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A solver was developed in OpenFOAM to simulate fluid dynamics and gas dissolution in
bubble plumes. The solver uses Lagrangian patrticle tracking (LPT) to resolve the motion
of individual bubbles obubbles grouped into parcels. Interphase momentum exchange
models are used to provid&o-way coupling between the motion of the bubbles and the
surrounding liquid. Theolume-of-fluid (VOF) method is used to track the position of the
gasliquid free surfae. The performance of the hybrid LIRDF solver was verified using
severaltheoretical test cases. Solver validatemployedthreebubble plumevalidation
caseswvith experimental datikom the literature: smakcale verticainjection, smaltscale
horizontalinjection, and largescale verticainjection. Overall, the predicted results are in
good agreemenwith the experimentatesults Although the solver predicts reasonable
results, it has limitations on thmplemented interphase momentum and mashange
methods averagingtechniques and has not been tested for naniform bubble size
distributions
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1.1. Introduction

Dispersed bubbly flows are important in many industrial processes, particularly in reactors,
separation systems, and a variety of other processes requiring high interfacial suaface are
Bubbly flows can be uniform, such as in bubble columns. Alternatively, they can be
released from a point source into a larger reservoir, such as in aeration systems. The
primary benefit of dispersed flow is an increase in the interfacial contact anedy w
provides a larger surface area for reactions to exploit and promotes interphase heat and

mass transfer.

There are many examples of systems that use bubbles released from a point source to form
a bubble plume, which then promotes mixing and heat ars$ tnansfer. A sma#cale
example of a bubble plume is the aeration of a fish tank. On a larger scale, bubble plumes
are commonly employed for aeration of ponds, laad basins to improve water quality

and ensure that there is a sufficient supply gio@x for fish. Air injected at the bottom of

lakes or reservoirs can also be used for mixing to avoid thermal stratification @{elfer

2012). In aquaculture, supplemental aeration is often required to meet the metabolic
oxygen requirements of fish @o reduce mortality and increase birth rates. Aeration in

large tanks is also commonly used in wastewater treatment processes.

Another commonly investigated situation, due to its potential environmental and safety
consequences, is the accidental releasfsgas into the ocean at offshore oil and gas
facilities. Such releases could occur due to a loss of contairmhanelheador from a
broken transponpipeline andvould result in the formation of a largeale bubble plume.

To perform a risk assessment, it is important to be able to predict the fluid dynamics and
mass transfer in such plumbscause this will determinghe location and quantity of
harmful and hazaous gases when they reach the ocean surface. Therefore, predictive
models are necessary to perform risk assessments in order to minimize theoéféects
potential releasen the environment, human life, and loss of assets (Qisdi®Skjetne,

2016)



Bubble plumes are normally divided into three different zones: jet zone, plume zone, and
surface zone. Each of these zones has to its own govéime@ndlength scale Figure

1.1 illustrates the location of the three zones for vertieadlygd horizontallyinjected
plumes. The zone just above the release point is often referred to as tHeldear
momenturagovernedor jet zone. When the gas is first released into thedi it forms a
jet-like flow, where the momentum from the source drives the gas phase trajectory. The
liquid in this zone is pushed and sheared upward while being entrained, which results in
highly turbulent flows (Schauland Pluschkell, 2006). Dependingn how the gasis
injected into the liquid, the interface between the gas and liquid may form a continuous
free surface. In this case, the momentum dissipated by the release helps to disperse and
break up the gas into a swarm of bubbléswever,in somecases it is also possible to
form a dispersed bubbly flow directly at the injection poliite size and existence thie

jet zonedepend®n the flow condition and the Weber numhbethe injection point

As momentum is dissipated into the surroundingitiglarge clumps of gas break free
from the momentum core and eventually disperse into smaller and smaller bubbles. This
marks the transition to a region called the plume zone, where the bubbles drift toward the
surface due to the buoyancy force. Thosegibubbledrive and entrain theurrounding

liquid. In addition togravity andbuoyancy, the bubbly flow is governed by local forces
such as drag, lifandvirtual massas well ascollisions between particle§ he bubbles in

the plume zone are smalland more dispersed than in the nié@ld region, which
drastically increases the interfacial area density. The final regittim a bubble plume,
known as the surface zone, occurs when the plume reaches the free surface. In the surface
zone, the gasesareleased through the free surface and detrainment of liquid causes an
outward flow. The development of waves and the radial outflow of liquid can promote
extra mixing in the vicinity of the surface, which will impact the detrainment and

entrainment of th gas above and below the interface.

Mass transfer (e.g., gas dissolution) or reactions can occur in every zone within a bubble
plume. However, the momentugovernedegion is usually small because the gas phase
has a low densitywhich means that itRomentum will be readily dissipated into the liquid

phase This means that the plume zone is typically the dominant zone, especidlly as



depthof the releas@ncreases. Most mass transfer therefore occurs in the plume zone and
can be predicted using eelations for dispersed bubbly flow. The mass transfer rate is
governed by the relative velocity between the liquid and gas, solubility, diffusivity,
residence time, and surface area of the bubbles (@isskjetne,2016).
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Figure 1.1: Schematic representation of vertically (left) and horizontally (right)
injected plumes

As stated by Olseand Skjetne 2016, the modelling of twephase plumes dates back to

the middle of the 2Dcentury. The work done by dftonet al.(1956)wasconsidered the

first publishedstudy on twophase plume modelling. Ditmars and Cederwall (1974)
included the compressibility of the gas and the slip velocity of bubble based on the model
of Mortonet al.(1956). These models are kmo as integral models because the governing
eguations are integrated along the plume trajectory. The radial profiles of field variables
(e.g., velocity, gas phase fraction, temperature, etc.) are assumed to follow prescribed
mathematical functions, rendeg the models ondimensional. Most commonly, the
Gaussian and top hat profiles are used to represent the radial distribution §@dsen
Skjetne,2016) The conservation equatiofts liquid, gas, and momentum are derived via
the gas control volume at ealskight andsolved to obtain the vertical profiles of the field

variables.

Brevik et al. (1977 1996) further improved integral models by considering the
conservation equations of momentum, total mass, and the kinetic energy and introducing a

kinetic energ related coefficient to the added momentum to provide more insight into the



plume hydrodynamics. This kinetic energy method was extended later to include gas
dissolution (Einarsruénd Brevik, 2009. Given their fundamental assumptions, integral
models are restricted to modelling bubbly plumes rather than those cases with significant
jetting, and rarely consider free surface interactions. Additionally, most integral models
assume the concentratiohdissolved gas in the backgroulguid phaseo be negligible.

In other words, these models rarely track the concentration in the back@eddri@Isen

and Skjetne2016) Another drawback in the concept of the integral models is that local
turbulenceis not considered anthat bubble sizes are assumed to be related to gas
expansion and gas dissolution only. Although the global impact of turbulence can be
incorporated globally into the model (e.g., entrainment), the lack of local resolution makes
it difficult to develop more detailed modelling approaches. This is important because the
local turbulence in the liquid plays an important role in both fluid dynamics and mass
transfer, which control gas dissolution rate, bubble semes the spreading of thgumes
(Olsenand Skjetne2016)

More recently, computational fluid dynamics (CFD) models have been applied as an
alternative to integral models for bubble plumes. CFD models can directly track the
concentration of the dissolved gas in the liquid phaskecan provide local information
about the background flow and turbulence. However, the primary disadvantage with CFD
methods are the higher computational costsch lead to longer runtimeh. canalsobe

quite challenging to parameterize the empiriciisere relationshipsin CFD models
because they are inherently more complex. Nonetheless, CFD approaches are gaining
popularity because local turbulence has a significant impact of the motion of bubbles in the
plume (Sheng and Irons, 1995), and t#ailabe local information facilitates the
development of more detailed interphasementum,heattransfer,and mass transfer
closuremodels. For example, Buscaglia et al. (2002) simulated the aeration of lakes using
CFD with the Eulerian model and they succeligfreproduced the results obtained from

the integral models with a slightly higher accuracy.

CFD is a useful and powerful tool for modelling bubble plumes that can provide detailed
informationon plume mechanics, which can be used to select key expé&siarehto tune

integral modelsThere are two approaches that are curremitiely used to simulate gas



liquid dispersed flows: the Euleridfulerian (EE) method and the Eulerbagrangian

(EL) method. The EE, or twiuid method, treats the liquid (contious phase) and gas
(dispersed phasphasess interpenetrating fluids represenigdsolume fractions in each
computational cell. The conservation equations are solved independently for each phase
and coupled through source terms in each equation. WJthoEE has a lower
computational cost than methods that attempt to resolvkqueéd interface dynamics, EE
methods have trouble capturing the jet transition (Obseth Skjetne2016) Another
disadvantage of EE methods is ttietycannot accurately relse the free surface without

modification.

The EulerLagrange (EL) method, also known as the Lagrangian particle tracking (LPT)
method, is an alternative CFD approach to the EE method for modelling bubble plumes. In
this approach, the continuous phaselsexd on an Eulerian grid, while the dispersed phase

is tracked by a series of Lagrangiparticleswhich are advected by solving the force
balance. Therefore, the dispersed bubbles can be tracked individually. The motion of the
bubbles is governedbyNewn 6 s second | aw and can be cou|
through interphase momentum exchange terms. The individual bubbles can be grouped
into parcels (clustersjo reduce computational cogtthe number of the bubbles is
extremely high. In these casdbe force balance is conducted on the entire parcel. The
interphase momentum exchange terms include the forces that act on the bubbles or parcels,
such as gravity, buoyancy, drag, lift, virtual maasd collision between particle¥he
interphase exchge terms can also be used to modify the background flow (i.ewayo
coupling). Although EE methods have a fixed computational cost based on grid size, the
computational cost of the EL method increases when simulating a large number of
particles. Howeverthe background computational grid can often have a lower resolution
because the particle balances are performed on each particle (or parcel) in order to track
their exact position. Like EE methods, EL cannot be used to directly simulate the free
surface.Therefore, EL methods need to be combined wartbthemrmethod to include the

effects of the free surface and increase computational accuracy in this region. The
modelling of the free surface can be achieved by coupling an interface tracking/interface

capuring (IT) method to the EL algorithm.



IT methods are used to directly predict the motion of thdiga&l interface. IT methods

in general offer a more accurate representation of the interface at the cost of increased
mesh refinement so that surface deformations can be accuraigélled (Worner, 2012).

In general the required mesh resolution would be too high to use IT methods to capture
the motion of the galquid interface in a dispersed bubbly flow. However, it is possible

to use IT methods to approximate the motion of theligagl interface using a relatively
coarse mesh when the interface does not include very small structurexafgle, the
volumeof-fluid (VOF) method is often used to model free surface behaviour for liquid
flow around structures and shifiSodderidge et al., 201¥ang et al., 2005Wang et al.,

2008) In this study, th& OF method is used to model free sudd=haviour and combined

with the EL approach to modtie surface region in bubble plum&$e hybrid LPT and

VOF approach exploits the advantages of both methods to provide accurate predictions of

hydrodynamics and mass transfer in bubble plumes.

1.2. Objectives

The primary objective of this work was to develop a new solver in OpenFOAM {Open
source Field Operation and Manipulation) that combithe Lagrangian library with a
compressible VOF solver. The solver is intended to be used to model fluid dynamics and
mass transfer in larggcale bubble plumes. This development required the coupling of the
pre-existing LPT and VOF solvers, expansion of the existing libraries to include methods
to predict gas dissolution, the implementation of several-grostessing llities to
facilitate data analysis, and validation of simulation predictions adghirstlynamicsand

mass transfer experiments found in the literature.
A summary of the specific objectives for this work is as follows:

1 Develop and implementtaybrid LPT-VOF solver that can track bubbles/parcels in
large-scale bubble plumes and simulate free sunfacgon

1 Include the effects of gas compressibility on bubble size and therefore predict the
density and diameter changes of the bubbles at diffdegths.

1 Implement a gas dissolution model in the Lagrangian library.



1 Verify the coupling of the solver and implementgas dissolution model through
smallscale verification cases.
1 Validate thefluid dynamicsand mass transfer predictions for bubble plsirhg

comparing with available experimental data.

1.3. Thesis Organization

This thesigs divided into six chaptersChapter Jrovidesa review of important literature
related to the objectives outlined in the previous section. This includes methods that are
currently used to model dispersed diagiid flows, closure models for the interphase
momentum exchange terms, and methods for the prediction of dispersed phase mass
transfer. Chapter 3 outlines the solver development, includiveg mathematical
formulation of the hybrid LPTVOF model andhe algorithm for codémplementation.
Chapter 3 also contains results from the sisedile verificatiorcasesChapter 4 contains

the fluid dynamicsvalidation of model predictions using experimental data for a small
scalebubble plume injected vertically into a cylindrical tank (Simiano, 2005). Chapter 4
also includes thdluid dynamicsvalidation of the model by comparing to the simwati

works of Dhotre and Smith (2007) and Dhotre et 2DQ9). Chapter 5 contains tleid
dynamicsand mass transfer validation of model predictions using ssualé experimental

data for aeration through horizontal injection of a-pitase ahwater jet into a liquid in a
rectangular tank (Par&and Yang, 2017). This chapter also includég fluid dynamics
validation of predictions using experimental data for a ke bubble plume injected
vertically into a large reservoir (Milgram, 1983). Chapter 6 summarizes the conclusions

and recommendations of this work.

1.4. Significance of the Curré Work

The new contributions resulting from this work are as follows:

1. The coupling ofthe compressibleVOF solver to the LPT library within
OpenFOAM.
Modification of the VOF solver to include species transport.

3. Modification of the LPTlibrary to include

a) compressibility effects on bubble size and density;



b) suitable momentum closure models for bubbly flow;

c) an algorithm to solve the species equation for bubbly flow; and

d) suitable closure models for gas dissolution.

Verification of the implemented solver using several theoretical test cases.
Validation of the hybrid LPIVOF solver forthree cases involvingorizontally

and verticallyinjected bubble plumesith and without gas dissolution.



Chapter 2 A (1 S NUS{DdeNERs

2.1. Introduction

Multiphase flows have complex and varied interphase phenomena that strongly impact the
hydrodynamicsecausanany flow types can occugasliquid, liquid-liquid, gassolid,

and gadiquid-solid. Further complications aridgecausenany flow egimes are possible,

such as jet flow, slug flongchurnturbulent flow,bubbly flow, and many other€&ach of

these flow regimes has different length scale characteristics, and the transition between
flow regimes can mean that a single flow scenario caerca variety of relevant length
scales. Some regimes (e.g., slug flow or jetting) effectively segregated ariaetter
considered asvo separateontinuous phasesith coupling at an interfagavhile others

are best represented as a continuous andrdespphasbecause one phase exists as small
discrete phase pockets (bubbldsoplets particle$ in the other phaséBoth approaches

rely on different formulations of the governing equations.

Although there are technical difficulties associated withlitiphaseCFD, suchas high
computational costs and the availability of closure models for all sitgaiiors often
desirable to perform such simulations to gain insight into physical syst€FD
methodologies allow for the study of the governaguations directly, meaning fewer
components need to be modelled by closure terms or assumed pAsfiktated by/an
Wachem and Almsted2003),CFD has become technically viable in the past 50 years and
significant efforts were made to solweultiphaseflows. Anderson and Jackson (1967)
derived the continuum equations of motion for-gasticle flow Garg et al. (1975L978)
performed impressive computations based on governing equations by Anderson and
Jackson (1967) and simulated bubble behaviourparacle bed. Many other researchers
have since improved the constitutive models and performed simulations-sulghows

such asBoemeret al.(1997), Dingand Gidaspow(1990, Ding andLyczkowski (1992),

and Enwalcet al.(1996. Ishii (1975) derivd detailed governing equations for multiphase

fluid-fluid flows and published appropriate models for-tj@sid flow conditions.

Multiphase CFD modelling approachesan be broadly divided into two categories:
dispersedlow models and interface trackingfitaring methodsThe concept of dispersed



phase models is thdteyuse the Euleriameferencdrame to describe the continuous phase
and eitheran Eulerian oia Lagrangianreference frame to describe the dispersed phase
(Dhotre et al, 2013) Interface tracking methods solve the interactions at the interface
between the continuous phase and the dispersed phassolving the interface location
directly. Resolving the interface requires a higher level of resolutbich results in more
compuational cellsThis results directly in higher computational cdstssystems with a
complex interface structu&ragaet al.,2016) Thus, interface tracking methods are not
applicable for modellingarge scalebubbly flowsbecause of thimrge numbeof bubbles

in the dispersed phase.

