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ABSTRACT

CFD Modeling of Multiphase Turbulent Flowsin a Bubble Column Reactor
Mojtaba Goraki Fard
Ph.D., UNIVERSITY ORROVIRA | VIRGILI

Directed by:Dr. Youssef Stiriba and Profrancesc Xavier Grau

Thiswork presents a numerical study of turbulent {@@ase flows in a 3D bubble
column reactor using different models at different scales. The focus is first set on the
hydrodynamics, flow regime transitions and mass transfer using the EHu&rmixtue
0 - model at wide ranges of superficial gas velocities. The emphasis is to assess the
performance of this model and the analysis of the flow regime transition as well as the
transient flow behavior inside the bubble column reactor. The quantificatidgheo
interfacial forces at different parts of the reactor were presedtdrent models of the
overall mass transfer coefficient estimation, namely the slip penetration model and the eddy
cell model, are compared against the experimentalfdiathe nass transfeanalysis The
results reveal some of the characteristic features of homogeneous and heterogeneous flow
regimes on the liquid circulation, gas holdup, turbulent fluctuations antiggés$ mass
transfer.

For transient and turbulent flow regimyeEulerEuler large eddy simulations were
used for a reliable scale resolution. The flow is more dynamic, and more details of the
instantaneous local flow structure have been obtained includingdeade structures and
vortices developed in the bubbleume edge. The power spectras analyzed for both
high and low frequencies regions at different gas velocities.

In addition to the different simulation scales, the thdeeensional EuleEuler
large eddy simulation model was used to calculate {atgie structures and their
interaction with bubbles at inlet superficial gas velocities where vospmedl and
turbulent flow regimes occur. We used a conditional sampling procedure of liquid velocity
and gas holdip time series to identify and educe the development of coherent flow
structures which consists in a pair of couste#ating vortices convected in a stageger
pattern along the column in both the vortispiral and central plume regions. The yielded
averaged topology of the threamensional largecale structures was reconstructed and
visualized using issurfaces.
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Chapter 1

Introduction

1.1 Multiphase bubble column reactors in the process industry

Bubble column are widely used as multiphase flow contactors and reactors to carry out gas
liquid and gadiquid-solid reactions in chemical, petrochemical, biochemical, and
metallurgcal processes. As to this, they are commonly utilized in processes involving relatively
slow chemical reactions such as oxidations, hydrogenations, halogenations, etc., where oxygen
is the most atm@&conomic oxidizing agent and thus, only oxygen in thisaised as dispsed
gas phase. In bubble columsactos (BCRs), the gas phase is dispersed in the form of tiny
bubbles in a large volume of continuous liquid phase or ligaii suspensions medium. The
liquid phase may be liquid or slurry liquid such as water or mixture water, while solid particles
of different size and shapes are typically present in heterogeneously catalytic processes.
Applications of BCRs in industrial processes also include the partial oxidation of ethylene to
acetaldehyde, liquid phase methanol oxidation, Fighepsch synthesis, wastater
treatment, fermentations, bioleaching of mineral ores. In biochemical applications, they are
utilized as bioreactors to produce industrially valuablegoaructs such as enzymes, proteins,
antibiotics, etc. Numerous processes which are presentiHtik@action systems in bubble
column can be found in (Schliter et al., 1995, Kantarci et al., 2005, and Paul et al., 2018) and
references therein.

Fig 1.1 shows typical bubble column reactors; their operation is very simple and offer
numerous advantagesyth in design and operations, over other types of multiphase reactors
such as their simplicity with respect to construction, low operating and maintenance cost, no
internal and moving parts are present to produce mixing, excellent reactors for processes

requiring large interface area between the liquid and gas phases for mass transfer and,



eventually, high reaction rate, and good mixing in both phases with low energy consumption.
Its design is simple and often consists in a cylinder tube filled with a&l)igistributed ce
currently or countecurrently, and the gas phase is dispersed in the liquid phase using different
types of gas distribution devisssuch as plate, sparger, and nozzle usually located at the bottom
of the column, see Fig 1.1(a). More quex classes of bubble column may be found such as

those with internal baffles or internal draft tubes, to enhance axial mixing and mass transfer,

see Fig 1.1(b).

Single- orifice Forous plate Perforated plate

nozzle (glass or metal)

)]

1 1 | 1

G T T L G T T L G T T L G L
C otrverttiona Multistage bubble Bubble colunn FPacked bubble
bubble column columi writh draft tubes colignsy

Fig 1.1 Schematiof typical bubble column configurations: (a) gas distributor with differer
holes distributions, (b): different bubble column reactors.



Despite the simple column configuration, arrangement and its pdpuiarithe process
industry, is design istill much closer to an art than design as pointed by (Joshi, 2001). The bubble
dynamics inside the reactor are complex, tredletailed description of the complex interaction
between the local fluid dynamics, hydrodynamics, mixing, mass transfer pesperd the
reaction kinetics is usually not feasible. The desigd operations of BCRs requittee choice of
many key parameters, for example, in the case of théqyad BCRs:

1 physicochemical properties of the gas and liquid phases like densitsitysand surface

tension, etc., which affects the interfacial mass transfer and reactions kinetics,

9 operating parameters like gas and liquid flow rates and pressure,

1 dimensions of the geometry like the height and the diameter of the column,

9 distributor yype and geometry which affect the primary bubble size distribution,

1 presence of solid catalyst,

1 presence of internals.

Other key design parameters and-operating parameters for either diggiid or gasliquid-solid
cases may be found in several refeemn@/ial and Stiriba, 2013).

Several lectures and publications have presented to measure and analyze different key flow
parameters that affect the design of efficient bubble column reactors employing comprehensive
measurements such as Particle Image Velocimetry (PIV) (Chen et aJ.L.19@4 al. 1996), Laser
Doppler Anemometry (LDA) (Vial et al. 2001), and/or computational fluid simulations (CFD).
CFD is increasingly used for the prediction of the flow pattern of multiphase flow reactors in the
last three decades because of the difties that are still found in the design and segdeof such
reactors, see for instance Joshi, 2001 and Besagni et al. 2018 and references ther&id.liBtble
a summary of some relevant information of several literatures reviewed for bubble ceaatuns
with special emphasis on the range of the inlet superficial gas velocity considered, closures for

interfacial forces, and turbulence models employed for the numerical simulations.



Most of the numerical studies outlined in Taklé have focused olow superficial gas
velocity values 1 m |j O and atmospheric pressure where homogeneous regime prevails.
Such regime is characterized by almost uniformly bubble size distribution and low liquid turbulence
(Mudde 2005 and Camarasa et al. 1999). At high gas flow rate the flow regime changes from
homogeneous bubbly flow to turbulent bubbly flow ahéterogeneoushurn flow, depending on
the gas throughput, where the flow through the column becomes unstable, highly irregular and the
bubble cluster in form of swarms (Groen, 2004) leading to {acgée diculation pattern, wide
bubble diameter distribution due to coalescence and breakup phenomena and turbulent flow
structure for further high superficial gaslocities. Those flow regimes are separated by the
transition flow regime and took place at 4 csuperficial gas velocity from previous experimental
works (Gourich et al. and Vial et al. 2001) and the linear stability theory of Snip et al. 1992 and
Cockx et al. 2004. Other flow regimes such as slug and annular were observed in many situations,
however BCRs in the process industry generally operate in either the homogeneous or
heterogeneoushurn flow regimes. Observed flow regimes in BCRs are displayed in Fig. 1.2 where
clusters of bubbles move upward in a spiral manner from the center of columovamgaid in
the neatwall region (Chen et al. 1994). Furthermore, various turbulence models have been used in
the literature to capture the hydrodynamics properties and describe the flow pattern in the BCRs
(Table 1.1). For industrial applications, the Eiae-Eulerian modelling, which employs ensemble
averaged equations to describe the idapendent motion of the mixture in a macro sense, is the
most adopted approach for numerical simulations, especially for highly dispersed void fraction
reactors. The é&nsion of the single phase stand&d- model has been intensively used to model
turbulence in twephase flow, where turbulence is associated to the dominant continuous phase and

the dispersed phase can only respond or modify the continuous phasentebul



Multiphase i g
Reference Domain U (emis) Aspect ratio and areation tiphase CFD software Dhrag Lift Virtual Tturbu].__nt Turbulence model
moddel = mass dispersion
Parckh and Rechak, 2017 2D axisymmetric 1.5-20 E-E OpenFOAM Ishii Zuber Tomiyama 0.5 Bumns etal.  RSM
Saleh et al, 2018 iD 1.5-325 E-E ANEYS - CFX Ishit Zuber Tomiyama 0.5 Lopez de ke — & model
Bertodana
Bhusare ct al., 2017 iD [4-132 HD= 10 E-E OpenFOAM constant constant 0.5 0.008 - 007 mixture k—& model
Khan et al., 2017 iD 24 and 10 ANSYS - CFX Ishii Zuber Tomiyama 0.5 Lopes de k—e, RSM, and LES maodel
HD =6 E-E Bertodana
Asad etal, 2017 iD 049 W=015m, H/L=135 VOF OpenFOAM Ishii Zuber, Tomiyama 0.5 MNA Spalart-Allmaras: Near the wall
Tomiyama, LES: in the bulk of flow
Simonnet
Eppinger etal., 2015 ib 20 W=005m, H/L = 225 E-E STAR-CCM+ constant Tomiyama 0.5 NA ke — £ model irealizable)
Ma elal., 2015b iD 03and 1.3 W=024m H=072,D=0072m E-E ANSYS - CFX Ishii Zuber Tomiyama 0.5 NA LES
Selma et al, 2010 iD 014 W =0.035 m, H'L = &, sparger arca E-E OpenFOAM Schiller- Tomiyama 025 NA k — £ model
4 x107%m?, 9% 107 m?, Maumann
25 % 107 m?
Rampure et al., 2009 iD 1.0-10  HL=10, sparger area 1.13 % E-E ANSYS - Fluent Maodified Ishii NA NA NA I — & model (mixturey
Zuher
Law etal., 2018 el o) S0-40 HL=10 E-E ANSYS - Fluent Schiller- NA 0.5 NA ke — & model
Naumann and
White
Rampure et al., 2003 iD 0.16-0.83 H/L = 10, sparger area E-E ANSYS - Fluent Modified Ishii NA NA NA I — & model
3.5 % 10~ m? Zuher
Buwa et al., 2006 iD 0.16-0.83 W =0.05m, H/L = 6, sparger arca E-L ANSYS - Fluent Tuschiya Tomiyama 0.5 N ke = & model
4% 107%m?, 9% 107%m?,
25 x 10~ *m?
Bech, 2005 ki ] 0.16-0.83 W=005m, H/L =223 E-E ANSY'S - Fluent Rusche lssa Tomiyama NA N LES, k — £ model
Buwa and Ranade, 2004 iD 0.16-0.83 W =005 m, HL = 6, sparger area E-E, E-L ANSYS - Fluent Tuschiya Tomiyama 0.5 MNA ke — w0 model
4% 107%m®, 9% 107 %m?,
25 % 107%m?
Buwa and Ranade, 20403 iD 0.16-0.83 W =0.05m, HL = 6, sparger area E-E ANSYS - Fluent Tuschiya Tomiyama 0.5 NA I = &£ model
4% 107%m=, 9% 107%m?,
25 x 107*m?*
Rampure et al., 2003 iD 1.0-2000  H/L = 10, sparger area E-E ANSYS - Fluent Ishii Zuber Tomiyama 0.5 NA k — £ model
1.5x 1074 m?
Buwa et al., 2002 iD 0.16-0.83 W=0.035m, HL = &, sparger arca E-E ANSYS - Fluent Modified Ishii 0.5 0.5 NA k — & model
4% 107%m?, 9% 10™%m*?, Zuher
25 x 107 *m?*
Dieen et al., 2001 D 049 W =0.15m, HL = 3, sparger area E-E ANSYS - CFX Ishii Zuber 0.5 0.5 NA k — &£ modebnd LES based on
1.5 % 10~ m? Smagorinsky
Ranade, 1997 2D axisymmetric  2.0-80  H/D=326, 236 155 75 E-E In-house code SPARE Ishii Zuber NA NA NA k = £ model
Baoisson and Malin, 1996 3D 0038, 0,08 H/D=14.75,9.93 E-E PHOENICS Ishii Zuber 0.5 0.5 NA k — £ model
Ranade, 1992 2D axisymmetric 1.0- 100 H/D = |, sparger area 64%, 36% E-E In-house code TPFLOW NA NA NA NA I = & model
Kannan et al., 2019 D 3,10, 20, 40 H/D = 7.895 E-E OpenFOAM Modified Ishii NA NA NA Mixture k — £ model
4% 107%m%, 9% 10™*m?, Zuber
25 % 107 m?
Zhang et al. 2006 3D 0.449 W=0.15m, HL = 3, sparger arca E-E ANSYS - CFX Ishii Zuber 0.5 0.5 NA LES based on Smagorinsky and
3.5 % 10~ m? Wremen 505
Dhotre et al. 2008 an 0449 W=0.15m, HL = 3, sparger arca E-E AMNEYS - CFX Ishii Zuber 0.5 0.5 Lopez de k — e modebnd LES based on
1.5 % 10-4m? Bertodano  Smagonnsky and Germano SGS
MNiceno et al. 2008 3D 0.49 W=0.15m, H'L = 3, sparger area E-E ANEYS - CFX Ishii Zuber 0.5 0.5 Lopez de LES based on Germano SG5 and
315x 1074 m? Bertodano  one-equation model based on SGS
kinetic energy
Ekambara and Dhotre, 3D 2 H=09m, D=0.15 m, multipoint E-E ANSYS - CFX Ishii Zuber Tomiyama 0.5 Lopez de Standard & — & k — @ BENG k—¢
2010 sparger Bertodano  RSM and LES based on
Smagorinsky SG5
Masood and Delgado 3D 0.49 W=0.15m, H'L = 3, sparger area E-E ANSYS - CFX Ishii Zuber 0.5 NA NA Standard k — g, and DES based on
:“Dl-fl ’ 3.5x 1074 m? SSTk —
Ma ctal. 2015 D 049 W =0.15m, HL = 3, sparger area E-E ANSYS - CFX Ishii Zuber Tomiyama 0.5 NA SAS and LES based on
2.5% 10~ %m? Smagorinsky SGS
Masterov et al. 2018 3D 0.49 W=0.15m, H'L = 3, sparger area E-E In-house code FoxBerry Tomiyama Tomiyama 0.5 WA DES based on 8A, k — g, 88T k —w
3.5% 10~ m? and LES based on Smagorinsky and
Wreman SGS
Tang et al. 2020 iD 12 W =0.15m, H'L = 3, sparger arca E-E ANSYS-Fluent Schiller- Magnaudet- 0.5 Lopez de W-A one-equation
3.5 % 10~ m? Maumann Legendre Bertodano

Table 1.17 Summary of previous numerical simulations of-tigsid flow in bubble
columns usinglifferent reactor geometry, operating conditions twafluid models.



The turbulent viscosity is assumed as a contribution of sheat bubble induced
turbulence (Sato and Sekogushi 1975), or as a production source terms in -#@guaivon
turbul ence model (Mudde and Si moni n 2norinl , Pfl e
1992, Lopez de Bertodano et al. 1994, Troshko and Hassan R08&he 2002 The model
becomes more popular due to its simplicity and reasonable accuracy at reasonable computational
cost. A mixtureQ - model has been proposed by Behzadi et al. 200dasliquid and liquid
liquid flow at high volume fraction of the dispersed phase. We refer the reader to the review of
Pourtousi et al. 2014 and the recent work of Tang et al. 2020 for a review of different RANS model
(Q -,Q 1, Reynolds stress rdel (RSM), WA) and a discussion of their accuracy in certain
multiphase flow processes.

Another approach for accurate representation of turbulence phenomena in bubbly flows is
the EuleriarEulerian large eddy simulations (LES) which combiimgerpenetrahg continua
modelling interface details with the LES for computing explicitly the largest and most energetic
scales, while modelling the signid scales of turbulence (Niceno et al. 2008, and Tabib and
Schwarz 2011). The Eulerigulerian LES models, narye the zereequation model of
Smagorinsky and the oremuation SGS model, can capture the transient bubble and surrounding
eddies interaction as well as the dynamic motion of the bubble plume. Furthermore, the -Eulerian
Eulerian LES models are anisotropiclargest resolved scales in contrast to RANS models which
assume isotropic turbulence. However, in such approach the cell size of the computational mesh
must be larger than the bubble size which make the basic assumption of LES invalid (Nikeno et al.
2008. The LES twephase flow model is more desirable for lasgale BCRs or churturbulent

flow, and few studies have been done than the RANS models.



; liquid | /
circulation T
[ (eddy) |!
liquid
~circulation ‘ ". C}

 liquid iy
downflow I‘OQ

__small bubble Y

\
cluster (eddy)

multiple,
interacting -

ingle,
e large bubbles

noninteracting
large bubble

liquid 2
downflow liquid

downflow | !

(a) Homogeneous regime (b) Transition regime (c) Heterogeneous regime

4

0.3
<Eg=

0,25

0.2 :
1
1

0,15 + A:ir-w,tcr
————
OMultiple-orifice nozzle|
0,1 !

x Sing‘e-m’iﬁc: nozzle

L] POI'U:JE plate:
0,05 A _:___ —
I Ug(ms™)

0 0,05 0,1 0,15

Fig 1.2 Observedegime transitions in a bubble column reactor (Vial et al. 2001 and Rueth
al. 2005).

Another important challenging issue in modelling multiphase flows in BCRs concerns the
description of the interfacial forces that represent the momentum exchange between phases.
Interphase forces are modelled through the combinationeaodridng, lift, added mass, turbulence
dispersion forces, etc. Various closure laws have proposed and analyzed in several works in pair or
simultaneously, see the works of Pourtousi et al. 2014, Jakobsen et al. 2005, Kulkarani et al. 2007,
Tabib et al. 2008&nd Masood and Delgado 2014 for a general review of empirical correlations for
interfacial momentum transfer and their effects on flow pattern inside BCRs.

