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Nomenclature

Symbols

a Plate thickness

b Plate width

g Gravitational acceleration

h Initial flow channel height at midspan

I Effective plate length

m Mass flow rate

p Pressure difference required to cause plate to bend
r Ratio of cell count

Vi Volume fraction of fuel foil

Vim Volume fraction of matrix

X Longitudinal distance from edge support

y Deflection of plate relative to edge supports
z Order of solution

E Young’'s Modulus

E Young’s Modulus for fuel foll

Enm Young’'s Modulus for matrix

Er Total Young’s Modulus for matrix and fuel foil
I Area moment of inertia of plate

Q Volumetric flow rate

S Original cross-sectional area of flow channel

A4S Change ir



Nomenclature (Continued)

Symbols

Vo Linear velocity of coolant

Ver The velocity required to cause a plate to buckle
g Uncertainty value

01 Solution generated using fine mesh

®2 Solution generated using coarse mesh

p Density of coolant

v Poisson’s ratio of plate

0o Richardson’s extrapolated value



CFD Analysis of Pressure Differentialsin a Plate-type Fuel Assembly

1 INTRODUCTION

According to the International Atomic Energy Assdmn (IAEA), as of 2009 there
are 41 operating research and test reactors itJitiied States [1]. These research
facilities are utilized in countless ways to pravidechnical assistance in all
engineering disciplines and as such, are all uniqudesign. One aspect of their
individuality may be seen in the fuel geometry egedictor employs. While traditional
light water power reactors (and most research oeg)ctise rod type fuel, a number of
facilities use plate-type fuel. Plate-type fueptentially advantageous for numerous
reasons including:

* Anincrease in kinetic efficiency (optimized moderato fuel ratio)

* Anincrease in thermal neutron flux

* Anincrease in power density
There are also a number of possible disadvantagéssttype of fuel:

» It requires high precision and a significant inse& fabrication resources

* It has an inherently faster burn-up rate resultmghorter core lifetimes

» lIts plates are prone to deflection

1.1 Background

The Hydro-Mechanical Fuel Test Facility (HMFTF),ckdied at Oregon State
University (OSU) is a thermal hydraulic separateat test loop. This facility was
originally designed to provide supplemental datatti@ qualification of low enriched
uranium (LEU) fuel for the five high performancesearch reactors in the U.S.
(USHPRR).

In order to maintain the high performance capaediof these reactors the fuel that is
used in the conversion process needs to have arhighnium density than the fuel
that is currently in use. Currently these reaceamploy a dispersion fuel consisting of
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a U-Al; alloy suspended in a 6061-0 aluminum matrix. Thel fproposed for

conversion is a U-Mo monolithic fuel. Monolithicdliconsists of a thin sheet of fuel
foil being placed in the center of nonfissionablatenial. The matrix material for the
proposed U-Mo monolithic fuel is also 6061-0 aluorm A visual representation of

each type of fuel is shown in Figure 1.1.

Ycnnt

Wl

AN

Dispersion Fuel Cross-Sectional View Fuel Foil Monolithic Fuel Cross-Sectional View

Figure 1.1: Comparison of dispersion and monolithel types

Testing in the HMFTF is planned to be broken inkm tphases. The first phase is
identified as fuel qualification testing These tests will provide a qualitative
demonstration that mechanical stability of USHPR&el f plates will not be
compromised due to a change in fuel foil compositidhase one testing will be done
using a generic fuel form — a Generic Test PlateeAsly (GTPA), to collect data and
compare the relative mechanical performance offu@l compositions considered
during this study. Phase twoReactor Specific Testingvill then focus on reactor-
specific assembly tests, as required for each U Ronversion Safety Analysis
Report (cSAR) [2].

As part of the first phase, this study focusestan GTPA. Typically, fuel assembly
channel gaps (the gap between fuel plates in ay af fuel plates) are sized to
prevent fuel plate deformation in normal thermaditaylic conditions in the reactor.
Bench top testing has indicated that U-Mo monddithiel is at least as robust as the
currently used U-Al dispersion fuel through the demonstration of iasezl modulus
of elasticity [2]. However, comparison testing Evated temperatures and flow rates
is desired to demonstrate the U-Mo's structurafoperance up to and beyond

measurable plastic deformation.



Testing will be done using a specially designed uhmd GTPA to compare
performance of three types of plates: U-Mo mondaljtiJ-Aly dispersion, and Al.
Depleted Uranium (DU) will be used in place of thranium for the U-Mo test plates,
and a stainless steel surrogate will be used icepdd the uranium for the U-Aplates.
DU differs from enriched uranium and natural uramion the atomic level only. Since
the tests conducted in this facility are not degedipon the atomic structure of the
material, DU can be easily used in place of théecead uranium. The stainless steel
surrogate was chosen to be used for the dispefs@rbecause of limited resources

making the use of DU in a dispersion fuel moreicliit.

The safety analysis report (SAR) for the AdvancstTReactor (ATR) provides data
from experiments conducted on these material typks.results indicate that the U-
Al dispersion fuel has higher yield strength than@fé1-0 aluminum cladding [3].
This indicates that a plate tested using pure @D&luminum cladding would buckle
sooner than a plate containing UgAdlispersion fuel resulting in a conservative
estimate of plate buckling. The material propertiethe U-Mo monolithic fuel can be
analyzed analytically. This analytical analysigpiesented in Section 4.3.7 and helps
to give an idea as to how the 6061-0 aluminum pladeld compare to the U-Mo

monolithic plate experimentally.

To test the limits of test plate performance ava&led temperatures and flow rates, the
GTPA has been designed to accommodate varying ehagap widths. These
differences will result in pressure differentiats@ss corresponding test plates; plastic
deformation of these plates occurs when presstieretitials exceed the plate's yield
stress. The GTPA is designed such that the yieddsis exceeded near the maximum
test temperature and flow rate bound by the opmratilimits of the HMFTF [4]. The
GTPA frame is designed with versatility, allowirfgetchannel gaps to be varied so a

range of channel gaps can be evaluated if necesBaeyGTPA design is modular, so
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the test plates can be assembled into the com@&®A prior to each test and
disassembled at the conclusion of each test. Biguieg the GTPA in such a modular
manner, its frame may be used for all of the tésteptypes, reducing the number of
mechanical components requiring fabrication. Suppgombs, or plate combs, are
inserted between the plates at the inlet and thletaf the channels. A diagram of the

comb is shown in Figure 1.2.

Figure 1.2: Support comb

The comb will limit the maximum plate deflection take place in the middle of the
plates instead of at the inlet and outlet. The caniserted into each channel at the
center of the plate width. The GTPA is designeduse this support comb when
needed [4]. Figure 1.3 shows an image of the GTRA thie associated dimensions

(Figure taken from Reference [4]).
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Figure 1.3: Geometric layout of the GTPA

The distance in between fuel plates is larger encinter channel than it is in the other
six channels. This distance will be referred toheschannel height and is 0.125 inches
for the center channel and 0.075 inches for thesrodix channels. The distance
between the channel side supports is 3.5 inchesvdhde referred to as the channel
width or span-width. The distance from the inlettlie outlet of the assembly is 27
inches and the total length of the fuel plate isiithes providing a 1.5 inch mixing

region at the inlet and the outlet of the assembly.

Computational Fluid Dynamics (CFD) techniques affeero utilized during an
experimental study prior to collecting any dateorder to confirm the study’s initial
hypotheses and justify the experimental designf.it€#D codes have been used for
many years in fuel assembly analyses. Prior t® teshducted in the HMFTF, CFD
simulations will be used to predict the plate deften of the GTPA by studying the
pressure differentials within the channels.



1.2 Objective

The objective of the work presented herein is fistanalyze various boundary
conditions to determine the associated pressufereiiftials within the GTPA using
the CFD tool Star-CCM+ version 5.04.008. Seconds filata will be used to
determine how great the risk is of plate deflectimler these same conditions within
the HMFTF. When the GTPA is tested experimentdlly tlata collected from those

experiments will be used to verify the results proetl in this analysis.

1.3 Importance

The results of this work will help to determine thessibility of plastic deflection for
the HPRR fuel assemblies with the new low enrichedl under standard operating

conditions.

1.4 Assumptions

Star-CCM+ version 5.04.008 is a program that useB @ model fluid flow. There
are many assumptions that need to be made in ¢oddevelop the best possible
model of a flow scenario. A brief description olvesl assumptions is presented in
the sections that follow.

1.4.1 One Channel

» Although this is a simplified model that does notlude all features of the
actual geometry it is assumed that this model vélsufficient for the selection
of mesh type, mesh refinement, turbulence modeysiph models, initial
conditions, and boundary conditions.

* There is no entry length for this model; mixingtire inlet and exit region is

assumed to be insignificant.

* Due to the high velocity and pressure within tharotel the effects on the flow

resulting from gravity are minimal and are not mleden the simulation.



1.4.2 Two Channel Model

It is assumed that the entry region prior to ch&iseearation is sufficient in
length to produce a fully developed flow suitale én accurate representation

of operational flow.

Due to the high velocity and pressure within tharotel the effects on the flow

resulting from gravity are minimal and are not mleden the simulation.

It is assumed that the criteria selected usingatte channel model will be

applicable to the geometry of the two channel model

1.4.3 Seven Channel Model

It is assumed that the entry region prior to ch&iseearation is sufficient in
length to produce a fully developed flow suitale én accurate representation

of operational flow.

Due to the high velocity and pressure within tharotel the effects on the flow

resulting from gravity are minimal and are not medean the simulation.

The actual experiment will include instruments witreach channel. It is
assumed that this instrumentation will not havegaiicant effect on the fluid

flow and thus are not modeled in the simulation.

The geometry of the model is assumed to be peffeceality this will not be
the case as there will be minor imperfections thay lead to slightly different

results.

It is assumed that the criteria selected using dhe channel model and
checked in the two channel model will be applicaioléhe geometry of the

seven channel model.



1.5 Limitations

It is difficult to conduct a completely flawlessudly. Therefore in every study it is

important to describe the known limitations.

1.5.1 One Channel

* This is a very basic representation of GTPA geoynétrdoes not include the
two mixing regions or the two support combs. Thi kwad to a solution that

is not an exact representation of what will happéhin the GTPA.

« CFD is only an approximation of actual flow. Stati@+ makes many
assumptions in order to make flow modeling eadibese assumptions could
lead to a solution that is not an exact represemtaif actual flow which is
why this is only an approximation.

* The simulation does not take into account any ceanigat would take place as
a result of plate deflection. Many parameters wittie model would change

as a result of plate deflection but that is not eted here.

» There is much data generated using CFD. It is emtanable to analyze all of
the data. Therefore, data will only be analyzedeatain points in each model
in an attempt to get an idea of what is happemrtheé entire model.

