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The production of natural gas requires the removal of carbon dioxide and hydrogen sulfide
during processing, resulting innastestream typically called acid gas. In offshore natural

gas production, the dgissal of these undesirable-pyoducts is more challenging than
during onshore production. One viable option is to reinjeetatiid gas into a depleted
portion of the reservoir. This option effectively sequesters the waste stream and helps to
maintain theproduction well pressure. However, the downside is the increased need to
transport and store this toxic gas, which increases the risk posed by a potential catastrophic
failure and subsequent release of the gas. Although such a failure may be unlikely, the
prediction of the resulting gas plume is the first step towards developing an emergency

response plan.

During this work, a model was developed to predict the behaviour of a released acid gas
stream in the water column following a shallow water release.phlysical situation for

such a release can be divided into three distinct regions: the morséniem jet in the

near field, the buoyancy driven plume region in the far field, and the free surface between
the sea and the atmosphere. Only the first tweegavere considered in this work. The
developed multiscale computational fluid dynamics model employed an interface
capturing model for the near field, since the flow of gas was expected to be continuous. A
drift-flux model was used to capture the behawvwithe far field as a plume of uniformly

sized bubbles.

The development of each portion of the model is described in detail. An approach to
facilitate direct numerical predictions of heat and mass transfer within incompressible and
compressible interfaceapturing approaches was developed and tested. The effect of
computational mesh refinement on the ability of the interface capturing approach to resolve
gas jet behaviour was studied. The multiscale modeling approach was developed and tested
through compason to published smaficale experimental data. The model was used to
simulate a realistic scenario involving the release of acid gas from a ruptured reinjection

well.
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Chapter 1
LY GNRRdzOUA2Y

Although renewable energy sources such as hydroeleetrid, solar, biomass and tidal

power are being rapidly developed, oil and gas still account for adargienof the energy

market. In 2010, Canada produced 41.4% of its primary energy from oil, and an additional
36.5% and 9.2% from natural gas and capectively (Natural Resources Canada, 2016).
Therefore, 77.9% of primary energy was pro
GDP, oil and gas was worth 6.8% for both power production and export in 2010 (Natural
Resources Canada, 2016). In 20@C&nada was ranked third for crude oil and seventeenth

for natural gas in proved capacity, and fourth and fifth for production (Natural Resources
Canada, 2017). For the same year, Canadads
both direct and indirécsources of oil and gas. Through export and power production this
industry accounted for approximately 5% of total employment in 2015. On a world scale,

the need for energy is expected to increase by 31% by 2040, and it is anticipated that
hydrocarbons Wi account for 71% of this need (Canadian Association of Petroleum
Engineers, 2017). Based on predictions from the International Energy Agency (2016),
despite an increasing trend to move away from fossil fuels, in part due to the Paris Accord,
natural gaswill fare the best among fossil fuels and increase consumption by 50%.
Additionally, although renewables will account for 60% of all projected new energy
(International Energy Agency, 2016), this necessarily means that the industry will still need

to maintin and increase oil and natural gas related infrastructure.

Nearly 30% of produced crude oil and natural gas comes from offshore resources,
according to the U.S. Energy Information Administration (EIA) (2016) as well as numbers
from Planete Energies (2015 he U.S. EIA also mentions that most offshore production

is found in shallow waters due to lower cdstsconstruction and maintenance (Schaefer,
2016), although deep water projects have been developed. Schaefer (2016) proposes the

same ratio of shalle to deep water projects, which has kept up even though total



production continues to increase, with a majority in shelf and shallow water production
and a decreasing quantity of deep water production. Planete Energies (2Gla)dsmt

from the 198s, offshore was limited to depths of up to 200 m, and more than half of the
vessels were fixed to the sea bed until around the 1970s when the world slipped into an oil
crisis. Since the 1990s, companies have completed wells dgptbs 0f3 000 m due to

the need to move farther offshore, and deepwater now accounts for up to 6% of the total
oil and natural gas share. Schaefer (2016) indicated that investments are currently
decreasing, especially for deep water, largely due to the downtaiinpnces. Howeer,

given that oil and gas production are projected to increase overall, and that much of the
worl dés new energy nheeds cannot be provide
assume oil and gas production will continue. Increases in efficieagypnolong onshore
reserves, but currently up to 30% of production is offshore, a number that will likely have
to increase if petroleum is to be used in the future. Given that natural gas consumption may
rise to become the new dominant fuel source, thetyaff such onshore and offshore

projects isvery important

Geographically, the predominant regions for offshore activity are the Gulf of Mexico, the
North Sea, the Barents Sea, the Santos Basin (off the coast of Brazil), off the coast of
Nigeria and Angta, the Persian Gulf, off the coast of China and India, and off the coast of
Australia, maintaining a worldwide presence across all major continents (Offshore
Technology, 2017). The relative production of oil to natural gas varies sharply by region,
with natural gas being more common in the North Sea and Barents Sea, as well as South

African, Chinese, Indian and Australian waters.

Although wells range in depth, the overwhelming majority remain closer to the coast, in
depths to 200 m. Considering the numdsiewells, accidental releases and blowouts occur
relatively infrequently. Nonetheless, such events can have devastating environmental
consequences and pose a serious threat to safety. It is therefore important to be able to
accurately predict the nefield and faffield fate of released components when such
accidents occur. Tamim et al. (2017), have developed a framework for leading indicators
of drillwell blowouts. Within their work they have uncovered that for the Gulf of Mexico,

one of the largest prodtion zones for both the U.S. and Mexico (Meng, 2017), there were



77 blowouts and 32 major release events between 1980 and 2011. The average then is 2
blowouts and 1 major release per year since 1980 related to drilling orele¢dd
activities that havéed to uncontrolled releases. One of the most vexing problems is the
apparent spontaneity of the events, as noted for the Macondo (Deepwater Horizon) spill
that happened just after a seven year period of no personal injury (Skogdalen et al., 2011).
Tamim et al. (2017) concluded that lagging events reporting and subsequent decision
making are a primary concern, but that would be true whether oil or natural gas are being
produced. Catastrophic events have a chance of happening in both types of fields.

In 1988, the oil rig known as Piper Alpha explodadd eventually sankHendershot,

2013), in part due to the low levels of procedural safety. While not explicitly a well
blowout, the sinking of a rig may produce strain upon the wellbore below, as well as
assocated pipelines. For Mumbai High North, it was another vessel that ultimately caused
the abandonment of the platform (Daley, 2013). A ship struck the risers, causing a gas leak
and ultimately setting the rig on fire. Unlike many of the accidents in thedBMEexico,

neither of these were directly blowouts, the goal is instead to highlight alternative means
of structural damage that may affect the entire infrastructure of the rig. As more oil rigs
come on line and others are decommissioned, it is impdhaintoutine checks be done to

see if capped wells are leaking, as they will have to persist long after the oil or gas has been

exhausted.

There are numerous other examples, such as the Alexander L. Kielland in the North Sea,
the Ocean Ranger Oil Rig, tiidlantis Deepwater, and the Enchova blowout. In 2001, a

rig off the coast of Freeport, Texas had its well blow out while drilling the exploratory bore
(Daily GPI, 2001). The 2013 blowout at the Hercules 265 rig left natural gas flowing from
the well for 13hours with the rig platform itself on fire (Offshore Post, 2015). Current
natural gas rigs might have better safety protocols learned from these lessons of the past,
but no mechanical device is without a chance of failure, despite the best engineering.
Therefore, it is both ethical and pragmatic to develop emergency response plans with the

best possible predictive tools, and to try to improve these tools.



In any offshore oil and/or gas production process, there are undesirable components in the
produced ga that must be removed prior to transportation or use. For natural gas, the
common contaminants are carbon dioxide and sulfur containing compounds. According to
Carroll (2009), most of the sulphur containing compounds are in low quantities, except for
hydrogen sulfide. Carroll (2009) makes the distinction between sour gas and acid gas, the
latter usually being used to refer solely to mixtures of carbon dioxide and hydrogen sulfide.
Onshore, injection of produced acid gas into depleted wells is relativetynoo.
However, offshore reinjection of acid gas to drive the natural gas production process is
relatively rare due to higher costs. In 2009, offshewiel gasreinjection had only been

developed at the West Sleipner and Deep Panuke projects.

In principle, acid gas reinjection is beneficial to the environment and operation of the
production facility because it prevents the release of greenhouse gases to the atmosphere.
However, reinjection also implies maintaining a higher inventory of toxic hydrogen sulfide
gas, which poses an additional threat to safety and the environment. Data on the risk of
accidents for reinjection wells is not available but, given the safety concerns, emergency
response plans must be developed using the best possible predictiorataelutleased
gases.Consideringthat many rigs operate in shallow waters, the severity of the

consequences of an acid gas release could be significant.

For emergency response planning, mathematical models are usually used to predict risks
posed by vadus scenarios. All such models have inherent limitations and it is therefore
important to refine them periodically to ensure that best practices are used. To accurately
describe gas dispersion in the atmosphere it is important to characterize undersvater ga
plume behaviour, since the underwater behaviour of the plume directly affects the
concentration, quantity anabtentially thelocation of gas entering the atmosphere. The
primary focus of this research project was the development of an improved modeling
approach, based on multiphase computational fluid dynamics (CFD), to characterize the
underwater behaviour of gas released during a blowout event. The specific focus was on
the development of a model that could be used to predict the fate of a shallowaiade
release of acid gas. Since carbon dioxide and hydrogen sulfide are quite soluble in

seawater, the dissolution rates of these gases in the surrounding water would be expected



to have a significant effect on the atmospheric release rate during sexstrénTherefore,
a substantiabmphasisvas placed on developing a method for predicting dissolution rates

for the released gas.

Underwater gas plumes represent a difficult modeling challenge due to the high number of
interacting factors. If gas is rekad under water fromtagh-pressuresource, it will form

a jet that immediately begins to lose its momentum to the surroulgiing andstarts to

break up and disperse. Upon expansion, the gas will cool, and phase change may occur.
Once the gas jet hasansferred sufficient momentum to the liquid, the gas forms a
dispersedubbleplumethatrises through the water column primarily driven by buoyancy
forces. If the gas is not released at a sufficient depth, a buegaineyn plume may not be
formed andhe gas jet itself may reach the ocean surface. Additionally, as the gas plume
rises through the water column, a variety of physicochemical interactions can occur.
Typically, some of the chemical constituents of the gas will dissolve in the liquid togaryin
degrees and at varying rates. Further, if the gas release occurs at sufficient depth and
sufficiently low temperature, natural gas hydrates or even ice can form. Each of these
processes has different governing length and time scales, making it ditfioudbrporate

them into a single plume model. A conceptual representation of an underwater release is
shown inFigurel.1. As describedabove, it can be divided into three primary regions of
interest: the momentwariven jet regon, the buoyancdriven plume region, and the
surface region, which is influeng®y ocearatmosphere interactions.



Qrface effects ——5 <<y
> 0T o =
T ALY A GRS

o

......................................... 520020 0 Q0 O 0 eapee e e omas
- o) <5 { Q Q O S VT
Surface regiong$28:0 9.2 022,50 kd °0Q0<m© - O AU A58
_______ OO 625 _o%- @0 o Q B
Y AL
- S TS
QOQQ Ooé
O ’
O0J0 of
P Q [a) &
Plume region OOQQQDZQ
Q7 ?oa Y, Water
Qurrent ° NS depth
—
_— > .
Jet region
\ 4

Figure 1.1 Schematic representation of a gas well blowout scenario.

1.1 Objectives

The primaryobjective of this thesis is to develop a model to preatieemission rate of
acid/sour gas to the atmosphere during an accidental release using computational fluid

dynamics. Within the context of this objective, it was necessary to:

1 Investigatethe feasbility of using direct numerical simulatio®DNS of heat and
mass transfer to simulate dissolution in jet region

91 Studythe possibility of using interface tracking for prediction of interfacial area
and hydrodynamics ithejet region
Review modeling appiaches foboth the jet and plume regions.
Develop, test and validagemultiscale modeling approad¢h simulate the entire
releag.

1 Apply the mutiscalemodel to predict emission raties arealistic release scenario



The proposed modedlso had to havenanageableomputational resource demands
order to be effective, as a number of potential case studies may need to be performed to

adequately quantify the release.

1.2 Thesis Structure

Several studies were performed to develop and validate a numericatrteeiimulate the
nearfield behaviour of an underwater gas jet. The model was then extended to consider
both the jet and bubble plume regions. Gas fluid dynamics as well as heat and mass transfer
were considered, and the method was applieshédyze darge-scalerelease scenarid@o
organize the various studies, this dissertation has been divided into two sectierghand
chapters. The first chapter in each section introduces important theoretical considerations

and reviews relevant literature.

1.2.1 Sectimn |. Development of Methods for the Numerical Simulation of
Underwater Gas Jets

The first section, which includes chapters Znel4, introduces the concept oiterface
tracking as a method for simulating the jet regi@mapter 2 examines methods for
simulating multiphase flows. In particular, the chapter focuses on interface tracking as a
methodology applicable to quantifying interfacial heat and mass transfer. Methodologies
are categorized based on their computational efficiency and speed, as Weit abitity

to predict a sharp interface.

Chapter 3 focuses on the use of a compressib@umeof-fluid (VOF) solve for
simulating interphase heat and mass transfee justification for this work was the
inability of anincompressible solver to acctely calculate the change in volume as a
result of transfer from one phase to another, without adjusting to very low time step sizes.
Interphase heat and mass fluxes were calculated using direct interfacial area and normal
concentration gradient estimat@&$e resulting fluxes were converted to volumetric source
terms and added to the conservation equations as immersed boundary conditions. The
solver was tested on three validation cases: a 1D Stefan tube diffusion profdes3[a
evaporating droplet in miogravity, both with and without the phase transfer source term.

These cases strategically tested the ability of the solver to calculate interphase transport



rates under stationary conditions, estimate interfacial area, and estimate interphase

transport ates under moving interfaconditions.

Chapterd evaluateghe ability of theVOF method to predict the hydrodynamics of gas jet
releases. By applying the compressible VOF solver to a horizontal jet test case with three
successive mesh refinements, thaity of the solver to predict both the momentum length

and capture the interface were tested. It was shown that, although the trajectory of the jet
was accurately predicted, the surface area of the interface was severely underpredicted in
the coarsest s&.This conclusion did not support a direct implementation of the method
discussed in Chapter 3 to simulate lasgale cases due to a lack of refinement present in
the neaffield mesh. Therefore, a novel method had to be developed to tlaekialtiscak

problem.

1.2.2 Section Il. Numerical Simulation of Undersea Sour Gas Releases

The second section, which includes chapbesand?, provides the results for largeale
modeling. Chapteb provides an overview of approaches that are currently applied in
offshore gas/oil release modeling. Computational fluid dynamethodsare the minority

when compared to integral models. In integral models, equations for bubble plumes can be
integrated in time by performing a mechanistic balance of forces. The modehs@er,s

but based on assumptions about flow profiles that have to be known a priori. CFD models
that exist are primarily two phase models, suthformulations neglect the continuous,
momenturadriven jet region. Depending on the release rate, the momedriven region

varies in size, which would impact overall fluid dynamics and other transfer rates. It may
therefore be inaccurate to discount the momentum region for particularly large release

rates, which is something that the CFD model can correct.

Chaper 6 focuses on the development of a multiscale model to predict fluid dynamics and
mass transfer in largecale cases. The area construction algorithm is faster than advecting
the interfacalirectly butwas still slow and difficult to formulate in variegll geometries.
Since a sufficiently high mesh resolution to resolve inteafarea and dynamics outside

of the jet region is usually infeasible, the model had to be extended usingragirical

subgrid scale models. Using penetratibleory,a massransfer model was constructed in



the band near the interface. The aim of this model is to design a unified mass transfer model
that can be changed depending on the region. This model provides continuous blending
between a VOF formulation and the dfifix approximation with aassumed bubble size.
Since sufficient mesh resolution cannot be maintained in the plume region to use VOF and
direct estimation of mass transfer rates, the mixture model is used in plieEMDF
algorithm for cells with sufficiey dispersed phase fraction. A bubble size is assumed and
applied to the mass transfer term. The multiscale model was tegtedmparison to
publishedaboratory data for horizontally injected gas bubbles in a variety of phase fraction
ranges. The turbuhg dispersion force model was empirically tuned ugmplished

experimental results from a vertical air plume.

Chapter7 describes the scenario used to study the ability of the model to predict the
behaviour of a fullscale acid gas release. A water depitd5 m was assumed. The gas
was assumed to be pegpanded and therefore an equivalent inlet diameter to maintain the
a reasonablmomentum andelocitywas calculated. A mesh was built to focus refinement

in the ten meters closest to the release paitrder to benefit from the strengths of the
VOF approach in the continuous gas region. The inlet velocity of gas was approximately
22 m/s at steady state, with 86.5% carbon dioxide and 13.5% hydrogen sulfide by mass.
Mesh dependence, sensitivity to th@sbn mass transfer model in the plume region, and
sensitivity to chosen bubble size in the plume region were studied. The results indicated
convergence to a constant steatigte dissolution rate prediction for a relatively coarse
mesh. However, it was alsdetermined that significantly higher resolutions would be

required to fully resolve the jet region.

Chapter 8 summarizes the main conclusions stemming from each of the chapters.

Suggestions for possible model extensions in future work are also provided.
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2.1 Introduction

Subsea gas releases involve many complicated multiphagelflenomena. A released
gas jet is expected to form a continuous-ligpasd interface that will eventually break up

into a bubbly plume. One approach for modeling this system is to apply an interface
tracking/capturing approach to the jet region and aedsgu flow model to the plume
region. A review of current methodologies for modeling gas plumes is found in Chapter 6.
This chapter provides an overview of commonly used interface tracking/capturing
methods. Theobjectiveis to facilitate the selection od model that can provide the
necessary continuous phase tracking in the-fielar region of the releasesince the
selected nedfiield model will be coupled with the selected -fesld model, ease of

coupling must be considered as one of the selectitariari

During an underwater gas release, gas will expand rapidly as it leaves the punctured pipe
or wellhead. Once expanded, the momentlriven jet will result in a distinguishable
boundary between phases. By contrast, the plume region will be goverribd bylk

motion of buoyant bubbles as they drift towards the surface. As shdwigure2.1, there

are different ways to simulate multiphase flows. In general, interface tracking requires
knowledge about the positions of markéhat are connected to form a continuous
interface. Ideally, a large number of points should be used to increase accuracy. However,
due to computational constraints, this number is chosen to provide a good representation
of the i nterf aonaléequirsnknaspoethese@ypeasn pf sotution grocedures
are high. To reduce computational requirements, interface capturing methods only predict
the motion of the phase volume fractions. An interfacial representation can be fitted using
the captured volum fractions. The advantages are a gain in computational speed, while

sacrificing information about the interfacial area.
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Dispersed phase models do not attempt to track or capture the deforming interface.
Typically, the cellsizeis larger than thelispersd particles and therefore the interfacial
shape is assumed in the closure laws for the model. This is particularly useful when large
scale bubbly flows, olargescaledroplet laden flows are considered. The computational
time to resolve each particle lmmes limiting, and the phase can be modeled by a
representative average particle diameter (or distribution of diameters). However, it should
be noted that these models also require further closure laws to represent other transport
processes (such as heatdamass transfer) since the interfacial areaas directly
estimated.Therefore, the boundary layer and property gradients across the interface are

also not resolved.
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Figure 2.1 The difference between mfface tracking, capturing and dispersed phase
methods.

As shown in the first image Figure2.2, the simplest method of ensuring that the interface
location is strictly known is to ensure that the interface is aligned witbotingutational

mesh boundaries. In this method, commonly cadiditrary LagrangiarEulerian (ALE)
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modeling or moving mesh methods, the mesh itdeformssuch that cell boundaries

always match the location of the interface (Wdrner, 2012, Hirt et al.,)18%Xtated by

Quan and Schmidt (2007) and Quan (2011), the fact that no cell can contain more than one
phase removes the need to average the properties and thus possesses theoretical advantages
over other interface tracking methods. A derived benefihéat and mass transfer is that

the interfacial area and gradients are directly known, which makes application of boundary

conditions straightforward.

While easy to understand in theory, in practice ALE suffers from several drawbacks.
Notable among them the need to recalculate the mesh position at duagstep As time
advances, the cells need to stay consistent with the interdaaiur This process can be
botharduousand computationally intensier highly deforming meshe$he changing of

cell volumes requires additional source terms in the governing equations to glotale
conservationA consequence of these cell volume changes are oddly shaped cells that can
worsen over timeFor these situations careful attention must be paid to theelubi
discretization scheme, and higher order schemes might be required for particularly skewed
cells. The alternatives are methods tonesh the domain periodically to remove such cells.
Another concerris thatmoving mesh method also does not directindie break up and
coalescence, and Quan and Schmidt (2007) introduced a detaching mesh method to resolve
this at the cost of another computational step (refined in Quan et al., P0@9)o these
disadvantagemany practical applicationsseEulerianappoachesthough moving mesh
methods arstill used (Charin et al., 201 Mlowever,ALE methods are unlikely to be a
good choice for modeling gas jet dynamics due to their inability to simulate complex

breakup processes efficiently.

13
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Figure 2.2 Methodsfor interface tracking/capturing.

Dispersed phase models are commonly employed for bubbly flow and multiphase
calculations. In an Eulerian framework, maltiid models rely on the interpenetrating
theory of phaes (Wérner, 2012, Ishii and Hibiki, 2010). Like ALE methods, transport
equations are solved separately for each phase. Unlike ALE methods, the split equations
are not rigidlyseparated by a mesh boundagd so the phaseaninterpenetrate on the

same Hlerian grid. Phase coupling is maintained through source terms in the phase
transport equations, and closure models are required since thebphaskariesare not

directly resolved. The ensemble average enforces either a priori knowledge of the dispersed
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phase diameter, or an additional model to manage and trackzthdistribution of the
dispersed particleClosure models for coupling between the phases are often based on
empirical relationships that are derived from dispersed flow experinf@ntde modeling
of nearfield jets,the practical application of dispersed phase models are unsatisfactory due

to the lack of interfacial resolution

Another group of dispersed flow models, Lagrangmarticle tracking (LPT) methods,

track each bubble or drops & point that can both interact and are acted on by the
surrounding continuous domain. In this formulation, the continuous phase is modeled on
an Eulerian gridbut LPT methods share manytbe same problems asEEmethods in
general. While these modedse especially applicable to a dispersesdfiild region, they

are not sufficient for the continuous nd@ld region. Due to the multiscale nature of
release modelinghese models are revisited in Chapter 6 in detail, given their candidacy

for couplingto a neaifield model.

Since dispersed phase modeling is not the best option for continuous phases with rapidly
changing interfaces, only interface tracking and interface capturing methods remain. The
remainder of this chapter therefore focuses on thectibe of analyzing interface tracking

and interface capturing methods to simulate continuous phases with a potential for break
up. Many methodologies are based upon evolutions gh#tiker anccell (MAC) method
proposed by Harlow and Welch (1965). Thigthod used physical markers in cells
confining a phaseand used these particles and the surrounding field to advect the phases
with a free surface. As pointed out by Rudman (1997), the MAC method, while an initial
and helpful foray into multiphase flugiynamics, suffered from the relatively low tracker
densities which resulted in incorreptedictions of void regions under high shear.
Nonetheless,the MAC method has led to the development of other-flong

approximations. The orftuid modelis:

—7 12"6 ™ (2.1)
—| 7 ny "6 m (2.2)
— 7”86 nd"66 no nd e no ""Q "O (2.3)
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where” is the mixture densityB | , 0 is the mixture or masaveraged velocity,

is the phase fraction of phais@® is the pressure field, is the dynamic viscosityQis the

gravitational vector, antDare the applied body forces. These equations are written with

no mass soges, as that is the subjectlater chapters.

A primary benefit to these methods is the ability to use a simple background grid and still
retain reasonable accuracy (Gunther et al., 2014). This simplificatégncome at the
expense of artificially smootfg the flow properties in the vicinity of the interface, losing

the sharp transition in favor of fewer equations to s@w, some models can accurately
estimate the interfacial position with a continuous line. These methods are known as
possessing aerothicknessinterface (which is assured in ALE method#jhile some
interface capturing methods also enspeeathickness it is not guaranteed, and it can
therefore be more difficult to accurately determine the surface tension force and to maintain

sharp properties across the interface.

The remainder of this chapter is dedicated to the discussion of three primary interface
tracking/capturing methodologieshe most common Lagrangian method, frarecking

(FT) is discussedollowed by a description dhe most common Eulerian methods, level

set (LS) and volumef-fluid. Methods are compared based on their inherent properties as

they apply to the desired type of model.

2.2 FrontTracking Method (FT)

Fronttracking is the most prominent Lagrangian IT metl{aébrner, 2012). Like all
interface tracking methods, it employszercthicknesstechnique by embedding node
points on a background Eulerian field that tracks discrete phase fractions (Unverdi and
Tryggvason, 1992). Therefore, the interface is directlcked by a number of
interconnected Lagrangian nodes, submerged within the mesh cells that form the stationary
grid. The interconnected nodes act as a moving mesh to track the exact location at all times.
These embedded sets of nhodes form a front, wheaeedjnodes (2D) or triplets of nodes

(3D) form the boundaries of elements. Elements know of their points, but the points know
only of themselves. This allows the interface to behave in a natural way, similar to the

moving mesh methods. Following the eih@d technique, the phase fraction is used to
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average transport properties across the interface and only one set of -avknaged
conservation equations is solved to determine the velocity and pressure fields. However,
like ALE methods, propertiesan bebetter restricted to each phase. The individual shifting

of properties naturally transitions from one phase to another, meaning that the correct

equations will be used in the bulk fluids.

While originally for incompressible, inviscid flows, FT methods ddeen extended to
compressible, viscid flows as well (Terashima and Tryggvason, 2010). For incompressible
flows, a transition region allowed for smoothing of the fluid properties, but for
compressible flows care needs to be taken to avoid oscillationgheemterfacedue to

the sharp property changebhus, for incompressible flow, FT methods had a higher
tolerance for diffuse interfaces. This is not the case for compressible flows, where subtle
shifts in properties can spur oscillations in the flowdfiehrough fluctuations in the
pressure field. Terashima and Tryggvason (2010) employed a ghost fluid method, allowing
each fluid to perceive a region beyond the interface to smooth out transitional effects by
the application of immersed boundary condisi@nd the use of an exact Riemann solver.
The tracked front provides the necessary information to construct the normal gradient for
this calculation. The result is higher stability at the expense of extra computational time

through additional algorithms

A notable problem withFT is that the deformation of the interface can lead to poor
resolution at the front between fluids. Since tloglesare advected in a Lagrangian way,

they rely on movement supplied by the background grid velocity (Wdrner, 2012heand

only know of their own location and connectivity. Similar to &i€e methodcase, this is
handled with an adaptive process by which more or less points are taken to resolve the
front (Tryggvason et al., 2001). This is a process that requires coropatdime to assess

the situation along the front, before adding or removing the points as necessary to achieve
a sufficiently accurate surface representation. If poor planning is made when developing
this step of the model, then calculations will suffeireALE and may require higher order

schemes.
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Primarily used to track the movement of bubbles (Unverdi and Tryggvason, 1992), FT does
not handle coalescence and break up automatically, but instead requires additional
algorithms to detect regions whereat#tment or attachment should occur (Tryggvason et
al., 2001; Gopala and Wachem, 2008). Gopala and Wachem @a@shat these models

are often sulgrid scale, which relies on the translation of marker points and necessarily

require prescription to inaite coalescence or break up (Worner, 2012).

The primary benefit of the FT method is that the interface location and ar&acava
directly from the marker connections. Knowledge of the interfacial linkages, which are
retained and reconstructed in timdpal for the exact placement of source terms for a
given interfacial area. Even with the small transition region, the implementation of mass
and heat transfer is straightforward and arguably more numerically stable if smeared. For
continuous regions this iseful, although computationally intensive. Advancing the front

is similar to redefining the computational domain, and then bupaknd coalescence have

to be defined for mesh regions, though this can be handled by filtering the amount of

distortion in he links between nodes.

The primary strength of FT methods is also its primary disadvanidge need to embed

the location of nodes and liagesaccounts for more data storage that might not scale well

to larger domains. Many tests with franacking hae been limited to swarms with
relatively low numbers of bubbles or single bubbles. In teesdlscalesystems, it is easy

to achieve sufficient refinement around the objects of interest (bubbles), and the number of
tracking particles can be limited sifjoantly. For these bubbly flows, the number of
tracking points can be estimated beforehand and will not change significantly. Conversely,
for an underwater gas jet, the number of tracking particles will vary with time. As the
release continues, particlesistbe released into the domain from the inlet, matching the
inlet gas fraction as well. FT would be very useful for predicting the surface curvature and
interfacial area for heat and mass transfer in the jet region. However, the jet will never truly
be gable and the interface will continue to defosuo the exact number abdesmay not

be estimated ahead of time. While surface curvature is preserved using this method, as the
jet develops, and especially as the momentum region ends, the interfacedsiyan

significant deformation. Pinching effects during break up, which already require additional
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algorithms, may be sufficiently captured at the cost of reanalyzing the nodes and their
interconnectivity. This is only compounded with additional algorithmm&nsure mass
conservation during the break up. For this reason, application of FT to the jet region of an

underwater gas release, would likely be computationally too expensive.

2.3 Levelset Methods
The levelset (LS) method is a sharp interface method pegdy Osher and Sethian

(1988). A tracking function, using the levadt parametdii, measures the signed distance
from the actual interfacial position (Wérner, 2012). However, this signed distance still has
to be interpolated to obtain the actual interface location. In doing so, it tracks the direct
position of the interface which lesdo knowledge of the interfacial area and eases
computation of the surface tension forces. Osher and Fedkiw (2001) have designed the

tracking parametdp ) such that:

m p
el m phase 2

minterface
To handle the discontiity at the interface, Sussman et al. (1994) proposed to allow a
numerical smearing near the interfa@ecommon trait among otfleiid models While
Sussman et al. (1994) applied their model to solely incompressible flows, the study of

bubble dynamics hded to the development of compressible algorithms (see Hansch et al.,
2016; Lee and Son, 2017).

The primary difficulty in LS methods ihatthe advection of the tracking functialoes

not guaranteenass conservatiofWworner, 2012). This is because of shgahdients that
develop due to numerical error in the thaependent advection of the tracking function,
and the tracking parameter loses its value as the signed distance and niestatheated.
Osher and Fedkiw (2001) note that this approach showd &ir direct treatmenof the
interface. That is to say, the interface should naturally evolve with time, and there should
not be a need to apply corrective algorithms to treat bupaktndcoalescence. While a
desired property, the method actually trates these complications into a need to

reinitialize the interface. Due to the time evolution of the domain, there is no guarantee that
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the original level set will retain its position as a zero indicator for distance from the

interface, which can in tureéd to a loss of mass over time in the system.

To handle the issue of reinitializing the leaggt function, Sussman et al. (1994) employ a
re-initialization after every time ste@he associatedostis O(n°) operations anaan
become prohibitively expeive over time. This is especially true since solving the system
requires approximatel@(n*) operations otherwise, made up of the equations discretized
in three dimensions, as well as the original lesatl operations (Sethian and Smereka,
2004). A large poportion of this time is spent finding the interface, though Sussman et al.
(1994) provide a method thegtquires less iteration over the lexgelt parameteA separate
levelset parameter is defined such that the only requiremémtishe interfaceolcation

is along the zero levedet By solely maintaining this propertit,is possibleto force the
actual levelset functionto be zero at the interfacéhus keeping its signed distance
property. This alternate levskt function acts as a forcing fuion. This method was
further refined in Russo and Smereka (2000), Hartmann et al. (2008) and Ovsyannikov et
al. (2010) Another refinement ithe method of crossing timeshichsolvesthe transport
equation for the level set parametethforward and bekward in time to locate the point

at which it changes sign. A difficulty with this method is that the zero-estelised may

also deviate with time and that too must be handled.

