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ABSTRACT 

 

This thesis discusses the vibration response of a mock-up CANDU 37M fuel bundle. The 

experiments are performed using non-invasive methods of vibration measurement by means of 

high-speed cameras and laser displacement sensors. The contact dynamics between the fuel 

bundle and the pressure tube are replicated using a high precision custom-made setup. 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 contact conditions with the neighboring fuel bundles. Furthermore, the 

endplates exhibit a complex vibration response with multiple dominant vibration frequencies 

that include the fundamental frequency of the fuel rods. The results of this experimental work 

provide a consistent and accurate characterization of the damping ratios and mode shapes of the 

fuel rods and the whole bundle including the endplates. 

 

Keywords: nuclear fuel bundle; mechanical vibrations; structural dynamics; fluid-structure 

interaction; modal analysis 
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Chapter 1. Introduction  

1.1 Statement of the Problem 

The fuel bundle is one of the most important parts of a Canada Deuterium Uranium 

(CANDU) reactor. It contains 37 zirconium rods welded together at both ends by two endplates. 

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 are 380 fuel channels. And in each fuel channel lies about 12 

fuel bundles stacked longitudinally throughout the 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 reaction. The heavy water can reach speeds of up 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 flow-induced vibrations, which can lead to several issues such as structural 

damage, fatigue, and fretting wear. The fuel rods have been found to be structurally deformed, 

and the endplates have been found to be warped and distorted. These issues have been linked to 

the acoustic pressure pulsations generated by the primary heat transport (PHT) pumps triggering 

an excessive vibration response by the bundle. This issue is aggravated if external excitation 

frequencies, such as those from the PHT pumps, align with the natural vibration frequencies of 

the fuel bundle.  
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1.2 Motivation  

The motivation of the work performed in this thesis is mainly due to several issues that 

have been recorded with the CANDU fuel bundle. By gaining an understanding of these 

parameters, it would become possible to predict where the bundle is most susceptible to 

excessive vibration and deformation. To date, there is little knowledge about the dynamics of 

fuel bundle structures. With precise knowledge of its dynamic behaviour, the 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 vibration-related problems. The 

existing design of the bundle could be redesigned in order to formulate effective mitigation 

strategies that can be applied to address the current issues. This endeavour not only enhances the 

safety and reliability of CANDU fuel bundles, directly benefiting the Canadian economy, but 

also provides valuable insights for potential use in future CANDU reactors. Therefore, a 

thorough understanding of the fuel bundleôs dynamic characteristics is crucial. 

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 bundle. This characterization involves obtaining the 

modal parameters of the fuel rods and endplates. These modal parameters include obtaining the 

natural frequency, amplitudes of displacement, and different modes of vibration. The objective 

of this thesis also aims to further advance the use of non-invasive methods of vibration 

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

This thesis will first 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 non-invasive 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 analysis, such 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 tests. In 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 in this section as well as the validation of using 

said technique. 

The results of the experiments are split into the two following chapters: fuel rod results and 

endplate results. 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 and the endplate. 

Likewise, the endplate results chapter depicts the dynamic behaviour of the endplate when it is 

subjected to a continuous forced vibration from an electrodynamic shaker while a laser 

displacement sensor monitors the vibration of the endplate at several locations across its 

geometry. The displacement responses are gathered and analyzed by observing the dominant 
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frequencies after conducting Fourier Transforms on the transient data. The deformation plots of 

the endplate are also shown in the results to give an idea as to how the endplate vibrates at its 

resonant frequencies. 
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Chapter 2. Literature Review 

2.1 The Fuel Bundle 

 The CANDU fuel bundle consists of 37 rods, made from a Zirconium-based alloy, welded 

at both ends to two identical Zirconium endplates to keep the rods in place. The total weight of 

the Zirconium shell of the bundle (including the two endplates) is about 2.2 kg and the total 

weight of the Uranium dioxide fuel that sits inside the Zirconium rods, is about 19.2 kg. Thus, 

the total weight of the bundle is around 21.4 kg. The diameter of the bundle is about 10 cm, and 

its length is about 50 cm [1]. In each of the 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 rod [2].  

 Zirconium is used in a lot of nuclear applications due to its low neutron absorption rates, 

high corrosion resistance, as well as 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 sustain a maximum level of efficiency for the subsequent energy production. [3]. 
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Figure 1: CANDU 37M Fuel Bundle 

 The fuel bundle consists of 7 different components as displayed in Figure 1, [4]. The 

different components are: 

¶ Endplate 

¶ Fuel rod 

¶ Bearing pad 

¶ Spacers 

¶ End cap 

¶ Spot weld 

¶ Uranium dioxide pellet 

Fuel Rod 

Bearing 

Pad 

Endplate 

End Cap 

Spot Weld 
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 Six of these seven components are made from a Zirconium based alloy. The fuel rod is a 

thin walled sheath with an outer diameter of 13.1 mm and an inner diameter of 12.2 mm. This 

design gives the fuel rod a wall thickness of 0.45 mm and just 0.1 mm of clearance around the 

inner diameter of the rod, for the Uranium dioxide pellets, which are 12 mm in diameter, to fit 

inside it.  

 Around the outer ring of fuel rods, there is an array of small rectangular extrusions at the 

midspan of the rods and in a staggered pattern towards the edges. These extrusions are called 

ñbearing pads.ò Their purpose is to keep the outer ring of fuel rods from coming into contact 

with the surrounding pressure tube located within a fuel channel of the CANDU reactor. 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 called ñspacers.ò Every fuel rod 

has a spacer facing the fuel rod adjacent to it. The primary function of these spacers is to ensure 

that the thin-walled fuel rods do not come into contact with one another while the bundle 

experiences any flow-induced vibrations from the heavy water coolant, as repetitive impacts 

from the rods against one another can lead to structural damage.  

 An end cap is placed on either end of each fuel rod, fully enclosing it so the Uranium 

dioxide pellets can securely sit inside. On top of the end caps, each fuel rod is spot-welded at 

either end to a specifically designed endplate to form the tube-bundle structure. The endplate 

geometry consists of three rings: 

¶ An outer ring ï which supports 18 fuel rods 

¶ A middle ring ï which supports 12 fuel rods 

¶ An inner ring ï which supports 6 fuel rods 
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In addition to the 36 fuel rods, the endplate also supports the 37th fuel rod right at its center. A 

series of stems, or more commonly referred to as ñwebsò connect the 3 rings and the central rod 

together at 60-degree increments around the endplate.  

