ABSTRACT

FAN, YUQIAO. Counter Current Flow Studies Using Interface Capturing Simulat{tmsler
the directiorof Dr. Igor A. Bolotnov).

Counter currentwo-phaseflows (CCF) represent an important problem for botlclear
reactor operation and safety &sas. CCFlimitation (CCH.) occurs when upward steam flow rate
is sufficiently large such that the downflowing liquid coolant cannot penetrate the channel. CCFL
can occur in the subchannels and larger piping systems of light water reactors, and adcatesgler
CCFL can occur in the pores of debris bed and in the deposited crud on fuel cladding. Despite the
significant progress achieved by experimental studies and analytical analysis on large scale CCFL,
certain limitations exist for millimeter scale CCBuch as the difficulties in measurement and
visualization.CCF in this dissertatiois studied based on two topidke controlled single bubble
studies(note thatphase directions are alsonsidereccounter current and the counter current
flow limitation in the reactor debris bed chanfi@ provide fundamental studies on CCétlsuch
small scaleslevelset method (one of the interface capturing methwdgkll-resolved transient
threedimensional simulations are used to producéigh resolution data to evaluate this
phenomean. The major objectives of this work include: (1) strengthen the capabiktyadfiating
the interfacial forceshrough controlled single bubble studies; (2) reveal the 4s®emethod
capability on solvingCCFin debris becchannels; (3) develo@ proportionalintegratderivative
(PID) CCFL pressure gradient controller to demonstrate integration of control thatoi€CFL
analysisn debris beahannelsTo address these objectives, bubble studies of interfacial force and
topology are presenteds well asCCF simulatiors in the debris bed channe&hich is driven by
gravity and steam generation rafePID pressure gradient controller is developed to accurately
and efficiently control the flow rate and to achieve CCFL comktibhe performeddundational

simulations are to ensure that the results fitmsmost innovative PIpressure gradient controller



to achieveCCFL conditionsare trustworthyFinally, threecomputational geometries with some
representative features débris bed channels were selected to study-f¥vase mechanism at
CCFL and the corresponding bed coolability. Based on tlepsesentativeimulations, a pressure
gradient correlation and a dimensionless nund@roposed to predict CCFL occurrendde
PID pressure gradient controller is alslmownto be robust even under very complex debris bed
geometry and twqphase flow conditionsThe presented studies contribute to fill the knowledge
gaps on the closure law development of interfacial forces as wiileaSCFL mechanisms in

debris beachannels.
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Chapter 1. INTRODUCTION

In recent years, there has been significant investment interest towards clean and safe energy.
The need and drive for an energy sustainable future is one of the most prominent challenges
required by our societyNuclear energy has been one of the most developed and proven
technologies both as a strategic resource but also as a large sustainable base load generator of
emissionfree power. However, critics against nuclear energy are concerned about the safety of
nuclear technology citing historical cases of catastrophic accident scenarios to justify their
conclusion. Three Mile Island, Chernobyl, and Fukushima are the mosktwesiin examples of
severe accident scenarios. In each case, one of the most significeetnsois the decay heat
removal from thereactor to prevent reactor melt dow@ne of the major twghase flow
phenomenon which might prevent the effective heat removal from intact or melted core is the
counter currenflow limitation.

Counter currentwo-phase flows are complex flow phenomena in which vapor and liquid
phases have oppositew ratedirections. Counter current flow limitation (CCFL) corresponds to
one phase having a large enough velocity to inhibitthumter flow of theother phase. Inuclear
thermathydraulic (TH) studies, CCFL typically refers to steam rising at a fast rate such that it
prevents coolant from draining dowxithin a confined channeCCFL is a crucial issue in safety
analysis due to its possibility to occur at diffdrktations in the reactor during severe accidents.
At the decimeterscale, CCFL can happen timne downcomer, when the downflow of emergency
core cooling water is injected and encounters steam flowing upward. iMahegsidual heat in
fuel rods is still gaerating steam, CCFL can also occur inrgeector corsubchannelécentimeter

scale) Even at themillimeter scale, CCFL camappen in the deposited crud on fuel cladding.



CCFL can als@xist in the debris bedormed in the lower plenum of reactor ppese vessebhnd
dramatically deteriorate the coolability of tiveltencore.

In most ofthe TH studies, theexperimentalapproachused to determine the occurrence of
CCFL are often through trieaindtrue methods, which typically include increasing thaisteate
until coolant stops draining dowfVierow, 2008) Such manu#& controlled process is also
accommodated in numerical CCFL studiétowever, if a control theory is integrated, the
occurrence can be found neoefficiently and accurately. One successful integration is the
proportionalintegratderivative (PID) bubble controller in PHASTA code to evaluate the
interfacial forces(Thomas et al., 20159-eng and Bolotnov, 2016)nstead of computing the
interfacial forces after a rising bubble achieves a uniform motion, the PID conisadigjusting
the forces tdix the bubbleat the same locatioMhe steadystate force balands then usedo
detemine the interfacial forcesvhich arebalancedby the appliedcontrol forces.Similarly,
experiments of controlled single bubble studies were also conductedtiwbiggaid was injected
downwardtowards theising bubble restrained the bubbl®ovementupward (Salibindla et al.,
2020). Suctcontrolof abubble in liquid is another type of counter current-piase flow.

With the successful applicatioaf the PID control theory iinterfacialforce evaluatiorfor
single bubbleCCFL studies can also be gad out in a controlled mannérhe target @ro coolant
velocityis selected foinput (similar tofixing bubblelocation) and thecorrespondingutputis the
pressure gradielftelativeto the bubble interfacial forc@hich produces CCFL occurrenc&uch
PID control will greatly facilitate numerical studies, but its accuracyrahdbility need to be
proved through a series of verification and validation (V&V) efforts. CCFL involves complex flow
characteristics such as interfacial forces and topolodfieis. very challengingto conduct a

comprehensive V&V for CCFL, not to mention the addition of PID control. However, V&V of



PID controlledCCFL simulationcan be decomposed into benchmark problems, such as interfacial
forces and topology, CCFL without Piantrol, etc. Among them, using bubble studiesrsure

the correct assessment difterfacial force and complex topology evolution is trustworthy
considering adequate references from experimental studies. The following sectisestthe
comprehensiviterature reviewthe CCFL studiedollowed bythepublishedsinglebubble studies

on interfacial force and topologgvolution The knowledge gapand validation hierarchgre

identified afterwards, and the research objective$oaneulatedto tackle eal challenge.

1.1 Overview of the counter current flow limitation studies

Counter current flow is driven by interfacial shear resulted from the relative motion between
vapor and liquid phases. CCFL occurs due to the high interfacial shear generated ll@rgé v
vapor velocities, so liquid is inhibited from draining down even under gréwillis, 1969)
Besides interfacial shear and gravity, channel dimension is also crucial in the hydrodynamics of
CCFL. The fow regimes of CCFL under different channel sizes are distinct and mechanisms have
not been well studied to establish trustwonhgdictive capabilitiesEven CCFL occurrence itself
has been difficult to determine many conditiongHewitt and Wallis, 1963)The following
section reviews the experimental and numerical efforts in Cg@ieLmore specific CCFL studies

in the debris bed

1.1.1 Experimental CCFL studies
There arenumerousCCFL experimental studieat large scales One of the mostvell-
recognizecexperimental correlati@to evaluate the occurrence of CCFL is the Wallis correlation

based on dimensionless liquid and vapor superficial velo€ivadlis, 1969.
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Here,J and U are dimensionless Wallis numbers for gas and liquid phase defined Geland
0 are two empirical constants which changeth the geometry andldid properties. This
correlation shows that the dimensionless liquid and gas Wallis nunnbées CCFLare aligned

on a straight line.
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In the definitionsy andy are dimensionless Wallis numbets.and” are densities for
liguid and gas phas® is the pipe diameteiQis the earth gravityQand’Q are superficial
velocities for liquid and gas phase respectivelyand, are the void fraction of each phase,
where| | p. L andvu are the phase velocities.

This correlation includgthe inertial and gravitational effects on CCFL occurrence, which has
been widely used asvalidationresourcdor later experimental and numerical studigapke and
Kréger, 1996; Vierow, 2008; Murase et al., 2012; Murase et al., 20bh@é)original data was
obtained fromair-water pipe flows with diameters gb 4 & ando 1 &, which areconsidered
to be small diameteranother esearcher also pointed out that channel size indeed affected CCFL
conditions(Jayanti et al., 1996)t was acknowledged that interfacial sheagdiag on the interface
governs the condition of counter current flow, which highly depends on channel diameter.
Therefore, the gas velocity required to transport interface upwards increases with the channel

diameter.



The dimensionlesshanneldiameter igproposed by Kutateladf&utateladze, 1972)

o0 0 —— (6)

Here O is the dimensionless pipe diameter ands the surface tension coefficient. The
dimensionless pipe diameter connects Wallis number with Kutateladze number.
v OBy (7
V6 O 8 (8)

Note thatdimensionless liquid and gas Kutateladze numbers under CCFL are aligned on a
straight line as well. Theriterionto choose beteen Wallis and Kutateladze numbers to represent
CCFL is throughHO . When'O' is smaller than 24.5, Wallis correlation predicts CCFL better.
Kutateladze numbers have a better performance @heng ®.

Later, the experimentalists found that thentrance geometry (sharp or curved) and the
inclination of the pipe also affects the onset of CGEapke and Kroger, 1996T herefore, they
added new dimensionless numbers to describe these new variables in théicuoriaka the
mat hemati cal |l y st i | (Eapke anchKribgerr 1996PBesiddshe dgeoneetdys f o r n
effect there is also another hysteresis eftbetexists which changes the onset of CGHewitt
and Wallis, 1963)Numerous researchers observed that for the CCFL occurrence obtained from
increasing the gas velocity (from pre CCFL to CCFL) and decreasing the gas velocity (from post
CCFL to CCFL), theequiredgasvelocity for the latter condition igower (Al Issa and Macian,

2011)

Aside fromstudying the influential factors on CCFL angproving the correlation, researchers

also worked on establishing a flow regime niap characteristics of CCFL. Bankoff and Lee

studied the liquid film motion under different pressure gradients and gas flow rates and sketched



a map with falling climbing film zone@Bankoff and Lee, 1983)Recent eperiments explored
comprehensi ve f | ow -dpiametnesrinosn atl hr(oluDgjhdo at efsdnes ec
section), but the counter current flow is horizontally stratified, which has distinct betidfaoznt
from the one observed cylindrical crannels(Gallego, 2004)In 2012, a review on reactor hot
leg CCFL studies was publishédlohne et al., 2012)The authors point out that the existing
experimentalcorrelations have a relatively narrow range for application, and the mechanistic
models are limited for CCF{HG6hne et al., 2012)

CCFL experimentst themillimeter scale hee rarely beenpublished.Two relevantstudies
were found includingthe CCFL experimentsat the millimeter scale gap and twghase flow
regimestudies in capillary tubegFukano and Kariyasaki, 1993; RapoludaSon, 2007; Jeong,
2008) Jeong conducted CCFL experimeatghemillimeter scale gap between two concentric
pipes with large diameters. The gap sizes are of 1, 2, 3) anl, but the outer diameter of the
annular channel im® & , which yieldsCCFL occurrence more comparable with parallel plates,
but completely differentcompared withconduit flows (e.g. such as in pipes or square djcts
(Jeong, 2008)For small channelless tharseveral millimeters hydraulics diameterho matter
they arecylindrical or square channeldue to thesizelimitation, CCFL occuss globally However,
in thenarrow annular gap f J e 0 n g ats pargak QCEL camhappen localyhile other
regiors still have liquid drainingThelocal CCFL will expand when air flow rate increases before
the global CCFL can be achievédeong, 2008)When global CCFL hagens, the liquid across
the entire annular gap all moves upwa@ther relevansmallscaleexperiments focus on two
phase flow regimes rather than CCKFLmini channels or capillary tubeSpecifically, where
varying air and water flow rates are usegtoduce certain twiphase configurationgukano and

Kariyasaki, 1993; Rapolu and Son, 2007)



1.1.2 Computational fluid dynamics CCFL studies

The majority ofcomputational fluid dynamics (CFBJCFL studies in nuclear engineering
applications are still for large scaldi&e the hot legor the pressurizer surge linef the nuclear
reactor(Murase et al., 2012; Murase et al., 2013ihce the diametsrof the hot legand the
pressurizer surge linarex v &t & ando Tt dt &, the superficial liquid and steawelocities at
CCFL obtained fronthesenumerical simulations can be normalized with the definitiof&ir{2)
and (3) (Murase et al., 2012; Murase et al., 201and CCFL model can be correspondingly
developed in the form of Wallis correlation as wé&le studyon reactor hot leqhideedsuggests
one speial condition fornuclear reactoCCFL compared with CCFunder normal conditian
When the system is pressurizegg@®(0 0 §) the CCFL characteristics aséightly differentthan
thoseunder atmospheric conditioln additionthe liquid viscosity under pressurized condition is
more influentialfor determiningCCFL occurrencéMurase et al., 2012)

For the above large scale CCFL simulationise volume offluid (VOF) method has been
widely useddueto the successfulmplementation in commerci&FD software(Murase et al.,
2012; Murase et al., 2017However, inmost simulations,the spatial resolution was not fine
enough to welfesolvethe interface motion even in 2D scenariber instancel.u et al(2016)
performed a series of parameter studies on cocnteent flow behaviors under different gas and
liquid flow ratein a 2D channel, bube interfacecould notbe well resolvedAlthough surface
tension effect is includedhetransient CCFLcould not beachievedLu etal., 2016) In order to
obtain CCFL occurrence wittelatively low computation cost, CFD researchers also implement
liquid film flow model intothe commercial software to couple with the VOF metljdéatanabe
et d., 2017) This liquid film model evaluates the thickness of virtual liquid film with an annular

flow assumption so does not require the VOF simulation to resolve theViith.such virtual



liquid film, the mesh spatial resolution can dpagite coarseard the CCFL could be obtained
practically in a 2D simulatiorhowever due to the model simplificationg)eresultsof the CCFL
conditionsarequestionable

Rarely3D direct numerical simulation (DN&jsing interface capturing methodsperformed
to modelthe CCFL phenomenaThe mostrelevantsimulation is a3D quasiDNS conducted
annular flow study using coupled hybrid method of frimatking and level set meth@8hin et
al., 2018) However, the annular flow Wwaaimed to demonstrate the scalability of their code in
large-scale simulationSome researchers attempt to conduct 3D high resolution CCFL simulation,
but they cannot afford grid convergence stddg to very high computational cofBeendarlianto
et al., 2010)It is understandable that the computational cost of DNS was more of a concern for
some researchers, thudess computationally expensive approanto-fluid models involving
turbulence models, wapreferably used in CCFL/churn flow/seveaecidentrelated studies

(Tekavlil.et al., 2016)

1.1.3 Debris bed CCFL studies

CCFL is a dominantwo-phase flomphenomenon in the dryingut of the debris bedebris
bed forms from relocated coriumn the nuclear reactor pressure veqsdPV) during severe
accidens. Famous exampteof thedebris bedrein the ThreeMile Island unit2 accident andthe
Fukushima Daiichi UniB accidentldeally, with the residual coolant in the lower plenum of the
RPV, the decay heat produced by the delbeid can be removed. However, with the indreas
bed height, the steam velocity is high&tracertain height of the debris bed, the steam velocity is
high enough which prohibits coolant from draining, i.e. CCFL occurragheegforethe upper
debris beds the CCFL dominant regior(Abe and Adachi, 1994; Rashid et al., 201P)e heat

transfer deterioratiodue toinadequate coolant greatly increases the local tempenatinedebris



bed Corium with sufficient temperature can melt concrete, whietm cause severe radiation
leakage and environmeipollution. A criterion has been generally accepted thatadryshould

not occur locally for successful losigrm cooling in debris bed@herefore, iis necessary to better
understand the coolability of the debris llkeugh debris be@CFL studies Thesestudies can
inform the nuclear communityn howto better design the reactor structures / operating regimes
and to helgrevent mekthrough accidetsfrom happening.

The debris bed formation was already experimentally investigated in the DEFOR test facility
(Karbojian et al., 2009)In the experiment, simulant melt material was poured onto water. High
temperature liquid melt was delivered into the coolant tank, and the debris bed was formed after
mixing (Karbojian et al., 2009)The formed debris bed has very complicated struethieh can
be described as mixtucé particles in rough shapes, with particles contacting and not contacting
Each flow channdlormed among particlas aroundthe & & scale, but has vempughshape and
can bepartially blocked bypedstructuresas well Moreover, thélow channels are also connected
with each other. This brings lots of challeage the measurement of flow parametéds one
hand only temperaturecoolant volume, size etc can be obtained, whiximotrequire deviceso
intrude the formed bedtermocouples wenere-set before the debris bed was formed). However,
flow rate and pressure gradient in the formed debris bed cannot be measLitedkCCFL studies
in debris bed cannot be conducted in the same way as other CCFL expef@nehtsothehand
a geometry duplicating the real debris bed shape is almost impdesilbeevbecause none of the
flow channet can be described as a regular sha@ven nota cross sectionLasty, with enough
pressure in the vapsuch that canvercome the suppression from the coolant pool above the bed
thetop side ofdebris bed particles catsobe pushed asidey the vapoKLipinski, 1984) Under

suchscenarig thedebris bedstudyis complicatedfrom a two-phaseproblemof stearcoolant



counter current flow int@ threephaseproblemof steam, coolant, and solid particles all with
movements.

The debris bedgeomety challenge cannot beesolved andapproximationsare necessary in
domain design to study the CCFL and-dgt mechanisms. For instanclee texperiments fahe
debris bed CCFL amaainlyconducted ira mock debris bed paeiby small particlegn a mocled
pressure vessel (for instance a cylindrical tank) with sensors distributing around ttbiaakd
Adachi, 1994; Abe and Sudo, 2006; Rashid et all22 Repetto et al., 2013)he particlesare of
a character length v a & or similar sizegFichot et al., 2006and usuallymore obtainable
materials such as glasstainless steglor alumina are used foparticlesto replacerelocated
coriumin the reactor debris bé8be and Adachi, 1994; Rashid et al., 2012}hese experiments,
global and localflow parametercan be measureor indirectly @mputed such as the overall
pressure gradient, void fraction, vapor superficial velocity fercmodelimprovementpurpose
One major effort is on the friction law development. Some researchers measpreshiere
gradient at CCFIconditionwhich can ifiorm friction law insystem codelevelopmen{Rashid et
al., 2012) Other researchers propdskiction factor correlations(Abe and Sudo, 2006yvhich
then was validated heir experimental datd. n Ra s hi d 6 gessure gradierit ab ECFL |

appears to reduce withe vapor superficial velocity whe® 1@&a 7i under system pressures

of 1-5 bar They also found thatnder most of the CCFL condition, dynamic pressure gradient

(Qi¥Q quis less than the hydrostatic pressure gradient of codlatk (Rashd et al., 2012)

It is worthwhile to mention thathe CCFLdefinitions in debris bed experimentatudies are
also different based on if boiling exist$. water and airare usedas working fluids CCFL
determination is similar to that in the classiC&FL studies discussed in Sectibd.1(Abe and

Sudo, 2006)However, ifthe mock debris bed is heated the onsetCCFL cannot baneasured
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due to the lack of twphase ginamics information in the bed. Insteddy-outis used as a criterion
and determineavhen an appreciable fagmperaturencreasehappensn the bedRashid et al.,
2012) Since local debris bed surfalsecomesiry when nearby coolars completely evaporated,
from a progressioperspectivedry-out happens slightly later than CCetcurrencgLipinski,
1984)

In order to develop usable model with unknown {wase flow gnamics inside the debris
bed channelwithout the twephase fluid dynamics informatipone researcheffort was the
approximationof an individual debris bed channeéhn annular flow model wagpreviously
developedor debris bed channektimates othe véocity profile and radial shear stress at CCFL,
which treaéd the debris bed channel as a p{pde, 1995) For debris bed particles larger than
oa a, theoverall behavior of CCFL in the debris bed can be estimated by the annular flow model
The validity of the simplified annular flow model is also experimentally proved by validating the
interfacial and wall shear stresses derived fronfAlbe and Sudo, 2006)Another model
developmenteffort was treating the debris bexs a onedimensional(1D) porous medium
(Lipinski, 1984) With thispremisg the mass, energgnd momentum conservatiequationsan
be combined with models which were applicable dphericalporous medi, such ascapillary
force, friction loss, andvaporation model§ hen thecombination yields a firsbrder differential
eqguation, whicltan ke numerically solved to analyze the debris bed coolability alumglevation
(Lipinski, 1984)

Other research on debris bed caters to the need to Fukushima accident, which focuses on the
seawater coolabilitpn the debris be(Franken et al., 2019; Ahmed et al., 2QIB)e debris bed
is also approximated by packed solid particcess,d Li pi nski 6s 1D model was:

scaling analysi(Ahmed et al., 2019)The major difference between seawater and regular coolant
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waterin the debris bed cooling the solubility of the liquid. In seawater, mass diffusion is slower
than thermal diffusion, alsb¢ salts in sea watdecreasesontact angle on the heated debris bed
surface, therefore the bubble departure diameter is reduced, which affects the boiling behavior
significantly. The pressure drop is alaerdue to the smaller bubble sizes, whicHdsghe twe
phase flow a more homogenous mixt(ifeanken et al., 2019However, those bubbkeeawater
dynamics cannot be observed in the debris bed, and the conclusions were drawn from a high
resolution experirmant ona heater immersed in the sea wabeinspire theboiling behaviorin the
debris bedvhen cooled by the sea waféranken et al., 2019)

The CFD topics on debris batudiesinclude the pressure drop axss the debris bgd@zam
et al., 2018)the debris bed particle sedimentat{dtiwang et al., 2019; Li, C. et al., 2028nd
heat transfeperformance in severe accide(utt et al., 202Q)etc. HoweverCCFL was not
studiedmost likely restrictedby computational costSimplifications n CFD studies were often
used for more affordabimulationsi.e.the porous media antthe cluster cell treatmeni{@zam
et al., 2018; Chakravarty et al., 2019; Hwang et al., 2019C Let al., 2021)For instance,hte
study which involveghe pressure drop acrosie debris bed treatthe bed asa porous media
(Azam et al., 2018)but it does not resolve the debris bed chanre. clwster cell conception is
similar to porous media, but tr@mplificationis splitting the debris bed into cluster c€ltsvang
et al., 2019; Li, C. et al., 20215achcluster cell inclués multiple particlesherefore the spatial
discretizationdoesnot need tde smaller than thparticlesize,instead just need to resolve the
cluster cell. Only a couple of mesh elements acrossaaster cellwas used, which greatly saves
the computional cos(Li, C. et al., 2021)With the cluster celapproximationgventhe particle
sedimentatioor a whole debris bechn beaffordable(Hwang et al., 2019}or CFD simulatios

which resolves the debrisnly heat transfer is investigatéal suspended debris (exposed fuel
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channels) im pure steam environme(Dutt et al., 202Q)rather than the debris bed formed by
relocated coriumResearchers found that with only 1% decay tibatsuspended debris will not
melt down(Dutt et al., 202Q)

In conclusion, o researchers have explored the mrale twephase flow phenomena idsi
the debris bed in depth. Additional issues including the inability to experimentally study the flow
behaviors due to the complex flow geometries, as well as high temperature enviroQGéihts.
in thedebris bed was not studied witie CFD approacleither. Therefore, the details of counter
current flow in micro flow channels/gaps of the debris bed need to be revealed. No existing
published result show the flow regime or evaluate the coolability inside the gap of the debris bed.
High resolution interfacecapturing simulations can be an ideal tool to study @@L

phenomenomside the debris bed.

