ABSTRACT

ZIMMER, MATTHEW DALY . Vertical TwoPhase Flow Regime Transition Study Using
Interface Resolved Simulatiofidnder the directioof Dr. Igor A. Bolotnoy).

Two-phase flow regime transitions represent a significant change in flow properties, such as
momentum transfer, heat transfer, and pressure dragmsient threglimensional interface
capturingdirect numericasimulationg DNS) of thetwo-phase flows ismexciting field that, due
to recent adancements in computing power, has becarapable of simulating phenomena
previously not achievable du® the extremely expensivepatial and temporatesolution
requirementsTwo-pha® flow regime transitions are axcellentexample of such phenomena.
Performing fully resolved interfaceapturing DNS of twophase flow regime transition
simulations could be valuable to contributing to the understanding of the involved physics.
However, studying twghase flow regim&ansitions using interfaaapturingDNS currently has
nearly no committed body of research evaluating how feasible and accurate such a simulation is.
Determining the important physics of typhase flow regime transitions and quantifying the
associated eoputational mesh resolution has yet to be done for this type of simulation.

Bubble breakup and coalescence, interfacial shear, thin film dynamics, and tunhigi¢ate
interactions are all events unique to tplwase flow with significantly small lengémnd time scales.

This work will discuss these length scales and quantify the mesh resolutions necessary to
accurately simulatslug to churn and slug to bubbiywo-phase flow regime transitionghile

maintaining a reasonable computational expense for madachinesin this way a standard is

created for future research in the area of interfzageturingDNS of twophase flow regime
transitions. Validation is also a focus of thi
capabilities.Following these studies, first of their kind typbase flow regime transition studies

are performed and analyzed using techniques designed specifically for these simulations.



Slug flow was accelerated to reaathurnturbulent and bubblyflow, followed by teir
decelerations back to slug flowhe simulations were designed to isolate the effects of individual
flow parameters in order to understand their contributions to the transition. The high fidelity
numerical data provided by tlsgmulationsyield a detded view of the flow characteristics, and
their temporal development. By analyzing the similarities and differences in the results, such as
local turbulent kinetic energy (TKE)nterfacial shear profilesind interfacial areassociated with
each isolad parametric study, an understanding of what induces the flow regime transition and
how it develops can brmulated Analysis shows there is a competition between turbulence
induced large interfacial instabilities and shearing at the tail in drivingrdekup of the Taylor
bubble.The deceleration also experiences a competition between coalescence and TKE decay that
prevens the transitions from being fully reversibl€he interfacial shear was identified as the
vehicle for energy transfer from liqutd the interfaceBy relating the total energy transferred to
the turbulent energy in the flow, a transition criterion was formulated as a universal predictive

capability for slug flow transition.
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CHAPTER 1. INTRODUCTION
1.1 Overview andMotivation

Several different methods of simulating single and-phase flows exist, each with different
resolution and modeling requiremenBme of the more common flow simulation methods are
systems level codesubchannel codefeynoldsAveragedNavier-Stokes (RANS), large eddy
simulation (LES), andlirect numerical simulation (DNSRather than being in competition for
the same task, each of these methods are best suited to different applications. A DNS code, for
example, would not be used to analyzelear reactor operation. A system level code would be
best in this situationVice versa, a systems level code would not be appropriate for small scale
simulation. Even though all the methods can modelgivase flow, different scales of physics
and leels of fidelity are captured in each. The multiphase computational fluid dynaniCs [l
RANS and subchannapproachesely heavily on empiricism to provide closure toithmodels
since they are not capaléresolving many physical flow featurds contrast,DNS solves the
NavierStokes equations directhand requires no turbulence closuréghe computational
requirements of lowerresolution codes tend to besmaller making them popular for
system/componemtesignapplicationsin these circumstanceslarge number of simulations may
be requiredto analyze all possible operating conditiomaaking a highresolution and
computationally expensivaethod such as DNS not feasible.

As computational powehnasimprovedover time DNS has increased in popritg for model
development applicationd©NS allows for the detailed exploration of complex phenomenon
without the need for monetarily expensive experimental equipment or extensive modeling. Since
DNS does not rely oas numerous a set ofodels,the phenomenological domain is larger. A

model is limited in its application to the system it was designed for, but-phage DNS code, in



theory, is limited by the computational power availafdleerefore, flows rangingrém single
phase pipe flowtono-p hase convective boiling flows in a
grasp.This allows verified and validated DNS to expltie truephysics on a fundamental level.
These simulations can be used to folate new models that are implemented he tlower
resolutioncodes. Nuclear engineers employ nearly all scales of computational fluid dynamics
(CFD) in their research to improve reactor performance and safety. Given the importance of safe
and efficient reactor performance, the requirement fourate modeling is cruciallhe models
must be carefully formulated to be representative of real world phemoi@do so, experiments
are commonly used to replicate the physics of a nuclear reactor and generate empirical correlations.
However, boiling wadr reactor (BWR) and pressurized water reactor (PWR) prototypic
experimental equipment is difficult to manufacture and come with a sacrifice to measurement
resolution. The high temperature and pressure conditions are preventative for many daghmon
resoltion measurement methodsich as conductivity probes and particle image velocimetry
(PIV). DdNIigids are computational rather than physical, and simulating high pressure and
temperature fluid properties and colex geometries is not an issue with madsplvers In
addition, DNS allows for data collection at time and spatial resolutions many experimental
methods cannot achieveven at atmospheric conditiofSumerical data can come from every
computational point at every time step, producing teralwteth of data. With such an immense
volume of numerical data, a challenge is knowing how to analyze it while maximizing its utility.
Singlephase DNS has already been shown to accurately capture flow behavior for a wide range
of Reynolds number2 A p ft t v mhe mt fd, 2, 3] Given BWR flows approac A
o il 1t f4], singlephase DNS has already reacteed surpassereactor relevanturbulence

conditions.These DNSstudies simulateflow between parallel platesnd DNS was shown to



agree very well with what has been observed experimenkdigults from single phase DNS
studies show that these methods accurately predict both small scale, such as the hairpin vortices
structure in shedtow [5], and large scale, such as the inverse relationship between wave number
and premultiplied energy spectra density at extremely high Reynolds nufhhewithout any
supplied physical knowtige.A significant proportion oftte fluid dynamics research community
has acceptedingle phaseDNS-based data as the valid benchmark to theoretically study and
understand the turbulence at the same level as theghaghty experimental datddowever,in a
nuclear reactor core the turbulent flows arere complex and twphase flows are encounget.
As far as Reynolds number range/otphase DNS lags behind singdbase due to the extra
compleity of tracking the interfacesdowever, @ shown by Fang el.d6], this gap is closing
annually. Additionally, research hpsoventhe reliability of twephase DNS and its potential as a
powerful tool[7, 8, 9, 10]for flow analyss and understanding Spec i f isatidty by, DN
highlighted by Feng & Bolotnoyl1] where a single bubble, held static in space (impossible
experimentally), was subjected to different levels of turbulence. The binthieed turbulence
(BIT) was then measuregroviding insight to how a single bubble contributes to turbulence
enhancement

In BWRs, the vapowvolumefraction, or void fraction, entetke coreat zerovalueandpeaks
at around0.75[4]. The axially dependent void fractid@ads toaxial macreinterface topology
changes. As boiling begins near th@tom of the core small bubbles will first be produded to
nucleate flow boiling phenomenoAs more bubbles are produced they begin to collide and
coalesce, forming larger interfacial structures that can further grow or becotagg®to support
itself and break apart. This process of coalescence and breakup is continuous along the length of

the subchannels and is extremely complex. Flow properties slmtedlseat transfecoefficient



and pressure drop are dependent on the interfacial str{t®re3, 14] necessitating knowledge

of the local void locationand twephase flow patternThe void distribution in the core is
consequential to the neutronics as well since water ipringary neutron modrator.To fully
describe the physics involved in such a fleeyeraltwo-phase flow regimebtave been defined

Each regime is defined by a classical interface shape most prevalent in the ddreagare
convenient way to categorize flows with simila@haviorand interface topologyrhe macre
interface topology changes that occur along the length of the core are theesfe@wo-phase

flow regime transitionsAs mentioned, depending on the structure of the interface the turbulence,
heat transfer, momentum transfer, @nitical heat flux CHF) of the flows can be differenThis
variation in propertiesmakes the knowledge of whereach regimeexiss in the BWR core
importantfor predictive capabilities of coolant flow behavibnfortunately, the twghase flow
regime transitioa are not well understood by the scientific community, making accurate
predictions of their location difficult. Flow regimmaapsimplemented in some codes can be as
simple as a linear relationship between void fraction and flow rate. Experiments can explore
individual steady state twphase flow regimes, but capturitige transitionbetween the regimes

can be very challenging due to thiéine-dependenmnature and notrivial identification. The twe

phase flow regime transition process represents an excellent candidate for a DNS study. The study
would require high spatial and temporal resolution for the data collection techniques, sgmethin
DNS excels at, and producing new models that better capture the physics would be beneficial for
two-phase flow modeling. Additionally, studying such a complex phenomenon in fine detail can
reveal the physical mechanisms behind the transitions and itffersecientific community on why

the transition occur Despite flow regime transitions being a strong candidate for an interface

resolved DNS study, no DNS researchers have committed significant effort to the field. This is



partly due to the relatively sithaDNS community, but also due to the extremely high
computational expense that is expected from high flow rate simulations with highly deformed
interfaces. With limited higiperformance computing facilities available, most time has been
dedicated to sindar two-phase flow regime simulations.

This work aims to begin to fill this gap by being the firssearcho tackle twephase flow
regime transitions using interfacapturingsimulations Specifically, slug to churturbulent, slug
to bubbly, churrturbulent to slug, and bubbly to slug transitions will be focused’baselected
code is PHASTA, whiclwill be fully explained inCHAPTER 2 anduses the level set method for
interface capturing Beginning research into a new area requaesaluation ofcomputational
limitations anddevelopment of novelata analysis techniquesathmay not have been necessary
previously An obvious example of new requirements is the need to resolve the Kolmogorov scale
in a DNS but not in lower fidelity code$herefore, part of this worlas well as the literature
review, will focus on determinghnew computational requirements, limitations, and data analysis
techniques that are necessarysimulate the previously mentionetivo-phase flow regime
transitiors using PHASTA.

In this report the DNS study @erticaltwo-phase flow regime transitionslibe summarized.
First, the knowledge of twphase flow regimes and their transitioning will be discus8eshort
summary of the numerical methodsed in this study will berovided Some important
computational considerations specific to this study also be describedJsing simulations that
were designed from experiments, new resolution requirements for simulating the transitions will
be discussed and presented. Some data analysis tools that were developed specifically for this work
will also be eplained.Then the resultérom the transition simulations will be presented and

analyzed In order to provide confidence in the DNS code as a useful tool for studying such a



complex flow, validation was an important part of this research. Both theoweittalxperimental
validation studies whose quantities of interest ranged from globally averaged to local and
instantaneous were examined. Due to their suspected importance to the flow regime transitions,
geometry, gasiscosity and surface tension wevaried to observe their effect on the transition.

The goal of this studywas to identify prominent mechanisms for twphase flow regime
transitions,determinewhat causes these mechanisms to be the driver for the transition, and how

these causal effectsrche characterized in modekxqjuired in lower resolution codes
1.2 Literature Review

Historically, a primary focus of twphase flow regime transition reseamhs the production
of a tool to accurately predict which regime exists under what flow conditions and when the
regimes transitiofirom oneto another. Experimental, theoretical, and computational tools have
all been used in this research, and fliesentediterature review wil discuss all of them. The
structure of the literature review is as follows). fio-phase flow regime definition$2) methods
for identifying flow regimes; (3)methods for predicting flow regime transitionbrough
experimental and computational meaf@ a discussion of computational efforts to mofiiev
regime transitions; (5 briefhistory ofhigh-resolution interfaceesolvedwo-phase flow regime
transition researci.hehistoryof two-phase flow regime transition research is quite extensive and
while this discussion covers enough to provide the major structure, it does not claim to be a fully

exhaustive review.

1.2.1Two-PhaseFlow Regimes
As discussedwo-phase flow regimes are defined by the mégrid-gasinterfacial structure
observed irthe flow. In nuclear engineeringhé four commorvertical two-phase flow regimes

are bubbly, slug, churturbulent, and annular flojl5], asshownin Figurel1.1.
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Figurel.1l: The common twephase flow regime bubbly (a), slug (b)shurnturbulent (c), and
annular (d).

Bubbly flow (Figure1.1 (a)) is characterized by small bubbles dispersed throughout the liquid.
Generally, the bubbteremain relatively spherical asrface tension remains dominant dhnely
areeithernot numerous enough tmalesce antbrm larger structuresr turbulent forces are too
strong to allow for larger bubbleSlug flow Figure 1.1 (b)) is characterizedy long smooth
bubblesthat occupy the entire flow area other than a liquid film on the eadled Taylor bubbls,
separatd byslugs of liquid It is comnon to have smaller bubldelispersed within the slugs.
Depending on the flow conditions both the liquid slugs and Taylor bubbles can be very long, being
tens of conduit diameters in leng®hurnturbulent flow Figurel.1 (c)) is a relatively high void

flow where large and small interfacial structures are mixed throughout. The interfaces are not
smooth and the axial void distribution is chaotic, occurahgigh flow ratesThere is no single
coherent structure that characterizes this reginmstead it is a culmination of heavily deformed
interfaces at high void fractionnnular flow Figurel.1 (d)) sustains a continuous column of
gasin the center of the conduitith a film of liquid on the walls. While the phases are primarily

in their continuous regions, dispersed liquid and gas is possible aexgyeimall liquid droplets

in the vapor core and small gas bubbles in the liquid filthe liquid film thickness typically

varies spatially as well, a result of the interfacial shear forming waves in théftihar regimes,
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such as capubbly, froth, annlar-mist, and annulawavy, have been proposed but are essentially
variationsor subcategorie®f the four main discussed above.

In other disciplines, such as chemical engineering, and even within nuclear engineering,
horizontal and different vertical floregimes are often identifigd5]. Horizontal twephase flow
regimes include plug, which is characterized by larger bullet shaped bubbles that are still smaller
than a Taylor bubble. When the plug bubbles become large etimygtorm horizontal slug flow,
which is similar to vertical slug flow but buoyancy forces the bubble closer to the top wall.
Horizontal stratified flow is where gravity completely separates the phases and they form two
layers with a flat interface betwedéinem. As the flow rate increases the interface between the
phases becomes wavy, a regime appropriately known as wavy flow. Horizontal flow also allows
for the annular regime gdasflow rates are high enough. Annular flow, at all inclinations, can be
evenfurther categorized into falling film and wispy. Falling film annular flow occurs when the
liquid film flows downward, against the flow of gas {salled countecurrent flow conditions).
Wispy annular flow is characterized by finely dispersed dropletsdargas core. Other regimes
that have been identified are froth flow, which is considered to be close tetanbmientbut is
composed of smaller bubblesapbubbly, a regime between bubbly and slug flow, and mist, where
only smalldispersed dropletg@ flowing amongst continuous gagertical regimes will remain
the focus of this work because boypical PWR and BWR cores are oriented vertically.

As mentioned, each regime behaves differently, which is why they have each been
distinguished with a nam@o fully simulate twephase flow usingM-CFD approach each regime
has its unique set of models to describe its mass, momentum, and energy trarebpty These

models the flow regime must be identified at every location in the simulafisnvill be described



in the next sectiantwo-phase flow regime identification is not always triyigtt has a profound

effect on modeling results

1.2.2Flow Regime Identification

The interfacial topology of a certain flow can closely resemble more tharregime.
Therefore, for an experimentalist capturing deuizgndedfor creatinga correlation, different
correlations may be produced from the same dafaending on how the flow regimes are
identified. A computationalist implementing flow regime heat tresfer correlationmay find a
different solution depending on how the code determines when a flow regime transition occurs.
Two-phase flow regime identification was first vis{iib] butdue to natural variability in human
behavor this is subject to human error. Pressure si@i@l 13]and void distributiorj17] based
methods were developed as a more quantitative means of interpreting tiRedatachers wdal
use tools to measure signals for the respective parameter and would bin the regime based on the
more quantitative signalWhile effective, this often still requires human eyes to bin each flow
condition based on the recorded signals. Machine learnmgdas the means to eliminate the
need for human classification and has been implemensayaratwo-phase flow regime studies
[17, 18, 19] Machine learning requires large volumes of data for training pegbut, once
trained, can classify twphase flow regimes more consistently than a hutdaimg experimental
measurementand machine learning is the moigforous method of classifying experimental flow
regimes available.

The next step after classifyingdividual regimes is aopiling this into a database that
summarizesinderwhat conditions a certain regiregists A 2D mapis often constructed for this
characterization. The agare most commonly the superficial liquid and gas velo&tperficial

velocity is defined as
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where subscript refersto phase,Uis the volume fraction, and is the mearflow velocity.
Therefore, maps using superficial velocities only take into account flow rate and volume fraction
an inherent flaw in flow regime mapghe map is either created from a series of experimental data
points that are numerous enough to define #gnme boundaries, or theoretical criteria that
determine for what superficial velocities the transition occling. experimentamays allow for
interpolation between measured flow conditions and define the flow regime trabsitiodaries
Knowing preciséy when one regime transitions to another is importangpglying the correct
correlations and therefore predictisgstem behavior. Because of this predictive capability, flow

regime maps can be a valuable tool when designing new systems

1.2.3Predicting Flow Regime Transition

While two-phase flow regime maps are a useful tool and are applied in many codel toty
provide a completely accuratepreserdtion of the flow regime transition phenomenon. Flow
regime maps commonly use linesnadicate the pointie regime suddenlyansitiors to another
In reality, the transition process is continuous, with no sudden jump. This is reminiscent of the
Reynolds number, in which there is a transition region between the laminar and turbulent single
phase regimes. It is at these transitions that the aforementionédvnarclassification situations
exist as well, allowing flow regime maps to be different even if they were developed for very
similar conditions.

Two common methods of producing floegime maps are experimentally, by collecting a set
of data for many different flow conditions, and theoretically, where transition criteria are
postulatedby the researdr and a map is created from these conditions. The benefits and

downsides of each dfiesearediscussedhext
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1.2.3.1Experimentally Based Regime Boundaries

There is a plethora of experimental flow regime maps, for many different condaramhs
geometriesavailable in the literaturd9, 20, 16, 21, 22]The reason for this is also the largest
downside to experimental flow regime maps. A 2D flow regime map only directly applies to the
precise conditions it was created froso for each new practical application a new map sezd
begeneratedThe alternative is extrapolating from an existing map and potentially losing accuracy.
Different temperaturg pressures, geometries, fluids, girevent flow regime maps from being
widely applicable because the physics is dependeptioh of these variables and extrapolating
from one flow regime map may inaccurately predict beha@oeating a complete flow regime
map, for just a BWR subchannel geometry, would reqageipment that can stand BWR
temperatures and pressures and a nmeasnt technique appropriate for the experimental setup.
Another problem with experimental flow regime maps is that they are created using steady state
flow conditions. Researchers employ very long test sections to allow thehtage flow to fully
developand reach its appropriate flow regime before observations are made and data taken. In
reality, the boiling in BWRs prevents the flow from ever reactrfglly developed conditian
Therefore, a flow regime map for BWR prototypic conditions still onlyrdeitees the flow regime
for conditions that do not occur in the core of a BWR. It is entirely feasible to have flow conditions
that visibly resemble bubbly flow, but are predicted to be slug flow and would reach slug flow
given a development lengtlon theother hand, experimentally based flow regime maps are
excellent because they capture the full physics. The experimental data comes directly from the
phenomenoand no simplifications or assumptions are m&dieh the proper tools, a flow regime
map could b very accurate for its appropriate application. For example, Williams and Peterson Jr.

[23] used a high pressure setup capable of boiling to studyphase flow regimes in a 4 rod
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bundle. The work produced flow regime mapattreflected the physics in a BWR closer than
many other studies could.

An excellent example of a rod bundle flow regime map study are the maps developed by Ren
et al [21]. The researchers not only identified classic flate dependency of flow regime, but
also the spatial dependency. Three different subchannel classes in the rod bundle were focused on

the corner, the side, and the inner subchannels. One flow regime map produced from this study is

shown inFigurel.2.
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Figurel.2: Flow regime map developed by Reragff21] for an inner subchanngi a rod
bundle.

As seen irFigurel.2, Ren et alalso compared their results to several other flow regime [@dps

25, 26] The maps all follow the same trermlit it is clear that there is still variation despite nearly

all these maps being developed for the same condiffandetermine the precise reason for the
variation and coalesce to a single map is extremely difficult due to the multiple sources of

uncertainty, including both human and machine, existing in the studies.
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1.23.2 Theoretically Derived Regime Boundaries

The first step in creating a theoretidalo-phaseflow regime map is deciding whahysics
contribute to eacfiow regime transition. Thieypotheticacause must then be formulated into an
expression that can hesed to build a flow regime mapheoreticdly derived twephase flow
regime maps are advantageous as they can be adjusted to accommodate a wider variety of flow
conditions. The fluid properties can be altet@dccommodate different fluids, temperatures, and
pressuresand the transition lines Wilespond accordingly. Where these maps fall short is the
difficulty in capturing the full physics involved with something as complex as ghase flow
regime transition. Even if the most dominant effects are taken into account, small inaccuracies
may exst. Because theoretical flow regime maps represent the most prominent effort to
characterize the physical mechanisms behindpiase flow regime transitions several different
theoretical maps will be discussékhis will demonstrate how such a map isateel as well as
what researchers consider to be major contributing factors in each transition. The maps that will
be discussed atbe Mishima & Ishii[24], Taitel et al [27], and Barne§28] maps. Note that the
most recent of these papers was published in 1987. There is little recent work committed to
theoretically deriving transition criteria. Insteadsearch has been focused on developing more
advancedexperimentalflow regime maps for specifiluids, geometriesand conditions. The
literature review found only one recent theoretically produced map. Liu & Hisfiderived a
flow regime map for flow in a vertical rod bundle in 2017.
1.2.32.1The Mishima & Ishii Maps

The Mishima & Ishii[24] maps consider steady state upward verpga flow, meaningeven
theoretical maps are still limited in application. Below a void fraction of 30% bubble flow was

assumed to always exist. This was based on sphere packing theory, a denser packing efficiency
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and the bubbles coalesce to form slug flow. This single fvaddion is not enough to form a map
using the conventional superficial velocities space. To daothso following expression was

formulated using a drift flux mod§29].

o . -, W
= s L— p | ° (12

wherejq is thegas superficiavelocity, Uis the void fraction{l is surface tensiori, is the liquid
density,w "is the difference in liquid and gas densiti€ss acceleration due to gravity, aodis

a drift-flux parameter. The slug to churn transition was postulated to occur when the void fraction
in the entire domain exceeds that of just the Taylor bubble segment. This can also be interpreted
as the point at which the liquid slug is no longeceisable due to redistribution of void. Through

analysis 6the flow dynamics this criterion was translated into the following expression:
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where’ is the liquid kinematic viscosity an@ is the pipe diameter. The final transition, from
churn to annular was considered to occur via two different mechanisms: flow reversal in the liquid
film around the Taylor bubbles, or desttioatof the liquid slugs by gas entrainment or interfacial
deformation. Two new expressions, similarly based on aftirétmodel, were derived for these

conditions.
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where N jis a parameter to characterize onset of entrainment for film flow.

1.2.3.2.2The Taitel et alMaps

The Taitel et al[27] maps are also applicabdaly to upward steady state tvyphase flow in
vertical pipes. Similar to the Mishima & Ishii maps, Taitel etlafine the transition from bubble
to slug to occur at 25% void fraction. This is also based on spherical packing theory but some
experimental dta was cited for suppodf the lower value To create an expression for this
criterion, Taitel et al consider conditions at which turbulent dispersion forces are dominant. If

turbulent dispersion properties are not dominiein the bubbles can coalesce and form slug flow.
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If turbulent dispersion forces are domingthien a Taylor bubble will not form. The following

expression defines thedew rates.
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The last condition for bubbly flow defined by Taitel etsthted the void fraction must be below
52%. Note that those values are cr@sstion averaged, and even in the bubbly flow one would
expect a lateral variation of void fractiofhe authors also considered pipe geometry and decided

there is a lower limit on pipe diameter that bubbly flow will not exist for and slug flow will persist

D s (18

The slug to churn transition was theorized to occur when the liquid slugs are too short to maintain
a turbulent velocity profile, resulting in trailing bubbles overtaking the one ahead of it. They

consider churn to be an entrance phenomenon and use ehatiactengths and velocities to

15



determine when this churn state occurs. The resulting expression only requires the mixture velocity

to be known and depends strongly on pipe dimensions.
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wherele is the churn entrance length. Taitel etddterminé annular flow only exists when the
dragof the gas flow against the droplets is sufficient to support the droplets, otherwise they would
fall and accumulatesegmenting the gas coBy estimating the drag coefficient Taitel etatrived

at this expression for the transition to annular flow.
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1.2.3.2.3The Barnea Maps

The Barned28] mapsare more universal and provide transition criteria for all pipe sizes at all
inclinations for steady state flows. Because of the additional flow regimes that existvatrtical
angles, there are more equations to model each transition. Theneftms, rieport the equations
are not presented and only the theory for each transition will be discussed.

The Barnea maps postulate that bubbly flow exists when the Taylor bubble velocity exceeds
the small bubble velocity. Additionally, bubbly flow existdien the angle of inclination is large
enough to prevent bubble migration to a single wall, i.e. preventing coalescence due to proximity
to other bubbles. Finally, bubbly flow will not exist below a critical pipe diameter. Note that these
conditions are nosufficient on their own to relate the flow rates of each phase. Therefore, Barnea
uses the 25% void fraction as a transition criterion as well. This condition comes from experimental
observations and packing theory.

Barnea makes a distinction between Hilybflow and dispersed bubble flow. Bubbly flow

occurs at lower flow rates and dispersed bubbly flow occurs at high flow rates where turbulent
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dispersion forces prevent coalescencéotm large bubbles. By approximating the turbulence
necessary to brealp bubbles, Barnea created a criterion for dispersed bubbly flow as well. The
condition for dispersed bubbly flow only specifies the gas superficial velocity for transition. To
obtain a liquid superficial velocity, packing theory is again applied, whemaaxenum allowed

void fraction is 52%.

The stratified (which can be stratified smooth or stratified wavy) test@tified (elongated
bubble, slug, churn, or annular) transition occurs only in horizontal/low angle pipes. Barnea
decida the historically sed KelvirHelmholtz instability is the best predictor for the transition
out of the stratified regime. When the energy of the Ke@tmholtz instabilities that develop on
the interface between the two phases is enough to overcome the decay causedtyhyagra
transition occurs. It was found that this criterion was applicable to all pipe inclinations. The other
criterion determingwhat regime the flow transitions to when leaving stratified flow. At steep pipe
inclinations, the stratified regime regioisappears due to other regimes being predicted to exist
at those conditions.

Barnea determined that the transition mechanism for stratified to annular (annular or wavy
annular) depends on the inclination of the pipe. At steep downward angles when tinactiaid
is large enough, and when the liquid flow rate is high enough, small droplets separate from the
stratified liquid and deposit on the other side of the pipe. This process forms a liquid film covering
the entire pipe circumference, creating annfitav.

The annular to intermittent (elongated bubble, slug, or churn) transition was theorized to occur
when the gas core of the annular flow becomes blocked by the liquid. This could occur via either
instabilities in the liquid film growing until they latge the pipe, or the flow rate of the liquid film

being large enough to supply enough liquid to a region to block the gas core. From these two
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mechanisms a criterion that characterizes the instability of the liquid film and a criterion that
models the flowate in the liquid film were created.

Barnea breaks the intermittent regime into elongated bubble, slug, and churn regimes.
Elongated bublyi flow is flow with Taylor bubbles and liquid slugs where there are no bubbles in
the slug. Slug flow is the sametlwith bubbles in the slug. To define the transition between these
three regimes Barnea uses a single expression which defines the holdup (another term for void
fraction) in the liquid slug. When the holdup is predicted to be e&#ngated bubble existd/hen
the void fraction is 52% or more, holdup is predicted in the slug and churn exists. Between these
conditions slug flow exists.

The stratified regime is also segmented into stratified smooth and stratified wavy. The names
refer to the shape of the @nface between the phases and the transition between the two is also
defined by when these waves occur. To formulate an equation Barnea aahisidevind effect,
which is a means of estimating the shear at the interffd@e. is notnecessary in the géar this

condition to predict a transition.

1.2.4 Two-Phase Flow Regime Transition Modeling

Lower resolution codes modeling typhase flow regime transitions rely heavily on flow
regime maps to predict when a flow regime transition occurs. A subchanmelfoo@éxample,
can use 1/1.5D mass, momentum, and energy transfer equatpmeslict void fraction and flow
rates. The code then refers to a flow regime map to check what regime region the flow lies in. The
code selects the appropriate regime and the correlations associated with that regime calculate
parameters such as relativdoaty and heat transfer coefficient. When the calculated superficial
velocities cross a flow regime boundary on the map, the flow regime transitions. Underlying

problems with this method include the assumption that the flow regime transition is a sudlden a
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distinct event, and the flip between correlations may result in discontinifitesmoothing
function is not appliedFinally, the accuracy of these models is inherently tied to the fidelity of
the flow regime map. Uncertainty can be produced fromgusi map created from different
geometries, pressures, or oversimplification. An example of an oversimplified flow regime map

that is used by the subchannel code €3 is shown inFigurel1.3.

yes | Use minimum void
fraction to determine
flow regime
no
0.0<0=0.2?
no

Small bubble
regime

Small-to-large
bubble regime

Churn/turbulent
regime

Annular/mist
regime

Single phase
vapor

Figurel.3: COBRA-TF flow regime magd30].

While this map does provide some guidamogd fraction is the only parameter considered for all
transitionsAs was showiin Section1.23.2 Theoretically Derived Regime Boundariésis isnat
consistent with what many researchers consider to beritinaryflow regime transition criteria.
Updating CTF with a more accurate map could improve the accuracy of the code.