A variety of dispersed flow models exigdithough a liquid can be dispersed in a gag.(

liquid spray$, the focus of this work is on gases dispersed in liquids (bubbly flows). For
two-phasedispersed flowmodels, thee are two primary approaches: the -Goé
approach and the twituid approach. Ondéluid methods include mixture modelss per
Manninen et al. (1996), and solve the volumeaveragedcontinuity and momentum
equatiors for the mixtureof the twophasesAdditionally, the dispersed phase fraction is
solved based on thghasecontinuity equationTwo-fluid approaches include Eulerian
Eulerian (typically referred to abke two-fluid mode) methods and Eulerialcagrangian
methods. All disperseflow models equire closure terms taccount forthe interaction
between phases. In Euleri&gulerian (EE) methods, dispersed phase conservation
equations are ensemble averaged to obtain a set of Eulerian equations for each phase and
then spatially filtered by the phasfraction in each cellln EulerianLagrangian (EL)
methods, whictarealso known as Lagrangigrarticle tracking LPT) methodsthe liquid

phase is treated as continupgsn d Newt ondés second | aw of mo
movement of each bubble ihet dispersed phask general, he advantagesf dispersed

flow models are less computational cost and resolution required compared to interface
tracking methodsThe primarydisadvantagas that dispersed phase modelksquire
empirical closure models tonclude interphase exchangce this interactionis not

resolved on the gridrhe empirical closusework well for wellestablished situations, but

it is sometimes difficult to find suitable relationships for complex flow regimes and

transitions betweefiow regimes.
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2.2. One-Fluid Approach (Mixture Model)
According tolshii and Hibiki (2011) in the on€fluid approach for gaiquid flows, the

fluids in both phases are treated as one fluid in a mathematical smoothed way. Physical
properties of the fluids indih phasesre calculated through volume averaginghis
method, which retains individual fluid properties far from the interfad¢es volume
averaged conservation equatidns continuity, volume fraction, and momentuof the
mixture areas follows(Ishii and Hibiki, 2011 ANSYS, Inc., 2009

— 12" 6 T (2.1)

— 7 no| " 6 no| "6 Y (2.2)
— " 4 no” 6 6 np nd‘ no no

Q0 ndB | "6 RO R (2.3)

where” ,0 , and‘ represent the average density, velocind viscosity of the

mixture, respectively] ,” , 0 i, and"Y are the volume fraction, density, drift

velocity, andsource term of the dispersed phase, respectipgly; " Qandd stand for the
pressure, gravity, and volumetric body forces, respectiélg.relative velocity between
the continuous and dispergglthse can be calculated usanfprce balance on the dispersed

phase

The main advantagef the mixture model is that tHermulation is simpler than the two
fluid approachbutthe drawback is thaome of the important characteristics of {pltase
flows are lost due to thassumption®f the mode(lshii and Hibiki, 2011) According to
Manninenet al. (1996), he sinplicity of the mixture model is that one set of velocity
components is solved based on the differential equiiidhe conservation of moemtum
and the dispersed phase velocity can be solved using the algebraic equdimns.
computational cost is therefore reduc&tie volume fraction of the dispersed phase is
solved using scalar equations with the consideration of the correction offthesthcity

in the convection termThe mixture model assumes that the motodrthe dispersed

bubbles is based on their terminal velocitiglativeto the continuous phase

11



The mixture model can be applied in diagid and particldiquid flows where only
relativelysmall bubbles and particles exist. However, it is not suitable for thpagtisle
flows due to the long length scales related to the acceleration of thdgsarfitso,the
model cannot be used if the particles and bubbles are clusteredttiedriorease of the
drag forcelManninenet al.1996)

2.3. Two-Fluid Approach

2.3.1.EulerianEulerianMethod

Both phases are treated as interpenetrating fluids in EE models. Speeséid phase is
assumed tointerpenetratethe continuous phase, and ensen#@deraged mass and
momentum equations are used to solve for both phases. The EE metomimenly

referred to ashe twefluid method.

The governing equations for twluid flows are shown below:

- nyl " o T (2.9
Eq. 2.4is the continuity equation for both phases and the subscimplicates the phase

(i.e,, k= gas, liquid), wherg is the volume fractior, represents the density, adds the

velocity vector. The momentum equations can be writtdallasvs:

— ) nd| " 606 ny] t | nd | "Q 0D (2.5
The termsn the lefthand side of Eq. 2.&present the momentuermporal rate of change
and the momentum convective flux. The terms on the-hightl side represent the viscous
stress, the pressure gradient, gravity/body formed the interphase momentum exchange

(Deenet al, 2001).

EE modelsoften havelower computatonal costs compared to EL methods because there

is one set of conservation equations for each phase that are valid in the whole domain
(Fragaet al.,2016) This makeshe methodsuitable for largescale industrial simulations.
According to Buwaet al. (2006), there is a good agreement between EE models and
experiments when predicting tiraweraged flow properties and predicting the low
frequency oscillations of meandering bubble planfdso, EE models can predict more

12



detailed phase specific interactiaghan the ondluid model becausthetransfer processes

of each phasare expressed using their own balance equations &isthiibiki, 2017).

Despite these advantages, EE modelsot retain very much local information aibohe
dispersed phasEmpirical relatiorships are needed to provid®sure for the subgrid force
balance and other conservation equat{@aireddineet al, 2015) and these closure laws
cannot be developed based on dethibcal (particle level) interactianbetween the
phasesThe EEmethod cannotaptue the physical details of the interaction between the
carrier fluid and dispersed pha3éereforejt cannot be used to sol¥er turbulence scales

that are close to thaubble size because the ensemble averaging limits the potential mesh
refinement (Fragat al, 2016). According to Fraget al. (2016), with the proper nen
diffusive convection schemes, EE could have the same accuracy as EL when predicting the
average flowstructure However, the inability to resolve local phenomena is the primary

weakness of the EE method relative to the EL technique.

Deenet al.(2001) have studied and simulated -igaid flow in a square crossection
bubble column using aBE approach wth large eddy simulations (LES)nd Reynolds
averaged NavieBtokes (RANS) turbulence model3hey found that the transient
behaviouthatwas observed in experiments can be captured when the lift force, drag force
and virtual mass force are applied. Tiudoulence models, tHgmagorinsky1963)(LES)
subgridscale (SGS) modahnd theék-- (RANS) model,were used and compared. However,

the LES model was considered better than the RANS model after comparing to the
experimental datd.ES predicédthe transient movement of the bubble plunviile the

RANS model overestimatetie turbulent viscosity and calbnly predict low frequency

unsteady flow.

Dhotre and Smith (2007) have performaamerical simulations ofasliquid flow in a
tank based on the experiments conducted by Simiano (2066y anEE approachn. It

was shown that thereasgood agreemen#iween the experimental data and the numerical
simulations for dispersed phase fraction, axial liquid velpeihd axial gas velocity at
higher measurement levels; however, thveeeesome differences in the low plume region

close to the injector. This mae caused by inadequacies in the stan&ardurbulence

13



model, which needs to be explored further. The turbulent kinetic emaggyverpredicted

near the injector and underpredicted at higher levels. Dotk (2008) simulated gas
liquid flow in asquare crossection bubble column usirige EEmethod withboth LES

and RANSturbulence modeld he experimental data from Deetnal.(2001) was usefibr
comparison with the simulations. TRANS simulationshowed good agreement with the
experimental da except for the axial and radial distribution of the fluctuating liquid
velocity and turbulent kinetic energy near the wall. Dhetra&.(2009) performe&E-LES

for theexperiments conducted by Simiano (200B)thisstudy, they compared theLES
simulationresults to the experiments for validation and to their previous work in 2007 that
useda RANS model as the turbulence model. It was found that both approaches showed
good agreement compared to the experimental data except near the.ifjedt®S
showed better performance when capturing the turbulent kinetic energy thanniedel

at higher elevations.

The key challengén the simulation of bubbly flowss to find appropriatenterphase
momentumexchangemodels and turbulence modetgat pravide good agreement with
published experimentalstudies. Table 2.1 summarizes the coupling closure models,
turbulence models, and modifications on the source tersnarecent studieslhe table

is not intended to be comprehensive, but it is intended to provide a snapshot of some

commonly used approaches in recent literature.

2.3.2.EulerianLagrangian Method

In EL models, the continuous phase can be modelled using v@uemged mass and
momentum equations, which is the saménash e Eul eri an fr amewor k.
law of motion is used to track the displacement of the dispersed phase, which is the
Lagrangian framework. Empirical correlations are used to model thesfactieg on each
individual bubble.Additionally, the momentum equation should include the equivalent

force of the bubbles acting on their surroundings @ddCelik, 2008). In bubbly flows,

each bubble is treated as a Lagrangian point that moves a@dss¢hian mesh (Fraga

al., 2016), andit must therefore be tracked on the computational grid. The bubble

trajectories are timaveraged to obtain predictioassteadystate (Rafiquet al.,2004).
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EL models include bubble dynamics and ligpitase hydrodynamics. Bubble dynamics
consists of quantifying the force balance acting on the bubbles. Typically, this includes the
drag, lift, virtual mass, buoyancgnd gravity force. These forcewill be discussed in
section2.4. The governing equatigrfortheliquid phase are the samefasthe EE model.
However, in EL modal only the liquid phase is described by the Eulerian frannie.
Therefore the subscripk in Egs. 2.4 and 2.%ould be just, which stands for the liquid
phase. For the gas @& each gas bubble is tracked in the Lagrangian frame, which uses
Newt onds equation of motion to calcul ate
(Gruberet al.,2013).

Yo 6 Yo (2.9
"wYo YoBO (2.7
where¥x,, 6 , Yt,” , &, andB "Orepresent the position changetioé bubble in one time
step, the velocity othe bubble, time step, the density of gas, the bubble volume, and the

forces acting on the bubble, respectively.

According toBuwa et al. (2006) the challengeshat are encountered in the numerical
implementation of EL models include the forces acting on bubbles, coupling of the
interphaseexchangebetween the dispersed phase and the continuous EimaHeubble
trajectory prediction in turbulent flows and turbutermodels especially bubhkieduced
turbulence A summary of the closure models and the turbulence models used in recent

studiesof the EL approachan be seen iable2.1.

Buwaet al.(2006) simulated a thredimensional unsteady géiquid flow using anEL
approach in a rectangular bubble column to study the dynamics of bubblespltine
effects of aerated liquid height to column width ratio and superficiavgagity were
investigated. Drag, gravity, buoyancy, lift, virtual maasd turbulent dispersion force
were included in their computational model. For the turbulence model, the st&ndard
model with the source terms fhiand- that are suggested hyin et al.(2002)was used

to obtain better agreement between the simulation and the experiment.

Fragaet al.(2016) simulated the dynamics of a bubble plume in a cubic tank using the EL

approach with a LES turbulence model. The tank contained quiesdentimigally. They
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introduced a novel interpolation method that employed seoatel smoothed delta
functions when coupling the liquid and gas phases. Their results showed good agreement
when compared to the experimental data; however, their model vedietpd the
fluctuations of the streamwise turbulence in¢bee of thebubble plume. They concluded

that the EL model may have limitations on capturing siméhulencescales when a given

mesh resolution is exceed They also suggested that the bukhtiuced turbulence

should be further investigated in the LES subggdle models.

Van Wachem and Almstedt (2003) introduceb models for fluidsolid flows that
employed the Lagrangian framework: the hapthere approach and the sgfhere
approach. Irthe hardsphere approach, the particles are assumed to be rigid spheres and
the collisions of particles are assumed to be instantaneous and binary. Although this model
works well in dilute flows, as theoncentratiorof particles increases, the likelihoduht

particle collisions are exclusively binary decreases. To calculate the larger particles that
are formed by collision, linear and angular momentum balances are considered. The energy
released during collisions has a large effect on reljdhedefore restitution coefficients

of the tangential and normal velocity components at the contact point were also considered.
This hardsphere model can be used for partigéeticle collisions and particieall

collisions.

Another approach that is commonly usethie Lagrangian framework is called sgfihere
approach, where particles can interact and overlap. This approach can be modelled using
the sliderspringdashpot method, with associated damping, spriagd friction
coefficients However, the equationisecome stiff andhard to solve numerically when
physically realistic valuesor the coefficientsare chosen. In the sesphere model, a
potential force is used to model the interactions of particles. Two particles deform during
the collision. The driving fice in this model is the degree of overlap between the two
particles., which increases the repulsive force with increasing overlap displacement. A
frictional force occurswhen two patrticles slideindera normal force.The effect of
deformation is simulatetly the springthe effect of the damping is simulated by the

dashpotand the friction slider simulates the sliding force of the two particles.
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The springdashpot system can be utilized to model the collisions between bubbles and the
contact time obubbles in bubbly flow (Xuet al.,2017). Xueet al.(2017) stated that the
hardsphere model that was used to simulate the bulddele interactions in previous
research had limitations on the bubble contact time. The bubble contact time cannot be
takeninto account directly in the collision model during the collision processes.uHeely

the Deeret al.(2001) study to validate bubble coalescence using the sgaistgpot model.

They included the buoyancy, gravity, drag, lift, and virtual mass $oiideey used the
Tomiyamaet al.(1998) drag model, as well agonstant coefficient of 0.5 for both the lift

and virtual mass foreseThey considered the sprhaishpot model as the collision model,
coalescence modednd breakup model in their simulation® trecord the bubble contact

time accurately. They compared their results with the coalescence model andifbreak
model on and off (the collision model was always on) with the experimental data from
Deen et al. (2001). The results showed that model agreemeas improved if the
coalescence and break mode$ were turned off. They concluded that the parameters in
the springdashpot model, coalescence modeld breakup model play an important role

in the simulations anthat those parameters should be deli@ed by direct numerical
simulations or the micrgcale experiment3.he coefficients in the springashpot model,
coalescence model, and bragk mode| as well as the numerical algorithms in the
detection of the collision and the record method of th&amt time should befurther
studiedin the future.
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Table 2.1;

Summary of the Coupling Closure Modelsand Turbulence Models in
RecentStudies for EE and EL Methods

Reference Model Geometry
Deen etl. (2001) Co: Ishii and Zuber (1975) C.: 0.5 Cum: 0.5 Cm: N/A Square
. bubble
Turbulence: column
RANS: Q-
LES: Smagorinsky (19633GS model
Bubbleinduced turbulence: Sato and Sekoguchi (1975)
Dhotre and Smith Cp:0.44 Ci:0.1 Cuym: 0.5 Cyp: Davidson (1990) Cylindrical
(2007) Turbulence: RANSQ- with the source terms from Simonin ta}ﬂrﬁguwe
and Viollet (1988) P
Bubbleinduced turbulence: Sato et al. (1981)
Dhotre et al. (2008) Cp: Ishii and Zuber (1975) C.: 0.5 Cum: 0.5 Cip: 0.2 Square
Turbulence: bubble
' column
RANS: Q- with the source terms from Simonin and Viollet
(1988)
LES: Smagorinsky (1963%GS model
Bubbleinduced turbulence: Satt al. (198)
Dhotre et al. (2009) Cp:0.44 Ci:0.5 Cym: 0.5 Cimo: N/A Cylindrical
i . tank (bubble
Turbulencel ES with Smagorinsky (1963%GS model plume)

Bubbleinduced turbulence: Sato et al. (1981)

Buwa et al. (2006)

Co: Tsuchiya et al. (1997) C.: Tomiyama et al. (2002)

Rectangular

Cwm: 0.5 Crp: Gosman and loannides (198: Egltl)fr)ﬁ
Turbulence RANS (Q-
Bubbleinduced turbulenceNl/A

Fraga et al. (2016) Cp: Clift (1978) C.:0.83 Cuym: 0.5 Cip: N/A Cubic water
Turbulencel ES with Smagorinsky (19635GS model L?S;g;mble
Bubbleinduced turbulenceN/A

Xue et al. (2007) Cp: Tomiyama et al. (1998) C.: 0.5 Cym: 0.5 Cimp: N/A Square
Turbulencel ES with Smagorinsky (1963%GS model Egﬁjt:rl]i

Bubbleinduced turbulenceN/A
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2.4. Interphase Momentum Exchange

The forceghatact on the bubblethatplay an important role in the couplihgtween the
continuous and dispersed phases can be divided into two categstadsished forces and
non-established force3he expressiaof the forces acting on bubbles in btitle EE and
EL modek are described below. The force balance on a pateh be written as follows:

4 — BO (2.8)

whereo is the velocity othedispersd phase elemené; is the mass of dispersed phase,
andF is the total force acting on the particlde interphase momentum exchatgenin
Eq. 25, whereVcen is the computational cell volume, can be calculatsidg the following

expressiorfAsadet al.,2017):

0 — B0 (2.9)

On the righthand side of Eq. 2.5, the interfacial forces acting on the particle usually include

thebuoyancy, gravitydrag, lift, virtual massand turbulent dispersion forge

The established forcesefer to the forces thatre fundamental in naturéor which
formulations do not change often in literatureeseforces includegravity, buoyancy, and
virtual massThe buoyancy forcdsg, and gravityFg, can be calculateas follows

O 0 —/———— (2.10)
where” is the density of the liquid, is the density of the bubbl& is the diameter of

the gas bubble, arifis acceleratiomlue togravity.

The virtual mass force is akin to the drag force on the bubbles due to the difference in
acceleration betweehd gas and liquid phases. It can be representidiass (Chuang
and Hibiki, 2017 Asad et al., 2017

"0 5 "6 — — (2.1

where™O s the virtual mass forc®, is thevirtual massoefficient,ando is theliquid

velocity. Typically, a constant coefficient value of 0.5used inthe literaturaeviewed
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The nonrestablished forces, on the other hand, refer to the fovhese cefficientsor
formulation vary significantly with the type of applicatianDrag, lift, and turbulent
dispersion forces fall into this categoihe drag force acts as a resistance to bubble motion
and can be definaasing the following expressiqi€huang and Hibiki, 2017)

O -0"09 06s6 O (2.12)
whereFp is the drag forceCp is the drag coefficientando is the projected area of

particle.

