ABSTRACT
SAINI, NADISH. High-fidelity Interface CapturingSimulations of théPostLOCA Dispersed
Flow Film Boiling Regimein a Pressurized Water Reactor Siitannel(Under the directiorof
Dr. Igor A. Bolotnoy).

In the dispersed flow film boiling (DFFBEgime, which exists under post lesfscoolant
accident (LOCA) conditions in PWRs, droplet dynamics play a critical role in heat transfer. The
DFFB regime is characterized by a very high void fraction, suchittbdtow regime is akin to a
mist type flow Consequently, the dominant heat transfer pathway under these conditions is to the
entrained droplets, which is a strong function of the surface area of the droplets. The major heat
transfer mechanisms includedration from rods to droplet surface ancheective heat transfer
from bulk vapor to droplets. Evaporation of droplets also results in an increase in the local vapor
velocity, further enhancing the heat transfer coefficients. Spacer grids and mixindruahees
play an especially critical roie the DFFB regime. Collision of the droplets with these structures
results in an increase in their surface area, which causes a sharp increase in heat transfer
immediately downstream of the mixing vanes. Thudgtailed study of the droplet dynamicis
morphology, average diameter, interaction with surrounding dilogvspacerss indispensable to
understanding the intricacies of the DFFB regime.

With the advent of supercomputing and the development of higddlable computer
codes, it is becoming ineasingly economical to run high fidelity, high resolution simulations of
flow phenomena, wherein all relevant scales of the flow are resolved. PHASTA (Parallel
Hierarchic Adaptive Stabilized Transient AnalyssJjnite element method based Nav&ipkes
solver, is one such numerical tool, used herein, with proven strong scaling on leading
supercomputers. With the levett method for interface capturing, PHASTA provides the

capability of resolving twgphase flowphenomena. The levsket method implicitlycaptures the



interface between the phases, allowing for resolution of inherent complexities of the flow including
droplet collision, breakup and coalescence.

In this research detailed interfaceesolved simulabns are performed for simulating
dropletdynamics in a prototypal reactor sabannel with spacer grid and mixing vaneader
conditions representative of DFFB reginteveral achoc functionalities are incorporated in
PHASTA to enable the DFFB simulati® and to enable higiesolution data coltdion from the
simulations. Subsequent pgsbcessing of the data providdse evolution of interfacial area,
volume and Sauter mean diamet8MD) of droplets along the axial length of the sthannel
domain.The SMD of the droplets at the downstreamaloan of the mixing vanes is compared
with existing empirical correlations, showing good agreentanther, a comparative study of the
upstream and downstream mean velocity and Reynolds stress tensor profiésestgd to
emphasize the effect of spaggid and mixing vane structures on the bulk flow, with and without
the presence of droplefBhe high spatial and temporal resolution Batefrom both singlephase
and twoephase simulations enable the prospdctata driven turbulence and system thermal
hydraulic modeling.

Recognizing the prospect of lexadt formulation for twephase flows to simulate complex
nuclear reactor regimes, effontgere made in this research to incorporate the formulation in
anotherstrong scaling flow solver, Nek5000. A sprally vanishing viscosity (SVV) approach
was implemented to stabilize the-distancing equation. An improved meudtimensional filter
kernel for SVV is formulated and shown to provide adequate stabilizatidmévmonlinear
hyperbolic problems. Fitlg, the levetset formulation was coupled with an existing low Mach

number solver in Nek5000 and demonstrated for the solution of 2{phase flow problems.
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Chapter 1: I ntroduction

1.1 Research Scope an@verall Objective

ThePh.D.researclis a part of largeintegrated research project (IRF&:-10918 sponsored
by the Departmentof Enr gy 6 s Nucl ear Ener gyNEWPYNTheeveralli ty Pr
objective of the project can be encapsul ated
driven methodology for validation of advanced computer models for nuclear power plant safety
anays i so0 developed to support ri sk i nfllpbamed s a
integrated deterministic/probaistic safety analysis methodology developed under the
Department of Ener gSusdtanablity @\WRS) pydgramg2l. TwR systeamt o
level computer codeare considered in thiwlidation frameworkNEUTRINO and COBRATF
(or CTF)[3]. The former is amooth particle hydrodynami¢SPH) code, to be validated for
flooding scenario$4]. The latter is a systeiavel cde awidely accepted industry standard for
pressurized water reactor (PWR) and boiling wetactor (BWR) thermal hydraulic, steady state
and transient, analysi$he a priori identified models for validation in CTF pertain to the post
LOCA (lossof-codant accident) PWR regime, particularly the dispersed flow film boiling
(DFFB) regime. For addssing these modelad hocvalidation experiments and higtaelity
computer simulations were formulated and desighederve as digh spatial and temporal
resolution datsource, under the broader RISMC framework.

The rapid advent of technology in thigh-performance computing (HPC) arena, resulting
in a decrease in the cost of laigmale computations, has enabled high resolution studies of
complex flow phaomena whichhitherto remained elusive, or prohibitively expensive, to be
scrutinized by expements. Direct numerical simulations (DNS) enable resolution of all relevant

scales of turbulence without resorting to any closure models, thus providing hedity fid


https://neup.inl.gov/SiteAssets/FY%202016%20Abstracts/IRP/IRP-16-10918_TechnicalAbstract_2016CFASummaryAbstractIRP-16-10918.pdf

computations of the phenomena under investigation. Recently, DNS coupled with interface
capturingmethod hae been used to simulate twhase flows in react@ub-channeld5]. There

have been simultaneous cortedr advances in the development of data driven modeling
frameworks geared towards augmentiniggure relations for thermal hydraulics, such as boiling
heat transfef6] andturbulence closurmodelg[7], using data generated by DNS simulations.

The overarching objeste of this work is conductingigh-fidelity, interfacecapturing
representative simulations of the pa€dCA DFFB regime More specifically, the simulations
herein aredesigned to resolve tltgoplet andluid dynamics in the vicinity of spacerids which
arequintessential structures FWR subchannels from both a mechanical perspegnoeiding
structural integrity to the fuel rod bundle, and a thermal duldr perspective providing
significant hat transfer augmentatiofror DFFB regime, especially, the importance of the heat
transfer supplement provided by spageds and mixing vanes has been identified and
emphasized by several prior experime@sl0]. Inertial impact of entrained droplets on these
structures results in a dramatic increase in their overall surface area, which manifests a sharp
increase in the heatnsfer to these suspended dropl€tais, br modellingthese phenomera
reducing the uncertaintpf related models in system thermal hydraulic (STH) cotagly
detailed insights into the droplet and fluid dynamics is imperatigege scale simulatis are
performed, realized by PHASTH 1], a strong scaling finite element method based numerical
solver for the NaviefStokes equations, on the Mira supercomputer at Argonne National
Laboratory[12]. Through he implementation of advanced data collection tools, high fidelity data
is collected from the simulatiorenablingunprecedented insight into the flow physiésa PWR

subchannel under representative gd3CA corditions.



1.2 Phenomenology of post OCA PWR Flow Regimes

Nuclear reactor power plants are designed with safeguard systems to withstand and/or
mitigate the effects of several accident scenarios which are anticipated or postulated to occur
during its lifecycle[9]. Among themthe most challenging accident to analyze is the large break
lossof-coolant accident (LOCA), wherein the core gets depressurized and loses its coolant due to
apiping failure referred to as a bledown[13]. Owing to the deprivation of adequate coolant in
the corethe thermal hydraulics during the blowdown phase is characterizeosbg HF (critical
heat transfer) regimes, viz., transition boiliogfilm boiling (Figure 1). The former regime is
highly unstable and features intermittent contact of the coolant with the walls, with dry regions
exhibiting very Igh wall temperatures. Thevet regions rapidlyevaporate establishing a
continuous vapor film over the surfacubsequenivall temperature is maintained consistently
above the Liedenfrost limjiL4], precluding ay possibility of coolant contact with the ro&nce
the thermal conductivity of vapor is significantly lower as compared to that of water, under the
same conditions, the heat transfer coefficient for-@b4F boiling regimsis significantly lower,

resuting in very high wall temperatures.
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Rehabilitation ofcore cooling depends on the safeguard sys{pomaps) responsile for
re-flooding the core after the failure is detect&€tdermcehydraulic characteristics of the reflood
phase are highly dependent on the initial conditions i.e., thedfttie core after blowdown and
theinlet flooding rateof coolant Forthe cas®f high flooding rate (D 1@ & i [16]) an inverted
annular flow boiling (IAFB) regime persisiis the core characterized by a void fraction of less
than 50%[17,18] While for low flooding rate (D 8t ¢ cufi [16]), resulting in very high void
fractions, dispersed fie film boiling (DFFB) is the dominant regime in the reactor channels
[17,19,20] A representative rendering of these two HaSCA regimes ishown inFigure2. Both
regimes manifest a progressing quench front, ensued downstgeantdntinuous vapor film
enveloping the fuel rods. In the IAFBegime, a reasonably integrated coolant cexests
downstream of the quench front, which disintegrates further downstream to liquid slugs and then

to smaller droplets, owing to the high iftaial shear rat21]. The DFFB regimas essentially



characterized by dispersed droplketsimay exist immediately beyond the quench front, as shown
in Figure2, ormaysucceed the IAFB regime, depending onittet flow conditions.In addition,
the blowdown phase also results in a DFFB regime, thus, serving as the initial condition for the
reflood ransient analysigl3].

The most comprehensive experiments dedicated to studying the(Gst regimes were
the FLECHTFSEASET][8] tests and, more recently, teepermentsconducted at the Rod Bundle
Heat Transfer (RBHT) facility at Penylgania State Universit{9]. As unanimouslyreported by
theseexperiments, in most reactor reflood conditions, the flooding rates ardltyfoea resulting
in DFFB conditions persisting for most of the axaldth of the corelherefore, the primary flow
regime of interest for podtOCA analysisand modelings the DFFB regimeLOCA incidents
impose the most limiting safety factors on teactor total core power and the allowable peak
linear fuel rod powefl6]. These safety considerations ensure that the peak cladding temperature
(PCT) remains reasonably bel ouWNRClestablshedlimd ar Re
of pT Y ¢ ¢ MA. A thorough understanding and subsequent modeling of the thermal
hydraulic phenomenon pertinent to the DFFB regime is, thereforperativefor PWR safety

margin characterization.
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1.3 Salient Observations from DFFB Experiments
Hochreiter et al[16] assembled the observed conditions for reflood transients from
Westinghouse, Framatome and Siemens to design their test matrix for the DFFR. regi
Consolidated parameters for the operating range were:
f Vapor Reynolds numbe¥Q ¥ ¢ v D TLTT
§ Systempresure 0 ni Q¢ fi v
1 Wall superheatly Y "ON T MTpwMT
91 Difference b/w wall and vapor temperaturg, Y 'O puynm
The DFFB regime is inherently transient, characterized by both mechanical and thermal

nonequilibrium [8,10]. Phenomenologically speaking, it is best conceptualized by a mist type



flow, with polydisperse droplets, corresponding to high void fractions (> 618t transfer in the
DFFB regime is a convoluted interplay of several different mechanisms. There is not an apparent
single dominant heat transfer path, which, understandaniglers extremcomplexity to the task
of modelindaccounting forthese phenomena in STH codés noted by Hochreiter et &3],
these mechanisms include:

1 Convection to superheated vapor from rod surface.

1 Surfece radiation fom rods to vapor and droplets.

1 Interfacial heat transfer between droplets and superheated vapor.

1 Direct contact heat transfer between the wall and entrained (igu&hching)

1 Convective enhancement of the vapor by the entrained droplets.

1 Impact of spacegrids to heat transfer enhancement due to flow acceleration and

droplet breakup.

A common implicit determinargoverningall the abovementioned heat transfer modes is
the size and shape (interfacial area) of the entrained droplets.aldheisiled stugof the droplet
dynamicsi its morphology, average diameter, interaction with surrounding flow, interfacial area
evolution, is indispensable to understanding the intricacies of the DFFB réhménportance
of droplet dynamics to the DFFRgime is furher reinforced byonsidering thé’IRT analysis.
Phenomena identification and ranking table (PIRT) was developed by the NRC under the code
scaling, applicability and uncertainty (CSAU) initiatij24]. It assigns a pority order to all
phenomena relevant to a complex systBuilt on the observations from the FLECFEEASET
experiments, Hochreiter et [dl6] provided a phenomena identification and ranking t@BIRT)

for the different heat transfer mechanisms relevant to the DFFB regepeduced inrable 1.



Barring convection to superheated vapor, all processes related to heat trathstehigh rank

have a direct mportional dependence on the interfacial area.

Tabll ePI RT analysis of the DFFBt erejgtdneal Resu

Process/ Phen Rank Basi s
Decay power H Enersgyr ce which deter mine
heater rods, and energy 't
Fuel Rod/ heater L Thexact properties can b
release is not as i mporta
Di spersed Flow F H DFFB modelling has a hidg
(compaognevretns bel ow effects the PCT
T Convection t¢ H Principlbeatoder afsfer as-
vapor SEASET experi ments
1T Dispersed phe Model st d ntdlh@&t the enhance
enhancement ¢ H source cases
flow
T Direct wall q L Wal | temperatures are edi|
Il i mit. No contact is expe
1T Dry wall <cont M This mechanism is | ess im
1 Vapormopgloetd i n H The interfacial heat trarn
heat transfer which is thewéallatheankf o
T Radiation hee This is important at whergd
o Surfaces H/ M|{convective heat transfer
o Vapor H/ M|superheated. Very imporyas
o droplets H/ M|jand colder surrounding ca
1T Gap heat trar Controlling ther mal resi g
boi ling heat transfer res
L uncertainties can be
accepted, but fuel center
temperature will be i mpac
T Cladding Mat e Cladding material in the
L conductivity yabeZsamal o
wi || occur .
1T Reaction Rat e I nconel wi || not reactr evdn
M secondary heat source at
be significant
T Fuel Cl ad Ball ooning cam hei P&t | folca
Swelling/Ball L ball ooning region. The ba
PCTocation.
Large uncertainty

Andreani et al[25] provided a detailed account of the observed or postulated droplet
entrainment mechanisms which precede the DFFB regline.observations made by Hochreiter

et al[16] confirmed that the DFFB conditions are a sgydunction of the upstream conditions,



near the quench fronfThe krgest source of uncertainty for measurements made in the DFFB
regime are propagatd from the liquid entrainment sites. Some of thieserved andccepted
mechanismgoverning dropleentranment and subsequent morphologglude:

1 The semimechanistic thegr of roll wave shearing by Kataoka et §6] and
Kocamustafaogullari et §27]

1 Wave shearingt the quench front location observed by Ardron ¢1@J, Peake et gP8]
and lhle et aJ29].

1 Spherical upper limit for dropletdiameter for wake flow regime reported by
Kocamustafaogullari et al27] and observed by Lee et §0]. To summarize the
observations essentially suggest that the &rg@ble spherical droplet diameter in churn
turbulent flow is muchsmaller than that observed by only considering entrainment
mechanisms.

