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ABSTRACT

As part of the Global Threat Reduction Initiative (GTRI) reactor conversion program,
five U.S. High Peormance Research Reactors (HPRRS) are currently studying a novel
Low Enriched Uranium (LEU) foil based fuel to replace their current High Enriched
Uranium (HEU)dispersiorfuel. The proposed fuel uses a monolithid @Mo foil meat

clad in aluminum, wheras the current HEU fuateat is comprised dfranium dispersed

in an aluminum matrix, before being clad in aluminum. Along with a change in the
physical structure of the fuel, the fuel plate thickness has been significantly decreased.
Given that theseukl plates are subjedb high velocity coolant flow, these changes in the
plate design have led to a need to characterize the structural response of the plates in

presence of high velocity flow.

The proposed method for completing this analysis issenovel fluid-structure
interaction (FSI) simulations. These simulationscargied out usingommercial CFD
and FEA solvers StatCM+ and Abaqus, aniteratively couplingheir solutions
together at the interface between the plate and the fluid. Givemidpge nature of these

simulations, it is necessary to first benchmark and qualify the codes for this analysis.

To generate benchmark quality data, a flow loop and test section have been constructed
for studying plate deflection and channel pressure dnaler a variety of fluid flow
conditions. Experiments have been completed on a single, flat 1.0X80vmil) thick

plate. During flow testing, two leading and trailing edge boundary conditions were

considered: fully free and pinned at the midpoint. UResre presented here for flow
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tests at 11 flow rates. Plate deflection was monitored with two laser displacement
sensors. The laser sensors were repositioned through seven axial locations and the flow
tests repeated, allowing for an understandindatepdeflection behavior along the length

of the plate. Additionally, the pressure differential between the two channels is presented
at eight axial locationsSimilar experimental analysis which considered equally sized

fluid channels has been studieddonumber of individuals in the past. The work

presented here differs however, by intentionally offsetting the plate and creating fluid
channels of different thickness. This offset effectively simulates manufacturing

tolerances of a real fuel assembly.

FSI simulationdased on idealized geometpsulted insignificant difference between

the experiment and the numeric solution. Therefore, significant effort hagksemded

to reevaluatehe numeric modeling process. A CFD mesh and turbulence mgdelin
studywascompleted on a simplified geometry which is characteristic of the unique flow
conditions of the experimenMore importantly a new method for better matching of the
numeric model geometry to the experiment geometry is presented. TBisilAsodel

is createdhrough mapping of the experiment fluid channel thicknesses with the laser
displacement sensors, and a subsequent morphing of the numeric CFD mesh to match the

channel mapping.

These AsBuilt numeric models have been shown to dramaticalprove matching
between experiment and numeric solutions, particularly attowid-range flow rates.
At higher flow rates, the experiment exhib

be replicated numerically. Additional interrogation of blmeindary conditions revealed a
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possible explanation for this snap, however numeric methods do not yet exist for
recreating this behavioin earlier works which considered equally sized channels, plate
deflection was not examined in detail and was fownokt largely unpredictabknd

reliant upon the manufacturing tolerances of the experimarthe numeric and
experimental work presented here, plate deflection behavior at low tcanage flow

rates is qualitatively consistent with theoretical expetat
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CHAPTER 1: INTRODUCTION

1.1: Reactor Core Design

The University of Missouri Research Reactor (MURR) first went critical in 1966 as a 5
MW research facility. Since an upgrade in 1974, MURR continues to operate today as a
10 MW reactor supporting a wide rangere$earch in lifendmaterial scienceesearch

and radiopharmaceuti cal producti on. I n
powerful university research reactor, MURR has a progeardas one of the most

reliable and capable nuclear research faegdiin the world1]. Like most other research

and test reactors constructed during the same time period, MURR utilizes highly enriched
uranium (HEU) fuel. Over recedecadessignificant progress has been made in

convertirg these reactors to a proliferation resistant low enriched uranium (LEU) fuel.

Due to its unique requirements, MURR is one of the few remaining reactors in the United

States yet to be converted.

Figurel.1 shows the MURR core, wth consists of 8 concentric fuel elements placed
between an inner and an outer pressure vessel. The pressure vessels direct and contain
high velocity coolant flow, water, which maintains the fuel plates at safe temperatures
while moderating fast neutron3 he core itself is quite compact, with the outer pressure
vessel diameter measuring 29.97 cm (11.80 inches). The inner pressure vessel is 13.51

cm (5.32 inches) and the fuel plates measure 64.77 cm (25.5 inches) long.
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Figure 1.1. Top view of MURR core.

EachHEU fuel element consists of 24 fuel plates, as showsigarel.2. The fuel plates
are curved and concentric, providing constant thickness coolant channels between the
plates. The plates are held in place through swage joints alosgltéveallsand a

support comb which is placed radially along both the top and bottom of the fuel plates.
Figurel.3 shows he element includes a handling fixturébath ends to allow for
insertioninto and removal from the reactor. The plates themselvasoaneally1.27

mm (50 mils) thick with coolant channels of 2.032 mm (80 mils) between them.
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Figure 1.2. MURR fuel element with 24 fuel plates.

Figure 1.3. MURR fuel element end cap and plates.



1.2: Fuel Plate Design

In 1971 MURR converted from its initial uranisabuminum alloy fuel to the uranium
aluminide dispersio fuel still used today. This design allowed for an increase28%
loading from 650 grams to 775 grams per element at an enrichment of 93%. The fuel
meat portion of the plate is 0.508 mm (20 mils) thick, with 0.381 mm (15 mils) of
aluminum cladding orither side.The current HEU plates are relatively thickle27

mm (G0 milg), curved, and have support combs at the midpoint of the leading and trailing
edges. All of these features make the plates fairly stiff and resistant to flow induced

deformation Each HEU fuel element consists of 24 fuel pl§2¢s

Current HEU Dispersion Fuel

Fuel Meat:
. . JUAL Fuel
UAL, Dispersion / I Fue
y
/ )
Total Thickness: /_/' /Aluminum Clad

5 0 m].].S ) /‘ ;_.f'

Figure 1.4. Cross section schematic of 44\l dispersion fuel plate.

As part of the effort to convert MURR to an LEU futleore, twdfuel elementesigns

are under consideratiol.he FSD core maintains the same number of fuel plates, but has
them significantly thinner &.9652 mm 38 milg). This allows for2.3368 mm 92 mil)

thick fluid channels between platg3. The alternate CD35 core design uses

predominatelyl.1176 mm 44 mil) plates with2.3368 mm 92 mil) fluid channels. As a



result of the extra plate thickness, the number of plates is decrease@}o 23

Proposed LEU Monolithic Fuel
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Figure 1.5. Cross section schematic of LEU fuel plate.
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1.3: Motivation and Reactor Conversion

In order to minimize the risks associated with nuclear materials used in civilian
applications, the National Nu@e Security Administration (NNSA) has been working
through the Global Threat Reduction Initiative (GTRI) to reduce and secure nuclear
materials at sites around the wodd. As part of the GTRI, significant progress has
beenmadein convertingresearch and test reactors from HEU to LEU through the

Reduced Enrichment for Research and Test Reactors (RERTR) program. The remaining
reactors in the United States include MURR, the Advanced Test Reactor at Idaho
National Laboratorythe High Flux Isotope Reactor at Oak Ridge National Laboratory,

the Massachusetts Institute of Technology Reactor, and the National Bureau of Standards
Reactor at the National Institute of Standards and Technology. These five High
Performance Research Rears (HPRRS) continue to use HEU fuel due to unique

characteristics thdtave made conversion to LEU difficult.



In order to reduce the-&35 enrichment from the current 93% to 19.75%, a dramatic
redesign of the fuel has been necessary. With the higBbldontent in the HEU fuel,

the fuel meat of a plate is composed of a UrarAlominide dispersion powder

However, in order to reduce the uranium enrichment while simultaneously maintaining
an acceptable total loading 0f235, a new fuel design is needeglich increases the
overall uranium density in the fug]. To that end, a new UraniuMolybdenum foilis
under investigatioffor use in the HPRR$], [7]. For MURR the proposed fuel plate
design uses a-llOMo fuel meat and an aluminum clad. A thin zirconium layer is
depositebetween the fuel meat and the clad to prevent the development of fission gas
bubbles at the fuatlad interface. Additionally, the fuel dahickness has been
decreased to allow for additional coolant flow between the fuel plates. This additional
coolant volume in the core provides greater neutron moderation, resulting in longer life
and laover cost for the fuel elementyVith the layeredtsucture of the fuel, as well as the
overall thinning of the fuel plates, the plates may be rmoseeptibldo flow induced
deflection. This largely depends on the material properties of the fuel companénts
water flow velocity in neighboring channel#é review of the literature reveals a wide
range of material property values, largely depending on the heat treatment and
manufacturing processe3ablel.1 provides a glimpse of theost relevant structural

propertyvalues forthe three layers in an LEU fuel plate.



Table 1.1. Selected material properties for LEU fuel components

Material 0.2 % OffsetYield Elastic Modulus Poisson's Ratio
Strength (MPa) (GPa)
6061T6 Al 290[8] 68[8] 0.33
U-10Mo 940(6] 871[9] 0.35[9]
Zr 907 110[10] 86- 98[10] 0.34

This work focuses on development of experiments and numeric models to aid in analysis
of fluid-structure interaction of the proposed LEU fuel. The experiments are meant to
provide data for validation of the numeric models. mhmeric models involve using

new coupling and stabilization methodologies foridtaneous CFD and FEA analyses.

1.4: Fluid Structure Interaction (FSI)

In nuclear applications, high velocity water flow is required to cool fuel plates. This
design results ia complexmechanicainteraction between the fluid and the fuel plate.

In order for a fuel design to be qualified for use in a reactor, the potential for flow

induced deflection of the fuel plates must be assessed. Complex, expensive experiments
have ber used in the past as the primary method for assessing the fluid structure
interaction. While extremely helpful in reactor design, these experiments were limited by
test section design, flow rate, and instrumentati®xperiments are also difficult to

modi fy, thereby | imitingoéthgpaebki biftwanaadbyses

In order to overcome these limitations in validating the current fuel designs;stdo
approach using new experiments and numeric modeling is necessary. The new flow

experimentsise modern instrumentation and allow for direct visual observation of a plate



during flow. Using the data gained from these experiments, validation of numeric
models is possible. These models will allow for more detailed analysis than the

experiments.

For analyzing fluid flow and heat transfer, computational fluid dynamics (CFD) codes
such as StaCCM+ are used. Structures are analyzed with finite element analysis (FEA)
codes such as Abaqus. Historically, these codes were used independent of each other
providing a decent but incomplete understanding of reactor fluid structure interaction.
With continued advances in computational capacity, it has recently become feasible to
couple together CFD and FEA codes for integrated FSI analysis. Before this new
capability can be used for reactor fuel analysis hamnatvmust first be validated and

benchmarked against experiment data.

Theultimatepurpose of this study is to interrogated validatenethods for fluid

structure interaction simulation of reactaef assemblies. Additionally, experiments
utilizing new metrology techniques will be used g@neration of new benchmark data
The geometry used for this analysis included an intentionally offset plate allowing for
evaluation of the effect of nemniform fluid channels, and an understanding of the

sensitivity to manufacturing tolerances.



CHAPTER 2: BACKGROUND & LITERATURE REVIEW
2.1: Analytic Models
2.1.1: Critical Flow Velocity

For more than half a century, scientists have investigated various aspects of platg stabili

under high velocity fluid flow. In 1958, Miller developed an analytic method for

estimating lhe critical flow velocity thateuld cause the collapse of fluid sabannels in

a plate arrays. For stacks on the order of 10 plate2.Egq.s Mi | | er 6s cri ti ce
[11].

p 00 2.1
” (b p )

For the case of a single plate placed in the middle of a rectangulaMulileat

determinedhat the critical velocity of EQ.1 is increased by a factor ¢&. This results
from the presence of rigid channel walls instead of other moving plates seen in a stack.

Including this factor gives the Mer critical velocity for a single plate assembly as Eq.

2.2.
oo 29
”(bp,

Mill erds critical velocity provi doapses he f |

due tothe pressure force exerted by the fluid. While thodel provides a quick and
simple means of estimating the velocity for plate instabilitgpes not allow for

differing thicknesses of neighboring channels. As a result, Rdnand?2.2 also failto
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account for the flow redistribution that would result from differing initial channel

thicknesses or plate defleati@above the critical velocity.

Concerning the plate itself, Miller assumes a homogenous, single material plate.
Obviously,for a real fuéplate this assumption is not entirely accurate. To address this
deficiency, analytic modeling has been completeddnsen aniMarcum to integrate the
rigidity of a mul ti | ayoebhothf#atanducented plaedhisnt o Mi
methodi nvol ves rewriting Millerds equations i

then evaluating the flexural rigidity for a muléiyer structurg12] [13].

2.1.2: Beam & Plate Bending

Figure2.1 shows the generic case of a beam or plate with opposite fixed edges under a
uniform pressure?. The plate deflectioryz, varies as a function of the horizontal
location,x, across the full widthy. As the plate deflects, reaati forcesS, are

generated, putting the plate in tensiditom the clamping condition along the edges,

momentsMo are generated.

A

Figure 2.1. Deflection of plate (long beam) under uniform load with two oposite fixed edges
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The platebs resistance to b®mddeimgdini s def i

equation2.3 [14].
0O L 2.3
(YN

If the deflection is small when compared to the plate thickesisen theanembrane
stresses (anegkaction forces$), are insignificant and can typically be neglectedisTh
results in the simple beam deflection calculation of equ&tibfil5]. For the maximum

deflection atx = b/2, equatiorR.5 can be utilized.

l

DW
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If, however, the plate deflection is of the same oadenagnitudeas the plate thickness,
then the tensileeadion forces S at the ends will be significant. To account for these
reactions, Timoshenko proposed equafidn Note that the parameter u is solved

iteratively with equatior2.7.