Another approachhighlighted in Sethian and Smereka (2004)to use a naow band
approach to reduce the number of operations since some of the field is far from the
interface, but this reduction is only useful if the interface is confined to one location of
interest. Further, Ovsyannikov et al. (2010) hdeeelopedanother mihod, known as the
extension velocity method. To preserve the identical property of the zers&tfahction,

a source term can be added in the evolution equation based on a new velocity field such
that, outside of the zero leveét region, the distaas between different levekts to the

zero level are constant along normal vectors to the zero level isosurface. Ngo and Choi
(2017) have instead opted to formulate a direct approach, whereitingatzation is kept

to a narrow bandhearthe interface However, this requires explicit construction of the

interface through line segments, which will render it similar to the VOF methodologies
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described in the next section. Ngo and Choi (2017) successfully applied their method to

unstructured grids.

Guntheret al. (2014) have extended LS to multiple phases by employing a set of tracking
parameters. This allows for gap tracking and is easily implemented. A combineddevel
function is then established to designate the closest interface from a particutgcelbi
centers, node points, etc.). Further maoiaterial modeling has been undertaken by
Starinshak et al. (2014), and while they mention a robust algorithm that requires less re
initialization, the investigated cases are largely stationary. This woeldiseful in
coalescence and break up, as there is a need to have the ability to define a robust model for

many zero level sets to track each breaking portion of the original phase.

More recently, AbeAl-Saud et al. (2017) have applied leset methodalgy to porous

media caseso allow accurate prediction of solid surface effects (through the highly
accurate resolution of surface curvature). In order to circumvent the need for highly refined
meshes, the level set function is used as a filter to deteriinan subgrid scale model

should be applied (i.e. if the height returned is less than the grid spacing) for the solution
of thin films. Essentially, the levaet function is used to apply a sghd scale model if

the interface within a cell is near aligl wall. For heat and mass transfer uses, LeeSamd

(2017) have captured compressible effects related to bubble growth via phase change. To
handleflow oscillations due to property change=ar the interface, the ghost fluid method

was employed to smdlo property transitions from phase to phase.

Overall, the leveket method provides benefits similar to the FT method. By maintaining

a level set, the distance function can be used to define an interface location. Moreover, this
allows an easier formulatiofor surface curvature and thus surface tension. However, this

is only true if it is possible to keep the level set function as an accurate height function.
Due to the evolutiorof he levelset parameterthere is a tendency for the exponential
developmenof steep gradients in the function that cause it to lose this property. It is for
this reason that the method can suffer from lack of mass conservationvéiptixs not

an unsolvable problem. One method is to reinitialize the level set function,daut e
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computational expensive to do so. Another method is to couple level set to another

methodology, such as VOF, which compensates for its weaknesses.

If it were applied to underwater gas jet release modeling, LS should be computationally
faster thanthe FT. Since only the evolution of the signed distance is of interest, the
computational step forward in time is easier to compute. For deformable interfaces, this
method would be particularly applicable and maintains reasonable accuracy for
conforming tosurface curvature and therefore interfacial area. Still, there are a number of
problems thatvould have to be tackled prior to use. First among these is the inherent
problemof mass conversation. The addition of another algorithm to reset the zerselevel

is akin to reinitializing the tracking particles in FT methods. Furthermore, the presence of
multiple interfacial locations in the region of breaf may require more complicated
distancing algorithms as mentioned above.

2.4 Volume-of-Fluid Methods
As written by Hirt and Nichols (1981), tolumeof-fluid method was designed with the

mindset of representing multiphase information in one property variable, akin to how other
properties are defined on an Eulerian,1deforming mesh. This type of model is dural
extension of the MAC method developed by Harlow and Welch (1965). The VOF method
introduces the volume fraction, or phase fraction which is defined by:

| T phase 1
| p phase 2
T | p interface

In the VOF method, the movement of the phase fraction is tracked by solpingsa
continuity equation. Since the advection algorithm introduces some numerical error, this
treatmentcawsesproperty smearing, which prevents the clear definition of the interface.
Hirt and Nichols (1981) presented one of the earliest methods of counteracting this
smearingusing the donoracceptor method. This method uses information about
upstream and denstream to compute the flux by constructimgagproximation of the
interface. This methodology became the current standard for interface reconstruction
methods. The benefit of interface reconstruction is the preservation of-alaekness

interface even if the stored value of the phase fraction does not inherently contain this
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information. The simpleshethodis simple line interface reconstruction (SLIC) (Noh and
Woodward, 1978; Rudman, 1997), where the interface is represented as flat lines parallel
to an axis that account for the volume of fluid in the cell. Hirt and Nichols (1981) had
adapted thi®rientationto be chosen based on the normal of the phase fraction gradient

estimated using nineneighbour stencil.

A logical step forwardrom this smple approachvas to use linear reconstructions of the
interface position instead. The linear reconstruction is normally performed such that
drawnplane isbothnormal to the phase fraction gradient anddes the cell based on the
phase fraction suchhat mass is conservedhis method was employed by Youngs
(Youngs, 1982; Rudman, 1997) and is now normally known as piecewise linear interface
reconstruction (PLIC). The method requires suitable cube chopping algorithms for
structured meshes and complexogetric transformations for unstructured meshes
(Scardovelli and Zaleski, 1999, Gueyffier et al., 1999, Pilliod and Puckett, 2004, Fan et al.,
2013). More recent examples can employ piecewise parabolic interface reconstruction
(PPIC) (Price, 2000), and hgrbolic reconstructions and on a variety of grid types (Rider
and Kothe, 1998; Zhang et al., 2014; Xie et al., 2017). For these methods, there is a clear
trade off. Better representation and fitting algorithms can be used to improve surface
curvature calclations, as well as defining the interfacial area and location. However,
higher order reconstruction also requires more resources to initialize and advect the
interface at each step. Lower order reconstructions (such as linear and especially simple)
will result in interfacial segments that are not guaranteed to line up. This is a problem for

maintaining a continuousterface buspeeds up computational times.

Intrinsic to reconstructiveVOF-based interface tracking is the need to reconstruct the
interface geometrically to counteract the smearing of properties before computing the
advective fluxes. Once computed, the interfamestbe advected and then recalibrated to

fit the result (Worner, 2012). A scheme for representing the interface is chosen, and that
defines the interface normal. The interface is typically advanced in one of two ways, either
using split or ursplit schemes. The use of split schemefermulateshe advective step

into a series of ondimensional steps, while unsplit handles the thieeedsions at the

same time. For split methods, the advective step is done in twoymatéding the interface
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in each directionbeforea final corrector after the third direction step is complé&tee
primary advantage for these schemes is stabilitynaass conservation. Unsplit schemes
seek to perform the advection in one step, with only one reconstruction. This saves on
computational time but may advect a volume more than once, leading to a required

algorithm to prevent mass loss (Worner, 2012).

An alternative to tk geometric method of reconstructing the interface is to use a
compressive scheme in the interfacial regmhnhit the diffusion. These algebraic VOF
methods seek to eliminate the complicated step of using reconstruction to define #e fluxe
and instead allow the phase fraction equation to be discretized and handled by special
source terms at the interface. As written by Qian et al. (2006), this allows the method to be
generalized simply to three dimensions. Moreover, this method is inlys¥asier to apply

in unstructured grids (Queutey and Visonneau, 2007). Originally, the method was applied
using a fictitious time derivative of pressure in the continuity equation (and therefore the
phasecontinuityequation). However, this required aeligence free soluticat every time

step for incompressible flowsOtherwise continuity would be violatedVithout the
interfacial reconstruction, care must be taken when discretizing the phase continuity

equation (Gopala and Wachem, 2008).

As mentioned ® Gopala and Wachem (2008), a primary difficulty with the VOF method

is decidedinghow to handle the advection term in the phase transport equation. Pure
upwind schemes result in highly smeared interfaces, and higher order schemes are unstable.
As a resultthere had been a number of methodsoducedto handle the discretization,
such as the flux corrected transport (FQ3r the compressiviaterface capturing scheme

for arbitrary meshes (CICSAM). FCT relies on a lower order monotonic scheme, such as
upwind, to provide an initial estimate of the new phase fraction value. CICSAM instead
uses the acceptalonor scheme that is comman interface reconstructive schemes.
Gopala and Wachem (2008), utilizes a donor cell with one upwind cell and multiple
acceptos surrounding them. The primary face of interest in any calculation is the face
between donor and acceptor. The normalization corresponds to the pafgmdtmh is
another intermediate estimator. A downside of this estimator is that, for a giveneschem
fluxes that pass through may produce unrealistic oscillations. Essentially, CICSAM is a
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scheme that produces a edienensional bounded version of QUICKnfortunatelythese
schemes are inherently diffusive, and so andifftisive flux is defined to @unteract the
smearing by use of a higher order scheme. A limiter is applied to ensure that the anti
diffusive flux does not cause numerigastability.

Another option to limit the spreading of the interface is waulsS method (Bonometti and
Magnaudet 2007), which applies a modified velocity at the interface to mairiteen
gradient of the phase function (or height function from a eeepoint of view). The acting
point of the velocity is chosen such that it corresponds to the 0.5 contour, ortiwnere
interface shoultbelocated.Then a fictitious velocity term is applied to counteract the strain

ratg andfinally the volume fraction is corrected so that mass is not lost.

In Deshpande et al. (2012), another limiting method is used. For the OpenFDAM

of VOF solvers, an algebraic manipulation of the phase continuity equation is used to add
a source term that acts at the interface, involving both phase fractions (and therefore is zero
in the bulk phasesgince it is not wholly correct to assura@®nefluid approximation near

the interface this formulation applies a source term based on the relative vetbeity
results directly from manipulation of the independent phase equations. Like a mixture
model, this results in a closure term for thdaepment of the mixture velocity in the phase
continuity equation. The actual scheme used in OpenFOAM also tackles this problem,
known as integamma differencing and improves the boundedness (Gopala and Wachem,
2008). Since it is a closure term, the eXaain has changed through the various versions

of OpenFOAM.

The numericatlisadvantagassociated with thismethodis one of spurious currents, which

is only exacerbated by a potentially diffuse interféoeer orderflux calculationschemes
andradical poperty differences (Renardy and Renardy, 2002; Despande et al, 2012). While
one method of handling this problem is to couple VOF with other methods, such as a height
function and level set, another is to specifically define the interfacial surface earvatu
method or to select a scherabove (e.g. CICSAM)The downside for compressive
interface methods is that, regardless of scheme choice, the Courant number

03-0f3-w is always more restrictive (Gopala and Wachem, 2008).
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Additionally, dthough surface tension has been studied, a number of models still rely on
the continuum surface force (CSF) model proposed by Brackbill et al. (1992). The phase
fraction gradient is used to calculate the surface curvawdeh is then related to the
surface tension However, one problem is that the phase fractie; inherently
discontinuous, even when reconstructed (Albadawi et al., 2013). For each individual cell,
a piecewise function is defined by the gradient of the phase fraction, but there is no
guarantee that these join at cell boundadthough thisissue will theoretically resolve

itself as the computational grid gets smaller, runtime will sufféee PPIC nethod of
Renardy and Renardy (2002), known as PROST, incorporates a parabohstruction
andcalculationin order to increase the accuragystudy by Gerlach et al. (2007) proved

that for periodic bubble formation PROST performed the best, but comglibebds offered
comparable accuracy at reduced computational requirements. However, the use of the CSF
model is still prolific (Albadawi et al., 2013; Baltussen et al.,, 2014), and from the
formulation it is clear that for cases of low surface curvatire,model will still give
accurate predictions. If bubbly flows are to be simulated, however, a parabolic or coupled
method may be more applicable.

Finally, based on the original formulation by Youngs (1982), multiple phase models have
also been developdBenson, 2002; Pathak and Raessi, 2016). A major drawback of these
methodss the difficulty in extending them to three dimensions without significant increase

in computational power, though they give a z#tickness interface. Along with this, the
interfaces themselves are used to prevent smearing by calculating the movement of the
interface construction itself (Gopala and Wachem, 2008). The velocity is integrated over

the interface and used as a correction in theflomng approximation.

Types of VOF médtods can fundamentally be split in two: geometric and compressive. In
each method, mass is inherently conserved by a bounded phase fraction function, but the
method to do so is different. Tiggometric methodan provide a more accurate model of

the exactinterfae shape, as well as the flux through the interfacial area. Since the
interfacial area is already known, adding immersed boundary source terms is far easier.
The cost, however, is in the scheme chosen to represent the interface, as well as the need

to advect it without losing mass. For applications to underwater jets, the method can
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capture highly deforming interfaces due to the background phase fraction function.
However, for large interfacial structures the method may become computatiommaéy
expensive ConverselyalgebraicVOF methods evolve the interface in acadled natural

way. The phase fraction function itself indirectly tracks the interface through the 0.5
contour. Without the reconstruction to limit the fluxes, the method requiresressive

term at the interface to prevent numerical smearing. This results in either a closure term in
the phase continuity equation, or specifically crafted schemes. The primary disadvantages
of this method are the choice of closustation or scheme, ince they will affect the
numerical stability at the interface as well as the amount of smearing. Additionally, since
the interface is not reconstructed, the surface curvature is less accurately predicted. Still,
even for reconstructive methods, thereaggnarantee that the interface will be continuous
without additional computational time. For applications to underwater jet modeling, the
faster solution timeprovided by the algebraic methace useful. Although the interfacial

area is not readily avaliée, rather than having multiple reconstructive steps, a simple
algebraic estimate based on the reconstructive method can be applied. The accuracy gained
is only for estimating immersed boundary conditions and not required for the solution of
the flow field. Overall, the ability to naturally move the phase fraction field is necessary

for highly deforming interfaces, and this is handled in a simple way.

2.5 Coupled Methods

As alluded to in the previous section, there is anotip@roachthat has been explored
recently. Since many methods have individual weaknesses that can be mitigated by another
method, various coupled methods have been proposed to compensate. For instance, the LS
method suffers from a need to be reinitialized, due to an inherent lack of mass/ation.
However, it possesses a superior property of calculating surface curvature (perhaps second
only to moving mesh or lagrangian methods such as-fracking). On the other hand, a
method like VOF accurately conserves mass but its reconstrutigtbods do not
guarantee a continuous surface function in the absence of diminishing grid size, unless
algorithms are implemented to do so. Even so, they are more difficult to implement in three

dimensions, whereas the algebraic or compressive variamegytieese weaknesses.
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To bypass the issues with surface tension, a number of coupled VOF and LS methods have
been proposed.he methods uste VOF algorithnto handle the actual phase transport,
while a LS function is defined to approximate the interfapasition and increase the
accuracy of surface tension calculations (Albadawi et al.,, 2013; Ningegowda and
Premachandran, 2014). Similar to the interface reconstructive methods, the LS parameter
is updated at evetymestep in order to ensure the amouint@ntained volume is accurate,

which bypasses the weakness of the LS method on its own (Sethian and Smereka, 2004).
This is ofiinterestfor algebraicVOF methods, as itill allows a quick solution to the
surrounding volume fraction fieldhe methodmproves accuracy in correcting the fluxes

at the interface to reduce spurious curreaitthe cost of maintaining the lexsat function.
However, a additionafflaw pointed out by Ningegowda and Premachandran (2014) is the
current lack of effective and cquatationally efficient multidirectional advection schemes

to advance the VOF and LS functions simultaneously.

2.6 Conclusions

This chapteanalyzed the applicability afurrent interface tracking/capturing techniques

for the simulation of gakquid flows. The discussion highligled that the choice of a
particular methodology should seek to maximize its strengths compared to the needs of the
application, while minimizing its weaknesses. For resolving continuous domains and free
surfacessuch as the jet regiarf a gas phase releaseethods such as Euleri&ulerian

can be neglected due to their ensemble averaging and lack of direct interfacial
representation. Theoretically, moving mesh methods offer a lot of advantages because they
explicitly resolve the intéace at the faces between computational cells. However, this
increased accuracy comes at a computaticrstlas the mesh needs to be updated at every
time step. Moreover, the method does not inherently capture-bpeakd coalescence

without additionaimodels.

Fronttracking methods also suffer from this weakness, as well as the computational effort
in maintaining the Lagrangian trackinfjparticles. Efficient methods may have to reduce
the number of sample points along the front and then deal witir egubsequent time
steps.The treatment of the interface allows for simpler implementation of interphase

transport. However, the maintenance of the interface in regions of high deformation are
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prohibitive. Additional algorithms to deal with coalescenaed brealup, as well

restructure the nodes make it difficult to use for jet flow.

Levelset was promising, but ultimately both VOF and LS are similar. Both try to track the
interface through a tracking function. In the case of lsegl this tracking fuction follows

the motion of the signed distance from the interface. In VOF, this is handled plyabe
fractionin the particular cellThe advection of these quantities leads to a potential loss of
mass with leveket, whereas VOF tracks the amountatiwne directly (for incompressible
systems this is sufficient in place of mass) by solving continuity for one phase (and hence
the other is known in a binary system). With leget, one advantage may be the edse
tracking multiple phase boundaries, winelifferent distance functions may be used. For
VOF with interface reconstruction, it is apparent that the same problem may arise. While
the phase fractioms truly the advection of mass, advecting the constructed interface may
disagree with the underlyirguantities of fluid and therefore-meitialization also plagues

this methodology with computational cost. For this reason, compressive interface schemes
apply a small term that acts at the interface to pressagaring anéchieve a finite but

small intefacial region as opposed to the sharp interfaces of the other two methods. This
is beneficial from a computational standpoint, but from an immersed boundary condition
standpoint it does not allow for the accurate representation of interfacial phenomtena th

must occur across a fixed area defined by the interface itself.

A compressive interface VOF will be used in the proceeding chageettse method of
tracking gadiquid interfacesand for the jet region of the largeale release of acid/sour

gas Thischoice was made due to the relative simplicity of the method, its availability in
OpenFOAM, and its natural ability to facilitate breakup and coalescence predictions. While
some test cases will be small scale, there will be a necessary lack of resalldige

scale caseto achieve manageable run times. For compressive interface VOF, the solution
times are the quickest, but it is necessary to accept the numerical smégramterface.
Although the curvature is not predicted with the accuracyh@ranethods, the interfacial
shape is maintained through the evolution of the 0.5 contour. Additionally, this model has
the most natural form of brealp and coalescence without the need to redesign the

interfacial tracking component. For heat and massstea, interface reconstructive
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methods can be borrowed to provide interfacial area estimates for the calculation of

interphase fluxes.
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3.1 Introduction

Multiphase flows involving at least one compressible phase are prevalent in many
industrial applications. In many cases such systems also involve@amixtures, which
further complicates analysis. Detailed mathematical models are required for design,
analysisand optimization of such systermemdto understand the fundamental physical
processes limiting performance. This makes computational fluid dynamics (CFD) an
invaluable investigative tool. However, efficient and accurate methods are required to
resolve thefluid dynamics in these systems, and further methods are required to model

interphase heat and mass transfer.

The choice of CFD model for multiphase flows depends ordhgplexity of the system

and the desired level of insigi&s a consequence, multipteethodologies for simulating

flows with two or more phases have been developed. Chapter 2 presented an overview of
the development and use of multiphase methodologiesrefore, only an abbreviated

summary will be presented in this section to lead t@tjectives for the chapter.

Dispersed flow models such as Lagrangarticletracking (LPT) and the Euldtuler (E

E) method are commonly used for multiphase flow modeling (Padoin et al., 2014; Messa
et al., 2015; Rzehak and Krepper, 2016; Fletcher.e@l7; Hou et al., 2017). These
methods are normally applied to systems that contain too many dispersed particles
(droplets or bubbles) to make interface tracking or capturing feasible. The inherent benefit
of these approaches is their ability to utilczearse grids to resolve the average flow, thus

saving computational time for large geometrilowever they do not provide direct
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information about the continuous phase boundaries, and therefore require empirical closure

models.

For interfa@ scaleson te same scale as the computational grid, interface
tracking/capturing methods are often employed. Currently, the three most common
methods aréront-tracking (FT),levetset (LS) and/olumeof-fluid (VOF).

Fronttracking methods employ small tracking peles distributed along the interface to

track the interfacial location by connections between nodes (Wo6rner, 2012). While this
provides a sharp, deforming interface, the connections between nodes must constantly be
evaluated, particularly in regions of bkeup and coalescence. As mentioned by Roghair

et al. (2016), volume is not conserved by default. Due to the level of local detail provided
by FT methods, they are often used to analyze the motion of individual bubbles or droplets
in a continuous phase, r investigate the interactions between small numbers of bubbles

or droplets. Toutant et al. (2012) applied FT to study a single bubble rising as part of their
validation for a smoothing technique. They mention that FT is computationally intensive,
but the resolution of the interface is much smoother than typical Eulerian methods.
Additionally, the studies of Aboulhasanzadeh et al. (20B@yghoff and Kenig (2005)

and Roghair et al. (2016) employed FT to investigate bubble swarms. FT is convenient for
sweh studies because the scales at which bubbles would have to be resolved when using
Eulerian techniques would result in a mesh with a prohibitively small grid spacing.
However, only a finite number of interacting bubbles can be modeled due to the high
computational effort. More recently, Irfan and Muradoglu (2017) used FT for the
simulation of evaporation. They employed both interfacial temperature and species
concentration gradient based models to estimate interface heat and mass transfer fluxes.
Irfan andMuradoglu (2017) validated their models through comparison to common test

cases, including Stefan diffusion problems as well as evaporating falling droplets.

Levelset methods are based on an Eulerian framework, making them somewhat simpler
to implement ad generalize than FMmethods Relative to other Eulerian interface
capturing methods, their primary benefit is that they maintain a sharp interface

approximation (Waorner, 2012). This permits direct computation of the interfacial area in
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each cell. The pmary disadvantage is related to the computational speed reductions
through the ranitialization of thezerclevel set toensure mass conservatidiree surface
modeling using LS has been employed by many authors (e.g., Ganguli and Kenig, 2011,
Wang et al. 2008; and Kenig et al., 2011). Despite the computational overhead for
managing the raitialization, the ability to maintain acontinuousdescription of the
interface allows for accurate surface tension predictib®&shas also been adapted to
bubbly flows by Labois and Narayanan (2017), who applied a drift velocity model to
correct for the velocity in the dispersed phase, while the level set was used to ensure the
global boundary between phases. The primary treatment was 1D, built for columns of
known ggometry or pipes, although it would be valid in higher dimensions. LS has also
been used to model interphase heat and mass transfer in a variety of studies (Deshpande
and Zimmerman, 2006; Tanguy et al., 2007; Wang et al., 2008; Kenig et al., 2011; Lakehal
and Labois, 2011; Gjennestad and Munkejord, 2015; Shaikh et al., 2016). The zero

thickness interface provides a useful for basis for interphase flux estimation.

Volumeof-fluid methods can be divided into two general categories: compressive
interface, andjeometric reconstruction (Waérner, 2012). In the latter type, the interface is
directly represented by a series of segments to match the volume of a phase in the cell and
capture the geometry. The piecewise components can be linear (Memcimger Gun, 201
Soh et al., 2016), quadratic (Renardy and Renardy, 2002; Diwakar et al., 2009), or another
function. The benefit of geometric reconstruction is the preservation of a sharp interface,
but this resolution comes at computational cost due t@tkehead associated with the

need for iterative reconstruction and advection of the interface. By contrast, compressive
interface methods seek to track the phases only by their volume fractions. In this method,
the interface is usually smeared over atéimumber of cells, controlled by constitutive

laws that represent the relative velocity near the interface. Correctors provide both a

bounding and compressing step to ensure the smearing effect is minimized.

Due to the simplicity of variable storage, aheé ability to include interface deformation
naturally, VOF is widely employed in interphase heat and mass trarssfienlations
(Banerjee, 2007; Banerjee, 2013; Haelssig et al., 2010; Haroun et al., 2012; Marschall et

al., 2012; Liu and Yu, 2016)nterphae transport, such as evaporation/condensing of a
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pure substance, are readily implemented (Rauschenberger and Weigand, 2015;
Samkhaniani and Ansari, 2016). Hassanvand and Hashemabadi (2011) modeled mass
transfer through a stagnant film and in stratifienhl Haelssig et al. (2010) used VOF to
simulate evaporation and condensation of ethamdér mixtures in countesurrent
contacting. VOF has also been applied in the droplet flow regime for heat and mass transfer
by Banerjee (2013) and Marschall et abX2). Bothe and Fleckenstein (2013) used a VOF
method to study evaporation from moving droplets over a range of diameters, which has
been expanded upon by Grunding et al. (2016) for reacting flows. Fleckenstein and Bothe
(2015) studied single droplet shkage. Geometrically complex systems have been
modeled by Haroun et al. (2012), who studied absorption of gas in liquid films flowing
over structured packingeveralmodels have employed coupled models involving VOF
methodologies, such as Gumulya et a01®&), who employed level set to calculate the
surface curvature during the evaporation of a droplet but solved the VOF conservation

equationgadditionally byAlbadawi et al., 2013; Ningegowda and Premachandran,) 2014

This study presents the development avalidation of a VOF solver for twphase,
compressible flow with interphase heat and mass transfer. Although compressible VOF
solvers with phase change models are commonly used for modeling cavitation (Roohi et
al., 2013; Kadivar et al., 2017; He et @017), and boiling and condensation (Samkhaniani
and Ansari, 2016; Dinsenmeyer et al., 2017), fewer studies have investigated concentration
gradient driven interphase heat and mass transfer processes. The choice of VOF was made
due to the inherent massrservation, as well as the natural ability to handle coalescence
and breakup, particularly for the compressive interface models. The presented solver uses
the compressive interface approach to advect the phase fraction. A piecewise linear
geometric recastruction is used to estimate the interfacial area required to perform the
interphase energy and mass transfer calculatois et al., 2016; Tryggvason, Scardovelli

and Zeleski, 2011)Since VOF employs the osfleiid approximation, interface jump
conditions for mass and energy transfer are converted to volumetric source terms for
incorporation into the appropriate conservation equations. Three validation cases are

presented to demonstrate the solverés perf
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Additionally, this chapter providesa basis for the study of heat and mass transfer for the
nearfield region in an underwater gas release. Therefore, this study acts as an initial test
into the capacity of this modeling approach to simulate continuous phase transport wit
coupled interphase phenomeffdis study considers mass transfer from an interphase
perspective alone, for the development of a framework upon which further models could

be developed.

3.2 Methodology
The model was implemented using OpenFOAM, an open soufge t6olbox (The

OpenFOAM Foundation, 2018). The base solver waspressibleinterFoam ,

which is a VOF solver for up to two comp
thermophysical libraries to estimate temperature and pressure dependent property values.
Although the solver did not contain species equations or appropriate mass transfer source
terms in the phase fraction, continuity or energy equations, its modularity made it possible

to link these additions to many of the jatefined routines that are usedie solvers that

do support species transfer. The following discussion describes the conservation equations

and their implementation into tlkempressiblelnterFoam solver

3.2.1 Governing Equations

Following the on€luid formulation, the continuity equation:is

— 1276 ™ (3.1)

where” B | is the mixture density, is the phase fraction of phaseando is the

velocity of the mixture. The phase continuity equation for any phiasgiven by:

— Q"6 Y (3.2)

where S represents a mass transfer source/sink term for phd$e volumeaveraged

momentum equation is:

— nD2"66 nOF 1y "Q O (3.3)
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whereé B | 0 is the mixture velocityf is the viscous stress tensBris the pressure

field, "Qis the gravitational force, an@® is the surface tension force, which is calculated
by the method of Brackbill et al. (1992):

o, I (3.4)
where, is the surface tension coefficient, dhd 1 & s the surface curvature based
on the a normal to the interface (discussed in the proceeding sethiesubscripN refers
to the normal portion of the gradient. The energy equatam be written as:

— 12”8® —— 1237006 12060
nd) nOB Q Y (3.5)
wheree is the internaknergy,Ex is the kinetic energy&e is the summation of the energy

contributions by phase change, ancepresents the conduction flux. The conduction flux

is given low Fourieros

n wm'y (3.6)
whereT is the temperature an@is the thermal enductivity. The internal energy for a

given phase is defined as:

Q  QORY (3.7)

where® is the specific heat at constant volume, calculated by:

Q Bl QY | @f | ©f Y @Y (3.8)

The energyequation (equation 3.5) can then be written as:

— N2"RY —— 12"06 n260 nN2Q Y
nJOB Q Y (3.9)

The species equation for any phase is:

——" 19| " %0 N Yp (3.10)

wheredy, is the mass fraction of speciem phasd, and he term’Y j; refers to the mass

source for specig The diffusiveflux, , can be written for each
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| 7 Op "oy (3.11)
where Oy, is the diffusion coefficient of speci¢sn phasa with respect to the mixture.

In dilute multicomponent systems, this is the effective diffusivity. The diffusion flux could
be replaced by Maxwebtefan diffusion matrices, in which case this term becomes a sum
of contributions relative tothet her speci es® gradients. For

F i clawissufficient an@®y is simply the binary diffusion coefficient.

The source term for a single transferring species is given by:
Vi —— - (3.12)
h
where the termoTw is the area densitf the interface, which will bdiscussedater.

In this case, the definition of the energy equation source term is:

Y Y 30 (3.13)
wherez’O j is thelatentheat of vaporization of specigsassuming transfer from liid

to gas. The collection of individual sources combine to form the phase source:

Y B Yp (3.14)
The subscript denotes that the source term will be the same in units of mass but change

sign for a given phase depending on thedion of transfer. This relationship can be

substituted directly into equation 3.2.

3.2.2 Numerical Implementation

For phase continuity, OpenFOAM uses the MULES algorithm (Multidimensional
Universal Limiter for Explicit Solution), for which only the incompréxdsiform of the
eqguations isolved The density change is included through appropriate source terms. The

phase continuity equation can be organized phi@se fraction and density components:

— )46 - —— s (3.15)

For atwo-phasesystem, the two phase continuity equations are:

—— 12 "6 Y (3.16)
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—— n)] "o "y (3.17)

Note that the total mass source into one phase must equal the total mass source from the

other phase. Written as in equation 3.15 dtjeationdecome:

— )6 - —— 6 (3.18)

— nD 6 — —— 5 (3.19)

In the case of incompressible flow, the final term on thefigimd side vanishes. Hever,

in cases with mass transfer this term could be important even if the density does not change
significantly with temperature or pressure. The final form of the above equation relies on
the summation of the phase equations to produce a term forvédrgetice of velocity, and
subsequently the source for the pressuoenentum equation decomposition. Note that the
equation relies on a volurraveraged velocity, due to the imposed transformations. Since
the term on the left side of the rearranged phassidra equation includes only the

incompressible terms, it follows that adding equation 3.18 and 3.19 yields:
— 123 0 | O - — —— 0
—— 0 v (3.20)

n06 Y— — —— 6N —— 6 (3.21)

where6 B | 6 isthe mixture velocity. This important result will be used later, in the
PISO (Pressure Implicit with Split Operators) algorithm. Returning to equation 3.18 the
phase velocitys difficult to deal with, as only the mixtukelocityis tracked in the solver.

