ABSTRACT

BROWN, CAMERON SCOTT. Spectral Casaadeort Turbulence Model Development for Fwo
Phase Flows. (Under the direction of Igor A. Bolotnov.)

Turbulence modeling remains a challenging problem in nuclear reactor applications,
particularly for thke turbulent multiphase flow conditions in nuclear reactor subchannels.
Understanding the fundamental physics of turbulent multiphase flows is crucial for the
improvement and further development of multiphase flow models used in reactor operation and
safety calculations. Reactor calculations with Reyneludsraged NavieStokes(RANS}ypproach
continue to become viable tools for reactor analysis. Téregoing increase in available
computational resources allows for turbulence models that are more compleax tia traditional
two-equation models to become practical choices for nuclear reactor computational fluid dynamic
(CFD) and multiphase computational fluid dynamic-GWD) simulations. Similarly, increased
computational capabilities continue to allow forghier Reynolds numbers and more complex
geometries to be evaluated using direct numerical simulation (DNS), thus providing more validation
and verification data for turbulence model development. Spectral turbulence models are a
promising approach to MCFD isnulations. Thesemodels resolve mean flow parameters as well as
the turbulent kinetic energy spectrunreproducingmore physical details of the turbulence than
traditional two-equation type models. Previously, work performed by other researchers on a
spedral cascadearansport model has shown that the model behaves well for single and bubbly two
phase decay of isotropic turbulence, single and-ptase uniform shear flow, and singhase flow
in a channel without resolving the neaall boundary layer forelatively low Reynolds number.
Spectral models are great candidates for multiphase RANS modeling since bubble source terms can
be modeled as contributions to specific turbulence scales.

This work focuses orthe improvement and further development of ¢éhspectral cascade
transport model (SCTM) to become a thudienensional(3D) turbulence model for use in NCFD
codes. To aid in SCTM development and validation a spectral analysis of single guith$&o
bubbly DNS data in different geometriemsperformed with investigation of the modulation of the
turbulent kinetic energy spectrum slope due to the presence of bubbles. A new spectral analysis

technique was developed to show that modifications to the energy spectrum slope are due to the



presence of bubblewakes. Spectral analysis results are essential aidsurinulence model
development and validatianFurther work on the oneimensional(1D) SCTM formulatiorwas

performed to improve model behavior for higher Reynolds number channel flow than previously
examined, where the boundary layer close ttee solid wall is now resolved and good agreement

was achieved between the SCTM and DNS data. The SCTM was then implemented into the 3D M

CFD package NPHASHFD and tsted for turbulent singlgphase, monodispersethubbly two-

phase, and polydispersed bubbly tyhase flow in various geometries. The SCTM predictions were
compared withthe ¥ Y2 RSt X SELISNAYSydGlt RFEGIEZ | ysko 5b{ RI
improve and develop the SCTM and subsequently pravideaumerical framework for the SCTM to

be used in MCFD predictions of multiphase flow in complex nuclear reactor geometries.
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1. INTRODUCTION

Understanding the fundamental physics of multiphase flows is imperative in industries such
as nuclear and chemical engineerif@pfety and thermahydraulicanalysis of current and future
generations of nuclear reactors can benefit extensively from high fidelity predictive capabilities of
multiphase flows.Multiphase computational fluid dynamicsM-CFD) approach allows modeling
three-dimensional(3D) distributions of gas/liquid volume fractions as well as mean velocities and
turbulent parameters in various geometrids nuclear reactor related geometriesl-CFDmodels
must account for intricate flow scenarios such as flow around spacer grids, mixing varles, fue
bundles, etc. M-CFD is more difficult than singlghase turbulence modeling since bubble
interactions with the liquid turbulence must be modeled to achieve cloglire

As computational capabilities continue to irese direct numerical simulation (DNS) is
becoming more affordable for representative nuclear geometrigs while fullscale reactor
modeling with Reynoldaveraged NavieBtokes (RANS) type turbulence models is antibrizon
[3-5]. However, multiphase turbulencénteractions must be well understood and the physical
models of such processes must be validated in reactor relevasrngtries and flow scenarioBNS
provides data to quantify bubble interactions with the liquid turbulence for the development of
more physically soundlosure terms to be used in the most common turbulence models suck as k
[6] (or k. [7], SST8], etc.), as well as turbulence models that aeiry developed specifically for
multiphase reactor relevant applicatiof@-11]. DNS also provides results that can be useds®ess
existing turbulence modelingpproaches as well as to develop more physidadiged spectral
turbulence moded. Spectral turbulence models provide more flow statistics than traditional- two
equation models (i.e. the turbulent kinetic enerGyKE)ppectrum) and are desirable choicéor M-
CFDsince bubble source terms can be modeled as contributions to specific turbulence $oales.
polydispersed flows, the contributions of bubbles of different physical characteristics such as size
andvelocitycan be quantified separately in terms okih contributions to theTKE spectrum

In this work, thecontinued development and improvementof the spectral cascade
transport turbulence model (SCTKY become a 3D turbulence model available for use HCKD
codesis presented. The onedimensional (D) SCTM formulation was improved and validated

against DNS data using a software package for the solution of partial differential equations (PDES).



The SCTM formulation was extended to 3D and the model was implemented into a powetitDM
code. Simulatios of turbulent singleohase flow, monodispersed bubbly twhase flow, and
polydispersed bubbly twphase flow were performed using the SCTM turbulence closure option in
the M-CFD codeA supplemental spectral analysis of DNS data in different geometresnigle and
two-phase bubbly flowsvasperformed to provide SCTMumericalvalidation dataand investigate

the TKE spectrum in different geometries for bubbly twase flows A new spectral analysis
technique was developed to show that modulation of fR€E spectrurslope in bubbly twephase

flows is due solely to the presence of the bubble wakes.

1.1 Literature Survey

System and subchannel analysis codes have difficulty predicting local heat transfer
information [3] as wel as complex3D information about coolant mixing, flow, temperature, and
pressure distribution in reactor fuel assembli@g]. All this information is important for improving
nuclear reactor thermahydraulc analysis and, as a result of the coupf@d/sics, neutronic and
material performanceconsiderations as welM-CFD analysis of nuclear reactor behavior using the
Reynoldsaveraged NavieBtokes equations anarea ofactiveresearch.

RANS models soltke Reynoldsaveraged equations for the mean velocity figldther than
the instantaneous velocity field such eEsDNS(or large eddy simulatiofLE$ at large scale)but
capture consideralgl more flow physics thasubchannel analysis type modelie bllowing review
of literature will show the mathematical basis for RANS turbulence modeling and how current wall
resolved tweequation turbulence models are formulated 181.1). Followed by an overview of the
turbulent kineticenergy spectrum and spectral RANS model$.18L.]) as well as some discussion
on the current stateof-the-art for M-CFD with turbulent viscosity closure models for the RANS
equations (81.1.1.2. Finally, some literature is presented on the turbulent kinetic energy spectrum
in two-phase bubbly flows along with difficulties in obtaining the spectrum in both experimental and
numerical domains due to the passage of the bubble over an experimentalroerical probe (8
1.1.2.



1.1.1 RANSModels

The Reynoldsveraged equationfor the mean velocity fieldre acquired by time averaging
the NavierStokes equations. ThRANSequations are available abundantly in the open literatu
with differencesin notation. Following the notation of Wilcg%3], the Reynoldswveraged equations

for mass and momentum, respectively, are:

_ g 1.1
o (L1)
Y LY To T .

T " Y — —. —— ¢Y 700 .
0 Tw T wTw G (1.2)
where[13]:
% = mean velocity vector
@ = position vector
: = density
0 = pressure
: = molecular viscosity
Y =- — — = strainrate tensor
0 = fluctuating velocity

Equations 1.1) and (.2) are the RANS equations for the mean flow for incompressible, corstant
property flow. These equations are analogous to the NaBtkes equations for the instantaneous
flow field except for the appearance of tlied correlation that represents the timaveraged rate
of momentum transfer due to turbulencfl3]. The "6 6 term is known as the Reynoldsress
tensor denoted by " T . Therefore;t is the specific Reynolegress tensar

T 00 .3
The expansion of theymmetric specific Reynoldsstress tensor{ 1t ) is shown in Equation
(1.4). Upon inspection of Equatiod.4), Reynals-averaging the Naviebtokes equations resulted in
six additional unknown tensor terms with no further addition of equations. This defines the closure
problem of turbulenceexamination ofEquations 1.1), (1.2), and (L.4) specifies that the unknown
terms are the pressurghree componentof meanvelocity, and the six Reynolds stress terms for a

combined total of ten unknowns. However, only the mass conservation (Equatit)) @nd



momentum conservation for the three velocity components (EquatibB)) existsfrom Reynolds
averaging Therefore, the systemof ten unknowns and four equationsas yet to be close@nd

additional equatbns are needed to determine the Reynolds stresses
606 60 00
t 66 006 060 (1.4)
The RANS equations are closed by the solution of the Reyswldses determined by a
turbulence model, either through the turbulent viscosity hypothesis or by modelling the Reynolds
stressdirectly [14]. Turbulent viscosity models use the Boussinesq edsigosity approximation to

compute thespecificReynolds stress tensor as the product of an eddy viscosity and the mean strain

rate tensor[13] such that:

tooY 2 (L5)
wherek is the TKE defined to lmne-half of the trace of the specific Reynedttess tenso
Q géé go b0 (1.6)
where the repeated index of the Reynolds stress tensor term presumes summation. Note that the
diagonal components of the specific Reynedtess tensor represent the normal stresses while the
off-diagonal components represent the shear streqd4€§.
Therefore, given the distribution of turbulent viscosity the RANS equations can be blpsed
substituting h the Boussinesq definition of the specific Reyndttess tensorEquation 1.7)). This
is a convenient closure the RANS equations since the unknown Reynolds stresses can be related
directly to mean flowguantities to closahe system.
Y YT pT_

o To o ' o

0 %” Q €7
where
' o (1.8)
Finally, under the assumption that the Boussinesq approximation is valid, all that retmains
solve the RANS equations for the mean flow parameatets determine the appropriate diribution
of the turbulent viscosity (sometimes efed to as the eddy viscosityr eddy diffusivity. The

turbulent viscosity can be written as the product of a velooityand length scaléi (Equation £.9)).



Specifications of the velocity and length scale to determine the turbulent viscosity are the historical
basis for the development of the multitude of RANS turbulence models in énatlitre.
' o d (1.9

Earlyconsiderations of Prandfl5] defined the distribution of turbulent viscosity in terms of
some mixing lengthbased onthe geometry of the flow[14]. Such mixing length models are
considered algebraic models where the relationship between the turbulent viscosity and mixing
length must be identifiedn advance. Mre advanced algebraic models include the CelSmeith
model[16] and the BaldwiH.omax mode[17]. Turbulence modeling approaches haawolvedwith
the increased computationalgwer to perform numerical simulation@igurel.l). Specifically, one
equation and tweequation models have been developed based on the turbulent kinetic energy
transport equation.Complete oneequation models (i.e. the turbulendength scale is determined
by model equations) have been proposedBsldwin and Bartlil8] as well as Spalart and Allmaras
[19]. Two-equation turbulence models are inherenttpmpleteand constitute the most widely used
approach to turbulence modeling in practice today. More specifictily k-# [6] and k-. [7] two-
equation models areften used in CFDith the k¥ modelbeing the most common and available in
most commercial CFD cod¢$4]. Pope [14] notes that from the two modelked quantities of
turbulent kinetic energy k) and disipation rate ¢) alength scale 0 Q! j- , a time scale
t Q- , and a quantity of dimension of the turbulent viscosii®j - can be formedMany two-
equation type models have been developed that make use of the TKE transportagwéth some
other second equation involving the turbulence length scale. For example;the ¥ 2 RSt 2 F 2 A f
[7], thek. Y2 RSt 2 7F [2p|LtRik ArhotleBof Fobinert et ab[21], andthek] . Y2 RSt 2 F

Zeierman and Wolfshteif22] to name a few found in the literature.
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Figure 1.1. Turbuleme modeling approaches with increasingnguutational requirementand
resolution. Note that LES still requires a subgidle model that usually employs the Boussinesq

approximation.

HighReynolds number (HRN) turbulence moddts not resolve the neawall turbulent

boundary layer and appropriate boundary conditions must be applied to the TKE and turbulent

dissipation equations. In most turbulence models for simiiase flow, the logarithmic law of the

wall is applied as the boundary condition to defthe velocity at some distance from the wHlB].

In general, HRN turbulence models resolve the turbulence down to a dimensionless wall coordinate

value (o , see Equation1(14)) of abait 30. LowReynolds numbefLRN}urbulence models resolve

the turbulence through the boundary layer all the way to the wall or solid surface of interest.

Numerous turbulence models exist for such wailnded flows and some examples specific to the
k-t WeRare those of Jones and Laundé}, Launder and Sharni@23], Lam and Bremhorg®4],
and Chierf25]. Wilcox[13] has provided a form of theek Sljdzr GA2y a (KL G

FNE 02y

these models such that the only differences arise in model constants and damping functions:. The k



equations are shown here as they ageen by Wilcox[13] for steady, incompressible boundary

layer flows where the direction denotes the direction normal to the solid surface.

R R TR . C 1
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where dissipationy) is related to- dy:
- - - (1.12)
The- term is the value of the dissipation at the wall surface andefineddifferently for each of
the models. The eddy viscosity formulatior1i8]:
6 Q0

thus depending on the modeledl y R 8 (G2 Of2a$S (GKS w!b{ &aeaasSy 2
models include five empirical damping function®iORQR hand ‘O that depend on the

(1.13)

dimensionles parameter§l3]:
Yo —hY —hae — (114)
For completenesmodel constats ard damping functiongor the Chien k Y 2[#J%fe shown in
Equation {.15).
M p Q8
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A few observations should be made concerning the Ckien Y2 RSt A y.10P¢lj dzI G A 2y

o c

(1.15). First, he right-handside (RHS) terms in the equation for TKE (Equalid®)j are those of
turbulent production, turbulent dissipation, and vise® and turbulent diffusion, respectively.
Second, the surface boundary conditions are -+mnitive for the empirical dissipation rate

transport Equation1.11). While the neslip boundary condition at the solid surface indicates that



must vanish at the boundarfi3] the value is not so wetlefined for the dissipatiorand some
assumption of the dissipation value at the boundary must be madérd, thenearwall models for
kands® | NB 1jdzZAGS SYLANROIf IyR GKS LINBaSyoOoS 2F (K

must be accounted for through use of damping functions.
11.1.1 Spectral RANSModels

Richardson26] was the first to introdue the energy cascade notion that kinetic energy
enters the turbulence due to some production mechanism at the largest sealdsis then
transferred successively to smaller scales until the energy is removed at the smallest scales due to
viscous dissipatio[14]. Kolmogoro\j27] identified the smallest scales of motion in the flow and the
smallest length, time, and velocity scales are justly known as the Kolmogorov scales. deithard
theorized that the turbulence is composed efidies ofvarious sizesepresening some turbulent
motion of characteristic length, velocity, and time scdlb4]. In terms of the energy cascade, the
largest eddies & unstable and breakp, followed by the transfer of energy to smaller eddies. This
process is continued to smaller and smaller eddies untilstinallest turbulenteddies are removed
by viscous effects at the Kolmogorov scales of motion. Therefore, thegmascade is composed
of three distinct regions based on the length scale of the turbulent edflid$ the energy
containing range where the largest eddies are produced, the inertial subrange where energy is
successiely transferred to smaller eddiesand the dissipaton range where viscous effects
dominate.In most turbulence models used for nuclear engineering applications, such as the two
equation models presented inB1.], the spatidresolution necessary to describe the turbulence is
accomplished at the expense of spectral resoluti@8]. Spectral models maintain the spatial
resolution of turbulence and simultaneously resolve the turbulent kinehergy spectrum function.