The current state of RANS, unsteady RANS (URANS), and large eddy simulation (LES) codes,
while more resolved than subchannel codes, are not capable of modeling all flow regimes. As

explained by Bestiorf31], some RANS, URANS, ad LES codes do implement interface
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capturingmethods but do not fully resolve all scales of the-phase flow. These methods
decompose the two phases into continuous liquid, continuous gas, dispersed liquid, and dispersed
gas. This twefluid four-field model can capture bubbly, annular, and droplet flow regimes, but
not capbubbly, slug, and churturbulent. The issue is time and space averaging, or filtering, are
not compatible with intermittent flows where bubble sizes are highly variable and complex
interfacial structures exist. Codes employing this metiodlot account fadifferent flow regimes.
Instead, eight different combinations of continuous liquid/gas and dispersed liquid/gas can be
identified at each computational point in the domain. The rmasmentum, and energy transfer
eqguations are solved to track the distribution of each of the four fields. Since the void distribution
is part of the solution, these codes do not rely on flow regime maps. A significant challenge of
two-phase modeling is pturing the effects of sufrid turbulence and interfaces. An accurate
two-phase model can predict where and when intefiftegface(e.g.a small dispersed bulwbl
encounters a continuous phaaeil interfacdurbulence interactions occur while conservimgss,
momentum, and energy. Due to the complexity, a model proven to accurately capture any void
distribution and interfacial topology has yet to be widely recognized in #@&FBI community.

This task requires advanced models to predict where large atidbsivbles will exist and account

for their interactions with each other and the liq&d].

1.2.5 The Interfacial Area Transport Equations

The interfacial area transport equati¢d], when prper coalescence and breakup models are
applied,are a means of simulating tvphase flow while avoidinthe need to characterize the flow
as any regimdnstead, the equations directly calculate the interfacial structure, without the naming
system.The eqationscan beapplied to the twdluid model [33], which uses a paiof mass

momentum, and energy conservation equations, one for each phase. In each of these equations a
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respective interfacial mass, momentum, and energyfératerm appears. The interfacial area
transport equations are used to close these terms due to their strong dependence on the interfacial

area concentration. The interfacial aneasportequations argivenbelow.

¢ 0
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wheren is the bubble number densityis time, v, is the average bubble velocityjs the axial
position along the flow directiors is the interfacial area concentration,is the interfacial
velocity, Uis the void fraction, and is a bubble shape fact@6o , %0, %o , and%. are the rates

of change in bubble number density due to breakup, coalescence, nucleation, and collapse,
respectivelyExtensive modeling is needed to further defineséhmte of changeerms In total,

there are seven closure relations needed for thdemand include definitions for maximum
particle volume, breakup frequency, coalescence frequandymorg32]. Still, these models do

not requireflow regimes to calculate the interfacial area concentration eemicome fran both
experimentation and theoryWhen compared to experimental data the equations are capable of
capturing the correct interfacial area distribution to within 10% dyubrcan exceed 20934],
depending on the experimeAn issue with the interfacial area concentration transport equations
as presentedhecomes apparent when considering their dependent variableshdMaeequations

are area averageathe streamwise directiom. Threedimensionality is a possibility but requires
many more models as well as experimental data that can match this level of Het&slimportant

when considering flow in a nuclear reactor because whedigtrdution of voidis important to
convective heat transfer properties. An issue with the equations is that they were originally

developed for theubblyflow regime. The origin of the interfacial area transport equations comes
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from the Boltzmann transport equation, which desaritiecrete partle distribution. Therefore,
the interfacial area transport equatioassume spherical or slightly deformable bubbles.
Accounting for flow regimes with highly deformed interfaces has been a researchrfdbes

communitybut involves significantly morelasure relationshipg35, 34}

1.2.6 High-Resolution TwePhase Flow Regime Simulations

High-resolution twephase flow simulations are still a relatively recent focus in the scientific
community. Experiments cover adgr area in the space of typhase flow phenomenon but, as
will be discussed, simulation continues to demonstrate its utility. Some very enlightening DNS
studies have been performed. Early work by Esmaeeli and Trygvi8&087]studied bubbly
flows to observe the dynamics of small rising clusters of bubbles. A combination of 2D and 3D
simulations were performed with only eight bubbles in the 3D simulations. Later, Lu and
Tryggvason[9] studied how the deformability of bubbles affects turbulent channel flow. These
simulations increased the number of simulated bubbles to 21. The results showed bubble
deformability determines the void distribution. Bolotrj88] performed a similar study, this time
using the bubbly channel flow to conclude bubbles improve turbulence isotropy for low Reynolds
number flows Elghobash{39] reviewed the DNS work on how bubbles and droplets behave in
turbulence. The review covers research on bubbles and droplets smaller and larger than the
Kolmogorov scale and several different interfaagturingmethods.The review found most
methods are restricted to viscosity and density ratios of @b0lita limitation not experienced
by PHASTA Some smaller scale simulations focused on analyzing individual bubbles to
determine bubble induced turbulence and drag coefficipfls 11] While possible, an
experimental studyfandividual bubbles encounters statistical and resolution challenges that are

easier fora simulation to overcome. Simulations with more complex geometries, PWR
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subchannels with spacer grids, have recently been perfd8néd] this time with hundreds of
bubbles being simulated and information specific to individual bubbles being colleetdd. in
Due to the large number of bubbles and complex geonbege simulations require extremely
large meshes and powerfulmputational resources. The tradeoff for such an expense is obtaining
flow information that ishighly detailedand directly relevant to the nuclear industry. Moving
beyond the bubbly flows, Behafarid et pl] studied Taylor bbble motion in a pipe. The rise
velocity and shape of a Taylor bubble is relatively well described, thanks largely to Dumitrescu
[42], allowing for validation of the DNS. Rodrigug#3] simulated anular flow and was able to
capture the major physics associated with annular flow (liquid film thickness, large wave
formation, and bubklcarry-under). By using advanced analysis techniques, the dispersed liquid
and gas phases were both tracked duringithelation, allowing for fouffield information to be
collected and analyzed. The possibility to collect this numerical data in various ways highlights a
major advantage of DNS.

So far, only simulations dftatisticallysteady state flows have been dismg Only recently
has the focus of a higfidelity two-phase flow simulation been a typhase flow undergoing a
major topology changg0, 44, 45, 46]In this work spherical bubbles were placed ithannel
and were allowed to coalesce over titmeaddition toobserving how various parameters develop
over time, the series of papers investigates the effect of surface tension and void fraction on the
development an@éventualsteady state flomiNumerial data was collected to analyze how the
topology change affected the flow over tilh@ and Tryggvasofound the void distributiomand
topological structurevas strongly related tboth the surface tensioand void fraction An
important distinction of tis work is that the observed transient is a consequence fitiaé

bubble distributionrather than some outside forcing factor that drives the flom fsoe steady
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state to another. Therefore, this study is distinctly different from nuclear reastsrilhere the
initial condition is single phase liquid and flow regirmansitionsare forcedby void addition
through boiling.

Similarly, but on a smaller scale, Mohammadi ef4] studied the coalescence of two water
droplets in oil. This study examined the effect of surface tension, collision velocity, and how off
center the bubbles collided with each other on the coalescence pidmessde was first validated
and proven to agee very well with experiments. The results showed how each of the
aforementioned parameteaffects the coalescence process, which is very important for flow
regime transitions.

Another recent paper used DNS to study-phase flow in both 2D and 3D incéd pipeg48].

This work first solved for a steady state light fluid only solution and then injected stratified heavy
fluid into the pipe. The results were compared to flow regime maps in order to show agreement
between the ate and experiments. Both the 2D and 3D simulations agreed with the flow regime
maps. The researchers also used the simulations to compare how the 2D and 3D flows differ and
concluded that the dynamics is only slightly different between them.

After an extasive literature review, a study using hifithelity simulations to analyze the
transitionbetween one stable twghase flow regime state to another stable flow regime state has
not been found. The lack of simulation on this topic represents a gap ieldhiét is commonly
explored through experimentation. The objectives of the research presented in this report include
addressing this research gap by using the PHASTA code to simulafghése flow regime
transitions.Due to the challenge of simulatifgghly turbulent transient twphase flows, a
significant focus of the work is to determine computational requirements for simulating such a

fl ow as well as assess PHASTAOGs ability to ac:¢
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data analysis tdniques that are needed to analyze the computational data will be discussed. This
creates a framework for future researchers to follow when developing their studies. A series of
flow regime transition simulations will also be discusdeNS produces volumas of numerical

data that are not matched by that of other numerical methods or experimenddilitiiiprovides

the opportunity teextensively analyze anelucidate the physicsf the twephase flow regime
transition phenomendlhis contribution aims tdring a physical understanding to a largely

empirically based field.

1.2.7Interface Capturing Simulations Validation

Validation of interfaceapturingsimulatiorsis a difficult task due to the challenge of obtaining
accurate experimental data that caatch the length and time scales resolved by such simulations.
Even singlephase DNS relies on time averaged quantitieslkidate their simulations.He single
phase DNSf Lee & Moser[1] and the multiple single phase DN$idies reviewed if49] all
compare time averaged quantifisach asvelocity, Reynolds stressewjall sheay and vorticity
with experimental datddeally, since DNS can resolve individual eddies, validation would occur
at the eddy levelAs discusseth [50, 51] single phase DNS has been able to accurately simulate
thehorseshoe structure of wall bounded tueimgle in the viscous stayer. However, the current
practice is to trust the eddies are modeled accurately if the velocity and Reynolds stresses agree
with experiments. Twqphase DNS has the added challenge of capturing the belavior
interactionsof the interface. The interface adds a new scale of resolution because during
coalescence important physics occur on the fraction of micrometef52hle addition, bubbles
can both induce and suppress turbuleneeessitatinghne interfacecapturingmethodaccurately
recreates this turbulence generation and suppregsiperimental data for such phenomena does

exist. Using techniques like particle image velocimetry (PIV), instantaneous velocity and vorticity
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measurements of these of a single bubble in stagnant liquid are possibg 54} These
experiments are even [83h maethae fin®dnoughio compareteas ol ut
two-phase DNS. Unfortuately, even when simulations attempt to reproduce the exact test of a
bubble rising in a stagnant liquid, only parameters like terminal bubble velocity are compared to
experiments for the validatidb5].

A common validation tdmique for twephase DNS is to measure the interface location because
in complex flows this can be more easily measured experimentally than turbulence (it would be
difficult to experimentally measure highly resolved instantaneous turbulence in bubblyror ch
flow conditions). For example, Lahg$6] used the classic 2D dam break problem to validate
PHASTA. The front location and the height of the liquid is measured over time and compared to
experiments. Mohammadi et f47] compared the shape and location of bubble interfaces as they
coalesced in viscous oils and Xie et [@8] made subjective flow regime classifications and
ensured their codedbds predictions matched f 1l o\
capture the finest resolved scale of the respective simulafions. t he best o f t h
knowledge notwo-phaseDNS researcher has used the single eddy scale to validate their
simulations As mentioned, the reason for this is the difficulty in experimentally measuring and
observing these scales. At the moment the best option is to find experiments as detailed and
relevant to the research and use the available experimental data to validgtedictve

capabilities of the same selected quantities for which experimental data is available
1.3 Research Objectives

Using highfidelity computational data to inform then@wledge base of twphase flow is a
continuous objective for researchers. Fplmase flow regimeoffer an excellent opportunity for

furthered understanding but the complexity of w@se flow regime transitions necessitates that
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computationalists pay e attention to preparing a simulation. Considering interéageuring
two-phase flow regime transition DNS is a new field, the computational requirements, both pre
and postsimulation, have yet to be fully outlined by the CFD community. This dissertation
presents a foundation for simulating tpbase flow regime transitiofry: (a) Identifyinglimiting
scales for resolving the flow and proposes computational requiremeetssioing accuracy; (b)
Proposing and completingvalidation hierarchy, based ahe work contributed by Oberkampf
[57, 58, 59]to the CFD field, for flow regime transitions;)(Developng data collection and
analysis tools that can take advantage of the wealth of computational'lefaesented tool is
designed for flow regime transitions #scaptures interfacial area, a parameter often used to
analyze flow regimegd) Performing simulationandanalyzingtheir associated data to determine
the driving physics of the twphase flow rgime transitions. These simulations are the first of
their kind and simulate forward transitions, which are common to the field, and reverse
simulations, which are explored lesften

This dissertation is structured as folloWbe PHASTAS s g o v e tiansamdthelevea] seta
methodfor interfacecapturingare explaineé@nd a validation history is providéd CHAPTER 2
Despite having a robust flow solver available for this work, very little research has been committed
to studying transient twphase flows. Therefof HAPTER 3is dedicated to determining the
necessary components for successful interface resolveghase flow regime transition DNS.
This includes discussing new meshing requirements specific tphamdlow and data collection
and analysis tool€CHAPTER 4provides details on how the simulations are prepared (meshing,
geometry, boundary conditions, eteafd CHAPTER 5detailshow we trust PHASTA to be
capable of simulating this complex problem (validati@@hHlAPTER 6presentsand analyzes all

the simulations prepared for this research. There is a focus on determining the mechanisms for
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transition and what properties differ between eaelthanismA flow regime transition criterion
is alsopresented and tested to ensure its vali@iyAPTER 7provides the major conclusions

drawn from this dissertation al@HAPTER 8proposes some recommendations for future work.
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CHAPTER 2. NUMERICAL METHOD S

The open source PHASTA code is the primary tool used in this work. PHASTPaisabel,
Hierarchic, higheorder, Adaptive, Stabilized (finite element methddased (FEM))Transient
Analysis flow solver capable of simulating compressible and incompressible flows on structured
(hexahedronsand unstructured meshé@etrahedrons)PHASTA uses the level set method for
capturingthe interface between two immiscible fluids. PHASTA is highly parallelizable and has
been shown to scale well up to 76824 processsron the IBM Blue Gene/Q Mira System (at
Argonne National Laboratorypetailed descriptions of PHASTA and its implementatan be
foundin[60, 61, 62, 63]PHASTAO s capabi l ity of wusing unstruct L
of complex geometries.

PHASTA has a strong history of twahase flow simulations includingtuslying theeffect a
single bubble has on turbuleridd ], examining full bubbly flow with hundreds of bubbles where
both the liquid turbulence and individual bubble information is collected and andB&e8],
using Taylor bubble flow to verify and validate the cpdle simulating the complexities of annular
flows [43], anddemonstrating the capability to simulate implosions and plunging56isThe

body of work behind PHASTA has shown its value to analyzingphase flows.
2.1 Governing Equations

PHASTA solveghe strong form of the incompmsble NavierStokes (INS) equatiori§4]:
Continuity. Ofp T (21
Momentum: "0 "00h nn Tr Q (2.2

where” is the densityp is the i component of velocity, is dynamic pressurd, is the viscous
stress tensor, anQis thei component of the body force vector (which includes gravity, surface

tension, andlriving pressure gradient)n aperiodic domairwhere gravity is oriented parallel to
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the flow direction,an additional value equal to the hydrostatic pressure gradient is added to the
pressure gradient. This value is a simple multiple of density and gravity and it supports the weight
of the fluid mixture, preventing it from falling downward dudhegravity forces. The spatial and
temporal discretization of these equations are givé®dj The viscous stress tensor is

O

(2.3

where’ is dynamic viscosity antY is the strain rate tensor.

2.2 Level Set Method

PHASTA implements the level set method for interfeapturing[65, 66, 67] In the level set
method a signed distance field, is overlaid on the entire domain. The flgds interface is
located at the zero level set value in the distance figldthe interface is located et 1) and
the liquid is in the positive digtae field and gas in the negativistdnce field.The interface is

advected exactly with the fluid, prescribed by

where¢ is the fluid velocity vector. To allow a continuous transition from liquid to gas properties,
the interface is assumed to have some thickngssTypically, - is at least 1.2 computational

elements in size. The property transition follows the smootlvikida function, given by

mh . ;
0 . g P — Bl Q& hes - (25
pﬁ ° -

Hence, fluid properties adefined by
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‘. “C 0 . ‘“ p O (2.7
This method is not limited in the number of gas and/or liquid regions allowedijmgeamtinuous
liquid, continuous gas, dispersed liquid and dispersed gas flows are all pdssiidesolving Eq.
(2.4 the far distance field can become distorted by the fluid velocity. To maintain an accurate

distance fielda redistancing operation is performed by solving

Q y
TT_T Yo p s (28

whereQi s a scalar that represents the corrected

the equation is solve@6, 67] "Ye is defined as

. ph 3 R
3 P..A3 .
¢ ph 3 R

Where- is the distance field interface hdlfickness which can be different fronpreviously
defined. Notice that-is zero at the interface, meaning the interface location is not changed during

redistancingFigure2.1 plots this property transition.
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Figure2.1: Depiction of the property transition across the interface
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2.3 Code Validation

Thissectionwil@ pand on PHASTAG6s validation in order
discussion that occurs ®HAPTER 5 A significant amount of effort has been placed in validating
PHASTA and it begins with single phase simulations in a parallel plate chanofgihova et al
[3] designed simulations of two different friction Reynolds numbers, 18@a5dhat matched
the simulations performed by Moser et [@]]. Three different meshes, ranging fr@6,500 to
9,500,000 computational elements in sizrevdesigned for each flow condition. For both flows
all the meshes met the typical requirements for single phase(@stsissed in depth iBection
3.1 Single Phadelow Resolution Requirementat the wall but the bulk resolution varied between
meshes. Only the finest mesh met the DNS standard for resol8tatistics ranging from mean
velocity (Figure 2.2 left) to the decomposed energy specEryure 2.2 right) were compared to
the Moser etla[2] numerical data. The code used by Moser et al. has been extensively validated
against high Reynold number experiments. The code has also shown to predict high Reynolds
numbers phenomena that had never been observed atiopally before. Therefore, this coede
to-codecomparisonis utilizing arobust code. The comparison showed that for the sufficiently
refined mesheéhe finest mesh in the stugyyHASTA was capable of accurately predicting the

turbulent flowbehavior
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Figure2.2: Images fronilrofimova et al[3] showing the raan streamwise velocity (left) and
streamvise energy spectra (right) PHASTA data compardddser et al[2] .

Lahey[56]pr esent s PHASTAOGs results for the <cl ass
water, held by an imaginary dam, is initialized and allowed to flow as if the dam holding it
suddenly disappeared. The liquid height and leading edge location is tracked and can be compared
to experimental data. The results show that P
even for a relatively coarse meshust before the liquid hthe wall on the opposite side of the
domain in the simulation, the liquid height differed by about 10% and the liquid front location

differed by about 8%seeFigure2.3).
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Figure2.3: Images from Lahe{b6] showing the results from the dam break front location (top)
and height (bottom) compared to experiments.

Thomas et al[68] performed a validation study of a single bubble in laminar flow. The drag
force on the bubble was extracted and compared to correlations. The comparison showed excellent
agreement with the Tomiyama et 9] correlationat the lower Reynolds humbé&eeFigure

2.4).
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Figure2.4: An image from Thomas et 468] showing how the PHASTA drag coefficient
predictions compare to the Tomiyama correlation.

At the larger Reynolds numbettse PHASTA bubble deformed slightfsom spherical, varying

the resultsom the Tomiyama correlation, which assumes spherical bubbles. Experimental data
for the drag coefficient on a bubhle turbulent flow was not available in this study. However,
when the calculated drag coefficient was compared to the prediction fronpla $omce balance

using the relative velocity, the results compared well. This work shows that PHASTA is able to
predict the drag coefficient, which depends largely on the interfacial shear, of a bubble in both
laminar and turbulent flow.

Feng & Bolotnov [11] extended the single bubble studies to exanboébleinduced
turbulence. In this work the turbulence in front of and behind a bubble was examined. Using
dimensional analysis the factors contributing to turbulence suppression and enhancement were
isolated. This study also did not have experimenta tlatcompare to, due to the difficulty of
experimentally isolating a single bubbleds t ul

to ensure the interfa@apturingmethod was not artificially affecting the turbulence. It was found
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that given a fie enough resolution and an appropriate interface half thickness, the level set method
only changed the turbulenagensityby 2%, at most.

Taking these results one step further leads to bubble channel flow simulations, which were
performed by Bolotnowet al. [70]. In this work comparisons texperimerdl data were not
performed but the simulation predicted the wall peaked bubble distribution that is expected in
bubbly flow where the bubblegeanot deformable. The work also ermed flow of a large
deformable bubble in a channel and found the bubble remained in the center, as is expected.

Behafarid et al[7] performed a simulation of a Taylor bubble rising in a pipe of stagnant liquid.

A common corelation for the rise velocity of a Taylor bubbte,, that has been proven to be
accurate, takes the form of the following

6 6 QO (210
C is a coefficient determined from fluid properties and geometry,gravity, andD is the pipe
di ameter. Behaf ar i (@1l0)eptediceed a rises velscity nfullb.@3tci/s whileE g
PHASTA predicted 16.44ma/s, only a 2.6% difference. This result is relevant to the accurate
prediction of both interfacial shear and Taylor bubble shape predictions and is particularly relevant

to the work presented here.
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CHAPTER 3. BUILDING A FRAMEWORK FOR SIMULATING FLOW
REGIME TRANSITIONS
Due to the lack of research in this area it is important to establish a standard for future
researchers to reference when developing their ionerface resolved flow regime transition
simulationresearchThis Chapter will cover ame weltestablished single phase DNS meshing
requirements, as well as introduce new-ptase consideratior@wiginally developed for flow
regime transition simulations, but are applicable to anyghase flow simulationAdditionally,
important comput@nal considerations will be discussed amine data analysis tools useful to

transient twephase flow regime transitions will be presented.
3.1 Single Phas&low Resolution Requirements

Amongst the DNS community, it is generally accepted that a fefigyed DNS mesh has a
bulk mesh fine enough to capture the Kolmogorov scale and abauatidary layer mesh that
resoles the steep velocity gradienitsthe viscous sublaygbl]. The Kolmogorov scale is the
smallest scale of tudbence in the flow that carries energy before dissipating it into heat. Therefore,
in order to be fully resolving the turbulent flow, a DNS needs to capture this scale, otherwise the
momentum transport is incorrect. Very close to the wall viscous foroesdte. Therefore, as the
fluid approaches zero velocity, due to the no slip condition, the velocity profile approaches a
straight line(e.g. constant gradienfpesigning the wall boundary layer mesh to have at least one
point in this linear region is ingstant to resolve the wall shear. This shear is what ultimately
produce eddies in turbulent flow, making its resolution also very important to ONSuantify
the resolutiorY at the wall and in the bulk are typically referencéé. is a nondimensieal

distance,
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Yo — (3.1

whereYy is the absolute length (in meters)s the liquid kinematic viscosity, ard is the friction

velocity, defined as

|

(32

wheret is the wall shearFor a fully resolved DNSY p and Yo p care the

generally accepted criterjd, 51].
3.2 Two-phaseFlow Resolution Requirements

Formulating twephase resolution requirements has been previously addiegdeahg and
Bolotnov[8] who determined at least 20 computational points across the diameter of a bubble are
required to simulate a bubbMhich can poperly deform during the flow solutionThis
requirement was formulated tackle more than one important consideration to bubble dynamics.
First, the 20 point resolution minimizes the mass conservation issue that the level set method
experiences. Seconthe 20 point criterion ensures the curvature of the bubble, even when it
deforms, is properly resolved, which allows for the surface tension force to be accurately
calculatedTherefore, this criterion does not address flow physics such as how thickettiacie
is relative to gradients or turbulent structures in the fluids. Additionally, for slug flow the Taylor
bubble is so large the 20 point minimum is practically not a concern until it begins taiprélak

ensurehe transitions are fully resolvedfidirent twophase factors were considered.

3.2.1 Interfacial Shear
The interfacial shear, the shear between the liquid and the gas, is extremetamipathese

accelerating flowsas will be shown in future discussiolmterfacial shear plays a role in
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determining the relative velocity, bubble breakup, Biifl. Additionally, the single phase DNS
resolution requirements are built around the wall shear, making the interfacial shear an excellent
place to start for twgphaseresolutionconsiderationsTo understand how well DNS resok/e
interfacial sheara series of simulations were designed based on the simple shear flow experiments
performed by Karam and Bellinggtl]. In these experiments, two highly viscous fluids weeztlus

to form a continuous phase and a single droplet between two parallel plates moving in opposite
directions. This forms a linear shear floélnatdeforms thedropletbut does not move it laterally
Thedropletdeformation occurs because the continuousehagplies a shear force that stretches

the bubble in opposite directions. This makes this experiment an excellent candidate to test the
resolution requirements corresponding to interfacial sReaperties for the fluids used are shown

in Table3.1.

Table3.1: Experimental properties frofiil] used to design simulations

Eluid Density | Viscosity Surface Shear Rates
[kg/m3] | [kg/m-s] | Tension [N/m] [1/s]
Continuous| 998 3.11 0.4174
0.0027 17.53
Droplet 920 0.203 25 45

Due to the high viscosity and relativegmall density difference buoyancy is practically
insignificant and theropletis held almost perfelgtin place for multiple secondBrevious single
bubble studies performed in PHASTAL] requiredthe use of theartiatintegratderivative (PID)
controller [68]. The PID controller detects the forces acting on a bubble and applies equal and
opposite forces to hold the bubble in place. Therefore, measurements of lift force acting on the
bubble, or bubblénduced turbulerebehind the bubble, could be made. By choosing a study using
anextremely viscous liquid and small density difference, there iserd to use the PID controller

because the bubble is naturally held in plades allows for simulatioewith PHASTA withou
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the PID controller, eliminating the concern of inaccuracies introduced IKgriam and Bellinger
measurediropletdeformation and the angle of the deformation relative to the centerline plane
parallel to the plates. Deformation, D, is defined by

0 0O

O —=
L O

(3.3)

whereL is the length of the bubble along its major axis Brislthe length of theropletalong its
minor axis.Figure3.1 shows a diagram of the deformed bubith L, B, and the measured angle

shown

Figure3.1: A diagram showing the layout for the experiment performed by Karam and Be[litige
The welocity profile of the continuous phase is shown. Not to scale.

Threedifferent shear rates were chosen, showhahle3.1. All three shear rates remain fully
laminar due to the extremely high viscosity of the continuous flthdee different meshes were
also designed for the simulations. The mesh sizeswe®@ 60, and 15 em, whi ch
8.5, 17, and 34 points across a 0.5 mm diameteplet respectively. The series of nine
simulations were run until the bubble no longer changed shape and measurements were taken in
Paraview|72]. Note that the finest mesh could not converge in the lowest shear simulation. The
reason for this is not clear but may be a result of the dominant viscous forces, highly resolved
mesh, and the method by which the finite element method in PHASTAbdiz#d coming
together to form an unstable solution. Nonetheless, the summary of the results from these

simulations is presented Trable3.2.
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Table3.2: Results from the simple shear simulations

Shear Mesh De D Error in 45 4 Error in
Rate [1/s]| Si z e S &P D [%] s &P A [%]
60 0.63 37.0 18 N/A
0.4174 30 0.51 0.46 10.8 26 N/A N/A
15 N/A N/A N/A N/A
60 0.42 27.2 30 11.1
17.53 30 0.38 0.33 15.2 32 27 18.5
15 0.36 9.1 32 18.5
60 0.66 69.2 26 23.8
25.45 30 0.58 0.39 48.7 23 21 9.5
15 0.53 35.9 25 19.0

As Table3.2 shows as the simulations are further resolved the agreement generally impitves
respect to DIt is worth noting that the experiment uskdpletsabout0.5 mm in diameter and the
measurement tools were only capable of measuring to 0.1 mm acclineeyneanshere could

be significant uncertainty the reported D valugsspecially when the B dimension can be as thin
as 0.3 mm. Using the two higher sheates, the grid convergence index (Gé@idthe order of
convergencep, can be calculatedsCl is a measuremethat estimates the discretization error

presenin the finest simulatiofi73]. Herep is definedas

N o> A7 4
N 55 9¢& nn (34)
whererz; is the ratio of the middle mesh to the finest mesh size (larger than($nis),the

difference between the solutions for the coarsest and middle taeshthe difference between

the solutions for the middle and finest mesh, gfpd is defined as

(3.5)

whererzz is the ratio of the coarsest mesh to the middle mesh size (largemiarandsis

i pOi "QE— (3.6)
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GCl is defined as

i@
"06 "o“l)&—p (3.7)
whereQ is
3 3
A _ 38
3 (3.8)

wheree corresponds to the solution for the quantity of interest for the mesh indicated by the
subscript.

The order of convergence in the 17.53 and 25.45 1/s shear rate cases was 1.63 and 0.74,
respectively. This aligns witthe first order convergence that was expected. TheiG@iese
cases was 2.4% and 17.4Béspectively The highershear ratdnaving a larger GCI is logical. A
GCI for the lowest shear rate could not be directly calculadee to thee being only two
measurements. However, if p is assumed to be one, then the GCI can be estimated tofoe 29.4%
the middle meshPresumably, if the finest simulation were capable of numerically converging,
this error would become significantly smaller. ®tiger, this suggests that the finest mesh used in
these simulations is required to resolve the interfacial shear.

As mentioned earlier, interfacial shear is similar in concept to the wall shear that dedermine
they* meshing resolution requirements. Howewhis flow is so viscous that evénthe largest
interfacial shear were used to calculgtevalues (about 100 Ny the supposed necessary mesh
size would be on the order of the distance between the plates. Therefore, this method for calculating
meshing requirements was not considered. To better determine when the simulation becomes fully
resolvedmeasurements of interfacial shear were taken on the inner and outef shdasterface

as well as on the top and bottom sides of the drdpdesiviewwas used to extract this information
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using the method describedSaction3.4 Interfacial Shear Data Collectidasing this information

the interfacial shear for eachesh and shear rate simulation was plotséewn n Figure3.2.
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Figure3.2: Interfacial shear profiles for the droplet deformation simulations
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As can be seen irigure3.2, the top and bottom shear profiles for both the inner and outer sides
of the droplet are nearly mirror images of each other, which is eegége to the symmetry of
the flow. The coarsest meshes produce a saw tooth pattern, which somewhat persists in the middle
mesh, but has completely disappeared in the finest mesh. This is true for all the shear rates, except
the smallest where the finest rhedid not converge, despite their values differing by a factor of
about 60. Similarly, the magnitude of the interfacial shear in each case varies by a factor of about
10.Despite this variability in thehear rate and interfacial shear, each simulatioorbes resolved
at the same meslf the finest mesh is assumed to fully resolve the shear then this suggests that
interfacial shearor magnitude ofvelocity gradient at the interfacé not the primary factor
determining if the mesh is fine enough. Instead the determining factor must be a parameter that is
approximately constant in every simulation. The sanopletsize, 0.5 mm diameter, is used in
each simulationmaking it a posile contendein their workKaram and Belling€f71] have cited
the important role that the recirculation within the droplet or bubble in a simple sheanfigpw
play in determining the shape of tdeopletbubble. Given a sbng enough recirculation the
interface is supported and can resist deformation to the point where larger shear rates deform the
dropletless.Additionally, the recirculation within theroplethelps determine the interfacial shear
because very close to tirgerface the two fluids must have the same velodihere must be a
conservation of momentum across the interface, which is why the shear flow drives the
recirculation in thedroplet However, if the recirculation cannot be resolved then the velocity
profile in thedropletwill change, also changing the gradient at the interface and the momentum
transfer across the interface. Therefore, it is theorized that resolving the recirculation inside the
droplet is importantFigure 3.3 shows images ohe streamlines inside the droplet each mesh

in the 25.45 1/s shear ragenulations
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Figure3.3: Images from the 25.45 1/s shear rate case showirrgthreulation inside the
droples in the coarse (a), intermediate (b), and fine (c) me$hesinterface is shown as the
transparent grey contour and the streamlinestes white lines.