However, it can be recaas

— 123 6 12 6 NI O — —— O (3.22)

— nJ] 6 nJ| o n)] 6 — —— 06 (3.23)
— 193] 0 nJ| o nJ] | 6 | O —

—— o (3.24)

— nJ] 6 n)| | o - —— 6 (3.25)



whereo 0 6 isthe relative velocity between the phase ffird term on the left

hand side of equation 3.2Bpresents a closure model, which will be discussed shortly
before the momentum coupling implementatiSimce only one phase continuity equation

is solved, the effects of the compressibility of the second phase would be lost. However, a

second rearrangement can be made:

— 3] 6 n)] | o - —— 0 | 1D

| "3  (3.26)

Remembering the definition of the divergence from equoai@l:

— 1) 6 nJl | o - —— 06V | N
I Y — — —— 6" —— 56 (3.27)

— )] 6 n)| | o Y — - — — — 0
— — 0" | " (3.29)

Equation 3.28s the form of the phase continuity equation used in OpenFOAM to ensure
compatibility with the MULES saition procedure. The remaining divergence is calculated
explicitly at each time step, using the current velocity field. The MULES algorithm solves

the following discretized form of the phase continuity equation:

— Y | Y B (3.29)

In which the notatio refers to the current tim&wup represents the implicit sources, and
Sexp represents explicit sources. The term on the end is the summation of the phase flux
through each facd. Given theabove rearrangement, the phase density change must be
compacted into the two source terms. It is worth noting that this change in the phase

continuity equation translates into the governing equations. For total continuity:

no "o | "6 nd | "6 || "6 m (3.30)
— 1276 Q1| 6 " T (3.31)

In the OpenFOAM code, these terms are bundled together into aaiechrboPhi :
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"0 | "0 | "0 I I (3.32)
At this point, it is necessary to define phi, which will be denote§ by & 3 in which

0 represents the face area vectors. Thiseisahse the conservation of cell centered

velocity is not guaranteed. Instead, the conservation of cell face fluxes is utilized. Although
these terms should be based on the masstfliscapproachvould be incompatible with

the MULES definition, and so thelumetric flux is used instead (as in the incompressible
case). The cell centered velocity is recovered when the divergence schemes are executed,
causing the total flux to be summed across all faces and remapped back to the cell center

velocity.

It is now possible to discuss the closure term for the relative velocity. The face flux is
scaled:

K @ — @ — (3.33)

from which the scaled face flug recast as the relative flux:

5 B —® (3.34)

Therefore, the face flux field becomes filtered to a face field of fluxes along the interfacial
normal. Applying a specific scheme to the discretization of this term can then act to further
compress the interface. For the purpaxfdbe description in this chapter, the velocity and

the face flux are used interchangeably. In practice, they are not the same concept, but the

solver schemes act in a wiayreplace one with the other.

The actual mass continuity equatisn

— nO"R T (3.35)

where "B representshoPhi

In solving the momentum equation, the primdifficulties are the nonlinear advection
term and the lack of an explicit equation for pressGme method oolving the problem

is to utilize a split set okquations. As mentioned above, this is known as the PISO
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algorithm. Using the current values of the velocity and pressure, the momentum equation

can be constructed (from equation 3.3):

— 103 7"B6 NN Forcing (3.36)
The use ofhoPhi  eliminates the nonlinear portion of the advection teFie forcing
function is comprised of theressureinterfacialand bodyforces. Surface tension retains
its definition from above (equation 3.4), but the volumetric gravity force and the gradient
of pressure are slightly altered. Defining a modified pressutkout the hydrostatic

component gives

n 0 ""Q0Q (3.37)
wherer] is the pressure without the hydrostatic component,@sdhe height vector.

The forcing function can then be written as:

For ci'@gnn QoQn” (3.38)
The density term is the remader of the derivative (the density component) oijce is
substituted. The forcing function is calculated at the current time and the matrix of
equations is assembled via equation 3.36 but not necessarily solved (depending on the

user). The matriassumes the linearized form:

0 o W (3.39)
where ¢ is the coefficient matrix, and’ is the predicted velocity that would be obtained
if the equations were solved (equation 3.36 and 3.38). This represents the momentum
equation, @hough usingforcing functions based on the current time designates it a

predictor The matrix & represents the source function (or forcing functions):

W nn (3.40)
where @ represents the explicit portions of the constructegtigns (old time values in
the derivativesetc) and the forcing function evaluated at the current time. The left hand

side encompasses:

5 6° 8 6° 00 (3.41)
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where the matrice® and "O represent the diagonal componefithe matrix and the off

diagonal or flux based component of the matrix, respectively. If the equation is rearranged:

5 6° 06° i i (3.42)
56 1 06 n (3.43)

The followingmatrix can be defined:

0o i "0 6° (3.44)
Rearranging equation 3.43 gives:

6 0 O o0 nf (3.45)
where if the equation is solved at this poiiif,” represents the corrected velocity field
when thesolution includes updated values of the pressure and density (which relies on both
pressure and temperature). The above equation represents the decoupled version of the
equation, from which the pressure equation can be derived upon taking the divergence:

20 O30 O 0 np (3.46)

For an incompressible solver:

06 26 O & g T (3.47)

However, for a compressible solver the divergemaes defined in equation 3.21
Thereforethe full equation is

n086 'O ndbd  np v o— —

—— 06 —— 0 (3.49)
At this point in the implementation, the equations use the current values of the mixture
velocity (phi) to calculate the terms on the right hand side. The equation is called the
pressure equation because the sole variable to solverfor is However, in this case the

predicted velocity is used, and the corrected velocity is obtaiitedthe pressure is solved

from equation 3.49This necessitates recalculating the velocity after the pressure is
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obtained, until both equatiornverge simultaneously, and this behaviour defines the
P1SOloop.

Additionally, theright-handside is calculated partially explicitly. A correction is applied
to the changef density based on the time change of pressure, which is variable solved for

in the overall equation. Each phase specific density becomes:

wn (3.50)
whereuw is the compressibility. Note that the derivation necessitates that the mass transfer

source for phase 1 be included in the pressure equation.

The algorithm for the new solver, calledmpressiblelnterFoamHTMT , IS frown

in Figure3.1.
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Figure 3.1 Overview of the algorithm used in compressibleinterFoamHTMT.
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3.2.3 Utilities

As mentioned above, one of the main advantagesrapressiblel  nterFoam is that

it does not require interface reconstruction, which increases its computational efficiency.
It would therefore seem courtproductiveto add an interface reconstruction algorithm to

this solver because it would inherently lead to longer solution tirkesever, as stated
above, accurate knowledge of the local interfacial area is required to compute the rates of
mass and energy transfer across the interface. Further, knowledge about the location of the
interface can be used to define the mass fractiadignt at the interface. Therefore, in this
study, the interface was constructed once per time step using a linear approximation
(Tryggvason et al., 2011). This strikes a balance between efficiency and speed because it
avoids the costly advection and @mtion step when solving for the velocity and phase
fraction fields, but still permits very accurate interfacial area prediction for energy and

mass transfer calculations.

Figure3.2 shows a generic linear interpretation (a filgne in threelimensional space) of

a gasliquid interface in a hexahedral cell. When this interface is parallel to the planes of
an axis pairfigure3.2(i)), the calculation of the area is simply the cresstional area of
thecell using the dimensions along those axes. For the case shbwuiie3.2(ii), where

the plane is effectively twdimensional, the area calculation is simply kaegth of the

line betweerthe two points multiplied by the ddptA truly threedimensional interface

(as shown irFigure3.2(iii)) requires special procedures.
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Figure 3.2 The three possible configurations for an area calculation: (i) -@iomensional
plane, (ii) a twedimensional plane, and (iii) a thregmensional plane.

In general, any plane can be defined in three dimensions by:

e @ —o —a - (3.51)

where— is the plane constant. Knavg this equation, the phase fraction in the cells and
the gradient of the phase fraction,the planar equation can be fixed. The generalized
method is described in detail by Tryggvason, Scardovelli and Zaleski (2011). An actual

implementation has alrdgt been done in the Gerris software (Popinet, 2013).

The above is true only if the cell is oriented such that — —, which can be

enforced for any cell by considering rotations of the cell. This method is derived for the
case of the unit cube, but the result of the area calculation formulations can be extended by

using the true cell dimensions. Once known, this plane constantbeused in the
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calculation of the interfacial area lying within the cell. The plane locatonthen also be

used to determine the mass fraction gradatthe interface

If the interface is aligned with a coordinate axis, the-dingensional area is trivial to
calculate. The plane constant corresponds to a perfectly flat plane parallel tbtbee o
axes. In this case, the truncation of the cell is readily computed from knowledge of where

the plane intersects the edges of the cell (which corresponds directly to the phase fraction).

The twadimensional case is only slightly more complex. Fronufed(ii), theinterfacial

area depends on the length of the hypotenuse of the triangle AHE, which is then multiplied
by the depth. However, whether the entire length of the hypotenuse is used depénds on
point Eor point Hfall outside the cellSince he twodimensional case is less complex than

the threedimensional case, it was separated into its own sub routine.

Regardless, the methodology employed in these ¢aghe same. The first step in the
process is to normalize the gradient so it is comsisvith the method outlined above. The
algorithm thercalculates the planar artfsat is confined to the positive portion of the local
coordinate axes (for the 3D case, this corresponds to the area of the triangle ILM). The
algorithm finishes by subtrang portions that remain outside the cell boundafussng

the known dimensionsThis subtracts the triangles KOM and JLN, and potentially has to

add the smaller triangle BNO, which was added twice.

The third step in the algorithm is to determine an eateuapproximation of the mass
fraction gradientt the interfaceFigure 3.3 summarizes the method used to estimate the
mass fraction gradient. Although the drawing shows adin@ensional interface, the three
dimensional calcut#ons follow the same general procedure. Following reconstruction, the
location of the interface is known and it is possible to modify the gradient calculation using
the known distances and estimated interfacial location constructed by the planar equation
above. This method was used successfully by Schlottke and Weigand (2008), and also in

several other studies. The gradient showRigure3.3 would be given by:

G 6———R" i (3.52)

A similar relationship can be derived in the thddmensional case.
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Currently, the utilities are constructed for use with structured, hexahedshemd-urther
extensions would need to be made to allow for tetrahedral or polyhedral mesh types.
However, the computations for these types of cells are not as straightforward. Therefore,
since the primary purpose of this chapter was to test the massexgg &ansfer portions

of the algorithm, the methods were not extended to these types of cells.

X aqx

Figure 3.3 Conceptual diagram showing the piecewise linear construction of the interface
and points used tapproximate the mass fraction gradient.
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3.3 Validation

Three test cases were used to validate the newly developed solver. The first validation case
involved evaporation of a volatile liquid and diffusion in a Stefan tube. This case was
convenient to ensure dh coupling between the species and energy equations was
appropriate, and that the interface jump conditions had been incorporated appropriately as
source terms. The second validation case simulated the evaporation of a droplet suspended
in microgravity. The main purpose of this case was to ensure that the interface
reconstruction algorithm predicted the correct interfacial area to represent uniform mass
transfer in three dimensions. The final validation case involved the simulation of a
shrinking dropletThis test case is strongly linked to practical applicatisnsh as droplet
evaporation or bubble dissolutioand was convenient to validate total mass loss rate

predictions.

The properties for the test -mehermoplyganput ed
library, and some of the properties were held constant at their averageTadugensity

of liquid water was chosen to be constant, although this did not impact the first two
validations as they were stationaRor the gas phase, the depsviascalculated from the

ideal gas law, and is therefore pressure, temperature and composition dependent. The
properties are shown in tabld4 through3.3.

Table 3.1 Properties of Liquid Water

Property Value Reference
Density, " (kg/m?) 1000 -

_ Smith, Ness and Abbot,
SpecificHeat Capacityw (J/kg/K) 420C 2005
Dynamic Viscositye (Pa s) 0.001 Yaws (2003)
Prandtl NumberPr (-) 6.2 Yaws (2009)
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Table 3.2 Properties of Air

Property Value Reference
Density,” (kg/m®) Ideal Gas Law -

_ Smith, Ness and Abbot,
SpecificHeat Capacityw (J/kg/K) 1010 2005
Dynamic Viscositye (Pa s) 1.5x10° Yaws (2003)
Prandtl NumberPr (-) 0.52 Yaws (2009)

Table 3.3 Properties of Water Vapour

Property Value Reference
Density, ” (kg/nT) Ideal Gas Law -
SpecificHeat Capacity Smith. Ness and
o (I/kg/K) 1880 Abbot, 2005
Dynamc Viscosity € (Pa s) 1x10° Yaws (2003)
Prandtl NumberPr (-) 0.88 Yaws (2009)

- o Incorpera, DeWitt,
Diffusion Coefficient w8 Berman and Lavine
Of (m?s) BYPT U n (2007)
Lrittent Heat of Vaporizatign V& TV @ T plp U Perry and Green
3’0 (Jkg p ys 8 8 (1997)

X G &Y i
. Ao S—"x®&mndyy

Saturation Pressure R®T Oy x®TANA Perry and Green
0 (Pa) eum’y (1997)

3.3.1 Stefan Tube

The geometry and boundary conditiaare shown irFigure3.4. The geometry measured

10 cm x 1 cm x 0.01 cm, and was assumed to be half full of water. Thevassee
dimensional, and therefore the domain was divided into 150 uniformly sized cells in the
vertical dilection. The top and bottom boundaries were maintained at 350 K. The top
boundary was assumed to be swept with air, and theréfergater vapour mass fraction

was set to zero at this boundary
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Two key metrics were used to test the performance of thersdhrst, the abilityof the

solver to predict the steadstate water vapour concentration profile in the tube was
confirmed. Second, its ability to calculate the correct interfacial temperature at steady state
was established. For the analytical solutithre temperature dependence of the properties
over the temperature chands K were neglected. For steasiate conduction with
constant boundary conditions and a known interface temperature, the energy balance and

boundary conditions are:

— "% Y h"g Y (353
whereT is the temperature arzds the spatial coordinate for the height. The subsedge
refers to the uppeand lowerboundaies while int refersto the interfaceSolving this

eqguation with the boundary conditions yields the following equation for both sides of the

interface:

Y —— 4 a Y (354)

The species equation has a $amform to the energy equation. Therefore, the mass fraction
profiles are given by:

O —— & & o (355)

where in this casey, refers to the mass fraction of water vapour in the glas.remaining
stipulation is that the interfacial temperataorast provide a balance between heat transfer

to the interface by conduction and the latent heat of vaporization. Thus,

Q — 0 — % (3.56)

where"Y is the energy source as prescribedegquation 3.13To arrive at the final
temperaturgthe value of the interfacial temperature wpessedand the profiles were
calculated from the above equations. The interfacial teryperavas then varied until the
expression in equation &%vas balanced.
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Figure 3.4 Case geometry for the Stefan tubBowing the boundary conditions adjacent
to the appropriate boundaries.

The case was lalwed to reach steady state over@® s. The mass fraction contours as
well as the temperature contours are showirigure 3.5. Given that the case is one
dimensional, with fixed conditions at the boundaries, the only timendiepe factors are
the diffusion, conduction and the energy balance at the interfdue.interfacial
temperature is shown to be just below 334 thanterfacialwater vapoumass fraction

is approximately.137.
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As expected, the water vapour masstfaacand temperature profiles are linear in each
phase at steady state. Moreover, they compare well to the analytical solution despite using
constant properties for the analytical solution. The impact of temperature and composition
on density seem to beglagible for this caseThe results indicate that the implementation

of the immersed boundary conditions in the new solver are appropriate. Figures 3.6 and 3.7
show a comparison between the analytical an numerical predictions for the water vapour

mass fratton and temperature profiles.
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Figure 3.5 Temperature (left) and water vapour mass fraction (right) contours for the
Stefan tube case usicgmpressiblelnterFoamHTMT
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Figure 3.6 Steadystate water vapour mass fraction profile for the Stefan tube case
showing the comparison between the analytical solution and the results from
compressibleInterFoamHTMT
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Figure 3.7 Steadystate temperature profile for the Stefan tube cav®wing the
comparison  between the analytical solution and the results from
compressibleInterFoamHTMT
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3.3.2 Droplet in Microgravity

The geometry and boundary conditions are showigare3.8. The water droplet was 2

mm in diameter and suspended idrgair environment. The case was modeled using one
eighth of the geometry due to symmetry, with a computational domain that measured 3

x 3 mm x 3 mm. The case was initz&ld by setting the liquid phase fraction to unity in
cell s withi n Thesimulatiprwaghenirswithoat Heatworsmass transfer
until the phase fraction stabilized. Finally, the resulting phase fraction field was deed to
the simulatims Mesh independence wpsrformed and it was deemed that a mesh of size
57 x 57 x 57 cellsvas appropriateThe volumetric source in the phase continuity equation
was turned off to generate a stable interfacial location and to prevent the droplet from

shrinking (refer to the next section for the shrinking drogletulation resulfs

The analytical solution waderivedsimilarly to the Stefan tube problem. At stealgte,

the energy equation reduces to:

—— 1 y— Tmh"¢ Y h"g Y (3.57)
which yields a solution of the form:

YUY ——— — - (3.58)

The species equation has an analogous form to the energy equation, giving the following

mass fraction profile:

O o - - (359

The caseeachedsteady state aft@approximatelyl50 s. Thevater vapoumass fraction
contours as well as the temperature contours are showigumne 3.9 and Figure 3.10,
respectively. Since no heat was supplied from within the drogpletinterfacial mass
fraction decreased as the sphere cooled. For compéfigone3.11 andFigure3.12 show

the steady state profiles fahe water vapour mass fraction arttle temperature,
respectivly. The final mass fraction and temperature profiles resulted in a sphere

temperature odpproximatel\3800 K, despite the ambient gas temperature at 350 K.
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In this scenario, the liquid side is assumed tabéhe interfacial temperatur€or the
energy blance, the liquid side does not contribatey additiongland so energy must be
provided by the gas. As shown in the resultBigure3.12, this causes a reduction of the

temperature of the droplet to the low valuepproximagly 300 K.

T=350K 1
Y=0
g 7 o
(D)
= DR IE
- o g 3
) =
-~ Symmetry |
—— 1mm —
3mm

Figure 3.8 Geometry for the suspended evaporating droplet, &s@ving the boundary
conditions adjacent to the appropriate boundaries.

58



0.025
0.020
0.015

Langth (m) .

Height tm)
00015

00

Width (m)

Figure 3.9 Steadystate water vapour mass fraction contour plot for the suspended
evaporating droplet case.
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Figure 3.10 Steadystate temperature plot for the suspended evaporating droplet case.
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Figure 3.11 Steadystate water vapour mass fraction profile for the suspended droplet case
showing a comparison to the analytical solution.

60



350

340 t

330 r

320 ¢

Temperature (K)

310 ¢

300

Analytical
O OpenFOAM VOF

290 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 0.0005 0.001 0.0015 0.002 0.0025 0.003
Height (m)

Figure 3.12 Steadystate temperaturprofile for the suspended droplet case showing a
comparison to the analytical solution.

The profiles above have the correct and distinctive shape for spherical heat and mass
transfer. Due to a lack of energy supplied from within the droplet, thetraaster rateat

steady state is quite lovince the volumetric phase continuity source was turned off, the
interface position did not changeith time. The steady temperature reached in the
simulation was approximately 2 degrees higher than in the analgtitdlon, the mass
transfer profiles show a small difference. In the analytical case, the final temperature does
not depend on averaged values. However, for the VOF solver, the averaged interfacial
values provided a different set of immersed boundaryitond. In reality, thedroplet

should have shrunk long before reaching these steady state values.

Again, the fact that the properties were held constarbhe analytical solutiomarely
impacted the result. Additionally, the effects of variable densityhé gas phase seemed

negligible in the development of tinater vapour mass fraction and temperapurcdiles.
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Although thewater vapour mass fraction and temperature profiles were taken along the
edge of the domain, there was a negligible effect orsthaion despite simulating the

droplet in a box.

Furtherstudymustbe done with a moving interface that results from interphase heat and
mass transfeiln this case,ite motion of the droplet interface will be governed in part by

the balancing of the pssure both inside and outside the surface.

3.3.3 Shrinking DropletThe geometry and boundary conditions for the final case are
shown inFigure 3.8. The initial conditions for this case were identical to the
suspended droplet. The kdifference for this case was the removal of the energy
balance, allowing for computational validation of the analytical solution of the
shrinking sphere at a constant mass transfer rate. As shown in the analytical
solutions above, the mass transfer flugaastant at a given temperature, regardless
of radius. Therefore, the size of the droplet can be tracked analytically, and the
corresponding mass fraction profile can be obtained from the application of the
derived equation from the previous section. Daethe small geometry, the
analytical solution from above can be used to develop the steady state profile at
each timeThe flux at the interfacean then besed to calculate the shrinkage rate
and therefore the new volume. From this new volume, theisaglas calculated.
Therefore, the solution procedure was equivalent to an analytical solution stepped
forward in ti me bgygverkingdqeation or the edteh wvapgour T h e

mass fraction profile is given by equati®dh9.

Without a changing tempature, the water vapour mass fraction profile developed quickly
relative to the interface shrinkage rattnder these simplifying conditions, the derivative
of the abovesquation 3.5%rovides an approximation of the mass transfer rate at a given

time:

_ (3.60)

With this knowledge, the mass sourcé, can be calculated as:
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Y "0 6 — (3.61)

whered s the current interfaciareaof the droplet The volumetric sourcey , canbe

calculated directly from:

® O & — (3.62)

Thenewvolume of the droplet is calculated frddwu | er 6 s met hod

W W w 30 (3.63)
The new radius can then be calculated from the new volliheecase was run at 340 K,
and the density of the liquid (dense) phase was arbitrarily set to 18 tygpeed up the
solution. Although this change in density meant that the case nerloggresented two
real fluids, the change does not impact the validation procedure. Due to the shift in density,
the time step had to be carefully controlled to prevent artificially high velocities at the
interface due to the rapid velocity at which theerface shrank. The initial mass transfer
forced the temperature to decrease to 322 K (from the original 340 K), before stabilizing
and continuing. This effect ended approximately 0.3 s intsithelation when the radius
of the droplet was 0.85 mnthis condition was therefore usedthe start of the figures
that follow as well as the analytical solutidiigure3.13 shows the movement of the outer
boundary of the droplet over time, whiggure3.14 shows the plot of radius against time
when compared to the analytical solution.
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Figure 3.13 Radius of the shrinking droplet ovetime. The initial radius shown
corresponds to where the simulation achieveteady rate of droplet shrinkage.
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Figure 3.14 Variation of radius with time for the intervafterthe temperature stabilized
to one second.

The droplet shrinkage rate was relatively constant. This wagsodthee shortime over

which the water vapour could diffuse. The size of the droplet and domain meant that the
time to reach steady state was shorter than the time for the droplet to shrink appreciably.
These conditions were chosen to sattbfy assumptio upon which the analytical model

wasbased

3.4 Conclusions

A compressible VOF solver was developed to simulate interphase heat and mass transfer.
Immersed boundary conditions for interphase heat and mass transfer were added through

interfacial area approxintian and estimation of mass fraction gradients.

Threevalidation cases wengsed to test the solvefFhe onedimensional Stefan tube case

provided insightinto the ability of the new solver to handle interphase heat and mass
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transfer under simplified cortbn. When compared to the analytical profiles of water
vapour mass fraction and temperature, the new solver performed well and achieved similar
results. Therefore, the underlying interfacial composition model, mass balance and energy

balance were working

The threedimensional test of the solver using a droplet suspended in negligible gravity
was used to test the capacity of the algorithm to determine the interfacial area. In this case,
the interface was held stationary while the mass fraction and temmgenarofiles
developed. The model predicted mass fraction and temperature profiles reasonably well

when compared to analytical results. The density effects were again negligible.

The final and most crucial test was carried out dnopletwith a shrinkirg interface. The
purpose of this test was to simulate tlnepletshrinkage at a nearly constant temperature.
The droplet used in the microgravity case was reused, but instewdnd&ininga constant
diameter (no phase fraction source), the temperatsrdwesd constant and the phase
fraction was allowed to vary with the mass transfer rate. This simplification made the
analytical solution easier tmplement as thavater vapour mass fractigmofile was quick

to reach steady state. The overall predictbdiameterchange ovetime compared well

with the analytical solution, and the model accurately captured the uniform shrinkage of
the droplet. The importance of this result is that the interface location can therefore be

predicted and tracked agdiéforms due tdheinterphasemass transfer.

Moving forward, the primary knowledge gainéarough this studywas the ability to
appropriately introduce the source terms due to interphase heat and mass transfer into a
VOF framework. Regardless of how the maassfer coefficients and interfacial as®
calculated, theequired structure dghe solver will remain the same, providing a foundation
upon which further modifications can be built. The novelty of this type of model will be in

how it is attached to aspersed phase model for the plume.
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4.1 Introduction

Multiphase gadiquid systems are commonly studied by scientists and engineers due to the
large number of industrial and tnaal systems that involve these types of flows. In the
process industries, the accurate prediction of-pévase fluid dynamics is of utmost
importance in the design of multiphase reactors and separation systems. In many of these
systems, it is not possilto make good predictions of their efficiency until the fluid
dynamic behaviour is well characterized. The ability to study local flow phenomena
through numerical simulatiorhas rapidly increasedith the rise of highperformance
computing. For this reaspmultiphase computational fluid dynamics (CFD) is an area that

is under rapid development. However, despite significant progress, much work remains to
be done to expand the applicability of the available models to a wider range of complex

situations.

Since multiphase flows can include a vast number of flow regimes, many different models
have been used to simulate different types of phenomena. For highly dispersed flows, such
as those in bubble columns (Lain et al., 2002; Li et al., 2009; Yang et al, X8a%t al.,

2013; Li and Zhong, 2015; Bhusare et al., 2017), fluidized beds (Loha et al., 2013; Zhao et
al., 2013; Adamczyk et al., 2014; Almohammed et al., 2014; Hou et al., 2017) and many
others (Hamidipour et al., 2013; Dapelo et al., 2015; Messa.,e2015), achieving
sufficient mesh resolution to track the motion and deformation of individual particles is
usually not possiblen large systemsTwo types of methods are commonly used in
multiphase CFD to simulate dispersed flows: (i) the ERlder (E-E) method, and (ii)
Lagrangian particle tracking (LPT). In theEEmethod, the conservation equations are
phase or ensemble averaged and solved on an Eulerian grid. Effectively, this implies that
the phases move independently until closure terms aledaid couple their motion. In

LPT, the conservation equations are solved on an Eulerian grid for the continuous phase,
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while the motion of the dispersed phase(s)
motion for individual particles or groups of rgales. Again, coupling between the
continuous and dispersed phases requires additional closure terms, which are usually based
on empirical relationships. Both-E and LPT facilitate the use of coarse meshes because
the closure laws already model aspedtthe flow that are smaller in scale than the mesh
cells. However, one of thehallengesn this approach is that it can be unclear how to
balance the mesh resolution studies to maintain numerical accuracy with the limitation that
the closure laws are noally only valid when the particles are actually dispersed in (i.e.
smaller than) a cell (Badreddine et al., 2015). Another problem is that the closure
relationships often change when there is a flow regime change because they were only
derived for a limied range of conditions (Lahey et al., 2005). It would therefore be
beneficial to develop closure laws and/or new multiscale methods that would permit the
application of these models to problems where conventional closure relationships break

down.

Closure elationships for interfacial forces in-lE and LPT models, such as drag, lift,
turbulent dispersion, have been reviewed and tested for different cases by many authors
(Pan et al., 2016; Fletcher et al., 2017). Many studies have demonstrated good psediction
when applying EE and LPT methods to a wide variety of cases. For example, Hamidipour
et al. (2013) used anE frameworko predict liquid holdugor a kerosenair, cocurrently

fed extraction column with glass bead intesnal and Zhong (2015) usedthree phase
Eulerian multifluid model for three phase systems involving soli@anneerselvam et al.
(2008) also applied a thrdkiid model, for the use of suspended gas and solid particles in
an agitated reaction vessel for the study of impeller defgferent regimes, such as
churn flow and annular flow, have been studied by Parsi et al. (2016).-liqgdsflows,

bubble columns are one particularly commonly studied system, and many authors have
shown good correlation between experimental measmenand model predictionsing

E-E (Michta et al., 2012; Xiao et al., 2013; Li and Zhong, 2015; Rzehak and Krepper, 2016;
Bhusare et al., 2017) and LRiiethods(Lain et al., 2002; Dapelo et al., 2015). Another
commonly studied system are-called gasstirred ladles or gas sparging into large tanks
(and/or unconfined reservoirs). Several authors have demonstrated good agreement

between experimental data and model predictions for such systems usingib(idin@ire

68



et al., 2007 Dhotre et al., 2009; Lou drzhu, 2013and LPT (Hu and Celik, 2008; Olsen
and Skjetne, 2016). To makeHEand LPT methods more robust, population balance
models (PBM) can be included, especially in large plumes where bubbles cannot be

produced at uniform diameter.

Given some of thémitations associated with conventional use et Bnd LPT methods,

there has recently been interest in methods for direct numerical simulation (DNS) and
largeeddy simulation (LES). In practice, however, it is unlikely that DNS would be
possible for théull domain except for very simple geometries and flow regimes (Pan et
al., 2016). Therefore, multiscale methodkjch use scalable closure laws and/or combine
various modeling approaches, are necessary to overcome some of the current limitations.
LPT madels are most convenient for DNS and LES when particles are already presentin a
dispersed flow (Strém et al., 2016). For DNS of situations that involve the transition from
segregated flow to dispersed flow (e.g., liquid jet atomization or gas jet breaktagpce
tracking/capturing methods can be used to resolve particles down to the grid scale and LPT
can be used below the grid scale (Jain et al., 2014; Grosshans et al., 2016; Strém et al.,
2016). Of course, when models are combined into a multisppl®ach, normally only

some of the regions of the flow are directly resdle@d others include stdrid scale
models. Common tools for resolving interface dynamics in multiphase flows include, but
are not limited to, interface tracking methods such ast-tracking (FT), and interface
capturing methods suchaslumeof-fluid (VOF) and leveket (LS). These methods allow
capturing of deforming interfaces and, with the appropriate algorithm, they can model the
dynamic breakup and coalescence within mu#geh flovs. This study isfocuses on
investigating the mesh resolution limitations when VOF method is used to study gas jet
motion and breakup. Therefore, the remainder of this introduction only provides a brief

overview of some relevant applications of Y@F method.

Relative to other interface tracking/capturing approaches, the major strength of VOF is its
mass conserving formulati@md its capacityat naturally handle breakp and coalescence

De Schepper et al. (2008) applied the VOF method for stidtitvavy, plug, annular,
bubbly and slug flow in horizontal tubes. As shown in their results, bubbly flow relies on

the ability of the bubbles to be resolved on the grid scalterwiseaccurate interfacial
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area estimations cannot be establisi&ahd etl. (2014) showed a similar case, but for
different flow regimesn a heat exchanger. The ability of VOF methods to pretliat
interfacesat a variety of scales showcases its applicabibtya wide set of practical
applications However, altbughthe method can model flows with small particles such as

bubbly flows, computational demand can be very high.

Du et al. (2017) used the VOF method to predict the hydrodynamics of packed reactor
columns Shi et al. (2013) applied VOF similarly baotrotating paked bedsSince various
flow patterns can exist simultaneously, macroscale analysis miagudécient,and this
is a niche CFD can fill through case studies and numerical experimenkédiwayver, this

is true even for twdluid domains.