\
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As with the simple beam equation, the maximum deflection at the midpoint can be solved

by settingx = b/2, as in equation.8 and2.9.
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A simple python script for solving both thergle beam and Timoshenko plate equations

is included ag\ppendix A Using the values dfable2.1, these equations were used to

create the plot dfigure 2.2. From this plot, t is clear that both equations yield similar

results at lower pressures. However, as the deflection approaches the order of magnitude
of the plate thickness and theembrane stressaxrease, the simple beam equation

increasingly ovepredicts deflectionvhen compared to the plate equation

Table 2.1. Input parameters for evaluating Figure 2.2

Parameter Value
a 1.016 mm
b 110.2868 mm
X b/2=55.1434 mm
E 68.9 GPa
3 0.33
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Figure 2.2. Simple beam deflection vs. Timoshenko plate deflection

Thus far, the beam bending models have focused solely on plates of a single material.
However, fromFigurel.5it is clear that the actual reactor fuel plates are composed of
multiple layers. To determine the deflection of a rAlaliered plate, the elastic modulus,

E, can be modified while keeping all other parameters the skorehe case of a three

layer beam, wherthe two outer layers are of the same material and thickness, an
effective Youngdés modulus for a beam with
material, can be determinetlsing the crossection ofFigure2.3, equatior2.10 can be

used to calculate the equivalent modulgs E
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As an exampléo approximate an actual MURR CD35 LEU fuel plate, material A can be
6061T6 duminum with a thicknesaa = 0.3048 mm, and material B can belOMo

with a thicknesss = 0.5080 mni5]. The elastic moduli areaE= 68 GPa and &= 87

GPa fromTablel.1. Using equatio2.10, Ec = 69.8 GPa.Despite the center layer being
thicker, the modulus of the outer layers dominates. This is due to the outer layers being
some distance awayoim the neutral axis of the beand therefore having a larger

resistance tbending.

2.1.3: Fluid Flow

For the generic case of axial fluid flow around a plate, there are several factors
contributing to the pressure drop through the test section, and therefore to the pressure
that causes plate deflection. Along the length of the famwtime the channel cross

sectional area changes there is a recoverable Bernoulli présspréJsingFigure2.4
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for reference, with subscripfsandB representing the upstream and downstream

locations, respectively, equati@ill describes the Bernoulli component of pressure

drop.
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As the flow approaches the leading of the plate and gjfiitgptlyinto the channels, there
is an irrecoverable pressure loss due to the sudden contraction. At present, there is an
extremely limited number of geometrigsavailable literature for determining this

pressure drop component. The available empirical correlations tend to focus on one of

two cases:

1) Flow from a single large channel into a single smaller channel

2) Flow from a single large channel into many equsihe smaller channels
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Figure 2.4. Axial fluid resistance diagramaround a deflected plate

The geometry of interest in this case fails to fit either of these models well, with flow
going from a single lamychannel into two smaller channels of differing thicknesses. As

an approximationthe correlations from Blevirfer the first casare provided16].
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Equation2.12is thetheoreticalontractiorK loss coefficient, and equati@il3is an
alternative empiricatoefficient. To solve for the contraction pressure loss, the velocity

in thesub-channel is used.
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Much like the contraction coefficients, there are limited models available for sudden flow
expansion at the trailing edge of the plaiguation2.14 represents the expansion
pressure losBom asinglesubchannel into the outlet plenunAs before, to solve for the

resulting expansion pressure Idkg \elocity in the smaller channel used.
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The final and most significant component of pressure drop is the irrecoverable frictional
loss as turbulent flow moves through the chann&tssolve for he friction pressure

drop, the friction factorf, is solved using the Colebrook equation @#7) [17] [18].
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Therefore, for flow through a channel, the irrecoverable pressure losses are described by

equation2.19.

30 — 0 0 0
C
2.19
a

c (I)"Q U U U

The recoverable pressure losses result from the Bernoulli pressure change at the plate
leading and trailing edges, as well bs gradual changes in channel area along the length
of the flow. To determine the flow rate through both channels, the total pressure drops
(recoverable + irrecoverable) through each channel are set equal to each other and the
flow rates are adjustedlhis causes a net pressure force on the plate, resulting in plate

deflection, and further flow redistribution.
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In addition to pressure drop, analytic solutions for the wall shear stress are useful for
numeric model benchmarking. Equat@@0is the wall shear stress calculation. This
equation will be used later in determining the validity of a CFD finite volume

discretization.

——  Tob 2.20

Finally, in CFD simulations, the accuracy of the solution is closely tied to the wall shear
stress, and the rate at which the velocity profile develops from the wall outward. This is

measured through the nalimensional wall y+ calculation of equati@r23[19].

T_
o — 2.21
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2.2: Experiments
2.2.1: Flat Plate Experiments
Il n an effort to validate Mill erdés equation

series of single and mutilate experiments in 19980]. Zabriskie also tested the
impact of a comb on the critical velocity. Those experiments attempted to maintain the
assumpt i ons oifnotadddly thdt thercihasnels viieee alrofyequal size and that
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the mass flow rate into eachannel was the same. In some of the flat plate experiments,

it was observed that a slight bowing of 6 mils in the plate caused a dramatic change in the

pl atebs defl ection behavior. Zabriskie ob
from theideal were adequate to cause significant changes in the observed critical

velocity. Zabriskie also noted that the deflections tended to start near the kedgi@od

the plate, where the pressure differential was the greatest, and progress down #se plate

flow increased. Finally, an unusual result was noted in test6.8l23 mm(32 mil)

plate, where the plate was observed to begin deflecting in one direction, before suddenly

switching to deflection in the opposite direction.

Additional experimentsyZabriskie in 1959 sought to analyze the impact of larger
length to width ratio$21]. He noted that it was impossible to build an experiment with
equal flow resistances through both channels, and that this would be enbtuaghtte

pl ateds def | ec tTheplate was observes toanlyrdeflect in omen .
direction at a timgand no large scale waves or oscillations were notiéater

absorption of the plexglass plates used in those experiments affected mahg of
results. An experiment conducted after the flow tests showed that water absorption by

the plexiglass could, over time, lead to significant deformation.

In 1962, Groninger conducted experiments with rrullite assemblies up to 1.9 times

the Miller ciitical velocity[22]. These experiments used strain gage monofilament

sensors embedded into the side edges of the plates to determine deflection. However, the
results were limited due to issues surrounding thermal expamsioncethe gage

connectors and water leakage into the gages. His investigation concluded that the onset

20



of plate deflection is largely the result of existing perturbations in the plate geometry.
Additionally, he found that while a support comb on thetidid help to reduce overall
deflection magnitude, there were still significant deflections 2 to 3 plate widths from the
inlet. In some tests without a comb, the maximum deflection occ@G8do 380 mm

(12 to 15 inchesfrom the leading edge of the patFinally, Groninger noted that above
1.9 times the Miller critical velocity, a high amplitude, high frequency vibration might

OocCcur.

In an effort to address the lack of static deflection experimental data, Smissaert conducted
flow experiments on arraysf five plates using strain gages to determine the plate
deflection[23]. Although he used a different type of gage than Groninger, Smissaert also
embedded the gages into the side edges of the plates. Additionally, by igiages

along the length of a plate, he sought to analyze the profile of plate deflection under flow.
These experiments noted that the leading edge condition was the primary driver in
deflection. Additionally, the plates were noted to deform in a watterpawith the

wavelength tied to the flow velocity. Like Groninger, Smissaert noted significant plate

flutter at velocities well above the theoretical Miller critical velocity.

In designing the Advanced Neutron Source reactor, Swinson conducted flexnsts

on involute plates which were planned for that reg@#}[25] [26]. Similar plates are
used in other reactors, such as HFIR, and have a unique desigelthaturved,

involute plates between inner and outer cylinders. Since the plate design is inherently

stiff, the experiments used epoxy plates with a lower elastic modulus so that less flow

21



would be required to cause deflectiofhe results from the exparent are used in

validation of an analytic model.

As part of an effort to evaluathe fuel design of the Replacement Research Reactor
(RRR) at the Austrailian Science and Technology Organisation (ANSTO), Ho conducted
experiments on assemblies with twatek[27]. These flow tests drove the plates to

plastic deformation. The plate response was monitored through a series of strain gages
and pressure taps, and the clear ptgass design of the test section allowed for direct

visual observation.

More recently, Liu et al. have examined plate vibration with laser displacement sensors
placed at the centgroint of a test platf28] [29]. These experiments differed from

previous experiments by holding the plate fixed at its four corners. The side edges were
allowed to move freely in and out of the plane of the plate. This boundary condition
hugelymagnified plate deflectionThe laser measurements in these experimeaksthe
absolute distance from the laser to the plate. This measurement technique, combined
with the laser sensor being only seimed to the test section, makes the resulting sensor
data highly susceptible to motion and vibration of the appasaisioinecessarily the

plate.

With the wide array of flat plate experiments in literatiahle2.2 is helpful in

comparing experiments from different sources.
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Table 2.2. Survey of flat gate experiments in literature

Source Instruments Plate Number Plate Plate Plate Channel Comb Cal\lllci:ftlae:ted O(?r?t(iacrgfd
Material of Plates  Width Thickness Length Thickness . ;
Velocity Velocity
b a L h Ve
(mm) (mm) (mm) (mm) (m/s) (m/s)
3.1750 3.05 2.26-4.39
0.5080 >08 1.5875 No 4.42 457-7.01
. 3.1750 6.25 5.64-6.64
Aluminum 1 101.6 0.8128 508 15875 11.92 9.91
3.1750 16.84 12.8
1.5875 508
2 abrisk impact 1.5875 2.59 1.68
abriskie .
: . 101.6 3.75 3.41-4.11
(1958) Probes;static o 1 1.5875 508 31750  No
[20] pre_ssulre, 76.2 6.64 5.49
visua
N 2. 2.50- 2.
Plexi 8 101.6  1.5875 508 3.175 ° 60 >0-2.99
Yes >6.40
g No 4.36 3.96
. Yes >5.64
Aluminum . 101.6 0.8128 508 3.175 4.36 311
Yes >6.40
continued on next pageé
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Plate Number Plate Plate Plate Channel Calc_ulated Ob??”’ed
Source  Instruments Material of Plates  Width Thickness Length Thickness Comb Mllle_r Cr|t|c§1I
Velocity Velocity
b a L h Ve
(mm) (mm) (mm) (mm) (m/s) (m/s)
508
1.2700 1016 2.5400 Yes 2.40
1448
508
1.0160 1016 2.5400 Yes 1.72
1448
508
Plexi 1 1016 1.0160 1016 4.0640 Yes 2.17
L impact 1448
Zabriskie | oo static 508 1.5875 250
(1959) Proves, sta 1.5240 Yes
21] pressure;, 1016 2.5400 8.74
visual 1016
1.2700 1448 2.5400 Yes 2.40
508
1.5240 1016 2.5400 Yes 3.26
1448
0.8128 3048 2.5400 Lis 5.55
Aluminum 101.6 Yes
1.016 3048 2.5400 No 7.75
continued on next ©pageeée
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Calculated Observed
Plate Number Plate Plate Plate Channel : -
Source Instruments ) . . . Comb Miller Critical
Material of Plates Width  Thickness  Length Thickness Velocity Velocity
b a L h Ve
(mm) (mm) (mm) (mm) (m/s) (m/s)
1.6256 Yes
Zircaloy with 83.31 (*1.3970) 2196 1.9304 No 13.11
Groninger fuel 5 Yes
(1963)  strain gages Compartments 83.31 *2'0066 2196 2.0066 21.03
[22] (*1.9050) No
Solid Yes
Zircaloy 5 112.78 1.3208 2191 1.7780 NG 6.40
No
5 114.3 1.5875 1143 6.35 ’ 2.59
Yeg
Smissaert strain gages; |\ o No
(1968) static pch¥ori3/e 9 1143  1.5875 1143 3175 o 1.81
[23] pressuré €
No
15 114.3 1.5875 1143 1.5875 . 1.22
Yes
Ho strain gages;
(2004) rztsélgre' Aluminum 2 78.2 1.2 780 4.3 No 15.4 11.9-12.0
[27] pre ’
visual
static Yes
%%Tes‘;y plraessesfsr_e; Aluminum 1 11029  1.016 647.7  2.032/2.540 N/A N/A
. ' No
visual

*This is the effective plate thickss if the plate was solid Zircaloy without fuel compartments

AOnl vy

in tests

Wi Lt eha dbi. 8gh emthg ec hoaminye | s
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2.3: Numeric Modeling
2.3.1: CFD Turbulence

In the analysis fofluid flow through a fuel assembly, several options exist ébrisg for

the flow turbulence.The level of difficulty in solving complex, turbulent flow patterns is
directly related to the level of detail and accuracy required in the final solution. While
the ideal scenario would involve a complete solution of the N&tigkes eqations this

is neither necessary nan efficient use ofurrent computational capabilitie$herefore,
turbulent flow solutions are reliant upon models that approximate the energy losses
associated with turbulent eddies in higynolds numbeitow [30]. Starting from the
NavierStokes equations for the conservation of momentum in equa#bnwe can

begin to approximate the impact of turbulent energy losses.

1o T, Tn 1
— _\OO __— _—_—
0 Tw w Tw

¢'i 2.25

—a

Assuming that a given turbulent flow varies randomly about some mearg|tioéty
componentsi canbe rewritten in terms of their average values plus some component
that randomly varies in timas shown in equatia26.

O o “Ye 0O e 2.26

Combhning equatior2.25with 2.26 and rearrangingields the Reynoldéveraged
NavierStokeg RANS) equation, equatioB.27. Equation2.28is the Reynoldsteess

tensor.
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T "00 2.28

From equationg.27 and2.28, there are 10 unknown variables to solve for (six Reynolds
stress component), three velocity components;, and pressurgy). Using the
conservéion of massandthe conservation of momentui@quation2.27), only four

equations exist to solve for the 10 unknown variaf8és

The lack of equations to solve for the remaining six variables is known e®suee
problem. Numerous methods have been developed as ways to approximate the remaining
variables. Over the past 50 years, as CFD modeling has grown in popularity, some of the
most commonly used turbulence models take a two equation appraeimos popular
turbulence models for closure of the RANS equations arle-tlendk-¥. The variable
in both of these models refer to thadtic energy per unit mass of the turbulent
fluctuations and is defined bgquation2.29 [31].

g gc')é go b0 229
Thesecond variables refer to the turbulent dissipation per unit tjas the turbulent
disspation ratey. The solution methods forabe variables ariar more complex, and
multiple approximations have been developed. Fokthenodel in particular, a popular
solution by Wilcox has been slightly modified and updated several [Bagf32]. An

alternative solution by Menter seeks to usekthemodel near a wall, and blend intd&-a

Umodel in the free streaf3]. Sinceky has been showafortnear be mor
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wallflowsandk-0 i s more accurate for free stream

used in cases with a variety of flow conditions.

In CFD codes, tweequation turbulence models are dependent upon the Boussinesq
approximation. This appkimation assumes that the Reynolds stress tensor of equation
2.28is proportional to the strairate tensof5;. This eddy viscosity approximation allows
for estimation of turbulent energy losses in a flow without needing t@alcsolve for

the turbulent eddies. Essentially, the losses as a result of turbulent eddies can be

approximated as an additional viscosity term.

2.3.2: Fluid-Structure Interaction

In an effort to address mesh degradation in FSI simulations with large sttuctu
movements, Saksono proposed an adaptive remeshing strategynfte element
representation of #uid model. This technique has the secondary benefit of being able to
capture interesting flow phenomenon in areas where high gradients develomgftmw
on-demand modificationf the local mesklensity[34]. While remeshing is an effective
technique for maintaining quality CFD grids in FSI simulations, it often requires

significant computational cost.