Tomiyamaet al.(1998) developed drag model folbubbles withclean surfaces, slightly
contaminatednterfacesand contaminatethterfaces

The model forcleaninterfaceds as follows

6 | ABQt—p MXYP h— HE—E (2.13)

The model foslightly contaminatethterfacess as follows

6 T ABQt—p MXYP h— HE—E (2.14)

The model forcontaminatednterfacess as follows

5 1 Ag—p WP H—E—E (2.19
YyQ —~——% (2.16
€ Lo (2.17

where he singlebubble Reynolds nuber (Y Q) is givenby Eq. 2.16 6 s is the
relative velocity betweehquid phase and single bubblendthe E6tvés numbe(CE) is
given byEq. 2.17

It is necessary to carefullyonsiderthe effect of thalispersed phase volunfi@ction on

the drag coefficientwh e n applying Tomi y @ubbled systemmsd d e |

According to Chuang and Hibi ki fof WOED) ,
<10* and10° < Re<1C’.
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Tsuji et al.(1982 included a correction for the interaction of the bubbles at highemeol

fractions:

0 p o p — (2.18
whereCp is the drag coefficient froma suitable singldubble drag coefficient correlation

Roghairet al.(2011) developed a drag model to include the effect of bubble swarms
—— p = (2.19
where| is the local volume fractignwhich is calculated instantaneously for every

computational cell during the simulatiod.; can be calculated usinipe following

equation
0 n 0 YQ 0 Cg (2.20
and
0 YQ — p —— (2.2)
5 CE 5 (2.22
E 8

The lift force acts on a bubble in the lateral directi@nis the sheamduced lift force for
thebubble and can be expressedai®ws (Asad et al., 2017)

O 0"wo o no 6 (2.23
whered is the coefficienfor the sheainduced lift force.The lift coefficient is positive
for spheical bubble and the lift force acts in the direction of decreasing liquid velocity.

Therefore, it usually acts laterally and to disperse the plume.

Tomiyamaet al.(2002)stated that the lift coefficier@an benegativeandin this case the
force would actin the direction of increasing liquid velocity due to the substantial
deformation of bubblesAccording to the model ofTomiyamaet al. (2002),the lift

coefficient is calculatedsing the following expression
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& Xl CE pm

where
CE —dtQ p T OE® (2.29

"MQCE M™WnPOEY TMHNTPOEW TWIC IOE 1@ X T (2.29
The turbulent dispersion force is caused by the fluctuating component of the forces acting
on bubbles. Lopez de Bertodano (1992) developed a turbulent dispersion force model in
which they assumed that the motion ofbbles is proportional to the phase fraction

gradient

"0 6 w” Qn (2.27
where'Q is the turbulent kinetic energy of liquid phaaed® s the turbulent dispersion

coefficient,which hasarecommended value between 0.1 and 0.5.

Gosman and loannides (1983) developed a turbulent dispersiomfodsdfor particles
to estimate the liquid fluctuatiomelocity. This model is commonlygalled the discrete
random walk (DRW) modair the eddy lifame modelin this model, the liquid fluctuation
velocity is added to the mean liquid velocifyheeddy is calculated using the Gaussian
distributed random velocity fluctuatiomsthex, y, andz directions and the eddy life time.
The standard deviatiop , can be calculated as follows

” — (2.28)
wherek is the turbulent kinetic energy¥he dissipation legth scaleg, can be obtained

usingthe following expressian

a — (2.29)
whered 18t aand - is the turbulent dissipation rate. The eddy life time can be

calculated by the division of thdissipation length scale and the magnitude oflithed

fluctuation velocity.
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2.5. Hybrid Methods

Since disperseflow modelstypically cannot model thgasliquid free surface without
modification hybrid approaches that combine the LPT #mel\VOF model have been
developedo simulate free surfaceotion in dispersed flowsThis hybrid methodises
LPT tomodelthe bubbly flows in the liquid phase aodly usesvOF methodto simulate

the free surface

Jainet al. (2014 have studied a hybrid approachthe VOF methodindthe Discrete

Bubble Model (VOFDBM) to simulate free surface in bubble column. VOF is used to
simulate the free surface and the DBMhich is a form of LPT modeis used to track the
hydrodynamics of the dispersed bubblgsey found that the coalescence calibration factor

and the critical Weber number can be optimized by considering the bubble coalescence and
breakup, respectively. By also found that the bubble coalescence occurs mainly in the
region near the injector and the bubble breakup happens near the interface. Their model
wascompared with thexperimentaliquid particle image velocimetryR1V) results from

Deenet al.(200]). Their results showed that the model was not sensitive enough to predict
the coalescence calibration factor value and a more realistic size distribution of the inlet

bubble could have improved the quality of the results.

Asadet al.(2017)also used thePT-VOF approach in their studies. They applied the LPT
method to track the bubbles and the VOF method to simulate thiggasinterface in the
bubble column using OpenFOAM. Thagedthe Deenet al.(2001)case as thbasisfor

their simulations. The purposes of their studies were to investigate the inlet conditions and
to compare three different drag moddlemiyamaet al. (1998) mode| Ishii and Zuber
(1975)model andRoghairet al.(2011) model. They usedomiyamaet al (2002)as the

lift model and 0.5 as the coefficient of the virtual mass force. The buoyancy force and
gravity were also included. Th8palartAllmaras delayed detached eddy simulation
(SpalartAllmaraBDES)(Spalart et al., 2006hodel, which is one of hLESmodek, was

used in their model as the turbulence model. They also implemented the bubble removal
technique, which removes the bubbles when they reach the free surface in the bubble
column. They concluded that tReoghairet al.(2011) drag model gas better agreement

with the experimental datand that the bubble size distribution as well as the bubble
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injection rate play an important role when predicting the flow behavior and the mean
velocities for both the bubbles and the ligplkdase They alsomentioned that bubble

induced turbulencand lift forceshould be investigatfurther.

Skjetneand Olsen (2012) used the Discrete Phase Model (DPM) coupleca Wi@F
solverto model bubble plume releases from five different depths. They also included
methanegas dissolution in their model. They found thia rise velocity of the bubble
plume decreases with increasing depth of release. They also conclude that the plume
dynamics aresignificantly affected by gas dissolution and most of the gas will be dissolved
for the plumes that are releasgdeep depths. Olsen aS#tjetne (2016)sed the geometry

from Milgram (1983) to simulate bubble plumes with four different gas iojecttes.

They included gravity, buoyancy, virtual mass, turbulent dispersion, gas expansion, and
gas dissolution in their simulation. The turbulence model they used in thisvpapéne
standardk-- model. They stated that the lift force has no efiiediubble plumes and that

is the reason why they did not include the lift force in their simulations. The main reasons
that cause the change of bubble size in dense plumes are breakup and coalescence due to
turbulence while gas expansion due to the pressgradient and gas dissolution are
dominantin dilute plumes. They used the model twasdeveloped by Laux and Johansen
(1999) as their bubble size model. They concluded that the consistency between their
model and the experimental results is quite gbtmvever, their model underpredicted the
spreading of the bubble plume and the reasonthis differencecould be the choice of

the turbulence model arttiat bubbleinduced turbulence was neglected in their model.
They also stated that the choice of ttwrelationfor the mass transfer coefficient is
important to predict the gas dissolutionthe bubble plumeand the correlations for
contaminated systems seem to be more suitable for the bubble plumest@Is@17)
simulated the bubble plumesimg another turbulence model called very large eddy
simulation (VLES) instead ofthe standard k- - model. The VLES simulations
underpredicted the spreading of the bubble pluwidgch could bebecause the bubble

induced turbulence and the lift force wergleeted in their model.
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2.6. Mass Transfer

Mass transfer between the continuous and dispersed phases is another important part of

dispersednultiphase flovg. Since the mass transfer occurs below grid resolution, dispersed

phase mass transfer is mdedlusingempirical relationships fahe overall mass transfer
coefficient. However, the mass transfer coefficaepend®n the resistances on both sides

of the interface and also requires a jump condition to be specified at the phase boundary

due to diffeences in solubility. Although diffusion and advection from the interface occurs
on both sides, the rate of gas diffusion is high&erefore the liquid side resistance is
often more important QIsenet al, 2017)in gas dissolutionTherefore, the ovelamass

transfer coefficient is usually based on the liquid side mass transfer coefficient. The

governing equation of the mass transfer of sgeédrem a bubble to the surrounding water

can be written afllows (RanzandMarshall,1952):

Gy, b0 “QQ&F b (2:32)
where dv, 'Q, 6 ﬁﬁ , and6 ;, are the bubble diameter, mass transfer coefficient, the

solubility, and the concentration of spexiein the surrounding liquid, respectively.

denotes the parcel number in a computational cell.

For an ideal gas mi xt u,ramd,Eq. BB2 cam her@verittehas w

follows (Darmaneet al.,2005:

z

VR o X o LI/ SRS (2.33)

z

A o T/ (2.34)

Whered)ﬁz, Wy, 'O, and®, are the solubilitypf specisi in the surrounding liquid, the mass

fraction of specigii n t he surrounding | iquidsgsiinhe
dimensionless formand mass fraction of spesiein the bubble, respectivelAs stated

earlier,j represents the parcel number in a computational cell.

There are many correlations fille mass transfer coefficiemcluding for different flow

regimes and levels of interface contamination.

The Higbie (1935) model for clean sys&em
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Ko} =Y Q Y& (2.35)

The Clift (1978) model for partly contaminated syssem

QO — p +M_YQ"’ Y& — (2.36)

TheBird et al.(1960 model for contaminated system

N 1T pR T YT — (2.37)
The Hughmark (1967) model for contaminated system

N ¢ ™MW Yd — (2.38)

TheFrossling(1938) model for contaminated system

0 mpojol jr 7 (239
whereO is the mass diffusivity between speceeand the mixturé in the equations
above.

2.7. Summaryand Conclusions

In this chapterapproaches for the simulation of typbase gatiquid bubbly flows were
reviewed. Tleseapproaches include mixture models, Eulefiarierian methods, Eulerian
Lagrangian metha and hybrid methodsEach approach has advantages and
disadvantages'he mixture models are not suitable for modelling bubbly flows that have
largebubbleclustersan the system due to the simplicity of the formulatiouat they are the
least computationally demandingE methodshave shown good agreement between
predictionsand experiments when tiraveraged flow properties and the low frequency
oscillations of meareting bubble plumeare analyzedHowever,EE modelscannot
provide local information about the interactobetween the dispersed and continuous
phases. Therefore, empirical closure models cannot be developed basetiabmscale
information. Conversg| EL models give detailed information for the positionspcities,
and force for each individual bubbleTherefore,it is relatively easier to account for
particle size distributiogbecause each particle only has one motion equation. Hingéss

flows, bubblebubble interactions and bubhbleduced turbulence can be addeubre
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realistically using EL modelbecause of the available local informati@ther closure
models can also use more of the available local informaftoemaindisadvantage dhe
EL method is the computational cost when a very large number of bubbles must be
simulated. However, it is often possible to combine the motion of groups of bubbles into

parcels to reduce the number of equations that need to be solved.

In this study,a hylrid LPT-VOF approach is usdd simulate bubble plumédsecause LPT

is suitable to track individual bubbles in the liquid phasgkile the effects of the free
surface can be modelled by VOBas dissolution is also included in fv@posed study to
investicate transfer into and out of the bubbles in the wakee LPT-VOF method
provides a scalable algorithm for modelling bubble plumes. The main weakness is that the
method implemented in this study only permits transition from LPT to VOF and not from
VOF toLPT. This means that the model could not be used to predict the bubbles generated
from the breakup of a gas jet in a liquid. Although it would be possible to implement such
an algorithm, the implementation of VOF to LPT transition modelling was consittered

beoutside the scope of this study.
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Chapter3{ 2f OSNJ 5S@Sf 2LIYSyY I

3.1. Introduction

This chapter describes the development of the-WPF solver It also summarizethe
verificationcases usetb test the adjustments made inflne dynamicsandmass transfer
modds. Thediscussiorstarts withan overview of the solver algorithmvith a flowchart
provided to illustrate thstructure of the solution procedufighen, theprocess of evolving
thedispersed phase using Lagrangian particle trackiRd) is discussedSubsequently,
the derivations of the phase continuity, pressure, specidsnomentum equatiofer the
volumeof fluid (VOF) methodarediscussedalongwith a description of theouling to
the LPT model Coupling between the continuous phase #meldispersed phase is
achieved by correcting the continuous phase fraaiuh includinginterphase exchange
sources in the phase continuity, pressure, speameismomentum equatiorisindly, two
simplecases wersimulatedto verify the implementation of the mass transfer motleé
first casewas a single stationary bublpesitionedin the middle ofa box with the water
flowing slowly in the upward direction, while the secarase was a single bubble rising

from the central bottom @ box with stationary water in the box.

3.2. Algorithm Overview

A coupled LPTVOF solver was developed in OpenFOAMgure3.1 shows the algorithm

of the developed sol ver ,comphessibldinteiFgamb as e d
solver and the prexisting Lagrangian library. Modifications were madéhe solver and

the Lagragian library to facilitate coupling. The Lagrangian library was extended to model

gas bubble dissolution and the motion of compressible gas bubbles.
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Figure 3.1:  Overall algorithm of lagrangianMT CompressibleInterFoam

The velocity is read from the case directory, and the thermophysical library is created. This

generates the pressure and temperature fields based on the user inputs in the case directory.
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The mass fractions of all specié,are created by the generatiohthe chosen mixture

model in the thermophysical library. The Lagrangian library is created, which also
generates the field varialsléo track the dispersed phase volume fraction on the Eulerian
grid. When the time loop begins, the Lagrangian librarguslved first to update the
amount of bubbles injected into the system. Subsequently, the impact of bulk fluid motion
and the force balance are used to estimate the final position of the tracked particles. The
size and shape of the bubbles are updateddbaisehe background pressure and mass
transfer rates, which are then calculated for the next time step. The results of the force
balance and mass transfer are passed, via volumetric source terms stored on the Eulerian
grid, to the VOF algorithm.

The VOF sb v er I mpl ements OpenFOAMG6s PI MPLE al
pressuramplicit with splitting of operators (PISO) method and theemtimplicit
momentum linked equatioSIMPLE) methods. Once the continuous phase fraction is
known, the phase continuigquation can be solved. Subsequently, the total density of
phases 1 and 2ho ), the density of the continuous phas#gpfacRho ), and the
continuity error ¢ontErr ) can be updated. After the update, the momentum equation,
species equations, and pressungagign are solved inside the PISO loop. At the end of the
pressure equation, the velocity of the continuous phase at thaljglceRhic ), the total
density of phases 1 and h@ ), andthe density of the continuous phaséphacRho )

are updatedThe turblence parameters are updated at the end of the PISCHoopxtra
stability, the PISO loop can be repeated within each time step to achétiey
convergence, which is similar to the SIMPLE methbade thermophysical propertiese
updatedbased on theaupdated density in the pressure equatibm this study,the
temperature effect was notcludedfor the thernophysical properties updatnd the

energy equation was not included in the solvecause onlypproximately isothermal
conditionswere considered ithe validation case$-ollowing the PISO loopif the end

time is reached, the solver stops; if not, time is incremented based on the specified time
step. The PISO outer loop includes the phase agttjrmomentum, species, and pressure
equations, while the PISO inner loop only contains the pressure equation. The number of
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correctors for the inner and outer PISO loops can be specified to achieve the desired level

of convergence within each time step.

3.3.Bubble Properties Calculations

Figure3.2 shows thellustrationof the phase fractions in the system. Eqsiti¥dugh3.3
describe the relationships of the phasetioas in the systemi and| represent the
bubbleLagrangian phase fraction and the continuous phase fraction, respe(tivatyl

| are the liquid phase fraction and the gas phase fraatiaihe VOF algorithm
respectivelyl is introducedn this case to correct the units ofand| . Typically,|

and in the VOF method are phase fractions with unitsibéf phase (e.g, gas) per
total. However, since the VOF method may not occupy the entire cell vollmae a
Lagrangian bubble is preseithey have units of #nof phasei per n? occupied by the
continuous phase. has units of hoccupied by the continuous phase pétatal. Thus,
after multiplying by, the units of the gas phase fraction and the liquid phase fraction are
back to the normal unitssedin the VOF methodThe relationships of phase fractions in
the systenareshown as Eq. 3.This equation remairsonsistentith Eq. 3.3 because the
phase fractionin the VOFmethodshould be sum to ongq. 3.2) which makes sense

because therie only onecontinuous phase amshedispersed phase in the whole system.

| I p (3.1)
| | p (3.2)
| | p (3.3
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Figure 3.2: Illustration of the different definitions of phasevolumefraction in a
bubble plume.

In LPT, thechange of thenass of the bubb|&é , due to mass transfean becalculated
usingthe following equation

Bo Q" "O®;— o (3.9
This equation can be solved using any technique for solving ordinary differential equations,
but Eul erds method is commonly wused

The mass$raction for specigi in the bubblean be updatedsing the following expression

. Yo

Oh 5y (3.5)
whereYa i represents the mass changedipecis i in bubble(or parcel)j andB Ya i
is the sum of the mass change for all the specibabble(or parcel)).

In OpenFOAM, he default implementation of the Lagrangian library assumes constant

bubble size in incompressible flow conditions. However, for compressible systems
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density ofthe gas phase wilthangewith pressure (and temperature), meaning that the

diameter will change based on the internal pressure as a result.

From the ideal gas law, the density of the lgaisblecan be calculateds follows

(— (3.6

wherer] and"Y are the pressure and temperature of the carrier piasethe molecular

weight of gasnixturein thebubble and'Yis the universal gas constant.