For instance, fin the study by De Schepper et al. (2008), the transitions from wavy flow
to bubbly flow might occur rapidly in the same simulation. The transition from slug flow
to dispersed flow may also rapidly occur. In a sloshing tank, the interface will undergo
several deformations, spanning multiple length scales. Although they used a 7 m tube with
an 8 cm diameter, over 500,000 cellsre usedo model the domain. In practice, it may

not be possible to uniformly resolve tdemain anddepending on the flow reginmée

same resolution may natwaysbe adequat He et al. (2017) have recently used VOF to
track flow patterns in solid packing, as a continuation of the work by Du et al. (2017). In
this case, the VOF methadhsused to model the interactions of the dlait the level of

the solid packing, this is particularly useful in predicting wetting characteristics in such

reactors.

The VOF method can also be applied to a wider range of macroscopic applications, such
as fluid jets. The work of Ménard et al. (200@¢dises on liquid sprays, and VOF is used

to resolve the momentum length of liquid jbteaking up irgas. VOF was coupled to LS

for better accuracy in predicting the surface curvature and hence theupreachanics,

while the VOF algorithm provides lowe&esolution mass conservation. However, their
model was only tested, not validated against experimental data. Xiao et al. (2016)
performed a liquid jedtomizatiorstudywith supersonic air crossflow. Kinzel et al. (2017)

used VOF to predict the behavioaf cavitating flows during gas ventilation, using a
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refined mesh in the wake to capture bulk fluid dynamics. In this situation, predicting the
deformations of the resulting gas jet over time is important to cavity size and entrainment
characteristics. Ithe nuclear sectpdirect contacsteam condensation is important for
cooling and heating. Direcontact condensation was explored by Li et al. (2015) as well

as Yang et al. (2017) and Zhang et al. (2017) using a VOF methodology, whegte the
shape depwled on the liquid temperature and mass flux, as well as plume shape
(oscillatory jet, steam chugging and oscillatory bubble). Prediction of the momentum
length and breakup regions are important to the underlying mechanics (heat and mass
transfer). The wid range of applications means that new solvers and models require

validation foreachuse

The primary objective of this chapter is to study mesh resolution limitations when a
compressible volumef-fluid methodology is used teimulategas jet injectionnto a

liquid. The goals are to identify the qualitiyrmacroscopic fluid dynamic predictions (e.g.

jet length and trajectory), and how these relate to the loss of-soadd! resolution (i.e.
subgrid parcels of gas). Ultimately, it is hoped that the swidtyprovide more insight to
further advance multiscale modeling approaches for gas jet breakup simulations. For this
work, the compressible VOF solver available in the open source CFD toolbox, OpenFOAM
(The OpenFOAM Foundation, 2018)as used. To test ¢hsolver within the general
objective, simulations were performed for the injection of a horizontal air jet into water,
and the results were compared to published experimental data. The emphasis was placed
on the abilityof the solvetto predict the momeuntn length and the breakup mechanics of

the jet. Within the context of this objective, it was important to exathiemesh resolution

threshold at which the interfacan becaptured.

4.2 Methodology

The compressible VOF solvaspmpressibleinterFoam , availalle in OpenFOAM
(The OpenFOAM Foundation, 2018pas used in this study. An overview of the algorithm
used by this solver was already presented in Ch&piédrerefore, only a brief summary of

the main equations and algorithms will be presented here.

The coninuity equation is:

71



— nd"6 m (4.1)
where” B | " is the mixture density, is the phase fraction of phaseando6

B | 0 isthe velocity of the mixture. The phase continuity equation is rearranged to solve
for one of tke phase fractions:

— nJ| o nd| | 6 —— 0
— — 6 D (42

where o 0 0 representghe relative velocity The volumeaveraged momentum

equation is:

—— 102766 1O nd "Q O (4.3)

wheret is the viscous stressrsor,P is the pressure fieldQis the graviy vector and’O

is the surface tension force which is calculated by the method of Brackbill et al. (1992):

o, 1D (4.4
where, is the surface tension coefficient, dni the surface curvature approximated from
the gradient of the phase fraction. The subsdvipefers to the normal portion of the

gradient. Assuming a constant specific heat at constant volume, the energy equation is:

—— N2"@Y —— nD"06 1260 12Q Y (4.5)

whereT is the temperaturé) is the kinetic energyQis the thermal conductivity, ard

is thespecificheat capacity at constant volume.

The general solution algoritihfor compressiblelnterFoam is shown inFigure4.1.

Since gas jets are typically at high velocity and it is generally infeasible to resolve
turbulence scales directly, a turbulence model is required to adequately model the
momentun and dissipation of kinetic energy through eddies. OpenFOAM can use either
ReynoldsAveraged NaviefStokes (RANS) or Large Eddy Simulation (LES) models. The
RANS approach seeks temporally and spatiallpverage the governing equations and
models the flatuating terms in the transport equatidmns solving auxiliary transport

equations. This methothias been used with VOF solvefsr various applciations
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particularly in cavitation modeling (Fard et al., 2012; Gong et al., 2016; Wu et al., 2016).
However, he applicability of RANS in highly transient cases is questionable (Myrillas et
al., 2013; Roohi et al., 2013).

LES divides the turbulent effects into resolved effects, equivalent to the assumption that
eddies larger thatine grid scale are accurately picdd by the solutioof the governing
equations. The other components are modeled, accounting for the turbulent eddies at or
below the grid scale. Typically this is accomplished using effective viscosity models,
which modify the total kinematic (or dynaajiviscosity to match the contributions from

the subgrid scale (SGS). The Smagorinskyly model, which includes one tuning
parameter, is often used. In multiphase flows, this parameter often has values ranging from
0.17 0.2 (Li et al., 2015). The usé bES models in literature is quite commoKiao et

al. (2016)have usedt for their atomization of liquid jets. Roohi et al. (2013) obtained good
comparisons for cavitation around a hydrofoil, although at the expenssengf afine

mesh. For rapid defmation during liquid sloshing, Liu et al. (2016) found that LES, as
well as their hybrid LES/RANS VLES model behaved in an optimal ma@enversely

RANS and laminamodelsoverestimate the pressure peaks and éailto capture the
turbulent dissipatiorSmagorinskyLilly is one of the mostommonLES modelgMyrillas

et al., 2013; Khezzar et al., 2015; Li et al., 2015; Tian et al., 2015). However, other SGS
models are also commonly used. For example, Rek et al. (2017) employed an implicit one

equation mdel tomodel liquid jets in crossflow
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Figure 4.1 An outline of the solution procedure usecompressibleinterFoam

In this study, the Smagorinkdylly LES model was used to predict sgbid scale
turbdence. In the OpenFOAM implementation of this model, the turbulent dynamic

viscosity is modeled as:

s o' S (4.6)
where’ is the turbulent dynamic viscosity, addis a tuned parameter, which is filtered
to the cube roobf thecell volumesw . The value of the tuned parametgr, typically
ranges from 0.05 to 0.23 for single phase flows (Hu and Celik, 2008). Fewer validations

are available in the literature for multiphase flows, soine reent studiedhave used a
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value of 0.12 (Myrillas et al., 2013; Li et al., 2015). Therefore, this value was chosen in

this study.¥represents the sujrid stress computed from:

Sk -1 (4.7)

where6 06 0§ is theresolvedvelocity, and ¢ is the unresolved velocitiypically

related to the sulgrid kinetic energypy 'Q -0
4.3 Validation
To test the hydrodynamic predictions of tteanpressiblelnterFoam solver for gas

jets, a test case was simulated. Tiet tase involved a horizontal gas jet being injected
into a quiescent liquid at atmospheric pressure to investigate the predictability of the jet
breakup region. The use of a horizontal jet simplified the analysis somewhat because it
provides a clearer incation of the transition betwedhe near and far field due to the
curving trajectory of the gas flow. Additionally, the tests provided useful feedback for the
tuning of turbulence models, particularly for the boundary conditions in LES modelling.
The valdation case described below is based orsthdiesof Harby et al. (2014, 2017).

The ideal gas law was used for the prediction of air density. All other thermodynamic and
transport properties were assumed to be constant for air and water. Since thastatk
atmospheric conditions and room temperature, and there are no drastic temperature or
pressure changes, the constant property assumption is justifiable4.1 andTable4.2

provide an overviewfahe property data.
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Table 4.1 Properties of Liquid Water

Property Value Reference
Density, 7 (kg/nT) 1000 -
SpecificHeat Capacity Smith, Ness and Abbot,
W (JI/kg/K) 4182 2005

Dynamic Viscositye (Pa s) 1x10°3 Yaws (2003)
Prandtl NumberPr (-) 6.22 Yaws (2009)

Table 4.2 Properties of Air

Property Value Reference
Density, " (kg/nT) Ideal Gas Law -
SpecificHeat Capacity Smith, Ness and Abbot,
(J/kg/K) 1007 2005

Dynamic Viscositye (Pa s) 1.8x10° Yaws (2003)
Prandtl NumberPr (-) 0.7 Yaws (2009)

4.3.1 Case Setup

The case to be analyzed was based on the experiments performed by Harby et al. (2014,
2017) for horizontal air jet injection im a quiescent, atmospheric tank of water. The
experimental setup was a rectangular tank, as sholigume4.2. The tank measuredm

long, 400 mm wide and 760 mm tall, although the water level was set to 600 mm. Harby
et al. ued nozzles of varying diameter, ranging from 2 mm to 5 mm, positioned 200 mm
from the base of the tank to inject the air. The flow rates were also varied to achieve a range
of Froude numbers. However, in this study, only the case using a 5 mm nozzlesdiamet
and an injection velocity of 367 m/s was used for the simulafiba.temperature at the
nozzle exit was recorded in the original paper as 296 K (Harby et al., Z0idher
sensitivity studies were not performed for other nozzle diameters or inbeitied due to

the limitation of computational resources. The initial conditions used in the simulations are

summarized iMable4.3, while the boundary conditions are summarizediable4.4. As
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mentione above, the cases used LES to model turbulence, with the Smagdriihksy

subgrid scale moddld T 4.

E 298 K
3 Air
—
£
3 298 K
= Water
Nozzle
Air Inlet
e 367 m/s
c 296 K
o
o
AN
.

-
:
1

1m ‘ PZOOmme 200 mm#

Figure 4.2 The case setup for the experiments of Harby et al. (2014, 2017).
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Table 4.3 Initial conditions usedo simulate the experiment$ Harby et al. (2014, 2017).

Variable

Initial Condition

Gas Phase Fractidn

Temperature (K)

Velocity (m/s)

Prgh (Pa)

Turbulent Kinematic Viscosity (/)

Filled to 600 mm
Uniform 298

Uniform O

Uniform 101325
Uniform 1el1l

Table 4.4 Boundaryconditionsused tosimulate the experimentsf Harby et al. (2014,
2017).

Variable Walls & Bottom Inlet Top
GasPhase Fractio(t) Zerogradient 1 Inlet-Outlet
Temperature (K) Zerogradient 2% 298
Velocity (m/s) No slip 367 Inlet-Outlet
Prgn (Pa) Zerogradient Zerogradient 101325
Turbulent Kinematic
Viscosity (nf/s) Zerogradient Zerogradient Inlet-Outlet
4.3.2 Meshing

One main goal of this work was to investigate the effect of mesh resolution on the ability
of the solver to resolve the gas jet breakup region. A eessitivitystudy was therefore
conducted. Three meshes were chosen based on computationateesailability and
time constraints. The coarse, intermediate and fine resolution meshes are shmunein

4.3, Figure4.4 andFigure4.5, respectively.
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Figure 4.4 Intermediate mesh, containing 6980 computational cells.
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Figure 4.5 Fine mesh, containing976 760 computational cells.

The coarse mesh was designed to have a single@lleindwas the base case for the study
Containing the fewest cells, it was expected that the simulation would capture the bulk
hydradynamics of the continuous gas phase, but poor resolution would be achieved in the
buoyant region. The mesh was coarsgméth afirst to last cell expansiofactor offour)

away from the inlet to allow better predictions near the release point. Inneddrelarge

scale applications, the ability to capture complex flow in as few cells as possible is
important. There will naturally be losses through the use of an unrefined mesh, but if the
bulk hydrodynamics can be captured, other phenomena (such anteaatss transfer)

can still be approximated. Knowing where to apply and use refinement is necessary for the
prediction of the gas jets. Given the experimental results, the tank size of 1 m is far greater
than any of the jet and plundémensions (Harby,@14), and consequently less refinement

was given to the end of the tank away from the inlet.

Due to geometrical constraints, the inlet nozzle was reshaped into a square. The area was
maintainedo matchthe original diameter, so that the mass flow rateraachentum were
consistent with the done work by Harby et al. (2014, 2017). The ndiezteeter for the
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chosen cases was 5 mm (the largest available in the experimentalwiladt) resulted in
a4.43mm x 4.43mm squareinlet. However, for the finer case®fining the inlet was
difficult while still trying to maintain a refined region around the jet. The scale up of the
base mesh required slightiynger cellsalong the jet pathwatp meet these requirements.
However, this presented a way to test the etbécell aspect ratio on the development of

boththejet and plume.

Although a computer cluster was available for this study, computational resources were
still a constraint because the simulations involved transient simulations with small time
steps dueo the high velocityTherefore the maximum number of cells in the fine mesh
was limited to approximately @0000. In a reabas releasethe scale of the ocean or
water column would be much larger than the no#slef andquantifying the limits of

what could be capturad necessary to plan further models.

4.4 Results and Discussion

One primary goal of this study was to predict the momentum length of the jet region. In
their work, Harby et al. (2014, 2017) used a high speed camera to capture the.gas jets
Using their camera pixel conversions, as well as data i2Qh& paper, the momentum
length for the case presented here e&tgnatedo be approximately 150 mrrigure4.6

shows a comparison between the trajectory contours farby et al. (2017) and the
simulation results from this work. Since the minimum phase fraction level in the
experimental results is not specified, the simulation results are plotted using a low phase
fraction contour of 0.05. The curves should therefoot be interpreted as a direct
comparison. Instead, only the general shape and average jet length can be directly
compared. All the cases started at 0 s. The contours from the simulation were taken from
the averaged fieldver a period ofl of 10 seconddor the coarse mesh, but orilyto 4
seconds for the refined cases. Qualitatively and quantitatively the results are in good
agreement with the figures produced in the work of Harby et al. (2017). In comparison to

each other, the fdreld gas fraction caurs were also in agreement.

For the coarse mesh case, the far field region was poorly defined in the buoyant region. As

will be shown later, this effect was due to the lack of resolution and the forces imposed in
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the VOF solvers artificially keeping tlgas region agglomerated together. This effect was
reducedupon successive mesh refinemerist these cases required significantly more
computational resources. For the jet region, the coarse mesh predicted the momentum
length approximately as well as thefined cases. It is also possible that further time
averaging of the coarse case would provide improvement of tHeelthresults. The
difficulty with the coarse case is the loss of interfacial information at each time step,

although the tim@averaged @ntour eventually bounds the possible plume location.
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Figure 4.6 Contours showing a comparison between the experimental jet trajectory results
from Harby et al. (2017) and numerical predictions for difieraesh resolution©n the

left is the average phase fraction contour at 0.5, and on the right is the average phase
fraction ontour at 0.05The experimental trajectory is shown as a black line.

Although the momentum length was not perfectly predictedtrénd of the experimental
results and the modeled resultsrein agreement. Due to the high computational demand
of the simulations involving the finer meshes, it is difficult to obtain long time averages. It
is therefore possible that the momentungtarpredictions shown iRigure4.6 could be
overestimates because the jet length tends to decrease towards a pseudstatieady
Further time averaging would provide more confidence in the results. However, given the
results inFigure 4.6, the experimentatesults were predicted welbr all three tests.

Therefore, the momentum length was adequately captured by the model, even at low
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refinement. This factor alone is already important to future workusec#& seems to

indicate that the jet breakup length can be relatively well represented using a coarse mesh.

Within a VOF framework, the numerical approximation of the-lgpgd interface is
normally defined by the 0.5 phase fraction contour. For methoasving the direct
numerical simulation of interphase heat and mass transfer (such as those presented in
Chapter3), the accurate prediction of the actual interfacial area and its location is very
important. For largecale predictions, it is normallyfemasible to directly resolve the total
interfacial area due to the mesh resolution that would be reqéigade4.7 shows both

the instantaneous (4 second) and tameraged phase fraction 0.5 contours. The
instantaneous profilgrovides qualitative information about the interfacial area distribution
and its resolution. Conversely, the thaeeraged resudindicate the region that is expected

to have a continuous gdiguid interface (i.e. jet before breakup).
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Figure 4.7 Results showing the 4 s (left) and average (right) gas phase fractions (0.5 phase
fraction contour).Shown in red are the coarse case results, shown in green are the
intermediate case results, and shown in bledls finest case results.
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In examining the results from the coarse and fine case, although the trajectory of the jet
was similar, the ability to predict breakup behaviour was different. The buoyant plume
region for the coarse mesh is largelyfrom the smallscale gas structures that would
normally be present in this zone. Although the timeraged solution predicts a region of

low phase fraction, in truth the time step to time step appearance of large phase
agglomerations persists, as showikrigure4.8. In the fine case, these regions of high gas
holdup are more dispersed, but in reality a mesh refinement that could truly capture the
interfacial arean the plume regiomould be prohibitively expensive. Therefore, it may be
infeasible to predict the correct instantaneous phase fraction distribution cosirgg

meshes, but it may be possible to predict taweraged results with reasonable accuracy.

The lack of convergence between refinements is troubling for the use ofteapddsand

direct mass transfesimulation methods and applying them to largeale problems.
Dynamically tracking the interface, measuring the aseal then computing species
gradients would be drastically different depending on which refinement waisAitgrge
underprediction of mass transfer would be expected if coarse meshes were used-n a large
scale system. Therefore, for cases such as these, direct prediction of mass will generally be
infeasible within a VOF framework until much finer meshes bansimulated, which

would require much more computational resources. However, the results indicate that the
general location of the interface can be predicted with some accuracy, which provides a
criterion to decide on the type of mass transfer modelipgoagh. Therefore, it would be
possible to apply empirical closure models in the unresolved region and direct numerical
prediction in the resolved regions. This is one option for the development of a multiscale
approach for heat and mass transfer modelitign the VOF method, and it is the general

approach taken in chaptésand?.
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Air Phase Fraction

Figure 4.8 Instantaneous results showing the phase fraction contours for the coarse (top)
and fine (bottom) meshes at timdsics (left) and the average (right).

The time-averagd turbulent kinematic viscosities are shownFigure 4.9. For a time
averaged solution, the high values near the inlet are indicative of a lack of mesh scale
resolution. If he turbulence was directly resolved, all three meshes would indicate similar
results.The coarse mesh clearpyovidesthe worst prediction, given the size of the cells

in the region. Additional unresolved zones appeared at the interface, which were not
present in the higher refinements. At the inlet, however, this was an expected result, given

the high initial velocity of the gas.
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Figure 4.9 The time-averagd turbulent kinematic viscosity fahree mesh r@iements
taken on a slice along the inlet pathwagarse mesh (top leftiptermediatemesh (top
left), andfine mesh (bottom)The figure is zoomed in upon a 0.3 by 0.3 m box around the
inlet.

4.5 Conclusions

In this study, the OpenFOAM solvecompressiblel  nterFoam was used to model

one of the experimental studies in Harby et al. (2014, 2017). The abilite ofterface
capturingapproachto model both momentum and buoyastryven flows was tested. The
casesimulatedwas ahigh-speedet with a relativellow mass flow rate due to the small
nozzle diameter. Therefore, the penetration length could be captured within a small section
of the tank where refinement could be made. Given the results, two questions remain to be

answered. If many practical applicai®are potentially orders of magnitude greater in
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scale, it is imperative to decide at what coarseness the mesh wambmtain a balance

between computational demand and accuracy

Three meshes were used to simulate the system. Emphasis for the mesloestie jet

region, with less resolution at the far end of the tank and towards the surface. The coarsest
mesh used one cell for the inlet, while the refined meshes employed four and nine. Given
the size of the inlet relative to the domain, this intredubigh aspect ratio cells into the
system along the jet pathway. Although momentum lengths were predicted to be close to
the experimental results, the aspect ratio of the mesh cells had an impact on the initial angle
of the jet for the medium refinemerdse. Also, given that an LES model was used for the
simulation, the difference in stdrid scale model results for the coarse and fine cases mean

thatthere was less direct resolution both near the inlet and at the free surface.

While the trajectory and tis the momentum lengthenereasonably well predicted, it was
clear that there was a substantial loss of interfacial informédioall mesh resolutions
investigatedThere was substantially more breakopthe finesimesh resolutioralthough

the shapevas similar to that of the coarsest case. However, even for the finest mesh, direct
resolution of mass transfer via interface reconstruction would likely be infeasible.
Therefore, largescale predictions of mass transfer and more accurate predictionsna pl

fluid dynamics would require coupling to another methodology or the incorporation of

appropriate suigrid models
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Chapter 5
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5.1 Introduction

Although onshore reserves have yet to deplete, offshore oil and natural gas production are
required to meet demand. Even exploring the well is substantially more difficult for
offshore activities, as there is a barrierseaiwater between the rig and the ocean floor.
Even though the risk of a blowout or catastrophic release is low, a subsea release will
behave differently than onshore counterparts and is generally more difficult to stop.
Therefore, it is imperative thatgmtictions can be made for worst case release scebarios

reducethe impact on society and the environmésiich events occur.

When natural gas is first produced from the well, it often contains various acidic gases (e.g.
COp, H2S, etc.) and is therefortermed sour gas. The subsequent sweetening process
separates the gas irachigh purity hydrocarbon streammda stream containing the sour
components, which is usually called acid gas. As an alternative to flaring these compounds,
it is possible to usa depleted well to sequester them. Tdptionhas the added benefit of
maintaining production well pressure. However, the acid gas stream creates an additional
hazard due to the toxicity of the components. If a release of either sour gas or acid gas were
to occur, the rapid release and expansion of pressurized gases would form a jet and plume,
eventually reaching the surface and being transported to the atmosphere. Both the quantity
of gas reaching the ocean surface and the location of the releasettodphere must be

known to develop emergency response plans.

The objective of this chapter is to describe how numerical simulation can be applied to the
modeling of release scenarios, with particular focus on computational fluid dynamics
(CFD) methods. Aliough most models could be adapted for oil and/or gas releases, gas

releases will be the primary focus of the discussfortypical releasavould havethree
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major zones of flow, each with their own set of conditions and problems to consider.
Closest to theelease point, the pressure from inside the well forms a continuous release
of momentum governed flow known as the jet region (or near field). The momentum from
the well keeps the released phase together at a high phase fraction with a clearly defined
interface. Depending on the pressure in the well, this could be a cold, liquid phase that
would rapidly expand and evapoeab form a gas. As the released fluid travels further
from the source, momentudissipatesand the lighter fluid is carried up the watolumn

by buoyant forces. This region is known as the plume region (or far field). This region is
more disperse, and the bubbles aggregate or break up from the momentum core. As they
continue to rise and disperse, they may also dissolve into the sdimguiguid, and are

more vulnerable to influence by surrounding currents. Finally, any gasetiates the
surface will escape from the liquid phase antkrthe atmosphere. This surface region is
affected by the oceamtmosphere interface and by detraent of liquid from the gas

plume.

Each regionof a gas releases characterized by differeéngth scales and physical
processes, and therefore different modeling techniques may be required to capture their
behaviour. Two general groups of numerical gledire currently used to predict transport

and fate of the released gag mechanistic modelsone models and integral modeds)d
computational fluid dynamic€ach modeling approach has associated advantages and
disadvantages. In general, cone modskume a centerline pathway and develop the cone

as a function of the distance along that path (Sridher, 2012). This means they are the
simplest to implement and quickest to use. However, this also means that they rely heavily
on empirical correlations anfitted values. Thus, when these models are applied to
situations that are significantly different from the experiments that were used to fit
parameters, expected accuracy is relatively low. The expected accuracy of cone models is
also relatively low becae gas dispersion is assumed to have no dependence on the gas
release rate, gas jet dynamics, variation of bubble size, and other important characteristics.
To improve accuracy, many measurements would be required at a variety of conditions to
determine th cone angle. Furthermore, the cone angle is also known to be strongly

influenced by interaction with the sea surface. Finally, the assumption of a single cone
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angle under crosflow conditions is not normally valid and therefore cone models become

less usful under these conditions. Thus, cone models will not be the focus of this review.

Integral models instead assume a flow profile anddemeved by applying mass and
momentum balances to the pluf@idher, 2012). Integral models can either be solved in

an Eulerian or a Lagrangian reference frame (Yapa and Zheng, 1997a). Currently, three of
the most developed models are DeepBlow (Johansen 2000, 2003), CDOG (Yapa and
Zheng, 1997b; Zheng and Yapa, 1998, 2002; Chen and Yapa, 2001, 2002; Yapa et al.,
2001; Zkeng et al., 2002) and VDROP (Zhao et al., 2014a; Zhao et al., 2014b; Zhao et al.,
2015; Zhao et al., 2016). The first two of these models have been significantly extended
since their initial development, and both have been used in numerous case stedigs. Re
studies have focused on theditionof complex effectssuch as hydrate formation and gas
dissolution (Zheng et al., 2002), gas separation from mixed oil and gas plumes under cross
flow (Chen and Yapa, 2004), plume breakup dynamics (Dasanayaka pad2089), and
effects of dispersants (Yapa et al., 2012), as well as the incorporation of a population
balance model (Zhao et al., 2014a). The primary limitation of integral models is that they
rely on a number of empirical correlations. These empirgationships must be obtained

by fitting experimental data and it is not clear how accurately they can be extrapolated to
different conditions. It is also necessary to make an assumption regarding the region in
which the initial gas release undergoes bupaknd where the buoyandyiven plume will

be formed. Currently, the nefeld region is largely neglected in many integral
approachesandmore emphasis placed on the development of the plume. On the other
hand, in addition to work being made to ottuce complexity to integral models, they

require considerably less computational resources when contpaZ&d models.

The primary benefit of CFD models in comparison to cone and integral models, is that they
rely on fewer empirical relationships. As dissed below, several different types of CFD
models are applicable to simulate various parts of an underwater gas release. Near the
release point, gas jet dynamics ayakjet breakup behaviouare very important, and
thereforea CFD model may be able farovide more detailed informatiorOnce a
buoyancydriven plume is established, the plume can be modeled using a dispersed flow

model. Cloete et al. (2009) have previously applied a Lagrangian particle tracking (LPT)
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algorithm to track bubble movement in anderwater gas plume. The primary problem
associated with this method is that the computational cost becomes prohibitive when the
number of bubbles that need to be tracked becomes too high. Further, one of the primary
assumptions made in the method ist ttree particles do not occupy volume and this
assumption is not applicable in regions where the gas fraction becomes too high (dense
plumes). Clearlythis also means that this modell have limited applicabilitynear the

gas release point (i.e. the jegion) without special algorithm modifications. Cloete et al.
(2009) also coupled the Lagrangian particle tracking algorithm with an interface tracking
algorithm to resolve deformation of the ocean surface due to gas disengagement from the

water.

In Euleiian multi-fluid dispersed flow models, the resulting governing equations are solved
on a stationary grid. Each computational cell stores a phase fraction for all phases and uses
them to phase average physical properfigse definition of thebubble sizesan be
included by using a population balance model. Eulerian models are preferred to LPT in
systems with high gas phase fractions or when the quantity of dispersed bubbles is very
high. As for other dispersed flow models, empirical closure relationshigs lme used to
couple the phasaveraged conservation equations. One limitation is that drag models are
often limited to relatively low dispersed phase fractions. Drag models capable of predicting
interaction at very high phase fractions are still beisgaeched. Although the Eulerian
approach has been used in CFD simulations of industrial systems for many years, there
have been relatively few publications specifically aimed at modeling gas/oil blowouts. A
recent exception is work done using the CFD cbdmsAT (Narayanan, 2011; Lakehal,
2013). In this study, an Eulerian mixture model (dnel formulation) was used with very
largeeddy simulation (VLES) to account for turbulence. Further, the model included

hydrate formation kinetics.

The purpose of tkichapter is to provide backgroumfiormationaboutmodels that have
been used for subsea gas release modeling and models that would be agplicable
simulation of gas release$he primary focus is on CFD models, but an overview of
integral approads is also provided. A recent review by Olsen and Skjetne (2016a) also

provides a comprehensive overview of modeling methodologies. They have commented
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thatthe majority of literature is based around integral modeling, but conclude that CFD is

a viable tobgiventhechallengeof largescale experimentation

5.2 Mechanistic Models

Software for jet and plume modeling has been heavily influenced by tools developed for
the environmental assessment sector. This is to be expected, as environmental protection
has becme an importantissue in the past century with the shift in paradigm towards
sustainable development. Therefore, many earlier models, which can serve as a basis for
the synthesis of more detailed blowout models, have previously been applied to various
othe types of releases.

Cone and integral models are formulated using macroscopic conservation laws and
empirical closure relationships. Cone models were very popular in the past, but their
limitations have reduced their use in recent years. Converselyahtegdels are currently

the most popular approach for subsea release modeling due to their relative speed,
modifiability and accuracy. However, the main limitation of these models is that they do
not resolve the smaticale interactions occurring at misompic scales. These interactions

are included through empirical closure models, but they are not directly resolved. This
section reviews some available macroscopic models that are applicable to the modeling of

underwater oil and gas releases.

Some of theearliest work on integral modeling of subsea releases is from Fannelgp and
Sjgen in 1980, and Fannelgp and Bettelini (2007) extended and described this work more
recently. Similar developmentsgave also beenmade by Bhaumik (2005) as part of an
extension bSocolofsky et al. (2002), and many others. Integral models are derived using
the assumption of seffimilarity, the entrainment hypothesis, and force and mass balance
equations. The entrainment hypothesis relates the rate of entrainment at the edge of th
plume to its upward velocity, which closes the force and material balance equations once
appropriate property relationships are also speciffedpertyprofiles within the plume

must be assumed to have a specified sfidjgsong et aJ.2014). They used simple, top

hat profile mechanistic model in order to predict the rise of hydrocarbons through water.
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It is worth mentioning that, although the abovementioned studies use an Eulerian
formulation of the integral model, there are competing developmeimg Lagrangian
approaches. Work proposed by Lee anduigen 1990, for their JETLAG model, relied

on quantifying the momentum, volume and buoyant fluxes using smakintesfering
elements to represent the plume. These models accounted for horiztvataheent based

on the Froude number or a single velocity.

One of the most comprehensive and commonly cited integral models for underwater
release modeling is the DeepBlow code (Johansen 2000, 2003). DeepBlow is a Lagrangian
model in which the plume ispeesented by a series of Amerfering elements (Reed and
Hetland, 2002). Each element is conceptualized by a cylinder or bentcbanacterized

by its mass, location, radius, depth, average velocity, concentration, temperature and
salinity. Similar tothe CDOG model by Zheng et al. (2002), the plume can be considered
as noAmiscible fluids (oil and water, or gas and water). DeepBlow has the capacity to
consider that bubbles may escape vertically out of a sloping plume. The code also allows
for reductins in mass due to hydrate formation and dissolution into seawater. According
to Johansen (2000), the DeepBlow solver is governed by a simple mass conservation
eguation where the volume is calculated using a constituent of mass within the cell that
occupiesa volume based on its density. The density is calculated using the basic

compressibility equation of state.