More recently, ogrset (chimera) grids have become a potential method for adapting a

fluid mesh to large structural deflections. These grids utilize a background mesh and an
overset mesh. The background mesh ignores the existence of the structure and fills the
entire donain as though there was no structure present. The overset mesh is attached to

the outer surface of the structure. In the direction extending perpendicular out from the
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structure, the mesh is typically at least four to six cells thick. The overset sitesi i

laid on top of the background mesh. The outer layers of the overset mesh interpolate
with the background mesh cells they overlap. Finally, any background mesh cells that
are behind the structure and enclosed within the boundary of the interpacleits) are

cut out and not used in the simulation. As the structure moves, different cells in the
background mesh are activated and deactivated, and the interpolating cells are also
adjusted35]. Additionally, the cell aspct ratios must be nearly equal between the grids,
to ensure that there will be an adequate number of cells for the interpokitjome2.5

is from a CDAdapco presentation detailing overset grid interpolation methods i Star

CCM+, and illustrates the necessity for multiple layers of grid ov¢8a)p

2 | ..
Background Fi
grid N,
/ N
Ny, Na, N3 - N A N /\ NN
Neighbors from oot _giV4
P AR N N
the same grid; /| v /' '3 3

N,, Ng, N -
Neighbors from
the overlapping
grid.

@D-adapco

Figure 2.5. Star-CCM+ overset grid interpolation method

7

Overset
grid

As numeric FSI capabilities evolved, theas of application continue to expand. In
medical research, flexible structures fluid channels have been coupled to pulsating fluid
flow. This is allowing for investigation of blood flow in the case of a brain aneurysm
[37]. In aerospace, simulations of a wing at various angles of attack continue to grow in
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compl exi ty. More recent FSI methods range

wings to the deployment of a parach|88].

One of the massignificant difficulties with current FSI models is ensuring numeric
stability while the simulation iterateSimulation instability has been related to both the
physical discretization (mesh) and the temporal discretization. In tightly coupled
simulatons, the range of stable time increments can be quite small. Particularly in cases
where an incompressible fluid is coupled with a thin structure with relatively large
deflections, there is an added mass effect of the fluid on the structure. Thisredded
effect tends to increase numeric instabil@9]. In addition to the impact of

discretization on stability, the velocity of the deforming interface can also be significant

[40].

2.3.3: Quantification of Numeric Uncertainty

Like experimers, there is some uncertainty associated with numeric model results. The
uncertainty seen in experiments arises primarily from the precision of the instrumentation
and the variation in the physical processes beiagsured. In numeric models, similar
uncertainties arise from the solvers and the discretization of the modeéfdrkett is
important to study how the solution changes as the mesh is refined. This information can

then be used to estimate the undatyaassociated with the finer mesh solution.

For a CFD grid, uncertainty is commonly established through a Richardson extrapolation.

To get the final grid convergence index (GCI), the result of equaiBihs multiplied by
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a factor of safety. This factor is typically 3 for simpledi2d) studies, and 1.25 if more

than 2 grids are studied. The finaC@s shown in equatio@.34 [41].

0 — 2.30
p |
Ay H = 2.31
i
o 2 a0
0]
- %o %o 2.32
- % %o 2.33
"060 "00s 2.34

Where:B1 =127t
L1 = afine-grid numerical solution obtained wigrid spacingu
L, = a coarsgyrid numerical solution obtained with grid spachg
r = refinement factor between the coarse and fine grichffhg > 1), and
p = formal order of accuracy of the algorithm.
Fs = factor of safety

The use of a factor of &ty allows running a single, representative grid study to account
for the error in a larger study. This minimézéhe number of extra simulations that must

be run to quantify the grid uncertainty. In the case of studies involving wall bounded
turbulentflow, the changes in mesh refinement should account for the selected wall
solution method. For instance, if wall functions are used, all grids must contain points
within the boundary layer. If wall functions are not used, and the boundary layer is to be
discretized, then all meshes should properly discretize the boundary layer with

comparablevall y+ values of 1 or less. Itis recommended that the wall mesh remain
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relatively unchanged for a grid convergence study, with focus being on the core mesh.

Celik illustrates this calculation of CFD GCI through a sinfpler step procesgl2].
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CHAPTER 3: HYDRO-MECHANICAL FLOW LOOP

3.1: Flow Loop Description

The University of Missouri Hydrd/lechanical Flow Loop (HMFL) was first constructed

in 2008 to assist in analysis of therrtajdraulic models of LEU based Molybdentg8
targetq43]. In its original incarnation, the HMFL consisted of a reservoir, pump,
minimal piping, and a basic data acquisition system. In thesy@nce, three extensive
rebuilds and countless other modifications and upgraaes expandethe capabilities

and versatility of the HMFL. Today, while the HMFL has retained the original pump and

reservoir, little else remains the same.

The current vision of the HMFL inFigure3.1 includes nine differential pressure
transducers, a flow meter, and two laased optical deflection sensors. Additionally,

the physical structure of the HMFL has been extensively updated to dambpation.

The vibration dampening structure is constructed of a modular aluminum extrusion
(80/20) and includes a scaffold frame that surrounds and supports the test section. This
frame is fixed to two heavy, cast iron posts supporting the buildtimally, the HMFL

utilizes a National Instruments LabView data acquisition and control system. In addition
to recording data during a flow test, the system provides control of eight stepper motors

for laser positioning and an elecfpoeumatic valve forldéw rate control.
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Figure 3.1. Hydro-Mechanical Flow Loop as of July 2014.

3.2: Instrumentation

3.2.1: Flow Measurement

During a flow test, the mass flow rate is determined by a frequency signal from an
Omega FP7020 paddlewheel flow sensor. To convert the measured mass flow rate to a

velocity, Eq 3.1 is utilized.

W 31

Monitoring the flow rate is especially important sirthe open loop control for setting

the flow rate prevents direct specification of a flow rate. While an effort is made to set
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the flow control valve so the system is near a desired flow rate, ultimately the flow meter

data is the only reliable measuretloé actual flow rate.

During postprocessing, the flow meter is expected to provide frequency data no higher
than ~15 Hz at the highest flow rate. Occasionally, the data acquisition system records a
value on the order of 100000 Hz or greater. These sateeremoved during pest

processing as they clearly represent a false signal.

3.2.2: Pressure Measurement

The flow loop is equipped with nine Omega-R& differential pressure transducers.

When conducting flow tests on dual channel geometries, these prieasgrkicers are

used to provide the pressure difference between the two channels at nine axial locations.
This data provides the net pressure force on the plate. The pressure transducers are

calibratedannuallywith a deadweight tester.

3.2.3: Laser Based Channel Measurement

The flow loop is equipped with two Keyence 1&152 Laser Displacement sensors. The
sensors work by emitting a laser beam and recording the location of the beam reflections.
For the experiments described here, the outer walls of theetdgin are constructed of
transparenPlexiglasspanels. This allows the laser to take measurements inside the test
section in a nobtrusive manner. During a flow test, the laser will receive multiple
reflected signals corresponding to differenteetion surfaces. This allows for relatively

easy measurement of channel gaps during flow testing.
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One issue with the use of laser based sensors is the changing index of refraction of the
mediums the laser is passing through. During a flow test, thresigs@al passes through

air, plexi-glass and water. Because each of these has a different index of refraction, a
calibration of the laser signal is completed each time the lasers are repositioned. To
complete this calibration, the laser is first posi&d in the desired location and two
measurements are taken without any water in the test section. The first is the thickness of
thePlexiglass hi-2, and is represented by points 1 and Bigure3.2. The second
measurement igf the channel gap-3, and is represented by points 2 and Bigure

3.2. Assuming a uniform thickness of the plepass, ay refraction of the laser on its

way into thePlexi-glassis negated by the reflected signal cominyg of theplexi-glass
Therefore this measurement can be taken as the actual channel thickness.

PERSPEX PLATE
AIR AIR

‘‘‘‘‘‘

Figure 3.2. Laser measurement setup with air in the gap

After completing the measurements with air in¢hannels, the test section is filled with
water and the final calibration measurement is taken. Once the channel is filled with

water, the signal received from the inner surface opl&ei-glassdisappears. This
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results from the water amglexi-glasshaving similar indices of refraction. Therefore for
the final calibration measurement, as well as the experiments, the lasers are configured to
measure the gap from the outside surface opldva-glassto the surface of the plate.

This measuremeniy s, is represented by poidsand5 in Figure3.3.

PERSPEX PLATE
AIR

=
-~

-

Figure 3.3. Laser measurement setup with water in the gap

Once the three calibration valuds.{, ho3, andhss) are obtaineda correction factor and

calibration equation can be determined:

Q 0 Q2§ 33

Where:
C.= Laser correction factor
ho.3 = Real gap thickness with air
hss = Measureglexi-glass+ gap thickness with water
h1> = Measured thickness pfexi-glass
hr = Realgap thickness after correction

A critical assumption of the calibration process is thatdlexiglass and channel

thickness does not vary over the angle of the laser refledaring postprocessing, the
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calibration equation is applied to all measured laser data to determine the actual channel
thickness. Additionally, any values registeyia final gap measurement of less than 0 are

discarded as they represent a loss of signal from the laser during data acquisition.

The lasers are positioned using stepper motors and are controlled through LabView using
an Arduino. For the experiments peated here, the laser angle relative to the test

section surfacérotation abouk) and position across the width of the test section
(translation inx) were controlled with the stepper motor system. Axial position

(translation iny) wasdone by hand. Rently however, additional upgrades have been
completed to allow for axial positioning with stepper motors as well. This upgraded
system allows full, precise computer control of the laser positions for any future

experiments.

3.3: Data Acquisition & Control System

In order to collect data from the instruments and control certain flow loop functions, a
robust data acquisition and control system has been constructed. This system, shown in
Figure3.4, integrates all of the data collext and control components of the flow loop.
These components include power supplies, stepper motor drivers, laser sensor controller,
an Arduino, and a National Instruments cDAQ. The cDAQ is the primary component of
the system, and is shown in more déataFigure3.5. Some of the cDAQ capabilitiese

outlined inTable3.1.
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Table 3.1. Available cDAQ measurements

NI Number Measurement Channels
9237 Half/Full Bridge Strain Gage 4
9236 Quarter Bridge Strain Gage 8
9205 10V Analog Input 16
9213 Thermocouple 16
9263 10V Analog Output 4
9225 300V Analog Input 3
9401 Digital Input/Output 8

Figure 3.4. Data acquisition and control system
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Figure 3.5. National Instruments cDAQ system

To control the components of this system, a LabView program is required. Several
programs have been created for differgpes of experiments. The GUI for the most
commonly used program is shownHigure3.6. This program allows for positioning of

the lasers through use of stepper motors, positioning of a valve for flow rate control, and
automatedlata acquisition from nine pressure transducers, one flow meter, and two laser
displacement sensors. Data is typically collected at 1650 Hz, providing a detailed,

complete data set for pegtocessing and analysis.
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Figure 3.6. LabView graphical user interface
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CHAPTER 4: EXPERIMENT SETUP

4.1: Experiment Objective

In order to provide quality benchmark data for numeric model calibration, experiments

on a single, flat plate test section have been compl&esliious egerimental efforts

have provided the basis for the experiments presented here. In th@8%2A set of
experiments was completed and the results compared to a number of numeric FSI models
[44]. Upon review of results frotat study, there was noticeable difficulty in assessing

the level of agreement between the experiments and the numeric models. These
difficulties arose, in part, from an inadequate understanding of the actual experiment

geometry.

In the experiment, it l|been observed that there is some variation, or waviness, in the
surface of thglexi-glasspanels which make up the outer flow boundaries of the
experiment. It is theorized that this variation has developed over time as a resikrof
absorption byheplexi-glass Regardless of the source of the variation, it has a

potentially significant effect on the uniformity of the fluid channel thicknesses.
Additionally, while the plates would ideally be flat, they also exhibit some mild waviness
once clampedhto the test section. This also has an impact on the actual fluid channel
uniformity and thicknesses. Therefore, in order to assess the impact of channel thickness

variation, the present experiments include a mapping of the fluid channels.

In additionto mapping the channels prior to the experiments, this set of experiments also

includes data collection at 11 flow rates with particular emphasis on average channel
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velocities between 4.5 m/s and 6 m/s. This flow velocity range has historically been
wherethe onset of significant plate bending was observed. Eachrdi@sweep was

repeated seven times to allow fdacement othe channel gameasuring lasers at seven
different axial locations. This helps to develop a longitudinal profile of the glate a

various flow rates. For collecting the laser data, previous experiments used a-moving
average approach. The present experiments are modified to take singular measurements
with no averaging. This allows féuturevibration analysis using a discreteufier

transform.

For the present experiments, the test section was modified to include nine differential
pressure measurements which are taken simultaneously. Rather than providing the
pressure relative to ambientate of18 total locations among the dvehannels, this new
system providesimultaneousneasurements of the pressure differential between the two
channels at ninaxiallocations. This allows for determining the net pressure difference
experienced by the plate at a given axial location. #althlly, this process permits

shorter testing run times and simpler poisicessing.

Additional changes were made to increase the positioning accuracy and signal stability of
the laser system. These changes, as showgime4.1, include the added benefit of
generally stiffening the entire test section and greatly increasing the ability to dampen

vibrations from the pump and flow loop.
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Previous Current

Support Structure:
----- - "+ Previous: Vibration dampening |
G & truss at top. Load from weight of
truss carried by test section and
piping. |

* Current: Framing around test
section. Load from upper vibration
dampening truss now carried by
framing. Structure is now stiffer.

Laser Mounting:

» Previous: Laser stand to the side of
the test section, with the lasers
hanging cantilevered in front of the
test section.

» Current: Lasers mounted to frame
surrounding test section. Provides p i
more stable positioning than
cantilevered approach.

Figure 4.1. Overview of laser positioningand flow loop structural changes

With these changes, these experiments should provide a far more detailed description of
the actual flow channel geometry. Additionally, by encompassing a greater number of
flow rates and deflection measurement locatidmssé results represent the most

comprehensive set of experiment benchmarking data to date.

4.2: Test Section Design

The test section consists of a single, flat plate with fluid channels on eithePsade 23

of the current MURR HEU core provided a rougtsis for the dimensiorjd5]. The

long, vertical edges of the plate are clamped. Additionally, the fluid channels are
intentionally made to be different sizes to simulate the type of plate offset that may be

encountered durgnmanufacturing of a fuel assemblyigure4.2 provides a horizontal
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crosssection of the test section and shows the strategy used for clamping the plate on its

edges.

