
A multi-stage approach of simulating
turbulence-induced vibrations in a wire-wrapped tube

bundle for fretting wear prediction

Henri Dolfena,∗, Jeroen De Riddera, Landon Brockmeyerb, Elia Merzaric,
Graham Kennedyd, Katrien Van Tichelend, Joris Degrootea,e

aDepartment of Electromechanical, Systems and Metal Engineering, Ghent University,
Sint-Pietersnieuwstraat 41, 9000 Ghent, Belgium

bArgonne National Laboratory, Lemont, IL, United States of America
cThe Pennsylvania State University, University Park, Pennsylvania, United States of

America
dBelgian Nuclear Research Centre, Mol, Belgium

eFlanders Make, Belgium

Abstract

MYRRHA (Multi-purpose hYbrid Research Reactor for High-tech Applications)

is a prototype of a Generation IV reactor that will be constructed in Mol,

Belgium. It is a liquid metal fast reactor, using lead-bismuth eutectic (LBE) as

a coolant. Flow-induced vibrations resulting in fretting wear could be of concern

due to the high density of LBE. Additionally, a wire is wrapped around each

fuel rod to preserve their mutual distance in the hexagonal array, which affects

the flow pattern.

In this research turbulence-induced vibrations are investigated. Large-eddy

simulation is a sound technique to acquire turbulent loads, but it is computa-

tionally demanding to combine this in a two-way coupled fluid-structure inter-

action (FSI) simulation. However, because accurate prediction of the vibration

of cylinders subject to liquid flow typically requires a two-way simulation due to

the added-mass effect, a methodology consisting of multiple steps is proposed.

First, the modal characteristics of the pin are determined in a fully coupled

FSI simulation of a bare bundle. The material properties used in this model are
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modified to take into account the effect of the wire, which was determined exper-

imentally beforehand. The resulting characteristics are then used to construct

a realistic structural model, employed in a one-way simulation with turbulent

loads from a large-eddy simulation of a wire-wrapped bundle.

In this structural model contact with neighboring rods and the hexagonal

duct is detected, providing realistic boundary conditions to the rod and allow-

ing to extract contact forces. These forces are further post-processed together

with the sliding displacement to calculate work rates, which is an important

parameter for fretting wear prediction. Two pins of a 19-pin bundle were inves-

tigated, the central pin and a pin located in one of the corners. The simulation

is repeated for multiple friction coefficients, and its impeding effect of friction

on sliding motions was confirmed to moderate fretting.

Keywords: Fluid-structure interactions, Computational Fluid Dynamics,

Flow-induced vibrations, Turbulence-induced vibrations, Tube bundles,

Fretting wear

1. Introduction

Generation IV nuclear reactors hold the promise of increased safety and re-

duced nuclear waste. One prototype of such a reactor called MYRRHA (Multi-

purpose Hybrid Research Reactor for High-tech Applications) is currently being

developed at the Belgian Nuclear Research Centre SCK-CEN [1]. It is a liquid5

metal fast reactor (LFMR) that can work in both sub-critical and critical mode.

For the former, it uses a particle accelerator to drive the reaction, making it a

demonstrator of the Acceleration Driven System (ADS) concept. The reactor

will also facilitate materials research and create isotopes for medical use. Fur-

thermore it can be used for the demonstration of transmutation of long-lived10

nuclear waste, contributing to solving one of the drawbacks of nuclear energy,

the long-term waste management.

One aspect of thermal hydraulic safety is flow-induced vibration (FIV). The

long and slender fuel assemblies tend to vibrate under the loads imposed by the
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coolant axially flowing between the fuel rods. In the design process, three steps15

were identified by Päıdoussis [2] to accommodate for the effect of flow-induced

vibrations. The first is assuring that the critical velocity for fluid-elastic insta-

bilities is not exceeded. A second aspect is to avoid parametric resonances with

harmonic fluid loads. A third one is to investigate turbulence buffeting and

the associated damage mechanisms: fatigue and fretting. This research is situ-20

ated in the third aspect: turbulence-induced vibrations (TIV) and consequences

regarding fretting. MYRRHA uses lead-bismuth eutectic (LBE) as a coolant,

which is about 10 times as dense as water, raising some vibration concerns. To

preserve the distance between adjacent rods, a wire-spacer is wrapped helically

around each pin. This enhances mixing, which is beneficial for heat transfer25

[3, 4]. The pressure drop still allows sufficient natural convection, a feature

that contributes to the passive safety. The wire induces a strong secondary

flow, as was demonstrated by Jeong et al. [5] for a sodium-cooled reactor us-

ing computational fluid dynamics (CFD). This latter aspect also highlights the

need for research towards FIV. In the paragraphs below different techniques are30

discussed with their benefits and drawbacks, to motivate the research strategy

chosen for this work.