1.5.2 Two Channel

* This model analyzes the larger center channel ared af the smaller side
channels leading to an asymmetric geometry. Thenamtry of this model

may cause it to respond differently than the fallen channel model.

e CFD is only an approximation of actual flow. Statid+ makes many

assumptions in order to make flow modeling eadibese assumptions could
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lead to a solution that is not an exact represiemtaif actual flow which is

why this is only an approximation.

The simulation does not take into account any cearigat would take place as
a result of plate deflection. Many parameters wittie model would change

as a result of plate deflection but that is not eted here.

There is much data generated using CFD. It is eadonable to analyze all of
the data. Therefore, data will only be analyzedeatain points in each model

in an attempt to get an idea of what is happemrtge entire model.

1.5.3 Seven Channel Model

CFD is only an approximation of actual flow. Statid+ makes many
assumptions in order to make flow modeling eadibese assumptions could
lead to a solution that is not an exact represemtaif actual flow which is

why this is only an approximation.

When determining the potential of plate deflectitre fact that the materials
used in the HMFTF are not the exact same matearssdd in the HPRR'’s could

cause different results.

The simulation does not take into account any chsitigat would take place as
a result of plate deflection. Many parameters wittie model would change

as a result of plate deflection but that is not eted here.

There is much data generated using CFD. It is eméanable to analyze all of
the data. Therefore, data will only be analyzedeatain points in each model

in an attempt to get an idea of what is happemrtheé entire model.
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2 SURVEY OF LITERATURE

This is not the first study conducted on plate etdfbn of nuclear fuel assemblies. It is
also not the first time CFD has been used for thgges of analyses. This chapter

includes a summary of some pertinent articlesdahatrelevant to this study.

2.1 Plate Deflection

The study of the deflection of plate-type fuel haken place for many years. These
studies are important in order to improve the @fficy of plate-type nuclear reactors.
One of the earliest major studies conducted in dnés was performed by Daniel R.
Miller [5]. Miller’'s analysis gives a basic idea bbw the plates within a plate-type
fuel assembly tend to deflect. The plates will defflsymmetrically and in an array of
fuel plates they will alternate with some deflegtiowards each other while the next

plates will deflect away from each other. Thishewn in Figure 2.1.

Figure 2.1: Example of plate deflection

This image shows an assembly containing six fuegiegl which are represented by the
dark lines, and shows only five full flow channelhere are three flow channels
where the plates are deflected away from each a@theértwo, which are bordered by

the three, where the plates deflected towards etsr.

Miller used the equation for the pressure requicedause a flat wide beam to buckle
in conjunction with Bernoulli’'s theorem for incongssible flow in order to determine
the velocity required to produce forces of such mitage to cause the fuel plate to

buckle. Miller called this velocity the critical hity. Miller developed an equation
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for critical velocity for five different cases. Tée cases included both flat plate and
curved plate geometries each with different edggastis. The first case analyzed in
Miller's study was for a flat plate with built-imr clamped, boundary conditions. The
other two edges are considered to be free makmtpdlandary conditions for this case
F-C-F-C. The equation, according to wide beam thefmr the pressure required to

deflect a plate under these conditions is shown.

px° (1—1/2)( X — 2bx+ tf)

= 2.1
Y 24E| @D

Wherey is the deflection of the plate relative to the edgipportsp is the pressure
difference required to cause the plate to bend, the longitudinal distance from the
edge support) is the width of the plate; is Poisson’s ratio of the plate materialis
Young’'s Modulus of the plate material, ahid the moment of inertia per unit width of

the beam.

The plate on the other side of the channel willettfsymmetrically according to the
same equation. Therefore, to obtain the total chaimgcross sectional area this
equation is integrated with respectxtérom 0 tob and multiplied by 2. To obtain the
total change in cross sectional area per unit tneaequation is divided blgh. After

performing these calculations and substitutingthe area moment of inertia3/12

the following equation is the result.

AS _ (l—vz) pb*

S 30Edh (2.2)

Where S is the original, undeflected, cross-sectional artajs the total change in
cross sectional area,is the thickness of the plate, ahds initial flow channel height

at the midspan of the channel.
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The pressure differential developed across theepistderived from Bernoulli’s
theorem and can be simplified assuming that thdeplandergoes very small

deformation.

2OVZAS

s (2.3)

p:

Wherep is the density of the coolarg,is the acceleration due to gravity, awgdis the

linear velocity of the coolant.

By substituting Equation (2.2) into Equation (2d&termines the critical velocity for

_ [ 15gEh&
V., = m (2.4)

WhereV,, is the velocity required to cause a plate to buckle

the given conditions.

Although most of the analysis conducted by Milleesvdone on an assembly
containing an array of plates, he also looked at tiee critical velocity would change

if he analyzed just a single plate. He found thatdritical velocity approximation for

a single plate was higher by a factor«f2 . Miller mentions a few experiments that
provide data that lend support to his formulas &lsb mentions that it would be

beneficial to conduct experiments to determinevidality of his approximations [5].

Miller’'s desire for supporting experimental dataswater fulfilled as other researchers
conducted experiments with the purpose of providexgerimental data to verify
Miller's approximations. Smissaert found that psatbegin to experience static

deflection at low velocities and that the platepazience dynamic deflection at about
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two times Miller's velocity which he refers to aset ‘flutter velocity’ [6, 7]. These
results indicate that Miller’s equation is a readae approximation for when plates

will begin to experience measurable deflection.

Another study conducted by Ho gives evidence thalieNs velocity may not be as

conservative as Smissaert suggests. His experimstdy examined an assembly
containing two fuel plates and used light wate2@at’C. Ho found that the plates in
this study collapsed at about 78% of Miller's appmeation. One method

implemented in this study for the determinatiorplate collapse was the measure of
the pressure drop through the channels [8]. Thespre drop through a channel can
differ as a result of different channel cross-sewl areas leading to different

velocities.

Kane conducted an experiment where he studied semdndy containing an array of
plates. In this study Kane manufactured deviatmmsnperfections at the inlet of the
channels between the fuel plates. These deviataansed the pressure and velocity to
change within the channels resulting in deflecti6@ane noted that the velocity
calculated using Miller's equation was the velodiywhich significant deflections
were initially observed. Kane also noticed thasthslight deviations at the inlet of the
channel had a significant effect on the deflectibrough the channel especially at

velocities greater than Miller’'s approximation [9].

Later Kane partnered with Groninger to conduct laaoexperimental study of plate
deflection. The results of this study were thatigldeflection occurred at very low
velocities. One major observation is somewhat eelad Kane’s previous work in that
the critical velocity deflection is essentially aagmification of a pre-existing
imperfection in the fuel plates. Here as with otkardies, plates were observed to
deflect in opposite directions as was observed beMand is shown in Figure 2.1. It
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is mentioned that this only occurred at high flates and that at low flow rates this is

not necessarily the case [10].

Oak Ridge National Laboratory (ORNL) examined fuysates representing the
Advanced Test Reactor (ATR) geometry. The studyasy similar to the one
presented in this work however, it was experimeatal this study is computational.
During the ORNL study the fuel plates were sub@dtea series of tests at varying
temperatures and flow rates. The pressure dropughreeach channel in the fuel
assembly was measured in conjunction with chana#éctions. The results of this
study lead to the inclusion of venting holes spagpedodically in the side plates to
help distribute the flow more evenly causing thesgure differences between the

channels to be less severe making plate defletggmlikely [11].

Rosenberg and Youngdahl used similar assumptiomsfléd plates supported
uniformly along the axial edges and came up withilar results. The paper mentions
that at sufficiently high velocities the plates elige but at lower velocities the plate

motion is not clearly affected by the presencéefftuid [12].

Johansson considered the effect of frictional presdrop through the channel as well
as the flow redistribution between constricted arganded channels. These effects
had not been taken into account in other studie® tis point. Johansson noted that
the frictional pressure drop is larger through astocted channel than it is through an
expanded channel. He noted that these effects dhesdeflected region to move

downstream as the plate continues to deform [13].

Davis and Kim found through numerical analysis fletplates are expected to begin
to deflect at velocities that are about 1.1 timaBelkls approximated critical velocity
for both clamped and simply supported edges. Thelteeshow that the plates would

experience minor deflections and not a sudden gsdias Miller expected. Davis and



15

Kim also found that the plates would begin to vibraor experience dynamic

divergence, at about two times Miller's approxirat{14, 15].

Guo et al. did analyses on single plates as wethal$iple plates similar to Miller’s
study. They found that a single plate gives a numeservative approximation for
static critical velocity than an array of plateieV also concluded that using a single
plate to predict dynamic instability was an unsapproach and instead recommended
using an array of plates for this analysis [16].

Smith focused his studies on flat plates and uséelwadifferent assumptions than

Miller did. Using these assumptions he developedinailar equation for critical
velocity to Miller’s. The resulting equation is st below.

v, = 15gEh& D[ 1 (2.5)
pb* (1-v2) \/1(1+ 4nv|hj(1+ mlzj
2

b? 3p?

The equation is only a variation of Miller's appnmation. The end result is still
dependant on all of the same parameters with thé@ia of effective plate length
[17]. The work of Miller, Smith, and other sciensishows that the material used for
the fuel plate, the coolant, and the geometry efglate and channel are a few of the
parameters of plate deflection.

2.2 Solid Mechanics

Since the geometry of the channel is one of thegmy contributing factors to plate
deflection it is important to analyze some of tlatcbuting factors to changes in this
geometry. If the cross-sectional area between tbleaenels is different this could in
turn lead to plate deflection. It is important ttké note of the factors present in a

nuclear reactor that could contribute to this défece in channel cross sectional area.
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A likely contributing factor to inconsistent flowhannel spacing results from
geometric tolerance stack-up. The fuel plates hed tdjacent channels are relatively
narrow (~0.05 in), considering the absolute toleesnof this geometry to be of the
order £0.01 inches has potential to result in a@ertolerance up to +20% of a given
flow channel. Another contributing factor to geontetlifferences occurs as a result
of the operation of the reactor. The ATR SAR Istew of these [3].
» Build-up of oxidation product on the surface of thel plate due to a chemical
interaction between the 6061-0 aluminum and théingaevater.
» Growth and swelling of fuel plates affects the kiniess of the plate.
» Blistering occurs when there is an excessive buddf fission gases either at
the fuel-cladding interface or within the fuel core
* Fuel element bowing through thermal expansion ahulkg temperature
differentials.
Each of these could potentially lead to a diffeeenrccross sectional area between the
channels. The ATR SAR states that with proper cdmtmone of these cause
significant problems within the ATR [3]. However,itiv a different fuel type and
geometry these could prove to be more of a probidnch is another reason why the

tests conducted in the HMFTF are important.

The material properties of the plate are also drimriing factor to plate deflection.
With this being the case it is important to undamgtwhy aluminum was selected for
the cladding since it is not as strong as otheionptfor plate cladding and also has a
relatively low melting temperature. The ATR SAR ydes the reason for the
selection of the aluminum cladding [3]. Aluminum used because it has a low
absorption cross-section leading to a high neulronwhich is one desired capability
of the USHPRR'’s. The aluminum alloy 6061 has aicietffit strength to withstand the
normal operational conditions of the reactor, lsualso light and easy to work with.