As is clear fromFigure 3.3, as the mesh becomes finer the recirculation becomes stromoyer
defined,and the streamlines becomea@ther.The strongerecirculation supports the droplets

causing it to become less deformed for the finer megtdghtionally, as the mesh becomes finer

the interface thickness becomes thinner as well. The shorter distance over which the property
transition occurs in the finer meshes minimizes its effect on the recirculation. Thetyrope
transition clearly interferesi t h t he ¢ o ar s eThmghdr dissosity gampensche | at i «

recirculation, visible by the region inside tmpletcloseto the interface where no streamlines
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exist. This observation is important because it indicates that the additiodropietinto a simple
shear flow is enough to make the simulation under resolved. The single phase shear case would be
fully resolved atthe coarse mesh and the solution would not change as the mesh is refined.
However, by adding thdroplet (or a bubble)a confined recirculating flow is formed in the
domain. An analogy can be drawn between this confined recirculation and a singlentwetidie
thatis somehow held in place. With thégldition,the resolution requirements suddenly jump to
meet the recirculation. As shown, if this recirculation is not properly resolved the interfacial shear
anddropletdeformation will be incorrect.

Considering this observation, the conclusion is the mesh IneuShe enough toesolve the
circulation in the fully deformedropletand furtheicapture the velocity gradients at the interface
As has beendemonstratddu e t o t he e ddinsidetheir@letthisragnirerhest f or me
may be more stringent than the classic single phase DNS requirements. Quantitativadgndjie B
is the smallest dimension tifis recirculation flow in th&roplet In the 25.45 and 17.53 1/s fine
mesh simulationde B lengthwithout the half interface thickness, corresponded to 0.274 mm and
0.331mm, respectivelyThis equates th8.3and22.1points across thength respectively. Given
the middle mesh had a mesh size equal to two times the fine meshaiethan10 points across
the B dimension areequired to resolve the recirculation atglis sufficient. This is very similar
to, but slightly less demanding thahe 20 points across the diameter criterion determined by Fang
and BolotnoV{8] if the bubble remains spherical. Deformed bubbles need to maintain this new
criterion, which for highly deformable bubbles may be very demandinig also possible,
especially for large Taylor bubbles, turbulent structures form that do not occupy the entire volume
of the bubble. In theseircumstancesthe structures will also need gatisfy someresolution

requirements in case they collide witte interfaceln flows where the eddy scale is smaller than

47



the bubble diameter thg units become relevant because if eddies are generated in the bubble
theylikely start at the interfac&he comparison between a wall asudlinterface is not perfect
because the interface does not hold ashp condition, but a shear layer is still formed between
them. A viscous sulayer may not be formed, but tly¢ information generated from using the
interfacial shear can inform the eddy generation and ensure e meets the standard DNS
requirement of 13" units. Therefore,in these cases standardunits will determine if the flow
inside thebubbless fully resolvedMoving forward,i n sl ug fl ow si mul ati ons
interfacial shear will likely iy on y* calculations since the bubble is too big for a single
recirculating flow to form. The criterion for when a single recirculation occupies the entire bubble
will likely apply when small bubbles are being torn off the Taylor bubble. The interféaat,s
and therefore the process of tearing the bubble off, will only be resolved for a certain minimum
bubble size, correspondj to at least 10 and ideally #8&ment lengths.

This study also revealed PHASTAOSsStyratosasAsi | ity
cited in literaturg39], most interfaceapturingDNS codes can only simulate viscosity ratios of
0.01 before the property transition across the interface causes numerical problems. PHASTA has
been used to simatlethe sameviscosityratio, but when attempting to recreate the experiments in
Miller-Fi scher e {74], avhich Aused avlaghlk viscous liquid continuous phase and
standard air for the bubble instead of a lighter ligpiblems arosel'he buoyant force would
still only drive the bubble at 0.1 mm/s, making it practically still. However, it became quickly clear
that the sudden viscosity charagross the interface a r at i 8 prevéntedthez @& 0
reaching mmerical convergencd.his ratio isan order of magnitude smaller thahe smallest
viscosity ratio, 0.0001, tested by DNBsteadf reaching numerical convergenegtremely large

velocities in the gas phase dadge artificial jumps in pressure woubdcur around the interface.
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This is likely due to the mesh being unable to resolve the extremely large velocity gradient that
would need to be on the gas side of the interface in order to reconcile the large shear force on the
liquid side. So instead, thmomentum equation calculated that this shear force induced large

velocities in the gas.

3.2.2 Liquid Film Resolution

The liquid film between the Taylor bubble and the wall can be quite thin while still maintaining
a velocity profile. The velocity in thelin must be well defined in order to capture the interfacial
shear on the bubble and the interaction between the liquid leavifigrthalso known as liquid
film jets, and the wake behind the Taylor bublBlee to how thin and close to the wall the ldjui
film is, the liquid is typically laminar, meaning the velocity profile takes up a parabolic profile.
One side of the parabola has a zero velocity, at the wall, and the other moves with the interface of
the bubble. Due to the fast moving Taylor bubbie liquid film often has maverageegative
velocity for low flow conditions and a slower velocity if the flow rate is high enough. This
approximate parabolic velocity profile has been observed experimefitally76] and other
measurements have shown how the liquid film can be less than a millimetd7#hi@8] Given
the parabolic nature of the velocity profile, at least six points will be required to resolve the film.
At lead three points are required to define a curve so the 6 point resghutividles three points
per side of the parabol&deally, the mesh would provide more than six points. This resolution
requirement will be discussed further in the mesh design section.
3.2.3 Taylor Bubble Breakup Events

The bubbles that breakup from the main body of the Taylor bwtibleither enter the wake
of the Taylor bubble or depart the wake into the main body of the slug. Due to their influence on

the flow dynamics, capturing ialistic distribution of these daughter bubbles is important to
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resolving slug flow as well as the breakup of the Taylor bubble leading to new regimes.
Additionally, capturing accurate bubble size distributions in the wake ssgigesimulations are
accurately capturing the physics of slug flGwere is very little research focused on determining
size distributions of bubble breaking off from Taylor bubbles. Howdivere are studies that focus

on tangentially related flows.

Evans et al[79] performed an experimental study where the bubble distribution behind a
ventilated cavityin downward pipe flow(creating what resembles a static cap bubhla¥
measuredWater and air at atmospheric pressureanesedIn this experiment aiis continuously
pumped into downward flowforming a gas cavity that stays in place and reseg#hery large
cap bubble or very short Taylor bubble. This forms a short liquid film region and a recirculation
region, or wakebehind the cavity very similar to slug flow. The distribution of bubbles coming
off the cavity are then measured. The diameter of the pipe is 5.0 cm, considerably larger than the
pipe used in this work. The experiments found that the bubbles comirng @ity were almost
never smaller than 0.5 mm in diameter and typically averaged are2Zmari in diameter.

Experiments by Lehr et gl80] performed a similar study, but for bubble columAs.and
water at atmospheric pge were also used in this studyey foundsimilar results where
bubbles rarely were smaller than 0.5 mm in diameter and averaged ardumth2n diameter,
depending on flow conditions. This is promising for the flow regime transitions because these
bubbles are well within the resolution capability available to this work.

An experiment performed by Sy8@1] found that bubbles shearing off of large cap bubbles
typically averaged at 0/5m and were as small at riIn. This isconsiderably smaller than the
previous studies. An explanation for this may be the very high flow rates associatetisvith

research’Q ¢& o and’Q T80 wmw/s. At these flow rates the Reynolds number approaches
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100,000. This exceeds tReynolds numérexpected tde encountereith this study, meaning the
bubbles are likely to be broken into smaller sizgshe more energetic turbulenéeven still, for
a fully resolved flow of a Reynolds number equal to 100,000, the mesh would likely be capable of

resolving tlkesebubbles by approximately 10 points across the diameters.
3.3 Virtual Probe Data Collection

To collect the instantaneous local numerical datastidwec probe approackas usedThe tool
places a network oftatic probes aligned along a plane, or planes, in the domain. The probe
locations are chosen so that, for a pipe, there are many layers of probes that are all equidistant from
the pipe wall and they align along radial lines extending from the center. The pksta¢id and

collects data at every time stépgure3.4 shows the probe setup used for all the pipe simulations.

Figure3.4: Numerical data collection probe locations used for the pipe flow simulations.

There are 5120 probes distributed among 75 layers. Each profile generateddigsiscontains
75radialdata points. The point closest to the wall is well withinMtie p region for all times
steps in the simulationét each time step the velocity components, pressure, and level set values

are collected at each probe. The user can time averagénfbrmation for any timespan to
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calculate the mean profile for many different quantities of interest. For example, mektity,
void fraction, andb® @Reynolds stress are all possible. E¢8.9) and( 3.10) show examples

of how mean velocity anéh® &ivould be calculated.

wne P P (3.9)
6 0

Wd o pIv O 0 WO 0O 0 wao (3.10)

HereN; is the number of ensemble runs performed (alwayshen@, Ns is the number of time
samplest is the current time, argis the time of a particular data sample. Important to note is that
the static probeool cannot collect information in wedge shdpeesh elements. The boundary
layer mesh is by default wedge pkd, so typically they are tetrahedronized before beginning the
simulation. This was not done for the one simulation (10orgpipe M2 case), so no data from

the boundary layer elements from this case are presented. Most of the important information
regarding the flow regime transition occurs in the bulk of the flow, so this was not a major obstacle
to overcome.

The time averaging tool was originally developed for channel flow, where wall perpendicular
and parallel directions do not change relative to@artesian coordinate system. For a pipe, this
does not hold true and averaging all the y and z velocities at each distance from the wall would not
produce meaningful results. To account for thismeav script was produced to translate the
Cartesian coordiate velocities to cylindrical velocities. In this system the velocity vector is
composed of streamwise, wall parallel ), and wall perpendiculaty) velocities.

Another challenge witlstatic probe toolinique to this twephase flow regime transitionusly

is the change of calculatimgean flow rate over time. The tocdlculates the local mean velocity
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from all points and all time steps at that particular radial location. This mean velocity is then used
to calculate the fluctuations at each time si2pe to the acceleration, the true mean velocity at
the first time step in the window is smaller than the calculated mean. Incorrect mean velocity
calculations contribute significant error to the velocity fluctuations, particularly for the streamwise
direcion. To compensate for this, the mean velocities for multiple sequential time windows are
calculated and a linear interpolation line is calculated from the midpoint of each time window. To
illustrate this process velocity (streamwise) data at a singlgim was extracted from the flow.

The slug was broken into seven time windows and the interpolation process was &jplied.

3.5 shows the results of this analysis.

3.9 1.1
3.7 ——u Velocity Data 0.9
— 135 ——Ensemble Averaged Velocity /
g —Window Average 0.7 &
= 3.3 —— Interpolation N
g 05 ©
o 3.1 o
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Time [sec]
Figure3.5: A hypothetical dataset showing how the mean velocity is interpolated to generate a
more accuate dependent mean velocity.

The yellow line is the level set value where zero indicates gas and one indicates liquid. Only liquid
data was processed for this demonstration. The varying mean velocity is clearly visible in both the
wake region and the ligdislug. Ideally, the velocity fluctuation calculations would come from a
mean velocity trace similar to the green line. Instead, this modification calculates the velocity
fluctuations from the red line, which is a significant improvement to the constant vedocity

(black line). This improvement is especially clear in the region far from the wake. The acceleration
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is nearly linear in this region and the interpolated mean velocity agrees well with the expected
ensemble average. To validate the code, aelaating single phase laminar flow case was
createdZeroTKE is expected but the standatdtic probdool would calculate a nepero value.

TKE measures the energy coming from the velocity fluctuations. In a cylindrical coordinate
system, the TKE is dimed by the following.

"Yc)'ogoo 66 66 (3.11)

The superscript indicates a velocity fluctuation measuremsriigure3.6 shows, the correction
brings the mean TKE profile much closer to zero.
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Figure3.6: Results from an accelerating laminar flow case demonstrating the reduction in error
the interpolation method provides.

The TKE calculation is still not zero, revealing that the flow does not accelerate perfectly linearly.
Paraview has also proven to beaduable data collection method. Multiple quantities of interest
are difficult to obtainvia the static probe toadue to itsimmobile probe locations and lack of
information regarding the points where probes are not located. Paraview can analyzetimmgingle
step for any and all points in the domain. Turbulent structures, interfacial shape, and interfacial
shear are examples of numerical data stetic probe toatannot calculate but Paraviean. The

major disadvantage ofaPaview is averaging in time difficult because data at every time step is
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not saved and loading the numerical data from each time step into Paraview is extremely time

consuming.
3.4 Interfacial Shear Data Collection

The interfacial shear on the bubbles will be discussed extensietly has already been
analyzed inSection3.2.1 Interfacial SheaiThis section will quickly explain how the interfacial
shear is calculated. The process is entireijopmed in Paraview by first choosing a thin slice of
the domain, perpendicular to the streamwise direction. In the pipe flow simulations this slice is
typically 1mm thick. This slice is then contouraglice at the one interface half thickness, .0

and1-1/3interface thickness, 1.8BAn image of this contouring is providéu Figure3.7.
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Figure3.7: An image illustrating how the interfacial shear is calculated on a Taylor bubble. Red
and blue surfaces show tlewel setcontous velocity is averaged over.

The grey contour is the bubble interface and
contous that velocityis averaged over, respectively. The locasionf t he 1. 00 and 2.
contours are shown on the vatgglane by the white lineS he velocityparallel to the level set
contouris then calculated from the contour normal
(3.12)
0 O =
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whereu is the velocity vector and is the contour normalipsr is averaged over the entire contour

and the shear is calculated from the gradient between these averages

O nhs 0O §
T 6

(3.13)

wheret is the interfacial shear aradis the viscosity. This operation can be performed for both
the liquid side and gas side of the interface. The slice of the domain is then adjusted to a new

location and a new interfacial shear is calculated.
3.5 Interfacial Area Concentration Data Collection

Interfacial areaconcentrationis a quantity commonly measured and calculated in order to
describe the state of the typhase flow82]. PHASTA did not have the capability to measure the
interfacial are@oncentratiorduring simulation, preventing quantitative analysis of the interfacial
area information during the transitionB analyze the interface structure as the flow develops
during the transitiona tool wasdevelopedo collect the interfacial area informatitiroughout
the entire domain at every time stépis section discusses this tool and the analysis that it allows
to be performed.

3.51 Tool Description

To collect the interfacial aresoncentratiorinformation, the user must first define a pseudo
grid that is overlaid on the domain. This grid can have any dimenbigrehould be coarser than
the computational mesls the simulation runs, the total interfacial volume is collected in each
element of the pseudo grid. Since the level set metimodlates the interface as a volume, with a
thickness of 2U, directly col | eccode calgulatesithee r f a c

interfacial volumeV, and divicesby the interface thicknegs find the interfacial area.
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o6 — (3.14)
C-

As long as the grid is fine enougélative to the curvature of the interfadiis interfacial area
calculationwill be accurateTheinterfacial area information is collected locally on each processor
and later compiled together to form a single matrix of interfacial area in each element of the pseudo
grid. The user can then find the interfacial area information, for every time step, in a dedicated

output file.

3.5.2 Method Verification

To verify thatthis tool correctly calculates the interfacial area, a simple case with justQwo
diameterbubblesin 3.0m cube was designed. The code should calculaten®2& actuality, the
code calculate8.44m?, a 13.4% error. This errds significantandlikely comes from the method
used to calculatéhe interfacial area, Eq 3.14 ), rather thanhe collection methodrigure 3.8
shows an instant in time from a simulatiand the associated interfacial area information shown

on asemttransparent 3D grid.

Figure3.8: An image of the aiwvater interface (left) and the associated int®&learea
concentrationnformation (right). he interfacial area grid is 3D and setm@nsparent
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Figure 3.8 shows that the interface shape measured from the interfaciatalteetion code
matches the simulation.

Turning this capability on isexpensive, increasing the run time by akibd® over 40 time
steps on the Argonne BGQ machin€kereforeusers camither continuously collect data mm
single select time steps tollect data at representative instanelsvever for largepseudo grids,
the interfacial area output file can become gigabytes in size if collecting at every time step. The
Matlab scipt that analyzes this data becomes extremely slow when inputtsghils large. It is
recommended that singteme steps are collected at a tindgpendix A.1shows the Brtran
routine that calculates the interfacial area. Other pieces of code, like MPI commands, that are
scattered among other PHASTA subroutines are not included.
3.5.3 Data Analysis

To analyze the data collected by this newly developed tool, a Matlab script was ge&@nated.
the code collects interfacial and gas volume information at everystiepeand at every point in
the domain, a wide range of parameters can be calculdtedcript is capable of identifying the
major structures in the flow, namely the nose of the Taylor bubble, and calculating parameters like
Sauter mean diametatefined belowat different distances from the ngseeFigure3.9).

o cg_w (3.15)

HereV is the total volume of gas ardlis the total interfacial area.
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Figure3.9: Sauter mean diameter information for two different meshes at the same time instance.

The script also can spatially average across the whole domain, or a specified region ifd@sired.
allows for the temporal progression of interface void location to be understood, allowing for
possible future model development and comparisogure 3.10 gives a short example of this
temporal progression arsthows radial profiles for the mean interfacial area in the domain at two

different time steps in the 20nlongpipe.
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Figure3.10: Spatially aeraged interfacial area information for two different points in time of the
20 cmlong pipe simulation.

The script would also allow similar plots for void fraction and Sauter mean dianiéter.
capability is similar to the wire mesh sensor usezkperiments. The difference is that this method
is unobtrusive and allows for data collection over a volume rather than just aApaeadix A.2

contains the Mtlab cale for this tool.

60



CHAPTER 4. PROBLEM SETUP
Simulating flow regime transitions using interfaesolvednethod$asneverbeen the primary
research project focusf other computational studies using similar interface resolved methods.
This Chapter details theonsiderations that were necessary for creating tissef their kind
simulationsthat canaccurately prediclow regime transitions while remaining computationally
affordable and relevant to the available literatdme explanation of all the inforntian needed to

recreate these flow regime transition simulations will be included.
4.1 Boundary Conditions

All presentedflow regime transition simulations use -glip conditions on the walls and
periodic boundaries on the ends of the pipes. The longajeweht length required by flow regime
transitions required the periodic boundary conditi@iherwise a domain multiple meters long
would be necessary. This simulation would be prohibitively expensive at the necessary mesh
resolution. The consequenceagdplying periodic boundaries witle discussed ine€gtion4.2.2

Domain Length Study
4.2 Domain Design

All the domains are oriented vertically axd the streamwise direction. A pipe was chosen as
the primary geometry because of the large body of research already committed to studying both
single and twephase flow in pipes. Before analyzing complex geometries, such as the BWR
subchannel, simplergemet ri es should be studied in order

ability and understand the physics of the simpler flows.

4.2.1 Dimensions

The three different pipe geometries are summaitizd@ble4.1.
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Table4.1: Summary of the three primary domains used in this work.

Length [cm] | Diameter [mm]
Pipe 1 10.0 15.0
Pipe 2 20.0 15.0
Pipe 3 4.0 2.4

The two diameters were both chosen due to their similarity to relexpatimentatesearch24,

83, 84] Additionally, these sizes are expected to highlight specific physics of interest. The 15.0
mm pipe isclose to the size of a BWR subchannel, implying similar phenomenon and dominant
forces will be observed. The 2d@m pipe, or minichannel, offers the opportunity to perform
validation studies due to the dominant surface tension and viscous forces thetaiaies easier

to characterize. Minichannel/microchannels have been the studied extensively and their behavior

is well documente{B4, 85, 86]

4.2.2Domain Length Study

A major consideration for each nqedic domain is its length. Unlike other twihase flow
regimes, slug flow is intermittent. Bubbly and chtmnbulent flow regimes look approximately
similar spatially, and especially in the axial direction two arbitrary segments are nearly indistinct.
In contrast, slug flow is composed of two distinct segments, the liquid slug and the Taylor bubble.
The length scale of slug flow is therefore the length of the slug and bubble together. Choosing a
computational domain whose length is not an integral leoigthe slug flow length scale would
be unphysical. A simple example would be a periodic pipe so short it forces annular flow.
Fortunately, several studies have focused on measuring liquid slug lengths behind a Taylor bubble
[87, 88, 89, 90] These experiments find that the slug length is highly variable and can be as little
as 3 pipe diameters to greater than 40 pipe diameters. Higher flow rates and smaller diameter pipes

tend to decrease the expecsha length as well.
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A study was performed to examirigipes 1 and produced realistic flowsA 6.0 cm and 24.0
cm domain, 15.0 mm in diameter were created. For both cases the mean liquid flow rate was 0.2

m/s and the void fraction was 40%. At this diion slug flow is expected. The simulations were

allowed to reach steady state and the resulting flows were obsseegtigure4.1).

_—

N 3

Figure4.1: Stables conditions for the 60 mm (top) and 240 mm (bottom) domains used in the
domain length study.

As Figure4.1 shows, the interface in the &fh domain is perturbed, causing large fluctuations in
the local liquid film thickness, and the interfaces in the 2m0domain are smooth. The
perturbations & caused by the wake of the bubble-gakrfering through the periodic stream

wise boundary. A Taylor bubble experiencing this phenomenon would not be a stable condition
and the trailing Taylor bubble would accelerate and merge with the leading buibleuid slug

in this flow is less than two diameters long, an unlikely condition according to relevant experiments
[87, 90] The Taylor bubbles iRigure4.1 (bottom) are smooth and they survive without merger.

To achieve this flow the computational expense would become too large at the finer mesh
resolutions due to how long the pipe is. Therefore, thedf.®ngpipe domain (that is used in
future simulations) was modeled after the shorter liquid slug/Taylor bubble pgigure 4.1
(bottom), where the liquislug is about three diameters long. The 20mdongdomain was chosen

to extend the slug length, to about 10 diameters, and characterize how the slug length affects the

transition.
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4.3 Mesh Design

Three different meshes, M0, M1, and M2, were desigaexiTable4.2, Table4.3, andTable

4.4). Starting at MO, the coarsest mesh, the mesh size is halved in each difEletsonniform

refinement increases the number of computational elements byaafamior of2%. Using a drift

flux model[29], theY values were estimated for thiggh flow rates at which slug flow has been

predicted to undergo a transitif2¥]. At these conditions the Reynolds number is expected to be

about 60,000 in the 15.0 mm diameter pipes.

Table4.2: Description of the computational meshes for th® I long 15.0 mm diameter

pipe.

BaseMO 15'Refinement/M1| 2" Refinanent/M2
Wall Mesh [mm] 0.0700 0.0385 0.0154
Bulk Mesh [mm] 0.23® 0.1230 0.0615
Wall Y& 14 7 3
Bulk Y 46 24 12
Smallest Resolvable Bubble
Diameter[8] [mm] 472 2.46 1.23
Smalle§t Bubblé)lz_imeter for 4.95 291 111
Resolving Interfacial Shear [mm
Number of Elements [millions] 8 57 430

Table4.3: Description of the computational meshes for th® 2 long, 15.0 mm diameter

pipe.
15t Refinement/M1 | 2" Refinenent/M2

Wall Mesh [mm] 0.0154 0.0075
Bulk Mesh [mm] 0.123 0.0615
Wall Yo 3 1.5
Bulk Y 24 12
Smallest Resolvable Bubble Diamef@} [mm] 2.46 1.23
Smallegt Bubble Diameter for Resolving 291 111
Interfacial Shear [mm]
Number of Elements [millions] 140 1117
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Table4.4: Description of the computational meshes for the 40 mm long, 2.4 mm diameter

minichannel.
Base MestMO 1%t Refinement/M1

Wall Mesh [mm] 0.010 0.005

Bulk Mesh [mm] 0.04 0.02

Wall Yo 0.027 0.014

Bulk Y& 0.110 0.055
Smallest Resolvable Bubble Diamef@}{mm] 0.80 0.40
Smalles.t Bubble Diameter for Resolving 0.72 0.36
Interfacial Shear [mm]

Number of Elements [millions] 36 291

MO was not applied to the 20 cm long pipe because, as will be discussed, the MO mesh could not
fully resolve the flow. The 10 crong simulations also indicated that the boundary layer mesh
should be finer. Knowing this, the 20 dang domainboundary layers were adjusted to be finer.

The smallest resolved bubble diameter is calculated from the criteria developed by Fang &
Bolotnov[8] stating the level set method requires 20 points acrossigheeter of a bubbl&he
smallest resolvable bubbles accordiaghe criterion developed Bection3.2.1 Interfacial Shear

is also shownTheY& shown inTable4.2, Table4.3, andTable4.4 refer to a single instancthe

highest velocity conditioryvhen the flowis at steady state. However, because the flow regime
transition is a transient phenomenon, the necessary mesh resolution is also changing with time.
Therefore, each mesh may be appropriate at different timbde simulation. Usingegs.( 3.1

and(3.2 and wallshear infomation from the 2@mlongpipe flow, the necessary wadisolution
atdifferent time steps was calculated and compared to the wall mesh size of the different meshes

(Figure4.2).
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Figure4.2: The wall mesh size necessary to fully resolve the flow.tfitex=horizontal line

refer to the actual wall mesh size used in the 2@ocmpipe simulationsThe data for wall
shear comes from flow in the 20 damg pipe.

As Figure4.2 shows MO quickly lose¥w  p qualification. Even the M2 mesh becomes under
resolved according to this criterion. An M3 mesh would be nacg$s meet this criterion at all
time stepsThis mesh would be about 8 billion elements in size and a single flow through in the
10an pipe would require aboudgmillion CPUhours.Fortunately, it has been observed that the
flow regime transition begins while M2 still fully resolves the flow. Additionally, Ya& of M2

never becomes larger than 2 and remains close t(whibh has been shown to be satisfactory
resolution in bubly turbulent channel flow simulationsJo observe the effect the mesh has on
the TKE,Figure4.3 compares the TKE in the liquid slug from the M1 and $fulations afive

different time windows in the 20 chang pipe.
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Figure4.3: Comparing M1 and M2 liquid slug TKE profiles at different instances in time. Time
refers to time since the pressure gradient was increased.
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As Figure 4.3 shows, the TKE is only slightly different between each mesh for earlier time

instances. Some difference is acceptable because there is uncertainty from sampling and in the

TKE calcdation (see 8ction3.3 Virtual Probe Data CollectignFor the times when the meshes

agree on TKE, the peaks, although slightly different in magnitude, are consistently located at the

same location as well. The TKE calculations only begirdifter after 0.3 seconds, which

corresponds to six flow throughs of the Taylor bubble. As seé&igure4.2 M1 and M2 would

be expected to become inacderafter about 0.05 and 0.15 seconds, respectiVabseresults

suggest that even when the clas¥io
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the discretization uncertainty is relatively insensitive to the Reynolds number. The M1 mesh can

still be used to approximate the TKE even when it no longer mee¥&ithe p condition. This

will be important for when M2 is too computationally expee but other tests are still desired

using M1. Additionally, this suggests M2 is accurate past the time it no longer satisies the

p condition.
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While Y& is an appropriate measurement for sifgfi@se DNS resolution, twghase DNS
meshing requin@ents may be just as, or more, limiting. Using the criterionldped in ction
3.2.1 Interfacial Sheathe interfacial sheatataat two different time instancesane chosen to
determine the interfacéw dimensionsTime steps early and late in the transient were chosen in
order to observehe shear for a laminar and turbulent liquid filRrofiles of the interfacial shear

on the gas and liquid side are shawirigure4.4.

2.5

2
£
Z 1
$0.5
<
n o
© o -o -
So50 e oML g 15 __ 42 , 25 3 35 e 4 4.5 3
8 e - _ .’,—'.\ ,f.:"“—-.’/ e
5 -1 = \ I S~ o —e---9""7
% - -e- - 0.101 [sec], Gas Side AN /.. d e
—_— . . . /

-1.5 | —e—0.101 [sec], Liquid Side N

.2 | - - -0.3648 [sec], Gas Side v

. —e— 0.3648 [sec], Liquid Side

Distance from Bubble Nose [x/D]

Figure4.4: Interfacial shear profiles on the liquid side (solid line) and gas side (dotted line) of
the interface of the Taylor bubble at two different time steps.

At the earlier time step, the Tayl or bubbl ed
encounter a significant amount of turbulence. The flow in the later time step is fully turbulent and

the interface is very perturbed. Taking the maximum inteafatiear value from both sides of the
interface, thé/c units of each bulk mesh, for liquid and gas were calculated. The elements in M1

were 5.87Y unitsin the liquid and 3.3¥w unitsin the gas. The elements in M2 were 2.93

Y& unitsin the ligud and 1.66/w unitsin the gas. Therefore, the meshes are both still resolving

the interfacial shear of the Taylor bubbles. However, the bubbles in the wake of the Taylor bubble

can be very small, just a couple elements across the diameter. Thedenagiénesolved but since
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they are so small do not have a significant effect on the flow. The majority of the bubbles in the
wake were millimeters in diameter. The M2 mesh meets the interfacial shear criterion for these
bubbles.

As was discussed in SectidrR.2 Liquid Film Resolutiorfor slug flow, the liquid film around
the Taylor bubble was considered to be one of the smallest scajght®e phenomenon that
would beimportant to the flow regime transitions. Figure4.5, images from the MO, M1, and
M2 simulations show a zoomed in view of the liquid film (the region above the thick white line)
with an overlay of the computational mesh. In these images the thick white line is the bubble
interface (the zero level set conthuhe blue lines outline the mesh, and the thin white lines are

theintegrav al ues of half interf a(seeFigutedldokraferense) ( U) |

f%' i

|” ~
Figure4.5: Images showing how well each mesh resolved the liquid film. The top of each image

is the pipe wall. The blue lines show the computational mesh. The thick white line is the
interface and the thin white lines are half interface level set contours.

