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ABSTRACT

This thesis discusses the vibration responsembekup CANDU 37M fuel bundle. The
experiments are performed using Aiomasive methods of vibration measurement by means of
high-speed cameras and lasBsplacement sensor$he contact dynamics between the fuel
bundle and the pressure tube are replicated using a high precision-custlensetup. Also, the
contact between the fuel bundle and the neighboring fuel bundles are replicated using dummy
endplates. The results show that the fundamental frequency of the fuel elements changes
depending on the cadt conditions with the neighboring fuel bundles. Furthermore, the
endplats exhibita complex vibration response with multipteminant vibrationfrequencies
that include the fundamental frequency of the fuel rods. The results of this experimental work
providea consistent and accurate characterization of the damping aatiimsodeshape®f the

fuel rodsand the whole bundle including teadplats.
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Chapter 1. Introduction

1.1 Statement of theProblem

The fuel bundle is one of the most important parts damada Deuterium Uranium
(CANDU) reactor. It contains 37 zirconium rods welded together at both ends Bntptats.
In each zirconium rod lies 24 Uranium dioxide pellets which is used as the fuel for the CANDU
reactors. The fuel bundle is about 0.5 meters in length and 0.1 meters in diameter, with a weight
of about 21.4 kg. Inside the reactor 889fuel channels. And in each fuel channel lies about 12
fuel bundles stacked longitudinally throughdbe fuel channel. There are about 4500 fuel
bundles inside the CANDU reactor at any given time. The length of a single fuel channel is 6.3
meters and the length of 12 fuel bundles is about 6.0 meters. This leaves 0.3 meters of room for
the fuel bundles to move as the heavy water coolant flow passes through them, and to allow for

the bundles to experience thermal expansion.

The heavy water coolant flows through the fuel channels to transmit the heat produced in
the fission reactionThe heavywater carreach speeds aip to 36 km/h (10 m/s) inside the fuel
channels, which can lead to very turbulent flows. These turbulent flows cause the fuel rods in the
bundle to experience flomduced vibrations, which can leadgeveral issues such as structural
damagefatigue, and fretting weai he fuel rodshave beerfound to bestructurallydeformed
and theendplats have been found to bearped and distorted’ heseissueshave been linked to
the acoustic pressure pulsations generated by the primary heat transport (PHT) pumps triggering
an excessive vibration response by the bundle. This issaggisvatedf external excitation
frequencies, such as those from the PHT pumps, align with the natural vibration frequencies of

the fuel bundle.



1.2 Motivation

The motivation of the work performed in this thesis is mainly duseteralissuesthat
have been recorded with the CANDU fuel bundBy gaining an understanding of these
parameters, it would become possible to predict where the bundle is most susceptible to
excessive vibratio and deformationTo date, there is little knowledge about the dynamics of
fuel bundle structuresdith precise knowledge of its dynamic behavidine outcomes of the
work presented in this thesis could offer valuable insights into fuel bundle characteristics, aiding
the existing CANDU operators in managing and controlling its vibratteted problemsThe
existing design of the bundle could be redesigned in order to formulate effective mitigation
strategies that can be applied to address the current igfiendeavour not only enhances the
safety andreliability of CANDU fuel bundles, directly benefiting the Canadian economy, but
also provides valuable insights for potential use in future CANDU reacidmwrefore, a

t horough understanding of the fuel bundl eds

1.3 Objective

The primary objective of this thesis is to conduct an experimental investigation into the
dynamic characteristics of the CANDU fuel bundle. In order to comprehend the aforementioned
phenomena, the dynamic behaviour of the fuel bundle must be investigated. The first step would
be the characterization of a single fuel bundigis characterization involves obtaining the
modal parameter®f the fuel rods anéndplats. These modglarametersnclude obtaining the
natural frequency, amplitudes of displacemanig different modes of vibratiofhe objective
of this thesis also aims to further advance the use ofim@sive methods of vibration

measurement, by means of laser displacement sensors and high speed cameras.



1.4 Thesis Layout

This thesis willfirst discuss the details of the fuel bundle and its design. Then, an overview
of the previous research studies that have been performed on the fuel bundle will be summarized.
This thesis also discusses a new-imasive method of vibration. A review of the traditional
methods of experimental modal analysis will be discussed as well as the advancements of new
technology in the field of vibration analyssuch as laser displacement sensors and high speed

cameras

After discussing the research plan, the methodology starts by detailing the experimental
setup and the process of manufacturing a specially designed setup to replicate the pressure tube
in order for the fuel bundle to sit in during the vibration te$ts.addition to this, the
methodology details a step by step as to how to perform experimental modal analysis on a
vibrating structure by means of a high speed camera. Both the requirements of the experimental
setup and analytical MATLAB code are outlined linstsection as well as the validation of using

said technique.

The results of the experiments are split into the two following chaptersoiegsults and
endplateresults The fuel rod results illustrate the natural free vibration response of the fuel
bundle when one of the fuel rods is subjected to a force coming from an impact hammer. The
fuel rod is struck once by the hammer and allowed to vibrate freely while the high speed camera
and laser vibrometers monitors free vibration response of the fuel rods arehdpkte
Likewise, theendplateresults chapter degs the dynamic behaviour of tlemdplatewhen it is
subjected to a continuous forced vibration from an electrodynamic shaker while a laser
displacement sensor monitors the vibration of @melplateat several locations across its

geometry. The displacement responses are gathered and analyzed by observing the dominant

3



frequencies after conducting Fourier Transforms on the transient data. The deformation plots of
the endplateare also shown in the results to give an idea as to hownthglatevibrates atts

resonant frequencies.



Chapter 2. Literature Review

2.1 The Fuel Bundle

The CANDU fuel bundle consists of 3@ds, made from a Zirconiwmased alloyyelded
at both ends to two identical Zirconiurandplats to keep the rods in place. The total weight of
the Zirconium shell of the bundle (including the teondplats) is about 2.2 kg and the total
weight of the Uranium dioxide fuel that sits inside the Zirconium rods, is about 19Thus,
the total weight of the bundis around 21.4 kg. The diameter of the bundle is about 10 cm, and
its length isabout 50 cnjl]. In each othe 37 zirconium fuel rods, there are 24 Uranium dioxide
pellets (12 mm in diameter, 20 mm in length) stacked on top of each other spanning the length of

one single fuel rof2].

Zirconium is used in a lot of nuclear applications due to its low neutron absorption rates,
high corrosion resistance, as wal due to its resistance to high temperatures. Neutrons are
produced in the nuclear fission reaction of the Uranium dioxide. It is absolutely critical that the
surrounding Zirconium cladding does not absorb a substantial amount of those neutrons in order

to sustairamaximum level of efficiency for the subsequent energy productpn. [



Béaﬂng
Pad
Fuel Rod

Figure 1. CANDU 37M Fuel Bundle

The fuel bundle consists of 7 different componeagsdisplayed in Figure 14]. The

different components are

=

Endplate
9 Fuelrod

Bearingpad

= =

Spacers
1 End cap
1 Spot weld

1 Uranium dioxide pellet



Six of thesesevencomponents are made from a Zirconium based alloy. The fuel rod is a
thin walled sheath with an outer diameter ofl13m and an inner diameter of 12.2 mm. This
designgives the fuel rod a wall thickness o##8.mmand just 0.1 mm o€learancearound the
inner diameter of the rodor the Uranium dioxide pellstwhichare12 mm in diameter, to fit
inside it.

Around the outer ring of fuel rods, there is an array of small rectangular extrasitres
midspan of the rods and in a staggered pattern towards the @&tigss. extrusions are called
fibearing pads. Ther purpose is to keep the outer ring of fuel rods from coming into contact
with the surrounding pressure tulmecated withina fuel channelof the CANDU reactar In
addition, at the midspan of all 37 fuel rods, there are even smaller extrusions facing inwards
towards the center of the bundle. These smaller extrusions are fisgcers Every fuel rod
has a spacer facing the fuel rodaaent to it. Thegrimary functionof these spacers is to ensure
that thethin-walled fuel rods do not come into contact with one another while the bundle
experiences any flownduced vibrations from the heavy water coolaad repetitive impacts

from the rods against one another can lead to structural damage

An end capis placed on either end of each fuel yddlly enclosing it so the Uranium
dioxide pellets carsecurelysit inside. On top of the end caps, each fuelisogpotweldedat
either endto a specifically designedndplateto form the tubéundle structure. Thendplate

geometry consists of three rings:

1 An outer ringi which supportsl8 fuel rods
1 A middle ringi which supportsl2 fuel rods

1 Aninner ringi which supportss fuel rods



In addition to the 36 fuel rods, tlemdplatealso supports the $7uel rod right at its cente/
series of stems, or more commonlaylthe eeftralroded t o

together at 6@egree increments around t@dplate

Inside the CANDU nuclear reactor, there 8R9 fuel channels that travel horizontally
from one endf the reactoto the other. There are 12 fuel bundles stacked longitudinally inside
one single fuel channel. The length of the fuel channel is about 6.3 meters. The length of the 12
fuel bundles stacked one after the other is about 6 meters. This leaves about 0.3 meters of room
for the bundles to move and for thermal expansion. It is important to note that the fuel bundles
are not fixed in place when theyeasitting inside the fuel channels. During operation, the fuel
bundles are free to move and rotate when subjected to the heavgedastthat flows through

them.

end fittings

alandria tube

il

fuel bundles

pressure tube

coolant

Figure 2. CANDU Reactor Fuel Channel Assembly5]



2.2 Fuel Bundle Incidents

In 1990, a routine fueling operation on Channel N1thefreactor ofJnit 2 at Darlington
Nuclear Generating Statiowas cancelled as a result of complications experienced when
attempting to insert a pair of fuel bundlescycled from another channeb][ Ensuing
investigations revealed that the seven center fuel elements from the downstream bundle had
broken loose from thendplateand regular refueling could not be completed. The coolant flow
displaced the seven elements past the fuel latch which bemgeddditional fuel bundles from

being placed into the channel.

