯
+

⎯→⎯
F F F F F Fk D L W TD IN

As a result, the bubble forces in radial direction is unbalanced and
lateral bubble migration takes place once the annular channel starts to
vibrate, leading to redistribution of two-phase flow patterns.

3. Numerical details

The numerical simulations were conducted on the platform of
ANSYS CFX (v18.0). For model validation purpose, the geometry
structure of the two-phase flow channel in the simulation calculations
was the same as that in the experiment reported in an earlier literature
(Xiao et al., 2017). The test section was a vertical upward annular
channel with a total height of 2.32 m. The inner and outer diameters of
the annular channel were 19.1 mm and 38.1 mm, respectively. During
the experiment, the local interfacial parameters including the void
fraction, the interfacial area concentration and the Sauter mean dia-
meter of bubbles were measured by four-sensor conductivity probe. The
measurement location was z/Dh = 77, where z was the axial position
along the annular channel and Dh was the equivalent hydraulic dia-
meter of the annulus. To confirm the validity of the modeling method,
the two-phase flow parameters at the corresponding axial location
calculated by the simulation were compared with those measured by
the conductivity probe.

A total of four cases within bubbly flow regime were selected in the
numerical simulations. All the flow cases were set according to the
experimental conditions (Xiao et al., 2017). Table 2 shows the detailed
flow parameters of these simulation cases. For each case, a fixed bubble
diameter was given based on the average Sauter mean diameter mea-
sured by the conductivity probe in the corresponding experiment. Based
on the grid dependence analysis provided in Section 4.1, benchmark
simulations for bubbly flow under stationary condition were performed

to validate the models of each force. Following this work, simulations
on two-phase flow in the vibrating channel were conducted. As with the
experiment, the annular channel vibrated horizontally around z axis.
The vibration frequency and amplitude were set to 1.97 Hz and 9.5 mm,
respectively. It is worth noting that the vibration parameters are set
based on the investigation on earthquake information by Chen (2012).
During the two-phase flow experiment under vibration condition, the
motor speed was set to 120 rpm with the theoretical vibration fre-
quency being 2.0 Hz. However, due to the gravity effect of the structure
components and the damping effect of the springs, the vibration of the
test section was not an ideal simple harmonic motion. The vibration
acceleration of the test section was analyzed by FFT method and it was
found that the actual vibration frequency was 1.97 Hz. Therefore, to be
consistent with the experimental conditions, the vibration frequency
was set to 1.97 Hz in the numerical simulations. Furthermore, for
simplification purpose, the damping effect of the springs in the ex-
periment was not considered and the vibration was regarded as a simple
harmonic motion having the following expressions.

Vibration angle:

= =θ θ sin πft sin πt rad(2 ) 0.00415 (3.94 )( )m

Angular velocity:

= =ω πfθ cos πft cos πt rad s2 (2 ) 0.05 (3.94 )( )m

Vibration acceleration:

= =a πf z θ sin πft z sin πt m s(2 ) (2 ) 0.62 (3.94 )( )m
2 ' ' 2

Fig. 2. Schematic diagram of two-phase flow system under vibration condition.

Table 2
Flow parameters of the four cases used in the simulations.

Parameters Unit Case 1 Case 2 Case 3 Case 4

Liquid density, ρl kg/m3 997.8
Liquid viscosity, μl kg/m·s × −8.9 10 4

Gas density, ρg kg/m3 1.185
Gas viscosity, μg kg/m·s × −1.83 10 5

Surface tension, σ N/m 0.072
Superficial liquid velocity, jl m/s 0.256 0.258 0.520 0.521
Superficial gas velocity, jg m/s 0.043 0.153 0.101 0.199
Void fraction, α – 0.08 0.22 0.10 0.19
Bubble diameter, Db mm 2.75 6.50 3.25 3.30
Bubble Reynolds number, Reb – 877 2653 1536 1270
Eötvös number, Eo – 1.03 5.73 1.43 1.48
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where, θm and f represent the maximum vibration angle (rad) and the
vibration frequency (Hz) of the annular channel. z ' is the axial location
of the measurement point along the vibrating annular channel which
doesn’t vary with the vibration angle. Fig. 3 shows the profiles of the
vibration acceleration used in the simulations and experiments, re-
spectively. The comparison result suggests that the simulated motion
can approximate the vibration of the test section in the experiment
despite of the finite discrepancy.