Interfacial force closures are a complex function of bubble size and shape, physical properties
of the multiphase flow system, relative velocity, and void fractions, sparger configuration,

operating pressure, and the presence of other components in the liquid phase (i.e., organic solvent,



surfactants, etc.), see Goen 2004 and Joshi 1998, which tdapémd on the bubble Reynolds

number Y Q), the Edtvos numbeEQ), and the Morton numbeM) given by

YQ il ‘ d SQH
oe & T
V)

Accurate and correct modelling of interfacial force remain open questi@D modeling of
multiphase turbulent flows. Therefore, one of the objectives of the present study is to analyze
different interfacial forces on high aspect bubble column in cturbulent flows and focusn
guantifying interfacial forces by calculating the instantaneous andaveged magnitude in
different part of the reactor with special emphasis on the turbulent dispersion force. Such numerical
calculations would help to corape different interfacial forces locally and how much effect it has

on the flow profile.

1.2 Scales and structures in bubbly flows
Both experimental studiemd numerical simulations reveal thristenceof the spectrum
of turbulent structurefor transition and heterogeneous flow regimes and have been extensively
studied in the published literature. For instance, Chen et al. 1994 reported that as we increase the
inlet gas flow rate, clusters of bubbles travel through the column center calyiinguid in almost

a spiral rotating movement and small bubbles spirally downward in thevadaegion.
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Fig 1.3 Differentscales and structures in a chitmrbulent flow inside a bubble column reactor.

The numerical simulation of multiphase reactors such as BCRs is intimately linked to the
notion of scale since the small scales are coupled with the medium and largest ones and then
emerges different flow regimeBig 1.3, displays different scales géguid-solid reactor, we can

identify

9 a macroscopic scale or reactmale with different liquid circulation cells and bubble

plumes, typically from 1 to 10 m,

1 amedium or mesoscale, where the interaction between turbulent eddies with dispersed
bubbles andlifferent solid particles take places. This scale is caused dnedwarm
of rising bubble at large gas fractions and high superficial gas velocities.

9 the small scale or bubbirale where turbulence is generated in the wake behind the

bubble to its mogment.



1 for mass transfer and chemical reaction modelling, other scales like particle scale in
suspension, enzyme or cell supports and small catalyst, due to the small scales of liquid
turbulence are also present,

1 the scale of the reactive interface whimmsiders the phenomena of adsorption and

reaction.

According to the flow regimes and change in mixiage can distinguish between different
turbulences and integral scales of such turbulences, Risso 2018 and Panicker et al. 2020. For
instance, in thedmogeneous flow regime the injected bubbles generate the wakes behind them
and the collective moti@agitate the ligid and inducdlow disturbances. Such agitation is
referred by many authoes abubbleinduced turbulence or pseutlorbulence, see Lane@nd
Bataille 1991 and Risso 2018. The integral lerggthle of this turbulence the order of the
single bubble that can be resolved by direct numerical simulations (DNS) of the-Rtokes
equations, and adds a sgitid scale to the twfluid model. A high gas flow rate, buoyancy
forces become stronger and produce turbulent fluctuations. On one side, such turbulence give
rise to energy cascade, similar to turbulent production as a-gihgke flow, as the buoyance
gradient become stronger. The réisigl turbulent fluctuations are referred to Buoyancy Driven
Turbulence (BDT) and has a larger integral length scales that can be resolved byfthi two
model, see section 2 and 3. On the other side, the turbulence generated by thedidpble
motion induces liquid velocity fluctuations and therefore, inject energy in a narrow ranges of
scale and produce turbulence with different statistical properties where the power spectral
density decreased approxi matel y arksoftLtanee T 3 p o
and Bataille 1991, Prakash et al. 2005, Risso 2018, and section 3. It thus concluded that the
phenomena to be simulated depends on the scale to which the calculation is made.

The column becomes filled with transient circulation cells miacger than the bubble

sizes in different parts of the reactor. Various authors discussed different circulation cell models
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(e. g., overalll circulation cell pattern,
donut cells, nortirculation cell mdel, etc.), see Groen, 2004 and Joshi et al., 2002 and section
4. The above references suggest that further analysis is required for identification of different
unsteady structures in bubbly flow with high inlet gas flow rate using sophisticated turbulence
models which motivated employing Euleriialerian LES with bubblénduced turbulence in

transient and churturbulent flow regimes.

1.3The objective of the project
The major goal of this thesisto advance the understanding of the hydrodynamic and gas
liquid mass transfer in bubble columns. We perform a multiscale analysis using the two
equation mixturéQ - model, the LES model like Smagorinsky, and the-eqeation SGS
LES model that allow thprediction of the gas holdp and liquid velocity, antheassessment
of the above turbulence models. In addition, we use a conditional sampling procedure of liquid
velocity and gas holdp time series to identify and educe the development of coherent flow
structures. Specifically, four major objectives are set for this study:
1 To test and assess the performance of the HHuksr mixture RANS model for
simulations of gadiquid two phase flow in high ratio BCRs operated with uniform
aeration and at superi@t gas velocities in the range of 1.858.4 cm/s covering

different flow regimes. This study aims at studying different combination of interfacial

t

momentum forces, closure correlations, bubble diameters, and computational meshes.

Therefore, the goal isipart to establish a generic tpbhase model with appropriate
closures to predict the hydrodymic and regime transition fbroaderanges of flow
conditions and compute mean scales of the flow.

1 The previous twegphase flow model is employed to analyze thass transfer.

11
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1 To simulate different flow scales using Eulertanlerian LES for turbulenthurn
heterogeneoudow regimes. We analyze the performance of Smagorinsky model and
the oneequation SGS model, as well as the power spectral density of theeteso
liquid velocities.

1 To use conditional sampling technique with the-gtid scale modeling basexhthe
oneequation model and the bubbieluced turbulence to numerically investigate
transient large flow structures associated with rising bubbleserBiftf coherent

structures were identified in the transient and ctiurbulent flow regimes.

To accomplish these goals experimental data of Camarasa et al. 1999 and Gourich 2008 were
used to validate the computational models. The column heifjhs @ mand diameterDd) is

10 cm which makes the ratio H/D of 20. Water was filled up to a heighbah knd the air

was injected from the bottom through multigiefice nozzle consisting of 62 holes of 1 mm,

and a porous glass plate o£16t I mean pore diameter over the entire column esession.

We refer the reader to the references for more information on operating flow conditions.

The open source toolkit OpgftOAM® (Open Field Operation And Field Manipulation) is used

to carry out all te calculations. The OpdfiOAM platform is a registered trademark of
OpenCFD Limited, the developer of the Oge@AM software. It is how gaining more
popularity in CFD and chemical engineering community and became an open and unified
research code for mamgsearch groups and industrial companies, since its library provides an
easily extendable framework to implement new solver for the governing equations model and
extensive range of features which include models, boundary conditions and robust algorithms,
etc. However, up to our knowledge, most of the numerical simulations have been performed
using irhouse codes or licensed commercial packages which makes difficult reproducibility
and accessibility. Less numerical simulations have conduced and validatedite columns

in turbulentchurnheterogeneouiow regimes with OpeirOAM libraries. Therefore, in our

12



studies the twoPhaseFlowFoam solver implemented in -G@&M v.4.0.0 is used and

validated.

The major goal is to use the open source toolkit Open FOAM to advance the understanding of:
v the understanding of the hydrodynamic
v identification of coherent flow structures
v the gas-liquid mass transfer in bubble columns

¥

Perform a multiscale analysis for a BC with a high AR and uniform aeration:

Part 3: Numerical simulation of Part 4: Euler-Euler large eddy simulations of the gas-
hydrodynamics, flow regime transitions and liquid flow in a cylindrical bubble column.
mass transfer for a high aspect ratio bubble
column
o
3
¥ Computational mesh i v One-eq. SGS vs §m§l‘gvqujg§§x models
¥ Mixture k — £ model “g ;’ P"“"’r_ EIEEE de'""’"ﬁ_’ .
R e . 3 y Resolv ed. liquid \B]DICIEIES and gas hold up
v Flow regime Transition 8 Comparison LES with RANS turbulent model
¥ Mass transfer coefficient k;a g
T 7
h 4
. ¥ Using a conditional sampling technique of LES
Part 5: Transient large-scale two-phase flow dmghase i 1
structures in a 3D bubble column reactor ¥ The topology of the 3D large-scale structures

Fig 1.4 Summary of research plan in thigssertation

This thesis dissertation consists of the following pamn summarized in figure 1.4
9 Part 1: Introduction of the bubble column reactors, its uses in process engineering, and
some highlights of this research project.
1 Part 2:The EulerEuler twofluid models of scale resolving simulations including the
mixture’Q - model and the large eddy simulation.
1 Part 3:Numerical simulation of hydrodynamics, flow regime transitions and mass
transfer for a high aspect ratio bubble colur®art of this work were presented

in theWorld Congress on Mechanical, Chemical, and Material Engineering, 2019.
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1 Part4:EulerEuler large eddy simulations of the gagiid flow in a cylindrical bubble
column. This work is accepted for publication ie fburnal ofNuclear Engineering
Design, 369 (2020), 110823.

9 Part 5:Transient largescale twephase flow structures in a 3D bubble column reactor.
This work is accepted for publication limernational Journal of Multiphase Flows,
127 (2020), 102236.

1 Part 6: Summary and comments of the main contributions of this study.

14



Chapter 2

The two-fluid models

In the framework of EuleEuler turbulent multiphase flow model for hydrodynamic
simulations of large scales gliguid reactors such as bubble columns, two approaches dftislo
models are used in this worRoth approaches, start from the tilwid Navier-Stokes equations
and then apply Reynolds averaging followed by phase averaging or spatial filtering. Hence, we
predict macre and mesescale bubble induced turbulence. In the statistical and subcpld
modelling approaches additional unclosed teappear such as those related to the pseudo

turbulent liquid phase fluctuations or those encompassing interfacial forces.

£ two-phase flow model

A detailed description of the Eut&uler two fluid model can be found in several textbooks,
PhD dissertations, research papers and CFD software documentations, such as Drew and Lahey
1988, Drew and Passman 1999, Ishii and Hibiki 2011, Hill 1998, Rus€l3 Panicker et al. 2020
and Weller 2005. The first twphase flow model used to run RANS simulations is the mix@ire
- model, see section 3. The construction of the model starts from the continuity and momentum
equations, and then conditionally averdasy multiplying by the indicator functiofO and
ensemble averaging. The formulation closely follows the procedure outlined by Weller 2005, where

the mass and momentum equations for the phase given by

o A (1)
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h - ()
0

Herel is the volume fraction of each phaRe, is the phase resolved velocity, andrepresents
phase viscous stress tensbis the identity tensor} is Reynolds stress, artel stands for the
averaged intephase momentum transfer of phaseThese last two terms arising from averaging
require modelling and special attention.

The Reynoldsstress tensor ihe RANS approach is modelled as

na £ 20 @)

aln»

where'Q is the turbulent kinetic energy of phaseand’ the turbulent viscosity of phase,

which is modelled from the mixtur® - model. As pointed out by Panicker et al. 2020, the
literature of multiphase flow turbulence is flooded®y - models, which assume the turbulence
dictated by the continuous phase. However, the work of Behzadi et al. 2004 developed a mixture
model to takle turbulence at high phase fraction regimes@myertsto the singlephase form in

the extreme limits of the phase fractions. Te - model (Behzadi et al. 2004) for the mixture of

the continuous and dispersed phase is adopted to model the turbamehcempute the shear
induced dynamic viscosity. The original model has shown improvement in the prediction of two
phase flows over other models considering only the turbulent kinetic energy on the continuous
phase. Therefore, in the context of mixti@e - model, we solve two phasaeraged transport

equations for the mixture kinetic energ® and turbulent dissipation rate for mixture
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where the mixture turbulent quantities are related to those of individual phases through the turbulent
response coefficiend , which is defined as the ratio of them.s. values of the gas velocity

fluctuations to those of the liquid phase

Y (6)

and was modified to account for the influence for the gas volume fraction as in Rusche 2002. The
other termd] M ; and"Yj stand for the mixture velocity, turbulent production and the source
term, see section 3.

To improve the ability of the model for predicting turbulent-fasid in bubble column
reactors in the near wall region, a low Reynolds number can be applieddadginal mixturéQ

- model and the turbulent dissipation rate for mixture becomes

Lo o g

‘ . ; 0
10— =6 Wy 8T e b

where model relations are given by
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see Myong and Kasajp90, the rest of the model coefficient are the same as specified by Wilcox
2006. The 1D model accounting for continuous turbulence was implemented and successfully
applied to aiwater and akethanol solution by Vitankar et al. 2002. The present 3Dlisisder

evaluation

2.2The LES two-phase flow model

The shortcoming of the RANS approach to modetigpgd dispersed flows has shifted the
interest to extend the scalesolving turbulence simulation by including the LES models (Milelli
et al., 2001Lakehal, 2002; Lakehal, 2018). These models resolve directly the interaction of the
large-scale anisotropic motions with bubbles, whereas the less energetic smallest motions including
the interaction of the bubbles with the surrounding turbulence aresesyped in terms of sedpid
scale closure models, see Fig. 2.1.

The derivation of EuleEuler filtered twefluid equations in the LES framework can be found
in the paper of Lakehal et al. 2002. In fact, we start from the -ffwili equations multipliedy
the phase indicator function and applying a filter process results influidtequations similar to
the phasaveraged equations (1) and (2). The effective viscosity of the liquid phase is obtained
through the summation of the molecular viscositg, sheainduced turbulent viscosity, and the

bubbleinduced turbulent viscosity and is formulated in the present study using two models: (a) the
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Smagorinsky model proposed by Zhang et al. (2006), (b) and tFeoiagion suigrid-scale model

proposed by Nieno et al. (2008). The details of those models are presented in section 4.

E(K) 4 Modeled in RANS Modeled in LESComputed in DNS

_______ > --> €

N\

—_—
»

Q Y K

Fig. 2.1- lllustration of energy spectra of different modeling approaches.

For the present Euldtuler LES approach, we havedonsider the resolution requirement of both
LES and the EuleEuler approach simultaneously in order to choose a satisfactory grid. For the
EulerEuler model, the cell size should be larger enough than the largest interphase details of
dispersed phase. LES, the mesh has to be fine to resolve as much of the flow field as possible.
According to Dhotre et al. 2013 and Zhang et al. 2008, a successfuhufifiave a filter width
in the initial subrange region, and all scales of motion larger than thatb@ustolved on the
numerical grid. They indicated that the bubble diameter must be smaller than the cell size. Milelli
et al. 2001 reported a systematic posterior analysis of the ratio of the bubble diametafito cut
filter size:¥j ' Q  p®, that is the rash size must be at least 50% larger than the bubble diameter
for EulerianEulerian simulations. We refer the reader to section 4 and Fig. 2.1.

The interfacial momentum exchange terfas resulting from the phase averaging or

filtering processes are highlighted in section 3 and 4

19



Chapter 3

Numerical simulation of hydrodynamics, flow regime
transitions and mass transfer for a high aspect ratio bubble
column

Numerical simulations dfiydrodynamics, flow regime transitions and mass transfer were carried
out in a 3D cylindrical bubble column reactor of high aspect r&fjdQ) of 20 with a multiple

orifice gas distributor. A computational model based on the Huésr twophase flow moel

coupled with 8Q - mixture turbulence model implemented in the OF&AM software package

was validated witrexperimental data reported Vial et d. 2002 and Gourich et al. 2008he
emphasis of this study is to assess the performance of this amodiéle analysis of the flow regime
transitions and the transient flow behavior inside the bubble column reactor. All thleagpiorces

(virtual mass, lift, turbulent dispersion) and drag force were incorporated in the model. A relatively
thenovel aspetcof the present analysis is to quantify these forces and compare their magnitudes at
different parts of the reactor. Different models of the overall mass transfer coefficient estimation,
namely the slip penetration model and the eddy cell model, are mearggainst experimental data
reported in Gourich at al. 2008 to verify these models and analyze the mass transfer. The results
reveal some of the characteristic features of homogeneous and heterogeneous flow regimes on the
liquid circulation, gas holdupurbulent fluctuations and gdiguid mass transfer. The flow field is
characterized by different structures near the sparger corresponding to two transition flow regimes
and several large scale vortical structures and circulation patterns along the. ddlemomerical
simulations indicate that finer grid resolution was possible only for high superficial gas velocities
cases and depends on the bubble diameter and refinements in the near wall region. The best
agreement with experimental data were obtalmethe inclusion of the turbulent dispersion force.

Its relative magnitude as compared with other forces were smaller and is more pronounced near the

wall. By comparing the predicted overall mass transfer coefficienb,, with experimental data
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for superficial gas velocities spanning bollomogeneousand heterogeneousegimes, it is
concluded that the mass transfer agrees only with the perfectly mixed liquid phase model using

transient hydrodynamic effects.

3.1Introduction

Bubble columns are widely usad gadiquid and gadiquid-solid reactors in many chemical,
biotechnological and pharmaceutical industries due to their advantageous characteristics which
they offer over other kind of multiphase bioreactors, especially stirred tanks, due to simple
congruction and operation, effective mixing and mass transfer between different phases. These
reactors often consist of a simple cylindrical tube with a larger section at the top to promote the gas
disengagement. The gas phase is dispersed in the form bfibbies in a continuous liquid phase
using a gas distribution device. Consequently, the flow pattern dependwmn operating
conditions such as the geometry, the gas distribution sparger that controls how the gas is spatially
distributed and determindéise primary bubble size distribution, and the gas flow rate that governs
the flow regime. Furthermore, the complex interplay between operating conditions, -titpiighs
interfacial area, bubble size, bubble rise velocity, and builidble interactions &l to extensive
range of flow regimes and complex flow structures. These make both computational modelling and
experiments quite difficult and challenging, see Vial and Stiriba, 2013 and references therein.

