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ABSTRACT

In this paper we present detailed Euler-Euler L&ddy Simulations (LES) of dispersed bubbly flow
in a rectangular bubble column. The motivation loif tstudy is to investigate potential of this
approach for the prediction of bubbly flows, innerof mean quantities. The set of physical models
describing the momentum exchange between the phaseshosen according to previous experiences
of the authors. Experimental data, Euler-Lagrang& land unsteady Euler-Euler Reynolds-Averaged
Navier-Stokes model are used for comparison. It feasd that the presented modelling combination
provides good agreement with experimental datalfermean flow and liquid velocity fluctuations.
The energy spectrum made from the resolved veldtidyn Euler-Euler LES is presented and
discussed.

1. INTRODUCTION

Many flow regimes in nuclear engineering and chainéngineering are gas-liquid flows with a
continuous liquid phase and a dispersed gaseousepl@omputational Fluid Dynamics (CFD)
simulations become more and more important fordesign of the related processes, for process
optimization as well as for safety consideratioBecause of the large scales that need to be
considered for such purposes, the two-fluid or nilwid approach is often the most suitable
framework. During the last years, clear progress aehieved for modelling dispersed flows such as
bubbly flows. At Helmholtz-Zentrum Dresden-Rossamddn cooperation with ANSYS, the
inhomogeneous Multiple Size Group (iIMUSIG) modekvaeveloped (Krepper et al. 2008). It is based
on bubble size classes for the mass balance assvidl the momentum balance. This model has been
currently extended by adding a continuous gas pf@se generalized two-phase flow (GENTOP)
(Hansch et al. 2012). The aim of the GENTOP condgfb treat both unresolved and resolved
multiphase structures. This study concentrates him turbulence modelling in the unresolved
structures.

Turbulence in the liquid phase is an importantésisububbly flows as it has a strong influence foa t
local distribution of the dispersed phase. Compéodtie liquid phase the influence of the turbuienc
in the gas phase is generally negligible becausleeofow density of the gas and the small dimerssion
of bubbles.

A bubble column provides a good experimental systemthe study of turbulent phenomena in
bubbly flows. In bubble columns a wide range ofgktnand time scales exists on which turbulent
mixing takes place. The largest turbulence scales@mparable in size to the characteristic ledth
the mean flow and depend on reactor geometry anddaoy conditions. The smaller scales depend
on the bubble dynamics and hence are proportionidiet bubble diameter. In bubbly flows, the small
scales are responsible for the dissipation ofaheutent kinetic energy as in single-phase flow,the
bubbles can also generate back-scatter, i.e. etiengsfer from smaller to larger scales (Dhotralet
2013). The combination of both effects can yield amrall enhancement or attenuation of the
turbulence intensity.



In the present paper the effect of turbulence nlimgels investigated. In the CFD simulations of
bubble columns, Reynolds-Averaged Navier-Stokes NRA models are used for modelling
turbulence in the traditional way, using isotrogicsures without resolution of turbulent scalesgea
Eddy Simulation (LES) offers the possibility to obge the large-scale anisotropic turbulent motion
and to model the small scales with a Subgrid-S¢&@&S) model. The Euler-Euler LES (Eu-Eu-LES)
of the bubbly flow is performed in this work. Inrgaularly, the SGS turbulent kinetic energy in LES
will be estimated for zero-equation SGS modelsrprove the prediction.

2. EXPERIMENTAL DATA

The simulations are carried out for a rectangularewair bubble column at ambient pressure and are
compared with the experimental data for two différgas superficial velocities at the inlet (Akbar e
al. 2012). A schematic sketch of the experimengtli® is shown in Figure 1. Its width, depth and
height are 240, 72 and 800 mm, respectively andwéheer level is 700 mm. A distributor plate
containing 35 evenly spaced needles with an inmemeter of 0.51mm was at the bottom of the
column. Measurements were performed for two sugialfirelocities 3 mm/s (Case 1) and 13 mm/s
(Case 2) and took place 500 mm above distributtefz = 500 mm) in the centre plane (y = 36mm).
More details are provided in the cited reference.
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Fig. 1 Schematic representation of the experimeAkbar et al. (2012)
The broken line in the figure shows the measurempesition. The marker on that line is the
measurement point for the results presented inr€iguand 10.

