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Abstract In Eulerian-Eulerian modeling of multiphase flow, closure models are needed for interfa-
cial forces. The present work was concentrated on the non-drag forces, namely the lift, virtual mass,
turbulent dispersion and wall lubrication force. They are reported to be mainly responsible for the
gas volume fraction distribution in a vertical bubbly flow. Different models were proposed in the
literature for each of these forces. In this work, we implemented a number of non-drag force models in
the Eulerian multiphase flow package of the commercial code CFX-5.6 in order to enhance its appli-
cation range. Extensive numerical experiments were carried out in order to examine their numerical
properties (convergence characteristics, grid dependence of the results) and to evaluate their valid-
ity. The evaluation was based on the experimental database for upward air-water flows in a vertical
pipe established at Forschungszentrum Rossendorf (FZR) using the fast wiremesh sensor measurement
technique. In all simulations a zero-equation model was used for the dispersed phase whereas two dif-
ferent turbulence models, namely the k-¢ and SST model, were investigated for the liquid phase. The
bubble induced turbulence was taken into account by the Sato model. Fairly good agreements were
observed between the numerical solutions and measurements for all test cases when the SST model
was chosen together with the Tomiyama correlations for the lift and wall lubrication force and the
Favré-Averaged Drag (FAD) model for the turbulent dispersion force due to Burns (2001). The results
clearly show the advantage of the FAD model over the widely applied model by Lopez de Bertodano
et al. (1994). In addition, the investigation also indicates that further efforts in multiphase phase flow
turbulence modeling and in near-wall treatment are very necessary.

1 Introduction

In Eulerian modeling of multiphase flow, the continuum model equations are usually derived
based on various average approaches (see, e.g., Ishii, 1975; Drew and Passman, 1999; Simonin,
2000). Information of interfacial boundary and interfacial transport is lost for the continuum
modeling and hence additional closure models are needed for them. The predictability of an
Eulerian code strongly depends on the quality of the interfacial closure models. Until now,
interfacial transport modeling in gas-liquid flows including interfacial forces still have to mainly
rely on empirical methods due to the complexity of the problem. Together with coalescence
and breakup and multiphase turbulence, modeling of the interfacial forces and other interfacial
transport processes remain as the main challenge in CFD development for gas-liquid flows.
The present study was focused on the closure laws for non-drag interfacial forces including
lift, turbulent dispersion and wall force in bubbly flows. These forces have received increasing
attention in recent years since they have a crucial influence on the lateral motion of bubbles
in vertical gas-liquid flows (Tomiyama, 1998). Compared with the drag force, non-drag forces
have a much more complicated nature. Experimental studies have revealed that the bubble size
has a strong effect on the distribution of gas volume fraction, namely a wall peak is observed
for bubbles with a diameter smaller than 6 mm in contrast to a core peak for larger bubbles in
an air-water flow (Liu, 1993; Prasser et al., 2001, 2002). This is mainly due to the deformation
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for larger bubbles, which causes the lift force to change sign. A number of mechanisms are now
identified that can induce a transverse lift force on a rising bubble, e.g., shear, bubble defor-
mation or asymmetrical bubble wake (Magnaudet and Eames, 2000; Tomiyama et al., 1999).
Due to this fact, there exist different empirical correlations for the lift force in the literature,
which differ from each other in parameter dependence, magnitude and range of validity (Frank,
2002, 2003). Moreover, due to the difficulties in theoretical modeling and measurements, some
models, e.g., the wall lubrication force model by Antal et al. (1991), were more like being
proposed rather than being derived because of the oversimplification or unphysical assumption
introduced in their derivation. Their model constants have to be calibrated for each appli-
cation. Recently, significant progress is seen in modeling of the turbulent dispersion force by
considering the turbulence effect on the drag force (Lopez de Bertodano, 1998; Drew, 2001;
Moraga et al., 2003; Burns et al., 2004). Advances were also reported in improving the lift and
the wall lubrication force models (see, e.g., Legendre and Magnaudet, 1998; Tomiyama, 1998;
Tomiyama et al., 1999).