1 Bubble bursting mechanism observed by Dhir ef3a] near the quench front lation.
Quantification of droplet population density to accounttfis phenomenomwas provided
by Lee et a[32].

1 Droplet shearing in coaxial annular flow setup by Ishii §83). They reported the breakup
of liquid core into a homogeneous distritout of droplets and small ligaments.

1 Downstream brealp of the dropletglue to caillary and aerodynamic effegtas observed
by Ardron et al[10], especially the latter, up a distance gb & from the quench franThe
aerodynamic breakup, also referred to as secondary breakup in the hiteeatard[34], is

governed by the Weber number,

0w — (1.1)



where” is the density of surrounding stea@® s the equivalent diameter of the droplet,
0 is the velocity of the steam relative to droplet ard the surface tension coefficient of
the interface.
1 Droplet breakup due to ingl impact with spacegrids and mixing vanes
Although the entrainment and breakup procedures in the upstream regions are of
significance, majority of the recent experiments have been devoted to the study of interaction of
dispersed droplets with the spagrids structures. Thiphenomenon requires more extensive
discussion and is addressed in the following section.
1.3.1 Impact of spacergrids and mixing vanes orthe DFFB thermal-hydraulics
In a recent publication Bajorek et [@5] presentd their observations from the RBHT
experiments, summarizing key results from almost a decade of experimental tests of-the post
LOCA regime. They emphasized the predominant effect of sygaickr on the thermal hydraulics
of the OFFB regime. All of the tests conducted at the RBHT facility, irrespective of high or low
flooding rates, recorded a sharp increase in the heat transfer coefficient in the immediate
downstream vicinity of the spaegrid structures, contributing a signéitt proportion to the
ovenrll heat transfer of the core. Convective heat transfer enhancement was also recorded for the
initial single-phase experiments by Hochreiter 68, based on which Miller et 7] and Riley
et al[38] developed empirical correlations account for the phenomenon in system thermal
hydraulic codes
It is evident that the recorded heat transfezffement for the twepha® flow testsare
significantly higher as compared to the experiments with only steam as @484} For the
DFFB regime, several additional factors provideaositive feedback to heatansfer near the

spacers, all owing to the droplet interaction with spgcet structuresNote that based on the
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flooding rate conditions, the phenomenology at the spgres is quite different, resulting in
different heat nsfermechanism§40]. For high flooding rates, a film of coolant encapsulates the
spacer grid structurdue to deentrainment from the bulk flow. High shear between this film and
the surrounding vapor results in themation of diquid sheefat the trailing edge of the spacer
[39]. Relatively large droplets and ligamts get reentrained from this sheet which eventually
breakup further downstream into smaller droplets, duertdgnamic effects, resulting in a high
increase in surface area. In the experiments by Miller[@®at hi s mani f e sstteadg eads
heat transfer augmentation observed about ten hydraulic diameters framailihg edge of
spacers whi | estt &age & f a uwogcunedattha trailing edgdlang et a[41] provided

a detailed mechanistic analysis and corresponding correlation for the shearing of dropletis from
water sheet.

For low flooding rates, on the other hand, the void fraction in the bulk is too high for a
stable water film to develop ohé spacer surfac8harp heat transfer augmentation is observed at
the trailing edge of spacers, decaying exptiaby with respect to the downstream distance
[39,40,42] The primary contribution comes due to the inertial impact of the droplets on the-spacer
grid, resulting in breakup or tie@mation of the dropletsnda drastic increase in the overall surface
area.The heat transfer increabas been correlated with the obserdedrease in the Sauter mean
diameter (SMD) of the droplets, statistical measure ttharacterize the volume did droples

relative totheir surface areadefined a$43],

YOO ——— (1.2)

where, is the total number of diameter groups,is the number of droplets belonging to the

group andQ is the equivant diameter of the groufatio of the immediate upstream and
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downstream SMD, with respect to the spageds, is an extremely important parameter used in
modelingof the DFFB regimeA simplified mechanistic model was developed by Cheung et al.
[43] to predict the downstream SMD of the droplets based on conservation ¢fkimats and
surface energiesA limited number of empirical correlatioradso exist in literature for SMD,
subsequently used in modelling thaterfacial source terms farlosure relations in thermal
hydraulic codes.

Other components, besides convective enhancement and decreasing SMD, through which
the spacegrids contributedirectly or indirectlyto the overall heat transfer in the DFFB regim
include direct radiatiofrom the fuel rods to the spacer surface, thermal boundary layer separation
and reattachment and quenching due to impacting dropletsa testament to their significance,
not accounting for the spaegrids in STH codes ressltin an oveiprediction ofthe cladding
temperaturg22].

1.4 Modeling DFFB Regime in STHCodes

Although highfidelity simulations provide a viable alternative to real world experiments,
which are often more expensivedamore limiting intheir resolution capacity, they are yet
prohibitively expensive to be used as industrial standards for pregittermalhydraulic
responseThese simulations are, therefore, intended as alternative databases to aide in the model
develgment forthe systen thermal hydraulic codes (STHyvhich are more accessible and
computationally magnitudes cheap@rbrief account of the models used for the DFFB regime in
the STH codé COBRA-TF (Coolant Boiling in Rod Array3wo Fluid, also abbreviatd as CTIF
[44], is provided in this section with the objective of bringing into perspective the models that may

be improved from the data generated herein
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CTFis built on a twefluid, EulerianEulerian approeh for the governig equations with

consideration for three separate fields, viz., vdpmiudes bubbles and continuous vapor phase)

liquid film and liquid droplets. Each field is modeled with a separate set of mass and momentum

conservation equationshe energy consertian equation, however, is written only for two fields,

with droplets and liquid film assumed to be in thermal equilibfids). Thegoverning equations

of mass, momentum and energy, respegctjier a field Qare:

T

— nt|] "® 0 O
T o
0 © Interfacial mass transfer (1.3)
0 O Mass transfer due to turbulent mixing
) e . . . . . .
5 nt | b B | nnq nt| ¢ Y 0b 0P (P
t © Viscous stress
“Y O Turbulent shear stress (1.49)
0P © Momentum source/sink due to pha$ange and entrainement
0P O Interfacial drag
0P O Momentum transfer due to turbulent mixing
-2 nt| " Qb nt| ® 3 Q N | Lo
o N i o
® O Conduction heat flux
® © Turbulent heat flux (1.5

3 "Q © Energy transfer due to phase change, fi@m
 © Volumetric wall heat transfer

— O Pressuravork

wherg|

is the volume fractiowf phase€Q All the terms on theight-hand side of the equations

are modelednechanistically or empiricallyThe equations are subsequently reduced bs su

channel form, where only two flow directions are considéraxial and lateral, the latter implying

all directions orthogonal to theertical axis (refeto Salko & Avramova[45] for detailg. For
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improved modkng of the DFFB regime Ergun et 6] recommended splitting the droplet field
equations intotwo separate fields representing small and large drodletaddition to the
conservation equations, the interfaciatarfor the droplet field is tracked using an explicit
transport equation,
Tﬁ_r;) Nt 0y O0p Of
0 i © Interfacial area per unit volume (1.6)

0 j © Interfacial area generation rate p@it volume due to entrainment
0 ; © Interfacial area generation rate per unit volume due to evaporation

The interfacial area is subsequently used for the construction of several ctdations
for the DFFB regimgincluding interfacial drag, interfacial heat trangfadradiative heat transfer
to droplets

Hochreiter et al[23] assembled data for measurement uncertajntiesm prior
experiments,related to all high ranking phenomemeentionedin Table 1 and their subsequent
impact on the peak cladding temperature (PCT). Further, the uncertainties related to the models
representing the phenomena in CWere also quantifiedseeTable2). Among the enumerated
phenomenan Table2, convective enhancement aédt transfer due to dispersed droplets and the
effects of spacegrids and mixing vanes are dirgctielevant in context of the simulations
presented in this research. The uncertainty in the experimental measurement to isolate the effects
of these phenomenis very large, owing to the implicit complexly woven mupltiysics.
Moreover the uncertainty inmved in the models formulated, empirical or mechanistic, in CTF is
very high for convective enhancement while they are unaccounted for-gpigcerlated mdels
(as reported by Hochreiter et 3] in 2010. Moe recent study dedicated to uncertainty

guantification due to spacgrid related models was not found by the author).
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The following sections introdu@me otheclosuremoddspertinento theDFFB regime.
Discussion is limited to the closures necessary to account for gpateand mixing vanesvhich
are directlyrelevantto the present researdfor an exhaustive discussion of all correlations for the
DFFBregime, theeadels direded toSalko et a[45] and ciedliterature therein.
1.4.1 Convective heat transfer enhancement due to spacgrids

For singlephase steam floya range of experiments were conducted by Kidd gt4l,

Rehme et al48] and Yao et aJ49] for varied spacegrid and mixing vane configurations. Yao
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et al proposed the following relationship tbe Nusselt nmnber enhancement due to turbulence
mixing in the downstream vicinity of spaegrids,
0o ™

where,0 6 is the immediate upstream Nusselt number, wiide is the downstream Nusselt
number, a function of distancey from the trailing edge of spacefs.is the ratio of the cross
sectional area of the spaagid to the total crossectional area of theubchannel.O is the
hydraulic diameter of the stithannelnot considering any obstacleghe above relation wasiid

for the configuration without any adjunct mixing vanes. Presence of the mixing vanes provides an
additional swirl component to tH®w, further enhancing heat transfer. The following modified
relation was recommended by Yao et al to account fosthis effect,

06 mtoda °
1.8
= p | OAF A@b 5 (1.8)

wherefz is the angle of the mixing vanes with respect to the axial direcifoese correlations,
however, produced discrepaes with respect to the recent experimental data from the RBHT
facility. Miller et al [37] proposé an improved correlation which also accounts for the Reynolds
number of the flow,

0o

g5 P T P8YQ 8 AGDx® p pn‘Y98 - (1.9)

here( 6 is the upstream Nusselt number evaluated from the Weismann correlation,

0 .
00 narrcg ¢ tYQe0 i8 (1.10)
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where 0 is the rod bundle pitch and i is the steamPrandt number. Although the above
correlations were developed based on empirical data from ghgke experiments, they are also
diredly used as a heat transfer enhancement component fgohag® simulation with droplets.
The presence of droplethrottles the crossectional flow area further, resulting in increased
turbulent kinetic energy (seghapter %, and is expected to provide an additional feedback to the
downstream Nsselt number.
1.4.2 Dry spacer-grid droplet breakup

Collision of dispersed droplets with the spaggd structures results in a sharp increase in
the interfacial area of the droplet fieldnAadditional source term is, thus, added to the interfacial
area trangprt equatior(1.6) to account for this phenomenon. Existing correlation in CTF uses the
empiricaldatafrom Wachterset al[50] and Senda et §1] to estimate the ratio of downstream

to upstream &uter mean diameter

~oo 0P exQ 8 (111

herew Q is the collision Weber number of the impinging droplets, based on its absolute velocity
(as opposed to aerodynamic Weber numidgch isbased on the relative velocity of surrounding

fluid, equation(1.1)),

0w — (112

where” is the density of the liquid dropl€@ is its equivalent spherical diametér, is the
absolute velocityf the droplet ang is the surface tension coefficient of the interface. Cheung et

al [43] later confirmed the model form of equatighll) through an extensive mechanistic
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analysis They also suggested an improved correlation, which provided a better fit for the RBHT

data,

~ar P T Y fTen® (1.13)

where; is the blockage ratio of spaegrid. It is important to emphasize that the above models
are valid only for dry spacagrids. In CTF the models are turned on only if less than 99% of the
spacefgrid is quenched45]. In contrast, ér wet spacers, thdroplets get dentrained on the film
enveloping the surface of the structures.
1.4.3 Grid quench front model and heat balance

CTF features a quenching model dedicatespacergrids which tacks the location of the
guench front based on a heat balafcesimple geometric view of the spaegnids, plate type
obstacles, is assumed for the ensuing discussion (see Avrga2jualhe model is constructed
based on partitioning the spaagid surface into dry and weégion and treating heat transfer in
each region separately. The rate of deposition of water on the spacer surface is based on the

following mass rate balance,

& (1.149)

where,& is the deentrainment rate of the dispersedpulets onto the spacer surfacdyieh is
simplistically given by fraction of the droplet mass rdte,, that encounter the spacer surface.

a is the mass rate loss from the liquid film on the wet portion of the spacer, determined by
the combination of the radiative heat flux frothe rod walls to the wet portion of the spacer,

N ,and the evaporative flux from the wet portign, 5 .0 and0 are the perimeter

and length of the spacegspectively, whiléQ represents the fraction of thpager that is wet.
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Realistically, some additional liquid is lost from the surface due to sputtering near the quench front.
It was accounted for by Avramoya2], making the resultant mass transfer to wet regidtmef

spacer,

"
@ 6 ADD (1.15)

where,”Y is the temperature of theryd portion of the spacer ant¥ is the saturation
temperature of the liquid. Consideration of energy conservation provides an upper bound for the

energy released at the quench front and, by extension, the quench front velogity,

"8y 0 0D 0 Y Y 4 Q (1.16)

where the left hand side of the above inequality is the energy stored in thegmhoeith ”
and0 ;  being the density and the specific heat of the grid material, respectively. Note the above

expression assumes that the temperature of the grid in the wet surface is equal to the saturation

temperature of the ligd. Thus, the velocity of thedvancingquench front is,

b — . . (1.17)

Several other awstraints are imposed on the heat transfer toagetstimate for the
advancingquench front velocity (see Avramoy{&2] or Salko et a[45] for details). On the other
hard, if the film evaporation rate exceeds theeentrainment rate, the quenchritaecedes. The

receding velocity for this case is given by,

0 — — (118
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The quench front location, ¢ie length of wet portionfdahe spacer, is evolved in time using,

0 0 0 30 (1.19

Finally, the energy balance for the dry and wet portions of the grid are given, respectively as,

—— N f f (1.20)

n n & N s 0 O (1.23

where,;  andn are the radiative heat transfer from rod surface to dry portion of the spacer
surface and convective heat transfer from dry surface to steam, respedcfivelyis the heat
transfer partition due to droplets impacting the dry surface due tol latgyation (for detailed
model forms for all heat transfer terms refer Salko et al. Here we maintain the focus of the
discussioron a holistic view of the spacgrid thermal hydraulic model). Heat balance equations
(1.20) and (1.21) are solved in conjunction with the mechanics describe@ldy) - (1.19) to
describe the thermdiydraulics of the spacegridsin CTF.
1.5 Research Objectives and Dissertation Outline
The preceding discussion in this chapter establishes the significance of dropl@iaiyn
andthe role of spacegrids and mixing vanes to the overall thermal hydraulic response in the
DFFB regime. From this vantage point, the key research objectives can be estalslished
1 Perform high fidelity simulations, both single phase and-pwase of PWR sub
channel with spacer grids and mixing vanes to support models in CTF.
1 Development andnicorporation ofad-hoc functionalities in PHASTA to make the
simulations feasible on statd-the-art supercomputere(g.Mira at Argonne National

Lab).
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o Dewelopmentand incorporation of scalable MPI routines in PHASTA for high
resolution data collection.
o Implementation of local time stepping algorithm for the lesetl redistancing
equation in PHASTA.
o Implementation of parallel droplet injection mechanisnPHASTA for two-
phase simulation
1 Detailed analysis of the effects of spageds and mixing vanes on single phase
turbulence.
1 Detailed analysis of droplet dynamics from tploase simulations representative of
DFFB regime.
o Capturing axial evolution of dpbet intafacial area and Sauter mean diameter
to study the effect of spaegrids on these quantities.
o Effect of the presence of droplets on turbulence and comparative study with
single phase results.
1 Comparison of the single and typhase results witkexisting CTF correlations and
propositions for improvement.
The twoephase simulations with PHASTA demonstrate the effectiveness ofdeade interface
capturingsimulations in resolving complex phenomena for key applications. The simulations are
a progen of excdlent scaling numerical codes and stafe¢he-art HPC architecture. To diversify
interfacecapturingcapability beyond PHASTA, the levskt method has also been implemented
in Nek5000 [53], a spectral elenmt method based code that also scalesry well on

supercomputers. The key objectives associated with this endeavor are encapsulated as:
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1 Implementation of spectrally vanishing viscosity (SVV) for stabilization of pure
hyperbolic problems, necessary fordistancirg equation.
o Improvements on the filter kernel design for complicated 2D problems
o Demonstration of the implementation on challenging linear andlinear
hyperbolic problems.