1.1.4 Direct numerical simulation of CCFL

DNS is a firstprinciple based simulation approach, which directly solves N&tigkes
eguations with adequate spatial amahporal resolutions to capture all flow scales of interest. DNS
approach is the best approximation for experiments among all other types of simulation scales for
single and twephase flows. DNS results have, in previous instances, consistently agreedthvell
the experimental data, which often can be treated as the virtual expdiRuodriguez et al., 2013;
Behafarid et al., 2015; Zimmeyjatthew D. and Bolotnov, 2019; Zimmer, Matthew Daly, 2020)
Though the computation cost of DNSviery high the recent development of higlerformance
computing capabilitieprovidessufficientresources to conduct DN wider range of conditions
Therefore, it is more affordable and desirable to use DdiSesearch purposde gain better
understanding of the physical phenomena and use it (in addition to available experimental data) to

develop and calibrate models for systikawel codesUtilizing DNS in studying the CCFL has
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three major advantages compardd the multiphase computational fluid dynamics {&FD)
models DNS has the ability to extensively reveal and visualize the flow regime in the flow channel
even at the Kolmogorov scalthe smallesturbulence scale)n addition, DNS can also build a
high-resolutiondatabase for MCFD and systerscale codes on CCFL, meaningfully reducing the

prediction uncertainty ithosesimulations.

1.1.5 Knowledge gap

Despite the significant progress achieved by expemial studies and analytical analysis on
large scale CCFL, the correlations cannot be directly utilized in small scale sftdgacludes
the equationsdeveloped by WalligWallis, 1969)as well as by Zapkand Kroger(Zapke and
Kroéger, 1996) which are based on centimetaicale CCFL experimentés for thetwo-phase
configurationscategorized intdhe CCFL flow regime map, the experimental mechanisms were
still studiedunder the large scales(Dukler and Smith, 1977) Even for modern experiments
conducted after 200@allego, 2004; Vierow, 2008)lecimeteiscde facility werestill dominanty
used Currently, there are only a handful piblications ofCCFL experimentat themillimeter
scale. For the published workinvestigating millimetertwo-phasecounter currenflow, the
information does not adequately anfn on thedebrisbed channelCCFL phenomenorfFukano
and Kariyasaki, 1993; Rapolu and Son, 2007; Jeong, 28@&)t from lacking experimental
studies, lhe two-phase lbw interaction and its physics @CFL at asmall scalehas alsonot
receival adequate attention

Even if small scale CCFL experiments can be conducted, certain limitations also exist for
millimeter scale CCFL experiments such as the difficulties in oreagent and visualization. The
experimental data collected for flow rates and pressure drop in small scales are often with higher

uncertainties compared with large sca(Bapolu and Son, 2007apturing subtlénterface
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topology changes is already a challenge, but if the channel wall is heated, transparent material is
typically changed to stainless steel thus visualization is impogsitdeow, 2008) Last but not

the least, the surface tension effect becomes more significant as channel size decreases. However,
any small amounts of impurities act as a surfactant can change the effective surface tension which
in turn affects the interfacial forces and topology in CQ®lesselingh and Bollen, 1999)

Last but not the least, the occurrence of CCFL is not universally well defined among different
studies; some of the definitions are even contradictory to each other. For instandé,aHéwi
Wallis define that gas phase velocity at CCFL is a value which carries liquid upwards beyond the
liquid injector consistentlyFigure 1.1), rather than when flow reversal happdhiewitt and
Wallis, 1963) However, Govan e#l. did not havethis requirementor liquid carried beyonthe
injector consistently. In their definition, liquid may partially flow downwai@svan et al., 1991)

Also contradictoy to Hewitt and Wallis, Gallego defines CCFL occurrence to be when flow
reversal happen&allego, 2004)Aside fromthose definitions, significant variation in pressu
gradient with gas phase velocity is also an indicator for CCFL to haMyjayan et al., 2001;
Vierow, 2008) It is understandable that under different experimental facility setumewvide
measurementestrictions researcherbiave hadto propose criterion m CCFL based ortheir
specific experimental conditisn However,the corresponding application ranges are indeed
narrow due to specific experimental conditiofdbhne et al., 2012)Moreover,the lack of
universal definitions results in imoherentunderstanding of the physics GCFL andbrings

additional difficulty for thevalidation of CCFL simulations
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Figurel.1. lllustration of liquid being carried beyond injector

DNS coupled with interface capturing method is capable to address the above challenges.
Numerically, the onset of CCFL can be defined as #ewo rate of either phase, which willé
consistent even for different flow conditior&pecifically, for nuclear reactor applicatjddCFL
occurrence corresponds to z#oav rateof theliquid phaseThis definition is proposetb describe
the critical condition and illustrated ifrigure 1.2. If steam velocity is slightly lower, thethe
coolant is still draininglown (pre CCFL) if steam velocity is slightly higher, then CCFL already
happeredand coolant is moving upwargsost CCFL)Only in the middé of those two conditions,

steam is still moving up but liquid velocity is zero, which corresponds to the CCFL occurrence.

Pre CCFL CCFL Post CCFL

|

vg >0 ng Ug 1 1

Figurel.2. lllustration of CCFL criterion when liquid velocity is zeno ().
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Besides applying a universal CCFL criterion in DNS studies (zero coolant velduo#sg,are
other advantages of study CCFL using DNS coupled with interface capturing métilocin
adequate spatial discretization, accurate measurement amdebalution visualization can be
obtained including but not limited toin-situ velocities of liquid or gas phase, pressure, and the
interface topology.Although simulations naturally have specific sources of uncertainties
compared with experiments, forstance, discretization error, the parameters can be accurately
assignedTherefore,the uncertainties on pressure drop, phase velocity, and surface tension
experimentscan be eliminated by specifying appropriate values in boundary conditions and
materal propertiesn simulations With PID control theory integrated into CCFL studiégs more
efficient to determine the occurrence of CCFL, and thus influential factors can bstwaidd
such as channel sizes, vapor/liquid densities, surface tensaouls,interface topologies.
Specifically, the pressure gradient obtained from PID control can be very accurate under zero
liquid flow rate.Pressure gradients has been a key parameter measured in experiments to predict
CCFL occurrence which strongly connedb dryout in debris bedSimilar to steam velocity
increasingwith debris bed height, pressure gradient also followsttaisd Pressure gradieris
also a significant parameter to determine theplvase flow pattern in tHtow channelAbe and
Adachi, 1994) However,there was no appropriate model developed for predicting pressure
gradients(Park et al., 2016)The obtained pressure gradient can be beneficiadragaccurte
verification resource fdiuture model developmenst

The trustworthiness of Pl@ontrolled CCFL simulations depends on the accuracy in the
interfacial forces and topologgnd thereliability of PID control.PID related concerns can be
addressed by theerification, accuracy and robustness tests of the developed PID controller. Other

concerns can be addressed by validated and verified unit problems though single bubble studies.
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1.2 Overview of bubble studies

The bubble interfacial force and topology evolatgtudies are foundational for the V&V of
CCFL interface capturingimulations. This section introduces the bubble studies under natural
conditions and under control. Specifically, the bubble studies under PID control are presented

which was an inspiratiofor integratingPID theory into CCFL studies.

1.2.1 Bubble interfacial force studies

Interfacial forces play a pivotal role in the tpbase phenomena in nuclear reactor systems.
There araypically identifiedfive interfacial forces (drag, lift, wall, virtuahass, and turbulent
dispersion forceglshii, Mamoru, 1990)Among themdrag force is generally considered one of
t he most i mportant as it governs t hlguidbubbl e
momentumntransfer. Lift force has significant impacts on determining the void fraction distribution
in reactor subchannels and affects predictions of the departure from nucleate boiling (DNB) in
reactor thermahydraulic analysis. Wall force is the most influeniidhe bubble is near wall and
the net sum of the wall and lift forces dominates the bubble migration direction. The following

introduction illustrates the interfacial forces in more detail.

1.2.1.1 Lift force

Lift force for a single bubble in shear flow can beduled(Tomiyama, Akio et al., 2002)s:

O 0Owo o, 9
Qw
In the definition,0 is the lift coefficientw is the bubble volume, an¥i Qb 7Q dis the
liquid velocity gradient or shear rate. The signdofis deterministic of the bubble migration

direction. In initial lift force models, the lift coefficiedt was assumed to be a const@ibujaes

and Dougall, 1985)in subsequent model$, was treatedsaa variable to explain the effect of lift
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force on bubble migration behavior. Correspondimgdels were proposed in both numerical
(Legendre and Magnaudet, 1998)d experimenta(Tomiyama, Akio et al., 2002¥tudies.

Tomi yamadés study revealed the strong effect o
However, it is difficult to evaluate the effect of shape distortion for each individual bubble in the
bubbly flow model In recent lift force model proposed by Shaver and Podowski, the bubbles were

still assumed to be spherical even for deformable bubbles with diameter of 2(Shawer and

Podowski, 2015)Althoughd was modifed to vary with the distance to the wall, this model still
underpredicted the void fraction compared to existing experimental(téaag K. et al., 1987)

While multiphase flow is a very complex and Horear phenoranon, we believe the
improvement of the lift force model by considering bubble deformation may significantly help to

improve the predictive capabilities of CFD scale models.

1.2.1.2 Wall force

In a twophase upflow conditions, spherical bubbles tend to migratartsra channel wall
under the effect of lift force. Meanwhile, the wall force keeps the bubble at some distance away
from the wall(Antal et al., 1991)Therefore, void fraction profiles demonstrate a peak near the
wall, but zero at the wall. The wall force is reduced to zero at large distances from the wall due to
the decreasing wall effect experienced by the
wall force was combined with the lift force equation and waed to predict void fraction
distribution. The resulting void fraction distribution achieved a good agreement with the previous
experimental data. However, existing models on lift and wall forces still need to be improved for
the near wall region. The rexst models yielded good transverse void fraction distribution in the
bulk of the flow channel, but resulted in peaking and flattening void fraction profiles near the wall

for adiabatic flowqShaver and Podowski, 2015; Sugrue et al., 208id¢h distribution was due
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to the lack of wall repellent effect in the vicinity of the wall, which needs improvement to eliminate

the disparity with the realistic void fraction distribution.

1.2.1.3 Transverse face

It is well recognized thal for a spherical bubble is positive, however it can be negative for
deformable bubble§romiyama, Akio et al., 2002)igure 1.3 illustrates the lift force change on
bukble depending on deformability, whaiendwdenote streamwise and transverse directions,
respectively. If the wall existence is neglect@lpbtained by Eq(9) directs to the positived
direction asFigure 1.3 (a) depicts. As the bubble becomes more deformableand the
correspondingO will change the sign. Adding the wall causes the interfacial forces on the bubble

to be more complexH{gure 1.3 (b)). Both the bubble deformation and the wall existence will

induce the net lift forcé(® "OB, to change direction.

wall wall wall
Fy Iy a
F i y- N r’/ \\‘: |
t ¥ CL) O 1y
. By Uk (I
T, s (I
< X
(a) Without wall existence. (b) With wall existence.

Figurel.3. lllustration of the lift force change on the bubble with different deformation. The wall
existence is neglected in (a) but considered in (b). The wall force is a constant wh&@ the
remains unchanged.

Since lift force ad wall force act on the bubble in transverse directions, the net force can be a
representation of migration behavior. Analogous to the lift coefficiena transverse coefficient
0 can also be used to demonstrate the effects of fluid maiidrnle deformability, wall distance,
and shear rate on interfacial forces. The sigd aletermines the direction @, thus the bubble

migration direction.
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1.2.2 Complex bubble topology studies

Complex bubble topology studies were reviewea published journal pap@fan et al., 2021)
Bubble deformation is a ubiquitous phenomenon inligasd two-phase flow and has significant
impacts on various interface related flow physics. For example, bubble induced turbulence has
distinct characteristics from particle induced turbulence. Given specific bubble deformability, the
existence of bubbles can eithegment or suppress local liquid turbuleriGore and Crowe,
1989) in other words, the turbulent intensity change depends on the bubble distortiqiréengl
and Bolotnov, 2017b In addition, the bubble deformation also plays an important role in
determining bubble interfacial forces, such as drag force, lift force, and virtual mas@Bloaga
and Weber, 1981)Severe deformation may rdsin bubble brealup, which leads to more
complex flow regimes. One such example is the slug bubble during thsthgrch flow regime
transition(Zimmer, Matthew D. and Bolotnov, 2019s the gas flow ratéencreases, satellite
bubbles are teared off from the slug bubble which contribute to the interface instability and
eventually trigger the transition. Fundamental studies on bubble topology evolution could help
reveal the underneath mechanisms and produgeved predictive models. This in turn will lead
to optimized engineering designs (e.g. nuclear, thermal, and chemical reactors) and industrial
processes (e.g. purification of polluted water, and the charging of plasma bubbles) where bubble
topology evalition play a pivotal rol¢Guillen et al., 2018; Yamatake et al., 2007)

A considerable amount of literature has been published on the experimental studies concerning
bubble deformatioiiBhaga and Weber, 1981; Sharaf et al., 20BAaga and Weber injected the
air bubble in aqueous sugar solution and the various liquid viscosities were obtained by solutions
of different concentrationdBhaga and Weber, 1981I)he photos of bubble deformation and the
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streamline in the wake region have become classical references fahase flow model
development and validatig®ussman, Mark et al., 2007; Tripathi et al., 20BA5)an extension of

the numerical study conducted by Tripathi et (2015) Sharaf et al(2017) performed an
experimental investigation with higgpeed camera and a satisfying agreement was reported
between experiments and the corresponding simulations. Despite the significant progress achieved
by experiments, certain limitations persiBixamples include the availability of working fluid
properties, fine control of experimental conditions as well as measurement uncertainties.

Al t hough Bhaga and Weberd6s experiments cover
Eotvos number, Mortonumber and Reynolds number) to produce a bubble deformation map, the
parametric exploration is primarily achieved by altering the liquid viscosity with varying
concentration of the solutions. With almost unchanged surface tension, liquid density and gas
parameters, they were not able to capture the bubbledm@pkenomenon which is more sensitive
to surface tension (Bhaga and Weber, 1981). The experimental conditions are hard to control at
constant values in twphase studies. To simplify the measuremehtfluids, all of the
aforementioned experiments require liquid to be stagnant when bubble rises up, which limits the
research scope into purely gravdgiven. However, it is rarely the case in engineering
applications. As bubbles and liquid are movingetiher, the inertia of bubble could be sometimes
more dominant than gravityshii, M. et al., 2004) Although experimental data remains the major
knowledge source on twohase flow physics, the uncertainty quantifmat (UQ) of
measurements is still challenging and the UQ analysis is often lacked (especially in legacy
experimental studies). Bubble columns are usually built with fixed height, thus fersfagt

bubbles it is hard to determine if bubbles reached gtstate at the observation section.
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Consequently, the measured bubble terminal velocity generally has higher uncertainty than other
experimental parameters.

Meanwhile, numerical simulations have grown into an attractive investigation approach to
compensatéhe shortcomings of experiments. Any working fluid and physical condition could be
readily represented by changing material properties and initial/boundary conditions. In particular,
3D interface resolved simulations can provide all the quantities oksgtten bubble dynamics
studies, such as bubble topology changes, velocity and pressure distributions, flow field
streamlines, etc. Sussman et (@007) reproduced nearly identical deformable bubbles in the
experiments with a higtorder interface capturing method. Tripathi et(2015)computationally
investigated bubble deformation and bregk with wideranging fluid properties. Their
simulations revealed that blolle topology is not only affected by fluid properties, but also strongly

dependent on bubble sizes.

1.2.3 Experimental controlled bubble studies

Bubble terminal velocityd ) is a significant parameter in both interfacial force and interface
topology studes. Traditionallyp was measured when a rising bubble in the liquid eventually
achieved a uniform motion. This approach was stréigtard but the uncertainty quantification
was challenging and lacked in many legacy experimental studies. leglsoed the experimental
bubble column or the computational domain to be adequately tall for bubbles to achieve

In recent years researchers have been using a new approach to stucidpuidbigeractions
by reversing the movements of the bubbhd the liquidDueias, 2019; Salibindla et al., 2020)
Instead of letting the bubble rise freely in the stagnant liquid, they inject the liquid downward
towards the bubbleo the bubble rising movement is restricted. Considering the liquid and bubble

velocities are opposite, this is also one of the counter currergtiage flow phenomena.
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With such new approach, Duefias at Oregon State University (OSU) utilized particke imag
velocimetry (PIV) to track the velocity of rising ellipsoidal bubbles and developed improved drag
coefficient © ) models(Duefias, 2019)OSU researchers also explored the complex bubble
topology inspied by the DNS studies of Tripathi et 2015) Salibindla et al. covered a large
range of the bubble diameter from 0.5 mm to 10 mm and provided corresponding bubble rise
velocity, liquid injection velocity, lad lift coefficient(Salibindla et al., 2020)They also studied
drag behavior under bubble Reynolds numb€g€) from 10 to 5000 and demonstrated thataQ
exceeds 400, the large bubble shows systematically ldwigrintense turbulence.

The control methodology in the experimental studies has many advantages. To begin with, if
the liquid ingction rate is appropriately adjusted to be the expected bubble terminal velocity, the
bubble mass center can be stagnant in the test section. With such approach, the uncertainty
guantification (UQ) o6 becomes the UQ of liquid injection rate antting up the experimental
facility is easier. Also, the test section does not need to be fabricated very tall. Lastly, the camera
can be installed at a fixed position focusing on the bubble behavior and the liquid motion in the
vicinity.

1.2.4 PID controlled bubble studies

PID bubble controller was previously implemented in PHASTA code to control the bubble at
a proposed positioffhomas et al., 2015; Feng and Bolotnov, 201%ahilar to the expements
(Dueiias, 2019; Salibindla et al., 2020Quid is also injected from the inlet plane towards the
bubble. Therefore, it is alsepresenting counter current twphase ow. This reverse process is
equivalent to switching the reference frame from the container to the bubble. The two reference
frames, the mass, momentum, and energy are invéki@m@omb, 1999)so interfacibforces and

topologies should not change either.
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PID bubble controller has been used for bubble interfacial force studies in uniform flow and
shear flows. For small size bubbles (diam@&er p& &), the drag coefficients obtained from the
PID bubble conbller achieved nearly identical magnitudes with the experiméntabrrelations
varied with'Y Qin uniform flows (Thomas et al., 2015)As for medium size bubbledO(
o® Q a), the lift and drag codffients in viscous shear flows and turbulent flows agree well with
previous experimental studi@Seng and Bolotnov, 2017c)

The wall effect is difficult for most experimental and numerical studies because tecdist
from the bubble and wall is a variable. PID bubble controller removes such challenge by fixing
the bubble at a specific distance to the wall. The transverse force at wall distance equal to bubble
size was validated and verified for viscous shear flgisng and Bolotnov, 2017a)he
correlation ofdé was established with regard¥6Qand Weber numbery'Q) at a wall distance

equal to bubble diametebfO p) (Feng and Bolotnov, 2017a)
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This correlation idased on the bubble simulation with a diametegp&pfg & in a viscous
shear flow with shear rate ofy8. . The sign oD corresponds to the bubble migration direction.

A migration curve at the santdO was then proposed which separates fhosite directions of
the transverse force, which is also the mathematical expression fortin Eq.(11). The curve
is replotted irFigurel.4, where red triangles dete transverse force pointing to the wall, reflecting

bubble migrating to the wall; blue triangles are opposite where the transverse force points to the

center of the channel, indicating that more deformable bubble tends to be repelled from the wall.
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The challenge of bubble in high shear is the-mamtifiability of the interfacial forces under
effects of both shear and shegmerated turbulence. In traditional studies, if a laminar-$igtar
velocity field is applied to the inletf a flow channel, the transition to turbulence regime will affect
the bubble motion as welFigure 1.5). With the leverage of PID bubble controller, a laminar high
shear flow can be applied in a streamwise sthamain (red box ifrigure 1.5 which is equivalent
to the inlet segment of a turbulent channel. Therefore, the sole effect esheéghon the bubble

can be investigated without the disturbance of turbulence.

