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ABSTRACT

This paper provides an experimental characterization of the dynamic response of a mock-up CANDU 37M
fuel bundle. The mock-up fuel bundle contains Molybdenum pellets to mimic the presence of the standard
Uranium dioxide pellets. The experiments are performed using a combination of high-speed cameras, laser
vibrometers, an impact hammer, and a modal shaker. A custom designed setup was manufactured to
replicate the contact dynamics between the bundle and the surrounding pressure tube. Also, the contact
between the fuel bundle and the neighbouring fuel bundles are replicated using dummy end plates. The
results show that the fundamental frequency of the fuel rods changes depending on the contact conditions.
Moreover, the end plates experience a complex vibration response with multiple vibration frequencies, that
include the fundamental frequency of the fuel rod. A summary of the results is presented in the paper.

INTRODUCTION

Fuel bundles are crucial for the operation of Canada Deuterium Uranium (CANDU) nuclear power plants.
They contain 37 zirconium rods and are welded at both ends to two end plates with identical geometries.
Inside each zirconium rod are 24 Uranium dioxide pellets which are used as the fuel for the CANDU
reactors. The bundle is about 0.5 meters in length and 0.1 meters in diameter. The total mass of the bundle
is about 21.4 kg. Inside the CANDU reactor, are hundreds of fuel channels. In each fuel channel, there are
12 fuel bundles placed longitudinally in a row one after the other.
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Figure 1. Bundle Characterization Measurement at Sheridan Park Engineering Lab.

During the cooling process, the heavy water coolant flows through the fuel bundles inside the fuel
channel to transmit the heat generated in the fission reaction. The coolant flows at about 24 kg/s in each
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fuel channel which can cause the bundles to experience flow induced vibration. The bundle’s vibration
behaviour can lead to several issues overtime, such as structural damage, fatigue, and fretting wear. In
addition, the fuel rods and end plates are susceptible to structural deformation which allow the bundle to
experience phenomena such as end plate doming, bundle parallelograming, and localized deformation of
the outer ring of the end plate. Dennier et. al. (1994) illustrated the structural deformation that the bundle
experiences and can be seen in Figure 1.

In order to alleviate this issue, the dynamic characteristics of the fuel bundle must be investigated.
The first step of such an investigation would be to examine the dynamic characteristics of a single fuel
bundle. Such an examination includes obtaining the natural frequencies, amplitudes of displacement, and
mode shapes of the fuel rods and end plates. This paper aims to do so experimentally. Experimental modal
analysis was conducted on a replica of the CANDU 37M fuel bundle. The analysis was conducted by means
of an impact hammer, electrodynamic shakers, laser displacement sensors, and high-speed cameras - a new
non-invasive method of experimental modal analysis that has matured over the last decade. Traditional
methods of vibration measurement entail the use of accelerometers and strain gauges, which need to be
physically attached to the object in question. While this is acceptable for larger objects, the physical
attachment of an accelerometer or strain gauge may significantly alter the true dynamic behaviour of the
bundle.

EXPERIMENTAL SETUP AND METHODOLOGY
Natural Vibration Tests

A specially designed setup was manufactured for the vibration tests of the bundle. A large aluminium base
plate accommodates five aluminium frames that support the fuel bundle during the tests. The fuel bundle
has 5 rings of bearing pads that travel around the outer ring of fuel rods. The purpose of these bearing pads
is to provide physical separation between the fuel rods and the pressure tube as the bundle sits in the fuel
channel during operation. The contact dynamics between the pressure tube and the bearing pads is
replicated by the 5 aluminium frames in the support assembly. Each frame contains a semicircular cut with
a diameter of 103 mm, which is the exact diameter of the pressure tube. It was crucial that the alignment
and height of each frame were maintained with a small tolerance (+ 10t”). This was done so the bundle can
sit level on each frame without any differential in height and so it does not sit skewed to the right or left
along its length. The overall distance from the closest edge of the first frame to the furthest edge of the fifth
frame is 495 mm, which is the exact length of the fuel bundle itself. It is important to note that instead of
five frames, initial designs of the support assembly contained one large block with an identical semi-circular
sitting on top of the base. However, the block was replaced with the five frames in order to provide as much
visual access to the bundle as possible. Seeing as the experimental modal analysis was conducted using
non-invasive technigques with the high-speed camera and laser displacement sensors, it was important to
maximize the physical and visual access to the lower half of the bundle, and not just the top half.