The strict safety regulations result in high costs during the development

phase. Using numerical simulations during this phase can alleviate some of

these costs, and at the same time contribute to the design performance and35

safety such that unexpected failures and outages coming with a high economical

cost can be avoided. Moreover they can provide physical understanding of the

system that is sometimes hard to achieve with experiments. With the rise of

computational power over the last decades, CFD has become a common way

to investigate flows, and more recently also coupled fluid-structure interaction40

(FSI) simulations became widespread.

Examples of CFD work investigating the flow in wire-wrapped fuel bundles

are the papers of Ahmad and Kim [6], Raza and Kim [7], Hamman and Berry

[8], Sreenivasulu [9], Rolfo et al. [10], Jeong et al. [5], Merzari et al. [11],

Brockmeyer et al. [12], De Santis and Shams [13] and Martin et al. [14] using45
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Reynolds-averaged Navier–Stokes (RANS) or unsteady RANS (URANS). In the

latter work modeling the wire with a momentum source is explored, as the wire

renders the meshing process complex and cumbersome. When turbulence is of

concern, large-eddy simulations (LES) or direct numerical simulations are more

sound, as in (U)RANS the turbulence is modeled rather than resolved, meaning50

that only the effect on the main flow is captured well. Examples of LES in a wire-

wrapped bundle includes the work of Fischer et al. [15], Merzari et al. [11, 16]

and Brockmeyer et al. [12, 17, 18]. The downside of large-eddy simulations is the

higher computational cost, especially at an elevated Reynolds number. Recently

a method has been proposed using URANS instead of LES, while still producing55

a fluctuating pressure field [19]. This Pressure Fluctuation Model generates a

fluctuating random velocity and pressure field that satisfies the mean turbulent

quantities. An OpenFOAM® implementation has been developed and tested

on both a bare and wire-wrapped fuel pin [20]. An extensive review of CFD and

experimental work on wire-wrapped fuel geometries can be found in Ref. [21],60

which broadly covers the technical challenges of LMFR thermal hydraulics and

the research efforts done to address those.

When the turbulent, fluctuating pressure field is obtained through LES, it

can be used as the excitation in a one-way coupled FSI simulation to obtain

the displacement response. This has been done in earlier work to assess FIV65

in PWR [22–24] and LMFR [18]. It is assumed that feedback from structural

displacement on the flow is negligible, as the displacements in TIV are usually

rather small. An important aspect is however that the modal characteristics

of a submerged structure are modified by an added mass and added damping,

an effect that is not captured in a one-way approach. Nevertheless, only few70

examples were found in literature on two-way FSI of vibrating tubes using LES

since this entails a high computational cost. Liu et al. have performed FSI on a

cylinder in annular flow [25, 26] and small clusters of cylinders [27], loosely cou-

pling large-eddy simulations to a beam element computational solid mechanics

(CSM) model, although with a rather coarse CFD mesh. These kind of explicit75

formulations lessen the computational demand, as each time-step only requires
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one evaluation of both solvers, but they become unstable for large added masses

[28]. Nazari et al. [29] performed two-way LES-FSI on a simplified represen-

tation of the experimental setup of Hooper and Rehme [30], but it is not clear

whether a strong or loose coupling scheme was applied. Benhamadouche et al.80

[22] used LES in a one-way FSI approach, however augmenting the model by

lumping the added-mass of a single cylinder in quiescent flow obtained from a

potential flow solution into the structural model.

Two-way coupled FSI simulations have been successfully used to determine

the modal characteristics of cylindrical structures. De Ridder et al. [31] de-85

termined the added mass and damping of a vibrating cylinder in annular flow

by coupling an unsteady RANS CFD simulation to a finite elements model. A

flexible cylinder placed in a bundle of rigid cylinders was investigated as well.

The results compared well against experiments and linear theory and have the

advantage of being independent of empirical coefficients that appear in the fluid90

forces used in linear theory. Other examples can be found in the work of De

Santis et al. [32, 33], in which the natural frequencies and damping ratios of

cylinders in axial flow were determined. For a cluster of cylinders, the dynamics

become more complex due to the inter-cylinder coupling caused by the presence

of the fluid [34, 35]. The result is that each flexural mode corresponds to a range95

of natural frequencies and damping ratios rather than a single value. Using a

similar approach as in [31], the modal characteristics of a cluster of cylinders

were determined using two-way coupled CFD-CSM simulations by De Ridder

et al. [36], the results of which are built upon in this research.

In this work, a procedure is developed to calculate the TIV response of a100

wire-wrapped fuel pin in a bundle in an efficient way, using a dedicated nu-

merical approach for each aspect and combining the results in the end. The

turbulence excitation load obtained via a large-eddy simulation is applied on

a structural model augmented with modal properties determined via strongly

coupled URANS-FSI simulations. A similar approach has been followed by De105

Ridder et al. for a single bare cylinder in axial flow [31, 37] in the frequency do-

main. In the current work contact detection with neighboring fuel pins is used,
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to accurately represent the boundary conditions. Because of this a time-domain

approach is preferred [38].