1 Implementation of leveset and ralistancing equations in Nek5000.

o Couding of the levelset method with existing low Mach number solver in
Nek5000.

1 Demonstration of the implementation on some archetypalptvase problems e.g.,
RayleighTaylor instability and recognizingurrentchallenges to make Nek5000 a
viable toolfor largescak two-phase flow simulations.

The essentials of @numerical methodsm PHASTAare explained in reasonable detaiCinapter

2. Further, several additionald-hoc numerical tools and data collection methodologies were
implemened in PHASTA which made the ensuilagge scalesimulatons possible, expounded in
Chapter 3 Statistical data collected from the singlease simulations, at high spatial resolution
and the temporal resolution equivalenthe simulation time step size, allowed the extraction of
key turbulent flow features, viz., mean velocities, Reynolds Stresses and turbulence invariants.
The quantitative effect of spaegrids and mixing vanes on these turbulent features were studied
in unprecedented detail and are reportecCimapter 4 The wealth of data collected from these
simulations also contributed to the development of novel machinerigdrased turbulent models,
demonstrating their capability of captugithe anisotropies and history effects at the downstream
location of spacegrids. The axial evolution of droplet morphology, quantified by means of

instantaneous droplet volume, interédcarea and Sauter mean diameter was studied from

22



simulations with aange of upstream droplet Weber numbers, the critical dimensionless parameter
characterizing droplet dynamics in the DFFB regimes, as identified by experiments.-fthase
simulationresults are documented@hapter 5SPrimary challenge with the implementation of the
levelset formulation in Nek5000 was posed by thelistancing equation. Spectral methods are
not well suited for purely hyperbolic problems due to minimal numerical dissipation, especially
problems with nn-snooth solutions. Therefore, an artificial viscosity stabilization technique was
implemented in Nek5000, especially for stabilizing the leetlredistancing equation. Details on

this implementation and subsequent qatase solver implementation amegened inChapter 6
Recommendation on future work, including identification of the shortcomings and sources of
uncertainty of the present DFFB simulations are gl inChapter 7 Finally, a succinct

summary of the research and conclusions are presen@thpier 8
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Chapter 2: Numerical Method

This chapter provides a description of the governing equations used for theamaiglec
phase simulations in this work. A brief hist@yd overview of the computational tool, PHASTA,
is outlined, which emphasizes the reason for its selection as the CFD code fescllege
simulations. Further, finite element discretization and imglementation in PHASTA are
discussed in detail, importa for understanding the underlying numerical method and the
functionalities implemented in PHASTA, discusseimapter 3
2.1 Essentials of theComputational Tool - PHASTA

The finiteelement method based code, PHASTA (Parallel,igrarchic, higheorder
accurate, Adaptive, Stabilized, Transient Analyfsd) is usedfor all largescalecomputational
studies in this workOwing to the finite element formulation, theput mesh for PHATA is
unstructured with a range of allowable element shapes, including tetrahedrons, hexahedrons,
wedges and prisms,teemendous advantage for the computation of flows in complex geometries
[55]. Advanced domai decomposition strategiéshypergraph partitioning methpaomplemented
by Sahni et a[56], provide efficient load balancing of the degreédreedom (dofs), which
provide excellent strong scaling properties toetPHASTA solver, especially on tHBM
BlueGene/Qarchitecture based supercomputer, Mira, at Argonne Nationa[37gb Further
PHASTA uses a fully implicit solver for the incompressible NaB&skes equationsvhich
impart stability to the solver fotime step size corresponding torelatively large CFL.The
resulting linearizd matrix system of equations is solved using the GMRES (Generalized Minimal
Residual) algorithnj58], the stateof-the-art, parallelizable, matrix solver in literature for sparse

matrix systems.
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PHASTA hasthus been used for a range of studies pertinerdaweeraldisciplines viz.,
aeronauticg59], biomedical[60], nuclear engineerinfb] on meshesvith dofs of the order of
billions (92 billion is the largest reported mesh element size used with PHASAA The
implementation of the interface capturing leset method enabled the computation of-pthase
flows in PHASTA [61]. In the levelset method a contour field is superimposed over the
computational domain and the zero contour of the field is ordained the interface between the two
phaseg62]. Properties are transitioned across ititerface, which allow for the computation of
two-phaseflow using a dfectively singlephasdlow solver.

Thus, the finite element and the lexgett method are the foundational numerical ingredients
which make the ensuing, DFFB simulations, possibles Tdhapter provides details on the
formulation of these methods. In atioin, however, several essential computational tools were
also incorporated in PHASTA, required both for the feasibility of the simulations and for an in
depth scientific analysis of ¢hresults yielded from them. These adjunct tools are discussed in
detal in Chapter 3
2.2 Governing Equations

For the applications under consideration, the compresgibifects can be neglecté¢idw
Mach number) Thus, theNavierStokes equations are solved in the incompressible format, for
whichthe governing equations are,

, ngb T (2.2
®

©— @6 e B 2.2)

W “1ed e
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where® is the threedimensonal velocity field,” is the fluid densityWis the deviatoric stress

tensor "®s the body forceandn is the pressar. Since the density is independent of the pressure

25



field, it does not have spatidmporal dependence resulting in the devolutid the continuity
eqguation into a divergence free constraint on veloEity(2.1).

Two-phase flow capabilities are embedded in PHASTA using the-$&1dLS) interface
capturingmethod[62]. In the LS approach the interface betwdles two phases is implicitly
captured by the zero of a contour figld, The formulation allows for both phases to be solved by
a N-bhei do approach by transiti omsmontigedHpavisideer t i e ¢
function,

% [ O% [ p "O% (2.3)
wherel represents any of the flow properties of the either piNs that the regularization of
the Heaviside function is essential for continuous Galerkin (CG) formulatiompdsmentedn
PHASTA. A step/sharp transition of properties acnbss interface would, otherwise, result in
inexorable numerical instabilite Therefore, theHeaviside function is designed such that it is

smeared out across a snfalite lengthy ,

Tt %o T
0 “ g
"0 %o gp Té° ?c’)m—} % o 7 2.4)
P %0 T

wherg] is of the order of average mesh element lenffie entireLS contour field is advected

under the influence of the flow field usindgransportequation,

%
TT—b°° @B %0 T (2.5)

The contour fieldhowever, holds meaning only in the vicinity of the zero contaatingas the
interface between the phases. The l®atladvection equation is coupled with the Na@trkes

equatiors by means of the surface tension force. A continuum surface tensiah, ahekloped
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by Brackill et al[63], allows for it to be smeared out across the lengtising the gradient of the

Heaviside function,

N0 1 %08 (2.6)

Tt %o i
T % P AT 62 e T 2.7)
g P ALE e |

Tt %0 T

The surfae tension source termtisenadded to the momentum equation,

0 1] %d (2.8)
wherell is the curvature of the interface, given by,

Il n& 29

Advection operationusing Eq. (2.5) results in the levesetfield losing its property as a
signed distance function. It is essential to restbre distancefunction property for accurate
calculaion of curvature andubsequent coupling with the momentum equatidhis is doney
solvinga Hamilton-Jacobi type equation after each advection sfidg

T %0
Tt

[ Q% p 9%S (2.10)

where %o is the distance field variable af@ is the field obtained after advection step, serving

as input to the above equation. QuiteenfEq. (2.10) is reformulated in the advection form,

% .. R
TT °°T 8% OF @d (2.12)
® OE@i -2
% S
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wherelpis the advection velocity, zero only at the interface, positive unlgs  TTand
negative unity % 1. However, n accordance with property smearing, the signed distance
function O E @&d , and hence the advection velociiy,also smeared out asstle interface for

numerical stability,

P %o T

o % Dl . "%

OBl = TEOEJT— oS | (212
P %0 T

Equation(2.11) is a nortlinear hyperbolic, wherép gives the direction of characteristic cusye
which are outward pointing normals on each side of the interfagéher discussion on the-re
distancing eqation is continued isection3.4
2.3 Finite Element Discretization
2.3.1 Streamline Upwind Petrov Galerkin (SUPG) Formulation

The underlying formulation of PHASTA is based on the finite element method (FEM).
FEM employs a weighted residual formulation, Galerkin method, where the weighting and
interpdation functions belong to the sarumctional space over the computational domagn.e.,
Sobolev space, defined §85],

Om Omhyd mmoNvDd mhvs (2.13

wheres represents the boundary of the donvalvere Dirichlet boundary conditions are specified.
Note that in FEM the weighting functiond m, necessarily vanish at Dirichlet boundaries,
emphasized by the zero subscript in the above equatiom. is the furctional space with L2

norm definedbverm,
0m omh omsam H (214
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Thus Eq,(2.13) implies that the functional space chosen for Ridd both the weighting functions
and itsderivatives in0 m space.

Standalone Galerkin methods are highly successful for diffugiarabolic)problems,
yielding a symmetric matrix systefrom the spatial discretizatioriFor convection dominated
problems, however, the Galerkin formulatigields spurious oscillations the flow. An analogy
between thestandard=EM and finite volume methodreveals its equivalence & second order
central differencaliscretizationscheme as applied tahe latter. Thigdiscretization choiceloes
not yielda monotone, or a total variatiagiminishing (TVD) scheme in timg6], which results
in the manifestation of unphysical oscillatsooior convection dominated flows, especially near
Dirichlet boundaries. For finite'olume methods the remedy is tkenstruction of upwind
schemes, which consider the local direction of velocity, yielding TVD schesmedogous ©
upwind schemesstreamline upwind Petre@alerkin (SUPGWwasconceptualized by Brooks et al
[67] for FEM, wherein additionaleightsare imposedn the standard Galerkin weighting function
to favor the upwind direction. In 1D the Petr@alerkin weightsreenvisioned ashownin Figure

3.

GALERKIN

AN

ELOd

/\T‘ BTROV-GALERKIN

. \1

Figure3: Comparison ofLlD PetrovGalerkin and standard Galerkin weighting functioas shown by
Brooks et a[68].
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The new weight function is formulated as,

0 0 N (2.15

where, U, is the weight owing to the standard Galerkin formulatishichis continuous across
elementboundariesandr) is the weight introduced to skew the overall weighting fundiiotine
upwind direction. Note thafj acts only on element interiorghus, not affecting continuity
conditions across the element interface.

For illustration, veak formulaibn of the general advectiatiffusion equation,

%o , .. ;
TT—O°° ®tn% Nt n% "Q (2.16)
is given by,
T %o , .
Y ®@tN% QU Qm ‘%t L QM
T %o

T @tnu o ®@n% Nt n% "QQY m

where, the firsthireeterms result from the standard FE Galerkin formulation, while the third term,
evaluated element wise, is the SUPG stabilization tdime. third integral, resulting from the
Laplacian term, is ovehe Neumann boundaries and is zero if only Dirichlet batyndonditions

are specifiedt is an adjustable stabilization paramegefunction of the local Peclet number (see
Whiting [54] for exact definition). The dot produ@inv, in the SUPG term correspadmto the
skewed weightg, in Eq. (2.15). Owing to weighing in the direction of local convection velocity,
SUPG vyields minimal crossind diffusion as elucidated by Brooks et #38]. Note tle weak

formulation for the advectignEg. (2.5), and redistancing Eq. (2.11), equation is also
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encapsulated biq. (2.17), albeit hey lack the integrals due to the Laplacian term (second and
third terms) Finally, it is important to notéhatthe SUPGconstruction is multiplied by thdéreng
form residual of the original advectiahffusion PDE, evaluategbointwiseat the Gauss quaature
integration points. This ensures that the SUPG stabilization is consistent with the original
governing equatiofi.e., the term vanishes as the appmadion approaches the exact solufion
2.3.2 Pressure Stabilization for Incompressible NavietStokes Equdion

For the incompressible Navi&tokes equations the approximating polynomials for
pressure and velocity have to be chosen carefully, such th&8r¢laeiBabuska or the ir$up
condition is satisfied (for details refar [69]). In the context of FEM th problem can be better

explained by considering the discretization of steady incompressible Stokes problem
tn® nn B¢« (2.18)
ntd® m
Weak formuation and subsequent expansion of the linear finite element basis yields a
matrix system given bfdetails on the process of construction can be found in Gresh{yét)al

6 06 d

O nm Nf n (219

wherev is the stiffness matrix which is always of full ramkd symmetric positive definite (SPD),
owing to the finite element basi®andO are the matrices resulting from the discrete igiatcand
divergence operators, respectively. Note flat ‘O and ¢, rj[are the vector of coefficients, for
velocity and pressure respectively, resulting from the approximating polynomials, disila
similar vector resulting from the approxaton of the forcing functionTheabove matrixsystem
belongs to a specialads of linear algebra problems, called saddlepoint problemd71]. The

matrix system on thieft-handside is of full rank, and hee invertible, only ifO(andO) is of full
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rank. This, consequently, puts a constraint on the finite element spaces that can be sel®cted for
andr), described mathematically as the-snfp condition. Gresho et Bl0] present a extensive
exposition of the irfsup condition and the allowabfeite elementinterpolation spaceésee
AppendixA.1 for further discussion)ere, it suffices to note that emjuorder interpolation for
velocity and pressurgield a singular matrix system, thus making them an infeasible choice.
Although viable mixed interpolations exist which produce a full rank matrix, they require the
construction of an extremely complex codeyverely limiing their applicability to complex
geometries (Aside: mixed interpolations are analogous to a staggered grid formulation for finite
volume method§72]).

