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ABSTRACT

It is essential to choose an appropriate interphase force model when studying gas-
liquid two-phase bubbly flow by numerical calculation. Because of the complexity of
gas-liquid interaction, researchers have developed many models, while there is still a
lack of corresponding guidelines when selecting the combination of interphase force
models. In the present study, taking the DEDALE experimental condition as the
research object, the parameter distribution characteristics of void fraction and gas-
liquid two-phase velocity under the experimental condition are simulated, and the
calculation results of different interphase force models are analyzed and compared
with the experimental results. The effects of different interphase force models on
the local parameter distribution characteristics of the two phases are analyzed and
discussed, and the optimal model combination under this experimental condition is
obtained.
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1. Introduction

The phenomenon of gas-liquid two-phase flow exists widely in energy and power engineering, especially in
nuclear reactors, where bubbly flow directly affects the safety and performance of nuclear reactors. In the two-
phase flow system, the void fraction distribution is an important parameter for predicting a two-phase flow
pattern, and the prediction of local parameter distribution plays an important role in estimating the running state
of the system. As an analytical model which can accurately describe the two-phase flow, the two-fluid model gives
the respective conservation equations of the two-phase fluid. In the gas-liquid two-phase flow, the two phases are
not independent, and there is an interphase transfer of mass, momentum, and energy. These transfer terms are
completed through the interphase interface, the key of the two-fluid model. Usually, the interfacial transfer terms
can be formulated as the product of the interfacial area concentration (IAC) and the driving term (e.g.,
temperature gradient, velocity gradient). The interfacial area concentration is defined as the interfacial area per
unit volume, which quantifies the area for the interfacial transfer process. For adiabatic bubbly flow, momentum
transfer is the only interface transfer mechanism, which can be characterized by interphase forces, including drag
force, lift force, wall lubrication force, turbulent dispersion force, and virtual mass force. At present, researchers
have developed many models for different interphase forces. The local parameters of the two phases result from
the comprehensive action of all the interphase forces, and it is a challenge to evaluate the model independently of
each other. Therefore, the researchers discussed the different model combinations of adiabatic bubbly flow.

Based on the Tomiyama [1] drag model, Lucas et al. [2] numerically simulated the vertical polydisperse air-
water flow experiments MTLoop [3] and TOPFLOW [4] to evaluate the combination of different transverse
interphase force models. It is found that the combination of the Tomiyama lift model, Tomiyama wall lubrication
force model, and Favre average drag (FAD) [5] turbulent dispersion force model has the best prediction effect in
the range of superficial liquid velocity j; < 1.0m/s and superficial gas velocity j, < 0.53m/s. Yamoah et al. [6] used
different interphase force models to simulate the air-water bubbly flow experiments of Monrésandreu et al. [7]. It
is found that the prediction results are closest to the experimental data by using the combination of the Grace [8]
drag model, Tomiyama lift model, Antal [9] wall lubrication force model, and FAD turbulent dispersion force model.
Wang and Yao [10] analyzed the applicable scope of the interphase force model, verified the model based on
three bubbly flow experiments carried out by Hibiki et al. [3,11,12], and proposed the best model combination of
different Re, ranges: Grace, Tomiyama and Ishii-Zuber [13] drag model, Hosokawa [14] wall lubrication force
model, FAD turbulent dispersion force model suitable for the whole Re, range. Saffman-Mei [15,16] lift model is
suitable for low Re, flow, while Tomiyama lift model has better simulation accuracy for medium Re, flow. In
addition, Tomiyama and Moraga [17] lift model have the best simulation effect for high Re, flow. Liao et al. [18]
proposed a closed model of adiabatic bubbly flow, which was verified by gas-liquid two-phase flow in vertical
tubes and bubble column experiments. The results show that the simulation effect of the model is good under
various conditions. Table 1 is a partial summary of the verification of the interphase force model of vertical
upward bubbly flow.

Table 1: Comparative analysis of interphase force models in the vertical upward flow.