Figure4.5 (left) clearly shows that the fully liquid properties region of the liquid film (above the
first thin white line) is only resolved by five or six pts in MO. Considering one of these points

is the boundary, this is not a well resolved flow. As discussed, at least six points are required to
form the parabolic velocity profile expected in the liquid film region. In fact, the simulations show
that hardy any down coming liquid is being ejected from the film into the wake of the bubble. As
the mesh is refined the liquid film becomes thinner, from about 1.0 mm to 0.7 mm, further

suggesting MO is too coarse. At M1 and M2 the film thickness is approxintiageame and it is
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resolved by, at a minimum, 10 and 13 points, respectively. Since MO has been shown to not resolve
the flow in the 15.0 mm diameter pipe it will not be further considered in other simulation.

The importance of testing the twpihase resolion of the mesh is highlighted in the
minichannel flow when considering the liquid film. Even thoughMte values indicate the mesh
is very well resolvedyo 1@t ¢ hfor MO, the liquid film is only resolved by four points. A
researcher only consideg single phase factors would assume this was fully resolved, when in
fact important liquid film phenomena are lost.

Unfortunately, determining how well PHASTA predicts the size of bubbles being torn off the
Taylor bubble,referring to the discussion ifection 3.2.3 Taylor Bubble Breakup Events
di fficult. PHASTAOGSs [9b] cabnotlyet acturatalgtiack neg bubldep lzeing | i t
produced so rapidly. Therefore, the only alternative to determine the size of these bubbles is to
measure individual bubble volumes in Paraview and calcBmtieermean diameters using either
Paraview or thénterfacial area tracking code developed for this workFiysire 4.6 shows, the

interfacial structure behind the Taylor bubble can be very complex.
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Figure4.6: A snapshot showing the complex interface topology in the wake of the Taylor
bubble.
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The size of the smallest visible bubbleasmeasured and the Sauter mean diameter in the wake
was measured. Twaifferent time instancewere chosen and both M1 and M2 were investigated.
One time is right after bubbles began to shear off the Taylor bubble and the second is late in the
transient when the wake has many bubbles in it. Results from this study aredepdable4.5.

Table4.5: Data from measuring the bubble sizes in the wake of the Taylor bubble at two
different time instances for both M1 and M2.

Early Time Late Time
Mesh | Sauter Mear Equivalent Diameter Sauter Mear EQUIvaIent
Size Diameter of Smallest Diameter Diameter of
[mm] [mm] Observed Bubbles [mm] Smallest Observeq
[mm] Bubbles[mm]
M1 0.123 2.94 0.248 3.86 0.494
M2 0.065 2.66 0.252 2.52 0.456
The equivalent diameter is calculated from the volume of the bubble.
o X (4.1)
TH

This result compares well to the experimental results measuring similar qudiéti&®] For

both meshes, at both time instances, the mean diameters fell within the range of what was expecte
about 24 mm. Additionally, &the early time step, M1 and M2 have a very similar Sauter mean
diameter. M1 is only 10.5% differerftom M2. Later in the simulatigrthe two meshes differ
considerably, but this is expected since M1 is not fully resolving the turbulleniseth meshes

the smallest observed bubbles are only a few grid points across. It is unclear if these bubbles are
remnantof bubbles suffering from the level set metéoohass conservation issues or if this is the

size they broke into. Interestingly, the size of these small bubbles does not change appreciably
between M1 and M2. This suggests they are physical becauseoll@ have bubbles half as

small if their size was primarily dependent on the mesh. diz¢his is true then they are in

approximate agreement with the scale of the smallest bubbles observed in experiment. The
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maximum size is not comparable in these sdmEause the experimental geometry in both papers

was considerably bigger than the pipes in this work.
4.4 Inducing a Flow Regime Transition

Having the capability to induce a flow regime transition without misrepresenting the physics is
an important conderation for this study. Experiments are fortunate to have valves that
individually control the flow rates of each phase (effectively setting the superficial velocities for
each phase). The researchers can hold the liquid flow rate constant while indédper@daging
the gas flow rate, and vice versa. Some experiments can even add void via boiling. The periodic
boundaryconditions preventhe use of techniques involving valves and the boiling capability is
still being developefP?2]. Therefore, a new method for inducing a flow regime transition must be
created.

One possible method that was initially considered focused on changing the void fraction. As
the flow went past a certain region of the domain the code would change/é¢hadt field just
within this region to increase the void fraction. This interface moving method is not physical
however, so it was not chosen. Instead, the transitions were induced byimcteasdriving
pressure gradient, one of the input parametdsing this method, both the liquid and gas flow
rates will increase, moving diagonally across a superficial velocity based flow regime map. Since
the pressure gradient is included in the INS, this method does not alter the physics and every single
compuational node will observe the change in pressure gradient simultaneously. When the
pressure gradient is suddenly increased, the flow begins to accelerate because there exists an
imbalance in the wall shear force and driving pressure gradient force. Censally; the flow

accelerates until these two are balanéegure4.7 shows this temporal progression.
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Figure4.7: An example of how the wall shear responds when the pressure gradient is step
increased. The wall shear data comes from the 20 cm long pipe, at the M1 resolution.

The time period that this transient occurs over allows for detailed data analysis as the flow develops

and a twephase flow regime transition occurs.

4.5 Fluid Properties and Flow Conditions

Depending on the purpose of the simulation, different fluid gnttgs and flow conditions were

chosen. For the 15.0 mm diameter pipe, the same density and viscosity properties were used for

most of the simulations. The surface tension was typically the STP value but it was varied for some

cases and will be specifiedhen necessary. These properties are givehainle 4.6 and the

pressure gradient values are give @ble4.7.

Table4.6: Fluid properties used in the simulations. Properties at BWR and atmospheric
conditions are given for reference.

Density [kg/m?]

Viscosity [kg/m-s]

Surface
Tension [N/m]

Simulation | BWR STP | Simulation BWR STP BWR STP
Liquid 758.15 | 758.15| 997.00| 8.54E4 8.54E5 | 8.72E4
0.014 | 0.0714
Vapor 30.83 30.83 | 1.17 2.86E4 1.86E5 | 1.20E5
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Table4.7: The pressure gradient values, and their names, used in the simulations.

Pressure Gradient [Pa/m]

PO: 17.5
P1:1017.5
P2:15047.5

The densities chosen correspond to what would be found in a BWR. The viscosities were inflated
in order to allow for high flow rates while maintaining reasonable time step sizes and meshing
requirements. The pressure gradients were calculated from-#ukifhiodel[29], where smooth
slug flow is expected at PO and P1, and a transition out of slug flow is expected for P2. The
minichannel fluid properties correspond to atmospheric conditions because experiments use
primarily atnospheric conditions. The void fractions of the 10 mg, 20 cmlong, and
minichannel domains are 40%, 20%, and 50%, respectively. The 10 and@@yaomains have
the same volume of gas. This volume was chosen to allow for a single Taylor bubbta to for
thelOcmongd omai n. The minichannel éds void fraction
experiments that the simulation will designed fronj84].

Using the properties froriable 4.6, bubble size information frorfable 4.5 and flow rate

information, the range of Raolds number (Re),

YQ ”‘lvo (4.2)
Weber number (We),

on 20 (43)
andEotvés number (Eo),

0e 1 ©® (44)
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are provided irmable4.8. In these equationsrefers to the bubble diameter

Table4.8: Non-dimensional number information for the transition simulations

Number | 10 cm Long Pipe| 20 cm Long Pipe
Reynolds 2700-54,000 3,200- 74,200
Weber 0.11-5.85
EGtvos 0.006- 16.88

Ranges are providddr the transienbecause the twphase flow regime transitions are changing

in flow rate and produce bubbles of different sizes, especially in the-tlmmnlent regimeThe

largest Weber anBotvosnumbers refer to the Taylor bubbkes the new regimes develop it is
expected that the Taylor bubbles breakup and the WebeEamwdsnumbers both decreasghe
Reynolds number range, initially beginning in the transition region, ends at the value
corresponding to the liquid flow rate from the 20 cm long pipe at the ene dfahsition. This

high Reynolds number arises after the transition has already begun. For comparison, in the 10 cm
long pipe the twephase flow regime transition began when the Reynolds number was about
40,000 Additionally, the Reynolds number rangeTiable4.8 uses the mean liquid velocity. Using

the mean velocity in the film, the film Reynolds numbefore the acceleratios found to bé&74.

Since the velocity inhe film is negativgrior to acceleratiorthis Reynolds number would initially
decrease as the film velocity approaches zero. The Reynolds number would then increase as the
film velocity becomes positiva.o calculate the Weber numbéhre relative velocity of the Taylor

bubble at the low pressure gradient condition was calculated exactly. However, the relative
velocity of the bubbles in the wake was not directly measured, so an assumption of 0.2 m/s was
used.Note that the largest Weband EGtvds correspond to the observed Taylor bubblHse

range of Weber andotvésshows that both spherical bubbles, where surface tension is dominant,

and deformable bubbles, where liquid inertial effects are more prominent, exist in thesdnflows

75



particular, the large values indicate that the Taylor bubble is prone to instabilities and deformation

due to the interfacebds interaction with the

4 6 Initialization

At time zero all locations in the domain have the same velocity, 0.1 m/s. Tbzaitle gas in
the domain small bubkdere randomly placed within the domain until the desired void fraction is

reached (seEigure4.8).

Figure4.8: An example of the void initialization.

In the first time steps the bubbles will rapidly coalesce into one large Taylor bubble, forming slug
flow. The rapid coalescence is chaotic, and generates some turbdlieés not a concern
however because once the Taylor bubble is formed, it is allowed to complete at least two flow
throughs of the domain. During these flthwoughs the liquid is entering the thin film and then
being ejected into the wake. This procedsreaching a laminar flow in the film, where the
Reynolds number is about 400, and then becoming turbulent in the wake is considered to erase
information regarding the initial condition. Following these fldbwoughs the transitions will

initiate, meaningll forwardtransitions in thisvork beginwith slug flow.
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CHAPTER 5. VALIDATION EFFORTS

Validation is important to all CFD codes. William L. Oberkampf is the premier expert on CFD
validation and has committed significant time to layanga framework for scigtific verification
and validation. In his writings Oberkampf has detailed his frustration with the CFD coméngnity
gener al | ack of proper wvalidati on: ACommon pr
generally agree with thexperimental data a@r the rangeof measurements, the model is
commonly declared Ovalidated. d Comparing ¢cO0mg
graph, however, i's only incremental[®7yThiset t er
point is especially important when considering the subjective nature of flow regime transition
classification Additionally, the nuclear engineering community commonly uses a single piece of
data to validate a multiphysics problem. For example, due torihted amount of data available,
researchers using nuclear reactor system codes will validate their code using the reactor pressure
vessel pressure agdrewater level data from the Fukushima accident. Upon claiming the code is
validated, the same codelvbe used to predict parameters such as pressure vessel failure time,
isotope release, core relocation, and hydrogen genef@8o®4, 95] The intention of pointing
out thispractice oflow data validatia is not to highlight weaknesses, but rather draw parallels
between reactor system code validation and DNS validation (in particulgphimsz DNS). In both
cases, directly applicable data that is on the scale necessary for validation is limited. So far an
extensive method to validate codes that experience this problem has not been developed. Instead,
this Chaptemill attempt to follow Oberkamgf methods, specifically the validation hierarchy, to
prove PHASTA is capable of simulating tybase flow regimdransitions using the pressure

gradient jump method discussedSaction4.4 Inducing a Flow Regime Transitiofhis Chapter
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should also provide confidence in thecuracy of the numerical data created from the developed

simulations.
5.1 The Validation Hierarchy

The validation hierarchy proposed by Oberkampf and Trud&Ap¢ provides a path for
validating a code designed for simulating extremely complex processgsas an airplane, race
car, or twephase flow systenin the papef58], Oberkampf and Trucano use the example of a
cruise missile.The hierarchy shows how the problem is decomposed to different levels of
complexity and how each level relates to each offtes.hierarchy breaks down the main physics
into different levelof complexity system subsystempenchmarkandunit problem Identifying
the correct components to each level is not always ob\iatss extremely important for a
complete validation procesi general, e system level breaks the entire problem up into the
major components thatakeit up (physical structure, flds, electrical componentstc). While
all the systems are relatadd interact with one anothehey operate on different principles and
physics from each other. The subsystem level is composed of the classes of physics that each
system encounters (elémdynamics, thermal hydraulics, structuralechanics, etg. The
benchmark level puts forth individual problems that no longer are directly derivative of the initial
problem, but are test pieces for the physics mentioned in the subsystem level. An exaulgble
beconvective boiling in a pipkeing abenchmark probleraf a nuclear reactoirhe unit problem
level is the simplest in terms of physics, but still veryamgant because all of the compmts of
this level must capture the physics of the enticdfem on the simplest level. For example, simple
geometrysingle phaséaminar and turbulent flow problems and individual bubble flows would be

included here.
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This hierarchy provides an order of operations when performing a code validation. Simulations
described in the unit problem level must be perforrivstt These unit problems are designed to
test a single piece of physics, such as single phase turbulence in a parallel plate chdnag!
on a single bubbl&Jnit problems generally have experimental data to directly compare to as well.
Once the code is shown to be accurate for each unit problem then the saikto be validated
for these phenomena. If all the problems at the unit level are validatechéheode can be used
to predict phenomena at the benchmark level, such as bildolliyn a parallel plate. In turn, if the
code can be validated for all the benchmark prob|énmen it can beonfidentlyused to perform
simulations at the subsystem leveicls asconvective boilinglow in a complex geometry (like a
BWR channel)lf all the pieces at the subsystem level are then validated, then the code can be
extended to the system level. Finally, if the code is validated at the system level then it can be
extended to predict behavior of the total probl@imerefore, gen though the code has not been
validated against experiments at the total problem |eshete the problem is a combination of
simpler problems that the code has been validated for, resesacalmeconclude the code can make
accurate predictions of the total problem behavior.

Fully validating a code by this methdsl quite a demanding task, especially for the example
given of a cruise missile, and would take considerable time. Fdelynthe problem dfvo-phase
flow regime transitions is not as interdisciplinary as a cruise missile and the entire problem likely
aready falls under theulsystemlevel. Figure5.1 shows the novel validation hierarchy that was

created for twephase flow regime transitions.
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Figure5.1: Two-phase flow regime transition validatibrerarchy.Blue boxes are simulations previously run by other colleagt
Green box simulations were performed in this work. White boxes have not been simulated with PHASTA.
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In Figure5.1 green represents validation cases performed in this work. Blue are simulations that
PHASTA has performedut by colleagues. White means these simulations have not been run in
PHASTA but will still be discussedue to their relevanc&he following sections will discuss the

unit problem and benchmark level simulations that were perfoimeHdis work to validate
PHASTA for twophase flow regime transitiongo learn about the simulations in blue, the reader

is referred td11, 63, 3, 38]
5.2 Unit Problem Level

5.2.1 Bubble Approaching a Free Surface

As a bubble approaches a free surface or anotheréyubthlin liquid film forms that must drain
before coalescence can occdue to the dominant viscous forces in the film, the drainage can
take a considerable amount of time, and the bubbles sometimes recoil away from each other instead
of coalescingTheliquid film is not uniform in thickness angpically takes the shape of a reverse
donut where it is thinnest in @ng surrounding a region of thicker film. The film first forms with
a thickness of about 0.1 mf@6] and it wil snap in the thin region at only a few micrometers in
thickness[96, 52] However,as two bubbles in a simulation employing the level set method
approach one another, their Heaviside function determined propersititias will begin to
overlap. As they continue to overlap, the properties between the bubbles become more and more
gaseous, making it easier for the bubbles to approach each other. Therefore, the level set method
permits coalescence for nearly all sitoas when one bubble approaches another. To properly
simulate two bubbles bouncing off each other, as would be expected in bubbly flows, using the
level set method would require a computational mesh fine enough to capture the liquid film
between the bubble3o determine how fine this mesh needs to be, a grid study was designed.

This study will analyze increasingly fine meshes for a buoyancy driven bubble rising towards a
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free surface. The domain is large enough to allow the bubble to reach its termingy \sldhe
time it begins to interact with the surface. In reality, as the bubble reaches the surface, the bubble

will bounce off the surface before coalescing. The path and velocity of the bubble will be measured

and compared to experimef@§]. Using this data an appropriate mesh size for resolving the liquid

film between bubbles will be determinehble5.1 showsthe totd number of elements and the

size of the elements that were resolving the liquid film.

Table5.1: Mesh parameters for the liquid film grid study.

MO | M1 | M2 | M3 | M4
Liquid Film Re|] 60 | 30 | 15 |7.50]| 3.75
Number of Elements [millions] | 1.34 | 1.08 | 2.76 | 9.99 | 34.0

To remain computationally affordabl

small cylindrical regions between the bubble and the free surface. The rest of the domain uses

recursively coarser element sizEgyure5.2 showsan image of the meshing in M3.

e

30,

Figure5.2: An image of the M3 mesh. The color represents vertical (y direction) velocity and the solid
white lines show the bubbleterfaceand free surface.
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Additionally, the bubble was allowed to rise to the free surface from the bottom of the domain

only in the MO nesh. Future simulations used the solution from a time step from MO when the

bubble was already close to the surface but not close enough to effect whether the bubble bounces

off the surface (about 1 bubble diameter away from the surface). This allowsesietonbe

coarsened in the path of the bubble that will no longer be important to the {sullalee

interaction. For this reason the first refinement has less elements than the coarsest mesh despite

using smaller sized elements. The fluid properties {sd®e 5.2) matched the experiments and

were based on ethanol and air.

Table5.2: Fluid propertiesor bubble rising towards a free surface case

Ethanol Air
Viscosity [kg/m-s] 0.0012 1.827E5
Density [kg/m?] 789.0 1.2
Surface Tension [N/m] 0.0224
Bubble Diameter [m] 0.00162

The simul ations found the Db

ubbl

eds ter minal

to the experimentally measure terminal velocity, 0.223 m/s. Results for the distance from the free

surface location normalized by the bubble diameter, and velooitsnalized by terminal velocity,

are shownn Figure5.3 andFigure5.4, respectively.
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Figure5.3: Bubble location results. The distance is the distance from the free surface in bubble diameters.
Left shows all the data and right zooms in to show rdetail.
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Figure5.4: Bubble velocity results. The velocity is normalized by the terminal velocity of the bubble. Left
shows all the data and right zooms in to show more detail.

As is clear from thénal location of the bubble in all the simulations, the bubble did not bounce
but rather coalesced with the free surface. All the meshes agreed with the experimental data very
well and each new refinements extended the life of the bubble. Even MO was ehjgure the
deceleration of the bubble as it approaches the surface. Therefore, the level set method can capture
the film drainage process even for meshes that resolve the initial liquid film by only a few
computational points. The physics is acteisacaptured, but once the film thickness approaches
the size of the computational elements, the film enters the property transition region of the interface
and the bubbles coalesce. Even the finest mesh in this study is about 20 times larger in size than
the measured final flim thickness. Further mesh refinements were too expensive for the available
computaitonal resources and a fully resolved simulation may even be too expensive for the most
powerful computers in the world. Nonetheless, the results aremagbog for the level set method
because it implies, first, that given a fine enough mesh and enough computational resources, the
simulations would match the experiment, and second, even coarser meshes can capture the film

drainage process between two blelsb
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5.2.2 DropletDeformation in a Simple Shear Field

This studyhas already been referenced gc®on3.2.1 Interfacial Shedut in the context of
what is needed for a simulation to be fully resolved. This section will focus on how the simulations
compare to experiments. Accurately predicting halagpletdeforms in a simple shear flow will
suggest PHASTA, and the level set hust, can accurately predict interfacial shear, which is very
important for how the Taylor bubble interacts with the liquid. The simulatonsainedtwo
parallel plates, moving in equal and opposite directions to form three different shearing rates (see
Table3.2 for details on the flow and mesh properties). The simulations were allowed to run until
thedropletwas no longer deforming. Experimental wri, 98] has focused on determining the
deformation factor, defined by E{.3.3 ), and the angle of the deformation. Results fittwen

simulations and the experimental measurements are shdvigure5.5.

0.7 40
0.6 73
(]
E* = 30 ./.\-
S 0.5 8
O N—r
© 25
Uc_: 0.4 % \
S Z 20
— c
So3 2
= ‘FEG 15
202 —e—DNS, MO 5 —e—DNS, MO
—e—DNS, M1 % 10 —e—DNS, M1
01 —e—DNS, M2 o . —e—DNS, M2
—8—Rust & Mangg (2002) —a— Rust & Manga (2002)
0 —a— Karam & Bellinger (1968) 0 —a— Karam & Bellinger (1968)
0 10 20 30 0 10 20 30
Shear Rate [1/s] Shear Rate [1/s]

Figure5.5: Deformation factor, D, (left) and deformation angle (right) results frondtbplet
shear simulations and experimenalrk [71, 98].

As Figure5.5shows, PHASTA s hi gher r e s ar¢irubetieragreesmentmith Ragt i o n s
& Manga than Karam & BellingetOn average, M2 has a 10% error and M1 has a 12% error

compared to Rust & Mang&ompared to Karam and Bellinger M2 and M1 have a 20% average
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error.This is likely because Karam & Bellinger had limited precision in their measurement tools
and were only able to measure to one significant digit in the deformation dfdpket The
agreement with Rust & Manga is very encouraging however.
5.2.3 Minichannel Taylor Bubble Flow

Taylor bubble flow in small pipes has also been extensively st{@de®9, 100, 85, 86]The
flows are dominated by viscous and surface tension forces, making the physics relatively simple
to understand for two phase flow. Showing PHASTA can accurately simukse fibws is
important before turbulent twphase flows are simulate@ihe first validatio test will examine if
PHASTA is consistent with experimental flow regime observatieigsire5.6 gives a flow regime

map for a pipe with the same dimensions as is being used in this study (2.4 mm diameter).

v ——Fukano & Kariyasaki
m Present Study
Bubbly
1
@
E [
- Intermittent/Slug Annular
0.1
0.01
0.05 0.5 5 50

jg[m/s]
Figure5.6: Identification ofthe superficial velocities that PHASTA predicted for the
microchannel flow on an experimental flow regimeap[84] .

PHASTA had predicted slug flow, and this agrees with the map shokigune5.6.
Due to the dominant viscous forces, the flow field is relatively simple and the wake can be
described as a toroidal vortex, with the fastest velocity in the center of thé-igpe5.7 (top)

shows the flow field found from PIV experiments compared to the field found in the

simulations.
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Figure5.7: Comparison ofhe flow field fromexperimen{top) [86], to the flow field from
simulation(bottom) In the bottom image x is the streamwise direction.

It is clear that the simulation is notcacately predicting the flow field. There is a negative
streamwise velocity region directly behind the Taylor bubble in the center of the pipe. This
phenomenon may come from the under resolved mesvhichthe flow was initially solved. The
low resolution particularly in the liquid film regionwhich does not meehe requirements put
forth in Section3.2.2 Liquid Film Resolutionmay be inhibiting the downward flow in the liquid
film, creating this negative velocity region. When the M1 mesh was created, the solution found
with the MO mesh was used as the initial ctindi assuming that after some time, the flow would
adjust and reach the expected velocity pattern. This did not occur and the best solution may be to
restart with the M1 mesh. However, despite this, the simulation was carried forward in order to
observe aother phenomenon unique to microchannel slug flow. Fast moving Taylor bubbles in
narrow channels develop regular interfacial waves at the tail. Depending on the length of the

bubble and size of the channel, the waves move upward along the bubble, decanaggitude.
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Figure5.8 (top) shows images of these waves for flow in a 1.1 mm diametef{Jfifp¢ Figure

5.8 (bottom) shows an image from the simulations on the M1 mesh as the flow is accelerating.

Figureb5.8: Images of the interfacial wavesenperimen{101] (top) and in simulation (bottom).

As Figure 5.8 (bottom) shows, therare clear interfacial waves in the PHASTA simulations.
Capturing these instabilities is important because they will be a driving factor in flow regime
transitions in the minichanndh HASTAG6s predi ctions of these wayv

methodcan predict this interface behavior without a model to inform the code of this phenomenon.

5.2.4 Accelerating Single Phase Flow

No new simulations were prepared to study accelerating single phase flows. However, the CFD
community has acknowledged that tnensition from laminar to turbulent single phase regimes
requires different meshing requirements than steady laminar or turbulent flows. Therefore, instead
of validation, this section will briefly show that the meshes used in these simulations stitisieet
criterion. The flow regime transition simulations are accelerating flows andiegely relevart
to accelerating single phase floww&/u & Moin [102] andRai & Moin [103] both designed flow
over a flat plate simulations, where, at some point along the plate, the boundary layer transitions
from laminar to turbulent. Their resultsthfound that an accurate solution requires a grid refined
by a factor of up to twdNu & Moin usedYo  v&o dor the streamwise meshald p @ o

in the spanwise direction. Rai Bloin usedY® Y& ¢ @ and found the mesh should be
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refined by up to a factor of twand likely exceeds typical DNS meshing requiremengpically,
simulations usig PHASTA are desigrkto have 12 wall units in the streamwise and spanwise
direction meaning this criterion is twice as striétt the moment of transition from laminar to
turbulent flow, M1 maintains a streamwise and spanwise spacing of about 12+ and M2 has about
6+ units.Therefore, M2 is stilan accurate simulatiotiespite the strict resolution requdrdt is

worth pointing out again thatas shown in é&ction 3.1 Single Phasd-low Resolution
Requirements M1 6s sol ut i owith M2aup unttl a dertain tinte rios Secondeonldr

statistics despite not meeting meshing requirements
5.3 Benchmark Level

5.3.1 Accelerating TwePhase Flow#low Regime Maps

In depth analysis and measurement of pressure gradient driven acceleratpitasedlows
has not been a focus of much research, making it difficult to directly compare this work. However,
flow regime maps represent a two dimensional space that an atioglévophase flow can move
through. If the flow agrees with the map then the regime should match where the acceleration
beginsand where itendsA pri ority in the wvalidation pr oce
regime predictions match the flow regimems. To draw conclusions from the simulations about
the mechanisms for flow regime transitions, there must be a proven consistency between the
simulations and theory/experimenihis study is not meant to prove that PHASTA predicts a
transition at the saenpoint the map doekistead, a matching transition should provide confidence
in the mechanisms for the transitidhdditionally, since the flow is pressure gradient driven, a
drift flux model[29] should be able to approxineghe expected acceleration path. Because reverse
transitions (decelerating flows) are typically not considered in flow regime transition modeling,

only forward transitions are considered here.
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Figure 5.9 plots thesimulation superficial velocity and drift flux model prediction on the

theoretically based Mishima & IsHR4] and Taitel et al[27] maps.
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Figure5.9: Comparison ofhe simulations to the theoretical Mishima & Iql2d]] and Taitel et

al. [27] flow regime maps. The Drift flux modg9] is also included. Mishima & Ishii did not
predict churrturbulent flow at these conditions.

As Figureb.9 shows, according to the both maps the 10 cm long domain should be starting in the
slug flow regime. As the superficial velocities increase, the Taitel atagds predict a transition

to the dwrnturbulent regime and possibly bubbly flow. The Mishima & Ishii maps did not predict
any churnturbulent flow but the flow rates approach the annular regime, and presumably
intermittent flow would be breaking down at this condition. PHASTA does primidnitial slug

flow and the transition to chwtarbulent. Annular flow was considered to not be reached in the
simulations, and the maps show the superficial velocities lie directly on the regime boundary,
making a classification difficultAppendix Bshows images of this transition. According to both
maps the initial condition in the 20 dongpipe flow is expected to be bubbly flow. PHASTA did

not predict this buthis is because slug flow was forced by initializing the emgja® volumen a

smallregionof the pipe, forcing coalescence to one large bubble. As the flow accelerates however,
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PHASTA does predict a transition to bubbly flow (see imagéspendix Q. Interestingly, this
transition only occurs after the superficial velocities are crossing the line in the Taitahapal
that distinguishes between bubbly flows where turbulent dispersion forcesotend are
dominant. When the turbulent dispersion forces become dominant, the Taylor bubble breaks up
and becomes bubbly flow, suggesting Taitel etaaé identifying animportant flow regime
transition criterion. Overall, the flow regime transitions identified in the maps agree with
PHASTAOGs predictions.

Bergles et al[104] have produced an experimental flow regime ntgure5.10) for boiling
flow in a 10.3 cm diameter pipe at 6.9 MPa with steam and water. While the presented PHASTA
results are at adiabatic conditions, this still provigesful insight into what should be expecatd

this pressure

Bergles qe?al. (1964
—&— M1PO, 10 cm
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é T
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0.01 0.1 jg [H‘I/S] 10 100

Figure5.10: Comparison ofhe Bergles et aJ104] experimental flow regime map to the
simulations.

This map al so agrees with PHASTAGOG durbplenefldw ct i on

in the 10 cm long pipe. This map predicts that the 20 cm long pipe flow remains in the bubbly

91



regime, but as was mentioned, this is not a concern becauseghosl was a forced initial

condition.

5.3.2 Taylor Bubble/Slug Flow

Before accelerating, all the simulations begin with a single Taylor bubble. Therefore, ensuring
PHASTA is accurately predicting the behavior of the Taylor bubble is critical to singliédi
interaction with the liquid and eventual breaklipe shape of a Taylor bubble has been studied
extensively, and for potential flow an exact solution eX##. While the simulations were not
potential flow, the liquid film thickness should be similar since viscous forces become more
significant in the thin film region. To find the film thickness in the simulation, the zero level set
locations were collected alg eight different slices (séggure5.11). These eight profiles were

then averaged. The comparison is showRigure5.12.

2 Time: 85000
&< W
Figure5.11: The planes (red) used to collect the zero level set locations along the Taylor bubble
(grey).
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Figure5.12: The predicted liquid film shape compared to the Dumitr¢42l1analytic solution
for potential flow.

At three diameters from the nose of the bubble, x/D, all three simnsgtredict the film thickness
is 0.099R, where R is thradius of the pipe. The analytic solution predicts the film is 0.074R. An
experimen{77] found that, for similar flow conditions and very long Taylor bubbles, the film
thicknessstabilizes aD.086R. These bubbles were long enough to ensure the film thickness was
no longer changing. ABigure5.12 shows, the film thickess is stilslowly decreasing. Given a
long enough bubble, the simulations would agree even better with the experimental results. Finally,
Karapantsios et a]78] developed an expression for the liquid film thickness of Taylor bubbles
rising in stagnant fluid. This expression predicts the film thickness should be 0.094R. Considering
the simulations do not have bubbles long enough to achieve-ehaoging film thi&ness, and
the variability in literature results, PHASTA is accurately simulating the film thickness associated
with slug flow.

