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ABSTRACT 
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Advisor(s): 

Prof. Marwan Hassan 

Prof. Atef Mohany 

One of the most important parts of a nuclear reactor is the fuel bundle in which the nuclear reaction 

takes place and heat is generated. The heat is transported through the flow of the coolant to the 

steam generator. During such process, the fuel bundles are subjected to severe operation 

conditions, such as highly turbulent coolant flow, high temperatures and excessive irradiation 

doses. These severe conditions significantly affect the integrity of the fuel bundle  in terms of flow-

induced vibrations (FIV). The FIV are produced by various excitation mechanisms such as, the 

turbulence buffeting, the fluidelastic forces (Motion-dependent forces) and the acoustic pressure 

pulsations coming from the primary heat pump. In the current study, a numerical approach is 

presented to characterize the motion-dependent forces. The model was used to predict these forces 

in flexible fuel kernel. In addition, an analytical model was developed utilizing the force model to 

predict the dynamic response of the fuel bundle. The dynamic response was compared with the 

available experimental data. In the second part, a fully-flexible fuel bundle structural model was 

developed to investigate the dynamic response of the fuel bundle under various excitation 



mechanisms. The model is capable of predicting the vibration response of fuel bundles with a large 

number of elements and various end conditions, such as flexible endplates. The fuel bundle and 

the supporting structure were modelled utilizing finite beam and plate elements. The contacts 

between the system components were modelled using the single point contact method (SPC). Fluid 

excitations, such as turbulence, pressure pulsation, and motion-dependent forces, were included in 

the model. Finally, the irradiation effects on the mechanical behavior of the fuel bundle are 

investigated using the same structural model. This was accomplished by utilizing a constitutive 

model that describes the thermal and irradiation effects on the mechanical properties. The current 

work represents a major advancement step towards a realistic modelling of the complex dynamics 

of fuel bundles.  
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Chapter 1:  Introduction  

1.1 Introduction 

Canadian Deuterium Uranium (CANDU), is a Canadian-developed, pressurized heavy water 

reactor used to generate electric power. The acronym refers to its deuterium oxide (heavy water) 

moderator and its use of uranium dioxide as a fuel. The CANDU reactor was firstly proposed in 

1950s by Atomic Energy of Canada Limited (AECL), the Hydro-Electric Power Commission of 

Ontario and Canadian General Electric [1]. Figure 1-1 shows the schematic drawing of the reactor 

component where heat is generated by fission reactions that takes place in fuel channels. Heat is 

transported by the pressurized light water (coolant) to the steam generator. Steam is generated and 

directed to the steam turbine to generate mechanical power which is the driver of an electricity 

generator. The reactor core consists of multiple fuel channels around 250 channels. Each channel 

has a string of 12 fuel bundles.  

 

Figure 1-1: Schematic drawing of The CANDU reactor by [2]. 
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Each fuel bundle consists of 37 fuel rods which has fuel pellets inside it. The 37 elements are 

arranged in three rings that have the same centerline of a central fuel element as depicted in Fig.1-

2. The fuel elements are then assembled together by means of endplates at both ends to form an 

integrated fuel bundle. The radial and circumferential spaces between fuel elements allow the flow 

of coolant over their outside surfaces. Spacer pads are introduced in the radial and circumferential 

gaps between neighbouring fuel elements to eliminate the element-to-element contact. Bearing 

pads are introduced to the outer ring fuel elements at three bundle cross-sections to prevent large 

area contact between fuel elements and pressure tube. 

 

Figure 1-2: CANDU fuel bundle. 

A 37-element endplate consists of three concentric circular rings to hold together 36 non-centre 

fuel elements at their designed positions. As shown in Fig. 1-2 radial ribs in the circumferential 
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space are introduced to connect the inner, intermediate and outer endplate rings and hold them at 

their designated radial positions. Straight webs connect the inner ring securing the position of the 

central fuel element. A fuel string consists of 12 fuel bundles inside a pressure tube in a commercial 

CANDU reactor, as is illustrated in Fig. 1-3. coolant enters the pressure tube at the inlet, passes 

through all the fuel bundles and takes away the heat produced by each bundle for steam generation. 

The last downstream fuel bundle is supported by side stops or shield plug to hold all the fuel 

bundles at their designed positions against flow-induced hydraulic drag. 

 

Figure 1-3: CANDU fuel channel. 

The coolant flow inside the fuel channel can reach flow rates of 32 kg/s (Re ≈ 3.6×108 ) which 

results in excessive turbulent forces that can induce moderate low but persistent vibration level. In 

addition to the turbulent forces, fluidelastic instability forces or the motion-dependent forces result 
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from the coupling of the motion of the fuel bundle. This mechanism is similar to those found in 

steam generator tube arrays and can induce significant vibration amplitudes[3]. 

The main drive of this high coolant flow is the heat transport pump which rotates at 1800 RPM 

and generates acoustic pressure pulsations. These pulsations can be transmitted through the piping 

system to fuel bundles inside the reactor core producing an additional periodic axial force. 

Due to the previously mentioned excitation mechanisms, the fuel bundle can vibrate excessively 

and due to these vibrations potential contact between neighboring fuel elements and between fuel 

elements and the pressure tube will take place. Additionally, bending of the fuel elements will 

influence the two endplates in terms of stresses as well as the acoustic pressure pulsations. As a 

result, potential high stress areas on the endplate can be candidate for cracks. 

Irradiation and high temperatures conditions affect the material of fuel bundles in terms of 

swelling, void creation, segregation, and precipitation. These effects will change the material 

behavior to a nonlinear material which consequentially will influence the response of the fuel 

bundle to the excitation mechanisms. 

In summary, fuel bundles are crucial components of the nuclear reactors which have complex 

structures and are exposed to sever operating conditions in terms of flow excitations, irradiation 

doses and high temperatures. The integrity of the fuel bundles is crucial for the safe operation of 
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nuclear power plants. As such developing a predictive tool to properly account for the operating 

excitation mechanisms and the dynamics of fuel elements is extremely important.   

1.2 Objectives 

The objectives of this thesis will cover the main research gaps in literature regarding the dynamics 

of CANDU fuel bundles, starting from the excitation mechanisms such as the motion-dependent 

forces moving to applying this excitation mechanisms into a comprehensive structural model of 

the fuel bundle and then examine the irradiation effect on this structural model response. So, the 

main objectives will be as follow: 

• Develop a numerical model to predict the motion-dependent fluid forces in a CANDU fuel 

bundle and express these forces in terms of force coefficients  

• Model the fuel bundle as a fully-flexible structure that includes all the 37 fuel elements, 

two endplates and all possible contact locations. 

• Predict the dynamic response under all excitation mechanisms such turbulence, acoustic 

pressure pulsations and motion-dependent forces. 

• Develop a numerical technique to deal with material nonlinearity due to the irradiation 

effect and examine this influence on the fuel bundle dynamic response. 
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1.3 Thesis Outline 

This thesis consists of three journal articles that will achieve the above objectives. The thesis starts 

with an introductory chapter that presents information about fuel bundles and its structural 

components, operating conditions, excitations mechanisms and set the objectives of this study. 

This followed by Chapter 2 which is a comprehensive literature review about modelling fuel 

bundles, excitation mechanisms as well as the available models for the irradiation effect on the 

fuel bundle mechanical properties. Chapter 3 contains a published journal article, titled 

“Simulation of Motion-dependent Fluid Forces in Fuel Bundles”, which provides a numerical 

model that is capable of predicting the motion-dependent forces. These forces can be expressed in 

terms of force coefficients and phases which allows the utilization of forces as an excitation.  The 

predicted forces are then utilized in an analytical model to investigate the dynamic response of a 

kernel of seven tubes. Chapter 4 contains a published journal paper, titled “Modelling of Fully-

Flexible Fuel Bundles”, which proposes a comprehensive vibration model of a fully-flexible fuel 

bundle that consists of 37 fuel elements and two endplates. In addition, this model includes all 

contact between system components. Furthermore, the model utilizes various excitation 

mechanisms including the motion-dependent forces that was extracted from the previous paper as 

well as the turbulence and acoustic pressure pulsations. Chapter 5 presents the third journal article, 

titled “A Numerical Model to Investigate the Irradiation Effect on The Dynamics of Nuclear Fuel 

Bundles”, which develops a numerical model to investigate the irradiation effect on the dynamic 
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response of fuel bundles, using a nonlinear material model implemented in the structure model 

which was proposed in chapter 4. The model utilizes a constitutive equation which describe the 

change in mechanical properties of the fuel bundle material under irradiation. Finally, the summary 

and conclusions are given in Chapter 6. 

1.4 Note to reader 

This thesis is presented in a paper-based format which includes three journal articles. Due to this 

format, there are some similarities between some sections and chapters. For example, the 

introductory section in Chapters 3-5 which include some information about the fuel bundle and its 

components, and this come from the fact that all of them utilize the same CANDU fuel bundle. 

While each of the papers (Chapters 3-5) includes its own literature review a comprehensive 

literature review and a highlight of the main research gaps are presented in Chapter 2. Finally, the 

formulation of motion-dependent force in chapter 3and 4 and the contact model chapter 4 and 5 

might be similar due to the utilization of the same excitation in both chapters and journal papers.     
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Chapter 2: Literature Review 

2.1 Excitation Mechanisms 

2.1.1 Turbulence Excitation 

Numerous research works have been carried out to investigate the characteristics of turbulence 

excitation in nuclear fuel bundles by means of experimentation and numerical simulations. For 

example, Hassan and Ibrahim [4] conducted large-eddy simulations (LES) to measure turbulence 

forces in terms of the power spectral density (PSD) characteristics. Similarly, Zhang and Yu [5] 

carried out a numerical simulation on a 43-element CANDU fuel bundle to examine the spatial 

and the frequency spectra of the turbulence force components. The experimental work of Smith 

and Derksen [6] generated the PSD of turbulence forces exerted on a CANDU fuel bundle. An 

example of these PSDs from the work of Smith and Derksen is shown in Fig. 2-1.  
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Figure 2-1: PSD of turbulence forces obtained by [6] 

These studies are very valuable as they provide a quantitative means of characterizing the random 

turbulence force.  To effectively calculate the response of fuel bundle, the time-domain records of 

these forces is required. Antunes and his co-researchers presented a number of research studies 

[7]–[9] that focus on developing a technique that would generate turbulence force records based 

on an existing PSD.  For instance, Antunes et al. [9] proposed a technique that was able to 

generating a set of correlated modal forces that could represent non-uniform turbulent flows. The 

new method proposed in this work, can effectively deal with non-uniform turbulent flows, which 

display significant changes in their spatial excitation properties. Some of research studies focused 

on modelling turbulence forces in two-phase flows. For example, Taylor et al. [10] utilized 
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experimental data to characterize random excitation forces in two-phase cross-flow in tube 

bundles. They used different tube supports such as clamped-pinned and different tube 

configurations such as parallel-triangular and normal-triangular. They generated PSDs of the lift 

and drag forces on the tube arrays as shown in Fig. 2-2.  Axisa et al. [11] attempt to formulate a 

PSD for turbulence forces in heat exchangers for single-phase and two-phase flows utilizing 

experimental data. This work revealed that turbulence forces in single-phase and two-phase flows 

are of the same order of magnitude based on the equivalent single-phase flow driven from the 

homogenous model. 

 

Figure 2-2: Air-water excitation force PSDs for a normal-square tube bundle with P/d = 1.5 presented by [10] 
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2.1.2 Motion-dependent Forces 

The fluidelastic forces acting on tube arrays in cross flows have been investigated extensively in 

the last decades resulting in several theoretical models. For example, the quasi-static model that 

was presented by Connors [12] in which experimental measurements of the lift and drag 

coefficients on a tube within a single row normal to the flow in air were performed. Based on 

observations obtained during this study, it was determined that the dominant mode of tube motion 

was elliptical in both the transverse and streamwise directions. By statically deflecting the 

neighboring tubes, changes in the lift and drag coefficients were determined. This work resulted 

in the widely used Connors equation.  A semi-analytical theoretical model of fluidelastic instability 

for tube arrays was proposed by Lever and Weaver [13]. This model requires some empirical data 

as an input. They found that single flexible tube in an array went unstable at the same velocity as 

a fully flexible array. Hassan and Weaver [14]–[16] developed a model for FEI that was able to 

predict the streamwise and transverse response of a group of seven tubes. Their analysis showed 

that the tube behaviour can evolve from a perturbation naturally and no additional empirical input 

is required.  Similarly, Chen [17] proposed a mathematical framework to estimate the added mass 

effects. The model was then used to calculate the free and the forced vibrations of nuclear fuel 

bundles. Hassan et al. [18] presented a numerical model to calculate the fluidelastic force 

coefficient for a single-phase cross flow over a tube array. They investigated the effect of pitch-

to-diameter ratio on the stability threshold. More recently, Sadek et al. [19], [20] proposed a 

numerical model to investigate the unsteady forces acting on a parallel triangular tube array in 
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two-phase cross flow. Utilizing direct flow/structure coupling, they measured the stability 

threshold through simulation of an array of flexible tubes. Similarly, Selima et al. [21] proposed a 

comprehensive model for the fluidelastic instability of a two-phase bubbly flow in a normal square 

tube bundle. In this work the complex flow was simplified to one-dimensional inviscid flow in 

channel. The results of this work were in excellent agreement with the experimental data. 

Fluidelastic instability can occur in axial flows in tube arrays at relatively high velocities, These 

stability thresholds are typically much higher than the operating range of most industrial 

applications including nuclear reactors [22].  However, fluidelastic instability forces exist and will 

affect the dynamic response of the tubes. Numerous research studies have investigated the 

influence of fluidelastic instability on tube bundles in an axial flow. For instance, Païdoussis and 

Suss [23] conducted experiments to examine the stability of a cluster of three flexible cylinders in 

a bounded axial flow. They indicated that the unbounded flow over a single cylinder has a much 

higher critical velocity than the case of three cylinders in a bounded flow. Païdoussis [24] presented 

a theoretical outline verified by experimental work to investigate the dynamics of flexible cylinders 

in axial flow. In this study it was concluded that both theory and experiment show that with 

increasing flow the system loses stability by buckling in one of its coupled modes. Figure 2-3 show 

some of visual findings of this work. Païdoussis [25] carried experimental study to investigate the 

vibration amplitudes on a single axial cylinder and a 19-element CANDU fuel bundle. His findings 

were consistent with previously derived empirical formulae [25]. An example of these results for 

vibration amplitude is given in Fig. 2-4.  
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Figure 2-3: Photographs of four and three pinned cylinder systems taken by [24]. 

 

Figure 2-4: The vibration amplitude of elements of the 19-element bundle presented by [25].  
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2.1.3 Acoustic Pressure Pulsations 

Research studies have been carried out to investigate the characteristics of acoustic pressure 

pulsations that result from the main heat transport pump and then transmit to the reactor cores 

through the piping system. For example, Hayashi et al. [26] presented a semi-empirical model for 

the damping characteristics of the pulsations in piping systems. Rzentkowski and Zbroja [27]  

conducted experiments to investigate the acoustic pressure and the velocity at the blade-passing 

frequency of the primary heat transport pump in a CANDU reactor. Their work showed that the 

pressure pulsations in the heat transport system of a reactor may be modelled utilizing the pump 

as a pressure source. A mathematical model was developed by Penzes [28] to predict the pressure 

pulsation generated by pump in PWR and the pressure distribution applied on the annulus of the 

coolant was obtained. Penzes used the Navier-stokes equation for inviscid compressible flow and 

the equilibrium equation for forced vibration to obtain the traveling wave equation that describe 

the pressure wave [28]. The axial mode shape of the travelling pressure wave is shown in Fig. 2-

5. 
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Figure 2-5: Axial pressure mode shape[28]. 