Integral release models commonly include equatio@Ecount for hydrate formation, and

this will shrink the volume accordingly based on the netadiensity. For the conservation

of energy, DeepBlow tracks the contributions of each constituent. The total heat content of
the Lagrangian volume elements is calculated as the summation of both sensible heat and
latent heat effects. Dissolution of gasn®deled through the simple convective mass

transfer equation:

— LOO 0 (5.2)
Where— is the gas dissolution ratK is the mass transfer coefficigi\ is the surface

area,0 is the solubility of gas in sea water, amdis the farfield concentration othe

dissolved gas in the watdf.the farfield concentration in water tends towards zero and
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that the bubble is spherical with a diameteofo¥w @fQ , andthe gas dissolution

rate is:

S — (5.2)

Johansen (2000) calculated the mass transfer coefficient using the empirical correlations
provided by Hughmark (1967). The bubble slip velocity was calculated using a harmonic
average between velocities calculated by using two empirical correlations forathe d

coefficient.

Yapa et al. (Yapa and Zheng 1291 Yapa et al., 2001) developed a model for deep water

oil and gas releases primarily for use in the Gulf of Mexico. The original model, proposed

in 1997, was primarily for vertical oil releases. Howevkis model was later expanded

for deeper well releases also involving gases. Under ambient flow conditions, the plume
forms a bent cone. The original model assumed that the bubbles are trapped at the core of
the jet, or that the bubble disengagentfrom the jet was not possible. However, the model

was later extended to account for gas separation from the oil plume.

The model uses a Lagrangian integral control volume approach to track the motion of the
plume. In this approach, only the average propertesbaibble sizes can be resolved for

each control volume. This is one of the primary weaknesses of their model; however, as
noted by Zheng et al. (2002), there is insufficient knowledge about the bubble size
distribution in such plumes. It is noted by Jaemet al. (2001) that the bubble size tends

to be in the range of 3 to 8 mm for deep sea releases of gas bubbles, and approximately the
same for diesel droplets.

The model of Yapa et al. used a similar mass transfer model as Johansen (2000) (i.e.,
equation 5.2). However, a customized empirical mass transfer coefficient model was
developed in Zheng and Yapa (2002). For greater accuraoggtilérium concentration

of dissolved gas in the |liquid was <calcul a
madification involved the incorporation of a fugacity term to account for high pressure and

a term to account for salinity. The final form was,
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5 CoAgp—— (5.3)

whereQis the fugacity ofthega&ji s an al ternate form of the
w is the partial molar volume of gas in solutidfapa et al. (2001) used a simpiaetic
model, coupled with a simple spherical heat and mass transfer model, to determine the rate

of hydrate formation.

More recently, a model known as GASOCEAN (Leite et al.420/ks employed in Brazil

to model subsurface gas releases. Using therlmeanentum balance of gas, seawater and

oil, it incorporates entrainment, dissolution, and bubble separation. It is based on prior work

by Yapa and Zheng (199@nd Chen and Yapa (2004)al so uses Henryos
simple mass transfer rate expressmpredictdissolution. Again, it also uses a Lagrangian

control volume approactvith a specific focus on the buoyant plunies indicated by

Bibilazu et al. (2010), not a lot of focus is placed on the initial expansion or hydrate
formation. What remains tbe studied is how much better the models would become if
smallscale effects could be resolved using a more theoretical approach.

A more recent set of studies has been conducted using a model known as VDROP (Zhao
et al., 2014a; Zhao et al., 2014b; Zhaalgt2015; Zhao et al., 2016). Heestudieemploy

an integral model, but this approdués also been coupléal a population balance model
(PBM) (Zhao et al., 2016)Unlike other integral models, the inclusion of PBM pesmit
prediction of a particle sizgistribution and coalescence and breakup. The model has been
applied toa fewlab-scale experiments and ftdtale case studies. The model has also been
improved to incorporate an empirical jet model. So farptbdel has been applied to both

oil and gageleases

Although many complex extensions have been proposed in recent years, the primary
shortcomings of the currently available integral models are their inability to account for
complex flow behaviour directly, as well as local variations in proyseatiel mass transfer

rates. Recent studies have also highlighted the need for jet modeling, and extensions have
been proposed to incorporate some approaches into the available models. CFD models
could help to overcome some of the limitations of these madelsuse more features of

the fluid dynamics can be directly resolved. However, the disadvantage is that CFD models
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are still only starting to be applied to such systems, implying that they need further

development and validation.

5.3 CFD Models

There are seval categories of commonly used multiphase CFD models, and several
combinations of different models that have been developed to overcome deficiencies for
specific applications. The purpose of this section is to describe the most commonly used
methods for drgescale multiphase flow simulations, with specific emphasis on their

applicability for subsea gas release modeling.

5.3.1 Mixture Models
The mixture model is derived by volume averaging the conservation equations. In this case,

the continuity, volume fractiorequation for the dispersed phase, and momentum
conservation equations are (ANSYS Inc., 2011, Ishii and Hibiki, 2010):

— nN0"60 ™ (5.4)
— 1D "0 n| "o R Y (5.5)
—— 10760 np nd nd  no ""Q "0
ndOB | "6 {0 i (5.6)
wherg is the volume fraction of the dispersed phdse,B | ” is the average density

of the mixture,” is the density of the diersed phas& represents the masseraged

velocity field, 0 is the pressuré, Qis the gravitational forcé, B | * is the average
viscosity of the mixture9 i Is the drift velocity of the dispersed pha%includes

other volumetric body forces, arfi accounts for sources/sinks for the dispersed phase.
The mixture model is normally only applied to model dispersed flows when the bubbles
are relatively well dispersed in the continuous phase and whenebuialtion is not too
different from the bulk motion of the continuous phase. One of the most common mixture
models is the drifflux model. The naming convention is related to the unresolved variable
for which closure is needed. In equatto, the drift \elocity is strictly not known through

the solution procedure. Instead, a force balance orndidpersed particleor a well

understood flow regime must be used to close the model.
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Since the modehas lower computational demantt&an many competing modelptys
(particularly EE and LPT models), it has seen use in many fields, such as aerosol and other
deposition studies (Chen et al., 2006; Xi and Longest, 2008; Parker et al., 20&@&t Bov

al., 2016), and dispersion in indoor environments (Zhao et al., ZDB®)model has also

been applied to boiling flows (Hu et al., 201IRA)addition, the model is considered simpler,

while providing similar results to its contemporaries (Andreolli et al., 2017).

In terms of ocean environments, there have been only a $elestudies carried out.
Andreolli et al. (2017), have used the model to track the flow of crude oil through offshore
pipelines, though no rupture studies were carried out. In general, the application of the
drift-flux model to pipeline, steady flow issmmon due to the even distribution of the
mixture (Talebi et al., 2012; Dorwui et al., 2015; Teixeira et al., 2017). This allows for
the closure terms to be written simply as distribution coefficients (Hu et al., 2017). Hu et

al. (2017) applied thiappoach to model boiling flow in pipes

Using simplified closure models requires a weakly coupled system (Teixeira et al., 2017),
but the simplification leads to a large gain damputational efficiencyFor oceanic
environments, this isottrue of the jet@gion, where momentum from the jet drives the
gas, leading to a continuous phase in sharp contact with the surrounding seawater.
However, once the buoyant driven plume develops, the dispersion of the gas may be
modeled by a drifflux model. The cost woulde the loss ajeneralitypecausa simplified

closure modelvould be required to represent the flow regidlkernatively, more complex

closure models would have to be developed.

5.3.2 EulerEuler Models

As mentioned above, Eulerian and Lagrangian modelsocanenonly employed to model
largescale dispersed flows. Eulerian models may be derived either by averaging the
conservation equations over the entire volume (referred to a$luichéformulation,
homogeneous model or mixture model), or by averaging theepo@i®n equations over
each phase (referred to as the millid formulation or inhomogeneous model). In either
case, these models are based on the interpenetcatiigua assumption (Ishii and Hibiki,
2010), and therefore interface dynamics are n@fctly resolved. Instead, every grid cell
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in the solution domain is occupied by different proportions of each phase and closure laws
must be specified for interface momentum, energy and mass transfer. The accurate
specification of these closure laws, wharte usually empirical, is critical to the accuracy

of these models.

In the Eulerian multfluid formulation, separate continuity and momentum conservation
equations are solved for each phase. A complete derivation can be found in Ishii and Hibiki

(2010).The equations can be written as:

— 1D "6 Y (5.7)

n)| "00 |0 1y | "Q 0 5 Of O

0 (5.8)
where| is the volume fraction of phasg” is the density of phage™Y is the source of
phase, 06 is the velocity of phask P is the pressuréQis the graviational acceleration,
"O | is the drag force)O  is the lift force,’O  is the virtual mass forcéD

includes other volumetric body forces for phasélso,

T | © ne  no -l oy k (5.9)
wherel is the identity tensor and is the viscosity (sum of molecular and turbulent

viscosities) of phase

Mass transfer effects can be incorporated into the +fuiti model by solving
congervation equations for N 1 chemical species (where N is the number of chemical
species). Additionally, energy transfer can be included by solving one energy conservation
equation for each phase. The appropriate forms of the energy and species eqeations a

— " no| "oy 110 TR v (5.10)
— 2] "6 | — TtTdo6 1IN “Yi (5.11)
wheredy, is the mass fraction of compongrim phasd, Y jj; is the source of specigm

phasei due to interfacial mass transfely ¢ p Yiuir), # Is the diffusion flux of

componenj in phasd, 0 is the pressure in phaset 16 accounts for viscous heating
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and is usually neglected), is the heat diffusion flux, an®'j is the energy source in phase

i CYg “Yi ). In many cases, the diffusion fl@an be estimated usiigi c k 6s | aw

O " Ori 05 (5.12)
whereOqn 7 Orr Osghp is the sum of the moleculaiOg ;) and turbulent
(Og i) mass diffusivities in pteei. The heat diffusion flux (conduction) can often be

estimatedusinfour i er 6s | aw

n y gy (5.13)
wherey Y Y gisthe sum of the moleculay () and turbulentyf ;) conductivities

in phasea, andT is the temperature.

EulerEuler models are commonly used to simulate bubbly flows, either in bubble columns
(see for example: Li et al., 2009; Yang et al., 2011; Xiao et al., 2013; Pourtousi et4l., 201
Bhusare et al., 2017) or in tanks (see for exampl@tighet al., 2007; Panneerselvam et

al., 2008; Dhotre et al., 2009). Therefore, this method should be generally applicable to the
plume region of a subsea gas release. However, many of the closure models were primarily
developed amtested in confined gecetries, and thus their applicability to open oceanic
environments is difficult to judge. In this case, the problem is the scaleup of the closure

models and more importantly the choice of turbulence models.

Although the majority of studies using Euleulermodels focus obubble columnghey
have been used to model largealebubble plumeqe.g., Buscaglia et al.2002). In
Buscaglia et al. (2002), andEEmodel was applietb dilute bubble plumeandobtained
reasonable agreemenith an integral moddior dissolution of oxygen for the purposes of

aeration.

5.3.3 Lagrangian Particle Tracking Models

The EulerLagrange approadfalso called Lagrangian particle trackingalso commonly

used to model dispersed multiphase flows. In the Hidgrange approach ttiew field

for the continuous (water) phase is obtained by solving the momentum conservation

eqguations and the continuity equation on a fixed grid. The Eulerian conservation equations
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are analogous to equations 5.7 and 5.8. Particles are tracked in adiagneference
frame, and coupling between the continuous phase, dispersed phase and within the
dispersed phase may be emay, twoway or fourway (Fraga et al., 2016). Since patrticles

can be tracked through a relatively coarse flow field, relativelyseomeshes can be used.
Therefore, this approach is nearly as efficient as Htlger methods for dilute systems

but becomes more computationally expensive when a large number of particles must be

tracked.

LPT methods for gatiquid flows are commonly usketo model bubble columns (Delnoij

et al., 1999; Lain et al., 2002; Hu and Celik, 2008; Gruber et al., 2013) or bubbly pipe flow
(PefaMonferrer et al., 2014; Dapelo et al., 2015). For highly dispersed bubbly tl&W¥s,
methods are advantageous because ulpipn balance models are relatively
straightforward to include. However, due to thember of particles in a larggeale flow

tracking broad data for each particle may become unfeasible. Additionally, the scale up to
other bubble size classes is a cancas the sizes found in industrial applications are often
small to promoteinterphaseheat and mass transfer. Since many closure models for
coalescence and breakup are based on case specific data (Delnoij et al., 1997; Gruber et al.,
2013), accurate pregdion of the coalescence time must be treated similarly to other closure

terms.

A comprehensive overview of thelEmethod is provided in Prosperetti and Tryggvason
(2007). Additionally, Cloete et al. (2009) have previously used a version of this method t
simulate the dispersion of an undersea plume of gas bubbles, and the simulation of small
scale plumes has been carried out by Fraga et al. (2016). However, heat and mass transfer
effects were not included, and only a very simple method was employedawnador

changes in bubble size. Additionally, the continuous phase was assumed to be unaffected
by the motion of the dispersed phase. In the iBethod, the motion of each bubble is

tracked by solving the force balance:

a — 0 5 Q " O (5.14)
where the subscrifiitrefers to the dispersed phase, the subsgrgters to the continuous

phase@ isthe mass of the bubbl®  isthe dradorce, andO includes additional
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forces (virtual mass, lift, etc.), but can be included in the same way as forBtlder

models above (Darmana et al., 2005).

In the LPT method extra momentum forces are added to the momentum of thelgyartic

but otherwise carry the same form as i& Ehodels, as seen as early as Delnoij et al. (1997,
1999), Gruber et al. (2013) and Péflanferrer et al. (2014). However, it is necessary to
account for bubble breakup and coalescence using a probability rhasietl Similar to

the available force balance closure models, these probability based collision models are
empirical, and it is not clear which one will yield the most suitable results. Further, the
movement of bubbles is influenced by turbulent veloditictuations. The turbulent
dispersion of bubbles can be related directly to the turbulence model predictions. However,
this implies that an appropriate choice of turbulence model is critical, since this choice will
have a strong impact on the simulatiesults.

If heat and mass transfer effects taréeincludedin the modelit is necessary to solve the
species and energy conservation equations (see 5.10 and 5.11) for the continuous phase.
Interphase heat and mass transfer effects can be included Li?Theodel by solving

species and energy conservation equations in the Lagrangian reference frame. For example,
if only one chemical species changes phase, it is sufficient to solve the energy conservation

eguation and thene speciebalance:

YUY (5.15)

h
— — O O (5.16)

Where® is the surface aredensityof the bubble is the mas$ractionin the dispersed

phase andthe convective heat() and mass transfer coefficients | are described in
subsequent sections. Specification of the most appropriate empirical models for the
convective transfer coefficients is critickdr the accurateémplementationof these
relationships. It is important to note that the bubble diameter would need to be recalculated
at each time step using the newly calculated bubble mass and density. Darmana et al.
(2005),Gong et al. (2009)xand Olsen and Skjetne (2016b) have used metlodswith

gas dissolution from underwater plumes using the method described above.
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The LPT method can become very computationally expensive for very large numbers of
particles. Further, this method suffers from some of the same problems that limit the
accurcy of theE-E methods Specifically, theLPT method still relies on correlations for
coupling interphase energy, mass and momentum transport, and these correlations have a
strong impact on the accuracy of the simulation. Further, no generally acceptédrce

model exists, and the choice of turbulence model is expected to have a strong impact on
the simulation of bubble plumes. Currentp T methodshave been used to modaige

scale releases thework of Cloete et al. (2009), Fraga et al. (20165e@ and Skjetne
(2016b) andOlsen et al. (207).

5.3.4 Interface Tracking/Capturing Models

Relevant interface tracking/capturing methods have been discussed in chapteard 42,

For the purposes of this work, twelumeof-fluid method will be the primary adel
discussed. Worner (2012ndTryggvason et al. (2011) provide a comprehensive summary

of the relative advantages and disadvantages of different interface tracking techniques. The
literature discussenh Chapter Zorimarily focugdon ways in which V& could be used

to augment studies of gas jet/plume releases.

A summary of the equations has already been presented in Chapter 3. Thesholine
again in brevityThe VOF method is based on the dhgd formulation, which is derived
by averaging theanservation equations over the entire computational domain. In this case,

the continuity, volume fraction, and momentum conservation equatrens

— 10"0 m (5.17)
— n19J| o nd| | O Yo— - — —_— — 0

— — 0" | n® (518

—— nd"% 13 nd "Q O (5.19

where| is the volume fraction of the liquid phas¥,is any mass souecfor the liquid
phase,] is the average density of the mixtufe B | ” ), 6 represents the mass

averaged velocity fieldP is the pressuréQis the gravitational forceg is the average
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viscosity of the mixturg" B | * ). Normally, the only other important body force is
due to surface tension. Most VOF methods use the continuum surface force (CSF) of
Brackbill et al. (1992). In this case,

o, I (5.20)
wherell refers tothe surface curvatum@nd, to the surface tension coeffiate If heat and
mass transfer effects are important, species and energy conservation equations must be

included. The ondluid form of the energy balance can be written as:

—— 12""Y —— nO"06 nO60 noyny
nOB Q Y  (5.21)
where® is the phasaveragedpecificheat capacity at constant volun@, is the kinetic
energyy is the thermal conductivity B | y ,'Qis the internal energy,is the mass
flux term, and’Y is the energy source terrmihe species equations are usually phase

avaaged because the concentration profile across the interface is usually discontinuous.
Thus,

— " no| " @yo nd  Yp (5.22)

which is the same as equati®AO.

Although interface capturg/tracking methods are convenient for simulating the breakup
of bubbles, droplets or jets, a sufficiently fine grid is required to accurately resolve the
interface. As a result, it would be impractical to apply these methods directly to model the
largescale behaviour of an underwater gas plume. The results of Chapter 4 reaffirm that
themeshrequirements for direct simulation of heat and mass transfer praatical and

that only the bulk jet characteristics will be reasonably predicted.

Recently, drend towards coupled models has appear#teiiterature. In many industrial
applications, while dispersed phases exigre is also the presasof a continuous phase
that is not handled well by the dispersed phase model.-Epapplication of the mael to
free surfaceposes a difficult closurmodeling challengelain et al. (2014) have explored

coupled interface tracking in bubble columns modeled.BY methodsfor resolving
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airspace above the free surfaeead Wardle and Weller (2013) employedydoiid E-E
VOF model for liquidliquid column simulationCoupled methods amdso commercially
available through the ANSYS-E model (ANSYS, 2011).

Although interface capturing/tracking methods are convenient for simulating the breakup
of bubbles, dropletsr jets, a sufficiently fine grid is required to accurately resolve the
interface. As a result, it would be impractical to apply these methods directly to model the
largescale behaviour of an underwater gas plume. Howewhoiild bepossible to use a
VOF method to simulate gas jet breakup in the vicinity of the release point

5.4 Interphase Force Models

As mentioned above, dispersed flow models such as mixture modelsHbideimodels

and LPT models require appropriate closure models to complete thioagu&or the
momentum equations, these relationships can be divided into a few key categories, with
the most important being the drag, ldndvirtual mass forcenodels and the turbulent
dispersiormodel The interphase force models are empiricallyveel from experimental

data andhave limitations on their range of applicability. It is therefore necessary to choose

the models carefully to ensure validity for the application of interest.

5.4.1 The Drag Force and Slip Velocity

The drag force acts in the ferbalance as a resistance imposed by the contact of two fluids.

In general, for @phericabubble, the drag force can be calculated by

o 86 6 6 6 (5.23)

where the subscrigi refers to the dispersed phase, the subspripfers to the primary
phaseQ is the bubble diameteo, is the dag coefficient, andO ‘O . The

drag coefficient must be determined using an empirical correlation because no purely
theoretical model with a very broad range of applicability exists. Since the drag coefficient
has a largeimpact on the momentum coupling between the phases, its accurate
specification is very important. It is not clear which drag model will be most appropriate

to the simulation of an undersea gas plume.
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Cloete et al. (2009) calculated the drag coefficiemgis

(14 8
o] - — (5.24)

Many of the models have been developed from systems involving bubbly flow in other
geometries, particularly bubble columns (Yang et al., 2011; Xiao et al., 2013; Bhusare et
al., 2017).Theexactform of the drag forcés subject tachange for differerflow regimes

A constant drag coefficient modetasemployed by Bhusare et al. (201 Dhotreet al.

(2007) and Dhotre et al. (2009). The argument for a constant coefficient makes sense when
the relative velocity is higland therefore drag becomes practically independent of the
Reynolds number. For nezonstant modelinghe SchillerNaumann model is a common
choice (Yang et al., 2011; Xiao et al., 2013):

—p ™WYQ® hYQpnnmn
™ hYQpnnmn
In this case, the Reynolds number is based on the bubble diameter and the relative velocity

8 (5.25)

between phases. Yang et al. (2011) compared data fitted from a bubble column aexperime
and the results obtained from using SchilErumann, Tomiyama modified Schiller
Naumann and the model of White. The results had nagegemenbver applicable ranges

and bubble sizes. Therefore, the applicability of these models is questionabteviar fl

an unbounded ambient, particulafty various bubble size ranges and shapes. Another
problem with the SchilleNaumann formulation is the lack of consideration for bubble
shape or swarms. The model of Ishii and Zuber, taken from Li et al. (2009aanet al.

(2017), accounts for some of these variations:

—p T UQ® RSpherical

6 NQw -VMIOKYEI | i pti cal (5.26)
o -Oho wn

whereEo is the E6tvds number, a dimensionless quantity meant to represestitaipe of

the bubble. It can be calculated from:

0 —— (5.27)
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where 0 is the surface tension. 't is not
without performing some preliminary validation studies. The tions O and O are
corrective terms that account for the shape of the bubble. This model has also been used
by Rzehak and Krepper (2016) to simulate drag in bubble columns. The importance of
bubble shape is that the Schitldaumann model predicts Wdbr spherical particles,

which cannot be assumed as the diameter increases, especially for bubbles. However, many
columns and injectors produce a fine bubble swarm, soatwidely applicable with

correction.

Another popular model is that of Tomiyantaaé (1998) for contaminated systems:

6 [ A p ™WNXQ® h — (5.28)

The function should be automatically fileel depending on the range of the Reynolds and
E6tvos number. As mentioned in Yan et al. (2017), this model predicts well over a large
range of Reynolds numbers, whereas Schillaumann both overpredicts for low
Reynolds number and underpredicts for high Reynolds numbeltshii and Zubemodel
predicts well for high Reynolds numbers but overpredicts for low Reynolds numbers. In
these studis, the bubble diameter was varied for a single bubble rising.

The difficulty for translation to a largecale subsea release case is that there will be zones
of high gas hold up. In these regions, momentum layers will overlap, and the bubble swarm
will behave differently from the single bubble experiments (Buffo et al., 2(@83rm

corrected drag coefficients typically have thBowing form:

6 QO 67 'YQ (5.29)
where’Q  represents a function to account for swarm effetiigevd ; 'Y ‘Qrepresents
the drag for a single bubble (such as the Tomiyama model, abidweefore,swarm
correctionsare modifiers to the single bubblgragmodels, accounting for the wakes of
other bubbles. For example, the work of Buffo e{2016) used

. p | hi i)
Q I (5.30)
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with Tomiyama as the basic drag model. Some other examples include the work of Roghair
et al. (2011; 2012; 2013), who modeleedisperse flows.

The choice of drag model is impgant,becauset contributes teestimation ofthe relative

or slip velocity for a dispersed phase mod@&iven that the oceanic environment is
contaminated, a model such as Tomiyama would be the best choice of those presented.
Although there are newer wsto formulate models, such as those presented by Buffo et
al. (2016), the Tomiyama model is very commonly used. Furthermore, the Tomiyama
model has been tested repeatedly with adequate results adewge range dReynolds
numbersAlso, since the exa bubble size in the plume region of a release is not known,
the error introduced by the drag model is likely to be relatively small compared to the
assumption of a diameter or size distributiarswarm correction could be used to improve

drag force predtions, but the best choice for a larggale release is currently not known.

5.4.2 The Lift Force
If bubbles are assumed to be much smaller than the interparticle spacing, but the particles
are not too small, the shear induced lift force acting on the disp@isase can be

calculated from

O 0”] o6 0o n o (5.31)
whereo is the lift coefficient (which is often assumed to have a value of between 0 and
0.5, as stated by Diaz et al., 2009, Grudteal., 2013, and Pourtousi et al., 2))land
O ; "O . In practice, lateral dispersion is governed primarily by lift and turbulent
dispersion. Diaz et al. (2009) comment that the above formulation of the lift is incomplete,
in partsincea constant lift coefficient implies that lift can only act in one direction for a
given flow. An alternativéormulationis the modebf Tomiyama et al. (2002):

0 T M@ ™8 Y (5.32)
where the E6tvds number accounts for the bubidge and allows the sign to vary with
the bubble distribution. This model gives negative lift forces for butibtsgreater than
9 mm inan air-water system. Diaz et al. (2008 somention more complex models, but

this only highlights the uncertainty dfie field. Their own experiments utilized three

109



representative values for the coefficiert,(,0.5) acrosvariousgas flow rates. Their
conclusionswvere that the lift force had a significant effect on lateral dispersion depending
on the gas velocity, agss bubbles sized 1 to 10 mm. For smaller gas flow natdsding
positive lift helped prediction of lateral dispersion, but for higher velocity it weakened

predictions.

For applicationgo largescale gas releaselsubbles will often be greater thanm@m in
diameter. For high velocities, correlated functions tend to weaken predidileerefore,

it seemghebest practice is to assume a constant value given other uncertainties.

5.4.3 The Virtual Mass Force

The virtual mass force accounts for the inertiaea the primary phase due to the motion

of the secondary phas@&he virtual mass force is often approximated using

Ofp 01" — 660 — 0 o (5.33)
where the subscridi refers to the dispersed phase, the subspripfers to the primary
phase, andO j "O . 0 is the virtual mass coefficient, which is usually
approximated using a constant coefficiédftena valueof 0.5is used (Dhotre et al., 2013;
Messa et al., 2015; Rzehak and Krepper, 2016) can be incorporatethto the drag
coefficient (Panneerselvam et al., 2008; Roghair et al., 2011). For bubble columns,

Pourtousi et al. (209 have observed little impact uske population balance modeling is

included.

5.4.4 The Turbulent Dispersion Force

As a consequence of turbulence modeling, there are a number of extra closures to be made
to the momentum equation in a mufltiid model. Turbulenceis expected tchave a
profound é&ect on the dipersionof the gas phase, and so the balance of forces can be
supplemented by a turbulent dispersion force of the form (Burns et al., 2004, Fletcher et
al., 2017):

0 6§ — — —n (5.34)
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This model relates the turbulent dispersion force to a constant paratheters well as

the turbulent mass diffusivity represented as the turbulent kinematic viscosaynd the
turbulent Schmidt numberXb. The turbulent dispesion forcerepresers the lateral
dispersion induced by the fluctuatimglocity terms notncluded inthe drag forcenodel

This is the form of Burns et al. (2004) for the special case of two fluids. It acts as a diffusion
term on the dispersed phase ¢ontinuous phase, depending on the formulation) and has
been used in recent works for bubble columns (Li et al., 2010; Fletcher et al., 2017).

Additionally, for high gas holdip, the bubbles are expected to influence the viscosity of
the liquid phase thrggh bubble induced turbulendéhis effect is added to the liquid phase
viscosity(Joshi et al., 2017):

‘ ‘ ‘ ‘ (5.%)

‘ 0 | "QPs (5.3

Again, the model reliesn a parametefy , which requires tuning. Typical valueave
been reported &6 (Dhotre et al., 2007; Dhotre et al., 2009).

Since subsea releases will be turbulent, inclusion of these models will be important
facilitaterealistic prediction. Since these parameters will affect the tendency for the plume
to dissipate, like with the drag and lift models, they will also affect interphase heat and

mass transfer.

5.5 Turbulence Modeling

In multiphase systems, turbulence is usually modeled by ertgagailable singlphase
models. Turbulence modeling is known to be challenging in both spiglse and
multiphase flow modeling because known generalized model can be applied to all
situations. This problem is further exacerbated in multiphase flodefing because it is
difficult to validate the available models. Some more effort will be required to identify the
most appropriate turbulence model for the description of an undersea gas Phme.
turbulence modeling approaches are commonly used: &dg simulation (LES) and
ReynoldsAveraged Navier Stokes (RANS).
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Among RANS models, th& § model is the most widely used (Argyropoulos et al.,
2015). Turbulence is modeling through the inclusion of two additional transport equations
for the turbulent kinetic energk)(and its dissipation rat€)( The equations take ttierm

(Bohle et al. 2008):
T " Q x _h .

- ndyl "6 Q n9 ¢ n"Q
T O ”
‘HN6 On6 no S Be N (5.37)
T 7T , "R
n " n ¢ — n
S J| of J| - T
L -6 0 On6  nod 6" f -6 6 | "fn (5.39)

wherek is the turbulent kinetic energy arfis the kinetic energy dissipation rate. The
constants for the standai@ | model areCy = 1.44,C; = 1.92,C3 = -0.33,C, = 0.09,
0« = 1.0 (Renze et al., 2014), adg= 1.3. Additional source termseasometimes added in

multiphase applications. The turbulent viscosity is calculated from,

A 0o — (5.39
The other brancbf turbulence modeling is known &&S. In this methodology, the grid
scale turbulent effects are assdto be modeled directly. However, for turbulent effects
at or below the mesh resolution, a gyridl scale model is employed. The reasoning behind
the development of these methods is to compensate for deficiencies in transient predictions
when using RANSmnodels. Additionally, as mentioned by Fraga et al. (2016), RANS
models assume isotropic turbulence, which is inherently untrue in bubbly systems even at
small liquid velocities. The most common of these models is known as the Smagorinksy
or SmagorinskiLilly model. From Niceno et al. (2008), the model employs an average

velocity:
0 0 6 (5.40)
Physically, this means that the velocity can be represented as a resolvédgratia sub

grid part,0 . This is similar tahe RANS method which temporally splits the field into a

steady and fluctuating portion. However, LES models are filter averaged (Renze et al.,
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2014). The basic Smagorinksy model is an eddy viscosity model that simply relates the

turbulent viscosity to the sufrid scalestrain rate tensor:

‘ " 63 9% (5.41)
whered is a constant (between 0.05 and 0.23 for single phase flows, Hu and Celik, 2008),
3is the filter width (typically the cube roof the cell volume), andis the strain rate

tensor.One equation models, like that employed in Renze et al. (2014) are of the form

T
—— 1070 o ny—n0 ¢ rels — (5.42)

where’Q is the sukgrid scale kinetic energandd is a constant (typically 1.048). The

turbulent viscosity is

76 Q 83 (5.43)

where0 is another constant (0.094) and the turbulent dissipation is

f d (5.44)

where0 is the final constant with a value of 0.16. In the formulation of Renze et al. (2014)
the turbulent dissipation played an important role in determining coalescence and breakup

in their population balance model.

A summay of how recentwork has employed these models is shown in TableThé.
'Q 7 models(RANS) are widely used in bubble column simulati@swell as bubbly
flow simulatiors. In Buffo et al. (2016), they determined LES modetevidedslightly
better reslts for many applicationsbut RANS models are sufficient fanost practical

industrialproblems.