 Inside the CANDU nuclear reactor, there are 380 fuel channels that travel horizontally 

from one end of the reactor to 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 they are sitting inside the fuel channels. During operation, the fuel 

bundles are free to move and rotate when subjected to the heavy water coolant that flows through 

them. 

 

Figure 2: CANDU Reactor Fuel Channel Assembly [5] 
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2.2 Fuel Bundle Incidents 

In 1990, a routine fueling operation on Channel N12 of the reactor of Unit 2 at Darlington 

Nuclear Generating Station was cancelled as a result of complications experienced when 

attempting to insert a pair of fuel bundles recycled from another channel [6]. Ensuing 

investigations revealed that the seven center fuel elements from the downstream bundle had 

broken loose from the endplate and regular refueling could not be completed. The coolant flow 

displaced the seven elements past the fuel latch which barred any additional fuel bundles from 

being placed into the channel. 

 In the 1990 incident, there was clear structural damage to those seven fuel elements. The 

endplates were deformed under the high drag forces and flow induced vibrations of the coolant 

heavy water formed during the cooling process [6], [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 surface of the fuel channel. Further examinations indicated that the deformation in 

the endplate was caused by the axial response of the fuel string to the channel acoustics brought 

about by the 5-vane pump impellers [7]. The investigations of the endplate waviness highlighted 

phenomena such as endplate ñdoming,ò ñbundle ñparallelograming,ò and localized deformation 

of the endplate of the endplate outer ring, displayed in Figure 3, provided by Dennier (1994) [7]. 

 The fuel bundle vibration problem is exasperated if an external excitation frequency, such 

as that generated by the Primary Heat Transport (PHT) pumps, 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. 
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 To comprehend these phenomena, the dynamic behaviour of the fuel bundle including its 

endplates 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 consider the impact on the endplates. The characterization of the fuel 

bundle is achieved by evaluating its modal characteristics such as the natural frequencies of the 

different modes of vibration. 

 

Figure 3: Bundle Characterization Measurement at Sheridan Park Engineering Lab [7] 

 It is important to note that, according to the International Atomic Energy Agency (IAEA) 

in 2010, less than 0.01% of CANDU fuel bundles underwent structural issues or malfunctions 

between 1994 and 2006 [8].  
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 MacDonald et al. (1990) outlined that there are tools installed inside CANDU nuclear 

reactors to identify and discover the smallest of defects in any of the fuel bundles [9]. Several 

procedures and techniques are utilized as well to determine the severity of the defects. 

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 rods. A program was launched by AECL in 1974 to 

investigate the vibration behaviour and fretting in nuclear fuel assemblies [10]. Paidoussis (1976) 

described a numerical model for the dynamics of fuel strings subjected to axial flow [11]. A 

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 the reactor. 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 that of the 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 [12] [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, coupled-mode flutter, and buckling [15]. 

Pettigrew et al. (1998), published an extensive summary of the 25 years of work at the 

Canadian Nuclear Laboratories surrounding the topics of flow-induced vibration in nuclear 

power plants, from fuel bundles to steam generators [16]. In their summary, they reported the test 
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results of early the fuel bundle designs. As can be seen in Figure 4, the significant vibration 

frequencies of the fuel elements occurred at 30 Hz and 50 Hz [17].  

 

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 on damping mechanisms and vibration excitation mechanisms 

[18]. They outlined the need for more experimental investigations to be conducted with two 

phase mixtures other than air-water two phase mixtures. Pettigrew et al. (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 occurring flow-induced 

vibration issues that are present in CANDU reactors to date [19]. They also identified that the 

components that have gone through specific design alterations to account for flow-structure 

interaction behaviour, do not experience the negative side effects of flow-induced 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 avoid the recurring issues. 

More notably, following the work of Dennier in 1994, Yetisir and Fisher (1997) 

investigated both numerically and experimentally the effects of turbulence excitation as a 

possibility to the fretting wear damage that was caused by the fuel bundleôs bearing pads on the 

surrounding pressure tube [20]. 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 at 32 Hz.  

 

Figure 5: Mode shape of the fuel rod at 32 Hz as reported by Yetisir and Fisher [20] 

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

transfer, as reported by Pettigrew (1993) [21]. Pettigrew conducted experimentally studied the 
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vibration behaviour of a 19-rod 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 to the thermal 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 

amplitudes no higher than 10 ɛm.  

 Tayal (1989) numerically investigated the bending and bowing of nuclear fuel rods [22]. 

Tayal predicted the deflection of the fuel rods in two lateral directions with predetermined 

temperatures. They also introduced the phenomena where the endplate acts as a beam resting on 

an elastic foundation as it encounters a twisting motion during the cooling process. And as the 

endplate twists, 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 endplate depicted as a beam on an elastic foundation [22] 



15 

 

2.4 Recent Fuel Bundle Studies: Numerical Investigations 

 In 2005, Hassan and Rodgers conducted a numerical investigation of a fuel rod subjected 

to turbulence excitation while in contact with the fuel channel. The numerical study was 

conducted using three friction models: velocity-limited friction model, spring-damper friction 

model, and the force-balance friction model. The three models yielded consistent results that 

could be applied to a wide variety of friction and mechanical contact problems [23].  

 Abbasian et, al. (2009) numerically simulated the turbulent flow inside a 43-rod fuel 

bundle using three different models: large eddy simulation (LES), detached eddy simulation 

(DES), and Reynolds stress model (RSM) [24]. The LES model showed the existence of a 

vortical flow regime around the inner ring of the endplate. 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 the low frequency 

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 43-rod CANDU fuel bundles [25]. They suggested that the heavy water coolant flow 

becomes highly disrupted once it comes into contact with the fuel bundleôs endplate. 

Significantly large wakes are formed behind the endplateôs rings and stems which allow the fuel 

rods and endplates to experience unsteady fluid forces. They also concluded that the fluid flow 

becomes fully developed towards the midspan of the bundle where there 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 two endplates) 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 tube [26]. In contrast to the 37-rod fuel 

bundle analyzed in this thesis, Zhang and Yu studied a 43-rod bundle 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 play a role as well. 