Through the use of bubble functions, Brezzi €68] showed thatthe selection oéqual
order interpolation for pressure and velocity for the solution of N&tekes equations lead to
residual terms. These residual terms can be effectively countered usingragip stabilization
terms. A detailed mathemeal analysis for the functional form of stabilization terms is given
Franca et g73]. Referring Eq. (2.24), the stabilization terms force the matrix system toftdalb

rank,

(2.20)

where™Yis the discrete operator resultingrin the pressure stabilization term. Analogous treatment
in finite volume method for stabilizationf the pressure field in collocated (equal order

interpolation) grids was established by Rhie and Chal
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2.3.3 Discretization of Navier-Stokes equations in PHASTA
Narrowing discussion to thparticular formulation of theNavierStokes equation in
PHASTA, pressurestabilization isachieved by adding an additional term to the weak form of the

incompressibilityconstraint Eq. (2.1)),

ngp L QM T not® n (2.21)

Here, again, the construction of the stabilization term is performed elementwise using piecewise

functions.This formulation, conceivetly Tezduyar75], is referred as the pressure stabilizing

Petrov Galerkin (PSPG) methotl. is a stabilization parameter and is the strong form
residual of the momentungeation,(2.2), evaluatd at each numerical quadrature point,

® 3
D —, @86 n nav B (2.22)

—a

The SUPG formulation of the Navi&tokesmomentumequationas given by Tezduy4v5] and
used in PHASTA.s,

®
T, 680 RO Wb (2.23)

—a
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Note that he weighting function 0, for the momentumEqg. (2.23), and continuity Eq.
(2.21) equations are the samkEhe firsttwo terms inEq. (2.23) arise from the standard Galerkin

formulation. The boundary integral term in the second line results from application of thee Gaus
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theorem on the pressuead viscous term which reduces the restriction on the approximating
polynomials to be twice differentiable. The SUPG stabilization term in the third line introduces
appropriate artificial diffusion to achieve upwinding with miniro@sswind diffusion. Té LSIC
(least squares on incompressibility constrastepilization term in the fourth line was introduced
by Tezduyar et dI76], responsible for providing additional stabilization of the pressure field fo
high Reynolds number cases.
In PHASTA the stabilization parameters, and t are identical. For exact
definitions of the stabilization tesmand parametericludingt , referto Whiting et al[77].
In Egs.(2.2) and(2.23) the nonlinear convection term in the momentum equation is considered
in the advection form. Alternate construction of the-finear term are discussed in Gresho et al
[70]. Each yields a different discrete operator, offering certain unique properties. They are
enumerated belowncluding the advective form
f Advective form® d@tn @ Does not conserve linear momentum or kinetic en@ggws
instabilities in the inviscid limit. Easiest construction of the discrete operator.

1 Divergence forn? nt @® : Conserves global linear momentum but not kinetic energy

! Rotationaform© -n @t® & " & Conserves global linear momentum and kinetic
enegy.

 Skewsymmetric form® - ®tn ® nt @d: Conserves global linear momentum and

kinetic energy. Yields the most expensive discrete operator.

To fully compehend the differences in the behavior of the discrete operator from each
formulation requires a phge into the, rather esoteric, detailed eig@tion analysis (seéresho
et al[70] and cited literature there. PHASTA offers the option of constructing the Aorear

terms in advective and conservativenis, however the former is used for most applicatigms.
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additional term which modifies the convective velocity was added by Taylof7&] & PHASTA

to compensate for the lack of momentum conservation iadiective formulation,
O0Bl®L [0 6B8l® On (2.24)

where,o ot ®is the supplementary velocity fieldh& second ternm the above equatias
added to stabilize this neadvective termwith its corresponding stabilization paramett,
Conservative discretization of the valied) obviously,does not require the above correction.
Whiting et al[77] provides further details on this implementation.

Expansion oEgs.(2.21) and(2.23) using the typicalinearfinite element basis functions

and accumulating all termygelds corresponding residuals which can be expressed as,

YD TT

o T (2.25)

Or, more conveniently, the residual may be expressed as a function of velocity, accel@ation (

and pressure coefficients evaluated at element nodes,

Y i T (2.26)

The problem, thus, now reduces to finding the coefficients that minimizelkbee
residuals. Time integration in PHASTA ©gbe generalized -method introduced by Jansen et al
[79]. Details of the time integration scheme is not presented here for brevity. Here, we focus on
obtaining the solution t&q. (2.26) within a single time step. However, it must be dateatthe
time integration scheme is tightly coupled with the method for minimizing the residuals,
implemented in a predictanulticorrectorbased algorithm. Equatigi2.26) contains noflinear

contribution from tle advective term andhus it is imperative to linearize the residuals using
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Newtonds iterati

as,

Re wi deoa@vé algarithm anayde repeesentsdt e p

Y& M m Tt (2.27)

Linearization ofY with respect to acceleration variables yields a matrix equatibich is

analogous to the matrix system resulting from the linearized Stokes eqi22i@n

v O
O 0

*® 'i (2.28)
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which is evaluated for each pass of the prediatalticorrector algorithm. The above are described

as tangent matrices and taim linearizedapproximation of the directional derivatives. Deriving

approximations to directional deriwes is extremely complex and special care is required for

their evaluation. The directional derivatives used in PHASTA are detailed in Whitihg7&f.a

Finally, the linearized system of equation is solweing the GMRES algorithm for the

acceleration termss@ and 31, f

or each

A

Newt onos

convergence criteriois satisfied the solution is achnced to the nex@imulationtime step.

2.4 Chapter Summary

The discussion in this chapter gives a comprehensive view of therinahmaethod in

PHASTA for simulating both single phase, Nav&pbkes equation, and twahase flows, in which
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case two additional transport equations are also solved including thed¢\alvection and the
re-distancing equatioP HA S T A 6 s firste element formulation, SUPfer upwinding and

PSPG for enforcing the incompressibility constraint, is explained and the resulting weak form and
subsequent matrix operations are specifladaddition, the SUPG formulation for the general
advectiondiffusion equation is also presented, which applies both to the-devednd its re

distancing equation.
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Chapter 3: Enabling DFFB Simulations

Large scale simulationginning on massively parallel supengouters which constitute
the majorobjective of current research,ggoseveral problems for their successful execution and
subsequenbr in-situ, postprocessing and data analysis. Major challenges with the simulations
performed herein with PHASTA werenderstandably, of a logistical naturehich required
efficient datamanagement code, either integrated as subroutines within PHASM@ advanced
MPI libraries or developed as separate programs capable of handling large volumes of data.
Further, initialand boundary conditions, representative of 63CA reactor conditns, were
made feasible for both the singdbase and twphase simulations by several integrated
subroutines also requiring consideration of efficient implementation suchthtégatdo not
deteriora¢ the scalability of thepristine code significantly. Two-phase simulations introduced
additional challenges with respect to stabilization of the solver near fluid interfaces, owing to a
density ratio of approximately 1000 across a relativelglslength] (seeEqgs.(2.4) and(2.7)).

This chapter documents all the codahancementsn PHASTA and auxiliary data
processing programs, which were essential to the simulaimhsesultpresentedn Chapterd
andChapter 5
3.1 Boundary Condition Transient (BCT) Capability

DNS scaldurbulent flow CFD simulations ireactorsub-channels are often performed on
relatively long domains computational domains with periodic boundarytoamglacross the axial
ends of the domaifRW.ERROR - Unable to find reference:1612§fO | p . With a large
enough domain, such that the largest scale eddies are reasonably resolved qoemaldices can
emulate infinitely long suehannels and generate a fully developed turbulent flow profita.

the ensuing DFFB simulations, however, we aoncerned with droplet interactions with the
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spacefgrids and mixing vane structur@sigure4). The presence of these internal structares
axially evolving droplet dynamicscompromises longitudinal periodicitypf the domain,

irrespective of the length used for wienulations

Periodic

Figure 4: PWR subchannel geometry witlspacergrid and mixing vanesBoundary conditionsare
annotated. Periodic condition across axial boundaries is infeasible due to the presence-gfidpe
and mixing vanes

velocity Magnitude

0.000e+00 2.322 4.64 6.967 9.289e+00

Figure5: Sub-channel without spacerids. Quassteady turbulent flow can be ddeped through the
application of periodic boundaries across axial ends. &@ad$on for capturing velocity data f
primary domain marked in red
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To address the issue of specifyintgt boundary condition wasethe, so called, boundary
conditions transient (BCT) suite of topigitially developed by Fen{B1] for studying the drag
and lift forces actingmbubbles in free shear flowBhetools are further developed and enhanced
for adaptation tdarge scale simulations @upercomputersStraightforward conception of the
application of BCTcan be summarized aapturing the fully developed turbulent flgwofile on
the auxiliary flow doman, shown inFigureb, and applying to the inlet crosgction of the primary
domain,Figure4. Details of theprocess require careful consideration of the mesh partitions o
primary domainputlined below

1. Generate primary mesh and split into desired number of partitions, éag ) fox

production runs.

2. ldentify and print the coordinates of all nodéshe inlet of primary mesh:

1 All mesh nodes at an axial distancesof wsS | are markedw is the location
of the inlet patch and is a small tolerancealue, whilewis the xcoordinate of
primary mesh.

f Print all marked nodes on a given processb wi (¢Ofo a separate
fleCbct . dat. myrankao

3. Using an external program, generate a probexyiets.datwhich consists of all nodes

in bct.dat.’ myra k fdes merged onto a single file.

4. Advance the simulation on the auxiliary domain to achewesisteady turbulence for

the same Reynolds number as desired for the primary domain.

5. Capturing velocity information in auxiliary domain:
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1 Identify the procesor rank and element index in which each probe resides on the
auxiliary domain. Store this maipg in an array@¢ ai 0 OD RO H OIELi. 1 O |
Done once before the time loop.

1 Calculate the instantaneous velocity at the probe location. Stored in
OO DRI & Ok QI Q

1 Assemble data from i avray on albrocessors andugput to a single file (using
MPI parallel 1/0).

6. Postprocess the data generated from step 5, using external programs. Here, it is
imperative to map the respective node data to the proceséocid, ¢ &f e primary
mesh. Print thelata on files,dbeled corresponding to processor ids of primary mesh
Obctlnput/ nstep/ bct.dat. é6myrankd

7. Run the simulation on the primary mesh. Data is read from
bctl nput/ nst e andiocet pedoditallydnvithyarspecifi€2d o "Yi an ‘Q )
a specific armastructure ¢ @ n 0 i GQAB @D "YHET@WPQTradsient data ib 6 &
suitably interpolated in time and assigned to the corresponding node in prinmaiyndo
€ N o i dsdfle number of nodes anwi O an@k "QQ&&H@ number of fields
captured (3 velocity $0 ).

For the twephase simulations shown hapter 5 the primary mesh was split into 131,072
partitions € 0 a ) Dhe inlet crossection of the domain ighus, split into reasonably large
number of processara/ith random processor id§he process of writing coordinadata in step 2

and reading the transient data in stefjs@eA.2.1 ), are performed independently by each

processor, not requiring any interocessor communicatiofor the primary meshFor the
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geometry configuration shown figure 4, identification of mesh nodes that lie on inlet cross

section igrivial. Since all inlethodes lie on the plare, they can be identified using

L WS T (31)

wherg p 1 suffices. More advancdthplementationgor marking inlet boundaries aedso
possible usinghe i 6 i "(B@Mdary condition available in SimModeler, which is the- pre
processing tool used with PHAST82]. On the auxiliary domaimassuming the mesh consists of

all tetrahedral elementthe element inwhich a give probe (& ho hx ), resides isdentified by

computing its Barycentric coordinates with respect to the element,

Qg€
Qe €

(3.2)

Q- . &

@
@
a

Q- . &

@
@
a

Q- . &

»
@
a

where® hbd Ry are the coordinates of tetrahedron vertices_and are the correspaling

Barycentric coordinates. The condition for the probe to be inside the volume is,

n _hh pO_ _ _ »p (3.3

The value of instantaneous fields is computed ateleenentlevel through the interpolating

polynomial (or basis) functions,

%o %00 (3.9
where, %o represents any scalar aiid are the standard finite element basis functions. The
sulroutine br the above operation is included in Appendi®.4 . The most expensive part of

entireprocesss writing the collected data to fil&his requires a more detailed explanation and is,

therefore, addressed $ection3.2
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Through further posprocessing, the collected data from the auxiliary donisasegregated
into separate files corresponding to the processor rank on primary domain where the node lies in.
The necessary array structufes storing this data for primary domain simulativare specified
in an external Fortran moduliecluded inA.2.2. The transient data is split inf@d 0 "Yi og'Quyt
time stepswhich provided a reasonable memory allocasiae for thed 0 @rray. The routinefor
spedfying the boundary conditigrBCint, is called at every simulation time step from the primary
time loop See AppendiA.2.3 for the implementation ob 6 "Q#outine. Linear interpolation
maps the instantaneous velocity at each node (or probe from the perspective of auxiliary domain)
from the time step resolution of the simulation in auxiliary mesh, to the time resolution of
simulation in the primary domaiap .30 730 ¢ was used as the maximum ratio for capturing
velocity from the auxiliary mesh.
3.2 MPI Sub-communicators and MPI Parallel 1/0

File 1/0 remairs the most expensive operations for laggale computations. For this
reason the simulation rast files are, often, sparingly written to the di@3]. This, for obvious
reasonsimposes constraints on the ppsbcessing analysis and the meaningful information that
can be extracted from the simulatiohs order to capture the turbulent velocity profile without
loss of spatial resolutioms discussed in the previous sectialhthe computational nodes at the
inlet crosssection of the primary mesh are used as velocity capturing probes on the amelary
shown inFigure6. Data must be captured at every time step of the auxiliary domain simulation at
each of these probes, to avoid any loss in the testhpesolution. This results in very large 1/0
buffers tobe written to disk at each simulation step, which, understandably, severely exacerbates
the overall computational cost of the coBarther, as will be discussed in greater detaillwapter

4 and Chapter 5to extract temporal statistics for a comprehensive analysis of turbulence flow
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features, a yet greater amount of probes are required, distributed across the axial length of the

primary domain(~ p ).

Figure6: Meshnodes (2889in total) at the inlet crossection of the primary mesh, used as the virl
probes to capture instantaneous velocity in the auxiliary domain

To address thesetherwise inhibitinglogistical problems, advanced MPI libraries were
implemented in PHASA to greatly enhance the speed of write operatidhg. implementation
involves a combination of MPI Sutbmmunicators and MPI parallel I/O’he ensuing design of
thepetinent algorithm is based on the followidgliberations

1 All processos writing ther probe data to separate files is too expensive. The average
number of probes that reside on a given processors are too low (<10). The I/O overhead
dominates in this situation. Further, ppsbcessing of thousands of separate files using
this method isunwieldy andprohibitive.

1 Asingle processor (say i § @liecting data at each time step from all other processors

and writing to single file is also prohibitive. The buffer required ordtiiei optdcessor
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to receive informatin is too large, even exceeding the total memory available on a compute

nodefor large number of probes. Further, the /O buffer fiorb i ot@write to disk is

also too large, making the process extremely slow.