Good non-drag force models are essential for correct prediction of gas volume fraction dis-
tribution in a number of industrial applications. Despite the progress mentioned above, the
available correlations still contain a lot of uncertainties. Closure models have to be validated
and model constants have to be carefully calibrated for a wide range of applications. In this
work, we implemented a number of non-drag force correlations available in the literature in the
Eulerian multiphase flow package of the commercial code CFX-5.6. Extensive numerical exper-
iments were carried out in order to examine their validity and grid convergence characteristics.
The evaluation was based on the experimental database of upward air-water bubbly flow in a
vertical pipe measured at the FZR MT-Loop facility using the fast wire-mesh sensor (Prasser
et al., 2003; Lucas et al., 2003), which was established for the purpose of multiphase CFD code
validation and model development. In addition, the effect of the liquid phase turbulence models
was also examined.

2 Governing equations

In this study, we consider the isothermal bubbly flow without interfacial mass transfer and
assume both fluids to be incompressible. Adopting the eddy viscosity hypothesis, the Reynolds
averaged governing equations for mass and momentum transport of CFX-5.6 two-fluid model
can be written as follows:

%(O‘kl)k) + V- (axpr Uy) =0 (1)

0
a(ak/)kUk) + V- (arprUpUy) = = VP = V - [pipess (VUg + VTUR) | 4 qiprgr + My
(2)

where £ is the phase indicator, namely k = £ representing the liquid and k£ = g the gas phase, «
the volume fraction, U the velocity, P the pressure shared by both phases, p s the effective
dynamic viscosity consisting of the material (y) and turbulence eddy (uy,) contributions, g
the gravity acceleration, and M the interfacial forces including the drag (Fp), lift (Fr), wall
lubrication (Fw) and turbulence dispersion force (Fqp). All these quantities are Reynolds
averaged except for U, which takes the Favré averaged value (mass-weighted average). Some
higher order correlations resulting from Reynolds averaging were neglected. In addition, the
added mass force was neglected in the present study due to the restriction to the steady state
investigation.
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Two turbulence models, the standard k-¢ and the Shear-Stress-Transport (SST) model
by Menter (1994), were applied to the liquid phase turbulence. The gas phase turbulence was
approximated by a zero equation model, which assumes a gas turbulent eddy viscosity to be
proportional to that of the liquid phase. The bubble induced turbulence was taken into account
following the model by Sato et al. (1981), which adds a bubble induced eddy viscosity to the
fluid phase turbulence. The Grace model was chosen for the drag force. The closure models
for the non-drag forces are described separately.

3 Non-drag force closure models

In order to extend the application range of the Eulerian multiphase flow package of the com-
mercial code CFX-5.6, we implemented a number of non-drag force models available in the
literature as CFX USER Fortran Routines and or simply by CFX Command Language (CCL).
The implementation was mainly based on a literature review by Frank (2002, 2003) and also
included closure models for solid particles and droplets.

3.1 Lift force

The lift force plays a deciding role in determining the gas volume fraction distribution in
a vertical bubbly flow. Considering this situation, we implemented the following lift force
models into CFX-5.6, including the analytical solution by Saffman (1965b,a) for a sphere at
low Reynolds number and small linear shear limit, the extension to finite Reynolds numbers
(correlation) for solid particle (Mei, 1992) and for spherical bubble (Mei and Clausner, 1994),
a correlation by Legendre and Magnaudet (1998) for bubbles, a correlation of Moraga et al.
(1999) for high Reynolds number solid particles, and the Tomiyama correlation for deformable
bubbles (Tomiyama, 1998). As mentioned above, different lift force formulations were applied
in the literature. In this paper we adopt the definition proposed by Auton (1987), i.e.

F% = —CLOégpg(Ug — U@) x V X Ug (3)

where Cf, is the lift coefficient. Correlations using other definitions were converted into eq. (3).

In the present study, deformable bubbles with a diameter d, between 3 to 5 mm and a
bubble Reynolds number from several hundreds to thousand were encountered. Hence the
Tomiyama correlation is the most suitable choice. Based on a series of numerical and experi-
mental investigations, Tomiyama and coworkers were able to confirm that lift force on a bubble
not only depends on the bubble Reynolds number, Re, = |U, — U,|d,/v,, but also on the
E6tvos number (Tomiyama et al., 1995; Tomiyama, 1998). Their model, after replacing —0.29
by —0.27 for continuous consideration, reads

min[0.288 tanh(0.121Re,), f(Eo04)], FEoy < 4
Cr, = { f(Eo4) = 0.00105E03 — 0.0159F0% — 0.0204E0, + 0.474, 4 < Eo, < 10 (4)
—0.27, Eog > 10

where Fo, is the Eotvos number based on the long axis dg of a deformable bubble, i.e.