The diameter of the gdsubblecan becalculated using the updated mass and deasity

follows:

Q — 3.7
The velocity of the bubble can be calculated and updated Ne wt ond6s eguati ol

B

(3.8)

The gas volume fraction, , can be calculated by takinige ratio of the total gas volume
in a computational ce(humber of bubbles times the volume of a bubblg) the volume
of the computational cell. Then, the continuous phase fraction can be easily cakintaed

they must both sum to one

3.4. PhaseFraction ConservationEquation (VOF)

The phase fraction conservati@yguations for phases 1 and 27 liquid and 27 gas)

tracked by the VOF solver ashown below:

_h

, B
— 127" | 6 B

BY: Y (3.9

cel |

B ; —

nd"| | 6 B ° BY; Y (3.10

cell

where” is the densityp is the velocity, Y j is the masgransfersource term from the
Lagrangian phase to the VOF liquid phase for specand"Y};, is the mass transfer source

term from Lagrangian phase to the VOF gas phase for speSiese Eq. 3 refers to the
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entire liquid phase, the mass sources for each species are summed and dé¥igivated
themass source tergiue to the bubble remal above the free surface aiscadded to the
VOF gas phasavith the consideration of mass conservation in digtem. These two

source terms will bdiscussed in section 3.8

After expanding and rearranging £@.9 and 310 and then moving the densities the

right-hand side, thegan be written as follows

— ) |6 - —— & (3.11)

— Q3|6 - —— 6 (3.12

Adding Eq. 3.11 and Eg. 3.1andcombiningwith Eq. 3.2, the total continuity can be

recovered:

— — 0 — — 06 (3.13
Thevolumeaveragednixture velocityis defined agollows:
O | 6 | 0o (3.19

Therefoe, after combining with Eq. 3.14 and rearranging, Eq. 848 be written as

foll ows:

—— 6 (3.15

Note that Eq. 3.1 important and will be used later in the derivation of the phase fraction
equation and the pressure equation. Since OpenFOAM cannot solée &od 6
separately, the mixture velocity that can be solved in OpenFOAM is introduced. After

adding this etra term,Eq. 3.11can be rewritten to give the following equation

- — — 5 (3.16
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Eq. 3.16 can thenbe rearrangedusing Egs. 3.2 and 3.14After introducing the relative
velocity,6 , which is just the difference betweénando , Eq.3.16can be rewritten as
follows:
— 3] | 6 nN)l || O - — — 0 (3.19)
Then if the] 1 J| ¢ is added and subtracted to include the mixture velogiy3.17
can be rewritten in the following form
—— )] | O n)| | | © - — — 0
| "3 6 | nJ| O (3.18
After rearranging and grouping Egl38, it can be rearranged as follows
— D] | 6 nN]l || 6 | - — — 06 v
| — — 0 — | — | nJ o (3.19
In the OpenFOAMCcode,a term calledigdt is used to represent the following portion of
the equation
QQQqg — — — 06 | — — 06 — (3.20
After introducing this termizq. 3.20can be written as follows
—— ] | 6 NnN)l || O QQQd — | NI 6 (3.2)
In OpenFOAM, the implicit and the explicit source terms are defined as:
Y — (3.22
Y — (3.23

Thedgdt term isthereforerelated to'Y and™Y as follows

Y |Y — | — —p | QQQ0o (3.29
After replacing thalgdt term by Eq. 3.24nd moving —and| 1 3| 0 tothe left

hand sidefEq. 3.21can be rearranged to give the following expression
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— 12/ 6 12 || 6 | — | I 6

YooY (3.25

Eq. 3.25s the final form of the equation used in the VOF solver.

3.5. Momentum ConservationEquation

The momentum conservation equation is derived ftbm general volumaveraged
NavierStokes equation that would normally be used for a VOF sol@ch isshown as

Eq. 326. As seen in Eq. 3.27, a new pressure térm,, is introduced to exclude the
hydrostatic pressure. Eq. 3.28 can be obtained after takimgatientof , . Eq. 3.29 is

the modified NavieiStokes equatiothatcan be derived bgubstitutingir) into Eq. 3.26.

The modified NavieiStokes equation includes thentinuous phasedction, , and the
interphase exchange from the Lagrangian phase to the continuous phase, which is denoted

as’0."0 represents the surface tension force.

— D706 nyo""Q "0 n o (3.26)
N n o ”"Q0Q (3.27)

np nyooQoaT "Q (3.28)

—— nQl "66 13 'O O ¢ 1 (3.29

"O can be calculated usirtige following expressian

O Yi Yi (3.30)
The starting pointor the derivation of the momentum conservation equasideg. 3.29
After combiningEgs. 3.29 and 3.30,¢an be rearranged as follows

—— 1D "66 nOF Yy Y O G nd (3.31)
In OpenFOAM, the nofmonservative fornof the momentum equation is solvethis

equation is given by the following expression

—— 1D 066 O O "6 0OY 0Y nd

Y& Yp O o nd (3.32)
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The third to the sixth terms in Eq. 3.32 is referrethagontinuity error.

3.6. PressureEquation

Since the momentum equation contains two independent variables (velocity and pressure),
a single equation is insufficient to solve the system. The momentunicgoast be
combined with the continuity equation to derive an explicit equation for presSoee
algorithm to calculate pressure and velow@tignown as theressuremplicit with splitting

of operatorqPISO) algorithm.

The PISO algorithm starts withe momentum conservation equation, which is Eq. 3.32.
Following discretization, the predicted velocitgn be determineflom the decomposed

eguation matrix:

®° 6 0 6 O 6 O o6 no 0o o (3.33)
whereA andH are the diagonal and effiagonal components of tle@efficientmatrix in
thediscretized momentum equatiddince the continuous phase does not occupy all of a
cell volume, this equation must be multiplied| byto become consistent with Eq. 3.32.

Thedivergencecan then be taken to give the following expression

nd] 6 n) ! O! O ! O ! nd I (3.34)
The solution to continuity was derived in EQRR.Using a rearranged form of Eq. 3.25,
EqQ. 3.34can be rewritten a®liows:

no| ! 0 nyg I O! 'O! O | "¢
“Y !\Y ”
L el B T||— nOl | %o T |‘
0 T 0O T o
NO] | % — — 1D | %o
——— D | %o (3.35)

The pressure equation can be split into incompressible and compressibl& tesmplify
implementationin OpenFOAM, the incompressible and compressible terms are defined
separately.
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The incompressible term defined as follows

ngp I ’O! 0! O I o no| 10 —
(3.36)
The compressible term for phases Hefined by the following expression
— —— ]| | % —— 10| | % — (3.37)
Thecompressible term for phases2defined by the following expression
— ——— )| | % — 0] | % — (3.38)

3.7. SpeciesonservationEguations

The mass fractions of species in the continuous phase @aicdoéatedusing thespecies

conservation equations

L 50 TR I TA T
] B—
no| | ¢ — = n®y — Y (3.39
noondl | " 6W
B ; —
no| | — = n®f = “Yi (3.40

cel |

where® represents the mass fraction of speti€%; is the massransfersource term for
species in the VOF liquid phasegnd™Yj}, is the mass source tertinat should be added to
the VOF gas phas#ue to transfer from the LPT phase

3.8. InterphaseExchangeSources

Coupling between the continuous phase thedlisperseghase is achieved by correcting
the continuous phase fraction through interphase exchange sources that are included in the

phase continuity, pressure, specaas momentum equations.
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As mentioned in section 3.2 j is the masgransfersource term fsm the Lagrangian
phase to the VOF liquid phase for specid he mass sources for each spearessummed
in the VOF liquid phasanddenoted aSY in Eq. 3.9°Y isthe total mass source transferred
from the Lagrangian phase to the VOF liquid phaskit is added in the pressure equation

and the phase fraction equation

As seen in Eq. 3.10Y is amass source term that sums up the mass of particles that
removed from th&PT phase when they reach the free surface and thisdewided to the
VOF gas phase to ensure that the mass is conserved in the whole $fiyst@mluded in
the pressurghase fractionand speciesquatiors. Particles are removed when they reach
the free surfacbecause this is where the gas in the bubbles is transfetregldontinuous

gas phase

As shown inEq. 3.30, the momentum interphase exchange té@mgcontains two terms:

Y and”Yy . The first term calculates the momentum sources transferred from the
Lagrangian phase to the VOF liquid phase; therefore, it is added to the momentum equation
to include the momentum transfer from the Lagrangian phase to the VOF liquid fiase.
second tan sums up thenomentumof the particles that removed at the free surface
Thisis added to the momentum equattorensure that themomentunis conserved in the
whole system. All the source terms mentioned apawvevell aghe particle removaivere
implemented in the Lagrangian library.

In the currentsstudy, gravity, buoyancy, drag, lift, virtual mass, and turbulent dispersion
forces were considered as the forces acting on the bubbles. Coitisidel was not
included due to the lack of the experiméwiata and/or empirical correlations in order to
choose the model parameters to include the interactions of the bulsidesach parcel.

Ming et al. (2017) included bubbiurface interactionwithin the Lagrangian franveork
to modelbubble burshg at the free surfaceHHowever, he surface resistance was not
included in the current studguch amodelcould be implementeth the futureto include
the effects of the surface resistafmebubble disengagement at the free surfadaibble

plumes.
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3.9. Verification Cases

Two cases were simulated to verify the performance of the mass transfer model. The mass
transfer performance can be quantified by the prediction of the mass fraction of dissolved
gases, the estimation of the mass transfer coefficient, anoutbble shrinkage rate. The

first case was used to investigate the mass transfer of a single stationary bubble sitting in
the middle of a thredimensional boxwhile the second case was a single rising bubble
that was initially injected through the battocof a box.The second case was simulated to
validate both the gas dissolutiandcompressibilityeffects with depth. A constant mass
transfer coefficient was used in both verification cases to facilitate comparisons between

the theoretical and numeriaasults.

3.9.1.Bubblein Box

The geometry of thbubblein box case is shown below. A single stationary bubble that
contains only oxygen sits in the middle of the box with water slowly flow upward in the
vertical directionFigure3.3 shows a graphical representation of the case, Whitde3.1

throughTable3.3 list the parameters characterizing the study.

£ . Bubble Velocity = 0 m/s
; L oo - s t--- Bubble Diameter = 0.002 m
Bubble Density = 1.28 kg/m?
A Water - - | Temperature=298K
T — Water Velocity = 1x10~%m/s

Figure 3.3: Geometry and conditionsused inthe bubble in box case
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Table 3.1; Initial Conditions for the Bubble in Box Cases

Variable I nitial Condition

Liquid volume faction| (-) | p (below the free surface)
| 1t (above the free surface)

TemperatureT (K) 298

Velocity, 6 (m/s) 1.0x10°

Modified pressurePign (Pa) 101325

Turbulentkinematicviscosity *  (m?/s) 1.0x10

O2 (liquid) massfraction wp  (-) 0

N2 (liquid) massfraction @y  (-) 0

* This condition is used in the second verification case

Table 3.2:  Liquid Phase Properties(Welty et. al,, 2008)

Property Value
Density,” (kg/m?) 996.7
Specific heat capacitgy (J kgt K™ 4180
Dynamic viscosityg (Pa s) 9.0x10*
Prandtl mmber, Pr+) 6.30

Table3.3:  Oxygen Properties (Weltyet al., 2008 Sander, 2015)

Property Value
Density,” (kg/m?) Ideal Gas Law
Specific heat capacitg) (J kgt K1) 920.0
Henryds Law) const a 0.02973
Diffusivity coefficient,O (m/s) 24 pm

Two subcases were set up and simulated to evaluate the mass transfer. The first case
simulated the bubble inside thex without mass transfer on. Since the bubble was set to

be stationary, the diameter should not change with a set pressure. The second simulation
turned the mass transfer model émthis casethe bubble shrinkage should only the

result of mass trafer sincethe bubble is stationary. The mass transfer model used was a
constant model with a Sherwood number of 2000.

The following equations were used to calculate the theoretical results for the mass transfer

model.

1. Checkthe mass fraction of oxygen irater,®.
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Eq. 3.9 can be simplified to the following equation in this case:

Y (3.41)
where | p and” is constant. Therefore, Eq. 3.41 can be written as follows:
T — Y (3.42)

Moving” to the RHS, Eq. 3.42 can be rearranged as follows:

— (3.43)

Performing the integration results in the following expression:

Yo  —06 B—¥o (3.44)
. Check the shrinkage of the bubb¥s) .

The expansion of Eq. 3.4 is shown below:

bOB*QQ" Oy — O (3.45)

In the Lagrangian library, the lefftand side equals to timass source term times

the volume of the cell:

"Yiox el 1B —1 (3.46)

The lefthand sideof Eq. 3.46 can be written to involve tke as follows:

[ U o — (3.47)

This equation can be rearranged as follows:

-7 Q —— "YgGxel | (3.48)
Integrating this expression and making some rearrangements results in the final

expressionhat was used to track the diameter change:

Qa0 - Lt (3.49)
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-Qr -Qp -B—"Y (3.50)

Qr Qp -B—=% (3.51)
Qr Qp -B—=% (3.52)
Qr Q; -B—=% (3.53)

3. Check the mass transfer coefficieti,

The mass transfer coefficient can be calculated using the following equation:

o (3.54)

whereSh andO are Sherwood number and diffusivity coefficient, respectively.

In the first case, as shownkigure3.4, the bubble diametelid not chang when the mass

transfer modl was turned off as expected.
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e d
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00016

0 02 04 06 08 1
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Figure 3.4: Comparisons between the predicted bubble diametgblack dots)and
theoretical bubble diameter (orange dashed line) for the bubble in box
without mass transfer cas.

The other case wastendedo verify the mass transfer performance when the mass transfer
modelwasturned on. To clarify, irfFigure 3.5, Yoz represents the theoretiaaght-hand

sideof Eq. 3.44and is the mass fraction of oxygen in the wat.water is the mass
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fraction of oxygen dissolved in the watsobtained from thesolver output. As seen in
Figure3.5, the theoretical mass fraction of dissolved oxygeiches thenass fraction of

oxygen in water calculated by OpenFOAM.

1.6E-07

® O2.water

X o
1.4E-07 vo2 o
o*
1.2E-07

1.0E-07

~8.0E-08

Yoz ()

6.0E-08

4.0E-08

2.0E-08

0.0E+00

0 1 2 3 4 5 6 7
Time(s)

Figure 3.5: Comparisons between theredicted mass fraction of oxygen in vater
(black dots) and theoretical mass fraction of oxygen in wvater (orange
dashed ine) for the bubble in box with mass transfer case

The second component was testing the bubble shrinkage ratkowsin Figure3.6, the
values and trend of bubble diameters from the solver output and the theoestittsl that
were calculated using Eq. 3.53atch each otheihis indicates that the additions the

Lagrangian libranare behaving as expected based on thathematicatlerivation.
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Figure 3.6 Comparisons between thgredicted bubble diameter (black dots) and
theoretical bubble diameter (orange dashed line) for théubble in box
with mass transfer case

Similarly, asshownin Figure3.7, the values and trend of mass transfer coefficient obtained
from OpenFOAM match the theoretical réésicalculated by Eq. 3.58ased on the mass
transfer performance described above,rtbhmercal performancef the gas dissolution
modelis confirmed The theoretical value close to the point where the bubbtanipletely
dissolved is not accurate duelitmitations in the accuracy of thewumerical integration.
Based on the results iigure3.5 throughFigure3.7, the solvefunctioned properlgven
whenthe entire bubble dissolved/hen tested wit a completely saturated liquid phase,

the bubble size did not change and the solver still worked.
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Figure 3.7:

3.9.2.Single Rising Bubble

The geometry of the single rising bubble case is shoWwigure3.8. A single rising oxygen
bubblewas injectedn the middle of the boand thewater stays stationary. The properties
were the same as mentionedTiable3.1 throughTable3.3. The mass transfer model used
was the same as the previous verification ¢ase constant Shewwod number of 2000)

A constant drag coefficient of 0.54 was used in this verification case.

£
[Ty
o~
d “"‘
__.-= Temperature = 298 K
[= Bubble Velocity = 0.22 m/s
L __.--- Bubble Diameter = 0.002 m
< Bubble Density = 1.4 kg/m3

Figure 3.8: Geometry and conditionsused inthe single rising bubble case
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Two subcases werasedfor this verification caserhe first casexcludes the mass transfer
mode| andthe second casmcludes the mass transfer model. The purpose of the former
casewas to evaluate the implementation of gas expansion at different depths. The case that
includes the mass transfer model was set up to verify both the mass traodétand the

gas expansion working in tandem. In this verification case, the pressure was set to vary

with depth by the following equation:

00 prnpocwwdy «ip $ADOE (3.55
In the initial test, the mass transfer was tfereforethe bubble diameter was expected to
increase due to the pressure and bubble density as it rose. The bubble density and diameter
were updated ithe Lagrangian library using Egs. 3.6 and anfdwererecorded at each

time step.

The following equations were used to calculate the theoretical résulisbble position
and diameter changes in this case. babble positionQ, can bedeterminedusingEq.
3.56:

o (356)

The corresponding pressure for the bubble at certain position can be calculated using the

following equation:

00 prmpocwwd wihp 7A0ADOAD (357
The bubble density was calculated using the ideal gas law (Eq. 3.6) with the préssure o

the bubble at a specific position updated by Eq. 3.57.

The mass of the bubble can be updated using the following equation:

i B“Q QO (3.58)

The bubble diameter can then calculated using Eq. 3.7 with the mass was calouated fr

Eq. 3.58 and the presstiependent density.