In the 1990 incident, there was clear structural damage to seesefuel elementsThe
endplate weredeformedunder the high drag forces and flow induced vibrations of the coolant
heavy wateformedduring the cooling proces§][ [7]. In addition, wear marks were discovered
in the fuel channel from the vibration of the bearing pads of the outer ring of fuel elements
scratching the surfaa# the fuel channel. Further examinations indicated thadiéfigrmationin
the endplatewascaused by the axial response of the fuel string to the channel acoustics brought
about by the &vane pump impellers/[. The investigations of thendplatewaviness highlighted
phenomena such &ndplatefidomingp fibundlefiparallelograming) ndalocalized deformation

of theendplateof theendplateouter ring, displayed in Figu® provided by Dennier (19947].

The fuel bundle vibration problers exasperated an external excitation frequency, such
as that generated by thH&rimary Heat Transport (PHTpumps, matches one of the natural
vibration frequencies of the fuel bundle. As such, the precise knowledge of the dynamics
characteristics of the fuel bundle is of paramount importance to devise effective mitigation

techniques that can be implemented to alleviate this issue.



To comprehendhesephenomena, the dynamic behaviour of the fuel bundle including its
endplate must be investigated. The first step of such investigation would be the characterization
of a single fuel bundle. The characterization needs to account for the case where adjacent fuel
bundles are present to considee impact on thendplats. The characterization of the fuel
bundle is achieved by evaluating its modal characteristics such as the natural frequencies of the

different modes of vibration.

) Endplate Waviness Interelement Spacer Heights

contact

Outer Element Radial Profile

Profile Mepsurements

_r ]

S

I - T — .,
Reference "Stroight Element® —— 7 —

Figure 3: Bundle Characterization Measurement at Sheridan Park Engineering Laly7]

It is important to note thagccording to the International Atomic Energy Agency (IAEA)
in 2010, less than 0.01% of CANDU fuelindlesunderwent suctural issues or malfunctions

betweeril994 and 20063].
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MacDonaldet al (1990) outlined that there are tools installed inside CANDU nuclear
reactors to identify and discover the smallest of defiecemy of the fuel bundlef®]. Several

procedures and techniques are utilized as well to determine the severitylefettts.
2.3 Early Fuel Bundle Studies: Experimental Work and Mathematical Models

The fuel bundle vibration issue was recognized several decades ago, when the bundle only
consisted of a seven and nineteen fuel rédgrogram was launched by AECL in 1974 to
investigate the vibration behaviour and fretting in nuclear fuel assemblje$fidoussis (1976)
described a numerical model for the dynamics of fuel strings subjected to axiallflpwA[
CANDU fuel string is an array of fuel bundles placed in any given orientation one after the other,
as they sit inside the fuel channel in thaater. Paidoussis showed the various modal shapes of a
typical fuel string over one period of oscillation, divided into several time intervals. They also
reported that even though there are certain flow velocities that will not excite the fuel rods to
experience excessive vibration behaviour, the entire fuel string may still be unstable, by
experiencing buckling and flutter. Paidoussis reported that the cause of this is most likely due to
the rigidity of the fuel string being significantly lower than thatree fuel elements. Paidoussis
also presented work analyzing the dynamics of CANDU and BWR fuel strings using the same
mathematical model, along with other slender structures subjected to axial flow and harmonic
perturbations 2] [13] [14]. Paidoussis and Issid (1974) also reported that the dynamic
behaviour of pipes fixed at both ends subjected to higher flow velocities exhibit a nonlinear
vibration behaviour, coupleahode flutter, and bucklindlLp).

Pettigrewet al (1998), published an extensive summary of the 25 years of work at the
Canadian Nuclear Laboratories surrounding the topics of-ifiolwced vibration in nuclear

power plants, from fuel bundles to steam generaids |n their summary, they reported the test
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results of early the fuel bundle designs. As can be sBeéigure 4 the significant vibration

frequencies of the fuel elements occurred at 30 Hz and 50z [1

4]
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Figure 4: Effect of history on the fuel rod vibration response 17]

Pettigrew and Taylor (1994) discussed a detailed overview of flow induced vibration in
two phase flow, with an emphasis damping mechanisms and vibration excitation mechanisms
[18]. They outlined the need for more experimental investigations to be conducted with two
phase mixtures other than-aater two phase mixtures. Pettigretval.(1991) also stressed the
importance of conducting thermohydraulic and vibration analysis in the design stage of any
component in a nuclear reactor in order to reduce much of the currently occurrirgdioved
vibration issues that are present in CANDU reactors to d&je They also identied that the
components that have gone through spedifesign alterations to account for flketructure

interaction behaviour, do not experience the negative side effects enffoned vibration. This
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further highlights the importance of the work conducted in this thesis, to analyze the dynamics of
the bundle in order to redesign it and avibiel recurring issues

More notably, following the work of Dennier in 1994/ etisir and Fisher (1997)
investigated both numerically and experimentally the effects of turbulence excitation as a
possibilityt o t he fretting wear damage that was cau:
surrounding pressure tulpgQ]. After dividing the length of the fuel rod into 30 finite elements
uniform in length and analyzing its transverse vibration, it was found that the first fundamental

mode of the fuel rod occurred & Bz.

MODE 1, Freq = 32.0 Hz
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Figure 5: Mode shape of the fuel rod at 32 Hz as reported by Yetisir and Fishe2(]

The fuel bundlegxperience high velocity coolant flows in order to ensure efficient heat

transfer, as reported by Pettigrew (1993)]. Pettigrew conducted experimentally studied the
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vibration behaviour of a 18d nuclear fuel bundle under reactor conditions. Subjecting the
bundle to flow conditions typical to that of a reactor, strain gauges were welded onto the fuel
rods to measure the dynamic response. Pettigrew concluded that the natural frequency of the rods
increased by 50% at full power which he attributes tothieemal expansion of the fuel pellets
allowing them to experience an enlarged flexural rigidity. He also concluded that the amplitude
of vibration was exasperated with increasing coolant flow velocity as well as describing the
vibration behaviour as being in a constant state of flux. The vibration behaviour of the fuel rods
changes with time due to the changeability of the boundary conditions and flexural rigidity
throughout the cooling process. Pettigrew also quantifies the fuel rods experience vibration

ampl i tudes no higher than 10 & m.

Tayal (19®) numerically investigated the bending and bowing of nuclear fuel 2#]s [
Tayal predicted the deflection of the fuel rods in two lateral directions with predetermined
temperatures. They also introduced themdmena wherthe endplateacts as a beam resting on
an elastic foundation as it encounters a twisting motion during the cooling process. And as the
endplatewists, it induces a local twist on the fuel rods that it is welded to, to which the fuel rods

resists. A figure of the model can be seen below.

Figure 6: The endplatedepicted as a beam on an elastic foundatio2]]
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24 Recent Fuel Bundle Studies: Numerical Investigations

In 2005, Hassan and Rodgers conducted a numerical investigation of a fuel rod subjected
to turbulenceexcitation while in contact withthe fuel channel The numerical study was
conductedusing three friction models: velocitymited friction model, springlamper friction
model, and the forebalance friction modelThe three models yielded consistent results that

could be applied to a wide variety of friction and mechanical contact prob®ins [

Abbasian et, al. (2009) numerically simulated the turbulent flow inside-@d3uel
bundle using three different models: large eddy simulation (LES), detached eddy simulation
(DES), and Reynoldstress model (RSM)24]. The LES model showed the existence of a
vortical flow regime around the inner ring of tlemdplate They also concluded that the
behaviour of the flow regime would improve subchannel mixing and would therefore generate
forces that would cause the fuel bundle to experience motion in the transverse direction. They
also theorized that the geometrical asymmetry of the bundle could be a cause of the strong
vortices that form within the bundle. These vortices ultimately generate therémuehcy

rocking motion that the bundle experiences, along with the pitch and yaw motions.

Zhang and Yu (2011) performed a large eddy simulation of the turbulent flow surrounding
two 43rod CANDU fuel bundleq25]. They suggested that the heavy water coolant flow
becomes highly di srupted once it erodphetes i ntc
Significantly large wakes are formed behind émelplaté s r i ngs and stems whi
rods andendplats to experience unsteady fluid forces. They also concluded that the fluid flow
becomes fully developed towards the midspan of the bundlesvthere is little excitation that

becomes induced into the fuel rods. Finally, they also reported that when the fuel rods alone
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(without the existence of the twendplatg) experience the same flow behaviour, the flow

fluctuations and the size of the wakes downstream are significantly reduced.

In 2011, Zhang and Yu numerically and experimentally investigated the free vibration of a
CANDU fuel bundle placed horizontally inside a circular t{&@. In contrast to the 3iod fuel
bundle analyzed in this thesis, Zhang and Yu studiedrad®undle structure. They concluded
that the fundamental mode of the bundle is a rocking mode with a low frequency of 6 Hz. They
reported that this rocking mode occurs mainly due to the rigid body motion of the bundle, but the

elastic deformation and gravity playrole as well.

Bharttacharya and Yu (2012) experimentally investigated the effects of angular
misalignment on the flow induced vibration of simulatedrd@ CANDU fuel bundleq27].
They discovered that when the bundle is orientated in some angles, the lateral vibrations that the
bundle experiences can be exceptionally high. Thed3dundle also experiences a shift in the

dominant frequency depending on the orientation angle.