Au-Yang and Jordan [29] conducted an experiment on the downcomer of the PWR to investigate 

the dynamic pressure pulsations that take place through preliminary tests. The real configuration 

was six times larger than the prototype. The normalized PSD curve was obtained to get a non-

dimensional spectrum [29]. Morgenroth and Weaver [30] conducted an experiment to measure the 

pressure pulsations produced by a centrifugal volute pump at its blade passing frequency and their 

amplification by acoustic resonance in a connected piping system. To distinguish between the 

acoustic standing waves and hydraulic pressure fluctuations a semi-empirical model was utilized 

[30]. Guelich and Bolleter [31] reviewed the physical mechanisms causing pressure pulsations and 

the design parameters having an effect on the amplitude of the pressure pulsations. The most 

important remarks from this review is pressure pulsations in centrifugal pumps are generalized by 
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the wake flow from the impeller blade and vortices created by flow separation [31]. Koehn et al. 

[32] carried out experiments on a fuel channel similar to that of Darlington Nuclear Generating 

Station (Ontario, Canada) to investigate the amplitude of the acoustic pressure pulsations. This 

work revealed that the pressure amplitude is in the range of 40 to 100 kPa at 150 Hz. These values 

will either increase or decrease due to their interaction with the acoustics of the piping system 

downstream of the heat transport pump [33]. Recently, investigations of the propagation and 

attenuation of acoustic pressure pulsations in piping systems at frequencies identical to those 

observed in heat transport pumps have been conducted by many researchers [33]–[38]. For 

instance, Lato et al. [37] experimentally investigated the acoustic pressure pulsations in piping 

system using infinity tube apparatus.  An example of their findings of the pressure measurement 

at different sections on the infinity tube is presented in Fig. 2-6. 
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Figure 2-6: Acoustic response experimentally measured for an IT device by [37] 

2.2 Structural Modeling and Dynamic Response 

Several structural numerical models have been developed to investigate the dynamic response of 

fuel bundles. In these model different discretization techniques, such as beam elements and plate 

elements, have been presented to model the fuel bundle structural components. Numerical 

techniques used to solve the equations of motion includes direct numerical integration and modal 

superposition. For a CANDU reactor, Yetisir and Fisher [39] proposed a finite element model for 

a single fuel element in a CANDU fuel bundle. This study utilized turbulence excitation and 

calculated the response of the fuel element in addition to the fretting wear between the bearing 
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pads and the pressure tube as shown in Fig. 2-7. An experiment was also conducted to measure 

the fretting wear and compare it with the numerical predictions. This comparison revealed that 

turbulence excitation alone was inadequate to account for the fretting rate levels that were 

previously observed in some of the operating reactors. The Yetisir and Fisher study was consistent 

with the results of  Dennier et al. [40], which showed that the wear marks on the fuel elements 

were due to turbulence excitation and pressure pulsations. Similar work was carried out by Rogers 

and Pick [41] to predict the dynamic response of heat exchanger tubes in nuclear reactor and they 

calculated the contact forces due to contact with the supporting baffles. 

Hassan and Rogers [42] presented a numerical technique to calculate the dynamic response of a 

single loosely-supported fuel element. This study predicted the wear rate due to of turbulence 

excitation. The efficiency of various friction models was also examined, as was their effect on the 

predicted work rate.   
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Figure 2-7: The VIBIC model of bearing pad-to-pressure tube contact by [39]. 

 Mohany and Hassan [43] advanced further the model of Hassan and Rogers [42] by including the 

contact of neighbouring tubes and considering the effect of seismic events. They pointed out that 

failure was potentially to take place at the connections between the fuel elements and the endplates, 

and the degree of failure would depend on the severity of the seismic event. Recently, Fadaee and 

Yu [44] proposed a numerical model to simulate a large number of frictional contact constraints. 

This model was then utilized to simulate the dynamics of the 37 tubes in a CANDU fuel bundle, 

as described in Fig. 2-8, subjected to gravity forces. Other attempts were done on in different 

reactors such as PWR and BWR. For instance, Rubiolo and Young [45] utilized a vibrational 

model to investigate the wear damage resulted from turbulent forces in a PWR fuel rod. This study 

revealed that the wear damage is a function of the clearances and the turbulence forces. For a 

BWR,  Yamada et al. [46] presented a numerical 3D FEA model to simulate the dynamic response 

of fuel assemblies due to seismic events. 
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Figure 2-8: The tube array used by Fadaee and Yu [44]. 

Some research studies have been carried out to study the response of the means of supporting the 

fuel elements, such as the endplates.  Most of these studies focused on the response of the endplates 

under static loading. For instance, Yu and Wen [47] developed a finite element model for the thick 

circular ring of a CANDU endplate that is statically loaded. It was revealed that this model was 

more accurate than the curved beam model. Furthermore, Zhang and Yu [48] modelled the 

endplate under in-plane bending and twisting. The end plate was discretized using 9-node thick 

plate elements as presented in Fig. 2-9. This study revealed that the same type of element must be 

used for the endplate ribs and rings without any transitional elements. However, other studies 

assembled the two endplates with the fuel elements into one structural component to perform a 

static strength analysis. An example of this was the work of  Cho et al. [49]. In this work, 
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simulations were performed for two types of fuel bundles, the CANDU-6 (37 elements) and the 

CANFLEX (43 elements), utilizing a hydraulic axial load. The results concluded that the 

CANFLEX fuel bundle was able to bare an extremely high axial load. 

 

 

Figure 2-9: Mesh of the endplate model using nine-node thick plate elements by [48]. 

2.3 Contact Models 

Structure modelling of the fuel bundle must be integrated with defining the interaction between 

the fuel rods and supports as the fuel rod is considered a simply supported beam. This interaction 
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depends on the support type and affect the most important parameters, the impact force and fretting 

wear, that must be considered upon designing the fuel bundle.  

Rogers and Pick [41] modeled a single tube in heat exchanger with contact that occurs between 

the tube and the annulus of a circular support which produced a  normal force. It was assumed that 

the friction force depends on the magnitude of the tangential velocity as shown in the schematic 

drawing in Fig. 2-10. Rogers and Pick [41] calculated the fretting wear numerically and 

experimentally and made a comparison to validate the developed model.  

 

Figure 2-10: Clearance circle and contact forces by [41]. 

Hassan et al. [50]  predicted the tube/support contact forces and fretting wear for Lattice-Bar 

support. They utilized pseudo-forces in conjunction with modal superposition to the nonlinear 

equations of motion of loose tubes in lattice-bar supports. Schematic drawing of the lattice-Bar 

support and the direction of flow that was considered in [11] is presented in Fig. 2-11. In another 
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study by Hassan et al.[51], they developed a new tube/support model to describe the contact 

between the tube and support in heat exchangers. The proposed model took into account that the 

contact is not a single point and can be presented as a superposition of segmental and edge point 

contact [51]. Comparison between the two types of contact is shown in Fig. 2-12. 

 

 

Figure 2-11: Single-span tube with a lattice-bar support by [50]. 
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Figure 2-12: Types of tube/support contact: (a) point contact and (b) segment contact by [51]. 

Recently Mohany and Hassan [43] considered the support as a massless bar connected to tube with 

stiffness and damper. This assumption was used to calculate the contact forces between fuel 

elements of CANDU fuel bundle and the pressure tube [43]. They also included the effect of 

contact between surrounding tubes through the side spacers by considering it a fixed support. An 

illustration of the model is depicted in Fig. 2-13. 
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Figure 2-13: Support model proposed by [43]. 

2.4 Irradiation Effect 

To identify the changes of the microstructural and mechanical properties of the materials used in 

nuclear reactor components, researcher have made a lot of efforts in the last decades. Their works 

have provided the knowledge required for design and safe operation. For example, Zheng et al.[52] 

examined the effect of the irradiation dose on the microstructure response of ferritic/martensitic 

steel. Their work concluded that precipitation takes place at different defect sinks.   Similar work 

was done by Hoffman et al. [53] to study the grain boundary segregation and secondary phases in 

a purely austenitic steel and they observed that copper (Cu)  nanoprecipitates along and near the 

grain boundaries.  Maziasz  [54] showed that the local concentration of Nickel increases at higher 
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rate for irradiated specimens than thermally aged specimens, with an effect of the spectrum of 

radiation. The formation and evolution of different precipitates depends on the alloy composition, 

irradiation dose, damage rate, spectral characteristics of the incident radiation, and irradiation 

temperature. Keink and Hojou [55] observed that segregation is formed around defects created by 

irradiation such as voids and near grain boundaries. Localized segregation then extends to affect 

the regular lattice at higher doses of irradiation. Malaplate et al. [56] investigated the cavity 

swelling evolution when high doses is applied to irradiated austenitic steel which represents the 

PWR internals. They found that swelling is limited even at high irradiation doses. Garner et al. 

[57] showed that steels with a body centered cubic atomic lattice have steady state swelling rates 

a factor two to four lower than steels with a face centered cubic lattice. Klimenkov et al. [58] 

presented a study which correlate the microstructural changes to the mechanical properties of 

irradiated steel. Furthermore, Kim and Byun [59] investigated the irradiation effect on the fracture 

properties of SA533B steel and they revealed that increasing the dose level will decrease the 

equivalent fracture stress. 

Several research investigations have focused on the effect of the irradiation on the mechanical 

behavior that can be represented by constitutive material model. For instance, Patra  and Tomé 

[60] in presented a crystal plasticity model for the inelastic deformation of irradiated 

ferritic/martensitic steels. Then they simulated the quasi-static tensile and creep response based on 

this model. Murakami and Mizuno [61] proposed a constitutive equation for the creep swelling 

and damage due to irradiation. They applied this equation to the creep of type 316 stainless steel 
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at 650 oC and was subjected to some stress histories. Similarly, Zaverl and Lee [62] developed a 

strain rate dependent constitutive equation that able to model the history dependent inelastic 

deformation behavior of anisotropic metals such as Zircaloys and they compared their work with 

previous experiments. 

2.5 Summary 

The above literature review shows that in terms of excitation mechanisms; turbulence and acoustic 

pressure pulsations are fully developed. For example, existing tools to produce turbulent force 

records in CANDU fuel bundle in addition to characteristics of the pressure pulsations such as 

amplitude and frequency. However, what is absent is the utilization of motion-dependent forces 

and how to include it as an excitation mechanism for the CANDU fuel bundle which represents 

the first main research gap.  

For structural modeling and dynamic response, of all attempts of prediction of the dynamic 

response of fuel bundle have been done on a single fuel element, multiple fuel elements or separate 

endplates. In addition, all the numerical models developed to investigate the vibration 

characteristics of fuel bundles in axial flow considered the turbulence excitation only. Hence, a 

comprehensive vibrational model is still absent. This comprehensive model should be capable of 

simulating a fully-flexible fuel bundle, including all the fuel elements and the support structures, 

such as endplates. In addition, including all potential contact locations and excitation mechanisms 
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such as pressure pulsations, turbulence, and motion-dependent forces. The existence of such 

comprehensive model would be considered as a second main research gap 

Furthermore, the irradiation effect has been extensively investigated through out literature in terms 

of microstructure components and effect on the mechanical properties. However, all the available 

fuel bundle dynamic models utilize linear elasticity material models and did not include the 

irradiation effect. So, the development of a dynamic model that deal with nonlinear material 

behaviour due to irradiation is still missing and that represents the third main research gap.  

In the coming three chapters three different investigations is proposed to fill the main three 

research gaps mentioned later and are presented in a journal article format. 
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Chapter 3: Simulation of Motion-dependent Fluid Forces in Fuel 

Bundles 

3.1 Introduction 

CANDU (Canada Deuterium Uranium) reactors are designed such that fuel bundles are placed 

horizontally inside pressure tubes. The coolant flow inside the pressure tube is highly turbulent 

and can cause severe fuel bundle vibrations. These vibrations can compromise the structure of the 

fuel bundles in the form of endplate cracking, or fretting wear damage on the inside surface of the 

pressure tubes. The CANDU fuel bundle consists of 37 tubes held by two endplates. These tubes 

are arranged in three rings in addition to a center tube as shown in Fig. 3-1. In this case, the radial 

and circumferential spacing to diameter ratios vary from one ring to another and are in the range 

of 1.15 to 1.23. Tube vibration can be induced by various excitation mechanisms, including 

turbulent buffeting, acoustic pressure pulsations, and motion-dependent fluid excitation.  

Most of the work available in the literature has considered turbulent buffeting excitation in fuel 

bundles. Païdoussis [63] presented a general theory for the dynamics of cylindrical beams in 

uniform steady axial flow. Two types of end conditions were investigated: simply supported and 

cantilevered beams. It was concluded that flutter occurs at a slightly higher velocity for the first 

mode of vibration but buckling occurs at higher modes. Moreover, Païdoussis and Suss [23] 

investigated the stability of a cluster of three flexible cylinders in a bounded axial flow. It was 
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found that the critical velocities were much lower than that of a single cylinder in an unbounded 

flow.  Smith and Derksen [6] experimentally investigated the unsteady fluid forces in fuel bundles. 

The outcome of their work was a non-dimensional PSD (Power Spectral Density) guideline of the 

turbulence forces that can be used to characterize the turbulence excitation. Bhattacharya et al. 

[64] developed a numerical simulation to predict the fluid forces acting on a rigid fuel bundle in 

the presence of an angular misalignment in the bundle-to-bundle interface. Their work aimed at 

characterizing the unsteady turbulent flow inside the bundle. Divaret et al. [65] studied the normal 

force acting on an oscillating tube and its effect on the damping rate. Their study showed that the 

damping rate is proportional to the axial flow velocity. Chen [17] presented a mathematical model 

to predict the added mass effects. The model was then utilized to predict the free and the forced 

vibrations of nuclear fuel bundles. Berro et al. [66] examined the divergence patterns that may 

exist within cylinders due to axial flow using numerical simulations. Païdoussis [25] conducted 

experiments on a single axial cylinder and a 19-element CANDU fuel bundle to measure the 

vibration amplitudes. His measurements agreed with previously derived empirical formula [25].  

Other research works have developed predictive tools to investigate the dynamics of fuel bundles 

[42], [43]. These studies aimed at predicting the impact force between the fuel bundle and the 

pressure tube, but they considered only the effect of turbulence excitation. 

Hassan et al. [18] developed a numerical model that was capable of calculating the fluidelastic 

force coefficient in a tube array subjected to a single-phase cross flow. The effect of pitch-to-

diameter ratio on the stability threshold was investigated. More recently, Sadek et al. [19] 
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developed a numerical model to predict the unsteady forces acting on a parallel triangular tube 

array in two-phase cross flow. Using direct flow/structure coupling, they examined the stability 

threshold by simulating an array of flexible tubes.  

 

Figure 3-1: 3-D model of a fuel bundle 

The above review reveals that all the numerical models developed to investigate the vibration 

characteristics of fuel bundles in axial flow considered the turbulence excitation only. Hence, the 

motion-dependent forces have not been considered as an excitation mechanism in axial flow.  This 

paper intends to develop a numerical model to predict the motion-dependent fluid forces in a 

CANDU fuel bundle and their effect on its dynamic response. 

Fuel Element 

Endplate 
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3.2 Numerical model 

The finite volume method (FVM) was utilized to solve the Reynolds-averaged Navier-Stokes 

(RANS) equations in the time domain. The velocity and pressure were calculated for the entire 

domain. To account for the interaction between the fluid and the tubes, the RANS equations were 

cast in an arbitrary Lagrangian–Eulerian (ALE) form which adjusted the moving boundaries and 

any deformation in the mesh. 