The wakestructureof the Taylor bubble is complex, fortunately there are studies that provide
data for both average and indmeous velocity information. First, Shemer ef&8] looked at
the mean velocity profiles at different distances behind a Taylor bubble. This experiment used a

14 mm diameter pipe, very close to the 15 mm diameter useid indlk. To obtain their statistics
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400 bubble @msses, each providing one data point, were collected to make each plot. A simulation
in the 20 cm long, 15 mm diameter pipe was created to replica2eAha) ¢ vexperimentFigure

5.13 andFigureb.14 showthe comparison betweemlocity and streamwise legity fluctuation

data fromthe experiment and simulatiprespectively
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Figure5.13: Comparison othe Shemer et gI83] streamwise velocitgata to the simulation for
different locations behind a Taylor bubble.
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Figure5.14: Comparison ofthe Shemer et g83] streamwise velocity fluctuation data to the
simulation for different locations behind a Taylor bubble.
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Discrepancy does exist in the data, the most obvious being the velocity is higher in the simulation
and the streamwise velocity fluctuations appearet@raller in the simulatioThe difficulty in
obtaining a large volume of numerical data may explain some of the discrepancy. As mentioned,
the experiments sample from 400 different bubbles, while the numerical data is from one time
instance. Thereforehé sampling uncertainty is larger in this particular validation stdymilar
discrepancy waebservedn [105]. Mikuz et al noted that their simulations predicted a peak in
the streamwise velocity fluctuations directly behthe corner of the Taylor bubble. PHASTA
predicts this peak as well, but Shemer did not observe This.reason why Shemer did not
measure this peak is not cldamcause strong fluctuations are expected in this region, as seen in
the data from Shi et dlL06]. The trend in the velocity progression is similar between each dataset.
Close behind the bubble, the profile is relatively, fldth a negative region near the wall from the
liquid film jets. Further behind the bubblegdfO & and 1.0, the velocity in the wake increases
and the negative region close to the wall disappears.oflie ¢8t profiles are the most
dissimilar. Thesimulation predicthe flow returns to a profile close to the typical turbulent log
law profile while the experiment finds a gradual increase in velocity from the wall, eventually
reaching an approximately flat profile in the centdikuz et al also faund that the return to a
more typical turbulent velocity profile was faster in their simulation than Shemer obs&he=d.
conclusions drawing from this validatistudyare unclear. The general trend in the wake velocity
agrees with Shemer et alut the fuctuations display different trendEhe DNS dataeems to be
more consistent with other DN®ut could benefit from additional samples to achieve less
uncertainty.

Data for the instantaneous velocity field in the wake of a Taylor bubble has been chgtured

Shi et al [106]. It is difficult to compare instantaneous velocity due to the variability, but one
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phenomenon that has been noticed in the simulations were structures resembling Kelvin
Helmholtz instability arising in thehear layer between the liquid film jet and the wake of the
bubble. This phenomenon would not be noticed without the instantaneous velocity information.
Figure5.15 shows these structuwgeircled in black, the color field is the y velocity. For this single

vertical plane, the y velocity also corresponds to the radial velocity.
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Figure5.15: An image showing the Kelvilelmholtz structures that develop in the shear layer
between the liquid film jets and the wake. Colored by y velocity.

At the corner of the bubble the level set field experiences a sharp 90 degree turn which can give
rise to umlesired level set fieldtretchingthat could affect the flow. In order tietermine if the
velocity is unaffected by the level set field at this coraetocorrelations are performed on the y
velocity in this region of the experimental and numerical oWhe autocorrelation is given by

the following

. LWL Q, |
0 Q ———Qw (51)
VWS
whereA is the autocorrelation valug,is the y velocity data, and is the data offset value, or

distance behind the Taylor bubble in this case. Autocorrelations measure the periodicity of data. If
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the data is regularly oscillating, then the autocorrelation value will oscillate as well. If there is no
oscillatory patternthen the autocorrelation will decay quickly to zero. Two datasets from the
experiment and two from the DNS, each named left and right, were used to perform the

autocorrelations. The results are showrigure5.16.
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Figure5.16: The results from the autocorrelations of Shi g al  [AG6}tand the DNS data.

As is expected, theéDNS autocorrelations show an oscillatory patteseen in how the
autocorrelation fluctuates around z€rhis indicates the transverse velocity is changing sign along
the line the data was sampledrfi. The experimental datdisplays the same behaviend with a

similar frequency, showing the instabilities do occur in-phase flowsAveraging the peako-

peak wavelength of the experimental and computational oscillations shows that the two datasets
agree within 7% (abowt 3 mm wavelength)This is an acouraging result because it shows the
sharp corner in the level set field at the tail of the bubble is not adversely affecting the wake.
Additionally, PHASTA is capturing phenomena that are physical and contribute significantly to

the turbulence in the ka.
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5.3.3 Rising Cap Bubble Flow

As mentioned, the experiment produced by 4 had relatively high flow rates and a
Reynolds number that was estimated at just below 100,000. Simulating this flow would be
extremely computationally expensive and be on the cutting edge gqiftase DNSLower flow
rate simulations were also tested lhis data was not presented in the text. Recreating this
experiment computationally would be extremel
capability. Due to the liquid momentum driving bubble breakup, one can claim the level set method
more accuratelgaptures breakup than coalescence, which is largely dependent on small scale
phenomena. Recreating this cap bubble shearing prandssbserving turbulence & collides
with the bubble would be an excellent test to back up this claimis simulation wald capture
both the tail shearing and interfacial instability phenomena and be able to validate these
mechanisms for breakup in PHASTBven without this simulation recreated perfectly, it appears
PHASTA can predict bubbles shearing off of Taylor bubtilasare close in size to what multiple
experiments have found. For additional details on, see the mesh resolution discussion in

Sections3.2.3 Taylor Bubble Breakup Events3 Mesh DesignandTable4.5.
5.4 Churn-Turbulent Int erface/Void Distribution

This study was not included in the validation hierarchy but is important because showing the
interfacial area and void distribution of chtturbulent flow in PHASTA agrees with experiments
would indicate PHASTA can accurately silame the turbulence of chutarbulent flow and its
interface interactionsAdditionally, these measurements pair nicely with Taylor bubble shape
measurements due to their similaritigafortunately, the best available stugses total interfacial
area concentratiomt different axial positions rather than local/radméasurement$107].

Typically, experimental local interfacial area measurements are only taken in bubbly flow because

98



interfacial aea calculation relies on assumptions of spherical bubble shape. Dejesus & Kawaji
[108] developed a correlation for aiater interfacial area concentration from experimental data

they producedh a 2.54cm diameter pipe
Q0 . .
0 B of-. 08 E 8 (52)

where0 s the total interfacial area concentration of the flewis the pressure gradient, and

is the liquid fraction. Using this correlation finds an expected interfacial area concentration of
5.99cm?cm?®. The simulation had an interfacial area concentration of &8tm?, only a 3%
difference. This error is similar in agreement to the experiments that were compatiee to
correlation This result is important because it demonstrates that even though the level set method
will always coalesce two approaching bubbles together (for meshes thait desolve the
micrometer scale liquid film) the interfacial area can still be accurately capixpdrimental

radial void and interfacial area concentration distribution taggailable in the open literature

however, itis extremely difficult to ind caseslirectly related to the flows performed in this work.
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CHAPTER 6. SIMULATING FLOW REGIME TRANSITIONS

Four different classes of simulatiorsse analyzed in this Chapterorivard and reverse
transitiors in a pipe 10cm long and 15nm in diametewith a 40% void fractionand a 2Gcm
longpipel5 mm in diametewith a 20% void fractionNumerical data fromhtese simulationwill
be presented first and balowed by a discussion @heir associated transition mechanisms. The
forward andreverse trandins will be compared and contrastedd&termine how the physics
differs between accelerating and decelerating flolwgo majortransition mechanismgor the
forward and reverse transitionsere observedboth exhibiting distinctly different flow
characteristics. A novel criterion for transition will also be presented in this Chapteeference,
time is considered to begin (t=0) when the pressure gradient is chahgesds specified, these
simulations weraall peformed on M2mesh resolutionDue to lack of available computing
resources in some instances, mesh M1 was sometimeduseerical data was not collected from
the boundary layer mesh in the 40% void fraction flows becaustetieprobeool camot collect
data from prism elements. The boundary layer mesh in other simulations was tetrahedronized,

eliminating this issue.
6.140% Void Fraction

In these simulations the forward flow is allowed to develop a single Taylor bdiigé& aylor
bubble interface is smooth despite the relati
condition is taken from a time step when the forward flow is in the etubulent regimeA
single static probe plane is placed in the donfiar data collection. The forward transition alone
represents about 20 million CFidurs For a complete set of images of both the forward and

reverse simulation se&ppendix BandAppendix D
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6.1.1 Accelerating Fows

This simulation is initialized in slug flow and is accelerated to flow rates exceedingMharés
slug flow is no loger observedFigure 6.1 (a) shows the Taylor bubble prior to acceleration
Behind theTaylor bubble a clear wake exist®his wake consists of a fast turbulent region directly
behind the Taylor bubble and a peripheegion where the slower moving liquid film spills out
into the wake. The slower moving liquid film jets causes a significant amount of turbulence, as
will be discussed, due to the shear created between the fast and slow moving regions. However,
the turblence decays significantly before colliding with the ewo¥he turbulence decay is
sufficient enough thathe interface remains completely smooth, as there are no esliies
sufficient energyo collide and cause perturbations. The average liggliocity is about 0.2n/s,

correspondingda a Reynolds number equal to 2668arly completely laminar.

0.000e+00 1.75 3.5
Figure6.1: Visualization ofthe flow regime transition of the 40% forward flow regime transition
simulation. (a) 0.0 sec, (b) 0.17 sec, (c) 0.219 sec, (d) 0.234 sec.

5.25 7.000e+00

As the flow accelerates the wake begins to elongate and wall generated turbulence becomes
more prevalent. Thereforeddies are now colliding with the Taylor bubble interface, causing

perturbations, as seenhkigure6.1 (b). Additionally, due to the fast moving wake@nding to the
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bubbl e, the bubbleds nose ac digureé.l(b)anes)). dhend st r
combination of the | arge interfacial perturba
the Taylor bubble, creating chutarbulent flow Eigure6.1 (d)). Plotting the superficial velocities
over time on the Misima & Ishii [24] and Taitel et al[27] Maps(Figure6.2) is consistent with

what the flow regime maps predict a slug to chwmbulent/annular regime.

)

Mishima & Ishii (1984)

Taitel et al. (1980) .. (C) - I
|l —&— M2P2,10cm “

27, Bubbly

AN
N
N\,

15 Bubbly .

Ji [m/s]

(b)

——— 3 - . X e ]
ST ey
2 i = RS, o

.,

Churn

!
!
!
!
!
]
!
!
!
!
!
!
!
i
Annular & 2%
i >
!
!
!
!
!
!
i
!
!

™. (Taitel)
0.5
0
0 0.5 1 15 2 2.5 3
Jg [M/s]

Figure6.2: Comparison ofhe computational superficial velocity ddtam the 40% forward
simulationto the Mishima & Ishii[24] and Taitel et al[27] flow regime maps. The image
show the state of the flow at the three labeled points on the map.

Figure6.2 shows that the progression of superficidbegy undergoes two different stagdhe
nortlogarithmic axes were chosen to better show the features of the develophiest.as the

Taylor bubble accelerates, the gas and liquid acceleration both increase together. As the bubble
begins to breakip, starting at point (b), the gas superficial velocity stagnatesven seems to

slow, as the liquid superficial velocity continues to iease.This lasts for only about 0.025
se®onds Once the bubble is fully broken apart the approximately even accefecatntinues, at

an elevated liquid flow rate, until the final flow condition is reached. The gas superficial velocity
stagnation is likely attributed to the increase in interfacial area that also isdteaskag force

on the gas phase. The additionagiforce on the gas pauses the average velocity of the gas. The
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drag would also increase the velocity of the

why the churn flow continues at a faster liquid flow rate. This sequence is an excellent
denonstration of a flow under transition and illustrates that the flow regime transition process
cannot be represented by a hard line. Similar to turbulent transition, there is a time when the flow
is neither slug nor churturbulent and exhibits different ahacteristic parameters.

The TKE encountered by theibble is important to the breakup of the bulasid it drives the
formation of interfacial instabilitied=igure 6.3 shows the liquid TKE at three different instances
in time; the liquid slug well before the break(gue line) the slug as the breakup is initiating
(green line) and the churturbulent flow(yellow and red lines)A TKE profile based n Moser

et al6 B] data is included to provide context relative to a typical single phase TKE profile.

0.6 ——Liquid Slug in Slug Flow
——Liquid Slug at Onset of Transitign
0.5 Early Churn-Turbulent

—— Late Churn-Turbulent
0.4 Moser et al.

TKE [rA/s?]
o
w

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007
Distance from Wall [m]

Figure6.3: TKE plots for three different instances in time in the 10lang forward flow as well
as single phase computational data from Moser. §]al

It is clearthatthe TKE peak is shifted inward compared to typical turbulent flow. As this shifted
TKE profile grows, more eddies, that are also more energetic, begiflitte with the interface.
Importantly, due to the shifted TKE peak, the most energetic eddies do not enter the liquid film

andinsteadcollide with the nose of the bubble. Eventually, the TKE is strong enough to form
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interfacial instabilities that bridgeéhe entire diameter of the pipe, breaking up the bubble. These

interfacial instabilitiesand their growth over timean be seem Figure6.4.

1 ——0.0 [sec]
z 09 ——0.1112 [sec]
<, 0.8 ——0.1244 [sec]
=07 ——0.1376 [sec]
206 0.1508 [sec]
L ——0.1640 [sec]
g0 —— Dumitrescu
iz 0.4
-% 0.3
g0.2
0.1
0

0 1 2 3 4 5 6
Distance from Bubble Nose [L/D]

Figure6.4: Interface profiles for different instances in time of thect@long forward
simulation.D u mi t r[425pofiléis also included.

Once churrturbulent flow is reachedhe TKE profile is completely changed. Agyure6.3
shows, the TKE near the wall decreases by nearly half while the TKE in the center of the pipe
increases. As acceleration continues this TKE profile shape is approximately maintained and
increses in magnitude. e interfacial area distributioalso undergoes a major change after
transitioning to churturbulent flow Slug flow exhibits very little interfacial area due to the entire
gas volume being contained in one bubble. Most of this inteifalocated near the wall. Churn
turbulent flow hagnany more interfaces that are distributed more evenly across the diameter of
the pipe Figure 6.5 shows the mean interfacial area concentratianeraged ovethe entire

domain of each flowregime
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Figure6.5: Interfacial area concentration for slug flow (blue line) and cturbulent flow (red
line).

As the bubble breaks down the interfacial area dramatically increases and $eumhemore
concentrated in the center of the pigeen with this sharp increase in interfacial area, large Sauter

mean diameters are still calculated in the center of theg pgoshowin Figure6.6.
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Figure6.6: Sauter nean diameter calculation for wim-turbulent flowat 0.221 sec

Close to the wall the Sauter mean diameter is calculated to be @nmyni before reaching

effectively zero at 0.\5nm from the wall
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6.1.2 Decelerating Flows

While in the churrturbulent regimehe pressure gradient was stepped back to the PO value and
the flow was allowed to naturally decelerakégure 6.7 shows how the interfacial velocities
progressed over time and how the progression compares to the Mishima[&4Fhind Taitel et

al. [27] flow regime maps.

s Mishima & Ishit (1984 i
------- Taitel et al. (1980) i
2™ ;

£, 1.5 Bubbly., Annular
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0 05 1 2 25 3

jo tris]

Figure6.7: Comparison ofhe computational superficial velocity data form the 4@¥erse
simulation to the Mishima & Ish[24] and Taitel et al[27] flow regime maps. The images
show he state of the flow at the folabeled points on the map.

The flow regime map is on a linear scale to provide more detail to how the superficial velocities
develop over timeSimilar to the forward transition, the@deratiorrateis notconstant over time

nor is it consistent bet ween phases. The gas
continues to slow. This occurs first when the small bubbles in the-timoment flow coalesce

with the larger struares to form a wavy gas coaed lasts about 0.063 s@dis is seen ifrigure

6.7 (a) and (b) and represents the transition out of ehwbulent flow to annular flow.
Coalescence reduces the amount of interfacial shear, meaning the gas is no longer pulling the
liquid, theefore slowing it. Additionally, even though the flow is decelerating on average, the
migration of gas to the faster moving center of the pipe causes the gas to maintain its. velocity

Between (b) and (c) the phases sld@wn together. The reason for thecead gas superficial

106



velocity stagnationoccurring between points (c) and (d) and laséibgut 0.1 seds not as clear

However, during this time period the annular flow experistiqaid waves thabccupy the entire

pipe cross section artdmporarilysegment the gas core. 8¢ebridges form because the TKIi

the liquidweakens enough to allow the surface tentiaeduce the interfacial area by forming a

more spherical interface shape. Since a sphere containwigtladl gas cannot be formed, instea

the gas column widens, making the liquid film thinner. As the film becomes thinner the gas core

can no longer extend along the entire pipe lengthen this bridge is forme@d pseudo nose and

wake from a Taylor bubble also exists. The fast moving aedgetic wake then pulls the nose

back into the core. Thisbagndf or t h may mai ntain the gasods vel
Also different from the forward transition, is the TKE development. This difference is caused

by the different void distribution. The forwatdnsition allowed the TKE in the slug to increase,

but in the reverse simulation there is no slug, only a liquid film. The TKE in the liquid film is what

determines if the gas core can continue to be supported or if a Taylor bubble is to be famed. A

Figure6.8 shows, the liquid TKE initially decreases rapidbyt after a little over 0.1 seconds, the

TKE only decreases slightly or remains constant.
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Figure6.8: TKE plots for different points in time for the Tbn long reverse flow. Computational
Data from Moser et aJ2] is included for reference.

This explains why annulaldw is maintained for so long, the TKE daest decay evenly in time

and thdiquid film TKE is strong enough to still overcome the surface tension force. The second
stagnationn gas velocityoccurs between the green and purple lindsgure6.8, where it is clear

the TKE is nearly constant throughottere the gas velocity may be maintained by the lower
interfacial drag formed by the smoother interface of the gas ledeeestingly the liquid TKE in

the decelerain is never as highear the wall as in the forward simulation. This suggests that the
TKE needed to breakupe Taylorbubble is larger than what is requir® maintaina single gas
column Therefore, as interfacial struce and TKE change over time, criteria for forming different
regimes arise, causing a new flow regime transition. Therefore, the flow regime transitions are
dependent on the initial condition and information regarding the time history may not determine
how the regimes develop in reverdeis time asymmetry is a novel observation in the field of
two-phase flow regime transitionhe theory discussed iSectionl.23.2 Theoretically Derived

Regime Boundariesnly ever considers one criterion for each flow regime boundHnis
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suggests that flow regime maps for decelerating flows or condensing flows may vary significantly

from their counterparts.
6.2 20% Void Fraction

In these simulations the forward flow is allowed to develop a single Taylor bubble. The Taylor
bubble interface is smooth and the liquid slug contains almost no turbulence. The slug is long
enough and the flow is slow enough tAi&E from the bubble wake dagsbefore reaching the
bubbl e and al most no turbulence is generated
is taken from a time step in the M1 mesh si mt
nearly completely broken apart. A slagstatic probe plane is placed in the domain for data
collection. The forward transition alone represents aB@unillion CPUhours. For a complete

set of images of both the forward and reverse simulatioAggendix CandAppendix E

6.2.1 Accelerating fows

This simulation also begins in slug flow, this time with a significantly longer liquid slug due to
the longer pipe, 26m, and lower void fraction, 20%. As was disse in Section 6.1.1
Accelerating Fows the turbulence in the wake played a major role in the breakup of the bubble.
This simulation was designed to test howttaastion differs when the wake is too far away from
the bubble to hava major effect on the bubbléigure6.9 shows the progression of the superficial

velocity for this simulation
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Figure6.9: Comparison ofthe computational superficial velocithatafrom the 20% forward

simulationto the Mishima & Ishii[24] and Taitel et al[27] flow regime mapsimages from
select momesstare also shown.

Jg [mi/s]

As is immediately clear when comparing the images to the tin@jnitial regime does not match
what was predicted by the maphdflow was predicted to be in the bullflow regime. This is
because the initial slug flow condition was artificially forced in the simulation by initializing the
gas as a single bubble. However, as the flow accelerates, the transition only occurg after th
superficial velocities cross into the region where Taitel.eeakon turbulent dispersion forces are
dominant in producing bubbly flow by preventing the bubbles from coalescing to form larger
structuresTaiteletalb s hypot hesi s tatbulenae Wil play aayitigad rele is the h a
breakup of this bubble. ABigure6.9 shows,despite the flow accelerating, no bubbles shear off
the tail before interfacial perturbations forfime breakup only begins once eddies begin to collide
with the interface. However, due to the required developtmaatfor the turbulence, the breakup

begins well after the superficial velocities have crosseditie defined by Taitel et al
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The turbulence that is colliding with the nose of the bubble is very close to a typical turbulent

TKE profile (seeFigure 6.10). Therefore this simulation is successful in isolating the effect of

wall generated turbulence on the breakup process.
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Figure6.10: The development of the TKE in the 20% fordi@imulation. Data from Mos¢2]

et al is included for reference to a typical turbulent TKE profile.

Figure6.10 shows that Moser et al. found the TKE in the bulk to be larger than what is measured

in these simulationsThe reason fothis is attributed tothe transition simulations forming

developing flow, meaning the TKE is doruously diffusing fom the wall to the bulk, making

this low bulk TKE expected. It is possible to see in the red likégoire6.10that the TKE sligtly

inward from the peak plateaus before decreasing towards the center. This is likely a bubble

induced contribution to the TKE. At this point in the simulation small bubbles are occupying the

liquid slug, at about a-8% void fraction These bubbles arelatively small and will therefore

collect near the wall, contributing to the TKE near the widl.thiswall concentrate@nergetic

turbulence collides with th&aylor bubble, interfacial perturbations are formed. Instantaneous

bubble interface profileare shown irFigure6.11.
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Figure6.11: Instartareots interface shapes for the 20% void fraction sittnorte Dumitrescu's
[42] profile is included for reference.

Due to the strongest turbulence being close to the wall, these perturbations are not able to break
the bubble up by bridging the full pipe diameter. Insteadpénirbatios propagate down the tail
of the bubble and cause small bubbles to shear off th&haikequirement for turbulence to induce
theshearing off of bubbles at the tail of a Taylor bubble is consistent with what Delfofl€G4l
observed experimentally. In the work, for Taylor bubbles in laminar flow, no bubbles would shear
off the wake until a certain length of Taylor bubltas reachedAfter this critical length, the
liquid film would naturallybecome turbulentausing interfacial perturbations.

This tail shearingorocess is significantly slowén completely breaking up the Taylor bubble
and no simulation reached an instance 1in tim
However, the simulation was considered to be approaching bubbly flow, and would likely have
reached it given enough computational resources to continue this ghe#riprocess.The
interfacial area concentration informatjoRigure 6.12, shows that interfaces are not most

concentrated in the center of the pipe like they were in the ¢hdwalent flow.
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Figure6.12: Interfacial area concentration information for slug flow (blue line)fagtly
bubbly slug flow (red line)n the 2@% void fraction flow.

This wall shifted interfacial area peak is consistent with bubbly flow behavior. Small bubbles
collect near the wall due to the lift force acting on them. In this flow the bubbles atby/$ligther

from the wall than would be expected, but this can be explained by the recirculation of bubbles in
the wake of the Taylor bubble as it breaks up. This recirculation flattens the distribution of bubbles
and only bubbles that escape the wake antér the slug will be able to reach the wall.
Additionally, a significant amount of interfacial area is still associated with the remaining body of
the Taylor bubble, whose interface is located at around 4ron%rom the wall. The Sauter mean
diameterfFigure6.13, alsoshows that close to the wall, mostly small bubbles exist and in the bulk

larger bubbles exist.
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Figure6.13. Sauter mean diameter information farbblyslug flowin the20% void fraction
flow (0.419 sec).

The Sauter mean diameter distribution in the liquid digure6.14 (left), shows that the bubbles
in the slug are smaller than the whole domain distribution. Additionally, the interfacial area
concentration in the liquid sludrigure 6.14 (right), has a prominent peak close to the wall, as

would be expected for bubbflow.
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Figure6.14: Sauter meadiameter(left) andInterfacial area concentratignght) distributions
for the liquid slug only in the bubbly slug flow condition at 0.419 sec ir2@4é void fraction
flow.
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Together, these profiles addition to visual analysis, suggest that the flapproaching bubbly

flow as breakup continues.
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6.2.2 Decelerating Flows

This simulation demonstrates the recombination of the bubbles that sheared off the Taylor
bubble to form a single bubble and return to slug flow. The flow was already fully tutrfnalien
time zero and by the end of the simulation almost all turbulence had decayed and smooth slug flow

existed. Superficial velocities for this flow are shawrrigure6.15.
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Figure6.15: Comparison othe computational superficial velocity data from the 2@%erse
simuldion to the Mishima & Ishi[24] and Taitel et al[27] flow regime maps. Images from
select moment are also shown

The superficial velocity progression is very similar to the forward transition and follows an
approximately consistent rate for both phases. Gii#bles slowly recoalesce over a long period

of time, tenths of seconds, and the interface of the Taylor bubble becomes smedtier a
turbulence decay3he competition between breakup and coalescence still exists, but coalescence

becomes dominant becsi the TKE is decayingnterestingly, the bubble shearing nearly
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completely stops once crossing the Taitel etié¢ distinguishing between bubbly flow where
turbulent dispersions forcese dominatingThis is shown irFigure6.15 (b) and (c).Since the
coalescence process is gradual and continuous, there is no point in time where the gas flow rate
diverges from the deceleration like in the 40% flows.

The TKE in this flow, showin Figure6.16, is also relatively predictable.
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Figure6.16. TKE plots for different times in the 20% decelerating flow. Data from Moser et al
is also included for reference.

The TKE level decreases over time and maintagsmilarity in shapdo TKE in a single phase

flow. The bubble becomes smooth before tindulence has fully decayed, showing how the
surface tension force is strong enough to completely damp low TKE before any perturbations in
the interface reach the tail to cause sheakivigen the liquid slug is still turbulent but the TKE is

too, no bubl# shearing at the tail occurs because the perturbations settle before reaching the tail
of the bubblelnstead, the bubble nose slightly elongates as the liquid film bedbrkerfrom

the turbulence entering the film
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6.3 Mechanismsfor Transition

This section will describe the mechanisms for the forward and reverse transitions and compare
how they are distinct. The key feature of each mechanism is the importancbubérnt kinetic
energy TKE was necessary for the flow regime transition to occurlifoelard simulationsand
its existence in the reverse simulations determined the coalescence rate and interface distribution
Two mechanisms have been identified for the transition out of slug flow:

1 Inthe D cmlongpipe the flow accelerates and the wake of the Taylor bubble begins to extend
until it reaches the nose thfe trailing bubbleTheturbulence in the liquid slug dramatically
increased by the contribution from the wake. This turbuleont&les with theTaylor bubble
nose, causing instabilities to form on the interface. ITIKE is high enough, these instabilities
grow to bridge the diameter of the pipe, breaking up the Taylor bubble. The vogliblely
distributes itself along the length of the @ipntil a uniform axial profile is reachedd churn
turbulent flow exists This mechanism requires an inward shifted TKE peak that is very
energetic.

1 Inthe 20cmlong pipe, urbulence in the liquid slug collides with the Taylor bubble and forms
interfacil instabilities. The perturbations propagate down the bubble until they reach the tail.
The perturbations are smaller than the diameter of the pipe and do not bridge the width of the
bubble. The shear force of the liquid film on the interface continupsitdahe perturbation
until it detaches from the bubble entirely, depositing the dawghtebubble in the wake of
the Taylor bubble. When sufficient energy is being transferred to the interface, the shearing of
bubbles at the tail becomes rapid enowgtiminish the volume of the Taylor bubble, causing

the void to be evenly distributed along the length of the, popming bubbly flow This process
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is similar to what was discussed by Del{@d0] and Delfos et al[109]. The TKE profile

observed during this mechanism was close to what is expected fornagle turbulent flow.
Both processes rely on turbulence to initiate the transiéiod, it is clear that the void fraction
plays an importantole when determining how the interfacial structure develops over Tihee.
distinction is the liquid slug s t u rirbtiiel 1@cm lorey pipe took on a different distribution
due to the wakeds si gaonlongpipethetiquid gdgistlong enaughitoo n . I
develop a more typical turbulent pipe flow TKE profile.

In contrast, the reverse simulations begin in fully turbulent flowsorder for a reverse
transition to occur, this turbulence needed to decay to allow coalescence to become dominant over
breakup.Based on a visual analysis of the simulations, a flow regime transition &wejsa
directly reversible proces#\s the 20cm long pipe flow slowed, the coalescence on the bubble
closely resembled the breakup process in reverse. However, tmlégpi pedés decel er
was distinctly different from the acceleration. These mechanisms for reverse transition are
described afllows:

1 As the flow inthe 10cm long pipe decelerateshe small bubbles quickly coalesce with the
larger structures in the chutarbulent regimeThe turbulence rapidlgiecaysn the center of

the pipe.Thefast decay of liquidurbulence in the centes mostly due to the lack of liquid in

the center due to the collection of gas théiee turbulence that remains on the periphery of

the pipe continues to decay but at a slower rate. This is seen by the smooth iatenigtke

gas core that has formdde to the coalescencEhe surface tensionim®t yetable to overcome

the tubulence close to the wall and the gas is pushed to the center, forming a column of gas.

A transition to annular flow has occurrddquid waves and ligaments forand periodichy

make the gas core discontinuous, forming what seems to be an elongated Taylor bubble.
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However the new nose that was creatsdjuickly pulled back into the gas core by the low
pressure zone in front of it, making it continuous agkwentually, the urbulence on the
periphery can no longer continue gash the gas core away from the waHdusing the gas
col umnoés r d&dentuallythé lmuidgridges the pipégrming a Taylor bubbland
concluding the deceleration in the slug regiribis smulation underwent two transitions,
churnturbulent to annular and then annular to slligis transition path is not described by
flow regime maps. Transitions from cheturbulent to annular are not known to be caused by
a decrease in flow rates. Typigalhnnular is considered to be a high flow rate regime.