 Bharttacharya and Yu (2012) experimentally investigated the effects of angular 

misalignment on the flow induced vibration of simulated 43-rod CANDU fuel bundles [27]. 

They discovered that when the bundle is orientated in some angles, the lateral vibrations that the 

bundle experiences can be exceptionally high. The 43-rod bundle also experiences a shift in the 

dominant frequency depending on the orientation angle. 

 Mohany and Hassan (2013), presented a numerical study that evaluated the dynamic 

response of a CANDU fuel bundle and the resulting fretting wear in the pressure tube [28]. In 

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 the distance between the spacers of the fuel rods in the inner and 

middle rings, as well as between the bearing pads of the fuel rods on the outer ring. They 

discovered a noticeable difference in distances between certain fuel rods compared to other fuel 

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 spacers [28] 

 Mohany and Hassan also 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 fuel rods, specifically those within the range of -60° to +60° measured from the bottom 

position. Therefore, out of the 18 fuel rods that lie on the outer ring of the fuel bundle, only the 

bottom five to six fuel rods are in contact with the pressure tube at all times, depending on the 

orientation of the bundle. Mohany and Hassan reported the resulting bending stresses spread 

along a single fuel rod from their numerical study, and as seen in Figure 7, the distribution of the 

bending stresses along the fuel rod closely resembles the first mode shape of the fuel rod.  
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Figure 8: Distribution of the bending stresses along the fuel element length at different 

orientation angles [28] 

 Piro et al. (2016) presented their progress in an on-going experimental and computational 

fluid dynamic investigation in a CANDU fuel channel [29]. 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 axis of the endplate and 

the formation of these jet flows was eminently unsteady. A jet flow is where a fluid travelling at 

high velocity impinges into another flow that is near static or travelling at low velocity [30]. 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 fluids [31]. Lu 

et al. (2022) continued their numerical work by presenting an impressive mesh generation of the 

entire CANDU 37M fuel bundle and the surrounding pressure tube [32].  

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 tube. [33] They showed that the fuel 

rodôs root mean square displacement in the y direction increased with increasing flow velocity, 

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 increasing flow velocity. 

 Elbanhawy et al. (2019), performed a numerical simulation of motion-dependent fluid 

forces in fully flexible fuel bundles [34]. Analyzing the 19 internal rods in a CANDU fuel bundle 

(12 fuel rods on the middle ring, six fuel rods on the inner ring, and the central fuel rod), 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 that these high-velocity flows can lead to fluid-elastic 

instability, which is the phenomenon where the energy input by the fluid force impacting the 

structure exceeds the energy spent in damping [35]. Ultimately, fluid-elastic instability allows for 

the rods to vibrate at much higher amplitudes that can lead to structural damage, as well as other 

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

 Elbanhawy et al. (2020), conducted a numerical analysis on the dynamic and vibration 

response of fully flexible fuel bundles with different end conditions in response to various 

methods of excitation. Among those different methods was a flow induced vibration method 

where the flow was turbulent in nature, acoustic pressure pulsations, and motion-dependent 

forces [36]. Firstly, their resulting natural frequencies of the fuel bundle were in good agreement 

with Yetisir and Fisher [20] where 32 Hz was found to be the natural frequency, as shown in 

Table 1. 
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Table 1: Comparison of fuel bundle natural frequencies as presented in previous studies 

[20], [36] 

Mode Number Frequency (Hz) 

Elbanhawy et al. 

2019 (numerical) 

Yetisir and Fisher, 

1997 (numerical) 

Yetisir and Fisher, 

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 on the endplate as a result of fluid 

flow impacting it at a velocity of 8 m/s. As shown in Figure 10a, the stresses on the endplate are 

shown to be the highest at the stems of the endplate, the strips of Zirconium structurally 

connecting the 3 rings and central rod of the fuel bundle together. It was shown that the stresses 

on the stems increased when the acoustic pressure pulsations were taken into account, as shown 

in Figure 10b. 
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a) without acoustic pressure pulsations 

 
b) with acoustic pressure pulsations 

 

Figure 10: RMS von Mises stress contours at a flow velocity of 8 m/s [36] 
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2.5 Other Fuel Bundle Related Issues 

The fuel bundles also experience creep throughout their cycles in the reactor, where the 

zirconium sheath slowly deforms [37]. 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 as the ñbamboo effectò where the fuel rod begins to resemble a 

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 edges of the 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 puncture the thin-walled zirconium sheath [39]. Seeing as the 

diameter of the fuel pellet is about 12 mm, and the inner diameter of the Zirconium tube is 12.2 

mm, there is a 0.1 mm (100 ɛm) gap that initially exists radially between the Uranium dioxide 

pellet and the zirconium tube upon fabrication [1]. Van Uffelen (2006) showed that the thermal 

expansion of the Uranium dioxide fuel is greater than that of the Zirconium sheath [40], meaning 

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 distance [41]. The pellet to clad interaction (PCI) between the 

Uranium dioxide pellet and the Zirconium tube is another field of research that has been 

investigated due to several issues that have been present [42]. However, 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 reactors [43]. 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 PWRs 

 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 square-like formation, unlike the 

circular CANDU fuel bundle, and are held intact by spacer grids rather than endplates [44].  

 Choi et al. (2004), conducted a vibration analysis of a dummy PWR fuel rod continuously 

supported by spacer grids [45]. 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 reported 32 Hz 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 loop [46]. 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, Jiang et al. (2016) 

conducted finite element analysis to assess the intensity of the grid to rod flow induced impact 

for PWR fuel rods [47].  

 More recently, Ferrari et al. (2020) experimentally investigated the nonlinear vibrations of 

the PWR nuclear fuel rods supported by spacer grids [48]. 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 produces random vibrations but dampens externally 

excited vibrations [49]. 

2.7 Acoustic Pressure Pulsations and Mitigation Techniques 

 Acoustic excitations in pipeline systems are a frequent occurrence in industrial 

applications. An example of this occurs in the CANDU reactor where the 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 cause of the resonant 

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 characterization of the 

acoustics of a single stage, double-volute CANDU PHT pump, specifically at the blade passing 
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frequency [50]. Their comprehensive study presented a pressure spectrum observed at the 

pumpôs operational temperature, set at 265 degrees Celsius. Their findings revealed a 

pronounced pressure spike at 150 Hz, attributable to the periodic rotation of the pumpôs five 

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 investigation into the 

acoustic behaviour of a pump-piping system excited by a centrifugal pump at its blade passing 

frequency [51]. Through their investigation, various tests were conducted where the cut-water tip 

was rounded. This modification produced a substantial reduction in the magnitudes of the 

acoustic pressure fluctuations, all without compromising the pumpôs performance. The rounding 

of the cut-water edges allowed the stagnation point of the flow to be shifted further downstream, 

resulting in less vortex formation, as opposed to having a straight edge cut-water. 