 

Figure 3-2: Fluid mesh around the tubes. 
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To calculate the mesh velocity 𝑢𝑠,𝑗 the space conservation law has to be maintained at all times 

such that:  

𝑑

𝑑𝑡
∫ 𝑑𝑉

𝑉

= ∫ 𝑢𝑠,𝑗  𝑑𝐴𝑗
𝑠

 (3.1) 

where the rate of change of a volume (𝑉) is equal to the integral of the velocities across the surface 

(𝑆). The governing equation in ALE, for mass conservation is in the form: 

𝜕𝜌

𝜕𝑡
+
𝜕𝜌 (𝑢𝑗 − 𝑢𝑠,𝑗)

𝜕𝑥𝑗
= 0 (3.2) 

and for momentum conservation, 

𝜕𝜌𝑢𝑖
𝜕𝑡

+
𝜕𝜌 (𝑢𝑗 − 𝑢𝑠,𝑗)𝑢𝑖

𝜕𝑥𝑗
= −

𝜕𝑝

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
(𝜇𝑒

𝜕𝑢𝑖
𝜕𝑥𝑗

) + 𝑆𝑖 (3.3) 

where 𝑢𝑖, 𝑢𝑠,𝑗, 𝑥𝑖, 𝑝 and 𝜇𝑒 are the fluid velocity components, the mesh velocity, the Cartesian 

spatial coordinates, the fluid pressure, and the effective viscosity, which includes the laminar and 

the turbulent contributions, respectively. The  𝑆𝑖 term represents the contributions of the secondary 

viscous stress term. Depending on the frequency and amplitude of motion given to the central tube, 
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the surface nodes will move to the new position. For interior nodes in the flow domain, the motion 

is based on a set of Laplacian diffusion equations as follows: 

𝜕

𝜕𝑥𝑗
(
𝜕𝑥′

𝜕𝑥𝑗
) = 0    ,    

𝜕

𝜕𝑥𝑗
(
𝜕𝑦′

𝜕𝑥𝑗
) = 0 (3.4) 

where [𝑥′and 𝑦′] are the Cartesian changes in position, 

𝑥′ = 𝑥 − 𝑥𝑜𝑙    , 𝑦′ = 𝑦 − 𝑦𝑜𝑙     (3.5) 

and where [𝑥 , 𝑦 ] and [𝑥𝑜𝑙, 𝑦𝑜𝑙] are the new and the original nodal coordinates, respectively. The 

k-ω Shear Stress Transport (SST) turbulence model is utilized in the solution of the Reynolds-

averaged Navier-Stokes equations. A second order implicit scheme and a second order upwind 

scheme are utilized for time and space discretization, respectively. The Semi-Implicit Pressure 

Linked Equations (SIMPLE) algorithm is applied to calculate the pressure field. The 37 rods 

described in Fig. 3-1 are 0.495 m in length and 0.1 m in diameter. The volume inside the bundle 

between these rods depicts the fluid computational domain. The fluid domain should have enough 

resolution and details to sufficiently characterize the boundary layer around the tubes. However, 

the number of nodes and elements should be minimized as much as possible to reduce the 

simulation time. Part of the domain around the outer tubes is therefore excluded, as shown in Fig. 

3-2, to reduce the overall computational domain.  The flow domain is discretized into 2 877 330 

block elements, as shown in Fig. 3.2.  The mesh utilizes a refinement zone around the tubes that 
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contains 13 inflation layers with an inflation height of 0.115 D.  The height of the first layer is 

selected to maintain y+<1. The central tube is given a periodic motion of 0.7 mm in amplitude and 

a frequency of 10 Hz, representing the first mode of vibration for a simply supported beam. For 

simplicity, the forces were calculated at the mid-span over an axial length of 0.01 m as shown in  

Fig. 3-3 The horizontal (𝑥) and vertical (𝑦) components of the fluid forces were calculated for the 

six tubes of the inner ring and the central tubes as shown in Fig. 3-4. 

 

Figure 3-3: : Surface area of the tubes at which the forces were computed. 
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Figure 3-4: The 7-tube kernel. 

3.3 Mathematical Framework 

For a system with 𝑁 tubes, the equations of motion can be simplified as: 
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 (3.6) 

where 𝑀𝑠, 𝐶𝑠 and 𝐾𝑠 are the structural mass, damping and stiffness, respectively. The structural 

damping is calculated based on experimental values from literature [67]. 𝐹𝑥,𝑖 and 𝐹𝑦,𝑖 represent the 
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unsteady fluid forces acting on the 𝑖𝑡ℎ tube. The forces are dependent not only on the motion of 

the tube but also on the motion of the surrounding tubes [68]. As such the motion-dependent forces 

acting on a tube in a tube array can be written as: 

𝐹𝑥,𝑖 =∑( Θ𝑥 𝑖𝑗
,,  �̈�𝑗 + Θ

𝑦
𝑖𝑗
,,  �̈�𝑗)

𝑁

𝑗=1

+∑( 𝛩𝑥 𝑖𝑗
,  �̇�𝑗 + 𝛩

𝑦
𝑖𝑗
,  �̇�𝑗)

𝑁

𝑗=1

+∑( Θ𝑥 𝑖𝑗  𝑥𝑗 + Θ
𝑦

𝑖𝑗  𝑦𝑗)

𝑁

𝑗=1

 (3.7a) 

𝐹𝑦,𝑖 =∑( Ψ𝑥 𝑖𝑗
,,  �̈�𝑗 + Ψ

𝑦
𝑖𝑗
,,  �̈�𝑗)

𝑁

𝑗=1

+∑( Ψ𝑥 𝑖𝑗
,  �̇�𝑗 + Ψ

𝑦
𝑖𝑗
,  �̇�𝑗)

𝑁
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+∑( Ψ𝑥 𝑖𝑗 𝑥𝑗 + Ψ
𝑦

𝑖𝑗 𝑦𝑗)

𝑁

𝑗=1

 (3.7b) 

where Θ,, and Ψ,, are the added-mass coefficients, Θ, and  Ψ,  are  the fluid damping coefficients, 

and Θ and Ψ are the fluid stiffness coefficients of the 𝑖𝑡ℎ rod. The left superscripts 𝑥 and 𝑦 represent 

the direction of motion of Tube 𝑗. For further examples, 𝛩𝑥 13
,

 is the fluid damping coefficient 

applied on Tube 1 when Tube 3 moves in the x direction. The system of equations (Eq. 3.6) can 

be rearranged by moving the fluid forces to the left side, which represents the contribution to the 

mass, damping and stiffness matrices. The transformed equations can be written as: 
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where 𝑀𝑓, 𝐶𝑓 and 𝐾𝑓 are the added mass, damping and stiffness. These added components are 

functions of the force coefficients. These coefficients depend on the dimensionless reduced 

velocity (𝑈𝑟) which is defined as: 

𝑈𝑟 =
 𝑈

𝑓 𝐷
  (3.9) 

where 𝑓 is the vibration frequency and 𝐷 is the tube diameter. The fuel bundle system can be 

simplified by considering only a cluster of seven tubes. The mutual influence of any two 

neighboring tubes ( 𝑖 and 𝑗 ) can be represented by connecting the tubes by a spring 𝐾
𝑓

𝑖𝑗   and a 

damper 𝐶
𝑓

𝑖𝑗 as shown in Fig. 3-5 The fluid simulations proposed in the previous section were 

performed to extract the fluid forces acting on the tubes. Then using these forces, the coefficients 

in Eq. 3-7a and Eq. 3-7b were extracted and utilized in the 2-DOF/tube vibration model to predict 

the vibration response of the fuel bundle. 
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Figure 3-5: 7-tube vibration model. 

3.4 Results and Discussion 

3.4.1 Sensitivity Analysis 

A sensitivity analysis was performed to determine the optimum number of elements in the mesh 

and the optimum time step. The values of these parameters greatly affect the solution and the 

accuracy of the force coefficients and phases. Various inlet flow velocities were tested in a range 

from 1 to 10 m/s. In a CANDU reactor the mass flow rate inside each fuel channel is around 24 

kg/s. This results in a flow velocity of 3 m/s upstream from the bundle. This value will vary as the 

fluid moves between the fuel elements and the endplates; therefore, the selected velocity range 

covers this variation. The following results are presented for a case with an inlet velocity of 8 m/s 
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( 𝑈𝑟= 61). Fig. 3-6a and Fig. 3-6b depict the amplitude of the force coefficient in the y direction 

for Tube 1 and Tube 2, respectively. The figures show that the force coefficients change 

significantly for mesh sizes lower than 23 × 105 blocks and then become insensitive to an 

increase in the number of elements at higher numbers of blocks.   

  

                                 (a)                                                                        (b) 

Figure 3-6: Mesh sensitivity at 𝑼𝒓= 61: (a) Tube 1, (b) Tube 2 

In the same manner, the force coefficient amplitude in the  𝑦 direction for Tube 2 and in the  𝑥 

direction for Tube 3 are plotted in Fig. 3-7a and Fig.3-7b for time steps in the range of 0.0005 to 

0.01 seconds.  The same inlet flow velocity of 8 m/s is used. The force coefficients increase when 

the time step decreases from 0.01 to 0.001 s. It then plateaus for a time step less than 0.001 s.  As 

such, a timestep of 0.001 s was used in the current work.  
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(a)                                                                          (b) 

Figure 3-7: Time step sensitivity at 𝐔𝐫= 61: (a) Tube 2, (b) Tube 3 

 

3.4.2 Fluid force coefficients 

Due to the symmetry of rod bundle geometry, the force coefficients were calculated for four tubes 

(1, 2, 3 and 4) as presented in Fig. 3-4. For the case of an inlet flow of 8 m/s, the Reynolds number 

based on the fuel element diameter and the upstream velocity is 10430. The contours of the velocity 

magnitude at the mid-span are plotted in Fig. 3-8. The contours show that the maximum flow 

velocity reaches a value of 12.6 m/s. The locations of the maximum velocity are at the gaps 

between any four adjacent tubes. The force coefficients for Tubes 1 to 4 are presented in Figs. 3-

9a – 3-9d.  Fig. 3-9a shows the fluid forces measured from the fluid simulation in the x and the y 

directions for Tube 1 along with the prescribed displacement (dashed line). The fluid force 
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component in y direction is periodic with a constant amplitude at the frequency of the prescribed 

displacement.  However, the fluid force is leading the displacement by an angle of π/2. The x 

component of the fluid force coefficient is negligible compared with that of the y direction. Such 

results are consistent with the findings of Tanaka and Takahara [69] for the cross flow case. Similar 

results were found for Tube 2 as shown in Fig. 3-9b. The force coefficients in Fig. 3-9b can be 

interpreted as being the influence coefficient from the motion of Tube 1. 

 

Figure 3-8: Velocity magnitude distribution (8 m/s inlet). 

The influence in the x direction is also very low compared with that of the y direction. While the 

coefficient in the y direction shows a strong influence from Tube 1, the amplitude is smaller 

compared to the force induced by the tube's own motion. In addition, the fluid force lags behind 

the center tube motion by an angle of π/2. The influence of the center tube motion on the side tubes 
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(Tubes 3 and 4) is shown in Fig. 3-9c and Fig. 3-9d, respectively. Unlike Tube 2, the major 

influence component is in the x direction. It was found that the influence force coefficient on Tubes 

3 and 4 are identical but are 180o out of phase.  

Fig. 3-10 summarizes the relative influence and phase on each tube due to the motion of Tube 1. 

Due to symmetry, equal amplitudes of pairs (Tubes 2 and 5, Tubes 3 and 6, and Tubes 4 and 7) 

are present. However, the force coefficient at each of these pairs is 180o out of phase. To investigate 

the effect of the flow velocity on the predicted force coefficients, a range of upstream flow 

velocities was simulated. The mid-point of this range represents the normal operating flow velocity 

in a CANDU reactor.  

Fig. 3-11a shows the force coefficient amplitude in the y direction for Tubes 1, 2, 3 and 4 versus 

the reduced flow velocity. The force coefficient amplitude in the x direction for Tubes 3 and 4 are 

shown in Fig. 3-11b. The fluid force coefficients seem to be insensitive to this range of reduced 

flow velocity. A similar behavior was found in the results of the phase angles, as shown in Figs. 

3-12a and 3-12b 
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                                       (b) 

 

                 
 

                        
 

               (c) 
 

                              
 

 
 

                                      (d) 

 

Figure 3-9: Force coefficients at 8 m/s inlet: (a) Tube 1, (b) Tube 2, (c) Tube 3, (d) Tube 4. 
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Figure 3-10: Force pattern due to motion of the central tube in the y- direction. 

 

(a) (b) 

Figure 3-11: The force coefficient amplitude versus reduced velocity: (a) y direction, (b) x direction 
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(a) (b) 

Figure 3-12: Phase between the force coefficient and the displacement of Tube 1 versus reduced velocity: (a) y 

direction, (b) x direction 

3.4.3 Vibration response 

3.4.3.1 Single tube 

The previous results showed that the forces on the center tube lag behind the displacement by π/2, 

as shown in Fig. 3-9. This means that the forces will be in phase with the tube velocity and act as 

a destabilizing force. Even a single tube can therefore reach instability at a sufficiently high flow 

velocity. The vibration model was set to consider only the center tube. The critical velocity was 

found to be 54.4 m/s (𝑈𝑟=145). Examples of the response of the system are shown in Fig. 3-13. 

The tube was perturbed using a 0.57 mm displacement for a range of velocities from 4 to 56 m/s. 
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Fig. 3-13a shows the signal decay due to damping for a flow velocity of 22.5 m/s. As the flow 

velocity increased, the fluid negative damping increased until it equaled the structural damping 

and the total damping was zero. This was evident at 54.4 m/s as shown in Fig. 3-13b. At a higher 

flow velocity, the tube became unstable as depicted in Fig. 3-13c for a flow velocity of 56 m/s. 

 
(a) (b) 

 

(c) 

Figure 3-13: Tube response after perturbation at different flow velocities in m/s: (a) 22.5, (b) 54.4, and (c) 56 
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3.4.3.2 Kernel of 7 tubes 

For the 7-tube kernel, the resulting destabilizing force included a contribution from all seven tubes. 

The stability analysis was performed on the whole system of seven tubes and resulted in a critical 

velocity value of 22.8 m/s, which is approximately half that of the single tube case. Figs. 3-14a, 3-

14b and 3-14c show the time-domain simulation of the center tube response with an initial 

displacement. The vibration of the fuel bundle is due to turbulence in addition to the motion-

dependent forces. To predict the vibration response, the turbulence is therefore simulated using 

experimental data obtained by Smith and Derksen [6]. Random forces are generated using the 

turbulence force spectrum presented in [6]. An example of the turbulent force spectrum at a flow 

velocity of 9.3 m/s is presented in Fig. 3-15. The first set of simulations were conducted to predict 

the vibration response due to turbulence for various flow velocities in the range of 4.0 to 30 m/s. 

The RMS amplitudes were compared with the results of Païdoussis  and Curling [70], in which 

they considered only the turbulence forces. 
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                                     (a)                                                                        (b) 

 

(c) 

Figure 3-14: Center tube response after perturbation at different flow velocities in m/s: (a) 12, (b) 22.8, and 

(c) 27 
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Figure 3-15: Turbulent forces spectrum at 9.3 m/s [6]. 

They presented their results using a dimensionless velocity of 𝑢 which is defined as: 

𝑢 = √
𝜌 𝐴

𝐸 𝐼
 𝑈 𝐿 (3.10) 

where 𝐴 , 𝐿, 𝐼, 𝜌 and 𝐸 are the tube cross section area, the tube length, the second moment of area, 

the fluid density and the modulus of elasticity respectively. As shown in Fig. 3-16, the turbulence 

response is proportional to the dimensionless velocity and is in good agreement with the results of 

Païdoussis and Curling [70] except at low velocities. 
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Figure 3-16: Dimensionless amplitude vs dimensionless velocity for turbulence response. 