The mass of the bubbtkd not changéor the first caséecause there was no mass transfer

in this caseAs seen in thé&igure3.9, the bubble diametand positiordetermined using
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OpenFOAM match the theoretical results. TWesifies thathe modepredictsthe correct

density based on the pressure, which in taicultesthe correct bubble diameter from

the volume.
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Figure 3.9: Comparisons between th@redicted (black dots) and theoretical
(orange dashed linepubble diameter and predicted (blue triangles)
and theoretical (green dashed linepubble positionversus timefor the
single rising bubblewithout mass transfer case

For the second case, both gas expansion and mass transfer performance were evaluated.
As mentioned in thbubblein box caseyYo2 andG,.water represent the theoretical and
computational mass fraction of oxygen dissolved in the water, respeckiglye3.10

shows that the theoretical mass fraction of oxygen in water matches the computational

results.
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Figure 3.10: Comparisons between th@redicted mass fraction of oxygen in water
(black dots) and theoretical mass fraction of oxygen in water (orange
dashed line) for the single rising bubblavith mass transfer case

Thebubble diameter and position can be updatedyubmmethoddescribed earlierHg.
35671 Eg. 358). Theresults inFigure3.11 showthat the computational resuftsovide an
exact fit to the theoretical calculat®n
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Figure 3.11: Comparisons between the predicted (black dots) and theoretical
(orange dashed line) bubble diameter and predicted (blue triangles)
and theoretical (green dashed line) bubble positionersus time for the
single rising bubble with mass transfer case
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As shown in Figure 3.12, the computational mass transfer coefficient matches the
theoretical result @t was calculated using Eq. 3.5%is caseonfirmsthat both the gas
compressibility model and the gas dissolution model could predict local effects on bubble

size based on pressure gradient and mass transfer.
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Figure 3.122 Comparisons between theredicted mass transfer coefficientblack
dots) and theoretical mass transfer coefficient (orange dashed line) for
the single rising bubblewith mass transfer case

3.10.Conclusions

A new solver calledagrangianMT CompressiblelnterFoam was developedo
combinea compressibl&’OF solver and the Lagrangian library in OpenFOAM to simulate
bubble plumes. The VOF solvier usedto model the free surface, while the LPT method
tracks the dipersed phase in the liquid portion. Specifically, the solverd use
compressiblelnterFoam with modifications to the phase fraction conservation
eguation, momentum conservation equatfmessure equatioand species conservation
equations to account for tipeesence of Lagrangian particles occupying the same volume.
Interphasenass, species and momenterchange sourcethe compressibility of gas, and

a mass transfer model were implemented by modifying the Lagrangian library. The model
implementation was véied by comparing simulation resulfer two sets ofsimple

verification cases against theoretical calculations. The first of these twoirasiesd a
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stationary oxygen bubble in a box full of quiescent, deoxygenated water. The model
predicted no chargin bubble size without mass transfer and matched theoretically
predicted dissolution over time when mass transfer was turned on. The bubble shrinkage
rate was also predicted according to theory. The second set of cases involved an oxygen
bubble moving trough quiescent, deoxygenated water. The effects of pressure on bubble
sizeas well as the combined effects of bubble expansion and mass traessgredicted

well compared the theoretical results.
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4.1. Introduction

The purpose of this chaptees to investigate and validate the hydrodynamics predictions
of the newly developed solver for smatiale bubble plume3heselected/alidation case
usedthe experimental setup of Simiano (20G&)dinitial parameterizationf the closure
models was based @he simulation studsof Dhotre and Smith (2007) arizhotre et al.
(2009).Dhotre and Smith (200T)sedheEulerianEulerian (EEapproactwith Reyrolds
Averaged NavieStokes (RANS) turbulence modelling to simulate the experimental work
of Simiano(2005). Dhotre et al. (2009en further extended their study by repeating the
simulations using an EE model with laregdy simulation (LES) for turbulee modelling.
Although this is a smabcale case, the purpose of thaidationstudywas tocompare
modelpredictions made using timewLPT-VOF solverto theavailable experimental data
and results from EE simulations. Closure models were then tunbketter match the
experimental data.

4.2. Case Studies
Dhotre and Smith (2007) and Dhotre et al. (2009) modelteskperiment conducted by

Simiano (2005), in which air was injected irgtaylindrical tank through a needle injector
placed on the bottom of the tank along the centerline. The cylindrical tank had a diameter
of 2 m and a height of 2 m with a water level of 1.5 m. The needle injector had a diameter
of 0.15 m, and it consisted 860 needles with inner diameters of 1 mm. In the studies of
Dhotre and Smith (2007) and Dhotre et al. (2009), the gas injection rates were varied.
However, they only used the gas injection rate of 7.5 NL/min for the-thneensional
simulations. Therefe, this flow rate was chosen to be the main gas injection rate
investigated in the current study. The pressure and temperature were 1 atm and 293 K. The
bubble size was approximately 2.5 mm, according to the average bubble size measured by
Simiano (2005)and this was also the value used in Dhotre and Smith (2007) and Dhotre
et al. (2009).
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4.2.1.Geometry and Mesh

A sketch of the geometry used for the simulations is provid&igimre4.1. It is difficult

to reproduce the exact geometry of the needle injector in the CFD simulation. Therefore,
approximations were made to try to represent the injector as accurately as possible ba
on the available information while also minimizing computational requirements. Bubble
injection was specified to be on a 0.15 m diameter patch locatedcritezlinenear the
bottom of the tank. The inlet patch was located 0.05 m from the bottahe dank to
approximatethe length of the needléthe actual length of the needles was not available
from the literature) The bottom of this patch was specified to act as a wall and the top
surface provided the area for bubble injection. To avoid ligirmulation under the inlet
patch, the zone under the inlet patch was blocked using a porous zone. In the experiment,
there would likely have been some liquid circulation between the needles, but this was
difficult to implement in OpenFOANMbecause the coigluration of the needles was not
reported If the zone under the inlet patch were left empty, it might have negative effects
on the results due to liquid recirculation. Thus, setting up a blockage zone was considered
to be a reasonable course of actiontfios case.

Air

0.5m

— __=> > Temperature = 293K

Water

15m

Bubble Velocity = 0.42 m/s
Bubble Diameter = 0.0025 m
- Bubble Density = 1.37 kg/m?
Bubble Injection Rate = 14322 bubbles/s

__ Inlet Diameter = 0.15 m
" Inlet Elevation = 0.05 m

2m

Figure 4.1: Geometry and conditionsused in the Dhotre/Simiano case
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Two computational meshes were considered in this validation case to investigate the
impact of mesh resolution. The chosemgpaitational meshes are showrFigure4.2 and
Figure4.3.
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computational cellsand the injection patch is shown in red.
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4.2.2.Case Setup

All boundaries except for the inlet patch and the top are walls. Asfiigebowndary
condition was specified for the continuous phase on the inlet patch and bubbles were
injected. The top was treated as an open boundary with a specified préabig4.1 lists

the boundary conditions that were applied for the case.

Table4.1:  Boundary Conditions Used in the Dhotre/Simiano Case

Variable Inlet Patch Walls and Top
Bottom
Liquid volumefraction, (-) Zero gradient Zero gradient Zero gadient
Zero gradient
TemperatureT (K) Zero gradient Zero gradient (outflow)

T = 293K (inflow)
Zero gradient

Velocity, 6 (m/s) Slip No slip (outflow)

6 Tl FO(inflow)
Modified pressurePrgh (Pa) ~ Zero gradient Zero gradient 101325
-(I-r:}gg;,!ent kineticenergy Q Fixed value Wall function Zero gradient
T‘(‘r;bz‘/‘é%‘jt energy dissipation Fixed value Wall function Zero gradient
Lagrangian bubbles Injection Rebound Escape*

*Turbulent knetic energyand urbulentenergy @ssipationwere used only for the RANS
cases. *Although this was specifiethubbles are removed at the free surface.

The initial conditions used for the simulations are summarizédlote4.2. Since al.5m
water depth is significant, the pressure field (not listed in the table) was initialized based
on the depth.
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Table 4.2; Initial Conditions Used in the Dhotre/Simiano Case

Variable Initial Condition
| p (belowthefree surface)
| 1t (abovethefree surface)

Liquid volumefraction,  (-)

TemperatureT (K) 293
Velocity, 6 (m/s) 0
Modified pressurePign (Pa) 101325
Turbulentkinematicviscosity,” (m?/s) 1.0x10%"
Turbulent kineticenergy Q(m?/s)* 6.8x10*
Turbulent energy dissipation (m?/s3)* 4.2x10?

*Turbulent knetic energyand urbulentenergy assipationwere used only for the RANS
cases.

Table4.3 summarizes the thermophysical properties that were used for the liquid phase.
Since the experiment waenducted at constant temperature and pressure effects on the

liquid phase properties are negligible, constant properties were assumed.

Table4.3:  Liquid Water Properties Used in the Dhotre/Simiano CaseWelty et

al., 2008)
Property Value
Density,” (kg/nr) 998.2
Specific heat capacityy (J kg* K%) 4182
Dynamic viscosityg (Pa s) 9.93x10*
Prandtl number, PrX 6.96

Simiano (2005) used a gas flow rate of 7.5 NL/min in ékperiments, with reference
conditions of *’C and atmospheric pressure. The actual injection flow rate at 293 K and
the pressure at the bottom of the tardr@calculated to bd.17<10* m®/s based on the

gas density ratio. The gas density at itilet was calculated to be 1.37 kg/usingthe

ideal gas law at the corresponding pressure and temperature. The total area across the 350
injection needles was 2.¥50% m? and the corresponding injection velocity and bubble
injection rate were calculated be 0.42 m/s and 13R2 bubbles/sThe initial bubble size

was set to be 2.5 mm and the size of the bubidssallowed t@hange with pressure based

on the ideal gas law model implemented in Chapt&aBle4.4 summarizes the air bubble

properties used for the Lagrangian phase.
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The bubble velocity at the injection point was determined using the seotisnal area of

the needles. This ensures that teerect amount of momentum is added to the system.
However, in reality, the velocity of the bubbles at the end of the needles would be lower
due formation of a bubble at the end of the needles. Since the bubbles attain their terminal

velocity very quicklyfollowing injection, this is not expected to impact the results.

Table4.4:  Air Bubble Properties Used in the Dhotre/Simiano Case

Property Parameter
Gas density at the inlgt ;  (kg/m®) 1.37
Bubble diameter at the inlet, (mm) 2.5
Bubblevelocity at the inlet6 (m/s) 0.42
Bubble injection rate (bubbles/s) 14322
TemperatureT (K) 293

4.2.3.Closure Models

The gas phase was solved using LPT, which solves the force balance diukhleh
Therefore, appropriate force closure models must be specified to obtain an accurate
solution and achieve coupling with the continuous phase. The gravity and buoyansy force
are well known and can be specified directly. However, the other closutelsmaust be
chosen based on consideration of the experimental conditions. In the experimental work of
Simiano (2005), the slip velocity was measuyget the drag coefficient was calculated to

be 0.44(Dhotre and Smith, 2007). This value of the drag c¢oefiit was also used in the
simulations of Dhotre and Smith (2007) and Dhotre et al. (2009). No additional correction
was made to the drag coefficient to account for swarm effects because the bubble plume
was dilute (gas volume fractiongeregenerally lover than 2%) in the experiments. The
virtual mass force coefficient was also set to 0.5 based on the simulation study of Dhotre
and Smith (2007).

The lift and the turbulent dispersion forces were also considered. Dhotre and Smith (2007)
used 0.1 as the lift coefficient in their RANS simulations, while Dhotre et al. (2009) used
a value of 0.5 in their LES simulations. Based on the Tomiyama (200@)ddel, the lift
coefficient is betwee® and 0.288 for small bubbles with diameters less than 5 mm.
However, Hessenkemper et al. (2019) performed experiments to investigate the lift
coefficients for different bubble sizes and 0.5 seemed to be suitablbdbble size around
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2.5 mm.Therefore, the effect of the lift coefficient was investigated through a sensitivity

study. Three lift coefficients were chosen in this study: 0.1, 0.288, and 0.5.

For the turbulent dispersion force, Dhotre and Smith (208&} uhe Davidson (1990)
model in their RANS simulations. However, Dhotre et al. (2009) did not include the
turbulent dispersion force model in theES simulationsOlsenand Skjetn€2016) used

a random walk model fror@osman and loannides (1981) in thRANS simulations. In

the literature, it is generally common practice to apply a turbulent dispersion model for
RANS simulations, but it is not very common to apply such a model in LES. Thus, in this
study, the turbulent dispersion model was only consiién the RANS cases. In these

simulations, theandom walk model frorosman and loannides (1981) was used.

Both RANS and LES models were tested as turbulence modelling approaches in this
validation case. Th&-- model with the bubbknduced turbulencenodel by Sato et al.
(1981) was used in the RANS cases. For the LES caseSntlagjorinsky(1963)subgrid

scale (SGSinodelwith the coefficientCs, of 0.12 was used in conjunction with the Sato

et al. (181) model for bubblenduced turbulence.

4.3. Results ad Discussion

This validation case was simulated using two turbulence models, two mesh refinements,
and various lift coefficients to better understand the impact of these changes on the
hydrodynamics predictions. Additionally, LES cases were simulatedifi@rent flow

rates to study the effect that the flow rate has on the accuracy of the predictions.
Supplemental RANS simulations were performed to evaluate the impact of the turbulent
dispersion force model. The gas volume fraction, axial liquid veloziiyal gas velocity,

and turbulent kinetic energy were plotted for the cases to facilitate comparisons and

interpretation of the effects of different models.

4.3.1.LES Simulations

The validation case was first simulated using LES Wigd&magorinsky1963)SGSmodel
and the Sato et al. (1981) model to account for buiploleced turbulence. The LES cases
include mesh refinement tests, a sensitivity study on the lift coefficient, and a study on the
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impact of the injection flow rate. As mentioned earltaree lift coefficients were chosen

for the sensitivity analysis: 0.1, 0.288, and 0.5. The flow rate sensitivity study compared
predictions at gas injection rates of 1.9, 7.5, and 15 NL/min. All simulations other than the
flow rate sensitivity studiesngployed a gas flow rate of 7.5 NL/min. The presented results

were time averaged for at least 100 seconds after the plume had reached steady state.

4.3.1.1.Mesh Refinement

For the two meshes tested, 0.5 was used as the lift coefficient to ensure consistency between
the cases and to limit the number of influencing factéigure 4.4 shows the gas phase
volume fraction profiles at three elevations. The gas phase fraction poifiEEsed from

the coarse anfine meshes are similar. Although the profile for the coarse mesh matches
the experimental data along the centerline at 0.35 m, there is underprediction at 0.75 m and
overprediction at 1.1 m. Thine mesh follows a similar tred, except that the 0.35 m

profile overpredicts at the experimental value at the centerline. The underpredictions at the
centerline are balanced by the increased width of the predicted profiles in the radial
direction. Overall, the shapes match well, ahd targer inconsistencies at the 1.1 m
elevation could be effects from liquid circulation around the free surface (at 1.5 m).
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Figure 4.4. Gas volume fraction profiles at 0.35 m (top left), 0.75 rtop right),

and 1.1 m (bottom) above the bottom of the tankor the LES mesh
refinement simulations. The gas injection rate is 7.5 NL/min.

In the experiments of Simiano (2005), the gas volume fraction and the axial bubble velocity
were measured by opticgkobes and the author stated that the optical probes always
overestimate the axial bubble velocity by%. However, the author did not state the
accuracy of the gas volume fraction measurements. Kiambi et al. (2003) performed
calibration experiments ugirthe same optical probes with bubbles of a similar size at 2.15
mm. They concluded that the optical probes underestimate the gas volume fraction by at
least 14%. It is possible to use the gas volume fraction and gas velocity measurements from
Simiano (208) to calculate the measured gas flow rate at various elevations. Since the gas

injection rate is known and the measurement error on the gas velocity is relatively low, it
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is then possible to estimate the measurement underestimation error for the gas volum
fraction based on the offset between the known and measured gas flow rates. Based on this
analysis, the underestimation error of the gas phase volume fraction in the measurements
was calculated to be approximately 42%. Considering this possible offs#étein
experimental measurements, the predictgbs volume fraction profiles are quite

reasonable.

The axial gas velocity profiles for both meshes are showfigare 4.5. Both meshes
predict similar results. The centerline velocity is overpredicted compared to the
experimental data at all three heights, although this is less significant at 0.75 m and 1.1 m.
These results are consistent with those presentédune4.4. Note thathe predictedaxial

gas velocity isncorrectat high radial distanc#ue to the averaging errat very low phase
fractionsin the Lagrangianphase The averging method used to calculatke averaged
bubble velocity tagsthe ratio of the total particle velocity and the total particle number in
the same celind averageit spatially. The averaging error of the bubble velocity at high
radial distance isaused byhesmall number obubbles that exish the cells near thedge

of theplume
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Figure 4.5: Axial gas velocity profiles at 0.35 m (top left), 0.75 m (top right), and

1.1 m(bottom) above the bottom of the tankfor the LES mesh
refinement simulations. The gas injection rate is 7.5 NL/min.

Figure 4.6 shows the axial liquid velocity profileat three elevations. The generated

profiles are similar for both meshes in terms of plume radius and centerline velocity value,

except for the 0.75 m elevation. For the 0.75 m elevation, the coarse mesh yields an

underprediction of the experimental vahtehe centerline and an overprediction at higher

radial distance. In general, the centerline velocity is overpredicted for the 0.35 m elevation,

while the values are much closer to the experimental results for 0.75 and 1.1 m elevations.

At the 0.75 m eleation, the velocity tends to be overpredicted along the radius away from
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the centerline. The results for the 0.35 and 1.1 m elevations match well with the simulated
result of Dhotre et al. (2009).
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Figure 4.6:  Axial liquid velocity profiles at 0.35 m (top left), 0.75 m (top right),

and 1.1 m (bottom) above the bottom of the tankor the LES mesh

refinement simulations. The gas injection rate is 7.5 NL/min.

The turbulenkinetic energy profiles are shown kigure4.7. Thefine mesh provides a

smoother profile than the coarse mesh. The profiles obtained from both meshes have

similar shpes when compared to the data of Simiano (2005) and Dhotre et al. (2009).

However, they have overpredicted the experimental and underpredicted the simulated

turbulent kinetic energy at 0.35 m. The peak is still at the same location. At 0.75 m, the

coarse rash profile overpredicted the turbulent kinetic energy, while file mesh
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underpredicted the peak but followed the measured shape more closely. Both meshes
overpredicted the turbulent kinetic energy at 1.1 m, but the one frofméhmesh has a

slightly closer centerline value when compared to the experimental data.
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Figure 4.7:  Turbulent kinetic energy profiles at 0.35 m (top left), 0.75 m (top
right), and 1.1 m (bottom) above the bottom of théank for the LES
mesh refinement simulations. The gas injection rate is 7.5 NL/min.