3. PHYSICAL MODELING

3.1 Euler-Euler Approach

In this work the Euler-Euler two-fluid model is aséhe conservation equations have been discussed
at length in a number of books, such as Ishii &iKif2011), and a broad consensus has been reached.
Governing equations using this approach are théreoty and momentum equations, without mass
transfer and sources between the phases.
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Here, the lower index denotes the different phases, whictpru andu are the volume fraction,
density, molecular viscosity and resolved velodifyphasea, respectively, and is the strain rate
tensor. The vectoM represents the sum of all interfacial forces acbegveen the phases resulting
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from physical effects like drag force, lift forcevall lubrication and turbulent dispersion force.eTh
SGS stress, and all interfacial forces have to be modelledicilis discussed below.

(1) and (2) are usually derived by ensemble avagadilowever, the same form of the equations is
obtained if one performs filtering (volume averapiof the governing equations (Niceno et al. 2008).
This is of practical importance for LES, becausaéians that the same numerical tools developed for
ensemble averaged Euler-Euler equations, can loefoiseES.

3.2 Turbulence
3.2.1 Two-phase turbulence

In this study, turbulence is treated differently tbe different phases. Because of the low derity
the gas, the turbulence in dispersed gas phadditdeorelevance and is modelled with a simpleaze
equation model only. It was found that this modat mearly no influence on the result. For the
continuous, liquid phase, LES was used.

3.2.2 LES for continuous liquid phase

Velocities in (1) and (2u,, represent the resolved velocity. The correspandimresolved
components are:

u:xzua_ Uy, (3)

in whichu, is the truevelocity of phasex. The SGS stress tensoy = w;u; — u;u;, is modelled by
the Smagorinsky model (Smagorinsky et al. 1963):

1 —— ~
Tf‘j =T — ngk(Sij = —2V544S;; With vge = (C,0)?|S], 4)

with rf‘j being the anisotropic (traceless) part of the S&&s tensar;;, andd;; the Kronecker delta.

The SGS viscosityys,s, is a function of the magnitude of the strain ratesor,|S| = /2§ij§l-j, and

the subgrid length scalelis= C;A. Here,C, the model constant was chosen ta@be= 0.15, while the
filter width A was determined by the grid size= Vol. The trace of the SGS stress tensgrin (4)
is added to the filtered pressyreresulting in a modified pressufe= p + T’;—" For wall modelling,

the turbulent viscosity close to the walls is dachpsing the formulation of Shur et al. (2008).
3.2.3 Bubble induced turbulence (BIT)

With the Euler-Euler approach bubbles are not xegblThe resolved part of the velocity field in LES
presents only the shear-induced turbulence, whicssumed to be independent of the relative motion
of bubbles and liquid. The influence in liquid tulénce caused from the bubbles traveling through th
liquid (e.g. bubble wake instability, bubble osatibn) has to be modelled. In two equation RANS
models, additional source terms have been develtpatescribe bubble induced turbulence. The
approximation is provided by the assumption thatealergy lost by the bubble due to drag is
converted to turbulent kinetic energy in the wakéehe bubble. Detailed information about the BIT
models in RANS can be found in the recent revielRpéhak and Krepper (2013). Such an approach
is not suitable for LES with zero equation SGS nhdolecause no transport equation for k is available
Here, we use the common BIT model of Sato et @81} In this model the bubble influence in liquid
turbulence is included by an additional extra tésrthe SGS turbulent viscosity so that:

eff sgs bub

pr'l = ot + %+ pptt with pfP = Cgppagdplug —uy| . (5)

Cg is here a model constant equal to 0.6, @pdepresents the bubble diameter. In LER? is added
directly in the SGS model, without direct contriloatin the total turbulent kinetic energy, i.e.

1
T = (Tij — 3 Tkk 5ij) = —2(Vsgs + VBir)Sij» (6)



sincety,, is not computed anyway.
3.3 Interfacial Forces

In the Eulerian two-fluid model the interactiontbé bubbles and the liquid phase is modelled throug
exchange terms between the separate impulse catiserequation of the liquid and the gas phase.
They are still subject to discussion in the comryuand vary between researchers. Table 1 shows a
summary of the interfacial transfer models used heor more details about each model, a complete
description of all interfacial transfer is publishiey Rzehak and Krepper (2013).