 There have been several passive and active methods proposed to suppress the acoustic 

pressure pulsations in piping systems. Sadek et al. (2018) conducted a numerical investigation 

into the suppression of acoustic resonance in piping systems using passive control devices [52]. 

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. However, it is important to note that the 

effectiveness of these devices relies heavily on their location within the piping system. 

 Lato and Mohany implemented Herschel-Quincke tubes to analyze the passive damping of 

pressure pulsations in pipeline systems [53]. Within a resonant piping system, the positioning of 

Herschel-Quincke tubes at acoustic pressure antinodes effectively disrupts the acoustic standing 

wave phenomenon that occurs by introducing an effective anti-resonant peak, which 
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subsequently causes an increase in acoustic absorption. Experimenting with different geometries, 

they also reported that increasing the length of the tubes resulted in a 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 [54]. An infinity tube demonstrated a dramatic increase in attenuation in 

comparison to the Herschel-Quincke tube. Similar to the Herschel-Quincke tubes, the optimal 

locations for the implementation of an infinity tube are wherever an acoustic pressure antinode 

exists. Sachedina et al. (2020) performed an experimental study on damping acoustic pressure 

pulsations in pipeline systems using Helmholtz resonators and yielded similar results [55]. 

2.8 High Speed Cameras in Experimental Modal Analysis 

 The traditional methods of experimental modal analysis involve 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 fuel rods, 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 testing by means of a high-speed 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 processed, the motion of the object in question is captured in a detailed 

manner. A wide variety of laser sensors, also known as ñlaser vibrometers,ò have also been used 

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 drumhead [56]. Siebert et al. (2009) also 

showed early developments and applications of high speed image correlation in vibration 

analysis [57]. 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 to micrometers, along with the 

observation of the different phases of vibration, and covering frequencies ranges up to several 

tens of kilohertz.  

 The method was further developed by Chen et al. (2014) where they performed structural 

modal identification through high speed camera videography [58]. 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 compared to the accelerometers 

and laser vibrometers tracking the same locations. By conducting a Fourier Transform, Chen et 

al. (2014) found that the resulting frequency peaks 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 Chen et al. (2014) [58] 

 Furthermore, Javh et al. (2017) performed high frequency modal identification on noisy 

high-speed camera data [59]. They described the typical experimental setup when conducting 

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 the video, 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 frames be insufficient, 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 setup [59] 

Yu and Pan (2017) utilized a single-camera high speed stereo-digital image correlation 

method to perform experimental modal analysis on a test sample [60]. In their experimental 

setup, they utilized a compact four-mirror 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, Etchepareborda et al. (2021) introduced a random laser speckle patter 

projection technique for non-invasive vibration measurements with a high speed camera and 

multiple lenses [61]. 

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 drawbacks [62]. 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 the object must 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 the previous studies into account, there has not been a research study that gave a 

complete experimental modal analysis on the CANDU fuel bundle. The natural frequency and 

mode shapes of the fuel rods and endplates will 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 the endplate, which has a complex geometry. The previous work 

that has characterized the fluid-structure interaction of multiple fuel rods 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 cameraôs have not yet been utilized in an application in the nuclear 

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 displacement amplitude of the shakerôs force. The 

shaker begins to oscillate when a current travels through the coil positioned inside a magnetic 

field. This current produces a force proportional to its value, which initiates the spring and 

diaphragm located on the top of shaker to accelerate periodically [63]. On 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 Newtons, generate 

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.  

 

Figure 13: Diagram of an electrodynamic shaker [63] 

 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 what the striking 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 are physically 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 acceleration [65].  

 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 measuring 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 can be identified to the engineer. 

 A strain gauge, similar to an accelerometer, is a device which converts force, pressure, 

tension into an electrical signal [66]. 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 non-invasive 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 into a device called a signal conditioner which ñcleans 

upò or ñamplifiesò the desired signal coming from the accelerometer or strain gauge. The signal 

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.  



36 

 

(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 determine the dominant frequency or 

frequencies that are coming from the signal. 
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3.2 Experimental Setup 

In the first phase of experiments, the fuel bundle sits on an aluminum support assembly 

specifically designed using high-precision manufacturing to support the bundle at each bearing 

pad location. The support assembly consists of a large 12ò x 24ò x 1.75ò rectangular base plate. 

On top of the base plate, five rectangular frames support the bundle during the vibration tests. 

Figure 15 shows the support assembly designed for this phase of experimental work. 

 

Figure 15: CAD Model of the Fuel Bundle Support Assembly 

The fuel bundle has five rings of bearing pads around the outer ring of fuel rods. All 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 fuel rod, 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 fuel bundle, the bearing pads follow 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 Figure 16.  

 

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 semi-circular cut with a diameter of 103 mm, which exactly matches 

the diameter of the pressure tube that the fuel bundle is placed in during plant operation. It was 

important that the alignment and height of the five frames were maintained with a small 

tolerance (± 10 Űò), so the fuel bundle is level and straight as it sits on top of the five frames. The 

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 same length 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 

the edge of the fuel bundleôs endplate to the further edge of the first 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 semi-circular 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 the high-speed camera 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 dummy endplate can 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 two endplates have the same pattern that supports the fuel rods as the original fuel 

bundle. The dummy endplates also have eight holes around the edge so as both plates can be 

rotated to any orientation since the fuel bundles in the fuel channel are free to rotate during 

operation. In addition, since the length of the fuel bundle and the distance from the first frame to 

the fifth frame are matching, the two dummy endplates are in contact with the endplates of the 

fuel bundle when they are attached to the support assembly. The dummy endplates 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 fuel rod usually has 24 Uranium dioxide pellets stacked along the longitudinal 
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span of the fuel rod. This fuel bundle has Molybdenum pellets inside the fuel rods 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 bundle to ensure that the dynamic 

characteristics measured using the mock-up bundle are not affected by any 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 not shake or vibrate while conducting vibration tests on the bundle. For further rigidity, the 

support assembly was clamped at both ends to the black counter. The high-speed camera 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 monitor whether the fuel rods 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 the high-speed 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 frames when they are processed. In 

addition to these lighting 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 fuel rods of the bundle at a pre-set location. The 

impact hammer is connected via BNC cables to a data acquisition (DAQ) system. Figure 18 

presents the complete experimental set up. 