Uniform distributions of gas and liquid velocities were applied at
the inlet of the annular channel. The outlet was set to atmospheric
pressure. The wall boundary conditions were set as no-slip condition for
the liquid phase and free-slip condition for the gas phase assuming that
direct contacts between the walls and the bubbles were negligible. The
solver was based on the finite volume method. High resolution was
selected as the advection scheme to control numerical diffusive dis-
cretization errors and the coupled volume fraction option was used in
the simulations (Sharma et al., 2017). For the transient calculation of
two-phase flow under vibration condition, the output of the simulation
under stationary condition was used as the initial characterization. The
time step was set to 0.001 s and the Root Mean Square (RMS) residual
target of × −1 10 4 was taken as the reliable criterion for convergence of
the numerical simulation (Yamoah et al., 2015).

4. Results and discussion

4.1. Grid dependence

Grid sensitivity analysis was conducted in this section. An increase
of node number in both the annulus cross-section and the channel
length was used to reach the mesh independence. The node distribution
settings are shown in Table 3. The experimental results of case 1 were
used to verify the grid independence. Fig. 4 displays the comparisons of
simulation and experimental results. It can be seen from Fig. 4(a) that
the phase distribution along the annulus radius is obtained by numer-
ical simulation and good consistency is achieved between the simula-
tion and experimental results. Significantly, the radial distribution of
void fraction doesn’t show significant variations with the increase of
node number. Especially, the numerical simulation results with a node
resolution of 840 × 464 are basically the same with that of
1600 × 618. It indicates that the macroscopic two-phase bubbly flow
simulation has a relatively low requirement on grid resolution. This
statement agrees well with the finding in reference (Wang and Yao,
2016). To reduce computational cost and satisfy mesh independence, a
total node number of 389,760 has been chosen for numerical simula-
tion.

In addition, it is known that special attention should be paid when
selecting the mesh size adjacent to the wall. Sarı et al. (2009) re-
commended that a wall distance value (y+) larger than ~30 can ac-
curately model the wall effects. But the grid sensitivity results in
Fig. 4(a) suggests that the variations of two-phase flow parameters near
the wall can also be well captured when y+less than30. To further study
the numerical simulation dependence on y+ value, three node dis-
tribution patterns were considered with a fixed total node number of
389760. The y+ value varies from 13 to 37. As can be seen from
Fig. 4(b), a mesh with fine cells near the wall region (Test 4) doesn’t
improve the simulation results compared to the even distribution (Test
2), but the coarse grid distribution at the walls (Test 5) can results in a
relatively lower gradient of the close-wall phase distribution. To this
end, the y+ value shows a small effect on the two-phase flow pattern
near the wall in our flow cases.

4.2. Validation of interfacial force models

The models of interfacial forces were evaluated sequentially by
experimental results in this part. To determine the performances of

different force models, the simulations need to be performed by chan-
ging the models of considered force while keeping the models of the
other forces constants. Based on previous experiences, the following set
of interfacial force models was chosen as the simulation basis (Yamoah
et al., 2015). The Ishii-Zuber model was used for drag force, the To-
miyama model for lift force, the Frank model for wall force and the
Burns model for turbulent dispersion force. The predictive features of
the concerned force models were analyzed by using the void fraction
profiles measured in the corresponding experiment.

The three drag force models which are the Schiller-Naumann model,
the Grace model and the Ishii-Zuber model as shown in Table 1 were
firstly evaluated for all the four flow cases. Fig. 5 shows the simulation
results for case 1 and case 3. It can be clearly seen that the void fraction
distributions are well captured by the Grace model and the Ishii-Zuber
model. Both of these two models have taken into account the bubble
distortion phenomenon and modified the drag coefficient CD for the
ellipsoidal bubble regime. Different from the above two models, the
Schiller-Naumann model doesn’t consider bubble distortion and uses a
common function of drag coefficient. As a result, the void fraction near
the wall is underestimated by Schiller-Naumann model. By comparison,
it is suggested that the Ishii-Zuber model can best predict the void
fraction profile for bubbly flow in the annular channel. This result also
applies to case 2 and case 4.