Researchers Drag Force Lift Force Wall Lubrication Force | Turbulent Dispersion Force | Parameter Range
. . . j<1.0m/s
L 1. [2 T T T FAD .
ucas et al. [2] omiyama omiyama omiyama 16<0.53m/s
. ji£1.0m/s
Yamoah et al. [6] Grace Tomiyama Antal FAD i<0.3m/s
ji=0.491m/s
Saffman-Mei jg=0.0556m/s
Grace/ Tomiyama j=0.405m/s
Wang and Yao [10] Tomiyama/ "y Hosokawa FAD .J'_ )
Ishii-zuber Tomiyama/ 1=0.0111m/s
Moraga ji=2.607m/s
jg=1.275m/s
. . j<1.067m/s
Liao et al. [18] Ishii-Zuber Tomiyama Hosokawa FAD 4<1.045mm/s
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So far, no consensus has been reached on the combination of the interphase force model. This situation
greatly limits the ability of computational fluid dynamics to predict the bubbly flow. In the present study, taking the
DEDALE experiment carried out by EDF [19] as the research object, the vertical bubbly flow is simulated, and
different interphase force models are analyzed and compared. Different model combinations are selected to
simulate the vertical circular tube, and their effects on local parameters such as void fraction, gas velocity, and
liquid velocity distribution are obtained. The maximum error and root mean square error between the numerical
results of each model combination and the experimental values are calculated, and a set of reasonable model
combinations to simulate the experimental condition is obtained.

2. Mathematical Model
2.1. Two-Fluid Model

The governing equations of the two-fluid model can be averagely obtained from the basic equations of each
phase, and both the continuous phase and the discrete phase are treated as continuous phases under the Euler
coordinate system, and the mass and momentum conservation equations of each phase are established
respectively. The momentum transfer between the phases is characterized by the momentum transfer term in the
equation. The continuity equations of the gas phase and liquid phase can be written as follows:

d(aypy)

at + V- (aprU) =0 (1)

where k represents liquid phase or gas phase, a , p, and U, denote phase fraction, density, and averaged velocity,
respectively.

The two-phase momentum equation is expressed as follows:

a(akpkUk)

o + V- (aepe U 0y) = = Vp + V- [ (VO + (VOO + arpid + Fy (2)

where uf/" is effective viscosity which is the sum of the molecular and the turbulent viscosities, the definition will
be introduced in the next section, and F, is the total interphase force, which will be explained in detail below.

2.2. Two-Phase Turbulence Model

Because the two-fluid model is more complex than the single-fluid model and its development is not mature
enough, the closed equations in the model are mostly empirical or semi-empirical formulas. In the process of
simulation calculation, the corresponding closed equations should be constructed and selected according to
specific problems. The accuracy of k-¢ model has been greatly verified in engineering applications. In this paper, it
is used as a turbulence model, and its expression is as follows:

d(a;pik;) _ ul . .

# +V: <ai(piuiki (U + U_;)Vki) = a;S; + (Myjk; — myk;) (3

d(a;p;&;) _ ui . .

# +V- <ai(PiUi€i — (i + U—L)Vfi) = ;Spe + (M85 — My€;) (4)
&

where / represents liquid phase or gas phase, k, ¢, u, u”, S and m;; denote turbulent kinetic energy, turbulent
energy dissipation rate, viscosity, turbulent viscosity, source phase, and mass transfer rate from j phase to i phase,
respectively.

Due to the large density difference between gas and liquid, it is considered that the bubble fluctuates with the
liquid turbulence. Assuming that the gas phase is laminar flow, it only affects the turbulent kinetic energy k and
turbulent dissipation rate of the liquid phase €. This paper introduces the Sato model (considering the additional
influence of discrete relative continuous phase and bubble-induced turbulence). In the simulation process, the
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turbulent viscosity of the liquid phase is defined as the linear sum of turbulent viscosity caused by shear and
turbulent viscosity caused by bubble, as follows:

k? —
1= piCu—+ Cudyy|U, = Ty (5)
l

The first term on the right side of the equation is the turbulent viscosity caused by shear, and the second term
is the turbulent viscosity caused by bubbles, €, = 0.09, C,, = 0.6. Therefore, the effective turbulent viscosity of the
liquid phase and gas phase is respectively:

k? 1 _ _
#fff =wAul =+ .DZC;LE_ + zcubpldbavluv - Ul (6)
!