One of the main negative consequences of FIV in tube bundles is that it110

can cause fatigue, and when contact with other tubes or components occurs

also fretting wear or damage due to impacts can be induced. In this research

contact is continuously present once the effect of the initialization has vanished

and the surfaces that are in contact exhibit sliding oscillations, as will be shown

later on. This rubbing type of contact provokes fretting wear. Fretting wear115

is often the root-cause of fuel failure, recent works indicate that more than 70

% of fuel failures in PWR reactors are related to fretting [24, 39, 40]. Fretting

is a complex wear process, resulting from highly non-linear contact dynamics.

Numerical efforts have taken place to predict this phenomenon, often finite ele-

ment models with stochastic forces representing the turbulence excitation load.120

An early example of work simulating the contact problem is Rogers and Pick

[41], investigating heat exchangers. Shell-and-tube heat exchangers often have a

large amount of cross-flow and there is typically a clearance between tubes and

tube-supports to facilitate mounting and accommodate for thermal expansion,

making them susceptible to fretting damage. They have often been subject of125

research using a numerical approach [42–45]. Similarly also steam generators

[38, 46–49], CANDU fuel bundles [50–52] and more recently a complete fuel

string [53], and grid-to-rod-fretting (GTRF) in PWR [24, 54–56] have been in-

vestigated. To the authors’ knowledge, this kind of numerical analysis has not

yet been performed for a wire-wrapped bundle geometry.130

In the literature [57], a need to research fretting for MYRRHA has been iden-

tified, but fatigue on the other hand is not expected [57, 58]. Wear marks due to

contact have been observed in real reactors with wire-wrapped fuel assemblies

in hexagonal array [59]. The contact forces obtained from the simulations of

present work can be used to calculate an estimate of the expected wear rate due135

to FIV, in order to meet this demand for fretting analysis.

This paper is organized as follows. Section 2 presents the overall method-

ology of this work in which 4 parts are distinguished. In section 3, section 4,
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section 5 and section 6 each of these steps is discussed along with some in-

termediate results. The final results are discussed in section 7. Finally, the140

conclusions can be found in section 8.

Nomenclature

ai,j Amplitude of mode j on cylinder i (mm)

A Area (m2)

Cab, Cx1x2, Cy1y2, Cx2y2 Coherence

Df Fillet diameter (mm)

Di Pin inner diameter (mm)

Do Pin outer diameter (mm)

Dw Wire diameter (mm)

EI Bending stiffness (N ·m2)

f , fk, ftarget Frequency (Hz)

Fa, Fb, FN Force (N)

~Fi Contact force at time increment i (N)

FS, FSa, FSx1, FSx2, FSy1, FSy2 Synthetic force signal (N)

h Penetration depth (m)

ḣ Penetration rate (m/s)

H Hardness (Pa)

k Dimensionless wear coefficient

K Empirical wear coefficient (Pa−1)

L, L1, L2, L3 Length (mm)

m1, m2 Linear mass density (kg/m)

P Pin pitch (mm)

Paa, Pbb Power spectral density (N2)

Pab Cross power spectral density (N2)

Ph Helical pitch (mm)

PWa, PWnew, PWx1, PWx2, PWy1, PWy2 White noise signal

~ri Contact point coordinate vector at increment i (m)
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s Sliding displacement (m)

TF , TFnew, TFold Tuning factor

ucl,i Centerline displacement of cylinder i (mm)

V Volume removal (m3)

V̇ Volume removal rate (m3/s)

ẆN Normal work rate (W )

α α parameter of Rayleigh damping model (s−1)

β β parameter of Rayleigh damping model (s)

ζj Modal damping of mode j

µ Friction coefficient

µf Viscosity (Pa · s)

ρf Fluid density (kg/m3)

φi,j Phase difference (rad)

ωn,j Natural frequency of mode j (rad/s)

2. Methodology

The proposed procedure consists of four major parts, as summarized in Fig-

ure 1. First, experiments were conducted on both a bare and a wire-wrapped145

MYRRHA fuel pin in air to determine the modal characteristics, as part of the

work of De Pauw [60], at the Belgian Nuclear Research Centre, see section 3.