1 An optimal mechanism is desired to eall data from a reasonable number of processors,
labeled hereaftet U @ii 'Q @hbo a designatedumber of processors responsible for
writing to disk, labeled hereaftérvo @i 0 i A1 € @

 Althe& 0 &1 O iprptessars must write to ngle file, to make the following post
processing easier.

The algorithm igepresenteddy Figure7, whereinthe boxes represents the processors and
are marked with their global id numbers, starting from .zéno intiation all the processors are
encompassed by the MPI_COMM_WORLD communicator. Before the main time iteration loop
this communicator is split inttwo sets of groups. The first set consists af i © inmber 6f
subgroups, represented by each rowrigure?. Data is collected on an array defined on the first
processor in each of these groups though -imoadcast operations (highlighted red). The
second set consists of just one group, responsible for writing the data to the disk. It includes all

processor ranks in the first colunmFigure7. The essential MPI calls for defining these two sets

of groups and their corresponding communicators are siro@ade Excerpi.
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call MPI_COMM_GROUMPI_COMM_WORLWorldgroup , ierr )

c Groups and Communicators for data collection
call MPI_GROUP_INCI worldgroup , nvartsdiv , nvartsranks
& nvartsgroup , ierr )

call  MPI_COMM_CREAT®PI_COMM_WORLDnvartsgroup

& nvartscomm , ierr )

c Group and communicator for writing to disk
call MPI_GROUP_INCK worldgroup , nvartsproc , iwriteranks
& iwritegroup  , ierr )

call  MPI_COMM_CREATH®PI_COMM_WORLDwritegroup
& iwritecomm , ierr )

Code Excerpt: MPI calls for defining subgroups and correspogdiommunicators

MPI_COMM_WORLD (numpe)

J—
0 1 p-----4 nvartsdiv —1
nvartsdiv nvartsdiv+l =~ F----- nvartsdiv + nvartsdiv — 1
T T
1 1 !
1 1 :
nvartsproc —= ' ' \
1 1 !
1 1 !
1 1 !
1 1 !
1 1 !
1 1 !
1 1 !
1 1 !
1 1 !
1
(nvartsproc —1) (nvartsproc —1)x | (nvartsproc — 1)
x nvartsdiv nvartsdiv +1 * nvartsdiv + nvartsdiv — 1
——

nvartsdiv

Figure 7: Representation of the splitting process of MPI_COMM_WORLD intogwops for date
collection, represented by each row, and writing data to disk, represented by the first column

The entire purpasof defining subkcommunicators is theubsequent ease of broad casting
data among the members of the grobprther, the number of probes residing in any given
processor is variable. To collect the data on the first rank of thgrsuip it is imperativeo

initialize a buffer on this rank (keled0 i 0 ), €onpute the size of the buffer (labeled
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0O 61 ¢)doBEREreived from all other processors in the group and calculate the exact location
in the buffer where data will be placestdred ifQQ Qi 1) . dre ®iential MPI calls for these

operations arencluded inCode Excerpg.

c Gather the number of probes on each processor in sub - group
call  MPI_ALLGather (nproctspts , 1, MPI_INTEGER

& nproberanks , 1, MPI_INTEGER nvartscomm , ierr )
c Gather data from all processors in sub - group on a
c buffer defined on the first rank

call  MPI_Gatherv (vartsbuffer , Nproctspts ~ * numvarc ,

& MPI_DOUBLE_PRECISION vartsout , nproberanks

& idispranks , MPI_DOUBLE_PRECISIONO,

& nvartscomm , ierr )

Code Excerpg: MPI calls forcollecting data from members in a sgimup

The 'QU I "Q0 Qgrdup facilitates operations for writing the data to disk. Only the
processors in this group are assigned visibility of the otpdii 0 i) fil@@epi@sentation shown
in Figure8. The number of probes from each contributing processor is variable, therefore, it is
necessary to explicitly specify the location in the output file where each processor will
subsequently write. Finally, ¢iMPI_FILE_WRITE_AT command directs all the processors to
write onto the output file. All essential MPI calls relevant to the write operation are included in

Code Excerp8.

iwritecomm

of fset
——

vartsout

vartsfile
Figure8: Representation o0 | "Q0 ‘Quinéipiaad parallel write operationdo®di 6 i "QQda ‘Q
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C Parallel file open by all ranks in iwritecomm
if (MPI_COMM_NULLne. iwritecomm )then
call MPI_FILE_OPEN( iwritecomm , fvartsb

& MPI_MODE_WRONL¥ MPI_MODE_CREATE MPI_INFO_NULL,
& vartsfile ,lerr )
endif
c Calculate offset location for each processor in iwritecomm
if (MPI_COMM_NULLne. iwritecomm )then
call MPI_ALLGATHERIisum *realsize , 1, MPIL_INTEGER
& iwriteoffset , 1, MPLINTEGER iwritecomm
$ ierr )
call MPI_ALLREDUCEisum *realsize , iwriteinc , 1,
& MPI_INTEGER MPI_SUM iwritecomm , ierr )
offset =
if (myrank .ne. master )then
do i =1, nvartsproc
if (i .le. myrank/nvartsdiv )then
offset = offset  + iwriteoffset (i)
endif
enddo
endif
iwritenum = isum
endif
C Write to a single file on disk

if (MPI_COMM_NULLne. iwritecomm )then
call MPI_FILE_WRITE_AT ( vartsfile ,
offset , vartsout
iwritenum
MPI_DOUBLE_PRECISIONMPI_STATUS_IGNOREierr )

Ro Ro Ro

offset = offset + iwriteinc
endif

Code Excerp8: MPI calls forcollecting data from members in a sgitmup.

Table3: Time taken for writing data to disk for 29,389 probes and one time step

Number of processors selected for recordi CPU Time

data fvartsprog

Without Probes 1.184

Original Code (1 processor) 429.39

10 90.24

171 55.546

1000 58.267

5000 83.436

Table 3 shows the performance of the above implementation, measured by CPU time to

complete one time step of the simulation, Woiting datato the disk with different number of
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& 0O o i This analysis was conducted on an auxiliary mesh Bifh M element mesh on the
Cetus supercomputer at Argonne National Lab, running on 256 BG/Q nodes with the mesh

partitioned into 16,384 parts. Optimum performance was seen wherottes were distriliad

on € 0 i rpidessorswhere¢ 0O i risothe total number of probe&or future usage it js

however, recommended thiatb @i 0 i rgi € o& O i rjfbeiperformance increase in contrast

to a single proce®r writing to file is signiftant, emphasizing the importance of MPI I/O for large
scale simulations. The decrease in computational time compounds for simulations running for a
larger number of steps, since data is recorded at every simulationTabég4 shows the
performance comparison of 1/0O operation using 171 processors against a single processor writing
to file, for one hour of simulation tim&he penalty factor to the code for each case is also shown
with respect to a siolation where no data is recorde&s the number of probes increase the
penalty to the code increasegonentiallywith a single processphowever, with 171 processors
writing in parallel, the penalty increase is very grade@l capturing velocity prde at the spatial
resolution of the mes(28389 probes}he write operation with a single processor was prohibitive
advancing only nine time steps in an hour. With the @am@ntation of MPI I/O the number of

time steps were increased by a factor of. 160

Table4: Number of time steps performed during 1 hour of sglitk time on Cetus

Single Processor 171 Processors
Number of Time steps Penalty Time steps Penalty Spegd up
probes factor factor ratio
0 (No 2887
recording)
5000 1267 2.28 2027 1.42 1.6
10000 75 38.5 1920 1.5 25.6
29839 9 320.78 1440 2.0 160.0
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3.3 Droplet Injection Routine for DFFB Simulations

In addition to specifying inlet turbulent velocity profile, it is also required to introduce
droplets at the upstreamdation of the spacer grid structure for simulating DFFB conditions. An
ad hocdroplet injection routine was, therefore, added to PHAS#®ich manipulates thical
levelset field to introduce new droplets periodically in the domfaan.context, it is wrthwhile
to recallEqQ. (2.3), usal for specifying properties in the computational domain. To regard the
volumeenclosed by the zero conto@. 1) as a droplet ifrigure9, for instancejmpose’
"R, whiler " K in Eq.(2.3). Given the coalinates of the center, spherical plets

can be easily initialized by manipulating the local leset field in the domain,

%o | El%dh ® 0 © & o a | (35)

where whwht) are the coordinates ofi igthedesitedradas 6

-

¢ < 0 (liquid)

2.02e02

1.50e02

‘munhlm

0.00+00

-3.31e03

Figure9: A simple 2D example to illustrate property assignment using the-deveontour field%o

It is required to iitialize droplets at the upstream location (with respect to syga@drin

the primary domainKigure 4). To achieve thisgseed pointsis selected, based on a uniform
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random distribution, on the inlet cresscton of theprimarydomain. All mesh node points at the
inlet crosssection areonsidered as inputs to the random sampling routimechoosing a single
seed point. However, since the crgggtion is partitioned into numerous processors, assembling
the imputs for random seed point selection poses a chall&hgeletailed algorithm for the process
is outlined below:
1 Pre-processing (before primary time loop)

o Initialize the intrinsic random number generator in Fortran. It requirasdomseed

to initialize specified as,

call  random_seed ()

allocate (seed (1))

call system_clock (COUN#Zclock )
seed = clock + * (myrank +1)
call  random_seed (PUT = seed)

o All relevant data structures are defined in a global modRke, Q'Q ¢ o &ncli@e&oan
AppendixA.3.1. Identify the coordinates onthe inletcress® ct i on, t o be
points. Owing to the orientation of the inlet (perpendicular-&xis), this operation is
trivial, however more coniigated implementations are feasible using i "@%©
discussion in sectioB.1 for generating probes). Seed points that are too close to the
wall, as shown irFigure 10, are deleted. For all simulations @hapter 5 this offset
distance from the wall ip& W . The index of the coordinates that qualify as the seed
nodes on a given processor are stored in an array in the module, @' Q'Q ¢ .ANG¥Q i
that the visibility of this array is limited to a single pessor. Further, all processor
rankswhich have at least one active seedcamsidered active; their ids acellected
(MPI_GATHER) and then broadcast to all process@VPI_BCAST), stored in
WU & "QaarrayéThe subroutine’QQ Q¢ 6 QO O @xbdriorms all the above

operations, included in Appendix3.2.
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o If the simulation is being restarted, the historyomfation of the injector is read from

file and stored i) @ 6 "QU ‘Qarray€)(tead further for more information).
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d
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Figure 10: Contour magshowing division of nodes on the inlet cressction among processoAlso

sho wn , using the black demarcation |ine, r
introducing droplets

1 Injector Operations (Inside primary time loop):
o For the first time step of the simulatiamjnimum number of dropletareinitialized using
an input parametety "Q¢ i ‘QR$pecial data arrayp ® 6 QU Q@dE HR | shared and
synchronizd among al l processors keepsthetotalck of
number of activeeedswhile the second index 6§ & 0 "QU QOstoée&h@initial coordinates

of the seed, the initial velocity assigned to the droplet begot frosettteand the simulation

time stamp when the seed is initialized.
0 As time advancespew seed pointsre introduced in the domain at periodic intervals,

controled by an input parametér Qi "QETKEUR & ew droplet is initialized whéime

following condition is satisfied
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O 0 O0NQl QQQEQ (3.6)
where,0is the simulation time andl is the time atvhich the last droplet was initialize@ihe
algorithm for selecting a seed point (and deleting it) and adding it t the QU QarrayQ Qi
is outlined inFigure 11. After condition (3.6) is detected, the uniform random number
generator selects a processor id from the li§bds Q& 1y Frdmdhe chosen processor, a point
is again sampled randomly from the list of eligibl€ Q Q ¢ .&T@'@ded point idiscarded if
its distance from the nearest Oacti wie)d node
In case the seed is discarded, the selection process is repeated until a qualifying seed location
is found. On successful gekion, a usespecified velocity, is assigned to the seed and the
axial position is adjusted (bgi ), so that the resulting droplet is completely inside the
computational domain. The coordinate and the velocity information along with the simulati
time stamp are added to the top ofdhé 0 "QU Qarréy (This, the array will have the oldest
seedsalways storedat the lastndex. The selected processor broadcastsxiaed QU Q¢ € Q'Qi
information to all processors and then a neaptitis initialized using equatio(8.5). Note
that this equation only changes the lesed contour field in the immediate vicinity of the seed
point, therefore existg droplets are not affected by the initialization proc&ks. suboutine
to add seed point aid @ 0 "QU Qarray@@ntluded in Appendix
At each time step the algorithm also checks for potentialctigation ofthe lastseed point
in OGD'QE ¢ @@y, condition shown irFigure 11. Theseed is deactivated after it has
advected a specified distance into the computational donstimaged from its velocity at
inception. For the simulations herein this distance was chosen arbitrarilyto. leletion
of the entry fromd & o EQ8) @B straightforward, i.e., does not require ifpeocessor

communication since all progsors already share the same information.
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Droplet Seed Selection

if t —tY > tperiodinj

or
N < minseeds
» -
Y
Randomly sample proc ID from
availproc .
- Droplet Seed Deletion
Y
Randomly sample seed point from i |esN N N
if |xg —vg (t—t > br,
the seednodes on chosen proc f|xs s ( s) s
v '
Ef(_n}inN( N — fs'i' ) > 3?“5) i Delete last entry in activenodes
1=1...
v
—N+1 —
* s =7
* E’NH = (xnode +2rsrynoderznode)
v

» Add to the top of activenodes
* MPI_Bcast activenodes

Figurell: Al gorithm for adding andodd@iO@rayng 6 a

The velocity assigned to the seed paint,is calculated from the desired collision Weber

number,w 'Q, for droplets, given biq. (1.12),

wQ
\ — 3.7
0 s (3.7)
where,® 0 hrf is assumed to have a nearo component only in the axial directidiote
that the flow field, as specified on the inlet crgsstion, is highly turbulentn practice abruptly
changing the velocity in the volume of the domaimere new droplet is initialized and assigning
liquid properties to it (increasing the density ratio by a factor of 1000), resulted in solver instability.