The second set of simulations were conducted to include the motion-dependent forces. The RMS 

amplitudes are plotted versus the reduced velocity in Fig. 3-17 for the case of turbulence only and 

the case of turbulence plus motion-dependent forces. Fig. 3-17 shows that the RMS amplitude is 

proportional to the reduced velocity in the sub-critical region but with higher amplitudes than the 

values for the turbulence-only case. For a reduced velocity higher than the critical value, the 

amplitude increases dramatically as the tube becomes unstable. Examples of time histories of 

response at different flow velocities for both cases are presented in Fig. 3-18. An empirical formula 

was presented by Païdoussis [25] to predict the vibration amplitude for axial flow based on the 

number of parameters. The empirical formula defines the ratio between amplitude and tube 

diameter as: 
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𝐴∗ =
𝐴𝑚𝑝

𝐷
= 𝛼1

−4 [
𝑢1.6 𝜖1.8 𝑅𝑒0.25

1 + 𝑢2
] [(

𝐷ℎ
𝐷
)
0.4

] [
𝛽2/3

1 + 4𝛽
] [5 × 10−4𝐾𝐸𝑚] (3.11) 

 

Figure 3-17: RMS amplitude vs reduced velocity. 

where 𝛼1 is the dimensionless first mode eigenvalue of the cylinder, equal to 𝜋 for pinned-pinned 

(simply supported) cylinders, 𝑅𝑒 is the Reynolds number, 𝜖 is the tube length to diameter ratio, 𝐷ℎ 

is the hydraulic diameter, 𝛽 is  𝜌 𝐴/(𝜌𝐴 +𝑚), 𝑚 is the mass per unit length and 𝐾𝐸𝑚 is constant. 

Experiments were conducted by Païdoussis [25] on a 19-element CANDU fuel bundle, which has 

the same arrangement as the 37-element bundle. It does not, however, have an outer ring, and the 

tube diameter is 0.0157 m instead of 0.0131 m. Fig. 3-19 shows the amplitudes measured 

experimentally by Païdoussis [25] as a function of the predicted amplitude using the empirical 

formula. On the same graph, predictions of the current work were plotted for turbulence and 
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motion-dependent fluid forces.  The comparison shows that the predictions of the current work are 

in good agreement with the experimental results for the turbulence-only case and there is a slight 

difference in the amplitudes when the motion-dependent forces are added. 
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Turbulence 

 

Turbulence + Motion-dependent forces 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

 
(e) 

 
(f) 

Figure 3-18:Time histories of response at reduced velocities of 32, 60 and 72 for both cases: (a), (c) and (e) are for 

turbulence only, while (b), (d) and (f) are for turbulence plus motion-dependent forces. 
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Figure 3-19: RMS amplitude vs predicted amplitude. 

3.5 Conclusion 

A numerical approach was presented to simulate the motion-dependent fluid forces in a CANDU 

fuel bundle. Numerical simulations were conducted for the case of a moving tube in a rigid bundle 

to calculate the destabilizing fluid forces. The resulting forces were expressed in terms of 

coefficients and phases. These coefficients were used to extract the added mass, damping and 

stiffness coefficients which were then utilized in a structured dynamic model to calculate the 

response of a tube bundle. The vibration response was compared with the previous experimental 

work for a 19-element bundle in axial flow. The comparison showed good agreement with the 

experimental values. The results showed that the motion-dependent forces can lead to fluid-elastic 
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instability if a sufficiently high flow velocity is reached. In addition, tube coupling leads to the 

stability threshold being decreased significantly. However, these forces affect the dynamic 

response of the fuel elements and lead to more impact between the elements, which 

consequentially affects the fretting wear. 

 

 

 

 

 

 

 

 

 

 



 

 

57 

 

Chapter 4: Modelling of Fully-Flexible Fuel Bundles 

4.1 Introduction 

Fuel bundles are an important part of nuclear power plants. The primary role of each fuel rod 

(element) is to maintain the fuel in a well-defined geometry and to provide a barrier between the 

fission material and the outside environment. As such, the integrity of fuel elements is of 

paramount importance to the design and operation of the reactor. Heat transport from the fuel 

bundles to the steam generators is facilitated by a liquid coolant inside the fuel channel. As a result, 

the fuel bundles are subjected to axial flow, which in turn leads to flow-induced vibrations (FIV). 

These vibrations result from various excitation mechanisms, such as turbulence excitation, and 

fluidelastic instability forces (FEI) as well as acoustic pressure pulsations, which originate from 

the main heat transport pumps. Although traditionally turbulence forces have been considered as 

the main excitation mechanism causing fuel bundle vibrations [22], it is important to investigate 

the impact of the aforementioned fluid excitation mechanisms on the structural integrity of fuel 

bundles. 

Typically, a fuel bundle consists of a number of fuel elements assembled and held together by 

different means depending on the type of the reactor.  In a pressurized water reactor (PWR), about 

200 fuel elements are packed together to form one bundle by means of a spacer grid. The bundle 

is positioned in the vertical direction where the coolant (water) flows upward. The same 

configuration is used in a boiling water reactor (BWR), but the fuel bundle is surrounded by a thin 
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tube and isolated from its neighbouring rods by a water-filled zone [71]. As well, the coolant is 

under two-phase flow conditions as the water is converted directly to steam inside the reactor 

pressure vessel. In Canadian Deuterium Uranium (CANDU) reactors, a fuel bundle consists of an 

assembly of fuel elements that are held together using two endplates. Several CANDU fuel bundle 

designs have been used based on the number of fuel elements: 28, 37, or 43. However, the 37-

element fuel bundle is the most commonly used design [71]. In contrast, the coolant in a CANDU 

reactor utilizes heavy water and a large number of fuel channels, each of which contains a string 

of 12 fuel bundles that lie horizontally within the reactor core. Since the integrity of the fuel 

elements is very important, the dynamics of these components have been the subject of intensive 

research efforts using both numerical and experimental techniques. 

Researchers have developed several structural numerical models. These models have been used to 

investigate the dynamic response of fuel bundles. For example, Rubiolo and Young [45] used a 

non-linear vibrational model to predict the wear damage due to turbulent flow in a PWR fuel rod. 

It was shown that the wear damage is a function of the clearances and the turbulence forces. Jiang 

et al. [72] carried out an investigation which simulated the grid-to-rod impact forces in a PWR 

reactor using a 3D FEA model. For a BWR,  Yamada et al. [46] proposed a numerical model that 

utilized a 3D FEA to simulate the dynamic response of fuel assemblies due to seismic events. 

Similarly, for a CANDU reactor, Yetisir and Fisher [39] developed a finite element model for a 

single fuel element in a CANDU fuel bundle. This study utilized turbulence excitation and 

calculated the response of the fuel element in addition to the fretting wear between the bearing 
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pads and the pressure tube. An experiment was also conducted to measure the fretting wear and 

compare it with the numerical predictions. This comparison revealed that turbulence excitation 

alone was inadequate to account for the fretting rate levels that were previously observed in some 

of the operating reactors. The Yetisir and Fisher study was consistent with the results of  Dennier 

et al. [40], which showed that the wear marks on the fuel elements were due to turbulence 

excitation and pressure pulsations. Hassan and Rogers [42] proposed a numerical model to predict 

the response of a single loosely-supported fuel element. This study calculated the wear rate due to 

turbulence excitation. The efficiency of various friction models was also examined, as was their 

effect on the predicted work rate.  Mohany and Hassan [43] improved on the model of Hassan and 

Rogers [42] by considering the contact of neighbouring tubes and including the effect of  seismic 

events. The results indicated that failure was likely to occur at the connections between the fuel 

elements and the endplates, and the degree of failure would depend on the severity of the seismic 

event. Recently, Fadaee and Yu [44] proposed a numerical technique to model a large number of 

frictional contact constraints. This model was then used to simulate the dynamics of the 37 tubes 

in a CANDU fuel bundle subjected to gravity forces.  

Some works have focused on studying the effect of the means of supporting the fuel elements, 

such as the endplates.  The majority of these attempts focused on the response of the endplates 

under static loading. For example, Yu and Wen [47] proposed a finite element model for the thick 

circular ring of a CANDU endplate under static loads. It was concluded that this model was more 

accurate than the curved beam model. Furthermore, Zhang and Yu [48] modelled the endplate 



 

 

60 

 

under in-plane bending and twisting. This study concluded that the same type of element must be 

used for the endplate ribs and rings without any transitional elements. However, other studies 

integrated the two endplates with the fuel elements into one structural model to perform a static 

strength analysis. An example of this was the work of  Cho et al. [49]). In this work, simulations 

were conducted for two types of fuel bundles, the CANDU-6 (37 elements) and the CANFLEX 

(43- elements), under a hydraulic axial load. The results revealed that the CANFLEX fuel bundle 

was able to withstand an extremely high axial load. 

A number of studies have been dedicated to characterizing turbulence excitation in nuclear fuel 

bundles by means of experimentation or numerical simulations. For instance, Hassan and Ibrahim 

[4] utilized large-eddy simulations (LES) to characterize turbulence in terms of the power spectral 

destiny (PSD) of the turbulent forces that were applied. A similar work was carried out by Zhang 

and Yu [5] on a 43-element CANDU fuel bundle, in which the spatial and the frequency spectra 

of the turbulence force components were examined. Utilizing experimental techniques, Smith and 

Derksen [6] obtained the PSD of turbulence forces exerted on a CANDU fuel bundle. These studies 

are very valuable as they provide a quantitative means of characterizing the random turbulence 

force.  For the purpose of calculating the fuel bundle response, a time-domain evaluation of these 

forces is required. Antunes and his co-researchers conducted a number of studies [17-19] in order 

to develop a technique that would generate turbulence force records based on an existing PSD.  

For example, Antunes et al. [9] utilized a method that was capable of producing a set of correlated 

modal forces that could represent non-uniform turbulent flows.  
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Several studies have been dedicated to investigating the characteristics of pressure pulsations. This 

includes the work of Hayashi et al. [26], which used a semi-empirical model for the damping 

characteristics of the pulsations in piping systems. An experimental investigation by Rzentkowski 

and Zbroja [27] considered the acoustic pressure and the velocity at the blade-passing frequency 

of the primary heat transport pump in a CANDU reactor. The study concluded that the pressure 

pulsations in the heat transport system of a reactor may be predicted by modelling the pump as a 

pressure source. More recent works have investigated the propagation and attenuation of acoustic 

pressure pulsations in piping systems at frequencies identical to those observed in heat transport 

pumps [22-26]. To the authors’ knowledge, the dynamic response of fuel bundles due to acoustic 

pressure pulsations has never been investigated. 

The fluidelastic instability of tube arrays in axial flows occurs at relatively high velocities, which 

are considered to be beyond the operating range of most fuel bundles.  However, fluidelastic 

instability forces are present and will influence the dynamic response of the tubes [22]. A number 

of studies have investigated the influence of fluidelastic instability on tube bundles in an axial 

flow. For example, Païdoussis and Suss [23] carried out an experimental study of the stability of a 

cluster of three flexible cylinders in a bounded axial flow. They found that a single cylinder in an 

unbounded flow has a much higher critical velocity than the case of three cylinders in a bounded 

flow. Païdoussis [25] performed experiments to measure the vibration amplitudes on a single axial 

cylinder and a 19-element CANDU fuel bundle. His findings were consistent with previously 

derived empirical formulae [25]. Recently, Elbanhawy et al. [73] created a model to account for 
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fluidelastic forces in a fuel bundle, and then utilized it to study the stability of a tube kernel. Their 

results agreed with the previous data in the literature. 

While the above literature review shows that various aspects of fuel dynamics have been treated 

individually, a comprehensive vibrational model is still lacking. A model is required that can 

simulate a fully-flexible fuel bundle, including all the fuel elements and the support structures, 

such as endplates. A comprehensive contact model is needed for all potential contact and excitation 

situations, including pressure pulsations, turbulence, and fluidelastic forces. This paper attempts 

to provide such a model, which can be used in the design and assessment of fuel bundles. 

4.2 A Description of the Analytical Framework 

Several commercial finite-element codes have been utilized to develop models for fuel bundle 

analysis [3, 4, 6]. Generally, these models utilize a very detailed description of the fuel elements, 

including the interaction between the pellets and the sheath, as well as pellet-to-pellet contact. 

Such models require a large number of elements to model all these details. Additional complexities 

lie in accounting for the contact among these fuel elements and their solid boundaries. While such 

models have proven to be very useful in dealing with static problems, including cracking and fuel 

element sagging, they have had very little success in modelling fuel elements subjected to flow-

induced excitation. 
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In this study, all of the structural components were discretized in space by means of finite elements. 

A 12-DOF beam finite element was used to model the fuel elements as straight beams. A 4-node 

isoparametric quadrilateral plate element was used to discretize the endplate. The dynamics of a 

fuel bundle, including the supporting elements, such as endplates, can expressed as follows: 

[𝑀]{�̈�} + [𝐶]{�̇�} + [𝐾]{𝑤} = {𝐹𝑇(𝑡)} + {𝐹𝐶(�̇�,𝑤, 𝑡)} + {𝐹𝑀(𝑡)} + {𝐹𝑃(𝑡)} (4.1) 

where 𝑀, 𝐶 and 𝐾 are the global mass, the damping, and the stiffness matrices, respectively.  𝑤, �̇� 

and �̈� are the displacement, the velocity, and the acceleration response vectors, respectively. The 

turbulence excitation is represented by the vector 𝐹𝑇(𝑡), the motion-dependent (FEI) forces vector 

is 𝐹𝑀(𝑡), and the pressure pulsations are represented by 𝐹𝑃(𝑡). The contact force vector 𝐹𝐶(�̇�, 𝑤, 𝑡) 

is calculated based on the fuel-to-fuel and the fuel-to-boundary contacts, including the friction 

force at these locations. 

Once the dimensions and the material properties of the fuel element were known, the mass and the 

stiffness matrices could be easily constructed. For some reactor designs, such as the CANDU, 

additional contributions to the mass are due to the pellets. In the current study, the pellets were 

assumed to have a negligible contribution to the bending stiffness as there are gaps between the 

pellets and the inner surface of the fuel.  

The global matrices representing the total number of DOFs were assembled for all the elements, 

including both the beam and the plate elements. Each external force vector in Eq. 4.1 was then 
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calculated using a corresponding technique, which will be briefly explained throughout the next 

sections. Finally, a modal superposition technique was utilized, and the Newmark integration 

scheme was used to calculate the temporal response. All the computations were done using an in-

house finite element code. 

4.3 Turbulence Forces 

Turbulence is considered to be the main excitation mechanism in fuel bundles subjected to axial 

flows. Modelling turbulence excitation is not a trivial task as it involves accounting for the spectral 

contents, the local magnitude, and the space correlation. An excellent review of these modelling 

issues can be found in the work of Antunes et al. [7]. The normal approach is to excite the tubes 

with a set of random forces, which have the same spectral contents as those of the actual 

turbulence, and partially account for the space correlation. Such an approach is commonly used in 

the numerical simulations of nuclear steam generator tube bundles with loose supports [32]. For 

each fuel bundle, 2𝑛 sets of turbulence excitation forces can be generated. These include 𝑛 sets 

for each of the two orthogonal direction forces [𝐹𝑡(𝑦, 𝑡) and 𝐹𝑡(𝑧, 𝑡)]. Each set includes a 

statistically independent Gaussian time-trace force record. Each force record is synthesized by 

discretizing the spectral contents of the turbulence excitation and extracting the force magnitudes 

and phases as follows: 
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𝐹(𝑦, 𝑡) =∑(2 𝑆𝑓(𝑦, 𝑓𝑖)  ∆𝑓)
1/2
 sin (2𝜋 𝑓𝑖  𝑡 + 𝜃𝑖)

𝑅

𝑖=1

 (4.2) 

where 𝑅 is the number of the harmonic components,  𝑓𝑖 is the discrete frequency (∆𝑓 𝑖), 𝜃𝑖 

represents the random phases sampled in the range of [0  2𝜋], and 𝑆𝑓(𝑦, 𝑓) is the power spectral 

density of the turbulence forces. The above procedure can be used to generate a random Gaussian 

force record, which has the same spectral properties as the turbulence excitation [𝑆𝑓(𝑦, 𝑓)]. The 

success of this approach relies on obtaining a representative power spectral density of the 

turbulence excitation [𝑆𝑓(𝑦, 𝑓)], which can be found using the bounding turbulence spectra that 

have been published. The bounding spectra used in this work were obtained experimentally by 

Smith and Derksen [6]. The force-time records were produced depending on the flow velocity and 

had a Gaussian distribution with a zero mean. As mentioned earlier, two sets of turbulence force 

were generated for the two orthogonal directions (𝑦 and 𝑧) for each element. Therefore, 74 force 

sets were sensitized for each fuel bundle, with each set containing a number of time-domain 

records. For simplicity in this study, each force set contained one record of turbulence force. This 

was a conservative assumption and represented an upper bound of response prediction. An 

example of a bounding spectrum and its corresponding force record are shown in Fig. 4-1a and 

Fig. 4-1b. 
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Figure 4-1: Turbulence Excitation: a) Bounding spectrum [6], and b) corresponding force record. 