1 Inthe 20cmlongpipe the deceleration closely resembled the forward simulation. As the flow
began to slow the breakup rate at the tail from interfacial shearing also slowed. Recoalescence
of bubblesat the tail (from gas entrained in the wake colliding with the tail) and in the film
(from bubbles in the liquid slug entering the film) began to overcome the breakup and the
Taylor bubble grew in size. As the turbulence decayed fyrtherinterfacial prturbations
disappeared, ceasing the shearing of bubbles off the tail. The simulation was concluded with a
steady slug flow regime.

In both cases, the reverse mechanisms are similar to their forward counterparts in that the time

scales for the formatiorf @ new regime. The 40% void fraction flow suddenly forms annular and

eventually slug flow once a nose forms. The 20% void fraction flow gradually coalesces the
smaller bubbles to form a single Taylor bubble. Additionaliyilar to the forward transitics)
turbulence was important to the interfacial structures that were formed.

The void fraction played an important role with how the turbulence interacted with the interface.

In the 20cm long pipe the void was dispersed sparsely enough to allow the tidygbble to

continue to accumulate volume and grow into one Taylor buBbl&KE entering the liquid film
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weakened, the bubble could grow in radius and shorten in length. Instead of a Taylor bubble

forming in the 1@mlong pipe, a gas core was formed hase the TKE in thpotentialfilm was

still too strong for surface tension to overcome. Only when the TKE decayed enough could the

bubble widen and form a nose and tail.

Figure6.17 shows theprogression of interfacial area and superficial velocitiegémh pair of

forward and reverse simulatians
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Figure6.17: Interfacial area and superficial velocity information.

2.5

The forward and reverse 20% void fraction simulations appear nearly identical in these plots. Both

are characterized by nearly identical superficial velocity paths and the interfacial area each have

one dramatic risel/ fal

whose

concl

usi

on

mat c he

interfacial shearing mechanism appears to be a reversible probessubbles simply coalesce

once the turbulence begins to decBye interfacial area in the 40% void cases are clearly different

at the initiation of the acceleration and conclusion of the decelerdin@nsuperficial velocities

also do not follow identical paths and diverge in two instances. These differencescate/mof

the different flomregime paths taken in each flow and that the interfacial instability mechanism is

not reversible. This irreversibility is likely due to the lack of large TKE in the bulk of the flow to
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segment the gas core. In the forward $raon the TKE from the wake provided this centered TKE
peak but in the reverse the centered gas core and decay of turbulence lead to no large centered
TKE peak éeeFigure6.8). Thereforethe gas core remains stable d&odns annular flow as the

interface smoothens and coalescence occurs.

6.3.1 Interfacial Instability

The interfacial instability mechanism occurs at the nose of the bubble and leeslskigpldue
to the Taylor bubble being segmented by the large interface waves that are on the scale of the pipe
diameter. Due to theenter shiftedTKE peak, interfacial waves, or instabilities, are allowed to
grow until they collapse the bubble. This preges very sudden, taking only 0.03 seconds, because
a large amount of energy is being transferred to the main body of the bubble very suddenly (once
the wake extends to the bubble). The large energy transfer at the nose implies that the turbulence
in thisregion should be decaying relatively quickly, compared to the rest of the liquid film. Using
the Qcriterion to visualize the turbulence would help back up this cl@keriterion is a means

of visualizing eddies and is defined by the followjad1].

. P D T6OT 60T 60 165 105 10°
= plLovtovido Lo Lo Lt 6.1
bocee de C e de To To To (

¢ is the vorticity tensor anﬂ rate of strain tensof.o support théypothesis that this mechanism

drives breakup from the nose, thecterion should show many eddies at the nose of the bubble,

followed by a quick decay into the liquid filfrigure6.18 (top) shows exacyl what is expected.
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Figure6.18: Q-criterioniso-contourvisualization in the 1@m long pipefor the same instance in
time. Thecontoursare colored by the streamwise velocity.

There is a dramatic decrease in the number of eddies seen in the liquid film compared to those in
the wake and near the nose of the bubble. The conclusion is that the nose of the bubble is absorbing
the TKE, which provides the energy to cause the intafatstabilities, decaying the turbulence

and breaking up the bubbleigure 6.18 (bottom) also reinforces the inward shifted TKE peak
visible from themany small (high energy) eddidgtexist far from the wall.

It is reasonable to conclude the TKE provides the energy for the breakup of the bubble.
However, a vehicle for the transport of energy from the liquid TKE to the interface has not been
proposedLooking ata single small piece of interface, a velocity gradient exists between the liquid
and the interface/ery close to the interface the liquid and interfaceethe same velocity, and
the velocity gradient can be broken into interface paralikimterface perpendicular components

Theperpendiculacomponents manifests in movement of the interface anshttadlelcomponent
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is the interfacial sheaAs an eddy approaches and then collides with the interflageotation

and movementsf the liquid causes the velocityradientto change The change in the velocity
gradientknocksthe surface tension anelocity gradient induced foraaut of balance. The surface
tension tries to regain balance by deforming the bubblereating smaller bubblesitiv higher
curvature and therefore larger surface tension foiidas deformatiorand breakupakes energy,

the exact quantity of which issgendent on the surface tensidhis energy comefsom the eddy,
thereby decaying the TKE. Following this logibeteddy transfers its energy to the interface
through the interfacial shear. To help confirm this hypothesis, the interfacial shear information was
extracted from the 40% void fraction forward simulation at different time .stéys interfacial

shear infomationis presente¢h Figure6.19.
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Figure6.19: Interfacial shear information for thiterfacialinstability mechanismn forward
simulation.

In Figure6.19the yellow line corresponds to a time just before the flow transitions and the red
line is when the flow is in the chutnrbulent regime. fie interfacial shear begins low and smooth
across the length of the bubbles. Howetlez shear quickly increases and magnitude of the shear

begins tovary along the length of the bubble. These variations are caused by the turbulence
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entering the liquid fm, forming different gradients at the interfad® better understand how the

interfacial shear is changing relative to the TKE and interfacial Hrepare plotted over time in

Figure6.20.
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Figure6.20: Numerical data regarding the interface and TKE for the interfaxgtdbility
mechanism in the forward transition.

Note that inFigure6.20 the interfacial shear is both area averaged and integrated over the Taylor
bubble area to calculate a mean interfacial shear and totdghaméshear force (defined below),
respectively.

°  tab (62)

"0 is the interfacial shear force aridis the interfacial sheastress The interfacial shear and
interfacial area follow eaabther nedy perfectly and the TKE also inases during the transition.

The increase in TKE stalls once the interfacial area and shear values begin their sharp increase.
Even though the flow continues to accelerate, implying the TKE would also increasEKXE
plateaus. This may be because the TKE is continually donating energy to the interface to cause
breakup and form new interfaces, via the interfacial shiéartrends observed Figure6.20 back

the hypothesis that energy is being transferred from TKE to the interface via the interfacial shear.
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The reverse simulation for this mechanism also demonstifagerelationship between the

interfacial areand shear. FirsFigure6.21 showsthe interfacial shear during the simulation.
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Figure6.21: Interfacial shear information for the interfacial instability mechanism iarsev
simulation.

The interfacial shear quickly decreases but reaches an approximately constaoheedumular
flow is formed Figure6.22 shows that as this plateau in interfacial shear is occurring, a plateau in

interfacial arealso occurs
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Figure6.22: Numerical data regarding the interface and TKE for the interfacial instability
mechanim in the reverse transition.
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Comparing toFigure 6.20 makes it clear that the plateau does not occur asaheinterfacial

shear, area, or TKialuesthat the forward transition started at. This sugggestew condition has

been reached, showing an asymmetry in tiffe reason for this time asymmetry is possibly the
source of the turbulence in the flow. In the forward transition the primary source was the wake,
but in the reverse there is no wake, making the primary source the wall. The wall generated
turbulence is dser to the turbulence observed in the bubble shearing mechanism. However, there
is no tail to shear bubbles off so the turbulence promotes a thicker liquid film and extends the gas
length of the pipeThe sustained high TKE and interfacial shear alsoagxplwhy he flow can
support a gas core for so lonthese forces continue to promote more interfaces and push the

interfaces away from the concentration of TKE, which is at the wall.

6.3.2 Bubble Sheaing

The bubbleshear mechanisrmaccursat the tail ofthe bubble, where the shearing is pulling
bubbles off the liquid. As discussed, this shearing off of bubbles occurs because turbulence in the
liquid film is transferring energy to the interfatieat manifest asnterfacial disturbances, or
perturbations. esumably, the transfer of energy from the turbulence, to the interface does not
occur suddenly in liquid film, but rather gradually. By this logic, the visualization of ttr&€pion
should show that eddies disappear at approximately an even ratefilmtigince the decay of
turbulence in the film is a gradual process whose culmination comes at the tail of the bubble, the
Q-criterion should show the eddies evenly diminish along the length of the buhglee6.23

(top) shows that this expectation is consistent with what is observed in the simulation
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Figure6.23: Q-criterion isecontour visualizatiofrom a side and front view of the same instance
in time. Thecontoursare colored by the streamwise velocity.

Figure 6.23 (bottom) also shows the-Qiterion from a front side view of the bubble to further
reinforce the turbulencebds di sThd btuutri bbwl, e nuhd &c:
interfacial perturbations force the transition to be bottlenecked by how quickly bubbles can be torn
off the tail of the Taylor bubble. Understandably, this mechanism takes significantly longer,
upwards of 0.3 seconds.

The next conern isthe mechanism(sthat transfer the energy from the turbulence, to the
interface. The hypothesis is the interfacial shear drives this energy transfer. For this mechanism, if

this hypothesis is correct, the interfacial shear should be approximatedy algng the entire
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liquid film lengthat any given instance in tinvéhen the shearing is occurrifggure6.24 shows

that this is true once turbulemdoes start entering the liquid film
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Figure6.24: Interfacial shear along the bubble in thébble shearinghechanism.

Randm turbulent fluctuationsause instantaneous peaks and vallbys no obviousustained
local maxima or minimalong the length of the bubblé is difficult to discern due to the
fluctuations, but the mean interfacial shear is continuously increasing as the flow accélbraites
is shown inFigure 6.25, which provides the calculated mean interfacial shear, total interfacial

shear force, mean TKE, and total interfacial area.
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Figure6.25. Numerical data regarding the interface and TKE forbthigbleshearing mechanism
in the forward transition

The constant growth of TKE leads to more energetic eddies colliding with the bubble, prompting
larger and largerhearing.However, despite the interfacial shear increasing, the total shear force
on the bubble does not continue increasirtgs is seen between 0.25 and 0.4 seconds where the
shear force remains approximately const@ihe breakup of the Taylor bubblesans the bubble

is getting shorter, providing thieterfacialshear with a smaller working area. At a certain point in

time, the energy transfer through the shear force becomes approximately constant while the
interfacial areaand TKESstill increases. Thisuggestgshat TKE must be committed to not only
breaking up the bubble but also preventing recoalescernhbe.lbfibble absorbed all the turbulence

then the bubbles would simply coalesce to either form a new Taylor bubble or conserve the already
existingone. The turbulent dispersion forces in the liquid slug are critiatispersing the bubble,

and as more bubbles exist in the slug, the stronger these forces must be to continue the flow regime
transition.Additionally, during this time period of constanterfacial shear force, the interfacial

area generation slows or even plateaus. The plateau suggests that total interfacial shear force is a
better predictor for the breakup rate of the Taylor bubble than the shear force. The TKE can only

commit so muchenergy to the Taylor bubble given its shorter length and to preventing the
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coalescence of smaller bubbles. Therefore, during this time period the breakup of the Taylor
bubble, which has reached a constant rate due to the constant shear force, is nyatobbed b
coalescence of smaller bubbles. This balance of breakup and coalescence maintains a constant
interfacial area. The interfacial shear and interfacial shear forcktogacrease further before
additional breakup can occwinally, when comparing thignal conditions for both the forward
transitions, the interfacial area and mean interfacial shear are approximatelyespité the
flows visually being completely different. Th
apart the bubble

Unfortunately, the simulation was approaching its final flow rates, meaning the TKE would not
increase further. Therefore, a new pressure gradient was chosen to begin a new acceleration time
period. Due to the limited computational resources this simulati@asrun for only 0.0225
seconds. However, during this short time period, because of how fast the flow is, just over one half
liquid flow through of the 2@mlongpipe is achieved. However, during this time petloel TKE
increasedo 0.305 MYs? (23.1% larged) and the interfacial shedecreasedo 0.977 N/n? (25.3%
smalle). The total shear force remained approximately constant at the plateau value observed in
Figure6.25(0.0018 N)This results in the interfacial area being 0.0121a116.2% increasd his
short additional pressure gradient jump provides further evidence to the competition between
breakup and coalescence that is determined by anefar of energy from liquid to gas by the
interfacial shearAdditionally, the numbers also bolster the idea that there is a maximum energy
transfer rate that is capable across the interface. Even though the TKE significantly ththease
interfacial skear decreased, meanilggsenergy is being transferred to the interface. Despite this
the interfacial area still increased because the shear is still sufficient to breakup the bubble and the

additional turbulence can support more new interfaces.
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The revesesimulation of the interfacial shearing mechanism follows a very similar pattern to
the forward. Initially, the interfacial shear profilésgure6.26, arechaotic due to the turbulence

and everenergytransferacross the length of the Taylor bubble.
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Figure6.26: Interfacial shear profiles for theverse of the shearing mechanism

Over time the shear decreases and eventually becomes constant once the turbulence is nearly
completely decayed. The progression of the interfacial area, shear, and shear force, and the TKE

are shown irFigure6.27
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Figure6.27: Numerical data regarding the interface and TKE for the interfacial shearing
mechanism in theeversedransition.
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Figure 6.27 only provides further support of the turbulence being the energy supplier, via the
interfacial shear. From the start all the parameterslecaying, and the interfacial area seems to
respond the slowesthis suggest the interfacial area is responding to the change in TKE and
interfacial shear rather than the deceleratieven after 0.5 secongdihe interfacial area is still
decreasing morthan the other parameters. This is because thedntarshear has decreased to
thepoint where no bubble shearing is occurrie Taylor bubble can then begin to accumulate
volume by coalescing with the small bubbles, decreasing the total intedesdalmportant to
note is that the parameters are approaching those at the initial state of the forward transition for
this flow. This is distinctly different from the instability mechanism and shows how shearing
mechanism is reversible.
6.3.3 Summary

Two mechanisms for flow regime transition have been observed, interfacial instability and
bubble shearing. These mechanisms drive the transition in both the accelerating and decelerating
flows but do not necessarily have a time symmatmganing they are naimply the opposite
transition in reverseBoth mechanismsra triggeredoy high TKE colliding with the interface of
the bubble and energy being transferred to the interface, causing breakup, through interfacial
shearingWhat differs between the mechansi where the strongest TKE exists relative to the
interface and therefore where the TKE deposits its energy on the intebfaspite the different
TKE profiles and resulting flow regimethe relationship between TKE, interfacial shear, and
interfacialarea was consistent across all the simulations. This reveals the underlying physics for
these transitions. The time asymmetry arises becausedetredopment of liquid TKE can be
different depending on the location of the interfaces at the initiatioredfdhsient. The different

TKE development then changes the interfacial shear and interfacial area, producing a new regime.
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6.4 Separate Effects Tests

An advantage of DNS is its ability to complete separate effects tests that experiments are not
capable operforming. Experiments rely on using real world fluids and are limited to the physical
parameters of those fluids. Careful choice of working fluids and proper dimensional analysis can
allow experimentalists to quantify the effect a single parametermaseosystem, but it is not
alwaysa straight forward or possible tagspecially for twephase flowsIin DNS, changing one
parameter is simply a matter of changing the input value provided by the user. This section will
discuss two separate effects te#te gas viscosity and surface tension.

6.4.1 Gas Viscosity

The viscosity of the gas was hypothesized to be an important contributing factor to the flow
regime transition process. As viscosity approaches infinity the Taylor bubble becomes a solid,
meaningthe interfacial shear would be less effective at shearing off bubbles. Additionally,
interfacial shear, as was showrSaction3.2.1 Interfacial Sheamay affect theas recirculation
flow and interfacial shear strongly enough to change the flow regime transition process. In this
study one additional case was run. All other fluid properties were kept the same (0.071 N/m surface
tension) but the 20 ciong pipe, with M1, was run with BWR realistic gas viscosity (1.858E
[kg/m-s]). This is about 20 times less than previous simulations (2-83B&m-s]). To track this
simulation over time, and compare it to the high gas viscosity case, the total interfacial area was
recorded at different time steps. The interfacial area is a measurement of how effective the
shear/turbulence is at perturbing the Taylor bubble and shearing off smaller bEfhles6.28

shows the interfacial area information for these two cases.
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Figure6.28: Comparison othe total interfacial area of the two gas viscosity cases over time.
Time is in reference to when the pressure gradient was increased.

Because the wall generates most of the turbulence encountered by the bubble, as shown earlier,
there is no reason to b@le the bubble should be encountering significantly different turbulence
over time. Therefore, any difference in the interfacial area over time would be because the gas
viscosity made the turbulence less/more effective at breaking up the bubble. The &VNR ¢
viscosity case was not run to the same time as the higher viscosity case;igutes28 shows,

the interfacial area progression is nearly identi€hls suggestthe liquid momentum makes the

gas momentum insignificant. It is expected that for extremely high gas viscosity the interfacial
area over time would be different, but these gas viscosities are not relevant to BWRs. Additionally,

the liquid sde interfacial shear over time was simi&rgure6.29).
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Figure6.29: The interfacial shear profile over time for the BWR gas viscosity and high gas
viscosity simulations. The time refers to time since the pressure gradient was increased.

Figure 6.29 shows there is initially a difference in the magnitude of the shear. The BWR gas
viscosity case shows the shear is higher before the acceleration but afterwards this switches and
the BWR viscosity case has a lower shear. &dltw accelerates and turbulence begins to collide
with the interface, any difference is in the instantaneous fluctuations. Given the large difference in
the simulated gas viscosity tests, the effect it has on the flow regime transition was concluded to
be minimal. The factor of 20 change in gas viscosity has also not appeared to change the resolution
requirements on interfacial shear appreciably either.
6.4.2 Surface Tension

Having proposed where the energy for the flow regime transition comes from anthdno
energy transfer occurs, the need to determine how much energy is needed for the transition arose.
Due to the surface tension being responsible for holding the bubble together, it was theorized that
surface tension also dictates how much energy idateé& break up the bubble. Researchers
looking at bubble and droplet breakup have made similar c[Aih2} Two new simulations, each
with different surface tension values, were run. The two surface tension values chosg@23:re
and 0.014 N/m. The latter is the surface tension at BWR conditions and the foraer is
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intermediate value between BWR and atmospheric conditions. These simulations used M1 in the
20 cmlongpipe.Looking back afrable4.8, these new surface tension values significantly increase

the Weber and E6tvds numbers, making the surface tension even less significant for the Taylor
bubble.As was expectedsmaller magnitud perturbations were observed in the interfaces and
these Taylor bubbles were sheared apart sooner after the acceleration than in the 0.071 N/m surface
tension simulation. Images from each simulation are showigure6.30 (0.014 N/m is left and

0.023 N/m is right).
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Figure6.30: Images of the two lower surface tension simulations. Time refers to time since the
pressure gradient was increased. Different streamwise velocity scales are used to better show

detail in each simulation.

137



Note that in both simulations the interfaces becemeomplex that the code had difficulty solving

the level set field while maintaining reasonable time step sizes. Therefore, the simulations were
stopped soon after the last images showFignre6.30. It was assumed that the bubble would be

torn apart, inducing a flow regime transition, if the flow were allowed to continue at these
conditions. This is a risky assumption but reasonable considering how weak the surface tension is.
As Figure6.30 shows, both bubbles do not last as long as the atmospheric surface tension case. As
was expected, the bubble with the larger surface tension also lasts $tiggdy than the BWR

surface tension bubble. Comparing the TKE in each of the three simulations just before breakup

givesFigure6.31.
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Figure6.31: TKE profiles for the three different surface tension cases in the 20ngpipe.
The top image shows the TKE magnitude and the bottom shows the normalized TKE. Data from
Moser et al[2] is also included for reference.
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It is clear that the necessary TKE magnitude just before the transition correlates with the surface
tension. These results support the idea that surface tension determines the critical energy in the
liquid and thasurface tension can be used to predict how energetic the liquid need¥\there.
the TKE profiles are nodimensionalized by thequare of thdriction velocity, the collapse to
the same shape. This result indicates the different surface tensions tadterimg the turbulence
in the liquid slugand that each bubble was encountering the same liquid turbulence

To explore what kind of relationship exists between the surface tension and the mean TKE

value,Figure6.32 plots these two values.
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Figure6.32: A plot showing the relationship between the surface tension and the mean TKE
value just before the flow regime transition occurs. The data point colors correspond to the colors
in Figure6.31.

The mean TKE is an area averaged calculation from plots simifagtoe6.31. From only three

data points it is difficult to exact a trend line. However, as surface tension continues to increase,
the bubble becomes, essentially, a rigid bullet of gas. At nearly infinite surface tension no level of
TKE would be able to break the bubble apart. As the surface tension approachbs beituble

would fall apart simply due to shear on the interface. The flow could be laminar and the Taylor
bubble would break up. This suggests the trend line should hit zero at someramurface
tension. Therefore, a linear relationship is not likElgr now, no trend line was created, and more

data points are necessary.
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When looking at the interfacial shear between these three simulations, the profiles are not

significantlydifferent Figure6.33).
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Figure6.33: A plot showing the interfacial shear profiles for the three simulations with different
surface tension values. Time refers to time since the pressure gradient was increased.

There is some variability between each profile but this numerical data is fsorgla time step,

So variation is expected. The important point to note is that bubble shearing begins at different
times after the flow is accelerated. This is visibl&igure6.30 andAppendix G where the three
simulations have different numbers of bubbles being sheared off the tail at the same time in the
simulaton. Additionally, the largest interfacial shear value is at the tail of the bubble. As discussed
earlier, this is a characteristic of the bubble shearing process. Using this knowledge, the method
bubble shearing process can be fully described over timeflév accelerates, increasing the
energy in the liquid. The liquid then imparts some of this energy to the Taylor bubble by
performing shear work on the interface. This shear work is not strongly dependent on the surface

tension, meaning at different ptsnin time each Taylor bubble will begin to be torn apart. As
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turbulence begins to form in the liquid, the perturbed interface and even higher interfacial shear

enhance the bubble shearing process.
6.5 Flow Regime Transition Criterion

This section dedicasea preliminary effort to developing a flow regime transition criterion that
is not dependent on geometry, fluid, femature, opressure. Instead, using the knowledge of
turbulence being an important factor in overcoming the surface tension of theshubbidical
turbulence level for breakup will be discussed and presented. This effort does not claim to be a
perfect predictor for twgphase flow regime transitions but rather illustrates the potential for DNS
data to provide insight into the phenometioat experiments have not yet allowed for.
6.5.1 Formulating the Criterion

So far, observations suggest turbulence is necessary for initiating a flow regime transition out
of slug flow. Additionally, the turbulence must decay before bubbles in higher flow rate regimes,
like churrturbulent or turbulent bubbly flow, can coaleseédrm annular or slug flow. Therefore,
the twophase flow regime transition criteria will be formulated assuming turbulence is necessary.
To create a criterion that can be used to determine when a trargiti of slug flow is expected,
a method to quaify the necessary TKE that accounts for the surface tension is necessary
Historically, a property known asigace energyas been used to determine when a small bubble
or droplet will be broken into two daughter bubbles/drofdlei®]. Surface energy is defined: as

O 0, (6.3)

where0 is the interfacial area his definition makes it clear that craajimore interfacial area
(brealup) requires energy to be added to the interface, and removing interfacial area (coalescence)
takes awagnergy from the interface. Therefore, the bubble will naturally tend to the most stable

condition, the least interfacial area, if allowed to. To preaesystem from reaching its most stable
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condition energy must be continuously added to prevent coalescence. For a small bubble, the
lowest energy state is a sphere. To break a spherical bubble apart into two smaller spheres of equal
diameter would requér energy equal to the difference in surface energy between the two

conditions:
YO ° ¢ — i, (6.4)

wherei is the radius of the initial bubble. A similar concept can be applied to a Taylor bubble.
The lowest energy state is the slug flow before the pressure gradient was indksabedilow
accelerates, more energy is created along with more interfacial Fagese 6.34 plots the
interfacial area and area averaged TKE over time, showing how in almost all flows, the change in

TKE occurs before the interfacial area changes.
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Figure6.34: Interfacial area and area averaged TKE over time for the STP surface tension
simulations.

Even though the interfacial area may still be increasiggificantly in Figure6.34, especially in
the forward 1@&m long domain, the transitions have already occubrgdhe last interfacial area
measurement he numerical data taken from the two additional surface tension simulations shows

the same trend, but the interfacial area changes faster due to the weak surface tension requiring
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less energy to add new interfacegure6.35 shows howthere appears to be a linear relationship
with a slope approximately equal to ometween thenterfacialarea and th KE when it is

converted to joules.
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Figure6.35: Depiction ofthe relationship between the surface energy and TKE when the flows
are transitiaing in the forward simulationdrend lineequation is shown.

TKE®6 s umf/# meaniagrit must bieanslated to Joules by multiplying by mass of the liquid.
To do so the volume of the liquid film was integrated and multiplied by the denseyiquid
filmés volume was chosen, rather than the ent
where the energy transfer between the liquid and interface occurs. The liquid in the slug only
interacts with the interface once it estre liquid film. Additionally, the TKE is integrated across
the entire diameter of the pipe because using a single, Yakupeak TKE for example, would not
be representativéJsing this informationthe energy needed to create these interfa@s, hand
therefore cause a twghase flow regime transition, can be calculated from:

YO o) o (6.5)
whered s the interfacial area after the flow regime transition@nd is the interfacial area
of the slug flow. Using the fodlow regime transitiorsimulatiors, a mearY% o® o

can be calculated. Turbulence, surface tension, and interfacial area are the key components of the
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mechanisms for flow regime transition and. E®.5 ) only takes these into account, making it
universal and also more fundamental than flow regime mftigs criteria is accurate, the TKE
during the flow regime transition should &égualto, or larger than, this valu€able6.1 compares
thepredictedY% and TKE values for each simulation

Table6.1: Calculated critical energy forflow regime transition compaalé¢o the TKE during
the transition.

Y% [mJ] TKE [mJ]
8 = 0.071 [ N/ f 0.627 0.849
a 0.071 [ N/ 1 0.627 0.709
8 = 0.023 [ N/ f 0.204 0.295
8 = 0.014 [ N/ 1 0.124 0.203

TheY% from Eq. (6.5) is close to the TKE in all simulations. This is particularly interesting
because the 10 cm long pipe underwent a trangiliiberent from that in the 26m long pipe,
demonstrating its univeal applicability.

It is not expected that this criterion will be perfect as it is based on a limited number of virtual
experiments. However, it does represent a preliminary effort to describe flow regime transitions
using physical phenomena and witholatf regime maps, correlations, or condition dependent
properties. The relationship between TKE and interfacial area described by this section also allows
researchers to better describe the gradual transition from one regime to another as more interfaces
are created. This development of interfacial area is more accurate to the transition from one regime

to another compared to the hard lines put forth by flow regime maps.

6.5.2 Testing the Criterion
To test the validity of this criterion two simulations wedesigned such that the expected TKE

was below the critical value, meaning no transition is expected. The two TKE levels used a

multiplication coefficient of8—ﬁ h

8 8
and , compared to the——"— presented
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previously.To maintain computational affordability these simulations used M1 Ythevalues,
extracted after completing the simulations, were about 2.6 and 3.1, meaning, by traditional
standards, they are under resolved. Howeherpurpose of this test was notproduce accurate
turbulence levels but to test if the flow will undergo transition for a desired TKE level. With this

in mind the test was performethe flows were extracted at points in time during the acceleration
wherethe TKE approximately equalede desiredevels. A pressure gradient that would produce

the desired turbulence level was calculated and the flow was allowed to develop over the course
of at least three flow throughs, or 40 pipe diameter lengtgure6.36 shows the TKE profiles in

both simulations for their last two flow throwugh

0.4
—— 2.5 factor, 2nd to last flow throug
0.35 —— 2.5 factor, last flow through
0.3 ——3.2 factor, 2nd to last flow throug
' —— 3.2 factor, last flow through

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007
Distance from Wall [m]

Figure6.36: TKE plots for the last two flow throughs in the criterion testing simulations.

As can be seen, the TKE is no longer appreciably changing between flow throughs, and the
differences can be attributed to sampling uncertainty. Therefore, the flow was cedisabe at
a statistically steady state. Calculating #wtualmultiplication factos, 2.8 and 3.5reveals the
TKE levels in both simulations were both slightly higher than expdmiedtill under the critical

value As seen irFFigure6.37 both simulations remain in slug flow in the last time step

145



Figu37: Images te last two flow togfh s testing the flow regime
transition simulation. (a) and (b) are the 2.5 factor simulation and (c) and (d) are the 3.2 factor
simulation.

There is a significant amount of gas that has broken off élyombubble and been redistributed
in the wake and liquid slug, especially in the faster flow simulatiogufe 6.37 (c) and (d).
However, even thiwith void redistribution slug flow persists, indicating the transition criterion is
still valid. Additional testing is neededrefine the criterion and analyze its application in different

geometries, fluids, etc.
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CHAPTER 7. CONCLUSIONS
The foundationfor simulating twephase flow regime transitions uginnterfacecapturing
methods has bedaid out.The studies performed in this work developed an understanding of what
phenomena must be properly resolved in order to capture the physicspiide® fbw regime
transitions.The two fluids are coupled together by their interaction with the interface, making the
interfacial shear a new consideration for computational resolutiowas shown that fully
resolving twephase flow can require a vastly finemgputational mesh due to the importance of
obtaining accurate interfacial shear calculation. A meshing requiremerst proposed for
designing flow regime transition simulations. This requirement is determined from the most
limiting conditionof three diffeent factors:
1 Resolving the smallésexpected bubbles by at least ddmputational pointscross the
shortest dimension
1 Fully resolving the bubbkinduced turbulence using interfacial shear to calcMéteunits
from both sides of the interfac@he sandard DNS condition o¥®w  p c¢is thereby
applied to the bulk medlsing the more stringent of the calculations
1 Maintaining at least 6 computational points across the liquid film of a Taylor bubble
1 PHASTA can accurately capture the thin liquid filmidesye phenomenon even without
mesh sizes on the fractions of micrometer scale.
Although this resolution requirement was developed with flow regime transition simulations in
mind, it is broadly applicable to any interface resolved phase flow simulation.
A validation hierarchy for twghase flow regime transitions was proposed. This hierarchy fully
describes the maja@omponent®f flow regime transitions and wheapabilities ar@ecessary to

validate a code for twphase flow regime transitions. Five new components of the hierarchy were
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tackled andthe results continue to support PHASTA assaful tool for this applicatiorf-or the
first time PHASTA was shown to be able to eaaptmultiple twephase phenomena:

1 The thin film, and its donut shap@at formsbetween a buoyancy driven bubhbled afree
surface. A computational mesh matching the experimentally measured fraction of
micrometer thickness of the film was not necessary.