Transition | =
Laminar —

High shear domain

Figure 1.5. lllustration of high shear domain setup compared to a turbulent channel
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Such simulation was conducted using the PID bubble controller for a small bi@ble (
pa &) and it revealed that drag increases by shear Pleb(t lift decreases whéeliexceeds
75/s(Thomas et al., 2015)

As for the investigation of bubble topology evolution, PID bubble controlldr thi2 support
of unstructured meshes are particularly suitable. It is reported by previous DNS and experimental
studies that some bubbles with severe deformation also have complicated travel trajectories
(Tripathi et al., 2015; Sharaf et al., 2017Mhe trajectories vary with fluid conditions thus
determining the size of computation domain and the mesh resolution is a processntHeiabr.
A more common practice is to refine all the regiavhere bubbles could possibly travel, which
may lead to exceedingly large computational costs. However, with the PID bubble controller,
bubbles would only vibrate initially in the vicinity of and eventually settle down at the prescribed
control location,which significantly reduces the size of mesh refinement zone and thus the
computational costs. Moreover, due to the bubble movement, a conventional investigation would
have to realign the bubble center before comparing the relative interface topologge @tan
different time stageéTripathi et al., 2015; Sharaf et al., 201With the PID bubble controller,
this burdensome task can be totally avoided because the bubble has a fixedtatedalyation.
With the support of unstructured mesh, an optimized computational mesh can be easily created
with additional mesh refinement only around the bubble control location. Furthermore, accurate
threedimensional (3D) bubble shape are extremely diftitco obtain in experiments. Cameras
could only take tweadimensional (2D) photos, thus most studies have to assume bubbles to be
axisymmetric which is only applicable for simply deformed bubfrgefias, 2019)Even with

tomography technique to reconstruct the 3D bubble shape, the accuracy still depends on the
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rotation speed of camera, the strength of received signal from the sensors, and the selection of back

projection algorithmgUtomo et al., 2001)

1.2.5 Knowledge gap

Despite the progress in bubble interfacial force and topology evolution studies, there still
remains the wall effect as well as complex deformation to be further investigated. PID bubble
controller tackles lotsf involved challenges such as fixing the wall distance, applying a laminar
shear flow, and fully resolving bubble topology by -designed mesh. Thereforepany
knowledge gaps can be filled through PID controlled bubble studies.

Current wall affected tresverse force study only has one specified wall distance completed
(Feng and Bolotnov, 201 7dyurther investigation is needed to include more distances from the
bubble to the wall to comprehensively establishatibe the transverse force. The bubble topology
obtained from PID bubble controller are all slightly defornf€domas et al., 2015; Feng and
Bolotnov, 2017¢)therefore complex topology evdilon needs to be further verified and validated.
Lastly, since single bubble in liquid is also a counter current flmesh study for the bubble is
also required to provide references for spatial resolution to well resolve the CCFL interfacial shear
and interface topology.

The above fundamental bubble studies will build confidence that CCFL is driven by the correct
interfacial forces and that the interface topology is also correct. The work also improves the closure

laws of interfacial forces and contrilestto the development of-RFD closure models.

1.3 Validation hierarchy
Counter current flow in this dissertation is studied based on two topics; GQRe debris
bedand the PlBcontrolled single bubble studieSpecifically, the controlled bubble simuians,

are fundamental for studying more complex CCFL flow characteristitge debris bed channel
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First, the interfacial forces for CCFL and bubble are connectedrfacial shear on the interface
governs the condition of counter current flow. In esseg interfacial shear is the drag between
liquid and gas phases and CCFL is achieved when wall shear, interfacial shear, and gravity are
balanced. Similarly, drag force is also one of the most important interfacial forces for the bubble
liquid flow, and n the vertical direction a bubble reaches steady state when the drag forces and
gravity are balanced. Asides from the force balance, the drag force on bubble is essentially
integrated interfacial shear, and thus correct drag prediction capability iseatiasondition for
correct interfacial shear prediction. The second similarity between controlled bubble and debris
bed CCFL is thathe velocity scalearevery similar. CCFL in the reactor pressurizer surge line

or hot leg can happen under turbulemrditions but inthedebris bed theoolantflow is expected

to belaminar. Even though the secondary flow can form around the complex geometry in the
debris bed channeahtegrated coolant flow approaches zero velocity when CCFL occurs. As for
steamgeneally theaveragesteam velocitycan belower thanp & 7i which is very similar to the
singlebubble velocitieslf compared in dimensionless number, the Reynolds number of a pure
steam debris channel is approximatel§~®0.0; the bubble Reynolds numbier single bubble
studies is in a similar range 0f0580.0. Lastly, asidérom the similarity in velocity scaledebris

bed CCFL can also foritihe interface topologyas thesingle bubble flow. Given the aneter of

debris beds in millimeter scale steambubble carform especiallywhen the void fraction is low

Here, the surface tension is under approximately 3 atm during the debris bed fosndtien
Weber numbefor the formed steam bubble is approximat@y, which is a typical value in
deformed sinlg bubble studieas well Therefore, dr each steam bubble formed in the debris bed

channel, it can be investigated using a similar methodology as to single bubble flow studies.
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Validation hierarchy irfFigurel.6 illustrates that bubble simulations as fundamentals for more
complex CCFL flow characteristicespecially in the scale of the debris bed charkael all the
interface involved numerical features (i.e. interfacial faxodinterface topology), preliminary
single bubble simulations provide foundational evidence debris bedCCFL as well as
validation, verification, and uncertainty quantification. Specifically, these supportive studies help
to ensure that thdebris bedCCFL results from the most innovaé@vPID pressure gradient
controller are trustworthy. To begin, bubble interfacial force studies are necessary to demonstrate
that the interface is wetlesolved (Sectiod.2). It is necessary to include shear floanditions in
the bubble study to illustrate the relationship between bubble interfacial forces and interfacial shear
to support CCFL flow characteristics. Furthermore, verified and validated complex bubble
deformations under PHDubble controller suppatthe more complicated topology change in
CCFL under the PID control (Sectio#.3). Finally, accurately controlled annular flenare
necessary to verify the PlRressure gradiembntrol to generate the desirewi rate (Sectio.3).
Thepresentedesearchs conductedinderadiabatic conditiond/Vhile heatransfer is not solved
the results determined for CCFL condition are still accept®indaziousnvestigatiorrevealed that
under both adiabatic (akwater) and boiling (stearawater) conditionsSCCFL occursat similar

velocities(Vierow, 2008)
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Figurel.6. Validation hierarchy

1.4 Major ResearchObjectives

The presented research aimdrfmrm the knowledge base &fCFL in small scalegdebris
bed channelsyith the integration of control theories. Bef@D® DNS on CCFL using levedet
method is conducted, the fundamental mectsamehind CCFL requires investigation. This
procedure is based on verified and validated studies oplhase interfacial forces, interface

topology, and reliability of PID control. THeey researclobjectivesare listed below:

1. Strengthenthe capability of evaluating the interfacial forces through controlled single

bubble studies.
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Based on previous interfacial force studies in (Feng and Bolotnov 2018) and (Thomas et al
2015), transverse force needs to be investigated at different distances to the wabretcemn
the capability of PID bubble controller in computing the interfacial forces.

Previous studies conducted by PHASTA were for minor deformations with PID (Feng and
Bolotnov 2017) and complex deformation without PID (Guillen et al 2019). Thereforgleo
bubble deformation with PID needs to be studied to demonstrate the capability of resolving
interface topologyinder controlled conditian

PID gravity control capability will be develeg for bubble studies to automatically generate
earth gravity fodightly or heavily deformed bubbles rising in liquids. The control on grasity
essential in bubble shape validation anlilprovide reference for further pressure gradient in PID
control.

2. Verify and Demonstrate the levelset method capability of solving CCFL in micro
channels

Debris bed channel is selected as the geometry to conduct CCFL study without PID control.
The capability of leveket method on twphase flow behavior will be demonstrated in previously
unanalyzed micrscale structures. The efteof interface topology initialization, gravity
driven/steam velocity driven, and contact angle on CCFL are investiJdtisds a fundamental
study before implementing the Ptantrol intoCCFL studies
3. DevelopPID pressure gradient controller to demondtate integration of control theories

into CCFL analysisin debris bedchannels

The occurrence of CCFL will be defined as the volume liquid phase velocity equal to zero.

With such definition, the PID controller can be developed to automatically changecizeire
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gradient until the onset of CCHk achieved. WithPID theory integrated into flow rate control,
the CCFL occurrence can be obtained more efficiently and accurately.

The following chapters are structuredatddresghe statedobjectives: the numial methods
are introduced irChapter 2including the basics of PHASTA codnd the levelset method;
Chapter 3presentsthe development of PID pressure gradient controller to achieve CCFL
conditions in an accate and efficient manneChapter4 consistsof the bubble studies of
interfacial force and topology to address Objective 1; Se&ibpresents the CCFL study in a
micro-channel to complete Objective 2; Sectm@-5.4 includes thePID controlled CCFL flow
regimes in debris bed chanrelfulfill Objective 3. The presented studiesntribute to fill the
knowledge gaps on the closure law development of interfacial forces as well as the CCFL

mechanisms in theebris bedhannels.
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Chapter 2. NUMERICAL TOOLS

Direct numerical simulation (DNS) has become more affordable with the advancement of high
performance computing (HPC). Interface capturing methods coupled with DNS is a powerful tool
to studycounter currentiow by solving interface evolution with reasonable accur&tyid flow
solverPHASTA (Parallel, Hierarchic, higherder accurate, Adape, Stabilized, finite element
method Transient Analysi® utilized for conductingnterface capturingtudies inthe presented
research(Jansen, Kenneth E., 1999; Jansen, K. E., 133xifically, the ncompressible flow
solver in PHASTAhas beerselectedn this work PHASTA uses the levaet method coupled
with the finite element based Nawi8tokes flow solver, which allows to achieve accusatgle
andtwo-phasesolutions in simpland complex geometriéseng and Bolotnov, 2015; Fang et al.,
2017) PHASTA has been verified and validated for multiple scenarios, some of them are
summarized next.

For large scale simulationthe adaptive refinement mesh capabilities used in PHASTA were
verified to successfully capture the waving interface structures of the annular steam/water flow,
and to save the computation clBbdriguez et al., 2B). As for noradapted mesh, theo-phase
flow-regime transition from slug to chutarbulent flows agreed well with the existing
experimental and analytical resu{f@mmer, Matthew D. and Bolotnov, 2019)he nose of the
Taylor bubble was well resolved by uniform mesh and can accurately determine the beginning of
the flow regime transition. In smaller scale simulations, the large bubble motion in vertical and
inclined channelgBehafarid et al., 2015achieved almost identical results compared to the
experimental studyManeri, 1970) The codeo-code verification between PHASTA and Star
CCM+ (utilizing volume of fluid approachyvas also carried out for highly deformed bubble

simulation(Guillen et al., 2018)As for the interfacal force estimatiorior small spherical bubble
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(1 mm diameterjinder varying shear rat€shomas et al., 2015t wasvalidated by experiment
based correlation for the drag coefficigmomiyama, Akio et al., 1998and were verified by
simulation results of lift coefficier(Legendre and Magnaudet, 1998)

This Chaptewill introduce the governing equations, the leset method, and the Plbble

controller implemented in PHASTA.

2.1 Governing equationsin PHASTA
The presented twphase studiesise the incompressible flow solver of PHASTéY the
adiabatic conditiog (no energy equation is solved in the presented simulatibims)governing
eguations are the incompressible Nan8éokes equations for mass and momentum conservation.
Ingasliquids i mul at i ofnlsui d d eaypigalyasadtddescribe the twahase flow
fields (Prosperetti and Tryggvason, 2007)
G VI 1§ (13
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Here,0,”, 1, and’ are the velocity, density, pressure, and viscosity of either liquid or gas.
is the pressure gradientd ¢ O represents the viscossress tensolrepresents the
body forceand it is normally gravity forcél . A finite interface thickness is assumed and the
surface tension forge Il Je = is added in the interface region as an additional body force. In the
surface tension term,is the surface tension coefficiefttjs the curvaturé e isthe Dirac delta
function { -function), which equal to zero everywhere except for zero and whose integral over the
entire real line is equal to onein] e is the interface locain, ande is the unit normal vector

at the interface.
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A step Heaviside functioi®is typically used todentify different phasesOis 1 for liquid and
0 for gas. Thereforghe densities and viscosities of the two phases can be described by the step

Heaviside function.

"e "'Oe " p Oe (15)
‘e ‘Oe ‘ p Oe (16)
Here,” ,” ,* ,and' are the densities and viscosities for l&jaind gas phases, respectively.

In addition,the interfacg e = in the surface tension teroan be represented by the gradient of
the step Heaviside function.
1 ex 106 (17
It is numerically difficult to computederivative of the discontinuous Heaviside functiors ,
thus PHASTA uses the leveét methodto replace step Heaviside functi@by smoothed

Heavisidefunction™Qwhich is easy to implement and increases numerical robustness.

2.2 Level-set method

The level-set method is a weknown interface capturing approa¢Bussman, Mark et al.,
1994; Sussman, Mark et al., 1998; Sussman, M. and Fatemi,, E9@BWwas implemented in
PHASTA for two-phase computation®agrath et al., 2005; Nagrath et al., 200B)e levelset
function %0has negative and positivealuesin the gas and liquid phases, respectivdlge
magnitudeof %ogives the distance to the nearest interface. The intddeatonthus corresponds
to the zero leveset, % T To improve the numerical robustness, ttasition of fluid density

and viscosity across the interfaselescribed by a smoothed Heaviside funct{e¥o. .
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"% " Q% " p Q%o (19
% Q%  p Q%o (20)
The] -function inthesurface tension forgg |l s) can therefore be represented by the gradient
of the smootkd Heaviside function. The interface normaland the curvaturd are also
conveniently computed by the normal vector in the ksetimethodThe surface ten®n force is

applied as a continuous, thrdenensional effect across the interface rather than being a boundary

condition on the interfac@rackbill et al., 1992)
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1% 22
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e (23)

At each time step the levsét functiorfeds advected with thimcal velocity ¢ calculated from
theNavierStokes equatiorfellowed by a redistacing procesgSussman, Mark et al., 1998he
main advantages of levset method are: (1) the interface is always determined by the location of
%o T, thus levelset method can naturally capture the change infagetopology during bubble
breakup and coalescence events and even the CCFL interface under high interfacial stiesar; (2)
algorithms are easy to implement, dhd normal and curvature of the interface can be calculated
accurately based on the gradi@it%s (3) coupling the leveset method with finite element
analysis and unstructured meshes is advantageous in complex geometries and 3D simulations
There is one major disadvantage of the level set method, that the adveic¥#eis not mass
conservedincreasing the spatial discretization caducethe mass loss. As PHASTA simulations

typically involve very fine meshes, the mass conservation issude efficiently mitigated
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Chapter 3. PID PRESSURE GRADIENT CONTROLLER

The counter current flow limitation (CCFLgonditionwas traditionally obtained by trial and
error, specifically in expémental studies. Researchers would change the flow rate by adjusting
gate valves located after the pummporder to obtain the desired flow characteris{i¢gerow,
2008) In numerical studies, where changing flow ratas be done througidjustments othe
simulationinput parameters, researchers still need to test a combination of liquid and gas velocities
to investigate the characigtics and mechanisms of counter currevd-phaseflows (Lu et al.,
2016) In order to achieve CCFL, many attemptstgpécally needed regardless of simulation or
experiment. This is not only inefficient, but alsan becomecostly for experimental time and
computational resources. Therefore, the capability to automatically adjust the flow rate to produce
CCFL occurrence efficientlwould bea significant improvemertb simulation frameworkThis
chapter introduces théevelopment work of integrating proportioniattegral derivative (PID)
control theory into the flow rate control, referenced as the PID pressure gradient controller. The
benefits of the PID pressure gradient controller are more than just simplifyingothéow to

obtain CCFL and are further elaborated in this chapter.

3.1 Introduction of PID pressure gradient controller

Normally there are two ways to generate CCFL, eitheadjysting systenpressure or gas
flow rate (Gallego, 2004; Vierow, 2008¥or the pressure drivempproach the liquid flow is
accelerated or deaccelerated by the pressure gradiestagisticallysteady statBow conditions
can be achieved by balancitige pressure gradient, wall and interfacial shears, as well as gravity
or other body forcedn thegasflow rate drivenscenarig gas is injected and increased gas flow
rates will prevent liquid fronflowing towards gasAs Figure3.2 shows, he gas may even reverse

the liquid flow direction in certain higbasflow rate cases. Regardlesskssure or gas rate
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driven,theliquid flow rate rarely iexactlyzero agshe CCFL occurrence is transieint nature In
the majoity of scenarios, either CCFL has yet to be achieved, or has aloeadgredin which

case the liquid flow is reverséBigure3.2).

Q

i

Vg Vg

(a) Vertical upward flow (b) Horizontalflow.

Figure3.1. lllustration on gas flow rate driven counter current flows.

To study the physical phenomena happening in the CCFL transition, numerical studies, with
good control of pressure gradient, can help explore how the transippersas experimentally
the high resolution details of two phase flow ali#ficult to measure. Withthe PID theory
integrated inthe two-phaseflow simulations, the flow rate can be accurately and efficiently
controlled. Considering the pressure gradiei flow channel will change both the liquid and gas
flow rates, it can be adjusteddonverge ta zero liquid flow rate. Farpwardvertical flows, gas
always moves faster than liquid due to buoyancy. Therefore, when the liquid velocity is zero, gas
will still be moving upward, which corresponds to CGétdcurrence that gas has a large enough
velocity which prevents liquid from draining down. Liquid flow rate being exactly zero is a strict
criterionof CCFL, but it is also a critical condition which igfatult to be achieved. Considering
the accurate automatic control capability of PID controller and its successful applicasngte

bubble contro(Thomas et al., 2015& PID pressure gradient controllediesigned and developed
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to achieveCCFL conditionsefficiently. Such approach of integrating control theory to produce
CCFL occurrence has never been demonstrated before.

One of themajor applicatios of the PID pressure gradient controller is to obt@@FL in the
nuclear debris bed channels, although a wider application range will be also demonstrated in this
Chapter For the flow features inside the debris bed, traditionally it is hard to observe or measure
in experimentgKarbojian et al., 2009)Debris bed simulations also do not have the capability to
explore flow structures in small channéla and Dinh, 2010)It is therefore impossible to
determine when CCFL can pyen in such small channels without proper understanding of the
two-phase flow regimes inside. Therefore, an advance interface capturing simulatiorsénd in
data analysis is used to better understand the flow phenomena. Through the applicatiotDof this P
pressure gradient controller into debris bed CCFL studies, it can shed light onto the underlying
physics of the critical condition for CCFL to occur and the corresponding fluid mechanics and
flow regimes.

This chapter first presents an overviewisfual dataprobes used for flow data collection, the
code developmeribr in-situ computing of the@elocity integral, and the verification of computed
velocity integral. Next, the development of PID pressure gradient controller will be explained,
specificallythe integration of PID control theory into flow rate control. The performance of the
PID pressure gradient controller will be evaluated on the response time, accuracy, robustness, and
penalty on paralletode performancd-inally, the potential capabil@s of PID pressure gradient

controller will be introduced.

3.2 Development of PID pressure gradient controller
A cylindrical domain with periodical boundary conditioisssetup to demonstrate thelD

pressure gradient controllgests(Figure 3.2). The gas and liquid will be driven by a pressure
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gradient assigned to the channel and adjusted by the PID control. Since the flow is incompressible,
zero volumetric liquid velocity in the channehforceszero cross sectionaliquid velocity.
Therefore,any cross sectioron thew & plane ofthe channel can bselected to collect the
velocity. ThePID pressure gradient controlietll compute the liquid velocity integral, and then

use it toadjust the pressure gradiertiue in order to eventually achieve the desired statilstical

steady state liquid flow rate (zero for CCFL problems)

non-slip wall

~
A

ibdic
y periop
_./j

gravity g
Figure3.2. lllustration ofthefluid domain

The scheme ahePID pressure gradiembntrol is illustrated ifrigure3.3. At each time step,

velocity integral, 6 QOh aw & cross section is evaluated and used to adjust the pressure
gradient ) in the domain, unti—yields, 6 ‘Q"Y, i.e. CCFL occurrencéhe first step of the

capability development is to accurately compute the utglodegral to be used as the inmithe

controller.

Suitablej—p
f udS lied x
- PID pressure - dp applied to R
"| gradient controller i dx domain
'y
Feedback]
ActualJ’ udS

Figure3.3. PID control scheme
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3.2.1 Code development of velocity integral

PHASTA can utilize statiwirtual probes (namely xyzts probes) on any cross@etb collect
flow field information atthe location ofeach probe, includingressure, temperatureglocities,
levelset valuesetc(Bolotnov, 2013) The capabilityrangeof xyzts probesvereexpanded with
newly developedvelocity integral option and in the future more integrated variables can be
implemented in a similar way.

Figure3.4 (a) depicts the distribution of 768 xyzts probes on a cylindrical channel cross sectio
with aradius ofp& & &. Near wall probes are depicted in the zoosimefigure (Figure3.4 (b)).

Fromthe wallto the center of the channéhe growth rate between each two probes in the radial

direction is 1.2.

Xyzts probes Xyzts probes (zoomed-in)
00012 + , , 0.0004
R I ’
' - .' .. ! ,.f
— oo 0.0008 - S
g . R S i
a8 . ! T 0.0002
g g o .
- - 0.0004 " -
g R El
[¥] hatH - —
) . . ]
-0.0012 -0.0008 -0.0004° 00000 ' 0.0004 0.0008 0.0012 g 0.0008 0.0010 0.0012
e .-0.0004 .
- ) . : . . -0.0002
C L 00008 et
Q00012 ot -0.0004
z coordinate (m) z coordinate (m)
(a) xyzts pobe distribution on & & plane (b) Zoomedin distribution

Figure3.4. Probe distribution with each probe collecting flow field information.
The velocity integral 6 ‘QTY the numerical simulationsia weighted summation over

probes.
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50"y O W TI (24)

~

oo T

Here,6 and%o. are the velocity and lewsletvaluesat probeQwhich will be collected ¥ xyzts
probesYis the area around each probeg(re3.5 (a) and (b)), used as the weight of the velocity
to compute the numerical integral or weighted summa%%en. rtimplies that aly the probes
currently occupied byiquid phase willcontribute tahevelocity integral. Throughthis condition,
liquid flow rate controtan be achievedreviously xyzts probsonly storethree valueshe @ w
andd coordinates of each probdowever, thgprobe aeaswere not includedTherefore, irorder
to compute the velocity integral, whietill thenbe used in PID control, the area of each probe
should bedeterminedirst.