(a) CAD model of the support assembly (b) The fuel bundle sitting on the support assembly

Figure 2. Designed Support Assembly.
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Each frame has a width of 8 inches and a height of 4 inches. However, the three middle frames
have a thickness of 1.5 inches long, to accommodate the full length of the bearing pad. The two remaining
frames on the edges of the setup, have an extended thickness of 2 inches in order to reach from the fuel
bundle’s end plate to the first row of bearing pads. This was done in a manner so that the furthest face of
the two edge frames was parallel in line with the furthest face of the end plate. In addition, the outer face
of the edge frames contains four holes going around the circular cut of the frame, so that an aluminium
dummy plate can be bolted in at any specific orientation and make contact with the bundle. The dummy
plate has the exact same structural geometry as the fuel bundle’s end plate. This was done in order to mimic
the presence of a neighbouring bundle on either end of the actual fuel bundle being tested. As the heavy
water coolant flow passes through the 12 fuel bundles in the pressure tube, the bundles often make contact
with each other. Seeing as the bundles are free to rotate, there are different contact conditions that need to
be replicated to observe any difference in their dynamic behaviour. The dummy end plates contain eight
holes around its edge in increments of 45 degrees. Henceforth, the dummy plate can be bolted into the edge
frame in any of eight different orientations. The dummy plates can be seen in Figure 3.

The mass of the support assembly is substantially greater than the mass of fuel bundle. It was
essential to maintain this to maintain maximum rigidity of the support assembly during the vibration tests.
The fuel bundle replica was manufactured by CAMECO, with its standard zirconium sheath. However, the
actual fuel bundle contains 24 Uranium dioxide pellets that are stacked along each of the 37 fuel rods in the
bundle. In these tests, the fuel rods contain Molybdenum pellets to mimic the presence of the standard UO;
pellets. It is important to note that the density of Molybdenum (10.28 g/cm) is similar to that of Uranium
dioxide (10.97 g/cm), so the mass of the bundle is virtually unchanged. Maintaining an equivalent mass
was essential in order to ensure that the dynamic characteristics are not affected by its weight.

The fuel bundle and support assembly are placed on a heavy blacktop counter, ensuring stability
during the vibration tests. To ensure further rigidity, the support assembly is securely clamped at both ends
to the counter. Two high speed cameras are positioned in the setup: one sits approximately one meter away
level with bundle pointing at its midspan, while the other is positioned slightly higher to monitor the contact
between the fuel rods. LED lights on either side of the setup and a third Tungsten-based light stand behind
the cameras provide ample amounts of lighting for clear video capture, preventing noise in the frames. A
white trifold serves as the backdrop, creating contrast with the black markers on the bundle. An impact
hammer is utilized to measure the impact force on the fuel rods and is connected to a data acquisition system
via BNC cables. See Figure 3b for the complete experimental setup.
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Figure 3. Experimental setup of natural vibration tests.
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In order to analyze a specific area on the bundle, it was marked with a dark/black colour, by using
tape or markers. Since the high-speed camera captures images in black and white, the region of interest
subjected to vibration must appear as black in the video, while the surrounding sections of less importance,
appear in brighter/white tones. Therefore, multiple pieces of black electrical tape were placed on the bundle
to mark locations of interest on the fuel rods.

(a) Row of laser sensors placed above markers (b) Close-up of markers and laser sensors
Figure 4. Vibration measurements of fuel rods.

Figure 5a provides an illustration that indicates which fuel rod was impacted in each test. A total
of nine marked locations on the fuel rod was chosen for data collection. Black markers were strategically
placed at these positions as shown in Figure 5b. The vibration analysis was conducted using the high-speed
camera focusing on the five central markers (Markers #3, 4, 5, 6, and 7) situated at the mid-section of the
rested fuel rod. Additionally, two laser displacement sensors were positioned at markers towards the ends
of the fuel rod (Markers #1, 2, 8, and 9). These sensors are fixed to metal straps secured tightly to a steel
Unistrut structure, separate from the support assembly of the fuel bundle, ensuring dynamic isolation. Refer
to Figures 4a and 4b for visual representations of the laser displacement sensors in action.

The impact hammer was used to vertically strike the bundle at marker #4. For optimal resolution,
the camera’s focal point was directed towards the midspan of the bundle, where the fuel rods typically
experience significant amounts of deflection. The horizontal scale of the recorded video was precisely
calibrated to 149 mm per 1024 pixels, equating to a pixel-to-distnce ratio of 0.146 mm (146 um) per pixel.
Operating at a frame rate of 5000 frames per second, the camera amassed a total of 10,000 frames within a
real-time window of 2 seconds.