The thermal conductivity is high and provides e#fit heat transfer. These
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advantages outweigh the disadvantages associatédthvs fuel which justify its

selection as a cladding material [3].

2.3 Support Combs

Although the plates tend to deflect along the enpilate length, many studies have
indicated that the leading edge of the fuel platethe most susceptible to plate
deflection due to it not being supported and thaming less stiff then the other
portions of the plate. Occasionally in an attenopstiffen the leading edge of the plate
a support comb is installed. A support comb isailhsti in such a way that the plates
are supported between the “teeth” of the comb.e&ihe primary focus of the analysis
of the GTPA is the fuel foil, and since the firstagter inch of the plate is only
cladding[18], it is essential that deflection ocdurther downstream of the leading
edge. In order to make sure that this happens posupomb, shown in Figure 1.3,

will be used.

The study performed by Kane also states that dedlecs more likely to occur at an
unsupported leading edge and that in order to ptetvés from happening a support
comb should be used. [9]. Kane’s other study cotedugrimarily by Groninger
concludes that the support comb does indeed stitfien leading edge and that
significant deflections still occur two or threeasigs downstream of the leading edge
for the geometry studied in his analysis. Theidgtalso indicated that channels with a
larger height benefit more from the support comt].[ Smisseart also noticed that
small channels seem to be less affected by thepcesof a support comb. He noted
that channels with heights that are smaller thae steenth of an inch are still
affected by the Bernoulli forces on the plate andhdt benefit from the support comb
[6, 7]. This is not an issue for the current stbé¢gause the smallest channel height is
0.075 inches which is larger than one sixteenthrofnch, which is equal to 0.0625

inches.
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Johansson also considered support combs in hig.stied observed that the critical
velocity at the inlet of the fuel plate is loweathfurther downstream indicating that it
is not as stiff and thus, more susceptible to pti#ection. He observed that the
instillation of a support comb significantly incezal the local stiffness at the leading
edge which increased the critical velocity in thata by a factor of three or four.
Johansson also observed, as did Groninger and Heewith the instillation of a
support comb the deflections still took place alteut span widths downstream of the
inlet [13].

24 CFD Analysis

One method that is often implemented to analyzer florough a fuel assembly is
Computational Fluid Dynamics (CFD). CFD is usedstmulate fluid flow and heat

transfer for different scenarios. CFD is very vélsaand can be applied to many
different situations and numerous industries. CBD loe a very useful tool but unless
some basic procedures are followed it could geaesaimisleading and incorrect

solution.

Yoo used CFD to study the flow of air through a dagk storage system. In his study
he provided a procedure to follow when performirigDGstudies [19]. The first step in
any CFD analysis is to clearly define the geomdtiat is to be analyzed. Once an
appropriate geometry is created a grid size mustelbexted. The grid size is selected
after performing a grid sensitivity study [19]. Teere two parameters to take note of
when conducting a grid sensitivity study. These @mputation time and accuracy.
As the grid becomes finer the solution tends toobez more accurate. However, with
more cells in the grid the computation time reqiit® achieve a solution also
increases. Therefore, the purpose of a grid seitgistudy is to achieve a reasonable
balance between these two parameters. The grid lbeustfined enough to achieve a
reasonably accurate solution without taking an ssi#e amount of time to come to

that solution.
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Yoo’s sensitivity study monitored the peak claddiemperature of the fuel assembly
as the parameter to follow to determine if a gmdiependent solution had been
achieved. A grid independent solution does not gbhafor at least two grid
refinements [19]. A similar procedure was followed select an appropriate
discretization scheme and precision. The last paranmof importance according to
Yoo’s paper was the selection of appropriate bopndanditions [19]. This same

practice is implemented by others in their CFD wsial[20-24].

It is very important in a grid sensitivity study émsure that an appropriate grid size is
selected. If the grid size is too coarse then aoriect solution may be generated. If a
grid size is too fine then it may take an excessim®unt of time to converge on a
correct solution. In some cases an over-refined gan lead to an incorrect solution
due to the cumulative numerical round-off erromas mentioned by Tan et al. in his
analysis [25, 26].

Ha and Garland conducted an experimental studycampared the results with those
generated using a CFD simulation. The study caetist measuring the pressure drop
through a fuel assembly with a plate-type desigheyl used the results of the

experimental studies to verify the results thaytbbtained in the CFD simulations in

an attempt to justify the use of the CFD in saf@talysis for the McMaster nuclear

reactor. The results of the study indicated thatytbould use a 2D CFD code to
analyze the flow in the channels of the fuel asdgnithey also found that they could

use a simple 1D correlation to estimate the presdwrp in various assemblies in the
core [27].

One study that was validated with experimental lteswas that conducted by
Srivastava et al. This study analyzed a singleargpilar flow channel. The results
indicated that the CFD simulation was a good repregion of the experimental

results indicating that CFD is a good method fodeimg this type of flow [28]. It is
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very important to validate CFD codes with experitaédata otherwise it is unclear if
the code generates an accurate solution. Many Ctkidies have done this

experimental validation [29-32].

Calis et al. performed a study using CFD to study pressure drop through packed
pebble bed reactors. Although it does not direcdlsite to the current study there are a
few important comparisons. Not only did Calis etfallow standard CFD practices,
but they also compared the results of two turbidenmdels. They compared the
results generated using the Reynolds Stress M&&M] with the results generated
by the ke model. Their conclusion was that the kanodel would be sufficient to use

because the results were within 10% of the RSMHeir particular study [33].
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3 MODELSAND METHODS

This chapter outlines the methods used to modelotiee two, and seven channel
geometries. The information used for each CFD satmrh is presented as well as any

information needed for post-processing analysis.

All numerical results presented herein were acquirgough the use of Star-CCM+
version 5.04.008. Star-CCM+ is a CFD tool which ldes the user to specify
boundary conditions and initial conditions for aeggribed geometry within its
solution domain. This enables the tool to explycgblve for the flow and pressure in
that domain. Allcasesthat were considered as part of this study arénedt in this
chapter. Acaserefers to a specific geometry, mesh type, meshewifent, turbulence
model, and initial and boundary conditions. If ame of those parameters is changed

a newcaseis created.

3.1 OneChannd Modée

The one channel model is used to make the selecfiomesh type, turbulence model
approach, and mesh size. It is a simple geometitydbes not include the two mixing
regions or the two support combs.

3.1.1 File Organization

A unique filename was given to eachseproducing a total of 12 input files for the
one channel model analysis. Each filename is asdigh model number. The
filenames with their associated model numbers avengin Table 3.1. For the

remainder of the document the filenames will bemafced by the model number.
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Table 3.1: One channel model filenames and modabeus

Model # Filename

1.1 0.5 tetra mesh k-e.sim
1.2 0.5 tetra mesh RSM.sim
1.3 0.25 tetra mesh k-e.sim
1.4 0.21 tetra mesh k-e.sim
1.5 0.5 poly mesh k-e.sim
1.6 0.5 poly mesh RSM.sim
1.7 0.25 poly mesh k-e.sim
1.8 0.25 poly mesh RSM.sim
1.9 0.1 poly mesh k-e.sim
1.10 0.1 poly mesh RSM.sim
1.11 0.01 poly mesh RSM.sim
1.12 0.0075 poly mesh RSM.sim

3.1.2 Geometry

As outlined by Yoo, the first step in creating aBCodel is to create the geometry
that will be analyzed. The channel that will belgned in the one channel model is a
channel with a height of 0.075 inches. This geoyndtyes not include the support
combs or entry regions. The channel width is 3ché@s and the length of the channel

is 24 inches as shown in Figure 3.1.
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0.075 in

i

Figure3.1: One channel model dimensions

3.1.3 Mesh Size

With a completed geome, Yoo indicated thathe next step is to generate a mest
the given geometry. The mesh is made up of smld oeprisms. Each of these ce
makeup individual calculation regions where the flowcalculated and simulated.
there are a small number of cells the mesh is densdl coarse and the solution \
not have many data points. If there is a large remolb cells the mesh is fine and |
many data points and is likely more accurate tha@oase mesh. It is important tt
the mesh be refined appropriately in order to dgveln accurate solutioThere are
many components of a CFD m. The mesh type, which will be discussed lg
affectsthe shape of the cells in the mesh. The SurfaceeReen is a basic feature tl
helps to improve the quality of the surface mesth &orks well with the prism laye
mesher to ensure that all the cells blend welh one another. The Prism Lay
meshingmodel was also implemented in this study. This rhedables the mesh

the edge of the geometry to be more refined thantesh in the center of tl
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geometry. This is done because there is a larglecite gradient at the wall. To
specify the prism layer mesh, the user enters nméion about the number of cells
desired in the prism layer, the growth rate frone @ell to the next, and the total
thickness of the prism layer. The total thickneas either be entered as an absolute
value or as a percentage of base size. Base sitebtes not only to the prism layer
thickness but also to other mesh parameters sushréece size and potentially prism
layer thickness. Surface size can also be entese@dnaabsolute value or as a
percentage of base size. Surface size determiresitie of the cells next to the
surface. These surface cells are used with thasairmemesher to generate the rest of
the cells throughout the entire geometry. This wtmdludes six different refinement

levels. The details of each level of refinementsirewn in Table 3.2.

Table 3.2 : Refinment levels

Refinement | Base Size| Surface Size Pﬁi(s)In Eg;’g: Pﬁlsorioll_l{atier
HEEL i) o ol ) Layers| Stretching Size (m)
1 0.5 25 5 1.1 3.33x10
2 0.25 25 5 1.1 3.33x10
3 0.21 25 5 1.1 3.33x10
4 0.1 25 5 1.1 3.33x10
5 0.01 25 5 1.1 3.33x10
6 0.0075 25 5 1.1 3.33x10

For the one channel model the number of cells ¢élaah of these refinement levels

represent are given in Table 3.3.

Table 3.3: One channel model cell count as govebyddvel of refinement

Refinement # of Cells
Level

1 3779
2 11455
3 36440
4 54087
5 1005896
6 1040875
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3.1.4 Mesh Type

The two mesh types that were analyzed were thehpdhal mesh type and t
tetrahedral mesh type. The axial pressure dropivelto the inlet was compared 1
both mesh types. The mesh type was the only diffeviariable in each comparisc
The modelghat were compared directly are showrTable 3.4with the models the

share a row being those that were comp.