To address this, the velogitvas initidized tow in the regiorfée ¢ in the local vicinity of the

droplet (sed-igure12). Blendingu with the initial velocity using an implementation similar to
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Eq. (2.3) wasalso found tasolve instability issue Further, since the domain is perio@dicross
lateral ends, care must be taken while reinitialization of isgefield usindzq. (3.5). Periodicity
of the levelset field musbe ensured,afling which subsequent levskt redistancing iterations
causes inexorable oscillations. For further details on the implementational nuelated to

droplet injection, the reader is directed to the filepmpressible/injector[B4].

velocity Magnitude
8.000e+00

o

(N

mmrm’wrmmlmm

0.000e+00

Y
w
o
Figure12: Velocity contours at the inception point of the droplets. The velocity inside the volul

newly initialized droplet (shown on right) is reseti@dwhile the velocity field outside the droplet
highly turbulent

3.4 Local Time Stepping for Re-distancng Equation

As briefly introduced irBection2.2 the levelset function is initialized as a signed distance
function. It isessential that the signed distance property is maintained throughout the simulation
for accurate calculation of curvature, which couples thedseehdvection with the NaviStokes

equations. The rdistancing equatio(®.11), formulated using a pseudmne T, is responsible for
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restoring the signed distance property of thellset field The importance of this procedure is
highlighted inFigure13, featuring an initiatircular levelset field advecting under the effect of a

prescribed parabolic velocity profile. Withoutdestancingequationthe calculation of curvature,

and subsequently the surface tension foze (2.8)), would beerror prone
\\‘

> e

Figure 13 Levelset field, advected by a parabolic velocity profile, without and witdistancing
performed after every advection step

N /

Detailed exposition of the behavior of thedistancing equatiowas presented by Russo
et al[85], wherein they showed thatiterations of the relistancing equation restored the distance
field upto¢ 30 nomal distance on either side of the interface. In practie2Olierations of the re
distancing solve are generally performed, with a nominal CFE2ofiging an implicit solver, after
the levelset advection step, to ensure that the signed distancesfieddrectedn the vicinity of
thezero contour.

3.4.1 Challenges acompanying levelsetre-distancingin large-scale simulations

3.4.1.1Volume loss due to +@istancing

The advection velocity for the 4distancing equation is formulated such that it is zero at
the exact interfaclcation(%. 1) and directed along normalitside fronthe interface in either
direction with a unit magnitudeThus, solution of the fdistancing equation, in the strong form,
does not move the interface. In the numerical implementaif the equation, howevethe
velocity is smeared by means of the smoothed implementation of the sign function, equation

56



(2.11). Irrespective ofhow sharp the smearing length isjbsequent discretization of the sign

function results ira na1-zerovelocity at the interfacelherefore, thee-distancing equation has

the tendency to move the interface in a preferential diref@#jn Thisproblem is recognized and

well documented in literature. Itike primary cause of mass loss with the lesetlmethod, bong

standinc r i ti que concerning t kpkaseflenpiolem@d. Sessemarl | cabi
et al[88] introduced anathematicafix to this issue bymposingthat the volume enclosed by the

levelset remain constaarcross ralistancing iteratios at any simulation step

T "0 %

— m (3.8)

where'O %o is the Heaviside functiog. (2.4). This alleviates the volume loss issue but does not
eliminate it entirely. Discreteniplementation oEq. (3.8), in the context of finite element method,
was introduced in PHASTA by Nagrath e{&9].

More sophisticated implementatiofar two-phase flonhawe been introduced in literatyre
which are better at mass conservation. For instance, the conservativeelef@imulation by
Olsson[82], implemented in the context of finite volume methoses the Heavisidinction,
instead of the signed distance field as the phase identifies, Ehsithe Heaviside function which
is advected by the underlying velocity field. The implementation, however, relies on maintaining
a sharpgradient or a shock, at the interfac An equationsimilar to the classice-distancing
equation is used treestorethis sharp transitignwhich is smoothed out due to advection of the
phase indicator functiomhe method is shown to yield excellent volume conservation properties
over long ime integrations However, owing to the presence of discontinuity, the method is not

amenable to the continuous Galerkin (CG) formulation.
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Other techniquessuccessful at preventing volume losglude alternate methods of
restoring the distance field, ninvolving partial differential equation. The earliest of such
method, applicable to structured meshes was the fast march method for computing g¢edesics
The fast march method, however, is extremmdynplicatel to adopt for unstructured gridsith
heterogenous elemenésd limited to second order accuracy. Recerdlyirect redistancing
method was introduced by Greene ef%l], capable of achieving arkétry orderof accuracy,
based on a Lagrange multiplier optimization algoritfime method is especially suited for high
order Galerkin projection methods, e.g., discontinuous Galerkin (DG) and spectral element
methods (SEM).The disadvantage, however, isaththe méhod is expensive as it involves
Newt onds iterati on tforedchQr dddepemdentlyFprther, mxpensive ol ut i
inter-processor communication is required for distributing the information of thecoatour.

This raises reasonkgbconcerrfor the scalability of the method and its feasibility for lasgale
simulations.
3.4.1.2Spurious interfaces in large domain

For simulations in long computational domain, where the characteristic length of the
domain is significantly greater than tbeoplet @ bubble diameter, the leveket method presents
another challenge, especially when the flow is highly turbulent. Typically, it suffices to perform
re-distancing iterations until the signed distance is reset updistance from the interface.
However, itwasobserved for turbulent simulations that not restoring teeefield completely in
the peripheral regions of the domain results in the development of spurious interfaces over time
Arbitrary contortion of tle levetset field due to the undging flow solution results in the level
set value going negative. Wherever this situation occurs, surface tension forces also come into

play, thus polluting the flow solutigreventually causing the solver to diverge. sThffliction is
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visually describd in Figure14, resulting from simulation in the primary domain with insufficient
re-distancing.The simulation is initialized with a constant velocitydughout the domain and a
turbulent velocity profile at the inlet, using the BCT capability describeSeiction3.1 Severe
deformations in the levedet field are highlighted in the figure, observed near the inlet where
velocity field is turbulentNote hat once the levedet field gets contorted to the pbthat spurious
interfaces appear, the interfaces persist thereaiten if the number of rdistancing iterations

are drastically increased to attempt correction of the distance dielck the ralistancing velocity

is zero at the zeroontour.

An explanation for this phenomenon canpoevidedby recalling the properties of the-re
distancing equatiorAs discussed beforehe characteristics emanate from the zero contour in the
normal directiontravelling at unit spee@5]. If the total time 31, of the redistancing iterations
is small such that the information conveying characteristic waves do not reach the peripheral
regions, the levetet field in these regionsever getghe information about thetopography of
zeracontour The contour ®ld in these regions is, therefore, left defenseless against whimsical

manipulation by local turbulencmyvariablyresulting in excessive contortion.
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Figure 14 Example oflevelset redlstancmgproblem |n Iarge domams Bon right shows the
contorted levebket contours near the inlet cressctionwith a prescribed turbulent inlet conditio
Bottom left highlights theerturbations on the droplet interface post collision

3.4.1.3Redistancing near collision events

Another isse, pertaining the relistancingequation of significance to the ensuing DFFB
simulationsmanifested during the collision of droplets with the spagtit structure. To describe
the problem, consider the simulation sestyown inFigure15. A pd & droplet is initialized at
the upstream location of a rectangular obstaslth its center being® & & from the incident
face of obstacleWidth of the obstacle m®a &, same as the dimension of spaged strap in
the primary domainThe desty ratio of the droplet to the gaspstt rtwmhile the viscosity ratio is
T YA uniform velocity ofx & 7i is specified at the inlet crosection and the lateral faces are
periodic. In the interior of the domain, including the droplet volume, the vgliscibitialized to
becg & ¥i . Based on thigelocity, the collision Weber number for the dropletQ) v @ T while
the surface tension coefficient, pfp @ & . The simulation parameters were designed to
simulate similar conditions as expected tbe largescale case irChapter 5 albeit with the

absence of turbulent inflow boundary conditi®he redistancing timestep for the case was fixed
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att t v p 1, equivalent to a maximum CFL of ~ OBoth property smearg length and the

sign function smearing lengthgrfthe redistancing equation, were fixediat Y& v p T @ q.

Inlet

7 periati
y/ A

Figure15: Simulation setup to test the dynamics of droplet collision for conditions similar to the
scak representative DFFB simulationsGhapter 5
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Figurel6: Time evolution of the levedet field contours and velocity contours during droplet collisi

Perturbations on the interface due taligancing reslts in unphysically high velocities

62



Both levelset advection and +@istancing equations are initial value problems (IVP).
Accordingly, there are no natural boundary conditions that can be imposed for either of the
equations. The interface massless and advects only under the effect of the fluid velocity.
Momentarily disregarding fdistancing; since the advection velocity near the walls is zero, the
levets et contours Odaccumul ated near t hdtngoibst acl ¢
increasing leveket gradient near the incident wall. Recall that the gradient magnitude for a correct
distance field is 1. Rdistancing of the levedet field in this region, between the incident wall and
the droplet interface, has the effectdifating the contours to restore the gradient magnitude.
However, when the interface is very close to the wall, advection results in accumulation of
contours and high gradients in the vicinity of the zewsatour. The sign function, given Hsq.

(2.12), for the redistancing equation therefol®ecomes smearestross a increasinglysmall
spatial region. Relistancing under these conditions results in unphysical perturbations near the
interface, due to spatial disdization of O E @d. This phenomenon is illustratéa Figure 16.

The problem is further exacerbated due to subsequent adtismrface tension force on the
momentum equation, since the curvature corresponditing teerturbed regions will be extremely
high. The momentum solve will, therefore, result in very high local velocity magnitude. The high
velocity regions can be distilgtseen, next to sharp corners in interfacep ato® p 1T i
onwards (middle image)n Figure16. From a physics perspective, note that perturbationa o
droplet surface are unstable, and thus more difficult to resolve numerically, as compared to
perturbations on a bubble surfadee to the stalizing effect of the outer denser fluid in case of
bubble$92]. This dichotomy in the dynamics of droplets and bubbles can be explained

mathematically using the Rayleigraylor instability analysi§93].
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3.4.2 Local Time Step(LTS) Implementation in PHASTA
Two of the problems described in the previous sections, especially peripherakefield
contortion and interface perturbation during collision evemtsclude the target representative

DFFB simulations. This section des@sbthe cure for these problems, i.e., local time stepping for

the redistancing solveand its implementation in PHASTA. The realization for the need of a local

time step is based dhe following deliberations:

1 To prevent excessive levsét field contoibn, such that spurious interfaces do not manifest,
it is imperative to convey the interface information to the peripheral regions. Thus, re
distancing must be advanced for a sudfitly largetotal time, 3-f, after every levebket
advection step. Rdistancing iterations account for a considerable amount of total
computational time. Thus, a large CFL is desisedh that the characteristic waves travel
reasonable distangeomparable to the domain siae)15-30 redistancing iterations.

1 Choosing a higherdistancing CFL results in severe mass loss. It is desirable to effectively
0 f r e ez e-6ontbuh during redistancing iteration, similar, in principle, to the strategy
described by Sussman ef&8].

1 To avoid @mpounding perturbations near the interface during collision events a small time
step] f(or low CFL) is required for the ydistancing equation.

Steady state solution of the equation is given by the Eikonal eq(@4ihn

9% P (3.9

The slvaging property of the rdistancing equation is that it is formulated in pseudo ,time
therefore ach'Q € &n be evolved at a different ralEM-SUPGformulationof the redistancing

equationgives
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On expansion of the linear bagis,and the solution approximatidide B %00 (considering

tetrahedral elements), we get a system of ordinary differential equations,

[0
b== 4B (3.11)

whered is the mass matrix andl is the matrix obtained from the combination oheection,
force and SUPG stabilizing term, whige is the vector oexpansiorcoefficients.Considering
explicit forward Euler time integration (note that PHASTA also has implicit backward Euler time
integator, not shown here for ease of represematimplementation details with respect to local

time stepping are the same for implicit time integration),

B B yg 4 4B (312

where"YR is an array consisting of time multiplier corresponding to éaéh"Qote that
linear finite element basis are nodal, i.e., the expansion coeffigjerase the values of trecalar

at element nodesg-or the following studies the time arraydisfined as,

[ JM0)
sH B e P (313

0
11 €®/ 0N Q

Yi 1T

where, 0 'O is either the user defined CFL for the-distancing quation (and] 1 is the
corresponding calculated time step)the maximum of CFL values calculated for all etents in

case a constant time stef , is specified by the used. "® is a user defined CFL value for the
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local time stp, imposedupto a distance @& on either side of the interfac€he subroutine to
calculate’'Y s in PHASTA is included in Appendi&.4.1 Further, an additional routine was
added to implemeriq. (3.12), which makes use of the variable time array, included in Appendix

A.4.2
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Figure17: Time evolution of the leveset field contours and veIOC|ty contours duringpdet collision
with the LTS implementation. Perturbations on the interface do not compound with time.
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Figure 17 shows the resolution of the collision event for the same simulation setup as
introduced in sectiof. The CFL for near interface (p&j ) region was specified to a small value
ofu p 1, while the redistancing time step in the rest of the domain was kept the same as the
previous setuf, T v p 1. Twenty-two re-distancng iterations were performed after each
advection step. It islearly seerhat the perturbati@near the interface are stable over time from
Figure17, while preserving the distance field quite wibltoughout thesimulation. It should be
emphasized that introducing a local tistepping (LTS) mechanism for-tistancingdoes not
alter the pysics, i.e., the momentum or lexsst advection equation.

Another benefit of the LTS mechanism is its potential to amédoralume conservation
problem. By definition,Equations(3.12) and (3.13) greatly reduce the movement of the zero
contour across rdistancing iterations, thus providing sujprvolume conservation. As discussed
in some length inSection3.4.1.1 there have been several implementations in literature for
addressing the issue of volurmss due to the application of-déstancing equation. However,
most of these implementations focus on the treatment of spatial discretization. LTS provides an
easy mechanisno achieve the same goal with the treatment of the temporal discretization.
Demorstration of volume conservation with LTS is provided using tilewing setup. A & &
sphere was initialized at the center of a rectangular domanmafa with periodic boundaries
(lateral width wasy & &). A uniform underlying velocity field op & i in the xdirection was
specified. For all cases shown the advection timevesasdfixed] 0 o p 1 i. Forthe relevant
cases, the sign function for the-distancing equation was smeared across a distance of
™ W & and 10 redistancing iterabns were performed after each advection step.

Figure 18 shows the state of the levatt contours, for four different cases, after the

simulation is adanced for 5000 timsteps, equivalent to 5 complete flow throughs of the length
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of the computational domain. The case setups include puestamlv (Case 1), advection and a
re-distancing CFL of 0.1 (Case 2), advection with aisgancing CFL of 0.9 (Cas3) and
advection with a r@listancing CFL of 0.9 with a local tirstep CFL ofp 1t (Case 4). For each
image the initial zero contour, a circle on the shown esesfion, is highlighted with a solid black
line. Considerable madsssand zerecontour eéformationare observedeven for the case with
pure advection indicating that timesh is relatively coarse. For Case 2 it is evident that the re
distancing CFL is very low, such that thedistancing iterations are incapable of restoring the
distance prperty in the peripheral regions. This is the same problem, described in Se4tiog
which eventually leads to spurious interfaces under the effect of a turiseleaity field. Case 3
proves that a large CFL for thedestancing equation maintains the distance field in the peripheral
regions, howeverthe volumeloss for this case isevereThe contours of theelelset field for
Case 4, as shown Figure18, are maintained to a proper distance field in the peripheral regions
and the volume loss of the enclosedume is also, relatively, benignh@ mass loss for all cases
was also recorded though the simulations and is showkigure 19. It is evident that LTS
implementation preserves the ersgd volume well. Increasa enclosed volume for Case 3 is
seen due to contortions of the-faeld which, evidently, deforms the zexntour, reinforcing the

significance of adequate-tistancing.
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Figure18: Levelset contows, shown on the longitudil crosssection plane, after advecting througt
times the length of the domain, for four different case setups.
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3.5 Chapter Summary

Successful representative simulations of the DFFB regime, discusShdper 5 present
considerable challenges with respect to inlet boundary conditiordistaacing equation and its
implementatbn on large domains and for resolving droplet collision events and the, widely
recognized, volume loss problem duringdistancing iterations. This chapter details tieav
computational solutionthat were implementea iPHASTA for the resolution of thegeoblems
as part of this thesis warkargescale data collection from the simulations were made viable
through the implementation of MPI sabmmunicators and MPI parallel I/O in PHASTA.
Problems related to f@istancng in large domains and near the gled interface were jointly
addressed through the implementation of Idodak stepping mechanism for the-distancing
equation in PHASTA. This implementation was also showbdtierconserve the volume of
enclosed irdrfaces through rdistancing iterabns, demonstrated by a simpler advection test case.
Further, large scale implementation details of the droplet injection routine, required particularly

for the DFFB regime simulations, are also detailed inGiapter
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Chapter 4: Analysis of Single-phase Turbulence ina PWR Sub-channel

4.1 Introduction: Need for high-fidelity DNS Data

Developingauniversakurbulence model remains an exgtusive objective for researchers.