The experiments encompassed three distinct sets of tests, amounting to a total of 17 tests:
e Set 1: One test with no dummy plates attached on either ends of the fuel bundle,
e Set 2: Eight tests with one dummy plate attached on one end of the bundle, and
e Set 3: Eight tests with two dummy plates attached on both ends of the bundle.
These tests involved rotating one of the two dummy plates through orientations of 0°, 45°, 90°, 135°, 180°,
225°,270°, and 315°. In Set 3, only one dummy plate remained consistently at the 0° orientation while the
other underwent rotation. The inclusion or absence of dummy plates in the tests of Sets 1, 2, and 3 enabled
the observations of the different variations in the vibration response of an individual fuel rod when it
interacted with other fuel bundles positioned either on one side, both sides, or none at all.

An additional set of tests, designated as Set 4, was conducted to analyze the natural vibration
response of the fuel bundle’s end plate. The impact hammer strikes were applied to Impacted fuel rod #2
(as indicated in Figure 5a with laser sensors to measure the displacement response across the 47 gaps
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between selected fuel rods. This enabled the characterization of the end plate’s natural vibration response.
Figure 6b shows the distribution of these gaps with 18 on the outer ring, 12 on the middle ring, six on the
inner ring, and 11 on the stems/webs. In addition to assessing the fuel rod’s displacement and natural
frequency, the damping ratio, {, was calculated using equation (1). This involved calculating  through the
evaluation of the logarithmic decrement of the marker’s responses.

Y1
In(=
G

- 2n(n—-1) (1)

Where, y1 represents the amplitude of the first peak, and y, corresponds to the amplitude of the ™" peak.
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(a) Two fuel rods hit by the impact hammer (b) Impact hammer hit the rod at the 4™ marker

Figure 5. Natural vibration tests.
Forced Excitation Tests

To comprehensively assess the dynamic response of the fuel bundle’s end plate, a sine sweep test was
conducted using an electrodynamic shaker. This test involved inducing a forced vibration across a wide
range of frequencies to identify the end plate’s resonant frequencies.

During the earlier impact hammer tests, the fuel bundle and its base support assembly were clamped
to the heavy blacktop counter. However, when the shaker was introduced as an excitation mechanism,
vibrations from external sources began to affect the results at certain frequencies, primarily due to the small
amplitudes of displacement generated by the end plate when excited. To mitigate the impact any external
vibrations may have on the results, the support assembly was anchored to the ground. The base was
designed with ten 1/4-inch holes to facilitate secure bolting to surfaces. Four of these holes were utilized to
secure the support assembly firmly to the ground.

The shaker was affixed to the end plate at various points requiring the shaker to be raised to higher
elevations. This was accomplished by using specially manufactured aluminium blocks placed beneath the
shaker. These aluminium blocks featured two identical through holes, enabling the shaker to be securely
bolted to the ground. The shaker was controlled by a power amplifier with adjustable frequency and voltage
gain settings. The gain was set at 2.0 V for these experiments, maintaining a force of approximately 20 N
applied to the end plate.

To monitor the force consistently at each frequency, a force sensor was employed at the end of the
threaded rod that is attached to the head of the shaker. The force sensor features two 10-32-inch threaded
holes on both faces. While one side was linked to the shaker, the other side was connected to another short
threaded rod which was attached to the end plate via a custom-designed aluminium piece serving as the
connection between the shaker setup and the end plate’s cross-section. Similar to the impact hammer, the
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force sensor’s operation was based on the compression of a piezoelectric crystal when the shaker applied
force to the rod, the tested object resisted the motion. This compression generates a voltage signal that was
transmitted to a signal conditioner, then to a data acquisition device, and finally to a computer for
continuous force monitoring.
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(a) The shaker setup connection to the end plate
Figure 6. Forced vibration tests on fuel bundle’s end plate.

The fixation assembly comprises of two metal components: an aluminium block and a steel strip.
The aluminium block features an M5 threaded hole to accommodate the shaker setup, facilitating contact
with the fuel bundle’s end plate. Additionally, the aluminium block is equipped with two small through
holes, allowing the passage of two small 0-80 inch stainless steel screws. The steel strip lies in between the
end plate and the fuel rods, with a thickness of 1.5 mm, tailored to fit snugly between the end plate and the
fuel rods. The steel strep also features two identical holes, threaded with a 0-80 inch thread. The aluminium
block is positioned on top of the steel strip, and the two 0-80 inch screws secure the aluminium block tightly
against the end plate and the steel strip. It is important to note that the aluminium piece is designed with a
small 2 mm x 4mm cut on its bottom face enabling the cross section of the end plate to sit in this gap with
a tight fit. The fixation assembly plays a critical role in the end plate experiments, ensuring a secure
connection between the shaker/threaded rod and the end plate. The tight fixation prevents the shaker’s
threaded rod from disengaging during the vibration tests, ensuring that the shaker consistently excites the
same location on the end plate with each impulse, rather than varying impacts. Consequently, the force
applied by the shaker was deliberately maintained at a relatively low level (20 N) in order to uphold this
fixation. It was determined that a substantial force was unnecessary for detecting the end plate’s resonant
frequencies.