As Figure3.5 (a) and (b) depictsYis the area of the ring cell region around each probe. The
radius of the ring cell increases as the probe is closer to the wall. For any ring Eglisra8.5
(c) shows, the radius of each ring shage’Q phcho , are all known. Those radii along with the
central angle—are used in xyzts generation script to determine the coordinates of each-probe.

is determinedby number of probes in homogenous directiadh ( ) specified along the

peripheral diection. As0 increases, the total number of prohgsjncrease proportionally.
0 ¢ Tfor the probe distribution iRigure3.5 (a) and (b) where the corresponding x @.Q
CH

For any three neighboring ring cellskigure3.5 (c), the area of cell 2 is computed as:
Y Y—BY Y —O0—— (26)
However, the wall probe needs special treatméefigufe 3.5 (d)), where the pipe radius

(Y )isused:
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Y Y—Y Y—-O2Y Y c (27)
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(c) Bulk probe area computation (d) Wall probe area computation
Figure3.5. xyzts probe area and the illustratiom lwow to compute .it
The uncertainty of using approximated is evaluatecunder different) andi . Table

3.1 summarizes the relative erfoetween the computed summataiprobe areas (numerical pipe
cross section area) with the analytical valu®& (). The relative errors are all belaw® Pso

canbe considered negligiblaVith area of each probe computed accurately, it can be used as the
input of each xyzts probe to compute instantaneous velocity integral in the simulagotyzts

probe genation script including newly developedprobe areacomputationis included in

Appendix.
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Table3.1. Numerical error of computing xyzts probe area

0 0 | Numerical pipe are@ ) | Analytical pipe aea(d ) | Relative difference
16 192 4.52746E06 4.52389E06 0.079%
32 | 384 4.52746E06 4.52389E06 0.079%
64 768 4.52746E06 4.52389E06 0.079%
128 | 1536 4.52746E06 4.52389E06 0.079%
256 | 3072 4.52746E06 4.52389E06 0.079%

PHASTA is a paralleleccode, so the development of velocity integral also needs to be
parallelized. The schematic of the parallel computation is illustrateéfigare 3.6. The
computation domain is usuallplit into large number of mesipartitionsto be processed by
parallel computing coresherefore lte xyzts probeshouldbe divided accordinglySaini, 2020)

The number of xyzts probe§ () on each processor depends on kimewdomain was split during

the mesh partition processnd t he pr o bsalyl | are differend ansall the
processors, but the computation on those processorpracessedsimultaneously On each
processor, glocity integral is simply a summation of the product of velogitgndareas’y over

0 Xyzts probes. For the processor whigbes not havayzts probg 1), the velocity
integral iscorrespondingly0. Message Passing Interface (MPI) is used to pass all the velocity
integral values together. Specifically, MPI_ALLREDUCE is utilizedsum upvelocity integrals

from all the processorso the expected velocity integral is obtain€dis velocity integrhvalue

will thenbe distibuted to all processes as an input into the PID pressure gradient controller. It is
worth mentioiing thatd and%. are insitu data collected by xyzts probes, but oiMypeedto be

read into the code in the beginning of the simulafidms processloes not need extra computation

of “Y during the simulation
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Figure3.6. Parallel computation of velocity integral.

More detailed stepgor computing velocity integral are listed belpwncluding some
representative subroutines, and variablég correspondingcripts arencluded in the Appenxl.
1. Thew w & coordinates and probe area of each xyzts probe is read into aptisrayne
2" dimensionof pttswas expanded from 3 to 4 to store the newly added probe area.
2. A record code of 7 is added asigmr.fto specially collect velocity and levsH in-situ
data for velocity integral computation. During the data collection protessserieswill

be called to collect those two values and store therarigarray.
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3. The MPI process of velocity integral happengrarv.f throughvarts In0 &1 ‘@Qarray,
dimension@orresponds to each xyzts probe. Dimendimeludes recorded or read data,
in which0 @1 @i andd i @ ared and%. respectivelyandd @i @i p mare
thew &3 anda coordinates andy of each xyzts probe. In each processor, a summation loop
is coded ford 1 & O @1 @pi mif OV O ®F 1. Then MPI_ALLREDUCE
computed the desired velocity integrald QY B 6 "Yh% 1, by adding the

contribution from each processor.

3.2.2 Verification of computed velocity integral

In order to test the correctness and reliability of velocity integral computation, a verification
test is requiredThe verification of velocity integral is carried aatboth shgle- and twoephase
flows with supportfrom Paraview, a pogirocessing tool Paraview can conduct variable
integrationbased on the value of each mesh elemealuding velocity integral. The computation
of velocity integrain code developmeli$ dependnt on the number of xyzts probes, so different
probecountsareincludedin this verification test.

In singlephaseflow verification, two conditions were selected according to the actual
engineering needs: (1) coarse mesh with coarse prihgare 3.7 (a)) for low-resolution
simulations (2) fine mesh with fine probg&igure3.7 (b)) for high-resolutionsimulations The
geometryis the same, a cylinder with a radiusp& & &, but the number of elements across the
diameteris doubled in the fine mesh set uphe prism boundary layemeshelements are
tetrahedralizedo avoid xyzts probe overlapping, which wilpreventprobe deletiorduring mesh

partitioning process
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Figure3.7. Mesh and xyzts probes usedvirificationtest

For coarse mgh, an initial velocity of rdhrirt & 71 is assigned in the domain. Frdfigure

3.8 (a), the velocity integral change with time step has a systematic difference between the code

output and Paraview peptocessed values, which should cofmen lack of probes in the near

wall region where velocity gradient is high. However, the relative differences are all ddhpw

which is acceptable for a coarse mesh setup.

it G 7i is assigned i the domain and

For the fine mesh setup, an initial velocity ot

deceleration of the flow is observed due to wall shear. The velocity integral obtained from
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Paraview and code computatiareoverlagpedin Figure3.8 (b). The relative errors are ddelow

p® b with the majority of errorbelowp8t b, whichsignifies sufficient accuracy

Velocity integral comparison
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(b) Fine mesh and fine probes
Figure3.8. Velocity integral single phase verification.

In thetwo-phase verificabn test, a singlbubbleis initialized inaliquid domainasFigure3.9
(a) and (b) show. Ae velocity integratomputatioris more challenginthanthesingle phassince
thebubblewill cross thexyzts probe planeo the liquid phase area changes with time. The xyzts
probe planés locatad atw T8t 1T 11 @ anarked bytheyellow dash line irfFigure3.9 (a). There
are 768 probed-(gure3.4 (a)) on this cross section, athekcoarsemeshuseds the samasFigure
3.7 (a). In the beginning of the simulatiothe singlebubbleis in the center of the cylindrical

channel, so thlow around xyzts probe plane liguid phase only. A$-igure 3.9 (c) plots, the
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relative erros (blue dots) between Paraview pasbcessed and code computed velocity integrals
areall belowp® P Starting fromthe 85" time step, théubblebegins to cross the xyzts probe
plane and iteavesthe plane aftethe 145" time step. As the orange dotsHigure3.9 (c) depict,
exceptfor the last data point whehe bubblds touchingthe xyzts probe plan@elative error is

the maximum ¢&o v R all other relative errors are logv p® P

g

(a) Flow domain side viewt 119" time step  (b) Bubbleinitialization in the domain

Relative difference vs time step

* liquid phase at x=0.0001 m * two-phase at x=0.0001 m
2.00%

1.00%

0.00% &

0 ) 40 80 120 160
-1.00% .

. . .

-2.00% 2
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-3.00% .

-4.00% i
time step

(c) Relative error between Paraview ppeicessed and code computed velocity integ

Figure3.9. Velocity integral two phase verification.
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With the above verification test for both singknd twoephase flowsthe velocity integral
computation iproved to be accurate enouglyardless of mestoarsenessr xyzts probe counts
The developed code hasvary low uncertainty foparallelizedvelocity integralcomputation
(belowo Peven with coarse mesh and coarse probesptainedvelocity integrals can be used

asan accurate anetliable input fothe PID pressure gradient controller.

3.2.3 Integration of PID theory in pressure gradientcontrol

This section introduces the integration of PID theory into the design and implementation of the
pressure gradient controlld?ID control will continuously calculate the error betweenabtial
velocity integraland the desired valuén each time step, which issed to determine a correction
based pressure gradient. E2g) illustrates the equation of how pressure gradien) changs
with time based on proportional (0 ), integral {00 ), and derivative component® (© ) in the
PID control.The coefficients in front of each component (0 , and0 ) determines the control
effectof each term. Sincthere is always a streamwise direction in a channel, floe pressure
gradient here uses the mostiminant— to drive the flow The control terms will usedirection
velocity integralaccordingly(, 6 'Q)"ds the inputo adjust the pressure gradiehiherefore in all
the simulation setug the streamwise direction should align witie waxis in order to use PID
pressure gradient contrdihe rest of the section will introduce each term in(26).

nNo OOO6 VLO VOO (28)
First, the proportional termb 0 6 in Eq. (28) determines thedjustent sizeof the PID

controller when there is an error between desired velocity intégal  'Q‘)Yand the actual

velocity integralaté time step (0 Q"Y):
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V0O 0D 0 Y 6QY U 6QY 0o QY (29

Next, integral termb "00 in Eq. (28) accounts for the historical change of pressure gradient
and integratall instantaneousaluesover time. For stability consideration, thigegralterm is

designed to be the averagedgsure gradient within a past timéndow.

e ..an . P Qn
r, o, _ = _ 30
00O 00 U O—, U9 — (30

Here,Qis an index when computing the time averagpasitpressure gradients at each time step

"Q The timewindow is selected to b&y ¢ Tt time stepsand Figure 3.9 shows the pressure

gradient and velocity integral under historical averad® — ) versus under time window

average. The control effects after #00me step almost converge under those two average
approaches, but the peak value of pressure gradiknwerwith a time windowIn addition,time
window average can exclude timéluencefrom old time valueswhich increases the stability of
the numerical simulation future applications,sers can also select any other time window length
based on the numerical stability of the simulation.

In the code development process, this tewerage is implemented using a time relaxation
approach.

s - . Qn : p QN p Qn
L Yl L — 31
00O UVLO U O,Q‘ O p "YO'Q‘ Y (31

Here-is used as a relaxation factor to add the contribution of the most recesurprgradient

into the averaged pressdient gradient. Compared with allocating an arraafat then averaging

across a certian time interval of this array, the relaxation approach saves memory and guarantees

a faster computation of PID control
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Figure3.10. The control effect of historical average versus time window average

At last, the derivative ternb ‘O 0 in Eq. (28) is respondile for damping thefluctuation of
the controlled variable. The more rapid thelocity integral changes, the stronger the control

effect will be.

VOO0 0LO 0VQ 6% U 6QY 0609 (32
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In this term,a more exact form ahe derivative shoulde divided by thdéime step siz&/0,
however sinc&oare slightly varying constant values and almoshoiochangeluringthe steady
state, there is no specific need to add thimderivative term. Thenagnitudeof 0 can be tuned
to include the effect of dividing the time step size.

With the design of the P, I, and D control terms explairesiupdéed PID control schematic
is presented ifrigure3.11. For CCFL application, the desired velocity integral is zero. As long as
the actual velocity integral achieves zettee proportional term will be 0. If velocitintegral can
be stabilized, the derivative term will be zero. If such steady state can be maintained, pressure
gradient average will not change any further, so averaged pressure gradient is the steady state
pressure gradient itself. With the above scerachievedthere is no need to correct the pressure
gradient further, and the output from the PID control is the averaged pressure gradient, which is

also the desired value to produce CQfelcurrence

PID (| P:KpA fudS | ] Z—z applied
fu’ds |liquid=0L pressure I K @ to domain -
| gradient " lax g
controller D: Kpd [ udS
A — -
Actual

fudS |liquid
Figure3.11. Control scheme of using PID pressure gradient controller to obtain CCFL

3.3 Performance evaluationof PID pressure gradient controller

This section willdemonstrat¢he acuracy,fast responseand robustness of the PID pressure
gradient controllerThe accuracy and fast response of PID pressure gradient controller will be
conducted ira series ofuning tess, where the mogfficient controlcoefficientswill be obtained

The robustness tests will be carried out for different initial condigmdcontrol goalsA penalty
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test will also be conducted to evaluate how new capabilities affect the parallel computation,

through evaluating the number of core hours to compute one billion elements per time step.

3.3.1 Tuning of PID pressure gradient controller

Tuning is always required for PID controkeduring the applicationproces. Whencontrol
systems are different evhenthe RD terms in the controller changtne coefficierd in front of
each PID components needs to be tuned to produce the most effieigrdler. The tuning
simuldions are carried out in a cylindrical channel with a diameter and lehgtha & initialized
with annular flomFigure3.12). A coarse mesh is design@dgure3.12 (a)) toexpeditethe tuning
process, whiclis still adequate teesolvealaminarannular flow(Figure3.12 (b)). The number of
elementsn the computational mess 113,005, and 16 processors is used on a local closight
to conduct the tuning simulations. The key parameters used in thiason areselected as water
and steam properties in boiling water react{@mble 3.2). The viscosities of the water and the

steam are higher than the original values to increase the numerical stability of thbatseo

simulations.
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Figure3.12. lllustration of an anular flow for tuning tests
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Table3.2. Parameters used in tuning of PID pressure gradient controller

Liquid Gas
Density (QTh ) 758.15 30.83
Viscosity @ ¢ ) 8.5439E04 | 2.858E04
Surface tension coefficiend §& ) 0.071
Earth gravity ¢ 7i ) (-9.8 0, 0)
Initial pressure gradiend (¢4 ) (5000.0, 0, 0)
Initial velocity (@ 7i) (0,0, 0)
wvelocity goalin PID control ¢ 7i) 0.0

According to thedesignof the PID pressure gradient controller, when steady state is achieved,
averaged pressure gradient should be equal to the steady state pressure gradient itself, therefore
0  p8rtis the best value fanumerical stability and does not need tuning. The values ahd
0 in Table3.3 are caonbined in tuning sets, involving 17 test cases. It is worth mentichat

0 uses negative values becuas¢he physics opressure driven flowdVhen velocity is lower
thanthedesired value, 6 QY _ 0 ‘Q "Yis negativen the proportional term of E¢29).

Therefore, th@ressure gradiémeeds to increase to accelerate the flow, thusiust be egative

to produce a positive proportional term

Table3.3. Control coefficients used in tunirigstsof the PID pressure gradient controller

0 |-1.0E9,-1E10,-1.0E11,-1.0E12-1.0E13

0 1.0

0 1.0E9, 1E10, 1.0E11, 1.0E12, 1.0E1]

Sincetheproportional term contribuganajorly to changes in the PID controller, an appropriate

0 value will be identified first before tunig 0 . To begin the pair-wise test casesf
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combinations betweem P8t % p Y ipdt YoM pp8t Yopand U P8 UdLp Yo 1T

p8t % papeconducted There are 12 cases in total, numbered from O tasFigure3.13 shows
Figure 3.13 plots velocity rather than velocity integral. Since velocity integral involves the
multiplication of liquid crosssection area, which is a very small number, resulting in the velocity
integral magnitude in the test cases to be extremely small as well. After dividing by liquid cross
sectional area, the magnitude in the plot is more understandable.

FromFigure3.13, it is clear that) p3t Y%and p3t % p(btue and orange curves) are too
small so the PID control issensitive. The control actiaf smallv is not responsive enough for
actual velocity integral to reach zern opposite condition appears Figure 3.14 where0

p8t % psathe PID control is ovesensitive. Larg® yields a large fluctuation on both pressure
gradient and velocityAmong the 4 tested proportional coefficients, P38t Y%opapd Pt %p ¢
(yellow and grey plotshave the best performance in the control process. Whenever velocity
integral overshoator undershoaizerq the controller can alwaysimediately djustthe pressure
gradient to yield velocity integral closer to the desired value. Tietuihtion of velocity and

pressure gradient amsinimal as well, which producestable simulations.
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Figure3.13. Tuning results of 12 combinations
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Figure3.13. (continued)
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Figure3.13. (continued)
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dp/dx
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Figure3.14. Tuning resultof 0 P8t % p Ut P8t %p p P8t %p O

With 0 p8t Yopapd p8t % pselected to bthe mostefficient proportional oefficients,

afurther tuning ofb is carried ouFirst, 5 comprehensivéestswith 0 P81 % paqdL
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pQuwto pOp arecarried out with resultpresented irFigure 3.15. Aside fromu P gdl
otherv parameters produce overlapped resdito larged yields a controllertoo senstive to

velocity change, ands a result the pressure gradient fluctuates significantly as well.
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Figure3.15. Tuning results ob P8t % pagdu P pp o
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Since0 should not be more domant thary , in the tuning tests af P8t % eEnly
0 pQwto pOp pare selected and the results are depicteldignre 3.16 (a). The difference
under thre@&) parameters are hobservabletherefore the plots are zoomiin Figure3.16 (b),
from whicho pQp t(orange plots) has the minimal fluctuation. However, the othertwo
values still produce zero velocity integrals eventuallgide from that, the eventual pressure
gradient inFigure3.16 (b) are all approximately ¢ @uibt , and the relative differences among
themare all belownt v PTheefore, thehreev valuesin this tuning testanall be used in PID
control. This is expected since in traditional PID controller, the derivative component always has

the smallest effect on control compared with proportional and integral terms.

Figure3.16. Tuning results ob p8t % papdu P pp p
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(a) Overall plots
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Figure3.16. (continued)
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The tuningtests identifiedhe best combinatioof control coefficients for producingccurate
andresponsive CCFL control'he proportionalintegral,and derivative effectarebalanced well
together, which produces the optimal control eff@¢te eventualvelocities obtained from all
turning cases are all withinpO @& 7i which is accurate enougb meet the striatriterion of
CCFL occurrence that idiquid velocity is zero. The recommendedontrol coefficientsare
summarized iMable3.4 andthebestyv should be one magnitude smaller thian Li mited tests
using different geometry sizes find out that the recommended control coefficients can be used in
cylindrical channels with diameters fromk & & to 18w . However, if most of the material
properties of the working fluids are 10 times diéfier than the values usedTable3.2, a further

tuning tesis recommended.

Table3.4. Recommended control coefficiesgt in PID pressure gradient controller

0 -1.0E11 -1.0E12

0 1.0 1.0

0 | 1.0E9, 1E10, 1.0E1| 1.0E9, 1E10, 1.0E11, 1.0E]
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3.3.2 Verification of PID pressure gradient controller

A verification test is conducted after the tuning tdwisreveakd the pressure gradierfor
obtainingazeroliquid flow rate, or CCFL. At the quasteady t&te, the average pressure gradient
iso @ @@ A . This value is used ithis verification test as the input to confirm if CCFL can
be achieved without PID controller. The parameters in this verificatistnare still the samas
those inTable 3.2, but the only change is that the PID pressure gradient control is deactivated.
Figure3.17 (a) shows how the velocity changeden a constant pressure gradienp @& g b
is compaed with PID controlled flow behaviorlt is clear that eventually the average liquid
velocity on the xyzts probe plane achieves zero. Quantitively averaging the vatstigdy state
obtains v® Y 1 w i which confirms the lbservation as wellTherefore,although PID
control is dependent dhecrosssectional liquid velocity integral rather thdrevolumetric liquid
velocity integral, the pressure gradient obtained from the controller can still produce a zero liquid
phase elocity. In addition thegas phase averaged veloaitytained from bubble tracking dasa
plotted (Fang, 2016)As Figure3.17 (b) shows, the gas phase also achieves a steaidyasd
reaches the same gas velocity when PID is activated test further confirms the accuracy of the
PID pressure gradient controller. Moreover, with the PID caorttnel flow rate actually achieves
zero faster than without it. Comparitige velociy changes irrigure3.16 (a), CCFL is achiewed
within T®i under PID control, which is only one third of the time without PID control. This is
because when there is a constant pressure gradient, tphase flowequiresa longer time to
develop when the gas moves upwards and liquid drains down, untihaié shear, wall shear,
and gravity achieves a balance so that the liquid flow rate can be zero. This process is very similar
to the condition in experimental studies that a constant pressure drop is applied into the facility

loop and the two phase démes accordingly.

65



—no PID control, dp/dx=3668.46 Pa/m with PID control
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Figure 3.17. Verification test comparing twphase velocity changes wheRdD control is
deactivated(flow driven by a constant pressure gradient) and activated (flow driven by PID
controller)

The twophase velocity distributions with and without PID control are depicted and compared
in Figure3.18. The color bas in Figure3.18 indicate the minimum and maximusvelocities.
The maximum velociés areexactly the same and the minimum vel@sbonly have a relative
difference off@® k. The annular flow distributicnarealmost identicallt is clearthat with PID

control, the twephase fluid dynamics can still ipeoperly captured.
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Figure3.18. Two-phase fluid dynamics comparison wihdwithout PID contraol
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3.3.3 Robustness of PID pressure gradient controller

The robustasstests are conducted based on different initial condition (test #1) and different
velocity goal (test #2) in the Plpressure gradient controller simulatiol@mpared with the
parameters used ifiable 3.2, test#1 changsthe initial wpressure gradient from 5000.0 to 0.0.
Since the eventual pressure gradierdchievezero velocity integral is ¢ @i (Figure3.16
(b)) initial pressure gradient in test #fastha from the expected pressure gradjevitich is more
difficult for the controller tcachievethe targevalue

The result of test #1 is plotted igure3.19. Due to initial pressure gradient being zero, the
effed of gravity is dominant in driving the liquid flowing towards thedirection which yields
a severe back flow. Howevd?]D pressure gradiemontrolleris still robust enouglo bring the
velocity integral back tpositive and eventuallgera The quasisteady state pressure gradient is
o ¢ @ & which is almos identical with the reference valwe@ @uwid . This test also

verifies the reliability of the PID pressure gradient controller and that the results do not depend on

initial flow condition.

dp/dx velocity
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Figure3.19. Robustness test #1 result where inidigdressure gradient is 0.0.