1 Bubble deformation in a simple shear field

1 Taylor bubble induced wake structure

fChunt ur bul ent interfaci al area concentratio
coalescence property

Additional work needs to be done in order to complete the higrardipreliminary resultsio not
raise concern

First of their kind simulations were designed and run. These simulations represent a first effort
i n using Avirtual e X per i mephases flow tegme dransitiory z e t
phenomena. In theseofis the fluids were both accelerated and decelerated to observe the
development and analyze their mechanisms for transition. Two mechanisms for transition were
identified, interfacial instability and bubble shearing. The flows showed that these meclagisms
not necessarily reversible, as the interfacial instability mechanism traediffom slug to churn
turbulent flow in the acceleration and chdunbulent to annular and eventually to slug in the
decelerationThis observation has never been madeseitbmputationally or experimentallijhe
relationship between TKE anithe breakup of th&aylor bubble was demonstrateahd the
interfacial sheawasproposed athe vehicle fothe transfer of energy from TKE to the interface.
Using this knowledge a flowegime transition criterion was proposed and supported through two

tests.
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CHAPTER 8. FUTURE WORK

This work has provided the foundation for future computational flow regime transition research
by defining the important considerations that must be taken into account befétmegtecale
simulations are performed. The analysis in this work also higfielcty significant physical
phenomena relating to the transitiombis novel research has opened the door to future research
involving Avirtual experimentso that can provi
the flow regime transitiond.o address the path forward in this figldd improve on the current
researchthis section will discuss where future efforts can be placed in order to benefit the field.
Figure8.1 lays out the already completed and ongoing work as well as the future work discussed

here.
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Legend
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— Machine learning —

— Mechanistic modeling—

-

_ Improved predictive
capability

_ Improved twephase
classification

—  Bubbly to slug

~ Simple shear bubble
breakup

Figure8.1: A map of the completed, ongoing, and proposed work.
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8.1 Simulating other Two-Phase Flow Regime Transitions

The simulations performed in this work tackled only a portion of the total flow regime transition
field. The simulations began in the slug regime, skipping the bubbly regime, which is typically
observed at lower superficial gas velocities/void fractions, lamefly discussedthe annular
regime.Similar to experimentsgsearch that extends this wodkdover all regimes is crucial to
understand the transition phenomena. There are certainly mechanisms for bubbly to slug transition
that are much more prevalent than in the slug to eturbulent transition. Covering all regimes
allows for analysis and ndeling that will be discussed in the following sections. Having the full
picture is important for full comprehension.

Unlike experiments, simulation allows for tlealuationof phenomenahat experiments
cannot achieverThis is done through advanced arsadytechniques and simulation desighis
capability is not one that should be ignored when studying such a copifarmenomecause
full analysis of theindividual componerstof a full flow regime transitionsimulationmay be
extremely difficult Similar to the validation hierarchy created in this dissertation, flow regime
transitions have a web of underlying pieces that eamitribute to the process as a whole
Understanding this web leads tesijning simulations thalucidateeach of thesgieces. This
methodof studying flow regimesnay be a more effective way of learning abihtir transitions
from a computational standpoint. The data analysis process is simplified due to the single
phenomena of interest, and isolating the effect of thahpmena on the flow is more feasible.
Examples of such simulations have already been performed in this work. The bubble rising toward
a free surface, discussed iacHon5.2.1 Bubble Approaching a Free Surfatgean examination
of the coalescence processhich is very important for any twphase flow On its own this

simulation could easily become very expensive due to the small scale of the liquinUfildue to
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the event of interest only occurring in a small volume the numerical data would be more
manageableAdditionally, learning how the film drains is difficult to study experimentally, making
a DNS potentially very informative of the liquid film velocityubbk residence time, etc. The
simple bubbleshear simulations discussed iec8on5.2.2 DropletDeformation in a Simple Shear
Field arealso valuable to understand thedkup processncreasing the shear rabeyond what
was examined heneould eventually lead to breakup, a mechanism also very important in flow
regime transitionsgCombining what is learned from the DNS of coalescence and breakup may be
able to reveal aditer understanding of the flow regime transition from any regime to any other.
The interaction ofurbulenteddies with the interface is also an event of interest for this research.
Examining how the eddy changes and transfers energy to the interfadebe@aluable process
to understand. How efficient is the energy transfer, how does surface tension and deformability
play a role intransferringenergy, and how does the eddy shape/velocity change after the collision
are all questions that could be &iped by a simple simulation that directs eddies at an interface.
This sort of simulation is a logical next step in fplwase DNS. Single phase DNS researchers
have already characterized the shape of eddies being generated at[leandlhow thestructure
canchange in the bulk of the flojd13]. Extending this practice to twphase flow would be
valuable not only to this study, but to the community as a whole
With this more complete understanding of the behavior of interfaces in turbulent flow the hope
would be to eliminate the need for the flow regime classification system altogetheuld be
replaced with an understanding of how the liquid is going ttiloige the void and what the

consequences, for example on pressure drop and heat transfer, would be.
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8.2 CFD Modeling

A popular focus of twgphase flow research is using hifitielity data to inform models. The
two-phase flow regime transition phenomensmich with large volumes ohumerical data and
opportunities for advanced analysds was discussed, interfacial area concentration is a common
way to model regimeand extract heat transfer and pressure ditye interfacial area code
generated for tkiwork produces data directly relevant to the interfacial area transport equations.

Figure8.2 shows an example of the local interfacial area conceatrdtir a single time step.
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Figure8.2: The interfacial area concentration information for a middle slice (top) and an image
of its associated timgtep (bottom).

Coupling the knowledge of the flow, like turbulence level, pressure drop, and interfacial area
concentration that DNS allows can lead to more Hiigglity models for flow regimes in CFD
codes.

This work has already developed a transition mechanismghatépendent of the fluid or
geometry. Continuing on this path would be valuable to other codes that rely on accurate model
for important real world system#& new flow regime map could be produced to completely
describe the flow across any flow rate ord/fraction.

Mechanistic modeling can even be performed using the smaller scale simulations mentioned in
the previous section. If the individual mechanisms for a flow regime transition can be fully

understood then a mechanistic model for a CFD code shpes
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8.3 Machine Learning Application

Machine learnings an exciting field whose applicatiaran inform humas more efficiently
and effectively than manual techniqués mentioned, thestiow regime transition simulations
createtens of terabytesf numerical data. This immense amount ofadatakesit difficult for
humans to analyze. Even when humans analyze this data it is nearly impossible to use every data
point to its maximum potential. Machitearning algorithms help optimize the analysis process
and better take advantage of a larger percentage of numericahgatagperly formulated neural
network may be able to decipher flow regime transitions and producelriata mechanistic
models for the transitiongssentially tackling the research désed in the previous two sectians
More advanced modeling may be able to eliminate the need for flow regimes all together. By fully
understanding the physics involved with the transitions it may not be necessary to define the flow
asa regime. Instead, éhmachineproduced model may be able to calculate an interfacial structure

from which it can determine expected properties like pressure drop and heat transfer.
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Appendix A.1

Interfacial area calculation code

c * * * * * * * * * * * * * * *

c....this routine calculates the interfacial area

C***)\-***)\—***)\—***)\-***)\-***)\-***)\—***)\—***)\-***)\-***)\-***)\—***)\—***)\-***)\-*
subroutine get_int_area(yl, shape, WdetJ, x|, A_ill, A_il)

c

c

¢ This routine calculates interfacial surface area, Matt Z

c

c input:

¢ yl(npro,nshl,ndof) : solution

¢ shape (npro, nshl) : element shape - functions

¢ WdetJ (npro) : Jacobian

C output:

c Ai . Interfacial Surface Area

c A lli : Partition local interfacial area grid

c

c

use spat_var_eps I use spatially - varying epl_lIs
include "common.h"
include "mpif.h"
include "auxmpi.h”
c....Passed arrays
dimension shape(npro,nshl),
& yl(npro,nshl,ndof), WdetJ(npro)

c

c local arrays

c
integer iel, n, A_i_fla g(nshl)!, vol_flag(nshl)
integer i, nx, ny, nz, nn, ix, iy, iz, intp
real*8 A_il(nx_Ai,ny_Ai,nz_Ai,2), A_ill(nx_Ai*ny_Ai*nz_Ai*2)
real*8 Sclr_i(nshl), Sclr(npro), epsilon_Is_tmp
real*8 xI(npro,nenl,nsd), xd, yd, zd

c

¢ compute level set at gauss point

c

I Define the x,y,z dimensions of the A_i mesh
isc=abs(iRANS)+6

I A_i=zero
I Determine the number of meshes in each direction
xd = (DomainSize(2) - DomainSize(1))/nx_Ai
yd = (DomainSize(4) - DomainSize(3))/ny_Ai
zd = (DomainSize(6) - DomainSize(5))/nz_Ai
nn_Ai = nx_Ai*ny_Ai*nz_Ai
Sclr = zero
do n=1,nshl
Sclr = Sclr + shape(:,n)*yl(:,n,isc)
enddo
I Initialize

do iel = 1,npro
epsilon_Is_tmp = epsilon_Is *
& e lem_local_size(Icblk(1,iblk)+iel -1)
A_i_flag = zero
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vol_flag = zero

Sclr_i = 1.0E11

I Start finding cell volumes
ix = int((xl(iel,1,1) - DomainSize(1))/xd) + 1.0
iy = int((xl(iel,1,2) - DomainSize(3))/yd) + 1.0
iz = int((xlI(iel,1,3) - DomainSize(5))/zd) + 1.0
don =1, nshi

Sclr_i(n) = shape(iel,n)*yl(iel,n,isc)

if (abs(Sclr_i(n)).le.epsilon_Is_tmp) A_i_flag(n) =1 !A_i_flag + 1

if (Sclr_i(n).le.zero) vol_flag(n) = 1
enddo

I Find A_i mesh ID's for each point in domain and assign them their A i
I'values

if (A_i_flag(n).ge.1) then

if (@abs(Sclr_i(n)).le.epsilon_Is_tmp) then lif (A_i_flag(n).eq.1)
then !collect interfacial area info

A _il(ix,iy,iz,1) = A_il(ix,iy,iz,1) +

& abs(shape(iel,n)*WdetJ(iel))/(2.0*epsilon_lIs_tmp)
A=A+
& abs(shape(iel,n)*WdetJ(iel))/(2.0*epsilon_Is_tmp)
endif
dointp =1, ngauss

if (Sclr(iel).le.zero) then !collect volume info

A_il(ix,iy,iz,2) = A_il(ix,iy,iz,2) +

& abs(shape(iel,n)*WdetJ(iel))
endif
enddo
enddo
enddo
doi=1,2
do ix=1, nx_Ai
doiy =1, ny_Ai
doiz =1, nz_Ai
A_ill(iz+nz_Ai*(iy - 1.0+ny_Ai*(ix
& = A _l(ix,ly,iz,i)
enddo
enddo
enddo
enddo
return
end

- 1.0))+(i

- 1)*nx_Ai*ny_Ai*nz_Ai)
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Appendix A.2

Interfacial area analysis code, in Matlab

format LONG

ix(1) = 135;

iy(1) = 10;

iz(1) = 10;

%lInputs

Ai=Ai41800;

voli=voli41800;

Ai_M2=AiM2199200;  %Ai1l0cmM2109800; %
voli_M2=v0liM2199200; %volil0cmM2109800; %
ix(2) = 135;

iy(2)= 10

iz(2) = 10;

div(1,1:3) = 1;

div(2,1) = 1,

div(2,2:3) = 1;

L=0.2;

D=0.015;
%][y,z]=meshgrid(0.0001875:D/40:D,0.0001875:D/40:D);
pf=2; %plotting factor, decides which dataset to plot, also need to change
figure inputs at bottom of script
[xp,z]=meshgrid(L/(ix(pf)/div(pf,1)*2):L/(ix(pf)/div(pf,1)):L,D/(iy(pf)/div(p
f,2)*2):D/(iy(pf)/div(pf,2)):D);

steps(1) = 8; %size(Ai,1)

steps(2) = size(Ai_M2,1);

Ai=table2array(Ai);

voli=table2array(voli);

Ai_M2=table2array(Ai_M2);

voli_M2=table2array(voli _M2);
A_i(1:ix(1),1:iy(1),1:iz(1),1:2,1:steps(1)) = 0.0;

A i M2(1:ix(2),1:iy(2),1:iz(2),1:2,1:steps(2)) = 0.0;
A_xtot(1:ix(1)/div(1,1),1:2,1:steps(1)) = 0.0;
A_xtot_M2(1:ix(2)/div(2,1),1:2,1:steps(2)) = 0.0;
D_s(1:ix(1)/div(1,1),1:steps(1)) = 0.0;

D_s M2(1:ix(2)/div(2,1),1:steps(2)) = 0.0;

D_s temp(1:ix(1)/div(1,1),1:steps(1)) = 0.0;

D_s M2_temp(1:ix(2)/div(2,1),1:steps(2)) = 0.0;
x(1:ix(1)/div(1,1),1:steps(2)) = 0.0;
x_M2(1:ix(2)/div(2,1),1:steps(2)) = 0.0;
x_temp(1:ix(1)/div(1,1),1:steps(2)) = 0.0;

X_M2_t emp(1:ix(2)/div(2,1),1:steps(2)) = 0.0;
time(1:steps(1)) = 0.0;

time_M2(1:steps(2)) = 0.0;

X_max(1:2,1:steps(1)) = 1000000.0;
X_max(1:2,1:steps(2)) = 1000000.0;
error(1:ix(1)/div(1,1),1:iy(1)/div(1,2),1:iz(1)/div(1,3)) = 0.0;

var_l(1:ix(1)/div(1,1),1:iy(1) /div(1,2),1:iz(1)/div(1,3),1:steps(1)) = 0.0;
var_|_M2(L:ix(2)/div(2,1),1:iy(2)/div(2,2),1:iz(2)/div(2,3),1:steps(2)) =
0.0;

reg_l(1:ix(1)/div(1,1),1:iy(1)/div(1,2),1:iz(1)/div(1,3),1:steps(1)) = 0.0;
reg_g(L:ix(1)/div(1,1),1:iy(1)/div(1,2),1:iz(1)/div(1,3),1:steps(1)) = 0.0;
reg_l_M2(1:ix(2)/div(2,1),1:iy(2)/div(2,2),1:iz(2)/div(2,3),1:steps(2)) =
0.0;
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reg_g_M2(1:ix(2)/div(2,1),1:iy(2)/div(2,2),1:iz(2)/div(2,3),1:steps(2)) =
0.0;
combo(1:ix(2)/div(2,1),1:iy(2)/div(2,2),1:iz(2)/div(2,3),1:steps(2)) = 0.0;

for m=1:2
for t=1:steps(m)
for n=1.2
for i=1:ix(m)
for j=1:iy(m)
for k=1:iz(m)
if n==1
if m==1
A_i(i,j,k,n,t) = Ai(1,(t
1)*(ix(m)*iy(m)*iz(m))+(i+ix(1)*( - +Hy(1)*(k - 1))

elseif m==2
A_iM2(i,j,k,n,t) = Ai_M2(t,i+ix(
1+iy(2)*(k - 1)));

end
elseif n==2
if m==1
A _i(i,j,k,n,t) = voli(1,(t
1)*(ix(m)*iy(m)*iz(m))+(i+ix(1)*(j -1+y(D)*(k - 1))

elseif m==2
A i M2(i,j,k,n,t) = voli_M2(t,i+ix(2)*(j
1+y(2)*(k  -1)));

end
end
end
end
end
end
end
end
for m=1.2
for t=1l:steps(m)
for n=1:2
for 1= 21:ix(m)/div(m,1)
for j= 1:iy(m)/div(m,2)
for k= 1:iz(m)/div(m,2)
A_i_temp =0.0;
for e=1.d iv(im,1)
for f=1:div(im,2)
for g = 1.div(im,3)
if m==1
Ai temp=A_i temp+ A _i((i
1)*div(m,1)+e,(j - 1)*div(m,2)+f,(k - 1)* div(m,3)+g,n,t);
elseif m==2
A i temp=A_i temp+A_i M2(i
1)*div(m,1)+e,(j - 1)*div(m,2)+f,(k - 1)*div(m,3)+g,n,t);
end
end
end
end
if m==1

A_i(i,j,k,n,t) = A_i_temp;

2)*(j
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elseif m==2
A i M2(i,j,k,nt) =A_i temp;

end
end
end
end
end
end
end
for m=1:2 %meshes
for t=1:steps(m) %time steps
for n=12 %1 - interfacial area, 2 - gas volume
for i=1:ix(m)/div(m,1)
for j=1:iy(m)
for k= 1:iz(m)
for e =1l.div(m,1) %if you are further coarsening the
boxes
if m==1
A_xtot(i,n,t) = A xtot(i,n,t) + A_i((i -
1)*div(m,1)+e,j,k,n,t);
else

A_xtot_M2(i,n,t) = A_xtot_M2(i,n,t) +
A i M2((i - 1)*div(m,1)+e,jk,n,t);
end
end
end
end
end
end
end
end

for m=1:2
for t=1:steps(m)
for i=21:ix(m)/div(m,1)
if m==1
if (A _xtot(i,1,t)>0.0)
D_s(i,t) = 6*A_xtot(i,2,t)/A_xtot(i,1,t);

end
else
if (A_xtot_M2(i,1,t)>0.0)
D_s_ M2(i,t) = 6*A_xtot_M2(i,2,t)/A_xtot_M2(i,1,t);
end
end
if m==1
x(i,t) = Llix(m)*i*div(m,1);
else
X_M2(i,t) = L/ix(m)*i*div(m,1);
end
end
if m==1
time(t) = 1E - B*t;
else
time_M2 (t) = 1E - 5*;
end
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end

end
for m=1:2
for t=1:steps(m)
for i=ix(m)/div(m,1):

if  (m==1) && (D_s(i,)<=1E

X_max(m,t) = i;

elseif  (m==2) && (D_s_M2(i,t)<=3E

(x_M2(i,t)>=0.05)
X_max(m,t) = i;
end
end
end
end
for m=1.2
for t=1:steps(m)
for i=21:ix(m)/div(m,1)
if m==1

i f i<=x_max(m,t)
X_temp(x_max(m,t)
D_s_temp(i,t) = D_s(x_max(m,t)

else

x_temp(ix(m)/div(m,1)

X(x_max(m,t),t) - X(i,1))/D;

D_s_temp(i,t) = D_s(ix(m)/div(m,1)

end
else

if i<=x_max(m,t)
x_M2_temp(x_max(m,t)

X_M2(i,1))/D;

D_s M2_temp(i,t) = D_s_M2(x_max(m,t)

else

x_M2_temp(ix(m)/div(m,1)
- X_M2(it))/D;

X_M2(x_max(m,t ),t)

-1:1

- 3) && (i<x_max(m,t)) && (x(i,t)>=0.05)
%x(i - 1);

- 3) && (i<x_max(m,t)) &&

%x_M2(i - 1);

%x(i,t)<=x_max(m,t)

- i+1,t) = (x(x_max(m,t),t)
-i+1,1);
- i+x_max(m,t)+1,t) = ( L+

- i+x_max(m,t)+1,t);

- i+1,t) = (x_M2(x_max(m,t),t) -
-i+1,1);

- i+x_max(m,t)+1,t) = (L +

D_s M2_temp(i,t) = D_s_M2(ix(m)/div(m,1) -

i+X_max(m,t)+1,t);
end
end
end
end
end
X = X_temp;
X_M2 =x_M2_temp;
D_s=D_s_temp;
D s M2=D_s M2 _temp;
st_dev =0.0;
error_mean = 0.0;
error =0.0
error_ds= 0.0
if ix(1)/div(1,1)==ix(2)/div(2,1)
for i=1:ix(1)/div(1,1)
for j=1:y(1)/div(1,2)

- X(i,1)/D;

for k= 1:iz(1)/div(1,3)
if >l
error(i,j,k) = abs(A_i_M2(i
k,1,1))/(D/iy(1))*2*100; %(D_s(i,1)
elseif i<=1

A (],

-1,,k,1,1) -
- D_s _M2(i,1))/D;
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error(i,j,k) = abs(A_i_M2(ix(1)/div(1,1) - 1+i,j,k,1,1) -
A _i(i,j,k,1,2))/(Dfiy(1))*2*100;
end
st_dev = st_dev + (error(i,j,k))"2;
error_mean = error_mean + error(i,j,k)/(ix(1)*iy(1)*iz(1));

%abs(D_s(i,1) - D_s_M2(i,1))/(D*ix(1)*iy(1)*iz(1));
end
end
error_ds(i) = (D_s(i,1) - D_s_M2(i,1))/D
end

end
st_dev = (st_dev/(ix(1)*iy(1)*iz(1)))"0.5;
Ai_sum = 0.0;

for i=1:ix(2)/div(2,1)
for = 1:y(2)/div(2,2)
for k= 1:iz(2)/div(2,3)
Ai_sum = Ai_sum + A_i_M2(i,j,k,1,1);
end
end
end
Ai_sum
st_dev = (st_dev/ix(1))
error_mean=error_mean
%calculating a local variance, helps categorize the current regime, tallies
%local gradients in interfacial area but also how many regions of no
%interfaces there are. This is an attempt to classify regi mes. IE if there
%are a lot of areas with no interfaces where no volume is present, probably
%bubbly, but the same with volume is probably slug. reg is a measure of if
%there are nearby interfaces and var is a measure of the gradient of the
%nearby interfa ces
for m=12 %meshes

for t=1l:steps(m) %time steps
for 1= 21:ix(m)/div(m,1) %X
for j= 1:iy(m)/div(m,2) %y
for k= 1:iz(m)/div(m,3) %z
if m==1
if i==1
var_|(i,j,k,t) = var_I(i,j,k,t) +
abs(A _i(i+1,j,k,1,t) - ALiGL),K,1,0)/(L/ix(m)*div(m,1));
elseif  i==ix(1)/div(m,1)
var_I(i,j,k,t) = var_I(i,j,k,t) +
abs(A_i(i,j,k,1,t) - AL - 1,j,k2,0)/(L/ix(m)*div(m,1));
else

var_I(i,j,k,t) = var_I(i,j,k,t) +
(abs(A_i(i+1,j,k,1,t) - ALi(ijk,1,0) + abs(A_i(i,j,k,1,t) - AL -
1,j,k,1,0)/(L/ix(m)*div(m,1));

end
if j==1
var_|(i,j,k,t) = var_I(i,j,k,t) +
abs(A_i(i,j+1,k,1,t) - ALk, 1,0))/(Dliy(m)*div(m,2));
elseif  j==iy(1)/div(m,2)
var_I(i,j,k,t) = var_I(i, K t) +
abs(A_i(i,j,k,1,t) - AL - 1.k, 2,0)/(Dliy(m)*div(m,2));
else
var_I(i,j,k,t) = var_I(i,j,k,t) +
(abs(A_i(i,j+1,k,1,t) - Ai(i,j.k,1,1) + abs(A_i(i,j,k,1,t) - AL -
1,k,1,1)))/(Dfiy(m)*div(m,2 ));
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end
if k==1
var_I(i,j,k,t) = var_I(i,j,k,t) +
abs(A _i(i,j,k+1,1,t) - A_i(i,j,k,1,t))/(Dliz(m)*div(m,3));
elseif  k==iz(1)/div(m,3)
var_I(i,j,k,t) = var_I(i,j,kt) +

abs(A_i(i,j,k,1,t) - ALIGL.k - 1,1,1))/(D/iz(m)*div(m,3));
else
var_I(i,j,k,t) = var_I(i,j,k,t) +
(abs(A_i(i,j,k+1,1,t) - ALi(ijk,1,0) + abs(A_i(i,j,k,1,t) - AT (i,k
1,1,1)))/(D/iz(m)*div(m,3));
end
% var_I(i,j,k,t) = (abs(A_i(i+1,j,k,1,t)
A i(i,j,k,1,t)) + abs(A _i(i,j,k,1,t) - AL -1,),k10) +
abs(A _i(i,j,k+1,1,t) - ALi(i,j,k,1,0) + abs(A_i(i,j,k,1,t) - AL,k
1,1,t)) + abs(A _i(i,j,k+1,1,t) - ALi(ij.k,1,1) + abs(A_i(i,j,k,1,t)
A i),k - 1,1,1)))/(Dliz(1));
if i>1 && j<iy(1)/div(m,2) && k>1 && A_i(i -1,j+1k
1,1,t)>0.0
reg_I(i,j,k,t) = reg_I(i,j,k, H+1;, %- Al -
1j+1,k - 1,1,0/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
reg_g(,.k,t) =reg_g(,.kt) + 1; %A_i(i -
1j+1,k - 1,1,0/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end
if i>1&&j<iy(1)/div(im,2) && A _i(i -1,j+1,k,1,t)>0.0
reg_I(i,j,k,t) = reg_I(i,j,k,t) + 1 - AL -
1,j+1,k,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
reg_g(i,j,k,t) = reg_g(,j,k,t) + 1; %A _i(i -
1,j+1k,1, t)/((D/(iz(1)/div(1)))2*L/(ix(1)/div(1)));
end

it i>1 && j<iy(1)/div(m,2) && k<iz(1)/div(m,3) &&
ALi(i - 1,j+1,k+1,1,0)>0.0

reg_l(i,j,k,t) = reg_I(i,j,k,t) + 1 - AL -
1,j+1,k+1,1t M((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
reg_g(i,j.k,t) = reg_g(,.k,t) + 1; %A _i(i -
1,j+1,k+1,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end

if j<iy(l)/div(m,2) && k>1 && A _i(i,j+1,k -1,1,0)>0.0
reg_I(i,j,k,t) =reg_I(i,j,k,t) + 1 -
A i(i,j+1,k - 1,1,0/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
reg_g(,j.k,t) = reg_g(,.kt) + 1; %A _i(i,j+1,k
1, 1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end
if  j<iy(l)/div(m,2) && A_i(i,j+1,k,1,t)>0.0
reg_lI(i,j,k,t) = reg_I(i,j,k,t) + 1
A_i(i,j+1,k,1,0/(D/(iz(1)/div(2))) 2*L/(ix(1)/ div(1)));
reg_g(i,j.k,t) = reg_g(i,j.k,t) +
1; %A_i(i,j+1,k,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end
if  j<iy(1)/div(m,2) && k<iz(1)/div(m,3) &&
A_i(i,j+1,k+1,1,t)>0.0
reg_l(i,j,k,t) = reg_I(i,j,k,t) + 1
A_i(i,j+1,k+1,1,t)/((D/(iz(1)/div(1)))"2*L/(ix(1)/div(1)));
reg_g(ijkt) = reg_g(ij.k;t) +
1; %A_i(i,j+1,k+1,1,t)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end
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if i<ix(1)/div(m,1) && j<iy(1)/div(m,2) && k>1 &&
A i(i+1,j+1,k -1,1,t)>0.0
reg_I(i,j,k,t) = reg_lI(i,j,k,t) + 1
A i(i+1,j+1,k - 1,1,0/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
reg_g(i,j,k.t) = reg_g(ij.k,t) +
1; %A _i(i+1,j+1,k - 1,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end
if i<ix(1)/div(m,1) && j<iy(1)/div(m,2) &&
A_i(i+1,j+1,k,1,t)>0.0
reg_l(i,j,k,t) = reg_I(i,j,k,t) + 1
A_i(i+1,j+1,k,1,t)/((D/(iz(1)/div(1)))"2*L/(ix(1)/div(1)));
reg_g(i,j,k.t) = reg_g(ij.k,t) +
1; %A _i(i+1,j+1,k,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end
if i<ix(1)/div(m,1) && j<iy(1)/div(m,2) &&
k<iz(1)/div(m,3) && A _i(i+1,j+1,k+1,1,t)>0.0
reg_I(i,j,k,t) = reg_I(i,j,k,t) + 1
A i(i+1,j+1,k+1,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
reg_g(ij.kt) = reg_g(ij.k;t) +
1; %A _i(i+1,j+1,k+1,1,t)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end
if i>1&&k>1&&A (i -1,k -1,1,1)>0.0
reg_I(i,j,k,t ) =reg_I(i,j,k,t) +1 - AL -
1jk -1,1,0/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));

reg_g(,j.k,t) =reg_g(,.k,t) + 1; %A_i(i -1,
1,1,0)/((D/(iz(1)/div(1)))"2*L/(ix(1)/div(1)));
end
if i>1&&A_( -1,j,k,1,t)>0.0
reg_I(i,j,k,t) =reg_I(i,j,k,t) + 1 - AL -
1,j,k,1,0/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
reg_g(,.k,t) =reg_g(,.kt) + 1; %A_i(i -
1k, 1,0/((D/(iz(1)/div(1))) 2*LI(Ix(1)/div(1)));
end
if >l && k<iz(1)/div(m,3) && A_i(i -1,j,k+1,1,t)>0.0
reg_I(i,j,k,t) = reg_I(i,j,k,t) + 1 - AL -
1,j,k+1,1,0)/((D/(iz(1)/div(1))» 2*L/(ix(1)/div(1)));
reg_g(i,j.k,t) = reg_g(,.kt) + 1; %A_i(i -
1,j,k+1,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end
if k>1&&A i(i,j,k -1,1,t)>0.0
reg_I(i,j,k,t) = reg_I(i,j,k,t) + 1 - A,k
1,1,0/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
reg_g(i,j,k,t) = reg_g(i,j,k,t) + 1; %A _i(i,j,k
1,1,0/((D/(iz(1)/div(1))) 2*LI(ix(1)/div(1)));
end

if  A_i(i,j,k,1,t)>0.0
reg_I(i,j,k,t) = reg_I(i,j,k,t) + 1
A_i(i,j,k, 1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
reg_g(i,jk.t) = reg_g(ij.k;t) +
1; %A_I( ik, 1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end
if k<iz(1)/div(m,3) && A_i(i,j,k+1,1,t)>0.0
reg_I(i,j,k,t) =reg_I(i,j,k,t) + 1
A_i(i,j,k+1,1,0)/((D/(iz(1)/div(1))) 2*L/ (ix(1)/div(1)));
reg_g(i,j.k.t) = reg_g(ij.kt) +
1; %A_i(i,j),k+1,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end
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if i<ix(1)/div(m,1) && k>1 && A_i(i+1,j,k
reg_l(i,j,k,t) = reg_I(i,j,kt) + 1
A i(i+1,j,k - 1,1,0)/((D/(iz(1)/div(1)))"2*L/(ix(1)/div(1)));
reg_g(i,j,k,t) = reg_g(,j,k,t) + 1;
1,1,0)/((D/(iz(1)/div(1)))"2*L/(ix(1)/div(1)));
end
if i<ix(1l)/div(m,1) && A_i(i+1,,k,1,t)>0.0
reg_I(i,j,k,t) =reg_I(i,j,k,t) + 1
A_i(i+1,j,k,1,0)/((D/(iz(1)/div(1)))*2*L/(ix(1)/div(1)));

reg_g(i,j.k,t) = reg_g(i Jkb) +
1; %A_i(i+1,j,k,1,0)/(D/(iz(1)/div(1)))2*L/(ix(1)/div(1)));
end
if i<ix(1)/div(m,1) && k<iz(1)/div(m,3) &&
A_i(i+1,j,k+1,1,t)>0.0
reg_l(i,j,k,t) = reg_I(i,j,k,t) + 1
A_i(i+1,),k+1,1,0)/((D/(iz(1)/div(1))) 2*LI(ix(1)/div(1)));
reg_g(i,j,k,t) = reg_g(i,j,k,t) +
1; %A _i(i+1,j,k+1,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end
if i>1&&jJ>1&&k>1&& A (i -1j -1k
reg_I(i,j,k,t) = reg_I(i,j,k,t) + 1
1,k - 1,1,0/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
reg_ g(i,j,k,t) =reg_g(i,j.k,t) + 1;
1,k - 1,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end
if  i>1&&j>1&& A i -1j -1k1,©)>0.0
reg_I(i,j,k,t) = reg_I(i,j,k,t) + 1
1.k, 1,0)/((D/(iz(1)/div(1)) 2*L/(ix(1)/div(1)));
reg_g(i,j,k,t) =reg_g(,jk,t) + 1;
1,k,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end
if >l &&j>1 && k<iz(1)/div(m,3) && A (i
1,k+1,1,t)>0.0
reg_I(i,j,k,t) =reg_I(i,j,k,t) + 1
1,k+1,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
reg_g(i,j.k,t) = reg_g(,.kt) + 1;
1,k+1,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end
if j>1&&k>1&&A (i, -1,k -1,1,t)>0.0
reg_l(i,j,k,t) = reg_I(i,j,k BH+1