Mohany and Hassan (2013)resented a numerical study that evaluated the dynamic
response of a CANDU fuel bundle and the resulting fretting wear in the pressuf@8ube
addition to considering the effects of turbulence excitation mechanisms, they considered the
effects of seismic excitation mechanisms using accelerograms of a 6.0 magnitude earthquake
[28]. They also measured tlikstancebetween the spacers of the fuel rods in the inner and
middle rings, as well as between the bearing pads of tHerdde on the outer ring. They
discowered a noticeable difference in distances between certain fuel rods compared toebther

rods with clearances varying from less than 0.05 mm to 0.78 mm.
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Figure 7: Distribution of the measured clearances between (a) the side spacers and (b) the

top spacerg 2§

Mohany and Hassaaiso noted that when the fuel bundle is sitting in the pressure tube, the
diameter of the fuel bundle is slightly smaller than the diameter of the pressure tube, so only the
bottom fuelrods, specifically those within the range-60° to +60° measured from the bottom
position Therefore, out of th&8 fuel rods that lie on the outer ring of the fuel bundfdy the
bottomfive to six fuel rods are in contact with the pressure tube at all times, depending on the
orientation of the bundlevilohany and Hassan reported the resulting bending stresses spread
along a single fuel rod from their numerical study, and as seen in Higtlme distribution of the

bending stresses along the fuel rod closely resembles the first mode shape of the fuel rod.
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Piro et al.(2016) presented their progress in angoing experimental and computational
fluid dynamic investigation in a CANDU fuel chanri@B]. Their investigation yielded several
complex flow structures such recirculation and swirl flow behaviours throughout the bundle.
They also concluded that the strongest jet flows occurred in the central axiseotfiiateand
the formation of these jet flows was eminently unsteady. A jet flow is where a fluid travelling at
high velocity impinges into anothewfl that is near static or travelling at low veloci8@]. Piro

et al. also stated that the streamwise velocity profiles of the flow were shown to be stratified
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along the length of the whole bundle, which means that the flow travelling through the bundle is
layered where, in multiphase flow, the heavier fluids flow underneath the lighter fBlijd4{i
et al.(2022) continued their numerical work by presenting an impressive mesh generation of the

entire CANDU 37M fuel bundle and the surrounding pressure[&2].

Elbenhawy et. al (2017) also showed that the clearance and preload play a fundamental role
in the amount of fretting wear that occurs in the pressure t@BeThey showed that the fuel
roddéds root mean square displacement in the vy
the work rate of the bearing pads decreased with increasing radial clearance, and the root mean
square of the impact force decreased with increasing radial clearance. However, the impact force
decreased at a lower rate with irasig flow velocity.

Elbanhawy et al. (2019) performed a numerical simulation of motidependent fluid
forces in fully flexible fuebundleq34]. Analyzing the 19nternalrods in a CANDU fuel bundle
(12 fuel rods on the middle ring, six fuel rods on the inner ring, and the ckmrabd), they
simulated a fluid flow of 8 m/s travelling longitudinally through the rods. The subsequent
turbulence that occurs allows the fluid flow to reach flow velocities of 12.6 m/s, as shown in
Figure 9 [34]. Ultimately, they showed thdhese higkvelocity flows can lead to fluiglastic
instability, which is the phenomenon where the energy input by the fluid force impacting the
structure exceeds the enegpentin damping B5]. Ultimately, fluid-elastic instability allows for
the rods to vibrate at much higher amplitudes that can lead to structural damage, as well as other

adversassues.
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Figure 9: Velocity magnitude distribution in a 19-rod fuel bundle [34]

Elbanhawyet al. (2020, conducted a numerical analysis the dynamicand vibration
response ofully flexible fuel bundleswith different end conditionsn response to various
methods of excitatianAmong those different methodsas a flow induced vibrationmethod
where the flow was turbulent in nature, acoustic pressure pulsations, and -dependent
forces B6]. Firstly, their resulting natural frequencies of the fuel bundle were in good agreement
with Yetisir and Fishef20] where 32 Hz was found to be the natural frequeasyghownin

Table 1.
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Table 1. Comparison of fuel bundle naturalfrequencies as presented in previous studies

[20], [36]
Mode Number Frequency (Hz)
Elbanhawyet al. | Yetisir and Fisher,| Yetisir and Fisher,
2019 (numerical)] 1997 (numerical) | 1997 (experimental
1 31.96 31.98 31.7
2 116.7 116.8 -
3 257 255.8 -
4 454.7 445.2 -
5 708.2 681.9 -
6 1018 959.1 -

Secondly, in their depiction of the trajectory of the central fuel rod in response to the
excitation, they showed that the trajectory of the fuel rod is essentially random. The vibration of

the central fuel rod displays no clear pattern or behaviour.

Thirdly, they showed the resulting von Mises stresses oeritiplateas a resulof fluid
flow impacting it at a velocity of 8 m/s. As shown in Figdfa, the stresses on teadplateare
shown to be the highest at the stems of ¢neplate the strips of Zirconium structurally
connecting the 3 ringand central roaf the fuel bundle together. It was shown that the stresses
on the stems increased when the acoustic pressure pulsaticetsken into accountas shown

in Figurel0b.
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25 Other Fuel Bundle Related Issues

The fuel bundles also experience creéepughout their cycles in the reactor, where the
zirconium sheath slowly deform87]. Overtime, the spent Uranium dioxide fuel pellets slowly
morph from a solid cylindrical shape into an hourglass shape, where the midspan of the pellet
decreases in diameter. The zirconium sheath is designed to collapse onto the pellet overtime with
its deformation over time, where ridges start to appear along the fuel rod between each pellet to
create a phenomena referred to asstotrdsambléd ambo o
bamboo stick 38]. It is unclear as of yet whether the shape of the spent nuclear fuel, or the
zirconium sheath with the developed ridges affect the overall dynamic behaviour of the fuel
bundle.

It is important to note that the edgestloé pellet are already chamfered for two reasons:
to make it easier to insert the pellets inside the rods during fabrication of the fuel bundle, and to
prevent the presence of sharp corners of the pellet when the fuel expands during operation of the
reactor, as sharp edges could punctine thinwalled zirconium sheath3f]. Seeing as the
diameter of the fuel pellet is about 12 mm, and the inner diameter of the Zirconium tube is 12.2
mm, thereisa@mm 100 e m) gap t hradallybetmiednthealrahiym deoxide s t s
pellet and tkb zirconium tube upon fabricatigh]. Van Uffelen (2006) showed that the thermal
expansion of the Uranium dioxide fuel is greater than that of the Zirconium shégatm¢aning
that during operation the pellet and the surrounding tube will come into contact eventually. Piro
et al. (2008) also showed that the heat transfer from the fuel pellet to the zirconium sheath is very
much dependent on the gap distandg].[ The pellet to clad interaction (PCI) between the
Uranium doxide pellet and the Zirconium e is another field of research that has been

investigated due to several issues that have been pfé2prtiowever, delving into this subject
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begins to deviate the topic away from that discussed in this thesis, which primarily is the
dynamic behaviour of the fuel bundle.

Along with the fuel bundle, the pressure tube in the fuel channel can experience creep as
well, where the pressure tube begins to sag, which could affect fuel performance, the heat
transfer effect of the heat released in the fission reaction, the fluid structure interaction between
the heavy water and the fuel bundle, as well as the dynamic characteristics of the bundle.
Pettigrew and Lambert (1980) conducted a comprehensive analysis on the creep deflection of the
fuel channels in CANDU reactordd]. Although it is not a major issue, they stressed that proper
fuel channel design could be altered in order to extend its life cycle. The pressure tube should not

be in contact with the surrounding stainless steel calandria tube.

2.6 Fuel Rod Vibration in PWRSs

Likewise, to the flow induced vibration experienced by the CANDU fuel bundle, the fuel
rods in the pressurized water reactors (PWR) found elsewhere around the world also experience
the same flow induced vibration resulting of the turbulent coolant flow. In contrast to the
CANDU fuel bundle, which are placed horizontally in the fuel channels, the fuel rods in the
PWR reactors are placed vertically. The rods are bundled in a diggafermation, unlike the

circular CANDU fuel bundle, and are held intactdpacer grids rather thamdplats [44].

Choi et al.(2004), conducted a vibration analysis of a dummy PWR fuel rod continuously
supported by spacer gridd5]. They reported that the PWR fuel rods encounter modes of
vibration at 47 Hz, 50 Hz, 52 Hz, 100 Hz, and 130 Hz. These resonant frequencies are greater
than the reportedZ3Hz mode of the CANDU fuel bundle reported by Yetisir and Fisher (1997)
[20]. They also reported that the vibration behaviour of the PWR fuel rods were highly

nonlinear, similar to that of the CANDU fuel rods.
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In 2014, Wu et al.experimentally investigated the flow induced vibration of the PWR fuel
rods in a water loop46]. They subjected the rods to an axial flow inside a rigid square channel.
They discovered that a low flow rate of the coolant allows the fuel rods to experience vibration
caused primarily from the turbulence in the flow. In addition to this, Jetngl. (2016)
conducted finite element analysis to assess the intensity of the grid to rod flow induced impact

for PWR fuel rodg$47].