 

4.4 Contact Forces 

The prediction of the fretting wear damage relies on an estimation of the normal work rate. Normal 

work rate is calculated using the predicted impact force and the sliding velocity of the components 

that are in contact. As such, modelling of the contact is an important issue in the assessment of 

compound integrity due to flow-induced vibration. Several contact techniques have been 

developed and utilized in many applications of mechanics. These techniques include the penalty 

method [74], the direct method [75], and the pseudo force method [76].  Due to its efficiency, the 

pseudo force method has been adopted extensively in modelling the impact between the tube and 

its support in heat exchanger tube dynamics. It has proven to be very robust in applications that 

include many supports [76]. In this model, a massless bar with an impact equivalent stiffness and 
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damper were added to the tube/support interface when the gap between the tube and its support 

was closed. This technique can be extended to treat multiple fuel-to-fuel (FTF) and fuel-to-

boundary (FTB) contacts. For a tube bundle, the equilibrium location and the displacement of each 

tube can be represented by 𝑟 and �⃑⃑⃑�, respectively. Figure. 4-2 shows the relative position vector 𝑟𝑖𝑗⃑⃑ ⃑⃑  

for two neighbouring tubes (𝑖 and 𝑗).  

 

Figure 4-2: Contact model. 

Contact takes place when the length of the relative position is shorter than the center-to-center 

distance |𝑟𝑖𝑗⃑⃑ ⃑⃑ | <  𝑑 or 𝛿𝑖𝑗 = 0. In this case, the normal contact force can be calculated as follows: 

�⃑�𝑐,𝑖𝑗 = (−(𝐾𝑐𝑖,𝑗 𝛿𝑖,𝑗) + 𝑠𝑖𝑔𝑛(�̇�𝑖,𝑗) (1.5 𝛼 |𝐾𝑐𝑖,𝑗 𝛿𝑖,𝑗|)) �̂�𝑖,𝑗  (3.3) 
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where 𝛿𝑖,𝑗 is: 

𝛿𝑖,𝑗 = |𝑟𝑖𝑗⃑⃑ ⃑⃑ | −  𝑑 (3.4) 

The friction force 𝐹𝑓𝑟 must obey the friction law: 

𝐹𝑓𝑟  ≤  𝜇 𝐹𝑐    Sticking      �̇�𝑡,𝑖𝑗 = 0 (3.5) 

𝐹𝑓𝑟 =  𝜇 𝐹𝑐    Sliding       �̇�𝑡,𝑖𝑗 > 0 (3.6) 

where 𝜇 and �̇�𝑡,𝑖𝑗 are the coefficient of friction and the tangential velocities for tubes 𝑖 and 𝑗, The 

prediction of friction forces during sticking can be calculated using the force balance technique 

developed for fuel bundles [42]. During sticking, the velocity and acceleration are negligible and 

the net force acting on the tube against friction can be obtained as follows: 

𝐹𝑓𝑟 = (𝑘𝑒 �⃑⃑⃑�) ∙ �̂�𝑡 − 𝐹𝑒 ∙ �̂�𝑡 (3.7) 

where 𝑘𝑒 �⃑⃑�  and 𝐹𝑒 are the internal and external forces acting in the tangential direction, 

respectively. Sticking takes place when Eq. 3.5 is satisfied. Similar contact and friction force 

algorithms can be calculated when dealing with tube to boundary contact. This situation arises in 

the case of a fuel bundle supported by a grid or a fuel element in contact with the pressure tube 

(CANDU design). The overall contact force acting on a tube is: 
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�⃑�𝑐,𝑖 =∑(�⃑�𝑐,𝑖𝑗 + �⃑�𝑓𝑟,𝑖𝑗)𝐹𝑇𝐹

𝑛𝑡

𝑗=1

+∑(�⃑�𝑐,𝑖𝑗 + �⃑�𝑓𝑟,𝑖𝑗)𝐹𝑇𝐵

𝑛𝑏

𝑗=1

 (4.8) 

where 𝐹𝑐 and 𝐹𝑓𝑟 are the contact and the friction forces calculated for fuel-to-fuel contact (FTF) 

and tube-to-boundary (FTB) situations. 

4.5 Motion-dependent Forces 

Another influence that the fluid has on the vibrating fuel elements is the FEI forces, which will be 

referred to here as motion-dependent forces. The terms motion-dependent (MD) fluid forces and 

fluidelastic instability (FEI) forces will be used interchangeably in this discussion.   For axial 

flows, the stability threshold is well above the operating conditions of the fuel bundle [22]. 

However, at lower velocities these forces exist and influence the dynamic response and the 

corresponding work rates so it should be considered when simulating the fuel bundle response. 

The motion-dependent force acting on one fuel element is not only affected by its own motion but 

by the neighbouring fuel elements as well [68]. The authors previously presented an analytical 

technique to simulate these forces on a kernel of seven tubes. Each of these tubes had 2-DOF [73], 

which was extended to account for the entire fuel bundle (37 fuel elements in the case of a CANDU 

fuel bundle). The fluid forces acting on one fuel element in a kernel can be expressed as:  
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𝐹𝑀,𝑖
𝑧 =∑( Θ𝑧 𝑖𝑗  ∆�̈�𝑗⃑⃑⃑⃑⃑. �̂�𝑧 + Θ

𝑦
𝑖𝑗 ∆�̈�𝑗⃑⃑⃑⃑⃑. �̂�𝑦)

𝑁

𝑗=1

+∑( Θ̇𝑧 𝑖𝑗 ∆�̇�𝑗⃑⃑⃑⃑⃑. �̂�𝑧 + Θ̇
𝑦

𝑖𝑗 ∆�̇�𝑗⃑⃑⃑⃑⃑. �̂�𝑦)

𝑁

𝑗=1

+∑( Θ̈𝑧 𝑖𝑗  ∆𝑤𝑗⃑⃑⃑⃑⃑. �̂�𝑧 + Θ̈
𝑦

𝑖𝑗  ∆𝑤𝑗⃑⃑⃑⃑⃑. �̂�𝑦)

𝑁

𝑗=1

 

(4.9a) 

𝐹𝑀,𝑖
𝑦
=∑( Ψ𝑧 𝑖𝑗 ∆�̈�𝑗⃑⃑⃑⃑⃑. �̂�𝑧 + Ψ

𝑦
𝑖𝑗 ∆�̈�𝑗⃑⃑⃑⃑⃑. �̂�𝑦)

𝑁

𝑗=1

+∑( Ψ̇𝑧 𝑖𝑗  ∆�̇�𝑗⃑⃑⃑⃑⃑. �̂�𝑧 + Ψ̇
𝑦

𝑖𝑗  ∆�̇�𝑗⃑⃑⃑⃑⃑. �̂�𝑦)

𝑁

𝑗=1

+∑( Ψ̈𝑧 𝑖𝑗  ∆𝑤𝑗⃑⃑⃑⃑⃑. �̂�𝑧 + Ψ̈
𝑦

𝑖𝑗 ∆𝑤𝑗⃑⃑⃑⃑⃑. �̂�𝑦)

𝑁

𝑗=1

 

(4.9b) 

where 𝛩 and 𝛹 are the added-mass coefficients, �̇� and  �̇�  are  the fluid damping coefficients, �̈� 

and �̈� are the fluid stiffness coefficients of the 𝑖𝑡ℎ tube, and ∆𝑤𝑗⃑⃑⃑⃑⃑ = �⃑⃑� 𝑗 − �⃑⃑� 𝑖. The left superscript 

𝑧 and 𝑦 represent the direction of the motion of the tube 𝑗. The mutual influence of any two 

neighbouring tubes (𝑖 and 𝑗) can be represented by connecting the tubes by a mass, spring, and 

damper system. Figure 4-3 shows how this influence is modelled but instead of drawing all these 

components (spring, mass and damper), a single spring is used to simplify the figure.  
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Figure 4-3: Motion-dependent force effect on the tube kernel. 

As outlined above in Fig. 3-3, the fluidelastic force acting at the 𝑖th fuel element is a linear 

summation of all the force components resulting from the motion of the surrounding tubes. As 

each tube is discretized into a number of elements (Ne), 2Ne fluid forces will be calculated for each 

tube. The fluidelastic forces are specified in two directions perpendicular to the tube axis. 

4.6 Acoustic Pressure Pulsations   

Acoustic pressure pulsations generated by pumps can be very severe and cause damage to piping 

system components or any device connected to the piping system, such as the fuel bundle in a 

CANDU reactor. The pressure pulses are generated when the vanes pass the cutwater in the 

centrifugal pumps. The frequency of the pulsations is equal to the vane passing frequency, which 
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is the impeller frequency multiplied by the number of vanes [32]. For a pump running at 1800 

RPM and having an impeller with five or seven vanes, the calculated pulsation frequency would 

be 150 and 210 Hz, respectively. Koehn et al. [32] conducted an experimental work on a typical 

Darlington fuel channel (Darlington Nuclear Generating Station, Ontario, Canada) to measure the 

amplitude of the acoustic pressure pulsations. They found that the pressure amplitude range at 150 

Hz is from 40 to 100 kPa. These values will either increase or decrease due to their interaction 

with the acoustics of the piping system downstream of the heat transport pump [33]. Using these 

values in the terms of frequency and amplitude, an axial load in the form of a time varying pressure 

was applied to the fuel bundle to include the effect of these pulsations on its dynamic response. 

4.7 Results and Discussion 

The mathematical framework presented in the previous section is general and can be applied to 

any fuel bundle configuration. However, the simulations that will be discussed in this section were 

conducted utilizing the CANDU fuel bundle geometry. A model of a fully flexible CANDU fuel 

bundle, which includes 37 elements and two endplates, was utilized. These elements were arranged 

in three rings with a central fuel element, as shown in Fig. 4-4. The ring containing the outer fuel 

elements was in contact with the pressure tube at three axial locations by means of bearing pads. 

In addition, spacer pads were introduced to maintain separation between the neighbouring fuel 

elements. In this model, the fuel elements and the endplates were discretized using beam elements 
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and plate elements, respectively. The geometrical and material properties of each fuel element are 

listed in Table. 4-1. 

Table 4-1: Properties of the Fuel Element 

Length 495 mm 

Outside diameter of fuel element  13.1 mm 

Inside diameter of fuel element 12.2 mm 

Modulus of elasticity at 265oC 80 GPa 

Poisson’s ratio at 265oC 0.35 

Density of tube material 6500 kg/m3 
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                                     (a)                                                                   (b) 

Figure 4-4: CANDU fuel bundle: a) 3-D model, and b) sectional view at the midspan. 

4.7.1 Single fuel element simulation 

This case represents one of the outer fuel elements with three bearing pads. The fuel element was 

discretized into 30 beam elements and pinned at both ends, as shown in Fig. 4-5.  Torsional 

stiffnesses were added to the two end conditions to represents the effect of the end plates. This 

simplification of the end-condition approach proved to be successful and was utilized in the work 

of Yetisir and Fisher [39]. Single side contact takes place at the mid span and represents the effect 

of the bearing pad. A single point load was applied at the quarter point of the fuel element in both 

the y and the z directions. Three random force records with an RMS of 0.04, 0.08, and 0.16 N were 
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utilized. These values were adopted to facilitate a comparison with the experimental data from 

Yetisir and Fisher [39].  

Table 4-2 shows a comparison between the natural frequencies that were predicted using the 

current model and those obtained by Yetisir and Fisher [39]. The calculated frequencies show a 

good agreement with the experimental results. The work rate is a very important parameter, which 

is often utilized in the prediction of wear damage. The work rate can be calculated as: 

�̇� =
1

∆𝑡
∫ 𝐹𝑛  𝑑𝑠
∆𝑡

0

 (4.10) 

where 𝐹𝑛 is the normal force, and 𝑠 is the sliding distance. 

 

Figure 4-5: Single tube model. 

The work rate was calculated for the three excitation levels at various clearances. In addition, work 

rates due to various preloads were investigated. The preload is the static force generated when the 

fuel element/pressure contact takes place due to the action of the fuel bundle weight. The work 

rates resulting from this model were compared against the experimental data of Yetisir and Fisher 

[39], as seen in Fig. 4-6. Figure 4-6a depicts the effect of the clearance on the predicted work rate 
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utilizing a random excitation level of 0.04 N. Through the range of 0-20 𝜇𝑚, the work rate 

decreases sharply as the clearance increases. It then levels off for any further increase in the 

clearance. This is expected since as the clearance increases, less contact takes place, which in turn 

produces a lower work rate. The effect of the preload on the predicted work rates is shown in Fig. 

4-6b for the case of a zero clearance. Increasing the preload has the same effect as increasing the 

clearance. Higher preloads increase the friction capacity, which in turn reduces the sliding velocity, 

resulting in lower work rates. Similar work results were obtained when a 0.16 N excitation level 

was used, as shown in Fig. 4.6c and d. In both cases, the predicted work rates compare very well 

with the experimental results.  

Table 4-2: Comparison of natural frequencies 

Mode No. 

Frequency (Hz) 

Current Study 

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 - 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4-6: Prediction of the work rate at 0.04 N RMS (a and b), and at 0.16 N RMS (c and d). 
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When there was no contact between the fuel element and the pressure tube, the response was 

calculated due to turbulence and the motion-dependent (MD) fluid forces. For each flow velocity, 

a turbulence excitation was generated as a set of random forces and applied by means of a uniform 

distributed pressure along each beam element. These forces are only a function of time. The MD 

fluid forces are calculated based on the instantaneous response. The calculations of these forces 

require the knowledge of the force coefficients, which were obtained from the work of  Elbanhawy 

et al. [73]. Figure 4-7 shows the predicted dimensionless response in the z direction due to these 

forces versus the reduced flow velocity (𝑈𝑟 = 𝑈/𝑓 𝑑). When only turbulence excitation was 

considered, the tube response gradually increased as the flow velocity increased. When both 

turbulence and MD fluid forces were considered, the fuel response increased gradually until a 

reduced flow velocity of 108 (45 m/s) was reached. Beyond this point, the response increased 

significantly with a small increase in the flow velocity. This flow velocity of 45 m/s is the stability 

threshold. In general, considering both the turbulence and the MD fluid force resulted in a higher 

response than that of turbulence excitation only. 
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Figure 4-7: Dimensionless RMS displacement versus reduced flow velocity. 

4.7.2 Fuel bundle 

The second case simulated the complete fuel bundle under various excitation mechanisms. In these 

simulations, 37 fully flexible fuel elements were considered along with two flexible endplates (Fig. 

4-8). Each fuel element was discretized into 30 beam elements, while each endplate was discretized 

into 1449 plate elements. Coupling was represented through mutual nodes between the fuel rod 

and the endplate, as seen in Fig. 4-8. The connection between the two endplates and the 37 rods 

was accounted for by 74 coupling nodes. 
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Figure 4-8: Reduced order model. 