Figure 6b illustrates the geometrical configuration of the end plate, featuring the 37 fuel rods spot-
welded to it. These rods are distributed across three concentric rings: 18 on the outer ring, spaced at 20°
intervals, 12 on the middle ring, spaced 30° apart, and six on the inner ring, spaced 60° apart. While the
structural geometry of the end plate is symmetric when comparing its right and left halves, the positioning
of the fuel rods is not entirely symmetrical. Notably, the fuel rods to the right of the long central stem
(OR18, MR12, and IR6) are close to the stem than those on its immediate left (OR17, MR11, and IR5). In
the spaces between each fuel rod, where higher vibration amplitudes were anticipated compared to locations
with spot-welded fuel rods, there were 47 empty spaces available for displacement measurements. As
previously discussed, there were 18 on the outer ring, 12 on the middle ring, 6 on the inner ring, and 11
stems linking the rings together, forming the complete end plate structure. Six stems connect the outer and
middle rings at 60° intervals, three stems linked the middle and inner rings at 120° intervals, and two stems
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connected the inner ring to the point where the central fuel rod was spot-welded. Consequently, there are a
total of 84 points of interest on the end plate.

To achieve maximum displacement responses, the shaker was strategically positioned at three
locations: O1, M1, and I1. Preliminary experiments indicated that the top half of the end plate exhibited
significantly higher vibration amplitudes compared to the bottom half resting on the base. Thus, the shaker
was placed at the top half of each of the end plate’s three rings. The sine sweep was conducted within a
frequency range of 10 Hz to 200 Hz, incrementally increasing the shaker’s frequency. Specifically, it was
raised by 1 Hz from 10 Hz to 50 Hz, by 2 Hz from 50 Hz to 100 Hz, and by 5 Hz from 100 Hz to 200 Hz.
To capture the dynamic response of a one point of the 84 locations of measurement, a single laser
displacement sensor was utilized. Given the end plate’s small size, only one laser sensor could be employed
at a time. As a result, the sine sweep was conducted 83 times, with the laser sensor measuring displacement
at one point while the sine sweep occurred. To automate the process, a MATLAB code was developed to
provide an external signal to the power amplifier controlling the shaker, facilitating the automatic execution
of the sine sweep. The shaker’s frequency remained constant for 6 seconds before transitioning to the next
testing frequency.

The laser sensor captured the displacement response over time, which was then concurrently
transformed into the frequency domain via Fast Fourier Transform (FFT). In the resulting power vs.
Frequency graph, the most prominent peak corresponded expectedly to the testing frequency under
examination. However, the amplitude of power exhibited variability across the frequencies. To pinpoint the
resonant frequency of the end plate, the maximum power amplitude for each testing frequency was extracted
and compiled into a maximum power curve or power spectrum. This compilation highlighted the
frequencies at which the end plate exhibited its highest power amplitudes, signifying its resonant
frequencies.

RESULTS AND DISCUSSION

Figure 7a presents the displacement and frequency responses for the single test in Set 1, where no dummy
end plates were in contact with the fuel bundle. Figure 7a depicts the displacement and frequency in the
midspan of the fuel rod, where the data was obtained using the high-speed camera (Markers #3-7). The
displacement and frequency responses for a test from Sets 2 and 3 are shown in Figures 7b and 7c
respectively. Table 1 summarizes the experimental results of the vibration response of the impacted fuel
rod in each test, highlighting the dominant frequencies and damping ratios.

As can be seen in Figure 7a and 7b, the free vibration of the fuel rods when the fuel bundle is not
in contact with any neighbouring fuel bundle or only in contact with one fuel bundle, the response exhibits
a pure sinusoidal nature at a natural frequency of 35 Hz until it returns to its equilibrium position. In
contrast, when the fuel bundle is in contact with two neighbouring bundles on both sides, as illustrated in
Figure 7c, the fuel rods exhibit a “beating” response characterized by the superposition of two dominant
natural frequencies on each other. This results in a periodic modulation of the vibration over time,
culminating in a return to equilibrium. The two dominant frequencies observed are 35 Hz and 39 Hz,
resulting in a beating frequency of 4 Hz.