More recently, Ferramt al.(2020) experimentally investigated the nonlinear vibrations of
the PWR nuclear fuel rods supported by spacer qdd& They reported similar resonant
frequencies at 44 Hz, 120 Hz, 236 Hz, and 343 Hz. They also reported the damping percentages
for those modes, reporting 0.37%, 0.31%, 0.45%, and 0.51% respectively for each resonant.
frequency. It can be seen that the damping ratio increases with an increase in frequency, and they
concluded that the turbulent coolant flow prods random vibrations but dampens externally

excited vibrations49).

2.7 Acoustic Pressure Pulsations and Mitigation Techniques

Acoustic excitations in pipeline systems are a frequent occurrence in industrial
applicationsAn example of this occurs in the CANDU reactor whitie acoustic excitation that
occurs from the PHT pumps inside the fuel channel. If the blade passing frequency of the pumps
matches one of the natural frequencies of the bundle, this would be a direct causesufthet
vibration behaviour of the bundle, leading to the subsequent issues that have been observed, such

as fretting and structural damage.

Rzentkowksi and Zbroja (1999) performed an experimental characterizatiadheof

acoustics of a single stage, doubtdute CANDU PHT pump, specifically at the blade passing
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frequency [B]. Their comprehensive study presented a pressure spectrum observed at the
pumpos operational temperatur e, set at 265
pronounced pressure spike at 150 Hz, attribu

impeller blades.

In an attempt to alter the pressure fluctuations that occur on the discharge side of the pump,
Morgenwroth and Weaver (1998) conducted a thorough experimental investigatothe
acoustic behaviour of a pungiping system excited by a centrifugal pump at its blade passing
frequency [3]. Through their investigation, various tests were conducted where theaterttip
was rounded. This modification produced a substantial reduction in the magnitudes of the
acoustic pressure fluctuations, all without compmi si ng t he pumpdés perfor
of the cutwater edges allowed the stagnation point of the flow to be shifted further downstream,

resulting in less vortex formation, as opposed to having a straight edgateut

There have been several passive and active methods proposed to suppress the acoustic
pressure pulsations in piping systems. Sadek et al. (2018) conduontaderical investigation
into the suppression of acoustic resonance in piping systems using passive control d&vices [5
Their study showed that integrating multiple Helmholtz resonators and quarter wave side
branches can efficiently diminish specific acoustic modes, where the latter technique
demonstrated to be the more effective technique. Howevés, ithportant to note that the

effectiveness of these deviaediesheavily on their location within the piping system.

Lato and Mohany implemented Herscla@alincke tubes to analyze the passive damping of
pressure pulsations in pipeline systenf3.[BVithin a resonant piping system, the positioning of
HerschelQuincke tubes at acousticessure antinodes effectively disrupts the acoustic standing

wave phenomenon that occurs by introducing an effective-restnant peak, which
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subsequently causes an increase in acoustic absorption. Experimenting with different geometries,
they also reported that increasing the length ofttibes resulted in decrease of transmission

loss of the device.

In addition, Lato et al. (2019) also theoretically and experimentally investigated the
infinity tube as another passive damping device for suppressing acoustic pressure pulsations in
piping systems [&. An infinity tube demonstrated a dramatic increase in attenuation in
comparison to the Hersch@uincke tube. Similar to the Hersck@lincke tubes, the optimal
locations for the implementation of an infinity tube are wherever an acoustic pressure antinode
exists. Sachedina et al. (2020) performed an exstal study on damping acoustic pressure

pulsations in pipeline systems using Helmholtz resonators and yielded similar regults [5

2.8 High SpeedCameras in Experimental Modal Analysis

The traditional methods a#xperimental modal analysisvolve the use of strain gauges
and accelerometers, which need to be physically placed on the object being tested in order to
determine its dynamic responses and natural frequencies. However, for smaller objects, such as
the fuelrods accelerometers may significantly affect the dynamics characteristics of the bundle.
In addition, the space available between fuel rods makes it difficult to install strain gauges. A
noncontact method of vibration tegji by means of a higbpeed camera has matured over the
last decade. High speed cameras take in the order of thousands of pictures per second and when
the images are properly processind motion of the object in question is captured in a detailed
manner. A wide variety of | aser sensors, also

as a viable and accurate noncontact method of vibration.
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Zhang and Su (2005) were one of the first to introduce the technique by performing
experimental modal analysis on the two modes of a drumbsdSiebertet al. (2009) also
showed early developments and applications of high speed image correlation in vibration
analysis $7]. They reported that this new technique can be utilized across a wide range of
vibration measurement applications. It is possible, with the proper image processing techniques,
to obtain accurate displacement amplitudes, from meters itoommeters, along with the
observation of the different phases of vibration, and covering frequencies ranges up to several

tens of kilohertz.

The method wasurther developedby Chenet al.(2014) where they performed structural
modal identification through high speed camera videograp8ly They analyzed the vibration
response of a cantilever beam and acquired the displacement vs. time data obtained by tracking
certain locations on the beam. The transient response was then comparedcteld®meters
and laser vibrometers tracking the same locations. By conducting a Fourier Transfornet Chen
al. (2014) found that the resulting frequencyake were in very good agreement. Although, it is
important to note that the high speed camera was able to display the first three peaks indicating a
dominant frequency, up to about 500 Hz. Beyond 500 Hz, the high speed camera was not able to

produce higher frequency peaks beyond the first three modes.
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Figure 11: Comparison between displacements derived from the high speed camera and the

laser vibrometer, as presented by Cheet al. (2014) B8]

Furthermore, Javlet al. (2017) performed high frequency modal identification on noisy
high-speed camera dat&d9. They described the typical experimental setup wienducting
experimental modal analysis with a high speed camera. The desired locations that are to be
tracked on the vibrating object have to be marked with a black or white tone while having the
background of the image a contrasting black or white colour. This to make it easier for the
camera to lock on and track certain pixels within tleewei ultimately capturing the vibration of
the objects. In addition to this, an LED light must be shined onto the object being tested as the
camera sensor needs a large amount of light in order to have sufficient brightness in the video.
Should the brightness in the video franbesinsufficient, the computer will not be able to track

the desired pixels in the video frames.
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Figure 12 A schematic of the experimental setupd9

Yu and Pan (2017) utilized a singtamera high speed sterdmital image correlation
method to perform experimental modal analysis on a test sa®leln their experimental
setup, they utilized a compact fennirror adapter in order to perform a full field 3D vibration
measurement of the test subject. The results from the high speed camera yielded highly accurate
displacement vs. time data and clear frequency response peaks and agreed well with the
numerical data.

More recently, Etchepareborad al. (2021) introduced a random laser speckle patter
projection technique for nemvasive vibration measurements with a high speed camera and
multiple lensesg1l].

While the technique of using high speed cameras has emerged as a successful new non
invasive method of performing experimental modal analysis, Beberniss and Ehrhardt (2016) did
note certain drawback$Z]. They noted a 120 Hz flicker that can affect frequency response
curves, and the apparent absence of any temporal aliasing filters for high speed image
acquisition. Also, with limited pixel resolution, the camera cannot be placed too far away from

the object being tested, as the physical vibration of tferbmust be visible in order to perform
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proper processing. Eventually with time, high speed cameras capable of capturing video with a

higher resolution may be utilized to alleviate this issue.
2.9 Summary and Research Plan

Taking theprevious studies into account, there has not been a research study that gave a
complete experimental modal analysis on the CANDU fuel bundle. The natural frecarehcy
mode shapef the fuel rods and endplatesill be determined in this thesis. Previous
experimental work has been done on a single fuel rod, but no work has been done to attempt to
characterize the vibration of thendplate which has a complex geometrijhe previouswork
that has characterized the fluglructure interaction of multiple fuelods has purely been
numerical, not experimental. In addition to this, the advancements of experimental modal
analysis using laser displacement sensors and high speed camera will be utilized. It is important
to note that high speed camerads have not

industry as of yet.
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Chapter 3. Methodology for Fuel Rod Tests

3.1 Experimental Modal Analysis Review

Since the work demonstrated in this thesis is primarily experimental, methods of
experimental modal analysis are primarily discussed. Typically, when conducting experimental
modal analysis, four components are required: (a) an exciter, (b) a transducer, (c) a signal

conditioner, and (d) an analyzer.
(a) Exciter

An exciter, to the very definition of the word, is a tool used to excite the system, i.e., to
disturb it from its equilibrium or initial conditions, or to translate it by a certain displacement in
order to observe its dynamic response. The input force impacting the system has to be known to
the user while conducting the experiments. An exciter usually comes in the form of either an

impact hammer or a modal shaker.

A modal shaker, also known as an electrodynamic or electromagnetic shaker, is a
cylindrical device that contains a spring, coil, magnet, and diaphragm in order to induce
continuous forced vibration into any given system. The shaker is connected to a power amplifier
where the user can control the frequency and
shaker begins to oscillate when a current travels through the coil positioned inside a magnetic
field. This current produces a force proportional t® value, which initiates the spring and
diaphragm located on the top of shaker to accelerate periodi6d]lydn top of the shaker, an
extension can be attached, such as a rod or a flat table, in order to physically attach the shaker
apparatus to the system being assessed in the experimental modal analysis. Electrodynamic

shakers come in different sizes, small or large, in order to perform experimental modal analysis
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on a wide variety of systems. Shakers can provide a force of up to 30,000 Newtonategener
displacements of up to 25 mm, and range in frequencies from 1 Hz all the way up to 20,000,000
Hz [63]. In the experiments regarding the fuel bundle, both the shaker and impact hammer are

used as an exciter.

