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Abstract

In this work, CFD simulations using the Euler-Euler approach were performed to model the gas-liquid flow in a
swirl-generating device. The computational work was based on experiments, which are conducted in a vertical pipe
packed with a static swirl element. Measurements of gas volume fractions at several planes within the swirl
element were taken using high-resolution gamma-ray computed tomography (HireCT).

The simulations were carried out for the experimental conditions with defined inlet gas volumetric flow rates
of 5 and 10 %. The profile of several key parameters (e.g pressure, liquid and gas velocities and gas fraction) are
used to understand the flow behavior inside the device. The radial gas phase distribution obtained from the
simulations assuming different mono-disperse and bi-modal bubble sizes is compared against the experimental
results. The significant influence of the selected bubble sizes on the profile is shown and discussed within this
paper. In general, the radial profile of gas fraction is well captured by the CFD simulations except in the transition

zone where a significant discrepancy to the experiment is observed.

Keywords
Swirling flow, Multiphase flow, Inline separator, CFD simulation, Euler-Euler model



O©CO~NOOOTA~AWNPE

1. Introduction

Gas-liquid swirl-vane separator is used in Boiling Water Reactors (BWRs) to split a two-phase mixture
flowing from the reactor core into steam and water (Matsubayashi et al., 2012, Funahashi et al., 2016). It is also
used in Thorium Molten Salt Reactor (TMSR) to remove the fission gas (Yin 2016, Chai 2014). A swirl-vane
separator is usually equipped with a static swirl generating device which is responsible to generate the centrifugal
force for separation process. When the fluid is passing through such device the flow is directed by its geometry to
form a swirling flow downstream the device. Since the geometric shape of the devices significantly influences the
performance of the separators, a detailed understanding of the hydrodynamic characteristics in the presence of this
swirl element is necessary for a successful design and optimization of the separator.

In principle, the corresponding information can be gathered by experimental investigations. However, it might
be not possible to obtain the corresponding information from an existing nuclear reactor due to its operational
conditions or for safety reasons. Instead, the information on the flow has to rely on laboratory experiments which
are often performed in a reduced scale or so-called pilot scale studies. Pilot scale experiments may require
significant financial cost and time. Moreover, additional considerations have to be taken into account to ensure the
transferability of the results from the pilot scale studies to a full-scale plant. To overcome those limitations a low
cost and timesaving method is desirable. Computational Fluid Dynamics (CFD) has the potential to fulfill such aim
and can be viewed as a complimentary method to the experiments (Rusche, 2002).

In order to improve the understanding of the gas-liquid flow behavior around the swirl element, one of the
important information that needs to be obtained is the cross-sectional gas phase distribution. It is well known that
this profile is one of the key parameters to characterize multiphase flow (Azizi et al., 2016; Kanizawa and Ribatski,
2017; Xue et al., 2016; Zhao et al., 2016). However, to the best of the author’s knowledge, a systematic CFD study
on the gas-liquid flow around the swirl generating device for the prediction of gas fractions is very few in the open
literature. The plausible reasons for this scarcity are similar to the one pointed out by (Zidouni et al., 2015) for the
case of static mixer: the shortage of suitable experimental data for CFD model validation and the complexity of
CFD modeling on multiphase flow. The shortage of the experimental data may root from the difficulty to measure
the profile of gas fractions in the complex geometry (Zhu and Zhang, 2016). Such problem may lead to CFD study
to estimate gas fractions without comparison to the experimental data. Furthermore, the simulation results may be
significantly influenced by the models and set-up selected in the simulation. Moreover, the CFD technology is not
yet mature for multi-phase flows modelling (Lucas et al., 2016). Therefore the comparison of the CFD result to the
experimental data is highly required.