Table 1: Interfacial forces models for both casepleyed in the present work

Interfacial forces Drag force Lift force Wall force Turbulent
dispersion
Models Ishii and Zuber | Tomiyama et al.| Hosokawa et al. None
(2979) (2002) (2002)

Turbulent Dispersion Force

The turbulent dispersion force is the result oftilmbulent fluctuations of liquid velocity. In URASI
simulations, this part should be modelled; becaudga very small part of turbulence is calculated.
LES, velocities are decomposed into a resolvedgratta SGS part, which means the resolved part of
the turbulent dispersion is explicitly calculat@the unresolved part in SGS has little influence on
bubble dispersion, if the bubble size is in thdesoéithe filter size (Niceno et al. 2008).

4. SIMULATION SETUP
4.1 Polydispersity and iMUSIG

The measured bubble size distributions at the Babet measurement plane are given in Figure 2. As
can be seen, the bubble size distribution for W@ ¢ases near the sparger and 500 mm above the
sparger is almost the same. Therefore, coales@téreak-up will be neglected. For modelling the
polydispersity, the inhomogeneous multiple sizeugrMUSIG) model as introduced by Krepper et
al. (2008) assigns different velocity groups to tubble classes used in the MUSIG model. Each
velocity group has therefore its own velocity fielthis is important, to describe effects like the
bubble size dependent movement of the gas phaseddy the lift force. In the present case, the
bubble classes are chosen in such a way that thddbsize distributions, as shown in Figure 2, are
split into two contributions at the diameter whére lift force changes its sign, whichdgs= 5.8 mm

The resulting bubble classes for Case 2 can bedfaurTable 2. In Case 1 bubbles are treated as
monodisperse withls = 4.37 mm because almost all bubbles have a positive diftfficient, so that
there is no need for considering different velogitgups.

Table 2: Bubble classes employed in Case 2

ds a Eoy C
Bubble Class 1 5.3 mm 0.63 % 3 0.288
Bubble Class 2 6.3 mm 0.37 % 7.3 -0.116
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Fig. 2 Measured bubble size distribution at z .70 800 mm (Akbar et al. 2012).
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Fig. 3: Turbulent energy spectrum of fluctuatingtical velocity.

4.2 Numerical Conditions
Grid Requirement

The rectangular bubble column was discretized witliorm cubic cells ofAx = Ay = Az = 4 mm,
resulting in about 200000 cells, overall. The spatésolution is in the order of the bubble size

(d* = 3—x~1). The Euler-Euler method is a volume-averagingreggh without using a point-force
B

approximation for the interaction between bubbled Bquid. Hence, there is no strict requirement,
like for most of the bubble tracking methods, tthegt grid size should be at least 50% larger than th
(physical) bubble diameter when modelling interddorces (Milelli et al. 2001; Sungkorn et al.

2011). In the present work, the grid size was che@seording to the experimental energy spectrum.

In Figure 3, the energy spectrum of the verticdbeity was calculated from the measurement point in
Figure 1 using a Fast Fourier Transformation (FEV& have taken the energy spectrum from Akbar
et al. (2012a) and transformed the x-axis fromdegy to wavenumber with Taylor’s hypothesis of
frozen turbulence. So the LES cut-off (filter szdmm) is shown in the transformed energy spectrum
with dotted line. As can be seen the filter sizdéoisCase 2 fine enough and for Case 1 it located
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around at the beginning of the inertial subrangelrfiogorov -5/3 range). Nevertheless, as in the
section of results below shown, the vertical valodiuctuation is in the order of the vertical mean
flow, so the condition for using Taylor’s hypottsasi’ /v «< 1 is actually not fulfilled. Nevertheless,
the present approach provides some hint conceth@gesolution.