The results seem to indicate that mesh refinement produces similar results for the LES
model. Moreover, the general shape and approximate values predicted by tMOEPT
model are in agreement with the experimental data and the simulation data from the EE
model.
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4.3.1.2.Lift Coefficient Study

The lift coefficient studysed lift coefficients 00.1, 0.288 and 0,%andwas performed on

the coarse mesh to save computational time Isectue results obtained from both meshes
were similar Figure4.8 shows the gas phase fraction profiles at three elevations. At 0.35
and 0.75 m, the cases with fifecoefficients of 0.1 and 0.288 overpredict the gas volume
fraction towards the middle of the plume compared to the experimental data. The case with
0.5 as the lift coefficient provides the best overall fit, but overestimates the gas fraction
away fromthe centerline at elevations of 0.35 and 0.75 m. All three profiles overpredict
the gas volume fraction at 1.1 m, but a lift coefficient of 0.5 is the closest to the
experimental data and the results from Dhotre et al. (2009). The predicted plume radius
also matches the experimental data relatively well for a lift coefficient of 0.5. These results
seem to indicate that a lift coefficient of 0.5 is the most suitable for bubble sizes around 2.5

mm.
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Figure 4.8: Gas volume fraction profiles at 0.35 m (top left), 0.75 m (top right),
and 1.1 m (bottom) above the bottom of the tankor the LES lift
coefficient study simulations. The gas injection rate is 7.5 NL/min.

The axial gas veloty profiles at three elevations are showfrigure4.9. All three profiles

are very similar at an elevation of 0.35 m, but they all overestimate the axialgasy
relative to the experimental data. At 0.75 m, all the three profiles overpredict the axial gas
velocity, but the difference between the predicti@nd the experimental data has
decreased. At 1.1 m, they all overestimate the axial gas veloditthéaverprediction is

not very high.
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similar at all elevations, with the exception of the centerline prediction from the case with

a lift coefficientof 0.288 at 1.1 m. In this case, the centerline velocity is underpredicted
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Figure 4.9:  Axial gas velocity profiles at 0.35 m (top left), 0.75 m (top right), and

1.1 m (bottom) above the bottom of the tankor the LES lift
coefficient study simulations. The gas injection rate is 7.5 NL/min.

elevations for all the three cases.
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Figure 4.10 shows the axial liquid velocity profiles at three elevations. The profiles are

relative to the experimental data and the other simulations. The underprediction of
centerline velocity at 1.1 m of elevation for the 0.288 lift dogdht is not currently
undersbod, but it could be due to a small time averaging error. The liquid velocity is

generally overpredicted by the simulations, but the predictions seem to improve at higher
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Figure 4.10: Axial liquid velocity profiles at 0.35 m (top left), 0.75 m (top right),
and 1.1 m (bottom) above the bottom of the tankor the LES lift
coefficient study simulations. The gas injection rate is 7.5 NL/min.

Theturbulent kinetic energy profiles at three elevations are showigure4.11. The case

with 0.1 as the lift coefficient overestimates the turbulent kinetic energgamn®, while

the other two results are closer to the experimental dataswitll overpredictions. In

general, increasing the lift coefficient seems to hawdarapingeffect on the turbulent

kinetic energy. All three cases overestimate the turbulent ier&rgy at 0.75 m and 1.1

m, but the case with the lift coefficient of 0.5 provides a prediction closer to the

experimental data.

68



0.006

LESCI =0.1
——LESCI =0.288
170 - . -LESCI=05

o
=]
o
e

0.002

Turbulent Kinetic Energy (m2/s2)

® Experimental data(Simiano, 2005)
= = EELES(Dhotreetal., 2009)

0.15
Radial Distance (m)

02

0016

® Experimental data(Simiano, 2005)
— — EELES (Dhotreetal., 2009)
LESCI=0.1
~———LESCI| =0.288

0.014

o
o
=
N

= - =LESCI=0.5

Turbulent Kinetic Energy (m2/s2)
o o
o o o
o o o
() © =

o
o
o
e

0.002

0 0.05 0.1 0.15 0.2
Radial Digtance (m)

0016

0.014

)
)
=
N

Iy
o
=g

0.008 F

0.006

Turbulent Kinetic Energy (m2/s2)

o
o
S
Sy

0.002

® Experimental data(Simiano, 2005)
— — EELES(Dhotreetal., 2009)
LESCI =0.1
——LESC| =0.288
-+ =LESCI=05

0.1 0.15 0.2

Radial Distance (m)

Figure 4.11: Turbulent kinetic energy profiles at 0.35 m (topleft), 0.75 m (top
right), and 1.1 m (bottom) above the bottom of the tankor the LES
lift coefficient study simulations. The gas injection rate is 7.5 NL/min.

Although many researchehave used the Tomiyama (2002) lift model for smaller bubble

sizes, tle resultsshowthat a lift coefficient of 0.5rovidesa better overall fit to the

experimental datan this caseBased on the experiments Hgssenkempest al. 019,

the lift coefficient for the bubble size around 2.5 mm is close to 0.5. It is noisng that
the Tomiyama (2002) lift model did not provide the optimal lift coefficient for this

simulation because the current range of Reynolds number falls outside of the range used to

developthis correlation.
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The timeaveraged and the instantaneolisnge shapes from the LES case with a lift
coefficient of 0.5 are displayed Figure4.12. The highly transparent blue planes above

the plumes represent the free surface. The contours of 0.01% of the gas phase fractions are
colored with a transparent light blue, while the bubbles are shown as the dark blue points
within them. The instantaneoygume shows moravobbling than the timeaveraged

plume, as expected fanLES case.
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Figure 4.12. Screenshots of thehree-dimensionaltime-averaged (left) and
instantaneous (right)bubble plumes in the LES caseswith the lift
coefficient of 0.5 The gas injection rate is 7.5 NL/min.

In order to verify that no mass was lost in the transition between the LPT method and the
VOF gas phase, the mass flow rate of the gas was calculated at the inlet, 0.35 m, 0.75 m,
1.1 m, and 1.95 m (justelow the top boundayyThe resultshowedthat themass flow

rate differed by approximately 1.3% between the inlet and outlet. This indicated that the

mass was conservéuthe simulationso within numerical tolerances.

4.3.1.3.Flow Rate Comparisons

Two other gas injection flow rates were also simulated to igagst the effect of gas
superficial velocity on théuid dynamicspredictions. The sameES configuration from

above was also used in this study. The lift coefficient was set to 0.5 because this was shown

70



to provide the best overall fit in the previoustsen. Additionally, the coarse mesh was
used to reduce computational time. One lower flow rate of 1.9 NL/min and one higher flow
rate of 15 NL/min was chosen from the experimental data of Simiano (2005). Experimental
data was only available for an elewatiof 0.75 m for these flow rates. The flow rates were
converted to bubble injection rates and bubble velocities using the method outlined in
sectiond.2.2 and specified as boundary conditions at the inlet. The corresponding changes

to the Lagrangian phas®undary conditions at the inlet are summarizetiable4.5.

Table4.5:  Air Bubble Inlet Conditions Used in theFlow Rate Study

Value at1.9 NL/min Value at 15NL/min

Property injection rate injection rate
Bubblevelocity at the inlet6 (m/s) 0.11 0.85
Bubbleinjectionrate (bubbles/s) 3628 28644

Figure4.13 shows a comparison between the experimental and predicted profiles for the
gas volume fraction, axial gas velocity, and axial liquid velocity at a height of 0.75 m. For
the lower flow rate cas the phase fraction is underpredicted at the centerline, and the
radius of the plume is overpredicted. The axial gas velocity is also overpredicted, especially
near the edge of the plume. For the higher flow rate case, the gas volume fraction, axial gas
velocity, and plume radius are overpredicted. In this case, the axial liquid velocity near the
centerline is predicted accurately, but the velocity is generally overpredicted. Generally, it
seems that the results at higher flow raespredicted more accately by thecurrent

modelparameterization
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Figure 4.13: Gasvolumefraction (top left), axial gasvelocity (top right), and axial
liquid velocity (bottom) profiles at 0.75 mabove the bottom ofthe
tank for the LES flow rate comparisons simulations.

4.3.2.RANS Simulations

The validation case was also simulated using RANS &% turbulence model and the

Sato et al. (1981) model to account for bukibguced turbulence. The RANS cases
include mesh refinement tesgssensitivity study on thaurbulent dispersioforce model,

and a sensitivity study onhe lift coefficient. Similar to the LES simulations, three lift
coefficients were chosen for the sensitivity analysis: 0.1, 0.288, and 0.5. All simulations
employed a gas flow rate of 7.5 NL/min. The presented results were time averaged for at

least 100 seconds after the plume hadhed steady state.
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4.3.2.1.MeshRefinement

A repeat of the mesh refinement test was performed for the RANS simulations to

investigate the performance of the meshes with this turbulence modelling approach. The
same two meshegigure4.2 andFigure4.3) were used in this study. The lift coefficient

was chosen to be Q.based on the results from the LES cases, and the turbulent dispersion

force was included in this test.

The predicted gas Wwame fraction profiles are shown Figure4.14. The results obtained

from both meshes overpredict the gaslume fraction at all elevations, but the
overprediction igreatest at the highest elevation.shewnin Figure4.15, the predictions

from both meshes give similar axial gas velocity profiles. Although the gas velocity is
overpedicted compared to the experimental results, the predictions are closer at the
centerline than the results of Dhotre and Smith (2007). The results from the fine mesh show
slightly higher predictions of plume spreading. Considering the experimental @ccura

associated with the gas volume fraction measurements, the predictions are relatively good.
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Figure 4.14: Gas volume fraction profiles at 0.35 m (top left), 0.75 m (top right),
and 1.1 m(bottom) above the bottom of the tankor the RANS mesh
refinement simulations. The gas injection rate is 7.5 NL/min.

74



Axial Gas Velocity (m/s)

038

o
o

N
kS

o
N

08

e Experimental data(Simiano, 2005) ® Experimental data(Simiano, 2005)
= = EERAS (Dhotreand Smith, 2007) — — EERAS(Dhotreand Smith, 2007)
~ - RASCI = 0.5 TD Coarse Mesh ~ o RASCl =0.5TD CoarseMesh
Lo . 0.6 L R Y
R — - =RASCI=0.5TD FineMesh @ °.>.§ — - =RASCI=0.5TD FineMesh
< IS .
fo oo = :\.\'(~
Se e N\ g RN
o N\ % .\{ o~
. B | B
N 20'4 RESURER
~
N, k- 3] ~. Sl..
SR = o |
N Cle B3 ~ .
N < S~
\ - 02 \ -
N A\l
. \
] \
\ SEN
~ < Ve
. . - 0 . . | N
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15
Radial Distance (m) Radial Distance (m)
0.8
® Experimental data(Simiano, 2005)
= = EERAS (Dhotreand Smith, 2007)
06 RASCI =0.5TD Coarse
> 40 %00 o = + =RASCI =0.5TD Intermediate
= e
2 Reg
k] [N
<) 4 PSS
E 04 N 0y N
N ;
a ~ S04
(0] S N \
K] S
Z Sis
©N
02 N
: \
! \
° ~
| ~
o b v v v v e e
0 0.05 0.1 0.15 0.2 0.25

Radial Distance (m)

1.1 m (bottom) above the bottom of the tanior the RANS mesh
refinement simulations. The gas injection rate is 7.5 NL/min.

Figure 4.15. Axial gas velocity profiles at 0.35 m (top left), 0.75 m (topght), and

The comparison between the predicted and experimental axial liquid velocities at three

elevations is shown iffigure4.16. The coarse mesh and the fine mesh give the similar

predictions of the axial liquid velocity at all locations. Both meshes provide an

overestimate of the axial liquid velocity at 0.35 m corepao the experimental data but

provide a better prediction than thresultsfrom Dhotre and Smith (2007). The profiles

obtained using both meshes underpredict the axial liquid velocity near the centerline at

0.75 m and overestimate it towards the edga®plume, which follows a similar trend as
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predictions from Dhotre and Smith (2007). Similar conclusions can be made for the profiles



at 1.1 m, but the predictions are almost exactly the same as those of Dhotre and Smith
(2007).
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Figure 4.16: Axial liquid velocity profiles at 0.35 m (top left), 0.75 m (top right),
and 1.1 m (bottom) above the bottom of the tankor the RANS mesh
refinement simulations. The gas injection rate is 7.5 NL/min.

The turbulent kinetic energy profiles for both meshes at three elevations are shown in
Figure4.17. The two meshes provide similar predictions, with a small differensereed

at the lowest elevation. The profiles generated by both meshes give similar shapes as the
profiles from Dhotre and Smith (2007) at elevations of 0.35 and 0.75 m. The shapes of the

two predicted profiles at 1.1 m are similar in shape to the expatandata and the
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simulation results from Dhotre and Smith (2007). However, the turbulent kinetic energy

away from the centerline is overpredicted.
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Figure 4.17: Turbulent kinetic energy profiles at 0.35 m (top left), 0.75 m (top
right), and 1.1 m (bottom) above the bottom of the tankor the RANS
mesh refinement simulations. The gas injection rate is 7.5 NL/min.

Overall, both meshes gave similar predictions for the gas volume fraction, axial gas
velocity, axial liquid velocity, and turbulent kinetic energy profiles. The profiles for these
variables were generally overpredicted by the simulation results, buttthe fhe

experimental data was generally good for the chosen parameterization. The predictions
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were better at higher elevations for the axial gas and liquid velocities, while the gas volume

fraction and turbulent kinetic energy predictions were bettemar elevations.

4.3.2.2.Turbulent Dispersion and Lift Coefficient Studies

The sensitivity of the predictions to the assumed lift coefficient and turbulent dispersion
model were tested. The coarse mesh was chosen for these simulations to save
computational time. Ae three lift coefficients were 0.1, 0.288 and 0.5, which are the same
as the values used in the LES study. The effect of the turbulent dispersion model was also
tested by performing simulatisrwith and without the model for the case with a lift
coefficient of 0.288.

The gas volume fraction profiles are showrFigure4.18. The results indicate that both

the lift coefficient and the turbulent dispersion model have aifgignt impact on the
predictions. The simulations that used a lift coefficient of 0.5 and the turbulent dispersion
modelincludedgenerally provided the best predictions of the gas volume fraction and
plume radius. The turbulent dispersion model seenpsitearily impact the shape of the
predicted profile. Based on these results, it is clear that the turbulent dispersidrisnode
necessary to provide reasonable predictions of the volume fraction profile shape. It is also
apparent that a lift coefficienf .5 provides the best predictions. Although this value of
the lift coefficient is reasonable based on available literature data, it is important to
remember that there may not be a unique parameterization of the closure models that
provides optimal restd for all profiles.
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Figure 4.18 Gas volume fraction profiles at 0.35 m (top left), 0.75 m (top right),
and 1.1 m (bottom) above the bottom of the tankor the RANS
turbulent dispersion and lift coefficient studies simulations. The gas
injection rate is 7.5 NL/min.

Figure4.19 shows the axial gas velocity profiles at three elevations. The predicted profiles
for the cases that used the turbulent dispersion model are very similar at all the three
elevations, but the case with the lift coefficient of 0.5 shows more plume spreading at an
elevation of 1.1 m. The predicted plume spreading is too narrow for the cadelthat

use the turbulent dispersion model. The predictions match the experimentaéitatat

the elevations of 0.75 and 1.1 m. This is likely because the results at the lowest elevation

are most strongly influenced by the gas injection configuratidrnich was difficult to
match exactly in the simulations.
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Figure 4.19: Axial gas velocity profiles at 0.35 m (top left), 0.75 m (top right), and
1.1 m (bottom) above the bottom of the tankor the RANS turbulent
dispersion and lift coefficient studies simulations. The gas injection
rate is 7.5 NL/min.

The axial liquid velocity profiles at three elevations are shown irFthere 4.20. The

results show that all four profiles are overlapping. Thus, the turbulent dispersion force and
the lift coefficient do not seem to affect the axial liquid velocity significantly. The results

at 0.35 m overpredict the axial liquwelocity compared to the experimental data, but they
match better than the results from Dhotre and Smith (2007). The profiles underestimate the
axial liquid velocity from the centerline to the radial distance of 0.03 m but overpredict it

at greater radiadistances compared to the experimental data at 0.75 m. The results match
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the results from Dhotre and Smith (2007) at 1.1 m but slightly overestimate the axial liquid

velocity compared to the experimental data.
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Figure 4.20: Axial liquid velocity profiles at 0.35 m (top left), 0.75 m (top right),
and 1.1 m (bottom) above the bottom of the tankor the RANS
turbulent dispersion and lift coefficient studies simulations. The gas
injection rate is 7.5 NL/min.

Figure4.21 shows the profiles of the turbulent kinetic energy at three elevations. At 0.35
m, the four model combinations provide similar predictions. flingulent kinetic energy

was overpredicted compared to the experimental data but matched the results from Dhotre
and Smith (2007). At 0.75 and 1.1 m, the four profiles had similar shapes, but the cases
with the lift coefficients of 0.1 and 0.288 overpreadat the turbulent kinetic energy
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compared to the experimental data. Although the case with a lift coefficient of 0.5 does not

match the experimental data exactly, it generally provides reasonable predictions of the

profile shapes and turbulent kinetic emefevels.

From the results of the turbulent kinetic energy in both the LES and RANS simulétions,

waschallengingto match the experimental data and the results from the EE simulations.