Computational fluid dynamics (CFD) modelling otittiphase flow has been widely used as a
costeffective tool to predict the behavior of this type of reactor and simulate the flow pattern, local
hydrodynamics and investigate the influence of design or other operating conditions. However,
modelling and shulations results are considerably dependent on adopted closure models required
for the interphase forces and bubliiduced turbulence. Interphase forces are modelled through
the combination of the drag, lift, added mass and turbulence dispersionReeiesvs of empirical

correlations for interfacial forces on dispersed bubbles can be found in (Mudde and Simonin 1999;
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Deen et al. 200Pfleger et al2001; Joshi 2001; Buwa et al. 20&kolichinet al. 2004; Jakobsen

2001; Jakobsen et al. 200%ylkarani et al. 2007; Tabib et al. 2008; Simonnet et al. 2008; Selma

et al. 2010; Bai et al. 2011; Masood and Delgado 2014). Therefore, to understand the effect of
different interphase forces, many authors separated the various forces as far as passhed

the effects of each force on the flow pattern and validation models. The present studynfocus
guantifying interfacial forces by calculating the instantaneous andaveeged magnitude in
different parts of the reactor withpecialemphasis orthe turbulent dispersion force. Such
numerical calculations would help to compare different interfacial forces locally and how much
effect it has on the flow profile.

Besides the interfacial momentum transfer, turbulence modelling is one of the urdesolve
guestions in the simulation of multiphase flows in bubble columns. Different turbulence models
have been reported and evaluated. For instance, the zero equation turbulence models have been
used by Pan et al. 1999, tf® - models in (Becker et al. 199®fleger and Becker 1999;
Sokolichin et al. 1999; Behzadi et al. 2004; Tabib et al. 2008; LaiRodeet et al. 2009; Selma
et al. 2010; Masood and Delgado 2014; Stiriba et al. 2017), the Reynolds stress model (Le Moullec
et al. 2008), and surid scale mdels by Zhang et al. 2006 and Deen et al. 2T6g. standard
"Q - model has been the most widely employed in the literature and at the moment there is no
clear justification nor rules to prefer one model over another. However, very few studies have
investigated the performance of tH@ - mixture model (Behzadi et al. 2004) for bubble columns.
This turbulence models are suitable for computation of the mixture and reduces to the equivalent
singlephase model when only one of the phases is presenprébent work performs such an
analysis, wherein the mixtur® - model formulation implemented in the Eulerian tplase
solver twoPhaseEulerFoam along with the bubble induced turbulence and turbulence dispersion
forces is qualitatively assessed throughutations of airwater flow experimental data of Vial et

al. 2002 and Gourich et al. 2006. All the ranag forces (virtual mass, lift, turbulent dispersion)
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and drag force were incorporated in the model. Their effects separately have been analyzed and
compared with experimental data.

Uniformly aerated bubble columns are characterized by the occurrence of different flow
regimeswhich consist othe homogeneous (bubbly flow), the transition hatkrogeneoughurn
turbulent) regimes. Identification of th®dlow regimes and their transitions as well as the
description of prevailing flow structures strongly influence the hydrodynamic parameters, phase
mixing, and mass transfer. Numerous studies have been proposed to study the flow structures and
regimes tragitions using different operating conditions and bubble column reactors (Mudde and
Simonin 1999, Sokolchin et al. 1997, Soklinchin and Einberger 1999, Deen et al. 2001, Vial et al.
2001, Olmos et al. 2003a, Darmana et al. 2009). The aim of thissmodimulate the flow regimes
transition for a high ratio cylindrical bubble column with a multiple orifice nozzle as an efficient
gas distributor for uniform aeration. We present 3D transient flow simulations to validate the
predicated local and global gaddhap, local liquid velocity against experimental measurements of
Vial et al. 2001 and Gourich et al. 2006. Indeed, the statistical (averaged and fluctuations) quantities
are compared with LDA and PIV measurement data and the flow regimes and transitisragi
validated with experimental data based on wall pressure fluctuations. We aivgparisorwith
previous 2D works reported by Olmos et al. 2001 and Olmos et al. 2003a based on population
balance and twfluid models for the same reactor.

Mass trasfer from the dispersed gas phase and the continuous liquid phase or vice versa is one
of the most important and decisive factors in the design andwgeaiebubble columns. Generally,
the mass transfer rate of the reactor is governed mainly by theetolcimass transfer coefficient
0 & inorder to give a better understanding of the mass transfer phenomena. Its accurate prediction
remains difficult due to experimental measurement methods such as the probe position or
assumptions on hydrodynamic nebdsee Gourich et al. 2008) and also strongly depends on the
sparger and reactor geometry, physical properties of the gas and liquid phases, and operating

conditions. Gourich et al. 2008 gave a comparison between different models and showed the
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sensitiviy of 0 @ to those assumptions. Numerically, various mass transfer models have been
developed and used for testing and accurate prediction (Van Batten and Krishna 2004
Dhanasekharan et al. 2005, Talvy et al. 2007, Fayolle et al. 2007, Wang et alH2a0g et al.
2010, McClure et al. 2015). Careful analysis must be carried out in formulating and comparing
between different CFD mass transfer model® ab and experimental data since experimental
estimation is tricky and may be sensible to theébprposition in the bubble column, the sensor
response time and hydrodynamic conditions. To the best of our knowledge, no computational work
has been analyzed for predictiogdd against different experimental estimatiomferefore, we
use the preser@FD model to estimaté @ for different superficial gas velocities. The present
study of the mass transfer specifically focusesamparison of different mass transfer models to
different estimations based on the gassingnd gassingut method, inluding the influence of
the mixing phase conditions and oxygen sensor dynamics.

In a first step, details of the numerical procedure and twoPhaseEulerFoamHOpAbhtwo-
fluid solver) using the mixtur&® - turbulence model are described. Subsequently, we present the
simulation results for superficial gas velociti&s ranging from1.4 to 8.4cm/s and specifically
focusing on quantifying the turbulent dispersion force compare to other forces, local flow
characteristicsuch as turbulence, and the detailed regime map covering the three flow regimes.
Finally, we analyze the volumetric mass transfer coefficient based on different mass transfer

models.

3.2Two fluid model and numerical setup
3.2.1The goverimg equations of gabquid flow

The twefluid model used for the simulations is based on the conditionally averaging of the
conservation equations of mass and momentum, where both phases, the continuous liquid phase

and the dispersed gas phases, are modelled as two interpenetratimyiacomtie present

24



formulation closely follows the procedure outlined by Weller 2005, where the conservation
equations are averaged, along with the volumetric momentum exchange terms. The continuity

equation mass and momentum equations for the phase gven by

T . (1)

4 . . (2)
bn‘ LRI (I | " "HAO 7 E

Here” is the density, is the phase fraction, is the phase velocity vector, ahd represents

the effective stress tensor usually decomposed into a mean viscous stress and turbulent stress tensor

for the phase as

G (€)

whereQ is the turbulent kinetic energy of phaseand kis the identity tensor. In Eq. (ZE

represents the intgghase momentum exchange between phasel the other phase due to various
interfacial forces. The present work is concemth the effect of the drag, lift, virtual mass and

turbulent dragvhich accounts for additional drag due to the fluctuations in the dispersed phase

E E E E E (4)

Closures are required to model these forces and are extensiptyrtedin many papers, see for
instance the works of Jakobsenaét1997 and Joshi 2001 for a complete description. The drag

force is formulated as
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with 'Q is the bubble size andl is the drag coefficient which calculated based onbihigble

s

Reynoldsnumber 'Y 'Q , and the relative velocity N i , according to the

Schille-Naumanncorrelation

St ™mXY¥Q® h YQ prnnm ©
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The virtual mass force is modelled as
. ., O 0N (7
E " S~ L o~ L
| ° 00 0o

which limits bubbles acceleration near the sparger to a physical value, see Simonnet et al. 2008.
Most works adopted a constant virtual mass coefficient T@8
The lift force is a lateral force with different mechanisms (Magnus, Saffman), see Jacobsen

et al. 1997. It is represented by

E | "06N no (8)

whereo is the nordimensional lift force coefficient.
The turbulent dispersion force is accounted for the turbulent dispersed phase in the
continuous phase. It is derived by Fageraging the multiphase NawviBtokes equations, see

Lopez and Bertonado 1998, as
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whered is a constant an@ is the kinetic turbulent energy in the liquid phase. There is still no
agreement in the community on the closures or combinations to be used at best. We emphasis part
of this work on testing different combination and quantifaatboth instantaneous and time
averaged magnitude of each force in different part of the reactor.

TheQ - mixture model (Behzadi et al. 2004) is adopted to model the turbulence and
compute the shear induced dynamic viscosity. The model has shownémanat in the prediction
of two-phase flows over other models considering only the turbulent kinetic energy on the
continuous phase. We solve two phaseraged transport equations for the mixture kinetic energy

Q and turbulent dissipation rate for mixe -

T, = by T o - ~ ., (20)
o Q nd” Qn noy—nQ (VI - Y
! (11)
—." - no”
o 1 .
‘ - A o o Q e
ny—~n- =— 0 0y O " - 0 — 'Y

where the mixture turbulent quantities are related to those of individual phases through the turbulent
response coefficiend , which is defined as the ratio of tham.s.values of the gas velocity

fluctuations to those of the liquid phase

Y (12)
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and was modified to account for the influence for the gas volume fraction as in Rusche 2002. The

rest of the mixture quantities appearing in the above transport equations are defined-by mass

weighted averaging as

OO T | I B (I (13)
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| | r] | ” | ” O
Q | — | =6 TQh - | = | =06 - (14
fo) (15)
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The mixturéQ - model constants have the same value as in the ihgleeQ - model (Wilcox

2006). Details of the derivation of the model may be found in Behzadi et al. 2004 and Rusche 2002.
The solution values are then used to calculate the turbulent kinetic energy for TQuidnd
turbulent dissipation rate energy for liquid . Furthermore, the model accounts for the effect of

the dispersed phase and the interfaces on the turbulence by adding a sourtg teexpressed

as the superposition of the shéatuced turbulent kinetic energy and the bukbtiuced

turbulence The turbulent stress tensor in Eq. (3) is then computed at each iteration.

3.2.2 The masgransfer model

The global mass transfer performance of the reactor is usually expressed in the term of the
overall mass transfer coefficient,® , whichdepends on many parameters including the gas hold

up, the bubble size distribution, the slip velocity and the turbulence energy dissipation rate. The
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averaged transport equations of dissolved oxygen in the liquid phase are solved only when the
oxygen concetrations are of interest and their source terms depend @n Many different
models for estimating the mass transfer coefficient have been proposed. For instance, the laminar

boundary layer model for the liquid side mass transfer coefficient ie&squt as

~ a7)
e L @ Yo i,
VwWw O Q o (@]
see Griffith et al. 1960. Hef® is the molecular diffusivity of gas in liquid, aridis a constant

that has been found experimentaly to vary from 0.4 to 0.95. This model can be applied to bubbles
with rigid interface and have found to underestimate the mass transfer coefficient when it is applied
to bubbly flows in an airlift reactor, sétiang et al. 2010.

Another model was proposed by Cockx et al. 2001 using the penetration theory of Higbie

and leads to the following expression

(18)

©

L ®

. ov

Q “Q

Here the interface area concentration is calculated based sphitiécal bubble shape assumption

_ (19)
© 9

This model is based on the bubble diameter and the slip velocity. Based on the theory of
Higbieand using the Kolmogorov theory of isotropic turbulence Lamon and Scott 1970 established

the eddy cell model
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Here 0 is a model parameter. The cell eddy model assumed that the small scales of turbulent
motion, which extend from smallest viscous motion to inertial ones, affects the mass transfer in the
liquid. The model depends on the turbulent energy dissipation rated is more appropriate for
highly turbulent flow. There are many other mass transfer models available in the literature, see for
instance the work of Huang et al. 2010 for a comprehensive literature survey and the published
numerical studies proposed @nalyze their performance. In this work, the three models described

above will be tested against the experirabdata of Gourich et al. 2008.

3.2.3Numerical simulation saip

The numerical simulations were carried out le@ght to diameter ratioylindrical bubble
column "G ‘O of 20 with uniform aeration using the open source CFD tool, @AM library
(Weller et al. 1998). The averaged transport equations for mass and momentum for each phase as
well as the turbulent kinetic energy and the dissipation rate transport equations for the mixture are
solved by the twgphase flow solver twoPhasdEtFoam implemented i©@perFOAM v.4.0.0
The solver is based on a finite volume formulation to discretize the model equations and has shown
to be stable for transient calculations, see Weller 2005. The solving of the discretized transport
equations proceks iteratively in a sequential manner and starts by first predicting the gas and liquid
phases by solving the continuity equation (1), we calculate the interfacial fay€6%, (ve solve
the momentum equations (2) to update all velocities in each phadethen we employ the
PIMPLE algorithm to solve the presstrelocity coupling where the pressure equation is solved
and the predicted velocities are corrected by the pressure change. Finally, the turbulence model
equations 10) and(11) are solved and ¢hsame procedure is repeated for the next time step. The

first-order bounded implicit Euler scheme is adopted for the time integration, the gradient terms
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are discretized with a linear interpolation, the fosder upwind scheme for convective terms, and

the diffusive terms are interpolated with the Gauss linear orthogonal scheme. The preconditioned
conjugate gradient (PCG) is employed for solving the discretized pressure equation and the
incompleteCholesky preconditioned Hmionjugate gradient (BICCG) issed for other set of linear
equations. Foa more detailed discussionall steps mentioned above, see Rusche 2002, Selma et
al. 2010, and Weller 2005.

The bubble column is the same as used by Vial et al. 2001, 2002 and Gourich et al. 2008
in their expeiments. The height of the column™@ 2 m, the diameter i® 0.10 m, and the
static liquid height is.5 m. The reactor is operated with the water and air as the continuous and
dispersed phases at room temperature and atmospheric pressure, regpactiwed a superficial
gas velocity ranging from 1.4 to 8.4 cm/s. The gas is injected from the bottom of the column through
amultiple orifice nozzle tensure uniform aeration and study the flow regime transition. The initial
and boundary conditions asemmarized iMTable3.1. The gas distributor is treated as a uniform
inlet mass flow rate calculated from superficial gas velocities for mass conservation with gas
volume fraction of 1.0. The pressure at the inlet is set to zeroGradient and specifiedzbyoth
gradient boundary condition. At the outlet, the pressure is specified as atmospheric pressure, and
the gas hold up is set to inletOutlet with zero gradient for outflow and fixed value for backward
flow. The neslip condition is applied at the wallsr the velocities and Dirichlet condition for the
gas holdup.

Prior to the description of the computational mesh and presenting the results, we emphasis
the implications of bubble size distribution on the model. In the present work, we assume a spherical
bubble size distribution of dim according to bubble size measuremenhtgial et al.2001 The
same simplification was used by Khan et al. 2017 to simulate successfully their bubble column
using@Q -hRSM, and Smagorinsky turbulence models at igerficial gas velocities. Perhaps
the incorporation of bubble coalescence and break up in the present model may help in prediction

of the flow field in the vorticakpiral regime. Note also that recently Huang et al. 2018 implemented
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and used the variablbubble size models in modelling thhdienensional large diameter bubble
columns operating under churn turbulent flow regime. They concluded that the model did not lead
to any substantial improvement relative to the single size models and highlighteeethdor
improved breakup and coalescence closure descriptions.

The computational mesh was generated using the Gmsh finite element mesh generator. Fig.
3.2 illustrates the typical mesh structure used in the simulations. Hexahedral structured
computationalcells were employed, and the near wall was refined as we can see in the cross
sectional mesh. As pointed by Ma et al. 2015, the equations model is derived by volume averaging
and the volume of each computational cell has to be substantially larger tharbkthe diameter
Qj Yox p . In order to check that the computed results are-igddpendent, different mesh
refinements were tested with a superficial gas velocity 6 cm/s by increasing the number of
computational cells in the axial direction and neamthits with a spatial resolution in the order of
the bubble size. The simulation results of the tameraged radial distribution of the gas holdup
and axial liquid velocity are shown in Fig3(a) and(b). A grid number of 123700 on the domain
with the mnimum and maximum cell volume of v I i andpuv puv xi I,
respectively, were employed in the rest of the simulations. The mesh is uniform in the axial
direction and ensures good compromise between CPU time and accuracy at the column center and
close mar the walls. For low superficial gas velocities, the obtained results with this mesh
resolution give noiphysical oscillations and fail to capture the experimental data. Similar behavior
was observed by Law et al. 2008 in their 2D simulations. Sinckdim®geneous flow regime is
dominant, the coalescence and break up are not significant, suggesting a uniform grid size of nearly
the bubble volum&o Yo Y& v v v mmd. The resulting coarser mesh provides good
resolution for low superficial gas velocities Y p& and 2.7 cm/s which closely fit the
experimental data as we will see in the next section.

All transient calculations are started from static conditions with the liquid is at rest and the

gas is injected with a mass flow rate corresponding t@xiperimental superficial gas velocity.
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The bubble diameter is kept constant at 4 mm according to the reepési of Vial et al. 2001

(Fig:3.1).

Fig 3.1 Photograph obubblesin the bubble column reactor (Camarasa et al. 1999)

Bubble coalescence and breakup are not considered in this work. We start the calculations with a
fixed smalitime step o0 1@t 11 TsUdor the first 20 s then we increase it to 0.001 s in order to
account for the transient instabilities of bubbly turbufeews. The flow was simulated for 200 s

and before we start to collect statistics the solution has to been reasonably statistically stable. In

Fig. 3.4we plot time histories of the instantaneous and-tiveraged gas holdup

p .
< (@0]
T |

at the center of the reactor for v T8, it is clear from these figures that after a lapse of 50 s
fluctuations on the overall gas holdup are stabilized and by this time the influence of the initial field
is negligible. Therefore, the averaged resiitisn t = 50 s to t = 200 s are quantitively compared
with experimental data. All the simulations were performed in a parallel mode on a PC cluster with

16 nodes, Intel Xeon, 2.8 GHz, 4GB RAM.

3.3Results and discussions

The results obtained with the 3D tywbase CFD model will be presented and compared with
experimental data. First, the hydrodynamics of the flow in terms of the local gas holdup and axial

liquid velocity will be shown and compared with the predictions of some previous numerical
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studies using # same reactor geometry and flow conditions. Subsequently, the flow structures
based on the instantaneous data and averaged quantities are discussed and related to different flow
regimes. We employ the model to compute global and local values of therams$srtcoefficient

based upon the penetration and cell eddy models and compare them with the oxygen mass transfer

experimental data.