Table 3.4 Tetrahedral and polyhedral model comparisonge$gure drc

(Tetra) Model #| (Poly) Model #
1.1 1.5
1.2 1.6
1.3 1.7

To collect pressure drop data from these modelsadsas from future models, nir
line probes were drawn axially from the inlet oétbhannel to the outlet with abc
100 data points per line probe. These nine lindgsovere positioned in such a w
that there were three across the top, three achessntddle, and three across -
bottom of the channel as shownFigure 3.2 These nine probes were later use
both the two channeland the seven channehodel which is why the vertici

dimension includes two lengtl

- » *
Top Left Top Middle Top Right
For Channel Heights:
. o , . #10.125in
Middle Left Middle Middle Middle Right 0.075 in
Bottom Left Bottom Middle Bottom Right
L] » *

| T ¥
f 1
35in .le

Figure 3.2: Line probes in the x-y plane

The pressure values from these line probes ‘initially compared using a-test and
these comparisonsere used to make the selections for mesh typeulemce model
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and mesh size. However, after further analysis,THest proved not to be applicable
for these data sets. Therefore, the selections elereked by comparing the data using
an average percent difference comparison givem lat&quation (3.1). The results

from these comparisons are discussed in detaati& 4.1.1.

3.1.5 Continua and Physics Models

There are four different methods for turbulence eliog. These are the Reynolds
Averaged Navier-Stokes (RANS), Large Eddy SimulatieES), Detached Eddy
Simulation (DES), and Direct Numerical Simulati@NS) [34].

The RANS equations focus on mean flow and effe€tsudulence on mean flow

properties. The RANS equations use time or enserablraged Navier-Stokes
equations. The time averaged flow equations hatta ¢é&rms due to the interactions
between turbulent fluctuations. The most common wfayodeling these equations is
with the ke and RSM approaches [34].

The LES method is an inherently transient technithet tracks the portion of the
larger eddies by space filtering the unsteady N&Stekes equations prior to
computation of each iteration. Although this appiogives a good model of turbulent
flow it is also computationally expensive [34].

The DES is a modeling approach that uses featwoss both the RANS and LES
approaches. The LES is used for the unsteady gratated scales of the flow where
the RANS is used for the shear layers [34].

The DNS does not use any turbulence model butadstas the name suggests,
simulates turbulent flow directly. Although this thed is very accurate it is also very
costly with regard to computer resources. It i® dlest to use on simple geometries

because complex geometries are, in general, tge tarreasonably solve [34].
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This analysis is conducted under steady-state tondi therefore the transient
capabilities of the LES and DES are not requiregdale to be used. Therefore, the
RANS model was selected. There are four differargtilable approaches in Star-
CCM+ to use to solve the RANS based transport esumtThese are &- k-0, RSM,
and Spalart Allmaras. The Spalart Allmaras andkthemodels are similar in design
and don't work as well for free-shear layer flov@}][ Therefore, they were not
considered in this analysis. The RSM is known toabbéetter approach for high
Reynolds numbers than the other options and woelthe best approach to use [35].
However, it is very computationally expensive whempared with other approaches.
The k€ has been described as having a good balance betwasustness,
computational cost, and accuracy [34]. Therefohe, k€ model was analyzed to
determine if it would be an appropriate alternatvéghe RSM. If the results generated
by the two approaches are similar, then tleenkedel can be used. A delineation of all

models and their corresponding mesh types andemfervalues are given in Table
3.5.

Table 3.5: Mesh type and mesh reference values

: Turbulence
Model # | Mesh Type| Refinement Level Model
1.1 Tetrahedral 1 k¢
1.2 | Tetrahedral 1 RSM
1.3 | Tetrahedral 2 ke
1.4 Tetrahedra] 3 ke
1.5 Polyhedral 1 k-
1.6 Polyhedral 1 RSM
1.7 Polyhedral 2 k-
1.8 Polyhedral 2 RSM
1.9 Polyhedral 4 k-
1.10 Polyhedral 4 RSM
1.11 Polyhedral 5 RSM
1.12 Polyhedral 6 RSM
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Data for the mesh type comparative analysis wagated using the nine line probes
from Figure 3.2. The models that were comparedis analysis are shown in Table

3.6 with the models that share a row being thoaewere compared.

Table 3.6: RSM and k-model comparisons of pressure drop

(k-€) Model # | (RSM) Model #
1.5 1.6
1.7 1.8
1.9 1.10

Table 3.7 shows the inputs for each physics model.

Table 3.7: Differences betweereland RSM inputs

k-& Turbulence Models Reynolds Stress Turbulence Models
Three Dimensional Three Dimensional
Steady Steady
Liquid (H20) Liquid (H20)
Coupled Flow Coupled Flow
IAPWS-IF97 (Water) IAPWS-IF97 (Water)
Coupled Energy Coupled Energy
Turbulent Turbulent
Reynolds-Averaged Navier-Stokes Reynolds-Averagadé-Stokes
K-Epsilon Turbulence Reynolds Stress Turbulence
Realizable K-Epsilon 2-Layer Linear Pressure Stilawo-Layer
Two-Layer All y+ Wall Treatment Two-Layer All y+ Walreatment

The first selection was chosen by default. The gdombeing analyzed is three

dimensional so the physics model used to analyaiegdometry also needs to be three

dimensional.

The testing done in the HMFTF will be under steatigte conditions. Therefore,
steady was selected instead of implicit unsteatis i the same reason IAPWS-IF97
(Water) was chosen for the fluid. The other choiwese constant density, polynomial
density, and user defined density. These otherongtare not as suitable as water
because with water selected the simulation carulzte the density accordingly with
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the changes in pressure and temperature. With éleeton of water, the software
suggested using the coupled energy model. This madeconjunction with the
coupled flow model, solves equations for mass, mmome, and energy
simultaneously. Segregated flow could have alsa l®sen, however, this would
have led to longer computation time, especiallyhwiiner meshes, because the
segregated flow model solves equations sequenimaiead of simultaneously [34].
The flow through the assembly will be turbulentwilso the turbulent model was
selected in order to represent the actual flow.

The two-layer wall treatment was chosen for bothdad for the RSM. A two-layer
wall treatment divides the viscous sublayer into tayers in order to better calculate
what is happening near the wall. Using this methioe ,values near the wall can blend
smoothly with the values in the center of the clghnRor this reason two-layer wall
treatment was used for both approaches. For themkeel, there were two options for
the two-layer wall treatment. These were the stahdee wall treatment and the
realizable ke wall treatment. The Star-CCM+ user’s guide indesahat the realizable
wall treatment will generate results that are asteas accurate as the standard wall
treatment but in many applications will generatesult that is more accurate than the
standard wall treatment. Therefore the realizaldd tweatment was used for thesgk-
approach. For both the &-selection and the RSM selection a recommended
subsequent selection is 'Two-Layer All y+ Wall Tireant.' y+ is a non-dimensional
wall distance for wall bounded flow. The "Two-Laydt y+ Wall Treatment' analyzes
the flow for both low y+ values and high y+ valuaaking it able to be used in many
situations [34].

3.1.6 Initial Conditions

The initial conditions used in each model are giwernTable 3.8. For the first few
models initial conditions were set at the defawdtues. When the meshes became
finer, the computation time required for the sintidla to converge became much

longer. The initial conditions were adjusted toueel compilation time.
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Table 3.8: Initial conditions for one channel madel

Model # Pres_sure Temperaturg Turbulent Velocity | Velocity [x,y,z]
(psig) (F) Scale (m/s) (m/s)
1.1 0.0 400 1 [0.0, 0.0, 0.0]
1.2 0.0 400 1 [0.0, 0.0, 0.0]
1.3 0.0 400 1 [0.0, 0.0, 0.0]
1.4 0.0 400 1 [0.0, 0.0, 0.0]
1.5 0.0 400 1 [0.0, 0.0, 0.0]
1.6 0.0 400 1 [0.0, 0.0, 0.0]
1.7 0.0 400 1 [0.0, 0.0, 0.0]
1.8 0.0 400 1 [0.0, 0.0, 0.0]
1.9 0.0 400 1 [0.0, 0.0, 0.0]
1.10 0.0 400 1 [0.0, 0.0, 0.0]
1.11 0.0 400 1 [0.0, 0.0, 0.0]
1.12 600.0 400 14 [0.0, 0.0, 14.Q]

The under-relaxation factor (URF) for most of theadations was set at the default
value of 0.6. The value 0.6 is the highest recondedmumber for use with the RSM.
If the value is set higher there is an increasessipdity that the solution will not
converge properly. The URF redefines the valuedagiven variable for the next
iteration. A smaller URF will mean a smaller chamgéhe value from one iteration to
the next. With large changes, the solution may rbegidiverge before it processes
enough iterations to fix the divergent behavior.ttWa small URF the divergent
behavior is less likely to get out of control. Ugia smaller URF also leads to a longer
time to converge so the value is only changed #doaliely necessary. The refined
mesh used in Model 1.12 did not converge propeHifenimplementing the 0.6 URF-.
Therefore the value was adjusted to 0.25 in ordegnsure that the solution would
converge. After the solution had been through ehateyations to fix any divergent
behavior the URF was changed back to 0.6. This deae in an attempt to reach

convergence faster.
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3.1.7 Boundary Conditions

Table 3.9 shows the values that were used forhreetbasic boundary conditions in
the one channel model. The velocity was 14 m/s lwhias used to calculate the inlet
mass flow rate. The outlet was set as a pressutet @nd required a pressure input.
The model is isothermal meaning that the tempesatuthe same for the inlet and the

outlet.

Table 3.9: Boundary conditions for one channel nede

Boundary Condition Inlet | Outlet
Inlet Mass Flow Rate (kg/s 2.04p -

Outlet Pressure (psig) - 464.7

Fluid Temperature (F) 400.0  400.0

3.1.8 Grid Refinement

Using all outlined parameters a grid sensitivitydst was conducted in order to
achieve a grid independent solution. A grid indejgm solution is a solution that has
one or more parameters that does not change sigmify for two or more
consecutively smaller grid sizes [19]. To determwvbat mesh size would be
appropriate for the grid independent solution thefinement level became
progressively finer and data from each refinemeas wompared. The models that
were compared were Models 1.6, 1.8, 1.10, 1.111ab?l After each refinement level
the nine line probes from Figure 3.2 were usedtlect pressure data that was used to

determine if a grid independent solution had bedmeaed.

The T-test was also used for the initial compassand selection of a grid
independent solution. The selection was later obgclith an average percent
difference method in conjunction with the uncerioalculated using Richardson’s

Extrapolation.
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The percent difference between the data sets whslai@d using the percent

difference equation.

Approximate Value - Exact Valuxe

100% (3.1)
Exact Value

% Difference=

Since this equation was used on two sets of apmabted values the “Exact Value”
from the equation was replaced with the value weg expected to be better from the
two data sets. For the mesh type analysis thistieasgalue from the polyhedral mesh
type, for the turbulence model approach analysis tha value generated using the
RSM approach, and for the grid sensitivity studi twas the value from the finer
mesh size. For each data set this value was ctddular every point along each line
probe. An average of the values along each prolse cakculated and this average

percent difference value was the value reportetierresults section.