The turbulent kinetic energy spectrum functi@nhll in wavenumber Il space is related to
the length scale/b of turbulent motionby Equation {.16). The relation stipulates that the smallest
wave numbers correspond tdahe largest liquid eddies in the flow. Theogé, as wavenumber
increases the characteristic eddy size decreasekvice versa

e (1.16)

b
Pope[14] indicates that the energin eachwavenumber rangell Hl  can be obtained by

“

integration of the energy spectrum function over the range:



Q i ol Ql (1.17)
While the dissipation ratén homogeneous turbulenca the same range is defined by:
- R ¢l ol Ql (1.18)

From Equations1(17) and (.18), a general powelaw scaling can deduce the slope of the
energy spectrum in the inertial subrange and a slopeb(8 is universally accepted in singibase
flows. Figurel.2 shows the energy spectrum obtained from DNS of turbulent plane channel flow by
Hoyas and Jimine29] with some approximate labeling of thenergy containing range, inertial
subrange, and dissipation range as well a5/8 slope.This is a representative spectrum shape for
singlephase flows that shows how energy is distributed over the range of eddy sizesdortian
Note that if Equations1(17) and (@.18) are integrated over thentire wave number/spectral space
(i.e. over all scales from the Kolmogorov length scale to the largest length scale present in the flow)
the total turbulent kinetic energy and dissipation rate are obtained.

Spectral RANS turbulence models are formulatedhe basis that the interactions between
different wave number ranges can be quantified based on mean flow parameters and a turbulent
viscosity obtained for closure of Equatidn7). Spectral models belong to a class of sheltleis[9,

30] where the turbulent kinetic energy is resolved into a continuous spectrum of s¢28s
Desnyanski and Novikd@1] introduced one of the earliest cascade models where spectral shells
are used to model the TKE cascade. In their model, algebraic expressions are used to quantify the
transfer of energy between nearest neighboring shells. Following Deskiyams Novikov, Lewalle

and Tavlarideg28] developed the cascadiansport (CT) model and performed calibration and
testing with homogeneous uniform shear flow experimental data. In their CT model, energy is
exchangedetween the nearest modes only, the dissipation term is explicit (without the need for an
additional dissipation rate transport equation such as k 1@ LJS Y2 RSt a0z I yR
production terms match those in the model TKE equation (Equalidi®)). Lewalle and Tavlarides

[28] used a cumulative spectral eddy viscosity model given by Heisenberg (see [Bfiifjz¢o
formulate the CT model eddy viscosiiith a correction factor used outside of the inertial subrange.
The CT model achieved good agreement with the experimental results although the authors note

that the solution had considerable sensitivity to the form of the turbulent viscosity corredictort



Lewalle and Tavlarides also note that the added complexity and computation requirements of the
CT model are justifiable if multiple length scales are essential to the problem such as-in non
equilibrium or twephase turbulen flows. Note that spectlaBRANS models provide both spatial and
spectral resolution. Therefore, the distribution of turbulent viscosity must be formulated in both

spectral and spatial domains to provide the needed closure to the RANS equations.
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Figure1l.2. Representative eergy spectrum Datafrom DNS[29] of flat plane channe(Reg/nolds
number based on hydraulic diameter approximat@f/000.

Bolotnov et al]9-11] have followed the work of Lewalle and Tavlaride8] to propose the
earliest formulations of the spectral cascanlansport model. The SCTM has beenaleped using
I aodzAf RAyYy 3 Speciicallythe ntoddlibsPoked tsted for singlbaseand two-phase
decay of isotropic turbulencpl0], singlephaseand two-phase uniform shear flowi®], and single
phase turbulent channel flow without resolving the nemall boundary layer at a Reynolds number
based on friction velocityRe) of 180[11]. Each new building block SCTM developmemequired

additionalterms to managehe physican more complex turbulent flows.
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1.1.1.2 Multiphase RANS Models

Turbulence modeling for multiphase flow apptioms must include the effects of additional
flow physics to account for the presence of other phases. In nuclear engineering applications,
multiphase flow models are essentitd improving predictions for a wide range of challenge
problems For example, lte prediction of the thermathydraulic conditions leading to CRUD
formation and ultimatelycrud-induced power shift (CIPE3] or the estimation of critical heat flux
(CHFxonditionsleading to departure from nuehte boiling (DNB) and fuel rod failui@. Although
the capabilities to perform DNS of turbulent multiphase flows are advancing a rapifPre84-38],
these simulations are limited to smaller geometries and require considerable computational power.
Therefore, MCFD calculations with RANS approach have emergetkagable option to improve
upon existinglD subchannel analysis type calculations:Q#D approach with RANS provicEs
distributions of velocities, gas/liquid volume fractiong well as turbulent parameterurrent
state of the art CFD calculations/@stigatingcomplexchallenge problems for nuclear geometries
will benefit tremendously from improved M FD turbulence models.

The coupling of averaged Euleriknlerian formulations to RANS turbulence modeling has
emerged for use in realorld and systenscale calculationg39] as the availability of computational
power becomes more prevalent. Lah@] K & LINBaSyiSR || aNBaSI NOK NRI
of multiphase flowsin nuclear applications to move beyond quasiltidimensional subchannel
models to threedimensional twefluid M-CFD models using high quality numerical data from DNS
for validation and development. Presently, the literature for nuclear relateeCRD focuss
predominately on the modeling of bubbly twmhase flows. In bubbly twphase flows, there exists
a largely continuous liquid fluid with a modest volume fraction of the vapor bubble phase. Lahey
[40] presented the foufield, two-fluid (i.e. continuous vapor, continuous liquid, dispersed vapor,
and dispersed liquid) conservation equations in addition to the-piase k¥ Y2 RSt T2 NX) dz |
Lopez de Bertodano et g41]. Notethat in bubbly flow regimes the conservation equations need
only consider the continuous liquid and dispersed vapor fields although the conservation equations
can account for other flow regimes of interest such as slug, cturbulent, annular, and mist.
Rzehak and Kreppgd2] state that this twefluid framework is widely used to model twihase
flows with conservation equations for mass, momentum, and energy of both phases weighted by

phasic volume fractions. Thexchange of mass, momentum, and energy between the phases
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modeled by interfacial source and sink terms in the conservation equafi®s There are
numerous formulations in the literature for the interfaciabmentum exchange terms in the bubbly
two-phase flow regime (e.g. drag force, lift force, turbulent dispersion force, wall force, virtual mass
force, etc.) as well as models for bubble coalescence and bubble -bpeakd data from both
experiments and DNSontinues to improve these closure lavi43-49]. In addition to interfacial
closure modés, M-CFD using RANS approach requires improved turbulence models that account for
the additional flow physics due to the presence of multiple phases.

As recently noted by Colombo and Fairweat[&9], the accura¢ prediction of multiphase
turbulence is essential for progress within the®FD framework. Many researchers have shown
definitively that the presence of bubbles affect the liquid turbulence structure. This can be most
easily examined by the modulation d¢fie TKE spectrum due to the presence of bubbles in
multiphase flow when compared to singthase flow. Both experimental resul{§0-52] and
numerical result§53, 54]have found that the slope of the energy spectrum in bubbly phase
flows differs from the expecteeb/3 slope known from Kolmogorov theory. An early approach to
account for the presence of bubbles in typbase bubbly flow was taken by Sato and SekodG&hi
who used an analytical approach to split the fluctuations of velocity and pressure in the liquid into
those caused by the motion of the bubbles (bubliiduced turbdence or BIT) and those caused by
the inherent liquid turbulence independent of the existence of the bubbles. Sato and Sekffhjchi
developed an additive term for the turbulent viscosity dependent on bubble diametéd,fraction,
and the relative velocity of the dispersed vapor phase to the liquid phase to capture the effect of the
bubbles on the liquid turbulence. If this method is used without altering a chosereguation
model it will not provide a direct predicth of TKE and turbulent dissipatijh2]. Lee et al[56]
applied a twephase k Y2 RSt (2 o0dzofée Fft2ga OGKNRIdAK dzaS 271
TKE and dissipation edi@ns to account for the effect of the bubbles on the flow. Lopez de
Bertodano et al[41] extended a singiphase k¢ Y 2 RS -plinge kl YIRSt T2 NX)dz | (A
tested the model for twephase decay of isotropiturbulence and twephase bubbly flow in a pipe.
Rzehak and Krepp§42] indicate that in addition to BIT terms for either the turbulent viscosity or
within a two-equation model it would also be possible to solveparate turbulent transport
equations for both the liquid and vapor phases. While this may provide the most physical

representation of the problem it also requires more unknown parameters such as phasic interaction
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terms and is less applicable at the curréime [42]. Therefore, there has been considerable interest
in the form of the liquid phase BIT source terms for #®guation RANS modeling.

There exists gubstantial numbebf publicationswhere avarioussets of closure relations is
compared to a set of multiphase experimental dd&] but almost all use the -k >-. , br SST
turbulence modeg. In general, BIT source terms can be applied to any turbulence nibdel
dimensional consistency is maintained. There is some discrepancy as to whether consensus has
been reached for the BIT source term. Colombo and Fairwed88rindicate that no generally
accepted formulation has emergethile Rzehak et a]57] indicate that there igjeneralagreement
in the literature for the form of the BIT source term in theduation. At any rate, it can be agreed
that there is no generally accepted form thie BIT source term for the second turbulence model
equation €.g.%, . , etc) due to the need to define a time scale. Rzehak and Kre@Récompared
predictions of the SST turbulence model using BIT source tenmufations published by Morel
[58], Politano et al[59], and Troshko and Hass#0] to results obtained using their own source
term as wellas to the Sato turbulent viscosity correction for bubbly tpltase flow in a circular
pipe. Colombo and Fairweath§89] used a multiphaséormulation of the standard& (i dzND dzft Sy OS
model [6] and compared the BIT source term predictions of Troshko and H§8hrRzehak and
Krepper [42], and a model of their own to bubbly twghase pipe flow. For each of the
aforementioned BIT source term models theduation source is expressed as some form of the
drag force multiplied by the relative velocity. The only exception is the Mooeleh{58], which also
includes the virtual mass forcRecently, Ma et a[61] used bubbly twephase DNS data to develop
a new BIT source term based on the drag force, relative wg)auid the bubble Reynolds number.
Note that the source terms for the dispersed phase effect on the continuous phase TKE could be
implemented into any turbulence model formulation for TKE. For example, Jairazbhoy62, &3]
modeled neutrally buoyant droplets in homogeneous gas turbulence using #@ltase cascade
transport model with an included source term for dreddy interactions. Bolotnhov et a9, 10]
added the bubbldnduced source term used by Lah@yl] to the spectral cascad&gansport model
for prediction of twaphase bubbly decay of isotropic turbulence and unif@mear flows.

RANS turbulence modeling of bubbly twbase flows has, to the auth@knowledge, been
almost entirely conducted using HRN type teguation turbulence models where the neaall

boundary layer is not resolved and appropriate boundary caowit must be applied to the TKE and
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turbulent dissipation equations. In singidase flow, the logarithmic law of the wall is wieflown

and applied as the boundary condition to define the velocity at some distance from th¢1&hll
There have been different approaches to the application of boundary conditions in multiphase
flows. Politano et al[59] note that experimental data has shown that the sirglease logarithmic

law of the wall is not valid for turbulent twphase flows. However, some authors have retained the
singlephase logarithmic law of the wall as the best estimate for the unknown boundary condition in
the modeling of multiphase flowigll, 57] There have been several attempts to modify the single
phase logarithmic law of the wall to account for the presence of bubbles such as work by Marie et
al. [65] and Troshko ad Hassari60, 66] Politano et al[59] used a simplified approach to modify
the singlephase logarithmic law andemonstrated agood agreement with experinmal results.
Although, it should be noted that the in their model the height of the gas volume fraction peak was
dependent on the first mesh node location close to the wall.

In polydispersed twgphase flow, models must also account for tinelividual behavior of
differently sized bubbles within the flow. Bubbles odlistinct sizeand deformability interact
differently with the liquid turbulence. Carrica et §8.7] developed a polydispersed model for bubbly
flows. Mor recently, Krepper et a[68] have presented the inhomogeneous MUSIG model to
distribute bubbles into interacting groups modeled by different velocity fields and appropriate
interfacial closure terms. The deepment of more physically based turbulence closure models
should continue to improve predictions of polydispersed bubbly-phase flow as well as higher
void fraction flow regimes encountered in nuclear reactor subchannels. While more complex
methods suclas Reynolds stress models are a possiliBi®y, these models also introduce the need
to account for anisotropic source terms for the bubble induced turbuld6Zg DNSJata has shown
that bubbles influence the turbulence anisotropsy improving the isotropy ratiof34]. With the
complex challenges of multiphase turbulence modeling considered, spectral turbulence models are
excelent candidates to provide better physical representation of multiphase flows. Spectral models
allow the contributions from different bubble groups (e.g. bubble groups could be split on bubble
size such as in the MUSIG mof&8], relative velocity, etc.) to be included as BIT source terms at
different turbulence scales.

Lance and Bataill50] showed experimentally that the bubblieduced turbulence energy

exhibits nonlinear behavior as void fraction increases. Bolotnov et[HD] showed that the SCTM
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could capture this notinear behavior when the effect of bubbles is introduced into the correct
spectral bin. Simpler twequation turtulence models are not expected to capture this Himear
behavior[10, 39] The walresolved SCTM is an ideal candidate for polydispersed bubbhphase

flow predictions since the nelinear influence of bubbles fromlistinct sizegroups can be added as

TKE source terms at the scales of interest and the turbulence is resolved through the boundary layer
to the wall. Modeling the TKE spectrum also provides more statistics for validatidn wit
experimental and numerical data. Although the slope of the energy spectrum for multiphase flows is

not universally accepted, many authors report a slope clos8.to

1.1.2 Spectral Analysis of the Turbulent Kinetic Energy Spectrum

The spectral analysis ofngle and multiphase turbulent flows provides not only the
turbulent kinetic energy spectrum for validation of spectral turbulence models but is also imperative
in developing physically sound closure terms for bubble interactions with the liquid turbul&hee.
one-dimensional energy spectrum of the velocity fluctuations in the liquid phase is essential in
guantifying the bubble/turbulence interactiori§9] for development of improved BIT source terms
The onedimensional eergy spectrum of the velocity fluctuations in the frequency domain can be
calculated by performing fast Fourier transform (FFT) on the velocity fluctuations in the time
domain. Advanced spectral turbulence models sucthasSCTM9-11] have shown that the energy
spectrum of multiphase flows can improve turbulence closure terms and provide better predictions
of flow characteristics. In singfghase flows, the5/3 dope of the energy spectrum in the pure
inertial subrange is known from Kolmogorov theory. However, the slope of the energy spectrum for
multiphase flows is not so well understood and differing values are found in the literature.

Most available data fothe evaluation of the slope of the energy spectrum in multiphase
flows, both experimental and numerical, exists for purely bubbtkiced turbulencePurely lubble-
induced turbulence (pseudturbulence) refers to an initially at rest flow that is forced iiging
bubbles as the only source of liquid turbulence endi@]. Lance and Bataill0] suggested the
ratio of bubbleinduced kinetic energy to the turbulent kinetic enerigythe absence of bubbles as
an appropriate parameter to characterize a bubbly flow. Rensen et[7d]] defined this
RAYSyaAzyt Saa lidza ydaAade b)andshdwéd thatd desforfplhre/pSebdo  LIF NI VY

turbulence and suggested that the slope of the energy spectrum can be determined from the
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bubblance alone. Although the bubblance parameter is useful for characterizing a bubbly flow it has
not been successful as the only determinant of the slope of the energstrsipe[69, 72] Sathe et
al. [72] suggested that circulation velocity, bubble size distribution, and lateral variation of mean
bubble size in an experimental bukldolumn greatly affect the energy spectrum.