Exciter table

b FJ-Iu.\'thu support

Mowving element

/
,/—{\

+— Magnet

[ |

Figure 13: Diagram of an electrodynamic shaker ¢3]

An impact hammer is just like a traditional hammer but, its head is equipped with a
piezoelectric crystal which acts as a force sensor. So, in this case, the impact hammer acts both
as an exciter and as a transducer. At the bottom of the hammer, beneath the handle, a Bayonet
Neill-Concelman (BNC) cable can be connected. When a structure is struck by the impact
hammer, the piezoelectric crystal is squeezed, and an electric signal is generated and transmitted
through the BNC cable so the user can know whatstriking force is. Impact hammers are

typically utilized to measure the natural vibration of an object.
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Figure 14: An impact hammer

(b) Transducer

A transducer is defined as an electrical tool that changes energy from one form to another
[64]. In experimental modal analysis, transducers are used to convert a force or acceleration in
the form of an electronic signal that can be sent to a computer for an engineer to examine.
Commonly, these transducers come in the form of accelerometers or strain gauges. An
accelerometer, as the name suggests, measures the acceleration of an object. Manufactured in all
different shapes and sizes, accelerometers argqatily attached to the system being analyzed.
Similar to the impact hammer, accelerometers have a piezoelectric crystal inside them. And as
the system is vibrating, the resulting motion or gravitational force squeezes the piezoelectric

crystal, and this produces an electrical signal proportional to the acceleé&jon [

Since accelerometers are available in different sizes, the smaller the size, the better. This is
because the accelerometer is physically placed on the system. Therefore, if the system is small in

size or mass, a larger accelerometer would alter the dynamic behaviour of that system. A smaller
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accelerometer with a smaller mass would allow the system to vibrate as if nothing was attached
to it, and so the true dynamic behaviour of the system can be measured. It is important to note
that there are force meas\wg devices that operate exactly like accelerometers. These devices are
called force sensors, which are physically attached in between the exciter, take the shaker for
example, and the system being analyzed. The shaker inputs a force periodically at any given
frequency, and the system attached on the other side is resisting the load, thereby squeezing the
piezoelectric crystal inside the force sensor, generating a signal proportional to the force, and

with the proper signal analysis, the input force cambrtified to the engineer.

A strain gauge, similar to an accelerometer, is a device which converts force, pressure,
tension into an electrical signad]. Unlike an accelerometer, a strain gauge usually comes in
the form of a thin strap with wires attached in order to transmit the generated electrical signal.

Strain gauges, like accelerometers, need to be physically placed on the system in question.

New noninvasive techniques have emerged as the new category of transducer, by means
of laser displacement sensors and high speed cameras. Both are utilized throughout the
experiments in this thesis. However, a different kind of transducer was used to read the input

force coming from an electrodynamic shaker, by means of a piezoelectric force sensor.

(c) Signal Conditioner

The electrical signals generated from these devices cannot be transmitted directly into a
computer. The signal needs to be sent first i
upo or fAamplifiesd the desired signal coming
conditioner also helps filter any noisy signals coming from the accelerometer or strain gauge as

well. A signal conditioner was utilized to amplify the signal from the impact hammer.
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(d) Signal Analyzer

Once the signal has been filtered, it is ready to be sent to the Data Acquisition Device,
commonly referred to as a DAQ, which is directly connected to the computer, where the signal
can be viewed in MATLAB or LabVIEW or any signal analysis software. In modern day
research work, computers can be used as analyzers as software like MATLAB can be used to
perform a Fast Fourier Transform to convert the incoming signal from the time domain to the
frequency domain. This process is conducted in order to detethe@ngominant frequency or

frequencies that are coming from the signal.
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3.2 Experimental Setup

In thefirst phase oexperiments, the fuel bundle sits on an aluminum support assembly
specifically designed using higirecision manufacturing to suppahte bundleat each bearing
pad | ocation. The support assembly consists o
On top of the base plate, five rectangular frames support the bundle during the vibration tests.

Figure15 shows the support assembly designed forghase okxperimental work.

Figure 15: CAD Model of the Fuel Bundle Support Assembly

The fuel bundle has five rings of bearing pads around the outer ring abtiselAll 18
fuel rods on the outer ring have a bearing pad at the mid span, and there is a staggered pattern of
bearing pads on the edges. On one fad)] the bearing pad on the right side is 79.5 mm away

from the edge and on the left side, the bearing pad is 16 mm away from the other edge. The fuel
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rod next to this one has the same 79.5 mm and 16 mm distances but on opposite ends. As one
goes around the outer ring of the fuehtle, the bearing padsllow this staggered pattern.
Each frame in the support assembly is spaced away from the other so that one frame can support

one ring of bearing pads, as can be seen in Fifure

Figure 16: The fuel bundle sitting on the support assembly with each frame

supporting each row of bearing pads to mimic the contacts with the pressure tube

Each frame has a semircular cut with a diameter of 103 mm, which exactly matches
the diameter of the pressure tube that the fuel bundle is placed in glamigperation. It was
important that the alignment and height of the five frames were maintained with a small
tolerance (+ 10 ), so the fuel bundle is | evel and st
overall distance from the closest edge of the first frame to the furthest edge of the fifth frame is

495.3 mm, which is the exact samed#h as the fuel bundle itself.
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There are five holes at the bottom of each frame where they are bolted into the base.
Consequently, there are 25 holes at the bottom of the base to accommodate the holes for each of
the five frames. Each frame has a width of 8 inches and a height of 4 inches. The three middle
frames have a thickness of 1.5 inches and the two frames on the edge have a thickness of 2
inches. The two frames at the edges have an increased thickness to account for the distance from
t he edge of erd@atetb the lirtheb edgedof tkedfisst row of bearing pads. It
should be noted that instead of the five frames, initial designs of the support assembly had one
large block with a serircular cut sitting on top of the base. However, the block was replaced
with the five frames, to provide as much visual access as possible so tspddghcamera may

capture the vibrations of the lower half of the fuel bundle during the tests.

The two frames at both edges have four holes on the side going around the circular cut of
the frame so that an aluminum dumraegdplatecan be screwed in at any of eight different
orientations to mimic the presence of another fuel bundle on either side of the bundle being
tested. The tw@ndplate have the same pattern that supports therfsl as the original fuel
bundle. The dummyendplats also have eight holes around the edge so as both plates can be
rotated to any orientatiosincethe fuel bundles irthe fuel channel are free to rotate during
operation.In addition, sinceghe length of the fuel bundle and the distance from the first frame to
the fifth frame are matching, the two dummydplats are in contact with thendplats of the
fuel bundle when they are attached to the support assembly. The dandpigite can be seen in
Figure 17, where the eight holes allow for eight different orientations for them to be bolts into

the side of the edge frames.
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Figure 17: The two dummy plates that can be placed at the ends of the support

assembly in eight different orientations

The mass of the support assembly is substantially greater than the mass of the fuel
bundle. The fuel bundle was manufactured by Cameco with its standard zirconium sheath.

However, each fuelod usually has24 Uranium dioxide pellets stacked along the longitudinal
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span of the fuetod. This fuel bundle has Molybdenum pellets inside the foéd to mimic the
presence of the standard Uranium dioxide pellets. The total mass of the bundle is 23.059 kg,
which is almost identical to the mass of actual fuel burtdleensure that the dynamic
characteristics measured using the mopkoundle are not affected layy variation in weight
Moreover, it was important in the design of the support assembly, that its weight exceeds the
weight of the fuel bundle so that the support could be as rigid as possible, to ensure that it does

not vibrate while performing vibration tests on the bundle.

The fuel bundle and the support assembly sit on top of a heavy blacktop counter. Similar
to the support assembly, it is necessary that the mass of the counter to be high as the counter
must notshake or vibrate while conducting vibration tests on the bundle. For further rigidity, the
support assembly was clamped at both ends to the black counter. Tispésghcamera sits on
a tripod, level with the bundle, approximately one meter away from the setup. A second high
speed camera is used in order to monitbether the fuetods come into contact with each other
during the tests. An LED light stands on either side of the setup, shining brightly on the fuel
bundle. A third Tungsten based light shines on the set up from behind thspeigth camera.

The LED and Tungsten lights provide sufficient lighting for the camera to effectively capture the
motion of the bundle. Any darker settings will make it harder to adequately capture the vibration
as insufficient light will create high levels of noise in the framegmwthey are processed. In
addition totheselighting conditions a white trifold sits behind the setup to create a white
background behind the bundle and the black markers on it. An impact hammer is used to
measure the impact force that is applied to the foud of the bundle at a piset location. The
impact hammer is connected via BNC cables to a data acquisition (DAQ) system. Hgure

presents the complete experimental set up.
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High Speed
Camera

Figure 18 The complete experimental setup

In order to analyze a specified location of interest on the bundle, the area must be marked
by an object of dark/black tones, such as tape or marker. Thesfnggldl camertakes videos in
black and white. In order to capture the vibration effectively, the region of interest subjected to
vibration must appear as black in the video, while the surrounding sections of less importance,
appear in brighter/whiteéones. Therefore, multiple pieces of black electrical tape were placed on

the bundle to mark locations of interest on the fads.

For optimal resolution purposes, the camera is zoomed on the midspan of the bundle,
while the other marks located at the two ends of the rhtlare tracked using a set of laser
sensors. These sensors are attached to individual metal straps that are bolted to a structure built
using steel Unistruts. The structure that holds the laser sensors is dynamically isolated from the

support assembly of the fuel bundle. The laser sensors can be seen in FEgueaesl19b).
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Figure 19a): The row of laser sensors placed above the fueld, and b): two laser sensors

pointing at the fuel rod

An impact hammer was used as the source of excitation of theddel Figure20
indicates which fuetod was hit during each test. In total, there were nine locations on the fuel
rod being tested and where data was obtained. A black marker was placed at each location of
interest. Figur@l shows the location of the nine markers. The vibration analysis was performed
with the highspeed camera zooming on five markers (Markers4#3%, 6, and’) at the mid
section of the fuelkod being hit. In addition, there were two laser sensors installed at two
markers on either end of the fueld (Markers #1, 2, 8and9). The impact hammer was used to

vertically strike the bundle at marker #4 with a consistent force of 40 N.