(pe = pg) Gegs d2

2 (5)

_ o7 02
Eog = (e = Pg) Geps 2 with dy = dp(1 + 0.163E0"™)"/3 and Eo =

o2

g

Equation (4) indicates that the lift coefficient decreases from positive to negative values (lift
force pointing to the side of higher relative velocity) with increasing bubble diameter. This is
caused by deformation and asymmetrical wake occurring with large bubbles (Tomiyama et al.,
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1995). For air-water system under atmospheric pressure and the ambient temperature, the sign
change occurs at a critical diameter,d, ~ 5.8 mm according to eq. (4). It is generally believed
that a positive lift force is responsible for the wall gas peak observed for vertical bubbly flows
with small bubble diameters whereas a core gas peak is caused by a negative lift force occurring
for large bubbles. In addition, negative lift coefficient was also reported for solid particles at
large Re, Reynold numbers from empirical investigation (Moraga et al., 1999) or for Re, based
on numerical simulation (Kurose et al., 2001).

3.2 'Wall lubrication force

Moving bubbles in a near-wall flow region will receive a repulsive force from the wall due to the
pressure difference over the bubble surface. This force might be similar to the force occuring in
the fluid lubrication (viscous flow) and hence is sometimes refereed to as the wall lubrication
force in literature. A model due to Antal et al. (1991), which is derived from the potential
theory, is available in CFX-5.6, i.e.

w

d
F%V = —Oégp£|Ur - (Ur : nw)nw|2 max (Cl + 02_10, O) Ny (6)

where U, = U, — Uy is the slip velocity between two phases and y,, the distance to wall. The
model coefficient has to be calibrated for each application. CFX5 recommends C; = —0.01,
Cy = 0.05 while Krepper and Prasser (2000) obtained C; = —0.0064, Cy = 0.05 by fitting their
numerical results to the same experimental database as used for the present study.

In this work, another model applied by Tomiyama (1998) in their vertical pipe flow simula-
tions was implemented, which is

d, [1 1
— 2Yp
Fiy = —Cwagpe|Ur — (Ur - g )n [ [ﬁ - m] Dy (7)

with a coefficient as a function of the E6tvos number,

o _ | exp(-0.933E0+0.179) if 1< Eo <5,
"7 min(0.0059905F0 — 0.0186865,0.179)  if Eo > 5

Comparisons were carried out for both models in this study.

3.3 Turbulent dispersion force

In the FEulerian model, turbulent dispersion force can be estimated from the correlation of the
first moments of the interfacial forces. A model proposed by Lopez de Bertodano et al. (1994)
is implemented in CFX-5.6,

F%‘D = —C’TngkgVag (9)

which is proportional to the fluid turbulence kinetic energy and the gradient of the gas volume
fraction. A constant coefficient, Crp between 0.1 and 0.5 was recommended in CFX5 user doc-
umentation. Here we refer to it as RPT model for its origin of the place (Rensselaer Polytechnic
Institute).

Recently, several authors (Lopez de Bertodano, 1998; Drew, 2001; Burns, 2001; Burns et al.,
2004) have developed rigorous mathematical model derivation by considering the turbulence
effect on the drag force from different approaches. We implemented the model by Burns (2001),
refered to as the FAD model (Burns et al., 2004), in CFX-5.6. This model adopts the Favré
averaged velocity and thus avoids a diffusion term in the continuity equation. Considering a
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two-phase flow and applying Reynolds averaging to the drag force on the dispersed phase with
a diameter d, leads to a mean drag and a turbulent dispersion force term as follows,

3 CoplU,| [ty o,y
po. _ 3 r e % 10
D 4 %9 Pe d, o oy (10)

In a two fluid model as considered in the present study, eq. (10) can be reformulated in analogy
to the RPI model by adopting the eddy diffusity hypothesis. The result is equivalent to using
a functional coefficient in eq. (9) , i.e.