RANS are the predominant models used in simulations, but many of yisésesnvolve
confined flows(bubble columns, fluidized beds, aeration tanks). Is #@nse, LES is
lacking due to the reliance on directly resolving the interactions near the wall. However, in
the largescalegas releasesften the only wall present will be the ocean bed it&aten

for the case of bubble columns, LES models have begrloyed with greater accuracy
than in RANS models (Darmana et al., 2015; Dhotre et al., 2009; Pourtousi et 4),, 201
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and are deemed more accurate (Argyropoulos et al., 2015). Argyropoulos et ala{2015)
mention that the major factor against LES nisa#eascomputational power, a gap that is
rapidly diminishing.Hu and Celik (2008) also mention th&dr complex flows where the
resolved scale needs to be unperturbed, LES models are preferable for preserving these
complex phenomendn this way, LES moels can be seen as less intrusdeeausehe
resolved portion of the mesh does not require treatment. Additiordd®, models

generally provide superior transient predictions.

Ultimately, both models have beased successfully in a variety of casElelarge body

of work for RANS models may be attributed to the computational cost being less than that
of LES models. However, this is an important point, since runtime is an issue for large
scale cases. Still, the benefits of RANS modeducefor cases whout ®nfined
geometries, and both models will still require tuning. The act of tuning is the most time
consuming component, and perhaps the most difficult challenge to be faced when resolving

turbulence in a simulation.
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Table 5.1 Overview of turbulence model usage in recent studies.

Simulation Simulated Turbulence
Study Type System Model
Adamczyk et al. (2014) LPT Fluidized Bed RANS
Almohammed et al.
(2014) LPT Fluidized Bed RANS

Gas Sparger/

Bhole et al. (2008) E-E with PBM Bubble Column RANS
Buffo et al. (2016) E-E with PBM  Bubble Column RANS
Buscaglia et al. (2002) E-E Bubble Plume RANS
Darmana et al. (2005) LPT Bubble Column LES
Dhanasekharan et al.
(2005) E-E Airlift Reactor RANS
Dhotre et al. Z007) E-E Bubble Plume RANS
Dhotre et al. (2009) E-E Bubble Plume LES
Diaz et al. (2009) E-E Bubble Column RANS
Fayolle et al. (2007) E-E Aeration Tank RANS
Fletcher et al. (2017) E-E Bubble Column RANS
Fraga et al. (2016) LPT Bubble Plumes LES
Gimbun et al. (2009) E-E with PBM Aeration Tank RANS
Gruber et al. (2013) LPT with PBM Bubbly Flow LES
Hu and Celik (2008) LPT Aeration Tank LES
Khan et al. (2017) E-E Bubble Column LES/RANS/RSM
Lain et al. (2014) LPT Bubble Column RANS
Olsen and Skjetn016) LPT Bubble Plume RANS
Renze et al. (2014) E-E with PBM  Bubble Column LES
Wang and Wang (2007) E-E Bubble Column RANS
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5.6 Bubble Size Distributions

For many practical release scenarios, bubbles formed wibenaniform in sizelnstead,
clusters ©® bubbles will form, coalesce and breakup. Even in cases of controlled
distribution, such as in bubble columns, there is no guarantee that the bubbles will not break
up or coalesce. Therefore, the bubble size is rarely constant.dasthd an ocean relase,

the bubble size distributiois expected to change with time and location. To account for
variations in the bubble size distribution it is necessary to solve a population balance
equation (PBE The mathematical formulations for the solution of ti@EPare quite
complex, and several solution techniques have been proposed. A good overview of the

application ofthe PBEs to particulate systexis provided in Ramkrishna (2000).

One method for tracking bubble size distribution is to classify bubble sézexilobn a
method of bins (Zhao et al., 2014a; Zhao et al., 2014b), in which breakup or coalescence
simply move groups from one bin to another. In this methodology, more bins effectively
means greater ability to approximate the real distribution, but ab#teof computational

time. Another efficient algorithm for solving these types of problems currently available is
the quadrature method of moments (QMOM) and its extensions. A good summary of the
pertinent numerical techniques is provided in Marchisid Box (2013). Renze et al.
(2014), as well as Buffo et al. (2016), have implemented the QMOM in OpenFOAM.

No matter which method is chosehge PBE require the specification of breakup and
coalescencenodels Thesemodelsgovern the probability of the bbke or droplets to

collide and interact. Gruber et al. (2013) utilized an LPT method with at®B&mpare

two common breakup and coalescence models for bubble coliimastudyound that if

the Sauter mean bubble diameter is known a priori, it candmkwih similar gains for

gas holdup prediction, although with losses of interfacial area estimation. While these
modelshave been implemented on a small scale (Gimbun et al., 2009; Gruber et al., 2013;
Renze et al., 2014; Gruber et al., 2015; Buffo et24116), their predictive capacity for
largescale releases unknown. Although the work of Zhao et al. (2014a; 2014b; 2015;
2016) have applied PBE based solution procedures to real release data from oil rigs, the

method used waanintegral model.
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5.7 Mass and Energy Transfer Modeling

This section outlines common methods for heat and mass trarsdeling forlarge-scale
problems. Although an overview of the problem has been summarized in Chapter 3, models

applicable to largescale releases in genevéall be discussed here.

Similar to the momentum equations, the species and energy equations in each phase must
be coupled to the other phase by incorporating appropriate source terms. These coupling
terms are the only way to account for interphase heat and traas$er in multifluid

models. Unfortunately, there no generalized heat and mass transfer closure rifations

can be applied to alystems Therefore, tfs section is divided into two parts. The fipstrt
summarizes the problems associated with gneegnsfer modeling, while the secopairt

focuses on mass transfer.

5.7.1 Energy Transfer Correlations

The rate of heat transfer between phasesoften beanodeled using a simple convective
heat transfer relationship:

Yy QGY Y (5.45)
G | ——— (5.46)

wherea is the surface area per volume (for spherical bubfilesg 7Q), y is the
thermal conductivity of phase 6,06 is the Nusselt number of phabe The Nussél
number and thereby the convective heat transfer coefficienist be obtained from an
empirical correlation. Although it was initially derived based on data from very simple
droplet evaporation experiments, the correlation of Ranz and Marshall (19%2ragins

one of the most commonly used relationships. This correlation is,

66 ¢ T@Ydoi” (547)

where
YQ T 07F (548
01  op" Ty (5.49)
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Other commonly used models are similar in form to equdiidi but have different
constantsMany ofthese models were originally developed for spherical droplets, but since
this remains a common assumption for dispersed phtsese types of correlations are
often usedFor subsegasreleases, the dissolution of the gas is not expected to produce a
significant heat transfer term, although the application of a dispersed phase model such as
E-E or LPT will require it for general heat transfer from phase to phase. The application of
the mixture model is similar to the treatment of an interface tracking metele the

energy is volume averaged and therefore interphase heat transfer is approximated directly

through the averaging of the properties.

5.7.2 Mass Transfer Correlations

Interphase mass transfer is often modeled using a simple convective mass transfer

relationship:
Yer "0 O® 5 Df (5.50)
Q6 | — (5.51)

where™Qj, is the Sherwood number in phdsef compound, & is the mass fraction in

equilibrium with the bulk dispersed phase (solubility limit). Note that the overall mass
transfer coefficient is replaced with the primary phase mass transfer coefficient since the

gas sidas assumed tbe negligible Otherwise 0 represents the overall liqugide mass

transfer coefficientCorrelations for the Sherwood number are generally of the form:
2, ¢ O°Y QY(T% (5.52)
where:
"“or, ‘¥ Ogp (5.53)
The coefficien® andnaremodel mrametes. Such mass transfer correlations have been

employed in many studies (Gruber et al., 2015; Rzehak and Krepper, 2016; Fletcher et al.,
2017).
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The mas s transfer coefficient i s al so oft

penetration theoryHayolle et al., 2007; Talvy et al., 2007; Wang and Wang, 2007; Gimbun
et al., 2009; Huang et al., 2010). For a rising bubble

o ¢ —o (5.54)

This mass transfer correlation is also known as the slip penetration model and is employed
for mobile(clean)interfaces. These models are closely related to surface renewal models,
where the fluid is aaimed to have a specified contact time with the interface. This model
has been shown to provide a good prediction of experimental data in bubble columns
(Alves et al., 2006; Wang and Wang, 2007).

Another commonly used relationship is the eddit model, vhich relates the surface
renewal to the turbulent dissipation in the cell. This model has been used by Gimbun et al.
(2009), Wang and Wang (2007) and Dhanasekharan et al. (2005)
- 8

0 e O pr — (555
In this model, which is based on the Higbie model, it is the turbulent dissipation that
governs the timescales for the surface to renew. As mentioned by Wang and Wang (2007),
the meclnism is not well understood since there are two models (Higbie anecelildy
that rely on fundamentally differeassumptionghat can yield similar results. As found in
their work on bubble columns, the authors saw that both models could predientifertr

of oxygen.

For immobile (contaminatefinterfaces, the Fréssling model has been shown to provide
good estimates (Alves et al., 2006). It is given by

0 ™ —oft. 7 (556)
It is not clear which heat and mass transfer correlations will be most appropriate for the

simulation of an undersea gas plume. However, the Higbie model has been employed in

previous lierature. It is known that the interfairean ocean envrionmeit likely to be
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immobile due to the presence of surfactants. Therefore, the Frossling model may be the

most likely option, due to its relative simplicity and applicability.

5.8 Thermodynamic and rfansport Property Models

Modeling the thermodynamic properties of acid gas mixtures is important to be able to
predict their behaviour during a release. The vatiiqurd equilibrium (VLE) strongly

affects both the rate of absorption of sour gases (cattoxide, hydrogen sulfide, etc.)

into solution and the final equilibrium concentration. Therefore, accurate VLE models,
accounting for interactions between the gas and surrounding seawater are critical. For the
case of the release ohah-pressurgas, acurate prediction of the compressibility is also

important.

5.8.1 Compressibility

The compressibility of the released gas must be known to accurately calculate density
changes on expansion. These density changes directly affect the velocity of the gas through
the momentum conservation equations and continuity equation. Gas compressibility effects
at high pressures are normally modeled using one of the available equations of state (EOS),
and it is likely that the commonly used models would be able to accurasdyiloke the
compressibility. The SoavedlichKwong (SRKEOS) and Pen&obinson (PREOS)
equations of state are two of the most commonly used models. Both of these equations
have been used to calculate compressibility for similar systems (Bigalke 20@8,,
Rehder et al., 2009; Carroll and Mather, 1995; Battistelli and Marcolini, 2009), and
therefore it is expected that either model would be capable of modeling the compressibility.

For shallow water releases, the ideal gas model is used irB@eegJchansen, 2000).

This model can be used with very little error for depths to 50 m. This model is also used
many LPT methods, such as the one employed by Olsen and Skjetne (2016b). It is, of
course, not recommended to use this model for exceedingly reghypes, such as those
found in ultra deep water rigs (up to 3000 m). However, wapplicable the ideal gas

model can be used to simplify computations.

120



5.8.2 Phase Equilibria

Much work has been done by Carroll and Mather (1995) to describe the thermodynamic
interactions of hydrogen sulfiggaraffin mixtures using the PeifRpbinson equation of
state (PREOS). They have also studied the vapaguid equilibrium of such systems and

presented some data, but this datanot be used to model a gas plume in seawater.

Battistelli and Marcolini (2009) proposed a model known as TMGAS, which is an equation
of state that models multicomponent mixtures of arbitrary sour gases, hydrocarbons and
water. It is also capable of simulating aqueous salt solutions. Feaqu@ous pase
calculations, TMGAS uses a compressibility factor calculated from the-Rebigson

EOS. The detailed treatment of the aqueous phase is provided in Battistelli et al. (1997).
This is a comprehensive model that is capable of providing accurate mesliofi the
solubility of acid gases in both hydrocarbon and aqueous pitéee&ever, the complexity

of the model may make it very difficult to implement inside a CFD code, due to the added
computational cost. Therefore, it may be necessary to developpbfigidversion of the

model for use in the CFD code.

In CFD models, simplified techniques are most commonly used to facilitate phase
equilibrium predictions. The models employed by Rzehak and Krepper (2016), Fletcher et
al. (2017), and many others (Darraagt al., 2005; Talvy et al., 2007; Wang and Wang,
2007; Gong et al ., 2010; Gruber et al .,
determine the interfacial mass fraction. This is also common in the integral models
described earlier. For simplifyingpé¢ code and improving runtime, especially when local
resolution cannot be attained, this method can be employed. Therefore, this approach is

likely to be most applicable to undersea gas release modeling with CFD.

The other phenomenon that must be consilerea gas release is the possible formation

of gas hydrates or ice. Hydrate formation is governed by heat transfer, mass transfer and
phase equilibrium, and it would be necessary to account for this this phenomenon by
incorporating appropriate thermodyniamelationships into the CFD model.Hfdrate or

ice formation are expected occur, it would likely be necessary to incorporate empirical
models into the codéor shallow water releases, such as those considered in Chapter 7,
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hydrates are not expecteform. Despite a high well pressure, the ambient pressure would
not be in theangeto maintain formed hydrates further toward the surface. Therefore, while
they may form, they will not persist, and will not have a chance to impact the gas release
itself.

5.9 Conclusions

The importance of predicting the fate of underwater blowouts cannot be understated. Even
if the risk is low, avorstcasescenario must bassumedand an environmental protection

zone must be defindd develop emergenagsponse plans. Thiepressurization of a well

can contain immiscible liquids angas andbe released alow temperatures. Since
experiments at such scales are very difficult, modeling can provide an alternative with
which to assess the problem. However, the difficulty icdastruct and validate an
adequate model. Currently, integral models are preferred for such studies, but they do not
capture the microscopic interactions or transient behaviour of the release. On the other
hand, CFD has the potential to investigate sseadle interactions of the fluids in a
realizable way. However, CFD models for such complex situations and large scales are

still actively being developed, and therefore no single approach is the obvious choice.

LPT models track the movement of individuaibbles or particles as they move through

the continuous fluidParticlemotion is described by a balance of forces, with coupling to
the continuous phase. The advantage of these methods is their conceptual simplicity, but
computational time increases witte resolution and number of particlesd numerical
algorithmscan berelatively complex. However, since the particles are on a background
grid, the continuous phase caftenbe modeled on a relatively coarse Eulerian mesh.

Eulerian multifluid models a also commonly used for dispersed multiphase flow
modeling. By ensemble averaging, the governing equations are split and are allowed to
interpenetrate each othéike LPT methods, the coupling of phases is handled through a
balance of forces on the desged particles. These forces often cannot be resolved and must
be treated by closure model$ie main disadvantage of these models is that the validity of
the closure laws has only been evaluated for some systems, and therefore the error

introduced byscdeupis unknown.
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Interface tracking methods directly resolve the phase boundary within the mesh. The cost
of these methods is the required mesh resolution toifiteitface smearinghlthough such

models are useful for the direct prediction of complexnph@ena such as breakup and
coalescence, their computational cost is typically too high for dscgke systems with
complex interfaces. On the scales of an undersea gas release, interface tracking may
therefore not be the best option to model the entineaito. However, these methods may

be useful for modeling the gas jet and plume development in thdielearegion.

In practice, a release is not simply a plume. Depending on the pressure in the well, and the
exit velocity at the wellhead, the momentum artpd will define a significant jet region.

For shallow waters, this jet region may not be a negligible portion of the release pathway.
Integral models, Lagrangian particle tracking models and +fuiti models usually
neglect this region, due to a ladkechniques to model them. However, continuous phases,
traveling with the momentum imparted from the well, can be modeled by interface
tracking. Depending othe depthof the wel, the jet region will provide better initial
conditions for the plume regian terms of bubble size and gas fraction profiles. In this
way, multiscale modeling could compensate for the weaknesses in different types of
models. For interface tracking methods, limitiagplicationto the jet region means that
refinement only needs tbe concentrated in a specific zone, and the amount of refinement
is less due to the continuous nature of the flow. In the far field, wispersion of the
phases prevents interface trackiagother type of model could be used on a coarser grid

predictplume behaviour.

In summary, there are many CFD techniques that could be used for subsea gas release
modeling. Interface tracking methods are promising for the prediction of jet behaviour in
the neaifield region. LPT, EL and mixture models could all bsed to model phenomena

in the plume regiortHowever,an area that is underdeveloped is jet modeling as it applies

to the dissolution rated multiscale model that couples an interface tracking model with

one of these dispersed flow models may be a goodaddor predicting the behaviour of

the gasphase Therefore, lhe development and application of one such model, coupling

VOF interface capturing with a mixture model, is the focus of the remainder of this thesis.
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6.1 Introduction

Gas streams may be inadvertently released into the ocean from undersea transportation
pipelines and wells at offshore gas processing facilésena pressurized gas enters the
watercolumnit depressurizes rapidlgndthreezones are formed: a jet region, a plume
regionand a surface regioiihe jet region is characterized by a continuous flow of gas due
to the momentum resulting from the high pressure at the injection point. The jet region
eventually transitionstthe plume region as the momentum dissipates into the surrounding
liquid and small bubbles are formed. This transition is not sharp and can occur over a
significant distance. Heat and mass transfer can occur in all regions. The jet region typically
contans low interfacial area, but mixing rates are generally high due to the high velocity.
The plume region contains high interfacial area, but local mixing rates are reduced.
Therefore, both regions can contribute significantly to the overall transfer Tdtes.
surface region may also contribute significantly to interphase transfer, but its contribution
is more difficult to characterize because it is oftdluencedby external conditions. The
focus of this study is on developing a multiscale model foragharjd plume regions.

The contributions of the jet regioont he pl ume r egi om@Eoften ni ti a
overlooked The jet region is assuméal benegligible, even though the continuous region

can have an impact on how the breakup will occur, asas@bntribute to the mass transfer

in the entire system. With modern computing, multiscale modeling is a possible solution.

The length scales resolved in the jet region are larger than those in the dispersed region, as
the jet itself will be a continuoyshase. Therefore, the coupling of a suitdblan the near

field region will helpto eliminate the assumption that the entire release may be treated as

a bubbly plume. In the dispersed regiosjing adispersed phase model (Eukeuler,

Lagrangiarparticle tracking,or mixture modelyeducesomputational reuirements
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Mostof the informatiorabout suitable modeling approacieealready provided in Chapter
6. However, there are several optionsfmdelcoupling. A general overview will be given
below, sarting withthe couping of IT and EE dispersed phase model, followedthg
couping IT and LPT modelsandfinally discussing the novel linkage betwabavolume
of-fluid (VOF) and the mixture model

Wardle and Weller (2013) have used a (VOF) methoohkined with a multfluid
approab to simulate segregated and dispersed liiguid systems. The method
employed by the authors utilizes primarily anEEapproach, using phaseeraged
eqguations to solve for tHfuid motion. For situations involving sgegated flows the VOF
compressive interface method (see Chapter 4) is used in place of the relative velocity
closure term. The choice of when to switch between the models is determined by blending
the phase fraction into regions where for certain valuedlow is treated as VOF and for
others it is treated asE This addition enables the modelr&solvefree surface flows.

Such models are becoming more common and are even included in comm&r ¢t [E

codes (ANSYS, 2011). As noted by Wardle and We{013), the downsidef the
compressive closure term is the production of parasitic currents at the interface.

IT methods havalsobeen utilized to predict free surface and segregated flows for LPT
models. In this methodology, the continuous fluid mdeled directly on an Eulerian grid,
while the smaliscale particles are resolved using discrete trackers in the domain. The
advantage of this method is the capacity to utilize less resoliatighe Euleriangrid, at

the cost of coupling terms which atgpically solely from continuous to dispersed.
However, the computational cost in general is increased when compared tm&ed
methods due to the need to trackarge number gbarticle clusters (Fraga et al., 2016).
Thismodel has been uséalsimulae bubbly flowsn theliterature(Sungkorn et al., 2011,
Fraga et al., 2016; Wutz et al., 2016), although typically the multiscale aspect refers to the
size of the bubble distribution against the surrounding domain. A more unique use has been
employed by Minicchi and Radl (2017) in order to utilize immersed boundary solvers
(such as VOF) tacceleratenterfacial force convergence on packed particles. Although
primarily for suspended particles, this model approaches the concept of linking multiple

regimesm the same solution domain.
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The effect of the continuous phase on the particlealwgays included in model
implementations (Sungkorn et al., 2011; Fraga et al., 2016; Wutz et al.,. 20165)
continuous phase acts as a background field for the partinke@tion equation, for
which the particles can be moved by bulk advection of the continuous pin@sesverse
coupling for the momentum terms more problematicFor heat and mass transfer

applications, correlations provided@napters are viable

Other multiscale models hawasobeen employed. For cavitating flows, Ma et al. (2017)
have proposed the use of a leset (LS) nethodto resolve the liquid phase in continuous
segments, while a discrete singularity model (DSM) was used to model thesdaspe
bubbles with a Lagrangian tracking method. L&modsare within the family of Eulerian
interface capturing models, which are comparable to VOF but with the interfigce
embedded as a function set to be zero at the interface itself. The primaryibe¢hefsharp
interface resolution. The downside is computational time expeondausurdhat the zero

level set actually corresponds to the interfacial location.

The objective of this chapter is tievelopanother type of multiscale modeling approach
that combines the volumef-fluid method for direct simulation of interface dynamics in
high mesh resolution zones with a dflftix method for dispersed flow modelimg zones

with poor mesh resolution. The model is intended to be scakib that the émsition
between VOF and driifux modeling is automatically controlled based on mesh resolution
and phase fraction. For gas injection into liquids, this will usually mean that some of the
jet region will be resolved by VOF, while the plume region hélmodeled using the drift

flux model. However, for high resolution meshes, portions of the plume region would also

be resolved using VOF.

Theconvenience of combining VOF with the diffix approach is that both models apply

the onefluid methodology, thogh the nuances are distinct. For VOF, the interfacial forces
are resolved directly if the interface can be resolved and confined to a small number of
cells. However, the number of cells required to attain this accuracy can be immense for a
fully-resolvedbubble, and thus the model is of little practical use in regions where there is

no clear segregation between the phases (i.e. dispersed flow). By comparisontiue drift
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model employs mixturaveraged properties with additional closure relationshipsoiel

the slip and drift velocities of the gas phase through a balance of forces. The caveat is a
theoretical limit on the applicability of the empirical models that are used to determine the
slip and drift velocities, as well as the assumptions abouddubkle size distribution.

The presented model also uses two distinct modeling approaches to resolve interphase mass
transfer. In the regions governed by the VOF method, the local contacting time is combined
with penetration theory to develop a mass transbefficient model. Conversely, empirical

mass transfer correlations are combined with the bubble slip velocity in regions where the
drift-flux model is applied. A mixtureaveraged formulation is used for the energy
eqguation, and therefore interphaserggdransfer is included through a volumetric source

term. In this study, the driftux modeling approach was first validated through comparison

to a published dataset involving the rise and dispersion of a bubble plume in a cylindrical
tank. The combinetfluid dynamics model and mass transfer modeling approach were then
tested through comparison with publisheddataset for aeration in a rectangular tank by

horizontal gas injection.

6.2 Methodology

The model was implemented using OpenFOAA, open source CFibolbox (The
OpenFOAM Foundation, 2018Yhe standard solver library in OpenFOAM includes a
solver for incompressible driftux modeling, driftFluxFoam , and a solver that
employs a compressible formulation of the voluofidluid method,
compressiblelnter Foam These two solvers formed the basis of the developed code,
but extensive reformulation was necessasycbupk the two methods andhclude

interphase mass transfer.

6.2.1 Volume-of-Fluid Method
The compressible VOF model is formulated based on the phatseuttynrequation:

— D] "6 Y (6.1)

wherg ,” ,ando are the phase fraction, density and velocity of phaBee mass source

term,”Y, can either be positive or negative dependintherdirection of mass transfer. For
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the discussion presented below, the gas phase was assumed to be the primary phase (phase
1), while the liquid phase was specified to be secondary (phase 2). A mass source leaving
the liquid phase and transferring to tiees phase is arbitrarily set to be positive. Although

this choice does not affect the overall formulation of the model, since it would only change

the sign in the phase continuity equation, it facilitates the description of the model. Further,
although thepresent study is restricted to typbase flow, a similar approach could be

applied for more phases.

The summation of any number of phase continuity equations produces the overall

continuity equation:
— 12”06 T (6.2)
in which the mixtoe density is defined by
” B | ” (6.3)
and the velocity is mass averaged

6 -B| "0 (6.4)

In the OpenFOAM implementation of the VOF method, the phase continuity equation is
rearranged to split the comgssible terms and the incompressible terms. For phase 1, the

continuity equation is

— )6 - —— 6 (6.5)

where the source term assumes transfer is specified to beg@sin phase 2 to phase 1,
and the compressible terms are included as the last set of terms on the right side.

The volumeaveraged velocity is defined as:

6 B| o (6.6)
Using the integamma scheme (Gopala and Wachem, 2088ds ¢ the following

substitution on the left side of the equation:

— n1J| o ngl 6 9l 6 — —— 0 (6.7)



This equatiorcan be rearranged into the following fousing the definition of the relative

velocity for the VOF methodo j 60 O

— n)] 6 NIl | 0§ - —— 0 (6.8)

The relative viocity term cannot be evaluatedirectly and is instead based on a
constitutive relationship, which will be explained later. Since the summation of the phase
continuity equation defines the divergence of the velocity, an integral component of
pressurevelocity coupling in the PISO algorithm is strong coupling between the phase
fraction and the velocity and pressure fields. To facilitate this coupling, the following

substitutions are made on the right side:

— 2] 6 2| | 65 — —— 5 | 1D

| N3 (6.9)
One of the added terms can be expanded in order to account for the compressibility effects

of the second phase:

— D] 6 NIl | 65 Yo— - - — — 5

— — 62" | "D (6.10)

which is the form of the equah used in the compressible VOF family of solvers in
OpenFOAM and described in detail in Chapter 3. This form is used to stabilize the equation
since the divergence in the solution for the pressure will rely on the contributions from both
phases. The rermang divergence iscludedexplicitly and will tend toward the expanded
terms through iteration.

Since the use of cell centered velocities and pressures can lead to decoupling of these fields,

OpenFOAM uses divergence free face fluxes. The volumetricfhax, 3, is defined as

K o6 ® (6.11)
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where the velocity field is interpolated to the cell fade$ &nd then multiplied by the face

areas,0 , to obtain volumetric flomateleaving the cellat eachface. The velocity face

field, 5 , is obtained by dividing the volumetric flow by the magnitude of the area:

B — (6.12)

In the VOF method in OpenFOAM, the relative flig () with respect to the interface is

E & 2 (6.13)

where,

g —B (6.14)

which represents the unit interfacial normal. This is a numerical constitutiveaedad

to stabilize the flow near the interface. This term can be discretized independently of the
motion due to volme-averaged velocity and can be corrected through a compressive term
(defaulted to unity).

6.2.2 Drift-Flux Method

In the driftflux method, the phase continuity equation i given by equatior6.1 (Ishii

and Hibiki, 2010). Again, splitting the compressitdad incompressible terms gives
equation6.5. The velocity of phasecan then be written in terms of the average velocity
and the drift velocity as (Ishii and Hibiki, 2010; Manninen et al., 1996):

6 0 O (6.15)
whered s the drift velocity of phaserelative to phase center of volume denotedé.as

Introducing this term for phase 1 yields

— )6 126 @ — —— 6 (6.16)

If phase 1 is the dispersed phase, the drift velocity is related to the relative velocity for the

DF method by a factor of the continuous phase fraciion | 0 . Therefore

— )] 6 10| 65 — —— 6 (6.17)

130



Equation 6.1hasthe same form as for the VOF method (equation 6.8). The equations are

identical except that the closure mbfie the relative velocity is formulated differently.

In the driftflux model, the closure term for the relative velocity is related to the balance of
forces acting on a particle of known diametdia(ininen et al., 1996 The force balance
on the particleean be complicated, but the general form is a balance of interfacial forces

and buoyancy:

BO no "0 (6.18)
wherew is the volume of the bubble, aifdcomprises the turbulent forces acting on the
bubble. The left side is a summation of interfacial forces similar to those employed i multi
fluid models. On the right side, the gradient of pressure cesplaeed byearranging the

momentum equatiotManninen et al., 1996andOis the turbulent dispersion force. Thus,

BO o—" "0 — 1266 O (6.19)

where"Qis the gravity vector. In this study, only drag and lift are considered in the force
balance. The drag and lift force can be written as, (eeexample, Dhotre et al. (2007,
2009))

0f O (6.20)
— | 7060y noo (6.21)
where'O is the force due to drag, is the drag coefficieniQ is the bubble diameter,
ando is the lift coefficient. The resulting force balance yields
(O —— Q — n00o —O0 noo6
o5 (6.22)

whereo ; is the turbulent dispersiorelocity. The turbulent dispersion velocity can be

written as:

0f  —n (6.23)
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where’O is a turbulent dispersion/diffusion coefficient. Determination of the most
suitable correlation fo® is not straightforward. Generally, it should be interpreted as a
tuned parameter. One foris providedby Burns et al. (2004gndwas also used by Li et

al. (2010) and Fletcher et al. (2017). In this case,

o n

0O | 0 O — — (6.24)
whered is a tuning parametefYo represents a turbulent Schmidt number in the
continuous phase, andj, is the turbulent kinematic viscosity in thentinuousphase. In
this study, turbulent Schmidt number was assumdxunity and0 was determined by

fitting to experimental datdor plume dispersion

Since the turbulent dispersion velocity does not depend on the relative velocity, it can be
included in the phase continuity equation as a separate term. Therefore, the phase
continuity equation is solved as

— D] 6 NIl | 6 Y — | — — — — 5

— — 62" | n®H 20 n  (6.25)

The relative velocity must be determined from equation 6.22, without the turbulent

dispersion term

0 j — "Q — ndo0o —ﬁé B n o (6.26)
This expression requires iterative solution for the relative velocity. In this study; fixed
point iteration was used to solve for the relative velocity during solution becauselitewas
simplest and most stable iterator. However, this iteration can approach unstable values
during the solutionvithout careful control of the time steghen the velocity and pressure

fields are highly dynamic.

6.2.3 Combined VOF and DF Method

As shown above, thVOF and drififlux formulation have nearly identical expressions for
the phase continuity equation (equations 6.10 a?9.6T herefore, a blending scheme can

be employed to combine the two metho@ihe two formulations can be filtered using a
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fraction hat can depend on the local phase fraction, spatial location, and any other terms
that might affect transitions between the suitability of the methods. The filtezan be

introduced into the combined phase continuity equation to give

— — 6 —— 6" | n» 12p .0 (6.27)

In this study, he filter fractionwas assigned a value @for 1based on the local gas phase
fraction Based on experience with VOF simulations and fitting, the criteria used in this
study were... p for| @ and... Ttfor| T@. If the interface exists at fractions
neaing 0.5, usingthe drift flux up to that limit will destabilize the compressive interface
terms in the VOF equatiomhis would immediately smear the interfa¢éowever,the
phase fraction should be alNed to disperse if the interface becomes diffuse on its own

This is analogous to shear effects acting in proximity with the interface.

6.2.4 Solution of the Velocity and Pressure Equations

The momentum equation solved is as follpws

—— 12766 1Ot p ..t no "'Q 0 (6.28)

whereP is the pressure field, assumed to be shared between the @rab®3, is the
surface tension force. The exact decomposition of this equation into the form that is
compatible withthe PISO (Pressure Implicit with Split Operators) method is detailed in
Chapter 3. Finally;f is the viscous stress tensor, which is valid in both phases with the
addition of an extra stress term in the diiifix model to compensate for the diffusion
velocity (6 ). Ishii and Hibiki (2010) have written this as

o —6 4 (6.29)

The source term is defined as

t Bl "6 0 (6.30)
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However, since the velocity is volume averagedead of mass averaged, the drift velocity

is used instead (Manninen et al., 1996):

¥ Bl "6 0 (6.31)
0 | 0 f (6.32)
0 —6 (6.33)

Additionally, the vigous stress tensor can be written as

+ ¢ o 1o (6.34)

where is the effective dynamic viscosity, which will be shown later.