Focusing the further discussion on the complexity of CFD modeling on gas-liquid flows, the main reason is
the complexity of the gas-liquid interface. The scales of these interfaces may reach from very small structures (e.g.
microbubbles) to very large ones (e.g. the interface in a stratified flow). On the one hand, the structure of these
interfaces determines the interaction between the phases — on the other hand, the structure is determined by these
interactions. This complexity probably leads to the CFD study on the gas-liquid flow around the swirl generating
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device by simply ignoring the influence of the gas phase (e.g. (Cai et al., 2014). (Yin et al., 2015) conducted
numerical studies using Euler-Euler approach assuming a mono-disperse uniform bubble size. However, no
information on the quantitative comparison to the experiment on the radial gas distribution profile was presented in
the paper. Moreover, the influence of selected bubble size was not investigated in their study. CFD study for
estimating the radial profile of gas fractions with a proper comparison to the experimental data has been conducted
by (Zidouni et al., 2015). They carried out Euler-Euler CFD simulations on gas-liquid flow in static mixer using a
mono-dispersed approach. The influence of selected bubble size was investigated in their study. However, the
geometry of swirl generating device either in inline separator or static mixer may widely vary leading to different
characteristics of the flow. For example (Yin et al., 2015; Yin et al., 2016) reported that the gas core structure
downstream the swirl element is influenced by the flow parameters and geometry of the element. Those factors
leads to four types of gas core formation, which were defined by them as: “air core with suction”, “tadpole-shaped
core”, “cloudy core” and “rod core”. Therefore, more CFD studies are required to enrich the understanding of the
flow characteristics around the swirl generating device.

In this present work, both experimental and CFD studies were performed to investigate the characteristics of
the gas-liquid flow around the swirl generating device. A high resolution measuring technique namely high-
resolution gamma-ray computed tomography (HireCT) was used to provide the radial gas phase distribution. To
explore the physics of the flow, CFD simulations using Euler-Euler approach based on the experiment with defined
inlet gas volumetric flow rates of 5 and 10 % were performed. In order to investigate the influence of selected

bubble sizes, the simulations were carried out assuming different mono-disperse and bi-modal bubble sizes.

2. Experiments

The experiments were carried out at the experimental facility for radiographic imaging at the department of
Experimental Thermal Fluid Dynamics, Helmholtz-Zentrum Dresden-Rossendorf (HZDR), Dresden, Germany.
The schematic diagram of the experimental facility is shown in Fig. 1. Liquid (tap water) is taken using the
centrifugal pump Etachrom BC 032-160/074 C11 (KSB, Germany) from a two-stage 600 | separator which ensures
the gas separation from the incoming mixture flow. The temperatures of the fluid is kept at 21 °C using a
thermostat-controlled heat exchanger C200 301-1 (FUNKE, Germany). The liquid is supplied from the bottom of
the test section through a pipe with inner diameter of 25 mm. An in-house developed multi-mode gas injection
module was used to inject the gas into the liquid stream via four nozzles arranged symmetrically around the pipe
located 12 L/D upstream of the lower edge of the swirl generating device. This injection generates a dispersed gas-
liquid flow upstream the device.

An in-house designed static swirl generating device with a length of 82.6 mm and diameter of 27 mm was
installed in the vertical test section which has inner diameter of 27 mm. The device consists of four blades that have
different structures between their bottom and top parts (see Fig. 2. (a) ). The blades in the bottom part are straight

vertical plates having the length of 40 mm which are connected in a way that they are oriented orthogonal to each
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other. These blades divide the pipe into four equivalent domains. Differently, the blades in the top parts have curvy
shape with the blade angle of 20 °.

To adjust the flow rates and the inlet gas phase fractions, an inductive liquid flow meter (MAG 1100,
Siemens) and a PID regulated gas flow meter (FMA-2600, OMEGA Newport) are used, respectively. The inlet gas

volume fraction ¢;,, is defined as

Q¢ (1)

E =
M e+QL’

where Q. is the inlet gas flow rate and Q; is the liquid flow rate. The experiments were performed for two
representative superficial liquid velocities ( /,= 2 and 4.7 m/s) and two representative inlet gas volume fractions
(¢;, =5 and 10 %). In the CFD analysis presented in this work only the test with the inlet gas volume fraction of 5
% and 10 % and the superficial velocity of liquid of 2 m/s was considered.