Simulation Details

The inlet is defined as surfaces at the bottomhefdomain, representing the experimental needle
setup. The surface that represents one needletengrlar with an edge length of 4x4 mm. The gas
volume flow is divided equally over all needles.eTimlet velocity is naturally equal to gas volume
flow divided by the total inlet surface. At the \gla no slip condition is applied for the contingo
phase and a free slip condition for the disperses@. At the top of the column a degassing boundary
is imposed, which means a slip condition for thatitmous phase and an outlet for the dispersed
phase. For the spatial discretization, a centréierdince scheme is employed, and a second order
backward Euler scheme is used in time. The sinarlatwere carried out using the time stAps=
0.01---0.015 s to satisfyCFL < 1. The results were averaged over 250 s simulaitiog. t

5. RESULTS
5.1 Instantaneous Results

In Figure 4, snapshots of streamlines taken froeniket and the gas volume fraction at the centre
plane are displayed for Case 2 as obtained witlElE=HLES and Eu-Eu-URANS. So far, the bubbles
reach the top of column, although the transientltexhanges. But the form and trend of the liquid
velocity field and gas volume fraction are neailyikar in both, LES and URANSThe right graphs
depict the concerning void fraction, showing a cldiference between the results for the two
turbulence modeldn the results shown with streamlines in Figuréhé, LES resolves much more of
the details of the flow field. A large range ofliufence scales could be identified in the domaiithW
URANS, the transient details are not well resolviidcan be seen that only some large scale
fluctuations are obtained, due to the high turbwléscosity. Similar differences of the liquid velty
field with LES and URANS are also described by Deeml. (2001) and Dhotre et al. (2008). This
difference in liquid velocity field makes in the BRS simulation a more homogenous gas volume
fraction distribution and the flow pattern not cgarso significant like LES.
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Fig. 4: Instantaneous data from Case 2 at 60 s. The lefgtaphs show instantaneous streamlines
colored with the instantaneous absolute valuefitjuid velocity. The right two graphs show the
instantaneous void fraction in the centre plane.



5.2 Time-Averaged Results

In this section, the results from Eu-Eu-LES andBEtdURANS are compared with previous work
(Akbar et al. 2012) using Euler-Lagrange LES (EutES), which used a Lagrangian modelling for
bubbles. The interfacial force models used in higkware comparable to the settings defined in
Section 3.3, and the simulation was performed usuagway coupling.

Long-time averaged vertical liquid velocity, gasluroe fraction and vertical liquid velocity
fluctuation are presented for both cases with éxpartal data of Akbar et al. (2012). All simulatson
presented were run for 250 s. All profiles wereetalalong the measurement line from wall to the
centre at height of 500 mm, as represented byrtitesh line in Figure 1.
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Fig. 5: Comparison of vertical liquid velocityFig. 6: Comparison of vertical liquid velocity

(top) and gas volume fraction (bottom) for Cageop) and gas volume fraction (bottom) for Case
1. Experimental data and Eu-La-LES are fro&h Experimental data and Eu-La-LES are from
Akbar et al. (2012). Eu-Eu-URANS are fromkbar et al. (2012). Eu-Eu-URANS are from

Ziegenhein et al. (2014) Ziegenhein et al. (2014)

Figure 5 shows the vertical liquid velocity and gatume fraction for Case 1. Quantitative agreement
between all three simulations is obtained. The ethpeedicted liquid velocity profiles are over
predicted near the wall, but the nearly flat pexiin the core region are well reproduced. A pes n
the wall in the experimental data in the void fiaetprofile in Figure 5 can be for all three sintidas
reproduced. This is also described by Krepper.g2807), who used a similar experimental facility.
The gas volume fraction of about 1.2 % in the eern¢r obtained in all the simulations and the
experimental data. The results from Akbar et @18 using Eu-La-LES exhibits small oscillation at
the averaged gas volume fraction and vertical diquélocity in all results reported. The reason doul
be a somewhat too small averaging time.

In Figure 6, the results for high superficial gagoeity at the inlet (Case 2) are represented.earcl
change in the direction of the liquid velocity da@ seen at about 20 mm away from wall. This is a
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phenomenon caused by liqguid mass balance in thbldwolumn, obtained in all three predictions
with a quite good quantitative agreemdntthe near wall region of velocity profile, thestdts with
Eu-Eu-LES match the experimental data better thanother two simulationgzor the gas volume
fraction profile in Figure 6, all the predicted wat give good agreement with the experimental data.
small peak near the wall can be obtained agaihenBu-Eu-LES. This peak caused by the lift force
modelling making the small bubbles go towards ®lall, and migrate the big bubbles to the centre,
this caused the slight second peak in the posiibout 40 mm away from the wall. The same
phenomenon appears also in the URANS simulation using the same lift force modelling. The gas
volume fraction results of Eu-La-LES underpredn void fraction near the wall region and generally
exhibit a very jaggyrofile, presumably due to lack of averaging.
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Fig. 7: Comparison of vertical liquid velocityFig. 8: Comparison of vertical liquid velocity
fluctuation for Case 1. Experimental data and Elluctuation for Case 2. Experimental data and Eu-
La-LES are from Akbar et al. (2012). Eu-Euka-LES are from Akbar et al. (2012). Eu-Eu-
URANS are from Ziegenhein et al. (2014) URANS are from Ziegenhein et al. (2014)