In complicated geometries, more relevant to industrialliegipns, the inhomogeneous
anisotopic nature of turbulence dictates the local flow features and hence the transport properties
affectingmomentum transfeheat convection, etc. Moreover, as noted by Wil@®{, owing to

the transport of large dies, the state of turbulence is not only a function of local strain rate, but
also depends on the upstream history. In most CFD codes, commercial esoopes two
eqguation linear eddy viscosity RANS models remaindixéacto turbulence modeling approa
However, linear formulation of the Reynolds stress terms simply lacks the required dimensionality
to capture secondary flow structures, as encountered in the curved geometry of a RWR sub
channel.

Various higherorder models exist in literature for RAN®roadly classified under two
categories, viz., the algebraic stress models (ASM) and the Reystidds models (RSM). The
former class of methods has a simpler mddah; the anisotropic components of the Reynolds
stress tensor are modeled by a #lioar constitutive relation, a function of the local mean strain
rate and rotational rate tensf#6,97] Determining the values of the coefficients in these
correlations, however, remains akhae n g e , resulting in ad hoc,
particular application (e.g[98]). On the other hand, in RSM the turbulent transport and pressure
strain terms are @kcitly modeled[99]. As a result, convection and diffusion of all terms of the
Reynolds stress tens@, 6 @&are automatically accounted for, a necessary model form to account
for upstream history &fcts. The resulting Reyrid stress transport equations are, however,

formidable to model, involve questionable assumptions, have limited applicability, and are
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plagued with stability and conservation issues while increasing the computational cost
significantly.

Owing to shortcomigs of the traditional RANS models, machine learning (ML) based
methods have, in recent years, invited significant attention. Recently Charjglel@umented
an extensive list of petble frameworks and thefiner nuances, for a datiriven modeling
approach. Their work concretizes the role of machine learning as a viable turbulence modeling
alternative. Deep neural networks (DNNSs) are purported to be universal approxib@dhréus
they have the tantalizing potential to implicitly capture the underlying complexity of turbulent
flows, given enough training data. The seminal work of Ling €1@l], for example, uses local
meanand rotation rate tensors, with embedded invariance, to predict the Reynolds stress tensor
terms. The method showed promising results in capturing the anisotropic behavior of turbulence,
demonstrating that DNNs can offer simiiimensionality as the ASMrd&RSM models. Several
researchers have later built upon this work (see [@02,103), adding more complexity to the
input array provided to the DNNs. More redgnML frameworks have alsbeen used for other
complex endeavors, such as boiling heat transfer predidtizt}, mesh optimizatiof105] and
coarse grid CFD error predicti¢h06].

Data collection, either from experiments or from hfglelity simulations, poses a major
bottleneck to the success of DNNs forbulencemodeling. Most of the aforementioned research
on ML based modeling demstrated their applicaticio relatively simpler geometries, mostly 2D
in nature. Extracting flow features from experiments, such as velocity and pressure gradients, with
high spatial and temporal fidelity remains a challenge. Even with high fidelity DNES
simulations, data I/@Bignificantly overshadows the scaling performance of the code, remaining

the most timeconsuming operations. For this reason, restart data from these simulations is
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sparingly written to the disks. To extract the underlying diaél features of a turbert flow, it
is imperative to have data available at high temporal resolution. The limited availability of data
precludes any data driven modeling of engineering flows (PWRS).

Using the MPI enabled data collection tools, intraatla Section3.2 data is collected
from the simulation in the primary domdirigure4) at high spatial and temporal resolution. The
virtual probes are prudently located throughout the length of the domain twectpe bulk and
near wall flow featuresExtracting the instantawous fluctuations in velocity, pressure and their
gradients provided the requisite statistics to calculate mean velocity, Reynolds and anisotropic
stress tensors at each of the probe lonatid-urther, an invariant analysis, following Lumley
[107], using the eigenvalues of the Reynolds stress tensor, is presented which illuminates the
evolution of the turbulence anisotropy along the axial lengthegtbchannel. Similar irdepth
analysis of the characterizatiohturbulence using the Lumley triangle was presented recently for
au v rod bundle by Busco et §08]. The data is archived and intended to bedufor the
development of datdriven turbulence models under ihéegrated research project (IRE)9]. It
should be noted that the simulation presented herein has the implicit assumption of periodic
boundaries aoss the lateral faces, as opposed to the existence of crossiowadtual PWR core,
which remains a limitation of the current analysis.

This Chapter iorganizd as follows. Two simulations were performed, relevant to the
operating conditions of the DBFregime (see Sectioh.3, for bulk Reynolds numbsfYQ
v Tt ipPTP Tt T(SEE definition in the following section). The simulation setup details are first
described along with the data collection details. The first order statestec compared with
existing, and widely accepted, data in literature forDN a typical channel i.e., flow between

parallel plates. Downstream axial evolution of the turbulence features is then discussed in detail
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forYQ ppnmoase. The emphasis on this Reynolds n
DFFB operatingspectrum. Further, the twghase simulations i@hapter Svere alsgerformed
for this Reynolds number. A short discussion of the remaining cases is presented at the end of the
chapter.
4.2 Simulation Setup

Mesh used for all singiphase simulations in primary domaliigure4, is shown irFigure

20. The hydraulic diameter of the sebannellO p & X @ &, given by,

0 —— (4.1)

whered is the area of the inlet crosection and is the wetted perimeter of the surface of the

fuel rods. The bulk Reynoldsimber for the sulbhannel is defined as,

, "6 O
YO ————— (4.2)

It is important to emphasize that the internal stristuspacegrids and mixing vanes, are not
considered in thdefinition of the hydraulic diameter and bulk Reynolds number. For this reason,
equation(4.2) is a better characterization for the accompanying auxiliary domain rather than the
flow conditions in the primary domaiklowever, owing to the complex shape of the spgoes

and mixing vanes, the above definition &R is also retained for clacterization of flow in the
primary domain[110]. For DNS simulations, it is essential to capture all the length scales of
turbulence. This enforces cell size restrictions for nedramal bulk region$111,112] The same
mesh is used for all cases with the first node point located at a wall distaxoe of T& @ o

(3w p ft a, for respectiveYQ cases, on alwall surfaces including spacgrids and mixing

vanes, where,
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(4.3)

w is the dimensionless distance from the wall, normalized by the friction fygloci T is the
shear stress acting on the saiiannel rod walls, estimated from Darcy friction factor for a pipe

domain of equivalent dimension§)113],

Q@ e ° Nt (4.4)
Extended boundary layers are used near the walls, with a growth factor of 1.2. The mean bulk
mesh resolutionsw p® 4 & p. The mesh is unstructured, consisting &5.8 M purdy
tetrahedral cells. Mean velocity at the inlet cresstion isp X® Xp & xa T, while the
kinematic viscosity of théluid is p& @ p 1 & 7i. Total length of the domain, as shown
Figure4, is 3.080 . The leading edge of the spacer grid block is at@.2&hile the trailing edge

of the mixing vanes is at a distance ofQ.4rom the inlet of the domain. The width of thpacer

grid strap is 0.5 mm.

Figure 20: Mesh for the primary domain consisting ofu & million purly tetrahedral element
Zoomed view shown for the boundary layer and bulk mesh near the inletseags (left) and the
longitudinal crosssection near the mixing vane location.

Fully developed turbulent boundary conditions were specified at the inletsgotisn of

the domain using the same strategy describe8ention 3.1 The auxiliary domain, used for
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capturing quassteady turbulence, has tsame near wall and bulk mesh resolution as for the
primary domain described above. The flow is developed to fully kembwnder a pressure
gradient body force ofx Bt & X8 o QT { per unit volume, fothe respectivéYQ cases.
Data was captured from the auxiliary domain using a constant simulation time sze of
L8PSt * { The same constant time stepesizas used for corresponding simulations in the
primary domain to avoid any loss in temporal or spatial resolution at the inlet boundary. The
primary domain is initialized with a constant velocitydof  in the axial direction while zero in
both transverse directions. Further, a constantguesof zero is initialized throughout the domain
and a zergpressure boundary condition is specified at the outlet. Simulation is advanced to a long
enough time for the turbulent inflow boundary to advect thnougy the domain before
commencing data coliéon.
4.3 Data Collection Method

To capturehe full timetransientdata from the primary domain, veelectthe location of
the probes using a priori location estimates, independehteainderlyingcomputationalmesh.
Figure21 shows the configuration of probes used in this stlilirty equidistant probe planes are
placed in the domain, starting at the inlet sresction. The axial distance between any two probe
planes is, thugw o & px B 1. At each plangéhe probes are organized in 20 loci spanning
each quadrant, from the rod walls to the center of the channel (three such loci are highlighted in
the fird quadrant inFigure 21). Each locus has 37 probe points whysblds a homogeneous
configuration of probes, with respect to distance from the waliradés for obtainingurbulence
statistics. The first probe is at the same distance from the wall as the first mesh node point and the

subsequent probes are placed distance corresponding to a growth factor of 1.2, consistent with
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boundary layer meshin Each plane has 2960 probes, while the entire domain has 84,908 probes,

omitting the extraneous probes in the spacer

Figure21: Probe configuration for data collection on a plane. piudes are organized into 20 loci
each quadrant, yielding a homogeneous distribution. All planes, along axial length, shown o
totaling 84,908 probes.
Since theenergy cascades from length scale of the largest eddies, an estimate for the
Kolmogorov time scalef , can be obtained from the corresponding bulk Reynolds number for
each casd114],

0O
0

o}
T D 5 (4.5

tRYQ T c@k@T i

wheret is the time scale for the largest eddies with corresponding length &cadgqual to the
hydraulic diameer and velocity scal®, , equal to the bulk mean velociflyaylor microscale gives
largest length scale at which dgstion occurs (scale of smallest eddies). As given by Pdgs,

the time scale correspdimg to the Taylor microscale is given by,

Vp o Tipimst ob i (4.6)
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Data was collected and averaged from the simulations for a total tinpedf® & i, equal to
approximately v Tthy ¢ ¢ for the respectivé¥Q cases based on equati@®b), amounting to
over 80 GB of data for all probes from each c#seonstant time step size of8ip8t © iwas
used for both simulations during the dtion of data collectiorNote that for obtaining average
guantities, all probes in a loci at corresponding locations (recall that each locus has 37 bins) are
accumulated from all 80 loci in a plane, showifrigure21. This groups all probes with the same
approximate perpendicular distance to the nearest wall in one bin. However, this may not be
necessarily tre for bins that correspond to probes located near the center of the subchannel, as can
be deduced frorigure21by t he Oshapedé of different | oci
4.4 Upstream Turbulence’ Comparison with Existing DNS Simulations

For comparison with existing DNS data, we focus on the results obtained for the plane at
@ T (or equivalentlyfrom the auxiliary domain). Most widely used benchmark DNS data in
literature is proiwded by Lee et gl115] for a typical flow channel. To enable a direct comparison
with this data, the coordinate system is ratafer each probe location, ahown inFigure 21,
frome dQtoo £, (rod) wall tangentiahormal direction, with the normal pointing into the sub
channel. It is important to clarify the definition of the friction Reynolds humber huesexdfor the

sub-channel,

YQ — 4.7

The perpendicular dimensionless wall distance from the center of tfhanhel to the rod walls,
given by Eqg. (4.3) is 3w p p® pc c8px. For thetypical flow channel[111,116] the
rationale for the definition of friction Reynolds number is that it yields a value close to the

dimensionless wall distance from the center of the chann&inghaubsequent analis intuitive
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and convenient. Maintaining a similar convention provides the explanation for the factor of 1/3 in
Eq.(4.7), whichgves'YQ p phgo
4.4.1 Mean Velocities

Figure22 shows the comparison of normalized mean streamwise components of velocity
(Y  TY¥6), obtained wittPHASTA from the auxiliary domain, with the results obtadrfeom
DNS simulations by Fang et [dl17] for a similar sukchannel and with that of Lee et[&ll8] for
a typicalchannel (flow between parallel plates). Excellent agreeiseoibtained near the wall
(0w v) for both cases with existing DNS data, ensuring that the mesh resolution and selected
probe resolution captures the essential viscouslagudy profile. Two differentYQ cases are
shown from the data by Lee et al to illuminate the effestakasig Reynolds number on thg
profile. The sukchannel results show the same trend of a decrease™ th@ue with increasing
Reynolds number as that of channel data in thedger region ¢ T «  p mM)ITHowever,
comparison with theut-channel data dfang et a[117] seems to violate this trend. T
p p mase shows better agreement with tH@ v o mase by Fang et dlL17] which is
unexpectedNevertheless, the presaesults show good agreement in the trends observed in the
log layer region. Discrepancies in thg layer profiles with the channel data of Lee et al can also
be owed to the difference in geometrical configuration (also notéehbyg et a[117]). The Log

law of the wall is given by,

Y Wi i 6 (4.8)

The above relation was fitted for both cases using the dataiinc  p 1 region. A value of
I ™ tandm@ owas obtained foiYQ=110 and 230, respectivelghown inFigure 22. As

pointed by Lee et dl118], the chace of the above parameters is arbitrary. Different values have
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been reported by different researchers, from expegrtal and DNS sources. For instance, the high
Reynolds number cases reported by Lee ¢1LHB] gave a better fit with the parametelts,

™ YD 18 X The earliest DNS simulation for a channel by Kim ef14ll], for a modest
Reynolds number of 3300, showed a better fit With T8 5  u®. Bailey et a[119] determined

I m& for pipe flow from experimental observatioriBope[114] provided a value ofl

™ 5 1@ ¢with an uncertainty of 5% for wall flows, in genetdhgib etal [120] consolidated
experimental data for channel and pipe flows in their study, reaching the conclusion that there is
no consistent value fdrand that it is dependent on the geometry of the flow. Moreastdw the
present study, Fang et[aR1] providedl 1@ aand 0.42, whiléd @&, for their simulations

in a PWR sukchannel with similar dimensions, foYQ ¢ @ x ¥Q v o)rand 80,774

(YQ p o 1), Tespectiely.
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Figure22: Comparison of the present simulations with DNS data for a&ckabnel by Fang et §l21]
and channel data by Lee e{H18]. Note that the plot on the righhows a zoomed view, limiting to
300.