The camera was focused on the midspan of the fuel bundle as this area is where the fuel
rods typically experience large amounts of deflection. The horizontal scale of the captured video
was set to 149 mm per 1024 pixel s, i . e., 1 pi
at 5000frames per second, resulting in a video that containetalbaio1 0000 frames in the span

of 2 seconds in real time.
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There were three sets of tests performed on the fuel bundle (17 tests in total):

1 Set 1: One test with no dumreyndplats attached on either ends of the fuel bundle

1 Set 2: Eight tests with one dumragidplateattached on one end of the bundle

1 Set 3: Eight tests with the two dumragdplate attached on one end of the bundle
There are eight tests in Sets 2 and 3, so thatridplatecan be rotated from 0°, 45°, 90°, 135°,
180°, 225°, 270°, and 315° orientations. In the tests of Set 3, one of teadpiats was kept at
the 0° orientation consistently throughout the tests, while the other rotated. The presence of a
dummy plate, or lack thereof, in the tegispvidesthe ability to observe any difference in the
vibration response of a single fueld when there are other fuel bundles in contact with the fuel

bundle being teet, either on one side or on both sides or no fuel bundles at all.

Impacted FueRod#1 Impacted FueRod#2

Figure 20: Side view of the fuel bundle indicating which fuetod that was hit by the

impact hammer
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Figure 21: Sideview of the bundle showing the location of the nine markers and the

fourth marker struck by the impact hammer

Two additionals et s of tests were performed to anal

endplate Set 4 and Set 5.

1 Set 4: Four tests with none or one dumemgdplateattached on one end of the bundle

using only laser sensors to characterize the general dynamic behaviouemdphate

1 Set 5: Eight tests with one dumrepndplateattached on one end of the bundle (at the 0

orientation) using only laser sensors to characterize the dynamic behaviour of the
endplaté s outer and middle rings.

In Set 4, three laser sensors were placed at one end of the bundle to measure the
displacement and frequency of teedplateat three different locations near the same impacted
fuel rod. As can be seen in FiguB3a), two laser sensors were placed on the outer ring of the
endplate One sensor was placed on the right side in close proximity to the impactedduel
(Sensor 1), and another was placed on the left side, farther away from the impacted fuel
(Sensor 3). The third laser sensor was placed omitidle stem of thendplateheading closer

towards its center, slightly away from the outer ring (Sensor 2). One test was performed with no
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dummy plates in contact with the opposite end of the fuel bundle. Three tests were performed
with one dummy plate in contact with the opposite end of the bundle at three different
orientations: 6 9C°, and 180. The fuelrod that was hit in Sets-3 was also hit in the same
location for the tests in Set 4. Similar tests were performed in Set 5; however, the laser sensors
were directed towards dations on the outer and middle rings of dmeplate In addition, two

fuel rods were hit separately to develop the vibration in the fuel bundle. One iofphetedfuel

rods was the same hibd from Sets 14. The other hit fuelod was adjacent to the fusdd hit in

Sets 14. The locations of the laser sensors in Set 5 can be seen in R28fese).

A final set of tests, Set 6, was performed to analyze the natural vibration response of the
endplate as a whole. The impact hammer was utilized to strike the Impacted fuel rod #2
(referencing Figure 20) and the laser sensor was used to measure the displacement each of the 47
gaps that lie between two selected fuel rods, in order to characterize the natural vibration
response of the entire endplate. As can be seen in Figure 22, there are 18 gaps on the outer ring,

12 on the middle ring, 6 on the inner rignd 11 on the stems/webs.

Measuring the displacement and frequency at these locations would paovidieinsights
onto the dynamic behaviour of tleadplateas the fuelrod is being struck. The complete test

matrix can be seen in Tallle
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Figure 22 Front of vi e wenddlateiddntdying theeghps letweed thesfidek
rods
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Figure 23a-e): Laser sensors pointing at different locations on thendplate
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Table 2: Matrix of performed tests

Component Set#| Test| Dummy Dummy Fuel EndplateLaser
# | Endplatel | Endplate2 | Rod Sensor Locations
Struck
Setl| 1-1 | removed | removed 1 -
2-1 0° removed 1 -
2-2 45° removed 1 -
2-3 o0° removed 1 -
2-4 135 removed 1 -
S2o5 [ 180 | removed | 1 -
2-6 225 removed 1 -
2-7 270 removed 1 -
Fu$(lal;{t() d 2-8 315 removed 1 -
31 0° 0° 1 -
3-2 45° 0° 1 -
3-3 90° 0° 1 -
3-4 135 0° 1 -
S35 [ 180 0° 1 i
3-6 225 0° 1 -
3-7 27¢° 0° 1 -
3-8 315 0° 1 -
4-1 | removed | removed 1 Outer Ring
4-2 | removed 0° 1 Outer Ring
Set4 4-3 | removed 90° 1 Outer Ring
4-4 | removed 180 1 Outer Ring
5-1 | removed 0° 1 Upper Outer Ring
Endplate 5-2 | removed 0° 2 Upper Outer Ring
Test 5-3 | removed 0° 1 Upper Middle Ring
Set 5 5-4 | removed 0° 2 Upper Middle Ring
5-5 | removed 0° 1 Lower OuterRing
5-6 | removed 0° 2 Lower Outer Ring
5-7 | removed 0° 1 Lower Middle Ring
5-8 | removed 0° 2 Lower Middle Ring
61 | removed 0° 5 18 locations on the
Outer Ring
o 12 locations on the
Endplate 6-2 | removed 0 2 Middle Ring
Test Set6 R 6 locations on the
6-3 | removed 0 2 :
Inner Ring
o 11 locations on the
6-4 | removed 0 2 Stems/Webs
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In addition to the determination of the displacement and the natural frequeheyfoel
rod, the damping ratio, was calculated using equation (1) based on evaluating the logarithmic

decrement of thg/].markersd responses

- (1)

wherey: andyn are the amplitude of the first peak ahdn™ peak, respectively.

3.3 Analytical Theory

The Photron Nows High Speed Camenaas utilized to capture small vibrations of
objects in response to being excited by the impeehmer or when subjected to an initial
displacement. The camera can take a minimum of 1,000 frames per second at maximum 1024 x
1024pixel resolution. The camera is able to take more frames per second when selecting a
coarser resolution, i.e., a resolution of 128 x 16 allows the camera to take 1,000,000 frames per
second[68]. It should be noted that a coarser resolution will result in capturing a smaller,
focused image, and in the highest frame rates, a weaker image quality. For these tests, the

resolutionof 1024 x 1024 was maintained, while taking pictures at 5000 frames per second.

The highspeed camera is capable of saving the captured frames as an AVI video file.
Once the video has been created, the vibration response of any point of interest on the object is
captured using a MATLAB code. The code ultimately results in variations of the horizontal and

vertical displacements of identified points versus time.

A MATLAB code was developed utilizing functions from the Vision Toolbox to read and
process thevideo file. The success of the technique relies on proving a high level of contrast

between black and white tones to be able to decern the displaces@mse of the fuel rods
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there is a low level of contrast in that pizekion the selected point will be lost at some instant
during the video, or it will not be selected at all. In order to create high levels of contrast on the
vibrating object, a dark/black marker must be placed on the vibrating object at the location of
interest in order to create as chucontrast in the captured video as possible. This way, more
points can be captured in the data analysis process, giving further insight about the dynamic
behaviour of the object in that locatiowhen a point of contrast is detected and ready to be
tracked, a coloured symbda.{, awhite plus sign) is placed on that point to indicate the selected
pixel. The set of xand y coordinates of each of the selected points are stored and later the
displacement at each point is obtained by the subtractingorigeal location vector at

successive frames.

Before looping over the full set of frames in the video, a few parameters must be defined.
Firstly, the scale in the horizontal and vertical directions in the image must be set. The scale in
one direction, whether horizontal or vertical, is the ratio between the distangiirmeters that

spans across the image to the number of pixels in the same respective direction, as per equation

).

- )

wheresis equal to the scald,is equal the distance in millimeters, gns the number of pixels.

Before recading, a ruler is placed above the vibrating object on the same vertical plane as the
object so that the scale can be set adequately. Theoretically, when the object moves in that
vertical plane, the displacement in any direction can be measured according to that respective

scale.
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The selected frame ratE)(at which the higkspeed camera will record is a key parameter
in the MATLAB code to correctly represent th

analysis process. Each framewill span a caain amount of time[, as per equatior8)
wo - ©)

The time variable starts € 0) at the first frame, and incrementally increasesZbyor each
frame. Therefore, the time at the last frame N) represents the total duration betvideo in

real time, wheré\ represents the total number of frames in the video.

The initial ¥ and y coordinates of a selected poik) @re identified in the first frame

using the previously identifiedisplacemenmatrix P, as per equatio) and 4b).
w 0 Tp (4a)
w U O (4b)

For every following frame, the time and the coordinates of the selected/tracked points are

determined using equatiors)((6a), and 6b) respectively.