PLATE FLUID CHANNELS
(thickness = a) (thickness = h1 & h2)

h, SPACER

h, SPACER

A

Z
X BOLTS FOR
CLAMPING

Figure 4.2. Test section horizontal crosssection (to scale)

The test section is also equipped with nine pressure taps ipleachlasspanel. The

taps are aligned along the axial centerline of the test section and spaces4erémym

(2.55 inchesfrom the tailing edge of the plate to the leading edge. The exact pressure
tap locations are provided irable4.1. Note that there are no pressure taps at the trailing
and leading edges, as those locations are used for removable Ipinging allow for

fixing the midpoint of the leading and training edges of a plate, similar to a comb in a real
fuel assembly Figure4.3 provides a schematic of the axial cresgtion, with the

locations of theressure taps and pins noted. The pressure transducers are numbered

from near the trailing edge of the plate (PIb near the leading edge (T
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Figure 4.3. Test section vertica
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Table 4.1. Pressure tap locations

Pressure Tap Distance From Trailing Edge of Plate
PT, 64.8 mm (2.55 inche}p
PT, 129.5 mm (5.10 inche}p
PTs 194.3 mm (7.65 inche}
PT,4 259.1 mm (10.20 indheg
PTs 323.9 mm (12.75 inchep
PTe 388.6 mm (15.30 inchep
PT, 453.39 mm (17.85 inchep
PTs 518.2 mm (20.4 inche}p
PTo 582.9 mm (22.95 inchep

The test section was designed to approximdt®a6 mm (40 milplate offset byd.254
mm (10 milg) in afluid channelof 5.588 mm (220 mils) Thewidth of the test plates
slightly larger than the arc length of any of the proposed MURR platase4.2

provides the designed dimensions for the parameters shdviguire4.2 andFigure4.3.

Table 4.2. Designed test section dimensions

Parameter Design Value
a 1.016 mm (0.040 inches)
b 110.287 mm (4.32 inches)
h; 2.540 mm (0.100 inches)
ho 2.032 mm (0.080 inches)
Lin 190.5 mm (7.5 inches)
Le 647.7 mm (25.5 inches)
Lour 76.2 mm (3 inches)
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Once the test section was assembled, it was inserted into the flow loop by connecting the
inlet and outlet pips. The pressure lines were also connected and the lasers were
positioned on either side of the test section. The completed test section is shown in

Figure4.4 with key features identified.

Figure 4.4. Test section ready for flow testing
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4.3: Channel Mapping

The fluid channel gaps in the test section, while targeted 20082 mm(80 mils) and

2.540 mm L00 milg, will vary from those values as illustratedrigure4.5. The two

primary factors contributing to variation in the fluid channel thickness are inconsistencies
in the smoothness of thidexi-glassand variations in the flatness of the plate. Therefore,

in order to better characterize the geomefrthe channels, the laser displacement

sensors were utilized to map the thickness of the fluid channels.

IDEAL ACTUAL

perfectly flat;
little variation
in thickness

00 XdAds¥dad
s

Inner Perspex
surface not
perfectly flat

h = constant
Z

Figure 4.5. Ideal channel thickness vs. actual thickness
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The laser displacement sensors are capafbhigh measurement accuracy and are

designed to be moved to nearly any location on test section surface. Therefore, the lasers
were used to perform repeated mappings of the channelgnififdechannelmapping

consisted of taking measurements at [b2@tions in each channel. The measurement

grid consisted of 12 locations across the widtdifection) of the plate, and 10 locations

along the length @girection) of the plate. Each measurement involved taking 30

samples from each laser, and the pescwas repeated for a total of nine trials. This
information is useful not only for analyzing the actual shape of the channels, but the
repeated trials of the mapping are useful for determining the error associated with
repositioning of the lasers. Thasic grid used for theitial channel mapping is shown

in Figure4.6.

50



4
620 mm y— Point 109 —f —— > ¢+—— Point 120
550 mm |—— Point 97 —r > od Point 108
470 mm —— Point 85 > o< Point 96
400 mm [—— Point 73 —»F ——— > d«—— Point 84
370 mm —— Point 61 —»¢ ——— > s«—— Point 72
299 mm [—— Point 49 ——p ———> ««—— Point 60
230 mm [—— Point 37 > > e Point 48
160 mm [—— Point 25 ——»* ——— > ¢s&—— Point 36
99 mm [—— Point 13 —» —— > d«—— Point 24
'\
20 mm Point 1 ——»* ——> ¢ ¢ s&—— Point 12
X

NOTE: x locations spaced every 10 mm from o mm to 110 mm

Figure 4.6. Channel mapping grid.

As will be shown in the next chaptengre was significant variability ithe repeated

channel measurements. Examination of the mapping process revealed that this variability
is likely a result of inaccuracies in repositioning the lasers for each trial. When

positioning the lasers in the axial direction, it was especialficdif to target the same

location each time. In order to increase accuracy in positioning the lasers, additional
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controls were needed to minimize the uncertainty in manual positioning. To this end, a
number of upgrades were completed to expand the ibiéipalnf the laser positioning
system. Four stepper motors were added to allow for digital control of the laser axial
location. Also, a new LabView program allowed full automation of the mapping process.
This upgraded system allowed for a measuremedtwith thousands of measurement

locations, with little to no user interactiofigure4.7 shows two of the new positioning

motors.

gy ’ Y-AXis (yertlcal)
Z Y translation screw

7

Laser Displacement
Sensor

X-Axis (Horizontal)
translation track

N Test Section

Figure 4.7. Laser axial positioning upgrades
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4.4: Flow Test Procedure

After completing the channel mapping study, flow testing could begin. The basic

procedure for completing the experiments was:

1. Position the Lasers: Position the lasers at the desired axial and horizontal
location. Rotate the lasadlown 8.5 from perpendicular to the test section.

2. Collect Calibration Data: Collect the laser calibration data as outlined in Eqgns.
3.2and3.3.

3. Bleed the Pressure Lines:With the water flowing at thiowest flow rate, bleed
air out of all the pressure lines.

4. Begin Data Collection: Begin with the lowest flow rate, collect data for
approximately 30 seconds at a sampling frequency of 1650 Hz, and then move on

to the next flow rate.

Repeat at Next LaserPosition: Repeat this process until data at all laser posi(iars

in Figure4.3 andTable4.3) and plate edge conditions (free/combed) has been recorded.

The experiments were compldteith the leadingred trailing edges both free and
pinned The lasers were located at seven axial locations, as illustrateyline4.3. The

laser locations from the trailing g€ of the plate are provided Table4.3.
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Table 4.3. Laser axial measurement distance from plate trailing edge

Location ID Axial Location (From Plate Trailing Edge)

A 12.7 mm (0.500 inches)
B 152.4 mm (6.000 hches)

C 226.7 mm (8.925 inches)
D 290.5 mm (11.438 inches)
E 474.3 mm (18.675 inches)
F 550.5 mm (21.675 inches)
G 635.0 mm (25.000 inches)

Theflow rate is controlled with an open loop system. The flow is set by controlling the
position of a flowbypass valve. With the valve fully open, the test section sees its lowest
flow rate. With the valve fully closed, all flow from the pump is directed through the test
section. While the user can not directly specify a flow rate when setting the valve
postion, they can view the output from the flow meter in real time. This gives the user a

reasonable approximation of the flow rate.

Prior to conducting the initial flow test, a set of target velocities was determined. These
velocities were based on thepadilities of the flow loop as well as an estimation of the
velocities seen at MURR. Using those velocities in conjunction with the mapped average
channel area ifiable5.1 and Eq.3.1, the approximate ass flow rates were determined.
Table4.4 provides those targeted values. Note that much like the ideal values for
channel thickness, the actual experiment will deviate from these specified values. The
data recorded with thediv meter will provide the actual flow rates in the experiments,

and those actual flow rates will be used for all goscessing. During the initial flow
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test, the bypass valve positions which appeared to best provide the desired flow rates
were recordedThose valve positions were used in all later experiments in an effort to
provide the closest flow rate matching possible between experiments. The actual,
measured flow rates cae fiound insections.3.1and5.4.1 These sections also provide
the fluid velocities based on the measured average total area of the fluid channels, as
provided inTable5.1. If a given measured flow rate were applied to an ideal geometry
rather than the measured experiment geometry4Bgan be used to find a conversion

ratio based on the relative ratio of the areas.

Table 4.4. Targeted velocities and flow rates forhe initial flow test

V (m/s) 4 (kg/s)
2.0 1.009
3.0 1.513
4.0 2.018
5.0 2.522
53 2.673
5.6 2.825
5.9 2.976
6.0 3.026
7.0 3.531
8.0 4.035
9.0 4.540
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From Eqg.4.1it is clear that the average experiment velocity is very close to what would
be expected if there were no variations in the channel thicknesses. When applied to the
channels indpendently, the ideal to measured area ratios are 0.962 and 1.055 for the
larger and smaller channels, respectively. Since the flow distribution between the
channels is dependent upon additional factors, the independent channel area ratios are

likely notindicative of velocity deviations fronaeal in the specific channels
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CHAPTER 5: EXPERIMENT RESULTS

5.1: Channel Mapping

5.1.1: Initial (Semi-Manual) Mapping

When first assessing the thickness of the fluid channels in the experiment, the apparatus
required manual movemeof the lasers in the y (vertical) direction, while the x

(horizontal) direction was controlled via an Arduino/LabView system. This setup
required the researcher to carefully position the lasers vertically every time a new
location was to be measurebh order to assess the accuracy of this positioning process,
the process was repeated several times, allowing for assessment of the ability to

reproduce measurement results.

By repeating the mapping process nine times, it is possible to begin to und#érstand
errors associated with the placement of the laser sensors. To understand the variation
within each mappindsigure5.1 shows the mean values at each measurement location,
with error bars representing the minimum and maximmueasuredalues. The axis
corresponds to the measurement locations showigure4.6, and therefore each set of

12 points corresponds to one horizontal row on the test section. The average channel

thicknesses and areas arevpded inTable5.1.
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Figure 5.1. Channel gap mean, minimum, and maximum values.

Table 5.1. Ideal and measured channel thickness a@narea

Channel Thickness Channel Area
Channel Ideal Measured Ideal Measured
mm inch mm inch mn? in? mn? in?

1 2540 0.100 2.444 0.0962 280.128 0.4342 269.52 0.4178
2 2.032 0.080 2.143 0.0844 224.103 0.3474 236.35 0.3664

Total 4572 0.180 4.587 0.186 504.231 0.782 505.88 0.7841

The average of the nimeeasurementsken at a given location was calculated and used
to generate surface plots of the channel thicknesses. For the nine trials completed before

the flow experimentd;igure5.2 shows the channel thicknesses. In addition to the
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channel thicknesses, it is helpful to know the differential in the channel thicknesses and
the sum of the thicknesseBigure5.3 shows these values. Note thathie thannel

difference plot, the ideally larger channel is actually smaller in an area approximately 225
mm from the trailing edge of the plate. Additionally, from the channel summation plot it
is clear that the channels tend to become thinner near @ilecanterline of the channels.

This observation has been confirmed visually during assembly of the test section, with

the bowing of the panels being easily visible.
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Figure 5.2. Low density channel thicknes mapping
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Figure 5.3. Low density channel difference and sum

The wide variation in measured channel thickness sefeigume5.1 is likely the result of
inaccuracies in positionintpe lasers. As was mentioned earlier, the lasers are positioned
with stepper motors in the horizontal (X) direction and manually in the vertical (Y)

direction.

61



5.1.2: Upgraded (Fully Automatic) Mapping

Using the upgraded, fully automatic mapping system, & passible to complete a more
detailed mapping of the fluid channels. A LabView program and an Arduino were
utilized to automate the mapping process, with the lasers starting each pass at the top of
the plate, working across the plate width, and then ngogown. Upon reaching the

final location at the bottom of the plate, the lasers were reset at the top edge and the
process was repeated a total of 30 times. Some locations were obstructed from view of
the lasers and no data is available in those awagid of roughly 5 mm was used for

the mapping, with a total of 2000 locations in Channel 1 and 2026 locations in Channel 2

being measured.

The average of all the channel mapping passes was used to generate the color map of
Figure5.4. A linear interpolation was used to approximate the channel thickness

between measurement locations. Through all the mapping trials, the measured thickness
of channel 1 was repeatable with a 95% uncertainhpdf060 mm, and charh2 was
repeatable with a 95% uncertainty of £0.0350 nirhe reason for the discrepancy in the
uncertainty values may be the result of tolerances in the positioning system. Summary

data for the channel gaps is showT able5.2.
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Figure 5.4. High-density channel thickness mapping
Table 5.2. Channel mapping summary data
Minimum Maximum
Ideal (mm) Mean (mm)
(mm) (mm)
Channel 1 2540 2113 2.512 2.954
Channel 2 2.032 1570 2.015 2.509
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The highresolution channel mapping will be used in numeric modeGhapter 11
This will allow accurate representation of the fluid channel geometry in numeric

simulations.

5.2: Flow Testing Notes

During testing, it was discovered that Pressure Transducer 8 (I&d&e&timm 20.4

incheg from the plate trailing edge) was not providing an output signal. Efforts to
troubleshoot and repair the transducer failed. Thexe#drdata from that transducer has
been discarded for this analysis. The eight remaining pressure transducers operated as

expected.

When analyzing the pressure data, it was noted that the pressure transducers frequently
recorded a negative pressure sigine., the low side of the transducer was seeing higher
pressure). Since the existing calibration did not consider negative pressure values, the

calibrations were verified in this negative pressure range once testing was completed.

During the free edg@in-pinned) experiments with the las@30.5 mm {1.4 inchep

from the plate trailing edge, there was a significant loss of data from one of the lasers.
During the six lowest flow rates, the laser monitoring the larger (ideally 2.540 mm)
channel recordka channel gap of 0 mm. The specific cause of this error is unknown,
however it is likely that the laser was detectingRtexi-glas¢water interface rather than
the surface of the plate (sEmgure3.3). While this is unusualt would account for the

abnormal data. The affected data was discarded for this analysis. The laser performed as
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expected during the five higher flow rates and Laser B (monitors the ideally 2.032 mm

channel) experienced no significant loss of data.

As discussed previously, the average velocity in the test section is determined using
Equation3.1. When using this equation, the méssv rate (1) is determinedy the

flow meter during the experiment. The total flow cresstonal area (A) is found in
Table5.1, where it is listed as 505.88 Mif®.7841 if). The final parameter, the density
ofwat er (ag9p8 kyg/M Usirg this methodnass flow rate data presented here
can easily be converted an average channel velocitysing the channel mappindpet
measured mass flow ratage converted to average fluid channel velociti€eBable5.3

for the free (umpinned) experiments, afthble5.5 for the combed (pinned) experiments.

Overall the experiments were successful, with only minor complications. Aside from the
factors outlined in this section, there are no known issues which may hadeease

impact on the results.