This is because the modelling method of phase fraction in the turbulence model is different

between the EE method and the developedV/PF solver.Further work should focus on

developng improved turbulence modelling approaches batter parameterizations to

improve model fit
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Figure 4.21: Turbulent kinetic energy profiles at 0.35 m (top left), 0.75 m (top

right), and 1.1 m(bottom) above the bottom of the tanlfor the RANS
turbulent dispersion and lift coefficient studies simulations. The gas
injection rate is 7.5 NL/min.
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Based on these results, it is clear that the turbulent dispersion affects the spreading of the
bubbleplumesbut it does not seem to have a significant impact on the axial liquid velocity
and the turbulent kinetic energy. The lift coefficient does not seem to affect the axial gas
and liquid velocities significantly, but it does strongly affect the gasmel fraction
spreading and the turbulent kinetic energy peak. Higher lift coefficients result in more
spreading of the plume in the radial direction, which leads to lower gas volume fraction
near the centerline of the plumes. Overall, the lift coeffiad¢i®t5 seems to yield the best

results for the current parameterization.

The timeaveraged plume shafrem the RANS simulation with the lift coefficient of 0.5

and the turbulent dispersion modeldisplayed irFigure4.22. As mentioned in the LES
section, the highly transparent blue plane above the plume represents the free surface and
the contour of 0.01% of the gas fraction is colored by the light blue, while tldelsidre

shown in dark blue. The plume generated by the RANS model hagdéesdingthan the

plume in the LES cases due to the nature of the RANS model, but thaviaraged results

were similar.
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the RANS caseswith the lift coefficient of 0.5 and the turbulent
dispersion model.The gas injection rate is 7.5 NL/min.

Figure 4.22:
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4.4.Conclusions

The purpose of the validation cases presented in this chapter was to test the hydrodynamics
predictions of the developed LPMOF solver. The validation case was chosen because of
the availability of a comprehensive dataset. The simulation results fromeldrat Smith

(2007) and Dhotre et al. (2009) were used to help in tuning the model parameters (closure
models), and as another source of validatdatawith respectfrom an EE model. This
validation case was simulated using two different turbulence m@de®i Smagorinsky

(1963) SGSand RANSI k-U, three lift coefficients (0.1, 0.288 and 0.5), and with the
effects of a turbulent dispersion model (random walk). Additionally, two different meshes
were used to examine mesh dependence. Three differeidgaates were also simulated

to investigate the effect of gas superficial velocity on hydrodynamics. The study was
guantified based on comparison to experimental and EE simulated profiles for the gas
volume fraction, axial gas and liquid velocities, andotilent kinetic energy at three
different elevation§0.35 m, 0.75 m and 1.1 m).

The solver predietd similar resultsfor the gas volume fraction, axial gas and liquid
velocities, and the turbulent kinetic energy for both the coarse and fine metheksES
and the RANS simulation3 he fine mesh avesmoother profiles for the turbulent kinetic
energy in the LES simulation$he results predicted by the two meshath the chosen
parameterization are in good agreement gared to the experimental dased the
simulationfrom the EE simulationsThree lift coefficients were test in both the LES and
the RANS simulations to investigate the effect of the lift coefficient on the plume
modelling.It seems that the lift coefficient does not have significant ahpa the axial
gas and liquid velocitiedut it hasa strong effect on the gas volume fraction and the
turbulent kinetic energyHigher lift coefficients move the spreading of the plume in the
radial directionresulting in lower gas volume fraction values near the centeAini
coefficient of 0.5 seemed to givedhe best predictionemong the three chosen lift
coefficients.The effect of the turbulent dispersiomodelon the bubble plume was also
tested ont in the RANS simulationsThe resultsshowed that the turbulent dispersion
model affects the spreading of the pluntewever, it does not significantly impact the
axial liquid velocity and turbulent kinetic energy predictiolbe solver gives a good
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agreement of the results compared to the results from the experiments and the EE
simulations using both the LES and the RANS turbulence mobeéseffect of flow rate

on the predictionsvas also studid using the LES model. Lower flow ratessulted in
underpediction of the gas volume fraction at the centerline of the plumeghve an
overpredidon of the plume radiusHigher flow ratesresulted inoverpredicions ofthe
results but the resultprovided better fis to the experimental data and the simolati

resultsfrom the EE model.
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5.1. Introduction

Park and Yang (2017) investigated oxygenation of water in a rectangular tank. In these
experiments, a rectangular tank contained water that was deatgdenitially, anda
mixture of air and water was horizontally injected into the tank. The water was
continuously circulated through an external pipe and the flow rates for both air and water
were varied. This validatiotasenvas chosen to test the combined hydrodynamicsreass
transfer predictions for the LPYOF solver due to the completeness of the available
dataset and because the complexity of the conditions pushes the boundaries of the solver.
The objectives of this validation case were to evaluate the spreadingslangtwvidths of

the bubble plumes, verify the LPT mass transfer model, and investigate the prediction of
the bubble diameter by comparing thienulation results to the overall mass transfer
coefficient values reported by Park and Yang (20IFg second Jalation case wathe
largescaleexperimentof Milgram (1983). The main objective of the second validation
case was to validatke fluid dynamics predictions dfie solverfor a largescalebubble

plume through comparison ahe resultswith the experimetal data Simulations were
performed with and without mass transfer because the experiments did not record the
background dissolved oxygen concentration. Therefore, the simulations with and without

mass transfer should bound the hydrodynamics solution.

5.2.Pak and Yang Case

The first validation case was based on the experiments from Park and Yang (2017). The
purpose of this validation case was to test both the fluid dynamics and the mass transfer
predictions of the LP-WOF solver for the case of horizontallyjected bubble plumes.

The objectives of this case were to comparesgiieading lengths and widths of the bubble
plumes with the experimental data and to predict the bubble size based on the measured

overall mass transfer coefficient.
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5.2.1.Geometry and Mesh

A sketch of the geometry for tlieark and Yang (2017) experimemsshown inFigure

5.1. In the experiments described by Park and Yang (2017), air and water were mixed
before being horizontally injected into the water in the rectangular tank through a nozzle.
The length of the tank was 1.8 m, and both the width and the height were 0.9 m. The water
level was set to 0.55 m. The injection nozzle was located 0.2 m abolettom of the

tank, on one of the shorter walls. Water was recirculated back to the injection nozzle from
the opposite side of the tank. A special injection nozzle was used to mix the air and water
being injected into the tank. The experiments used thabey at 11 different primary
nozzle distance ratios to vary the air and water flow rates. The bubble sizes were not
measured. In this study, five cases were selected and simulated to make comparisons
between the simulation results and the experimental @ae experiments were performed

at atmospheric pressure and between 23.5 °C and 26.5 °C; therefore, an average

temperature of 25 °C was usedfe simulations

W GE'0

Various Bubble Velocities
Various Bubble Diameters
Bubble Density = 1.22 kg/m?
Various Bubble Injection Rates

w S50

Inlet Length =0.01 m

Inlet Cross-section = 0.031x 0.031 m Outlet Length = 0.06 m

Outlet Cross-section = 0.031x 0.031 m

18

Figure 5.1: Geometry and conditionsused inthe Park and Yang case

Three structured computationateshes were considerddr this validation case to
investigate theffect ofmeshrefinementFigure5.2, Figure5.3, andFigure 5.4 show the
side and front view of the coarse, intermediate, and fine meshes. The numbers of the

computational cells for these three meshes are8932416781, and 411036.
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Figure 5.2: Coarse mesh used in the Park and Yang case. The mesh contains
152892 computational cells.
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Figure 5.3: Intermediate mesh used in the Park and Yang case. The mesh
contains416 781 computational cells.
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Figure 5.4: Fine mesh used in the Park and Yang case. The mesh contains
1411036computational cells.

5.2.2.Case Setup

In the experiments, air and water were mixed and injected into the tank through an injection
nozzle. Instead of trying to resolve the outlet of the injection nozzle in the simulations, it
was assumed that the nozzle could be represented by a volumeiricomjof gas and

liquid into a small box adjacent to the left wall of the tank. The length of the injection box
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was specified to be 0.031 m (corresponding to the average diameter in the nozzle) and the
width was 0.01 m. The injection box was placed 0.2bove the bottom of the tank from

its center point to match the experimental setup. In other words, the air and water were
injected into a small box having dimensions of 0.03%2 @031 mx 0.01 m.The injection

of the water was accomplished via mass amanentum injection source$he air was
injected through 500 injection sites inside the same injection box as the water. The location
of the 500 injection sites was generated randomly using a random number generator. Since
the air and water were injectedy&gher, it was assumed that there wasatettivevelocity
between the phases upon injection. This assumption was required because the experiments
did not record the phase velocities at the outlet of the injection ndzzkee experiments,

an outlet onte right wall of the tank was used to recirculate water. In the simulaéions,
short pipe was added on the right wall of the tank to remove water at the injection rate and
thereby ensure that the water level remained constant. The simulations were only
performed for a short period of time. Therefore, the dissolved oxygen concentration at the
outlet did not change significanflyand it was not necessary to recirculate the exiting

concentration to the inlet in the simulations.

Five of the cases from Park axdng (2017) were chosen for the simulations. The details

of the injection conditions for the selected cases are summariZedhlies.1.

Table5.1:  Summary of Conditions for the SimulatedCases from Park and Yang

Case Inlet Gas Bubble Water Water Water
Volume Inlet Outlet Injection Injection
Fraction Velocity Velocity Rate Momentum
() (m/s) (m/s) (kgls) (kg m/s?)
B25Q210.096 0.783 6.64 1.44 1.38 9.19
B25Q10.327 0.51 5.05 2.45 2.35 11.89
B25Q210.385 0.45 4.62 2.54 2.44 11.25
B25Q30.212 0.682 11.35 3.61 3.46 39.27
B25Q30.385 0.493 8.66 4.39 4.21 36.45

B25Q1 corresponds to a valve opening of-bfte and B25Q3corresponds to a full valve
opening of the recirculation line. The numbers following the hyphen represent the primary
nozzle distance ratioB25Q30.385waschosen to validate the fluid dynamisscause it

had relatively high flow rates and an injection gas volume fraction near 50%. All five cases
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were simulated to evaluate the mass transfer coefficients. The boundary conditions, initial
conditions used for the continuous phase, and water preparte summarized ifable
5.2, Table5.3, andTable5.4.

Table5.2:  Boundary Conditions Used for thePark and Yang Cases

Variable Walls and Outlet Top
Bottom
Liquid volumefraction| (-) Zero gradient Zero gradient Zero gradient
Zero gradient
. . (outflow)
TemperatureT (K) Zero gradient  Zero gradient T =298 K
(inflow)
Zero gradient
L . (outflow)
Velocity, 6 (m/s) No slip SeeTable5.1 o i 10
(inflow)
Modified pressurepPrgh (Pa) Fixed flux Fixed flux 101325
pressure pressure

Zerogradient
O. massfraction @ (-) Zero gradient  Zero gradient (outflow)
®p Tt (inflow)
Zero gradient

N2 massfraction @y (-) Zero gradient  Zero gradient (outflow)
Wp 1t (inflow)
Lagrangian bubbles Rebound SeeTable5.1 Escapé

* Although this was specifiethubbles are removed at the free surface.

Table 5.3; Initial Conditions Usedfor the Continuous Phase irthe Park and

Yang Cases

Variable I nitial Condition

Liquid volume faction| (-) | p (below the free surface)
| T (above the free surface)

TemperatureT (K) 298

Velocity, 6 (m/s) Volumetriclnjection Source (Se€able

5.1)

Modified pressurePrgn (Pa) 101325

Turbulentkinematicviscosity *  (m?/s) 1.0x10

O2 (liquid) massfraction ®p (-) 0

N2 (liquid) massfraction @y  (-) 0
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Table5.4:  Liquid Water Properties Usedfor the Park and Yang CasegWelty et

al., 2008)
Property Value
Density, ” (kg/nT) 996.7
Specific leatcapacity @ (Jkgt K™?) 4180
Dynamicviscosity, € (Pa s) 1.0x10°*
Prandtlnumberg Pr (-) 6.30

*The value of the dynamigiscosityat 293 Kwas mistakenly used in these simulations.

The valueat 298 K should b8.093x10* Pa s Although the value of th#ynamicviscosity

was not accurate, th&ends displayed in theesults are not expected to change
significantly.

The pressure field was initialized based on the hydrostatic pressure gradient. This
validation case was divided into two sections to invesgitieze effects of mesh refinement

and bubble size dmoththefluid dynamicsand mass transfer in the bubble pluséubble

size sensitivity study was performed because the bubble size was not measured in the

experiments and the initial bubble diametaungnown.

5.2.3.Mesh Study Conditions

The mesh dependence tests were performed oB26830.385 case since it has high
injection flow rates and the injected air volume fraction is aboutSiise the bubble size
was not measured in the experiments and narmddon was given for the initial bubble
diameter, the initial injected bubble size was assumed to be 2 mm BRH@3-0.385
caseln the simulations htesize of the bubblesanchange based on the ideal gas law due
to the pressure differences at th&etent depthsHowever, since the water level in the
tank was only 0.55 m, this effect is minimain&lly, bubbles were removed when they
reacltedthe free surface.

The bubble injection rate can be calculated based on the air volumetric flow rate and the
bubble volume. Since the bubble injection rate was very high in this validation case, it was
necessary to group several bubbles into parcels to resolve their mdteogrouping of
bubbles into parcels can affect the simulation results if too many bubbles are grouped
together into parcels. However, initial tests showed that grouping ten bubbles together into
parcels did not have a significant effect on the predictibhsrefore, parcels containing

groups of ten bubbles were simulated in this case. The initial injection bubble density can
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be calculated using the ideal gas law at the corresponding prekailiess.5 summarizes

the air bubble properties uséat the Lagrangiarphase for thd825Q30.385case.The

bubble properties were similar for the other cases except for the bubble velocity and bubble
parcel injection rate, which apgovided in Table 5.1. The bubble diameiethe inletas

set to 2 mm for the hydrodynamics study for B#5Q30.385case

Table5.5:  Air Bubble Properties Usedfor the Park and Yang B25Q3-0.385Case

Property Parameter
Gas density at the inlgt ;  (kg/m®) 1.224
Bubble diameter at the inlet, (mm) 2
Bubblevelocity at the inlet6 (m/s) 8.66
Bubbles per parcet) 10
Bubble parcel injection rate (parcels/s) 196
TemperatureT (K) 298

O2 (ga9 massfraction @ (-) 0.233
N2 (ga9 massfraction @ (-) 0.767

5.2.4.Mass Transfer Study Conditions

Park and Yang (2017) state that the water in the tank was deoxygenated before beginning

the experiments. However, the dissolved nitrogen levels were not recorded. The water was
therefore assumed to be saturated with nitrogen at atmospheric conditionshatiteo

oxygen dissolution rate was considered. To determine the mass transfer cedggen,

the molecular diffusion coefficient and concentration of dissolved oxygen in equilibrium

with the gas phase must be specified. The diffusion coefficient fayeoxin water was

specified to be2.40x10° ( Ya ws , 2003) . The di mensionl ess
oxygen was set to be 0.02973 to calculate the concentration of dissolved oxygen in

equilibrium with the gas phase (Sander, 2015).

The overall mastansfer coefficient’Qd) can be obtained usirtge following equation

which is the same equation used in Park and Yang (2017).

QW —— (5.
whered , 6 , and0 are the conentrations of dissolved oxygen at tkauration

condition, the initial concentratiorof oxygen and theoxygen concentration at time,
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respectively The saturabn conentration for dissolved oxygen was approximately 8.48
mg/L. Theinitial concentrationof oxygenwas set to zero. The overall ssatransfer
coefficients reported in the paper for all the five selected cases are summaiizddein
5.6.

Table5.6:  Approximate { i Valuesfor the Selected Park and Yan§2017)Cases

Case . (s)
B25Q1-0.096 2.50x10°
B25Q10.327 1.85¢10°
B25Q1-0.385 1.00¢10°3
B25Q30.212 4.25¢10°
B25Q30.385 2.00x10°

Since thébubble sizes were not measured in the experimenthlddsizesensitivitystudy

was performed to investigate the effect of bubble size on the mass transfer coefficient. In
reality, the bubbles should have a size distribution; however, it is difficpltetdict the

real bubble size distribution. Therefotiee bubble size distribution was not considered in

this study and a fixed initial bubble size was assumed. Three different bubble sizes were
tested for all five cases and the corresponding bubblelpajection rates are summarized

in Table5.7. Each parcetontaineden bubbles, as mentionedrlier.
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Table5.7.  Summary of theBubble Size Studies for the Five Cases Sécted from
Park and Yang

Case Bubble Diameter (m) Bubble Parcel Injection Rate
(parcels/s)
0.001 1910
B25Q10.096 0.0015 566
0.002 239
0.001 955
B25Q10.327 0.0015 283
0.002 119
0.001 764
B25Q10.385 0.0015 226
0.002 95
0.001 2844
B25Q30.212 0.0015 843
0.002 355
0.001 1570
B25Q30.385 0.0015 465
0.002 196

5.2.5.Closure Models

The force closure models used for the simulations were graubyancy the Tomiyama
(1998) contaminateddrag model the Tomiyama (2002) lift model, ana constant
coefficient of 0.5for thevirtual masgorce. Simulations were performed using LES with
the Smagorinsky(1963) SGSmodel The Smagorinskygoefficient, Cs, was assumed to
have a valuef 0.12 andbubbleinduced turbulencevas included through th@odelof

Sato et al. (1975)Since LES was used for turbulence modelling, the turbulent dispersion
force was not considered in this case. The huaytk (1967) mass transfenodel for

contaminated systesrwas used to evaluate the gas dissolution rate in the bubble plume.