0 00 (5)
® 0 Op (6a)
®w U Oc (6b)

The displacement response of the selected point at any frame is determined with respect to the
initial x- and ycoordinates in the first frame. Hence, the horizontal and vertical displacements at

framei areas shown in equationgg) and {b)
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W W w (7a)

AR (7b)

The x andy displacements of each frame are recorded in their own respective column vectors.
The displacement vectors are plotted versus the similargtucted time vector to show the
transient response of the selected points. In addition, once the transient response of a point is
determined, the Fast Fourier Transform of the displacement may be determined to show the

dominant frequenesof that response.

3.4 Validation of Measurement Techniques

For validating the vibration measurements of the camera, one of the laser sensors was
used to measure the displacement of the same points of interest. The laser sensor was installed in
the proximity of asteelcantilever beansupported as aantilever beam, seen in Figu2é at a
limited distance to measure the vibration response. The displacement measured by the sensor
was compared to the displacement measured by theshggd camera. The displacement
response of the markers on theamis displayed in Fjure 25 after being analyzed using the
captured video by the camera. FiguBésand27 show comparisons between the displacement
and frequency response at one location obtained using the motion capture technique and the laser
sensor. The frequency response validates the responses obtained by-gpeétybamera and
the laser sensor. The fundamental frequency of the cantilever beam is determined as 30.9 Hz.
The closed form solution for the fundamental frequency of a vibrating cantilever[66his

deternined as:

] o® ¢ — (9)
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whereE, I, m, and L arehe modulus of elasticity, the cressctional moment of inertia,

the mass per unit length, and the free vibrating length of the beam, respectively.

The beam has a cross sectional afea8® mm x 4.9 mm. The free length of the meter
stick was measured as 36 cm. The modulus of elasticity and density are 200 GPa and 8050 kg/m
respectively. Therefore, the natural frequency of the vibrating meter stick is calculated to be 30.5
Hz [69]. As can be seen in Figuds, the natural frequency determined linyth the camera and
laser sensor agree well with the fundamental frequency of the meter stick determined

theoretically by equation (8).

Disp 2 Disp 3 Disp 4

Figure 24: Vibration of a steel meter stick being captured by the higkspeed camera and a

laser sensor after being struck by an impact hammer
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Vertical Displacement vs. Time
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Figure 25: Displacement Response of the meter stick captured at multiple locations
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Vertical Displacement Vs. Time
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Figure 26: Displacement Response at one of the markers: by the camera (orange) and by

the laser sensor (blue)
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Figure 27: Frequency Response at one of the markers: by the camera (orange), and by the

laser sensor (blue)
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3.5 Forced Excitation Experiments

SupportAssembly

Figure 28 Adjusted experimental setupto evaluatethe endplated gibration response
In orderto get a complete picture about the dynamic responseof the fuel bundlé s
endplate a sine sweeptestwas conductedusing an electrodynamichakerin orderto detectthe
endplaté sesonanfrequenciesA sinesweepis a testwherean electrodynamichakerinduces
forced vibrationin ano b j esarfadeacrossa wide rangeof frequenciesn orderto seethe
o b j eresdnénfrequenciesin theimpacthammertestsin the previouschapterthefuel bundle
andthe manufactureasetest sectionwere clampedto the surfaceof a heavyblacktoptable.
Whenperforminginitial testswith the shaker,at certainfrequenciesthe blacktoptable beganto
vibrate.If a sinesweepwasconductedn the bundlewhile supportedn this blacktoptable,any

othervibration from outsidesourcescould heavily affectthe dynamicbehaviourof the endplate
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andcouldthereforesignificantly altertheresults.This could be attributedto the smallamplitudes
of displacementhatthe endplateproducesvhenexcited.

To addresghis issueandto minimize any impacton the results the fuel bundleandits
basetest sectionwas moved away from the table and anchoredto the ground The basetest
sectionwas manufacturedvith 10 1/4-inch holesin orderto bolt it into any surfaceif required.
Four of thoseholeswere utilized to bolt the basetest sectioninto the ground Similarly, the
shakemwasattachedo the endplateat severalocations which requiredthe shakerto be raisedto
higher elevations.In order to do so, severalaluminum blocks were manufacturedand were
placedbeneatithe shaker.The shakersits on a platformwith four throughholes(two on either
side). Thealuminumblocksweremanufacturedvith two identicalthroughholesin orderbolt the
shaker, along with two aluminum blocks with identical heights, into the ground. This
arrangemenivould ensurethattherewould be minimal vibration from externalsourcesaffecting
thedynamicresponsef thefuel bundleasthe shakelis applyingthe continuoudorce.

The shakeris controlledby a power amplifier wherethe frequencyand voltage figaino
canbe controlled.Raisingthe gainon the poweramplifier raiseshe force amplitudeat which the
shakervibrates.For theseexperimentsthe gain suppliedto the shakerwaskeptat 2.0 V which
keptthe force exciting the endplateat around20 N. It is importantto notethatwhenconducting
the sinesweepthe force inducedby the shakemnwould slowly declineasthe frequencygradually
increasesTherangeof the force waskeptbetween22-23 N at lower frequenciego about16-17
N at highe frequencie®f thetest.

A 20 cmlong 10-32-inch threadedod thatis attachedo the headof the shakerin order
to makecontactwith thetestedobject.At the otherendof thethreadedod is aforce sensorThe

ideaof the force sensors thatwhenthe shakerforcesthe rod forwardstowardsthe bundle,and
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the bundleresiststhat forward motion backtowardsthe shaker the piezoelectriccrystalin the
force sensoris squeezedwhich then producesa voltage. This signal gets transmittedto the
signalconditioner,thento the dataacqusition deviceandthento the computerso the force can
be consistentlymonitoredat eachfrequency.In addition,an FFT analysiswas performedon the
force dataandtheresultingfunctionwasutilized to createthe resultingtransferfunctionfrom the
sinesweeptests.

The force sensorhastwo 10-32-inch threadedholeson either end so that two threaded
rodscanbe attachedn both sides. As mentionedthe threadedod is attachedrom onesideto
the shakey anda shortthreadedod adaptoris attachedo the otherside Onesideof the adapter
is a short 10-32-inch threadthat attacheso the force sensor.On the other side of the thread
adaptoris a short M5 threadwhich is attachedto a customdesignedspecially manufactured
aluminumpiecewhich actsasthe fixation betweenthe shakersetupandthe crosssectionof the

endplate

Fixation (Clam
—
Force sensol

M

Laser Senso

Figure 29: Photo of the shaker setupconnectionto the endplate
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Figure 30: Manufactured fixation pieceto attach the shaker setupto the endplate

The fixation comprisesof two metal componentsan aluminumblock, and a steel strip.
The aluminumblock which hasan M5 threadecdhole for the shakersetupto passthroughand
ultimately makecontactwith the fuel bundlé endplate The aluminumblock also comeswith
two smallthroughholessothattwo smallOi 8C-inch stainlesssteelscrewscanpassthrough.The
steelstrip is the metal piecethat lies in the gap betweenthe endplateand the fuel rods. The
thicknessof the spotweld connectinghefuel rodsto the endplateas slightly lessthan2 mm. So
the steelstrip was manufacturedvith a thicknessof 1.5 mm sothatit could fit nicely between
the endplateandthe fuel rods. The steelstrip has2 identicalholesto the onesin the aluminum
piece;however theyarethreadedwith a Oi 80-inch thread.The aluminumpieceis placedon top

of the steel strip and the two 0i 80-inch screwshelp the aluminum piece clamp againstthe
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endplateandthe steelstrip. The aluminumpieceis designedvith a small2 mm x 4 mm cutinto
its bottomfacein orderfor the crosssectionof the endplateto sit in this gapwith atight fit.

This fixation is critical to the experimentsconductedon the endplate It was crucial for
the fixation to havea tight fit againstthe endplateso that the threadedrod coming from the
shakerdoesnot separatdrom the endplate If the threadedrod is periodically impacting the
endplatewhile the endplates vibrating, the threadedod will not be exciting the endplateat the
samelocationon the endplateeverytime. It will impacta slightly differentlocationuponeach
strike. That is why it was essentialthat the fixation is tightly strappedaroundthe endplate
thereby ensuring a tight fixation betweenthe shaker/threadedod and the endplate This
arrangementesultsin the shakerexciting the endplateby applying an impulse ratherthan an
impact.For thatreasontoo, the force inducedby the shakerwaskeptrelatively low (around20
N asmentionedbefore),in orderto maintainthatfixation betweerthe shakerandthe endplate It
wasestablishedhata largeforce wasnot necessarilyequiredto detectthe resonanfrequencies
of theendplate

A lasersensomwas usedto measurehe displacemenat eachlocation of intereston the
endplate The lasersensorwas attachedo a rigid Unistrut steelframe via an aluminum piece
manufacturedpecificallyto hold thelasersensoduringtests.

It is importantto notethat one of the dummyendplats, which mimicsthe presencef a
neighbouringbundle next to the testedfuel bundle,was bolted onto the frame from the other
side. Since essentially,in the cooling processof the fuel, the heavywater flows into the fuel
channelthroughthe 12 fuel bundlesin the pressurdube this experiments simulatingthe heavy

waterimpactingthefirst fuel bundleasit pressesgainsthe bundles right behindit.
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Figure 31: Front view of the fuel b u n d éndpiatedisplaying all the locations of

measurement
As depictedin Figure31, the 37 fuel rodsare spotweldedto the fuel bundlé sndplate
18 rodslie on the outerring, spaced®0 degreedrom eachother.12 rodslie on the middlering,
spaced30 degreesawayfrom eachother.Six rodslie on theinnerring, spaced0 degreesaway
from eachother. When observingthe exactlocation of the rodsfrom Figure 31, it canbe seen
that the structuralgeometryof the endplateis perfectly symmetricalwhen comparingthe right
half to the left half. However,the placementof the fuel rods is not exactly symmetricwhen

comparingtheright half of the endplateto theleft half. Whenobservingthe long stemthatspans
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throughthe points S1,S7,S10,and S11,the fuel rodsto the right (OR18,MR12, andIR6) are
muchcloserto the long stemcomparedo thefuel rodson its immediateleft (OR17,MR11, and
IR5).