4.7.2.1 Effect of turbulence excitation 

These simulations were performed to investigate the response when only turbulence excitation was 

experienced. Fuel-to-fuel contact and contact with the pressure tube were not included. Flow 

velocities in the range of 6 to 16 m/s were considered to obtain the dynamic response. An example 

of the response of the center tube at a flow velocity of 8 m/s is shown in Fig. 4-9. Figure 4-9a 

shows the displacement of the center fuel element at the midspan in the z direction, while the fuel 

element trajectory is plotted in Fig. 4-9b. The fuel element response is essentially random with 

maximum and RMS values of 75 𝜇𝑚 and 27 𝜇𝑚, respectively. Figure 4-10 shows the effect of the 

Fluid Flow 
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flow velocity on the RMS displacement at the midspan in the z direction. The RMS of 

displacement is proportional to the flow velocity and reaches a value of 85 𝜇𝑚 at a flow velocity 

of 16 m/s. Motion due to the bending moment of the tubes affected the two endplates and resulted 

in stresses. These stresses were calculated and presented in terms of the von Mises stress. Contours 

of the RMS value of the von Mises stress at 8 m/s are depicted in Fig. 4-11. The contours show 

that the maximum stresses are located at the connections between the rings and at the connections 

with the fuel elements. 

 

                                       (a)                                                                         (b) 

Figure 4-9: a) The response of the center fuel element displacement in the z direction at a flow velocity of 8 

m/s, and  b) the center fuel element trajectory. 
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Figure 4-10: Dimensionless RMS displacement versus reduced flow velocity. 

 

Figure 4-11: RMS von Mises stress contours at a flow velocity of 8 m/s. 
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4.7.2.2 Effect of contact 

This set of simulations included the fuel-to-fuel and fuel-to-pressure tube contact under turbulence 

excitation only. The impact forces and the work rates on each element were calculated. Figure 4-

12 shows the time history of the magnitude of the impact force at selected elements from every 

ring. The impact force at the center rod and the rods in the inner and the intermediate rings have 

almost the same trend as those surrounded by the other rods. The maximum magnitude recorded 

is in the range of 20 to 25 N. Lower amplitude values were found at the upper rod in the outer ring. 

This rod was found to have infrequent impacts with a maximum magnitude of 22 N. This is due to 

the fact that the clearance between the fuel elements and the pressure tube reaches its maximum 

value at this location. Frequent impacts with a maximum value of 35 N were found at the lower 

element in the outer ring. At this location, the clearance between the fuel element and the pressure 

tube is zero.  

The work rates at all elements (fuel rods) in the outer ring are shown in Fig. 4-13. Each fuel element 

was identified by its angular location with respect to the center fuel element. The bottom element 

is at 𝜃= 0 while the top one is at 𝜃= 180o. The clearance (𝐶𝑡) between the overall outer diameter 

of the fuel bundle and the pressure tube some fuel elements will varies with depending on the 

angular location of the rods.  The fuel to pressure tube clearance for the outer ring element can be 

expressed as: 
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𝐶𝑟 =
𝐶𝑡
2
 (1 − cos(𝜃 + 𝜋)) (4.11) 

where 𝐶𝑟 is the clearance between the individual fuel element and the pressure tube. The fuel-to-

fuel clearance was assumed to be 0.37 mm. The predicted total work rates resulting from the 

contact from all sides of each element was depicted for three flow velocities (6, 9 and 11m/s). The 

maximum work rate was predicted at the bottom fuel element (𝜃= 0). As the fuel element location 

moved further away from the bottom, the work rate decreased. This is similar to the findings for 

the single fuel element (see Fig. 4-2a). This trend was found for all the flow velocities that were 

investigated. An increase in the flow velocity resulted in an increase in the predicted work. The 

effect of the radial location of the fuel element on the predicted work rate is shown in Fig. 4-14. 

The prediction was presented for four elements starting from the center element and ending at an 

element in the outer ring of the fuel bundle. The prediction of these locations was also presented 

for the three flow velocities. The two inner elements showed higher work rates than those of the 

central and the outer elements. This trend is consistent for all of the velocities. 
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Figure 4-12: Time history of the magnitude of the impact force on the different fuel elements: (a) center 

element, (b) inner ring element, (c) intermediate ring element, (d) outer ring element (maximum clearance), 

and (e) outer ring (zero clearance). 
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Figure 4-13: Work rate over the outer ring at different flow velocities. 
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Figure 4-14: Work rate over the radial direction at different flow velocities. 

Figure 4-15 presents the predicted dimensionless endplate stress as a function of the reduced flow 

velocity. The dimensionless stress is expressed as follows:  

𝜎𝑟 =
𝜎𝑣𝑜𝑛
𝜎𝑠

  (4.12) 

where 𝜎𝑣𝑜𝑛 and 𝜎𝑠 are the RMS value of the von Mises stress and the fatigue strength of the 

endplate, respectively. Predictions for the maximum stress were presented for cases both with and 

without contact; turbulence was the only excitation mechanism that was present. The maximum 
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stress increased proportionally with an increase in the flow velocity for the no-contact case. For 

the case in which there was contact, a similar trend was obtained with the predicted stresses being 

slightly lower. This is due to the fact that fuel-to-fuel and fuel-to-pressure tube contact limits the 

overall displacement of the elements and reduces the deformation of the coupling location of the 

endplates. This in turn results in a lowered endplate stress level. However, at a high flow velocity 

(𝑈𝑟 > 24) the predicted stresses leveled off and became independent of the flow velocity. 

 

Figure 4-15: Dimensionless stress vs reduced flow velocity. 

4.7.2.3  Effect of motion-dependent forces 

The effect of motion-dependent fluid forces on the overall response was investigated. The response 

of the system was examined as a function of the flow velocity to determine the stability threshold. 

The fuel elements exhibited a response that is typical of the fluidelastic instability mechanisms in 
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a tube array. Several sets of simulations were conducted to examine the effect of the number of 

coupled fuel elements on the stability threshold. The number of elements ranged from 1 to 37, 

which represent the center fuel element and the entire fuel bundle, respectively. Starting from the 

first fuel element in the center, the six elements of the inner ring were added, followed by the 

elements in the next ring, and so on. The stability threshold is depicted in Fig. 4-16. It was noted 

that when the number of rods was increased significantly by including the rods of the inner ring, 

the stability threshold was decreased from 108 to 58. Adding the rods of the intermediate and the 

outer rings had little effect on the stability threshold. This is consistent with both the experimental 

and the numerical results from studies in which a kernel of several tubes was used to represent the 

entire bundle [35–37]. When considering only one element, the stability threshold is high because 

the fluidelastic excitation is dominated by the damping mechanism. For multiple fuel elements, 

the damping and the stiffness mechanisms contribute to the instability process. For the current 

case, however, the stability of the fuel bundle is significantly lower than that of a single fuel 

element. This suggests that the stability mechanism is strongly dependent on the coupling between 

the fuel elements, and as such, models using single fuel elements will greatly underestimate the 

effects of the fluidelastic forces.  

Figure 4-17 shows the displacement of the center fuel elements for a fully coupled fuel bundle 

compared with simulations that used only turbulence. The critical velocity (𝑈𝑐𝑟 = 49) is more than 

double that of the operating velocity (𝑈𝑟 = 20) in the fuel bundle. While the operating velocity is 
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well-removed from the onset of instability, there is an average increase of 18% in the displacement 

in the operating range (𝑈𝑟 = 20-30), which will influence the impact forces and the work rates.  

The next situation under consideration was contact in a fuel bundle subjected to an axial flow under 

typical operating conditions of 9 m/s. The work rates were compared with those in the case of 

Section 4.7.2.2, as shown in Fig.4-18. The work rate trend is similar to these under turbulence 

excitation only. However, by neglecting the effect of FEI forces, the work rate was underestimated 

by an average of 16 %. Consequently, the stresses in the endplate are influenced by the motion 

dependent forces, as seen in Fig. 4-19. Simplifying the simulations by neglecting the FEI forces 

resulted in a significant underestimation of the endplate stresses, especially in the flow range of 

𝑈𝑟 = 0-20. If the FEI forces are included, the stress levels increase with an increase in the flow 

velocity. Increasing the flow velocity beyond 𝑈𝑟 =19 results in a levelling off of the stress level. 

This result is independent of the flow velocity. The above discussion highlights the complex nature 

of the dynamics, which includes the nonlinear interaction of a large number of contacts and the 

nonlinear coupling of the fluidelastic forces. 
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Figure 4-16: Critical flow velocity vs number of tubes. 

 

Figure 4-17: RMS displacement in the z-direction versus flow velocity for the center tube. 
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Figure 4-18: Effect of motion-dependent forces on the work rate for a radial array at 9 m/s. 

 

Figure 4-19: Dimensionless stress vs flow velocity. 
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4.7.2.4 Effect of acoustic pressure pulsations 

A pressure wave that has an amplitude of 100 KPa and a frequency of 150 Hz was applied to the 

system in the x-direction to simulate the acoustic pressure pulsations originating from the primary 

heat transport pump. The amplitude of these pressure pulsations represented the higher boundaries 

of the amplitudes that were measured by Koehn et al. [32].  The effect of this pulsation on the 

distribution of the stresses over the endplate is demonstrated in Fig. 4-20, which shows the RMS 

von Mises stress contours. The maximum stress spots exist at the locations where the connections 

between the rings occur. The high stress level and the complex geometry at these locations make 

them susceptible to cracking issues. 

 

Figure 4-20: RMS von Mises stress contours at 8 m/s flow velocity after including the pressure pulsation. 
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Figure 4-21 shows the stress time history at one of these spots. Stress levels are clearly higher 

when acoustic pressure pulsations were considered. The maximum stress peaks were found to be 

at about 200 KPa compared to 150 KPa for a case with no pressure pulsations. The effect of the 

flow velocity on the RMS stress level in the endplate is shown in Fig. 4-22. The inclusion of the 

acoustic pressure pulsations results in a significant increase in the stress levels. If these effects are 

ignored, the stress levels are greatly underestimated, as is the susceptibility of the component to 

fatigue cracking.   

 

 

(a) (b) 

Figure 4-21: Time histories of 𝝈𝒙𝒙 stress at 8 m/s on element number 1143: (a) without pressure pulsations, 

and (b) with pressure pulsations. 
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Figure 4-22: Dimensionless stress versus reduced flow velocity.  

4.8 Conclusions 

A comprehensive vibration model was developed to investigate the dynamic response of fuel 

bundles to different excitation mechanisms, such as turbulence, acoustic pressure pulsations, and 

motion-dependent forces. The fuel bundle was discretized using two types of elements: beam 

elements for the 37 fuel rods, and plate elements for the two endplates. The turbulence forces were 

extracted from a PSD that had been generated previously in the literature. The model that was 

developed introduced the effect of fluid-structure coupling through motion-dependent forces. This 

model had an excellent agreement with the available experimental data. Predictions of the 

displacements, impact forces, work rates, and stresses on the end plates were presented for a fully 

flexible CANDU fuel bundle. The results showed the importance of including motion-dependent 
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forces and contacts as they have considerable influence on the responses and the associated work 

rates. In addition, the stresses on the endplates led to maximum stress spots at the connections 

between the rings, making them possible locations for cracks. 
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Chapter 5: A Numerical Model to Investigate the Irradiation Effect 

on The Dynamics of Nuclear Fuel Bundles 

5.1 Introduction 

Fuel bundles are among the most crucial parts of nuclear power plants. In CANDU reactors 

(Canadian Deuterium Uranium), the fuel bundle consists of an assembly of multiple fuel rods and 

is supported by means of endplates.  The primary role of each fuel rod (element) is to maintain the 

fuel pellets in a well-defined geometry and to separate the fission material from the outside 

environment. As such, the integrity of fuel elements is of significant importance for the safe and 

reliable operation of nuclear reactors. A highly turbulent flow of the liquid coolant is introduced 

to the fuel channel to transport the heat generated by fission to the steam generator. As a result of 

such operating conditions, the fuel bundle can experience flow induced vibrations (FIV) with the 

existence of high irradiation doses and temperatures [43].  

The basic structural material of the CANDU fuel bundle is Zircaloy-4 [71] which gives low 

thermal neutron cross section and good corrosion resistance in 300 oC water. Due to the irradiation 

doses and the associated high temperature, the fuel bundle material experiences a significant 

change in the microstructure such as segregation and precipitation in addition to swelling and 

formation of cavities [53].  Swelling occurs when gaseous pores of fission products start to fill the 

materials [61]. Due to this microstructural change, the fuel bundle’s mechanical properties are 
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affected significantly and consequentially the dynamic behaviour will change. Numerous research 

efforts focused on identifying the changes in the microstructural and mechanical properties of the 

materials used in nuclear reactor components. An example of these attempts is the work of Patra 

and Tomé [60] in which they proposed a crystal plasticity model for the inelastic deformation of 

irradiated ferritic/martensitic steels. They used this model in a simulation of the quasi-static tensile 

and creep response. Murakami and Mizuno [61] developed a constitutive equation for the creep 

swelling and damage due to irradiation. The developed equation was utilized to study the creep of 

type 316 stainless steel at 650 oC that was subjected to some stress histories. Zaverl and Lee [62] 

presented a strain rate dependent constitutive equation capable of modelling the history dependent 

inelastic deformation behavior of anisotropic metals such as Zircaloys and they compared with 

experimental data. 

Flow induced-vibrations can result from various excitation mechanisms, such as turbulence 

excitation [3], [10], [11], [78] and fluidelastic instability forces (FEI) [13], [19], [77] as well as 

acoustic pressure pulsations [16-17], which originate from the main heat transport pumps. 

Turbulence forces have been considered as the main excitation mechanism causing fuel bundle 

vibrations [22]. However, several research studies were dedicated to investigating the dynamic 

response of a fuel bundle under various excitation mechanisms and showed that the dynamic 

response of fuel bundle is greatly influenced by the type of flow excitation. Yetisir and Fisher [39] 

developed a finite element model for a single fuel element in a CANDU fuel bundle which was 

subjected to a point load with random amplitude mimicking the turbulence excitation. Rogers and 
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Pick [41] predicted the dynamic response of rods in nuclear reactor and they calculated the contact 

forces due to contact with the supporting baffles. Similarly, Hassan and Rogers [42] proposed a 

numerical model to simulate a loosely supported fuel-element subjected to turbulence excitation. 

They examined the effects of clearance and preload on the fuel-element response. Mohany and 

Hassan [43] presented a model to predict the dynamic response of a fuel element due to turbulence 

excitation and seismic events using actual measured clearances. Fadaee and Yu [44] proposed a 

numerical technique to model a large number of frictional contact constraints. This model was then 

used to simulate the dynamics of the 37 tubes in a CANDU fuel bundle subjected to gravity forces. 

Recently, Elbanhawy et al. [79] proposed a comprehensive fully-flexible bundle that predicted the 

dynamic response of the CANDU fuel bundle under various excitation mechanisms such as 

turbulence forces, FEI forces and acoustic pressure pulsations. They also included the fuel-to-fuel 

and fuel-to-pressure tube contact forces and calculated the associated work rates. This study 

demonstrated that including only turbulence excitation results in an underestimation of the 

dynamic response and the associated controlling parameters such as impact forces and work rates. 

In addition, the acoustic pressure pulsations and their effect on the CANDU fuel bundle dynamics 

have shown plausible issue related to endplate cracking that was never captured before with 

existing models in literature. 

From the above literature survey, all of the available fuel bundle models utilize linear elasticity 

material models. While previous studies showed that irradiation can have a great effect on the fuel 

material behaviour, it has never been considered when evaluating the fuel bundle dynamics.   
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This study aims at developing an enhanced model that simulates a realistic structural behaviour 

including the irradiation effect in addition to all other excitation forces. 