The measurement of gas distribution at several planes (see Fig. 2. (b). and Table 1) within the swirl element
region as well as up- and downstream of the element was carried out using HireCT system. The relevant part of the
test section used as the domain for CFD simulations in this work together with the axial positions of the
measurement planes is presented in Fig.2. (b). A detail explanation of the system and the method for data

processing can be found in (Hampel et al., 2007; Neumann et al., 2016; Schafer et al., 2015).

3. Computational modeling

Since the nature of the gas-liquid flow around the swirl generating device is three dimensional (3-D) CFD
modeling considering 3-D geometry of the test section was performed. Euler-Euler model was selected in this
present work since it is the most feasible option for modelling two-phase flow considering practical applications.
This model is applicable for all flow regimes and can be used in a very complex flow even when there is no
possibility to use another model (Andersson et al., 2012). In this model, two set of governing equations are solved
in fixed computational grids and the phase fraction term is introduced into the equation reflecting the existence
probability of a certain phase in a certain cell and time (Rusche, 2002).

In the present simulations, both liquid and gas phases are assumed to be adiabatic and incompressible.
Governing equations that have to be solved in the calculation across the computational domain are continuity and

momentum equations, which have the following forms

a
o (@pj) + V. (ajp;U5) = S; (1)

2 (@pU;) + V. (@;(pal; x Uj)) = —a;Vp + V. (ajuj (vu; + (VU,-)T)) + M + Sy, @)
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In above equations, a; denotes the volume fraction, pj is the density, U; is the velocity vector, t is the time, S; is

the mass source and p is the pressure. The term of (a]-u j (VU i+ (VU ]-)T)) represents the viscous stress tensor. The

subscripts j represents the phase j. M; is the interfacial forces acting on phase j due to the presence of other phase
while §),; is the momentum sources due to external body forces.

Based on the previous experiences on CFD simulation of adiabatic air-water flow in round pipes (e.g (Lucas et
al., 2007; Rzehak and Krepper, 20133, b)) the set of closure models for bubble forces namely drag, lift, wall and
turbulent dispersion forces were used in this work and summarized in the section 3.1. The description of the
turbulence model used in this work is presented in the section 3.2. Other aspects including computational setup and
boundary conditions are given in the section 3.3.

3.1 Bubble forces

Drag force

When a bubble moves through the liquid, it experiences a force that resists its motion. This force is called drag
force which can be calculated as

3
Fdrag — —ECDpLaGluG - uLl(uG - uL) (3)

The according drag coefficient Cj, is calculated based on (Ishii and Zuber, 1979), giving

Cp,pupp = max (CD,sphere'min(CD,ellipse' CD,cap)) 4)
where

Cp,sphere = = (1+ 0.1Re®7%) (5)
Cp eltipse = %‘/ﬁ (6)
Cocap =3 (7
Lift force

The lift force is responsible for the transverse migration of the bubble when it rises in a liquid shear flow. This

force that acts perpendicular to the relative motion of the bubble can be expressed by
FUt = —Cyppag(ug —u;) X rot(uy) (8)
where C, is the lift coefficient, which can be determined from the correlations given by (Tomiyama et al., 2002)
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min [0.288 tanh(0.121Re), f (Eo,)] Eo, <4

C.if(Eo,) for 4 <Eo, <10 9)
—0.27 10 < Eo,

with f(Eo,) = 0.00105E0,% — 0.0159E0, % — 0.0204E0, + 0.474 (10)

where Eo, isa modified E6tvos number defined as

Eo, = 9pLpa)dl (11)

g

Here, d, is the maximum horizontal dimension of the bubble which can be calculated from the correlation given by
Wellek et al. (1966):

d, = dgV1+0.163 E00757 (12)
Wall force

Wall force acts on a bubble near by a wall and prevents it from touching the wall (Antal et al., 1991). This force

can be calculated as:
FYell = = Cypyaglug — ug|?y (13)
B

where ¥ is the unit normal pointing into the fluid and €y, is the wall force coefficient. According to (Tomiyama et

al., 1995) the wall force coefficient Cy,, can be calculated as:

2
Cw() = f(Eo) (52) ", (14)
Here, f(Eo) is determined from the correlation given by (Hosokawa et al., 2002):

f(Eo) = 0.0217Eo. (15)

Turbulent dispersion force

Turbulent dispersion force is the force experienced by bubbles due to the turbulent fluctuations of the liquid phase.
In this work, the Favre Averaged Drag (FAD) model (Burns et al., 2004) for turbulent dispersion was used, where

the force is calculated as:

turb

disp — _ 3, % _ooqmtC (1 1
F 2Cp i lug —u;| p— (aL+ac) gradag (16)

The value of the turbulent Schmidt number for the liquid phase is set to o, = 0.9.