Experimental techniques such as particle image velocimetry (PIV) and hot wire anemometry
(HWA) have been used to evaluate the liquid energy spectrum in psteubalent bubbly flows.
Lance and Bataillgs0] found the classicab/3 power law gradually replaced by-&3 slope in the
high frequency range as void fraction was increased in bubbly turbulence and these results were
reproduced by Wang et aJl]. Rensen et al[71] were not able to reproduce these results and
instead reported a slope slightly less th&i3 and attributed their differences to the bubblance
parameter. Shawkat et g51] experimentally investigated the energy spectrum ofwater flow in
a vertical pipe and found slopes ranging fre®i3 to -10/3 dependent on the void fraction. They
proposed that the traditional inertial subrange mighttrbe valid for twephase bubbly flows since
there is energy production due to liqulslibble interactions at the traditional inertial subrange
length scales. Bolotnov et 4lL0] made similar arguments that bubbtntributions to the liquid
turbulence occur at length scales on the order of the bubble diameter in their spectral cascade
transport model development. Mercado et §¥.3] found a slope 0f3.18 for the erergy spectrum
with no dependency on the void fraction. MendBmz et al[52] experimentally analyzed pseudo
turbulent flow for two different bubble sizes and three different viscosity liquids and found a slope
close to-3 for all cases. A slope /3 transitioning to-3 at higher wave numbers was reported by
Sathe et al[72].

Numerical experiments are a particularly powerful tool that complement and provide
comparisons toexperimental results. Sugiyama et fl4] modeled 800 rising particles as bubbles
for pseudaturbulent flow and also found a3 slope. Mazzitelli and Loh$@0] simulated 28,000
microbubbles for pseudturbulence but did not resolve the bubble wakes. They repcfi/a slope
consistent with their observation that the3 slope is due to energy deposited by the bubble wake
that is then directly dissipated. Roghair et[@}4] reported a slope of3 in DNS of pseudirbulent
flow for a converged case with 5% void fraction as well &sdope for a nofully converged case
with 15% void fraction. Riboux et §r5] also proposed that bubblerduced agitation of the liquid

phase mainly results from wake interactions and found a slop&.ofhey modeled the bubbles as
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fixed momentum sources and reproduced the wake some distance from the bubblenimize
computational cost. Bunner and Tryggvas@3] simulated as many as 216 bubbles with void
fractions ranging from 2% to 24% in laminar, low Reynolds number bubbly flow and found a slope of
approximately-3.6 for comparisons of different numbers of bubbles as well as different void
fractions. Bunner and Tryggvasf8] note that their steeper slope of3.6 in comparison to Lance
and Bataillg50] can be attributed to the very different conditions of the simulatio8antarelli and
Froehlich[37, 38]simulated monodispersed bubbly flow and polydispersed bubbly flow with a large
and small bubble group for a bulk Reynolds number of 5263. Ma d6H].performed spectral
analysis of theSantarelli and Froehlicf37, 38] data and fomd a slope of-3. The increasing
capabilities of high performance computifigPC)xontinue to expand DNS capabilities by allowing
simulations of higher Reynolds numbers, larger domain sizes, and more complex geometries.
Bolotnov[34] used a massively parallel code, PHASTA, to fully resolve 60 bubbles in a turbulent flow
with a Reynolds number based on friction velocity of 400. Bolotnov ¢B%ilalso used PHASTA to
simulae turbulent single and twghase bubbly flow in a 200 mm diameter circular pipe. Fang et al.
[2] have used the same advanced massively parallel code to simulate turbulentsirgle flow, as
well as turbulent bubblywo-phase flow, in reactor subchannel geometry. Analytic considerations
have also shown & scaling of the energy spectrum for typhase bubbly flows (e.g10], [50],
[76]). Bolotnov et al.[10] derived both-5/3 and -3 slope valuesn the inertial subrangeby
assumptionof a powerlaw spectraor the singlephase turbulent kinetic energy spectru

Estimating the twephase energy spectrum has additional challenges since the complexity of
two-phase flows results in a time history of mixed velocity signals coming from either the liquid or
gas phase. The liquid phase velocity history is discontimualme to the passage of a bubble over an
experimental or numerical probe. There exist several methods of handling the discontinuous liquid
velocity signal so that FFT can be applied to calculate the energy spectrum although none of these
methods have beershown to be definitive. llic et a[69] compared four different methods of
bridging the gap in the liquid velocity signa): the method of Tsuji and Morikaw&@7] to replace
the defective part of the signal with a linear interpolationi) the method of Gherson and Lykoudis
[78] to patch together the successive liquid velocity signd), the method of Wang et a[1] to
replace the defective parts of the signal with the mean velocity of the liquid phase,igntihé

method of Panidis and Papailigd9] to analytically replace the defective part of the signal with
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segmelts having the same statistical properties of the liquid signal. llic ¢69Jlfound the method

of replacing the defective parts of the signal with the mean velocity of the liquid phase to be most
promising. Shawkat &dl. [51] also compared different methods of bridging over the defective parts

of the liquid velocity signal and chose to use the linear interpolation method. Mercado [&34l.

Ma et al.[61], and Roghair et a[54] chose to calculate the energy spectrum using the licgigghal
pieces between the passage of bubbles and then average for theyemsgectrum. This approach
creates issues since the length of each data segment will not be the same. Using data segments of
differing lengths required the calculation of a minimum data segment length to be included in the
averaging for the energy spectruriote that even with a minimum segment length the amount of
data will decrease with increasing void fraction and the resolved frequency range will be dissimilar
for differing data length segments.

Although pseuddurbulent flows provide valuable insighibto the slope of the energy
spectrum in multiphase flows, the conditions of multiphase flow in nuclear reactor subelsaare
highly turbulent andMI-CFDapproach must capture the physics of the multiphase energy spectrum
for turbulent conditions. Mercaal et al.[73] expressed interest iffuture investigation offlows
where turbulent effects become dominant. MendBzaz et al[52] recently stated that calculating
the energy spectrum in fully turbulent flow could demonstrate whether the spatial inhomogeneity
of bubbles or the normal turbulent energy cascade dominates the shape of the energy spectrum.

In addition to highly turbulent flovzconditions, singleohaseCFDand M-CFD must account
for complex geometries within the nuclear reactor core. The presence of spacer grids, mixing vanes,
and other structural components within the reactor subchannel geometry combine to create
intricate flow scenarios thamust be accurtely modeled M-C-D simulations should be validated for
these flow situations before being scaled up to reactor conditions. Krepper[8bhhave examined
polydispersed bubbly twphase flow around an obstacéd expressed the need for more physical
bubble breakup and coalescence models. Spectral models based on the bubble/turbulence
interactionsfrom high quality numerical data from DN&n improve predictions for such nuclear

engineeringlow conditions.
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2. SPECTRAL ANALYSIS aBPNS

As discussed in 81.2 mostexisting research effortpertaining to the slope of the energy
spectrum in multiphase flows exists for pseuobulence. However, the increasing availdpibf
multiphase turbulent DNS provides data for the spectral analysis of multiphase turbulent flows.
Single and twgphase DNS of fulgeveloped turbulent flow performed using PHAS8286] in flat
plane channe[34], circular pipg35], andPWR reactor subchann¢2] geometries werespectrally
analyzed.Performing a comprehensive spectral analysis of turbulent single anephase bubbly
flows in different geometries provides high quality data to increase the capabilitiesvanadd
spectral turbulence models such as the SCAMomparison of the energy spectra for tpbase
bubbly flow in different geometries ensures that the SCTM can be applied to different flow
scenarios. Results from spectral analysis can be used for mogdgidation as well as the
developmentof improved BIT source term®arameters of interest for the performed DNS are
shown inTable2.1. In the twophase simulations, PHASTA tracks the liquid/gas interface using a
levelset method The bubbles are monodispersed and retain an essentially spherical shape

throughout the simudtion time.

2.1 Numerical Method

It is necessary to first provide details on how the PHASTA DNS Tae 2.1) was
recorded. Details about the numerical method and capabilities of the PHASTA code can be found in
the literature [2, 34, 48, 81]During each PHASTA simulati(ffigure 2.1), instantaneous flow
guantities (i.e. velocity, pressure, etc.) were recorded at specific locations within the computational
domain called virtual probes. These virtual probes were placed at planatidos normal to the
flow-direction covering different distances from the wall. At eagdl| distance, virtual probes were
also placed in the spawise direction to increase the statistical sample. For exanfpigyre2.2
shows how the virtual probes were arranged for tR&/R subchannel simulations performed by
Fang et al[2]. The amount of simulation time considered can be described by the Large Eddy Turn
Over Time (LETO[B7] defined as onéhalf the hydraulic diameter divided by the friction velocity.
Note that DNS is notably expensive to perform, especially for larger bubble counts, unstructured

geometries, and higher Reynoldsimbers. The Reynolds number for the DNS considered in this
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work (Table 2.1) is still rather small in comparison to nuclear reactor conditions although the
computational requirement is significant. The inner andes scale separation for smaller Reynolds
numbers limits how well the inertial subrange is resolved. Howetlee slope of the inertial

subrange can still be quantified for the presented Reynolds numbers.

Table2.1. A summary of the parameters for the spectrally analyzed DNJ2ic34, 35]

Parameter Plane Channel Circular Pipe Subchannel

Single Two- Single | Two- Two- Single Two- Single Two-
Phase Phase Phase | Phase | Phase | Phase Phase Phase Phase

Reynolds number
based on friction 400 400 1920 1920 1920 400 400 996 996
velocity,Re

Reynolds number
based on hydraulic | 29,079 | 29,079 | 77,470 | 77,470| 77,470 | 29,079 | 29,079 80,744 | 80,744

diameter
Mesh size, elements 20M 20M 1,900M | 240M | 1,900M 52M 52M 1,110M | 1,110M
Domain length (cm) 6.28 6.28 62.8 62.8 62.8 4.0 4.0 4.0 4.0
Number of bubbles 0 60 0 112 895 0 17 0 262
Void fractionh 0% 1% 0% 1% 1% 0% 1% 0% 1%
Bubble diameter (wall 81.2 288 | 144 200 200
units),d
Eotvos number,
"y "M 0.110 0.560 1.31 0.343 0.250
3
Morton number, N/A N/A N/A N/A
o ,, 1.33 4.13 1.25 ocX N
0g — vt v | VoS P P
Weber number,
"0 Q 0.367 3.0 421 1.68 0.06

»'Q

Recall that theone-dimensional energy spectrum of the velocity fluctuations in the
frequency domain can be calculated by performing fast Fourier transform (FFT) on theyveloci
fluctuations in the time domain (8.1.2. A spectral analysis code (SA@3s developed as the
numerical tool to perform the FFT on the velocity fluctuations in the time doroaiained by
PHASTA simulation§he SAC was developed using the Fortran language to read DNS time history
data files from the PHASTA code and use the Intel® Math Kernel Library (Intel® MKL) to perform FFT.
More details of the SAC are availabléjppendix A
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Figure 2.1. Instantaneous velocity distribution of a twahase circular pipe with 895 bubbles
obtained from PHASTA simulatif85].

The recorded instantaneousfl quantities at each timastep in a PHASTA simulation results
in a discrete time velocity signal characterized by random turbulence induced fluctuaBgns.
applying Reynolds decompositidti4], the instantaneous veldty signalis decomposed into its
mean and fluctuating components at each virtual probe location

60 Y 60 (2.1)
where 0 is the instantaneouselocity signal (provided bpNStemporal data) andY is the mean
velocity component calculated by performing the tiraeerage of the instantaneous velocity over

the total simulation timeY

Y 2 6 0 Qé 2.2
Y"Y 0 0 Q& 22

The fluctuating velocity componerit is then calculated by the SAC for each discrete time in the
simulation as the difference in the instantaneous velocity from the mean.
60 o060 7Y (2.3

The velocity fluctuations at each time step are used to compute one half of the -pioigie
velocity correlation (Equation2(@)) and FFT is then applied, using the Intel® MKL libraries, to
OF £ Odzf F GS GKS ¢Y9 aLISOGNHzY Ay UKSG88FINE imidry O &
approach to Roghair et .g]54], who averaged the energy spectrum over 27 probes, the energy
spectrum was calculated for each of the spaise virtual probes at a particular distance from the
wall and then averaged.

Y O o006 (2.4)

21



0.005

é 0.000

-0.005

| | | | | | L L | | | |
-0.005 0 0.005
y (m)

Figure2.2. Virtual probe locations in the PHASTA simulations peddrby Fang et al2] of a single
PWR reactor subchannet.67mm fuel rodradius 12.6 mm fuel rod pitch).

For twophase DNS, the instantaneous velocity signal will be discontinuous due to the
passage of a bubble ow¢he virtual probe. The phase indicator function of the lesel method
denotes the presence of a bubble at a virtual probe location and thus defines the defective temporal
locations of the liquid velocity signal. While numerous methods for bridgingléffective portion of
the liquid velocity signal exist in the literature {81.2), the SAC has been formulated with the
capability to either replace the defective portion of the signal with the mean vel@tjiyhold the
value of the liquid velocity just before the defd@t7], or use linear interpolation between the two
points of the velocity signal before and after the defgbll, 77] Figure 2.3 shows fluctuating
velocity signals calculated from DNS using the mean insertion, hold value, and linear interpolation
methods over a defective pddn of the liquid velocity signal defined by a temporal bubble location.
Following the findings of Shawkat et @1], the linear interpolation technique has been used in the
presented researclsince comparisons witthe mean insertion and hold value methods have also

shown bias in the spectra at the high frequency range.
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Figure2.3. The fluctuating velocity signat a particular spamvise directionfor everysixthtime step
with the defective portions replaced by the mean liquid veloditlu€ circles) the value just before
the defect (black squaresynd a linear interpolation over the defective timeed triangles)for a
bubble spanning about 2.385.37 seconds

2.1.1 Pseudo-Void Numerical Experiments

Just as Riboux et 4I5], we believethat bubble effects on the energy spectrum are due to
bubble wake interactions with the liquid turbulence. Therefore, pseudid numericakxperiments
were formulated to show thatbubble/turbulence interactions change the slope of the energy
spectrum only when the bubble wakes are present. Shawkat gHlcompared different methods
for bridging thegap in the defective twgphase velocity signal by electronically interrupting a single
phase signal with the gas identifier signal from a4pbase signal. Following this approach, pseudo
void simulations were developed where the phase indicator sigoat fvo-phase DNS is overlaid
on the velocity signal of singfghase DNS, mimicking the presence of bubbles in the data. The
singlephase data is interrupted due to the mimicked gas phase but does not contain the bubble
wakes since the velocity signal istadtered outside of the prescribed defective portions. The linear
interpolation technique was used to bridge the defective parts of the psauid signal.

Due to the often larger time step in singidase DNS the temporal bubble location at a

numericalprobe can be harder to resolve for pseudoid simulations. For the projection of the
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bubble distribution onto the singlphase signal, the singlghase time step can be larger than
bubble passage time that was resolved by {pltase DNS in multiple timeegis. Therefore, it is
important to ensureproper projecton of the bubble distribution of the twephase DNS onto the
singlephase data.TKS G o0dzoof S viag gelieMpedalziiehsing hrow well the bubble
distribution is reproduced in the pseudmid simulations, where the bubble contribution is the

number of bubbles at a spanise location normalized by the total bubbles in the simulation.