42 

 

 

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. The high-speed camera takes 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/whiter tones. Therefore, multiple pieces of black electrical tape were placed on 

the bundle to mark locations of interest on the fuel rods.  

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 fuel rod are 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 Figures 19a) and 19b). 

High Speed Camera 

Fuel Bundle 

Laser Sensors 

High Speed 

Camera 
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a) b) 

Figure 19a): The row of laser sensors placed above the fuel rod, and b): two laser sensors 

pointing at the fuel rod 

An impact hammer was used as the source of excitation of the fuel rods. Figure 20 

indicates which fuel rod 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. Figure 21 shows the location of the nine markers. The vibration analysis was performed 

with the high-speed camera zooming on five markers (Markers #3, 4, 5, 6, and 7) at the mid-

section of the fuel rod being hit. In addition, there were two laser sensors installed at two 

markers on either end of the fuel rod (Markers #1, 2, 8, and 9). 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 pixels, i.e., 1 pixel = 0.146 mm (146 ɛm). The camera was shooting 

at 5000 frames per second, resulting in a video that contained a total of 10000 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): 

¶ Set 1: One test with no dummy endplates attached on either ends of the fuel bundle 

¶ Set 2: Eight tests with one dummy endplate attached on one end of the bundle 

¶ Set 3: Eight tests with the two dummy endplates attached on one end of the bundle 

There are eight tests in Sets 2 and 3, so that the endplate can be rotated from 0°, 45°, 90°, 135°, 

180°, 225°, 270°, and 315° orientations. In the tests of Set 3, one of the two endplates 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 tests, provides the ability to observe any difference in the 

vibration response of a single fuel rod when there are other fuel bundles in contact with the fuel 

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

  

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

impact hammer 

Impacted Fuel Rod #1 Impacted Fuel Rod #2 
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Figure 21: Side view of the bundle showing the location of the nine markers and the 

fourth marker struck by the impact hammer 

Two additional sets of tests were performed to analyze the vibration of the fuel bundleôs 

endplate: Set 4 and Set 5.  

¶ Set 4: Four tests with none or one dummy endplate attached on one end of the bundle 

using only laser sensors to characterize the general dynamic behaviour of the endplate. 

¶ Set 5: Eight tests with one dummy endplate attached on one end of the bundle (at the 0° 

orientation) using only laser sensors to characterize the dynamic behaviour of the 

endplateôs 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 the endplate at three different locations near the same impacted 

fuel rod. As can be seen in Figure 23a), 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 impacted fuel rod 

(Sensor 1), and another was placed on the left side, farther away from the impacted fuel rod 

(Sensor 3). The third laser sensor was placed on the middle stem of the endplate heading closer 

towards its center, slightly away from the outer ring (Sensor 2). One test was performed with no 

Marker #1 Marker #2 Marker #3 Marker #4 Marker #5 Marker #6 Marker #7 Marker #8 Marker #9 

Modal Hammer 

40 N 
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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: 0°, 90°, and 180°. The fuel rod that was hit in Sets 1-3 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 locations on the outer and middle rings of the endplate. In addition, two 

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

rods was the same hit rod from Sets 1-4. The other hit fuel rod was adjacent to the fuel rod hit in 

Sets 1-4. The locations of the laser sensors in Set 5 can be seen in Figures 23b)-23e). 

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 ring, and 11 on the stems/webs. 

Measuring the displacement and frequency at these locations would provide amble insights 

onto the dynamic behaviour of the endplate as the fuel rod is being struck. The complete test 

matrix can be seen in Table 2. 
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Figure 22: Front of view of the fuel bundleôs endplate identifying the gaps between the fuel 

rods  
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Figure 23a-e): Laser sensors pointing at different locations on the endplate 
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Table 2: Matrix of performed tests 

Component Set # Test 

# 

Dummy 

Endplate 1 

Dummy 

Endplate 2 

Fuel 

Rod 

Struck 

Endplate Laser 

Sensor Locations 

Fuel Rod 

Test 

Set 1 1-1 removed removed 1 - 

Set 2 

2-1 0° removed 1 - 

2-2 45° removed 1 - 

2-3 90° removed 1 - 

2-4 135° removed 1 - 

2-5 180° removed 1 - 

2-6 225° removed 1 - 

2-7 270° removed 1 - 

2-8 315° removed 1 - 

Set 3 

3-1 0° 0° 1 - 

3-2 45° 0° 1 - 

3-3 90° 0° 1 - 

3-4 135° 0° 1 - 

3-5 180° 0° 1 - 

3-6 225° 0° 1 - 

3-7 270° 0° 1 - 

3-8 315° 0° 1 - 

Endplate 

Test 

Set 4 

4-1 removed removed 1 Outer Ring 

4-2 removed 0° 1 Outer Ring 

4-3 removed 90° 1 Outer Ring 

4-4 removed 180° 1 Outer Ring 

Set 5 

5-1 removed 0° 1 Upper Outer Ring 

5-2 removed 0° 2 Upper Outer Ring 

5-3 removed 0° 1 Upper Middle Ring 

5-4 removed 0° 2 Upper Middle Ring 

5-5 removed 0° 1 Lower Outer Ring 

5-6 removed 0° 2 Lower Outer Ring 

5-7 removed 0° 1 Lower Middle Ring 

5-8 removed 0° 2 Lower Middle Ring 

Endplate 

Test 
Set 6 

6-1 removed 0° 2 
18 locations on the 

Outer Ring 

6-2 removed 0° 2 
12 locations on the 

Middle Ring 

6-3 removed 0° 2 
6 locations on the 

Inner Ring 

6-4 removed 0° 2 
11 locations on the 

Stems/Webs 
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 In addition to the determination of the displacement and the natural frequency of the fuel 

rod, the damping ratio, y, was calculated using equation (1) based on evaluating the logarithmic 

decrement of the markersô responses [67]. 