W =, 7)

2.3. Models for Interfacial Forces

When the two-fluid model is used to simulate the flow field, the interphase force term in the momentum
conservation equation needs to be closed by the interphase force model. The momentum exchange between
phases is the momentum transfer between phases per unit volume at the phase interface. The momentum
exchange between phases is calculated by solving the momentum equations of the liquid phase and gas phase.
The interfacial momentum force is usually added as a source term in the momentum equation. In general, there is
relative motion between the two phases, and the bubbles in the flowing liquid are always affected by the
interphase forces, which are caused by the inhomogeneous distribution of drag and stress on the bubble surface.
The interfacial term is the sum of the mean part, including drag force, lift force, virtual added mass force, wall
lubrication force, and a turbulent part commonly modeled proportionally to the void fraction gradient.

In using the two-fluid model to simulate the two-phase flow, there is a key problem: what form of interphase
force model is used to describe the interphase interaction, which is also the main research content of this paper.

2.3.1. Drag Force

Drag force is the most important force of momentum transfer between gas and liquid, which characterizes the
blocking effect of surrounding liquid on moving bubbles. In terms of unit volume, the following relations are used
to calculate the drag force:

LD 3Cp o o o
B’ = el - 0, - 0) ®
where (€, is the drag coefficient. It can be calculated by different mathematical expressions, as shown in Table 2.

2.3.2. Lift Force

During the bubble motion, due to the asymmetry of the liquid phase flowing on both sides of its movement
direction, the pressure on both sides of the bubble will be unbalanced, resulting in lift perpendicular to the
direction of the bubble movement. After being subjected to liquid phase shear flow, drag force, and vortex, the
large bubble is prone to deformation, and a deflected tail vortex is generated behind the bubble, which promotes
the lateral movement of the bubble. In bubbly flow, the lift per unit volume is defined by the following equation:

B =—copay (T, - T,) x (Vx T,) 9)

Where C, is the lift coefficient which is very important to the bubble's motion. If the sign of bubble lift
coefficient C; is different, the bubble lift will point to the center of the channel or the wall, so that the radial
distribution of the bubble share corresponds to the parabolic distribution of the center height or the saddle
distribution of the wall peak. In addition, the value of the lift coefficient C, will significantly affect the radial
distribution of void fraction gradient. The main models of lift coefficient are summarized in Table 3.
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Table 2: Mathematical expressions of drag force coefficients.

References Mathematical Expressions

Cp, = max (CD (sphere), min(C, (ellipse), C;, (cap)))

24 Re, <0.01
—_— ey, < 0.
Cp(sphere) = 24 Rey
max (ﬁ (1+ 0.15Rep%?7), 0.44-) 0.01 < Re,
b
8
Colcap) =3
Grace [8] (1976)
4g9d -
Cp(ellipse) = —g—;M
3 U; Pr
U, = L Mo—0149( - 0.857)
pudyp

J= {0.941{04757 2<H<593
3.42H°**  H>593

-0.14

4 M
_ = -0.149
H =3 EoMo™ (5——r)

Cp = max (CD (sphere), min(Cy (ellipse), C (cap)))
24

—-— Re, < 0.01
Re, €

Cp(sphere) = 24
Ishii and Zuber [20] (1979) max (R—eb(l +0.15Re$"),044) 001 < Re,

8
Cp(cap) = 3

2
Cp(ellipse) = 3 Eo'/?

. 24 72
Tomiyama [21] (1998) Cp = max (mm (—(1 + 0.15Reg-687),—)

8 Eo )
Re, Re,

"3Eo + 4

Cp = Cpwke
_APimpygdy
3 p U

Up1Up2

2 2
VUpy T Up,

1p— 3, +3
Simonnet et al. [22] (2007) Uy = Epl ; Ps §<3ﬁg - 2?)
1 g 1

Cpo

U, =

20 + gd,
dp (PL - Pg) 2

Up2

-2/m

En=(1-a,) [(1 —a)" + (4.8 T iga )m] ,m =25

9

2.3.3. Wall Lubrication Force

When the bubble is close to the wall, if the diameter of the bubble is small enough to deform and can remain
spherical or nearly spherical, then the velocity of the liquid fluid between the bubble and the wall further
decreases, and the pressure on the side of the bubble near the wall increases. The force on the bubble pointing to
the center of the flow channel is called wall lubrication force. The formula of wall lubrication force per unit volume
is as follows:

WL

= = = 2_>
Fy = —Cyipa,||U, — U || 7 (10)

where €y, is wall lubrication force coefficient and 7,, is the unit normal vector pointing to the outside of the tube,
so the force direction points to the inside of the tube, preventing the bubble from contacting the wall.
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Table 3: Mathematical expressions of the coefficients of lift force.

Liu et al.

References

Mathematical Expressions

Saffman [23] (1965),
Mei and Klausner [24] (1994)

3
C, = - \/ECL
= { 6.46f (Re,, Re,,) Re, < 40
L7 16.46  0.0524(BRe,)/? 40 < Re, < 100
_1Re,
=3 Re

f(Rey, Re,,) = (1 —0.33148Y/2)e~01Res 4 0,331451/2

Legendre and
Magnaudet [25] (1998)

CL = \/(CL,law Re)2 + (CL,high Re)2

6
CL,law Re = ; (Rebsr)_l/zly(‘g)
11+ 16Re;*

Cunighre = 314 29Re;

_ |2
= |Re,
J(e0) = 2.55
0.1 < Re, <500,Re,, < Re,

Tomiyama [21] (1998)

min[0.288tanh(0.121Re,), f(Eoy)]  Eoy < 4

C, = F(Eoy) 4 < Eoy <10
—0.27 10 < Eoy,
f(Eoy) = 0.00105E03 — 0.0159E0% — 0.0204E0, + 0.474
_9(pi—pg)di
Eoy ==———"—

dy = d,(1+0.163E0°757)1/3

Table 4 summarizes the main models of wall lubrication force coefficient Cy,,.

Table 4: Mathematical expressions of the coefficients of wall lubrication force.

References

Mathematical Expressions

Antal et al. [9] (1991)

Tomiyama [21] (1998)

_ Cy1 sz}
Cy, = max {0, 4 + o
Cyy = —0.01, Cyyp = 0.05
dy 1 1
Cyy = Cy(Eo)— (— — 7)
=G "=y
047 Eo<1
—0.933E0+0.179
Cy(E0) = e 1<Eo<5

0.00599E0 — 0.0187 5 < Eo <33
0.179 33<Eo

Hosokawa et al. [14] (2002)

2 /dy\?
Cor, = CW(Reb,Eo)d— (i)
b w

7
Cy(Rey, E0) = max (F 0.0217Eo>

19’
b

Frank [26] (2008)

Yw

1 _
CyL = Cy(Eo) - max O,—-¢Cdb*_1

CWD . ( Iw )p

Y \Cwedp
Cye =10,Cyp =68,p" =17
047 Eo<1
—0.933E0+0.179

Cy(Eo) = e 1<Eo<5

0.00599E0 —0.0187 5< Eo <33
0.179 33<Eo
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2.3.4. Turbulent Dispersion Force

Due to the interaction between the discrete phase and the turbulent vortex around it, phase diffusion occurs
when there is a large volume fraction gradient in the flow field due to the turbulence of the continuous phase. The
bubble will move to the sidewall under the influence of turbulence so that the radial distribution of gas holdup
tends to be uniform. Lopez de Bertodano [27] puts forward the model expression of turbulent dispersion force, as

shown below:
- TD

F, = —=Crppik,Va, (11)

However, there is no universal expression of turbulent dispersion force coefficient C;, at present. For bubble

flow, C;p is generally between 0.1 and 1.0. Burns et al. [28] developed the FAD model in 2004, in which the

turbulent dispersion force is modeled based on the time average of the interphase drag term and expressed in
the form of the Favre average. The formula of the FAD model is as follows:

- Uy (Vag  Vay
Frp=—CrpCogq——|————
= ~CroCea s~ < 2, al) (12)

3C - -
where, C,4 = Ziocgplug - U, Crp = 10,0, = 0.9.
In general, since the coefficient of Lopez de Bertodano is uncertain, it is best to use the FAD model.