2.2 Results

2.2.1 Plane Channel

It is necessary to use enough data points in the averaging window when performing FFT to
calcuate the energy spectrum. Comparisons of the energy spectrum for different numbers of points
as integer powers of 2 for the plane channel geometry have shown that using as few as 256 points in
the averaging window had minimum deviations from much larger window widths. The DNS
data must be statistically steaehtate before being spectrally analyzed aRidure2.4 shows that
the behavior of the singiphase energy spectra is similar for each of the 42 virtuabgsan the
plane channel case. Similar or better behavior at each of the virtual probes for a particular distance
from the wall was observed for all of the cases presented here.

For the twephase plane channel simulations, 15 averaging windows each witidth of
512 points were used for a total simulation tirakghtly greater than 4 LETOFgure2.5 shows the
energy spectra for the twgphase plane channel simulations at three differemt locations. Note
the differerce in energy magnitudesince more energy is present in the energy producing region
close to the wall. The energy spectra have a slope closg twer a frequency range about 1.5
decades. The flattened profile in thégh frequency range is interesting arsddue to oversampling
the DNS data which causes very high frequency results in the energy spectra at frequencies higher
than the Kolmogorov scales of intereSimilar spectral shapes have lmeshown by Mercado et al
[73] and Roghair et a[54]. In contrast to the suggestions of Rensen e{#l], the bubblancevas
much less thari in the turbulent DNSesultspresented here but the3 scaling of the slope in the

energy spectrum is still observed.
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Figure2.5. Energy spectra for the twphase plane channel simulations yitF 380 fed square}
y'F 150 (blue triangle$, andy*f 15 (@reen circlel

Singlephase plane channel simulations wesgectrally analyzed with 16 averaging windows

each with a width of 512 points for a total simulation time of about 63 LETOTs. The much longer

simulation time is a result of the larger time step of the siqg@se DNS compared to twahase
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DNS. Thereforeto properly implement the pseudwoid technique the amount of singlghase
simulation time used had to be consistent with the overall time of the-phase record so that
bubble locations could be projected onto the singlease dataFigure2.6(a) shows how bubbles
are distributed at each spawise location over time ato ¥ mMp 1 A yhasé Kl&e ¢hangel
simulation. A single FFT averaging window with a length of 534 points was used for the-psi&lido
spectral analysis so that the time was also about 4 LETE@are2.6(b) shows comparisons of
bubble contributions at each spamise location for twephase and pseudwoid calculations that are

in good agreement.
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Figure2.6. (a):Bubble locations (closeeind lines) in time at each of the sparse virtual probes for
the two-phase plane channel casgf 150).(b): Bubble contributions from each spavise location
to the overall number of bubbles present in the flatw’F 150in the plane channel geometry

Figure 2.7 shows the singlphase and pseudwoid spetra, as well as a singlghase
spectrum for the same time length as the pseudnd simulation, for three differentd locations.
The expected5/3 slope is labeled for each location and the data is in good agreement although
the inertial rangeis limited at this Reynolds number. The psewaad results show no difference
from the singlephase data, which demonstrates that the change of the energy spectrum slope in

the two-phase simulations is due to bubble wake interactions with the liquid terize. The energy
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spectra for shorter times (pseudmid, singlephase with pseudo void time) are not as smooth as

the energy spectra for the full singfghase data length since only one FFT averaging window was

used.
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Figure2.7. Singlephase and pseudwoid energyspectra aty’ f 380, y'F 150, andy’ f 15 for the
plane channel geometry. The full simulation time of ab68tLETOTis indicated by the thicked
line, the pseudevoid simulation is indicated e triangles and a singlghase simulation for the
samesimulationtime as the pseudwoid simulation is indicated by tharcles

2.2.2 Circular Pipe
2221 One hundred and twelve bubble case

Spectral analysis for the twjghase circular pipe geometry with 112 buéb was performed
with 9 averaging windows of 1024 points each for a total simulation time of about 0.5 LETOT. Due to
the much smaller time step of these simulations in comparison to the plane channel geometry more
points were required per averaging windoWwigure2.8(a) shows the energy spectra for the two
phase circular pipe simulations at three different locations. Thed locations are formulated such
that the pipe centerline value is equal to the Relgs number based on friction velocitirg = 1920)

and the smaller values represent locations closer to the wall. Theptvase energy spectra in the
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circular pipe geometry also exhibit a slope close3t@ver a frequency range of about one decade.

The farmonics corresponding to the bubble passage time over the numerical probe are also present
in the two-phase spectra. For example,atf mcun | at A3KGte FEFdGdSySR
40 Hz.Figure2.8(b) shows a crossectional snapshot of the DNS5] velocity distribution for the

ciraular pipe with 112 bubbleand the walpeaked void distribution is evident. Similafigure2.9
shows the velocity distribution as viewed through the pipe andri@rion (i.e.0 -m Y

where mjand “Yare the vorticity and ratef-strain tensors, respectivélyhas been used to visualize

the vortical structures induced by the bubbles. The difference in spectra magnitudes is a result of
this bubble induced turbulenceas well as the shear induced turbulence, close to the wall. Fhe Q
criterion visualization provides some further illustration into how bubbles interact with the

surrounding fluid.
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Figure2.8. (a): Energy spectra for the twphase circular pipesimulationswith 112 bubblesat
y"F 1620 (red squares),y'F 160 (blue triangles), andy’ f 13 (greencircles).(b): Snapshot of the
instantaneous velocity distribution for the 2 bubble circular pipe DNS5].
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Figure2.9. The instantaneous velocity distribution for the 112 bubble circular pipe[BH8sing Q
criterion to visualize the vortical structures (red and blue) induced by the bubbles.

Singlephase and pseudwoid analyses were performed with 9 averaging windows of 1024
points each for a total simulation time of about 0.36 LETOT. Since the time steps were similar for the
singlephase and twephase DNS of the circular pipe the bubble contributievere nearly identical
for each spafwise location In the pipe geometry, spawise locations are concentric circles of
numerical probes that all reside at the same distance from the Wajure2.10 shows the sigle-
phase and pseudwoid energy spectra for the circular pipe geometry and the expe&&islope of
the inertial subrange is labeled. The pseuand results again show no difference from the single
phase data and demonstrate that the change of the rggespectrum slope in multiphase flows is
due to the bubble wake interactions with the liquid turbulence. Note the lower spectrum
magnitudes close to the wall for the singlbase simulations (in comparison to tvphase
simulations) since the bubble indutesortical structuresKigure2.9) are absent. A comparison of
the fluctuating velocity signal for each of the considered simulatiéigu¢e2.11) indicates how the
turbulence is modulated near the bubble location. In tploase, the velocity signal is higher in front
of the bubble due to the bu@nt nature of the rising bubble and high frequency fluctuations are

present behind the bubble as the bubble wake singlephaseversus pseudaoid simulations, the
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fluctuating velocity signal is different only across the temporal bubble location where the linear

interpolation technique is used to bridge the prescribed discontinuity of the bubble location.
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Figure2.10. Singlephase (solid line) and pseudmid (triangles) energy spectra for the circular pipe
aty"F 1620 y'F 160, andy’ f 13.
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Figure2.11. Fluctuating velocity signakar a particular bubble location for twphase (solid black
line, squares), singlphase (red daskot line), and pseudwoid (blue triangles) DNS.
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2222 Eight hundred and ninety five bubble case

Two-phase data for the circular pipe geometry with 895 bubbles wpectrally analyzed
with 3 averaging windows of 1024 points for a total simulation time of about 0.13 LETOT and results
are shown irFigure2.12. The twophase data with 895 bubbles indicates3ascaling of thenergy
spectrum for the location closest to the wall and a scaling clos8 for the other two locations. In
this case, the energy spectrum is not higher closer to the wall since the DNS void fraction profile is
not wallpeaked(seeFigure2.21(a))and bubbles present in the center of the pipe induce turbulence
as shown by the @riterion visualization of the vortical structures induced by the bubbfeégute
2.13).
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Figure 2.12. Energy spectra for the twphase circular pipe simulationsith 895 bubblesat
y'F 1620 ¢(ed squares)y'F 160 pluetriangles), and/’ ¥ 13 (greencircles).
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Figure2.13. The instantaneous velocity distribution for the 895 bubble circular pipe [BB$ising
Q-criterion to visualize the vortical structures (red anddjlinduced by the bubbles

2.2.3 PWRReactor Subchannel
2231 Re =400

Spectral analysis of the twghaseRe = 400subchannel was performed using 9 windows of
1024 points for a total data time of about 0.6 LETOT and the results are shdvigune2.14(a). A
scaling close te3 is shown for each distance from the wall. Tkhelocations Figure2.14(b)) are
formulated differently than for traditional channel floy2] but still represent distancéo the wall
(the fuel pins in the subchannel case). As with the 895 bubble circular pipe case the spectrum
magnitude of the location closest to the wall is not the highest since bubbles present closer to the

center of the subchannel induce turbulence.
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Figure2.14. (a): Energy spectra for the twahase subchannel geomet(Re = 400 at y* £ 535 (red
squares),y” ¥ 160 (blue triangles), andy’ £ 15 (green circles). (b): Distribution gf in the
Re = 400nuclear reactor subchannel geometry.

Spectral analysis of the singddase Re = 400 subchannel was performed using 116
windows of 1024 points for a total data time of about 20 LETOTs. The pseidi@analysis was
performed with 4 windows of 930 points to match the time available from the-pliase data. The
energy spectra at different” locations are shown iRigure2.15and are in good agreement with the
labeled-5/3 scaling in the inertial subrange. The inertial subrange resolution is small for this flow
since the separation of turbulent scales is not large for relatively smdlukent Reynolds number.
Again the consistent pseudmid and singlghase results show that only the bubble wakes

contribute to the slope modification.
2.2.3.2 Re =996

The turbulent twephase bubbly flow DNS for the nuclear reactor subchamgeeimetry
(Re = D6) performed by Fang &dl. [2] was spectrally analyzed withaveraging windows of 1024
points for about 0.26 LETORidure2.16(a)). Thew locations Figure2.16(b)) are formulated in the
same way as thRe =400case andillthe locations shown here demonstrate&scaling quite well.

Jectral analysis of the singfghaseRe = 996subchannelvas performed using@1 windows

of 1024 points for a total data time of aboub.5 LETOTé&rigure2.17). The pseudwoid simulation
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was performed with one averaging window of 512 points to match the time of the available two
phase DNS data. Again, teieglephase results are consistent with the expectéfB slope and the

pseudecvoid technique shows that bubble wake contributions modify the energy spectrum slope.
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Figure2.15. Singlephase and pseudwoid energyspectra aty’ £ 535, y'F 160, andy’ f 15 for the
subchannel geometryRe = 40Q. The full simulation time of abol0 LETOTis indicated by the
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Figure2.16. (a): Energy spectra for the twphase subchannel geomet(Re =996) at y* £ 1100(red
squares),y” ¥ 150 (blue triangles), andy’ £ 15 (green circles)(b): Distribution of y" in the
Re =996 nuclear reactor subchannel geometry.
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Figure2.17. Snglephase and pseudwoid energyspectra ay*f 1315 y*'F 150, andy’f 15 for the
subchannel geometryRe = 996). The full simulation time of abol.5 LETOTis indicated by the
thick red line, the pseudevoid simulation is indicated by theangles and a singkphase simulation
for the sane simulationtime as the pseudwoid simulation is indicated by tha@rcles.
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2.2.4 Comparison of the Flow Geometries

A direct comparison of the twphase energy spectra for all of the considered geometries in
this work is presented fow values of about & (Figure2.18), 150 Figure2.19), and near the
centerline Figure2.20). The energy spectrum for each of the geometries is ndiged such that the
maximum frequency value is 1 and the magnitudes of each energy spectrum are similar for shape
comparison. Consistent shapes, with a power law scaling closg, tare evident for each of the
considered geometriesrigure2.21(a) shows the void distribution for all geometries scaled as a
function of distance measured in bubble diameters from the wall @hthe geometries have a void
fraction peak close to within the 1-2.0 bubble diameter rangeThe filled symbols indicate the peak
locations where the twegphase data was spectrally analyz&ih(re2.21(b)). The 895 bubble circular
pipe geometry has a flatter void fraction profile across the entire chhmi@meter but, for
consistency, we consider the peak location closest to the wall for spectra comparison. The spectra
for all the considered geometries at the peak locatioRrgy(ire2.21(b)) also show a similar ape
with a power law scaling close 18.

The slope of the energy spectrum in bubbly tplase flows is similar for different
geometries, including nuclear reactor subchannels, and provides confidence that the SCTM can be

universally applied in nucleagactor corerelevant geometries.
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Figure2.18. Comparison of the energy spectraf{ 15) for all of the twephase simulations in each
of the geometries considered in the current work.
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Figure2.19. Comparison of the energy spectsdf 150) for all of the twephase simulations in each
of the geometries considered in the current work.
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3. ONEDIMENSIONALSCTMIMPROVEMENT ANCDEVELOPMENT

3.1 SCTM History

Previous development and validation of the SCTM was performed for single arghbge
decay of isotropic turbulencfl0], single and twephase uniform shear floy9], and aHRNmodel
for singlephase channel flowWl1l] where wall functionsbased on the law of the wall boundary
condition were used to achieve closure near the wall of the conduiihe previous model
formulation [11] required anon-trivial TKE boundary condition at the smallest resol¢edvalue
(typically about 30). The previous wdrk Bolotnov et alf11] was aly applied to a channel flow for
a Reynolds number based on friction velo¢Re) of 180 A pure inertial subrange was not observed
for such a relatively low Reynolds number and the expeeiéislope in the inertial subrange could
not be verified.

The authors of the previousesearch effortscontinued SCTM development with some
model formulations to extend the model capabilities to resolve the turbulence through the
boundary layer all the way to the wall. In this way, SCTM terms utilizing both spatiadpectral
damping that accounted for the wall influence were included in the model formulation and the
model was tested for Reynolds numbers based on friction velocity of 180, 950, and 2000. Extending
the model to aLRN(wallresolved) type model elimated the need fora prioriboundary conditions
based on the law of the wall and DNS ddtlwever,the model formulation was not finalized
Figure 3.1 shows some of the results obtained by the previous authors with a-resdilved
formulation. In Figure 3.1(a) the model predictios of the law of the wall demonstrate a nen
physical oscillation about thBNS dataFigure3.1(b) shows some numerical issues with a sawtooth
behavior br the model prediction of turbulent viscositfFigure3.1(c) and Figure3.1(d) both show
that the numerical predictionglo not recover thebin TKE values at the highest wave numbers.
Theseissues were tieen into consideration and thpresent work focuse on improving the wall
resolved SCTM formulation and developimgi@provedmodel thatproperly accounts for the wall

influenceon the turbulence.
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Figure3.1. Reviousresultsfor the waltresolved SCTM. (a) Law of the wRle = 950 and 2000)b)
Turbulent viscosityRe = 180) (c)¢ (d) Energy spectrurfRe = 950,Re = 2000)

3.2 One-Dimensional SCTM Formulation

ThelD SCTM formation is presented here. In this case, 1D refers to the direction across
the channel width and normal to the channel walhe RANS equations (Equatidr’)) are solved
using a turbulent viscosity determined by the SCTM equatishere the Boussinesq approximation

(Equation(1.5)) requires that turbulent viscosity distribution be modeled to obtain closure.
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The SCTMresolvesthe TKEspectrum by splitting the total TKE intopseate wave number
bins andsdving separate but coupled transport equations for each bin. Recall frdni.g.1that
the energyin eachwave number rangell il can be obtained by integration of thenergy
spectrum function over thatvave numberrange (Equation(1.17)) and that the integration of the
energy spectrum over all wave mbers results in the total TKEherefore, the total TKE can be split
into N wave number bins corresponding toseparate TKE variable for that partiar binm such

that the total TKE is the sum of the spectral enerdfl€s:
0 0 (3.2)

where Qs the total TKEQ is the TKE in bim, andN is the total number of wave number biriEhe

bin TKE values can then be formulated agalss to Equation1(17):

0 ol Ql 3.2)

whereO |l is the TKE spectrum introduced i1 8.1.1 Il is the wave number (Equatiof.{6)), and

I and Il are the left and right wave number boundaries for 4o respectively.Since the
entire energy spectrum must be captured with the discrete spectral binssthallest and largest
wave numbers require estimation for a particular problem. Bolotnov efldl} have defined the
smallest wave number to correspond to the geometry of the problem:

= 3.3)

1
where] is the characteristic length scale of the largest liquid eddies (e.g. the channelititifin

channel flow geometry They have defined the largest wave number corespond o the

Kolmogorov scale:

» i
ISR - — (3.4)

where’ is the kinematic viscosity of the liquid ands the turbulent dissipation rate.
Theleft and right wave number boundary for each of the discrete spectral bins must be
defined and the splitting is performed using uniform bin sizes in a logarithmic sense:
[ | (3:5)
where the parameter, is the spectral resolutionThus, based on the expected scales of a given

problem, thenumber of gectralbinsis thena function of the spectral resolutigi1]:
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6 i C%_ (3.6)
where N is the number of spectral binkewalleand Tavlaride$§28] suggest the spectral rekdion
be no greater than 2 to properly resolve the nlimear interactions between spectral bins. The
minimum number of required spectral bins can then be calculated with 2. However, enough
spectral bins must be utilized so that at the largest sc@asallest wave numbergigurel.2) the
numerical results are independent of the number of bins and at the smallest qtalgest wave
numbers,Figurel.2) an accumulation of energy is avoidi28].