Figure 7 and Figure 8 show comparisons betweenriexeetal and predicted vertical liquid velocity
fluctuation for Case 1 and Case 2, respectivelythWhe Eu-La-LES only the resolved velocity
fluctuation is provided in Akbar et al. (2012), tineresolved part is neglected. At this point, im Bu-
Eu-LES the total vertical velocity fluctuation isresidered, which could be decomposed in resolved
partw'’ and unresolved paw’ as be mentioned in Section 3.2. For the resohat, pv''w'’ =

[w — (w)]? is computed using the difference between the vedolertical velocity and the time
average of the resolved vertical velocity. For theesolved part, as can be seen in (4), only the
anisotropic part of the SGS stress tensor is censitin the Smargorinsky model, so that the
information about isotropic pant,, = 2k is lost. Dhotre et al. (2013) performed a revievout
application of LES to dispersed bubbly flows, obseg that in all papers collected SGS kinetic
energykg,s Was neglected when zero equation models were inseBS. Only Niceno et al. (2008)

demonstrated the applicability of one-equation mdde kg, so thatks,s could be explicitly
calculated. Here, a method for estimatigs will be introduced as following, with,, is dissipation
in SGS:

Using ke Model approach

VegsE =
ngs = %‘usys; Esgs = Vsgs |S|2- ) (7

This method for estimation the SGS kinetic energged on calculation of the local turbulent
dissipation in SGS. The evaluation of the subgaddtibutions improves the prediction of the total
velocity fluctuation.



As can be seen in Figure 7, for Case 1 both LES fitler-Euler and Euler-Lagrangian have much
lower values than the experimental data. The ulwved@art from Eu-Eu-LES is quite small and has
nearly no influence on the evaluation. The causéhefunderprediction can be related to the filter
feature of LES and can be explained, that the &rfiectuation in w is caused in the vicinity of
bubbles (Risso et al. 2001), only the liquid vetp@veraged over the computational céli{1 in this
case) is however dealt with in LES. With the EUMERANS the experimental data can be very good
reproduced. Nevertheless the total and unresoleetical fluctuation profiles are nearly the same.
Therefore, the resolved fluctuations using the BU-ERANS method are zero for Case 1. Hence, all
the velocity fluctuations come from the used twaadpn turbulence model with the BIT model.
Summarizing, this might be a hint that the largetilations are in general very low in Case 1 ard th
bubble induced turbulence is dominant. Becauseisied bubbly flow subgrid models for the Eu-Eu-
LES method include only dissipation terms, as nosetl in Section 3.2, the total velocity fluctuaton
with this method might be underpredicted

Figure 8 shows velocity fluctuation for Case 2this case, higher large scale turbulence is exgecte
because of the higher superficial velocity. Theultesf the Eu-Eu-LES has a quantitative better
agreement with the measured data than the othesitwalations shown in Figure 8. Especially the
measured peak is only reproduced by the Eu-Eu-LiSacated at the change of sign of the vertical
liquid velocity, as mentioned in Figure 6. The wuleed velocity fluctuation obtained by using the
Eu-Eu-LES method in Figure 8 contains about 10%heftotal velocity fluctuations. The result with
Eu-La-LES underpredicts the fluctuation in this egaghich might be caused by neglecting the
unresolved part. The trend of a peak close to @léaan also be found in the resolved part of Eu-La
LES.