5.3: Free-Edge Experiments

5.3.1: Flow Rates and Velocities

Using the methodology described in sectiofy the measured flow rates and
corresponding calculated average channel velocities for the FreRided) edge
experiments are provided Trable5.3. Note that the average channel velocities assume

the plexiglass is rigid and does not bow outward as the flow rate and pressure increases.
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Table 5.3. Measured flow rates and calcudted average velocities for free edge experiments

Laser Position

A -0.500"  B-6.000"  C-8.925" D-11.438" E-18.675" F-21.675" G -25.000"
kg/s mi/s | kg/ls m/s | kg/ls mi/s  kg/s m/s kg/s mi/s | kg/ls m/s | kg/s ml/s

1.048 2.076 1.044 2.068 1.034 2.049 1.042 2.064 1.039 2.059 1.027 2.034 1.060 2.100
1.414 2.802 1.392 2.756 1.376 2.726 1.419 2.811 1.357 2.688 1.378 2.729 1.458 2.887
1.807 3.580 1.770 3.505 1.671 3.310 1.699 3.366 1.730 3.426 1.721 3.409 1.815 3.595
2.350 4.655 2.283 4.521 2.244 4.445 2.375 4.705 2.228 4.413 2.321 4.596 2.289 4.534
2.635 5.219 2.574 5.098 2.509 4.970 2.626 5.200 2.558 5.066 2.634 5.218 2.638 5.224
2.846 5.637 2.721 5.389 2.739 5.425 2.796 5.537 2.745 5.438 2.755 5.458 2.728 5.403
2.926 5.796 2.853 5.651 2.827 5.599 2.781 5.5 2.872 5.689 2.912 5.768 2.817 5.580
2.917 5.778 2.938 5.819 2.960 5.862 2.953 5.848 3.036 6.013 3.015 5.971 2.864 5.674
3.454 6.842 3.473 6.880 3.403 6.740 3.404 6.742 3.419 6.772 3.431 6.796 3.411 6.757
3.843 7.612 3.961 7.846 3.973 7.870 3.849 7.624 3.929 7.782/3.871 7.668 3.945 7.813

4.325 8.567 4.435 8.784 4.300 8.518 4.306 8.528 4.347 8.610 4.285 8.488 4.363 8.642

5.3.2: Channel Gap Results

Figure5.5 throughFigure5.11 provide the measured channel gap and corresponding
change in channel gap thickness at the seven axial laser positioRfgy(sed.3 and

Table4.3 for the measurement locations copesding to each pair of pldtsThe change

in channel gap is relative to an initial channel thickness, which was measured before each
flow test. The change in channel gap can reasonably be interpreted as flletéate

SeeAppendixB for the initial gap values.
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Figure 5.5. Channel gap and deflection at location A 12.7 mmfrom trailing edge with free edges
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Figure 5.6. Channd gap and deflection at locationB i 152.4mm from trailing edge with free edges
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Using data for the change in the smaller channel thickness from the preceding figures, an
estimation of the plate profile at various velocities is showfigare5.12. Note that
since the actual flow rates (s€able5.3) varied somewhat among the different laser
positions, an average of the measured flow rates was used fegénelin Figure5.12.
Additionally, a review of the preceding figures shows that the plate snaps from one
channel to the other in every flow test. This snap occurred at a slightly different flow rate
each time. This resulted in three plate position configurations:

1. A st abd rea plértpd at flow rates below 2.64 kg/s.

2. A transition region from 2.64 to 3.47 kg/s.

3.A stabiseapépdefl ection at velocities ab
In Figure5.12, three data sets in the transition range (represefitd kg/s2.855 kg/s

and2.955 kgs) have been omitted since they include measurements from both before and
after the plate snap. Since the data at each axial location is collected independently (a

new velocity sweep is completed after repositioning the lasergjathesets in the

velocity transition range may include both {sr&ap and possnap measurements.
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From examining-igure5.12, two distinct plate profiles (prenap and postnap) can be

identified. The magnitude of the deflection in both profiles increases with flow rate.

al so notabl e

velocitybo

5.3.3: Pressure Results

In order to acquire laser data at all seven axial locations, the experiment was essentially

repeated seven times with the lasers in a different location each time. Since the pressure

t hat

drops.

t

he

rat e

of i

Itis

ncrapase

taps remain in the same locatifom each experiment, there are seven repeated trials of

the same pressure data.
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Figure5.13throughFigure5.20 each represesbne of the eight working pressure
transducers (recall that Pressure Traned8owvas inoperative). Each figure contains

data from all seven trial®\-G) for the specified pressure transducer. The trials are
identified in the legend based on the location the lasers happened to be at for that test,
although the laser position sidunave no bearing on pressure results. The pressure

difference is defined assRaiter channel PLarger Channel
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Figure 5.13. Channel pressure differencen free edge experimentsg4.77 mm (2.55") from date
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Much like the channel gap and deflection plots, there is an appardnih shé pressure

when the plate snaps from one channel to the other. As was noted earlier, the flow rate at
which the plate snaps varies somewhat from trial to trial. Vidmstionis apparent in the
pressure data between approximagf/and 3 kg/swith trials A, B, and C tending to

snap at higheftow rates and trial G tending to snap at a lovilewv rate  The other trials

appear to be somewhere in between.

5.3.4: Snap Velocity Variability

For each flow test, channel gap data was collected from thes lasa single axial
location and pressure data was collected from the transducers at all eight axial locations.
Recall that one flow test is comprised of a sweep over the entire flow rate range. Each

flow test was repeated seven times, where the pagtion of the laser heads was
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changed between each flow test in order to allow recording of channel gap data at seven
axial locations. During each flow test, the plate was observed to deflect into the larger
channel at lower flow rates before snappimg ithe smaller channel at higher flow rates.

The exact flow rate at which the snap occurred varied between flow tests.

Comparison of the deflection data at each axial locatieG) A Figure5.5 through
Figure5.11to the corresponding data from all eight pressure transduceigure5.13
throughFigure5.20 yields an interesting conclusion. For a given flow te€s,Aoth

lasers and all eight prag® transducers registered the plate snap at the same point during
flow testing. This would seem to indicate that when the plate snapped from one channel

to the other, the entire plate snapped at once, and not gradually as flow increased.

The lower and uper bounds for each pfate snap flow rates from the deflection plots
are noted iMable5.4, with theoverallbounds for the snaiow ratehighlighted. Using
these bounds, we can infer the transiflow raterange over whiclthe plate snap

occurs. FronTable5.4, this range corresponds2d64kg/s through3.47kg/s.
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Table 5.4. Lower and upper bounds for snap flow rate during each flow test

Flow Test (based on Laser Location) Lower Upper
A 2.92 kg/s 3.45 kg/s
B 2.94 kgls 3.47 kgls
C 2.96 kg/s 3.40 kg/s
D 2.78 kg/s 2.95 kg/s
E 2.75 kgls 2.87 kgls
F 2.76 kg/s 2.91 kds
G 2.64 kg/s 2.73 kgs

5.3.5: Instantaneous Plate Snap

On two occasions duringpfv testing, the plate snap occurred during data collection.
Since the data analysis relied on the plate assuming a steady state position during data

collection, these two data sets were not used in the preceding analysis. However, the data

was saved tallow for closer inspection of the snap behavior.

The first data set showing the plate snap occurred with the lasers located at axial location

E (474.345 mm from the trailing edge) at a flow rate of 2.927 kg/s. In the following

figures, a five second exg# from the data with the snap included is presented.
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Figure 5.21. Change in channel gap during plate snap at axial location E and flow rate of 2.927 kg/s.
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Figure 5.22. Pressure difference change during plate snap with lasers at axial location E and flow
rate of 2.927 kds.

FromFigure5.21 andFigure5.22, it is apparent that both lasers and all eigidlax
pressure transducers registered evidence of the plageastiee same timerigure5.21
shows just before the 2.5 second mark that the plate, which had been deflecting into the

larger channel, abruptly moved into the smadleannel. IrnFigure5.22, this abrupt
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change in the plate deflection is accompanied by a large shift in the pressure distribution
on the plate. Note that all pressure transducers recorded a sharp drop in channel pressure

difference, with most indicating a change in sign.

The second data set showing the plate snap occurred with the lasers located at axial
location D £90.525 mnfrom the trailing edge) at a flovateof 2.936kg/s. This flow
rateis nearly identical to the velogiseen in the snap at location E. Additionally, axial
location D is closer to the halfay point on the plate than any other measurement
location. In the following figures, a five second excerpt from the data with the snap

included is presented.
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Figure 5.23. Change in smaller channel gap during plate snap at axial locatioD and flow rate 2.936
kals
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Figure 5.24. Pressure difference change during plate smawith lasers at axial location Dand flow
velocity of 2.936 kg/s

As before Figure5.23 andFigure5.24 show the response of the pressure transducers and
the laser channel measurement when the platessridgte that irFigure5.23, data is
available only for the laser monitoring the smaller channel as there was a loss of signal
from the laser monitoring the larger channel. In both figures, the pressure transducers
and the lasecapture the snap of the plate around the 25.5 second mark. When
considering the pressure difference data, it is clear that a large shift in the pressure

difference at all axial locations occurred when the plate snapped.

Finally, if all the pressure datd Figure5.13 throughFigure5.20is re-plotted vs. axial
|l ocation, with each series representing a

group of presnap profiles and pashap profilesas shown ifrigure5.25.
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When examining all data sets, it appears that any time a plate snap is observed with the
laser heads at any axial locati@hpressure sensors also register a large change in the
measured pressure difference, at all axial locatidiighe same time, there do not appear

to be any changes in the pressure difference measurements when a plate snap is not
directly observed with the laser heads. A qualitative explanation for why the pressure
difference and channel gap can be inferrethftbe basic beam bending equatiéitom

Eq.25, itis clear that if the distributed load, caused by the pressure difference across the
plate, (represented ) were to change drastically, there would be a corresponding
changem the beam deflection. In fact, if the sign of the distributed load were to change,

the direction of the plate flexure would be expected to flip.
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Given the complex thredimensional and tightly coupled nature of the flow and
deflection in these experimenteq.2.5 likely needs some modification to properly
represent the flat plate geometry under consideration. However this expression provides

a first order estimate of the expected behavior.

5.4: Pinned-Edge Experiments

5.4.1: Flow Rates and Velocities

Using the methodology described in sectiofy the measured flow rates and

corresponding calculated average channel velocities for the Pinned edge experiments are
provided inTable5.5. Note that the average channel velocity is based on the assumption
that the plexiglass walls are rigid and do not bow outward as the flow rate and pressure

increases.
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Table 5.5. Measured flow rates and céculated average velocities fopinned edge experiments

Laser Position

A -0.500"  B-6.000"  C-8.925" D-11.438" E-18.675" F-21.675" G -25.000"
kg/s mi/s | kg/ls m/s | kg/ls mi/s  kg/s m/s kg/s mi/s | kg/ls m/s | kg/s ml/s

1.030 2.040 1.046 2.071 1.034 2.048 1.041 2.063 0.997 1.975 0.980 1.941 1.043 2.067

1.339 2.652 1.395 2.764 1.314 2.602 1.329 2.633 1.281 2.538 1.300 2.575 1.281 2.538

1.662 3.293 1.745 3.455 1.648 3.264 1.699 3.364 1.648 3.264 1.657 3.283 1.648 3.264

2.244 4,446 2.268 4.493 2.196 4.350 2.254 4.464 2.247 4.452 2.208 4.374 2.247 4.452

2.570 5.090 2.502 4.957 2.462 4.877 2.537 5.026 2.578 5.106 2.454 4.861 2.578 5.106

2.684 5.316 2.757 5.461 2.600 5.149 2.668 5.284 2.660 5.269 2.684 5.316 2.660 5.269

2.759 5.464 2.884 5.713 2.779 5.505 2.728 5.404 2.859 5.663 2.768 5.483 2.859 5.663

2.842 5.630 2.963 5.869 2.844 5.634 2.864 5.673 2.965 5.872 2.983 5.909 2.965 5.872

3.312 6.561 3.419 6.772 3.221 6.380 3.241 6.419 3.312 6.560) 3.305 6.546 3.312 6.560

3.642 7.214 3.916 7.756 3.684 7.298 3.711 7.350 3.734 7.396|3.759 7.446 3.734 7.396

4.154 8.228 4.254 8.426 4.129 8.178 4.096 8.114 4.086 8.093 4.161 8.242 4.086 8.093

5.4.2: Channel Gap Results

Figure5.26 throughFigure5.32 provide the measured channel gap and corresponding
change in channel gap thickness at the seven axial laser positergy(ire4.3 and
Table4.3 for the measurement locatioosrresponding to each pair of plptsThe change
in channel gap is relative to an initial channel thickness, which was measunexdzafio

flow test. Sed\ppendixB for the initial gap values.
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Figure 5.27. Channel gap anddeflection at location Bi 152.4mm from trailing edge with pinned

edges
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Figure 5.28. Channelgap and deflection at location O 226.7 mm from trailing edge with pinned

edges
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Figure 5.29. Channel gap and defledbn at locationD i 290.5mm from trailing edge with pinned

edges
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Figure 5.30. Channel gap and deflection at location

edges
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Figure 5.32. Channel gap and deflection at location G 635.0 mm from trailing edge withpinned
edges

Note that inFigure5.31, no data is available from the laser monitoring the smaller

channel at the highest flow rate. The laser sensor had difficulty maintaining an adequate
signal during that single flow testUsing data for the change in the smaller channel
thickness from the preceding figures, an estimation of the plate profile at various
velocities is shown ifrigure5.33. Note that since the actual flow rates ($able5.5)

varied somewhat among the different laser positions, an average of the calitoNated
rateswas used for the legend kiigure5.33. Unlike the Free (U#inned) edge

experiments, these experiments showed no oidaration of a plate snap. Additionally,

the magnitude of deflection was significantly lower in the presence of a comb.
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Figure 5.33. Plate profiles at various flow rates with pinned edges.

There appear® be a general increase in the magnitude of the deflection as the velocity
increases. Additionally, the upper portion of the plate (locations E, F, and G) tend to
indicate a plate deflection into the larger channel, whereas the lower portion of ¢he plat

(locations A, B, C, and D) indicate deflection into the smaller channel.