By doing so the effect of the wire on the in-vacuo modal properties was known

and this information was used in the second part: two-way FSI simulations

on a cluster of 7 bare rods in axial LBE flow, coupling a URANS CFD model150

to a finite elements CSM model. The effect of the wire was lumped into the

CSM part of the coupled simulation, by adjusting the material properties. This

part, performed at Ghent University, yielded the modal characteristics of the

fuel pins in relevant flow-conditions, capturing the effect of the LBE flow and

the inter-cylinder coupling brought forth by it. This step has been described155

in the work of De Ridder [36], but the relevant parts are briefly summarized in

section 4.
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The URANS turbulence modeling of the second step can accurately de-

termine the added mass and added damping effect, but it fails to resolve the

turbulent fluctuations that excite the structure. To obtain these, large-eddy160

simulations were performed at Argonne National Laboratory on a rigid 19-pin

wire-wrapped fuel assembly. This yielded a sample of the pressure fluctuations

acting on the walls of the structures, and this data was post-processed to obtain

a synthetic force history to be used in the final step. A more detailed description

of the LES is given in section 5.165

For the fourth and final part, a structural model of a wire-wrapped fuel pin

was constructed using finite elements. The material properties are tuned to

match the modal characteristics of the rods subject to LBE flow, determined

in the second step. In a time domain simulation, the structure was exposed to

forces extracted in the third part from the LES pressure data, essentially result-170

ing in a one-way FSI simulation, yet taking into account the most important

effects of strongly coupled FSI: added mass and added damping. The presence

of the neighboring pins was modeled, providing realistic boundary conditions

and allowing the detection of contact and the computation of contact forces.

These contact forces were further processed to estimate the wear rate. This175

final step is discussed in section 6.

3. Experiments on single bare pin and single wire-wrapped pin in air

Figure 2 depicts a wire-wrapped MYRRHA fuel-pin mock-up used to mea-

sure modal properties. Similarly a bare pin has been constructed, thus lacking

the wire spacer. The hollow cavity was filled with pellets representing fuel pel-180

lets in size and density. The tube is instrumented with optical fiber Bragg

grating (FBG) based sensors for strain measurements, involving an optical fiber

on the rod’s surface running in a helical way along the length. During the fab-

rication of the fiber the local refractive index is periodically modulated over a

limited length. As a result the FBG acts as a band-pass filter when light is185

fed to it, transmitting all wavelengths except for a narrow-band around the so-
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Acquire turbulent loads:
1. LES on 19-pin bundle
2. Synthesize force history

from LES data

Acquire bundle modal
characteristics using two-way
FSI simulation:
• Structural model of 7 bare

pins with adjusted material
• URANS CFD model

Acquire single rod modal
characteristics:
Experiments on single wire-
wrapped and bare fuel rod in air

Calculate and analyze
response: Structural model of
wire-wrapped pin with tuned
modal characteristics, detecting
contact with analytical rigid
bodies representing the
neighbors

Figure 1: Flowchart of the general methodology.

called Bragg wavelength, which is reflected back. This wavelength is sensitive

to certain perturbations, among which is mechanical strain. Keeping track of

the Bragg wavelength allows measuring time-varying strains.

1400
20 20

6.55

tip laser weld

hollow cavity

laser weld tipsteel cylinderwire spacer

1.8

265

upstream
support

Figure 2: Drawing of the wire-wrapped pin used for the experiment determining the modal

properties, the unit is mm. Adapted from [60].

Both the wire-wrapped and the bare fuel pin are excited using an air jet190

pulse, thus without physical contact. The pulse frequency can be governed

up to 1 kHz. In [61] the measurement procedure has been validated on a
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bare pin using a laser-Doppler vibrometer and an electrodynamic shaker. From

these measurements of the vibration due to the pulse, the modal characteristics

(frequency and damping ratio) of both a bare and a wire-wrapped fuel pin are195

known. A more in-depth description of the fuel pin mock-ups and measurement

methodology can be found in the work of De Pauw [60].

4. Determining modal characteristics of bundle

This section describes the two-way FSI simulations that cover the second

part of the general procedure, namely including the effect of the LBE on the200

modal characteristics. The technique has been elaborately described in the

article of De Ridder et al. [36], but the parts most relevant to this work are

summarized here for clarity.

4.1. Set-up

A bundle of 7 bare rods subject to axial LBE flow is simulated for different205

axial velocities. The geometric properties of the pin and bundle are shown

in Table 2; the pin geometry and boundary conditions are also schematically

displayed in Figure 3. They closely resemble the MYRRHA geometry. The

properties of the fluid and structure are summarized in Table 3.

Figure 3: Sketch of fuel pin model, with structural boundary conditions and mass distribution.

From [36].

For the FSI a partitioned approach [28] is chosen, calculating the flow and210

structure solution separately with dedicated solvers, only communicating the

solution at the mutual interface. The advantage is that highly specialized solvers
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Table 2: Geometrical properties of fuel pin for the coupled CFD-CSM model.

Parameter Length (mm)

Pin outer diameter Do 6.54

Pin inner diameter Di 5.65

Pitch P 8.4

Length L 1400

L1 627.5

L2 600

L3 172.5

Table 3: Fluid and structural properties (ρf : fluid density, µf : dynamic viscosity, E: elastic

stiffness, I: area moment of inertia, m: mass per unit length).