Richardson’s Extrapolation is used to determineutieertainty associated with a CFD
solution. Data from two grid sizes are needed tdop@ this analysis. The ratio of the
number of cells between the two grids is used aleitly the order used in generating
the solution. The equation for the uncertainty gakas developed by Richardson[36]

and given by Ferziger[37] to be:

¢1 B ¢2
g=11L T2 3.2
] (3.2)
Wheree is the value of the uncertainty; is the value from the finer mespyis the
value from the coarser meshis the ratio of the cells between the two meshesthe
order used in generating the solution. This vadutaén added to the value for the finer

mesh to obtain the extrapolated value.

b=¢ +¢ (3.3)
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The only new variable here ig® which represents the value obtained using

Richardson’s Extrapolation [37].

This value was obtained for the data of the twe@dtnacceptable refinement levels,
refinement level (RL) 4 and RL 6, for each line lpgoThis generated an extrapolated
value for each point on each line probe. The pérabfierence between these
extrapolated values and the pressure values of Rla$ calculated. These percent
differences were normalized using an L2 norm. Teeent differences for the RL 4
and RL 6 were also normalized and the data was awedpIf the value from the grid
refinement study was less than the value from tieeriainty the solution is accurately
classified as grid independent.

3.1.9 Summary

It is necessary to summarize the criteria that wssected using the one channel
model as this is the input criteria that will beeddor the two channel model. Chapter
4 discusses the results in detail and outlines @doh of these selections were made.

A summary of the selections are given in Table 3.10

Table 3.10: Summary of selected criteria

Parameter Selection
Turbulence Model Approach RSM
Mesh Type Polyhedral
Mesh Refinement Refinement Level 6
Number of Prism Layers 5
Prism Layer Stretching 1.1
Prism Layer Thickness 3.33x1im
Initial Turbulent Velocity Scale 14 m/s
Velocity [x,y,2] 14 m/s
Temperature 400.0 °F
Pressure Outlet 464.7 psig
Mass Flow Rate (kg/s) 2.042 kg/s
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3.2 Two Channel Modd

The two channel model includes the same 0.075 ¢helmnel that waanalyzed in the
one channel model analysis as well as the 0.12%dhannel. The analysis of the t
channel model is a preliminary check to ensure thatcriteria selected in the o
channel model analysis will produce similar resiflthe geometrys changed slightl

and to determine if there are any obvious erroithéninput data before movi on to
the seven channel moc

3.2.1 Geometry

As with the one channel model the first step icreate the geometry that is to

analyzed. The geome, with the dimensions, is shown in Figure 3.3.

a1 0g70

_

Figure3.3: Dimensions of two channel model

This modé¢ included mixing regions at the inlet and the ettihat were each 1
inches long. The inlet and outlsupport combs were also maoeid in this geometry
Each supportomb was 0.062 inches wide and 0.5 inches longwaeré located 1.2
inches from therilet and outlet respectively. The total width o tmodel is 3.!
inches. The 0.075 inch channel had the same dimehsis the channel modeled
the one channel model simulation. The fuel platdetween the two channels w

0.05 inches. The addition the 0.125 inch channel makes the total height of
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model is 0.25 inches. The total length, which iddemap of the 24 inch channel and

the two 1.5 inch mixing regions, is 27 inches.

3.2.2 Model Setup

The input criteria used in the one channel modealewesed again for this model.
Therefore the velocity was 14 m/s. However withiffecent geometry this led to a
calculated mass flow rate of 6.8 kg/s. Therefdneré¢ was only oneaseanalyzed in
this study. The filename and model number of tlaiseare given in Table 3.11.

Table 3.11 : Two channel model filename and modetimer
Model # Filename
2.1 0.0075 poly mesh RSM 2 channel.sjm

Model 2.1 uses refinement level 6 and the assatm@mtenber of cells is given in Table
3.12.

Table 3.12: Cell count of two channel model
Model #| # of Cells
2.1 331557

The initial conditions for this model were the saas those used for Model 1.12.

These are given in Table 3.13.

Table 3.13: Initial conditions for two channel mbde

Model # Pressure | Temperaturg Turbulent Velocity | Velocity [x,y,z]
(psig) (F) Scale (m/s) (m/s)
2.1 600.0 400 14 [0.0, 0.0, 14.0]

The boundary conditions for the pressure and tmepéeature for these models
remained the same as those used in Model 1.12rendhass flow rate changed in
accordance with the description above. The regubioundary conditions are shown
in Table 3.14



36

Table 3.14: Boundary conditions for two channel elod

Boundary Condition Inlet | Outlet
Model 2.1 Mass Flow Rate (kg/s) 6.8 -
Pressure (psig) - 464.7
Fluid Temperature (F) 400.0  400)0

Therefore the only selection that is different fr@able 3.10 for Model 2.1 is the mass

flow rate. The other selections are the same aSléatel 1.12.

3.2.3 Analysis

The two channel model provides the first opportutit observe pressure differences
between channels. Due to the difference in crosBesml area the pressure drop is
expected to be different in each channel. It iseeigd that the pressure drop through
the two channel model will follow the same trendnass observed in the one channel
model but will also show some noticeable differenckie to the difference in

geometry. The nine line probes from Figure 3.2 wesed in the 0.075 inch channel as

well as in the 0.125 inch channel to collect dataugh these two channels.

The cross-sectional velocity in each of the twontteds was analyzed using a series of
five additional line probes for each channel. Thigse probes were located a quarter
of the span-width, 0.875 inches, away from the eafgéhe channel. The five probes
were placed along the length of the channel atilmea relative to the inlet of the two
channels of 0 inches, 6 inches, 12 inches, 18 schad 24 inches. A diagram

showing the location of these probes is given guFe 4.5.
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Probe 1 Probe 2 Probe 3 Probe 4 Probe 5
L L - L -
1 I
Inlet 27m Qutlet

X
Z Y

Figure3.4: Velocity profile line probe locations

These line probes were used in the 0.125 inch adaas well as the 0.075 in

channel and the data from each channel was com

3.3 Seven Channel Mode

This model includes the full array of plates armflchannels as well as theet and
outlet mixing regions and both support cor Five uniquecasesare analyzed for thi
model to determine the effect that these diffetmmindary conditions have on pl:
deflection.

3.3.1 Geometry

The seven channel geometry was very similar to tfathe two channel mode
geometry in that there were entry and exit mixiegions ancsupport comk. The
seven channel model added 5 more 0.075 inch cheeaeh separated by a 0.05 il

fuel plate. This model with the associated dimemsic, shown inFigure3.5.
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0.0751in

0.875 in

Figure3.5: Dimensions of seven channel model

3.3.2 Model Setup

The seven channel model wasalyzed using five differentasesthat were analyze
usingslightly different criteria for the system tempenat and flow ratt Thesecases
are a portion of theasesthat were used for the full test matrix analysishef HMFTF
and have the same associacasenumbers as shown in Tablel8. For the seven
channel modetasenumbers were used instead of rel numbers because each mc

already had an associatcasenumber and it would é redundant and confusing

assign anotherumber to each mod
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Table 3.15: Seven channel model filenames andruasders

Case#t Filename
1 7_Channel _Case 1.sim
4 7 _Channel_Case_4.sim
7 7 _Channel_Case_7.sim
8 7 _Channel _Case_8.sim
9 7 _Channel_Case_9.sim

The cell count for each of thesasesis the same. Eactaseuses RL 6 and the cell
count for these models is given in Table 3.16.

Table 3.16: Cell count for seven channel models
Case | # of Cells
All 1044291

The only parameters that changed in the inputraifeom the two channel model to
the seven channel model are those that are sholabie 3.17.

Table 3.17: Input parameters for the seven charasasds

Temperature Mass Flow Rate vglluieiie Outlet
CEBEY (°F) (kgls) o7 S Pressure (psig
(gpm)
1 120 11.2 179 429.5
4 120 12.7 204 429.5
7 120 14.3 229 429.5
8 250 13.6 229 429.5
9 350 12.8 229 429.5

The first threecaseshave the same temperature but varying volumetiw flate. The
last twocaseshave the same volumetric flow rate@ase7 but each have a different
temperature. The reason the mass flow rates aferefit for cases 7, 8and 9 is
because the density of the water decreases witim¢hease in temperature. Therefore,
since the equation to convert volumetric flow rademass flow rate is dependent on

density, the mass flow rate is different. Thisase according to Equation (3.4).

m=plQ (3.4)
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Where mis the mass flow rate is the density, an@ is the volumetric flow rat:
3.3.3 Analysis

The purpose of the seven channel model is to obthow the pressure drop throu
the channels changes with respect to the varyingdery conditionsSince the center
channel is designed to be the initiation point loé deflectio, this is the area c
greatest interest. Therefore the center channelthe two neighboring channels ¢
the primary focus of this studin order to clearly distinguish between the chas

each channel has been assigned a letter as shdrigure 3.6.

Figure3.6: Letters used to distinguish channels

The height of Chann D is 0.125 inches andl @ather channels have a height of 0.(

inches for evergase

To analyze these channels the Middle Middle lingbprfromFigure3.2 was used to
find the pressure and the velocity throiChannels C, D, and.Hhe five line proes
from Figure 3.4were used in each of tse three channets collect velocity profile
data. Finally a plane was drawn in the same quavidth location as the fe line

probes from Figure 8.and is shown in Figure 3.7.
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Figure 37: Pressure profile plane at a quarter of channéth

Further data was required for an accurate comparison betwdidler's critical
velocity from Equatior(3.7) which is explainedh the following sectio. For these
comparisonsvelocity data needed to be takeout half way between the supg
comb and the side of the channel on each side eofstipport combA total of 6
additional line probes were created and are showFigure 3.8.These probes we|
also used to collect pressure data which was usddtermine the net pressure ng

on the plate.

E CC1 - CC4-
cc2- CC5-
C CC3 » CCob *

Figure3.8: Six line probes for case comparison

The vertical bar in the center of the Figure repng¢s the support comb. The dark lit
on the edges of the channels indicate only the efljee channel anare not intended

to give edge support informatic

3.4 Deflection Comparison

To determine if the da generated using St&CEM+ is an accurate representatior
what is to be expected in the experimental analyssvelocities from St-CCM+
were compared with Miller’s critical velocity equat for the appropriate bounda

conditions. The equation pented in Section 2.tvas derived using fixed bounde
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conditions. The plates within the GTPA are pinned, simply-supported. Also
Miller's equation is best used at the inlet of flssv channel. The inlet of the GTPA is
stiffened by the addition of a support comb. Thimb represents a clamped boundary
condition. Therefore the boundary conditions useddrive Miller’s velocity for this
study were F-SS-F-C. By using these boundary camditthe span-width is reduced
by half for this calculation due to the support tobeing located in the span width
center of the channel. The downstream side of e s not technically free since it
is influenced by the continuation of the fuel plat®wever, it will be assumed to be
free for this approximation. Wide beam theory, whis used when the depth of the

beam is three times larger than the thickness,algasused in this derivation.