Compared with the parameters usedable3.2, robustnesgest #2 change thevelocity goal

in PID control from 0.0 to ba@®a 7i . This cordition is not for generating CCFL, but for a more
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general test of the PID pressure gradient controller perform&itle.a significant increase of
liquid velocity, thegas core velocity increasgeeatly, and the twephase flow becomes turbulent.

As Figure3.20depicts, the flow is not annular anymore, and the interface is highly distorted, even
generating droplsentrainedythegas columnln addition compared with the maximum velocity
magnitude irFigure3.16 (¢80 o & 1i) andFigure3.19(t8t0 o & 1), the maximum velocity
magnitude in this test [ & i, which is250to 500 timeshigher,so itis very challenging for
thenumerical solverHowever the PID presure gradient controller sill robust enough to handle

such condition and achieves a qestsiady state eventually

Time: 2750

Figure3.20. Turbulent flow regime and highly &&¥med interface in robustness test #2
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dp/dx liquid cross sectional velocity
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Figure3.21. Robustness test #2 result wheareelocity goal in PID control is@d& i .
3.3.4 Computational cost evaluationof the PID pressure gradient controller
The speed testompares running time of the code byadually adding newdeveloped
capabilities. Thespeeds normalized to be theumber ofcore hourgequiredto compute 1 billion
elementdor onetime step(0 ). The lowerthe( is, the better the scaling performance
and the quicker the co@xecutesAn empirical reference valug 0 is 106200is provided
which comes from speed tests the supercomputeMira (Jansen, Kenneth E. et al., 201The
following arefour casesunning on the local clustémsightand the speed of each test is evaluated
using 64processors
1. A regularsinglephase flomusingliquid propertiesn Table3.2 as the working fluid
2. Addition of PID pressure gradient control capability in case #1
3. Aregular twephase annular flow (properties frorable3.2).
4. Addition of PID pressure gradient control capabilitycase #3
The above four cases wemeshed witha fine meshtotaling 725,058 elementand 11329
elementger core The wall clock time collectiodoes not include thieeginningof the simulation

when probe information was read into the salVable3.5 summarize® for those test cases.
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Table3.5. 0 (numberof core hours to compute 1 billion elements per time step) for 4 test

cases
Case numbe Simulation description 0
1 Reguhbr singlephase flow 146
2 Singlephase + PID pressure gradient contro| 109
3 Regular twephase annular flow 335
4 Two-phase + PID pressure gradient controll 195

When PID pressure gradient controller is activated either in the ghgee or inhe twe
phrase runs) is even better than the original code version. It is because adding PID control
changes the velocities in the simulation. Agure3.17(a) shows, the velocity magnitude under
PID control is much lowethanthatwithout PID control. Therefore, the redistancing process takes
less iterations to converge, which reduces the wall clock time for each time step. Even though the
flow condition ineachcomparison set (Case 1&Zase 3&4) are not identical, of the
singlephaseess as well as the twphase test with PID contr¢Cases 1, 2, and 4) are allthe
reference range dflira (100-200), which indicates that the parallel computation with newly added
capability does not cause noticeablenglty. $hce the velocity integral parallelization was
reasonably implemented and there is adalitional array acclaimed in PID pressure gradient
controller, the speed should not be sldgwenfor flow rate control, usingyzts probes to compute
crosssedional velocity integral is cheaper than computing the volumetiacity integral in a
threedimensional domain. Therefore, the design and implementation of the entire PID pressure

gradient controller is very efficient in the perspective of computatsh c
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3.4 Chapter Summary

This chapter introduckthe development, verification, and performance evaluation of the PID
pressure gradient controller. The main goal of developing this controller is to efficiently adjust
pressure gradient to accurately control ligeid velocity. One of the major applications is to
produce counter current flow limitation in flow channels when the desired velocity integral is zero.

Compared with the existing PID bubble controller in PHASTA code, PID pressure gradient
controller ismore challenging in the perspective of robustness. Irpfnase flow simulations, the
inertia of liquid is much stronger than gas due to the higher density. PID bubble controller can
have a fine control on the bubble since, compared with liquid, bubdatgsitin twephase flow is
almost negligible even in an acceleration process. However, variations in liquid flow rate,
especially the acceleration and deceleration across the whole domain, can easily destabilize due to
high liquid inertia. Traditionally,ri order to decelerate a laminar flow to stagnant, thousands of
time steps are required to gradually stop the flow, however with the current PID pressure gradient
controller, this process may happen within hundreds of time step. Even in turbulegptase
flows, PID pressure gradient controller can still achieve a stable velocity integral. The robustness
of this controller on changing liquid fields and maintaining stability significantly expands the
capability range even in challenging flow conditions.

In CCFL studies, the transient phenomenon cannot be captured in experiments or simulations
as the transition occurs too quickly. The recorded flow conditions are, for the majority of the time,
postCCFL without an accurate control on the liquid flow rate. BiBssure gradient controller
can shed light onto the transient flow regimes when CCFL happens, which is irreplaceable by any

traditional approaches. The evaluation of the flow regime of CCFL and the collection of high
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resolution insitu data will greatly bnefit the development of Multiphase CFD -@#D) and
thermal hydraulic models.

Aside from producing zero liquid velocity for studying counter current flow limitation, this
controller was able to achieve other liquid velocities successfully as well. tioadBiD control
on gas phase velocity can be easily achieved by chaf@ingmto % T1in Eq. (24), so
researchers can obtain much richer dataset of flow field previously unavailable. The PID control
methodology can also be utilized in other scenarios, such as controlling thdluxe&o

automatically generate the departure of nucleate boiling.
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Chapter 4. RESULTS OF BUBBLE IN COUNTER CURRENT FLOW
Foundationatountercurrent flowsimulations foisupporting more complex CCFL studa®
presented in thi€hapter The major goal of thi€hageris to demonstrate the predictive capability

of CCFL phenomenon using interfacpturing approachlthe validation hierarchgf counter
current flow limitation (CCFL)provides the connections of alipportivestudiesjncludingsingle
bubbleinterfagal forces, single bubble topology changasglephaseheat transfer, and contact
angle model This researchtacklesthe challenges in the therriaydraulics field of nuclear
engineering on the closure law development of interfacial forces as well asdéestanding of

the CCFL mechanisms in the debris lirethe nuclear reactor

4.1 PID bubble controller

The proportionaintegratderivative (PID) bubble controller was previously developed and
implemented in PHASTA to control the bubble at a proposed pogifhomas et al., 2015)n
recently published experimental bubble studies, the experimental method resembles the PID
bubble controller methodologfpuefas, 2019; Salibindla et al., 202@&here liquid is injected
from the inlet plane towards the bubble and the flow rate is controlled such that the bubble rises
extremely slowly. This experimental method further validates our PID agpno&cibble control
simulations.

In both the experiments and simulations, the reverse process is equivalent to switching the
reference frame from the container to the bubble. In the conda@rsexd frame, the bubble terminal

velocity is6 6 ard the stagnant liquid has a velocity®f 1. In the bubblebased frame,
o] T and o 0 where the negative sign denotes downward movement of the liquid.
Therefore, the relative velocity () in both frames are equal do.

Containerbased:6 6 O 0 1 O (33
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Bubblebasedo o6 0 ™ o} 0 (39

(a) Realistiaccondition(reference system: (b) PID controlledcondition(reference
containefbased) system: bubblased)

Figure4.1. lllustration of coordinate system transform from realistic upflow conditions to PID
controlled environment at steady state.

Accordng to Galilean transformation theory, with identidalin the two reference frames, the
mass, momentum, and energy are invaiisidtComb, 1999)so interfacial forces will not change
either. Such invariance is also valid in shear flows, where relatieitelis defined as the
difference of the bubble velocity and the liquid velocity at the bubble center.

Using a steady state balance on the bubble, the net force on the bubble should be zero.
Therefore, PID bubble controller allows the interfacial forodset extracted as the opposite of the

control forces:
O k EO o0 0 (39

0O s® "0 O (36)
On the left hand side¥) is the drag forceO is the transverse force noamto the flow
direction, which can be decomposed into the lift fo@and the wall forcéO . On the right hand

sides,’O and"O are the control force in theand thewdirections. In the drag force definition,
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is the dag coefficient, an@ is the bubble cross sectional area. The relative velocibetween
the bubble and the liquid a major input parameter of the PID bubble controller. It is worth to
mention that under PID bubble controller, gravity fildleactivated s@® is equal to buoyancy
force at the steady state.
Ok ” " Qw O O (37
If the bubble is at the centerline of the domain, wall forces from the two walls caatel e
other thus only the lift force remains in the lateral directidns condition is also valid when the

bubble is sufficiently far from the wall.

'O Ok 0" wc¢ o O (39
K 0" Wo a0

In the lift force definition® is the lift coefficientw is the bubble volume, an¥i Qb 7Q w
is the liquid velocity gradient or the shear rate.

The PID control model has three components: the proportional, integral, and derieatig,
respectively. In the bubble control scenario, the proportional component takes into consideration
the bubble location changes with respect to the initial location. Next, the integral component
averages the timhistory of control forces. Finallythe derivative component will conduct
derivatives on the bubble location and bubble velocity, which are velocity and acceleration
respectively. The PID bubble controller was previously implemented in PHASTA with the

following control force equationdhomas et al., 2015)

"0 OO0 ®@O AW o OQU (39)
Above,O is the contol force at the new time step (all terms with are older time steps)

and "O is the control force along th@lirection. In the presented studies, control forces are

enabled in all 3 directions@ afuf). & for each’® phc 8 v is the constant coefficient for
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each proportional@ @), integral {O ), and derivative ({ andQ) ) component. Among them,

"O is the summation of historical control forces at each timegstep

O O (40

PID bubble controller is beneficial for both interfacial force and interface topology studies.
From the perspective of interfacial force evaluation, PID bubble controller can study individual
interfacial forces. In traditional studies of a bubble in the shear flow, the distance from the bubble
to the wall is constantly changing as the bubble moves. PID bubble controller avoids the change
in the wall distance thereby separates the wall effect vaglarsnduced lift on the bubble. PID
bubble controller coupled with unstructured mesh provides significant advantages in bubble
topology studies. Since the bubbleds | ocation
the interface is sufficienib resolve the deformation, eliminating the need for adaptive meshes
(Figure4.2). Also, a relatively small computation domain can be utilized for all deformation and
breakup regimes for each bubble size. In aidtif postprocessing the bubble topology evolution
does not require additional procedures in experiments or other DNS to align bubble centers from
different trajectories. With the mass center of bubble maintained at one location using PID
controller, the bbble deformation relative to the initial shape can be observed and compared

directly.
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Figure4.2. Mesh comparison without and with PID bubble controller.

Validation and verification of accurate estimation of lift and drag forces by the PID bubble
controller has been a@hied for small bubbles in the watgr condition(Thomas et al., 2015)
The drag coefficients varied withi Qand obtained from the PID bubble controller achieved nearly
identical magnitudes with the expeemntal correlationgTomiyama, Akio et al., 1998)As for
medium size bubbles, the lift and drag coefficients in viscous shear flows and turbulent flows agree
well with previous experimental studi@seng and Bolotnov, 2017.c)he transverse force at wall
distance equal to bubble size was also validated and verified for viscous shegiF#ogsand

Bolotnov, 2017a)

4.2 Bubble interfacial force studies

With the bubble interfacial force studies, the confidence of the interface beinrgesailed
by the unstructured mesimd PID bubble controlleran be builtSpecifically,as CCFL is driven
by interfacial shear, the bubble interfaciatd® studies in shear fl@rnserve as fundamental
research for CCFL condition.

This study aims to verify the transverse force (thesoetof the lift force and the wall force)

obtained from PID bubble controllershear flowdo support the interfacial foe in CCFL studies,
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especially undethe PID controller. The transverse forceeisaminedobased orthe effects ofvall

distance, bubble deformation, and relatreéocity between the bubble and the liquldhis section

presents a comprehensive expanded stu o f Feng and(FeBgadndBRolotoov,0 s wo
2017a)in which they only studied the single distance to the wall locatid® p. A domain

size study is also conducted as a supplementary work.

4.2.1 Simulation setup

Single bubble twephase simulations are set up in a cuboid computation dofigure4.3
depicts the cross section of tth@main with three edgestobe p ¢ &, 0 v v &, andd
p ¢ & in streamwised, lateral (), and spanwised] directions, respectivelyA bubble of with
adiameteroD o® & & is located atd Fofh Tch) 7¢ & & on the centerline of the domain.
The bubble diameter maintain the value used in the previous work, which was verified by
experimental bubble studi¢seng and Bolotnov, 2017a)he tetrahedral unstructured mesh is
selected to allow for different refinement zones in the computation doiftaénvicinity of bubble
is resolved with the finest me§P6 elements across the diameterdbtain an accurate estimation
of interfacial forcesWith PID bubble controller activadethe bubble velocity is 0 and the liquid
velocity is assigned as the velocity inlet boundary conditiom attt. 6 is represented by the
shear rate™) and thewcoordinates.

60 Yio w o0 (41

Here,w is the coordinate at the bubble center, anis the relative velocity between the
bubble and the liquid ab. Thiscorrelation isalsoapplied on the top walt{ 0 ) and the bottom
wall (0w ). Symmetrical boundary conditis are assigned to ttemaining domain facesrmal

to thea direction.
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Figure4.3. Computation domain and mesh configuration.

4.2.2 Domain study

When the bubble is near to the wall, bubbigl interaction vill push the bubble away from
the wall. Besides, the wall shear effect will accelerate thercalation of gas inside the bubble,
potentially affecting the lift force as well. Another mechanism especially for lift force is that the
nonsymmetry of the wiee of the bubble could lift the bubble. Therefore, if the domain is not wide
enough in theodirection, the flows around the two walls may both affect the bubble in between,
which cancels out the walls effect on the bubble. Small domain sizdiraction also affects the
bubble wake, which will change the local shear rate around the bulbditace, and then affect

the magnitude of the lift force.
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To quantify the effects of the wall on the interfacial forces acting on the bubble, three distances
between two wallgd ) are selected as 18mm, 36mm, and 54fhe simulation parameters are
listed inTable4.1.

Table4.1. Parameters for simulation setup

Parameter Magnitudes
Liquid density,” pp U
Vapor density; PP @ W

Dynamic viscosity: T8t p 063
Bubble diameterQ od qQ a
Shear rate)Yi o T
Relative velocityo T8t ¢ O T

Since the bubble is at tlenterlineof the domain, wall forces from the two walls negate each
other, thus thenly interfacial force on lateral direction is the lift force. Theontrol force ando
control force on the bubble are plottedFigure4.4 (a) and (b) as the counter forces of the drag
force and the lift forcerespectively. It is clear that at the steady stateintieefacialforces of 2
times 0 o @ &) and 3times v B &) domains almost overlap with each oth&€he
relative differences are only 0.50% forcontrol force and 2.5% fabcontol forcethus using any

domain sizebetweenos @ & andu © & should be reasonabé®d v T & is selected.
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(a) Streamwise direction control force.
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(b) Lateral direction control force.

Figure4.4. Control forces acting on the bubble. The legends 1 time, 2 times, and 3 times denote
18mm, 36mm, 54mm wall distances respectively.

4.2.3 Transverse force

The majority of the studies in this section were previously presented in published literature

(Fan et al., 2018)rhe wall distance is described ByO, where0 is the distance from the bubble
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center to the nearest wélligure4.5) andO is the diameter of the bubbl€he bubble deformation

is described byhe Weber numberp ‘Qand the relative motion beeen twephase is represented

by the bubble Reynolds numbely Q@ The ranges of those three dimensionless numbers are
provided inTable4.2. The six0FO values covers the potential bubble locations acrasslav

channel along with the previob¥O p8t(Feng and Bolotnov, 2017a)

Figure4.5. lllustration of OFO.

Table4.2. Variables in low shear flow studie¥{ o®&ifi ).

Parameter Magnitudes

Dimensionless wall distancgfO 1.25,1.5,1.75, 2.0, 2.25, 2.56

Weber numberp ‘Q 07 6.0

Bubble Reynolds numbel, Q 5.34, 10.69, 21.38, 42.33, 59.86, 79.10

All the combinations di¥O and’Y ‘Qare carried out in the simulations. In each simulation,
0F¥Oand’Y Qare fixed, andv Qis adjusted through changing the surface tension coefficient
until wcontrol force flips the sign. The simulatiomrachieves a quasteady state for each’Q
before proceeding to anothealue of, asFigure4.6 illustrates The transverse force is computed

by averaging thebcontrol force at each quasieady stateondition.
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Figure4.6. Quaststeady state achieved under each surface tension coefficient.

The plots ofY ‘Qvs @ ‘Qat each wall distance ashownin Figure4.7 from0fO p& uo
0FO ¢®& @ where red dots denote transverse force pointing to the wall, reflecting bubble
migrating to the wall; blue dots is opposite where the transverse force points to the center of the
channel, indicating that more deformable bubbleds to be repelled from the wall. Comparing
from (a) to (f), the data cluster moves towards high&? In other words, as the bubble approaches
the centerline of the domain, the wadtiuced force is smaller, therefore, it requires the bubble to
be moredeformable to yield the transverse force to flip the sign. These observations are verified
by the findings in(Tomiyama, A. et al., 1995; Ervin and Tryggvason, 198l (Feng and

Bolotnov, 2017a)
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Figure4.7. Transverse direction distribution with'Q w Q and0¥O.
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4.3 Bubble interface topology studies

In CCFL studies, PID control is integrated into tplmase simulation to produce the occurrence
of CCFL, whichtypically involves complex interface topology change. To demonsttett
interfacetopology evolution under both PID control and natural conditions are invariant, this
section compares single bubbi¢erfacetopologyevolutionunder PIDcontrol and with a bubble
simply rising ina liquid under buoyancy conditionsThis is done through verification and
validation (V&V) of the approach using published results. Ultimately, the capability and precision
of the PID bubble controllers are assessed in revealing complex topology CHaageajority of

the studies in this section were previously presented ingmelol literaturéFan et al., 2021)

4.3.1 Simulation setup

As Section4.1 illustrates, the PID bubble controller switches the reference frame from the
container to the bubbleoFrising bubbles in stagnant liquids driven by buoyancy, it corresponds
to PID controlled bubbles in uniform liquid flowwhe computational fluid domain is illustrateal
Figure4.8. Theinlet plane andwo movingwalls have thevelocity boundary conditioall set to
bed , thus the liquid has a uniform inflow velocity distribution towards the bubble in the controlled
environment The outlet plane has a pressure outlet boundary conditiorthamemaining two
domain facesire assigned witeymmetryboundary conditions.

In Figure4.8, waxis is the streamwise directiaaxis is the lateral direction, agohxis is the
spanwise direction. The edge of the csbhaped omputation domain has a lengthpfiY and the
bubble is located ab o®Y,w a vYin all the simulations. The bubble size selections are
based on published DNS and experimental sty@lkaga and Weber, 1981; Tripathi et al., 2015;
Sharaf et al., 2017)in studies where bubble sizes are implicitly contained in dimensionless

numberdqTripathi et al., 2015; Isaraf et al., 2017}the bubble sizes are selected to accommodate
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the range of the dimensionless numbers. For studies with bubble size explicitlyRjnaga and

Weber, 1981)the bubble size is identical in the P@Ontrolled simulation. Since the bubble is
fixed, the domain size beimy i¥is adequate for the bubble to deform and the bubble wake to
form. Therefore, no matter how the bubble size varies, computation domain size and the distance

from bubble center tde top inlet plane is always proportional to the initial bubble radius

lyllllll“l ee0e000

VA inlet " o>z
. % .
X y /. 2
moving moving 7 %
wall wall
outlet
(@@ owplane (b) w aplane

Figure4.8. Computation domain and cylindrical mesh refinement zones.

Figure4.8 also illustrates the spatidiscretiation with unstructured mesfor the deformed
bubble From the surrounding liquid to the bubble, the mesh is gradually refined. Since the bubble
shape will most likely expand against thélow, refinement regions are wider on lateral and
spanwise directionsy & plane) than the streamwise directiorakis). Four different refinement
zones are designed to better capture the interface distortion. Cylindrical refinement approach is
utilized over box refinement as it better approximates bubble shape whilerealsoing
computational cost. The near bubble wake region has the finest resolution due to the potential of

forming thin film (Figure4.8 (b)) and satellite bubbles after complex deformation and bupak
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4.3.2 Grid convergence study

A grid convergence study is performed to quantify the uncertainty fih@ehrcomputational
mesh discretizatiofRoache, 1998)As Figure4.8 (b) illustrates, tk film of the deformed bubble
is very thin which requires adequate spatial discretization to capture its topolmggfore, the
film sizes under different spatial discretization aneasured and compared to support the choice
of mesh configurationThis study also provides a referenafethe mesh size selectidor CCFL
studiesto well resolve the thin filmlormedunder high interfacial shear

Five mesh configurations depicted kigure 4.9 (a)(e) are selected toonduct the grid
convergence study. Theimber ofelemens across initial bubble diameter are 34, 39, 45, 52, and
60 in each configuration, with a refinement ratioi of p&. The bubble has a radius "¥f
¢ T a and the relative velocity between the bigbland liquid is6  T@&a fi . Severe
deformation will happen at= 0.204 ,” p1 @ ,° p8t0 ¢d,” ¢ PTTT
and‘ d p 1,7and the wake side of the bubble will form a thin fileg(re4.8 andFigure4.9
(f). It has traditionally been a challenge for simulations to resolve thin films but by utilizing level
set method in PHASTA it is possible to capture such sexmggdace distortions.

A grid convergence study can be used to estimate the uncertainty of spatial discretization via
the welldeveloped approach of computing the grid convergence index (B@dche, 1998)As
GCl reduces to 0, the numerical result theoretically approaches to the exact solution. For a group
of meshes with a uniform refinement raitioGCI can be computed using a factor of safédy,

the results from each mesk)( and the order of ewergencen .
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Here, the factor of safety depends on the number of mesh configurations in the GCI study.
'O p& wvhen more than three meshes were invollRahche, 1998JQand™Q are the results
from finer and coarser grid resolutions.