§CD|UT|I/t,g 1 (11)
4 oudpky 1— oy

CVTD =

where Cp is the drag coefficient, |U,| = [U, — U,| the relative velocity, v, the eddy viscosity
and o, the turbulence Prandtl number for the volume fraction dispersion, which is estimated
to be of order unity .Here we simply assumed o, = 1 in this study.

It is worth mentioning that Gosman et al. (1992) might be the first to adopt the Favré aver-
aged velocity for multiphase flow turbulence modeling. Nevertheless, the turbulent dispersion
force term in their model differs slightly from the Burn’s model, namely %g in eq. (11) to

be replaced by 39)2 under the same assumptions adopted above. In addition, according to

a detailed d1scus10n in Moraga et al. (2003), the models by Lopez de Bertodano (1998) and
Drew (2001) are equivalent to each other at small Stokes numbers (St = 74/7.), namely both

corresponding to taking Crp = C1 /4 /St with C,, = 0.09. The bubble response time can be esti-
mated as 75 = 3 o ‘U | and the eddy life time 7.=C} 3/4 k‘f using the k-¢ model. Then considering
vie = C, ke/eq, their models lead to

3CD|UT|I/t’g

O =7 dyky

(12)

which only differs from eq. (11) by a factor ﬁ These small differences among various
g9 g

models were not expected to have significant consequence on the numerical results in the present

study where o, < 10%. Hence it is already representative only to compare the FAD and RPI

model.

4 Test case definitions

Extensive experimental data of gas volume fraction distributions in upward vertical air-water
pipe flows have been obtained at FZR using the fast wiremesh sensor (Prasser et al., 1998,
2001, 2002). The database was established for the purpose of multiphase CFD code valida-
tion and model development. The assessment of the non-drag force models was based on the
measurements at the MT-Loop test facility (Prasser et al., 2003). The test section is 4 m long
and has an inner diameter of 51.2 mm. Air was injected into the upward water flow using a
sparger consisting of 19 capilaries equally distributed over the cross section of the pipe in order
to ensure axi-symmetry of the macroscopic flow. Measurements were carried out for stationary
flows covering a wide range of air-water superficial velocity ratios at 10 different cross sections
located between L/D = 0.6 and 59.2 from the gas injection using a wiremesh sensor with 24 x 24
electrodes. Details about the experimental set up and data accuracy are provided in (Lucas
et al., 2002; Prasser et al., 2003). Test cases were defined within the bubbly flow regime with
wall gas peaks, which is the most suitable for evaluating the turbulent dispersion force model.
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The validation was based on the measurement data at the cross section L/D = 59.2 where the
uncertainties due to the inlet conditions is expected to be the smallest. A list of the test cases
together with the inlet superficial velocities of both phases corresponding to the atmospheric
pressure and the ambient temperature and the mean bubble diameter measured at L/D = 59.2,
which were needed as input parameters for the numerical simulation, is given in Table 1.

Test case | Upsup (m/s| | Ugsup [m/s] | mean d, [mm]
017 0.405 0.0040 4.8
019 1.017 0.0040 4.8
038 0.225 0.0096 4.3
039 0.405 0.0096 4.5
040 0.641 0.0096 4.6
041 1.017 0.0096 4.5
042 1.611 0.0096 3.6
074 1.017 0.0368 4.5

Table 1: Test case definition.