3.3.1Hydrodynamics and comparison with other simulations

Profiles of the radial distribution of axial liquid velocitycathe gas holdup for different
superficial gas velocities 1-48.4 cm/s are compared with experimental measurements at the mid
height of the column reactor and presented in Big. 3.6 and3.7. In simulating the local gas
holdup dl the cases are in wegood agreement with the experimental data, whereas in predicting
the local axial liquid velocity the present model provides reasonable accord with experiments for
low™ 1 cm/s For higher value ofY ¢ and 8.4 cm/sthe model ovepredicts the measured
values in the neawall region by about 280% and 3810%, respectively. This is probably due to
small bubbles formed by the breafg phenomena which influence the hydrodynamic slightly in
this range of superficial gas velocities dhd fact that th& - mixturemodel do not analyze the
flow near the wall. A similar trend has already been observed numerically by Vial et al. 2001 using
a 2D Eulerkuler simulations coupled with the population balance model for bubble size
distributionand Olmos et al. 2001 using a 2D Et#erer based on a combination of a mfiitid
approach and a population balance model for predominant bubble classes. Although the population
balance or multfluid models are expected to be more superior in thionegnly the 3D time
averaging transient predictions are in better agreement with the experimental data. Several
simulation attempts were carried out to highlight the source of this numerical deviation. Some
examples of this effort include the sensitivitiythe model to grid resolution or interfacial forces

as illustrated in Fig3.8 and will discussed later. Fi§.6 compares the averaged liquid velocity

34



over cross sectional area for different gas flow rates. In all cases the @ixednodel shows
goad agreements with the experimental data.

Fig. 3.7 depicts the radial distribution of the local gas hgtdat the mid height of the
bubble column. For all the inlet superficial gas velocities, ageen,the3D CFD model predicted
local gas holeup profiles are more close to the experiments as compared to oth@hase
models. Although the profile was slightly ungmedicted close near the wall fof  p& cm/s
due to the Neumann boundary condition and the coarser grid used. These findings arelin accor
with the results of Bhole et al. 2008 who observed low gas fraction near the wall with the MUSIG
model. Although the local profile becomes parabolic for both high and low gas velocities, it is
interesting to note that, for the purpose of comparison2ihéwvo-phase flow based on a wide
bubble size distribution give small amount of the gas near the wall and large bubbles with high
velocities in the core region. For nearly the same inlet gas superficial velocity Besagni et al. 2017
observed a flat profilevhich overestimate their measurements using a rfluld model. The
contribution of the small bubbles traveling with the same velocity in those models increases the
amount of the gas in the center and reduces the liquid circulation near the wall. Eim¢ m@so
modal model provides a stable diameter distribution ( Q x& mm) which essentially
dominates the hydrodynamic in the core region. In the line of these results, the resultant dispersion
forces including the drag and turbulent dispersione®enaere sufficient to simulate the bubble
migration toward the center of the column.

The simulations were carried out using several interfacial forces: drag, lift with different
values ofd (-0.5, 0.2, 0.5)virtual mass, and turbulence dispersiondsrwith different values of
6 (0.2,0.6,0.8, 1.2). Fi®.8 compares the effect of different forces on the flow pattetv at
8.4 cm/s. Here we show only the best profilesaddition,the virtual mass force does not have any
impact on the radigrofiles as we move away from the distributor. When the lift force is added to
the drag force the liquid profile shows an increase at the center and near the wall whereas the gas

hold-up is under estimated. For\eM or D-L-VM the profiles deviate largefyom the experiments
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in the core region where the gas holdup is relatively higher.réagonmay come fronthe
incomplete description of the coupling of two phases and the fact that the lift force causes an
acceleration of the flow in the central regiwhere the bubbles stay. The best results compared to
experimental data were obtained with the drag force moda&thifle-Naumannand the turbulent
dispersion of Lahey et al. (1993). The liquid flow is turbulent leading to intense fluctuations on the
liquid phase which act on the bubbles and pushing them to the walls. The gas phase spreads more
in the radial direction due to the higher turbulence diffusion. This indicates that the influence of the
turbulence dispersion force could be much important tharifthforce to move the higher size
bubbles towards the column center and the small bubbles to the near wall.

To quantify the influence of the interfacial momentum forces, the magnitude of the
instantaneousind timeaveraged drag, virtuathass and turbulent dispersion forces in bubble
column are plotted and compared in B@. Theinstantaneougalues are displayed at time 100 s.

The drag forces dominant in the axial direction and at the center. $tength of the other
interfacial forcesappearssmall as compared to the drag force, but the vinueds have more
influence near the sparger, meanwhile the turbulent dispersion force is more pronounced in the near
wall region and seems to influence in thdial transverse direction.

From the above comparison with the experimental data, the following closure were
identified and subsequently gets reflected in the predictions obtained for the different flow regimes
and mass transfer in the bubble column reasticdied:

1 3D unsteady simulation with time averaging;

f  high resolution in the axial direction and in the near wall regiof¥for o cm/sand nearly
uniform mesh fofY  acm/s

1 the mixtureQ - model;

1 SchillerNaumann correlation for the drag force;

1 Lopez de Bortodano for the turbulence dispersion forcedvith Ty
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1 and neglect the lift force.

3.3.2Instantaneous flow and regime transition

Besides the evaluation and validation of the flow field, the different flow regimes for the
fully aerated clumn was analyzed. The variation of the global gas holdup with the superficial gas
velocity are ilustrated in Fig. 3.10a) against experimental measurement from the bottom to a
sample located 1 m higher than the sparger. At loMér o8 cm/s)the overall gas holdup
variation is linear and predicts well the homogeneous regime. At higigerA j O 7Y
@ A ij O slightly lowerd Ovalues are obtained compared to experimental measurements and the
transition regimes are numerically reproduced, whilehigher Y (& cm/s) the deviation
decreases and the stagnatiordofOis predicted. Overall, the simulation and experiments are in
good agreements with the same trend, and the homogenohetanoigeneouiow regimes are
described quite well by theD CFD model and can be represented with a unique bubble size
distribution as reported by Vial et al. 2001 and Olmos et al. 2003. The 3D CFD model based on
mixedQ - model performs better than 2D model combined with population balance and two fluid
modds. Only atY @ cm/sthe calculated global gas holdup deviates from experimental data.
The reason of this deviation is probably the multiple orifice generates both higher and smaller
bubble sizes, at the beginning of the transition tohihierogeneousegime, which may not be
coalesced at intermediate inlet gas flow rates. To check this, we conducted part our simulations
with smaller bubble diameter & ¢ mm and we display simulation results in the saitige.
Fig. 3.10(a) shows that a narrow bble size distribution would help to predict accurately the
transition andheterogeneoufow regimes.

The averaged gas helpd Overe measured between two wall sampling points located
0.5 and 1.5 m higher than the gas distributor, respectively, angacecthwith the mixture RANS

model in Fig.3.10(b). Simulation results with two bubble size distributions are shown. As expected,
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a good agreement is obtained for low superficial gas velocittes T cm/9. In the transition and
heterogeneous regimes, 8ED model performs much better and gives a linear trend with slower
rate increase in the transition regime. This might be attributed to the inlet boundary conditions at
the sparger modelled by a simple uniform inlet mass flow rate, where the bubblesedeeated

and traveling from the central part of the column to the near walls. It is clear that the flow regimes
and transitions are a complex function of the kind of aeration, correct sparger modelling as well as
the bubble size distribution.

To analyzemore deeply the different flow regimes, we tracked the axial liquid velocity
vectors at the central plane with respect to time and some key snapshots have been illustrated in
Fig. 3.11. As can be seen, the flow field is not steady and is characterizémtdyliquid
recirculation near the walls and different lasgmle vortices at the core. Two vortices start to
develop on both sides of the lower column corner in different ways. For low superficial gas velocity,
the two vortices are developed in the neall region and not in the center with an increase of local
gas volume fraction. At high superficial gas velocity ( ¢ cm/s) a counterotating pair of
vortices is observed at the column center near the distributor. All these flow structures were
consdered as hypothetical structures of the transition flow regimes T1 and T2 obtained by Olmos
et al. 2003a by applying the wavelet transform to LDA signals. For high superficial gas velocity
Y y8 cm/s) the bubbles are rising at higher velocity in a uniform way filling the entire column
diameter. As the gas is injected in the column, the liquid moves upward with a pronounced bubble
plume structure started from the distributor zone up to the fifgceu Several liquid circulation
cells are then observed throughout the column height. The number of cells and their sizes are
changed with the inlet superficial gas velocity. For instance, Wr o& ccm/s) 2 to 3 cells
outside the bubble plume filhé lower half part of the column, meantime the central part is more
stable, and the bubble are uniformly distributed. These flow structure corresponds to the flow
transition regime T1 where the flow becomes unstable and beyond some liquid height becomes

homogeneous again. As we increase further the inlet superficial gas vefdcity @ cm/s), the
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cells rise with high velocities along the column in a meandering way and the bubble plume reaches
the wall column. At higher gas flow ratd¥ Y& cm/s) the flov liquid becomes turbulence due
to the bubble motion which becomes more dynamic and spiraling downward in the near wall region.
These flow structures qualitatively agree with the experimental observations of Olmos et al. 2003a
and characterize locally theansition T2 and heterogeneous regimes.

Fig. 3.12 shows instantaneous isorfaces of constant gas hald| & at time”Y
p 1 " and different initial superficial gas velocities together with horizontal slices at different
heights of the column. Thead-surfaces illustrate the spiral rotating movement of the bubble plume
near the sparger with a more homogenous distribution from up to the center of the column for low
Y . For high™Y the bubble plume looks very similar to those observed in Lehr 20@2. The gas
spreads spirally through the centerline of the column and exhibits a 3D oscillatory character with
several vortices that extend over the half column diameter. This behavior shows the different
characters of the flow regime T2 and the hadereous one obtained for fully aerated 3D bubble
column. As highlighted by Olmos et al. 2003, in tleterogeneouszgime the bubble plume is
characterized by large bubbles which fill the entire column diameter. The instantaneous local gas
holdup illustrags the typical flow patterns of the bubble column where large amount of the gas
flow through the column core and small bubbles are dragged to the near wall region. However, for
Y o wm/ssignificant gas volume fraction are predicted near the walhwoliorO p ©m.
This is probably due to the vortices formed in the vicinity of the sparger typical for the transition

regime T1, then the flow ascends in the core region.

3.3.3 Turbulence model
Fig. 3.13 shows the experimental and numerical radial g®ftdf the liquid velocity
fluctuations in the axial directio( ). The fluctuations are higher close to the wall column for

low superficial gas velocitiesY ~ @cm/9 and display a periodic trend fo¥ & cm/s This

39



is due probably to the liquid movements from upward to downward at the center and close to the
wall column. Furthermore, the averaged anisotropic velocity fluctuations of the liquid are not well
predicted with the mixtur&® - model with the bubbleduced turbulence effects as source terms,
especially for superficial gas velocities lower than 6 cm/s."For Y& cm/s, it slightly over
estimates the axial fluctuation§he profiles show a slight increase near the wall followed by a
smooth decreageward the center. A likely cause for this slight increase is the existence of a large
fraction of the gas and the fact that we neglect the bubble deformation due to their contact with the
wall by the monodisperse model. The bubbles swarms accumulates @riter also cause high
velocity fluctuations due mainly to the large bubbles. The presentEuler mixtureQ - model
was able to predict the overall behavior of the profiles and shows better agreement with experiments
as comparewith other 2D modkbased on population balance and {ilund models.

Unfortunately, experimental data on kinetic turbulent energy of the liquid phase are not
available. In fact, Vial et al. 2001 only measurednmesin the axial and orthoradial directions.

From the work bFranz et al. 1984, the turbulent kinetic energy can be estimated as
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The predictions of the liquighase kinetic energy profilé are shown in Fig3.13 at the
"Y values of 3.72, 6 and 8.4 cm/s. The simulated profiles are seen to be flatter and lower in
magnitude as compared with the estimated turbulent kinetic energy. This poor representation can
be attributed to the assumption of isotropic turbulence model vidiobt valid for turbulent flow
in bubble column reactors. Similar behaviors were obtained by other authors, see for instance Tabib
et al. 2008. The simulations give good prediction in churhulence regime’Y Y& cm/g and
for all other cases the callatedrms has a maximum value around the croger point as
experiments. Additional comparison was made between the sectional averaged axial velocity

fluctuation of the liquid at the heighif 'O & in Fig. 3.14. The numerical results underestimate
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the measurements in homogeneous regime and overestimate them in the heterogeneous regimes
and give nearly constant values and sharp increase at the incipient heterogeneous regime. This
behavior is opposite to that of the mean axial liquid velocities which estenate experiments,

see Fig3.5 and3.6. The turbulent intensities vary between 64% and 85 % in theyoabblchurn

turbulence regimes.

3.3.4Mass transfer analysis

The volumetric mass transfer coefficiantcd were modelled based on different mass
transfer models given by Egs.7§4(20) to test and better understand the-isid mass transfer
mechanisms in the present bubble column reactor. The overall volumetric mass transfer coefficient
data measured by Gich et al. 2008, using the dynamic gassimgnd gassingut method and
fitting the predicted oxygen concentration at the probe level, were used to validate the numerical
simulations. The increase of oxygen concentration was measured until the watee batzrated
with dissolved oxygen. Assuming a watixed liquid phase, the mass balance of oxygen is given
by the following equations

1 Inthe bulk of the liquid phase

C e owz o 21
W o o0 (21)

O‘
C

I Near the electrode

®» .., . (22)
00 (0] (0]

whered andd are the oxygen concentration in the liquid and gas phases, respedtivislyhe

dissolved oxygen concentration in the batch liquid phise,s t he satur ated giver
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6 ao6° with & — (23)

The tabul ated Henr®®s p ®anpsttPa nitmol.dntegraify of(EGs. i s

(21) and (2) with6 6  matd Tgives

2— p ———— 00 0 &0 (24)
Gourich et al. 2008 analyzed the oxygen conceotraturves and showed that cutting the oxygen
response curve along with the assumption of perfectly mixed reactor must be avoided. The above
model may be applied only after an integral tione

We compare our numerical data with experimental measurememesponding to two
different models: perfectly mixed reactor with transient hydrodynamic effects (M2), and axial
dispersion model for the liquid phase with plug flow model for gas phase (M4R.Bxgdisplays
the predicted and measured overall voluindtansfer coefficient at different inlet superficial gas
velocities. The models give reasonable predictions for the whole range of superficial gas velocities,
though the slip penetration seems to do somewhat better than the eddy cell models wwigh x
Mass transfer coefficient computed with the laminar boundary layer model, not presented here,
behaves poorly since the flow conditions don
assumptions. In the homogeneous regitve ( T cm/9, both experimental and numerical models
increase linearly with increasing gas flow rate and gave nearly the same results. The penetration
model agrees well with model M2, and the predicted values by cell eddy model under estimate both
model data M2 and ¥l This due probably to the fact that the mixti®e - model was used to
estimate the turbulent dissipation rate even though the bubble induced turbulence has been
considered as a source term. The predicted mass transfer coefficismtearly 0.00029 m/s. In

the homogeneous and transition regimes, the CFD models under estimate the liquid velocity as we
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have observed in Fi@.6, thus decreasing the liquid circulations has a tendency to slow down the
bubble in the core region which reduces the resieléime and therefore the gas holdup and mass
transfer coefficient.

Fig. 3.16 shows the evolution of instantaneous and time averaged valiies cdt different
cross sections along the height of the column reactor obtained by the penetration mddel for
U8 cm/s We note that the local time averaged volumetric mass transfer coefficient spreads from
the center to the near wall. The instantaneous results showumifiorm radial distribution of the
mass transfer with an increaselofdd at the t@ center of the column where most of the gas is
located.This variation is in accordance with the radial fraction distribution displayed ir8Big.
The mixture tweflow model based on the penetration model predicts well tie measurements
from thedynamic gassingn and gassingut method assuming both perfectly mixed liquid phase

or axial dispersion.

3.4Conclusions

CFD simulations of gakquid flow in the 3D cylindrical bubble column of higtspectatio
with a multiple orifice nozzle have been performed to studywater system based on Open
FOAM software package. A EukEuler twophase flow model with a mixtur® - turbulence
model has been used to compute the global and local gasiholtkal mean andms liquid
velocity fluctuations values and validate with experimental data of Vial et al. 2001 and Gourich et
al. 2006. Different models of mass transfer coefficient, namely the slip penetration model and the
eddy cell model, were tested andhkiated against the experimental measurements by Gourich et
al. 2008. After identifying appropriate interfacial force closures and correlations for the CFD
model, it was used further to examine the effects of the uniformity of the gas aeration, turbulent
dispersion forces, and bubkleduced turbulence on the liquid circulation and turbulence inside

the reactor. Main conclusions from the present work are as follows:

43



1 A computational twephase flow CFD model was identified to predict successfully 3D
unsteadyair-water flow in a high aspect ratio cylindrical bubble column. The model uses
the mixtureQ - model with bubble induced turbulence, 8whillerNaumann correlation
for the drag force, andopez de Bortodano for the turbulence with T dispersion
force, while neglects the lift force.

1 The results show that finer grid resolution was possible only for high superficial gas
velocities casesY  ¢& cm/s) and are dependent on the bubble diameter in the center
and mesh refinements in the neall region.

1 The CFD model was more successful in calculating the local gas holdup, the axial velocity
profile for the liquid and thems of their fluctuations, and the global gas holdup in
comparison to 2D calculations based on other models and shaxinageeements with
the experimentdlowever, it over predicts the liquidcirculation in the near wall regions.

1 The calculated flow fields are characterized by different structures near the sparger
corresponding to different transition flow reginiésand”Y with different pair vortices
and several large flow structures along the column.