The lift force is essential for predicting the lateral distribution of
bubbles since it acts perpendicular to the relative motion of gas and
liquid phases. The lift force models tested in this paper includes the
Legendre-Magnaudet model and the Tomiyama model. The simulation
results of different lift force models for case 1 and case 2 are presented
in Fig. 6. For case 1 with relatively low void fraction and bubble Rey-
nolds number Reb, the Tomiyama model can well predict the radial
phase distribution. The simulations on case 3 and case 4 give similar
results. But as the gas velocity increases, bubble coalescence occurs and
big bubbles are pushed to the pipe center, resulting in the center-peak
profile in phase distribution, as shown by black solid squares in
Fig. 6(b). For this flow condition, although the Tomiyama model can
capture the change of sign in the lift force coefficient, it still over-
estimates the void fraction near the wall. One possible reason is that
bubble interactions cannot be neglected and the size of bubbles plays an
important role in determining the flow pattern, which means that
mono-dispersed model is not applicable to such condition any more.
Fig. 6 also shows that the Legendre-Magnaudet model which provides
higher CL values underestimates the wall effect for all the flow cases,
especially for case 2 with relatively high Reb and Eo. This is because the
Legendre-Magnaudet model is only applicable to the two-phase flow
conditions with bubble Reynolds number less than 500 and it doesn’t
take bubble deformation into consideration (Legendre and Magnaudet,
1998). Therefore, the Tomiyama lift force model is suggested for bubbly
flow in the vertical annular channel.

Following the optimization of drag force and lift force models, the

Fig. 3. Comparison of vibration acceleration used in the simulations and ex-
periments.
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comparison of wall force models is performed among the Antal model,
the Tomiyama model and the Frank model. The original coefficients of
the Frank model (Cwd = 6.8, Cwc = 10, m = 1.7) is slightly modified
and a new set of coefficients (Cwd = 6.8, Cwc = 10, m = 1.2) has been
introduced in this study. Fig. 7 shows the calculation results for case 3
and case 4. Compared with the experimental results, the Antal model
underestimates the wall effects for both flow cases, which results in a
higher void fraction at the vicinity of the wall and a lower gas dis-
tribution in the central region of the annulus . On the contrary, the wall
force coefficient CWL calculated by the Tomiyama model is very high
and the predicted void fraction in the near wall region is much lower
than the experimental results. In general, the Frank model gives sa-
tisfactory results for all the considered flow cases.

In two-phase flow, the turbulent dispersion force is correlated with
the turbulent parameters, such as turbulent viscosity and turbulent ki-
netic energy, as depicted in Table 1. Wang and Yao (2016) suggested
that the influence of turbulent dispersion model on the simulation re-
sults can be neglected at the macroscopic scale if the turbulent model
and turbulent viscosity model were fixed. Yamoah et al. (2015) gave
similar conclusion from their numerical investigations. Thus, the most
used turbulent dispersion force model proposed by Burns with
CTD = 1.0 is directly adopted in this work. As can be seen from Figs. 5-
7, the Burns model shows fairly good outcome in fitting the simulation
results to the experimental measurements given that the other force
models are suitably selected, especially for case 1, case 3 and case 4.

4.3. Benchmark simulations

Based on the above validation work, a set of Ishii-Zuber drag force
model, Tomiyama lift force model, Frank wall force model and Burns
turbulent dispersion force model is suggested to provide the best
agreement with the experimental results. In this part, benchmark si-
mulations were conducted for all the four bubbly flow cases under
stationary condition. Fig. 8 shows the void fraction and interfacial area
concentration profiles obtained from numerical simulations and phy-
sical experiments. As expected, the radial distributions of two-phase

flow parameters were well predicted by the numerical method for case
1, case 3 and case 4. But larger deviations exist between the calculated
results and the measured data for case 2. This is because, under fully
developed bubbly flow conditions, the local flow parameters profiles
are governed by the balance of lateral interfacial forces acting on
bubbles and the applicability of the interfacial force models is depen-
dent on specific flow conditions and bubble regimes. Case 2 lies in the
transition regime from bubbly flow to slug flow, where coalescence
between disperse bubbles has become an important phenomenon.
Bubble deformation and interactions cannot be neglected in such flow
condition, resulting in the poly-disperse nature being the main con-
tributor to the flow characteristics. Therefore, the poly-dispersed flow
model considering bubble coalescence and breakup is suggested for
case 2 in the future work (Frank et al., 2008).