The peripheral size of the thin film is a crucial parameter to describe deformability. The film
has a ring shape abh & plane Figure4.9 (f)) which corresponds to the same deformed bubble
in Figure4.8. The larger the ring, the more severe the bubble deformation is with respect to the
initial state. Therefore, the outer radius of the film at the saloeation is selected as tf@0 "O
metric in the grid convergence study and is computed with different elements across the initial

bubble diameterd {fO).

e A

(b) 39velem'ents/d|ameter (c) 45 elements/dlameter

(d) 52 elements/diameter (e)k 60 elerhents/dlameter (f) Deformed bubble forms
thin film.

Figure 4.9. Comparison among uniformly refined meshes frahto (e) o wplane and
zoomedin mesh inw & plane (f)
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Figure 4.10. Comparison of film sizes among refined meshes @ @rying with meh
configurations.

Table4.3. Summary of mesh resolution, mesh size ‘@ d@mputation

MO | Mesh size Film Outer Radiusq &) | GCI
34 | 754,725 6.850E+01 -
39 | 1,164,089 6.645E+01 5.5%
45 11,752,438 6.494E01 4.1%
52 | 2,649,215 6.358E+01 3.8%
60 | 3,807,249 6.239E+01 3.4%

From Figure4.10, "O0 &Drve is asymptotic to, which indicates that the numerical solution
gradually approaches to the exact solution. The deftion will be the most accurate if using 60
IMFYO. However,Table4.3 shows that the difference @6 D52 MFO and 60IMIOis onlym& b,
while 60O requires an increase in mesh size of 43.7%. The minorigaalution accuracy
comes at the price of much larger computational cost, therefdi@@% selected to conduct all
the deformation studies as it is a more affordable mesh without significantly deteriorating the result
accuracyAs a reference to CCF&tudies in a cylindrical channel, in order to well resolve the

formed thin film, there should be at least 52 elements across the cylinder diameter.
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4.3.3 Verification

Simulation results of PHASTA are compared with published bubble deformation DNS studies
(Tripathietal.,,2015) The differences between the presen

are summarized imable4.4.

Table4.4. Difference between presented simulation and the reference research

(Tripathi et al., 2015) Simulations in this paper
DNS code Popinet osPopie PHASTA code
2003)
Interface capturing Volume-of-fluid Levelset
method
Containerbased Bubblebased
Reference system ) .
(Figure4.2 (a)) (under PID controlFigure4.2 (b))
Domain size (3mY, 3nY,p ¢'Y (p W, p 1Y, p 1¥)
Mesh type Structured mesh Unstructured mesh
Mesh refinement type Adaptive PredeS|gned/v|t_h multiple-level
local refinements

The reference study provides rough ranges of Eotvos nurf@rafd Galileinumber O
and a representative bubble shapable4.6) for different deformation dynamig3ripathi et al.,
2015) The simulation parametersTiable4.5 were designed to accommodate the given ranges of

‘0 ¢éand"Odfor each representative bubble, and the corresponding simulations reproduce the bubble

topology Table4.6).
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Table4.5. Parameter design for verification

Bubble radiusyY (& &) 2.0 2.0 20.0 2.0 20.0
Liquid density,” (QQ% )| 1154 1154 1800 1154 1403
Vapor density! (Q'Qx ) 1.154 1.154 1.8 1.154 1.403
Dynamic viscosity! (0 ¢f) | 0.025 0.019 10.0 0.05 1.0

Surface tension, (04 ) 0.2 0.025 0.067 0.0059 0.2

Relative velocityp (&i ) 0.275 0.198 0.8 0.198 0.8
Dimensionless numbers Oe & Os X8 o G" TS Os “R Oe PP
OCw o@ | Ow T | O T® V| OW o® | Ow O @

Table4.6. Verification of bubble deformation

0¢N mio Tt Oév mig 1 | Oév ofo | Oév plu | Oév phomm
_ | oy mir Tt | O Tt T O mb T | O p fo T COWN v T
(Tripathi
etal., g 8
> €D | P O
-]
23
PHASTA
with PID
bubble
controller

The first four bubble deformation patterns (columrban Table 4.6) can achieve a quasi
steady state, but the fifth bubble (last column) corresponds to an early stage deformation which
will develop into an unsteady breal, classified as a central breaf(Tripathi et al., 2015)The
temporal topology change is also considered in the verificakiminie4.7 compares the predicted
bubble deformations under identical normalized computation tiineRegardless of the bubble
topology change or time varying shape change, from dimpled ellipsoid to uneven toroid, the
generated results from the PHASTA PID controller exhibit high concurrency with those of Tripathi

et al., further testifying its accuma and versatility.
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Table4.7. Comparison of temporal topology change

Normalized
computation time

(Tripathi et al.,
2015)

PHASTA with

PID bubble
controller

4.3.4 Validation

To further gain confidence on the accuracy of interface topology under PID cowwol, t
experiments were selected as validation refer
bubble deformation in viscous Iqui ds, and Shar af 6s experi men

previously published DNS studi@Bhaga and Weber, 1981; Sharaf et al., 2017)

4.3.4.1 Validation by classicalexperiment

Bhaga and Weber utilized agous sugar solutions with different concentrations to conduct air
bubble deformation studies in stagnant liquids. They conducted a series of experino@ts an
bubbles aiming to understand the effect of viscosity on bubble deform@tibte 4.8 lists the
unchanged parameters in each simulation case ,Tahkk 4.9 compares bubble shapes in the
experiments and simulations with viscosity monotonically decreased friobnhebia) to bubble (f).
Table4.10 summarized the corresponding dimensionless nun®éns ¢, and’Y Q

Table4.8. Common parameter in each validation case

ltem Y@ a) | Qo )T Qo )| L, ©Ba ) | ¢ (0 )

Magnitude 13.0 1362.68 1.2047 0.07845 1.8205E5
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Table4.9. Comparison of bubble shape between classical experiments and simuléteralues
in the last row are the liquid viscosity, (0 ofd ), for each simulation

Bubble (a)| Bubble (b) | Bubble (c)| Bubble (d)| Bubble (e)| Bubble (f)

Experiment

G €D @ D N A A

1981)

Simulation
with

PID bubble
controller 2.746 2.055 1.289 0.780 0.544 0.288

Table 4.10. Comparison of dimensionless number between classical experiments (exp.) and
simulations (sim.)

Bubble (a) | Bubble (b) | Bubble (c) | Bubble (d) | Bubble (e) | Bubble (f)

Exp. | Sim. | Exp. | Sim. | Exp. | Sim. | Exp. | Sim. | Exp. | Sim. | Exp. | Sim.

O¢|116 | 121 | 116 |107 |116 |110 |116 | 112 |116 |117 |116 |107

O €& |848 | 882 | 266 | 246 [41.1|39.1|551 533|131 |1.32 |0.103|0.095

Y'Q|247 | 207 | 357 |3.01|7.16 |6.03 |13.3|11.2|20.4|17.18|42.2 |33.04

From Table4.9, the aspect ratios of numerical bubbles are found to slightly deviate from the
experiments. Since the experiment only provides a range for densities and surface tensions as
clues, the material properties tentatively assigned in simulations may not b&terunsith the
selections of Bhaga and Weber. Comparing the dimensionless numbeatdaed.10, numerical
'O ¢and0 ¢ are close to the experimental data, with relative differences betwedrand b
However, the discrepancy of Qcan be observed to grow with bubble deformation lefsl.
experimental measurements on bubble terminal velocity genéialy higher uncertainty than

other parameters, it is expected tiYa®(proportional to relative velocity ) will consequently
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have larger discrepancies. In conclusitwe, trends of bubbles flattening can be easily observed in
both results, rd the experimental and numerid@andd ¢ match well, therefore the PID
controlled bubble deformation is validated by the classical experiments.
It is worthwhile to mention that due to visualization from the simulation, the existence of a
cavity insde the bubble was confirmed. The experimental figures are either too dark and opaque
to demonstrate the interface or are poorly clarified by streamlines to depict the cavity. Although
Bhaga and Weber used fdobl at e alplei,pddieddilc apap o

confirmed with haltransparent numerical results.

4.3.4.2 Validation by simulation-motivated experiment

This section validatkecomplex bubbldopologiesin simulations carried out by PID bubble
controller using parallel experiments and giations in more recent studi€&ripathi et al., 2015;
Sharaf et al., 2017Yable4.11 compares the bubble deformation with a thin film forming at th
wake side of the bubble, which satisfigé" o tv 1w mand 'O mv 1. Table 4.12
demonstrates the bubble bragk process with satellite bubbles shedding away from the leading

bubble, which satisfie® év  phu 1T Tand"O p fv T Tt

Table4.11. Comparison of complex bubble deformation with a film formed at the wake side of
the bubble

Experiment
(Sharaf et Q
al., 2017)

DNS
simulation

(Sharaf et y . P < € k : E |
al., 2017) V| & 4 ( ¥,

PHASTA
with

PID bubble

controller
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Table4.12. Comparison of complex topology change during bubble buga&nd the formation
of satellite bubbles

Cavity forms Thin film forms Satellite bubbles form

Experiment | : _ : 3
(Sharaf et al., 2017) ! '
TN P

DNS simulation
(Tripathi et al., 2015)

S0 Ge o> ng
PHASTA with V. T\ y e
PID bubble controller ©w. ( \ # "

Table4.11 describes the deformation process for a hebhape bubble. Compared with the
cavity shape and film thickness in the reference simulation, PHASTA results match with the
experiment better. The nwmcal satellite bubbles iTable 4.12 are not identical with the
experimental findings, and the satellite bubbles produced by PHASTA are with different
distributions compared with the existing simulations. It istivéo mention that the thin film and
satellite bubble formation ifable4.12is a recurring dynamic process so it is almost not possible
to reproduce the identical satellite bubbles as the ones in the experimeanthe published
simulations. However, the thin film formation and interface topology change in the-upeak
process agree with the existing findings. Bdo#ble4.11 andTable4.12 confirm the accuracy of
PHASTA code and reinforce the precision of PID bubble controller to simulate complex interface

distortions.

4.4 Gravity control capability
The abovébubble topology studigsistify the reliability of complicated interface thstions
under PID controller. To produce the same topology as the bubble rising in liquid under gravity, it

is very important to match the numerical gravity derived from PID bubble controller with the earth
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gravity. The majority of the studies in this $®n were previously presented in published literature
(Fan and Bolotnov, 2020)

As Eq.(35) illustrates,6 input into the PID bubble controller dominantly determii@s due
to thed term. Howeverp from experimental data always have higher uncertainties. Since
gravity is always the most accurate data, i.e. the earth graviégrobers can manually adjudst
until thenumerical gravityQcomputedby buoyancy force approaches the earth grdi#gng and

Bolotnov, 2017c)The above studies also involve such manual adaptations.

9 -2 9 43)

From an experiment validation perspective, producing correct gravity is more important than
0 , and thus the interfacial forces can be more atelyravaluated. Such manual adjustment is
time-consuming as each simulation with differéntneeds to start from scratch and takes time to
achieve statistically steady state conditions which involve getting proper bubble deformation and
resolving thdluid flow around the bubbléA tool to automatically change during the simulation
is highly desired to greatly simplify the process of such numerical experiments

As an extension of the existing PID bubble controller, grasatytrol capabilityis developed
to adjustd step by step until the numerical gravitQ @pproaches the earth gravit@( ). The
gravity controlcapabilityis expected to reduce the computation tand simplify the workflow
because only one simulation isatled, and is adjusted during the simulation after the bubble
wake is already developed. Even though the bubble wake will change in response todhe new
it is still less timeconsuming than developing a wake from bodblein a braneénew smulation.

Under eachd ,"O is recorded and hence the numerical gravity can be obtained §3tq.

at a quassteady state. The nedv at the center of the bubble is determined based on thiveela
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error (O ) betweernQand™Q as Eq.(44) and(45). The closer ob to6 , the smoother
the bubble wake transition is, amtmore stable the simulation is. However, the vel@aljysting
should not be too subtle to extend the simulation time. Thereforgis limited up tox Pwhen

0 is changed by Eq45), where the bis tested to be optimal to yield both numerical stability

andanacceptable overall computation time.

o —a5 (44)
6 p ON EE& xb
6 N . 4
0 = h Ed& O xb (49

Onceo6 is adjusted to yieldQe 'Q ,o0rsOs ¢ b 6 is close enough to the expected
bubble terminal velocity, so the intedial forces are correspondingly accurdtegure 4.11
illustrates the flow diagram of the gravity control mechanifhe adjustment ad is achieved
by utilizing the parallel Boundary Condition Transient (B&&pability(Saini, 2020) It is also

the first time to combine PID bubble controller and BCT capabilities.

Csn >

o, |

PID bubble,controller ., VYearth ‘ uy = ur(1— E,) ‘
Output Fefye 3

E, = 7% Eg
= (1
9 |E,|

QEIld)

Figure4.11 Flow diagram of the gravity control caphiyi.
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The bubble (a) ibectiord.3.4.1is selected to test thygavity control capabilityBefore gravity
control capability was developed, the liquid velocity (equal do considering bubble velocity is
0) was manually adjusted t@® @ 71 to yield a correct gravity. It is expected that the gravity
control capability will yield a final liquid velocity the sametig® ¢ 7i . To test it, onlythe initial
liquid velocity is T «x 71, and allother simulation setups are all identieath the conditions of
the bubble (a) irsection4.3.4.1

The relative velocity and the drag for€®, counter force ofO ) varied with computation
time are plotted irFigure 4.12. 6 is adjusted everm@i and™O changes correspondingiD
oscillates due to the mechanism of the PID bubble controller, but it will be adeafigach quasi
steady state to mitigate the influence of oscillatidrable 4.13 summarizes the averaged drag
force (O) over a time intervali®i before eachd adjustment’O is used to comyte the

numerical gravity and hence to determine the relative error bet@ard™Q («BpGa T ).

0 1 2 3 x10"3
time step

drag force (N) u_r(m/s)

Figure4.12. Automatic adjustment a§ and the corresponding responsé®f
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Table 4.13. Postprocessed results under eaelative velocity

Time o (i) o (aT) 0 adjusting "0 0 Q 0
0-04 0.1900 0 p xb 0.161 12.66 29.2%
0.40.8 0.1767 0 p XxXPb 0.148 11.47 17.0%
0.81.2 0.1643 o] 5 0.137 10.46 6.7%
1.2-1.6 0.1590 0] 5 0.123 9.59 -2.1%
1.62.0 0.1608 - 0.123 9.62 -1.8%

In Figure 4.12, the O plot is truncated betweem 0 andm@ 0, but the'O spikes in the

beginning of the simulation is actually greater. It is because the bubble wake is formed from the

initial uniform flow (Figure4.13 (a) and (b)), and the abrupt change of the velocity field results in

drag force spikeg:igure4.13 (b) and (c) depict distinct wake development urier 1@ @ 71 .

However, the wike change is milder frorRigure4.13 (b) to (c) wherd is adjusted in between.

Consequently inFigure 4.12, the subsequent drag force spikes are much smaller Ginise

adjusted by Por lower, and the quasteady state is achieved faster. The magnitude of the spike

is proportional to the change of. As for the last adjustmeffitom & v wiT¥i to T @ TOTI,

0 isonly changed by p8t w Y, Bo the drg force change is negligible.
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Figure4.13. Bubblewake formation and wake change with

Table 4.13 and Figure 4.12 both demonstrate the gravity control mechanism illustrated in
Figure4.11 Befored0 p&i, althoughO is greater thal b, 0 is always reduced by onjy b
Afterwardso is adjused by the gravity square root ratio. Eventuallthe numerical gravity
approaches the earth gravity with a very sraalbf p& P The eventual relative velocity in
Table4.13is i @ mfi which is close enough to the expectedT® @ 71i) of the bubble (a)
in Section4.3.4.1 The bubble shapes under the initial and evertuakre compared ifrigure
4.14. The shape ifigure4.14 (b) is slightly taller and rounder than thatHigure4.14 (a), which
is more close to the bubble shape of the experifBérega and Weber, 19818Ithough the shape
change is subtl& has a relative difference ofi® w ™ @ TP @ Y p § @ PSuch large
error partially reflects the uncertainty of measur@dtive velocityin the experimen{Bhaga and

Weber, 1981)In addition, the relative difference of the initi@ compared with thewventual’O
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is o ®) w Pwhich demonstrates the necessity of generating the accurate gravity to obtain the

accurate interfacial forces.
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(Bhaga and Weber, 1981)

Figure4.14. Bubble shape comparison.

4.5 Chapter summary

This chapterstudied single bubble under PID control (also counter current flow) as
fundamental investigations for loles bed CCFL studies. PID bubble controller is verified and
validated in more broad studies, including wadfiected transverse forces and complex bubble
topology evolutions. The capability and precision of the PID bubble controllers are assessed in
reveding complex topology change, which is foundational for CCFL studies. The mesh studies of
single bubbles provide reference on spatial discretization for more complex CCFL simulations as
well. A new gravity control capability is added into the PID bubbletradler which helps the
validation of bubble dynamics. The control on gravity also provides reference for the development

of PID pressure gradient controller
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Chapter 5. RESULTS OF COUNTER CURRENT FLOW LIMITATION

5.1 Counter-current flow studieswithout PID control

The phenomena in the reactor debris bed is typically cotmigent twephase flow. Debris
bed channel is selected as the smallest chamrieé nuclear reactdhat the presented research
covers. This section reveals the flow behavior in the rscede stucture that has not been
previously analyzed by high resolution simulation approach in the debris bed. All simulations are
adiabatic, but still can reveal the coolability of the debris bed through the contact area between
coolant and the channel wall. THtudies in this section provide a demonstration of the
development of highesolution database fiM-CFD andsystemscale codes on multiphaflew

in the debris bed.

5.1.1 Counter current flow driven by gravity

The debrisbed countecurrent flow study involes complicated interface topology change and
varying flow regimes. Before successfully dealing with both above challenges, the interface
topology driven by gravity is first studied with different initial conditions.

The computation channel in grawtlyiven studies are cylinders with radiust@® & &. No
inflow or outflow boundary conditions are specified so the domain is isolated. The channel height
varies in different tests and are introduced individually. In all simulations, the coolant is initialized
above the steam. The density difference is the only initiation for the flow instability where coolant
and steam densities are assigned based on fluid properiesnatand 10@egreeCelsius. The
simulation parameters of the fluid and the system stediinTable5.1. Very small surface tension
coefficientis used, thus gravity/density difference is adequate to drive the interface to move. The

gravity-driven simulation is also a fundamental study for PID @ittt CCFL simulation. The
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latter uses pressure gradient in a periodical domain to drive the countemt flow, which
resembles the former approach.

Table5.1. Fluid and system properties in preliminarydu

Coolant steam
Density (QTh ) 9580 0.598
Viscosity @ ¢ ) 2.818E04 | 1.227E05
Surface tensionoefficient(0 & ) 1.1E04
Earth gravity ¢ 7i ) 9.8
Cylindrical channel radiusx( &) 0.5

5.1.1.1 Initial interface: horizontal flat surface

In this case, one gap in thebdis bed was modeled into a cylindrical flmhannel with a
diameter of Inm and depth of 26hm. Figure5.1 depicts he interface initialized horizontally at
the centerline of the chanrehd the spatial discretizah. Theunstructuredcomputationamesh
(tetrahedral element} usedto design different refinement zones. The mesh is set finer in the
lower side of the centerline to resolve the region where coolant flows through and coarser in areas
unaffected.The results clearly demonstrate the Rayleiawylor instability developing in this
channel. The steam rises (forms into a bubble and detaches) and the coolant drains down. Here,
the interface resolved very well by local refined meshes even with coarse meshdss
Assume the adiabatic phenomenon can reflect the steam and coolant behavior in the gap of the
debris bed. The coolant will fall into the debris gap to cool the dbebdsdown. At the same time,
steam will form rising bubbles that leave the champaning which will give way to the falling
coolant. In reality, as the bubble rises in the coolant, it will cool and condense, however as long as
the bubble does not lose significant mass and still continues to rise, the coolant is still able to drain

downto cool the debris bed.
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Figure5.2. Interface topology (white surface) changes with time

5.1.1.2 Initial interface: vertical film

In this case, one gap in the debris bed was modeled into a cylindricathbwel with a
diameter of Inm and depth of :1hm. On the top ad bottom of the channel, two tanks are added
and filled with coolant and steam to observe the interface topology change outside the cylindrical
channel.The interface is initialized vertically, which models a coolant film occupying 1/3 of the
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right side ofthe channe(Figure5.3). Besides the tetrahedral mesh in the bulk redimundary

layer mesh (hexahedral elemeistysed to resolve the vertical film.

coolant

steam g

- ,, coolant
g

20
elements
per
diameter
int e
steam

Figure5.3. Mesh configuration and interface initialization

Similarly, RayleighTaylor instability was observed in this result, where steams rises and forms
a bubble and detaches, allowing coolant to drain into the bottom. This case revealed the importance
of thewettability of the debris bed. As long as a coolant film partially covers the flow channel, the

coolant is able to drain down and significantly cool down the debris bed.

(a) Time step 850 (b) Time step 2500
Figure5.4. Interface topology (white surface) changes with time
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5.1.1.3 Summary of the gravity-driven-only cases

With only density difference/gravity yielding the Rayleigaylor instability,the capabilityis
demonstratedn resolving the complitad interface topology change of typbase flow in the
debrisbed channel. As long as countanrent flow can happen, the debris bed can be cooled by
down flowing coolant. Otherwise, if a coolant film partially covers the debris bed flow channel,
the cooaint is able to drain down. This study reveals the significance of the wettability of the debris

bed on increasing coolability.

5.1.2 Counter current flow driven by both gravity and steam generation rate

With interface topology change driven by only gravity sssédly carried out ifsections.1.],
the effect of heat generation rate on coolability is considered to reveal the phenomenon when dry
out happensn the debris bedContact angle/wettability control is also ilemented ontdhe

cylindrical surface. Different contact angles were selected to decide its effect on coolability.