The smallest and largesscales of the problem, number ofwave numberbins, and
boundaries of eaclwave numberbin are now definedThus, it remains to express tA&E in each
bin-m and a turbulent viscosity for closeiof the RANS equationshe SCTM solves a separate TKE
transport equation for each bim. Bolotnov et al.[9-11] have followed the work of Lewalle and

Tavlarideg28] to express the singiphase TKE transport equation for binas:

oQ

— 0 - O Y 3.7

0o 3.7
where0 ,- ,0 , and"Y are the spectral production, dissipation, diffusion, apmkctraltransfer

of the TKE in bim, respectively.Provideda spectral turbulent viscosity for each bm can be

defined as an additive quantity such tHas]:
' ’ (3.8

the equations can be closed. Each of the terms fombinill now be discussed separately.

3.2.1 Spectral Transfer

The spectral transfe(i.e. eddyenergy cascade)term, “Y, characterizes the nctinear
interaction of TIE between wave number binBolotnov et al.[10] followed the assunption that
there exists forward transfer of energy from larger to smaller eddies and inverse/backward transfer
from smaller to larger eddied-or aparticular wave number bin the spectral transfer can then be
considered as four distinct terms: the energy inflow through the left boundary, the energy outflow
through the right boundary, and the possible outflow through the left boundary and inflow fnem

right boundary (i.e. inverse cascade):

42



YoOY Y Y Y (3.9
Bolotnov et al[10, 11]used the donoicell modeling approach of Kovaszri82] to represent the
inflows and outflows through the left and right wave number boundaries for a particuldobthe

four terms. That transfer term is used in the present work and formulated fermbas:

Y6 tnroQ oI 8 1 0 0 [
(3.10)
) 1 o I 86 fnhQ Ol

where I

is the characteristic wave number (center) of omandO is the TKE density

function approximation for binm. The sgare root of the energy @ ) terms in Equation310)
STTSOUAQPSEtE NBLNBaSyd GKS aLISOGNI t 4 IDiBdTRKEA G 8 ¢
assumed constanfi.e. Riemann integrationyithin a spectral birm then the TKE density function

can be approximated as:

Q
- il 3.11
© il @11
where VIl I Il is the width ofwave numbemin-m. Thed and® are model parameters

which quantify the directional transfer ratd41] that have now beenurther developed using the
DNS data of del Alamo et 9] and Hoyas andimineZ29] to account for the presence of the wall

in the low-Reynolds number SCTM:

6 p@ pEop AQD;% & 1 p@x 3.12)
wherew is the dimensionless distance to the wall (Equatlohy)). Bolotnov et al. previously found
values ofd = 1.2 andd = 0.38 for decay of isotropic turbulen§®0] and uniform shear flow9].
Figure3.2 shows that this neawall correction term retains these values as distance from the wall is
increased.

Equation 8.10) includes weight function$, , that quantify the interaction between wave
number bins. The weld functions are formulated such that about 75% of the transfer occurs

between bins ranging from half the current bin size to twice the current bin size as suggested by
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Domaradzki[90]. Bolotnov et al.[10] quantified the weights by integration of the following
distribution over a wave number bin:

o P _agp e 1IE (3.13)
Vi <.

where,, = 0.225 is the standard deviation atiffis the left or right boundary of the interacting

spectral bin.
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Figure3.2. Forward transfer coefficie{C) dependence upon distance from the wall.

Note that the spectral transfer term has been formulated in such a way as to satisfy the
required congraint that the sum ofall the spectral components of transfer does not contribute to

the total TKEi.e.:

Yoom (3.14)

3.2.2 Dissipation

Bolotnov et al[11] considered two different contributions to the turbulent dissipation rate
in non-homogeneous channel flows. These contributions were th®©$of { §R | § 5y O2Y LRy S
2F RAAAALI GA2Yy GKFG FLILINR I @Bt Fa SIéSNRA ayaS Wi RY  Ol2
is nonzero at the wall. Cadiou et g91] took a similar approach to decompose the turbulen
dissipation into twecomponents. In the present work, turbulent dissipation is again split into

dissipation components that are zero and rpgro at the wall. However, these components are
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more succinctly quantified as the terms of the dissipation tertbat are zero at the wall and nen
zero at the wall bsed on an analysis of DNS dakggre 3.3) and are now named as the
homogeneous and inhomogeneous dissipationmponents respectively The homogeneous
component follows previous SCTM formulations as a -Wwedwn formula [14] for spectral
dissipation:

IOl Qll ! Q | : 3.1
i S ‘T o o (3.19)

where the TKE density functidd Il is again approximated as argiant (Equation3.11)) in each
wave number bin intervall Al
The inhomogeneouddissipation depends on the distance from the wa) &nd must be
modeled separately for watbounded flow. The current work utilizesa new formulation for
inhomogeneous dissipation that was based on the previous SCTM formythtipout includes new
terms and accounts for the wall influence:
Q7Y o) I I

-6 =9 5 —6 — — ' 3.16
6 & I I 6 0 c c AP @ (3.16)

where6 =0.25and = 0.05 are model constants. This model easuthat theinhomogeneous
dissipation is nofzero at the wall and dependsn the near wall value of TKE in each. Bihe
exponential walcorrection term inEquation 8.16) dictatesthat the inhomogeneousdissipation
does not have aignificant effect away from the walls, as physically expedihlly, the total

dissipationin binrm (- ) is the sum of both contributions:

] ] S (3.17)

where the total dissipation rate is the sum of the dissipation rate fwheaave number bin.

45



0.014

- - Inhomogeneous dissipation
0.012 N - - -Homogeneous dissipation
P N
RN —Total dissipation

0.01

0.008
-, m?/s8
0.006
0.004
0.002
0 l.-

Figure 3.3. Turbulent dissipation componentshomogeneousdissipation (dastdot line) and
inhomogeneoudlissipation (dashed) line. Based on the DNS resuB®lottnov[34].

3.2.3 Production and Turbulent Viscosity

Lewalle and Tavlaride§28] chose to construct the turbulence production term to
correspond to the model TKE equation. The first term on the RH8eoTKE equation for thetk
model (Equation1(10)) is the turbulence production term:

. Q7Y

o o6 (3.18
whereYis the streamwise componaet of mean velocitywis the direction normal to the wallnd
the partial derivative terms have been amendedthe total derivative for the 1D SCTMs shown
by Equation 3.8), the SCTM has been formulated under the assumptiontti@turbulent viscosity
is an additive quantity over the spectral wave number bins. Therefore, the turbulence production in
bin-m s given by:

5 Q7Y

0 ' o (3.19

which ensures that the spectral production sums to the proper tot&quation 8.18) [11].
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However, the distribution of turbulent viscosity over the spectral space remainseto b
determined. Bolotnov et al[9, 11] followed the work of Lewalle and Tavlaridg8] to apply a
Heisenberd32] spectral turbulent viscosityith a correction term outside of the inertial subrange.
However, in norhomogeneous waltesolved flows the wall influence on tharbulence must be
considered andBolotnov et al.[11] provided turbulent viscosity damping functions in the
development ofthe HRNSCTMThey used a spectral wall function to damp the larger eddies close
to the wall and a LaundeBharma[23] nearwall correction termfrequently used in% Y2 RSt & @
Different damping functions are utilized in the present wabolved SCTMmuch like in low
Reynolds number-k Y2 RSf &% &.80B¢c (1915). e dukblefitvisodsityof binm is:

D oy « yey oinr ®
QR g 8 U ——OIC L - (3.20)

where "OROhand "Q are the damping functions that are multiplied by the Lewalle and Tavlarides
(L&T) type turbulent viscosity and = 0.40 is a model constanflthough the formulation is

different than in theHRNSCTMQis still a spectral wall function that damps the larger eddies close

to the wall:
Q  p ADDp@Al (3.21)
and"Qis now the Chieli25] low-Reynolds number neaxall correction (see Equatiod.(5)):

Q p8t AP (3.22
where forthe SCTWN, is dependent upon the Reynolds number based on friction velocity of the
flow:

, X& ¢p T ABDYB ép 1 YQ (3.23
Finally, a spectral damping functitmat controls the energy of the largest eddies in the flow is:
Q p8t A@bPp x81"—|'_ (3.24)

3.2.4 Diffusion

In the previous work of Bolotnov et §L1] the diffusion termwas formulated much like that
inks Y2RSta |fiK2dAK GKS , jidaddaendeytion theGKavastdristic y dzY o S

wave number of the biim. In the present work, Lewalle and Tavlarid@8] are more closely
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~

followed and the dissipation term is the same as that used-in k Y2 RSt a ¢

Equation {.10)):

Q)¢
(0p))
(0p))
(aN
A
w

T 10

- 3.2

T w ” T w ( 5)
where,, = 0.5.This constitutes a more general model that becomes less dependent on the spectral

parameters than in previous formulations.

3.2.5 Relationship of the SCTM to Two-Equation k-r 4 WBd&ls

Summation of the SCTWVKE transport equationsver all wave number bins yields the total
TKE as shown in Equatiod.1) on the LHS and total production, dissipation, and viscous and
turbulent diffusbn terms on the RHS since spectral transfer does not contribute to the overall TKE
(Equation 8.14)). Recall from §.1.1that these are the same terms in the TKE equatibstandard
singlephaseks Y2 RSf & 140)ljHizkeliekit® ¢xaah expression for some of these source
terms do not precisely correspond to the empirical results usethénk-* ¢ Y9 (i NJ y a LJ2 NI
rather the expressions ferand’ quantify complicated spectral integrations. However, the spectral
cascaddransport turbulence model does not require the use of a transport equation for turbulent
dissipation rate as a-k Y2 RSt R2S & 0 dzlspatiatprediztionslobtheDNESlts I 2 2 R

while alsoresolving the energy spectrum.

3.3 One-Dimensional SCTMResults from FlexPDE

FlexPDH92] was used for SCTM calibration and developmeith comparison to plane
channel flow DNS. Theomhainconsidered a 1D slice across the channel width in terms of distance
from the wall. FlexPD&oftwareis a partial differential equation (PDE) smlthat converts a user
defined system of PDEs into a finite element model and then chooses an appeopuaterical
solution scheme. Validation of the 1D SCTM was performed with FlexPDE so that the primary focus
could be on improving the flow physics modeling by taking advantage of a robust numerical
treatment to solve the equations, to use the-situ visudization of FlexPDE for simulation control
and improved model development efficiency, and to pose the equations in a natural scripting

language.
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The SCTMvasapplied toseveralReynolds number flowkr validation in 1D FlexPDEhe
DNS datgRe = 2000)of Hoyas and Jimine29] and Re = 950) del Alamo et aJ89] allow for
validation of not only mean flow parameters, but for model validation of the performance in the
spectral domain as well since the DNS information in the spectral domain is available. The SCTM
performance has also been assessed for lower Reynolds number turbulent channdRéews60)
using the DNS data of del Alamo and Jimifg8}. Table3.1 shows model parameters fall the
considered cases.

Although FlexPDE has dynamic tigiepping capabilities, a constant time step of 1.0 was
used for each of the presented @ssfor convergence of the SCTM due to its highly-liverar
nature. Spatial mesh resolution across the channel, in the direction normal to the yhaWds
varied usingequation(3.26) to accurately resolvehe wall boundary layer. In this way, a finer mesh
is utilized closer to the wall and a coarser mesh is utilized closer to the channel ceniEnkneubic
basis function option for the finite element model in FlexPDE was used for better solution gccurac

with some penalty in overall computation time.

Qo mpup8 ¢ 8t OAT & <7 (3.26)

SCTM results from 1D FlexPDE will be shown fothtee considered Reynolds numbers
(Re = 550,Re = 950,Re = 2000) in comparison to DNS data as well as theRewnolds number

Chien ks Y 2[B5E Overall, predictions of the SCTM are on par with the Chien kY2 RSt | Yy R

provide good predictions of the DNS data while aklssolving theTKEspectrum.SCTM simulations
with perturbed initial conditionswvere performed and results converdgeto the same presented

solutions.
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Table3.1. SCTM model parameters for each of the considétegnolds number cases.

Parameter description Notation Re =550 Re =950 Re =2000 | Units
Friction velocity 0 0.04890 0.04539 0.04130 m/s
Kinematic viscosity A 8.945e5 4.859e5 2.062e5 m’/s
Domain left boundary () 0.0 0.0 0.0 -
Domainright boundary () 546.70 934.13 2003.15 -
Number of cascade bins N 18 5-22 18 -
Spectral resolution parameter v 1.3921 31'336117' 1.4553 -
Spatial mesh resolution Yo 0.38¢ 1.8 0.38¢ 3.1 0.34¢ 6.7 -
Left boundary of wave nu.mber range 6 1.000 1333 1333 1/m
(largest liquid eddies)
Right boundary of wave nqmber range °\ 3857 571.7 1144.0 /m
(smallest liquid eddies)

3.3.1 Re =2000

The highest Reynolds number case will be discussedAsstan be seen iRigure3.4, the

SaM demonstrates good predicticof the mean velocity profile and reasonable agreement for the

total TKE profile. Note #it a nordimensionalTKEscale Q TQ() wasused on the right vertical

axis of the plotComparisons with the Chiertkk Y2 RSt &aK2 ¢ (K| dpredicted g2 dzZaA K ¢
the SCTM, mean velocity is likewise epezdicted by the Chien-k @
Figure3.5 compares SCTM results with the wiatlown law of he wall:

v "ﬂm 5

where ¢, = 0.39 andB = 4.7. The law of the wall indicates that the streauise velocity in the flow

(3.27)

varies logarithmically witklistance from the wall surfadd 3]. For the SCTM, excellent agreement is
shown in the region of applicability of the law of the wall as well as with the DNS data all the way to
the wall. The SCTM provides better preidio of the mean velocity than the Chiek Y2 RSt @ | yf A

in previous spectral cascadinsport models of channel flofll], a wall function boundary

condition is not needed to achieve closure.
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Figure3.4. Mean velocity and TKE profiles obtained by the SCTM esiideen (N = 18) wave
number bins (solid lines) compared to DNS resuis £ 2000) of Hoyas and Jiming8] (dashed
lines) and the Chienk Y 2[BRdashed dot dot lines).
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Figure3.5. Mean velocity profile of the SCTM usgighteen(N = 18 Re = 2000 wave number bins
(blue solid line) compared to DNS results of Hoyas and Jinjd®4red dashed line), the Chientk
model[25] (greydashed dot dot line), the law of the wall, abfi= y in the very neawall region.
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Spectral energy results can be presentedr&&spectrum at variouy” locations.Figure3.6
compares eighteen bin SCTM energy spectrum predictions at four diffgréatations y* = 2000y"
= 120, y" = 400,y" = 40) with DNS datf94] and the welknown -5/3 energy spectrum slope for
singlephase turbulent flows. Near the channel centerliféglre 3.6(a)) and tirough the bulk
turbulence region of the flowHigure3.6(b), (c), excellent agreement is observed between the
SCTM and the DNS data. However, the model fails to predict the change in energy spectrum slope
near the wall Figure3.6(d)) where it instead preserves the theoretic&l/3 slope of the inertial
subrange. This could be due to slight ungeedictions of viscous diffusion and dissipation close to
the wall, which wil be dscussed in accordance witfigure 3.8(d). Applying the SCTM to much
higher Reynolds number than were previously examined by Bolotnov §1jlfor channel flow
without resolvingthe nearwall boundary layer has shown that the model predicts the theoretical
-5/3 slope of the inertial subrangét this particular Reynolds numbeRé = 2000)nner and outer
scale separation are large enoughobserve the inertial subrange and validate model behavior.