5 Validation and evaluation

5.1 Numerical settings

Considering the axial-symmetry of the flow, pseudo-2D simulations were carried out on a com-
putational domain consisting of a 3 degree sector of the pipe. The symmetry condition was
applied on both sector faces. A no-slip condition together with the CFX5 build-in wall func-
tions for the turbulence models was applied for the liquid at the wall, whereas a free-slip wall
condition was assumed for the gas. It is worth mentioning that the inlet superficial velocities
provided in Table 1 were not sufficient for the definition of the inlet boundary condition in
a three-dimentional simulation. Therefore, assumptions had to be introduced for inlet distri-
butions. A uniform gas and liquid volume fraction profile in combination with various axial
velocity profiles (U;,) and a medium turbulence intensity (5%) was assigned there. The ra-
dial velocity was assumed to be zero. As will be discussed in detail in section 5.2, the inlet
profile was found to have no effect on the gas volume fraction distribution at L/D = 59.2.
The outlet was located at 3.3 m away from the inlet, where an averaged static pressure equal
to the atmospheric pressure Py was assigned. Both fluids were assumed to be incompressible
and the bubble diameter was assumed to be constant within the total computational domain.
A suitable pressure initialization was found to be essential for the convergence since a large
buoyancy force was acting on the gas phase due to the high density ratio between water and
air. The pressure field was initialized using the expression P = P, + p,|g|(3.3 — L).

In order to examine the grid convergence of the numerical results, five computational grids
with different local grid resolutions were applied (Table 2). The grid size was increasingly
reduced from the pipe center (Ay;) towards the wall (Ay,,) as indicated by their ratio Ay; /Ay,
The maximum values of the near-wall resolution in wall units of case FZR-074 were also provided
in Table 2 for reference.

As will be discussed in the following paragraph, the SST model in combination with the FAD
model for the turbulent dispersion force and the Tomiyama lift (4) and wall lubrication force
model (7) produces best agreements with measurement data. If no other explicit specification
is given, these models are implied.
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gid | Ay /By | e FZRO7A) [ grid | Ayn/Byn | Yy (FZR-074)
y25x400 5 26.8 y35x600b 10 12.6
y35x600a 9 19.5 y35x600c 2.5 29.1
y50x800 5 13.9

Table 2: Computational grids, ynxm means n grid points in the radial direction and m in the
axial direction.

5.2 Examination of convergence criteria, grid dependence and inlet effect

The total gas volume fraction in the computational domain is expected to reach a constant value
when a stationary flow computation converges. Hence the gas holdup (the volume average) in
the total domain was used as an additional convergence indicator. This measure is useful for
calculations over a computational domain with an especially large aspect ratio as considered
in the present study. It was found that the RMS (root mean square) residual of the continuity
equations have to be reduced to a magnitude of 10~ so that the gas holdup approaches to the
final value. This conclusion was found to apply to all grids. As an example, the evolution of
the gas holdup vs. the RMS residual of the air volume fraction equation is demonstrated for
the case FZR-042 in Fig. 1. In order to ensure a small iteration error in the numerical solution,
convergence was accepted when the RMS residual of all governing equations was decreased
below 1075. This criteria is expected to be safe.

0.018 pr——p—————————

i —
L y3bax _
0.016 ¥33bx600 ------
y35¢x600 - - - - -
a 0014 y50x800 - -
=
0012 -
S 0.01fF -
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0.004 ber— | ISR RS S N SR (U SN S U SR SR [ SR U S
1 0.1 0.01 0.001 0.0001 1e-05 1e-06 1e-07 1e-08

RMS residual

Figure 1: FZR-042: gas holdup vs. RMS residual for various grids.

Then, the grid dependence of the numerical results was examined. As an example, the
volume fraction profile and the radial distribution of the non-drag forces at L/ D = 59.2 obtained
using various grids are displayed in Fig. 2 for case FZR-042. The results almost coincide with
each other except for the peak regions. In these regions, the grid resolution of y35x600c
and y25x400 was not sufficient, whereas the other grids, y50x800, y352600a and y35x6000,
produced smooth solutions close to each other. Hence grid-independent numerical solutions
can be obtained with the latter three grids. 3D simulations were also carried out using a 60
degree sector of the pipe (Frank et al., 2004), which confirmed the present pseudo 2D results.

In order to further reduce uncertainty that might be introduced by the assumption adopted
for the inlet condition, numerical experiments were performed by using various inlet velocity
profiles or gas volume fraction distributions keeping at the same time the superficial velocities
unchanged. The profile shape is defined as follows, uniform, ¢;, = ¢, parabolic, ¢, = 2¢g (1 —
%), 1/6-th power, ¢;, = 1.264¢, (1 —7*)"/6, and 1/7-th power, ¢;, = 1.224¢ (1 —7*)'/7, where
¢o is the mean value and 7* = 2r/D the dimensionless radial coordinate. The results for the
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Figure

2: FZR-042: numerical results (L/D = 59.2) based on different grids: gas volume
fraction (a), lift force (b), wall lubrication force (c), and turbulence dispersion force (d).

normalized air volume fraction, which is defined by eq. (13), were compared at the cross section
chosen for validation, L/D = 59.2.