6.2.5 Interphase Heat and Mass Transfer

The treatment of heat and mass transfer must be tatiofeel consistent with the hybrid
VOF-DF method described above. A voluaeeraged energy equation will be used, and
thereforeno closure terms are required for interphase heat transfer aside from an energy
source due to interphase mass transfer. Plnaseged species equations are solved, with
interphase mass transfer closure models selected to reflect the hybribN@pproach.

The energy equation solved is

—— 12"y —— nO"06 n260 Ny Y
Y (6.35)
where® represents the specific heat capacity at constant volifiethe temperature,
‘O -0 isthekinetic energyy is the thermal conductivitand™Y is the source term

due to interphase mass transiehjchis set equal to

Y B Yy 30 YUY (6.30)
where"Y j; is the mass source for spexje3’O is the heat of dissolution, modified by
the ideal gas law to make it consistent with fimenulation of the energy equatioThe

internal energysd) is derived from

(6.37)
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Thereference temperatureay betaken as 0 kand that the value of the heat capacity is
constant for a given time stepeducing the expression ® «"Ywhere® B | .
The conduction t er m,laweigsbasedoaile combisaion gfth& our i e

thermalconductivities of both phasesd a turbulent contribution

¥ Bl y —L— (6.38)
wherey is to the thermal conductivity in phaseand the second term is the turbulent
contribution to the thermal conductivity based upon the turbulent dynamic viscosgity (
the heat capacity at constant presstrg)( and0i j is the turbulent Prandtl number. The

species equations for each phase are:

— % nQ] "@x0 nO] "Orf & Yi (6.29)
where @y, represents the ass fraction of componeitin phasei. Oy, is the total

diffusion coefficient, which is based on the combination of molecular and turbulent mass

diffusivities:

Of i Onn Op (6.40)
o — (6.41)
The turbulent mass diffusivity is based on the turbulent kinematic viscosity and the

specification of a turbulent Schmidt numpaky. In cases of high turbulendbe Schmidt

number is assumed to have a value of one

The mass aurce, and consequently the energy source, were derived to be consistently
formulatedto streamline implementatiofihe assumption for thisuglyis that the gas side
hasanegligiblemass transfaesistance compared to the liquid side. In jet flows dmnche@

flows, asdiscussedn Chapter 5, the form dhe mass transfer coefficient that lends itself

to both continuous and dispersed regions would be a penetration or surface renewal model.

In general, thepeciesource at the interface is

Yk VA XATI AT (6.42)
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where®y, is the liquidside mass fraction of specigd equilibrium with the gas phase

The term0 is the overall mass transfer coefficielhe interfacial area densitgy can

be written as

o’ ... p 6/ &

w — ... T $&

(6.43)

For the simulationpresentedh this work, there are two available mass transfer coefficient

correlationg0 ). The first, which represents the Higbie model, is showovizel

o ¢ —f (6.44)

This model is useful for clean interfacé®wever, the modelf Frosslinghas been shown
to be more suitablfor contaminated interfaces (Alves et al., 2005):

7

0 T - O 7 (6.45)
where’ is the kinematic viscosity is that of the liquid. This foilsrmore reasonable for
contaminated (immobile) interfaces. The termepresents the renewal or penetratiore

and varies depending onFor the DF moddl... p),, the method of Higbie is used (Alves
et al., 2006; Wang and Wang, 2007)

— (6.46)

Forthe VOF mode(... ), an alternative approach is used

— (6.47)

which relates the time stepg, to the actual fractionalrtie spent in the cell at a given
velocity, or the Courant Numbed§ ). This term is similar to that of Highiélowever,
since the interface is captured when the VOF model is active, the source term is further

limited to cells containing the.® contour (similar to the work in Chapter 3).
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6.2.6 Turbulence Model

As discussed in Chapter 4, turbulence modeling is important for many practical engineering
applications. Due to the closure terms in the above model, the turbulence model must also
act in tamlem with the interfacial forces. The calculation of the turbulessdiffusivity

and thermal conductivity also rely on the choice of turbulence model.

As mentioned in Chapter 4, LES models are a common choice in recent studies. Indeed,
Dhotre et al. (200) have also validated their work with a LES modeld compared
predictions to results from RANS model (Dhotre et al., 2007). They found reasonable

agreement between the two models
The Smagorinsky model was employexthis study:

S AR (6.48)

Sk -1 (6.49)
whered is a tuned parametesften referred to as the Smagorinksy coefficient. The term
$¥ refers to the subgrid stress calculated from the filtered velagityihe turbulent
kinematic viscosit is important in defining the turbulemtispersion, as well as the

turbulent mass and energy transfaraddition, the viscosity is further modified to include
bubble induced turbulen¢BIT) by (from Chapter 5)

‘ C ‘ (6.50)
‘ 0 | "Qo s (6.51)
where the coefficiend is a tuned parameter set equal to 0.6 in the current study based
on the work of Dhotre et al. (2007; 2009).

6.2.7 Numerical Solution Algorithm

The algorithm usedo solve the modeis shown inFigure 6.1. The solver, now called
compressibleDriftinterFoamHTMT , first readskey variables T, Prgh, U, Vi, U
and therconstructs two librariesThe first library handles phasaxture calculationgind

stores the thermodynamic models for each phase (correlatiogs ¢arc,). The second
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library stores routines associated with the relative velocity. This library begins by gathering
the necessary componentd, (Cp, G) and predcting the relative velocity. This is
accomplished by iterating over equation 6.26 to solve for the drift velocity and the relative
velocity. The relative velocity is then passed to the solver to start the timeloop.

In the time loopthe phase continuityyith a substep to solve for the turbulent dispersion
(since the MULES algorithm, as detailedGhapter 4, does not provide an effective way

to do so) is solved using equation 6.2The volumeaveraged properties are updated
(density, etg, and the filtervalue is set based on the current phase fractions. The
momentum equation (equation 6.28) is constructed (or solved), and then the energy
eguation (equation 653is solved. At this point, the temperature and pressure dependencies
of the properties are upted. Finally, the inner PISO correction takes the constructed

velocity equation and solvgsessure to enforce continuity

To complete the time stephe mass transfer rates are calculated in each cell for each
componenj (equation 842). The specigequations argahensolved(equation 6.39)This
steptakes place outsidef the PISO loop for stabilifysincesubtle perturbations due to the
composition shiftcan cause numerical instability in the property calculations based on

temperature and pressure

Once the specgeequations are solved, the bubble induced turbulence is upddtete
end of the time steny necessary print variablage storedefore the cycle begins anew.
Time stepping continues until the specified end time is reached.
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6.3 Validation

Two simulation cases were used to demonstrate the validity of the new modeling approach,
and to investigate sensitivity to the tuned parameters. Thedisst was a comparison to

the simulation studies in Dhotre et al. (2007, 2009), which used the data from Simiano et
al. (2005). This case involved a vertical plume of bubbles released into a large cylindrical
tank with a free surface. The primary objectofethis study was to tune the turbulent
dispersion coefficientGrp), for use in subsequewrase studiesThe second case was
focused on the validation of the mass transfer modeling approach using the data from Park
and Yang (2017). This case involved ti@izontal ceinjection of a premixed gas/liquid
jetinto a tank initially containing deoxygenated water. The published study included values
of the volumetric mass transfer coefficient at different conditibnsensitivity study was
performed to investate the impact of the mesh resolution, diifk mass transfer model,

and bubble diameter on the predicted volumetric mass transfer coefficient. The following
sections present the cases, describe the simulation conditions, and provide an overview of

the esults.

6.3.1 Dhotre/Simiano Case

The cases simulatedtine studie®y Dhotre et al. (2007, 2009) are recreations of an orginal
experiment by Simiano et al. (2005). The objective of this work was to tune the parameters
used in the drifflux model Thereforethe case was chosen to be entirely within the-drift

flux zone and solved solely with the dffux framework.

6.3.1.1 Case Description

In the work of Simiano (2005), the original experiment involved the injection of air into
guiescent water through 350 needlegjiaa 1 mm inner diameter spread across a5
distributor plate at the bottom of the 2 m tall, 2 m diameter vessel. The liquid level was set
at 1.5m, and the injection flow rate was varig&lthough data for multiple flow rates is
provided in SimianoZ4005),only the 7.5 normal L/min flow rate was considemedhe
current work The experiment was carried out at atmospheric pressure and room
temperature. However, since the normal volumetric flow rate was reported, the inlet was

adjusted for both deptimd temperature. The case setup is showsgare6.2.
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T=298K
Air
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T=298K
Water
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Air Injector
(Treat as avolume source, V =0.00106 m®)
Volumetric flow rate =0.000125 m%/s
Density =1.377 kg/ m°

T=298K
—

Im } Im

Figure 6.2 Setup for the Dhotre/Simiano case.

This case was selected for comparison in this study because it had preveeumssiudied

in the literature, and because it provides a case where only thudriftiodel is applicable

(i.e. completely dispersed flow). Since only the diifx model is applicable, the case was

used to tune the turbulent dispersion and lift fordé® maximum phase fraction at the

inlet was 6% gas by volume, accounting for all 350 injectors spread across the 15 cm
diameter plate. The tank was open to air at the top, and the remaining boundaries acted as
walls. For the calculation of the inlet parai@rs, summarized ihable6.1, it was assumed

that the air above the tank was at ambient conditibalkle 6.2 shows a summary of the

initial conditions, whileTable6.3 andTable6.4 describe the assumed fluid properties for

both phases.
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Table 6.1 Boundary Conditions used simulate the experiment of Simiano (2005).

Walls & Bottom

Variable Value Inlet Value Top Value

Gas Phase Fractidn Zerogradient 0.06 Inlet-Outlet

Temperature (K) Zerogradient 298 298

Velocity (m/s) No slip 0.45472 Inlet-Outlet
Zerogradient

Prgh (Pa) Zerogradient (effectively) 101325

Turbulent Kinematic Zerogradient

Viscosity (nf/s) Zerogradient (effectively) Inlet-Outlet

Table 6.2 Initial Conditions usedo simulate the experiment of Simiano (2005).

Variable Value

Gas Phase Fractidn Ouptol.5m,1above1.5m
Temperture (K) 298

Velocity (m/s) 0

Prgh (Pa) 101325

Turbulent Kinematic

Viscosity (nf/s) 1x10%

Table 6.3 Properties of Liquid Water

Property Model Reference
Density, " (kg/nT) 1000 -

B Smith, Ness and
SpecificHeat Capacit, w (J/kg/K) 4182 Abbot, 2005
Dynamic Viscositye (Pa s) 1x10° Yaws (2003)
Prandtl NumberPr (-) 6.2 Yaws (2009)
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Table 6.4 Properties of Air

Property Value Reference
Density, " (kg/m®) Ideal Gas Law -

~ Smith, Ness and
SpecificHeat Capacityw (J/kg/K) 1007 Abbot, 2005
Dynamic Viscositye (Pa s) 1.8x10° Yaws (2003)
Prandtl NumberPr (-) 0.7 Yaws (2009)

In theonefluid model, only thezolumeaveragd velocity and pase fraction can typically

be specified at the boundary because a special boundary condition was not implemented to
incorporate a relative velocity directly at the boundary. Therefore, specification of a
consistent inlet boundary condition for a case whaly one phase enters the domain is
challenging. Instead of specifying an inlet boundary condition, the inlet flow of gas was
specified through an appropriate set of source terms in the transport equations for total
mass, phase fraction and momentum. &twect definition of the momentum was added
through a source t &Optonsu slibrarg The prase FequALB s
sourcewas set to avolumetric flow rate equivalent to the valueTable 6.1. The total
momentum of the gaphase was calculated and added to the cells just above the inlet
distributor. The volume was set according to the distributor radius (7.5 cm). and the height
of one mesteell (6 cm), for a total volume of 1.860° m®. Within this volume, a source

of 0000125m®/s was added (corresponding to 7.5 L/min). An additional source was
applied to the momentum equation using the gas density at the bottom of the tank. The tank
contained 1.5 m of water, leading to an air density of 1.377 kdmderive the actual
velocity, the total area available for gas flaw ( ) had to be calculated:

0 cuviEli I A-O m8inbp Ei—.:iAcEi(u pris¢ (6.52)
Therefore, the velocity of the gas was calculated through the volumetric flow rate and the
area, and is presented Trable 6.1. From the density and the velocity, the momentum
source term waset t00.626 kg/m/s. Overall the use of volumetric injection sources

instead of a boundary condition is not expected to affect the regitcantly. Dhotre et
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al. (207) used an inlet condition averaged over the entire distributor area and tested the

sensitivity to the specified phase fraction without noticing a significant impact.

Two meshes were used for the cases described above, as shHaguré6.3 andFigure

6.4. The meshes were selected to maintain a reasonable computational time and to study
the impact of mesh on the solution. A full mesh independence study was not performed
because of the computational titet would be involved and because it is uncittre

mesh independen@®uld be achieved within a model that uses an implicitly filtered LES
model within a multiphase CFD model. Instead the goal was to investigate the impact of
the turbulent dispersiarpefficient on the solution, and whether aptimized valuevould

be affected by mesh resolution.
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Figure 6.3 Coarse mesh for the Dhotre/Simiano case.
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Figure 6.4 Fine mesh for the Dhotre/Simiano case.

The studies by Dhotre et al. (2007, 2009) used a constant drag coefficient of 0.44, which
is equivalent to use of the Schillsiaumann correlation at high Reynolds numbers.
Therefore, this drag coefficient wased for comparison to the published results for this
case in this study. The same lift coefficient of 0.1 was also employed. Therefore, only the
turbulent dispersion coefficient was adjusted in this case. Simulations were performed
using values of 40 anBl0 for Crp for both meshes. For the turbulence modefalue of

0.12 for the Smagorinksy coefficient wased The turbulent dispersion coefficient from

the Dhotre et al. (2007, 2009) papers could not be used directly because the formulation in

the driftflux model is not directly equivalent to the formulation in the Et@aler model.

6.3.1.2 Results and Discussion

The timeaveraged, pseudo steashate results for the phase fraction contours are shown
for all four cases ifrigure6.5. The results show that there is some sensitivity to both the
turbulent dispersion coefficient and the mesh. As expected, the coarsest mesh and the
highest dispersion coefficient yield the most spreading of the phase fraction. The general
behaviour appears tbe similar between the four cases, with the primary difference
occurring near the free surface. A portion of this difference is likely due to the low

resolution near the free surface for the coarse mesh, which would lead to poor resolution
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of the radial elocity at the top of the plum&nd may cause artificial entrainment of the gas
phase. Therefore, the medid have areffect on the redts, as can be seen near the surface
with the lack of smoothness in the profile. However, a further quantitative cismpas
required to compare the differences between these cases in more detail.

Figure6.6 shows a comparison between the predicted gas phase fraction pittdil@edel
predictions of Dhotre et al. (20Q@ndthe experimentalasults of Simiano (2005Lloser

to the gas distributorthe model predictions all provide good predictions of the
experimental results and agree with the model predictions of Dhotre et al. (2007). Closer
to the free surface, the phase fraction predidgdnigher than the experimental result, with

the centreline value being overpredicted more ttienvalues at the outer edge of the
plume. Compared to the results from Dhotre et al. (2007), the predictions arealoorge

the centreline, but slightly betten the edge of the plume.

Overall the predictions are relatively good considering the sensitivity of various model
parameters. One thing to note is that it may appear as though the mass flow rate of gas does
not match between the simulation results dinel experimental data. However, it is
important to remember that the gas phase velocities, showigume 6.7, are different

between the various datasets.
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Figure 6.5 Predicted phse fraction contours for the four combinations of mesh resolution
and turbulent dispersion coefficient used to replicate the Dhotre/Siminao case. Top Left:
Ctp = 40, Coarse; Top Righ€mp = 50, Coarse; Bottom Lef€rp = 40, Refined; Bottom
Right: Crp = 50, Refined.

There are several possible reasons for the differences between the model predictions in this
study, the experimental data and simulation results from Dhotre et al. The first possible
reason is due to the surface effebteshrefinement is cocentrated towards the centerline.
Therefore, resolution at the interface was lacking in the simulations and could contribute
to differencetowards the top of the vessel. Another possible reason is that momentum and
mass are added to the system as sdaraoes at the bottom of the vessel instead of directly

at the boundary. This may have led to liquid and gas axial velocities that are slightly greater
towards the centerlineecause mass and momentum were injected uniformly in the overall

volume Another pagsible reason is that the turbulence modeling approach applied in this
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study, and especially the turbulence at the wall, was different than in the Dhotre at al.
simulations. All these factors, as well as the general differences between the modeling
approabes and codes used, could have contributed to the differences.
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Figure 6.6 Gas phase fraction profiles at different elevations from the base of the vessel.
Top left: 0.35 m; Top right: 0.75 m; Bottom: 1.1 m.

Thegas phase fraction profiles generally provide a reasonable fit to the experimental data.
Although there is a difference between the predictions for the various mesh€spand
values, the trends are relatively similar. It is likely that the turbulepiersion coefficient

and/or other parameters (e.g. the lift coefficient) could be further tuned to provide and even
better fit to the experimental data.

The axial gas velocity profiles are showrFigure6.7. Clearly, there isn overprediction

of the centerline velocity relative to the predictions of Dhotre et al. (2007), especially at
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higher elevations. This difference appears to be primarily due to the difference in gas phase

fraction dispersion predictions. From the axiguid velocity profile shown ifrigure6.8,

it is clear that the higher spreading predictions for the gas phase fraction in the Dhotre et

al. model result in less entrainment of liquid along the centerline and more entrainment on

the outer edge of the plume. Since the gas velocity is relative to the liquid velocity, this

difference in entrainment results in an epeediction of the velocities along the centerline

in the current model. However, relative to the results from Dhotk,éheexperimental

liquid velocitydataon the edge of the plume is predicted more closely by the current model.
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Figure 6.7 Gas axial velocity profiles at different elevations from the base of thelvesse
Top left: 0.35 m; Top right: 0.75 m; Bottom: 1.1 m.
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Figure 6.8 Liquid axial velocity at different elevations from the base of the vessel. Top
left: 0.35 m; Top right: 0.75 m; Bottom: 1.1 m.

Since the da is plotted radiallydifferencesear the centerontributeess to local flowrate
prediction errors because cresectional area increases radiallherefore, although the
axial velocities appear worse at the center, the predictionombgtter overth given the
reduction in error and shape further from the centerline wbemparedo Dhotre et al.

(2007), particularly for the axial liquid velocity.

Overall, the presented simulations provide a good fit to the experimental dataatid
reasonably welo the results from an Eulkdtulersimulationby Dhotre et al. (2007, 2009)
As expected, the simulation results showed some sensitivity to mesh resolution and the
chosen value of the turbulent dispersion coefficient. However, in the range investigated,

the turbulent dispersion coefficient only had a small impact on the results, and therefore a
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value between 40 and 50 appears to provide a reasonable fit to the data. Extrapolation of
this result to other systems should still only be done with some caredeeaf the coupling
between the turbulent dispersion coefficient and various other parameters, including the

lift and drag coefficients.

6.3.2 Park and Yang Case

The second validation case focused on the application of the combinedV@iodel.
The case is basl on the experiments of Park and Yang (204Fp studied the aeration
of waterthrough injection of a premixed air/watet horizontally into a rectangular tank

full of water.

6.3.2.1 Case Description

As shown inFigure6.9, the tankis 1.8 m long, 0.9 m wide and 0.9 m tall. The nozzle is
placed 0.2 m above the bottom, and the liquid level is approximately set to 0.55 m.
Although numerous experiments were carried out by Park and Yang (2017), this validation
was done on the B25Q1 datasks stated in their paper, this case involved a 1/5 valve
opening, a primary nozzle ratio of 0.327 (opening ratio in thdigas mixing device),

and a Reynolds number of 1.02%1This corresponded to inlet phase fracsioh0.55 air

and 0.45 water.

£

E T=298K

f Air

g T=298K

@| Air/Water Injection Nozzle Water
| |55 V0I%Ar (23 Wt%O) Outlet_ | ]

£ u=4.76 m/s ‘E

8 T=298K 8

N \

1.8m 450 mm 450 mm

Figure 6.9 Setup for the Park and Yaigg017)validation case.

A summary of the initial and boundary conditiaagprovidedin Table6.5 andTable6.6.

Unlike the Simiano case, the inlet contioth air and watein their experimental setup
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the system had rcirculation line In this study, the recirculation line was modeled by an
outlet in the simulation to maintain a constant water leVee propdies used for this
studyareprovidedin Table6.7, Table6.8 andTable6.9. In order to facilitate mass transfer,
air is representethy separate@xygen and nitrogen. The proges are therefore given for

these components, which are then mass averaged in the actual simulation.

Table 6.5 Boundary Conditions usdd simulate the experiment of Park and Yang (2017).

Walls & Bottom Inlet Outlet Top
Variable Value Value Value Value
, . Zero
Gas Phase Fractid  Zerogradient 0.55 . Inlet-Outlet
gradient
Temperature (K) Zerogradient 298 Zero_ 298
gradient
Velocity (m/s) No dlip 4.76 2.16 Inlet-Outlet
. . Zero
Prgh (Pa) Zerogradient Zerogradient gradient 101325
Turbulent Kinematic . : Zero
Viscosity (n?/s) Zerogradient Zerogradient gradient Inlet-Outlet
O (Gas .
2 (Gas) . Zerogradient 0.233 Zero_ Inlet-Outlet
Mass Fractiorg-) gradient
O2 (Liquid .
2 (Liquid) . Zerogradient 0 Zero_ Inlet-Outlet
Mass Fractiorg-) gradient
. . Zero
H-O Mass Fractioif)  Zerogradient 1 . Inlet-Outlet
gradient
: . Zero
N2 Mass Fractiorg-) Zerogradient 0.767 . Inlet-Outlet
gradient
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Table 6.6 Initial Conditions usedo simulate the experiment Bark and Yang (2017)

Variable

I nitial Condition

Gas Phase Fractidn
Temperature (K)
Velocity (m/s)

Prgh (Pa)

Turbulent Kinematic Viscosity
(m?/s)

02 (Gas) Mass Fractioft)
O2 (Liquid) Mass Fractior(-)
H>O Mass Fractior-)

N2 Mass Fractiort-)

0 up to 550 mm, 1 above 550 mm
298
0
101325

1x10%!
0.233
0
1
0.767

Table 6.7 Properties of Liquid Water

Property

Value Reference

Density ” (kg/nT)

SpecificHeat Capacityc
(J/kg/K)

Dynamic Viscositye (Pa s)
Prandtl NumberPr (-)

1000 -

Smith, Ness and
4182 Abbot, 2005

1x10° Yaws (2003)
6.2 Yaws (2009)

Table 6.8 Properties of Nitrogen

Property

Model Reference

Density " (kg/nT)

SpecificHeat Capacityc
(J/kg/K)

Dynamic Viscositye (Pa s)
Prandtl NumberPr (-)

Ideal Gas hw -

Smith, Ness and
1041 Abbot, 2005

1.78x10° Yaws (2003)
0.7 Yaws (2009)

153



Table 6.9 Properties of Oxygen

Property Model Reference
Density ” (kg/nm) Ideal Gas Law -
SpecificHeat Capacity Smith, Ness and
(I/kg/K) 920 Abbot, 2005
Dynamic Viscositye (Pa s) 2.07x10° Yaws (2003)
Prandtl NumberPr (-) 0.7 Yaws (2009)
Diffusion Coefficient,O j, 2.4x10° Yaws (2003)
Henryds Law({o ¢ 0.02973 Sander (2015)

Thethree computationaheshes used for this case are showRigure6.10, Figure6.11
andFigure6.12. As for the previous test case, it is unlikely that a truly mesh independent
result could be achieved given the use of the LES model and the many interacting
parameters in the multiphase models. However, the model presented in this study is
intended to provide scalable prediction, and therefore it is important to investigate the
sensitivity of the predictions on the mesh resolution. In theory, the vebiiiheid solver

should provide predictions in a larger fraction of the domain for highereraént.
However, if the driffflux predictions are properly tuned, it should provide very similar
predictions in the same zones when the mesh is coarsened, assuming that the empirical
modeling assumptions in the d#dftx model represent thephysical situdion

appropriately.

Height (m) Height (m)
o SR R e e e e

02 02
0 o2 da o o8 12 1 1% o4 o 4
Length (m) Wicith (m)

Figure 6.10 Coarse mesh for the Park and Y#R@17)validation case.
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Figure 6.12 Fine mesh for the Park and Ya(&p17)validation case.

In their work, Park and Yang (2017) initially removed all oxygen from the water. This was
a useful initial condition for the ces. In their paper, Park and Yang (2017) calculated the

mass transfer coefficient from

0 w- —— (6.53)
whered is the saturation concentration approximately equal to 8.48 mg/L (8.35 mg/L
using the Henryos Law Coefid the inigah oxygehr o m
concentratior(set to zero), and is the concentration at tinteFor the case simulated in

this study, the value of the overall mass transfer coefficient was 1.85*10

Similar to thepreviouscase used above, the Smagorinsky coefficient was UhE2drag
coefficient was calculated by the Tomiyama mg@Hapter 5) The lift coefficient was set
to a constant value of 0.1, and the turbulent dispersion coefficient was set to 40, after

analyzing the Simiano (2005) case.
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6.3.2.2 Results and Discussion

The effect of mesh rekdion on the predicted gas phase fraction contours is shown in
Figure 6.13. The phase fractiomt the inlet was close to the 0.5 contour, and as a
consequencenly a very small portion of the jet was predicted by the VOF sols

light green regions represent the area in which the gas fraction was aboMeeOr&sults
show thathe penetration length fell below the prediction of 0.6 m as detailed in Park and
Yang (2017). However, as the mesh was refined, the VOF region teckdiclonger
momentum length. A further refinement could have been done if the computational
resources had been availghiet it is unclear how much refinement would be required to
match experimental result3he black contour line represents the phasaetitrn 0.01
contour, which shows the dispersion of the pllbaeause othe DF model. Even though

the jet momentum was underpredicted, the spreading of the plume at least seemed
consistent between the three refinement studies. This also correspondzdoetiehere

most ofmass transfer occurred.

The inaccurate prediction of the momentum length shows one of the weaknesses of the
model. The VOF solver should be able to predict the dynamics of tHeygakinterface

in resolved regions, and the DF solvaosld be able to predict the fluid dynamics in
unresolved regions. However, if it is not possible to provide sufficient mesh refinement to
resolve jet breakup fully using VOF, breakup predictions would have to be made within
the DF framework. Since the DRodel does not currently implement a population balance
equation (PBE) to track changes in the bubble size distribution due to breakup and
coalescence, it cannot simulate these processes adequately. Therefore, it is important to
ensure enough mesh resabutis used for VOF to make these predictions or, alternatively,

to include a PBE in thBF model. This latter extension will be the focus of future work.
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Figure 6.13 The meshrefinement test for the Parln@ Yang (2017) case using the
Frossling model. Featured are the average gas phase fraction fields at times 1.4 s (left) and
3.0 s (right). The cases featured are the coarse mesh (top), intermediate mesh (middle) and
fine mesh (bottom). The black line repeats the phase fraction 0.01 contour.

As is shown irFigure6.14, the predicted value of the mass transfer coefficient varied with
mesh refinement. Given the differences in the phase fraction distribution sh&wguia

6.13, where the jet penetration length increases with each successive refinement, this result
is to beexpected. Since the inlet was a-tjgsid mixture, the gas was already diffuse, and
without sufficient resolution DI used in mostfdhe domainTheoretically, the DF model

could describe the jet region of the injection, but this would require closure terms that are
properly tuned for jet modeling. Since such closures were not incorporated into the model
in this case, sufficient meshsolution is required to permit the VOF model to resolve the

jet region. Despitehe lack of resolution for the coarse meste results for the overall
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mass transfer coefficient are reasonable, and the variation between the predictions is
relatively smal. The slope of the linesn Figure 6.14represergthe value of the overall

mass transfer coefficient. In Park and Yang (2017), a value ok1085! was obtained.

The values for the three refinements are close in valwesach otherwith the coarsest
refinementbeing the furthest from the experimental valdéhe predicted overall mass
transfer coefficients for the two finer meshes are more similar to each other. From Figure
6.13, it is clear that this is because the two simulations produced muchsmmilise
hydrodynamic prediction®lthough the 1 mm HKissling predictions are not the same as

the experimental results, they are on the same ofdeagnitudeThe main reason for the
difference between predicted and experimental values is that the elbaldde size was

unknown. Therefore, the mass transfer predictions were redone using different bubble

diameters.
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Figure 6.14 Quantitative results for the three meshes, showing the total mass transfer
coeficient as calculated by the three casethe same order as the legend
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Figure6.15 shows the phase fraction contours flour different assumed bubble sizes in

the driftflux region. In reality, a bubble size distribution woukkist. However, the
incorporation of a population balance model within the -dliuft framework was outside

of the scope of this project. As shown Figure 6.15, the momentum length remains
consistently underpredicted for alllidale sizesThe only exception is the 0.25 mm bubble
diameter simulation, where the mass transfer rate was significantly highérttranother

three diameters usebh the 0.25 mm case, as shown by the 0.01 phase fraction contour,
the gas phase dispedtoo muchthrough the liquidHowever, compared to the results of
Park and Yang (2017), the total momentum length of the jet is lower for the coarse cases,
as was discussed previoudiygure 6.15 shows that the momentum length of the jet was

relativelyunaffected bytie assumed bubble diameter.

As mentioned in the methodology, the tplameregionmass transfer models (Higbie and
Frossling) were compared. These represent the upper and lower Houhosal mass
transfercoefficients FromFigure6.16, thel mmand2 mm bubble siz@redictionsbound
theexperimental mass transfer coefficiémtthe Higbie modeHowever, for the Frossling
model, the 0.5 mrbubble sizeprovides a very close approximationtbé result obtained

by Park and Yang (2017As expected, the values of thesdictedoverall mass transfer
coefficient are higher for the Higbie model, and for bubbles of smaller diameter. In general,
the steadystate mass transfer values were predicted on the correct ordexgoitude,
despite the hydrodynamics of the jet underpredicting the momentum length. In the case of
the hydrodynamics, the detrainment of gas from the jet core likely occurred too early, but
most of the mass transfer occumsthe plume regionPredictiors with a representative
bubble size distribution and a finer mesh would likely be required to match experimental

values for both the momentum length and mass transfer coefficient.
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Figure 6.15The diametetest for the Park and Yang (2017) case using the Frossling model.
Featured are the average gas phase fraction fields at times 1.4 s (left) and 3.0 s (right). The
cases featured are tBe25mmdp, 0.5mmdp, 1 mmd,, and2 mmdp in descending order

The blck line represents the phase fraction 0.01 contour.
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Figure 6.16 Overall mass transfer coefficients calculaf@dboth clean and contaminated
bubbles ab.25mm, 0.5mm, 1 mmand2 mm in size They are plted as a single point
after taking the fitted slope.