3.2 Turbulence model

The two-equation shear stress transport (SST) model proposed by (Menter, 1994) is used for the liquid phase. In

order to take into account the effect of the swirling flow, the curvature correction implemented by (Smirnov and

O©CO~NOOOTA~AWNPE

Menter, 2009) was applied in this work. The model uses the empirical function suggested by(Spalart and Shur,

1997), which is given by:

2r* _ -
frotation = (1 + Crl) 1o [1 — Cpztan l(crzr)] —Cy1 s

The function is used to control the production term P, and is slightly modified in ANSYS CFX (CFX

Documentation):

(17)

Py = Py. f; (18)

with

fr = max[0,1 + Cyqre(fr — 1)] (19)

and

fr = max{min (froration » 1.25), 0} (20)

The arguments r* and # in equation (17) are given by:

ol (21)

and

# = 2005 [%f + (ZimnSjn + EjmnSin) QR | o0 (22)

The strain rate and vorticity tensor, S;; and €;; respectively, are expressed as:

sy =3(52+32) @3)
2\ax; ' ox;

Q= %(Z_Z,‘%) + 260 (24)

where

S% = 2S;;S;; (25)

02 =200 (26)
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D? = max(52,0.090?%) (27)
The empirical constants ¢4, ¢,» and ¢, in the equation (17) are set equal to 1.0, 2.0, and 1.0, respectively.

In order to take into account the bubble induced turbulence, additional source terms are added into the turbulence
model. The equations for the source terms as well as parameter and coefficient values are defined based on the
work of (Rzehak and Krepper, 2013a, b). The source terms for the k-equation and e- equation are given by the

following expressions, respectively:

Sf = FLdrag. (uG - uL) (28)

St

SLS = Cep T (29)

where the coefficient Cz is set equal to 1.0 and the time-scale 7 is defined as:

dp
T= 30
/ Jky, (30)
The transformation of e-source to w-source for enabling the use in SST model gives:

__1 ce_wck
St =z SE =i St (31)

The turbulent viscosity which has already been evaluated due to the inclusion of the bubble induced effects in the k

and &/ o equations is given by:

2

k
”iurb =LupL =, (32)

€L
3.3. Computational setup & boundary conditions

The simulations were performed with ANSYS-CFX 17.2. The gas is treated as an incompressible fluid. The
profile for the liquid velocity and turbulent parameters (turbulence kinetic energy and turbulence eddy dissipation)
at the inlet are defined according to a previous simulation of fully developed single-phase flow. Mass flow rate
boundary giving an equivalent of ¢;, = 5% and ¢g;, = 10 % together with the experimentally determined gas
fraction profile before the swirl element is used for gas phase condition at the inlet. A no-slip wall and free-slip
wall boundary are used for the liquid and gas phase, respectively. A pressure boundary condition is defined at the
outlet of the computational domain. A wall function assuming a smooth wall is used to avoid the need to resolve
the viscous sublayer. Simulations are performed without considering any heat transfer (i.e adiabatic).

Unfortunately no information on bubble size was obtained in the experiments. To investigate the influence of

selected bubble size used in the simulations, the bubble size (dg) was set to fixed values of 0.5 mm, 1 mm and 2
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mm. As an addition, bimodal bubble sizes namely Bimodal_15% and Bimodal_30% were also tested to enrich the
discussion. Bimodal_15 % consists of 85 % of dg = 0.5 mm and 15 % dg = 8 mm while Bimodal_30 % consists of
70 % of dg = 0.5 mm and 30 % dg = 8 mm. The bubble force models used for dg = 8 mm are the same as other
bubble sizes except for the wall force which was switched-off due to a convergence issue. All simulations were
carried out in steady-state mode.