Fluid properties Structural properties

ρf µf EI m1 m2

10290 kg/m3 0.0017 Pa · s 10.3 N ·m2 0.0664 kg/m 0.331 kg/m

can be used as black boxes, whereas the monolithic approach requires access to

the governing equations in order to solve them simultaneously. The pressure

and shear stresses acting on the interface are computed by the CFD solver and215

subsequently communicated to the structural solver, which on its turn computes

displacements and communicates them back. In an implicit approach, this loop

is iterated until convergence is achieved before advancing to the next time step.

Since the density ratio between fluid and structure is close to 1, the physics

will be strongly coupled and an implicit approach is deemed appropriate. In220

this work, the IQN-ILS (interface quasi-Newton with inverse Jacobian from a

least-squares model) coupling algorithm is used to enhance convergence through

a quasi-Newton minimization of the residual [62].

The mesh can be seen in Figure 4, it has 10 cells in wall-normal direction,

36 along the circumference and 200 cells in axial direction. URANS turbulence225

modeling is used, with the k−ω SST turbulence model to close the equations. A
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Figure 4: The CFD and CSM computational grids. From [36].

fixed velocity, turbulence intensity of 5% and length scale of 1 mm was imposed

at the inlet and the outlet is kept at constant pressure. The rods and hexag-

onal duct are walls, thus having no-slip boundary conditions. A second-order

discretization scheme is used, in both space and time, for all quantities. With230

a uniform inlet of 2 m/s this yields an average wall y+ of 2.66, with more than

95 % of the cells having a y+ below 5. This means the near-wall flow is resolved

into the viscous sublayer and no wall functions are active.

The CSM part (also shown in Figure 4) comprises a finite element model

using quadratic solid elements. The material properties are based on steel, but235

modified to represent a fuel pin, with the mass adjusted for the middle section

to account for the presence of the fuel pellets, see Figure 3. Furthermore, the

stiffness is tuned to lump the effect of the wire in the material properties of

the bare cylinder, based on experiments, see previous section and [60]. This

approach misses the effect of the cross-sectional shape of the wire-wrapped pin240

on the modal properties. Because the wire causes more turbulent mixing, the

added damping is expected to be higher than this approximation captures. It is

however argued that using lower damping is conservative with respect to FIV.
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The wire also causes a global swirling motion [10], but its effect on the modal

properties in a bundle has to the authors’ knowledge not yet been investigated245

and is thus not included. The pins are fixed at the upstream end and simply

supported (axial sliding allowed) at the downstream end, conditions that rep-

resent a support-active situation for all rods. The pin is in reality free at the

downstream end in its neutral position, but likely to be supported by leaning

against the adjacent rods as will also be shown later on.250

Solve eigenvalue problem (linear theory)

Displacement perturbation

Solve time-domain free vibration

F(u) = s S(s) = u

s

u (predicted by IQN-ILS)

If u(t) and s(t) converged: t = t + Δt

Fit characteristics to vibration decay

Modes

u0

u(z, t)

Figure 5: Flowchart of the sub-steps (based on [36]), in which F and S are the flow solver

and structural solver respectively, u is the interface displacement and s the traction on the

interface. The subscript cl denotes the centerline, ai,j(z) is the amplitude of mode j on

cylinder i as a function of the axial coordinate z (mode shape), ζj is the modal damping ratio,

ωn,j the natural frequency and φi,j(z) is the phase difference. N represents the number of

modes needed to achieve a good fit.

The complete procedure of determining the bundle modal characteristics

of the 7-rod bundle is depicted in Figure 5. It comprises four steps, henceforth

called “sub-steps” to avoid confusion with the four parts of the general procedure

outlined in section 2.
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In the first sub-step, the system is described using Euler–Bernoulli beam255

equations and potential flow. The motion of a single cylinder displaces fluid,

which affects the neighboring cylinders and as such the displacement direction

of all cylinders can be organized in patterns. For all patterns in a so-called

“mode group”, all cylinders have the same mode shape, but each pattern corre-

sponds to a slightly different frequency and damping ratio. For a cluster of K260

cylinders, 2K different patterns exist. Due to this inter-cylinder coupling, the

system is governed by an added-mass and damping matrix with non-zero off-

diagonal values indicating the mutual interaction between cylinders. By solving

the generalized eigenvalue problem corresponding to this formulation the modal

frequencies and mode shapes are obtained.265

Secondly, the mode shapes acquired in the first sub-step are used to per-

turb the displacement of the CSM model of the coupled CFD-CSM simulation,

serving as an initial condition. The structure is kept in this position and the

flow is allowed to settle in a steady CFD simulation, to obtain a suitable initial

condition for the flow as well.270

Subsequently, in the third sub-step, the structure is released and the free

vibration is simulated in the time domain through a fully coupled FSI simulation

and the displacement of the centerline is tracked and stored.