4.4. Phase distributions in the vibrating annular channel

In simulating bubbly flow under vibration condition, the annular
channel was set to vibrate periodically following the vibration para-
meters described in Eqs.(1)-(3). This paper focuses on the validation of
the numerical modeling method for bubbly flow under horizontal vi-
bration condition. Case 3 and case 4 were calculated in this part for
clarification. In accordance with the axial position of the conductivity
probe in the experiment, the simulation outputs at axial location of z/
Dh = 77 were analyzed. In processing the experimental data under
vibration condition, each vibration cycle was divided into twelve vi-
bration phases and the statistical average values in each phase were
used to represent the transient flow parameters at a specific vibration
position (Xiao et al., 2017). For comparative analysis, the transient si-
mulation results at the corresponding vibration positions were used to
depict the vibration-induced variation of flow distributions in the an-
nular channel.

Fig. 9 shows the variations of void fraction contour during one vi-
bration cycle for case 3. It can be seen that the void fraction experiences
a periodical change with the vibration of the annular channel. When the
annular channel vibrates from the vertical position towards the max-
imum displacement position in the negative direction (i.e. Γ = 0 to
Γ = 4), the liquid phase tends to cluster to the left side of the annulus
and the bubbles are pushed to the right side. As a result, the void
fraction shows higher values on the left side of the outer wall and inner
rod. More specifically, along the radius in the transverse direction as
shown in Fig. 2, the void fraction at the radial position of (r-Ri)/(Ro-
Ri) = 0.8 can reach 0.16 when the channel vibrates to Γ= 4. This value
is 24% higher than the corresponding local void fraction under sta-
tionary condition. Opposite trend can be found when the annular
channel vibrates from the maximum displacement position in the po-
sitive direction (i.e. Γ= 10) back to the vertical position. The peak void
fraction which appears in the left part of the annulus cross section can
be up to 0.184, about 32% higher than the peak void fraction under

Table 3
Node distribution settings for grid dependence analysis.

Parameters Test 1 Test 2 Test 3 Test 4 Test 5

Radial node number 10 15 20 15 15
Number of nodes in

cross section
400 840 1600 840 840

Axial node number 310 464 618 464 464
Total node number 124,000 389,760 988,800 389,760 389,760
Node distribution

pattern
Even Even Even Gird

ratio = 1.2
One coarse
grid at both
walls

y+ 26 17 14 13 37

Fig. 4. Simulation results of grid dependence tests.
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stationary condition. Similar phenomena can also be found in the other
flow cases, which are consistent with the experimental observations.
Such result also indicates that the additional interfacial force caused by
the inertial effect plays a great role in determining the two-phase dis-
tribution under structure vibration condition.

To further confirm the predictive capability of the numerical mod-
eling method, the local void fraction distributions are compared with
the experimental results in some specific vibration phases. The con-
sidered radius lies in the transverse direction depicted in Fig. 2. The
detailed comparison results are presented in Fig. 10. The solid symbols
represent the measured data in the experiments while the solid lines
stand for the calculation results in both subfigures. Apparently, for all
the flow cases, the simulation method can not only capture the varia-
tion characteristics of phase distribution in the vibrating annular
channel, but also has very limited deviations. As can be seen from this

figure, strong peaks skewed to outer wall are formed in the void frac-
tion profiles as the annular channel vibrates to phase 4. It is worth
noting that the peak values obtained in the experiments are 11.2% and
4.2% higher than the simulation results and the radial positions where
the peaks are located have some offset. One of the important reasons is
the difference between the simplified harmonic motion and the actual
vibration of the annular channel. At this vibration phase, the actual
vibration acceleration is higher because of the effects of spring damping
and the other system structures, as shown in Fig. 3. Therefore, the
bubbles are imposed with larger additional interfacial force in the ex-
periment, leading to relatively higher peak values. This difference de-
creases with the increase of void fraction considering that the inertial
effect on the disperse bubble decreases with the void fraction. On the
contrary, the void fraction profiles show skewed inner rod peaks at
vibration phase 10, which are consistent with the measurement data.

Fig. 5. Simulation results of various drag force models for different flow cases.

Fig. 6. Simulation results of various lift force models for different flow cases.

Fig. 7. Simulation results of various wall force models for different flow cases.
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Finally, the void fraction starts to decrease near the inner rod region
and increase near the outer wall region as the flow channel moves to
the vertical position (i.e. Γ = 12). It can be observed that there are very
good agreements between the simulation results and experimental data
at this stage.