2.3.5. Virtual Mass Force

A virtual mass force will be generated when there is a relative acceleration between the two phases. This force
is especially important for accelerated flow (rotation of bubbles) or when the density of the continuous phase is
much greater than that of the discrete phase. The expression is:

D _
Fym = CVMplagD_t(Ug -U) (13)
where Cyy, is the virtual mass force coefficient,a, is the acceleration of k phase.

Some researchers believe that the role of virtual mass force in gas-liquid boiling flow is limited, so the influence
of virtual mass force is not introduced into the calculation. On the other hand, because the virtual mass force is
used in the mainstream flow direction, it does not affect the radial distribution of the bubble share, so it is not
considered in many CFD calculations which focus on the radial distribution of bubbles.

3. Research Object and Numerical Method

The research object in the present study is the DEDALE experiment carried out by French Electric Power
Company EDF [19]. In 1995, EDF carried out DEDALE experiments to study the axial development of adiabatic air-
blister flow in vertical pipes. The test section of the DEDALE experiment is a pipe with an inner diameter of
38.1mm and a height of 6m. The experiment is conducted under ambient pressure and temperature, and the local
parameters at different axial positions are measured. The DEDALE experiment includes several groups of working
conditions under different air and water mass flow combinations. In this paper, a group of experimental
DEDALE1101 is selected to simulate, and the inlet conditions of the experiment are shown in Table 5.

Table 5: DEDALE1101 experimental inlet conditions.

Parameters Values
Ji 0.877m/s
Iy 0.0588m/s
ay 0.048
k, 4.23x103m?/s?
a; 97m-"
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All inlet parameters, such as liquid and gas mass flow and vacuole share, are evenly distributed. At the outlet,
atmospheric pressure is used as a boundary condition. The liquid phase is set to a no-slip boundary condition on
the wall surface, and the gas phase is set to a free-slip boundary condition. Based on the results of some previous
studies, the gas phase is assumed to be laminar flow, and the turbulence in the liquid phase is described by the
enhanced k- model of Sato et al. [29]. In this work, because the order of magnitude of the characteristic void
fraction in the DEDALE experiment is too small, the phenomenon of bubble breakage and coalescence is very
weak and can be ignored. Therefore, the constant bubble diameter assumption adopted in this study means that
the dispersed phase is assumed to be a monodisperse spherical bubble group, but it is a polydisperse bubble
group. For the following analysis, the average bubble Reynolds number Re, needs to be estimated by the following

formula:
4 - d
U, = (o1 — pg)dpyg (14)
3Cpp

For all cases, Re, ranges from 700 to 2000. The two-fluid solver in OpenFOAM is employed to calculate the two-
phase flow of the DEDALE experiment. The solver uses the finite volume method and high-resolution
discretization scheme. The QUICK scheme discretizes the volume fraction, and the remaining convection terms are
discretized by the second-order upwind scheme. The PIMPLE algorithm is used to couple pressure and velocity.
For all simulations, as the simulations carried out in this study have been developed in the framework of the
steady flow hypothesis, the evoked time step seems to be a numerical variable used in solving process. The initial
time step is set to 0.001 seconds, the number of iterations per time step is set to a fixed value of 40, and the rms
residual of 1x10# is selected as the convergence criterion.

A schematic diagram of the geometry of the numerical simulation is shown in Figure 3: The two-phase flow of
the fully developed segment of the tube is bubbly. The gas-phase of the bubbly flow is dispersed, and the liquid
phase is continuous. In the experiment, the tube diameter is 38.1mm, and the bubbles have a large gap in the
channel. The shape of the bubbles is spherical, and the bubbles in the bubbly flow are separated from each other
and dispersed in the liquid phase.

o © TJ|=O.877m/s
h=6m ©

J4=0.0588m/s

Figure 1: Schematic diagram of the geometry.