Finally, the centerline displacement is fitted to an expression of decaying

vibration:275

ucl,i ≈
N∑
j=1

ai,j(z)e
−ζjωn,jt cos

(√
1− ζ2

j ωn,jt+ φi,j(z)
)
, (1)

with cl denoting the centerline, ai,j the amplitude of mode j on cylinder i

at height z (expressing the mode shape), ζj the modal damping ratio, ωn,j the

natural frequency and φi,j(z) the phase. N represents the number of modes

needed to achieve a good fit; in this case one mode was sufficient.

4.2. Modal characteristics280

The resulting frequencies and damping ratios can be seen in Figure 6 for

different flow rates. Due to the inter-cylinder coupling discussed above, mul-
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tiple frequencies and damping ratios are obtained for each flow rate. For a

7-rod bundle each mode group theoretically contains 14 patterns, but only 9

frequencies and damping ratios are reported as due to the symmetry of the285

rods’ arrangement 5 duplicate eigenvalues are present [34].
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Figure 6: Modal characteristics at different flow rates: (a) frequencies mode 1 and (b) mode 2

and (c) damping mode 1 and (d) mode 2 (data from [36]). The lines indicate the interpolation

to the velocity imposed in this work (1.81 m/s).

In Figure 6a and Figure 6b it is observed that the frequency range follows

a rather horizontal trend with increasing flow rate, although the range seems

to widen a bit both towards lower and higher frequencies. The modal damping

ratio (Figure 6c and Figure 6d) clearly exhibits a rising trend with regard to290

the flow velocity due to the effect of the viscous forces. Both results agree well

with linear theory [36].
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For the current work, one frequency and one damping ratio of the first two

modes are interpolated from the results at an axial velocity chosen close to the

conditions in MYRRHA, in order to realistically represent the added damping295

experienced during operation. This velocity has a value of 1.81 m/s and will be

kept constant in the third sub-step. The interpolation is each time performed

using the median frequency or damping at 1 m/s and 2 m/s, see Figure 6. The

obtained frequencies and damping ratios can be found in Table 4 and will be

used in section 6.300

Table 4: Modal characteristics interpolated at 1.81 m/s for the first two mode groups.

Mode group Frequency Damping

1 25.67 rad/s 5.15 1/s

2 82.44 rad/s 7.91 1/s

5. Determining turbulence load on bundle

In order to characterize realistically the turbulent loading acting on the

structure, large-eddy simulations were performed at Argonne National Labora-

tory. For this the non-dimensional spectral elements code Nek5000 is used [63].

These simulations are described in the current section and correspond to the305

3rd part of the methodology.

5.1. Set-up

The simulated bundle consists of 19 wire-wrapped pins in a hexagonal duct

as depicted in Figure 7 and the geometry of the CFD domain can be found in

Table 5, corresponding to the MYRRHA fuel assembly design.310

The flow is simulated at a bulk velocity of 1.81 m/s, being the one for which

the data in the second sub-step was interpolated. The Reynolds number is

3× 104, based on the hydraulic diameter. This corresponds to LBE at 200 ◦C,

having a density of 10470 kg/m3 and dynamic viscosity of 0.0024 Pa·s according

to the relation between these fluid properties and the temperature of LBE [64].315
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Figure 7: The 19-pin wire-wrapped bundle in a hexagonal duct. The rods of which the

turbulence-induced vibrations are simulated are highlighted.

The periodicity of the geometry is exploited to reduce the computational

cost, by using a periodic boundary condition at the upstream and downstream

extremities of the domain and keeping the mass flow rate constant. As such

only a single helical pitch needs to be simulated and the flow inherently behaves

fully developed. The surface of the pins and duct are modeled as no-slip wall. A320

fillet was applied at the line contact between wire and pin, to facilitate meshing.

The mesh consists of 1036800 elements, each further refined using an 11th order

polynomial. It is displayed in Figure 8, but note that for visualization purposes

the element order in Figure 8b is limited to 5. A time step size of 5.4× 10−6 s

is used, and the pressure and shear forces acting on the fuel pins is recorded325

every 20 time steps, averaged over the face of the element. After the flow had

settled, about 0.08 s of force history was recorded.

5.2. Forces

The forces originating from the flow and acting on the pins consist of a

normal component, due to pressure, and a tangential component, due to wall330

shear stress. The resultant force is calculated along the circumference of each
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Table 5: Geometric parameters of the LES mesh.