The results from Eu-Eu-URANS fit the measured peadithough well in both cases in Figure 7 and 8.
However the application of URANS with a two equatiorbulence model for prediction of velocity
fluctuation in one direction might be critic. Besauthe isotropic assumption of turbulence leads to

w'w' =v'v =u'u = gk. For Case 1, the profile of total velocity fluctioa and the unresolved part

are nearly totally overlapped, which means, asudsed above, nearly no turbulence is resolved in
Case 1. Similarly in Figure 8 for Case 2, the uniresd part contributes almost 90% of the total
fluctuation. So the lateral velocity fluctuatioimsthe other two directions in both cases wouldehav
nearly the same profiles like the vertical dirextid herefore, it might be a problem at this pofrtt
only one velocity component is evaluated for theEEHURANS approach. The previous work from
Dhotre et al. (2008) mentioned also the limit of ANKS models to predict the liquid velocity
fluctuation in one direction. The comparison betwethe total turbulent kinetic energy and
experimental data could give a better agreemerfortimately, the experimental data consists only of
one velocity fluctuation component.

5.3 The Energy Spectrum

In Figure 9 for Case 2, a 200 s time history pfathe resolved vertical liquid velocity at the cenof
the measurement line (Figure 1) from Eu-Eu-LEShmam, with 20000 sample points.
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Fig. 9: Time history of the liquid velocity obtamhevith Eu-Eu-LES at the centre of measurement line
for Case 2
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The energy spectrum obtained with the data exuafrtem Figure 9 is shown in Figure 1The
velocity signal using the Welch method (Welch 196vijh 10 non overlapping windows was
performed. Each window contains 2000 sample poamd,a Hanning window function was used. As
can be seen, the turbulent energy spectrum witlfEth&u-LES approach exhibits a broad range of
frequency, with a slope changing even steepertthastill in discussion two-phase -8/3 power laws i
the inertial subrange (Mercado et al. 2010). A Eimenergy spectrum based on the Eu-Eu-LES
results is also obtained by Dhotre et al. (20Q8his work the slope was partly even over -10/8hn
inertial subrange.

Previous experimental studies have actually atieidhthe more dissipative spectrum to the presehce o
the bubbles, this being responsible for eddy digjrdtion (Lance et al. 1991). But in the experiraknt
energy spectrum for Case 2 of Akbar et al. (20a2)expected more dissipative slope does not appear
in Figure 10. The difference between the Eu-Eu-ld88rgy spectrum and the experimental energy
spectrum could be caused by many different reasbreterminant reason might be the limitations
caused by the Euler-Euler approach. It might notabke to reproduce a similar power law like
experimental one. Since in the Euler-Euler apprptiodre is no bubble resolved, it is impossible to
catch the frequency information in the bubble widlkein the experiment.

6. CONCLUSIONS

The Eu-Eu-LES have been carried out for the recti@ngoubble column and compared with the
experimental data from Akbar et al. (2012), thevjmes work with Eu-La-LES (Akbar et al. 2012)
and Eu-Eu-URANS (Ziegenhein et al. 2014). The B&swaken into account in Eu-Eu-LES using the
Sato model.

In general, with the Eu-Eu-LES very good results ba achieved. The results obtained with the Eu-
Eu-LES approach reproduce the measured gas vokaiioh and liquid velocity profiles in the same
way as Eu-La-LES (Akbar et al. 2012) and Eu-Eu-UFBANZiegenhein et al. 2014). Large
improvement can be achieved with the Eu-Eu-LES oukflor the turbulence prediction in the case
with a higher gas superficial velocity. A near wadlak in the velocity fluctuation can be reproduced
For lower gas superficial velocity, LES may notnesent the best option for turbulence prediction in
this case, since large-scale turbulence is noeptdesr the case of lower gas superficial velocity.

The criterion for a suitable cut-off is discussédcould be obtained from the experimental energy
spectrum in the wavenumber space, the chosen tidrdhe high superficial velocity is fine enough.
However, for the one with a low gas superficialoodly the cut-off might be too coarse. That might
cause the underprediction of the velocity fluctoiatior the case with a low gas superficial veloaity
both Eu-Eu-LES and Eu-La-LES.

A method for estimating SGS kinetic energy is idtroed and investigated. It could be obtained,
considering this unresolved part can improve thedigtion of the velocity fluctuation. A similar
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power law like experimental energy spectrum migbtt loe able to be reproduced with Eu-Eu-LES,
since the bubbles are not resolved in Euler-Eutgra@ach and the frequency information in bubble
wake is lost. Further tests of such combinationindérfacial force models and the treatment of
turbulence proposed here applying it to differentitidy flows are desired and will be conducted i th

future.
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