The spectral energy results can also be represented as contours in the spectral and spatial
domains Figure3.7). The peak of TKE is clearly shown very close to the wall and within the smallest
wave number range where turbulent liquid eddies are the largest. This follows the spatial and
spectral representations of TKEHRigure3.4 and Figure3.6, respectively, where the TKE peak was
concentrated near the wall and the lowest wave number bins within the energy containing range
have values of TKE density many magnitudes larger than values at the dissipatienFRigare
3.7(b) shows the TKE contour zoomed to the peak location to emphasize the concentration of TKE.
The characteristic bin number is shown along the horizontal axis and can be matched to the
corresponding wave number bin ifable3.2. The contour plot approach is a convenient way to
represent the behavior of the turbulence in both physical and spedwatainsand this approach
was used in the spectral analysis of DNS data by Bolotnov[8#4hl.

Examining SCTM source terms (i.e. the right hand side terms of the-pivage cascade
transport equation 8.7)) in both the spatial and spectral domain indicates that the mddélaves
as expected in terms of energy production at the lowest wave number bins, energy transfer through
the inertial subrange, and the eventual dissipation of the smallest eddies at the highest wave
number bins.Figure3.8(a) shows the SCTM source term balancebior5. Eddies in this bin are

sized approximately as ormxth of the channel half widthr@ble3.2). Recalling thepectral peak of
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TKEfrom the contour plot inFigure3.7 it is consistent that eddies in this bin receive energy
predominately through the production term (dashed blue line) while energy is removed by the
spectral transfer term (red dashed dot dot line) through the energycade process. Both the
viscous and turbulent diffusion (teal dashed dot line and orange dotted line) terms are considerable
in bin5, where viscous effects are present close to the wall {i.dess than about 10) and the
change in turbulent diffusion @ occurs to keep the source term balance equal to zero when

viscous effects are no longer present. Note that dissipation effects are negligible for eddies of this

Slze.
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Figure3.6. SCTMN = 18,Re = 2000)prediction of theTKEspectrum at four different distances from
the walt (a)y" = 2000,(b) y* = 1200, (cy’ = 400, and (dy" = 40 (blue solid line with diamonds) in
comparison to DNS data spectrum (red squares)-af8islope(dashed line).
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However, for biall (Figure3.8(b)) the source terms are distributed much differently. In this
bin, eddies are sized as approximat&l$2 of the channel half width. Notinthe location of birll

in Figure3.6, this bin resides at the transitional point between #4¢3 slope of the inertial subrange
and thesteeper slope of thelissipation rangeThe energy transfer into the biiY Y )and

energy transfer out of the bin'Y “Y ) are printed separately for bihl rather than just the

net spectral transfer term (Equatio.9)) and thesderms dominate the TKE budget. At the tail of
the inertial subrange the energy transfers into and out of the bin are nearly equal and exemplify the
interacting spectral shell type model basis for the SCHigure3.8(b) also shows fullideveloped

steady state model predictions for biil since the sum of all source terms is essentially zero.
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Figure3.7. SCTM predictions of the TKE contour levgls {8, Re = 2000) in the spectral and spatial
domains for the full range of" and characteristic wave numbemlues (a) and for a perspective
zoomed to the area of interest (b).
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Table3.2. SCTM wave number bodaries forN = 18,Re = 2000 case and the approximate average
eddy size in each spectral bin based onthe chalrlelf ¥ ARG K 61

Spectral bin Left boundary Right boundary Approximate average

number wave number, 1/m wave number, 1/m eddy size
1 1.333 1.940 ni{ Kp
2 1.940 2.824 {1 KH
3 2.824 4,110 1 KO
4 4.110 5.982 L KM
5 5.982 8.705 L KC
6 8.705 12.67 LKy
7 12.67 18.43 LKMM
8 18.43 26.83 LKMT
9 26.83 39.05 LKHPp
10 39.05 56.83 L KoC
11 56.83 82.72 L KpH
12 82.72 120.3 LKTC
13 120.3 175.2 L KMMA
14 175.2 254.9 L KMCM
15 254.9 371.1 L KHOpP
16 371.1 540.1 L KOnH
17 540.1 786.0 L KnoT
18 786.0 1144 L KTHRN

Figure3.8(c) shows the SCTM source term distribution for-I#y or the smallest eddies
present in the bw. In this bin, the spectral transfer term transports energy through the left wave
number boundary of the bin as energy cascades down from larger eddies. The viscous diffusion term
also provides energy in this bin. The homogeneous and inhomogeneoysatimsiterms (dashed
green line and longlashed purple line) dominate in removifigtErom the turbulent eddies.

The total source term balance for the SCTM can be obtained by summing the spectral
source terms for each bin. The total source term balararetfie SCTMN = 18,Re = 2000) in
comparison to the DNS data of Hoyas and Jimjig8Fis shown inFigure3.8(d). The SCTM predicts
these terms quite well, most notably in preting spatial peak locations, although there is some
disagreement in the dissipation and viscous diffusion terms close to the wall. As aforementioned,
this disagreement may account for the SCTM failing to predict the slope change of the TKE spectrum
closeto the wall inFigure3.6(d). The SCTM spectral transfer term summed over the spectral space is

shown inFigure3.8(d) as well and the term essentially sums to zero.
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Figure3.8. (a)- (c): SCTM results for the source term distribution of the castadesport equation
for bin numbers 5, 11, and 18, respectivély=18,Re = 2000). (d): The totalource term balance of
the SCTM in comparison to the DNS results of Hoyas and Ji2@jez

sum of the bin turbulent viscositie#) comparison to DNS data and the Chienk Y2 RSt @

Figure3.9 shows the nordimensionalized turbulent viscosity prediction of th€TM (the

turbulent viscosity was evaluated usifidL]:

Qa0
Qv

Qw

¢ KS

(3.28)
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Excellent agreement is observed close to the wall with acceptable agreement for the rest of the
flow. Note that the pealtocationof turbulent viscosity is weflredicted by the SCTM and centerline

discrepancies are observed for both the SCTHI @hien k& @
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Figure3.9. Nondimensional turbulent viscosity distribution of the SCTW=(18,Re = 2000; solid
blue line) compared with DNS results of Hoyas and Jinfi8Zdashed red line) and the Chier¥ k
model[25] (grey dashed dot dot line).

3.3.2 Re =950

SCTM predictions fdRe = 950 were also performed and compared with DNS {g@hand
the Chien k Y 2[B5F Kote that for each considered Reynolds number the model formulation
remains the same as that § 3.2 while the wave number range34ble3.1) are different based on
the requirements of theSCTM A spectralresolution study waslso performed for this particular
case atRe = 950 to ensure that model accuracy does not significantly degrade\eken coarser
spectral resoltion isused.
Figure 3.10(@) shows the mean velocity and TKE profiles calculated by the SCTM in
comparison to the DNS data and Chienk Y2 RSt ® ¢ KS&aS YSIy Ft2¢ LI NI Y
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well. Particularly, e SCTM better predicts the mean velocity behavior than the -puediction of

the Chienk Y2 RSt ® | 24 S @S NIpredié e TKE prafile fRihé&r drom2thes Svhlll

The SCTM performs similarly to the Chien k Y2 RSt F2 NJ ( K S Figurda\(pf Sy
where both models ovepredict the DNS data at the channel centerlikwever,the centerline
behavior of the estimated turbulent viscosity has limited influence on model predictive capabilities
since the relatively flat velocity profile results in small turbulent production and diffusion. On the
other hand, the DNS estimates provided for comparison also have larger uncertainty close to the
centerline since this artificial quantity (turbulent vis@g} is computed using the ratio of DNS
estimated turbulent shear stres€t@a® over DNSstimated velocity gradientQ"YQ { At the
centerline both those quantities are expected to be zeso turbulent viscosity is not defined using

this method. As one approaches the centerline location the uncertainty grows. These two
observations explain why away from the wall (where velocity gradientsshear stresses are small)
having a disagreement between the model prediction and DNS estimates doesaasisaély result

in poor model performance (as seen for both Chien and SCTM models).
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%0 - -DNS e
— Chien k-€
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v ¥

(@) (b)

Figure3.10. Mean velocity and TKE profiles (a) as well as turbulent viscosity profile (b) obtained by
the SOM (N = 18,Re = 950) in comparison to the DNS data of del Alamo ¢88].and the Chienk
s Y B

Figure3.11 shows how theSCTM mean velocitN(= 18,Re = 950) compares to the well
known law of the wallEquation(3.27)). The SCTM predicts the law of the wall and the DNS data
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quite well, notably achieving the flat velocity profile in the Idtianic region of applicability and
well-predicting the DNS data in the very near wall region.

Figure3.12 shows the total source term balance (the sum over all wave numbers) for the
SCTM in comparison with the DNSutts of del Alamo et aJ89] for the eighteen birRe = 950 case.
As with theRe = 2000 caseHigure3.8(d)), good agreement between the SCTM and DNS data is
observed with only some notable discrepancy in the dissipation and viscous diffusion estimations

close to he wall.
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Figure3.11. Mean velocity profile of the SCTM using eighteldr (18,Re =950) wave number bins
(blue solid line) compared to DNS results of del Alamo €88].(red dashed line), the Chientk
model[25] (grey dashed dot dot line), the law of the wall, ddid- y in the very near wall region.
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Figure3.12. Total souce term balance for the SCTM € 18,Re = 950) in comparison to the DNS
results of del Alamo et g89].

3.3.2.1 Spectral resolution study

A spectral resolution study was performed for tRe = 950 case where redslfor N =5,
N=8,N=14,N=18, andN =22 wave number bins were compared to gauge model performance.
The spectral resolution parameter for the different number of wave number bins can be seen in
Table3.3. Qearly, theN = 5 andN = 8 simulations have spectral resolution parameters larger than
the suggested maximum value of 23®) but, as will be shown, acceptable model predictions are
still possible.Figure 3.13 displays how turbulent viscosity behaves for the differing number of
spectralbins. TheN = 5 simulation does show some slightly ungeedicted results in comparison to
the N = 18 case. However, expected model behavior of cayerce to some final solution as the
number of bins is increased is observBehavior of the remaining mean flow parameters (i.e. mean

velocity and TKE) is similar and showfigure3.14.
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Table3.3d { LISOGNI & NBaz2fdziAzy

resolution study.

o6vo

Number of Bins| { LISO UG NI f w
5 3.361
8 2.133
14 1.542
18 1.400
22 1.317

@It dzSa F2NJ S| OK

100
- - DNS

90 |- 5Bins

ve /v

0 250

750

1000

Figure3.13. SCTM turbulent viscositRé = 950) withN = 5 (blue dotted line)N = 8 (orange dashed
line),N= 14 (green dashed dot lingy,= 18 (solid blue line), ard = 22 (purple dashed dot dot line)
wave number bins in comparison to tRNS results of del Alamo et [9].
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Figure3.14. SCTM mean velocity and TKE profiRs £ 950) withN = 5 (blue dotted line)N = 8
(orange dashed lineN = 14 (green dashed dot linelN = 18 (solid blue line), and = 22 (purple
dashed dot dot line) wave number bins in comparison to the DNS results of del Alam[88} al.

TheTKEspectrum is shown for all of the nsidered bin numbers in the spectral resolution
study aty" locations of 930, 560, and 40 Figure3.15, Figure3.16, and Figure3.17, respectively.
Good agreement with the DNS data is observed in the bulk turbulence region away from thg wall (
= 930 andy’ = 560) as well as expected model behavior for different wave number resolutions
namely the higher resolutiondN(= 14,N = 18, N = 22)canbetter predict changes in the slope of the
energy spectrunthan the lower bin number resolution cases. However, the model is still able to
correctly predict the-5/3 slope in the inertial subrange and the changes in energy spectrum
behavioreven for the very low bin number resolutions Mf= 5 andN = 8. Although the smallest
allowable spectral resolution for the SCTM has been stated g Dresentedspectral resolution
study has shown that the SCTM is robust since minimal changes arevedbseven for spectral
resolution as high as 3.36N & 5). TheTKEspectrum in the near wall regiorfrigure3.17) fails to
predict the change in slope at the transition from the inertial subrange to the dissipatigion
much like the behavior observed in tike = 2000 case. Again, this may be due to uraledictions
of dissipation and viscous diffusion near the wall. Behavior of the total source term balance was

similar forall the different number of bins comdered in the spectral resolution study.
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3.3.3 Re =550

Figure3.18 presents a comparison of SCTNI= 18,Re = 550)mean flow predictions with
the DNS data of del Alamo and Jimif@3] and the Chien¥ Y 2[BRdr the lowest considered
Reynolds number used for model calibration and validatibacent agreement is shown between
the SCTM mean velocity and DNS data whiteeptableagreement is observed with the TKE
magnitude ad location. The Chien-k Y2 RSt  Jpradicts yhea? @ISdity in comparison to
the SCTM and DNS results. The SCTM missed the prediction of the turbulent vidagsity (
3.18(b)) peak. However, the Chiensk Y 2pReBidtions are no better than the SCTM and earlier
discussion has been given concerning possible reasons for observed disagreement between the DNS
results and modelsA comparison of the SCTM with the law of the waiggre3.19) shows excellent
agreement close to the wall and a flat profile in the applicable logarithmic region although there is
some slight undeprediction of mean velocity at moderaig values.Similarly, the Chien-k Y 2 RS f

over-predicts mearvelocity behavior in the bulk of the flow.
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Figure3.18. Mean velocity and TKE profiles (a) as well as turbulent viscosity profile (b) obtained by
the SCTMN = 18,Re = 550) in comparison to hDNS data of del Alamo and Jimif@2] and the
Chienks Y 2[BBS €
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Figure3.19. Mean velocity profile of the SCTM using eggt (N = 18,Re = 550) wave number bins
(blue solid line) compared to DNS results of del Alamo and Jif88g@ed dashed line), the Chien
ks Y 2[B5B(grey dashed dot dot Ia), the law of the wall, andJ" = y in the very near wall
region.
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TKE spectrum results for th6CTM N = 18, Re = 550) are shown irFigure 3.20 in
comparison to the theoreticals/3 slope of the inertial subrage and the overall spectrum shapes
are consistent with expectations. Note that at this lower Reynolds number the inner and outer scale
separation is reduced but the SCTM can still be validated by5fBeslope in the inertial subrange.
TKEspectrum resuls close to the wall foRe = 550 are consistent with results for previous Reynolds
numbers and fail to capture the change in slope from the inertial subrange to the dissipation range
close to the wall. The total source term balan&ég(re3.21) compares well with DNS results with
excellent prediction of peak locations. Consistent with the results at previous Reynolds number, the

viscous diffusion and dissipation terms are ungezdicted close to the wall.
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Figure3.20. SCTMN = 18,Re = 550) prediction of th& KEspectrum at two different distances from
the wall: (a)y" = 540 and (by" = 150 (blue solid line with diamonds) in comparison to the theoretical
-5/3 slope (dashed line).