5.4.3: Pressure Results

In order to acquire laser data at all seven axial locations, the experiment was essentially
repeated seven times with the lasers in a different location each$imee the pressure
taps remain in the same location for each experiment, there are essentially seven repeated

trials of the same pressure data.
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Figure5.34 throughFigure5.41 each represent one of taght working pressure
transducers (recall that Pressure Transducer 8 was inoperative). Each figure contains
data from all seven trial®\-G) for the specified pressure transducer. The trials are
identified in the legend based on the location the ldsgypened to be at for that trial,

although the laser position should haeebearing on pressure results.
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Figure 5.34. Channel pressure difference impinned edge experiments, 64.77 mm (2.55") from plate
trailing edge (PT-1)
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Figure 5.35. Channel pressure difference impinned edge experiments, 129.54 mnb(10") from plate
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Figure 5.36. Channel pressure difference irpinned edge experiments, 194.31 mnY(65") from plate
trailing edge (PT-3)
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Figure 5.37. Channel pressure difference impinned edge experiments, 259.08 mm (10.20") from plate
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Figure 5.38. Channel pressure difference irpinned edge experiments, 323.85 mm (12.75") from plate
trailing edge (PT-5)
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Figure 5.39. Channel pressure difference impinned edge experiments, 388.62 mm (15.30") from plate
trailing edge (PT-6)
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Figure 5.41. Channel pressure difference impinned edge experiments, 582.93 mm (22.95") from plate
trailing edge (PT-9)

With thepinsin place, the pressure data between trials is igdgeatable. All of the
preceding figures show close matching among trials. Also, witpitisén place, there is

no indication in the pressure data of a plate snap, although the magnitude of the pressure
does change significantly with flow velocit§inally, each of the pressure transducers
shows a unique trend in the pressure data, indicating that as the plate dedvensa

few milsi there is potential for a significant yet repeatable change in the resulting

pressure field.
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CHAPTER 6: EXPERIMENT CONCLUSIONS

6.1: Tolerances

When designing the experiment, a plate offset of 0.254 mm (10 mils) was targeted,

giving ideal channel thicknesses of 2.54 mm (100 mils) and 2.032 mm (80 mils). From
Table5.1, the average thickness of the chdameas measured to be approximately 2.44

mm (96 mils) and 2.14 mm (84 mils). Therefore, when considering the average channel
thickness, the measured values are less than 0.127 mm (5 mils) from the targeted values.
However, when considering the mappingla# channels shown Figure5.2, the

channels vary about this average by approxim&@&81l mm(£15 mils). These

variations within the channels are so large in one area that the ideally smaller channel is

actually larger.

Whenconsidering the sources of channel thickness variation, there are two main
components: variation in the surface of phexi-glasspanels and relative flatness of the
plate. With the flat test section, there is little that can be done about the flaittiess
plate. Given that a flat plate is inherently less rigid than a curved plate, it will be
exceptionally difficult to correct channel variation resulting from the flat plate. With
regard to thelexi-glass variations in the surfaceay be correctethrough refinishing

the surface or replacing the pleydass altogether

FromFigure5.3, the sum of the channel thicknesses gives at least a rough approximation
of the bulk behavior of the two panels together. From this figiunes take that both

panels together provide a variation of the total channel thickne€sMmMm(£20 mily),
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we can reasonably assume that each panel contributes approxisGa2&lynm(+ 10

mils) of variation to the channel thickness. Also from therg there is a noticeable
decrease of the channel thickness when moving from the side edges to the axial
centerline. This inward curvature has been noted visually during assembly and
disassembly of the test section, and is believed to have developedltyrader time as

a result of water absorption by thiexi-glass The influence of thiplexi-glassvariation
could be significantly reduced by replacing phexi-glasspanels. The new panels

should be milled down under high tolerances to providea#mflat surface.

Additionally, alternative materials should be considered which are not as susceptible to

water absorption.

Forthe MURR LEU FSD core desigthe thickness tolerance for charg2l4 is

+0.2032 mm(£8 mils) about a targeted value 8368 mm 92 milg) [46]. When
considering the average channel thickness@sdf mm (96 mils) and 2.14 mm (84

mils), the experiment initially appears to be within the stated tolerance of the MURR
LEU assembly. However, wheomsidering that variation within a channel is
approximately0.381 mm(x15 milg), the tolerances within the experiment are seen to be
well outside those of the MURR LEU specifications. If plexi-glasswere replaced

with new, machined flat panels, theriaion would likely fall back within the MURR

tolerances.

Additionally, for the MURR plates themselves, several factors contribute to the plate
thickness tolerances. Frdamgure6.l, the tolerances related to the fuel meatarg

clad are shown. Given that the plates used in these experiments are homogenous
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aluminum rather than a multilayer composite, the total thickness variation is quité small
well within the tolerances for an actual fuel plate. While the variation qfl#te used
for these experiments has not yet been quantified, previous work with plates from the

same batch showed variations in the thickness of uh@264 mm(1 mil).
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Figure 6.1. Cross sectional viewof proposed MURR LEU plate. Provided as Figure 1 in reference
[46]
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6.2: Comparison to Literature

6.2.1: Zabriske

While the results obtained by Zabriskie were largely qualitative, his experiments did have
several similarities to the egpgments presented herk studying a 1.016 mm plate, he
noted that the plate assumed a bulk deflection into one channel or the other, and did not
simultaneously deflect into both directions. Also in those tests, he observed a sudden
snap of the platadm deflection in one direction to the other direction, much like was
observed here. What is more interesting is that he observed this while trying to use
equally sized channels, whereas the channels in these experiments were intentionally
biased. Finajl, in looking at the variations in the channel thicknesses of these
experiments, it has been hypothesized that the outer plexi glass panels could have
absorbed some water, causing an inward bowing of the-pless. This is largely

consistent with Zabrises observations after submerging a plgieiss plate in water and

tracking its deformation and increase in thickness over[@ije

6.2.2: Miller

In section2.1.1it was noted that the historical pegtent for estimating a critical flow

velocity comes from Millef11]. One of the disadvantages
depends on both fluid channels on either side of a plate being the same thickness. While
the resultgpresented here focus on a plate offset by approximai2s4 mm L0 milg), it

is useful toevaluatehese results in the context of the Miller Critical Velocity.
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A range of channel thickness values (paranteterEquation2.2) relating to these
experiments have been selected andTheMi | | er 06
critical velocity has been calculated using both the ideal and measured channel thickness
values ofTable5.1. This providessix channel thickness values about which an estimate

of the critical velocity can bealculated Table6.1 shows the estimates otVor a plate

with free (unpinned) leading and trailing edges usings various channel gaplwes.

Table 6.1. Miller critical velocity calculation for various channel thicknesses

Case h (mm) h (mils) Vc(m/s) 4 ¢ (kg/s)
Ideal Geometry Small Channel 2.032 80 5.788 2.588
Ideal Geometry Average Channel 2.286 90 6.139 3.088
Ideal Geometry Large Channel 2.540 100 6.471 3.616
Mapped Geometry Small Channel 2.143 84.4 5.944 2.803
Mapped Geometry Average (annel 2.294 90.3 6.149 3.103
Mapped Geometry Large Channel 2.444 96.2 6.347 3.413

From this table, the criticabtal flow rate varies from approximately 2.6 to 3.6 kg/s (5.7

to 6.5 m/s) depending on the specified values for the gap thicknesspm the free

(un-pinned) edge experimentsigure5.11 shows the channel gap results for the point

nearest the leading edge vs. the inlet flow rate. Using the average experiment channel
thickness of 2.294 mm (90.3 mils), the reisig Miller Critical Velocity is 6.149 m/s.

This equates to @tal flow ratethrough both channetsf 3.103kg/s, with flow through a

single channel of 1.551 kg/s By dividing the measured fl o
ratethrough a single channéligure5.11 can be replotted to give the channel gap

measurements as a fractiditloe Miller Critical Velocity.
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Figure 6.2. Channel gap vs. fraction of Miller Critical Velocity at 635 mm (25") from the trailing
edge with free leading and trailing edges

defl ection at nts bel

Figure6.2s hows s o me poi
reinforcing that it does not apply to this scenario. This deflecsi@xpected, as the plate
offset should produce a stronger differencpressure between the channels.
Additionally, the plate snap occurs below the Miller velocity, which is expected with an

offset plate.

6.2.3: Groninger

Groninger observed significant pdadeflection at velocities below the Miller critical
velocity, and noted that the direction of deflection was not predictable. This was largely
the result of equal suthannels in his experimer{&2]. The experiments discesd here

di

ffered fr om ti@inemtional glaerofiset resutted in b @epgeatable

deflection pattern.

While Groninger speculated that small variations in the channel profiles significantly
impacted the deflected shape of the plate, he Haduilly in quantifying these effects.
Through the use of the laser measurement system, maps of the channels show significant
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variations. Therefore, the resulting plate profile and snapping behavior, while unusual, is

not entirely surprising.

6.3: Effect of Channel Variation on Expected Deflection

Basic analytic models and previous numeric models have consistently shown the plate
moving into the larger channel. This results from a larger pressurendiiop smaller
channel due tostsmaller hydraulic diagter. These earlier models however, did not
consider the effect of variable channel thicknesses; rather, they assumed uniform

thicknesses for the channédgl].

As noted in the channel mapping results, the channels are mafaim thickness. In

fact, there is a location approximately 225 mm (9 inches) from the trailing edge of the

pl ate where the ideally O6smallerdé channel
would cause a gradual flow contraction in one chanrgtbarorresponding gradual flow
expansion in the other channel. The effect that this would have on the flow distribution

may be significant, andouldhave a large impact on the pressure distribution.
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CHAPTER 7: CLUSTER DEVELOPMENT

7.1: Hardware Specifications

Giventhe complexities of modeling tightly coupled systems using both computational
fluid dynamics (CFD) and finite element analysis (FEA) models, it was first necessary to
build the mini high performance compute cluster (HPCOigure7.1. The cluster

consists of a server with over 5 TB of storage and 5 compute nodes. Combined, the
compute nodes have 10 processors with a total of 52 processor cores and 384 GB of
RAM. This provides a theoretical max of 659 gigaFlops. A map dathand cluster

network is provided ifrigure7.2.

Figure 7.1. Mini high performance compute cluster (HPCC).

The cluster nodes run on Windows Server 2012 R2 with the HPC Phelcluster is
designed for easy expansion with additional compute nodes, and is even capable of

utilizing Windows 7/8 PCs for computations when they are not in Tig® of the nodes

100



(the DELL workstations) are used primarily for pa@d pos{processing, atch storage,
hosting the job scheduler, and hosting virtual machines for other projdetsprimary
codes available on the cluster are &t@M+ for CFD simulations and Abaqus for FEA

simulations.
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7.2: Job Submission and Software

Jobs are submitted to the HPC cluster through the HPC Job Scheduler shagumen
7.3. The scheduler allocates computational resources to allow gunmuttiple jobs
simultaneously. It also allows for jobs to be queued, thereby increasing utilization of

cluster resources.

Cluster CHEWBACCA - HPC Pack 2012 R2 Job Manager
File View Tasks Option:

® gk & Nan

Job Management

Al Jobs o wner Progress Requested Resour... Erfor Message nd @ | @
THERMECLAB3\jc.. 100% 12-12 Cores.

job Submission -
THERMECLAB3\ic.. 100% 12-12 Cores

THERMECLAB3\jc. [ 24-24 Cores. A jok o= Newlob

THERMECLAB3\jc. 0% 24-24 Cores Ajot =l 4~ New Single-Task Job

THERMECUAB3\jc " 24-24 Cores B New Pacametric Swaep 106

THERMECLAB3\jc. 0% 24-24 Cores Ajok T

THERMECLAB3\ic.. 100% A e

8. 24-24 Cores

c
THERMECLAB3\ic.. 100%
THERMECLAB3\ic.. 100%

Task 6475.1 failed.

Canceled during

Default 16472 StarBigMesh Canceled 1212 Cores Canceled during

1.6470 Abaqus Me.. Canceled 2

£.6460  AbaqusMe. Canceled  THERMECLAB3\ic. 100%
335

£.6465  AbagusMe. Canceled  THERMECLAB3\ic.

8-8 Cores Canceled during
4., 8-8Cores Canceled during

258.. 8-8 Cores Canceled during -

1.6460 Canceled  THERMECLAB3\c.. 25% 8.8 Cores Canceled during .
6450 fe. Canceled THERMECLAB3\ic..  40% 8-8 Cores Canceled during Task A &
46458 I THERMECLAB3\c. O 8.8 Cores Canceled by user.

o%
THERMECLAB3\c.. 100% 8-8 Cores

e Mensormens,

Figure 7.3. HPC job scheduler

When a new job is created, thger specifies a wking directory, the command to
execute, and the number of processors to run on. Typically, the execution command will
load a particular file and program for analysis. For example, to submit-& Skt job,

the execution command would be:

\\chewbacc®\ppaStarCCM-HAstarccm -mpi msmpi batch simulation.sim



This command runs St&@CM+, using the Microsoft MPI implementation, in batch
mode, and starts running the simulation.sim file. The simulation is should be set up
ahead of time with some stopping criée When it finishes, the file is saved, SGEM+

closes, and the processors are released back to the scheduler.

With the lab computers all sharing a network, it is fairly simple to submit a job through
the command line from any connected computer sulonit the same simulation
referenced earlier through the command line rather than the GUI, the user would type the
following into a command prompt:

job submit /scheduler:chewbacca /jobnaBiemulationName

/nodegroup:6CoreXeon /numcor2gy/stderr:ErrorFile.err /stdout:outFile.out

/workdir:\\hansolascratch WorkDin\ \\chewbacceppiStarCCM-Astarccm+-
mpi msmpibatchsimulationsim

Similar commands exist for running other types of simulations (such as Abaqus).
Presently, Abaqus is limited to running onmore than 12 processor cores (one node).
However, this has yet to be a significant obstacle as theC&tlt+ computations

typically require significantly greater resources.
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CHAPTER 8: COMPUTATIONAL FLUID DYNAMICS (CFD)

8.1: Requirements for Mesh

The geometry to bmodeled in the CFD portion of the FSI simulations is based directly
on the experiment geometry bigure4.2 andFigure4.3. The presence of turbulent flow
through a highaspect ratio geometry presentsque challengs in meshing the fluid
model. On oné&and the need to accurately capture the flow profile through a thin
channel as well as the near wall shear stress solution requires a higher densit9@mesh.
the other handn order for the simulatianto run in a reasonable time on the available

resources, a less dense mesh is required.

In order to develop an adequate mesh that is fine enough through the channel thickness
without being too dense overall, it is necessary to anisotropically scaldltheFm the

CFD models presented here, the fluid catksstretched along the length and width of the
channels, and shrunkrough the channel thickness. Despite the geometry being a simple
rectangular duct, the goal of a fine wall mesh and anisoaityp®caled cells was

somewhat difficult to achieve with the S8CM+ automated mesher. However, after
numerous adjustments and custom settings on the individual surfaces, and adequate grid

wascreated.