‒             (1) 

where y1 and yn are the amplitude of the first peak and the nth peak, respectively. 

3.3 Analytical Theory 

The Photron Nova-S High Speed Camera was utilized to capture small vibrations of 

objects in response to being excited by the impact hammer or when subjected to an initial 

displacement. The camera can take a minimum of 1,000 frames per second at maximum 1024 x 

1024-pixel 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 

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

 The high-speed 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 the video 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 displacement response of the fuel rods. If 
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there is a low level of contrast in that pixelization, 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 much contrast 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 location. When a point of contrast is detected and ready to be 

tracked, a coloured symbol (e.g., a white plus sign) is placed on that point to indicate the selected 

pixel. The set of x- and y- coordinates of each of the selected points are stored and later the 

displacement at each point is obtained by the subtracting the original 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 distance in millimeters that 

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

(2).  

ί        (2) 

where s is equal to the scale, d is equal the distance in millimeters, and p is the number of pixels. 

Before recording, 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 (F) at which the high-speed camera will record is a key parameter 

in the MATLAB code to correctly represent the duration of the objectôs vibration in the data 

analysis process. Each frame (i) will span a certain amount of time, Dt, as per equation (3)  

   ῳὸ       (3) 

The time variable starts (t = 0) at the first frame, and incrementally increases by Dt for each 

frame. Therefore, the time at the last frame (t = NDt) represents the total duration of the video in 

real time, where N represents the total number of frames in the video. 

 The initial x- and y- coordinates of a selected point (k) are identified in the first frame 

using the previously identified displacement matrix P, as per equation (4a) and (4b).  

  ὼ  ὖ Ὧȟρ     (4a) 

ώ  ὖ Ὧȟς     (4b) 

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

determined using equations (5), (6a), and (6b) respectively. 

 ὸ  ὭЎὸ      (5) 

  ὼ  ὖὯȟρ     (6a) 

  ώ  ὖὯȟς     (6b) 

The displacement response of the selected point at any frame is determined with respect to the 

initial x- and y-coordinates in the first frame. Hence, the horizontal and vertical displacements at 

frame i are as shown in equations (7a) and (7b) 
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 ὢ  ὼ ὼ     (7a) 

 ὣ  ώ ώ     (7b) 

The x and y displacements of each frame are recorded in their own respective column vectors. 

The displacement vectors are plotted versus the similarly constructed 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 frequencies of 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 a steel cantilever beam supported as a cantilever beam, seen in Figure 24 at a 

limited distance to measure the vibration response. The displacement measured by the sensor 

was compared to the displacement measured by the high-speed camera. The displacement 

response of the markers on the beam is displayed in Figure 25 after being analyzed using the 

captured video by the camera. Figures 26 and 27 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 the high-speed camera 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 beam [69] is 

determined as:  

‫  σȢυς            (9) 
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where E, I, m, and L are the modulus of elasticity, the cross-sectional moment of inertia, 

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

The beam has a cross sectional area of 28.9 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 Figure 25, the natural frequency determined by both the camera and 

laser sensor agree well with the fundamental frequency of the meter stick determined 

theoretically by equation (8). 

 

Figure 24: Vibration of a steel meter stick being captured by the high-speed camera and a 

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

the laser sensor (blue) 

 

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 

 

Figure 28: Adjusted experimental setup to evaluate the endplateôs vibration  response 

 In order to get a complete picture about the dynamic response of the fuel bundleôs 

endplate, a sine sweep test was conducted using an electrodynamic shaker in order to detect the 

endplateôs resonant frequencies. A sine sweep is a test where an electrodynamic shaker induces 

forced vibration in an objectôs surface across a wide range of frequencies in order to see the 

objectôs resonant frequencies. In the impact hammer tests in the previous chapter, the fuel bundle 

and the manufactured base test section were clamped to the surface of a heavy blacktop table. 

When performing initial tests with the shaker, at certain frequencies, the blacktop table began to 

vibrate. If  a sine sweep was conducted on the bundle while supported on this blacktop table, any 

other vibration from outside sources could heavily affect the dynamic behaviour of the endplate 

Shaker 
Fuel Bundle 

Support Assembly 

Stinger 
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and could therefore significantly alter the results. This could be attributed to the small amplitudes 

of displacement that the endplate produces when excited. 

 To address this issue and to minimize any impact on the results, the fuel bundle and its 

base test section was moved away from the table and anchored to the ground. The base test 

section was manufactured with 10 1/4-inch holes in order to bolt it into any surface if  required. 

Four of those holes were utilized to bolt the base test section into the ground. Similarly, the 

shaker was attached to the endplate at several locations, which required the shaker to be raised to 

higher elevations. In order to do so, several aluminum blocks were manufactured and were 

placed beneath the shaker. The shaker sits on a platform with four through holes (two on either 

side). The aluminum blocks were manufactured with two identical through holes in order bolt the 

shaker, along with two aluminum blocks with identical heights, into the ground. This 

arrangement would ensure that there would be minimal vibration from external sources affecting 

the dynamic response of the fuel bundle as the shaker is applying the continuous force. 

 The shaker is controlled by a power amplifier where the frequency and voltage ñgainò 

can be controlled. Raising the gain on the power amplifier raises the force amplitude at which the 

shaker vibrates. For these experiments, the gain supplied to the shaker was kept at 2.0 V which 

kept the force exciting the endplate at around 20 N. It is important to note that when conducting 

the sine sweep, the force induced by the shaker would slowly decline as the frequency gradually 

increases. The range of the force was kept between 22-23 N at lower frequencies to about 16-17 

N at higher frequencies of the test.  

 A 20 cm long 10-32-inch threaded rod that is attached to the head of the shaker in order 

to make contact with the tested object. At the other end of the threaded rod is a force sensor. The 

idea of the force sensor is that when the shaker forces the rod forwards towards the bundle, and 
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the bundle resists that forward motion back towards the shaker, the piezoelectric crystal in the 

force sensor is squeezed, which then produces a voltage. This signal gets transmitted to the 

signal conditioner, then to the data acquisition device and then to the computer so the force can 

be consistently monitored at each frequency. In addition, an FFT analysis was performed on the 

force data and the resulting function was utilized to create the resulting transfer function from the 

sine sweep tests. 