Based on the analysis above, the numerical modeling method can be
convincingly used to predict the detailed bubble transport phenomena
throughout the whole vibration process. The distribution pattern of
two-phase bubbly flow in the vertical annular channel is supposed to
change constantly with structure vibration. Fig. 11 shows the successive
variations of local void fraction and interfacial area concentration
profiles in one vibration period. The peak void fraction and the peak
IAC as well as their radial locations change continuously. Comparative
analysis indicates that the dynamic phase distributions are the same
with the experimental observations. This paper focuses on the

validation of numerical modeling method for bubbly flow under
structure vibration condition. The specific description on bubble mi-
gration and flow structure transformation which can be found in an
earlier study (Xiao et al., 2017) will not be repeated here.

So far, our study has focused on the vibration-induced bubble
transport phenomena along the radius in the transverse direction. In
fact, bubble migrations take place throughout the whole cross section of
the vibrating annulus. In particular, the phase distribution along the
horizontal direction perpendicular to the vibration is discussed in this
section. The current concerned radius lies in the longitudinal direction
depicted in Fig. 2. Fig. 12 displays the variations of void fraction profile
in one vibration period for both cases. Different from the above results,
the phase distribution patterns in this direction are not significantly
affected by the vibration of the annular channel and the local void
fraction basically remain unchanged. The reason for this phenomena is

Fig. 8. Simulation results of void fraction and interfacial area concentration profiles.
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that, in the cross section of the annulus, bubbles migrate along the vi-
bration direction under the action of additional interfacial force. In the
horizontal direction perpendicular to the vibration, the bubbles

expelled from local positions are continuously replaced by the sub-
sequent bubbles. As a result, the local interfacial parameters keep
substantially constant during structure vibration. The simulation results

Fig. 9. Variations of two phase distribution in the cross section of the annulus under structure vibration condition.

Fig. 10. Comparison of local void fraction distribution between simulation and experiments.

Fig. 11. Variations of void fraction and interfacial area concentration profiles in one vibration period.
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are in good consistency with the parameters measured in the experi-
ments under stationary condition. Thus, the current numerical mod-
eling method provides a promising way for the prediction of phase
distribution in bubbly flow regime under vibration condition.

5. Conclusions

In two-phase flow modeling, it is essential to take into account the
interfacial forces including the drag force, lift force, wall lubrication
force and turbulent dispersion force. In this study, the air–water two-
phase flow distribution characteristics in a vertical upward annular
channel were studied numerically. The predictive features of the up-to-
date interfacial force models were firstly investigated. A total of four
flow cases with different ranges of Reb and Eo were used for model
validation. Based on the results of this work, numerical simulations for
bubbly flow under vibration condition were performed and the tran-
sient bubble transport phenomena induced by structure vibration were
captured. The main conclusions obtained from the present work can be
summarized as follows:

(1) The applicable performances of the presented interfacial force
models vary with specific flow conditions in air–water two-phase
flow. For bubbly flow in the vertical annular channel, model vali-
dation work was conducted and a set of Ishii-Zuber drag force
model, Tomiyama lift force model, Frank wall force model and
Burns turbulent dispersion force model was found to give the best
agreement with the experimental results.

(2) The results of benchmark simulations indicated that the current
modeling method can predict the distributions of local void fraction
and interfacial area concentration with high accuracy for case 1,
case 3 and case 4. But for case 2 with relatively high Reb and Eo,
poly-disperse nature may have become the main contributor to its
flow characteristics and the poly-dispersed model considering
bubble coalescence and breakup was suggested for such flow con-
dition.

(3) A numerical modeling method was developed for bubbly flow
under structure vibration condition. For the considered vibration
condition, comparative analysis with the experimental results
showed that the model can well depict the transient phase dis-
tributions of two-phase bubbly flow in the vibrating annular
channel.

(4) The distributions of local interfacial parameters varied periodically
along the direction of vibration. Specifically, an increase of about
32% in the peak void fraction was observed compared to that under
stationary condition for case 3. But the local flow parameters re-
mained substantially constant in the horizontal direction perpen-
dicular to vibration.

(5) The current modeling method provides a promising tentative step
towards an alternative way for analyzing the vibration-induced

two-phase distribution instead of experimental method. But the
modeling framework is based on two assumptions, which are (1)
bubble coalescence and breakup can be neglected and (2) bubble
diameter keeps constant along the flow direction. As a result, the
simulation method is only limited to bubbly flow with relatively
low void fraction and Eötvös number. Development of numerical
modeling method for two-phase flow with bubble interactions is
suggested in the future work.
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