5.2 Constitutive Equation 

The material behavior is governed by a constitutive equation which links the state of stress to 

strain, temperature, irradiation, and strain rate. This renders modelling the system to be complex 

and nonlinear. The nonlinearity could be related to large deflection (inelastic zone) or the strain 

rate dependency (history dependent material) or both. While fuel bundles are designed such that 

they operate in the elastic range of material, the problem is still nonlinear due to history depending 

material, contact and friction. In order to account for the irradiation effect, the history dependent-

behavior of the material is needed including the effect of the strain rate [62]. Zaverl and Lee [62] 

proposed a constitutive equation of anisotropic metals, such as Zircaloys, which are used in the 

CANDU reactor. Following this approach, the total strain rate 휀̇ is considered as a summation of 

two components, namely the thermal component 휀�̇�ℎ and an irradiation component 휀�̇�𝑟𝑟 

휀�̇�𝑜𝑡 = 휀�̇�𝑟𝑟 + 휀�̇�ℎ (5.1) 

where the thermal component of the equivalent strain rate equation is assumed to consist of two parts [62]: 

one describing the glide resistance of dislocations which predominate at low homologous temperatures and 

the other representing the diffusion controlled deformation processes at the intermediate temperatures 

regimes resulting in: 
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휀�̇�ℎ = 휀�̇� (
𝜎𝑦

𝜏
)
𝑚

{𝑒𝑥𝑝(
−𝐵

𝑅 𝑇
 (1 − (

𝜎𝑦

𝜏
)

1
2
)) + 𝑒𝑥𝑝 (

−𝐷

𝑅 𝑇
)} (5.2) 

where 𝜎𝑦 is the yield stress and 휀�̇� ,𝑚, 𝐵 and 𝐷 are temperature dependent material constants. 𝜏 is 

the maximum glide resistance, 𝑅 is the gas constant and T is the temperature. The irradiation 

component of the strain rate was formulated by Liu and Bement [80] utilizing linear regression 

analysis based on real in-reactor data which resulted in the following form: 

휀�̇�𝑟𝑟 = 𝐴 𝜙0.6
𝜎𝑦

𝐸𝑜
𝑒𝑥𝑝 (

−𝑄𝐼
𝑅 𝑇

 ) (5.3) 

where 𝜙 is the neutron flux and 𝐸𝑜 is a temperature dependent material constant. 𝐴 and 𝑄𝐼 are 

temperature independent constants. An example of the relation between the total strain rate and 

the yield stress at different temperatures and neutron fluxes is shown in Fig. 5-1. The figure shows 

that an increase in the temperature and the flux results in a decrease in the yield values. The 

decrease in yield values will in turn lead to ductility or material softening in terms of reduction in 

the corresponding Young’s modulus. This will influence the vibration characteristics such as 

amplitude and frequencies. 
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Figure 5-1: Strain rate vs yield stress at different temperatures and neutron fluxes. 

5.3 Structure Dynamics Model 

Several models were proposed in literature to calculate the dynamic response of fuel elements or 

fuel bundles [19, 21, 23, 25]. All of these models utilize a linear elastic material behavior in which 

modal superposition is usually used. This was accomplished using the pseudo force technique [50] 

which proved to be very effective in dealing with localized nonlinear terms such as intermittent 

contact for force feedback such as FEI forces.  Because of the nonlinear material, modal 

summation techniques become very costly to utilize. A such direct numerical integration of the 
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equations of motion becomes the only viable option as the calculation of tangent stiffness matrix 

is required at each time step [81]. In addition, an iteration scheme is required to achieve equilibrium 

at each time step.  In this study, all of the structural components were discretized in space by means 

of finite elements as depicted in Fig. 5-2. Twelve- DOF beam finite elements were used to model 

the fuel rods as straight beams. Four-node isoparametric quadrilateral plate elements were used to 

discretize the endplate. The incremental equations of motion for an assemblage of nonlinear 

system of equations are given as [82]: 

[𝑀]{�̈�𝑡+∆𝑡} + [𝐶]{�̇�𝑡+∆𝑡} + [𝐾𝑡
𝑡]{∆𝑤} = {𝑅𝑡+∆𝑡} − {𝐹𝑡} (5.4) 

where 𝑀 is the mass matrix; 𝐶 is the damping matrix; 𝐾𝑡
𝑡 is the tangent stiffness matrix at time 

t. 𝑤𝑡+∆𝑡, �̇�𝑡+∆𝑡; and �̈�𝑡+∆𝑡 are the nodal displacement, velocity and acceleration vectors at time 

𝑡 + ∆𝑡, respectively.  The incremental response vector is expressed as:  ∆𝑤 = 𝑤𝑡+∆𝑡 − 𝑤𝑡.  𝑅𝑡+∆𝑡 

is the external load vector applied at time 𝑡 + ∆𝑡; while 𝐹𝑡 is the assembled nodal point force vector 

corresponding to element stresses at time 𝑡. Using acceleration and velocity approximations, the 

effective load vector �̂�𝑡+∆𝑡 can be written as [82]: 

{�̂�𝑡+∆𝑡} = {𝑅𝑡} + 𝜃{𝑅𝑡+∆𝑡 − 𝑅𝑡} + [𝑀] {
6

𝜏
�̇�𝑡 + 2 �̈�𝑡} + [𝐶] {2�̇�𝑡 +

𝜏

2
 �̈�𝑡} − {𝐹𝑡} (5.5) 

where 𝜏 = 𝜃 ∆𝑡 and 𝜃 = 1.4. Then the effective stiffness matrix is written as: 
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[�̂�𝑡] = [𝐾𝑡
𝑡] + [

6

𝜏2
𝑀 +

6

𝜏
𝐶] (5.6) 

The incremental displacement vector at first iteration (𝑗 = 0) is calculated by solving the equation: 

[�̂�𝑡]{∆𝑤
(0)} = {�̂�𝑡+∆𝑡} (5.7) 

At the  𝑗𝑡ℎ  iteration the approximations of accelerations, velocities, and displacements at (𝑗 − 1) 

is utilized. The out-of-balance load �̂�𝑡+∆𝑡
(𝑗−1)

 at (𝑗 − 1) is calculated using eqn. 5. Using the same 

effective stiffness matrix and the out-of-balance load �̂�𝑡+∆𝑡
(𝑗−1)

, the correction to the incremental 

displacement ∆𝑤𝑐𝑜𝑟𝑟
𝑗

 at iteration 𝑗 can be calculated and the incremental displacement at iteration 

𝑗 will be as follow: 

{∆𝑤(𝑗)} = {∆𝑤(𝑗−1)} + {∆𝑤𝑐𝑜𝑟𝑟
𝑗

} (5.8) 

Iterations are performed until convergence is achieved then the final incremental displacement is 

used to generate the acceleration, velocity, and displacements at 𝑡 + ∆𝑡 as follow: 
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{�̈�𝑡+∆𝑡} = {(
6

𝜏2𝜃
)∆𝑤 + (−

6

𝜏 
) �̇�𝑡 + (1 −

3

𝜃
) �̈�𝑡} 

{�̇�𝑡+∆𝑡} = {�̇�𝑡 +
∆𝑡

2
(�̈�𝑡 + �̈�𝑡+∆𝑡)} 

{𝑤𝑡+∆𝑡} = {𝑤𝑡 + ∆𝑡 �̇�𝑡 +
∆𝑡2

6
((2�̈�𝑡 + �̈�𝑡+∆𝑡))} 

(5.9) 

 

Figure 5-2: Finite element discretization 
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Calculating the tangent stiffness matrix 𝐾𝑡 is required as it accounts for the material nonlinearity. 

For the history dependent material nonlinearity, the strain rate is calculated each time step. The 

corresponding material constant is calculated using the constitutive equation, presented in the 

previous section, assuming that the material at this strain rate is elastic-perfectly-plastic. This 

formulation was combined with the pseudo force technique to calculate the impact force, friction, 

and motion-dependent forces. 

The external force vector 𝑅 is the summation of all excitation forces such as turbulence, motion-

dependent and acoustic pressure pulsations as well as the contact force arising from two-type of 

contacts. The external force load vector can thus be written as follows: 

𝑅 = 𝐹𝑇 + 𝐹𝐶 + 𝐹𝑀 + 𝐹𝑃 (5.10) 

where 𝐹𝑇 , 𝐹𝐶 , 𝐹𝑀 and 𝐹𝑃 are the turbulence force, contact force, motion-dependent forces and 

pressure pulsations vectors respectively. Each component will be explained in a separate 

subsection below. 

5.3.1 Turbulence Force 

The turbulence force vector 𝐹𝑇 is a random force vector which has some statistical properties as 

the turbulence flow excitation. In order to properly account for turbulence, these forces must be 

generated based on the turbulence bounding spectrum, local magnitude and space correlations. 

Antunes et al. [8] presented a good review for such techniques. The approach which is commonly 
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used in numerical simulations of nuclear steam generators [76] tubes are excited by a set of forces 

that has the same spectral contents and partially account for space correlation.  The bounding 

spectrum utilized herein was proposed from the experimental work performed by Smith and 

Derksen [6]. For each fuel bundle, 2𝑛 sets of turbulence excitation forces can be generated. These 

include 𝑛 sets for each of the two orthogonal direction forces [𝐹𝑡(𝑦, 𝑡) and 𝐹𝑡(𝑧, 𝑡)]. Each set 

includes a statistically independent Gaussian time-trace force record. 

5.3.2 Contact Force 

The single point contact (SPC) method was used to model the contact force. As described in the 

work of Hassan et al. [50], the normal component of the contact force between two neighbouring 

tubes ( 𝑖 and 𝑗) was given as: 

𝐹𝑖,𝑗
𝐶𝑛 = (−(𝐾𝑐𝑖,𝑗 𝛿𝑖,𝑗) + 𝑠𝑖𝑔𝑛(�̇�𝑖,𝑗) (1.5 𝛼 |𝐾𝑐𝑖,𝑗  𝛿𝑖,𝑗|)) �̂�𝑖,𝑗 (5.11) 

where �̂�𝑖,𝑗 is the relative position vector, 𝐾𝑐𝑖,𝑗 is the contact stiffness, 𝛿𝑖,𝑗 is the overlap between 

tubes, and α is a parameter related to the coefficient of restitution. The other component of the 

contact force is the friction force. This was calculated using the force balance model, which can 

represent both the sticking and the sliding friction.  During the sticking friction, the friction force 

can be expressed as follows: 

𝐹𝐶𝑡 = (𝑘𝑒 𝑤 − 𝐹𝑒  ) . �̂�𝑡 (5.12) 
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where 𝑘𝑒𝑤 and 𝐹𝑒 are the internal and external forces acting in the tangential direction, 

respectively. In the case of sliding friction, the friction force is equal to 𝜇 𝐹𝐶𝑛 where 𝜇 is the 

coefficient of friction which is equal to 0.5 [39]. The total contact force vector 𝐹𝐶 is the summation 

of these two components over all possible contact locations. 

5.3.3 Motion-dependent Forces 

The motion-dependent force acting on any fuel element is a linear summation of forces produced 

by the coupling effect of the neighbouring fuel element motion [68]. Based on analytical work 

presented by Elbanhawy et al. [73] the force is function of the accelerations, velocities and 

displacements of the fuel element and the surrounding elements. This model is described in details, 

including the prediction of the dynamic response of a fully-flexible fuel bundle with 37 fuel 

elements for linear material, in the work of Elbanhawy et al. [79]. 

5.3.4 Acoustic Pressure Pulsations 

The acoustic pressure pulses are generated when the vanes pass the cutwater in the centrifugal 

pumps. The frequency of the pulsations is equal to the vane passing frequency [32]. The frequency 

of the pulses is 150 Hz for a five-vane pump. The amplitudes of these pulses were reported in 

range of 40 to 100 kPa. These values were obtained from experiments that was conducted on 

typical reactor condition [32]. Using these values in terms of frequency and amplitude, an axial 

load in the form of a time varying pressure was applied to the fuel bundle. 
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5.4 Results and Discussion 

5.4.1 A Single Fuel Element Under Step Force 

A single fuel element is simulated under step force at midspan was utilized to investigate the effect 

of the irradiation on the dynamic response. The fuel element was modeled as a simply-supported 

beam using 30 beam elements and the endplate effect was simplified by adding rotational stiffness 

at both ends as presented in Fig. 5-3. 

 

Figure 5-3: Single fuel element model. 

The range of temperatures and fluxes utilized in these simulations was: 50oC to 450oC and 1×1012 

n/cm2/s to 1×1014 n/cm2/s, respectively. These are typical values reported for CANDU reactor [83]. 

The geometric properties of the fuel bundle utilized in this study was the same as those utilized by 

Elbanhawy et al. [79].  A sample of the material constants of the constitutive equation at 350oC is 

shown in Table 5-1. Figure 5-4 shows the response at the midspan for the case in which the material 

is irradiated with a 1×1013 n/cm2 /s flux at a temperature of 250oC compared with unirradiated 

case. The unirradiated case in Fig. 4a shows a constant vibration amplitude at the fundamental 
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natural frequency (31.6 Hz) of the system as manifested by a single discrete peak in the FFT of 

the response (Fig. 5-4c).  However, for the irradiated case the response exhibits a variable 

amplitude with values higher than the unirradiated case as shown in Fig. 5-4b. In addition, the FFT 

in Fig. 5-4d exhibits multiple peaks with a dominant frequency (26.5 Hz) that is lower than the 

unirradiated case. 

Table 5-1: Sample material constants at 350oC 

휀�̇� (𝑠
−1) 5.784 

𝑚 19.8 

𝐵 (𝑒𝑟𝑔) 36.2e-12 

𝐷 (𝑒𝑟𝑔) 25.2e-12 

𝐴 ((𝑛/𝑐𝑚2)0.6/𝑠) 4.78e-13 

𝑄𝐼  (𝑒𝑟𝑔) 5.85e-11 

𝐸𝑜  (𝐺𝑃𝑎) 70.7 

A sin sweep simulation was performed with forcing frequency in the range from 1 to 50 Hz with 

1 Hz step. The RMS value at each simulation is plotted against the frequency as shown in Fig. 5-

5. The results from Fig. 5-4 and 5-5 revealed that there are main three observations about the 

response in the irradiated case which are frequency shift, broaden frequency peak which refer to 

damping, and multiple discrete peaks in the response spectra (31.6-40 Hz). The frequency response 

exhibits a peak at 𝜔 whick is lower than that of the linear elastic response (𝜔𝑜).  This shift can be 

attributed to the fact that the structure is exposed to high temperature which induce thermal 
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softening through the change in the stiffness as the equivalent Young’s modulus change. This was 

observed in literature for the dynamic response for various structures under high temperature [84], 

[85]. However, it is also reported in literature that the structure under high temperature experiences 

energy dissipation and the rate of dissipation depends on whether it is a constant temperature field 

or a changing temperature field [86], [87].  Additional contributor to this energy dissipation is the 

history dependence material response. This energy dissipation generates the so called “hysteric 

damping” in the structure. So, the softening and damping increase have opposite effects but the 

softening effect is much higher and results in higher amplitude and frequency shift [88]. In 

addition, the nonlinear history-dependent behavior of the material results in change in the material 

properties. This leads to an increase in Young’s modulus with the increase in strain rate but the 

overall values at higher temperature and irradiation flux is lower than that of the unirradiated case. 

The widening of the response spectra was also observed in literature for different type of 

nonlinearity such as those of the elasto-plastic structures [86].  
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 5-4: Single fuel element response under a constant step force: (a) and (c) without an irradiation 

effect, and (b) and (d) irradiated at 250oC and 1×1013 n/cm2 /s. 
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Multiple simulations using the constant step force were performed to examine the effect of the flux 

and the temperature on the frequency of the response. In one set of simulations, the temperature 

was kept constant at 350 oC and the range of the fluxes were varied. A comparison of the frequency 

response of this set is shown in Fig. 5-6.  The results show that the main response frequencies are 

approximately the same but higher flux values resulted in slightly higher amplitudes. In the other 

set, a constant flux of 1×1013 n/cm2/s was applied, and variable temperatures were used. Figure 5-

7 shows that increasing the temperature results in more material softening in terms of frequency 

shift and larger amplitude. 