The solver in OpenFOAM will also generate three-dimensional geometry to solve two-dimensional problems.
When solving two-dimensional problems, there is no need to mesh in the direction where the equation is not
solved, and wedge boundary conditions are used at the corresponding boundary. Because the structure of the
DEDALE experimental section is simple and the two-phase flow parameters in the circular pipe will hardly change
in the circumferential direction of the pipe, the wedge geometry parallel to the centerline of the circular pipe is
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adopted in the calculation. As shown in the centerline of the circular tube is parallel to the height of the wedge
geometry. The wedge boundary type is used, and the actual calculation domain is the triangular prism in the
figure below. In this way, it can effectively reduce the amount of calculation and improve calculation efficiency.

Wedge :

Axis

- A
w
,
!
N
N %
Tl'irr Edge II|I | S *
I W

Figure 2: Axisymmetric geometry.

Five meshes with different mesh numbers are used for mesh independence verification. The mesh
independence verification was carried out using the Ishii-Zuber drag force model, the Tomiyama lift model, the
Antal wall lubrication force model, and the Lopez de Bertodano turbulent dispersion force model. The virtual mass
force coefficient was set to 0.5. Figure 3: compares the calculation results under different meshes. As shown in the
figure, when the number of meshes is increased to 10000, it shows good independence. Therefore, the number of
meshes is divided into 10000 in the later calculations.

0.10

0.09 F  —=—3000
L ——5000

0.08 - ——8000

o —=— 10000
0.07 —+— 15000

0.06

0.05

Ay

0.04

0.03

0.02 4

0.01 -

0.00 | - L - ' - ' -
0.000 0.005 0.010 0.015 0.020

Radial position (m)

Figure 3: Mesh independence verification.

Figure 4: Mesh of the DEDALE experimental section shows the wedge-shaped grid used in the air-water two-phase
flow experiment. It is divided into 100 grids in the axial direction and 100 grids in the radial direction. The grid
expansion rate is (0.1, 0.1, 1.0).
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Figure 4: Mesh of the DEDALE experimental section.

Liu et al.

In order to obtain the two-phase flow state of the fully developed stage, the local parameters near the outlet
(y/D=155) were obtained and compared with the corresponding experimental data.

4. Results and Discussions

4.1. Combination of Interphase Force Models

So far, domestic and foreign scholars have done much research on the interphase force and put forward a
variety of models for each interphase force. However, most of these models are studied independently, and the
models of single or several interphase forces are considered, respectively. There is no comprehensive comparison
of the effects of different model combinations of drag force, lift force, turbulent dispersion force, wall lubrication
force, and virtual mass force on two-phase flow.

In order to obtain the numerical simulation performance under different interphase force model combinations,
this study selects part of the interphase force model to combine, and combined with the interphase force model
combination proposed by some scholars. As shown in Table 6, nine interphase force model combinations are
obtained. The DEDALE1101 experiment is simulated and compared with the experimental values of local

para meters.

Table 6: Interphase force model combination.
Model References Drag Force Lift Force Dis;::;zlneg;rce wall LFl:)l::‘::i:ation M:\:::t:::ce
model1 Chen et al. [30] (2019) Ishii-Zuber Moraga Lopez de Bertodano - -
model2 Wang and Sun [31] (2010) Tomiyama Tomiyama 0.1 Antal -
model3 Jin et al. [32] (2019) Tomiyama | -egendreand - Frank -

Magnaudet

model4 Parekh and Rzehak [33] (2018) Ishii-Zuber Tomiyama FAD - 0.5
model5 Mohd Akbar et al. [34] (2013) Tomiyama Tomiyama Lopez de Bertodano - 0.5
model6 Rzehak and Krepper [35] (2013) Tomiyama Tomiyama FAD Antal -
model7 Marfaing et al. [36] (2018) Ishii-Zuber Tomiyama Burns Tomiyama -
model8 - Ishii-Zuber Tomiyama Gosman Tomiyama -
model9 - Ishii-Zuber Tomiyama Lopez de Bertodano Antal 0.5
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4.2. Calculation Results

In the calculation, the bubble diameter is about 3 mm, the same as the inlet. The calculated void fraction, gas
velocity, and liquid velocity are shown in Figure 5-7, respectively. In the figure, the abscissa origin represents the
central position of the pipe, and the other coordinates represent the distance from the center of the pipe. The
longitudinal axis refers to the ratio between the calculated result and the experimental value. It can be seen from
that near the wall, the calculated value of the void fraction of each model is different from the experimental value,
and the simulated "near wall" peak has an enhancement or inhibition effect. In general, the radial distribution of
the void fraction obtained by model 7 agrees with the experimental data, and the phase distribution of the center
of the channel is well predicted in the simulation.