The deflection of the beam relative to the edgepsupg for the given F-SS-F-C

boundary conditions is given by the following eqoat

_ p(l—Vz)(2X4— 5by¢ + 37 x2)
y= 48E|

(3.5)

Following the same steps outlined in Section 2€l @éfjuation for the total change in

cross section area divided by the original crostiGgeal area is obtained.

A_s_Sp(l—vz)b“

S 40Ed h (36)

The pressure differential derived from BernoulBguation is the same for this case as
it was for the case outlined in Section 2.1. Thenef by substituting Equation (3.6)
into Equation (2.3) gives the critical velocity equon for the current study.

3
v, = | 20gESh 3.7)
30b (1—|/ )
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This equation is very similar to the equation dediwsing the F-C-F-C boundary
conditions. The only difference is that the valueltiplied to the variables within the

square root is 20/3 instead of 15.

If the velocities generated using Star-CCM+ areatgnethan or equal to this critical
velocity then the plate is expected to buckle.héyt are smaller than this critical

velocity measurable deflection is not expecteddrue.
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4 RESULTSAND DISCUSSION
All results presented in this chapter were produme&tar-CCM+ version 5.04.008.
4.1 OneChanned Model

The objective of the results presented for the drenel model was to determine the
mesh type, mesh size, and turbulence model apprdacto this, data was collected
using the nine line probes from Figure 3.2. Theulteswere used to make the

necessary selections.

4.1.1 Mesh Type

To determine the mesh type that would be usedhtwo channel and seven channel
analysis, data from the polyhedral and tetrahedrath types was compared and

analyzed.

For model numbers that reflect coarse mesh sipese €ells were so coarse the same
data value was collected multiple times in a sirggl. Also for Model 1.5 the Middle
Middle line probe was not able to generate a filllaf data points. These missing data
points were not a problem for any other model. Aameple of both of these issues is

shown in Figure 4.1.
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Figure 4.1: Example of data issues in coarse nmaspréssure comparison along
Middle Middle line probe for Models 1.1 and 1.5

The graph shows that from approximately axial posi7.5 inches to axial position
8.5 inches there are missing data points in Modglak a result of an incomplete
number of data collection points. There is anosestion of missing data points in
Model 1.5 around axial position 20.5 inches to hypasition 21.5 inches. Each of
these instances are noted on the graph. Therefare @ther instances that are harder
to see from this graph. Both data sets show si§nsp@ated data points as a result of
multiple collection points in a single cell. Thes#n be seen where the data seems to
have two or more data points that are on the saméday} location and a few of them

are labeled on the graph.

In order for the accurately compare two data detset needs to be a point by point
comparison. Therefore all data points that weresmgsfrom Model 1.5 were removed
from Model 1.1. Also, since the duplicate data p®inannot provide an accurate
comparison, these were also removed along withaiseciated data point from the
other data set. The result is shown in Figure 4.2.
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Figure 4.2: Corrected coarse mesh for more accoatgarison of pressure along
Middle Middle ling probe for Models 1.1 and 1.5

This same process of removing duplicate data pouats performed on all data that
had such problems.

The comparisons of the other models for the meph gnalysis are shown in Figure
4.3 and Figure 4.4.
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Figure 4.3: Pressure comparison along Middle Mididke probe for Models 1.2 and
1.6
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Figure 4.4: Pressure comparison along Middle Mididke probe for Models 1.3 and
1.7
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Figure 4.3 shows that the data produced using tB&I Rpproach is slightly closer
than the data produced using the &pproach shown in Figure 4.2. Figure 4.4 shows
that the data produced using RL 2 matches morelgitsan the data produced using

RL 1 as shown in Figure 4.2.

The velocity through the channel is also analydedagthe same line probe. The plots

of this data are shown below.
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Figure 4.5: Velocity comparison along Middle Middilee probe for Models 1.1 and
15
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Figure 4.6: Velocity comparison along Middle Middilee probe for Models 1.2 and
1.6
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Figure 4.7: Velocity comparison along Middle Middilee probe for Models 1.3 and
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The data shown in the velocity plots is scattened difficult to discern. The reason

the data is so scattered is because the coarsehéss mesh yields an inaccurate
solution. The velocity plots at more refined mestes do not have as much scatter.
Because of the scatter it is difficult to make camgons using these graphs. One
observation from these figures is that the veloaityhe inlet is much lower than the
velocity through the rest of the channel. Thisikelly because the velocity is not yet
fully developed at the inlet causing the inlet o#tip to be lower than the rest of the

channel.

It is difficult to draw firm conclusions by only éking at the graphs. Therefore the
results from the percent difference analysis aesgmted in Table 4.1. These results
support the behavior that was observed in the éigurhe data between the polyhedral
mesh type and the tetrahedral mesh type began tichmaore closely with the RSM

approach as well as with a finer mesh refinemerslle

Table 4.1: Mesh type % difference results

% Difference Value

Location Model 1.1| Model 1.2 | Model 1.3

(axial-, spanwise-position ve. e e
Model 1.5| Model 1.6 | Model 1.7
Bottom Left 0.496 0.265 0.145
Bottom Middle 0.464 0.242 0.145
Bottom Right 0.530 0.301 0.140
Middle Left 0.457 0.243 0.148
Middle Middle 0.446 0.214 0.128
Middle Right 0.437 0.222 0.155
Top Left 0.467 0.244 0.130
Top Middle 0.449 0.232 0.146
Top Right 0.478 0.254 0.142

This data indicates that the pressure resultsHertvo models matches fairly close
with each comparison being less than one perceatleld 1.1 and 1.5 Models, which

used RL 1 and the &-turbulence model approach, have the least alika dats.
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Models 1.2 and 1.6, also used RL 1 but used the RfMoach instead of theek-
approach, match closer than the Models 1.1 and=LBhermore, a finer mesh size, as
was used in Models 1.3 and 1.7 with RL 2 and saadpproach, produces results that

indicate a better match than either of the otherd@amparisons.

The results indicate that it does not matter whiash type is used for this analysis
because all comparisons match closely. Howeve3 RBlLthe smallest refinement level
that the tetrahedral mesh was able to compute uhéegiven input data. Therefore,
the polyhedral mesh was selected because of tieeir@socessing further refinement
levels as well as the supporting data that indic#tat at the finer refinement levels

the two mesh types would be fairly similar.

4.1.2 Turbulence Model Approach

In order to determine if the &-approach could justifiably be used in place of the
RSM, as was mentioned in Section 3.1.5, the re$udta three different refinement
levels were analyzed as shown in Table 3.6. At eafthement level the data from the
k-¢ and RSM approaches were compared. The input pé&esmier each comparison
were identical except for the turbulence model apph and the physics models

associated with each approach as outlined in Tafle

As was done with the previous analysis, the presduop for each comparison was

plotted and analyzed as shown below.
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Figure 4.10: Pressure comparison along Middle Midile probe for Models 1.9 and
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Although the data in each graph seems to matcly felwsely, it can be seen that as
the refinement level increases the data sets bedartieer and farther apart. The

velocity data was also collected along the Middleddle line probe and vyielded

similar results.
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Figure 4.11: Velocity comparison along Middle Middine probe for Models 1.5 and
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Although it is difficult to see in the graph, thatd in Figure 4.13 is farther apart than

the data in Figure 4.11 and Figure 4.12. Sinceithdifficult to determine using the

graphs percent difference method was again usddteymine the similarity for each

comparison and the results are shown in Table 4.2.

Table 4.2: Turbulence model approach % differeeselts

% Difference Value

Location Refinemen| Refinemeni{ Refinement
(axial-, spanwise-position Level 1 Level 2 Level 4
Bottom Left 0.124 0.189 0.217
Bottom Middle 0.114 0.186 0.216
Bottom Right 0.123 0.19 0.218
Middle Left 0.117 0.199 0.217
Middle Middle 0.130 0.196 0.222
Middle Right 0.118 0.177 0.215
Top Left 0.121 0.190 0.217
Top Middle 0.118 0.186 0.222
Top Right 0.124 0.19 0.217
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The results indicate that as the refinement lewslomes finer, and thus produce a
more precise result, the two data sets became orogeie. Initially the comparisons
made using the T-test indicated that the resutimfthe RL 4 comparison was too
unique to justifiably use the &kmodel in place of the RSM model therefore the RSM
model was selected. However, this since the perddfégrence method produces
results that are all lower than one percent it setimat, perhaps, thes&model could
have been used. This may not be true at finer megs since the data does indicate
that with a more refined mesh the data from the maxlels becomes more unique.
Therefore, a future analysis could be conductaedbthe ke model at the refinement

level that generates a grid independent solution.

4.1.3 Grid Refinement

For the grid sensitivity study the data taken altimg Middle Middle line probe was
plotted and analyzed. The plots give good indicatlmat a grid independent solution
has been achieved. The plots representing theyseessop through the channel are

shown below.
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Figure 4.16: Pressure comparison along Middle Miditle probe for Models 1.10
and 1.11

The pressure plot comparing Model 1.10 with Modelllseems to indicate that
Model 1.11 is good data with no visual issues. Hmvethe velocity plot has an
unstable oscillation that could not be resolvedslaswn in Figure 4.20. Therefore,
Model 1.10 and Model 1.12 were also compared torenthat they were also a good

match of data. This comparison is shown in Figulg 4
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Figure 4.17: Pressure comparison along Middle Miditle probe for Models 1.10
and 1.12

The figures show that for each comparison the tata dets are fairly similar but that

the comparison of Models 1.10 and 1.12 matches closely than the rest.

The velocities for the grid refinement study arsogblotted using the same line probe

as were used for the pressure plots.
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Figure 4.20: Velocity comparison along Middle Midgirobe for Models 1.10 and
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Figure 4.20 shows the unstable oscillation in Modell that was mentioned
previously. Because of this oscillation the datadpiced from this simulation is not
valid and another refinement level, RL 6, was amadlyin order to achieve a grid

independent solution.
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Figure 4.21: Velocity comparison along Middle Midgirobe for Models 1.10 and
1.12

Figure 4.21 shows that the results of RL 4 and Rmd&ch fairly closely with no

evidence of unstable oscillations.

The percent difference analysis of this data asvehia Table 4.3 supports the results

indicated from the figures.
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Table 4.3: Grid sensitivity study % difference iésu

% Difference Value
Location RL1vs. | RL2vs. | RL4vs. |RL4vs.
(axial- spanwise-position] RL 2 RL 4 RL 5 RL 6

Bottom Left 0.108 0.059 0.017 0.017
Bottom Middle 0.091 0.058 0.016 0.016
Bottom Right 0.134 0.054 0.016 0.016
Middle Left 0.137 0.074 0.009 0.011
Middle Middle 0.070 0.050 0.015 0.01%
Middle Right 0.097 0.085 0.017 0.018
Top Left 0.136 0.054 0.019 0.020
Top Middle 0.104 0.056 0.016 0.017
Top Right 0.087 0.065 0.017 0.017

These results indicate that pressure results bhve close with one another. Initially
RL 5 was selected as the grid independent solltemause, even with the T-test, the
data matches very closely between those two refam¢ntevels. However, RL 5
produced the unstable results in the velocity @aid, thus, was no longer able to be
used. Therefore RL 6 was created and compared agtirRL 4. The data matches
just as well as the comparison between RL 4 and Rbhd there were no observable

oscillations in the velocity for RL 6.