 The force sensor has two 10-32-inch threaded holes on either end so that two threaded 

rods can be attached on both sides. As mentioned, the threaded rod is attached from one side to 

the shaker, and a short threaded rod adaptor is attached to the other side. One side of the adapter 

is a short 10-32-inch thread that attaches to the force sensor. On the other side of the thread 

adaptor is a short M5 thread which is attached to a custom-designed specially manufactured 

aluminum piece which acts as the fixation between the shaker setup and the cross section of the 

endplate.  

 

Figure 29: Photo of the shaker setup connection to the endplate 

Force Sensor 

Laser Sensor 

Fixation (Clamp) 
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Figure 30: Manufactured fixation  piece to attach the shaker setup to the endplate 

 The fixation comprises of two metal components: an aluminum block, and a steel strip. 

The aluminum block which has an M5 threaded hole for the shaker setup to pass through and 

ultimately make contact with the fuel bundleôs endplate. The aluminum block also comes with 

two small through holes so that two small 0ï80-inch stainless steel screws can pass through. The 

steel strip is the metal piece that lies in the gap between the endplate and the fuel rods. The 

thickness of the spot weld connecting the fuel rods to the endplate is slightly less than 2 mm. So, 

the steel strip was manufactured with a thickness of 1.5 mm so that it could fit  nicely between 

the endplate and the fuel rods. The steel strip has 2 identical holes to the ones in the aluminum 

piece; however, they are threaded with a 0ï80-inch thread. The aluminum piece is placed on top 

of the steel strip and the two 0ï80-inch screws help the aluminum piece clamp against the 
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endplate and the steel strip. The aluminum piece is designed with a small 2 mm x 4 mm cut into 

its bottom face in order for the cross section of the endplate to sit in this gap with a tight fit.   

 This fixation is critical to the experiments conducted on the endplate. It was crucial for 

the fixation to have a tight fit  against the endplate so that the threaded rod coming from the 

shaker does not separate from the endplate. If  the threaded rod is periodically impacting the 

endplate while the endplate is vibrating, the threaded rod will  not be exciting the endplate at the 

same location on the endplate every time. It will  impact a slightly different location upon each 

strike. That is why it was essential that the fixation is tightly strapped around the endplate, 

thereby ensuring a tight fixation between the shaker/threaded rod and the endplate. This 

arrangement results in the shaker exciting the endplate by applying an impulse rather than an 

impact. For that reason, too, the force induced by the shaker was kept relatively low (around 20 

N as mentioned before), in order to maintain that fixation between the shaker and the endplate. It 

was established that a large force was not necessarily required to detect the resonant frequencies 

of the endplate.  

 A laser sensor was used to measure the displacement at each location of interest on the 

endplate. The laser sensor was attached to a rigid Unistrut steel frame via an aluminum piece 

manufactured specifically to hold the laser sensor during tests. 

 It is important to note that one of the dummy endplates, which mimics the presence of a 

neighbouring bundle next to the tested fuel bundle, was bolted onto the frame from the other 

side. Since essentially, in the cooling process of the fuel, the heavy water flows into the fuel 

channel through the 12 fuel bundles in the pressure tube, this experiment is simulating the heavy 

water impacting the first fuel bundle as it presses against the bundles right behind it. 
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Figure 31: Front  view of the fuel bundleôs endplate displaying all the locations of 

measurement 

 As depicted in Figure 31, the 37 fuel rods are spot welded to the fuel bundleôs endplate. 

18 rods lie on the outer ring, spaced 20 degrees from each other. 12 rods lie on the middle ring, 

spaced 30 degrees away from each other. Six rods lie on the inner ring, spaced 60 degrees away 

from each other. When observing the exact location of the rods from Figure 31, it can be seen 

that the structural geometry of the endplate is perfectly symmetrical when comparing the right 

half to the left half. However, the placement of the fuel rods is not exactly symmetric when 

comparing the right half of the endplate to the left half. When observing the long stem that spans 
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through the points S1, S7, S10, and S11, the fuel rods to the right (OR18, MR12, and IR6) are 

much closer to the long stem compared to the fuel rods on its immediate left (OR17, MR11, and 

IR5).  

 It was initially  attempted to divide the endplate response into six equal fractions, since 

the stems connecting the rings across the endplate are equally spaced. However, due to the lack 

of symmetry of the fuel rods, the entire vibration response of the endplate had to be measured as 

there would most likely be a unique response across each of the six fractions of the endplate.  

 Between each fuel rod is an empty space where it was suspected there would be a higher 

amplitude of vibration compared to the locations on the endplate where a fuel rod was spot 

welded. Likewise, to the number of fuel rods on each ring of the endplate, there was a matching 

number of empty spaces to measure the displacement: 18 on the outer ring, 12 on the middle 

ring, and 6 on the inner ring. Accompanying these 36 empty spaces, are 11 stems connecting the 

rings of the endplate together, forming the complete structure of the endplate. As previously 

mentioned, there are six stems connecting the outer ring to middle ring (S1, S2, S3, S4, S5, and 

S6) spaced equally at 60-degree increments. There are three stems at equal 120-degree 

increments apart from the other connecting the middle ring to the inner ring (S7, S8, and S9). 

And two stems connect the inner ring to the where the central fuel rod is spot welded to the 

endplate (S10 and S11).  

 The shaker was placed at 3 separate locations: O1, M1, and I1. After conducting 

preliminary experiments with the shaker, it was discovered that the endplate vibrates with a 

much higher amplitude towards the top half compared to the bottom half sitting on the base. 

Therefore, in order to excite the endplate to produce the highest displacement, the shaker was 

placed at the top of each of the endplateôs three rings. It was redundant to conduct sine sweeps 
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along several points on the same ring as it would most likely produce relatively similar results 

with lower amplitudes of vibration, depending on how high the shaker is placed.  

 The sine sweep was conducted from a frequency range of 10 Hz to 200 Hz. The 

frequency of the shaker was increased incrementally by 1 Hz from 10 Hz to 50 Hz. From 50 Hz 

to 100 Hz, the frequency was raised by increments of 2 Hz. And from 100 Hz to 200 Hz, the 

shaker frequency was increased by increments of 5 Hz.  