5.1.2.1 Simulation setup

The typical setups can be foundHrigure5.5. The debris gap cylindrical channk is in the
middle. The diameter isthm and the height is/@m. The coolant is set on the upper side of the
steam. Steam and coolant are specified with both inflow and outflow boundary conditions
respectively. Steam is supplied from the bottom tank aothot flow in from the top taniSteam
inflow rate is calculated by heat generation rate and the latent heat when coolant is heated into
steam. Coolant flow rate is determined by steam flow rate and their density ratios to guarantee the
mass conservatiobetween two fluids during the phase change. The simulation parameters are
listed inTable5.2. In addition to physical properties of coolant and steam at 1 atm gauge and 100
Celsius degrees (the same withble5.1), natural surface tension is used, thus both steam inflow

and gravity drive the interface to move.
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Figure5.5. Counter current flow e setup.

Table5.2. Simulation parameters.

Coolant steam
Density (QTH ) 958 0.598
Viscosity 0 ¢o) 2.818E04 | 1.227E05
Surface tensionoefficient(0 ¥& ) 0.0588
Earth gravity ¢ 71 ) 9.8
Cylindrical channel radiusx( &) 0.5
Cylindrical channel heighti( &) 2

5.1.2.2 Steamgenerationrate effects on counter current flow
Three cases start with interface on the bottom of the chkiguek5.6 and are ran with contact
angle control algorithm set for 4Qising the contact angle sghbid model developed in PHASTA

(Li, M. et al., 2019) The steam generation rates (in adiabatic simulations presented) are assumed
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to be constant in each scenario, which is represented by steam superficial velocity in the cylindrical
channel, 2.4659m/s, 0.493m/s, and0.2465m/s. Those values are set as the inflow velocity

boundary condition for the steam zond-igure5.5.

Figure5.6. Interface initialization in a cylindrical @mnel of the debris bed
The results under different steam superficial velocities are summariz€dbie 5.3 and

elaborated afterwards.

Table5.3. Simulationresultsfor different steam superficial velocities

Steam generation rate Flow regime

High & T CCFL /dry-out

Medium ™ wooki R-T instability
Low T T @ufi Balance between two phase

The steam superficial velocity B8 ¢ @ fi corresponds tohe dryout of the debris bed
Since the generated steam is too fast to allow liquid to drain down, gradually the entire cylindrical
channel will be occupied by steafigure5.7 illustrates how steam gradually blacke entire
channel. Even though the upward steam detaches from the top of the channel and is suspended in
the coolant, the counter current flow limitation still exists and the liquid is unable to drain
downwards. Althouglm Figure5.7 (b) there is still some liquid film covering the upper wall, the
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contact line (interface contacting wall surface) is still moving upward. The choking will continue

and with little cooling happening in the channel, the debris bedweihtually dryout.

(@) Timet8t @@t T T. (b) Timeygoc@ mt. (c) Timepd W@ T 0.

Figure5.7. Progression of CCFL event, magenta line represents liquid gas interface

When steam generation rate is not high enough to resultamalete dryout (T& woofi),
the RayleighTaylor instability is the dominant flow regime in the delyed flow channel. The
heavier coolant is displaced downward with an equal volume of steam displaced (fgyarel
5.8 (a)). The steam column will branch into 2 solumns as the interface is rising, after which
each sulolumn will continue to branch agarigure5.8 (b)). In the end, as the upper coolant
push the intdace down, the subolumns are merged, but the interface topology stays complex.

The coolability of debris bed is affected by two factors in this case. Even though there is coolant
dripping down in the center, it may not reach the debris bed. On thehatt@rthe contact line
will not progress any further and the steam will only rise to the top of the channel. The remaining
coolant film covering the wall will not be replaced by steam, thus the heat transfer can still occur.

Should the majority of the wait flowing down the channel be along the peripheral (i.e. along the
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sides) rather than the center, there will be improved cooling of the debris bed as the coolant contact

has a better heat release rate than along the center.

-4
k2
0

-1.917496

(@) Timeo® T 1 6. (b) Timeog M@ 1 0. (c) Timec® c'® T 6.

Figure 5.8. Semitransparent 3D interface showing theocess of generating Rayleidlaylor
instability inside the chanel Cross sections &D interfaceare provided in (b) and (c) to better
illustrate the interface topology.

Whenthe steam generation rate is low, the density difference is not strong enoughTfor R
instability to happem® T @iufi ). Though the top dhe interface begins to sirfkigure5.9 (a)),
liquid drainage still does not happen. With the current steam superficial velocity, a force balance
can be establishggFigure5.9 (c)), where the interface almost comes to a balance. In the current
situation, since the steam only occupies a small portion of the channel, the coolability is sufficient.
It is worth mentioning that the force balance is established based on opposuity and
buoyancy force, surface tension, contact angle force, and pressure difference. Any change in those
factors will affect coolability. If steam generation rate decreases any further or the surface tension
reduces, liquid drainage will happen amgh#icantly increase the coolability.

In conclusion, this study demonstrates the mechanism ephase flow phenomenon in the
gap of the debris bed (using adiabatic flow assumption). At high steam generation rate, the counter
current flow limitation (CCE) or the choking phenomenon occurs and the debris bed will dry out.
With reduced steam generation rate, steam upwards into the coolamggbility) forms. There
might still be coolant to cool the debris bed. Under low steam generation rate, a balavesn

the coolant and steam can be established.
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Figure5.9. The process of achieving a force balance in the channel

5.1.2.3 Flow regime comparison with different contact angles

The contact angle/wettability is significant on heat transfer performaiben the steam
generation rate is not dominant, factors lomtact anglend counter current flow are significant
variables when it comes to debris bed coolability. As long asaieter current flow limitation is
not achievedand there is a coolant film partially covering the debris bed flow chaheedlebris
bed can be cooled down. When the steam generation hagh,jshe simulation shows that under
dry-out condition, diferent contact angles/wettability does not make a significant difference in the
two-phase flow regime.

The following three casemrewith the same initial conditions and boundary conditions, only
contact anglassigned on the channel wadlries. The steanmflow rate is evaluated by the dry
out heat fluxin Table5.3. The flow regime in the debris bed channel are compareidjure5.10.
No matter the interface topology oretlvelocity field, these three cases are very similar to each
other. The differences in contact angle can still be recognized by comparing the interfaces touching
the wall. Physically, CCFL has already happened, resulting in the debris bedtdiy this

scenario, no matter how the surface wettability change, theudmesult are not affected.
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(a) Contact angle = 20° (b) Contact angle = 40° (c) Contact angle = 60°

Figure5.10. Comparisa of velocity fields and interface driven by threedifferentcontact angle
values.

5.2 CCFL studiesin cylindrical channelsunder PID control

The CCFL in debris beddasconducted in a cylindrical channel initialized with annular flow.
The domain shape and arar flow selection has a fundamental base from published CCFL model
in the debris be@Abe, 1995) The real shape of debris bed channels can be very cothptekore,
geometry selection hallenging Of the reguar shapd channel (cylindrical, square, triangle, etc),
cylindrical channed do not havecornerswhich are unlikely toappear in the debris bed channel

This shape can aldme used to simplify the flow channel. In order to study the CCFL mechanism
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in this channel, the coolant should still remaittached tahe wall. If there is no liquid covering
the wall, the heat transfeatedeteriorats and studying CCFL under such conditas not useful
Therefore, researchensveproposed an annular flow modelagplain the twephase behaviors

in the debris bed channel, whibhasinspired the simulation setup in this section. The simulation
aims to obtain the accurate CCFL flow data based onreighiution interface tracking simulations
in cylindrical channelsand to shed light onto the physics behind the CCFL phenomena.

The assumptions of the debris bed CCFL studi&ectiorb.2, 5.3 and5.4are listed in below:

1. Statistically steady statecondition existsat CCFL occurrence (i.e. zero liquid velocity).

As described in Chapté&; the liquid phase velocity was not used as the volumegiiocity
integral, but the crossectional velocity integral to save the computational fwrsh-situ integral
evaluation Since the flow is incompressible, the zero cimestional velocity integratan be
shown to beequivalent to zero volumetric \aaity integral. However, this statement is true when
the steam phase achieves a steady state so it does not disturb the liguseéatrosal velocity
integral.Liquid should alsaeacha steady state with a zero velocity to prove CCFL obtaineal.
condusion, a steady state must ex@tCCFL simulationssozerocrosssectional velocity integral
can be useds a CCFL criterionSimulations in Chaptédand the upcoming results all prove that
astatisticallysteady state indeed exidts both liquid and gas phases

2. The adiabatic simulations can stillrepresent CCFL under heat transfer condition.

The presented research is conducted under adiabatic conditibiis. heat transfer is not
resolved, the resultdetermined for CCFL conditioare still consideredcceptableAccording to
previous investigatios, under both adiabatic (awater) and boiling (steatwater) conditions
CCFL occurs at similar velociti€¥/ierow, 2008) This conclusion is assumed to be applicable in

debris bed channels as well
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3. Partial CCFL does not existat the millimeter scale channek.

As discussed in the literature revigmartial CCFL can exist in millimeter size channel, for
instance adrge annular gap channel, which wilirn into global CCFL as gas phase velocity
further increase@leong, 2008 However, the coolant and steam in debris bed channels are conduit
flows and the scale is too smalldistinguish between local and globEthereforethis assumption
should not change the CCFL results

4. The CCFL hysteresis effect does not exist @ffect millimeter scale channelCCFL.

Literature reviewin Sectionl.l.lincludes thenysteresis effect that the gas velocitgshe
onset of CCFlare different when increasing(ftom pre CCFL to CCFLand decreasing {from
post CCFL to CCFL). In contrast, tRéD controler yields fluctuatioraroundhe pressre gradient
at CCFL at a quasbteady state, which is equivalentdontinuoudtrivial transitions among pre
CCFL, CCFL and post CCFL, which conflicts with the hysteresis effect. However, the gas velocity
under PID control always shows a monotonic indrepgend until steady state is achieved, which
does notonflict with the hysteresis effect. Moreovéng hysteresis effect was observed only in
large scale CCFL experiments. It is very possible that this effect is connected with the global and
partial GCFLs, which should only exist in large scales. Therefore, it is reasonable to assume that
hysteresis effect does not exist or affect millimeter scale channel CCFL

One of the inferences from this assumption is that different initial conditions of the PID
controlled CCFL simulations will not change the eventual results. As will be seefSattion
5.2.2.3, this inference is proved.

5. The periodicboundary condition does not affect the occurrence of CCFL.

The debris bed counter current flow simulations in Secdhdo not need to use periodic

boundary conditions (B.C.) at the inlet and outlet of the debris bed channel. Two tanks were
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arranged to hold the inflow armitflow fluids. However, the domain without the two tanks under
PID controlmustuse periodic B.C. on its inlet and outlet in the following debris bed studies. The
error of periodic B.C. instead of freestream condition is estimated to be approximaisigd Of

the spatial discretization errgKarniadakis, 1995)which will be included in the uncertainty
guantification and the error bar computation in later sec{iBastion5.2.4and5.4.4. For DNS
simulations with very fine mesh and low spatial discretization error, the periodic B.C. can be
considered not to affect the occurrence of CCFL.

6. PID control on pressuregradient does not change the twphase flow regime at CCFL.

With PID pressure gradienbntrollerapplied in the simulation, the whole domain is affected
when PID is activated, including the typhase fluid dynamicsThe flow rate is controlled by
collecing velocity integral at one cross sectional plane which determines the pressure gradient
input in the simulation. However, such capability does not unknowiadghbody force, and it
should not change the simulation outcoihis assumed that PID contredin still properly capture
the twophase flow regime. In other words, with or without PID, the-phase flow regime at
CCFL are the same. This assumption is later proved by comparing the phase distribution under
PID pressure gradient controlland driven by a fixed pressure gradigi@ection5.3.3.

With the above assumptions, CCFL studies under PID control will be presented and then
discussedThis section is structured as follewFirst, the simulation casetaupincluding the mesh
configurationis explained.Afterwards the selection of simulation parametéssjustified by
separate effect testa. grid convergence study Eerformedto justify the selection of the spatial
discretizationand to quantify theincertainty of the numerical resul®he results ofthe CCFL
simulations in the debris bed channel with different void fractiongpeegsentedThe obtained

pressure gradient is algpialitativelycomparedvith existing debris bed experimenkdoreover
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aquantitative analysis is provided to inform CCFL debris bed channel model development. At last,
the connection between CCFL phenomenthendebrischannel and dynamics of bubble in mm

size isdeveloped

5.2.1 Simulation setup

Debris bed flow channels have yetomplex shape and directions. Although a cylindrical
shape is selected, the length and direction of the chatilheleeds to be determinetihetravel
path for twephase flow inside the debris bed can be upward, horizontal, or inalimtstepends
on the local structure. Therefore, this study selected a small portion to represent a local channel in
the debris bedspecifically avertical cylindrical segment with p& a and0 pd& a. The
value forO p & & was selected based on the characteristigtle scale of debris bed particles
which is usuallybetweerp v & & (Fichot et al., 2006)With smaller particles, the flow channel
is therefore smaller, and thi&elihood for dry out to happen is highéRepetto et al., 2013)
Therefore, the channel diameter is determined to be equal to the smallest particle size for providing
more understanding of CCFL in dry out. The length selection is further justified in Se&iar

The domain setup is provided Figure 5.11(a), where the earth gravity is along the
direction.Figure5.11 (b) is an example of an instantaneous counter current flow in the channel
where steam is moving upward in the middle and coolant is draining downward around steam.
Periodic boundary contibns are applied on the top and bottom of this vertical cylindéheso
CCFL pressure gradient controller can be utilized to drive theptvase flow until the liquid flow

rate is zero.

119



velocity X

-3.000e-01
Y E

(b) Steam moves upward and the sorrougdin
coolant drains downward

.

(a) Simulation domain

Figure5.11. Debris bed channel domain and a counter current flow configuration inside.

During severe accident, the debris bed is formed in the bottom of the pressure vessel and th
pressure level is determined by the containment condition. The design pressure of the nuclear
reactor containment is8 @) i "‘@fproximately 3.5 atm{Hessheimer and Dameron, 2006)
therefore 3 atm is chosas the simulation pressure environmasitdoes not exceed the design
limit. The simulation parameters are summarizetiahle5.4. Among the material parameters, all
values come from the saturdtevater and stearproperties under 3 atniNote that the steam
viscosity isset to bel0 times higher than the original value. This choice is justified by studying
the liquid flow rate and interfacial shear under original and high steam viscasitseparate
effects test§Section5.2.2.9. With the liquid and steam propertiesliable5.4, the dimensionless
diameterO’ of the debris bed channel computed by @4) is only 0.42, therefore it is far below

the criteria of using Kutateladze or Wallis correlatiods ¢lose to 24.5).
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Table5.4. Parameters used in debris bed channel CCFL simulations

Liquid Steam
Density (QTH ) 931.430 1.67133
Viscosity @ ¢31) 2.06097E04 | 1.34384E04
Surface tension coefficiend §& ) 0.0516
Earth gravity ¢ 7i ) (-9.8, 0, 0)
Initial pressure gradiend (8 ) (5000.0, 0, 0)
Initial velocity (@ 1) (0,0, 0)
wvelocity goal in PID controld 1) 0

The mesh configuration depends on the Reynolds number in each phase and the interfacial
shear. Since liquid phase velocity is eventuatintrolled to bezero, the liquid flow isstrictly
laminar. Even if the velocity is not exactly zero, the maximum liquid velocity determined in
Section3.3.3before CCFL was achieved was omigt 11 @ 11 . Thesteam velocity magnitudeas
alsodetermined to be minisculén Section3.2, a representativgasvelocity to achieve CCFL
condition ist& v & i (Figure 3.17 (b)). The tests conducted in Secti8r?2 useO ¢&8d &
channel, so in this section with pa & the gas velocity should be even lower.n€idering a
high steamviscosity isalsoused in steanthegas phase iguaranteé to belaminar flow.

Besides resolving a laminar flowhe nesh element sizeelection also needs to consides
interfacial shear. A reference valoE1l8 element®sr aboveacross the gas phase diameter in high
shear twephase flowss usedZimmer, Matthew Daly, 202). Since thesteamis surrounded by
annular coolanh the debris bedhannel40-element across the channel diameter is selected which
is adequate to resolve thaterfacial shearand to achieve CCFL conditionsThe mesh

configuration is depicted ifigure5.12 (a), and the corresponding xyzts probes are plotted in
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Figure5.12 (b). The smallest mesh elements are in the cloge#tewall boundary layeregion
with a thickress ofp® 1@ 71 ux . There are 4 xyzts probes in this element, so the xyzts probe

distribution is fine enough to capture the velocity fiedpecially in the liquid phase
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(a) Mesh configuration. (b) xyzts probe distributian
Figure5.12. Debris bed channel mesh configuration and xyzts probe used.

5.2.2 Separate effect tests

In order to justify the selection of simulation parameters, this section dis¢cheséfects in
the CCFL simulations from the perspectofdiuid parametesand domain length, the sensitivity

of the CCFL criteria and the potential influence from the initial conditiaa well as the spatial

discretization

5.2.2.1 Steam viscosity
In order to study how steam viscosity affects the-plase flow intie debris bed channel, two

simulations without PID pressure gradient control are conducted ucolestant—
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p o m8tatdka with different steam viscositieThe void fraction of the steam is 60%tom
Figure5.13, the liquid average veldgs collected by xyzts probegow with timeunder both
viscosities In the beginningfromo 1O P8I0 o), the two liquid velocity plots overlap
considerably After 0 p8O ai, the flow with the original viscosi begins to fluctuate
However,with 10 times steam viscosjtthe liquid issmoothlyaccelerated. Since liquitbw rate
equal to zero is the criticafiterion of CCFL condition a flow field with stabilized liquid flow
rate is essential taccuratelydetermine if CCFL is achieved. Even though the discrepahioyuid
velocitybetween original and 3me viscosities exists, the overall liquid magnitudes are still very
similar. Therefore, even with steam using 10 times of the original viscosity, thd flgw rate is

still trustworthy.

Liquid velocity

original viscosity steam 10 times viscosity
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Figure5.13. Liquid phase velocity growth with original steam viscosity and high viscosity

A further analysis is done through evaluating the interfacial snederthe two viscosities,

which is computed as the velocity gradient near the intenfadiplied by the dynamics viscosity

(46)
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In this definition,T is the interfacial sheat is the viscosity, and is the interface half

thicknessé ando g

respectively. h this simulation;

VO Tm . The velocitiesd ando g

are the velocities parallel to the intee at distances pf andp® e

, can be obtained

from thepostprocessing tool Paravie@immer, Matthew Daly, 2020Yable5.5 summarizes the

velocity value and computedterfacialshear under two steam viscosities. Before p8tO o,

not only arethe liquid flow rates are the same, the interfacial shear is also identgdlow

develops and after the deviation between velocities shows up, the interfacial shehte®b in

are still comparable

Last but not the least, researchers have demonstrated that when the system izeoketbeur

liquid viscosity under pressurized condition is more influential on determine CCFL occurrence

(Murase et al., 201285ince liquid viscosity is not changed and with the justification from liquid

phase flov rate and interfacial shear in this test, the 10 times steam viscosity effect on CCFL is

concluded to be minimal.

Table5.5. Interfacial shear comparisdietween two steam viscosities

Viscosity| * (00d) |6 (i) |6 (G@F)|T (OFavc)
Original | 1.34384E05| 0.00771 0.00730 0.0102
0O w80 Ti
10 times | 1.34384E04 | 0.00864 0.00823 0.0102
Original | 1.34384E05| 0.01323 0.01095 0.05696
O pPp&§® md
10 times| 1.34384E04 | 0.01576 0.01422 0.03847

5.2.2.2 Domain length

Since the twephase flow setup in the debris bed channel is annular flow, the domain length

may not affect the CCFL condition. To confirm this assumption, two domains with lengths of 1mm

and 2mm are selected to cowtl the domain length effect studlyigure 5.14 compares the
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discretizeddomairs with the interfaces initialized for annular flows under different domain
lengths A void fractionof 60%is usedor both cases andéibase mesh resolutions are the same
The control coefficients ithePID pressure gradient controller are selected from the recommended

value inTable3.4 beingv P8P pL P8t andy pP&ICp

@0 pad,b caa. (b)O p&a,0 pad.

Figure5.14. Domain length effecsimulation setup with void fraction of 60%

The results of PID pressure gradient controller are plottEayiure5.15. Although the control
coefficients are the same, the ¢a& & domain actually achieves a quastady state slightly
faster than thé pd& & domain.However, since the number of elementsifor ¢a & is twice
of 0 pd a, the wall clock time is much higheFhe averaged eventual pressure gradients are
¢ X @uda andg x ybgBa , with a relative difference of onlg ¢ bTherefore, using
pa & domain has negligible influence on the CCFL conditions, but greathyserves
computatioml resourcs. Therefore, the following CCFL parameter studies are all conducted with

thed pd & domain.
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Domain length effect on pressure gradient
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Figure5.15. Domain length effeatomparison.

5.2.2.3 Initial conditions

Robustness test #1 in Secti8rB.3alreadyproves that the eventual flow rate control is not
affeded by the initial pressure gradient in the flow chanike testin this sectiorwill explore
the effecs of varying initial liquid velocity on the CCFL. The initial velocity field in liquid

indicates the coolant flow direction before CCFL occurs.
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The asumption for the PID pressure gradient controller is that the eventual flow rate control
should not vary with initial liquid velocity given all other parameters unchanged. In ondaifio
this assumption, the simulatiaf steam volume fraction o 1T s selectedvith two different
initial liquid flow directiors, one of (0.0, 0.0, 0.0) which ia stagnant flow, the other of

T8t Pt G 7 indicating a downflow(as thec direction is strearwise in the up
direction) Aside fromthe differencen initial liquid velocity, other simulation parameters are
duplicated fromTable5.4.