66



0.3

— =SCTM dissipation
O DNS dissipation
o SCTM production
& IS ﬁw‘) o DNS production
0.2 < o = + =SCTM turbulent diffusion
O o A DNS turbulent diffusion
----------- . <& eseeeas SCTM viscous diffusion
T, ¢ At < DNS viscous diffusion
8 R o SCTM spectral transfer
c 01
o
]
o
£
@
-t A H
@ 0 £ £
o
.
F
o
@
£ 01
|2 .
-0.2
o [m]
-0.3
0.01 0.1 1 10 100

y+
Figure3.21. Total source term balance for the SCTWF(18,Re = 550) in comparison to the DNS
results of del Alamo and Jiminf33].
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4. IMPLEMENTATION OF STM INTO THREEDIMENSIONALM-CFD SOLVER

The completed visio of the SCTM is an advanced multiphase spectral turbulence model for
nuclear related applications that provides better flow predictions than current industry standard
two-equation models widely used iI€FDM-CFD codesTherefore, itwasa natural step irmodel
development to implement the singlghase SCTM into a 3D-GFD code and perform model
verificationand validatiorwith an array of test cases arke existing 1D FlexPDE results.

NPHASEMFD is an advancedultiphasecomputationalfluid dynamics cde for combined
mass, momentumand energy transfer processf3b] developed by Interphase Dynamics, LLC that
was chosen as the 3D-WFD code for SCTM implementatiddPHASIEMFD is written in the C
programming languagwith builtin and user defined mechanistic modeling that is integrated with
numerics[96]. Highlights of the NPHASBMFD cod¢96] include powerful multibase capabilities,
the use of structured and unstructured grids of arbitrary element tyje, ability to model an
arbitrary number of fields (fluid components and/or phases), turbulence closure with either low or
high Reynolds number Y 2 RS = rocedsihgl usirfig $he MR protocol, and the ability to
model an arbitrary number of chemical species advected by a chosenNRHIASEMFD has been
applied to many challenging multiphase problemEor example Tiwari et al.[97] used NPHASE
CMFD to perform 3D analyses of singhase liquid and twgphase dilute particle/liquid flows in-U
bend and helical curved conduits. Tselishcheva g98l.used NPHASEMFD to modetwo-phase
bubbly flow in a horizontal straight pipe and a horizontal pipe with a 90 degree elbow. Behafarid et
al. [99] coupled NPHASEMFD to the PHASTA DNS code to model fission gas propagation
discharged into thecoolant channel of a Genation IV sodium fast reactor after a loséflow
accident.Waite et al.[100] are continuing to improve dispersed bubbly flow models in NPHASE
CMFD throughcomparisons of3D simulations oPWR coolant channels with mixing vanes and
spacer gridsvith the experimental database

NPHASEMFD was chosen for SCTM implementation into aMBBFDcode since its
capabilities aliged well with the overall model development plafmplementation into NPIASE
CMFDwas important for extending the SCTM to multidimensional problems, taking advantage of
high quality meshing software for complex nuclear relevant geometries, using advanced post

processing and visualization tools, using multicore processing, ndikgp SCTM multiphase
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capabilities and numerics, and eventually including the energy equation and heat transfer terms.
Implementing the SCTM into NPHASHFD posechallengessuch as the extension from 1D to 3D

and numerical convergendbat were adiressel and are discussed subsequently.

4.1 Repurposing the NPHASE-CMFD Species Transport Equations for the SCTM

NPHASEMFDcan solvetransport equations foran arbitrary number of chemical species,
Ns, advected by a chosen fieldhe species transport equationssed in the codeassume that the
species are well mixed at the molecular level in fielsharing the same velocity, pressure, and
temperature of the carrier fielgl of phasek [96]. The mass fractiony;, of a particular species (s =
M Xs) describes the mass transfer by convection and diffusion through a conservation transport
equation. The conservation transport equation for a particular spexissdefined in Section 4.4 of
the NPHASEMFD User Manuf®6] as:

T'T—O“’ 1] " bd D — — % 3o Y (4.1)
wherethe patticular terms arg96]:
@ = mass fraction of species

= molecular viscosity for field
= turbulent viscosity for fielgl
” = laminar specieSchmidinumber
i = turbulent specieSchmidtnumber
3 = mass transfer rate due to phase change in fjeddd intraphase
change from other fields of same phalse
@ = mass fraction of speciasfrom fieldj due to mass transfer
Y = user implemented species source term
The conservation transport equation is an approximation for the exact species transport mass
balance defined in the NPHASMFD User Manu§d6] as:
Tl "o

: n)l "0k U Y 4.2)
T o
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where 1 is the mass flux of speciis NBf I 6A @S G2 GKS YSIy Fé6f2¢
diffusion within NPHASEMFD a§96]:

0 19 — — 1® 4.3

The exsting numerical framework within NPHASKIFD to solve an arbitrary number of
species transport equationswas an ideal candidate for implementing the SCTM. The conservation
transport equation for a particular specissequation(4.1)) is analogous to the SCTM TKE transport
equation for a particular bin TKE,, (Equation 3.7)). Therefore, the existing numerical framework
can be tailored to solve for bin turbulent kinetic egers rather than species mass fraction by
implementing the SCTM source terms on the RHA&ing the mass transfeate due to phase
change and imaphase change from other fields of same phagg ) to be zero and substituting in
bin TKEK,) for species mass fractioryy, the NPHASEMFDnumerical frameworknow readsto
solve for bin TKE as:

TlT—OQ nol 0 D — — nQ oY (4.4)
where the firstterm on the RHS i shown inEquation(4.3), or the diffusion termD,, (Equation
(3.25)) in the SCTM formation. The remaining RHS tesmof the bin TKE equation (Equati@i7})
then need to be implemented into NPHASHKIFD to form the user implemented species source
term for binm such that:

Y 0o - - Y (4.5)
where the definitions of SCTM bin production (g), homogeneous dissipation—g‘;(),
inhomogeneous dissipation@), and spectral transfei; ) were given in 8.2

Using the NPHASEMFD numerical framework for the species equations tailored to the
SCTM provides the bin TKE values that are then fed into the SCTM formulatiturkolent
viscosity. The turbulent viscosity is then fed back into the normal code structure for the RANS

equations with NPHASEMFD Figure4.1).
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Mass & Momentum Equations Solve Species Equation Solve
(coupled or segregated solver) a NPHASE-CMFD user routine:

user_source_species.c

[solve species equation for bin 1 TKE]

SCTM Turbulent Viscosity Calculation
NPHASE-CMFD user routine: [solve species equation for bin 2 TKE]
user_viscosity _turbulent.c |

T _ TN T
V= Zm=1 Vi -

|

1\ [solve species equation for bin N TKE}

Figure4.1. NFHASECMFD iteration process with species equations tailored to SCTM.

4.2 NPHASECMFDCode Structure

NPHASEMFD is not an open source code and the usallsved access to the code
internals onlythrough soOl £ £ SR & dza SNJ N2 dzii A y S atécertairkgoiiits and t 2 ¢ T
performing a given task that alters NPHAS®FD equations (e.g. the inclusion of a user source term
for the momentum equations or user drag coefficient formulation). The user routines are compiled
and linked into the binary executabbefore program executiofil01]. User routines are denoted by
the user TASKc form, whereWASKreferences some specific coding where the user routine is called
from the source code. For example, theser viscosity turbulent.cand user_souce_species.c
routines that areused by the SCTMFigure4.1) are intuitively named for user control of the
turbulent viscosity and species source term.

The lowReynolds numberk 2 LJiA 2y Ydzad 0 S-CMRD(td apphiitBeR Ay &
turbulent fluxes near the wall in the momentum equations. Therefore, this option must remain on in
the NPHASEMFD input so that the SCTM turbulent viscosity is applied in thewalaregion. To
eliminate influences of thek Sljdzt GA2ya 2y GKS 2@SNItf aAravydz I GA
FYR O2YLMzil GAz2zy GAYS GKS FrtasS GAYS adGaSry) F2N o2
GgKAES GKS a2t 9SNJ a6SSLJa T2 dlimihated theRe s S |j deB( A022yUaK  gaK
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simultaneously taking advantage of the NPHASHE-D use of the turbulent fluxes in the momentum
equation.

Some information is required by NPHASHFD to use the SCTM for the calculation of
turbulent viscosity. Theiser_nitialize.croutine is used for control of the input parameters for the
SCTM. In this routine the user can define model constants, wave number boundatiakbin TKE
values, etc.The calculation of all RHS source terms is controlled fromutie souce_species.c
routine. The overall turbulent viscositfpor the NPHASEMFD RANS equatiofis calculated in
user_viscosity_turbulent.after calculation of the bin turbulent viscositieAppendixB provides a

more indepth look at he SCTM numerical implementation into NPHASHE-D.

4.3 Verification and Validation

Verification and validation are required to increase confidence in CFD solutions. Simply
stated by Roachg102], verification refersi 2 a a2t @Ay 3 { il validptimh réfar2tg” & NA 3 |
Gaz2t @Ay3 GKS NAIKG Sljdz G§A2yaéed ¢2 SELIYR dzRy
of determining that the programming and computational implementation of the model is correct
while validationis the process of determining th#te results of the model agree with experimental
results and analytic solutiorj403]. Verification and validatiowere both important steps to ensure
the SCTM prades acceptable physical results within the framework of NPHASED. The NPARC
Alliance (a collaboration between NASA Glenn Research Center and Arnold Engineering
Development Compléxhas outlinedsix steps for the verification process of a CFD daé8]: (i)
examine the computer programming of the cod@&) examine iterative convergencéii) examine
consistency{iv) examine grid convergencé;) examine temporal convergencgji) compare code
results to accrate solutionsFor example, examining consistency ensures that mass is conserved in
flow through a channelThese sistepsweretaken into account as the SCWasimplemented into
NPHASEMFDThe SCTM had previously only been evaluated as a 1D foromugith the FlexPDE
solver. Therefore, additional issues that arose in the extension to a-8IFMformulation were met

with the verification and validation process in mind.
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5. SINGLEPHASEFLOW RESULTS

In this chapter, singlphase results using the SCTMNRPHASIEMFD are presented for
various tests cases. The test cases were chosen for verification of the SCTM implementation and
validation of the SCTM performance. Each test case has an abbreviated name and is discussed

separatelyas to why it was performefbr verification and validation of the SCTM.

51 FT1: Flow Through

The flow through testvasquite simple buthecessary t@valuate ifsome initial assumptions
about the code behaviowere correct The flow domainwas a square channel with symmetry
boundaryconditions on the top, bottom, left, and right walls; an inlet flow boundary with flow only
in the positivex direction; and an outlet pressure boundary. The species source term and SCTM
turbulent viscositywere both artificially set equal to zeroThe tubulent kinetic energy and
dissipation values for the NPHASKEIFD ¥ S |j dzlvdielsét §6 &qual values and the small false
time step and zerodver sweep options wereised. The purpose of this testasthen a simple
check to see that no external sourterms act upon the implemented SCTM equations and that the
bin TKE values remaid constant as advected through the channel. Tav through test also
showedd K4 GKS avlrftt FrftasS GAYS adSLI I yR ItHeNR &a2f
k- quaitions.The results of the flow through testgere as expected.

5.2 DT1: Single-Phase Decay of Isotropic Turbulence

Bolotnov et al.[10] have previously shown thahe SCTM performs well f@inglephase
decay ofisotropic turbulence and that in the absence of mean flow gradients the spigiseSCTM
equation for TKEin binrm reduces to the spectral transfer and dissipation terms. In the current
model formulationfor the decay problemsonly the homogneous disipation term remains such
that:

0Q
00
However,implementation into a3D M-CFD codewhere the initial condition is advected along the

Y- (6.1

flow direction stipulates anon-zero spatial diffusion term in the flow directioriThe DT1dst was
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performed to show that lhe diffusion termcan behandled naturally by NPHASBMFD (Equation
4.3) and that the spectral transfer and homogeneous dissipation temsr® corectly implemented.

The DT1 test also shed that the repurposing of the species equatiomasa suitable method for
solving the individual bin TKE values in NPHNSED.

Kang et al[104] investigated nearly isotropiturbulence downstream of an active grid at
high Reynolds numbe(Re £ 720) and Bolotnov et al[10] used this data to calibrate the SCTM
spectral transfer constant&ang et alprovideddata at four measuring stmns downstream of the
active grid as well as an analytic formulation to produce the TKE spedgpendent on flow length
scales and dissipation rat€he Kang et al. data was used Yafidationin the DT1 test.

Squareduct geometry with symmetry bouraly conditions on all four walls, amlet
boundary condition, and outlet pressure boundary condition was used for the DT1 test. Meshes
were first considered with resolution only in the streammse (x) directionOne of thesemeshes (M1
mesh) is shown iffigure5.1. Air properties at 2@ were used’( = 1.2047; = 1.821x10) to match
the kinematic viscosity’ (= 1.511x10°) in the experimental dataA constant inflowx-direction
velocity of 12.0 m/s was prescribethe data & the first measuringtation (x/M = 20whereM is the
mesh size of the turbulenegeneratinggrid) was used as th& KEspectrumat the duct inlet.

Figure5.2 shows the decay of TKE as a function of distance from the inletdéoKaimg et al.
data and the SCTM. The experimental data is shown at the four downstream measuring stations
(non-dimensionalized by the grid siz#) at x/M = 20, x/M = 30, x/M = 40, and x/M = 4BCTM
results for three consecutively refinecbmputationalmeshes of M1 = 125 elements, M2 = 500
elements, and M3 = 2000 elements are shown. The SCTM simulations were taken to be converged in
NPHASEMFD when residuals for the species equations reaamedrder of10*®. Forall the data
shown inFigure5.2 the total TKE was calculatdry integratingthe energy spectrumClearly, the
SCTM provides excellent prediction of the spatial TKE decay for each of the considered mesh

resolutions.
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Figure5.1.

M1 mesh with 125 elements in the streamise (x) direction.
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Figure5.2. SCTM predictioifN = 21)of decay of TKEas a function oflistance from the inle{non-
dimensionalized by théurbulencegeneratinggrid size M) for meshes M1, M2, and M3 compared
with the experimental data of Kang et édymbols).

Spectral results for the SCTM versus the Kang etxpkramental data Figure5.3) indicate

that the SCTM perfans quite well and slightly better at the highest wave numbersificreased

mesh resolution.Computational time requirements were considerably increased witreased

mesh resolutionThe M1 mesh requireplist 6.9 seconds of total simulation time whilegM3 mesh

required about 38 minutesThis increase in computational effort is an important realization from

the DT1 verification tesSimulations with 14 and 24 wave number bins were also perfor(fhadle

5.1) on the M2 mesh @ further assesscomputational costs of the SCT{#igure 5.4). These

simulations showed that the increase in computational time per iteration seatactly linearly with
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increased bin resolution. Treverage times per 100 iterationgere 1.81, 2.77, an8.16seconds for

the 14, 21, and 2 bin simulations, respectivelffigure5.4 also includes the predictions of thesk
model available in NPHASIMFD and shows that the SCTM better predicts the experimental data.
The average cost per 100 iterations usingthe k Y2 RSt gl & nduu aSO2yRa®

Table5.1. Spatial and spectral representation of performed tests (grdenkinglephase decay of
isotropic turbulence.