1 The predicted overall mass transfer coefficientd agrees well with experimental
measurements from the dynamic gassingand gassingut method assuming both
perfectly mixed liquid phase or axial dispersion for both homogeneoubetatbgeneous
regimes, though the slip penetration seems to do somewhat better than the eddy cell models

withy T8 X

The study indicated that the CFD model reasonably predicted ywedynamics, regime
transitions and mass transfer in the bubble column reactor. Proper treatment for the wall region
such as population balance, wall function and large eddy simulations are needed to better capture

the liquid recirculation in such reacsor
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N, — > E
Inlet Inlet value zeroGradient 1 fixedValue fixedValue
Outlet  zeroGradient fixedValue inletOutlet zeroGradient zeroGradient
Walls No slip zeroGradient fixedValue Wall function Wall function

Table 3.1 Boundary conditions faboth phases

(@) (b)

el

Fig 3.2 Typical mesh structure used in numerical simulation (a) for'foyand (b) for high
Y.
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Fig 3.9 Quantification of interfacial forces & Y& cm/s: (a, d): drag force; (b, e): virtua
mass force; (c, f): turbulent dispersion force; (top) instantaneous contours at 100 s simi
time; (bottom) timeaveraged contours.
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Chapter 4

Euler-Euler large eddy simulations of the gadiquid flow in a

cylindrical bubble column

In this section, EuleEuler Large Eddy Simulations (LES) of dispersed turbulerligas flows

in a cylindrical bubble column are presented. Besides, predictions are compared with experimental
data from Vial et al. 200 using laser Doppler velocimetry (LDV). Two test cases are considered
where vorticalspiral and turbulent flow regimes occur. The -gmigl scale (SGS) modelling is
based on the Smagorinsky kernel with model constant T8t yand the onequation modeldr

SGS kinetic energy. The emphasis of this work iartalyzethe performance of the omguation

SGS model for the prediction of bubbly flow in a thoémensional high aspect ratio bubble
column (@ O) of 20 and investigate the influence of the supkifigas velocity using the Open
FOAM package. The model is compared with the Smagorinsky SGS model and the rixture
model in terms of the axial liquid velocity, the gas hofdand liquid velocity fluctuations. The
bubble induced turbulence and vamgointerfacial forces including the drag, virtuahss and
turbulent dispersion &re incorporated in the current model. Overall, the predictions of the liquid
velocities are in good agreement with experimental measurement using tequation SGS
model ad the Smagorinsky model which improve the mixf@e - model in the core and near
wall regions. However, small discrepancies in the gas-lyldre observed in the bubble plume
region and the mixtur® - model performs much better. The numerical siroihs confirm that

the energy spectra of the resolved liquid velocities in chuntsulent regime follows the classical
-5/3 law for low frequency regions and are close3dor high frequencies. More details of the
instantaneous local flow structure haween obtained by the EwWEuler LES model including

largescale structures and vortices developed in the bubble plume edge.
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4.1 Introduction

Bubbly gasliquid flows in multiphase reactors are important for many industrial processes, for
instance in thechemical, biochemical, or environmental industries and have advantageous
characteristics in mass and heat transfers. In bubble column reactors, the gas phase is dispersed in
the form of tiny bubbles in a continuous liquid phase using a gas distributime délre complex
interplay between operating conditions, the-ligsid interfacial area, bubble size, bubble rise
velocity, turbulence in the liquid phase, and bulhléble interactions lead to extensive range of
flow regimes and complex flow structurdairthermore, as the bubbles rise in the column, they
induce pseuddturbulence in the liquid phase. Several numerical studies of these types of flows
have been carried out by incorporating the turbulence of the liquid phase through the Reynold
Averaged Naier-Stokes (RANS) model (Mudde and Simonin, 1999; Plfeger and Becker, 2001,
Tabib et al., 2008; Olmos et al., 2001; Selma et al., 2010; Stiriba et al., 2017; Kouzbour et al.,
2020). The RANS approach, typically tii2 - model, models the effect of liquidrbulence on
the mean flow scale and uses isotropic closures, but fails to reproduce relevant flow physics since
bubbles induce significant turbulence of anisotropic nature. It has provided valuable results and
insights on the turbulence in bubble colureactors with reasonable computational costs.

Bubbly flow ischaracterizetby the development of distinct flow structures of different length
scales, especially for transition and heterogeneous flow regimes. Turbulent scales varied from those
of the charateristic length of the mean flow to those of the microscopic ones. For instance, the
largest turbulence scales are comparable in size to those of the mean flow and depend on the reactor
geometry and flow conditions, whereas the smallest scales deperedmrbtile dynamics and are
proportional to the bubble size. The laiggale turbulent motions interact with the bubbles and
thereby affect their motions, whereas the small scales not only dissipate the kinetic energy but can
generate energy to the largesales and tend to be more isotropic as well (Dhotre et al., 2013; Ma

et al., 2015a, and 2015b). The energy spectra of the liquid fluctuatibiists the broad range of
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frequency and gives a power law scaling with the slopB/8ffor low frequency regits which is
progressively replaced b25/3 in Lui et al. 2018 and over tha®/3 in the works of Ma et al.
(20154, and 2015b) and Lance and Bataille (1991) for high frequency regions.

To reproduce relevant flow physics and give comprehensive insigbtdwiotphase flow
turbulence, the LES approach has attracted great attention in the simulation of dispefseasvo
turbulent flows. It has been used in several investigations and simulations to predict multiphase
flow dominated by large coherent struesior eddies in bubble columns, stirred tanks and many
other reactors (Tabib et al., 2011; Dhotre et al., 2008). As in single phase flows, LES model resolves
directly the interaction of the largeale motions with bubbles, whereas the less energetiesinall
motions including the interaction of the bubbles with the surrounding turbulence are represented in
terms of sukgrid scale closure models. The Edlarler LES model predicts more accurately flows
dominated by large coherent structures or eddies iblbudmlumns which carry most of the flow
energy (typically 90%) than the traditional RANS models and represents more details of the flow
structure (Ma et al., 2015a, 2015b; Dhotre et al. 2008). Furthermor® themodels consider
isotropic turbulence and do not analyse the flow near the Wallde 4.1 gives a summary of
previous works of gabquid flows in bubble column reactors in a chronological manner. For
instance, Zhang et al. (2006) investigated the Sniraglor model with different values of the
constant) and the dynamic Smagorinsky model. Niceno et al. 2008 applied tregoaton SGS
turbulent kinetic energy LES and suggested that theggdbscale kinetic energy obtained from
the model can be uséd assess the SGS dispersion turbulent force. Tabib et al. (2011) employed
the commercial CFD package ANSYS CFXatwalyzethe inclusion of SGS turbulent dispersion
(TD) force and concluded that the results of a coarser mesh can be improved by using a lowe
magnitude of SGID force. Liu et al. (2018) studied the scale adaptive of AESYS CFX code
using a smallj Q  p. These works have made several assumptions in the CFD modelling,
reactor geometry and operating conditions. Indeed, their bubble colummperating at low

superficial gas velocities with namiform aerations or use flat bubble column reactors. At high
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gas flow rates, the flow field is unsteady and characterized by local recirculation near the sparger
and different scale vortices in there region.

In view of this, it is desirable to carry out LES in a thdémensional bubble column at high
inlet superficial gas velocity. The purpose of this work is therefore to employ-Euler LES
approach to simulate dispersed turbulentpliase fbws in a threalimensional cylindrical bubble
column of high aspect ratidd ‘O) of 20 with special emphasis on the performance of the one
equation SGS model and the influence of the superficial gas velocity. A multiple nozzle gas
distributor is used forniform aeration. The inlet superficial gas velocities, used in this work, are
Y 6.0 and 8.£m/s where vorticaspiral and turbulent flow regimes occur, respectively. The
simulations are set up according to experimental works of Camarasa et al.42600al et al.
(2001) using LDA as well as they have been performed by using the twoPhaseEulerFoam solve
implemented in th®©penrFOAM v.4.0.0software package. The results achieved from the one
equation model SGS are compared with the Smagorinsky mdttletonstantd 18t yand the
mixture’Q - model. The accuracy of the results in comparison to experimental data are evaluated.
Comprehensive simulations were conducted to examine the instantaneous flow structure and
Reynolds stresses. Furthermore, thalgsis of the energy spectra of resolved velocity and the

vorticity distribution have been addressed.

4.2 Two fluid model and numerical setup

4.2.1 The flow equations

The twofluid model is built up on the spatial filtering for LES or conditional averaging for
RANS of the conservation equations of mass and momentum. In this approach, both phases, the
continuous liquid phase and the dispersed gas phases, are modetled iaserpenetrating
continua. In LES cases, it is assumed that the filtered equations are used to computegbealéarge

lengths while the effect of unresolved turbulent scales are modelled usingyadsoiodel. In the
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present work, the flow is assumtedbe adiabatic, without considering the interfacial mass transfer
between the air and the water phases.
The present formulation closely follows the procedure outlined by Weller 2005, where the mass

and momentum equations for the phasare given by

T ) (1)

f oo ‘ .o . : (2)
s— o7 1 A 1" TH D E

Here s the volume fraction of each phage, is the phase resolved velocity, and represents

the effective stress tensor usually decomposed into a mean viscous stress and turbulent stress tensor

for the phase as

: R R S N (3)

al

where'Q is the turbulent kinetic energy of phasgt is the identity tensor, arid s the effective

viscosity of phase . The effective viscosity of the liquid phase is obtained through the summation
of the molecular viscosity, the shdéaduced turbulent viscosity, and the bublmiduced turbulent

viscosity

R TR T (4)

and is formulated in the present study using two models: (a) the Smagorinsky model proposed by
Zhang et al. (2006), (b) and the esguation sulgrid-scale model proposed by Niceno et al.

(2008).
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The Smaorinsky model is a zerequation turbulent LES model and the liquid phase shear

induced turbulent viscosity is formulated as follows

"R 6y $% %)

Hered is a model constantyis the characteristic filtered rate of the strain ¥ndwm ¢ & is the

filtered width, wherew ¢ is the volume of the computational cell. The model constant seems to be
different for different flow situation and was chosen todbe 8t yaccording to the work of

Zhang et al. 2006. The turbulence model corrdwtsSIGS turbulent viscosity by a contribution due

to the bubble induced turbulence (Zhang et al., 2006) and the model proposed by Sato and

Sekoguchi (Sato and Sekoguchi, 1975) was employed

h Ofp | 91 0s (6)

with its constant ; setto 0.6.

The oneequation sulgrid-scale model by Niceno et al. (2008) solves a transport equation
for the unresolved kinetic enerd® . The model is able to account for the effects of bubble
induced turbulence through an additional soureetie the transport equation f@® in the
continuous phase and uses the modelled SGS energy to estimate the SGS turbulent dispersion force

(Niceno et al., 2008). The swgnid kinetic energy equation is given by

1o nOQ R 1O 1 "0 6 o ")
5 L h °7y

where"Ois the production term, defined as
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o Y (8)
and the sulgrid viscosity is
' 6 Yo €)

The model constants aie ~ p8t tandd 18t }(Niceno et al., 2008).
In Eq. (2),E represents the intgghase momentum exchange between phased the
other phase due to various interphase forces. The interfacial forces are decomposed into four

contributions
E E E E E (20)

where the forces on the righaind side of equality are the drag force denotel bythe lift force
represented b¥ , the virtual mass force bl , and the turbulent dispersion force ‘By .

There are many models for each of thesedsrdepending on their applicability, the flow regime
and the operating conditions as discussed by (Joshi, 2001; Vial and Stiriba, 2013; and Ziegenhein
et al., 2015). There is still no complete agreement on the closures or the combination to be used at

beg. The drag force (per volume) for the liquid phase is estimated as

o . . (11)

whered refers to the drag force coefficient and is calculated according to the Sbkilienann

correlation andy is the relative velocity. Many drag model have been proposed and compared in
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the literature Pourtousi et al., 2014; Tabib et al., 2008; Zhang et al., 2006; and Silva et al., 2012).
But Tabib et al. 2008 found that Schileaumann, IshiZuber, Tomiyamaand Grace et al. using
different turbulence closur'Q -, RNG,LES) models give the same results in a cylindrical bubble
column similar to our reactor. Furthermore, the Schilaumann drag model works quite well for
bubbly flow in industrial systems$ree bubbles are contaminated by surfactants at the interface and
behaves like a rigid sphere (Clift et al. 1979).

The lift force results from the movement of bubbles through aumgiorm flow field

due to shear or vorticity effects. The force (peuvat) is modelled as
E | "of o (12)

where0 is a constant lift forceVe conducted the same simulation with different lift coefficients
and the model of Tomiyama et al. (2002), but no noticeable improvements in the results were
observed, from which we conclude that the lift force plays a minor role in our test cases.
Furthemore, the steady simulations of a bubble column reactor (Vial and Stiriba, 2013) show that
the lift force was overshadowed by the turbulent dispersion force which better predicted the radial
dispersion of the gas phase along the axial direction of tig@dablumn and the experimental gas
hold-up at the column center using a singtdice nozzle.
Liquid acceleration in the wake of the bubble is taking into account through the virtual

mass force, which is modelled as

: . On O 13

c g % % (13)
whered s the virtual mass coefficient and is taken to be 0.5 for individual spherical bubbles

(Zhang et al., 2006; Dhotre et al., 2008).
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The SGS component of those forces will be neglected except the turbulent dispersion force
which @an be estimated using theodelled SGS energy in the eaquation modelThe turbulent

dispersion force proposed by Lopez de Bertodano et al. (1994) is adopted. It is modelled as

E 6 ” "Q (14)

Severaturbulent dispersion coefficients , required to obtain good agreement with experimental

measurements, were testédr the oneequation and mixtur&® - models we usé T

4.2.2 Numerical simulation seip

The numerical simulations were carried out in a cylindrical bubllevoo with uniform
aeration. The geometry of the current bubble column reactor is the same as used by Vial et al.
(2001) and Camarasa et al. (2000) in their experiments. The height of the coldmn2sn, the
diameteri€0 0.10 m, and the static liquitkight is 15 m. The reactor is operated with the water
and air as the continuous and dispersed phases at the room temperature and atmospheric pressure,
respectively, at two superficial gas velocities 6.0 cm/s and 8.4 cm/s corresponding to transition and
heterogeneous flow regimes. The gas is injected from the bottom of the column through a-multiple
orifice nozzle for uniform aeration and it allows us to study the flow regime transition. The gas
distributor is treated as a uniform mass flow rate throughbttteom boundary calculated from
superficial gas velocities for mass conservation with gas volume fraction of 1.0. The pressure at
the inlet is set to zeroGradient and specified by zero gradient. At the outlet, the pressure is specified
as the atmospherpressure, and the gas hold up is set to inletOutlet with zero gradient for outflow
and fixed value for backward flow. The1sbp condition is applied at the walls for the velocities
and Dirichlet condition for the gas helgh. Moreover, for the orequaton model we apply wall

functions.
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The numerical simulations were carried out with the open source CFD package Open
FOAM library (Weller et al., 1998). The governing equations of continuity and momentum as well
as the transport equation f&@ are sobed by the twephase flow solver twoPhaseEulerFoam
available in OpefrOAM v4.0.0 The solver is based on a finite volume formulatiodiszretize
the model equations which has shown to be stable for transient calculations (Weller, 2005). The
first-order bounded implicit Euler scheme is adopted for the time integration, the gradient terms
are approximated with a linear interpolation, the convetgitras are discretized with seceodier
upwind scheme, and the diffusive terms are interpolated with the Gauss linear orthogonal scheme.
We employ the PIMPLE algorithm to solve the pressugiecity coupling where the pressure
equation is solved, and theegicted velocities are corrected by the pressure change. The
preconditioned conjugate gradient (PCG) is used for solving the discretized pressure equation and
the incompleteCholesky preconditioned dgionjugate gradient (BICCG) for the other set of linear
equations. For more detailed discussions of all steps mentioned above (Rusche, 2002; Weller,
2005).

Prior to the description of the computational mesh and presenting the results, we emphasis
the implications of bubble size distribution on the modehégresent work, we assume a spherical
bubble sie distribution of 4.5mm according to bubble size measurements of Camarasa et al.
(2000) The same simplification was successfully used by Khan et al. (2017) to simulate their
bubble column using® -hRSM, and Smagorinsky turbulence model at high superficial gas
velocities. Perhaps the incorporation of bubble coalescence and break up in the LES may help in
predicting the flow field in the vorticadpiral regime (Khan et al., 2017). But note also that,
recerily, Huang et al. (2018) implemented and used variable bubble size models in modelling three
dimensional large diameter bubble columns operating under churn turbulent flow regime; they
concluded that the model did not lead to any substantial improventatitedo the single size

models and highlighted the need for improved breakup and coalescence closure descriptions.
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The computational mesh was generated using the Gmsh finite element mesh generator. In
order to check that the computed results gridindependent, different grids witk j ¥
& bpdpd and 1.875 have been analysed by increasing the number of computational cells in the
center of the column and the axial direction from 3 mm to 5 mm and stretching the mesh near the
walls (Table 4.2). Milelli et al. (2001) established the criterion of the ratio of the bubble diameter
to cutoff filter size:¥Yj'Q  p®, that is to say that the mesh size must be at least 50% larger than
the bubble diameter for Euleri&ulerian simulations. Figt.1 shows a comparison of the axial
liquid velocity. All the meshes show very similar results and mesh 3 and 4 perform better in the
nearwall region. In this work, we have employed a medium mesh with a filter Widthv mm
Yi'Q  p#), which quantitively sems to give better agreements and ensures a good compromise
between the CPU time and accuracy at the column center and close near the walls. As can be seen
from Fig. 4.1, we have checketthe nondimensional spacing x+, y+, and z+ desirable to make a
large eddy simulation setup convinciniyote that for comparison, Niceno et al. (2008) used the
criterion¥j'Q  p& and found no significant difference with the coarser one satisfying Milelli
condition, Dhotre et al. (2008) found a good agreement with expedimdata using both
conditionsYj Q  p& andYj Q  ¢®, and Liu et al. 2018 used the criteri®hQ  p8tand
concluded that the grid size does not have to be larger than a single bubble. All transient calculations
are started from static conditions with thygiid at rest and the gas is injected with a mass flow rate
corresponding to the experimental superficial gas velocity. We start calculations with a fixed small
time step o0 T8t T TR oI the first 20 s then we increase it to 0.001 s to accouneftraisient
instabilities of bubbly turbulent flows. The flow was simulated for 200 s and the averaged results
fromt =50 s tot = 200 s were quantitively compared with experimental data. All the simulations
were performed in parallel mode on a PC clusiith 16 nodes, Intel Xeon, 2.8 GHz, 4 GB RAM.
Thedifferent timeaveraged profiles displayed in section 3 are givéimeainid height of the bubble

column (O pm).
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4.3 Numerical results

4.31 The oneequation SGS and Smagorinsky model

The resolved axial liquid velocity is presented in Hid.(a), it can be seen that there is no
significant change in the prediction between the medium and the fine mesh. In order to understand
that how the LES model resolves well the fluid flow in theuowh numerically, Pope (2011)
suggested to measure and check when the ratio of resolved kinetic energy to the total turbulent

kinetic energy is greater than 80%, i.e.,

Q - . P, . (15)

This ratio is plotd in Fig4.1(b) at heightQ & m. We get the same results for different height
positions in a plane normal to the axial flow direction. The ratio is around 80% with the medium
grid used and the LES resolves more flow in the core regions. Hence, the resolution of the LES
with the presentnesh can be considered acceptable for analysis.