It should be mentioned that the cases used, even at their finest refinement, are still far above
the ability to capture the bubbles using the VOF solver. Similar to issues not@iealiter

5, it becanes evident that the ability to resolve bulk jet dynamics can be overwhelmed by
the diffusive nature of the driftux model. As shown abovgthe increase in refinement
directly correlates to a better jet momentum prediction, which was equally validyter

5. However, it is important to note that the variability in mass transfer predictions could be
related tothe incorrect prediction of the momentum length becaasehe jet is carried
further, the plume covers a larger volume as a result. Of cotlmseffect on mass transfer

will scale with the size of the jet, and subsequent studies should consider the variability in

jet lengths as part of the discussion.
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It is not clear whether the Higbie or Fréssling model is more applicable to the investigated
system. However, since real systems normally contain surfactants, the Fréssling model is
more likely to be valid. The mass transfer predictions seem to indicate an average bubble
diameter of approximatel§.5 mm. However, the fluid dynamics show that thizndeter

is insufficient to fully match momentum length predictions for both mass transfer and
hydrodynamics. Even though there are some differences between the predicted and
experimental values, thiact that mass transfer coefficients are on the rigier of

magnitude is reassuring for future largeale modeling projects.

6.4 Conclusions

A hybrid volumeof-fluid and driftflux modelwasdevelopedo allow for mass transfer to

be estimatedin areas of high gas holdup, while maintaining low mesh resolution
requirements to capture interfacial transport phenomena in regions of low gas holdup. The
model was constructed using OpenFO&d compr essi ve interface
drift-flux model and appropriate auxiliary equatiomke pairing of VOF and DF medts

is naturabecaus®othmodelstreat the twegphase medium as a single continuum, although

with different closure terms and constitutive laws.

To validate the model, in preparation for the simulation of lsiggde releases, it was
applied to two cased.he first case was a replication of experimental work by Simiano
(2005) and the modeling work done by Dhotre et al. (2007, 2008) to the differences

in the modeling of the interfacial forces and the calculation of the relative velocity, the sole
paraneter left to be fitted was the turbulent dispersmoefficient To analyze this
parameterthe case wasimulatedat severalvalues, with the best solution falling between

40 and 50. Compared to the results of Dhotre et al. (2007), the phase fractil@s foof

the gaswasoverpredictd at the centdine, as well as underpredéext towards the tailing

edges. However, the overall peak was close to the experimental results. This trend was
carried through the axial gas and liquid profiles, with the worstimiag¢ing near the free
surface. Given the coarseness of the cases, the effects of interfacial wobble were a
contributing factor. Furthermore, the mixture model may have retained more momentum

near the center due to the averaging of properties by the V@foedne
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The current work employed the same drag, lift and bubble induced turbulence a®dels
Dhotre et al. (2007)out there are perhaps better combinations of models that might have
yielded the exact experimental results. Additionally, solely the dradifaridrces were

used to generate the relative velocity through the interfacial force balance. More
sophisticatedwo-phasemodels might employ other modifications, but these two forces
were deemed necessary for predicting the drift velocity as well ¢asténal dispersionn

this case, model fit could likely be improved but the parameters were chosen to permit
comparison with the previously publishexsuls.

To test the transition model, as well as the mass transfer predicimtgse of Park and

Yang (2017) was modeled. A horizontal air jet was mixed with liquid to fotwogphase

jetthat was injectehto a large tankontaining waterLiquid wasremoved fronthe back

end of the tank to maintain the liquid level.thre published experimertheoverall mass
transfer coefficient was measured using an average concentration of oxygen at the back
end of the tank. Singeinformation wasavailableon bubble size distributiol,sensitivity
analysis was performed using three representative bubbée Breepredictions from these
bubble sizes highlighted that the transition model did work, reducing the mass transfer in
the jet core by only applying at the 0.5 contour, while the dispersed region was modeled as
bubbly flow.

The exact hydrodynamics wemet predictecaswell asthe mass transfer coefficientEhe

mass transfer coefficientgere of the same order of magnitude as the experimental result.
However, the real case would have badybble size distributioand therefore the exact
hydrodynamicsvere impossible to predict correctly. Future work would be to extend the
model with a population balance model in order to directly track the bubble size
distribution. Alternatively, much finer meshes could have been used to allow the VOF

model to resolvenore of the jet.

The model functioned welin the prediction of vertical gas dispersiomhich is the
expectedvorstcasescenario in an underwater releagelditionally. thepredictionof the
mass transfer coefficient was bounded by sensitivity on thblewiameterThese cases

provided the necessary tuning of closure parameters in order to obtain reasonable results
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on coarse meshes. Additionally, they proved that the mass transfer rate can be bounded,

and therefore a worsiase scenario could Ipeedided inlarger gas releases.
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7.1 Introduction

In offshore gas production, natural gas is often contaminated with significant
concentrations of sour components such as carbon diardibydrogen sulfide. The sour

gas is normally treated (sweetened) directly on the platform to remove these compounds.
Once removed, the toxic components must be further treated before release to the

atmosphere or sequestered.

One option is to inject theixture of carbon dioxide and hydrogen sulfide, typically called

acid gas, into a depleted part of the reservoir. This acid gas reinjection process not only
sequesters the toxic gas, but also helps to maintain pressure in the production well.
However, acidjastransportation and reinjection of the toxic gas mixture is associated with

its own safety challenges because of the possibiligt containment might be lost.
Therefore, appropriate emergency response plans must be developed to mitigate the risks
posal by such a release. Analysis of the risks posed by underwater gas releases is typically
performed using numerical models. Traditionally, most models are based on the integral
plume modeling approach, with appropriate modifications to incorporate heabassd
transfer predictionsJphansen, 2000; Yapa et al., 20@hgeng et al.; 2002; Zhao et al.,
2014h. Recently, models based on computational fluid dynamics (CFD) have become
more prevalent (Cloete et al., 2009; Olsen and Skjetne, 2016; Olsen and Si&ifje,
However, application of such models to the analysis of acid gas releases from shallow wells

is rare.

Underwater releases differ from atmospheric releases because gases first travel through the
water column before reaching the atmosphere. Thisgeevtime for some of the chemical
species to dissolve in the seawater, and to disperse and decelerate before reaitheng the

surface The fraction of the gases that dissolve in the water column primarily depends
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mixing and dispersionthe residencertie of the gas in the water, the solubilities of the
gases in seawatesndthe release rat@he release rate would be predetermined by the
reservoir pressure and the size of the orifice from which the gas is released. The mixing
and dispersion of the gas the water is primarily controlled by the depth of the release
point, the release rate, and the release trajectory. In the case of an acid gas release, the
components have a relatively high solubility in water compared to the hydrocarbon fraction

in produced gas. Therefora,significant amount of acid gas would dissolverareshallow

water gas releases

Conceptually, the release of acid gas from a shallow well can be split into three regions, as
shown inFigure7.1. The gas dease would be driven into the water column by the pressure
from insidethe well. Driven by momentum and expansion, the gas would initially form a
continuous jetFurther away from the release poing, @omentum dissipates into the
surrounding liquid, thget would slow and begin to breakuyith a loss of momentum,
buoyancy forces would become domindntthe buoyancyriven plume region, the gas
would continue to disperse and travel in a wider path as lateral forces drive it away from
the centerline. Thase velocity would continue to decrease on the outer edge of the plume,
approaching terminal velocity. The plume region would persist to a level just below the
free surface, where simultaneous detrainment of the undissolved gas and entrainment of
gas fron the waves governs the flow regime. From a modeling perspective, the three
regions are governed by different physical processes Emgjith scales. Therefore,

multiscale modeling approaches are likely necessary to provide adequate predictions

During the @s expansion, the momentwdriven jet would form a continuous interface.
Hydrodynamically, the bulk motion of the gas phase in the jet region would be compact,
and this would result in a lower dissolution rates because the gas at the core bhatrtitie

to interactwith the surrounding liquid. During breakup and the development of the plume
region, the gas would disperse and mass transfer would increase as bubble clusters form.
With greater surface area, the bubbles wexigeriencelrag and lateral digpsionforces.
However, the method of modeling bubbles by tracking the interface would require a
computationally expensive (and perhaps impossible) number of €kls.only further

necessitates a multiscale modeling approach.
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Figure 7.1 An overview of a subsea gas release, divided into three major regions.
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The objective of this work was to applye previously developed multiphase, multiscale
CFD model(Chapter 6}o simulate ashallow well acid gas releaseenario angbredict

the subsequent emissicateto the atmospherdhe CFD model used a coupled volume of
fluid (VOF) and driftflux (DF) model. The benefits and challenges with this type of model
have been discussed in @ber6 butwill be expanded for the release scenario. To illustrate
some of the challenges, the path used to develop the model will be briefly discussed to
provide perspective on the modeling choices. The adopted model and the case for the
release scenarwwill be described. Finally, the results from case studies used in this work

will be discussed, followed by a description of the primary conclusions.

7.2 Methodology

A full description of the algorithm was provided in Chapter 6. This section therefore only
provides an overview of the main equations and a summary of important modifications.
The model was developed using OpenFOAM, apen source CFD toolbox (The
OpenFOAM Foundation, 2018)t employs the volumef-fluid method to facilitate
interface tracking imegions with high mesh resolution and the diiik model in regions

with low mesh resolution. A blending factor is applied to permit a smooth transition
between the models. The species and energy conservation equations are solved with
appropriate sourcerms to facilitate heat and mass transfer predictions.

Following the derivation presented in Chapter 6, the blended phase continuity equation can

be written as

— — 0 — — 0 | T"» ndp .0 " (7.2)

wherg is the phase fraction of phais® is the velocity vector.. is the filter fraction (or
blending factor between VOF and DFY,is the total mass source into phasé 1s the
density, andO is the turbulent diffusivity for the phase fraction. The subs®ipfers
to the reléive velocity, for which there is a different definition if the cell is dominated by

the VOF or theDF methodologies. The turbulent dispersion force is calculated from:
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In whiché s the turbulent dispersion coefficient and is equal to 40 (from the results of

Chapter6). The drag coefficientp , was calculated from the Tomiyama correlation

(Tomiyama et al., 1998):

6 [ A3 p ™WXWQ® h — (7.3)

whereReis the Reynolds number based on the relative velocity,Eani$ the E6tvos
number. which is for contaminated bubblésr the VOF solver, the relative velocity may

be calculated from:

0 r (06 (7.4

g —B (75)
where¢ s the interfacial normal vector, approximated by the unit normal gradient of the

phase fraction dotted with the face area vectarThisoperatiorproduce a flux, although

the divergence scheme in OpenFOAM automatically performs a surface integral on the cell
to transformthis quantitybackto a velocity. For the DF model

0 & — Q — 10206 —O0 n o0 (7.6)

h h

whereQ is the bubble diameter, the subscript 1 refers to the gas phase, the subscript 2
refers to the liquid phasand "Qis the gravity vectorThe relative velocity, 6  , is
determined by solving equation 7.6 using fixed point iterations the lift coefficient,
which is set at a constant 0.1 (Dhotre et al., 2007).

Momentum is governed by the Navigtokes equation:

—— 02766 nOt p .1 N0 ""Q O (7.7)
T B| "0 6 (7.8)
wheret is the stress tensof, is the additional stress for the drift flux model based on

the drift velocites © ), 0 is the pressure excluding the hydrostatic pressure taken at
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the normal gradient defined By, and "O are any additional body forces (e.g. surface

tension).

The momentum equatior?.7), when implemented in OpenFOAM; solved usinghe
PISO (Pressure Implicit with Split Operators) algorithirollowing this method, the
velocity is first predictedising the discretized momentum equation ancttineent values

of the pressure and the density (which depends on both messtdtemperature). The
equation is then decomposedderive an expression for the divergence of the velocity

field. This divergence is used to derive a pressure equation.

Turbulence was modeled using LE&®thod with theSmagorinksysub-grid scalemodel
In this operationthe velocityis splitinto two parts:

0 0 0 (7.9)
whereo is the resolved velocity ardl is the unresolved velocity below the grid sizee
unresolved part must bmlculatedaccording to the sufgrid model, whit produces an

effective change in viscosity:

"8 TS (7.10)
where* is the turbulentdynamic viscosity The term 0 , refers to the Smagorinsky
coefficient, whichwasset to 0.12 (Dhotre et al., 2009). The total vistyocan then be

defined as

. Co (7.11)

where the subscrigff refers to the effective dynamic viscosity, which is a combination of
the molecular dynamic viscosity, turbulent dynamic viscosity and the effects of bubble

induaed turbulene;

0 | "Qo s (7.12)
where’ is the change in effective viscosity by bubble induced turbulent) ands the

coefficient for the bubble induced turbulence set equal to 0.6 (Dhadte 2007).
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Phaseaveraged species conservation equations were solved for each dissolgipgaiEs
in each phase, but not for the solvents (i.e. air and water). The species equations were

formulated as

— P D "rO MO "Opy nox  Yp (7.13)
wheredy; is the mass fraction of spesiein phasa and"Y j; refers to the mass source for

species |. This source termmust have differentsigns depemling on the phase
Y Y  .Opp s the effective diffusivity, including both molecular and

turbulent diffusion processes, and is defined by

Of 1 Onr Op (7.14)

(o) —“h (7.15)
whereOy, ; is thediffusivity of specia| in phasé with respect to the mixtuy® j is the
turbulent diffusivity calculated from the ratio of turbulent kinematic viscosity)(and
the turbulent Schmidt maber {Yo;, assumed to be 1). In this study, the species mass
transfer source terms were calculated using the liquid phase overall mass transfer

coefficient and the liquid side concentration driving force. Thus,
“Yh IV AN AT AT (7.16)

wherethe source was written for phase 2 (liquitihe species mass transfer source in the
gas phase has the same magnitude as the liquid phase source, but the opposite sign. The
value ofu wrepresents the overallass transfer coefficient. In this cadeis the mass

fraction of specigj, where®; represents the mass fraction in equilibrium with the gas

pha®.

In the presented simulations, two models were used to calculate the overall mass transfer

coeffident Themethod of Higbias often cited to be applicable for clean interfaces

o ¢ —° (7.17)
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where _ represents the renewal or penetration time. For contaminated inserfiaece

method of Frosslings often used

O T - Opg | ' 7 (7.18)

The renewal timewere calculated differently dependiag the method used,

——h? p VOF
- . (7.19)
—h ¢ oF
where0 € is the local Cowant numberThe local interfacial area density was calculated
as
& Th? p VOF
® ~ (7.20)

—h @ oF

For the VOF model, the area density is on the same order mwénge of thecell length,
while for the DF model tharea density is based on the size of the bubbles inside the cell.

One volumeaveraged energy equation was solved:
—— 12"@Y —— 12706 nJ60 nN2Q Y
Y (7.22)

where’Q @"Yrepresents the internal enerdy,as the temperaturé® as the kinetic

energyy  as the thermatonductivity and™Y as the source termwhich is set equabt

Y B Yy 30 YUY (7.22)
wherea’O s the heat of dissolution. The teRT enforces consistency with the form of
the energy equatiofhe heatsofdissl ut i on ar e equi val elant t o

coefficient as a function of temperature, which will be seen in the case setup.

The numerical algorithm used to solve the model in OpenFOAM is described in detail in
Chapter 6.
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7.3 Case Setup

As shown inFigure?.2, the simulatedjeometryspars 25 m square, with a height of 55 m.
Thedepth was set at 45.1Mhis size was chosen to allow for enough space for the plume
to develop The original wellhead diameter was approximately hasc At steady state,
the mass flow rate should b& 8g/s, comprisedof 86.5% carbon dioxide and 13.5%
hydrogen sulfiddy mass The outlet temperature at steady state was 220 K. Holding the
mass flow rate constant, the inlet was resized using the glitatity and the gas density at

45 mof waterdepth Thecriteria for mass conservation is

a a "0 0 (7.22)
for which the adjusted area, , wascalculated fronthe actual velocity and the
actual mass flow rate. The density of the gas eesulatedat 550 kPa and 220 Rhis
produceda 0.36 m square inlet patemda velocity of approximately 22 m/§o maintain
the actualinlet diameter, the velocity would have been scaled to 1400 m/s, which would
have drasticallyncreaseccomputationatequiremets through the Courant numbérhe
second benefibf scaling up the inlet sizeas to relax the mesh requirements in the jet

region.
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Figure 7.2 Case setup for thell-scalerelease.

Op e n F OA Ménsthermophykidal libraries were used to model the temperature and
pressure dependence of fiteysicalproperties The ambient temperature was assumed to
be a typical North Atlantic Ocean temperature of 283 us,properties werassumed to

be constanatthis ambient temperaturd@his decision was made from experience in initial
simulations, where the gas quickly rose from the inlet temperature of 220 K to the ambient
water temperature of 283.K-or the liquid phase, the properties were considered to be
appioximately equivalent teeavater, except for the mass diffusivities with welsained

from the literatureThe gas phase diffusivities were estimated based on correRiotine
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obtained solution, the interphase mass trami&pended primarilgn the nass diffusivites
in the liquid. For the species equations, the diffusivities also depended on the turulent

summary of the liquid properties is providedliable7.1.

The ideal gas law was used to estimate the density ofdahe g phas e. Henry
coefficientsfor carbon dioxide and hydrogen sulfide were obtained from Sander (2015).

The values of other physical properties in the gas phase are listatle’.2. Based on

the work of Douabul and Riley1979), the solubility of hydrogen sulfide does not change

much with salinity. From the work of Weiss (1974), the carbon dioxide solubility does
change with salinity, althougfor the salinities of up to 10%, the changemimal.

Therefore, the salinitgffect was neglected in the current study.

Table 7.1 Properties of Liquid Water

Property Value Reference
Density, ” (kg/nT) 1027 -
_ NationalPhysical
SpecificHeat Capacityw , (J/kg/K) 400(C Laboratory (2017)
National Physical
Dynamic Viscositye (Pa s) 0.001z Laboratory (2017)
National Physical
Prandtl NumberPr (-) 10 Laboratory (2017)
Diffusivity of CO2, D2,m,co2(m?/s) pBOP p T Yaws (2003)
Diffusivity of H2S, D2,m,H2s(m?/s) P8 p p T Yaws (2003)
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Table 7.2 Properties of the Gases

Property CO2zValue H2S Value Air Value Reference

Density, 7 (kg/nT) Ideal Gas Law -

Molar Mass,

MW (g/mol) 44.01 34.08 289 -

SpecificHeat

Capacity w

(J/kg/K) 828 996 1000 Yaws (2009)

Dynamic Viscosity

e (Pas) P T ¢p T PR TTop TT PX @ ¢p T Yaws (2009)

Prandtl NumberPr

(-) 0.75 0.57 0.71 Yaws (2009)

Diffusivity* Coulson et

D1,m, (M?/s) XX O p T X 0 p T al. (1999)
O p& ¢ O op T Rolf Sander

Solubility** , H (-) & ¢pmnm & CTTNT - (2015)

8
* The diffusivity is calculated froml® O — S

** The Solubility is calculated fromO O a - —

Threecomputationaimeshes were used in tpeesented studygs shown inFigure 7.3,
Figure 7.4 and Figure 7.5. Despitescaling upthe inlet, generating the ntesvas still a
challenge. Cells were concentrated in the centerline regionawdtil expansion ratio of
10 from the centeffirst cell) to the walls(last cell) Two million cells was the upper limit
for mesh refinementdueto computational resource linaitions The boundary and initial

conditions are summarized Trable7.3 andTable7.4, respectively.
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Figure 7.3 Coarse mesh used for the fallale releasscenario (number of cells

0.18 m; largest mesh dimension = 1.8 m; maximum aspect ratio

smallest mesh dimension

17.3).
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largest mesh dimension = 1.2 m; maximum

Figure 7.4 Intermediate mesh used for the fstlale release scenarioufmber of cells

519939; smallest mesh dimension = 0.12 m;

aspect ratio

= 16.4).
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Length (m)

Figure 7.5 Fine mesh used for the fitdtale release scenario (humber of cells768900;
smallest mesh dimension = 0.072 m; largest mesh dimension = 0.79 m; maximum aspect
ratio = 16.4).

As mentioned above, the closure terms necessary to model the system were chosen to be
the Tomiyama drag, constant l&hd Smagorinksyturbulence mdel. From the Simiano
experiments (2005), and the work in Chagdhe lift coefficient was fixed at 0.1 and the
turbulent dispersion was fixed at 40. Since there are more tuning parameters than can be
experimentally fixed at the large scale due to & lat experimental data, these two
parametersvere held constantheTomiyama model was selected for its overall predictive
capacity andts applicability forcontaminatedystems For the transition between the two

models, a phase fraction filter of 0.&svapplied.
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Table 7.3 Boundary Conditions used in thewge scale gas release scenario.

Variable Walls Inlet Bottom Top
Gas Phase Fraction Zerogradient 1 Zerogradient Inlet-Outlet
Temperature (K) Zerogradient 220 Zerogradient 283
Velocity (m/s) Slip 22 No dlip Inlet-Outlet
. Zero ,

Prgh (Pa) Zerogradient gradient Zerogradient 101325
Turbulent Kinematic . Zero :
Viscosity (n/s) Zerogradient gradient Zerogradient Inlet-Outlet
H>S (Liquid

S (L ) Zerogradient Zerlo Zerogradient Inlet-Outlet
Mass Fraction gradient
H2S (Gas . :
S ( ). Zerogradient 0.135 Zerogradient Inlet-Outlet
Mass Fraction
CQO (Liquid . :

@2 (Lig ) Zerogradient Ze'fo Zerogradient Inlet-Outlet
Mass Fraction gradient
CO: (Gas . :

O ( ). Zerogradient 0.865 Zero gradient  Inlet-Outlet
Mass Fraction
H-0 (Liquid . :
20 (Lig .) Zerogradient Ze'fo Zerogradient Inlet-Outlet
Mass Fraction gradient
Air (Gas . :

(Gas) Zerogradient 0 Zerogradient Inlet-Outlet

Mass Fraction
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Table 7.4 Initial Conditionsused inthe largescale gas release scenario.

Variable I nitial Condition
Gas Phase Fraction Oupto45m, 1 above 45 m
Temperature (K) 283
Velocity (m/s) 0

Prgh (Pa) 101325
Turbulent Kinematic

Viscosity (nf/s) 1x10%t
H>S (Liquid)

Mass Fraction 0

H>S (Gas)

Mass Fraction 0

CQO (Liquid)

Mass Fraction 0

CQO; (Gas)

Mass Fraction 0

H20 (Liquid)

Mass Fraction 1

Air (Gas)

Mass Fraction 1

7.4 Results and Discussion

7.4.1 Mass Transfer Model Comparison and Preliminary Analysis of Mesh
Dependence

Two mass transfanodels were compared to try to determine the maximum and minimum
expected dissolution rates. The Higbie model has been shown in the literature (Alves et al.,
2005; Alves et al., 2006; Wang and Wang, 2007) to provide good predictions of mass
transfer rate$or bubbles withclean(mobile) interfaces. Conversely, the Fréssling model
has been shown in the literature (Alves et al., 2005) to provide good predictions of mass
transfer ratesdr bubbles with contaminated (immobile) interfaces. Therefore, the Higbie

model provids higher mass transfer rate predictions than the Frdssling model. Although
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an acid gas release in the ocean is more likely to lead to bubbles with contaminated
interfaces (i.e. applicability of the Frossling model), the two models were used to

investigate the bounds of the dissolution predictions.

Choice of the most appropriate bubble diameter to use in the DF model for the plume region
of the releaswvasnot trivial. Since thectualdiameter is unknown, a sensitivity study was
performed (premnted in the next section) to investigate the effect of bubble size on the
dissolution rate predictions. The range of the studied bubble sizes was chosen based on
Sellami et al. (2015), who studied the rise of carbon dioxide bubbles in an ocean
environment Although the mass flowatewas not the samas the current workSellami

et al. (2015)provided a range of stable bubble sizes for carbon dioxide between 4 mm and
11 mm, with the majority between 6.5 mm and 9 mm. Therefore, 7.75 mm was selected as
the Ikely mean bubble size, 4 mm was selected as the lower bound, 11 mm was selected
as the likely upper bound, and two larger sizes of 13.75 mm and 16.5 mm were selected to

investigate sensitivity.

To investigate mesh dependence, the first set of simulagiopdoyed the Higbie model

with an assumed plume region bubble diameter of 7.75 mm. This case was chosen because
the combination of the likely mean bubble diameter with the higher mass transfer
predictions of the Higbie model would result in high dissohutiate predictios
Therefore, the results should provide an estimate of the highest likely dissolution rates. The
dissolution rate predictions from this set of simulations are showigure7.6. For the

three mesh refinemente@wn, the dissolution predictions remaimadstly the sameThis
similarity between the resultsrfthe three meshes indicates thahediction of the mass

transfer rates largely mesh independent

Figure 7.6 shows a relatiMg low dissolution rate as the gas jet develops into a plume.
However, once the plume begins to develop, the dissolution rate rapodbasesand
predictions stabilize to a nearly constant value soon after the plume reaches the top of the
water columnlt is important to note that the plume takes approximatetp 1@ s to reach

the surface for this set of simulations. The predictions in this case indicate that nearly all

of the hydrogen sulfide and more than 80% of the carbon dioxide would dissdhe in
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water column. However, as mentioned above, this is expected to be relatively large over

prediction of physical reality.
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Figure 7.6 Comparison of dissolution rate predictions for an assumed plume trdibie
diameter of 7.75 mm and the Higbie mass transfer model, showing the results for three
mesh refinements.

To investigate mesh dependence of the dissolution predictions further, the second set of
simulations employed the Frossling model with an assyrhede region bubble diameter

of 11mm. This case was chosen because the combination of the highest likely bubble
diameter with the lower mass transfer predictions of the Frdssling model wouldimesult

the lowestexpectedlissolution rate predictian Thaefore, the results should provide an
estimate of theworstcase scenarioThe dissolution rate predictions from this set of
simulations are shown Figure?.7. For the three mesh refinements shown, the dissolution
predictions renained very similar. This similarity between the results from the three

meshes indicates that the effect of mesh resolution is small in the range investigated.

As in the previous set of simulations, the predicted dissolution rates are initially very low
ard then rapidly increase as the plume region develops. In this set of simulations, the plume
takes approximately 12 s to reach the surface, soon after which the dissolution rate
predictions stabilize. The stabilized dissolution rate predictions hovereada28€0o of the

total inlet mass for carbon dioxide and 48% for hydrogen sulfide. Although hydrogen
sulfide is approximately 2.3 times more soluble in the water than carbon dioxide,
dissolution rates do not differ by this factor because of the higher naass$etr driving

force that exists for carbon dioxide due to its higher concentration in the gas phase.
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Figure 7.7 Comparison of dissolution rate predictions for an assumed plume region bubble
diameter of 1Imm and the Frossling mass transfer model, showing the results for three
mesh refinements.

The small discontinuities in the above figures occurred when cases had to be restarted
during thesimulations andwre due to an initial condition set into the solvter several
iterations, the mass transfer rate was showettan tothe values prior to the restart. The
cases were run over a long enough time that these small variations do not seem to affect

the steady value.

7.4.2 Detailed Analysis of Mesh Dependence

In the simulations presented in this study, the solver was set to transition from VOF to the
drift-flux method when the gas phase fraction dropped below 0.3. The average phase
fraction profiles are showim Figure7.8 for the threamesh refinements. Tle5gas phase
fraction contour surface, or interfacial contour, is also shown on the diagram. It is clearly
shown that, as mesh refinement increatiee jet regions further resolved. Even though

the interfacial phase fraction contois approximately the same size in the three figures,
the transition between the jet region (governed by VOF) and the plume region (governed
by DF) is much smoother for the reftheesh Forthe coarsenesh both the jet region and
surface region were vefined, losing sharpness in the transition betvikewOF and DF
models. However, for the plume region, the results were nearly identical. From this it can
be deduced that thdrift-flux model provides reasonably stable predictions for relatively
coarsemeshes. e dissolution rate predictiongere consistent between the three cases

primarily because the DF model provides stable predictions for the plume region and this
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is where most mass transfer occétshough the phase fraction predictions in theggion
changed between the three refinement cases, these predictions did not impact the

dissolution rate predictions Figure7.6 andFigure?.7 significantly.

With increased mesh refinemetite free arface appeared to form a flatter interface.
Although the predictions appear to be more reasonable for the higher mesh resolution case,
these differences in surface fluid dynamics predictions did not significantly impact mass
transfer rate predictionslo validation studies were performed to investigate the accuracy

of the surface region predictions. Further studies would have to be completed to evaluate
the validity of surface region predictions for different model parameter values and mesh

resolutions.

Height () Height (m)

0 ) 0
Length (m) Length (m) Length (m)

Figure 7.8 Phase fraction contours and interfacial contours for the 11 mm Frdssling case,
with the coarse case on the left, the intermediate case in the middle and the fine case on the
right.

The volumetric mass transfer sources are comparedrigure 7.9 and Figure 7.10. In
general, the highest mass transfer source was found immediately following the transition
between the jet and plume (VOF and DF mod@lkhough the jet penetrated a few meters

into the transition region, the breakup of the jet and the formation of bubbles drastically
increased the potential mass transfer. Mass transfer rates in the jet region were very low

compared to the pluméluch of the dissolution occurred in the bottom half of the water
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column, which lead to the reduced gas phase flow rate near the top of the water column, as
shown above irFigure 7.8. Although there are small differences in the mass source
predictions for the mesh refinement cadégure 7.9 and Figure 7.10 show that the
difference is relatively small. One difference in the dissolution predictions that is shown in
Figure7.9 andFigure7.10 was that the fine mesh predictmore variation and finscale
structures in the jet and transition regiorwever, the level of refinement is still
relatively low for direct simulation of jet dynansiclt is expected that there would be a
much smoother transition in the predictions between the jet and the plume region upon

much further mesh refinement.

The use of 0.3gas fractionas the transition regioariterion didnot have a significant

impact themass transfer predictionSince the dissolution occurred primarily in the plume
region, and the dissolution rapidly decreased toward the sutfEggeringthe transition

at approximately the same location was sufficient to provide stable predictioere i§

not much flexibility in the transition criterion because VOF is intended to be valid near 0.5
phase fractions. However, very coarse meshes can lead to errors because the interface may
artificially stay stable over a larger surface in a coarse nidshefore, the scalability of

the model could be improved by triggering interface instability earlier in unresolved

meshes.
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Figure 7.9 CO; mass source densities and interfacial contours for the 11 msslifg)
case, with the coarse case on the left, the intermediate case in the middle and the fine case
on the right.
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Figure 7.10 H>S mass source densities and interfacial contours for the 11 mm Frossling
ca®, with the coarse case on the left, the intermediate case in the middle and the fine case
on the right.
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The liquid phase concentration contours for carbon dioxide and hydrogen sulfide are shown
in Figure 7.11 and Figure 7.12, respectively. Overall, the concentration contours show
similar behaviour. However, due to the lower resolution along the centerline, predictions
resulted in higher velocities that carried more of the dissolved gases towarddlce sur

the coarse case. This resultecinarrower profile predictiobutdid not affect the global

dissolution rate very much.

As shown in the right most images kigure 7.11 and Figure 7.12, the disslved gas
dispersed by the time it reached the surface, although it was far from saturating the medium.
This agrees with the results frargure 7.6 and Figure 7.7, which showed that the total
dissolutionrate rapidly approaches a constant value after the plume reaches the top of the
water column. Had the domain become saturated, the case would have had to be run on a
largerdomain The width limitation of the domain therefore only affected the fluid trear
surface, which had only a relatively small impact on the total dissolution rate predictions.
Given the transition back to VOF near tinee surfacethe detrainment rate would have

been low
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Figure 7.11 CO concentrations and interfacial contours for the 11 mm Frossling case,
with the coarse case on the left, the intermediate case in the middle and the fine case on the
right.

Figure 7.12H>S concentradbns and interfacial contours for the 11 mm Fréssling case, with
the coarse case on the left, the intermediate case in the middle and the fine case on the right.
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