It wasinitially attemptedo divide the endplateresponsento six equalfractions,since
the stemsconnectingthe rings acrossthe endplateare equally spacedHowever,dueto the lack
of symmetryof thefuel rods,the entirevibrationresponsef the endplatehadto be measureds
therewould mostlikely beauniqueresponsecrosseachof the six fractionsof theendplate

Betweeneachfuel rod is an emptyspacewhereit wassuspectedherewould be a higher
amplitude of vibration comparedto the locationson the endplatewhere a fuel rod was spot
welded.Likewise, to the numberof fuel rodson eachring of the endplate therewasa matching
numberof empty spaceso measurehe displacement18 on the outerring, 12 on the middle
ring, and6 ontheinnerring. Accompanyinghese36 emptyspacesarell stemsconnectinghe
rings of the endplatetogether,forming the completestructureof the endplate As previously
mentionedtherearesix stemsconnectingthe outerring to middlering (S1,S2,S3,S4,S5,and
S6) spacedequally at 60-degreeincrements There are three stems at equal 120-degree
incrementsapartfrom the other connectingthe middle ring to the innerring (S7, S8, and S9).
And two stemsconnectthe inner ring to the wherethe centralfuel rod is spotweldedto the
endplatg S10andS11).

The shakerwas placed at 3 separatelocations: O1, M1, and I1. After conducting
preliminary experimentswith the shaker,it was discoveredthat the endplatevibrateswith a
much higher amplitudetowardsthe top half comparedto the bottom half sitting on the base
Therefore,in orderto excite the endplateto producethe highestdisplacementthe shakerwas

placedat the top of eachof the endplaté $hreerings. It wasredundanto conductsine sweeps
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along severalpoints on the samering asit would mostlikely producerelatively similar results
with lower amplitudes of vibration, dependingon how high the shakeris placed.

The sine sweepwas conductedfrom a frequencyrange of 10 Hz to 200 Hz. The
frequencyof the shakemwasincreasedncrementallyby 1 Hz from 10 Hz to 50 Hz. From 50 Hz
to 100 Hz, the frequencywas raisedby incrementsof 2 Hz. And from 100 Hz to 200 Hz, the
shakerfrequencywasincreasedy incrementof 5 Hz.

As canbe seenin Figure 31, thereare84 pointsof intereston the endplate Thereare 37
pointsto measureasto wherea singlefuel rod is spotweldedonto the endplate The other47
locationsaregapsthatlie betweerthefuel rods.Similar to the numberof rodson eachring, there
are18 gapson theouterring, 12 gapsin theinnerring, six gapsin theinnerring, onecentralrod
in the middle, but therearealso 11 stemsthat connectthe threerings together thuscreatingthe
geometry of the endplate With the shakerattachedat one of the 84 locations, the laser
displacemat sensomwas utilized to measurehe vibration of the other83 pointsin orderto get
the completedynamicresponsef the endplatewhenexcitedat a single point. Due to the small
sizeof the endplateonly onelasersensorcould be utilized at atime. As aresult,this sinesweep
was conducted3 timesso that simultaneouslythe lasersensorcould measureahe displacement
atasinglepointwhile the sinesweepwasconductedA MATLAB codewaswrittento supplyan
externalsignalto the power amplifier controlling the shakerto automaticallyconductthe sine
sweep.The frequencyof the sineforcedinducedby the shakeremainedconstantfor 6 seconds

beforeshifting to the nexttestingfrequency.
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Table 3: Matrix of performed tests

Shaker Location | Testing Frequencieg Points Measured
o1 10 Hz- 200 Hz 83:OR1-OR18, MEMR12, 11-IR6, S1S11, C1
M1 10 Hz- 200 Hz 83:01-OR18, MRtMR12, 11-IR6, S1S11, C1
11 10 Hz- 200 Hz 83:01-0R18, MEtMR12, IREIR6, S1S11, C1

Table 4: Matrix of testing frequencies for the sine sweep tests

Testing Frequencieg Frequency Interval
10 Hz- 50 Hz Incrementally increasing by 1 Hz
52Hz-100Hz Incrementally increasing by 2 Hz
100 Hz - 200 Hz Incrementally increasing by 5 Hz

Thedisplacementesponsers. time wasmeasuredy the lasersensomandsimultaneously
convertedinto the frequencydomainvia FastFourier TransformMATLAB codein order to
display the dominantfrequenciesas eachtesting frequencyof the sine sweepwas completed.
The dominantpeakin the power vs. frequencygraph was always the testing frequencyin
guestion. However, the amplitude of power would vary dependingon the frequency. The
maximumpoweramplitudeof eachtestingfrequencywastaken,anda maximum powercurveor
power spectrumwas producedby creatinga function sweepingacrossthe maximum power

amplitudeof eachtestingfrequency The highestpoweramplitudesndicatea resonanfrequency

of theendplate
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Chapter 4. Dynamic Response of the Fuel Rods

4.1 Fuel Rod and Initial Endplate Results

Figures32 and 33 present the displacement and frequency responses for a single test in
Set1, where no dummyendplate were in contact with the fuel bundle. Fig®d2 shows the
displacement and frequency at the ends of therfwklwhere the data was obtained using the
laser sensors (Markers #1, 2, 8, and 9). Fi@3rdepicts the displacement and frequency in the
middle of the fuelrod, where the data was obtained using the camera (Marker3. #ihe
displacement and frequency responses for tesfrdam Set 2 are shown in Figur&gd and 35,
where oneendplatewas in contact with the fuel bundle. Figur8 and 37 show the
displacement and frequency responses for test in Set 3. Fablmmarizes the experimental
results of the vibration response of the impacted fadlin each tesincluding the dominant
frequencies and damping ratidsable 6 summarizes theominantfrequencies of thempacted
endplateat several locations under different conditiofise displacement and frequency plots of

each of the 21 testeom Set 1 to Set Ban be seen ithe Appendix.
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Table 5: Damping Ratios and Dominant Frequencies of the Impacted Fu®od under

different conditions

Test Averaged Damping Dominant Frequencies (Hz)
Ratio* at Markers #1, 2, 8,9 | at Markers #37 (Camera)
(Sensor)
Test 11 1.1% 35 35
Test 21 1.3% 36 35
Test 22 1.1% 35 35
Test 23 1.2% 36 35
Test 24 1.1% 36 35
Test 25 0.8% 36 35
Test 26 1.2% 36 35
Test 27 0.8% 35 35
Test 28 1.3% 36 34
Test 31 1.1% 36, 39 35, 39
Test 32 1.2% 36, 39 34, 39
Test 33 1.3% 36, 39 35, 39
Test 34 0.9% 36, 39 34, 39
Test 35 1.0% 36, 39 34, 39
Test 36 1.1% 36, 39 34, 39
Test 37 1.1% 36, 39 34, 39
Test 38 1.1% 36, 39 34, 39
* Damping ratio is averaged using t
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Table 6: Dominant Frequencies of the ImpactedEndplate at several locations under

different conditions

Test Location on th&endplate Dominant Frequencies (Hz
4-1 Outer Ring 12, 23, 35
4-2 Outer Ring 12, 35
4-3 Outer Ring 12, 34
4-4 Outer Ring 12, 35
51 Upper Outer Ring 11, 27, 35, 52
5-2 Upper Outer Ring 11, 27
5-3 Upper Middle Ring 34
54 Upper Middle Ring 34
55 Lower Outer Ring 24, 35%, 72
5-6 Lower Outer Ring 35* 75
5-7 Lower Middle Ring 36, 52
5-8 Lower Middle Ring 38, 54
6.1 18Iocation§ on the Outer 2230, B+
Ring
6.2 12 Iocations_ on the Middle 21. 30, 37
Ring

6-3 6 locations on the Inner Rin 22,30

11 locations on the -
6-4 Stems/Webs 22,30, 37

* A cluster ofdominantfrequencies (338 Hz) is present

** A cluster of dominantfrequencies (389 Hz) is present
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Displacement Response at Camera Locations (Test: 1-1)
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Displacement Response at Laser Sensor Locations (Test: 2-4)
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Displacement Response at Laser Sensor Locations (Test: 3-1)
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Figure 38 Captured Response aendplatelocations for Test 41 (0 plates)
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End Plate Displacement - 1 Dummy Plate (0° Orientation)
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Figure 39: Captured Response aendplatelocations for Test 42 (1 plate, 0°
orientation)
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End Plate Displacement Response (Test 5-2)
0.03

| —Disp1l (left) —Disp2 (center) —Disp3 (right)

0.02

0.01

H‘ |. “ ll' |f;
W; | v‘: LA

Displacement (mm)
o

-0.01

-0.02
-0.03
0 0.5 1 1.5 2
Time (s)
End Plate Frequency Response (5-2)
1.00E-02
| —PSD1 (left) —PSD2 (center) —PSD3 (right) |

8.00E-03
~
.iE 6.00E-03
£
£
£
Q
2 4.00E-03
[=]
(-9

2.00E-03

0.00E+00 e =

0 50 100 150 200
Frequency (Hz)

Figure 40: Captured Response aendplatelocations for Test 52 (Fuel Rod #2)
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Figure 41: Captured Response aendplatelocations for Test 57 (Fuel Rod #1)
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