The surface bubble diamet&?,, was measured by Camarasa et al. (1999) for different inlet
superficial gas velocities (Fig.2(b)). For heterogeneous hydrodynamic regim¥s ( v cm/s),
‘Q is nearly egals to 4.5 mm and in reasonable agreement with our assumption. The measured
bubble size distribution is also given by Camarasa et al. (1999), where spherical bubbles were
observed in the newall region and large bubbles of different shapes in the coi@reand exhibit
a relatively narrow distribution around 4.5 mm. Numerically, three different bubble sizes 3.5, 4.5,
and 5.5 mm were employed to test the bubble size effect on the simulation results, 42¢alfig.
The calculated axial liquid velocitiese very similar and the results for 4.5 mm are closest to the

experimental data, this value will be used for the rest of this work.
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The axial liquid velocity profiles predicted by the mixtd@e - model (Behzadi et al., 2004)
and the onequation SGS dve been compared with experiments, so as to realize the relative
behaviorof different turbulence models, and the results are shown it Biglt can be seen that
both models provide good agreements with experiments and that RANS modptexliets the
liquid velocity for the neawall region. The reason for this over estimation may come from the fact
that a bubble plume moves upward in a spiral rotating manner in the center with the liquid flow
meantime small spherical bubbles spirally move downwaodecihear to the wall column,
accelerating the water flow; the mixtut2 - model does not analyse this flow near the wall due
to the inappropriateness of standard wall functions developed basically for single phase flow. The
oneequation SGS model predidhe overalbehaviorof the axial liquid velocity profile better than
the RANS model and gives good agreement with experimental measurement. For the-gps hold
(Fig. 4.4), the two turbulence models capture the experimental profiles reasonably wasil.bi ¢
however observed that the LES model under predicts the gasiinaidthe center of the column
for T «'Y T, where the flow is dominated by largeale structures, whereas the RANS
model performs much better. In the near wall region where the flow is dominated byscatall
structures, the situation is different, and the gas hold up predicted by LES is msehtolthe
experimental data. The inclusion of the turbulent dispersion force in the RANS model decreases
the axial liquid velocity in the core region and results in a comparatively flatter gashpldfile,
which can predict the profile closer to tegperimental data in the core region. Similar RANS
results were reported by Tabib et al. (2008).

Fig. 4.5 displays radial distribution of the tiraveraged axial bubble veloc#y the mid height
of the bubble columni@ p m). Unfortunately, experimental@asurements are not available for
comparison. The results show similar trends as those reported in Zhang et al. (2006) and Dhotre et
al. (2008); the bubble plume spreading in the center and a relatively steep gas velocity profile for

high superficial gasalocity which leads to less dispersed bubble plume.
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Fig. 4.6 shows profiles of the fluctuations of the liquid velocity at height 0.7 m. All the profiles
are based on the resolved part of liquid velocities. Unfortunately, experimental data on kinetic
turbulent energy of the liquid phase are not available. InVaatet al. (2001) only measured the
rmsin the axial and radial directions. Fi§§6(a), @) displays a comparison of liquid fluctuations
in the other directions. Clearly, the velocity fluctuations in the present bubble column reactor are
anisotropic. Théime-averaged spawise componentd 0 O increases smoothly away from the
wall and attains a maximum at the center of the column, whereas the streamwise fluctuations
® o0 O display a periodic trend with a lower value in the core region which attaihighest
value close near to the wall in a similar way to the axial fluctuations displayed #h6@). This
is probably due to the liquid movements from upward to downward and laterally at the center and
close to the wall column in whidd 6 Geals with high magnitude near the wall. Ma et al. (2015b)
observed the same trend in their qe8ibubble column and Deen et al. (2001) in a 3D bubble
column reactor with a neaniform aeration faced the same scenario. As shown above, the high
inlet gas flowrate induces substantial turbulence both in the core and in the wall regions which
changes the trend of liquid fluctuations. Furthermore, it is worth noting that values of axial liquid
fluctuations are higher than the other components and dominate ithbatbre region and near
the walls.

The liquid Reynolds shear stres§€8s) Cand@ 0 Oare far smaller than the normal stresses
and increase with the gas flow rate as shown in&gd). As mentioned in Mudde et al. (1997),
the large vortical flow stictures significantly influence the Reynolds stresses since the vortices
span the entire width of the column. The large contribution to the Reynolds shear stresses become
larger in the vortical flow region since the fluctuations in the vertical compadoemnate close to
the center region of the column where the liquid moves in a wavy manner, witete@peaks in
the central plume and in the near wall region. The Reynolds shear stresses experience fluctuations

due to the swinging motion of the bubblerpe. At higher superficial gas velocif)y (& cm/s
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the intensity of the largscale turbulence is much higher due to the bubble motion which
accelerates the liquid flow and causes an overestimation of the liquid velocity in the central plume
region.

Fig. 4.6(a) also shows comparisons between experiments and numerically predicted vertical
liquid velocity fluctuations where it can be seen that theaanetion SGS model can reproduce
the experimental data much better than the RANS model. Theatisragd axial liquid velocity
averaged through the cressctional area normal to the axial direction at héf@htr& mis given
in Table4.3. One can see the good agreement for both gas flow fdteseffect of the turbulent
dispersion was added by incorpangtthe subgrid scale turbulent dispersion force using the SGS
kinetic energy obtained from the erquation LES model using mesh sizearser than the bubble
size (4.5mm). Theaxial liquid velocity profiles are practically the same near the wall arekag
best with experimental data as we incraaseBNith coefficients § ) larger than @ the profiles
do not improve anymore. We found that such interfacial force improves the liquid velocity profile
as in Tabib et al. (2011) who have shown tivainea small magnitude of turbulent dispersion SGS
is enough to affect the flow profile.

Fig. 4.7 shows a comparison between the Smagorinsky andauetion SGS models for the
axial liquid velocity afY ~ y& cm/s. The resolved part by the eeguation mdel shows better
agreement for the liquid velocity, whereas the Smagorinsky modelposdicts the experimental
data in the center and captures the trend of the dlowncirculation in the neawall region.
However, the gas holdp is undefestimated antbecomes flatter in the core region. Zhang et al.
(2006) and Dhorte et al. (2008) compared different LES models. Their resultpredeted
experimental profiles and became steeper for high valueé ofthan 0.15 since the turbulent
viscosity increaseand damps the bubble plume. With T8t @he CFD model provides a good
solution for the timeaveraged axial liquid velocity. The axlajuid velocity fluctuationgpredicted
by both models are very similar to each other. For the rest of this work we use tbguatien

model toanalyzethe instantaneous flow as well as the energy spectra.
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4.3.2 Instantaneous flow

The instantaneous flow structure in 3D bubble columnsclessified, based on visual study
of (Chen et al., 1994, Lin et al., 1996; Goraki Fard et al., 2020), into four distinct regions: an
oscillating plume accompanied with two staggered rows of vortices, fast bubble region, vortical
flow region, and descendijrflow region close near the walls. A tywbase flow computational
model has to capture all these features observed in the experiments. Snapshots of instantaneous
liquid velocities vector field together with the gas hofulcontour plot are shown in Fi§.8 and
4.9 for the simulations using RANS and LES models in the plane of symmetry and several cross
sections at different superficial gas velocities, respectively. Theaimeged results are also
displayed in Fig4.8. The gas injected from the bottdéonms clusters of bubbles that move upward
in a wavy manner along the region of the central plume. Multiple smaller and larger vortex cells
are continuously generated in the vortispiral region and along the side of the bubble plume,
which stagger on eh other and change their size and position in time bEhaviorof the bubble
plume and the undulation shape of the bubble swarm simulated by LES are more dynamic than
those obtained by RANS at the recorded instant, exhibiting more appreciable swinfogand
result in more complicated bubbileduced flow structures. The transient liquid field seems to be
more uniform near the free surface™t @8t cm/s for RANS; as a result, we see recirculating
zones that push bubbles to disappear from thedighiase. From the present LES, the time
averaged global gas from the injector to the-Bedace is found to be nearly 20%. In the cross
section the flow moves in a spiral way forth and back. In the core region, higher values of the gas
hold-up are obtaied meaning the existence of the central bubble region. Both the instantaneous
and timeaveraged snapshot show the vortigairal flow region close to the wall. The
instantaneous profile highlights that the Euler LES model has been able to capture fleavfou

regions and can be used &mtucatiorof coherent flow structures.
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There are many vorticity criteria used to identify and visualize vorticity regions and
characteristic thredimensional eddy structures, for instance {the criterion,_¢  criterion, and
3 criterion (see Chen et al., 2015). In this work, we chosec method to visualize the iso
surface of vortical structures coloured by the vertical liquid velocity in the column4(E@). The
color shows the magnitude of the liquid axial véjpc_ ¢ ¢ , where the largscale
structures consist mainly of plume structures meandering and oscill@ongplex vortical rings
are formed in the central plume and vortical regiadgacent to the descending flow regiaere
high velocity and velcity fluctuations are noticed, so the liquid particles tend to spin around itself
forming vortices. There are more vortex loops near the sparger and atj@ cm/s, suggesting
that more turbulence is generated. Unlike RANS, it can be seen the high degiadomness
exhibited by LES near the center and along the sidewalls. As noticed by other authors (Hu et al.,
2008), it is believed that the estimated floehaviorbased on LES model, is to be closer to the
real flow situation and that LES resolves mamore transient details of the flow (Fig8).

Overall, the instantaneous results and the liquid velocity fluctuations profiles reveal the
generation of largecale structures moving upward in a meandering way in the bubble plume
region andspiraling downward in the neawall region, as shown in Figt.8 and4.9, by the
formation and motion of cluster of bubbles and the subsequent bubble wake interaction. Strong
vortices of different sizes are developed in the plume edge. The turbulence is anisatrpie
liquid axial fluctuations are significantly larger than in the stredse or spaswise directions
dominating the turbulent kinetic energy. The @uiation SGS model predicts accurately the axial

liquid fluctuations and fails to capture the ¢dd-up in the core plume region.

4.3.3 Energy spectra

Fig. 4.11 and4.13 show a 200 s time history plot of the resolved axial and stwiamliquid

velocity at one pointj'Y «j'Y mi ha 11 in the column corresponding to nearly
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20,000 sample points atite corresponding energy spectraYat @8tcm/s, while Fig4.13 and
4.14 display the same informationt Y& cm/s. In Fig4.11 and4.13, the transiertbehavior
is well reflected in the higfrequency oscillations of liquid velocity components around time
averaged values, depicted in red lines, due to the turbulent fluctuations. The amplitude of
fluctuations increases with the inlet gas flow rate where axial ooems contains more
frequencies.

The energy spectrum densities (PSD) obtained from LES with data extracted frofrl Fig.
and4.13 and cover the time from 50 s to 200 s are shown iMdEig.and4.14. As can be seen,
each spectrum displays a broad ranfifrequencies with slopes of abo@/3 in the frequency
region between 1 and 10 Hz. For high frequency region (> 10 Hz) the decay becomes faster with a
slope steeper thai® power law. Several authoamalyzedthe power spectrum based on Euler
Euler LES d@ta and obtained different slope decay in the inertial subrange region. For instance,
Dhotre et al. (2008) and Ma et al. (2015a) used the BIT model of Sato et al. (1981) and the obtained
slope was partly over thah0/3, while Lin et al. (2018) obtained2b/3 power laws. By comparing
both predicted spectra for higher frequencies, large inlet gas flow rate gives more dissipation and
the bubbles alter the PSD significantly (Fgl2 and4.14). Two lines with slope$/3 and-3 are
shown in the figures. FOY  @8tcm/s, the PSD curve exhibits a slope clos&®43 for the radial
liquid velocity and close tb11/3 for the axial liquid velocity, whereas fof Y& cm/s the curve
clearly follows the’Q line in the high frequency inertial and dissipati@gion as observed
experimentally in grid turbulence configurations in Lance and Bataille (1991); Riboux et al. (2010);
Martinez Mercado et al. (2010) and Prakash et al. (2016). The PSD spdhwise velocity
component, not presented here, exhibitsstimaebehaviorfor both superficial gas velocities.

Several works investigated the fast decay in the dissipation range of the energy spectrum and
attributed it to buoyanegenerated inertia force and bubbleduced viscosity effects. Ma et al.
(2015a, 2015pbcompared their LES energy spectrum with the experimental spectrum of Akbar et

al. (2012) and found that their resolved and reliable angular bubble frequencies are far away, and
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that the frequency information related to the bubble wake is lost. The ofigjire -3 slope was
explained by Prakash et al. (2016), wherein the authors examined a frequency that is representative
of the bubbles and its impact on the resulting spectra. In the present case, the representative bubble
frequency may be estimated & g § ¢‘Q wHz, whereg] s ¢ VA Ij Obeing the

bubble velocity and2  1® mm the averaged bubble diameter, so that above this value the PSD
changes the characteristic slep£3 to-3, which implies that there an energy input on the scale of

bubble dameter Q and frequency of bubble motion.

4.4 Conclusions

EulerEuler large eddy simulations of dispersed turbulent-ligagd flow in a three
dimensional cylindrical bubble column, with high aspect rafjo®) of 20 and multiple orifice gas
nozzle, hae been presented. Effects of all drag forces,-drag forces, sulgrid turbulent
dispersion and bubble induced turbulence are all accounted for. For theevénaged axial liquid
velocity and gas holdp, it is found that the present model based omtisequation SGS shows
good agreement with experimental measurement data from Vial et al. 2000, and improves the axial
liquid velocity of the mixturéQ - model in the near wall regions and the bubble plume but small
discrepancies in the gas halg are observed in the core region. The mixi@e - model
accurately predicts the radial distribution of the gas-apld-or the timeaveraged axial liquid
velocity and gas holdip, it is found that the present model based on theeqnation SGS shows
good agreement with experimental measurement data from Vial et al. 2000, and improves the axial
liquid velocity of the mixturéQ - model in the near wall regioasd the bubble plume but small
discrepancies in the gas halg are observed in the core regidhe oneequation model performs
much better than the Smagorinsky model with T8t yin the central plume and vortical flow
regions. The Smagorinsky modelpmves the resolved axial liquid velocity profile in the rear

wall region.
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The effect of inlet superficial gas velocities was investigated. Two inlet superficial gas
velocities, corresponding to transient and turbulent flow regimes, were chosen fotisimsula
is found that the present model agrees well with experimental daté foredt cm/s and small
discrepancies are obtained for & cm/s. The classicab/3 law of power spectral density of
the resolved liquid velocities is obtained for loveduency regions andl0/3 ¢3) for high
frequencies atY @8tcm/s (Y (8 cm/s). The normal Reynolds stress of the resolved part
gives very good agreement with experiment and the shear stfésse®are similar to those
obtained by Ma et al. (2015a}¥ing a flat rectangular bubble column reactor. Finally, the present
study indicates that a CFD model based on Htlger Oneequation SGS LES reasonably predicts
the hydrodynamics of twphase flow in bubble column reactors in turbueimarn flow regine

when a multipleorifice nozzle is used for gas distribution.
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Reference Bubble column Gas distributor Bubble Superficial SGS model
dimensions diameter gas velocity
Deen et al., 2001 Rectangular column, Perforatedlate, 4 mm 0.49 cm/s Smagorinsky,
® TUHR m™dh 49 holes o0 pmm 6 T
0 pli
Bove et al., 2004 Rectangulfir column,v Perforated plate, 4 mm 0.5 cm/s VLES,
@ Tmdrd o mgih 49 holes o0 pmm 6 T C
0 m Jd
van den Hengel Rectangular column, Perforated plate, 3 mm 0.5 cm/s Smagorinsky
et al., 2005 © TUA m™dh 49 holes o0 pmm with DBM
0 pi
Zhang et al., Rectangular column, Perforated plate, 4 mm 0.49 cm/s Smagorinsky,
2006 GO TR mdh 49 holes 00  pmm 6 mEiy n]
0 pi
Niceno et al., Rectangular column, Perforated plate, 4 mm 0.5 cm/s Oneequation SGS
2008 O T™WUdh mdh 49 holesofO pmm
0 pi
Dhotre et al., Rectangular column, Perforated plate, 4 mm 0.5cm/s Smagorinsky
2008 O T™WUdh mdh 49 holesofO pmm 6 1 ¢and dynamic
0 pi Smagorinsky
Hu and Celik, Rectangular column, Flush mounted, 5 porous 1.6 mm 0.66 cm/s Smagorinsky,
2008 O ™WYho mdh dicks ofO 1 ™TMM 0 Tm8tog
0 ¢l
Darmana et al., Rectangular column,  Multiple gas injection of 4 mm 0.7 cm/s SGS of Vreman ,
2009 @w T™Uh mhyxkh 95needlesol0 ™ p 0 ™
(O ;1] mm
Ekambara et al. Cylindrical column, Multipoint perforated 6 mm 0.2 cm/s Smagorinsky,
2010 ‘0=0.15m,0=0.9m plate, 25 holes d® ¢ 6 T ¢
mm
Tabib and Cylindrical column, O Multipoint perforated 3-5mm 2cm/s Oneequation SGS
Schwarz, 2011 o d FO pl plate, 25 holes d® ¢
mm
Ma et al., 2015a Rectangular column, Multiple gas injection of iIMUSIG, 0.3and 1.3 Smagorinsky,
® TR TR metdh 35 needles 2 groups cm/s 6 mu
0 pi
Ma et al., 2015b Rectangular column, Set of 8 holes in a 2mm 0.17 cm/s Dynamic Smagorinsky
© TIHR mdrdh rectangular configuration
O m d mtd Tm8ipclu
Multipoint perforated
Khan et al., Cylindrical column, plate, 25 holes 5 mm 27 10 cm/s Smagorinsky,
2017 0=0.15m/0=1m ofO ¢mm 6 ™
Liu and Li, 2018 Rectangular column, Perforated plate, 4 mm 0.5 cm/s Dynamic Smagorinsky
© TR mdh 49 holes o0 pmm
0 pi
Present work Cylindrigaj colum’n, Multiple orifice plate, 4.5 mm 6 and 8.4  Smagorinsky with 6
0 mpi RO ¢ 62 orifices of O p mm cm/s T8t @

and oneequation SGS

Table 4.1. Summary of previous numerical simulations of-ggaid flow in bubble columns using LES turbulenct

models
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Mesh Yo Yo b i, Turbulence Interfacial forces