It is worth noting that when examining the frequency responses, the amplitude of fuel rod vibrations
is notably smaller when the bundle is in contact with neighbouring bundles on both sides compared to when
itis not in contact with any bundles or is in contact with a single bundle. This observation indicates a mutual
dependence between the dynamic behaviour of the fuel rods and the end plate on each other as this beating
response may potentially result from a coupled response vibration with the end plate. The dynamic
behaviour of one significantly influences the other. A consistent damping ratio of 1.1% can be attributed to
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the vibration of the fuel rods. It is important to note that the rotation of the dummy plates had no impact on
the results of the natural frequency or the damping.
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Figure 7. Captured responses at various natural vibration tests.

Table 1: Damping Ratios and Dominant Frequencies of fuel bundle derived from natural vibration tests.

Set Average Dominant Frequencies
Damping Ratio .
Markers #1, 2, 8, 9 (Laser Sensor) Markers #3-7 (High-Speed Camera)
1 1.1% 35 35
2 | 0.8%-1.3% 36 35
3| 09%-1.3% 36, 39 34,39

Table 2: Dominant Frequencies of the end plate at several locations.

Test Location on the End Plate Dominant Frequencies (Hz)
4-1 18 locations on the Outer ring 22, 30, 35*

4-2 12 locations on the Middle ring 21, 30, 37*

4-3 6 locations on the Inner ring 22,30

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

* A cluster of dominant frequencies (35-39 Hz) is present

Table 2 summarizes the dominant frequencies of the end plate at several locations. Figure 8 displays
the frequency responses of the gaps between the fuel rods on the outer ring, middle ring, inner ring, and
stems. Analyzing the results of Set 4 tests reveals the dominance of three distinct natural frequency peaks
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in the natural vibration response of the end plate: 22 Hz, 30 Hz, and a cluster of dominant frequencies
ranging from 35 Hz to 39 Hz, as can be seen in Figure 8. This phenomenon likely arises from the influence
that the vibration of the fuel rods has on the end plate, which has natural frequencies of 35 Hz and 39 Hz
as determined in the tests in Sets 1 to 3. The forced excitation experiments produced a more precise
determination of the end plate’s resonant frequencies. As can be seen in Figure 9, the end plate experiences
resonance in the range between 46-52 Hz across all 84 locations of measurement. The end plate also
displays dominant frequencies at 19-21 Hz, 84-88 Hz, and 150 Hz however only at some of the locations,
not consistently across all 84 locations.
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Figure 8. Captured frequency responses at various forced vibration tests.
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Figure 9. Maximum power amplitudes for the entire end plate measurement locations.

According to Figure 10, the isometric and right-side view of the end plate deformation shape clearly
indicates that the largest amplitudes of vibration occur towards the top of the end plate. These amplitudes
gradually decrease along lower heights of the end plate. The lowest amplitudes of vibration occur at the
lowest points of the end plate on the outer ring. This is due to the fact that the bottom 6-7 fuel rods are in
contact with the frames of the support assembly (in the reactor, they are in contact with the pressure tube),
which creates a resistive friction effect, impeding the vibration of the end plate at these locations. Also,
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quite obviously, the lower points of the end plate are carrying the most of the fuel bundle’s mass, which
also contributes to the smaller vibration response. To the same effect, it is important to note that, exciting
the end plate at a lower height (11) produced lower amplitudes of vibration all around the end plate,
compared to when the shaker was exciting the end plate at higher locations (M1 and O1). Therefore, it can
be concluded that exciting the end plate at lower locations will produce smaller amplitudes of vibration
across the end plate, and exciting it at higher locations will produce larger amplitudes of vibration.
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Figure 10. Deformation Shape of the end plate at 46-52 Hz.
CONCLUSION

In conclusion, this paper accurately illustrates the experimental investigation of the dynamic response of a
CANDU fuel bundle. A custom designed support assembly was manufactured to replicate the contact
dynamics between the pressure tube and the fuel bundle. A maturing, non-invasive technique of vibration
measurement was used, by means of a high-speed camera, as well as laser displacement sensors. The natural
frequency of the fuel rods was found to be 35 Hz. The fuel rods exhibit a dominant frequency of 39 Hz
when the fuel bundle is in contact with two neighbouring bundles. The end plate has a resonant frequency
of 46-52 Hz and experiences larger amplitudes of vibration towards the top, and smaller amplitudes of
vibration towards the bottom.
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