5.2.6.Resultsand Discussion

5.2.6.1.MeshRefinement

Fluid dynamics and the mass transfer were simulated to test sensitivity of the predictions
to mesh refinemeniThe mesh refinement tests were performethei25Q30.385 case

and an initial bubble size was assumed to be 2 Rigure5.5 shows the timaveraged

(between3 and 10 s) plume shape of thB25Q30.385 case with the intermediate mesh.
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The blue plane above the plumepreserdthe free surface. The 14as volume fraction

contouris colouredaslight blue while the bubbles are siwo as dark blue.

Figure 5.5. Three-dimensional time-averaged(from 3 sto 10 s) lubble plumesfor
the B25Q3-0.385 case with the intermediate esh

Figure5.6 shows the comparisons between the predicted gas volume fraction contours for
the three meshes and the experimental contour. The predicted contours are plotted using
three contour levels: 0.00,05, and 0.1. The experimental contour data was obtained from
the photos in Park and Yang (2017). However, it is difficult to acquire the precise contour
information from the photos due to their resolution. Therefore, only the main contours of
the plumesareshown,and the trajectories of the plunaetuallyreach the free surface.

From Park and Yang (2017), the penetration length of the plume for this case is 1.02 m.
The predicted trajectories have good agreement with the experimental data for all¢he thr
meshes. However, the coarse mesh overpredicts the transition of the plume, while the
intermediate and the fine meshes give better predictions for the trajectories and transitions.
The predictions from the intermediate and fine meshes are similar, ddiné mesh

predictions produce more spreading of the plume.
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Figure 5.6: Comparisonsbetween theexperimental and estimated gasphase
fraction contours for the B25Q30.385caseon the coarse mesh (top
left), intermediate mesh (topright), and fine mesh (bottom) with three
contour levels CL = 0.01, 0.05, and 0)1

The spreading width of the plumes was regortedin Park and Yang (2017). However,
they can be estimated based on the following equatiothéoaverage spreading angle of
the jet (Ma et al., 2018):
—_ 8
OAF pmanyoi ® O —IYQ (5.2)
where—"0i,” ,” , andRe are the spreading angle of the jet, the modified Froude
number, gas density, liquid density, and the Reynolds number of the liquid, respectively.

Once the average spreading angle is known, the spreading width can be calculated based
on the spreading ang#énd the spreading length of a stable plume.

The spreading length of the stable plume in this case is 1.4 m, as described in Park and
Yang (2017), and the corresponding spreading width was calculated to be 0.09 m using Eq.
5.2. The predicted spreading whdtfor the coarse, intermediate, and fine meshes wi2e 0.

m, 031m, and 0.2 m. The predicted spreading widths were obtaineékinggas volume
fractioncontours of 1% owertical planes at the spreading length of 1.4 m. These results
seem to indicatéhat the spreading width prediction is more mesh dependent than the jet

length prediction.
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The cases were run to ten seconds to evaluate the mass transfer coefficient to obtain stable
results through longer simulation timeigure 5.7 shows the data used to determine the
overall mass transfer coefficients obtained from the three different mesheQdJtoe

each case is equal to the slope of the liréignire5.7. The'Qovalue reported in Park and

Yang (2017) for this case wa@s00x10® s®. Unfortunately, the predicted mass transfer
coefficient increased by approximately 12% for each mesh refimeifieerefore, it is not
possible to estimate how much more mesh resolution would be required to obtain a mesh
independent result. The lack of mesh convergence for the mass transfer coefficient seems
to agree with the result for the spreading widdime ofthe reasons for the lack of mesh
independence might be the assumption of constant bubble size. Upon injection, the bubble
size is likely to be quite large, before the gas jet has time to bredkouwgver, another
reason could be the way in which gas digdid were injected into the domain in the
simulations.Further studies would be necessary with a bubble size distribution and/or a
population balance model to test the coupled effects of bubble size distribution and mesh
refinement. Further studies wouldalso be necessary to test the effect of injection

configuration on the results.
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Figure 5.7:  Overall masstransfer coefficient prediction for the coarse,
intermediate, and fine meshe$or the B25Q3-0.385case using the
Hughmark (1967) model.

As mentioned earlier, the coarse mesh did not predict the fluid dynamics of the plume as
well asthe intermediate and the fines meshes. However, there also seemed to be a lack of

convergence on aesh independent solution between the intermediate and fine meshes.
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Unfortunately, it was not possible to test further mesh refinements due to computational
resource limitations. Despite the lack of convergence on a mesh independent result, the
intermediatanesh was used to simulate further cases to assess the impact of the assumed
bubble size on fluid dynamics and mass transfer predictions.

5.2.6.2.Bubble Size Sensitivity Study

Three different initial bubble sizes were used to evaluateffeet of the bubble size on
the mass transfer coefficient for all five selected cases. B268BS was the main case for
this case study because it was also used for the mesh refinementT$teifore, the

bubble size study was first performed on this case.

The experimental and predicted gas volume fraction contours with the bubble sizes of 1
mm and 1.5 mm for the B25QB385 case are presented with three contour levElgume

5.8. These results can be compared to the result for the bubble size of ®mam is
displayed in the top right graph in Figure 5.6. Agéaig theoretical spreading width for

this case is 0.09 nT.he predicted spreading widths for thebble size of 1 mm, 1.5 mm,

and 2 mmwere 0.27 m, 0.20 ngnd 0.14 mThe bubble size of 2 mm gave the closest
estimation for the trajectory transition and the spreading width of the plume aheng
three bubble sizes, which suggests thain2 is the best approximation of the bubble size

for this case hydrodynamically. However, it is important to remember that the solution was
not mesh independent. Therefore, only the trends in the predictiomganengful because

a more refined mesh would have resulted in a different prediction for the value of the most

suitable diameter.
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Figure 5.8 Comparisons between the experimental and estimated gas phase
fraction contours for the B25Q30.385 @sewith initial bubble sizes of
1 mm and 1.5 mmand three contour kevels
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Figure5.9 shows the predicte@dvalues for theéhree different bubble sizes in the B25Q3

0.385 caseAmong the three bubble sizes, the bubble size of 2 mm has the dmsest
value when compared to the experimental data. The smaller bubble sizes overpredicted the
Q) This is expected because ilame spreading seems to have been overpredicted for
lower diameters. An overprediction of the plume width would lead to an overestimate of
the bubble residence time and thereby increase the effective overall mass transfer
coefficient. From the resultd, appears that the average bubble size should be near 2 mm.
However, it is important to remember that this result is not mesh independent and that the
predictions depend on the assumed mass transfer closure model. Further, a uniform bubble
size was assumesdo the results would also change if a bubble size distribution were used.

It would be possible to obtain a more definitive estimate of the bubble size if the

experimental plume width and local bubble velocity measurements were available.

0.006

= = Parkand Yang,2017
® db=I1mm

0.005 Y A db=1.5mm

® db=2mm

0.004

3 A
0.003

(1/s)

3

ki

0002 [= = = = = = = = = ——— - - - - - - -----

0.001

0
0.0005 0.001 0.0015 0.002 0.0025

Bubble Diameter (m)

Figure 5.9:  Overall mass transfer coefficienttcomparisons of three different
bubble sizes for the B25Q3).385 case.

Figure5.10 andFigure5.11 show the comparison between the experimental and estimated
gas volume fraction contoursith bubble sizes of 1 mm, 1.5 mm, and 2 mm and three
contour levels for thB250Q1-0.096 B25Q10.327, B25Q1-0.385, and B25Q8.212 cases

The comparisons between the theoretical and predicted spreading widths with three
different bubble sizes for the fowases are showm Table 5.8. It seems that, when
considering the hydrodynamics, the ranges of bubble sizes that give the best predictions
for the B25Q1-0.096 B25Q10.327, B25Q10.385, and B25Q8.212 cases are 1 to 1.5

mm, 1 mm, 1.5 to 2 mm, and 1.5 to 2 mm, respectively. However, similar BR8@3
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0.385case, it is not possible to definitively select an optimal bubble size because of the

mesh dependency.
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Figure 5.10: Comparisonsbetween the experimental and estimated gashpse
fraction contours for the B25Q1-0.096 and B25Q10.327 cases with
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Figure 5.11: Comparisonsbetween theexperimental and estimated gas phase
fraction contours for the B25Q10.385 and B25Q30.212 cases with
initial bubble sizes of 1 mm, 1.5 mnand 2mm and three contour
levels
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Table5.8:  Summary of the Spreading Widths for B25Q2%0.096 B25Q10.327,
B25Q1-0.385, and B25Q3.212 Cases with Three Different Bubble

Sizes
Case Penetration Spreading Theoretical Bubble Predicted
Length Length Spreading Diameter  Spreading
(m) (m) Width (m) (m) Width (m)
0.001 0.26
B25Q10.096 0.58 1.24 0.12 0.0015 0.23
0.002 0.11
0.001 0.31
B25Q10.327 0.56 1.08 0.08 0.0015 0.22
0.002 0.18
0.001 0.26
B25Q10.385 0.63 1.00 0.07 0.0015 0.19
0.002 0.16
0.001 0.37
B25Q30.212 0.81 1.44 0.11 0.0015 0.25
0.002 0.24

Figure5.12 shows the comparison between the experimental and predicted overall mass
transfer coefficients with three bubble sizes forB26Q10.096 B25Q+0.327 B25Q%

0.385, and B25Q8.212 cases. From the mass transfer coefficient data, it appedtrethat
actual bubble size should be approximately 1 mm to match the experimentdbvahes
B25Q1-0.327 case. For thB25Q1-0.096case, the bubble size of 1 mm gwedicted the

mass transfer coefficient, while bubble sizes of 1.5 mm and 2 mm underpredicted the mass
transfer coefficient. This means tle@bubble size between 1 mm and 1.5 mm is needed to
match the experimental value. Similarly, for B25Q10.385 aml the B25Q30.212 cases,

bubble sizes of 1 mm and 1.5 mm overpredicted®devalues, while 2 mm bubbles
underpredicted th&®cdvalues. Thereforea bubble size between 1.5 mm and 2 mm is
needed to match the experimental value. Again, the estirnabdde sizes that provide the

most reasonable mass transfer coefficient predictions also provide plume width predictions
that are most similar to the theoretical values. Although this confirms that the model
provides consistent predictions between fluichaypics and mass transfer, the values
cannot be treated as absolute estimates due to mesh dependence of the results and the

assumption of a uniform bubble size distribution.
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Figure 5.12 Overall mass transfer coefficient comparisons of three different
bubble szes for theB25Q1-0.096case (top left),B25Q1-0.327 @se (top
right), B25Q1-0.385 @se (bottom left), and B25Q3.212 @se (bottom
right).

5.3. Milgram Case

A largescale plume was simulated based on the experiments conducted by Milgram
(1983). The purpose of this validation case was to evaluate the performance of the LPT
VOF solver when used to predict fluid dynamics and gas dissolution in esleate
vertically-injected bubble plume. The objectives of this case were to compare the gas
volume fractionyelocity, and radius of the bubble plume with the experimental data and

to validate the solver at a largscale. The case was simulated with anthout mass
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transfer because the experimental study did not record the background dissolved oxygen
concentration. Therefore, the simulations with and without mass transfer should bound the

hydrodynamic results.

5.3.1.Case Studies

Milgram (1983) performed largecale experiments of a verticailyjected bubble plume

with various air injection rates up to 0.59 Rimin Bugg Spring, Florida. The water
temperature in the lake is reported to be approximately 22 °Crgead (Underwater

Sound Reference Division (USR, n.d.). The diameter of the spring is approximately 35

m. The pipe used for the air injection had an inside diameter of 5 cm and a height of 2.5 m.
The water level was 50 m above the end of the injection pipe. A sketch of the geometry is
shown inFigure 5.13. The geometry was approximated using a square -sexgfon
because the effects of the boundaries is expected to be minimal due to the size of the

system.

5m

T Temperature = 295 K

Water -~

52.5m

Bubble Velocity = 55.70 m/s
Bubble Diameter =0.003 m
-~ Bubble Density = 6.97 kg/m?
Parcel Injection Rate = 77364 Parcels/s

__ Inlet Cross-section = 0.0443 x 0.0443 m
" Inlet Elevation =2.5m

Figure 5.13: Geometry and conditions used irthe Milgram case

To simplify meshing for the structudenesh, the inlet pipe was converted to a square with
the same crossectional area as the pipe. The inlgich was therefore specified as a square
with a side length of 0.0443 m. The inlet patch was elevated to 2.5 m above the center of
the bottom of the geometry to match the height of the injection pipe in the experiments.

The case settings were similar tosk used in the LES cases in Chapter 4, but a different
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flow rate and a slightly different temperature were uskable 5.9 and Table 5.10
summarize the boundary conditions and the initial conditions used in this case. The liquid

properties are listed ihable5.11.

Table5.9:  Boundary Conditions Used in theMilgram Case

Variable Inlet Patch Walls and Top
Bottom
Liquid volumefraction, (-) Zero gradient Zero gradient Zero gradient
Zero gradient
TemperatureT (K) Zero gradient  Zero gradient (outflow)

T = 295K (inflow)
Zero gradient

L, . : (outflow)
Velocity, 6 (m/s) Slip No slip o i 710
(inflow)
Modified pressurePrgh (Pa)  Zero gradient Zerogradient 101325
Zero gradient
O2 massfraction ®p  (-) Zero gradient  Zero gradient (outflow)
®p Tt (inflow)
Zero gradient
N2 massfraction @y (-) Zero gradient  Zero gradient (outflow)
Wp Tt (inflow)
Lagrangian bubbles Injection Rebound Escape*

* Although this was specifiedhubbles are removed at the free surface.

Table 5.10: Initial Conditions Used in theMilgram Case

Variable Initial Condition
| p (below the free surface)
| 11 (above the free surface)

Liquid volume faction,| (-)

TemperatureT (K) 295
Velocity, 6 (m/s) 0
Modified pressurePign (Pa) 101325
Turbulentkinematicviscosity,” (m?/s) 1.0x10
O2 (liquid) massfraction ®p (-) 0

N2 (liquid) massfraction @y (-) 0
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Table5.11: Liquid Water Properties Used in theMilgram Case Welty et al,,

2008)
Property Value
Density,” (kg/nr) 997.6
Specific heat capacitg (J kg* K™ 4181
Dynamic viscosityg (Pa s) 9.6x10*
Prandtl number, Pr)X 6.62

The highest gas flow rate 659 normal /s in the experiments of Milgrar1983 was

used The actual injectiorilow rate at 295K and atmospheric pressure was converted to
be0.11m%s based on the gas density ratio at the standard conditions and the inlet. The gas
density at the inlet can be calculated using the ideal gas law at the corresponding pressure
and temperature and thalue wass.97 kg/m?. The corresponding injection velocity and
bubble injection rate at the inlelenecalculated to b&5.70m/s and77 364 parcelgs (100

bubbles per parceljespectively.

The pressure field was initialized based on the hydrostaticyseegsadientThe initial
bubble size was set to be8n, as described in Milgram (1983). Howev#e size of the
bubbles changewith elevation in the water column according ttee ideal gas law
Therefore, the bubble size leaving the free surface imajppately 5 mm. Théubbles
were removed when they reach the free surfaable 5.12 summarizes the air bubble

properties usetbr the Lagrangiaphase

Table5.122  Air Bubble Properties Used in theMilgram Case

Property Parameter
Gas density at the inlgt ;  (kg/m®) 6.97
Bubble diameter at the inlat, (mm) 3
Bubblevelocity at the inletd6  (m/s) 55.70
Bubbles per parcet) 100
Bubble parcel injection rate (parcels/s) 77364
TemperatureT (K) 295

O, (Gag massfraction @ (-) 0.233
N> (Gag massfraction @ () 0.767

As in the Park and Yang (2017) case, tBmagorinsky (196385GS model with a
coefficient,Cs, of 0.12was used with thbubbleinduced turbulence modef Sato et al.
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(1975) The turbulent dispersion force was not considered in this case. The Hughmark
(1967) mass transfemodel for contaminated systemas used to evaluate the gas

ess |

onl

The di mensi

pl ume.

e

bubbl
and the nitrogen at 295 K were set to be 0.02943 and 0.01570, respectively (Sander, 2015).

dissolutionint h e
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Height (m) e
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15

virtual mass coefficient were set to 0.5. Based on Olsen and Skjetne (2016), who also
(1998) model with the swarm correction of Tsefjial. (1982) was used as the drag model

on one meshotsave the computational time as it is a lesgale case. The number of the

Gravity and buoyancy were included in the folmance. The lift coefficient and the
The mesh that used in this validation case is showigare5.14. This case only tested

simulated the Milgram case usingl2PT-VOF approach in ANSY &luent the Tomiyama

computational cells in the meshG23295

in this validation case.

10

Width (m) 0

-10

-15

10

0
Length (m)

0
Length (m)

-10

Figure 5.14: Meshused inthe Milgram case The mesh contain®23295

computational cells.
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5.3.2.Results and Discussion

Figure5.15showsa screenshot dhe timeaveraged plumfor this caseThe range ofime
averagingwas 100 second afterestdy stateThe blue plane above the plumepreserd
the free surface. The contoof 0.00% gas volume fractions colored light blueandthe

bubbles are shown as the dark blue.

Figure 5.15. Screenshobf the three-dimensional ime-averagedresults for the
bubble plume in the Milgram case

Comparisons between the experimental and predicted gas volume fraction, plume,velocity
andplumeradius are shown iRigure5.16. The gas volume fraction and plume velocity
were obtainedt the centerline of the bubble plume. The plume radius was estimated by
averaging the radius tiie plume at ten horizontal planes between the injector and the free
surface. The solver gives relatively good predictions of the hydrodynamics and plume
shape for the largscale case with the chas@arameterizationThe hydrodynamics
predictionswith the mass transfer model on and off are similar. The case with gas
dissolution seems to give a slightly closer match to the experimental data than the case

without gas dissolution.Ae amount of dissolution isw compared to the injection rate.

108
