As can be seen in Figure 31, there are 84 points of interest on the endplate. There are 37 

points to measure as to where a single fuel rod is spot welded onto the endplate. The other 47 

locations are gaps that lie between the fuel rods. Similar to the number of rods on each ring, there 

are 18 gaps on the outer ring, 12 gaps in the inner ring, six gaps in the inner ring, one central rod 

in the middle, but there are also 11 stems that connect the three rings together, thus creating the 

geometry of the endplate. With the shaker attached at one of the 84 locations, the laser 

displacement sensor was utilized to measure the vibration of the other 83 points in order to get 

the complete dynamic response of the endplate when excited at a single point. Due to the small 

size of the endplate, only one laser sensor could be utilized at a time. As a result, this sine sweep 

was conducted 83 times so that simultaneously, the laser sensor could measure the displacement 

at a single point while the sine sweep was conducted. A MATLAB  code was written to supply an 

external signal to the power amplifier controlling the shaker to automatically conduct the sine 

sweep. The frequency of the sine forced induced by the shaker remained constant for 6 seconds 

before shifting to the next testing frequency.  
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Table 3: Matrix of performed tests 

Shaker Location Testing Frequencies Points Measured 

O1 10 Hz - 200 Hz 83: OR1-OR18, M1-MR12, I1-IR6, S1-S11, C1 

M1 10 Hz - 200 Hz 83: O1-OR18, MR1-MR12, I1-IR6, S1-S11, C1 

I1 10 Hz - 200 Hz 83: O1-OR18, M1-MR12, IR1-IR6, S1-S11, C1 

 

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

Testing Frequencies Frequency Interval 

10 Hz - 50 Hz Incrementally increasing by 1 Hz 

52 Hz - 100 Hz Incrementally increasing by 2 Hz 

100 Hz - 200 Hz Incrementally increasing by 5 Hz 

 

 The displacement response vs. time was measured by the laser sensor and simultaneously 

converted into the frequency domain via Fast Fourier Transform MATLAB  code in order to 

display the dominant frequencies as each testing frequency of the sine sweep was completed. 

The dominant peak in the power vs. frequency graph was always the testing frequency in 

question. However, the amplitude of power would vary depending on the frequency. The 

maximum power amplitude of each testing frequency was taken, and a maximum power curve or 

power spectrum was produced by creating a function sweeping across the maximum power 

amplitude of each testing frequency. The highest power amplitudes indicate a resonant frequency 

of the endplate.  
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Chapter 4.  Dynamic Response of the Fuel Rods 

4.1 Fuel Rod and Initial Endplate Results 

Figures 32 and 33 present the displacement and frequency responses for a single test in 

Set 1, where no dummy endplates were in contact with the fuel bundle. Figure 32 shows the 

displacement and frequency at the ends of the fuel rod, where the data was obtained using the 

laser sensors (Markers #1, 2, 8, and 9). Figure 33 depicts the displacement and frequency in the 

middle of the fuel rod, where the data was obtained using the camera (Markers #3-7). The 

displacement and frequency responses for test 2-4 from Set 2 are shown in Figures 34 and 35, 

where one endplate was in contact with the fuel bundle. Figures 36 and 37 show the 

displacement and frequency responses for test in Set 3. Table 5 summarizes the experimental 

results of the vibration response of the impacted fuel rod in each test including the dominant 

frequencies and damping ratios. Table 6 summarizes the dominant frequencies of the impacted 

endplate at several locations under different conditions. The displacement and frequency plots of 

each of the 21 tests from Set 1 to Set 5 can be seen in the Appendix.  
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Table 5: Damping Ratios and Dominant Frequencies of the Impacted Fuel Rod under 

different conditions 

Test Averaged Damping 

Ratio* 

Dominant Frequencies (Hz) 

 
at Markers #1, 2, 8, 9 

(Sensor) 

at Markers #3-7 (Camera)  

Test 1-1 1.1% 35 35 

Test 2-1 1.3% 36 35 

Test 2-2 1.1% 35 35 

Test 2-3 1.2% 36 35 

Test 2-4 1.1% 36 35 

Test 2-5 0.8% 36 35 

Test 2-6 1.2% 36 35 

Test 2-7 0.8% 35 35 

Test 2-8 1.3% 36 34 

Test 3-1 1.1% 36, 39 35, 39 

Test 3-2 1.2% 36, 39 34, 39 

Test 3-3 1.3% 36, 39 35, 39 

Test 3-4 0.9% 36, 39 34, 39 

Test 3-5 1.0% 36, 39 34, 39 

Test 3-6 1.1% 36, 39 34, 39 

Test 3-7 1.1% 36, 39 34, 39 

Test 3-8 1.1% 36, 39 34, 39 

* Damping ratio is averaged using the data from Markerôs #5 (Camera) and #9 (sensor) 
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Table 6: Dominant Frequencies of the Impacted Endplate at several locations under 

different conditions 

Test Location on the 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 

5-1 Upper Outer Ring 11, 27, 35, 52 

5-2 Upper Outer Ring 11, 27 

5-3 Upper Middle Ring 34 

5-4 Upper Middle Ring 34 

5-5 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 
18 locations on the Outer 

Ring 
22, 30, 35**  

6-2 
12 locations on the Middle 

Ring 
21, 30, 37** 

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

6-4 
11 locations on the 

Stems/Webs 
22, 30, 37** 

* A cluster of dominant frequencies (32-38 Hz) is present 

** A cluster of dominant frequencies (35-39 Hz) is present 
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Figure 32: Captured Response at laser sensor locations for Test 1-1 (0 plates) 
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Figure 33: Captured Response at camera sensor locations for Test 1-1 (0 plates) 
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Figure 34: Captured Response at laser sensor locations for Test 2-4 (1 plate, 135° 

orientation) 
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Figure 35: Captured Response at camera locations for Test 2-4 (1 plate, 135° 

orientation) 
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Figure 36: Captured Response at laser sensor locations for Test 3-1 (2 plates, 0° 

orientation) 
 



74 

 

 

 
Figure 37: Captured Response at camera locations for Test 3-1 (2 plates, 0° 

orientation) 
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Figure 38: Captured Response at endplate locations for Test 4-1 (0 plates)  
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Figure 39: Captured Response at endplate locations for Test 4-2 (1 plate, 0° 

orientation)  
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Figure 40: Captured Response at endplate locations for Test 5-2 (Fuel Rod #2) 
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Figure 41: Captured Response at endplate locations for Test 5-7 (Fuel Rod #1) 
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