4, Results and discussions

The axial profiles of absolute pressure obtained by averaging over the cross-section of the pipe for ¢, =5 %
and &;,, = 10 % are shown in Fig. 3. (a) and Fig. 4. (a). Both profiles show that the pressure drop is higher in the
swirl element zone. A relatively drastic reduction of the pressure is observed in the region close to the entrance of
the swirl element. Outside the swirl element zone, the slope of pressure curves is in the range of 8-10 Pa mm™. The
calculated pressured drops are listed in Table 2. Interestingly, there is no significant difference of the calculated
pressure drop for &, =5 % and ¢;;,, = 10 %.The results also show that the influence of bubble size on the pressure
profile is insignificant.

The axial profiles of the cross-sectional averaged vertical liquid velocity, vertical gas velocity and gas fraction
for &, =5 % are presented in Fig. 3. (b), (c) and (d), respectively. The liquid velocity increases when the flow
enters the swirl element zone due to the reduction of the cross sectional area caused by the presence of the swirl
element. The profile also indicates that the selected bubble size almost has no influence on the axial liquid velocity
profile. This condition is also observed in the case of ¢;, = 10 % (see Fig. 4. (b)). For the axial gas velocity, a
strong variation in the profile is observed especially in the region close to the bottom of the swirl element and to the
outlet of the computational domain. A significant influence of selected bubble size on the axial gas fraction profile
is observed especially in the region close the top part of the element. The average gas fraction in those regions is
increased by increasing the selected bubble size. The similar behavior is also observed for the case of ¢;,, = 10 %
((see Fig. 4. (c) and (d)).

Fig. 5. and Fig. 6. show the streamlines of liquid and gas velocity for ¢;,, =5 % and ¢;,, = 10 %, respectively.
Independent from the selected bubble sizes and the inlet gas volume fraction, similar behavior of the streamlines is
observed. The smooth straight streamlines of liquid and gas are observed upstream of the swirl element. The swirl
flow is not yet formed in region A. From the images of gas fraction (see Fig. 7.) it is inferred that the flow in this
region is still in the bubbly flow regime. The transition starts downstream when the fluid enters region B. The fluid
flow is twisted by following the curvature of the swirl element blades and forms a swirling flow. A wall bounded
swirling flow can be observed from the liquid streamlines in region C. In contrast to liquid streamlines, the gas
streamlines are concentrated in the center of the pipe due to its lower density. These conditions of flow fields lead
to the separation between liquid and gas as can be seen in Fig. 7..

The influence of selected bubble sizes on the axial profile of gas fractions especially in region C (i.e. gas core

region) can be observed in Fig. 7.. For both inlet volume fractions, the magnitude of the cross-sectional gas fraction
9
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in this region is increased by the increase of the selected bubble size. This behavior can be attributed to the
limitation of mono-dispersed approach. The closure models for bubble force used in the simulations are developed
for low gas volume fractions while in this presented simulations locally larger volume fractions are observed within
the gas core region (Zidouni et al., 2015). Qualitatively, the gas core thickness obtained from the simulation with
gin = 10 % is larger than one with ¢;, = 5 %. To have a quantitative description of gas fraction profile, the
remaining part of this section will cover the discussion based on the radial gas distribution over some measurement
planes.