[ model
Mesh 1 X® x® x® 1.875 LES O O O
Mesh 2 U U X 1.24 LES O O O
Mesh 3 U LU UL 11 LES O O O
Mesh 4 O 0 O 0.8 LES O O O
Mesh 5 U U X 1.24 RANS O O O

Table 4.2. The computational mesh and grid spacing investigated

Superficial gas velocity 6 8.4
(cm/s)
Experimental (m/s) 0.2 0.25
CFD (m/s) 0.211 0.257

Table 4.3. Experimental and numerical centerline axial fluctuations of the liggiiocity
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Fig. 4.1 Mesh independence analysis; comparison of the-éimeeaged results for the axial
liquid velocity and the different meshes investigatetYat Y& cm/s (a); the ratid,, resolved
kinetic energy to total kinetic energy (b).
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Chapter 5

Transient large-scale twephase flow structures in a 3D bubble

column reactor
This section analyses the local and tidependent behavior of largeale structures responsible

for liquid circulation in gasvater flow of a 3D cylindrical bubble column of high aspect ratio with

a multiple orifice for uniform aeration. The largealeflow structures play an important role in the
mixing and the mass transfer while coherent structures dominate hydrodynamic characteristics of
the turbulent flow field. A threeimensional EuleEuler large eddy simulation (LES) model was
used to calculat&argescale structures and their interaction with bubbles at inlet superficial gas
velocities of Y 6 and 8.£m/s where vorticaspiral and turbulent flow regimes occur. The two
phase model gives good agreements with experimental measurements. Wecarsgitional
sampling procedure of liquid velocity and gas hopdtime series to identify and educe the
development of coherent flow structures which consists in a pair of ceaotdaéing vortices
convected in a staggered pattern along the column im thet vorticalspiral and central plume
regions.On average, the detected instantaneous events for each template account for-about 12
% of the data recordednd may appear simultaneously. These events produce important
fluctuations in the axial liquidelocity and gas void fraction. The sampling procedure yielded the
averaged topology of the threémensional largecale structures which was visualized using iso
surfaces of the vorticity for different gas flow raf€ke structures have spiral tubkeapd topology
rotating along the column near the walls with a pair of cotnatiating cells sustained through the
flow. This work provides deep insights into turbulent flow field in-tigsid bubble column by

LES and pattern recognition.
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5.1 Introduction

Bubble columns are gdiguid and gadiquid-solid reactors used in many chemical,
biotechnological and pharmaceutical industries, and other multiphase processes due to their
effective mixing as well as mass and heat transfer characteristics betweeentliffieases at
comparable energy consumptions relative to stitaedts vessels (Joshi 2001, Sokolochin et al.
2004, Mudde 2005, Jakobsen et al. 2005, and Vial and Stiriba 2013). In bubble column reactors,
the gas phase is dispersed in the form of tiny lmsbim a continuous liquid phase using a gas
distribution device. The flow pattern depends on many operating conditions such as the geometry,
the gas distributors that control how the gas is spatially distributed and determines the primary
bubble size distbution, and the gas flow rate that governs the flow regime. Furthermore, the
complex interplay between operating conditions, the presence of turbulence andbuldtitée
interactions lead to extensive range of flow regimes and complex flow structusduaminate
the hydrodynamic characteristics of the flow. Therefore, it is important to get a thorough
understanding of the instantaneous flow structures.

Modelling of multiphase flows has been the subject of many research works and generally
builds on twefluid model, see Ishii and Hibiki 2008.can be numerically investigated by various
methods. For practically complete knowledge of the flow parameters, it is desirable to implement
the DNS approach which would provide the highest resolution of thdigtoharound bubbles and
has no dependence on modelling. However, the computational cost scales with the Reynolds
number and the DNS places a large demand on computational resources (memory requirements
and CPU time) on modelling large bubble column reactdherefore, one of the possible
alternatives is to use the Euleuler twefluid model coupled with the Reynoldweraged Navier
Stokes (RANS) models or the Large Eddy Simulation (LES) modéls RANS models have

performed satisfactory in many flow fnlems and can predict average flow field reasonably well
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(Mudde and Simonin 1999, Deen et al. 2001, Selma et al. 2010, Ekambara and Dhotre 2010,

Masood et al. 2014), buheir applicability is limited since the flow in the bubble column is

anisotropic anéxhibits large scale vortical structures. TS models can be regarded as valuable

and successful tools to predict flows dominated by large transient structures and permit the bubble

to interact with eddies of at least the same size (Deen et al. 20@ilj R002, Tabib et al. 2008,

Dhotre et al. 2008, Liu and Li 2018). Theffer the possibility to resolve the large scales of motion

which carry most of the flow energy, while the small scales are modelled with a sst@jed

(SGS) model. Furthermore gl.ES approach is less dependent on modelling and can capture more

dynamics compared to RANS models, see Dhotre et al. 2013, Zhang et al. 2006, Tabib et al. 2011.
The aim of this work is to use a conditional sampling technique based on database of LES in a

3D cylindrical bubble column reactor to extract the topology of different flow strucitined.ES

approach has a drawback, since the largest interface details should be smaller than the grid size for

the sake of consistency. This means that the gridizellmust be larger than the bubble size and a

lot of details move to SGS level in particular the bubbtiiced turbulence (BIT). The effect of

subgrid scale eddies on the turbulent dispersion force is another issue that has to be incorporated

in interfacial force modelling. The Smagorinsky model and the dynamic Samgorinsky model were

used in many works, see for instance Zhang et al. 2008, and Ma et al. 2015, but are not able to

provide explicit information of the modelled sghid scale. Niceno et al0P8 proposed to employ

the oneequation SGS kinetic energy LES (Davidson, 1997) teliga&l flows, and obtained

superior results to Smagorinsky model and the dynamic model. They added a source term to the

transport equation for the SGS turbulent kinegicergy to model the BIT more accurately.

Furthermore, they pointed out the possibility to use information on SGS kinetic energy to quantify

the SGS turbulent dispersion force. Tabib et al. 2011 use thequagion SGS model to analyse

such force on diffemt particle systems, namely the-gjgsiid bubble column and the liquidyuid

pump mixer.Therefore, the orequation model was adopted in this work and has shown to be

accurate and computationally less demanding than the RANS model.
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The flow structuresn bubble column reactors are characterized by the development of a
spectrum of structurger transition and heterogeneous flow regimes and have been extensively
studied in the published literature. For instance, Chen et al. 1994 reported that as age ithae
inlet gas flow rate clusters of bubbles travel through the column center carrying the liquid in almost
a spiral rotating movement and small bubbles spirally downward in themadlaregion. The
general macroscopic flow structure in vortisairal flow regime for 3D bubble column is shown
in Fig. 5.1 based on measurements and observations of Chen et al. 1994. As we increase the inlet
superficial gas velocity the intensity of turbulence destroys the vortical and spiral structures leading
to turbulen flow structures. In Joshi et al. 2002, an overview over different resolving simulations
of various flow patterns is provided with a classification of different circulation cell representations
as schematically shown in Fig.2. For instance, the averabffow pattern can be represented as a
single cell liquid recirculation, see Fig2(a). Here we observe that the instantaneous macroscopic
structures were lost when the information was time averaged. Joshi and Sharma 1979 and Joshi
1992 pointed out diffent instantaneous flow structures of finteracting cells and interacting
cells with considerable intairculation as depicted in Fi§.2(b)-(c) and Fig.5.2(f) respectively.

The later occur for high bubble column diameters and superficial gas velocities in the range of 19
92 mm/s. Another model of multiple circulation cells which span the entire column was considered
and observed by several authors, seénstance Zehner 1992 and Chen et al. 1989, or staggered
circulation cells by Jamilahmadi et al. 1989 when the aspect'@Gi{® exceeds some limit, see

also Fig.5.2 (d)(e).

The largescale liquid circulation, vortical structures and their behavior angptex. Their
range of existence depends mainly on the bubble column asped@r&jovhereOis the height
andOis the width, the gas distribution type, the initial gas flow rate and the liquid properties. These
flow patterns were found at differestiperficial gas velocities in Mudde et al. 1997, Mudde and
van den Akker 1999, Chen et al. 1994, Harteveld et al. 2003, Sathe et al. 2011 and Sun et al. 2012.

Furthermorethesignificant amount of computational work has been done to reproduce numerically
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the liquid circulation and coherent structures that were found experimentally, see the works of
Lapin and Libbert 1994, Harry Van Den Akker 1998, Sokolichin et al. 1997, Bauer and
Eigenberger 1999, and Simiano and Lakehal 2012. The largest flow str(latgeeeddy in the
column) has a maximum size of the order of the column diameter, affects the local turbulence and
can enhance the local transport phenomena, see Sathe et al. 2011. However, the role of uniform
aeration in the dynamics of largeale strutre at high superficial gas velocities is still poorly
understood.

As pointed by Simiano and Lakehal 2012, the laacmle events (the bubble plume and plume
meandering) are not necessary part of turbulence but they are part of the fluctuation velocity
components. Therefore, the time series of the liquid velocity and the gasgphaldre employed
to identify and educe the development of coherent flow structures. The contribution of each event
was determined by analyzing the crossrelation coefficient m@a These events produce important
fluctuations in the axial liquid velocity and gas void fraction. The procedure yielded the averaged
topology of the threglimensional largacale structure events and was visualized usingusiaces
of the vorticity fordifferent gas flow rateg.he structures have spiral tubleaped topology rotating
along the column near the walls with a pair of countéaiting cells sustained through the flow.

This work indicates that LES with the present pattern recognition cardprdeiep insights into
developments of dynamics largeale flow structures in turbulent flow field in géguid bubble

columns.

5.2 Two fluid model and numerical setup

5.2.1 The flow equations

The twofluid model is based on the spatial filtering for LES or conditional averaging for
RANS of the conservation equations of mass and momentum, where both phases, the continuous

liquid phase and the dispersed gas phases, are modelled as two intipgreintinua, see Ishii
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and Hibiki 2006. The filtered equations are used to compute thedeade lengths while the
unresolved turbulent scales are modelled using asdbmodel.
The present formulation closely follows the procedure outlined byewetl al. 1998 and

Weller 2005, where the mass and momentum equations for thesphasaiven by

T ) (1)

f oo ‘ . : (2)
s— o7 1 A 1" TH D E

Here| is the volume fraction of each phasg, is the phase gridcale velocity, and

represents the combined mean viscous stress and turbulent stress tensoreof phase

G ©))

where'Q is the turbulent kinetic energy of phasgt is the identity tensor, arld is the effective

viscosity of phase . The effective viscosity of the liquid phase is the sum of the molecular viscosity

and the sulgrid viscosity

BRI (4)

and is formulated in the present study using theaauation sulgrid-scale model by Niceno et al.

2008. The SGS model solves an additional transport equation for the unresolved kinetic energy
"Q . The model of Niceno et al. 2008 accaufur effects of bubble induced turbulence through

an additional source term in the transport equatiortXor in the continuous phase. The syiid

kinetic energy equation reads

101



2 mh s - o 082 (5)
T o L °7y

where"Ois the production term, defined as follows

o Y (6)

and the sulgrid viscosity is

' 6 Yo @)

The model constants aie ~ p8t tandd 18t x see Davidson 1997.
In Eq. (2),E represents the intgghase momentum exchange between phased the other
phase due to various interphase forces. In this study, the interfacial forces are decomposed into
contributions from the drag, lift, virtual mass and turbulent drag which acdourtdditional drag
due to fluctuations in the dispersed phase. The total interfacial force acting between the two phases

is given as

E E E E E (8)

o , 0 . . (9)
E | g9
E | "6/ "N A (10)
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Heren 1] N is the relative velocity between the continuous and the dispersed phases. The
interfacial coefficient® ,0 ,0 and® are the drag, lift, virtual mass, and turbulent dispersion
coefficients, respectively, which must be obtained from engicrrelations or analytical models.
There are many models for each of these forces or coefficients depending on their applicability, the
flow regime and operating conditions as discussed by Joshi, 2001 and Vial and Stiriba, 2013. The
SGS component of tise forces will be neglected except in the turbulent dispersion force which
can be estimated using th@delled SGS energ¥he drag coefficient was determined according

to SchilleeNaumann correlation, the added mass coefficient is fixed to 0.5. Thdift force

which has been found to reproduce the radial dispersion of bubbles, as already pointed out by
several authors, is justified for single bubble but for bubble swarm the uncertainty still remains. It
is found that the simulations without considerihe lift force best matches the experimental data.
The subgrid-scale turbulent dispersion force is adopted for the coarser and medium meshes since
the grid sizes are relatively larger than the bubble size, see Lopez de Bertodano et al. 1994, Niceno

etal. 2008 and Tabib et al. 2011.

5.2.2 Numerical simulation satp

The numerical simulations were carried out in a cylindrical bubble column with uniform
aeration. The bubble column reactor is the same as used by Vial et al. 2000 and Vial et at. 2001(a)
(b) in their experiments. The height of the columi®is 2 m,the diameteri® 0.10 m, and the
static liquid height is 1.5 m. The reactor is operated with the water and air as the continuous and

dispersed phases, at room temperature and atmospheric pressure, respectively, at two large
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superficial gas velocities @&n/s and 8.4 cm/s corresponding to transition and heterogeneous flow
regimes.

The numerical simulations were carried out with the open source CFD packagéQjskh
library (Weller et al. 1998 and Op&€fOAM user guide). The governing equationscoftinuity
and momentum as well as the transport equatioi®forare solved by the twphase flow solver
twoPhaseEulerFoam available @perFOAM v.4.0.0 The solver is based on a finite volume
formulation to discretizethe model equations which has shown to be stable for transient
calculations, see Weller 2005. The fistler bounded implicit Euler scheme is adopted for the
time integration, the gradient terms are discretized with a linear interpolation, Hoediestpwind
scheme for convective terms, and the diffusive terms are interpolated with the Gauss linear
orthogonal scheme. we employ the PIMPLE algorithm to solve the presdogity coupling
where the pressure equation is solved, and the predicted edaaig corrected by the pressure
change. The preconditioned conjugate gradient (PCG) is used for solving the discretized pressure
equation and the incomple@holesky preconditioned {gionjugate gradient (BICCG) is used for
other set of linear equationsoiFa more detailed discussiai all steps mentioned above, see
Rusche 2002, Selma et al. 2010, and Weller 2005. The gas distributor is treated as a uniform mass
flow rate inlet calculated from superficial gas velocities for mass conservation with algae vo
fraction of 1.0. The pressure at the inlet is set to zeroGradient and specified by zero gradient. At
the outlet, the pressure is specified as atmospheric pressure, and the gas hold up is set to inletOutlet
where zero gradient for outflow and fixed walfor backward flow. Along the walls, fslip
conditions were applied.

For the present Euldfuler LES approach, we have to consider the resolution requirement

of both LES and the Euldtuler approach simultaneously in order to choose a satsfagrid.
For the EuleiEuler model, the cell size should be larger enough than the largest interphase details
of dispersed phase. In LES, the mesh has to be fine to resolve as much of the flow field as possible.

According to Dhotre et al. 2013 and Zhagtcal. 2008, a successful LEBSusthave a filter width
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in the initial subrange region, and all scales of motion larger than that must be resolved on the
numerical grid. They indicated that the bubble diameter must be smaller than the cell size. Milelli
etal. 2001 reported a systematic posterior analysis of the ratio of the bubble diametesfto cut
filter size:¥j ' Q  p®, that is the mesh size must be at least 50% larger than the bubble diameter
for EulerianEulerian simulations. In the present case cthraputational mesh was generated using

the Gmsh finite element mesh generator. In order to check that the computed results- are grid
independent, four different grids with j ¥ 1 bp®fp& and 1.875see Table 5.1have been
analyzed by stretching treomputational cell size near the walls. The coarser and medium mesh
satisfy the Milelli condition, while the fine mesh does not. Big.shows the comparison of the

axial liquid velocity and the gas helg. All the meshes show very similar results. lis thork,

we have employed the medium mesh with a filter withkh umm j'Q p®) which
guantitively seems to give better agreements and ensures a good compromise between the CPU
time and accuracy at the column center and close near the walls.

Note that for comparison, Niceno et al. 2008 used the crité¥jg@ p& and found no
significant different with different meshes, and the coarser one satisfying Milelli condition give a
better agreement, Dhotre et al. 2008 found good agreement with exgdefichaa using both
conditionsYj Q  p& andYj Q  ¢®, and Liu et al. 2018 used the criteriBhQ  p8tand
concluded that the grid size doesnét have to b

All transient calculations are started from static céodg with the liquid at rest and the gas
is injected with a mass flow rate corresponding to the experimental superficial gas velocity. The
bubble diameter is kept constant at 4 mm according to the experiments of Vial et al. 2001. Bubble
coalescence and laleup are not considered in this work. We start with a fixed sinadi step of
Yo 18t 1t tsudor the first 20 s then we increase it to 0.001 s in order to account for the transient
instabilities of bubbly turbulent flows and satisfy the CFL conditioa Yégig Yo p, where

disis the magnitude of the velocity through a computational cellYani$ the cell size in the
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direction of the velocity. The flow was simulated for 200 s and the averaged results fromt =50 s
to t = 200 s are quantitively comparediw@xperimental data. All the simulations were performed

in parallel mode on a PC cluster with 16 nodes, Intel Xeon, 2.8 GHz, 4GH RAM.