The results of the PID controif the above two testare plotted inFigure 5.16. In Figure
5.16(a), there is a pressure gradient jump in the beginning of the simulation for comiditionof
the downflow. This jump igesulted fromthe proportional component of the PID controll&t.

the first time step, integral and derivative components are zero, so the input to PID control is only
the proportional componeni, . 6 QY _ 0 Q)Y Since the desired liquid velocity is zero,

the initial proportional component is equal 6 ‘Q"Y. Compard to initial stagnant flow, the
downflow has much larger proportional componevitich causes PID controller to react
immediately therefore a jump is observatithe beginningAlthough such jump causegreater
fluctuation of he PID control curve, eventualthe two testswill still reach CCFLoccurrence
almost simultaneouslfFigure5.16 (a)). Similarly, liquid velocity also achieves zero together in
Figure5.16 (b). The timeaveragedinal pressure gradients and velocities are very close to each
other(Table5.6). The relative difference between pressure gradients isr@lyp pPwhichverifies

the assumpdin that initial velocity field does not affect the condition for CCFL to gaagardless

of stagnant flow (useth the majority of simulations) or down flow (usedtire next section for

sensitivity analysis of CCFL criteria).
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Pressure gradient under different initial liquid velocity (0=30%)
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(b) Crosssectional averaged liquid velocity
Figure5.16. Influence of initial liquid velocity on PID controlled CCFL
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Table5.6. Averaged variables in the quagteady state of two test cases under o 1t b

, Liquid crosssectional Steam volumetric
- o Pressure gradien : .
Initial velocity field . averaged velocity averaged velocity
(O &) @) @rn)
TBITSITE 5235.76 7.44E07 4.61E01
T8 prdtrst G Fi 5232.42 1.17E06 4.61E01

5.2.2.4 CCFL criteria

The CCFLcriterion proposedn this dissertation is verypegcific, i.e, liquid crosssectional
velocity integral or crossectionahveragediquid velocityis equal to 0. Howevethereareindeed
otherpotentialcriteriawhich can be chosen for describing the zero liquid flow rate at CEB#tL
instance, volumetricliquid velocity integral or volumetric averaged liquid velocityFor
incompressible flows where steam does not change volume-sacssnal averagetquid
velocity equal to O is adequate to determine if CCFL occurs and it is also more computational
efficient. However, if boiling is involved ahe steam volume changes, a volumetric averaged
liquid velocity equal to zero can be more appropriate.

Apartfrom the quantity to integratd,the definitionof zero velocityis relaxed the effect on
the pressure gradient to determine C@&h beunknown. In this sectiorifferent definitionsof
liquid velocitiesareincorporated into the controllén examire the sensitivity of the results to the
definition. The initial velocity field is the same with the test casm Section5.2.2.3 also under

| o Tt PA relative velocity is used here as the CCFL criterion tantjty how the eventual

liquid velocity comparg tothe initial velocity field,—. In order to generate a liquid velocity small

enoughrelativeto the initial velocity field, 5 values of are chosenwhich are p p, ™ p,

mp, ™ p,and p p.The case with- T p is identical with the proposed CCFL criterion
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that the eventual liquid crosectional averaged velociig equal to 0.The test values are

summarized imMable5.10, along with the simulation results averaged at the egiaady state in

Figure 5.21. In Figure 5.21, the simulation results for Tp htp and Tp almost

overlap with each other even in the zoonreglots; only the plots of- pp and pp have

an observable difference with the middle three curves. Befooenputation time of@ ¢, all
the control curvesearlyoverlap since the dominanmtrol is still proportional componerifter
a computation time afi® ¢, all simulatiors are convergent tthe desired velocitiegp8tO

VAT versusp8O @& Ti ) with negligible differences. This demonstratd®e accurde

performance of theID catroller.

Table5.7. CCFL definition sensitivity analysis (initial downflow ofr@&t & 71 ).

Desired liquid Pressure Liquid crosssectional| Steam volumetric
— velocity gradient averaged veloogjt averaged velocity
0 -

(G7) (O ) (@7) (@7)

pb 1.0E5 5232.52 1.12E05 0.46057
™ b 1.0E6 5232.44 2.16E06 0.46055
mp 0.0 5232.42 1.17E06 0.46055
™ b -1.0E5 5232.41 1.40E07 0.46055
pb -1.0E6 5232.34 -8.83E06 0.46052
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Pressure gradient under different CCFL

Pressure gradient under different CCFL criteria TR -
criteria (zommed-in)
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Figure5.17. PID controlled CCFL under different definition

FromTable5.10, the pressure gradieand corresponding steam volumetric averaged velocity
to achieve CCFL under different definitions arenvergent witheach othewith a negligible

relativeerror of ~0.01%While the 0 liquid velocity definition for CEL is strict, loosening tn

definition to the range of T p —to T p — has negligibleeffecton thedeterminedoressure

gradient. This observation is beneficial for experimental studies or CCFL simulations where

exactly zeroiguid velocity might not be achieved restricteg measurement or computatain
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methods. As long as the eventual liquid velocity is significantly smallative tothe initial value,

the changen CCFL condition is negligible.

Another observation in thetudy is that the obtained liquid velocity has a systematic difference
with the desired liquid velocitand can be seen irigure 5.22. The numerical error is small
(averaged® ® @a 1) but it indeed exists. Although the simulatimasrun long enough to

reach a quassteady state, the small fluctuation under PID control cannot be avoided due to the

nature of the derivative componant . 6 QY 6 Q"Y . To quantify the numerical error,

grid convergence study will be discussed in the next section.

Comparison of desired liquid velocity versus actual velocity
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Figure5.18. Desired terminal liquid velocity compared with actual simulation results

5.2.2.5 Grid convergena study

Four different mstructured rash configurations (tetrahedron element&igure5.19) from
the coarsest to the finest are designedhfegrid convergence study to quantify the uncertainty of
the spatial dicretization and to investigate if it can explain the systematic error observed in Section
5.2.2.4 The four meshes were uniformly refined withreearrefinement ratio of  p& ¢ and

the mesh statistics are summarized able5.8. Using 64 processing cored (hode) onthelocal

cluster Insight, it takes approximatel§ hours wall clock run time fotthe finestmesh to achieve
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the quasisteady state solutiohe mesh study was performed to evaluate the evolution of the
eventual pressure gradient at CCFL occurrewbichwasaveraged after a quasteady state was

achieved for each mesh configuratidmailes.8).
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Figure5.19. Mesh configurationsvith different elements acrosbanneldiameter (#/D).
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Table 5.8. Mesh configuratiorstatistics and the correspondingoressure gradientand coolant
velocitiesat CCFL

Case # #/D | Mesh sizel __ gt cCFL ( ¢ ) | Coolant velocity ¢ 7i)
1 51 | 765,293 5245.53 2.85E07
2 40 | 412,231 5235.76 7.44-07
3 32 | 211,392 5223.2 2.69E06
4 25 | 116,759 5159.95 3.45E06

The mesh convergence is evaluated using standard grid convergence index (GCI) (Roache,
1998) "00 ¢Dantifies the percentage thie computed result away from the asymptotic numerical
value and can be calculated by the results with different spatial discretizdtiosswas elaborated
in Section4.3.2and computed by E@¢42).

The GCI variation with diffeent mesh resolutions is plotted kigure 5.25. As the mesh is
refined, GCI gradually decreasas firer meshes yield results closer to the asymptotic numerical
value. If the mesh is further refined, GCI will evesity decrease to 0, bthis is not practical due
to the growing computation costs. Csideringthe GCI hasalreadyachievedl.51E3 in Figure
5.25, the current mesh is fine enough to approach the asymptotic nahetige. Therefore, the
mesh in Case 2 (40 elements across theylindrical diameter) is chosen to conduct all the
production simulationd=rom Table5.8, it also can be seen that the coolant velocity approaches
zeo as the mesh is refined. The deviation from zero is in a magnmandeof pO  x or pO
@& T, which explains the systematic error in Secio?.2.4 The mesh in Sectioh.2.2.4uses
the same mesh asCase #2, only with a different initial velocity condition. The averaged velocity

deviation from zero ip® ® @& %i, which is very close to the8 © xd& 71 in Case #2.

134



1.2E-02
1.0E-02
8.0E-03
6.0E-03
4.0E-03
2.0E-03

0.0E+00
28 33 38 43 48
element/D

GCI

Figure5.20. Grid convergence index vs. the mesh configuration.

5.2.3 CCFL studies under varying void fractions

In order to provide a highesolution database for#@FD and systerscale codes on CCFL,
and to establish a model for evaluating the presgua€eient in debris bed channel, CCFL
simulations under a series of void fractions are conductie idebris channelhe computational
domain is the cylindrical channel & p& & and0 pd & with an annular flow initialized.
The working fluids are still the saturated water and steam under 3atm, and the simulation
parameters are all fromable5.4. The only parameter which is difeait amonghe5 simulation
cases is the void fraction varying from 60% to 20% able5.9 shows.This range is selected
based on theebris bed experimental measureméAtse and Adachi, 1994)Since the annular
flow is initialized by a steam volume in the center of the debris bed chankejuas 5.14 (b)
depicts, varying void fraction requires changing the steam column radius imtithlezation as
well. Among these 5 cases, Case #1 to #4 are conducted with PID pressure gradient controller to
achieve CCFL conditions. The obtained pressure gradients under liquid flow rate wilzbm

compared withexperimental data. Thehe presure gradient correlation will bestablisied with
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regard to the void fraction. Alast, Case #5 will use the pressure gradient predicted from the

correlation to verify th@ressure gradiemhodel

Table5.9. Void fraction and the corresponding gas column radius in the case study.

Case 1 2 3 4 5

Void fraction 60% | 50% | 40% | 30% | 20%

Steamcolumn radiugd &) | 0.387| 0.354| 0.316| 0.274| 0.224

The simulation results are plottedkigure5.21 and the averaged values at gegtsiady state
are summarized iTable 5.10. The flow regimes are all annular flomsjth the evolution of
velocity field shown inPAppendixE.1, using 30% void fraction as an exampgteom Figure5.21
(a) andTable5.10, the pressure gradient to sre CCFL conditions gradually reduces with void
fraction. This is understandalde whemmore steam occupies the debris bed channel, less coolant
can pass the channel, and less interfacial shear is needed to balance with the coolant gravity and
wall sheartto achieve CCFL. The phase averaged volumetric velocity is plotteidumne5.21 (c)
with data obtained from bubble tracking algorithm which recognizes the steam column as a bubble
(Fang, 2016)As the void fraction increases, the eventual steam flow rate shows an asymptotic
trend. As the steam column size reduces, the gas phase velocity development is indeed restricted
when CCFL condition is achieved. AccordingRigyure5.21 (b) andTable 5.10, with the void
fraction increasing, the interface instability also grows stronger, thus the liquid velocity achieves
steady state slower. However, the euahtross sectional liquid velocity still reaches a magnitude

of at mostp 1t & Fi which means CCFL is achieved with almost zero liquid flow rate.
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Figure5.21. Pressure gradient and velocities of liquidiaggas phase to achieve CCFL conditions
under varying void fractions.

Pressure gradient at CCFL conditions
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Figure5.21. (continued)
Steam volumetric velocity change
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(c) Steam volumetric averaged velocity

Table5.10. Averaged variables in the quaseady state of each case.

Void Pressure | Liquid crosssectional Steam volumetric | Steam superficial
fraction | gradient averaged velocity averaged velocity velocity
(O ) (a7 (a7) (a7
30% 5235.76 7.44E07 4.61E01 1.38E01
40% 4299.29 4.80E06 457801 1.83E01
50% 3491.00 2.60E07 4.27E01 2.14E01
60% 2785.52 -7.04E06 3.77E01 2.26E01

5.2.4 Comparison with CCFL experiments

The steam superficial velocity is computed based on void fraction and the steam volumetric

averaged velocity iTable5.10 is to comparewith experimental datalhere was no experiment

conducted for debris bed channel andabmparisordata of pressure gradients obtainedrom

the debris bed experiments using polydispersed part{flashid et al., 2IR). Figure 5.22

compares the pressure gradient varied with steam superficial velocity obtained by PID control and
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by the experimental CCFL dataoth under 3atm(Rashid et al.2012) The uncertainty of
simulation results is quantified by a composite error (Barniadakis, 1995)computed as a
summation of spatial error, domain size error, and boundary condition error. Thanexyar
study did not provide an uncertainguantification; therefore,a 95% credibility interval is
considered foman error estimatioiiSnedecor and Cochran, 1989jnce the experiments were
conducted with aebris bed formed by stainless steel balls with diametegsiad, c& &, and

@a a, the debris bed chanrman haverarioussizes(Figure5.23). However, inthe simulation the
channel diameter ip & &, therefore the simulation results are expected to deviate from the
experimentaldata | n Rashi dbés experiments, 1t iIis obser
with steam superficial velocity under CCFL conditions, argimilar trend is observed for the
simulation data fronTable5.10.

dp/dx varied with gas superficial velocity

¢ PID control e Rashid et al (2012)
10000.0
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6000.0 ¢ 338 3
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Figure 5.22. Pressure gradient obtained from PID conttompared withexperimental data
(Rashid et al., 2012)
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Figure5.23. lllustration of possible channel configuration in thebris bed experime(Rashid et
al., 2012)

5.2.5 Pressure gradient model development

Quantitative analysis is provided for pressure gradiemder varying void fractiosito inform
CCFL debris bed channel model development. If heat transfer is considered as id@brisdbed
channed, the void fraction can be determined by the heat fitbannel surface area, and the latent
heat. herefore with pressure gradient correlation establistvitti regard to thevoid fraction, it
can be converted @ correlation oheat fluxand then useth engineering applications.

Figure5.24 plots the pressure gradientrieal with void fraction| ) with data fromTable5.10,

andthenthe data pointare fittedin linear and exponential trends separately.

Linear pressure gradient correlation Exponential pressure gradient corrlation
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(a) Linear (a) Exponential.

Figure5.24. Presure gradient correlations fitted in linearexponential trends.

Linear— Yp b wX @ @T (47)
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Exponentia— w w @A @D T p (48)

The exponential form has a bettetrapolation performance than the linear form wheh 1t

and © p TULTf| ™, there is pure liquid in the debris bed channel, so pressure gradient only
needs to balance with gravity to achieve CCFL. When 1, — obtained from the linear and

exponetial forms areq @ @D % andw w WO B respectively, and the latter is much closer
t0” "Q wo @D & . If| p Tt T, Ithe channel is full of steam, so the pressure gradient just

needs to balance with steam gravity and wall shear in orddrite steam move upward.
Therefore;— should still be positive. However, in E@7) when | p T, B~ T soitis not
physically correct under such condition. In order to further compare tlierrpance of the

pressure gradient models; under ¢ 1 Bs predicted and then used for simulations without

PID control. According to Eq47), — U  d@e—; according to Eq(48), — @ v ®W & .

The simulation conducted with w @ @ yields an eventual velocity magnitude around

@O ¢ & fi, which is not strictly close to zerdhe flow regime of this simulation also changes
from the annular flow to a single bubble flow, which is depicted in AppeBEdxThe simulation
conducted withp v ®W® B achieves an eventual velocity to be& ©® oda i, which is
acceptable. Therefore, the exponential form is recommended to predict pressure gradient under a
given void fraction. The correlation can be generally use&@g49) which considers the
extrapolatiorto| © mand © p 1 (Figure5.25).

Qn o, .
o QR @ Bcat

(49
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Figure5.25. Pressure gradient correlations with regarth®void fraction.
As the debris bed experimental measurements show that the void fraction range is
p TP 1t KAbe and Adachi, 1994)the presented correlatigoroposed bydata from|
¢ TP @ 1T Pepresentamost of he debris channel condition¥he application range study in
Section5.4is presented fodemonstratinghe accuracy othis correlatiorandto further explore

the physicdehind it as well

5.2.6 Dimensionless number for pressure grdient under CCFL conditions

This section tries to build the conniect between CCFL and bubble counter current flow
studies. Interfacial shear in essence is a drag between liquid and gas phases, and CCFL is achieved
when wall shear, interfacial shear, agradvity are balanced. Therefore, a dimensionless analysis
is carried out to connect pressure gradient of CCFL with bubble drag force(BBEJ.able5.11

summarizes the afogy terms between drag force and pressure gradient connection.
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Table5.11. Dimensional analysis e with regarding to key parameters

Ok -6"0606 (Eq.(39) 3” YY " 6 ¥IO 0
Qw
Inertia i oA
Momentum 0 6
Scale 0 O

In Table 5.11, 6 is added to consider the wall shear and gravity effect If, the

dimensionless numbevhich is equivalent to the drag coeféntd can be defined as

aQn,
=~ 0O
vy Qo= (50)
0
In this definition,O is the diameter of the debris bed chanriel, ” is the density

difference betweetheliquid andthesteamando is the steam volumetric velocitifigure5.26

shows the performance of this dimensionless study by plettiagd ” " 6 1| O

using data fronTable5.10. With the definition in Eq(50), the trendline doesot crossthe origin
to include the gravity and wall shear into consideration™¥"é the slopef the trendlineThe

fitted linear trendline withY is almost equal to Whichindicates that for each data set between
—and” " o0 ¥ O , the ratio is a constant value, roughly@h6. Therefore, the

proposed dimensionless numpatTyis consistently 0.0056 even under different void fractions
and steam velocitiesor application ofY Yiumber definedn Eq. (50), if it is computedto be
lower than 0.0056, the flow regime in the debris bed channel is still counter current flow with

liquid draining downlf "Y™¥s higher thar0.0056, it indicates that CCPiasalready happened.

143



Performance of dimensional analysis
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Figure5.26. Performance of the dimensionless analysis whéPé the slope for the trendline.
The trendline does not acro#ise origin because itincludes the gravity and wall shear into
consideration.

5.3 CCFL studies of complex debris bed channel under PID control

In order toinvestigate rore realistic flow phenomena and to study thieysics behindhe
debris bed CCFL behaviocylindrical channels witraddedobstacles are used awitation
geometriesof the actualdebris bed. This section presents the simulationlteesf two such
complexchannels, wittsphericalobstacle sizesqual t020% and 40% of the cylindrical channel
diameterrespectivelyThe domain design is inspired by Lirg
is a porous media formed by singlzed sphees(Lipinski, 1984) The obstacle arrangemeffids
small and big spherical obstaclase differentfor each scenarid~or the channel wittsmall
obstaclestheyarealigned on the wall inside the flow patfror thelargeo b st acl es d chan
obstructionpartially blocks the cener ofthe flow channelThe effect of added obstaslen the

occurrence of CCFL will benvestigatedand the PID control capability is also demonstragiigdn
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the more complexflow conditions The parameters used in this section are all duplicated from

Table5.4.

5.3.1 Debris bed channel with small obstacles

The cylindrical channel with small obstacles is designed by adding 6 hemispherical obstacles
on the wall inside the flow patfThe obstacles are aligned alongdhe 0 & plane as shown in
Figure5.27 (a) and their diameters aedl 20% of the cylindrical channel diamet&he hydraulic
diameter of the channel with small obstadteleept constant gi & & to compare withthe debris
bed channels in Sectidn2 Since the channel cressction with added obstacles are neither
uniform nor circular, the hydraulic diameterdsterminedy Eq. (51) (White, 2003)

O 1ty (51

In this definition,O is the hydraulic diameter for namiform and norcircular cross
sectioral channelsw s the totafluid volume of the channel, andlis the total wetted surface area.
This defhition is differentthanthe traditional definition ofhe hydraulic diametetO 1670,
wheref®0 thescrosssectional area of the flow a0 theswetted perimeter of the cress
section.For uniform crosssectioral channelsy 6 Ycan be redeed tot 670 (White, 2003)

The diameter of the cylinder Figure5.27 (a) is scaled t@8t T @xa, which yieldsheO
pd& a. Thereforethe base mesh resolutionyzts probecoordinatesnd the stearolumnradius
are all scaledby a factor ofp8t T @agcordingly to be comparable with studies in Sectisr2
Figure5.27 (b) shows the mésconfigurationof 40 elements across the channel dimeién the
number of elements being 0.725 millidgfigure5.27 (b) also depictshe location of xyzts probe
planewith a white linewhere the velocity integkanformation will be collected at each time step.

Since the xyzts probes can oty assigned aretrahedral mesh elements, the boundary layer mesh
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elements along the cylindrical wall are all tetrahedralited:ontrast, the elements around the

surface bobstacles are still prism boundary layer mesh

i¥ ViV

L
(&) The geometry of debris bed chan (b) Mesh configuration with white line indicatir

with small obstacles the location of xyzts probes across the O &
plane

Figure5.27. Debris bed channel with small obstacles

The additional obstacteareexpected to affect the CCFL flow phenomenon considering the
flow near the obstacles will produce local voes. Such flow behavior will be investigated in the
simulations. Moreover,he pressure gradient to achieve CCFL is studied undec 11 RO
evaluatethe predictive capability of the pressure gradient proposed in Séc@dhwhen the
channel is not a simple cylinder anymaoxoreover the flow regime result frorthe addtional
obstaclewill also be studiedln previous sctiors 5.2.3and5.2.5 the flow regime of ¢ mp
transtions from an annular flow to a singleubble flow due tahe low void fraction In higher
steam volume fraction$ (o rtuv 1t pthe annular flows maintaired For comparison purposes,
the same initial condition of annular flows will be appliedhis channel with small obstacles and

| ¢ T Rndo T Rare simulated as representatbasestudies.
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5.3.1.1 Void fraction » p

The annular flow initialization is depicted Figure5.28 with | o Tt PFigure5.29 shows
how pressure gradient and velocity integral on the xyzts probe plane changes. Although there is a
small fluctuation in the quasiteady state, the annular flow regimenaintairedeven after CCFL
is achievedKigure5.30). The entireprocess of interface evolutiosillustrated in Appendix¥.1
where he twephase velocity fieldlsobarel changes afted  «) p v %i . In Figure5.30(a),
the last time stepf the simulationis shownHere he steam column travels upwafd wdirection)
without any lateral movement; the coolaegion hase-circulaions neathe 6obstaclesin Figure
5.30 (b), the velocity field is not laminar adihew 0 plane Based on thelottedvelocity
vectorarrowsin Figure5.30 (b), which pointsin thez @dand adirections, secondary flow forms
in the liquid film near the obstacles. Note thihe secondary flow igsot presentin the simple

cylindrical debris bedh Figure5.30 (c).

Figure5.28. Two phase debris bed channel wsthall obstacles and ¢ b
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