The radial gas fraction profiles for the present bubble sizes at the measurement plane H1 for &;,, =5 % are
presented in Fig. 8.. The profiles indicate the importance of virtual mass force model for well capturing the
distribution of the gas fraction (see Fig. 8. (a)). Due to the reduction of the cross-sectional area, bubbles are
accelerated while entering region A. Without virtual mass force model, this acceleration cannot be well considered.
For all tested bubble sizes, an unrealistic peak of gas fraction is observed near the pipe wall for the simulation
without using the virtual mass force. In addition, the profile also shows a strong dependence to the selected bubble
size. Among the tested bubble size, the simulation result for dz = 0.5 mm give the best fit to the experiments. All
other bubble sizes under-predict the experiment in the region near to the center of the pipe. A possible explanation
is that the collision of bubbles with the bottom part of the swirl element may promote the break-up process
resulting in large portion of small bubbles. On the other hand possibly large bubbles are generated by coalescence.
To support this argument additional simulation are carried out using bimodal bubble sizes. The result, which is
presented in Fig. 8. (b), reveals the improvement of gas fraction profile due to bimodal bubble size. It seems that
the break-up process does not convert all the bubbles into small bubbles but there is still some portion of large
bubbles remain. These large bubbles have a positive lift coefficient that leads them to migrate and occupy the
center of each quarter of the element thus maintaining the center peak of the profile.

Since the bimodal bubble size is important to describe the dependence of the radial gas distribution to the
bubble size distribution at the inlet then the results of simulations using the bimodal bubble size are plotted
altogether with the result of simulations using uniform mono-disperse bubble size for all measurement planes.
Those profiles are presented in Fig. 9. and Fig. 10. for the case of ¢;,, = 5 % and ¢;,, = 10 %, respectively. The
profile of gas fraction at H1 for ¢;,, = 10 % is narrower with a peak closer to the center of the pipe than the profile
obtained in the case of smaller inlet gas volume fraction. Within this flow condition, the influence of selected
bubble size is more pronounced. For example, the application of dg = 1 mm and dg = 2 mm in the simulation leads
to large deviations of the results from the experimental data. Using bimodal input with 30 % of dg = 8 mm results
in the best agreement of simulation and experiment. However, a significant discrepancy still can be observed from
the profile, which indicates that another bubble size distribution may give a better result.

The gas fraction profile derived from the experimental data at plane H2 for ¢;,, =5 % is similar to plane H1.

However, there is an increase of gas fraction in the region closer to the inner wall for ir = 10 %. For both cases,

the simulations using dg = 0.5 mm and dgz = 1 mm leads to the accumulation of bubbles near the inner wall in such
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extent that the gas fractions over-predict the experiment. Similar to the previous measurement plane, the bimodal
input with 30 % of dg = 8 mm provides the closest accordance to the experimental result for both inlet gas volume
fractions.

The profile of gas fraction derived from the experimental data at plane H3, which is in the region B (i.e.
transition region), indicates that the gas phase was already accumulated in the center of the pipe with a maximum
gas fraction of about 20 % and 40 % for the inlet gas volume fraction of ¢;,, =5 % and ¢&;;,, = 10 %, respectively.
However, this accumulation process seems to be delayed in the simulation. Therefore, the peak of gas fraction in
the simulation is not located precisely in the center of the pipe. A progressive development of the gas core is
observed from the experimental data of the gas fraction at the measurement plane H4. The maximum gas fraction is
increased about 40 % and 35 % compared to the maximum gas fraction at H3 for ¢, = 5 % and ¢, = 10 %,
respectively. However, the simulation results show the similar behavior as in plane H3. The simulation does not yet
able to capture the development of the gas core. Although the maximum peak of gas fraction is already at the center
of the pipe, it is significantly under-predicted. The results also show that the influence of the bubble sizes at this
location has less impact on the gas profile. The inability for capturing the profile in the transition region may be
attributed to the limitation of mono-dispersed approach which is more suitable for the bubbly flow as one found at
the plane H1 and H2. In the transition region, it is possible that both continuous and dispersed gas structures exist.
Here, the closure models of bubble forces applied for bubbly flow are no longer suitable for the continuous gas.