5.3 Data processing and conditional sampling

LES and DNS methods provide fluid dynamics with data bases that use extereledrizs
to give more details about the high intensity turbulent flows. Different methods to analyze those
larger data efficiently and identify coherent structures were developed. For instance, the proper
orthogonal decomposition (POD), tthgnamic mode deomposition (DMD)the coherent structure
simulation (CVS), the fuzzy clustering technique, or the pattern recognition technigue (PR). The
second author gave a summary of different techniques used by different authors in references Usera
et al. 2006 and \feet et al. 1999.

The conditional sampling of the imprints on the plane of symmetry due to large flow structures,
responsible of the circulation flow pattern in the bubble column, is performed by recording when
the flow was statistically fully developedethime evolution of the instantaneous liquid velocity
and gas holdip in the computational domain during 0.5 s. The lsge events (the bubble plume
and plume meandering) are not necessary part of turbulence but they are part of the fluctuation
velocity components (Simiano and Lakehal 2012). Therefore, time series of the liquid velocity and
gas holdup are needed to detect the flow structures responsible of their extreme values. The
conditional sampling involves crossrrelating an initial templatg 6fDd with the liquid velocity

datafj o 1 sampled during the simulation. The crassrelation is given by

Ao R o (13)
f

The overbar indicates an average avando.
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The conditional pattern recognitit@chnique used isased on the detection extremevalues
of the correlation coefficients in the plane of symmetry of the column.5Bgshows the main
steps of the conditional sampling technique procedure. As indicated in step 2508 Rige cross
correlation coefficients of an initial template of the liquid velocity are stored in adimemsional
matrix (i.e., twedimensional matrix for each time step). The different templates used to detect the
coherent structures consists of difflet multiple circulation cells and their selection will be
discussed in the next section. Values oftheecossr r el at i on coe cient | ar ge
(selected here to be the 1.5 timesnievalue of the crossorrelation) identify the occrgnce of
individual events similar to the template. These events are ensemble averaged with the current
ensemble average being used as the template for the next iteration. This procedure is repeated until
the new template (i.e. ensemble average) is equhktpenultimate template. The time evolution
of the spatial distribution of the liquid velocity produces that regions where the maximum of the
correlation coefficient appears. The positions and the time at which the selected events occur are
stored in dile, and then we use this information to obtain the conditional ensemble averaging of
the flow at the plane of symmetry in the reactor.

The regions where thmaximumof the correlation coefficients occur are selected as elongated
volumes since the extremalues move along the streamise and spamwise directions. In these
volumes, only region of the plane corresponding to time where the absolute maximum of the
correlation occurs is chosen to obtain the ensemble average of the liquid velocity evesivéy thi
the procedure will prevent selecting different stages of the same event at different times. The
present technique resembles that applied by Pallares et al. 2010 in natural convection vertical
channel flow. Similar pattern recognition procedure wsesduby Vernet et al. 1999 to analyze
threedimensional structures in a turbulent cylinder weak. The information obtained is employed

to calculate the vorticity when and where the selected event occurs.
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5.4Results and discussions

Fig.5.5 and5.6 show a compison between numerical simulations using boti@he- model
and the LES against experimental measurement of Vial et al. 2001 for the mean axial liquid profile
and axial fluctuating liquid velocity, respectively. It can be seen that the models capture
experimental data reasonably well in both flow transition regiiie ( ¢ cm/9 andheterogeneous
flow regime {Y (8 cm/s. In the core regionyj Y 1@y both models give nearly the same
results. For the initial superficial gas veloc¥ ¢ cm/s, the EuleEuler LES approach gives a
better agreement with experimental data both in the core region and close near the wab.6n Fig.
we display the time averagechs axial liquid velocity calculated by LES and RANS model. We
can see clearly th&ES performs better than RANBnfortunately, experimental data on kinetic
turbulent energy of the liquid phase are not available. In fact, Vial et al. 2001 only measured the
rmsin the axial and orthoradial directions. Fgr & cm/s however, the tjuid velocity is over
predicted at high superficial gas velocity between the central plume region and the vortical flow
region. The reason of this deviation as the performance of LES with respect to RANS are not
clarified and may be attributed to the smdjubble size distribution of 4 mm using in our two
phase flow model and the interfacial forces employed. In this region the flow is characterized by
cluster of bubbles at relatively low velocities and coalesced bubbles moving at high velocities, see
Chenet al. 1994. Furthermore, we found that the RANS model performs better with inclusion of
the turbulent dispersion force which spreads the bubble plume. While the trend in LES calculations
is to neglect the unresolved sghd scale, wefound that such intéacial subgrid-scale force
improves the liquid velocity profile as Tabib et al. 2011 who quantified the HiESand found
that, for the bubble column reactor, its magnitude is small as compared to the momentum advection,
the drag and resolved turbulemgmkrsion forces. They pointed the need of research works towards

finding suitable SGID force model.
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Note that for comparison, Zhang et al. 2008, simulated different bubble column reactors with
different aspect ratios employing a sufid scale model anthe 'Q - model and different
interfacial closure correlations. They found that both models can produce a good solution for the
time-averaged vertical velocity and there is not yet a universal interfacial closure model available
for the simulation of théubble column flow.

Typical time series of the axial liquid velocity components at height of 0.7 m are depicted in
Fig. 5.7 and show the transient behavior and statistically stationary with constant mean velocity.
The energy spectrum density obtained floBS calculations is shown in Fi§.8. It can be seen
the classicat5/3 law holds at the initial superficial gas velocity™®f (& cm/s and deviates
slightly at™Y @ cm/s in the initial subrange. Previous experimental and numerical studies
attributedthis fast decay and the more dissipative spectrum to buoypm®rated inertia forces
and the bubbkinduced viscosity effects, see Dhotre et al. 2008 and Lance and Bataille 1991. Both
spectra consist on numerous dominant peaks in-t#0MHz frequencyand and exhibit several
peaks, for example 15 and 35 H2Yat Y& cm/s and 40 and 60 Hzt @ cm/s which indicate
the transient behavior of the system. Indeed, the low frequencies are never observed. Both flow
regimes are characterized by existeofckquid flow circulation pattern and thus maestsuctures
in both phases that move alternatively upwards and downwards as observed numerically in this
work and experimentally by several authors, see Vial et al. 2001 and Olmos et al. 2003. This
correspods to quasperiodic phenomena that induces high velocities fluctuations and new
frequencies.

In Fig. 5.9, the timeaveraged and selected instantaneous snapshots of liquid velocity fields
with the corresponding gas helgh are displayed at tim&®), 80 and90 s, respectively. The LES
resolves the flow with much more details as reported by Deen et al. 2001 and Dhotre et al. 2008.
Large vortices can be observed in the column center and some circulations in-ivalhesgion.

The flow pattern changewith time and large amount of the gas moves through the central plume

region and deviates from the flow characteristics obtained byairaeaging.As can be seen a
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bubble plume structure starts from the distributor zone up to the free surface andsoetarne
pronounced with high inlet gas flow rate. Several liquid circulation cells are continuously generated
and convected throughout the column height. Their number and size are changes with time and the
inlet superficial gas velocity. The same vorticesravobserved by Chen el al. 2004 through flow
visualization using laser sheeting and PIV systenthe gas velocity between 2.1 and 4.2 cm/s
Theyfound the general flow pattern displayed in Fd.(a). They reported existence of different
large flow stuctures under different flow regimes, see for example S=igb). For the vortical
spiral flow regime, clusters of bubbles form in the central bubble stream moving in a spiral manner
with the liquid moving spiraling downward close to the wall columnFsge5.2. Here we observe
the existence of four instantaneous regions. Joshi et al. 2002 pointed out existefiequewcy
circulation cells in both 2D and 3D bubble column reactors and the potential of LES to simulate
and explore the coherent structurébe onset, size, location and numbers of the circulation cells
change instantaneously in the column.
By combining the information from the above discussion with visual observations on

instantaneous liquid circulation patterns depicted in 5:8. a pair of norsymmetric circulation
cells were identified and have been used as the initial templates to analyze the liquid velocity field
recorded simultaneously with the gas hoftland to detect where correlation coefficient attains
extreme valuessee Fig5.10. It consists of two staggered lobes of different positions observed at
the plane of symmetry of the bubble colurig. 5.11 displays the autocorrelation function of axial
liquid velocity at mid height of the column reactor Tr @ cm/sard 8.4 cm/s, respectively. In
both cases, the correlation coefficients present an exponentially decreasing shape and go to O for a
delay of 5 s and then it starts to fluctuate above and beychidh@.evolution of 450 individual
samples of the liquid veldsyi and gas holdip at the plane of symmetry during a period of 200 s
were used to educe the flow structures.

The number and position in the axial direction where the maximum of the correlation

coefficient between the template and the detected event caedisplayed in Fig5.12. At
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superficial gas velocitly @ cm/s, an average of 79 and 66 events were selected for templates 1
and 2, respectively, with a correlation coefficient of 0.65. The flow structure of both templates is
characterized by a fast bubble flow region including cluster of bubbles moving inyasyiaal

motion through the column with gross scale liquid circulation carried upward in the bubble stream
and downward motions of liquid pockets in the vortical spiral flow region which still may include
bubbles. This structure corresponds to ckurbulent flow regime and was obtained
experimentally through the PIV techniques in other 2D and 3D bubble column reactors by other
authors. One can see that those macroscopic structures appear near the sparger and at different
heights between 0.2 and 1 m. Apsxficial gas velocityY Y& cm/s, the flow regime turns from
vorticalspiral to turbulent and an average of 79 and 82 events were selected for templates 1 and 2,
respectively, with a correlation coefficient of 0.65. The bubble velocities and turbiheeicsity

are enhanced along the column in both the fast bubble and the central plume regions and the
vortexes are more stretched. Note that the structure number in this flow regime is much higher close
to the sparger zone than in the spiraitical regbn. By comparing different pictures one can see

that the two structures can occur simultaneously in more than 60 % but at different locations and
then disappear near the free surface.

The conditionally ensemble averaged instantaneous liquid velocity components, gap hold
and velocity field constructed with axial and streamwise liquid velocity components are shown in
Fig 5.13 and5.15. The weakness 0bh) velocity field in comparisomith the contribution of the
axial velocity can be assessed. The streamwise velocity attains its maximum/minimum between the
vortices and is symmetric in the selected plane, whereas the spanwise component corresponding to
template 1 exhibits a minimum e center of one circulation which nearly balanced by that at the
other opposite circulation, that is, onlychanges the sign. For the vortical structures of template
2,theu velocity attains its maximum in each vortex. These changes of sign Ieex/ément of
the vortical structure back and forth. Figl3(d) and Fig5.15(d) show the liquid flow fields with

velocity vectors and contours of gas halal The gas void fraction has the same trend as the axial
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liquid velocity. The liquid flow is accetated where more bubbles are located and decelerated with
less bubbles. The bubbles are accumulated at the center of the plane and rise back or forth since the
streamwise liquid velocity is very small.

In Fig. 5.14 we display the ensemble average of tbetdiation values. The magnitude of
velocity fluctuations) are higher thad andb which explain the anisotropy of the turbulence.
The fluctuations of the axial velocity and gas hoftpeak at each cell vortex wher@apeaks in
the center. Theature of the fluctuations can be explained by the fact that the vortical structure
move upward at the central part of the column and upward and downward close to the walls. The
flow in this region experiences small fluctuations in the spanwise comportéetlafuid velocity
leadingL to peak along the walls. The LES model predicts-reno streamwise fluctuating
velocities only at the center region of the column which accelerates the flow and force the bubble
plume to meander only in this region. Thena of the void fraction fluctuations resembles that of
the axial velocity fluctuations. It is clear that the bubbles induce a substantial turbulence both in
central plume and fast bubble regions which gets stronger with increasamd show a peak in
the vortical spiral region.

To further analyze the conditionally averaged flow structure responsible for the large vortical

structures we use the vorticity vector calculated from instantaneous liquid velocity
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and the magnitudg s 1 1 1 j . A quantity used by Jeong and Hussain 1995 to
detect the vortex cores and represent their topology andogl&miano and Lakehal 2012 to
analyze the mean flow filed in the bubble plume. The vorticity provides insights on the oscillatory
behavior of the plume. Figh.16(a)}(b) and5.17(a}(b) depict the lateral vorticity at the

symmetry plane of the columand streamlines. The vorticity shows a complex radial distribution
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with elevation: in the core regiomdt t ® T8 @ ), encompassing both the central plume
and fast bubble region, is dominated by both ¢T @nd (T dwhich reflects a flow reaction
features to be discussed in the context of &ith, and only by (T dfi.e., T 47 Qin

the vorticaispiral region (@8t X ® T ) which promote flow acceleration in the axial
direction close to the walls, see Pigl3. In fact, h the central plume regidn T dexhibits strong

drop while! (T aremains small in some parts, and toward the Wwal(g! c¢has strong jumps
meantime the streamwise velocity is very small. The rising bubbles havedinteosional zig

zag motion. t shows two lobes in the central plume region with inclined double roller structure
and other two lobes in the vortical spiral flow region close to the walls. The vorticity magnitude is
nearly equal in each lobe and the highest level occurs at the loarewige eddy. The focus of

the primary vortices is located between the fast bubble region and the central plume region while
the focus of the secondary vortices is shifted from the vortical spiral region to near wall by strong
bubble backflow.

Threedimersional plot of§ Siso-contours are displayed in Figl16(c) ands.17(c), the flow
structure has spiral tukshaped topology where swarm of bubbles rises along 3D helical
trajectories around within the central bubble plume region. The plume rotates ladoagial
direction near the walls and the sharp edge corresponds to the peak of vorticity shown in Fig.
5.16(a)(b) and Fig5.17(a}(b). The flow structure responsible for liquid circulation convects the
flow from the fast bubble plume region towardthe Wl s . It seems that it
via the centerline with an irregular rotation. This irregular movement is continudiys foxp cm/s
and becomes faster fo¥ (& cm/s but the shifting of the plume structure could be considered
to be cotinuous and similar in both cases. A pair of counttating cells are sustained through
the flow and move spirally upwards while the bubble plume changes position which are found
experimentally to entrain small bubble. The width of the plume is compavétii the column

di amet er and seems to fil!/ the entire col umn.
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structure in higheaspect ratio bubble columns for both medium and high gas flow rate, as observed
visually. The flow pattern displays aimber of cells which move dynamically upward while the

bubble plume changes position.

5.5Conclusions

Database obtained from EwEuler large eddy simulations of the dapiid flow in a three
dimensional cylindrical bubble column has been analyzed to numerically investigate transient large
flow structures associated with rising bubbles in a semi baadhare The sulgrid scale modeling
is based in the onequation model and the bubhieluced turbulence was modelled by extra
source terms added in the transport equation for SGS kinetic energy. The initial superficial gas
velocity is taken so that the flois in the churrturbulent flow regimes.

The instantaneous results of LES reveal that the flow pattern is dominated by vortical
structures. Multiple lowfrequency cells of different sizes have been observed in the veapical
flow region. The averagkarge flow structures are educed using a conditional sampling technique
and theyconsistof two countefrotating vortices that move in a waspiral motion through the
column. The crossorrelation coefficient maps were obtained. For one template  M@aelents
were detected in the spiral flow regime and 82 events in the turbulent regime with a correlation
coefficient of 0.65. Thewo flow structures can occur simultaneously in more than 60 % but at
different locations.The procedure yielded the topgly of the threelimensional largecale
structure which was visualized using-sarfaces of the vorticity for different gas flow ratéhe
structures have spiral tutshaped topology rotating along the column near the walls with a pair of
counterrotating cells sustained through the flow. The trend of bubble induced turbulence resembles
that of the void fraction. This study provides analysis of instantaneous flow information and pattern
recognition of akwater flow which are crucial in further undersiarg hydrodynamics and flow

transition of multiphase flow in bubble column reactors.
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Yo Yo Yo i ™
i1
Mesh 1 X8 x® x® 1.875
Mesh 2 L L X 1.4
Mesh 3 U U UL 1.1
Mesh 4 o 0O O 0.75

Table 5.1. The computational mesh and grid spaci

investigated.
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Fig. 5.1. (a) Instantaneous flow structure in-@®3ubble column and (b) liquid flow field at
Y  o®cm/s. (Chen et al., 1994).
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Fig. 5.4. Comparison of the timaveraged results for the axial liquid and the different mes
investigated atY Y& cm/s.
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Fig. 5.5 Comparison of the calculated time averaged axial liquid velocity with experime
measurements at the heigdt 1 m with mixture'Q - and oneequation LES models.
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Fig. 5.6 Comparison of the calculated time averaged rms axial liquid velocity with
experimental measurements at the hé@ht @ m with mixture’Q - and oneequation LES
models
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Fig. 5.7 Time history plots of the axial liquid velocity betwen 00 s and 200 s ar8ti gt b i
of the column at inlet superficial gas velociyy @cm/s (top)and Y & cm/s (bottom)
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Fig. 5.8 Power spectra density of the axial liquid velocitymshti fréti i of the
column at inlet superficial gas velocity @cm/s (a)and™Y & cm/s (b)
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Fig.5.9 Predicted instantaneous and timeeraged vector field for liquid velocity and gas kc
up at inlet superficial gas velocity =~ @cm/s (top)and Y (& cm/s (bottom)
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Fig. 5.10Iso-contours of the initial templates depicting the cell circulations by the liquid velocity indfieplane.
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Fig. 5.11 Autocorrelation coefficienty ¥t for the axial liquid velocity at the heigi
¥ m of the column at inlet superficial gas velocity @cm/s (top)and Y (& cm/s
(bottom)
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_ Fig. 5.12 Conditional sampled average flow structures map along the axial direction at each ¥inwrds=6¢cm/s(top) and
Y & cm/s (bottom). The figures on the Kiiand side correspond to template 1 and those on thehaglhitside to template -
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Fig. 5.13Ensemble averaged of instantaneous liquid velocity and gasipatdY  ¢@cm/s of (a, e) velocity, (b, f)
0 velocity, (¢, g)b velocity, and (d, h) gas helab and vector field constructed with the axial and streamwise lic
velocity componentsThe figures (a)d) correspond to template 1 and-(e) to template 2.
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