Spatial
Spectral
N=14
N=21
N=24
1.0E+00
—Kang et al.
o SCTM, M1
~ SCTM, M3
1.0E-01
1.0E-02
)
-
% 1.0E-03
=
w
1.0E-04
1.0E-05
1.0E-06
1.0E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04

K, 1/m

Figure 5.3. Spectral evolution of TKE decay. Shown for the SCTM using Mleggaad M3
(triangles) meshes as well as the experimental data of Kang et al.

Thus far, results for the DT1 test were all produced on an essentially 1D mesh such as that
shown inFigure5.1. Simulations were also performed omreesh with 10 elements each in tlyeand
zcoordinate directions as a simple verification that resolving the mesh iy émel z directions does

not affect the solution. These results were identical to the previously presented results, as expected.
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As stded in 84, implementing the SCTM into a 3D-GFD code provides the ability to take
advantage of high quality pogirocessing software. Paravieid05] is such software and is able to
read the posiprocessing files from NPHASKIFD Figure5.5 shows how Paraview can be used to
more schematically represent SCTM results from NPHABED. The decay of TKE along the duct

length is shown for the M3 mesh using 21weaumber bins.

e Kangetal.
—k-£

5 N --=-SCTM, N = 14

\‘\\\\\ -~ SCTM, N =21

AN SCTM, N = 24

k (m?/s?)

15 20 25 30 35 40 45 50 55
x/M

Figure 5.4. SCTM prediction of atay of TKEas a function of distance from the inlet (non
dimensionalized by the grid size, M) using 14, 21, and 24 wave numbecdrimzared with the
expelimental data of Kang et al. (symbats)d the ks Y 2 RS f

The results of the DT1 test showed that the spectral transfer and homogeneous dissipation
terms were correctly implemented into NPHASHEFD and that the rpurposing of the species
equations was & acceptable method of solving for the SCTM bin TKE values. The DT1 test also

showed iterative convergence and conservation of total mass through the duct.
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Figureb.5. SCTM prediction dhe TKE decay asfunction of spatial position along the duct.

53 TCF1:Single-Phase Turbulent Channel Flow

The plane channel flow geometry predicted hwithe SCTM using FlexPDE3(§ was an
excellent starting point for verification of the Waesolved SCTM in NPHASHFD Previous tests (8
5.1¢5.2 showed thatthek SljdzZt GA2ya O2dzZ R 0SS STWEGaM@ASt & { dz
repurposing the chemical species equations waa@eptable method for solution of the SCTM TKE
transport equationsThe DT1 test showed that NPHASHFD handles the diffusion term and that
the spectral transfer and homogeneous dissipation terms were correctly implemented. For the
singlephase turbulentchannel flow test (TCF1) the spectral production and inhomogeneous
dissipation termsvereimplemented as well as the calculation of turbulent viscosity.

Both model performance and numerical convergence are exceedingly important in complex
turbulence modeldevelopment, particularly for highly neimear models such as the SCTM. The
spectral production and inhomogeneous dissipation terms, along with the calculation of turbulent
viscosity, were first implemented into NPHASKEFD exactly as presented i3® as used in 1D
FlexPDE. Althouginitial results for the SCTM in NPHASHEFD showed that model behavior was
conwerging towards the 1D FlexPB&ution a few conclusions were drawithe formulation for
inhomogeneous dissipatiorE(uation 8.16)) contained the derivative of mean velocity. This caused
numerical issues fopredominatelytwo reasons:(i) in CFD calculations the mean velocity on the
inflow is generally prescribed as a constant across the manibidh leads to high values of the

gradient early in the simulatio(due to prescribed nalip wall boundary conditiond)efore fully
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developed flow conditiondii) NPHASEMFD uses thproduction destruction clip ratif96], or the
ratio of turbulent production to turbulentissipation, to limit the sheainduced turbulence during
early iterationsand this approach should be used with the SCTM as Wedlrefore, if the turbulent
dissipation contains the naa flow gradient then limiting turbulent production based on turbulent
dissipation rate becomes nesensible andhe calculations becomimcreasinglynumerically stiff. As
shown previously, SCTM predictions with EexPDE for the overahergy budget Kigure3.8(d),
Figure 3.12, Figure 3.21) underpredicted the dissipation close to the wall that is controlled by
inhomogeneous dissipation. Aftearefuldeliberation the most prattical plan of actionvasthen to
improve both model behavior and numerical convergence by implementing a modified
inhomogeneous dissipation term from that shown previously in Equat®b6), The improved
inhomogeneous dissipation e is shown in %.3.1and a method for improving the convergence
behaviorand numerical stabilitpf the SCTM in NPHASBIFD is shown in®3.2

5.3.1 Improved Inhomogeneous Dissipation Term

The impraved inhomogeneous dissipation term was formulated based on Equation 4.222

presented in Wilcox13]:
U A S
VW 0E ' FTO — wiwon 5.2
%° (5.2)
such that the SCTM inhomogeneous dissipation term foinbianow:
] '?'Q
C(D—A OB (5.3)
wherey is the physicaldistance to the closest wadind the exponential term remains to ensure that
the inhomogeneous dissipation term has no effect outside of the edr boundary layerNote
that this modified inhomogeneous dissipatiterm eliminated two model constantsd R  while
simultaneously reducing numerical stiffness aad will be shownproviding better prediction®f
the DNS dissipation shapend TKENote that this term is similar to the Chiensk 06 2 dzy’ Rl NB
condition for dissipation close to the Was shown in Equatiod.(L5).
The modification of the inhomogeneous dissipation term required that the model constants

be altered slightly to account for the difference in SCTM formulation. All the parameters are as
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exactly & presented in the 1D formulation @&2) except the turbulent viscosity damping terms that
now have the following forms:
Q p ADPpRA[ AT
Q p8t A @Bt gy

Il
Q p8t A@bp c&i]"—"_

Although the model formulation would ideally remain the same in the transition from the 1D solver

(5.4)

to the 3D MCFD code the need for improved performangnd numerical convergenaequired

that it shouldbe modified. It is also important to note that the previous formulation contained a
model constant calibrated in th€term (Equation 3.22)) calculated by the Reynolds numbesed

on friction velocity. This is intuitive in the previous 1D work where the friction velatitywas
known a priori but is not so intuitive when the mode$ extended to flow scenarios where ¢h
friction velocityis not knowna prioriand can bamore difficult to quantify in a 3D calculation on
each iteration.All the SCTM calculations using NPHEBBIED in the present work were performed
with identical model constants§(3.2, Equation %.4)). It is expected that some model constant
adjustment based on mean flow parameters, such as what is done for traditionalesalved two
equation models (Equationd.(0) ¢ (1.15)) [13], will be required for future endeavors with the
SCTM. However, at this time an adjustable model constant would stand to degrade the physical
arguments and the form of #sseconstans will be more suitably determined as more test cases
performed. A survey over the whole results database should be completed with continued model
development beyond the current scope. Equati&@M) contains the model constants expected to
need calibration as the SCTMaigplied to more turbulent flows. In the future, adjustment of the
model constants based on turbulent flow parameters will improve model performance over a wide

range of applications.

5.3.2 Variable Relaxation Factors

NPHASEMFD uses relaxation factors for vilofield variables to improve numerical
convergence by the addition of numerical dampi®6]. For a given variabl&s the value at the
next iteration € p) is updated by:

%o T %o p T %o (5.5)
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wherel is the value of the relaxation factor and the "Qindex indicateshe calculated value %o

at the next iteration. Note that a relaxation factor sérowould provide no solution advancement

and that a value obne would provide no numerical damping. The relaxation factors have been

altered based on the wave number binto control numerical convergence with the SCTM.

Considering the large difference in time scales between the largest and smallest eddies present in

the flow it makes sense thathé transport equations fodifferent size eddies have different

O2y OSNERKFgORaAHP ¢KSNBF2NBI 'y 2LJA2Yy-CMADdo tkny Of dzRS

on variable relaxation factors. With this option, the relaxation factor for a particular bin TKE

equationisdefined as:

r
My

wheref is the userdefined relaxation factor value. Equatidn@) specifies that the largest eddy

(5.6)

sizeshawe the largest relaxation factor values and therefore the fastest convergence speed and vice
versa. This eliminates some numerical issues at the smallest eddy sizes where the transfer term can
dictate negative TKE values when the simulation is far fromstlation such as in the initial
iterations. Testing has shown that after the solution has evolved the variable relaxation factor can

be turned off and the solutions are consistent.

5.3.3 Meshing

The numerical mesh setup used to test the SGTkhe TCF1 case wassentially 1D since
boundary lower growth occurs off the lower wall and the other three walls of the duct are assigned
symmetry (neslip) boundary conditions in NPHAGKFD Figure5.6 shows the crossectional view
of a numercal mesh with 48 elements in the direction parallel to the solid wall boundary-ande
5.7 shows how the stream wise velocity and TKE compare for this 48 element mesh with a higher
resolution mesh with 199 elements in the ditien parallel to the solid wall boundary. Clearly, the
predictions are nearly identical. All the following results shown here were simulated on the lower
resolution mesh with 48 elements in the direction normal to the solid wall boundérg. length

overdiameter (LOD) of the mesh was equal to 200.

81



— |
Figure5.6. Crosssectional view of a numerical mesh with 48 cells in the direction parallel to the wall
boundary.

1.2 5
a 48 mesh cells

—199 mesh cells | 4.5

0 200 400 600 800 1000

y

Figure5.7. Streamwise velocity (left vertical axis)and non-dimensional TKE(right vertical axis)
predicted by SCTM in NPHASHFD using two different mesh resolutidins= 5 Re = 950Q.

5.3.4 Rey= 2000

SCTM predictions using NPHAS®FD for the higlst considered Reynolds number case are

shown inFigure5.8 ¢ Figure5.10 in comparison to previously shown SCTM predictions using
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FlexPDE and the DNS data. Most notably, the SCTM with improved inhomaogefhigsipation term
implemented into NPHASEMFD provides exceedingly better results for the THgu(e5.8(b)).
Results for streanwise velocity Figure5.8(a)) and turbulent viscosity={gure5.9(a)) differ from the
estimates with FlexPDE. The location of the turbulent viscosity peak is not predicted as well with
NPHASEMFD while the peak magnitude is better capturébe total turbulent dissipation shape
(Figureb.9(b)) is captured better as well and much improved from the previous result with FlexPDE
(Figure 3.8(d)). The SCTM is somewhat able to capture the inflection point in the turbulent
dissipation shape around> = 10. The total spectral transfer term sums to zero as expected and
does not contribute to the overall TKE budget. Note that the viscous/turbulent diffusion terms are
not included in the total source terms ploFigure5.9(b)) since only the turbulence production,
homogeneous dissipation, inhomogeneous dissipation, and spectral transfer terms are the user
defined functions supplied to NPHASHEIFD (see Equatiod.)).

12 8.0

-- DNS
- -5CTM, NPHASE-CMFD
—SCTM, FlexPDE

- - DNS
7.0 ---SCTM, NPHASE-CMFD
—SCTM, FlexPDE

1

6.0
50
i 40
3.0

2.0

1.0

0.0
0 500 1000 1500 2000 0 500 1000 1500 2000

v v
(a) (b)
Figure5.8. SCTM predictiondN(= 18,Re = 2000 of stream wise velocity (a) and TKE (b) using

NPHASEMFD (black dashed dot line) in comparison to SCTM prediction using FlexPDE (solid blue
line) and DNS data (red dashed line) of Hoyas and Jifj@@gz
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Figure5.9. (a): SCTM predictiomN(= 18,Re = 2000 of turbulent viscosity in comparison to SCTM
prediction using FlexPDE (solid blue line) and DNS data (red dashed line) of Hoyas and3minez
(b): Total source term balance of SCTM using NPIGASHD in comparison to DNS data of Hoyas
and Jiminef29].

Spectral energy results are shown at twid locations inFigure 5.10 and the SCTM
predictions using NPHASBMFD are very similar to those from FlexPDE. There is still some
discrepancy closer to the wakigure5.10(a)) where there is a buidp of energy in thénigh wave
number range. Although the dissipation shape is much better represented with the new formulation
for inhomogeneous dissipation the SCTM still fails to capture the change in energy spectrum slope in

the transition from the inertial subrange to éhdissipation range for th&¥Q= 2000 case.
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Figure5.10. SCTMN = 18,Re = 2000) prediction of the TKE spectrum using NPHONSED (black
triangles) and FlexPDE (blue diamonds) in coiapa to the DNS data (red squares) ab(8 slope
(dashed line) ay* = 40 (a) ang" = 2000 (b).

Results from théYQ= 2000 case rendered in Paraview are showfigure5.11 ¢ Figure

5.13. Theoutput capabilities of NPHASEMFD allow different bin contributions to the TKE to be

viewed over the whole geometry as well as»xaaxis slice showing behavior normal to the solid wall

boundary Figure5.11). The streanwise velaity is shown as ar-axis slice at LOD = 180 location

(Figure5.12) as well as over the total channel lengfigure5.13). Clearly, the uniform velocity at

the inlet requires some length to reach futeveloped flow. Comparisons of data at different

measuring stations along the channel length have shown that fully developed flow is achieved.
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Figure5.11. SCTMN = 18,Re = 2000) prediction using NPHAGMFD rendered in Paraview for the
bin-1 TKE shown at streamise location LOD = 180 as a slice alongthgis.
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Figure5.12. SCTMN = 18,Re = 2000) prediction using NPHASHMFD rendered in Paravidar the
streamwise velocity shown at streamvise location LOD = 180 as a slice alongctagis.
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Figure5.13. SCTMN = 18,Re = 2000) prediction using NPHASHKFD rendered in Paraview for the
streamwise velocity along the channel length. Shown here is a slice stnéaenalong thez-axis
and scaled to one thirtgecondof the total channel length.

5.3.5 Re=950

SCTM predictions using NPHASW®FD are similar to those from FlexPDE Y@= 950 for
the streamwise velocity(Figure5.14(a)) while the TKE is better predictaeiqure5.14(b)). Although
the turbulent viscosity magnitude prediction is further from the DNS data using NPEMBE
(Figure5.15(a)) the shape of the DNS curve is better modeled using NPAEASID. The total source
term balance showsHgure5.15(b)) that the production peak is slightly closer to the wall than the
DNS data. Howev, as with the higher Reynolds number case discussed previously, the new
formulation for inhomogeneous dissipation provides a vastly improved prediction of the overall
shape of the turbulence dissipation curve from DNS and again is able to capture lgetidefpoint
in the curve aroundd = 10. The overall spectral transfer term sums to zero as expected and does
not contribute to the TKE budget.

Spectral energy results &Q= 950 are shown ifrigure5.16 for two different distances
from the solid wall bundary. The SCTM results from NPHE&SHED are very close to those from
FlexPDE. Although the model formulation has been slightly altered between predictions from the
two numerical tools the similar behavior is encouraging numerical verification that @EBEVS

performance in the 3D MCFD code is as expected.
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Figure5.14. SCTM predictionN(= 18,Re = 950 of stream wise velocity (a) and TKE (b) using
NPHASEMFD (black dashed dot line) in comparison to SCTM prediction using FlexPDE (solid blue
line) and DNS data (red dashed line) of del Alamo 32l
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Figure5.15. (a): SCTM predictioN(= 18,Re = 95Q of turbulent viscosity in comparison to SCTM
prediction using FlexPDE (solid blue line) and DNS data (red dashed line) of del Alanj@9¢t al
(b): Total source term balance of SCTM using NPIEABID in comparison to DNS data of del
Alamo et al[89].
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