The radial gas distribution from the experimental data at the measurement plane H5 shows that the gas core is
somehow weaker than one observed at the plane H4. This phenomenon occurs in both cases, where the maximum
gas fraction at the center of the pipe decreases about 20 %, which may be attributed to the swirl-decaying process
due to the decrease of the centrifugal force. In contrast to the experiment, the gas core in the simulation is
continuously developed. The profile for selected bubble size of 1 and 2 mm largely over-predicts the experiment.
The best-fit result is obtained with the simulation using bimodal 30 % and dg = 0.5 mm for the case of &, =5 %
and &;,, = 10 %, respectively. The gas core seems not significantly changed at the plane H6 in the experiment while
it is still developed into a stronger one in the simulations. The increase in the peak value of gas fraction is observed
in the simulations for all tested bubble sizes for both inlet gas volume fractions. The bimodal 30 % and dg = 0.5
mm still provides the closest accordance to the experimental result for the case of €;,, = 5 % and &;,, = 10 %,
respectively. The presence of gas core in region C, which may represent a continuous gas structure probably
requires a better treatment of interface such as an interface capturing model usually used in the simulation of free-
surface flow. Therefore, a new approach that is able to simulate the whole domain of this swirl element, which
consists of the bubbly flow regime in region A, transition regime in region B and also gas core or free-surface

regime in region C is required for a better estimation of gas distribution profiles.
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5. Conclusions

Gas-liquid flow in a swirl generating device has been investigated for two different inlet gas volume fractions
by means of multiphase CFD simulations using the Euler-Euler approach. The flow regimes inside the device can
be divided into three regions namely bubbly flow region, transition region and gas core region. In the bubbly flow
region, the radial profiles of gas fraction including the peak location obtained from the simulations are highly
influenced by the selected bubble size. In the transition region, the profile cannot be well predicted by the
simulations and less influenced by the selected bubble sizes. In the gas core region, the magnitude of the maximum
gas fraction is increased by the use of a larger bubble size.

Although the gas profile obtained in the simulations is in close agreement to the experiment for a certain
selected bubble size, however the decay of gas core cannot be well captured by the simulations. Coalescence and
breakup may play role and should be considered in general. However, because of the lack of experimental data this
would add more uncertainties and speculative results. Because of that reason, it was not done in this present work.
As an addition, the modeling approach should be further improved by considering an appropriate closure models
for each gas structures and also a better treatment of gas core interface so that the flow behavior in the whole region
in the device and also particularly the gas distribution can be better predicted.
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Table 1
Distance relative to the entrance of the swirl element.

Position Distance [mm]
Outlet 240
10 H6 105
11 H5 85
13 H4 65
15 H3 50
% H2 35
18 H1 20
20 Inlet -90
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24 Table 2
25
26 Calculated differential pressure (see Fig. 3.(a) and Fig. 4.(a)).

g dg [mm] APsim &;,, = 5% [mbar] APsim g;,, = 10% [mbar]

29 0.5 42 41
30

31 1 42 42
32

33 2 44 42

34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

oa 14
64

65
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Fig. 1. Schematic diagram of experimental apparatus.
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Fig. 2. (a) Design of the static swirl element (3D view) and (b) Computational domain including positions for the

measurement planes (see Table 1).
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Fig. 3. Axial profiles of: (a) pressure, (b) liquid velocity, (c) gas velocity and (d) gas fraction obtained from

simulations based on the experiment with inlet gas volume fraction ¢;,, =5 %.
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Fig. 4. Axial profiles of: (a) pressure, (b) liquid velocity, (c) gas velocity and (d) gas fraction obtained from

simulations based on the experiment with inlet gas volume fraction ¢;,, = 10 %.
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Fig. 5. Streamlines of liquid velocity W, and gas velocity W for the simulations based on the experiment with inlet

gas volume fraction g;;,, =5 %.
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Fig. 6. Streamlines of liquid velocity W, and gas velocity W for the simulations based on the experiment with inlet

gas volume fraction g;,, = 10 %.
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Fig. 7. Gas fraction on the central longitudinal plane parallel to the main flow.
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Fig. 8. Radial profiles of gas fraction at measurement plane H1 for the inlet gas volume fraction ¢;, =5 %. (a)

Comparison of simulations with and without virtual mass force model. (b) Comparison of simulations assuming
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Fig. 9. Radial profiles of gas fraction at various measurement planes for the inlet gas volume fraction ¢;, =5 %.
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Fig. 10. Radial profiles of gas fraction at various measurement planes for the inlet gas volume fraction ¢;,, = 10 %.
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