(13)

As shown in Fig. 3 (left), all inlet profiles lead to the same gas volume fraction distribution
at L/D = 59.2. Hence it is advantageous to make model validation at this cross section. In
addition, the sensitivity of the results to the bubble diameter was examined. In contrast to the
negligible effect of the inlet condition, the bubble diameter was found to have a strong influence
on the gas volume fraction profile (Fig. 3, right). This result is consistent with experimental

5 T T T
s FZR-042 experiment
1/6-power U, + uniform a;, profile
gb—1 /7-power U:n + uniform s, profile _
------ arabolic Uj, + uniform c;, profile
/6-power ﬁ;n + parabolic a;, profile
3 —
2 -
1 -
o il
0 0.2 0.4 0.6 0.8 1

Figure 3: Comparison of the gas volume fraction distribution at L/D = 59.2 under various
inlet conditions (left) and for different mean bubble diameters (right).
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observations (Liu, 1993; Prasser et al., 2001) and is due to the fact that the interfacial forces are
functions of the bubble diameter. Refer to Table 1, the measured mean diameter is 3.6 mm in
the case FZR-042. The notation d,(P) means considering the dependence of bubble diameter
on the local pressure in estimation of the interfacial forces but keeping the incompressible fluid
assumption. The other diameter values were simply assumed for control. It can be seen in
Fig. 3 (right), a central gas peak occured for d, = 7 mm due to the negative lift coefficient.
The sensitive dependency of the gas volume fraction on the bubble diameter also suggest the
need to develope poly-disperse models to consider the bubble size effect more accurately.

5.3 Evaluation and discussion

It was noticed during the investigation that the turbulence model has a strong effect on the gas
volume fraction distribution. Therefore, we performed case study for FZR-074 and FZR-042
by applying the SST and k- model to the liquid phase turbulence in combination with the
FAD or RPI model for the turbulent dispersion force. A turbulence coeficient, Crp = 0.35, was
chosen for the RPI model. The results are displayed in Fig. 4. It can be observed that the SST-
FAD combination produced relatively good agreements with the corresponding measurements
in both cases. The k-¢ model predicted an unrealistcally high gas peak close to the wall and a
too low gas concentration in the core region compared to the measurements. It was interesting
to note that the numerical results based on the two turbulence models became close to each
other if the gas volume fraction at the inlet was reduced to a negligible value. These results
suggest that a further work on multiphase flow turbulence modeling is very necessary in order to
understand the remarkable difference in the numerical results caused by the turbulence model.
Here we simply chose SST model for its superior performance. In addition, it is observed
from Fig. 4 that the gas volume fraction obtained using the RPI model is lower in the core
region than those based on the FAD model in both cases. This indicates a stronger turbulence
dispersion force given by the latter. The difference of the results is not essential in case FZR-
042. Nevertheless, the FAD model led to much better agreements with the experimental data
in the case FZR-074 though the core gas concentration was still underpredicted. This deviation
can be reduced by using two fluids for the gas phase, namely separating the larger bubbles
(negative lift force) from the small ones in future investigation considering the strong influence
of the bubble diameter. Further results on the turbulent dispersion force model effect will be
presented later.

6

A FZI{—O42 experirlnent A FZIJ{—O74 experilment

FAD-SST 3.5 F —— EAD-SST -

L} EEEEPE RPI—S$§T, Crp = 0.35 Y RPI—SSST, Crp = 0.35 -
—— FAD-k-¢ 3+ —— FAD-k-e .
----------- RPI—]C—E, CTD =0.35

r* r*

Figure 4: Case study: compare the turbulence and turbulent dispersion force model.