 

Figure 5-5: RMS disp. Vs frequency for the sin sweep simulations. 
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Figure 5-6: Response of single fuel element under step force for a constant temperature. 

 

Figure 5-7: Response of single fuel element under step force for a constant flux. 

The frequency ratio which is the ratio between the irradiated and the unirradiated frequencies is 

plotted versus the temperature in Fig. 5-8 which shows the clear effect of material softening where 

the ratio is approximately 0.72 at 450 oC. 
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Figure 5-8: Frequency ratio Vs temperature for constant flux. 

5.4.2 A Single Fuel Element Under Turbulence Excitation 

The average flow rate inside a CANDU fuel channel is about 32 kg/s. The typical range of flow 

rates can be used to estimate the operating range of flow velocities (6 to 12 m/s). The single fuel 

element, used in previous two sections, was subjected to turbulence excitation in this range of flow 

velocities. The results were compared with the previously obtained results for the unirradiated case 

[79]. The displacement is plotted against the flow velocity in Fig. 5-9. These figures show that the 

irradiated cases had higher RMS values than the unirradiated case. When the irradiation flux is 

kept constant and the temperature is increased, the response values have a slight increase as shown 

in Fig. 5-9a. Similarly, when the temperature is kept constant and the irradiation flux is increased, 

the RMS displacement values increase as shown in Fig. 5-9b. So the temperature effect has a slight 

larger effect on the response than the irradiation flux. 
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5.4.3 A Single Fuel Element with Single Sided Impact 

A case of a single sided contact at the mid span of the single fuel element (Fig. 5-3) was considered 

here. A single point load of 0.16 N RMS was applied at the quarter point of the fuel element in 

both the y and the z directions. The location and the magnitude of this force were utilized to 

replicate the experiments of Yetisir and Fisher [39] and to facilitate the comparison with their 

work. 

  

(a)                                                                                     (b) 

Figure 5-9: RMS displacement vs flow velocity:(a) Constant flux (b) Constant temperature  

The simulations were performed for various clearances starting from zero to 60 𝜇m at each 

designated temperature and irradiation flux. The work rate is calculated at the impact locations and 

various clearances for the conditions of constant temperature and constant irradiation flux and 

presented in Fig. 5-10a and b, respectively. Generally, the figures show significantly high response 

values at zero clearance and decreases gradually with increase of clearance. This is attributed to 
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the fact that larger clearances allow for more space. For the case of constant flux presented in Fig. 

5-10a with the increase of temperature the work rates increased. This can be attributed to the fact 

that including the temperature and irradiation effect results in an increase in the fuel response and 

in turn higher impact forces with more frequent contacts. In addition, the work rates at lower 

temperature of 50 C0 were close to the experimental values except for low clearances. However, 

for the constant temperature case, showed in Fig. 5-10b, the values of the work rates increase with 

the increase in irradiation flux and significantly higher than the experimental value at zero and low 

clearances. However, these differences became less significant at higher clearances as the contacts 

and impacts is less frequent. 

 

(a)                                                                                 (b) 

Figure 5-10: Work rate vs clearance: (a) Constant flux (b) Constant temperature. 
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5.4.4 Seven-tube Kernel 

Seven fuel elements are assembled to represent the central fuel element and the inner ring in the 

fuel bundle. In this set of simulations, the dynamic response is examined under turbulence 

excitation with the inclusion of the motion-dependent forces between fuel elements are introduced. 

In this type of simulations, the range of flow velocity is extended much higher than 12 m/s to be 

able to capture the stability threshold as the stability threshold of axial flows is usually higher than 

the operating range in industrial applications [22]. The results are compared with a similar case 

without irradiation effect. The RMS displacement of the central fuel element is plotted against 

flow velocity for both cases as shown in Fig. 5-11. Generally, when the motion-dependent forces 

are considered the fuel response increased gradually until a certain flow velocity was reached. 

Beyond this point, the response increased significantly with a small increase in the flow velocity. 

This flow velocity represents the stability threshold. For the irradiation effect, the increase in the 

temperature with results in an increase in the amplitude of vibrations. In addition, increasing the 

temperature leads to a reduction in the stability threshold. While increasing the flux with constant 

temperature does not affect the threshold significantly as shown in Fig. 5-11b.    
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                                            (a)                                                                               (b) 

Figure 5-11: RMS disp. Vs flow velocity for the central element in the kernel:(a) Constant flux (b) Constant temperature. 

 

 

5.4.5 Fully-flexible Fuel Bundle 

These simulations were performed on a fully-flexible fuel bundle that includes the 37 fuel elements 

and the two endplates as shown previously in Fig. 5-2. The simulations will undergo various flow 

excitation with the inclusion of contact forces due to fuel-to-fuel or fuel-to-pressure-tube contact. 

The same range of flow velocities that was used before is utilized. For turbulence excitation only 

simulations, an example for the response of the midspan of center element at irradiation flux of 

1×1013 n/cm2/s, temperature of 250 C0 and flow velocity of 8 m/s is presented in Fig. 5-12a and b. 
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The flow velocity of 8 m/s was selected as it represents the mean flow velocity inside the bundle. 

Figure 5-12a shows the time history of the response which has a larger amplitude when compared 

with the response of the unirradiated case. The frequency response is plotted in Fig. 5-12b for both 

irradiated and unirradiated cases in which a shift in the frequency with 17% reduction and 22.3 % 

increase in the amplitude. The vibrations of the fuel elements during operation are transmitted to 

the two endplates and develop stresses. These stresses were calculated and presented in terms of 

the von Mises stress. A comparison of the contours of the RMS value of the von Mises stress at 8 

m/s are between the unirradiated case and the irradiated one at 1×1013 n/cm2/s flux and temperature 

of 250 Co is shown in Fig. 5-13. In general, the contours show that the maximum stresses are 

located at the connections between the rings and at the connections with the fuel elements. For the 

irradiated case the endplates experience an increase in the stress specially at the connecting rips 

between rings. This finding indicates that depending on the amount of irradiation the endplate 

could be more vulnerable to fatigue cracking. The amount of irradiation will depend on the location 

of the bundle inside the fuel channel or even the location of fuel channel inside the reactor [83].  

As such, it is expected that certain bundles in certain fuel channels can be subjected to higher level 

of irradiations and in turn more susceptible to fatigue cracking. 
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                                       (a)                                                                      (b) 

Figure 5-12: Response of centre element at midspan at 8 m/s :(a) Time history (b) Frequency response. 

Figure 5-14 presents the predicted maximum dimensionless endplate stress at 8 m/s flow velocity 

as a function of the irradiation flux and irradiation temperature when the other one is kept constant. 

The dimensionless stress parameter is defined as a ratio of the von Mises stress (𝜎𝑣𝑜𝑛) to the fatigue 

strength of the endplates (𝜎𝑠). The stress values are compared with same case without irradiation 

effect. The maximum stress increased with both temperature and irradiation flux.   
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                                 (a)                                                                               (b) 

Figure 5-13: RMS von Mises stress contours at a flow velocity of 8 m/s:(a) Unirradiated (b) Irradiated flux of 1×1013 

n/cm2/s, temperature of 250 C0. 

Simulations that include the fuel-to-fuel and fuel-to-pressure tube contact under turbulence 

excitation were conducted. Impact forces and work rates were calculated for all fuel elements. The 

irradiation effects the RMS impact force due to central fuel element contact with the surrounding 

elements is presented Fig. 5-15. The increase in displacement amplitudes due to material softening, 

as was shown earlier in this section, generates higher impact forces. This is true for any 

combination of temperature and flux. However, impact forces seem to be more sensitive than 

displacement to the introduction to the irradiation and temperature as shown in Fig. 5-15a and b. 
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                                        (a)                                                                          (b) 

Figure 5-14: Dimensionless stress at a flow velocity of 8 m/s:(a) Constant irradiation flux of 1×1013 n/cm2/s (b) Constant 

Temperature of 250 C0.  

Similarly, the influence of the two irradiation parameters on the work rates of outer ring elements 

is shown in Fig. 5-16 (contact is being considered in this case).  The fuel elements in the outer ring 

can be identified by the angular location relative to the central element. The lower element is at 

𝜃= 0 where it is in continuous contact with pressure tube while the upper one is at 𝜃= 180 where 

the element is at maximum clearance from the pressure tube. The clearances of all elements in the 

outer ring can be calculated using formula presented in the work of  Elbanhawy et al. [79]. The 

work rates presented in Fig. 5-16 are for three fuel elements at 𝜃= 0, 80, 180. The calculated work 

rates represent the total work rate due to contact with pressure tube or with surrounding fuel 

elements. Overall, the maximum work rate values were predicted at the bottom fuel element. As 

the fuel element location moved further away from the bottom, the work rate decreased. As the 
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impact forces increased with the increase in temperature and flux the work rates values will 

increase which is shown in Fig. 5-16a and b with similar trend on the impact forces in Fig. 5-15. 

 

                                      (a)                                                                           (b) 

Figure 5-15: RMS impact force on central element at a flow velocity of 8 m/s: (a) Constant irradiation flux of 1×1013 

n/cm2/s (b) Constant Temperature of 250 C0   

The effect of motion-dependent forces (ignoring contact) is presented in Fig. 5-17. The response 

of the system was examined as a function of the flow velocity to determine the stability threshold.  

While in operating reactors the flow velocities are kept well above the stability threshold, these 

force still contribute to the response in the subcritical region [89].  The displacement of the center 

fuel elements for a fully coupled fuel bundle is compared with simulations that irradiated at 1×1013 

n/cm2/s flux and temperature of 250 Co. The flow velocity range is extended to approximately 20 

m/s to capture the stability threshold. For the unirradiated case, the critical velocity is 

approximately 19 m/s which is reduced to almost 17.5 m/s for the irradiated case. 
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                                             (a)                                                                                    (b) 

Figure 5-16: Work rates on outer ring at a flow velocity of 8 m/s:(a) Constant irradiation flux of 1×1013 

n/cm2/s (b) Constant Temperature of 250 

The effect of the irradiation on the work rates of the fuel elements under both turbulence and 

motion-dependent forces is presented in Fig. 5-18 for the center element of the fuel bundle and the 

zero-orientation fuel element of the outer ring at flow velocity of 8 m/s.  In both cases work rates 

is much higher than the unirradiated case.  
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Figure 5-17: RMS disp. on central element Vs flow velocity 

 

                                               (a)                                                                                   (b) 

Figure 5-18: Work rate on center fuel element and an outer ring element after irradiated at 8 m/s flow velocity with the 

inclusion of Motion-dependent forces:(a) Constant irradiation flux of 1×1013 n/cm2/s (b) Constant Temperature of 250 C0 .  
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The acoustic pressure pulsations are then introduced to the system as pressure wave of 100 kPa 

amplitude and 150 Hz frequency in the x-direction. These amplitude value represents the upper 

limit to what Koehn et al. [32] measured experimentally in a typical CANDU fuel channel. The 

effect of irradiation on the stress contours is shown in Fig. 5-19 where Larger areas of maximum 

stress are observed. A time history of the stress in x-direction at spot on one of the connecting rips 

that usually has maximum stresses and is candidate for fatigue cracking is presented in Fig. 20 for 

cases with and without irradiation. The figure shows that stress levels are high compared to what 

have been reported in the work of Elbanhawy et al. [79] for the case where no pressure pulsations 

or irradiation. Dimensionless stress is plotted against flow velocity for both cases in Fig. 5-21. The 

maximum stress increased proportionally with an increase in the flow velocity. Beyond flow 

velocities of 8 m/s, the stress tends to be approximately constant. This is due to the fact that fuel-

to-fuel and fuel-to-pressure tube contact limits the overall displacement of the elements and 

reduces the deformation of the coupling location of the endplates. 

 

 

 



 

 

128 

 

 

                                 (a)                                                                                (b) 

Figure 5-19: RMS von Mises stress contours at a flow velocity of 8 m/s after adding the pressure pulsations:(a) 

Unirradiated (b) Irradiated flux of 1×1013 n/cm2/s, temperature of 250 C0. 

 

Figure 5-20: Time histories of 𝝈𝒙𝒙 stress at 8 m/s on element number 704. 

 



 

 

129 

 

 

Figure 5-21: Dimensionless stress versus flow velocity 

5.5 Conclusion  

A numerical model was presented to investigate the effect of irradiation on the dynamic response 

of a fuel bundle. In this model, a constitutive equation that describes the material behavior under 

irradiation is integrated in a nonlinear finite element formulation to simulate the irradiation effect. 

Various excitation mechanisms were utilized such as, turbulence, motion-dependent forces and 

acoustic pressure pulsations. The simulation results show that the irradiation effect can result in 

frequency shift and higher response amplitude which cause an underestimation of response 

parameters such impact force and the normal work rate. In addition, the mount of irradiation 

influences the stresses on endplates which make it more susceptible to fatigue cracking which is 

dependent on the location of fuel bundle and the fuel channel in the calandria. 
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Chapter 6: Summary and Conclusions 

6.1 Summary 

The thesis presents a comprehensive dynamic model of CANDU fuel bundle. The thesis is 

proposed in a paper format with three journal articles. In the first journal article, a numerical 

approach is presented to simulate the motion-dependent fluid forces in CANDU fuel bundle. 

Numerical simulations were performed for the case of a moving tube in a rigid bundle to calculate 

the destabilizing fluid forces. The resulting forces were expressed in terms of coefficients and 

phases. These coefficients are used to extract the added mass, damping and stiffness coefficients 

which is then utilized in structured dynamic model to calculate the response of a tube bundle. The 

vibration response was compared with previous experimental work for 19-elements bundle in axial 

flow. For the second journal article, A comprehensive vibration model was developed to predict 

the dynamic response of fuel bundles under various excitation mechanisms, such as turbulence, 

acoustic pressure pulsations, and motion-dependent forces. The model includes the 37 fuel 

elements and the two endplates. Beam elements were utilized for discretization of for the 37 fuel 

rods, and plate elements for the two endplates. The turbulence forces were generated using a PSD 

that had been generated previously in the literature. The model includes the effect of fluid-structure 

coupling through motion-dependent forces. Predictions of the displacements, impact forces, work 

rates, and stresses on the end plates were presented for a fully flexible CANDU fuel bundle. in the 

final journal article, A numerical model was proposed to predict the effect of irradiation on the 
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dynamic response of a fuel bundle. In this model, a constitutive equation that describes the material 

behavior under irradiation is integrated in a nonlinear finite element formulation to simulate the 

irradiation effect. The same excitations mechanisms in the second paper were utilized. 

6.2 Conclusions 

The main conclusions from the thesis can be listed as follow: 

• The motion-dependent can lead to fluid-elastic instability if sufficiently high flow velocity 

is reached. 

• The stability threshold being decreased significantly with increase of the number of tubes 

surrounding the center tube. 

• The motion-dependent forces will affect the fuel elements dynamic response and will lead 

to more impact between the elements which consequentially will affect the fretting wear. 

• The stresses on the endplates led to maximum stress spots at the connections between the 

rings, making them susceptible locations for fatigue cracking. 

• The irradiation effect can result in frequency shift and higher response amplitude which 

cause an underestimation of important response parameters such impact force and the 

normal work rate. 

• The mount of irradiation will influence the stresses on endplates and increase the 

susceptibility of fatigue cracking in the hot spots which means that some bundles are more 
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vulnerable to more stresses depending on the location of fuel bundle and the fuel channel 

in the reactor. 
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