Recently, CBAdapco has introduced the ability tergerate fully structured meshes in
StarCCM+, but this capabilityvas not scripted or utilized for these simulatiods this
structured grid generator maturgésyill allow grid generation similar to what is currently

done in Abaqus, where scripts aengrated to seéedges prior to meshing. This
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capability has proven invaluable in FEA modeling, and on occasion, a fluid grid has been
created in Abaqus and exported to SI&M+. For the purposes of this study, the
geometry was simple enough that grehgration could be completed in SG&M+

without significant difficulty.

When sizing the cddlperpendicular to the wall, the y+ valudree centroid of the near

wall cells must be considered in the context of the selected turbulent wall treatment. Low
y+ wall treatments will resolve the viscous sublayer and require a y+ value less than five.

High y+ wall treatments use wall functions to calculate the wall shear stress and require a
y+ valuein the range 085~100. An All y+ treatment uses blended timas to preide

a solution at any y+ value, including the transition region.

8.2: Turbulence and Mesh Validation Study

The capability of a CFD code to accurately model flow development and pressure drop in
wide, narrow ducts is the basis for this study. afiety of turbulence models and wall
treatments have been applied to a-thannel, high aspect ratio geometry with several

fluid velocities. The following are the primary factors in determining the most

appropriate turbulence model for this type of peofx

1) Accuracy of the pressure drop solution when compared to an analytic model

2) Accuracy of the wall shear stress solution in the fully developed region when
compared to an analytic model

3) Accuracy of the near wall cell y+ calculation in the fully developgion when

compared to an analytic model
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The chosen geometry is simple, thereby allowing an analytic solution with a high degree
of accuracy. Within StaCCM+, numerous different turbulence models and wall
treatments are available. This study focusesgmly on two Reynolds Averaged
NavierStokes (RANS) turbulence models:®and k. . Within those models, multiple
formulations are available, and within those formulations, multiple treatments for solving
the near wall velocity gradient are available. Many of these wall treatments are
dependent upon a specific range of y+uealfor the near wall cell centroid. Therefore,

the mesh for the geometry changes for a given wall treatment selection.
8.2.1: Simplified Duct Geometry

Figure8.1 showthe geometry of interest, with dimensions listed in the neightydaiple.
The boundary conditions include a constant velocity inlet and a constasgressure

outlet.
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Velocity Inlet

Parameter Value
b 0.110287m (4.342in . .
( ) Rigid Walls
h 0.002286m (0.090in)
L 1m (39.3701in)

Pressure Outlet

Figure 8.1. Fluid channel geometry

8.2.2: Analytic Flow Solution

The first metric for numeric model valitlon is the pressure drop through the channel.
Since the channel has a constant eeesgion through the entire flow length, the only

pressure losses will result from turbulent friction.
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Equation2.15through2.18 provide the frictional pressure drop through the duct using
the Colebrook equatidd8]. Assuming smooth wall3able8.1 shows the calculation of

pressure drop for the three velocitegsnterest.

Table 8.1. Analytic pressure drop calculations

Parameter Value Units
b 0.110287 m
h 0.002286 m
L 1 m
) 997.561 kg/m?
€ 0.0008871 Pas
A 0.000252116 m?
P 0.225146 m

DH 0.004479157 m
) 2 5 9 m/s
Re 10056 25139 45250
f 0.03084 0.02449 0.02136
PP 13738.1 68167.4 192701.9 Pa

A second metric for numeric model validation is the wall shear stress in the fully
developed region. Using EB20, Table8.2 shows these values at the velocities of

interest.

Table 8.2. Analytic fully developed wall shear stress.

Parameter Value Units
) 2 5 9 m/s
G 15.38 76.33 215.79 Pa
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With the shear stress calation, it also possible to determine Adimensional yand u
values in the fully developed region. Thevglues in particular are useful in determining
the appropriate neavall grid size in the numeric models. Equati@®6 through2.29

provide the nofdimensional tiland y values, as well as the wall distance, y.
8.2.3: Numeric Models

Reynolds Averaged Navistokes (RANS) turbulence models are the most commonly
used due to their accuracy and compatetl efficiency. In this study, two different two
equation models are of interekttJand k. dwithin these models, multiple formulations

are available in StatCM+.

The kUmodel solves for the turbulent kinetic energy, k, and the turbulent dissigetio
unit mass|J . The two most common formul ations a
realizablek model includes a number -Uf mbrhpt owam

more closely matches experimental data for a number of g&ges

The k¥ model solves for land the turbulent dissipation per unit tinre, Generally,
standard Wilcoxks model provides better boundary | &
U md31]d32]. The shear stress transport (SST) Menterkmo d e | provides |
improvements to the Wilcox model. The SST model transitions to the stantlardrko d e |

in the outer boundary layer region and uses an alternate definition for theiscllgty

[33].

In near wall fluid flow, the flow gradient normal to the wall tends to develop on small

scales, typically many orders of magnitude smaller than the geometry. When solving for
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the near wall flow in CFD, there are twptions: either directly solve the flow in the
viscous subayer and transition regions, or use an empirical correlation to estimate the

wall shear stress.

While directly solving for the near wall flow may provide a more accurate solution, it
also requiregsonsiderable grid refinement, and therefore longer runtimes. Resolving the
viscous subayer requires y+ values for the near wall cells of less than 5, and ideally
closer to 1. To solve for the viscous daper on a welrefined grid, a low y+ wall

treatment is necessary.

If an empirical estimation is adequate, a wall treatment function can estimate the wall

shear stress based on correlations developed from experiments. The y+ values of the near
wall cells typically need to be between approximatelyaB8 100. Since there is no need

to resolve the viscous sdidyer or transition flow, these functions utilize much coarser

grids, and therefore have substantially shorter runtimes. This advantage comes with the
potential for lessletailedresults. Thesempirical solutions are accessed through the

high y+ wall treatment solvers.

Hybrid approaches are also available which attempt to switch between the low and high
y+ treatments. Some of these solvers use blended functions and are accessed as All y+
wall treatments. Others use a TAvayer approach and split the flow between Low y+

and High y+ options at some predetermined y+ value. These functions may struggle with
wall flows in the transition region between the viscouslaybr flow and fully turbulent

regions.
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Each turbulence model has different capabilities in terms of the available wall functions.
An attempt has been made to study the applicable wall functions for each turbulence
model of interest. While a large number of combinations were stutieds far from an

exhaustive list of permutations.

Since the validity of a given wall function is dependent on the grid (particularly, the
thickness of the near wall cells), three g
mesh was designed for aamevall y+ value of approximately 35 with a fluid velocity of

2 m/s. This should yield higher y+ values at 5 m/s and 9 m/s. As shdwguire8.2,

the mesh is quite coarse, with only 5 elements through the thickness of thelchan

While this may seem excessively coarse, should the High y+ and All y+ wall functions

provide adequate results with this mesh, the resulting low runtimes will be highly

advantageous.
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5 Total Layers
4.572x10* m each

LI Wall A

s Wall s

Figure 8.2. Crosssection of coarse mesh

A 6Medi umd mesh is designed to provide hig
without including a highly resolved near wall mesh. Since the near wall y+ values for
this mesh will tend to be in the transition region, the nsésiwn inFigure8.3 will help

assess the accuracy of wall functions in the transition region.
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20 Total Layers
1.143x10* m each

s, Wall g
AR 7/ A /A /7

Figure 8.3. Cross section of medium mesh

Finally, a third mesh has been resolvedriikea wall to allow for directly solving the

viscous subayer. This mesh can utilize Low y+ wall functions, and is targeted at near
wall y+ values of 1 at 9 m/s. The y+ values will be less than 1 at 5 m/s and 2 m/s. While
substantially longer runtimese expected, the solution should be naweurate

Additionally, given how thin the fluid channel is, the ability to resolve the viscous sub
layer and directly solve for the wall shear stress may overrideeaos about excessive

runtimes.

114



5 Prism|Layers
3.8x10° m near wall
1.27x10% m total

16 Core Layers
1.27x10" m each
2.032x10° m total

Gz, Wal| s
A AR W 7 7 A 7 A A

Figure 8.4. Cross section of fine mesh with closap of near wall mesh

All three meshes utilize anisotropic céllshe width and length dimensions are nearly
square and much larger than the thickness dimen3iable8.3 provides the length,

width, and thickness dimensions for the core and near wall cells of all three meshes.

Table 8.3. Mesh dimensions

Nea Wall

Width (m) Length (m)  Core Thickness (m) Thickness (m) Total Cells
Coarse 2.2635x16¢  2.2635x16 4.572x10¢ 4.572x10* 108290
Medium 2.286x10° 2.286x10° 1.143x16* 1.143x16* 420480
Fine 2.54x10° 2.54x1C° 1.27x10 3.8x10° 450736
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Using eqns2.26 through2.29, along with the near wall cell thicknesseS able8.3, it is
possible to calculate the wall y+ values. Note that these values, shdabl@8.4, use

% the wall cell tickness in order to determine the y+ values at the cell centroid.

Table 8.4. Analytic near wall y+ values in the fully developed region

2mls 5mls 9 mis

Coarse 31.87 70.98 119.34
Medium 7.97 17.75 29.84
Fine 0.26 0.59 0.99

8.2.4: Results

Table8.5 throughTable8.8 show the pressure drop results for each turbulence model.
Within each table, the pressure drop for each inlet velocity, wall treatment, and mesh
combination is provided. Additionally, the percent difference from the analytic solution
(duplicated at the top of each table) is provided below the calculate@ Sh+ pressure

drop value.
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Table 8.5. Standard k-Upressure drop results

Wall

Mesh 2m/s 5m/s 9 m/s
Treatment
Analytic 13738.1 Pa 68167.4 Pa 192701.9 Pa
Pressure 14755.2 Pa 72662.1 Pa 204696.6 Pa
High y+ Coarse
% Difference 7.40% 6.59% 6.22%
Pressure 14905.9 Pa 72026.1 Pa 203639.2 Pa
Coarse
% Difference 8.50% 5.66% 5.68%
Pressure 18396.2 Pa 76283.8 Pa 204367.7 Pa
Two-Layer di
All y+ Medium .
% Difference 33.91% 11.91% 6.05%
Pressure 17485.3 Pa 78444.3 Pa 221673.2 Pa
Fine
% Difference 27.28% 15.08% 15.03%
Pressure 14890.4 Pa 72006.9 Pa 203572.9 Pa
Coarse
% Difference 8.39% 5.63% 5.64%
Pressure 19205.2 Pa 78419.0 Pa 206568.5 Pa
Low-Re .
Al ve Medium
y % Difference 39.79% 15.04% 7.20%
Pressure 18476.4 Pa 97812.8 Pa 273647.6 Pa
Fine
% Difference 34.49% 43.49% 42.01%
Pressure 26107.8 Pa 139863.1 Pa 383257.7 Pa
Low-Re Fine
Low y+ % Difference 90.04% 105.18% 98.89%
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Table 8.6. Realizable kUpressure drop results

Wall

Mesh 2m/s 5m/s 9m/s
Treatment
Analytic 13738.1 Pa 68167.4 Pa 192701.9 Pa
Pressure 14586.4 Pa 71858.2 Pa 202650.1 Pa
High y+ Coarse
% Difference 6.17% 5.41% 5.16%
Pressure 14412.0 Pa 70772.2 Pa 201053.0 Pa
Coarse
% Difference 4.91% 3.82% 4.33%
Pressure 16084.4 Pa 68621.4 R 191053.6 Pa
Two-Layer di
Ally+  Medium .
% Difference 17.08% 0.67% -0.86%
Pressure 15869.8 Pa 74098.6 Pa 201283.7 Pa
Fine
% Difference 15.52% 8.70% 4.45%
Table 8.7. Standard (Wilcox) k-- pressure drop results
Wall Mesh 2 m/s 5m/s 9 m/s
Treatment
Analytic 13738.1 Pa 68167.4 Pa 192701.9 Pa
Pressure 15270.5Pa 75157.4Pa 211548.5Pa
High y+ Coarse
% Difference 11.15% 10.25% 9.78%
Pressure 15627.1Pa 74713.3Pa 2106443 Pa
Coarse
% Difference 13.75% 9.60% 9.31%
Pressure 20844.7Pa 83979.6Pa 218798.9Pa
All y+ Medium
% Difference 51.73% 23.20% 13.54%
Pressure 14748.6Pa 67615.4Pa 187130.4Pa
Fine
% Difference 7.36% -0.81% -2.89%
Pressure 14779.6Pa 68809.3Pa 192121.8Pa
Low y+ Fine
% Difference 7.58% 0.94% -0.30%
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Table 8.8. SST (Menter) k. pressure drop results

Wall

Mesh 2m/s 5m/s 9m/s
Treatment
Analytic 13738.1Pa 68167.4Pa 192701.9Pa
Pressure 15266.3Pa 75004.3Pa 210935.4Pa
High y+ Coarse
% Difference 11.12% 10.03% 9.46%
Pressure 15638.6Pa 74582.8Pa 2100981 Pa
Coarse
% Difference 13.83% 9.41% 9.03%
Pressure 20437.7Pa 81272.0Pa 214707 .4Pa
All y+ Medium
% Difference 48.77% 19.22% 11.42%
Pressure 14185.9Pa 66281.4Pa 176916.8Pa
Fine
% Difference 3.26% -2.77% -8.19%
Pressure 14185.8Pa 67167.0Pa 180881.4Pa
Low y+ Fine
% Difference 3.26% -1.47% -6.13%

For a given model, it is possible to calculate the root mean square of the three percent
differences for each velocity. This resulting value is effectively an average difference
from the analytic solutio for that particular turbulence model, wall treatment, and mesh

combination. Using the data in the preceding tables, this calculation was completed for

every model, with the results shownRigure8.5.
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Pressure Drop RMS Error
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Figure 8.5. RMS pressure drop error for all models

From these results, both the standard Wilcox and SST Mentenédels with fine
meshes and either All y+ or Low y+ wall treatments provided the closest match to the
analytic solution. Additionally, the-kmodel performed well with high y+ wall

treatments and a coarse mesh.
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Table8.9 through Table8.12 show the wall shear stress results for each turbulence
model. Within each table, the wall shear stress for each inlet velocity, wall treatment,
and mesh combination is provided. Additionally, the percent differieanethe analytic
solution (duplicated at the top of each table) is provided below the calculatedCvair

wall shear stress value.