4.4.2 Reynolds Stresses

The profile obtained for the normalized principal Reynolds stresses, defined as,
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(4.9)

IS given inFigure 23. For a comparison of the trendline, the profile obtained from the data
provided by Lee et gl118] is also shown. Note that a direct comparison of Reynolds stress
magnitude with the channdhta is infeasible due the difference in geometry and the length
scales used to define the friction Reynolds number, which for ameh&srequal to its haividth.
Nevertheless, juxtaposition of the current results with the channel data reveals minporta
similarities in the profiles, especially in the near wall region for all principal components. The wall
normal componenty , shavs a tendency for steeper gradients in the viscoudasel region,
while the streamwise componeiM, , and angential component , have a very similar growth
trend to the channel data. Similar to a simple channel, most of the energy for tteasubl
geometry is contained in the streamwise fluctuations. Further,"vthe value peaks at
approximagly the same wall distancey 1 @w  p Y, and then decline through the Hayer
region. The wall normal componerny, , on the other hand showssanificantly different
behavior in the logayer region for the subhannel. For thé&YQ ¢ o mase theY profile
plateaus in the lotpyerregion, while forYQ p p the energy inY continue to increase
through the logayer region up ta> D g mTand then declines thereafter. The-lager trend for

the tangential componeM is also very similar to the channel data, with a peak obtained &t

T tfor both geometries. However, thé profile plateaus towards the outer layers for thie- s
channel more rapidly as compared to the channel data. The turbulent éimeztiy (TKE), given

by the trace of the Reynolds stress tensor,

~

< 4.1
0 (

N 10
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is normalized by the friction velocitfQ "C¥6 ) and shown inFigure 24. The TKE data
provided by Fang et §121] is also included in the comparison. Since the streamwise fluctuations
contain most of the energy, the profieviery similar toY profile for allcases. The TKE profile
increases for increasing Reynolds number for bothckamnel and channel cases, as expected.
Note that the sulbhannel study by Fang et al did not provide the results for individual Reynolds
stress components. The secondary Reynalesses)Y and'Y , have negligible energy
contained in them for both channel and-shlannel geometries and therefore can be justifiably
neglected from a modeling perspective. The trendliné’forcomponent shows a more coherent
profile for thechannel geometry, while for the sabannel cases the energy contained inwas

found to be negligible. All normalized secondary stress profiles and their comparison with channel
data are shown in Appendi.5 Their digussion, however, becomes more important for the
downstream location in the primary domain due to the effects of mixing vanes, as shown in the

Sectiond.5
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Figure23: Normalized principal Reynolds s8s profile obtained from the simulations. Profile from
channel data by Lee et[al18] also shown for comparing trends.
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Figure24: Comparison of normalized turbulent kinetic eneprofile for present simulation with sul
channel simulation by Fang et[aR1] and channel simulation by Lee e{h18]

4.4.3 Invariant Analysis

The Reynolds stress tensondze decomposed into isotropic and anisotropic components,

o@D ¢Q %' @ (4.11)

where] is the Kronecker delta ad is the normalized anisotropy tensor,

O o (4.12)

The eigenvalues associated withare given by the characteristic polynomial,

AA® _Omt _ 0 'O0_00m (4.13

where,8 is the matrix representation of the tenéorand Q"O#hd O"@f@ the coefficients of the
characteristic equation. Owing to the Caylégmilton theorenjl22], which states that theatrix
0 satisfies its own characteristic equation, the coefficients of the above equation can be calculated

as (see Popd14] for details),
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0 016 _ (4.14)

OOEOIO 010

‘00@ AD
where} are the eigenvalues @ . The coefficients of the characteristic equation are also
referred 6 as the tensor invariants, since they remain unchanged under coordinate transformations.
Owing to its definition, equatiod.12), @ has zero trace, implyin@® 1 and that only two
independent eigenvaluesist. Further, Lumley122] showed that none of the eigvalues ofb
can be smaller thanpXo nor greater thaqfo, as that would result in either one or two of the
principal Reynolds stress components geaxactly zero. Therefore, owing &q. (4.14), the
second and third invariants are also constrained and can be represented by a, so called, turbulence
triangle, shown irFigure250on a ) i) ) doordinate system. All realizable turbulence must lie
within the turbulence triangle, otherwise the eigenvalues of the anisotropic stressiieaser
negative or complekl14]. A more conveniemntepresentation was introduced by CH®3] on a

v s coordinate system, defined as,

: ‘OO (4.15

— "Ore
The above transformation also yielaldriangle, famously known as the Lumley triangle, which
demarcates all realizable turbulence by straight lines, zoomed view sh&wguia26 (for a full
view of the Lumley triangle boundaries see Appemlix). The annotations shown on the figures
for the boundaries of the triangles are for the shape of the Reynolds stress tensor, as opposed to
the shape of the turbulent eddies (see Simo[is&f} for details on how the shape of a tensor is
evaluated). The origin of the triangles represents 3D isotropic turbulence, wherein all eigenvalues

are exactly zero. The left and the right boundaries, emanating frgin,dooth correspond to
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axisymmetric tirbulence, with two equal eigenvalues. For the left face, one eigenvalue is smaller
than the other two, resulting in a pancake shape for the stress tensor, while the right face has one
eigenvalue larger than the otheo, resulting in a cigar shape. Thdremity of the left face, thus,

results in the smaller eigenvalue approaching zero, a 2D isotropic state. The right face extremity
results in the two smaller eigenvalues reducing to zero, resulting in a 1D turbuleeckne
connecting the two extrem#s have two prominent, although unequal eigenvalues, indicating
anisotropy. Choi et 4l25] and Lee et dlL26] collected experimentalata for different conditions,
expectd to yield different anisotropic states, and characterized them on the Lumley triangle. Here

we keep the discussion focused on the state of turbulence in channel -@whdusodl flows.
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Figure25: Turbulence triangle analysisrfthe current simulation witlyQp p (teft) and'YQ 230 (right),
compared with channel data of Lee ef126].
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Figure 26: Lumley triangle analysis for the current simulation witRp p fieft) andYQ230 (right),
compared with channel data of Lee €tl&6]. Zoomed view of the right corner of the triangle is sho
(See AppendiA.6 for the complete Lumley triangle)

In Figure25 andFigure26 the profile obtained from the channel data by Lee Eitld] is
compared withtheA  p p and¢ o cases for serchannel geometry, from present simulations,
on the turbulence and Lumley triangle, respectively (Note that Led¥it&ldid notpresent this
analysis. It has been extracted from the data available offig2ily). The data by Lee et al is
mapped onto the triangle such that the near the Wall, v, turbulence is 2D anisotropic, almost
coinciding with the line joining the two extremities of the triangles. Combiniegkiiowledge
from the trends observed iRigure 23, the eigenvalues are expected to correspond to the
streamwise and tangential directions, with the major eigenvalue (and hence energy) corresponding
to the streamwisdirection. As distance from the wall increases, turbulence tends towards a 1D
state, comsponding to maximization of energy in the streamwise component of stress tensor,
peaking at aroundo . Further away from the wall the turbulence tends towards an
axisymmetric shape, with the streamwise component being larger than the other twohevhile t
magnitude of the tangential and wall normal components are comparable, also affirfgaréy
23. Towards the center of the channel the state, rgralong the axisymmetric line, tends towards

isotropy. It is interesting to the note the effect of Reynolds number of the flow on the state on the
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Lumley triande. For 2A v v mhannel case, the near wall turbulence has a stronger 2D
anisotropic charactersacompared to th&A p P ase, implying that the latter case
predominantly contains energy in the streamwise component. Further, in the transition region and
beyond2A  p y tase shows a stronger axisymmetric character thad&he v v tase. The
2A  p Y ase also reaches a closely isotropic state near the channel center as compared to the
2A v v case.

For the current subhannel simulations, the invartasrwere extracted for the center locus,
highlighted inFigure21in red, and the resultant profile, as a function of wall distance, is plotted
in Figure25 andFigure 26, for both2A  p p and 230 cases. Near the wall, the trend matches
that of the channel data, a 2D profile tending to a 1D state vatbasing distance from the wall,
although for2A p p case the trend was found to revers&at p pFurther away from the wall
the profile, similar to channel data, follows the 2D axisymmetric border closelAor p p T
case the profile in the transitioayler region is more axisymmetric than ok ¢ o ecase. Into
the loglayer region the anisotropy for the latter casevienestronger, exhibiting a more random
variation as we move further along the distance to the wall. Overall observation of thewitbfile
increasing Reynolds number suggests the same conclusion as the channel data, i.e., the turbulence
gets more anisotpic, both in the near wall region and away from the wall, as the Reynolds number
is increased.
4.5 Downstream Evolution of Turbulence for4 m @ Case
4.5.1 Mean Velocities

From the perspective of modeling the effects of spacer grids and mixing vanes on the
convective heat transfer enhancement, it is imperative to understand their effect on the downstream

dynamics ofthe flow. Figure 27 shows the normalized mean velocity profiles at two upstream
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(including the inlet) and six successive downstream locations. Note here that the wall distance
is normalized by the frictiondocity based on the bulk Reynolds number at the inlet. Thus, the
classifications ofo into viscous sultayer, transition layer and lelgyer regions is not directly
applicable for local downstream conditions. However, we retain this normalizatidackoof a

better alternative and to maintain uniformity throughout the axial length. Recall that the leading

edge of spacer grid is at the normalized coordirate, @& ¢while the trailing edge of mixing

vanesis at— p8&. Evidently,the mixing vanesransfer a significant amount of axial momentum

of the flow to wall normal and tangential components. The change in the streamwise velocity
profile is not very significant in the near wall regidh (o Jt however, it is significantly duced
in the immedate wake of the mixing vanes. The axial momentum is recovered to some extent as
we move further downstream from the trailing edge. The mixing vanes, both, force the fluid
towards the wall from the bulk, as can be seen bggatve 'Y at the subchannelcenter, and
induce a swirl or tangential component. There is a distinct transition in the lateral velocity profiles
at a half distancap  p 1,1irom the wall. The wall normal velocity component switches sign
near this locatin, while the gradient of thtangential component undergoes a sharp change. This
trend is sustained for the downstream locations, although the magnitudes are attenuated. The
tangential velocity witnesses a very sharp increase in the near wall regiond 1, followed by
a decline inthe transition layer region. It is interesting to note that the direction of tangential
velocity changes its direction at downstream locations, at progressively lower wall distances. At
further distance downstream, the dantial velocity in the near watkgions approaches zero,
however, it is sustained in the bulk, in the opposite direction.

A more intuitive understanding of the mixing vane effect is provided by the contour plots

of mean velocities, with respectxe/-z coordinate system, shownhingure28. Note that the data
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is reconstructed for the entire plane of prollegure21, at downstream locations using a linear

interpolation ofdata at each probe location. The induced swirl is evident in the mean normalized

streamwise component at p® T the immediate downstream location of the ngxiranes,

with a distinct core region where the streamwise momentum is transferred to lateral momentum.
Y progressively diffuses as we move downstream, leaving a primary vortex kernelsaith
channel center. The sharp momentum imparted tceand w component at the center also

diffuses progressively downstream.
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Figure27: Comparison of upstream and downstream, relative to spacer grid, normalized toe&y
profiles (lateral coordinates are rotated<¢o= ).
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4.5.2 Reynolds Stresses

Observing the normalized principal Reynolds stress profiles, showgure 29, it is
evident that the mixing vanes impart a significant increase in energy to all components at the
downstreamocation. The gradients 6f andY are increased in the neaall regions @
p )t as compared to the upstream profile, and decrease progressively downstream. Further from
the wall 0 T w p mrthe trend for downstream profiles of is similar to the ugtream
profile, however, further towards the center ofshe-channel another component is added due to
the presence of mixing vanes. An especially sharp increase can be seen in the immediate wake of
the mixing vanes. However, this additional componeteinagates relatively rapidly as we move
further downstreaniThe wall normal and tangential components are relatively insignificant in the
upstream regiorlY component shows an almost five magnitude order increase in the ¢egidn
p 1t while the increase ilY are more gradual as we move away from the wall. Major
enhancement for botd and’Y are seen in the wake region, withich gaining 3810 timesof
magnitude increase, even greater than the enhancement of thewiseatomponenty . Note
that in alignment with the change in gradient of the normalized velod#igee27, the normalized
principal stresses also witness a change in theiil@mfthe vicinity ofw D p 1T, mhich indicates
the boundary of the wake region. Although insignificant for the upstream region, the secondary
stress components acquire significant gpein the downstream region, shown kigure 30,
especially towards the center of the sliannel. This is indicative of a highly anisotropic flow, as
further explored in Sectiofh.5.3.

The contour plots of the normalized Reynolds stress compondfitpuire 31, reveal their

organizaions at successive downstream locatians ¢ co-ordinate system). The wake region of

the mixing vane at— p® Tis distinctly identifiable from thé&r profile and coincides with the
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corresponding low velocity regions for the streamwise compariemtocity shown irFigure28.

Clearly an organization of the momentum in these regions results into immense attrition,
manifested as high Reynolds stresses in local regions. Similar enhancement of energy is also seen
forthe'Y andyY components. Since the contour profiles extracted at successive downstream
locations, deductions can be made about the transport of Reynolds stresses. A massive production
source is contributed by the mixing vanes, however, further downstream mhecaie
characterized by a dominant dissipatterm for all principal components. Their evolution is also,
evidently, controlled by the mean convection term, since the high intensity regions tend to rotate
clockwise, suggesting a centrifugal effect du¢h® swirl caused by the mixing vanes, asisee

Figure 31. These observations suggest the importance of, often ignored, history effects for
modeling turbulence in complicated geometrlesaust ke emphasized hetbat dl existing and
recognizedvall-boundedDNS simulations in literature were performed on simple geometries, for
example flow between parallel plaf@d.8], Couette flow128] or flow in a pipg129,130] where
turbulence retains homogeneity in, at least, the streamwise direction. For the present domain,
however, internal structureshibit homogeneouand isotropic turbulence, its state being a strong
function of the upstream conditions (see Secdfidn3). The secondary stress contours, shawn

Figure 32, show a similar massive gutuction source contribution from the mixing vanes at the
immediate downstream location. Their downstream evolution is, again, controlled by advection,

in both axial and lateral directions (clockwise rotation) and dissipatiorster
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Figure29: Comparison of upstream and downstream normalized primary Reynolds stress profiles
coordinates are rotated @ = ).
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Figure 30: Comparison of upstream and downstream normalized secondary Reynefds stfiles
(lateral coordinates are rotated #0 =).
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