Parameter Length

Pin diameter Do 6.55 mm

Wire diameter Dw 1.75 mm

Fillet diameter Df 0.7 mm

Pitch P 8.4 mm

Helical pitch Ph 262 mm

(a)

(b)

Figure 8: Visualization of the mesh used for the LES: (a) front view showing the element only

and (b) example of mesh with 5th order elements. In reality an 11th order polynomial is used,

but for a clear visualization only a lower order version is displayed.

rod, such that a vector is obtained, varying along the height of the pin. The

geometry can be seen as a repetition of 1/6th of a helical pitch, stacked on top

of each other and rotated 60◦ each time. Because of the periodic boundary

conditions each 1/6th of a pitch experiences the same forces, but in a rotated335

reference frame. This is exploited for plotting, by averaging the force data

over the 6 slabs after applying the appropriate rotation. Also for calculating

the Power Spectral Density (PSD) advantage is taken of this, by averaging

the PSDs corresponding to each 1/6th pitch, thereby improving the statistical

convergence [18].340
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Figure 9: Net force on the central pin caused by (a) pressure and (b) wall shear forces as a

function of the height. The data is averaged for each 1/6th of a pitch after applying appropriate

rotation. The solid line represents the time average, the dotted line the standard deviation.

The resulting forces on the central pin as a function of height are shown in

Figure 9. It can be seen that the force due to the wall shear stress is at least

two orders of magnitude smaller than the pressure component and therefore it

will be neglected in the remainder of the research.

Preliminary results revealed that the time history is too short for the struc-345

tural calculation, even though the flow is fully developed and this duration is

sufficient to characterize the flow. At the end of the LES simulation (0.08 s)

contact has only just been established and the structural response is still in a

transient phase. As the behavior under contact is of interest, more simulation

time is needed. Instead of applying the loads directly, they were post-processed350

further in a synthetic force history which can be made arbitrary long. When us-

ing the longer, synthetic history it is indeed confirmed that the structure settles

somewhere around 0.08 s, as will be seen from the results in the next section.

When turbulence-induced vibrations are investigated in literature, the exci-

tation load is often modeled as band-limited Gaussian white noise, obtained by355

applying the inverse Fourier transform to a (semi-)empirical spectrum [44, 45,

51, 55, 56, 65] or one resulting from simulations [18, 24]. If forces are generated

at multiple locations they are often assumed to be either uncorrelated [24, 66]

or completely correlated [51, 65]. The latter is defended as being a conservative
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estimate [51], while the former is used when the correlation length is assumed to360

be short. For the procedure in this work proper coherence is taken into account.

This technique of synthesizing force data from LES results was demonstrated

in the work of Brockmeyer [18], but for the sake of completeness it is explained

below. It is worth mentioning that the generated force histories in this work are

limited to a bandwidth of 10-4000 Hz.365

The coherence of two force signals Fa and Fb is defined as

Cab(fk) =
|Pab(fk)|2

Paa(fk)Pbb(fk)
, (2)

with Paa symbolizing the power spectral density and Pab the cross power spectral

density. Both are estimated using the Discrete Fourier Transform (DFT). For

each frequency, the coherence is a real number between 0 and 1, representing

the similarity between signals.370

Paa(fk) =
1

N

∣∣∣∣∣
N∑
n=0

Fa(t) exp(−j2πfkn)

∣∣∣∣∣
2

(3)

Pab(fk) =
1

N

∣∣∣∣∣
N∑
n=0

Fa(t) exp(−j2πfkn)

N∑
n=0

Fb(t) exp(−j2πfkn)

∣∣∣∣∣ (4)

In these definitions N represents the number of discrete points in time and fk

the frequency.

A synthesized force history is constructed starting from the power spectral

density of the force signal, which is computed as the square of the Fourier trans-375

form (see Eq. 3). By inverting this PSD, an artificial time history of arbitrary

length can be generated. The number of possible signals resulting in a certain

PSD is infinite, implying that a single PSD can be converted to an infinite num-

ber of unique time histories. A random white noise function can be applied to

the phase, and by using the same white noise proportional to the coherence (see380

Eq. 2) of two signals, the coherence of the output signals can be matched to

that of the input signals. It is not practically feasible to do this for each grid

point on the surface of the structure, so the vector sum of forces on each 1/6th

pitch is used as input of the scheme [18].
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The synthetic force-time history (FS) is generated by replacing the phase385

of the original signal with the one of a white noise signal. This is done in the

frequency domain, after which the inverse Discrete Fourier Transform is used

to generate a time series. The white noise is represented by PW (fk), which is

strictly speaking not a PSD, but a squared series of complex Fourier coefficients,

each having a magnitude of 1 as the amplitudes should not be modified.390

FSa(t) =

F∑
fk=0

(PWa(fk) · Paa(fk))
1/2

ej2πfkt (5)

For each location at which a force-time history needs to be generated, a

different white noise signal is generated (PWnew). However, in order to preserve

the coherence between different force signals, this white noise signal is modified

by reusing a portion of the white noise of the signal with which coherence

is desired. The force histories are sequentially created for each 1/6th pitch,395

starting at the bottom of the rod and continuing until the entire length of the

rod (which is longer than just the CFD domain) is covered. After generating the

first synthetic force histories FSx1 and FSy1 for the first 1/6th pitch (that are

also constructed to have the correct coherence), the white noise of the second

1/6th pitch is generated as follows.400

PWx2(fk) = PWx1 · Cx1x2 + PWnew · (1− Cx1x2) (6)

PWy2(fk) = PWx2 ·Cx2y2 +PWy1 · (Cy1y2−Cx2y2) +PWnew · (1−Cy1y2) (7)

Note that the magnitude of the white noise Fourier coefficient (equal to 1) is

preserved. As such FSx1 has proper coherence with FSx2 and FSy2 with FSy1

as well as FSx2. Continuing the procedure like this results in a set of force-

time histories in which each signal has proper coherence with the perpendicular405

component as well as the upstream and downstream signals.