Table 8.9. Standard k-Owall shear stress results

Wall

Mesh 2 m/s 5m/s 9 m/s
Treatment
Analytic 15.38Pa 76.33Pa 215.79Pa
Pressure 16.77Pa 82.60Pa 232.70Pa
High y+ Coarse
% Difference 9.04% 8.21% 7.84%
Pressure 16.98Pa 81.89Pa 231.51Pa
Coarse
% Difference 10.37% 7.28% 7.29%
Two-Layer Mediu Pressure 20.82Pa 86.29Pa 231.04Pa
Ally+ M o Difference 35.36% 13.04% 7.07%
Pressure 19.54Pa 83.32Pa 251.00Pa
Fine
% Difference 27.00% 9.15% 16.32%
Pressure 16.89Pa 81.87Pa 231.46Pa
Coarse
% Difference 9.77% 7.25% 7.26%
Low-Re Mediu Pressure 21.74Pa 88.63Pa 233.32Pa
Ally+ M o Difference 41.30% 16.10% 8.12%
Pressure 22.34Pa 123.68Pa 327.00Pa
Fine
% Difference 45.24% 62.03% 51.54%
Pressure 27.65Pa 118.88Pa 362.53Pa
Low-Re Fine
Low y+ % Difference 79.74% 55.73% 68.01%
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Table 8.10. Realizable kOwall shear stress results

wall Mesh 2m/s 5m/s 9m/s
Treatment
Analytic 15.38Pa 76.33Pa 215.79Pa
Pressure 16.56Pa 81.58Pa 230.06Pa
High y+ Coarse
% Difference 7.63% 6.87% 6.62%
Pressure 16.39Pa 80.38Pa 228.27Pa
Coarse
% Difference 6.57% 5.30% 5.78%
Pressure 18.58Pa 76.99Pa 214.89Pa
Two-Layer di
Ally+  Medium .
% Difference 20.76% 0.86% -0.42%
Pressure 17.75Pa 82.43Pa 233.00Pa
Fine
% Difference 15.39% 7.99% 7.98%
Table 8.11. Standard (Wilcox) k-- wall shear stress results
Wall Mesh 2 m/s 5m/s 9 m/s
Treatment
Analytic 15.38Pa 76.33Pa 215.79Pa
Pressure 17.35Pa 85.43Pa 240.52Pa
High y+ Coarse
% Difference 12.81% 11.92% 11.46%
Pressure 17.70Pa 84.90Pa 239.51Pa
Coarse
% Difference 15.08% 11.22% 10.99%
Pressure 23.59Pa 94.90Pa 247.29Pa
All y+ Medium
% Difference 53.37% 24.33% 14.60%
Pressure 16.55Pa 75.85Pa 210.08Pa
Fine
% Difference 7.57% -0.64% -2.65%
Pressure 16.56Pa 76.51Pa 212.69Pa
Low y+ Fine
% Differene 7.63% 0.24% -1.43%
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Table 8.12. SST (Menter) k. wall shear stress results

Wall

Mesh 2m/s 5m/s 9m/s
Treatment
Analytic 15.38Pa 76.33Pa 215.79Pa
Pressure 17.39Pa 85.47Pa 240.44Pa
High y+ Coarse
% Difference 13.03% 11.97% 11.43%
Pressure 17.75Pa 84.93Pa 239.41Pa
Coarse
% Difference 15.37% 11.27% 10.95%
Pressure 23.18Pa 91.96Pa 243.10Pa
All y+ Medium
% Difference 50.67% 20.47% 12.66%
Pressure 15.94Pa 74.59Pa 199.00Pa
Fine
% Difference 3.60% -2.29% -7.78%
Pressure 15.92Pa 75.04Pa 201.08Pa
Low y+ Fine
% Differen® 3.50% -1.69% -6.82%
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As was done with the pressure drop results, a composite average difference from analytic

was calculated for each model. These results are shokigLire8.6.

Wall Shear Stress RMS Error
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Figure 8.6. RMS wall shear stress error for all models
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show the wall y+ values at the centroid of the near wall cell in the fully developed region.
Within each table, the wall y+ for each inlet vaty, wall treatment, and mesh

combination is providedNote that the analytic value of the y+ solution varies depending
on the mesh (i.e. wall distance) being utilized. Therefore, the analytic solutions
corresponding tall three gridsareprovided. Additionally, the percent difference from

the analytic solution (duplicated at the top of each table) is provided below the calculated

StarCCM+ wall y+ value.
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Table 8.13. Standard k-Uwall y+ results

wall Mesh 2m/s 5m/s 9m/s
Treatment
Coarse 31.8653 70.9811 119.3430
Analytic Medium 7.9663 17.7453 29.8358
Fine 0.2648 0.5900 0.9919
y+ 33.8715 75.2191 126.2779
High y+ Coarse
% Difference 6.30% 5.97% 5.81%
y+ 34.0792 74.862 125.9477
Coarse
% Difference 6.95% 5.50% 5.53%
Two-Laver y+ 9.2412 19.3103 31.2127
Al +y Medium
y % Difference 16.00% 8.82% 4.62%
y+ 0.2988 0.6109 1.0490
Fine
% Difference 12.81% 3.55% 5.75%
y+ 34.0845 74.8962 125.9355
Coarse
% Difference 6.96% 552% 5.52%
y+ 9.7717 19.4132 31.2762
Low-Re Medi
All y+ edium .
% Difference 22.66% 9.40% 4.83%
y+ 0.3243 0.7367 1.1694
Fine
% Difference 22.44% 24.88% 17.90%
Low-Re . y+ 0.3561 0.7291 1.2091
Low y+ % Difference 34.45% 23.59% 21.89%
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Table 8.14. Realizable kUwall y+ results

Wwall Mesh 2m/s 5m/s 9m/s
Treatment
Coarse 31.8653 70.9811 119.3430
Analytic Medium 7.9663 17.7453 29.8358
Fine 0.2648 0.5900 0.9919
y+ 33.5843 74.6076 125.3201
High y+ Coarse
% Difference 5.39% 5.11% 5.01%
y+ 33.5013 74.0934 124.8558
Coarse
% Difference 5.13% 4.38% 4.62%
y+ 8.5891 17.9647 30.0507
Two-Layer .
All v+ Medium
y % Difference 7.82% 1.24% 0.72%
y+ 0.2844 0.6118 1.0048
Fine
% Difference 7.37% 3.71% 1.30%
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Table 8.15. Standard (Wilcox) k-.

wall y+ results

Wall

Mesh 2m/s 5m/s 9m/s
Treatment
Coarse 31.8653 70.9811 119.3430
Analytic Medium 7.9663 17.7453 29.8358
Fine 0.2648 0.5900 0.9919
y+ 34.7402 77.1452 129.4799
High y+ Coarse
% Difference 9.02% 8.68% 8.49%
y+ 35.0838 76.9044 129.2059
Coarse
% Difference 10.10% 8.34% 8.26%
y+ 9.9732 19.8539 31.9654
All y+ Medium
% Difference 25.19% 11.88% 7.14%
y+ 0.2748 0.5887 0.9797
Fine
% Difference 3.75% -0.21% -1.23%
y+ 0.2747 0.5902 0.9825
Low y+ Fine
% Difference 3.72% 0.04% -0.95%
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Table 8.16. SST (Menter) k. wall y+ results

Wall

Mesh 2m/s 5m/s 9m/s
Treatment
Coarse 31.8653 70.9811 119.3430
Analytic Medium 7.9663 17.7453 29.8358
Fine 0.2648 0.5900 0.9919
y+ 34.5474 76.6633 128.6213
High y+ Coarse
% Difference 8.42% 8.01% 7.77%
y+ 34.8977 76.4216 128.3459
Coarse
% Difference 9.52% 7.66% 7.54%
y+ 9.8333 19.5305 31.6220
All y+ Medium
% Difference 23.44% 10.06% 5.99%
y+ 0.2697 0.5838 0.9534
Fine
% Difference 1.81% -1.05% -3.88%
y+ 0.2694 0.5845 0.9554
Low y+ Fine
% Difference 1.71% -0.93% -3.68%
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Like the pressure drop and wall shear stress results, a RMS difference from analytic was

calculated for each model. These results are shoWwigure8.7.

Wall y+ RMS Error
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Figure 8.7. RMS wall y+ error for all models

Both the standard Wilcox and SST Menter knodels with fine meshes and All y+ or
Low y+ wall treatments matched closely to the expected analytic value in the fully

developed region.
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8.2.5: Summary

For all three metricgpressure drop, wall shear stress, and wall y+), thertodels with

a fine wall mesh matched the analytic solution most closely. Additionally, using the All
y+ or Low y+ wall treatment appears to have little effect on the solutions with this
turbulence ad mesh selection. Additionally, theCkmodel performed reasonably well
with the coarse mesh and High y+ wall treatment. {RevicUformulations performed

the worst. Also, the medium mesh performed poorly in nearly all scenarios.

It is clear from theesults that the-k turbulence model with a fine wall mesh is the best
option for matching an analytic solution of flow through a wide, thin channel.
Additionally, there is negligible difference between the Standard Wilcox formulation and
the SST Menterdrmulations. Finally, there was also negligible difference between the
All y+ and Low y+ options. Therefor€FD and FSI models shoulse the All y+or

Low y+ formulationwith a fine near wall mesh.

Perhaps surprisingly, theltmodels performed best thithe coarse mesh and high y+

wall treatment. While the solutions with these models deviated from analytic more than
the k¥ fine mesh models, they may still be useful in providing a quick solution in certain
cases. Fronfable8.3, the coarse mesh is approximately ¥ the density of the fine mesh,
resulting in drastically shorter run timeshis mesh and turbulence model combination
could be used for scoping studies, where the need to run many simulations in a short
amount of tine outweighs the accuracy gains from the more computationally demanding

k-¥, Low y+ models.
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The medium mesh performed quite poorly in nearly all measures. This is not entirely
surprising, given that the near wall centroid tended to be in the transition fegloere

the wall treatment functions are the least accurate.

Generaly, k-¥ turbulence models perform better near walls atiliiodels perform

better away from walls and in frestream flows. This reality was the driving factor in
creating the SST Menterk model. Given the nearly twdimensional, near wall flow
throughthese channels, it is not surprising that the taodels provided more reasonable
results than #Jmodels on the same refined grid. Additionally, hiigtoricallygood
performance of KJmodels away from walls correlates well with the results seen wéth th

coarsemesh models.

Using the results of the turbulence model study and the methodology of se8t®the
Grid Convergence Index (GCI) for the CFD static pressure was found to be 0.05%. This
is based on a factor of safeif 1.25. The full results from this study are showiiatble

8.17.
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Table 8.17. CFD grid convergence study results.

q = Prea = A've(i = AVe
Drop Plate Static Plate Wall
Pressure Shear Stress
Number of N1 8001361
Cells in CFD N2 4326921
Mesh N3 2352096
T\‘;ta' CFD v 4910 x 10
olume
_ hy (m) 3.944 x 1¢f
Representative (m) 4.841x 10*
Cell Size
ha (m) 5.932 x 1¢
a1 (Pa) 60539.71 22381.64 91.98
Solution P (Pa) 60010.24 22325.44 91.19
Us (Pa) 58788.44 21932.43 92.21
Factor of
Safety 1.25
Grid
Convergence GCline?? 0.82% 0.05% 3.55%
Index

8.3: Boundary Motion

In fluid-structue interaction (FSI) models with moving plate boundaries, the CFD code
has the added task of accommodating this boundary motion. As the boundaries move, the
fluid mesh must adapt in some way to the new boundaries. hCSfdr+, there are three

potentialways to accomplish this:

1) Remeshing: after moving the boundaries, the previous mesh is deleted and a new
mesh is created
2) Morphing: the mesh nodes are moved to accommodate the new boundary

location
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3) Overset (Gimera): two meshédsbackground and oversitre laid on top of
each other and the solver interpolates between them, with the overset mesh

following the motion of the plate while the background remains fixed.

When considering remeshing, there are significant disadvantages in the time required.
This technique was quickly found to be unfeasible, and the other two methods were

considered in detail.

8.3.1: Mesh Morphing

The initial approaciior adapting the fluid channels to the shape of the plate used the

mesh morphing capability in SE&CM+. This method s the plate boundary motion

into StarCCM+ and interpolates that motion to the nodes along the surface. As the
distance from the wall increases, the magnitude of node translation decreases, allowing
the mesh to behave like a spring to accommodate thiemwaf the plate.Figure8.8

shows a mesh that has morphed to accommodate the motion of a plate. The cells in the
image are colored to represent the cell volumes. Darker blue cells are smaller, and green
cells are larger. A#r the plate moves, the relative change in cell volumes becomes

apparent.
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Figure 8.8. CFD mesh before and after morphing

While mesh morphing is fairly simple to set up and is computationally efficient, #ine

a number of issues which have to be addresBedt, as is shown iRigure8.8, the cell
thicknesses and volumes can change drastically as the plate moves. If the initial mesh
was designed around specific sthannel vedcitiesor the specified wall treatment is
dependent upoa range of wall y+ values, then dramatic changes in the cell shape may
make the turbulence solver less accurate. Secondly, in cases where the plate move a
large distance, there is potential forthe | | s t o &écr usho. Thi s
moves near the outer wall of the fluid model, and the cells in between become so small
that they can invert. This results in a negative cell volume and leads the simulation to

crash.
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Finally, in cases wherée¢ shrink and expand repeatedly, such as with an oscillating
plate, the mesh quality can degrgd@]. This results from some hysteresis in the
morphing algorithm that does not necessarily return a cell to its original $hbpe i
motion is reversedFigure8.9 clearly shows this in a case with two plates that have
oscillatedover several morphings. This effect can largely be minimized if the mesh is
always reset to itmitial state prior to morplmg, although this increases the

computational time.

Figure 8.9. Low quality mesh resulting from repeated morpling

Given some of the difficulties with mesh morphing, it is a poor option for FSI simulations
where the deflection is of the same order of magnitude as the geometry. In the cases

presented here, the plate could easily deflect a millimeter or more throughautels
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that are about 2 mm thick. This could lead to the selected turbulence moddll or w
treatment becoming invalid, or to degradation of the mesh. Therefore, mesh morphing
should only be used in cases where the plate motion is much smaller than the thickness of

the fluid subchannels.

8.3.2: Overset Meshing

Overset meshing utilizes two meslies background mesh and an overset mdste key
attraction of this approach is that it allows the fluid cells to maintain their original shape
throughout the simulation. As shownkigure8.10, the background mesh fills thatee

fluid volume as though there were no plate present. The overset mesh is several cell
layers thick and attached to the surface of the plate. These two meshes are then
combined together and unused cells in the background mesh are deactivatedidThe fl

solution is interpolated between the two grids in the areas where the meshes overlap.

137



Figure 8.10. Overset mesh setup

One potential disadvantage of overset meshing is that in some cases, mass may not
necessarily be conserved. If necessary,-St@M+ can overcome this limitation by
adjusting the mass in the model through a source term. With the geometries under
consideration here, this limitation is not a significant concern. Since the total fluid
volume of the model is not changing and the fluid (water) is incompressible, mass
removed from the deactivation of background cells will be added back in with the
activation of other cells in the other fluid sabannel. This has the effect of conserving
mas throughout the entire model. Additionally, it provides some beneficial numeric

stabilization by avoiding large swings in pressure from plate motion against an
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