To check to ensure that this was within the ungagtaof the solution the Richardson

Extrapolation technique, described in Section 3.M&s used to calculate the
uncertainty for the solution generated using RIIée percent difference between the
Richardson’s Extrapolation value and the value &f Ris the uncertainty percent

associated with the solution for RL 6. This valuaswnormalized along with the

percent difference between RL 4 and RL 6. The nbrzex values are shown in Table
4.4.
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Table 4.4: Normalized values for uncertainty congmar

Line Probe | RL 4 vs. RL 6 Norm RL B s R_|chardson

Extrapolation Norm
Bottom Left 0.193 2.93
Bottom Middle 0.189 2.86
Bottom Right 0.188 2.84
Middle Left 0.128 1.94
Middle Middle 0.179 2.71
Middle Right 0.216 3.27
Top Left 0.232 3.52
Top Middle 0.213 3.23
Top Right 0.197 2.97

Since the normalized values for the grid sensitigtiudy comparison are lower than
the values for the normalized values for the umety this indicates that the
refinement level 6 is, indeed, a grid independehitsn.

4.1.4 Closing

The selections made as a result of the one chamadysis will be used for both the
two channel and seven channel analysis as well. gdighedral mesh type was
selected and the approach was to solve the RANfalenmce model. Finally, RL 6 was

selected as a result of the grid sensitivity stwtlych was discussed in Section 4.1.3.

4.2 Two Channd Modd

The purpose of the two channel model is to cheeksi#lections made from the one
channel analysis to see if there are any obviooblpms that need to be addressed
before continuing on to the seven channel modédlyaisa The results presented here

focus mainly on the pressure and velocity in edw@naoel of the two channel model.

4.2.1 Pressure

The Middle Middle line probe was again used toexilidata points in each of the two

channels. The pressure drop for both channelsomwrsim Figure 4.22.
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Figure 4.22: Pressure drop along Middle Middle erédr two channel model

The pressure in the small channel is higher imnelyidgollowing the support comb as
a result of the lower velocity in that channel. Tgressure drop is larger in the small
channel than the pressure drop in the large chdpeehuse of the smaller cross-
sectional area and increase friction loss facter.eApected, the presence of the two
mixing regions and the two support combs causadrafisant effect on the pressure
drop. It is important to note that, even in the wt@nnel model, there is a significant

pressure difference between the two channels wdoald lead to plate deflection.

4.2.2 Velocity

The velocity through the two channels was alsortakieng the Middle Middle line

probe and the results are shown in Figure 4.23.
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Figure 4.23: Velocity along Middle Middle line prelfor two channel model

The support combs cause a significant drop in #lecity because at these points on

the Middle Middle line probe the fluid is attempgito circumvent the support combs.

The data collected along the five line probes ffeigure 3.4 are shown in Figure 4.24.

It is interesting to note how the presence of U plate affects the velocity profile

for Probe 1.
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Figure 4.24: Velocity profiles for a) Probe 1, bpPes 2 and 3, and c) Probes 4 and 5

Note that the x-axis in Figure 4.24 is velocity amat position. This causes some
confusion in Figure 4.24 a) because the edge ofuitleplate indicates the location at
which this data was taken relative to the imagé¢heffuel plate. The dashed line is
drawn at the location at which the velocity profivas collected in an attempt to clear
up confusion. This same clarification techniquaused on all similar images in the

seven channel analysis.

The velocity for Probe 1 in each channel is sigatfitly different than the rest of the
velocities. This is due to its proximity to the pbiwhere the flow has just been
separated by the fuel plate. The velocity nexthe tuel plate slows significantly

relative to the rest of the velocity in the chanml6 inches down the channel, Probe

2, the flow is fully developed. The velocity prefilooks as expected for probes 4 and
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5 and it is assumed that if there were more contipui@ cells in the other regions that

these would be more representative of turbulemt.flo

It is important to note that in each figure the@0nch channel has a slower velocity
than the 0.125 inch channel. If the mass flow ratethe two channels were equal,
then the 0.075 inch channel would have a fasteycitgl than the 0.125 inch channel.
But, in this case the mass flow rate is largetim ©®.125 inch channel because of the
lower loss coefficients associated with that chanBecause there are higher loss
coefficients for the smaller channel most of tlenflis diverted into the larger channel
meaning that the 0.125 inch channel has a highsstiaw rate than the 0.075 inch

channel leading to the higher velocity.

4.2.3 Closing

The results presented in the two channel indideethere are no major concerns as a
result of the criteria selected using the one cbehmmodel. Therefore, these same

criteria will be used for the full seven channeldab

4.3 Seven Channel Mode€

The five cases presented in the seven channel naoeehtended to demonstrate the
effect of varying boundary conditions on the pressdifferential between the

channels. The boundary conditions for each of the ¢ases are outlined in Table
3.17.

431 Case 1

The pressure drop for the three center channetgdhle Middle Middle line probe are

shown in Figure 4.25.
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Figure 4.25: Case 1 pressure drop through the teeter channels

The two channels bordering the center channel Bagh similar pressure drops that
the data lies on top of one another. At the infehe channels the pressure difference
is the largest. This is the same behavior that etem®rved in the two channel model

results in Figure 4.22. Also the smaller side cledsrhave a larger pressure drop
through the fueled region than the center channeltd the difference in geometry

between the channels. It is interesting to not¢ lieaause the two smaller channels
have a larger pressure drop than the larger cehtainel that at the outlet the center

channel has a higher pressure than the two boglehannels.

The velocity through these three channels is shiavigure 4.26.
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Figure 4.26: Case 1 velocity through the threearecitannels

In this model, as in the two channel model, thgdarcenter channel has a higher
velocity than the two bordering channels. The fegghows that the velocity slowly
increases as it progresses through the channekaaftected greatly by the presence

of the support comb.

The velocity profile data obtained from the fivediprobes shown in Figure 3.4 shows

a similar behavior of the velocity as shown in Fegd.27.
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Figure 4.27 a) shows that the flow is noticeablieected as it enters the channel
keeping in mind that the dashed line is the locatibwhich the velocity profile was
obtained relative to the fuel plate. This behawas also observed in the two channel
model shown in Figure 4.24 a). However, the twoncteh model showed velocities
that were very unbalanced. This unbalance was @tres the asymmetry of that
model. Although the flow in the seven channel madedtill noticeably unbalanced it
is not as severe as the two channel model dueetdldtv which is diverted into the
other channels which are not shown in the figutee ®ther parts of the figure, b) and
c), show the same behavior observed in Figure witéthe center channel having a

faster velocity than the two bordering channels.
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The pressure profile taken from the plane depiateFigure 3.7is shown inFigure
4.28
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Figure4.28 Case 1 pressure profile for all seven chatr

Figure 4.28 showshe region of the assembly from six inches to rimehes. This
region was focused on in eacase because this is the region where maxin
deflection is expected. The figure shothat the pressure in the center channe
noticeably lower than the pressure in each of itie shannel<sThis figurealso shows
that the fourchannels closest to the center channel seem to &awilar pressur
profile while the two outermost channels e the highest relative pressure than an

the other channels.

4.3.2 Case 4

The only difference betweeCase landCase 4is theinlet mass flow rai as a result
of an increased volumetric flow ri. Case 1lhad a mass flow rate of 11.2 kg/s ¢
Case 4had a slhtly increased mass flow rate of 12.7 kg/s. Tluedcause a chan
in the results of the twcasesHowever, the difference is somewtftkficult to notice
at first glancelt is important to look for inlet and outlet presssi and velocities ¢
well aspressure and velocity differers between the channels in order to make

clear comparison of the de

The pressure drop for the three channels is predenFigure 4.29.



73

r Inlet Plate Outlet Plate
470 + | ¥~ comb Comb N
IV x
’I-l‘
460 -+
. s Channel E
'i I BBEg,, * Channel D
> 450 + e Soagy, = Channel C
r [
5 oo, g,
5 I oo.'o..'..".fi a B, aag,
o 240 LI “"':f::mu"”unn
[ "”‘“ffff'.’fnmm
T EEEUW'UUUU
L]
L “”'eﬂﬂa v0tc]
430 + gua
420 f f f } f f } }
0 3 6 9 12 15 18 21 24 27
Inlet Axial Position Relativeto Inlet (in) Outlet

Figure 4.29: Case 4 pressure drop through the teeter channels

Notice that the difference between Figure 4.29 Bigdire 4.25 is primarily the inlet
pressureCase lhas an inlet pressure around 455 psig wi@ase 4shows an inlet
pressure of about 462 psig. The pressures in thenghs are also differer@ase lhas

a center channel inlet pressure of about 444 pwigtlae two bordering channels each
have an inlet pressure of close to 448 psig. CamheCase 4has a center channel
inlet pressure of 447 psig and the two borderingnolels have an inlet pressure of
about 452 psig. This shows about a 1 psig increasiee pressure differential at the

inlet of the channel fror@ase 1to Case 4

The velocity forCase 4as shown in Figure 4.30 is also different than \taicity

presented ilCase 1
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Figure 4.30: Case 4 velocity through the threeearecitannels

The center channel velocity f@ase 4is in the range of 38 to 40 ft/s whereas the
velocity for the center channel base 1was closer to 34 to 36 ft/s. The difference
between the center channel velocity and the twddrarg channel velocities f@@ase

1 is about 6.5 ft/s and faCase 4it is about 7.0 ft/s making a difference betwees th

two casesabout 0.5 ft/s.
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Figure 4.31: Case 4 velocity profiles for a) Prab®) Probes 2 and 3, and c) Probes 4

and 5

Figure 4.31 also shows that the velocityGase 4is faster than the velocity i@ase 1

again with the center channel being faster tharitteeouter channels and the velocity

for Probe 1 being not yet fully developed.

The pressure profile faCase 4is shown in Figure 4.32.
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Figure4.32: Case 4 pressure profile fdt seven channe

Again the same behavior is observed with the cerftannel having a loweoverall
pressure than the other channelsand that the two outermost channels have a hi
velocity at a given location than the ott. It is important to ote that the scale ¢
Figure 4.3Zhas a maximum pressure that is 5 psi higher thars¢hle irFigure 4.28.
This is a result of the increased flow rate causingncrease in overall pressi

4.3.3 Case 7

The flow rate again was changed Case 7Arom 12.7 kg/s, which was the flow rate
Case 4,to 14.3 kg/sas a result of the increased volumetric flow . This again
caused a similar increase in both pressure andcityelas will be shown in th

following figures.