A
8
n
6 -
f=n
5
S .
-
\TS : A
tscu;4— .
L) L ]
. bk
L]
'Y
s A A A ¥
T : 4 A “ + . A l‘:
vx
v .
Favw-d A na D » > CS8550 [ eSS I-n.--ii
3 v :.-‘ ;
i N !'l!*tt‘i.
o0& - I ST S I B I £ DO
0.000 0.005 0.010 0.015 0.020
Radial position (m)
Figure 5: The radial distribution of the void fraction.
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Figure 6: Radial distribution of gas velocity.
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Figure 7: Radial distribution of liquid velocity.

As can be seen from Figure 6 and Figure 7, for gas velocity and liquid velocity, the calculated values of each
model combination are slightly lower than the experimental values, and the errors between the calculated values
and the experimental values near the center of the channel are basically within +15%. There is only a large error
near the wall. The predicted values obtained by model4 and model7 are closest to the experimental values.

4.3. Results Analysis

In order to quantitatively analyze the numerical performance of each interphase force model combination and
evaluate the accuracy of the calculation results of each model combination, the maximum error E,, and root mean
square error E between the numerical results of each interphase force model combination and the corresponding
experimental value are calculated. E,, and E are calculated by the following formula:

Xi cal — Xi
E,, = max Zheat  TLeXp 3)
xi,exp
1 m
— 2
E= |— E Xical — Xi (4)
me 1( i,cal z,exp)
i=

E,, and E in different cases are shown in Table 7. It can be seen from Table 7 that among the nine groups of
models established, the errors between the simulation results of model 7 and the experimental data in terms of
void fraction, gas velocity, and liquid velocity are the smallest. In other words, the combination of Ishii-Zuber drag
model, Tomiyama lift model, Burns turbulent dispersion force model, and Tomiyama wall lubrication force model
has the best performance under the present bubbly flow conditions.

5. Conclusions and Outlook

In this study, the bubbly flow in a vertical tube is simulated, and the interphase force model combinations,
including drag force, lift force, wall lubrication force, turbulent dispersion force, and virtual mass force, are
adopted. The effects of interphase forces on the distribution of local parameters such as void fraction, gas velocity,
and liquid velocity are analyzed. The maximum error and root mean square error between the calculated and
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experimental values of each model combination are calculated. A set of optimal model combinations is obtained
through the quantitative comparison of each model.

Table 7: The error between the calculated value and the experimental value of each model combination.

Model Void Fraction Gas Velocity (m/s) Liquid Velocity (m/s)

E, E En E Ep, E
M1 0.12205 0.04904 0.10965 0.07210 0.19061 0.12326
M2 0.34438 0.09981 0.14215 0.06478 0.20511 0.12023
M3 0.15575 0.05339 0.19085 0.13063 0.25171 0.15518
M4 0.10694 0.04591 0.33965 0.10652 0.26362 0.18279
M5 0.14455 0.05895 0.09735 0.05855 0.19811 0.12317
M6 0.13663 0.07560 0.72777 0.29746 0.23142 0.16909
M7 0.05184 0.02188 0.23665 0.09346 0.19542 0.15559
M8 0.16806 0.07398 0.52845 0.19546 0.26881 0.18528
M9 0.04301 0.02894 0.78935 0.23949 0.66612 0.32158

Under the present bubbly flow conditions, the interphase force model combination of the Ishii-Zuber drag
model, Tomiyama lift model, Tomiyama wall lubrication force model, and Burns turbulent dispersion force model
can give better simulation results. It should be noted that the combination of models obtained in this study is
limited to a certain range of flow conditions, so more simulations should be carried out in order to extend the
optimal combination of interphase force models to more extensive working conditions in the future.
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