1,k - 1,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
reg_g(ij.k.t) = reg_g(i,j.kt) + 1;
1,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end
if >1&& A_i(ij -1k1,t)>0.0
reg_I(i,j,k,t) = reg_I(i,j,k,t) + 1
1,k,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
reg_g(i,j,k,t) = reg_g(i,j,k,t) + 1;
1,k,1,0/((D/(iz(1)/div(1))) 2*L/(ix( 1)/div(1)));
end
if j>1 && k<iz(1)/div(im,3) && A _i(i,j
reg_l(i,j,k,t) = reg_I(i,j,k,t) + 1
1,k+1,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
reg_g(i,j,k,t) = reg_g(i,j,k,t) + 1;
1,k+1,1,t)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end

- 1,k+1,1,t)>0.0

- AL

%A_i(i ]

-1,1,t)>0.0
%A _i(i+1,j,k
-1,1,)>0.0
- AL -1 -
%A _i(i -1, -
- AL -1 -
%A _i(i -1, -
-1 -
- AL -1 -
%A_i(i -1 -
- AL
%A_i(i,j -1k -
- AL
%A_i(i,]
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if i<ix(1)/div(m,1) && j>1 && k>1 && A i(i+1,] -1,k -

1,1,1)>0.0
reg_I(i,j,k,t) = reg_lI(i,j,k,t) + 1 - AL+,
1,k - 1,1,0)/((D/(iz(1)/div(1)))"2*L/(ix(1)/div(1)));
reg_g(i,j.k,t) =reg_g(,jk,t) + 1; %A _i(i+1,j
1,k - 1,1,0)/((D/(iz(1)/div(1)))2*L/(ix(1)/div(1)));
end
if i<ix(1)/div(m,1) && j>1 && A_i(i+1,] -1,k,1,t)>0.0
reg_I(i,j,k,t) =reg_lI(i,j,k,t) + 1 - AL+,
1,k,1,0/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
reg_g(i.j,k.t) = reg_g(i,j,k,t) + 1; %A _i(i+1,j
1,k,1,0)/((D/(iz(1)/div(1)))2*L/(ix(1)/div(1)));
end

if i<ix(1)/div(m,1) && j>1 && k<iz(1)/div(m,3) &&
A i(+1,j -1,k+1,1,t)>0.0

reg_l(i,j,k,t) = reg_I(i,j,kt) + 1 - AL+,
1,k+1,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));

reg_g(i,j,k,t) =reg_g(,jk,t) + 1; %A _i(i+1,
1,k+1,1,t)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));

end
if  i==1 && j==1 && k==1 || i==ix(m)/div(m,1) &&
j==iy(m)/div(m,2) && k==iz(m)/div(m,3) || i==ix(m)/div(m,1) &&
j==iy(m)/div(m,2) && k==1 || i==ix(m)/div(m,1) && j==1 && k==iz(m)/div(m,3)
[| i==1 && j==iy(m)/ div(m,2) && k==iz(m)/div(m,3) || i==1 && j==1 &&
k==iz(m)/div(m,3) || i==1 && j==iy(m)/div(m,2) && k==1 || i==ix(m)/div(m,1)
&& j==1 && k==1
reg_g(i.j.k) = reg_g(i.j,k)/8;
elseif i==1 && j==1 || i==i x(m)/div(im,1) &&
j==iy(m)/div(m,2) || i==1 && j==iy(m)/div(m,3) || i==ix(m)/div(m,1) && j==1
[| i==1 && k==1 || i==ix(m)/div(m,1) && k==iz(m)/div(m,3) || i==1 &&
k==iz(m)/div(m,3) || i==ix(m)/div(m,1) && k==1 || j==1 && k==1||
j==iy(m)/div(m,2) && k==iz(m )div(m,3) || j==1 && k==iz(m)/div(m,3) ||
j==iy(m)/div(m,2) && k==1
reg_g(i,j,k,t) = reg_g(i,j,k,t)/12;
elseif  i==1 || i==ix(m)/div(m,1) || j==1 ||
j==iy(m)/div(m,2) || k==1 || k==iz(m)/div(m,3)
reg_g(i,j,k,t) = reg_g(i,j,k,t)/18;

else
reg_g(i,j,k,t) = reg_g(i,j,k,0)/27;
end
elseif m==2
if i==1
var_|_M2(i,j,k,t) = var_I_M2(i,j,k,t) +
abs(A_i M2(i+1,j,k,1,t) - ALM2(i,j,k,1,0)/(L/ix(m)*div(m,1));
elseif  i==ix(2)/div(m,1)
var_|_M2(i,j,k,t) = var_I_M2(i,j,k,t) +
abs(A_i_M2(i,j,k,1,t) - ALIM2(G - 1,j,k,1,0)/(L/ix(m)*div(m,1));
else
var_|_M2(i,j,k,t) = var_I_M2(i,j,k,t) +
(abs(A_i_M2(i+1,j,k,1,t) - A M2(i,j,k,1,t) + abs(A_i_M2(i,j,k,1,t)
A i M2(i - 1,j,k,1,0))/(L/ix(m)*div(m,1));
end
if j==1
var_|_M2(i,j,k,t) = var_I_M2(i,j,k,t) +
abs(A_i_M2(i,j+1,k,1,t) - ALi_M2(i,j,k,1,t))/(Dliy(m)*div(m,2));

elseif  j==iy(2)/div(m,2)
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var_|_M2(i,j.k,t) = var_|_M2(i,jkt) +

abs(A_i_M2(i,j,k,1,t) - ALILM2(G,j - 1,k,1,0)/(Dliy(m)*div(m,2));
else
var_I_M2(i,j,k,t) = var_|_M2(i,j,k,t) +
(abs(A_i_M2(i,j+1,k,1,t) - AL M2(i,j,k,1,1) + abs(A_i_M2(i,j,k,1,t)
A i_M2(Gi,j - 1k,1,1))/(Dliy(m)*div(m,2));
end
if k==1
var_I_M2(i,j,k,t) = var_|_M2(i,j,k,t) +
abs(A_i_M2(i,j,k+1,1,t) - ALi_M2(ijk,1 0)/(Dfiz(m)*div(m,3));

elseif  k==iz(2)/div(m,3)
var_|_M2(i,j.k,t) = var_|_M2(i,jkt) +

abs(A_i M2(i,j,k,1,t) - AL M2(ijk - 1,1,0))/(D/iz(m)*div(m,3));

else

var_|_M2(i,j,k,t) = var_I_M2(i,j,k,t) +

(abs(A_i_ M2(i,j,k+1,1,t) - AL M2(i,j,k,1,1) + abs(A_i_M2(i,j,k,1,t)
A i M2(i,j,k - 1,1,0)))/(D/iz(m)*div(m,3));

end

% var_| M2(i,j,k,t) =
(abs(A_i_M2(i+1,j,k,1,t) - AL M2(i,j,k,1,t) + abs(A_i_M2(i,j,k,1,t)
A i M2(i -1,j,k1,t)+abs(A_i_M2(i,j,k+1,1,1) - AL M2(i),k,1,0) +
abs(A_i_M2(i,j,k,1,t) - AL M2(i,),k -1,1,t)) + abs(A_i_M2(i,j,k+1,1,t) -
A i M2(ij,k,1, t)) + abs(A i M2(i,j,k,1,t) - AT M2(ij,k - 1,1,0)))/(Dliz(2));

if >l && j<iy(m)/div(im,2) && k>1 && A i M2(i -
1j+1k -1,1,t)>0.0
reg_|_M2(i,j,k,t) = reg_|_M2(i,j,k,t) + 1

Ai_M2(i -1,j+1,k -1,1,)/((D/(iz( 1)/div(1))) 2*L/(ix(1)/div(1)));
reg_g_M2(ijkt) = reg_g_M2(i,jk,t) + 1; %A (i -
1j+1,k - 1,1,t/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end

if >l && j<iy(m)/divim,2) && A_i_M2(i
1,j+1,k,1,t)>0.0
reg_|_M2(i,j,k,t) = reg_l_M2(i,j,k,t) + 1
A i M2(i -1,j+1,k,1,0)/((D/(iz(1)/div(1)))2*L/(ix(1)/div(1)));
reg_g_M2(i,j,k,t) = reg_g_M2(i,j,k,t) + 1; %A_i(i -
1,j+1,k,1,0)/((D/(iz(1)/di V(1)) 2*L/(ix(1)/div(1)));
end
if >l && j<iy(m)/div(m,2) && k<iz(2)/div(m,3) &&
A i M2(i -1,j+1,k+1,1,t)>0.0
reg_|_M2(i,j,k,t) =reg_|_M2(i,j,k,t) + 1

A i M2(i -1,j+1,k+1,1,t)/(( D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
reg_g_M2(i,j,k,t) = reg_g_M2(i,j,k,t) + 1; %A _i(i -
1,j+1,k+1,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end

if  j<iy(m)/div(m,2) && k>1 && A_i_M2(i,j+1,k
1,1,t)>0.0
reg_|_M2(i,j,k,t) = reg_|_M2(i,j,k,t) + 1
A i M2(i,j+1,k - 1,1,0/((D/(iz(1)/div(1)))2*L/(ix(1)/div(1)));
reg_g_M2(i,j,k,t) = reg_g_M2(i,j,k,t) +
1; %A_i(i,j+1,k - 1,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end
if  j<iy(m)/div(m,2) && A_i_M2(i,j+1,k,1,t)>0.0
reg_|_M2(i,j,k,t) = reg_|_M2(i,j,k,t) + 1
A i M2(i,j+1,k,1,0)/( (D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
reg_g_M2(i,j,k,t) = reg_g_M2(i,j,k,t) +
1; %A_i(i,j+1,k,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end
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if >l && j<iy(m)/div(m,2) && k<iz( 2)/div(m,3) &&
A_i_M2(i,j+1,k+1,1,t)>0.0
reg_l_M2(i,j,k,t) = reg_l_M2(i,j,k,t) + 1
A i M2(i,j+1,k+1,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
reg_g_M2(i,j,k,t) = reg_g_M2(i,j,k,t) +
1; %A i(i,j+1  k+1,1,t)/((D/(iz(1)/div(1)))"2*L/(ix(1)/div(1)));
end
if i<ix(m)/div(im,1) && j<iy(m)/div(m,2) && k>1 &&
A i M2(i+1,j+1,k -1,1,t)>0.0
reg_l_M2(i,j,k,t) =reg_|_M2(i,j,k,t) + 1
AT _M2(i+1,j+1,k - 1,1,t)/((D/(iz(1)/div(1)))"2*L/(ix(1)/div(1)));
reg_g_M2(i,j,k,t) = reg_g_M2(i,j,k,t) +
1; %A i(i+1,j+1,k - 1,1,0/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end
if i<ix(m )/div(m,1) && j<iy(m)/div(m,2) &&
A i M2(i+1,j+1,k,1,t)>0.0
reg_|_M2(i,j,k,t) = reg_|_M2(i,j,k,t) + 1
A i M2(i+1,j+1,k,1,0)/((D/(iz(1)/div(1)))2*L/(ix(1)/div(1)));
reg_g_M2(i,j,k,t) = reg_g_M2(i,j, k,t) +
1; %A_i(i+1,j+1,k,1,t)/((D/(iz(1)/div(1)))"2*L/(ix(1)/div(1)));
end
if i<ix(m)/div(im,1) && j<iy(m)/div(m,2) &&
k<iz(m)/div(m,3) && A_i_M2(i+1,j+1,k+1,1,t)>0.0
reg_l_M2(i,j,k, t) = reg_|_M2(i,j,k,t) + 1
A M2(i+1,j+1,k+1,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
reg_g_M2(i,j,k,t) = reg_g_M2(i,j,k,t) +
1; %A _i(i+1,j+1,k+1,1,t)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end
if i>1&&k>1&&A i M2(i -1,k -1,1,t)>0.0
reg_|_M2(i,j,k,t) = reg_|_M2(i,j,k,t) + 1
A M2(G -1,jk -21,1,0/((D/(iz(1)/div(1)))2*L/(ix(1)/div(1)));
reg_g_M2(i,j,k,t)=reg_g_ M2(i,j,k,t) + 1; %A_i(i -
1jk -21,1,0/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end
if >1& A I M2( -1,k1,t)>0.0
reg_|_M2(i,j,k,t) = reg_|_M2(i,j,k,t) + 1
A i_M2(Gi - 1,j,k,1,0/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
reg_g_M2(i,j,k,t) = reg_g_M2(i,j,k,t) + 1; %A _i(i -
1,j,k,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div( 1));
end
if i>1 && k<iz(m)/div(im,3) && A_i_M2(i
1,j,k+1,1,t)>0.0
reg_|_M2(i,j,k,t) = reg_l_M2(i,j,k,t) + 1
A i M2(i - 1,j,k+1,1,0)/((D/(iz(1)/div(1)))"2*L/(ix(1)/div(1)));

reg_g_M2(,j,k,t) =reg_g_M2(i,j,kt) + 1; %A_i(i -
1,j,k+1,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end
if k>1&&A_i M2(i,jk -1,1,0)>0.0
reg_|_M2(i,j,k,t) =reg_|I_M2(i,jkt) +1

A i M2(i,j,k - 1,1,0)/((D/(iz(1)/div(1)))"2*L/(ix(1)/div(1)));
reg_g_M2(i,j,k,t) = reg_g_M2(i,j,k,t) +
1; %A jk - 1,1,0/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end
if  A_i_M2(i,jk,1,)>0.0
reg_l_M2(i,j,k,t) =reg_I_M2(i,j,k,t) + 1
A i M2(i,j,k,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
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reg_g_M2(i,j,k,t) = reg_g_M2(i,j,k,t) +
1; %A _i(i,j,k,1,8)/(( D/(iz(1)/div(1)))"2*L/(ix(1)/div(1)));
end
if  k<iz(m)/div(im,3) && A_i_M2(i,j,k+1,1,t)>0.0
reg_l M2(i,j,k,t) =reg_|_M2(i,j,k,t) + 1
A_i_M2(i,j,k+1,1,0)/((D/(iz(1)/div(1)))~2*L/(i x(1)/div(1)));
reg_g_M2(i,j,k,t) = reg_g_M2(i,j,k,t) +
1; %A _i(i,j,k+1,1,0)/((D/(iz(1)/div(1)))2*L/(ix(1)/div(1)));
end
if i<ix(m)/div(m,1) && k>1 && A_i_M2(i+1,j,k
1,1,1)>0.0
reg_l_M2(i,j,k,t) =reg_|I_M2(i,j,k,t) + 1
A i M2(i+1,j,k - 1,1,0/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
reg_g_M2(i,j,k,t) = reg_g_M2(i,j,k,t) +
1; %A i(i+1,j,k - 1,1,0/((D/(iz(1)/div(1))) 2*LI(ix(1)/ div(1)));
end
if i<ix(m)/div(m,1) && A_i_M2(i+1,j,k,1,t)>0.0
reg_l_M2(i,j,k,t) = reg_l_M2(i,j,k,t) + 1
A i M2(i+1,j,k,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
reg_g_M2(i,j,k,t) =reg_g_M2(i,j,k,t) +
1; %A_i(i+1,),k,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end
if i<ix(m)/div(m,1) && k<iz(m)/div(m,3) &&
A_i_M2(i+1,j,k+1,1,t)>0.0
reg_| _M2(i,j,k,t) = reg_|_M2(i,j,k,t) + 1
A_i_M2(i+1,j,k+1,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
reg_g_M2(i,j,k,t) =reg_g_M2(i,j,k,t) +

1; %A i(i+1,),k+1,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/ div(1)));
end

if >l &&jJ>1&&Kk>1 && A i M2(i -1, -1,k -1,1,t)>0.0
reg_|_M2(i,j,k,t) = reg_|_M2(i,j,k,t) + 1 -
A M2(0 -1 -1k -1,2,0/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));

reg_g_M2(ij,kt) = reg_g_M2(i,j,k,t) + 1; %A _i(i -
1) -1,k -1,1,t)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end
if >1&&J>1L&&A_I_M2( -1, -1k,1,t)>0.0

reg_| _M2(i,j,kt) =reg_| M2(i,jkt) +1
A i M2( -1,j -21,k10/((D/(iz(1)/div(1)))2*L/(ix(1)/div(1)));

reg_g_M2(i,j,k,t) = reg_g_M2(i,j,k,t) + 1; %A _i(i -
1) -1,k1,0/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end
if  i>1&&j>1 && k<iz(m)/div(m,3) && A_i_M2(i -1 -

1,k+1,1,t)>0.0
reg_l_M2(i,j,k,t) =reg_|_M2(i,j,k,t) + 1
AT M2(G -1 -1,k+1,1,t)/((D/(iz(1)/div(1)))"2*L/(ix(1)/div(1)));

reg_g_M2(i,j.k,t) = reg_g_M2(i,j.k,t) + 1; %A_i(i -
1) - 1,k+1,1,0)/((D/(iz(1)/div(1)))"2*L/(ix(1)/div(1)));
end
if  >1&&k>1&& A i M2(i,j -1,k -1,1,t)>0.0
reg_l_M2(i,j,k,t) =reg_| _M2(i,j,kt) +1

A i M2(i,j -1k -1,1,t)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
reg_g_M2(i,j,k,t) = reg_g_M2(i,j,k,t) +
1; %A i) -1,k - 1,1,t)/((D/(iz(1)/div(1))) 2*L/(iIx(1)/div(1)));
end
if >1&&A_I_M2(i -1,k,1,t)>0.0
reg_l_M2(i,j,k,t) =reg_I_M2(i,j,k,t) + 1
A i M2(i,j - 1,k,2,0)/((DI(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
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reg_g_M2(i,j,k,t) = reg_g_M2(i,j,k,t)
1; %A i3, - 1,k,2,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end
if  j>1 && k<iz(m)/div(m,3) && A_i_M2(i,j
1,k+1,1,t)>0.0
reg_l_M2(i,j,k,t) =reg_|_M2(i,j,k,t) + 1
A T_M2(G,j - 1,k+1,1,0)/((D/(iz(1)/div(1)))"2*L/(ix(1)/div(1)));
reg_g_M2(i,j,k,t) = reg_g_M2(i,j,k,t) +
1; %A i) - 1,k+1,1,8)/((D/(iz(1)/div(1))) 2*LI(ix(1)/div(1)));
end
if i<ix(m)/divim,1) && j>1 && k>1 && A i M2(i+1,j
1k -1,1,t)>0.0
reg_l_M2(i,j,k,t) = reg_l_M2(i,j,k,t) + 1
A i M2(i+1j -1,k - 1,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
reg_g_M2(i,j,k,t) =reg_g_M2 (,j,k,t) +
1; %A _i(i+1,) -1,k - 1,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end
if i<ix(m)/divim,1) && j>1 && A_i_M2(i+1,j
1,k,1,t)>0.0
reg_|_M2(i,j,k,t) = reg_|_M2(i,j,k,t) + 1
A M2(i+1,j - 1,k 1,0/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
reg_g_M2(i,j,k,t) =reg_g_M2(i,j,k,t) +
1; %A i(i+1,) - 1,k1,0/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
end
if i<ix(m )/div(m,1) && j>1 && k<iz(m)/div(m,3) &&
A_i_M2(i+1,j -1,k+1,1,t)>0.0
reg_|_M2(i,j,k,t) = reg_|_M2(i,j,k,t) + 1
A i M2(i+1,j - 1,k+1,1,0)/((D/(iz(1)/div(1))) 2*L/(ix(1)/div(1)));
reg_g_M2(i,jk,t) =re g_g_M2(i,jk,t) +
1; %A _i(i+1,) - 1,k+1,1,0)/((D/(iz(1)/div(1)))"2*L/(ix(1)/div(1)));
end
if  i==1 && j==1 && k==1 || i==ix(m)/div(m,1) &&
j==iy(m)/div(m,2) && k==iz(m)/div(m,3) || i==ix(m)/div(m,1) &&
j==iy(m)/  div(m,2) && k==1 || i==ix(m)/div(m,1) && j==1 && k==iz(m)/div(m,3)
[| i==1 && j==iy(m)/div(m,2) && k==iz(m)/div(m,3) || i==1 && j==1 &&
k==iz(m)/div(m,3) || i==1 && j==iy(m)/div(m,2) && k==1|| i==ix(m)/div(m,1)
&& j==1 && k==1
reg_g_M2(i,j,k) = reg_g_M2(i,j,k)/8;
elseif i==1 && j==1 || i==ix(m)/div(m,1) &&
j==iy(m)/div(m,2) || i==1 && j==iy(m)/div(m,3) || i==ix(m)/div(m,1) && j==1
[| iI==1 && k==1 || i==ix(m)/div(m,1) && k==iz(m)/div(m,3) || i==1 &&
k==iz(m)/div(m,3) || i==ix(m)/div(m,1) && k==1 || j==1 && k==1 ||
j==iy(m )/div(m,2) && k==iz(m)/div(m,3) || j==1 && k==iz(m)/div(m,3) ||
j==iy(m)/div(m,2) && k==1
reg_g_M2(i,j,k,t) = reg_g M2(i,j,k,t)/12;

elseif i==1 || i==ix(m)/div(m,1) || j==1 ||
j==iy(m)/div(m,2) || k==1 || k==iz(m)/div(m,3)

reg_g_M2(i,j,k,t) = reg_g_M2(i,j,k,t)/18;

else
reg_g_M2(i,j,k,t) = reg_g_M2(i,j,k,t)/27;

end

end
end
end
end

end
end
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combo(;,:,:,:) = var_|_M2(;,:,:,)).*reg_g_M2(;,:,:,));
opengl software

figure;

plot(x(:,1),D_s(:,1));

ylabel( 'Sauter Mean Diameter [m]' );

xlabel( 'Distance from Nose [x/D]' );

hold on

plot(x_M2(:,1),D_s_M2(:,1), ™)

ylabel( 'Sauter Mean Diameter [m]' );

xlabel(  'Distance from Nose [x/D]' );

figure;

plot(x(;,1),error_ds)

ylabel( '(Difference in Sauter Mean Diameter)/(Pipe Diameter)' );
xlabel(  'Distance from Nose [x/D]' );

if ix(1)/div(1,1)==ix(2)/div(2,1) & iy(1)/div(1,2)==iy(2)/div(2,2)
for i=1:ix(1)/div(1,1)
for k= 1:iz(pf)/div(pf,3)
error_plot(k,i) = error(i,5,k);

end
end
figure;
surf(xp,z,error_plot) %,A_iplane);
axis([0.0L0.0D 0.0 1500.0));

ylabel( 'y [m]" )

xlabel(  'x[m]" );

%zlabel('"Volume Fraction");

%plot(x(:,1),error(:,5,5));

zlabel( ‘Interfacial Area Difference [%]' );
end

for i= L:ix(pf)/div(pf,1)
for k= 1:iz(pf)/div(pf,3)
vol_iplane(k,i) =
A_i_M2(i,5,k,2,1)/((D/(iz(pf)/div(pf,3))) 2*L/(ix(pf)/div(pf,1)));
A_iplane(k,i) = A_i_M2(i,5,k,1,1);
end
end

for i= 1:ix(pf)/div(pf,1)
for k= 1:iz(pf)/div(pf,3)
var_g_iplane(k,i) = combo(i,5,k,1); %var_|_M2(i,5,k,1);
%reg_g(i,5,k,1);
reg_g_iplane(k,i) = reg_g_M2(i,5,k,1);
end
end

alp=0;
for i=1:ix(1)
for j=1:y(1)
for k=1:iz(1)
alp=alp+A_i(i,j,k,2,1);
end
end
end
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%calculating radial profiles
A_i_ax ial(1:iy(1),1:iz(1),1:2,1) = 0.0;
A_i_axial(1:iy(2),1:iz(2),1:2,2) = 0.0;

for m=1:2
for n=1:2
for i=63:ix(m)
for j=l:iy(m)
for k=1:iz(m)
if  ((D/liy(m)/2+D/iy(m)*(j - 1)"2 + (Dliz(m)/2+Dliz(m)*(k

1))*2)"0.5 <= 0.075;
end
if m==1& A_i(i,j,k,1,1)>0.0;
A_i_axial(j,k,n,1) = A_i_axial(j,k,n,1) +
A _i(i,j,k,n,4); %/((D/iz(m))"2*L/ix(m));
%6*A_i(i,j,k,2,1)/A_i(i,j,k,1,1)/ix(1); %
elseif m==2 & A_i_M2(i,j,k,1,1)>0.0;
A_i_axial(j,k,n,2) = A_i_axial(j,k,n,2) +
A i M2(i,j,k,n,1); %/ ((D/iz(m))"2*L/ix(m));
%6*A i M2(i,j,k,2,1)/A_i M2(i,j,k,1,1)/ix(2); %
end
end
end
end
end
end
A_i_axial_mean(1l:iy(2)/2,1:2) = 0.0;
for m=1:2
for n=1:2
for j=Ll:iy(m)/2
if m==1
A_i_axial_mean(iy(m)/2+1 - j,n,m) = (A_i_axial(j,iy(m )/2,n,m) +
A_i_axial(iy(m)+1 - l,iy(m)/2,n,m)+A_i_axial(iy(m)/2,j,n,m) +
A_i_axial(iy(m)/2,iy(m)+1 - j,n,m))/4;
elseif m==2
A_i_axial_mean(iy(m)/2+1 - j,n,m) = (A_i_axial(j,iy(m)/2,n,m) +
A_i_axial(iy(m)+1 - J,iy(m)/2,n,m)+A_i_axial(iy( m)/2,j,n,m) +
A_i_axial(iy(m)/2,iy(m)+1 - j,n,m))/4;
end
end
end
end
%Sauter mean diameter calculation
for m=1.2
for j=Ll:iy(m)/2
A_i_axial_mean(j,1,m) =
A_i_axial_mean(j,1,m)/((D/iz(m))*2*L/ix(m)*ix(m)); %6*A _i_axial_mean(j,2,m)/A_
i_axial_mean(j,1,m);
end
end
alp
figure;
%plot(0.0:0.00187:.0356,2*A i axial_mean(:,1,1))
%hold on
plot(0.0:0.00187:D/2,A_i_axial_mean(:,1,2))
axis([0.0 D/2 0 150));
xlabel( 'Distance from Center [m]' );
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ylabel( 'Sauter Mean Dia
[m~2/m~3]);

meter [m]'  );

figure;

surf(xp,z,A_iplane) %,A_iplane);
axis([0.0 L 0.0 D 0.0 1.0));

ylabel( 'y [m]");

xlabel(  'x[m]" );

zlabel(  'Volume Fraction' );

figure;

surf(xp,z,var_g_iplane) %,A_iplane);
axis([0.0 L 0.0 D 0.0 0.02));

ylabel( 'y [m]");

xlabel(  'x[m]" );

zlabel( 'Local Interface Gradient' );
figure;

surf(xp,z,reg_g_iplane) %,A_iplane);
axis([0.0 L 0.0 D 0.0 1.0));

ylabel( 'y [m]");

xlabel(  'x[m]" );

zlabel( 'Local Interface Density' );

% P(1) = getframe(gcf);
% for i =ix(2): -1:2

% zdata(:,)) = A_i_M2(i,:,:,2,1)/(D/iz(2))*3)*4:

% Cdata(:,;) = A_i_M2(i,:,:,1,1);
% s.ZData = Zdata;

% s.CData = Cdata;

% pause(0.05);

%  P(i) = getframe(gcf);

% axis([0.0 0.0150.00.0150.0 1.0 ]);
% y label(y [m]);

% xlabel('z [m]);

%  zlabel('Volume Fraction’);

% end

% v = VideoWriter('surfanim")

% open(v);

% writeVideo(v,P(%));

% close(v);

%Mean Interfacial Area Concentration
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Appendix B

Time steps from the 10 clong M2 forwardsimulation. Surface tension is 0.0714 N/m.
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Appendix C
Time steps from the 20 clang, M2 and M1forward simulation. Surface tension equals 0.0714
N/m. Due to limited computational availability the M2 case has not been run as far as the M1.

When M2 reaches its last point M1 images are shown afterwards.
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