Comparisons were also made for the CFX-5.6 standard wall lubrication force model (6)
proposed by Antal et al. (1991) and the Tomiyama formulation (7). As demonstrated in Fig. 5,
the wall lubrication force given by the Antal’s model is obviously too weak to balance the
Tomiyama lift force (4). For this reason, this combination caused a strong overprediction of



the gas volume fraction in the wall proximity (Fig. 5, left) and even caused oscillation in the
numerical solution when the two grids with the finest near wall resolution were applied (Fig. 5,
right). This problem was not overcomed by using other model coefficients, e.g., those applied
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Figure 5: FZR-074: compare the wall lubrication force models: Tomiyama WLF (7) vs. the
CFX-5.6 standard (STD) WLF (6).

by Krepper and Prasser (2000) as discussed in section 3.2. Although the present results do not
allow us to conclude that the Tomiyama model (7) is overall superior to the Antal model (6),
the disadvantage of the latter in application and the weakness in its derivation are obvious.
Therefore, the Tomiyama formulation (7) was adopted in the present investigation.

In summary, the Tomiyama lift (4) and wall lubrication force model (7) and the SST model
were applied in the simulations of further test cases based on the above case studies. Calcu-
lations were performed using the RPI and FAD model for the turbulent dispersion force. The
numerical results for the gas volume fraction profile at L/D = 59.2 are displayed in Fig. 7
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Figure 6: Further comparisons between the FAD and RPI model.



together with the corresponding measurement data. It can be observed that all numerical re-
sults based on the FAD model agree fairly well with the experimental data. Similar to the
observation to FZR-074 and FZR-042 (Fig. 4), the RPI model overpredicted the wall gas peak
and in the same time underpredicted the core gas concentration in all cases. In order to make a
direct comparision for both models, the corresponding turbulent dispersion force coefficient of
the FAD model was estimated for all test cases using eq. (11) and is plotted in Fig. 7 together
with a constant coefficient C'rp = 0.35 used in the RPI model. The results clearly show that
the turbulent dispersion force given by the RPI model is much too weak except for in the
near-wall region. Moreover, Fig. 7 also showes that a constant coefficient Cp as assumed in
the RPI model is not realistic. Due to this oversimplification, the RPI model does not take
into account a number of physical dependencies appearing in eq. (11). In addition, it is inter-
esting to note that Crp decreases with increasing superficial velocity of the continuous phase
(refer to Table 1). This behavior might be easier to understand by referring to the discussions
provided in section 3.3. The bubble response time 7, is similar for all test cases due to their
similar d,, whereas 7, decreases with increasing flow Reynold numbers. That explains the above
observation.
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Figure 7: Equivalent turbulent dispersion force coefficient (11) of FAD model in analogy to the
RPI model.

Despite the acceptable agreements between numerical results and measurements achieved
using the above non-drag force models, it is necessary to address the limitation of the present
study. Firstly, the bubble coalescence and breakup was neglected in the investigation. Larger
bubbles which receive a negative lift force were also not distinguished from small bubbles.
This might be the main reason responsible for the deviations observed in the core region.
In addition, the numerical results indicate a bubble free region in the wall proximity, which
is different from the experimental data. A number of causes can have contributed to this
deviation, e.g., the decreased measurement accuracy in the wall proximity and the inaccuracy
of the wall lubrication force models. Refering to Fig. 5, a bubble free region did not occur when
the Antal’s wall lubrication force model (6) was applied. Hence these results suggest that the
Tomiyama model (7) might produce a too strong wall lubrication force.

6 Summary and conclusion

In this work, a number of non-drag force models were implemented in the Eulerian multiphase
flow package of the commercial code CFX-5.6. Extensive validation and model evaluation were
carried out based on the experimental data for upwards air-water bubbly flow in a vertical pipe
measured at the FZR MT-Loop facility. The numerical results of the local gas volume fraction
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distribution were compared with the corresponding experimental data measured at the cross
section located at L/D = 59.2 from the gas injection. Fairly good agreements were obtained by
using the Tomiyama’s model of lift and wall lubrication force and the FAD model for the turbu-
lent dispersion force in combiniation with the SST model for the continuous phase turbulence.
The investigation clearly showes that the FAD model for the turbulent dispersion force is supe-
rior to the RPI model widely applied in literature. The results also suggest that further efforts
in improving multiphase turbulence models, near-wall closures and in developing polydisperse
multi-fluid models including the coalescence and breakup process are very necessary.
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