Figure 4.33hows the pressure drop through the three cendemelts.
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Figure 4.33: Case 7 pressure drop through the teeter channels

There is again a noticeable increase in inlet pressom the previousase Also the
difference between the pressures after enteringhbanel is about 1 psig higher than
it was inCase 4which means it is about 2 psig higher than it wa€ase 1 This
gives strong indication that fuel plates are mdeely to deflect with an increase in the

flow rate.

The velocity plots again show that with an increasevolumetric flow rate the
velocity also increases. The plot of the velociaésng the Middle Middle line probe
is shown in Figure 4.34.
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Figure 4.34: Case 7 velocity through the threearecitannels

The difference between the overall center chane&dcity and the velocity through
the two side channels is about 7.8 ft/s. This sual®.8 ft/s more than i@ase 4and

about 1.3 ft/s more than ase 1

Figure 4.35 shows the plots generated using thecirglprofile probes from Figure
3.4.
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Figure 4.35: Case 7 velocity profiles for a) Prabé) Probes 2 and 3, and c) Probes 4
and 5

The same behavior is observed @ase 7as was observed for the previous two cases

with an increase in the overall velocity in eaclrhel.

The pressure profile for all seven channels isgiveFigure 4.36.
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Figure4.36: Case Ppressure profile for all seven chani

The behavior is similar to the previocasesnoticing again that with this increas
flow rate the maximum pressure value on the scae wcreased by another 5 ps
order to accommodate the increase in pre.

4.3.4 Case 8

The next twacaseshave the same volumetric flow rateCase 7However, these ne:
two caseshave a increas temperatur@nd because of the increase in tempre the
density of the water changedcausing the mass flow rate for these twses to be
different than the mass flow rate fCase 7even though the volunric flow rate

remains the same.

The pressure plots along the Middle Middle lineb@are given ilFigure4.37.
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Figure 4.37: Case 8 pressure drop through the teeter channels

Figure 4.37 is very similar to Figure 4.33. Theeinpressure is slightly lower than it
was forCase 7but the change is not nearly as significant asai$ with the different

volumetric flow rate.

The velocity plots along the Middle Middle line peare shown in Figure 4.38.
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Figure 4.38: Case 8 velocity through the threearecitannels

The velocity also decreases slightly as a resulthef increase in temperature and
decrease in fluid density. This change is alscasdarge as the change associated with

the volumetric flow rate change.

The plots from the velocity probes are shown iruFegs.39.
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The view graph showing the profile of the pressarthe full seven channel model

shown in Figure 4.40.
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Figure4.40. Case 8 pressure profile for all seven chat
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Each figure indicates that there is not much défiftee between the results fr@ase 7

and the results frolBase 8

4.3.5 Case 9

The temperature increase froBase 7to Case 8was larger than the temperature

increase fronCase &o Case %herefore, similar behavior is expected.

The pressure plots along the Middle Middle linehq@are shown in Figure 4.41.
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Figure 4.41: Case 9 pressure drop through the teeter channels

Again the pressure is slightly lower at the inker the inlet pressure Glase 8

The velocity plots along the Middle Middle line peare given in Figure 4.42.
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Figure 4.42: Case 9 velocity through the threearecitannels

The velocity is a bit lower than the velocity pretssl inCase 8 Even though these
changes are not as large as the changes causkd imgtease in volumetric flow rate

they are still significant changes.

The velocity collected from the five velocity priafiprobes is given in Figure 4.43.
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Figure 4.43: Case 9 velocity profiles for a) Prabé®) Probes 2 and 3, and c) Probes 4
and 5

Figure 4.43 shows similar behavior as the previeeiscity profile graphs and also

shows a similar increase in velocity as a resuthefchange in temperature.

The profile of the pressure through the full modethown in Figure 4.44. Again, the

changes fronCase 8are noticeable but not very severe.
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Figure4.44. Case 9 pressure profile for all seven chatr

4.3.6 Case Compdsons

The pressure and velocity data were used to digshghe changes that occurred ¢
result of the different boundary conditions applie@achcase The six additional lint

probes shown ifrigure3.8 were used to collect this data.

The velocitywas measured along each of the six additional pirdes and thdata
was used to compare with values obtained usingeMNllcritical velocity equatio
shown in Equation (3). The location at which the critical velocity equatiapplies is
at the inlet of the channel and along the samel akstance as the support con
Therefore,only the velocity in this region was used for tr@mparison. Taking a
average of the velocity in the support comb regimhdec onevalue associated with
each line probe, meaning two values in each ch. Thesetwo valueswere also
averaged giving onealue for each channel. This was done for eachefive cases

These values are sho in Table 4.5.

Table 4.5 Fressure and velocity data féhannels C, D, and

Variable Casel| Case4| Case7| Case. | Case9
Channel E Averag¥elocity (ft/s) | 24.56 27.82 31.35| 31.2¢ 31.13
Channel D Averag¥elocity (ft/s} | 31.06 34.99 39.21| 39.21 39.13
Channel C Averag¥elocity (ft/s) | 24.34 27.59 31.08| 31.0: 30.86
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As has been shown previously, the velocity in Cleds @ and E match closely in each
case. One important trend to take note of is thatvelocity increases significantly
when the volumetric flow rate changes fr@dase 1to Case 7but then decreases
slightly as the temperature increases fl0ase 7o Case 9

The values for critical velocity for each channearev calculated using Equation (3.7)

and are given in Table 4.6.

Table 4.6: Miller’s critical velocities for eachsma

Channel Case 1| Case 4| Case 7| Case 8| Case 9
0.125 inch Channel Critical Velocity (ft/s) 100.23100.23| 100.23 102.65 105.58
0.075 inch Channel Critical Velocity (ft/s] 7764 7.84 | 77.64| 7951 81.78

The values for critical velocity are much higheanhthe calculated values. This
indicates that there will be no measurable defbecat the inlet of the channel. The
reason the critical velocity is so high is becatlse region has been stiffened by the

addition of the support comb.

The net pressure across the plate behaves in aismanner to the velocity in that the
maximum net pressure increases with increasing citgloand decreases with

increasing temperature. Line probes CC 1 and C@r2 wsed to collect the required
pressure data. Only these two probes were usedidegaevious data indicates that
the flow is symmetric around the center channel alsd around the support comb.
The difference in pressure from these two probesaaéculated and the plot including

each of the five cases is shown in Figure 4.45.
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Figure 4.45: Net pressure on center channel ptatedchcase

This figure indicates that for each case the nessure is highest as the fluid enters
the fueled region with the net pressureCase 7being higher than any othease.
This figure also indicates that there is a moreniitant change associated with
increasing volumetric flow rate than there is witbreasing temperature. Even though
the largest net pressure at the inlet of the fueéggon the previous velocity data

indicates that there will be no deflection in thegion.

4.3.7 Material Differences

As was mentioned in Section 1.1 the three matetisésl for the fuel plates will have
different material properties. The ATR SAR indicatéhat the aluminum plate
provides a more conservative estimate for deflactian the U-Al dispersion fuel.

The monolithic fuel can be analyzed using a ruleaoftures estimate to determine the

Young’s modulus for the material. This equatiogiigen below.
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E =viE + Vv E, (4.1)
WherekE;r is the total Young's modulus for the plate,s the volume fraction of the
fuel, Eris Young’s modulus for the fuely, is the volume fraction of the matrix, and
Emis Young's modulus for the matrix. The value forig’'s modulus for Al-6061,
the material used for the matrix, is 10.0%p8i [38].

First, Young’s modulus for the DU-Mo alloy is obtad using Equation (4.1). The
weight percent of molybdenum is 10 percent whi@dd#eto a volume percent of 17.2
percent. The Young's modulus for depleted uraniwhich is the same as it is for
uranium, is 208 GPa [39]. The Young's modulus faslyhdenum is 329 GPa [39].
This gives a Young’s modulus for the DU-Mo alloy 2i28.8 GPa which is equal to
33.2 psi.

The volume fractions for the fuel foil and the nmatcan be obtained using the
geometry given in the design of the GTPA fuel plgi8]. The fueled region is 23

inches by 3.5 inches. The total plate thickned3.0% inches and the fuel foil is 0.02
inches. This means thathas a value of 0.4 ang, a value of 0.6. Therefore the value
for the effective Young’s modulus in the fueled gimt of the plate is 19.28x2@si.

Therefore, the higher modulus of elasticity indésathat the DU-Mo plate will be less
likely to deflect than the pure aluminum plate. §'imidicates that the results from the
pure aluminum plate would give a conservative estinof when plate deflection is

expected to occur.
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5 CONCLUSIONSAND FUTURE WORK

5.1 Conclusions

Using the one channel model to select the critdréa would be used in the seven
channel model proved effective. This method redubedamount of time required to

select the mesh type, turbulence model approachiresh size.

The two channel model helped to ensure that theriaiselected in the one channel
model would continue to function with no obviousus in the solution as a result of
the more complex geometry. It was also useful teeole differences in the flow

caused by an asymmetric geometry.

The differentcasesanalyzed in the seven channel model gave ampleevedof the
affect that varying boundary conditions have on pinessure differential within the
GTPA. These results showed that the pressure eliffed between the channels
becomes larger as the volumetric flow rate increaser a range of 179 gallons per
minute to 229 gallons per minute. The results alsowed that as the temperature
increased from 120 °F to 350 °F the pressure diffeal between the channels

decreased.

Comparing these results to Miller's critical veliycshows that the presence of the
support comb is sufficient to stiffen the leadirdge and prevent plate deflection in
this location. However, this does not mean thaked&bn will not occur further down
the plate. Further analysis should be done to ater if these results will contribute

to plate deflection in other regions of the assgmbl

The data produced using Star-CCM+ seems to refleqtected flow patterns.
However, in order to verify that the results areamcurate representation of actual
fluid flow they must be verified by experimentaltdaThese comparisons will be

made when experimental data from the HMFTF is olethi
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5.2 FutureWork

This data supported some assumptions relating doHWFTF in that the support
comb will prevent the leading edge from experiegcaeflection. However, it is

necessary to use another program to input thetsesam this study to determine the
locations that are most likely to experience deittec

The k€ approach needs to be analyzed using the percéetedice method for RL 6
to determine if it could, in fact, be used in plaafethe RSM approach. If so then
future simulations could use theslapproach and save on computation time.

The next step in the HMFTF project as a whole islitain experimental data using
the facility that is currently under construction @SU. The boundary conditions
required to cause plate deflection will be usedadditional CFD simulations. The
experimental results will then be compared to tR®Cesults in an attempt to validate
Star-CCM+ for this application. If the results aimilar then Star-CCM+ can be used

for future analysis as an accurate representafiantaal fluid flow.
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