Force-time histories were generated for all slabs of all pins. Two pins were

chosen to investigate further based on an analysis of the force signals. In Fig-

ure 10 the resultant force on each pin is shown as an average over time. The
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Figure 10: Resultant force on the pins, averaged over time. The standard deviation (over

time) is also indicated. The name of the pins on the horizontal axis correspond with these in

Figure 7.

standard deviation is also shown, indicating the fluctuating nature of the forces.410

In this figure distinct groups can be discerned, and they correspond to the groups

that were already used to index the bundle in Figure 7. The time-averaged vec-

tor sum is seen to be largest for the central rod. Moving outwards, it is smallest

for the inner ring of rods and larger for the outer ring, the corner rods (group

“B”) experiencing the largest forces. The fluctuations seem to grow when mov-415

ing outwards. It is chosen to investigate the pin 0 (the central pin) and pin 1B

(a corner pin), as they experience the highest force, pushing them against the

neighboring structures. As will be seen in the next section, the contact force

plays an important role in the work rates and wear. Additionally, pins of the

outer ring also experience large fluctuations, which may result in more rubbing420

and thus higher wear rates.
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6. Structural simulation of single flexible pin including contact de-

tection with rigid neighbors

In this section the last step of the procedure outlined in section 2 is explained.

The modal characteristics obtained in section 4 and turbulence excitation load425

from section 5 are combined into a structural model.

The structural simulations are performed using the finite element method

in the software package Dassault Systèmes® Abaqus® 6.14. A CSM model of

a wire-wrapped fuel pin was constructed, with the same geometric parameters

as used for the LES simulations (Table 5), but with a length of 1.4 m and an430

inner diameter of 5.65 mm as was the case for the two-way FSI simulations of

section 4. This corresponds closely to the MYRRHA fuel pin geometry as stated

earlier. The wire, while wrapping around the rod, rotates from the x-axis to

y-axis (counter-clockwise) with increasing z-coordinate, as can also be seen from

Figure 11. At the most upstream position (z = 0) the wire is aligned with the435

x-axis. The mesh is extruded from a cross-section containing 261 elements and

then twisted according to the helical pitch. With 513 axial divisions this results

in a mesh of 133893 quadratic, hexahedral elements. The mesh is depicted in

Figure 11.

(a) (b)

Figure 11: CSM mesh: (a) isometric view and (b) top view.

Two materials were used: one material represents the heavier parts (mimick-440

ing presence of fuel) and has a density of 38871.8 kg/m3 (this is higher than the
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density of UO2, because all of its mass is lumped into the hollow rod), the other

material is modeled after steel with a density of 7850.0 kg/m3. This results in

a mass distribution equal to the one used for the two-way FSI as can be seen in

Figure 3. Both materials have a Young’s modulus of 183 GPa and a Poisson’s445

ratio of 0.3, which resembles steel at the given temperature of 200 ◦C.

From the previous step (section 5) force-time histories are obtained for each

1/6th of every helical pitch and are applied as a body force on the corresponding

slab, acting as the excitation load. Given the length of the pin, a total of 66

force signals are used, 33 in x-direction and 33 in y-direction. As the pin does450

not contain an integer number of wire pitches, the most downstream force does

not act on a complete 1/6th pitch and is scaled accordingly.

This mechanism of transferring fluid loads to the structure result in a kind-

of one-way coupled FSI simulation, hence no feedback is given from structure

to fluid. Added mass and added damping effects are captured by tuning the455

material properties to match the modal characteristics obtained from the full

FSI simulation of the second step.

The first mode frequency is matched to the median frequency of the first

mode group, interpolated at a flow velocity of 1.81 m/s: 25.67 rad/s (see Fig-

ure 6a and Table 4). This is done by multiplying the densities of both materials460

with a tuning factor TF . The Lanczos algorithm [67] is used to determine

the natural frequencies of the structural model. In these simulations the pin is

clamped at the upstream end and pinned at the downstream end, as was the

case for the two-way FSI simulations section 4. As such the boundary condi-

tions have no influence on the difference in modal characteristic, and the effect465

of added mass and damping is isolated better. The tuning factor is obtained by

iterating the following equation:

TFnew = TFold · (f/ftarget)2, (8)

in which the frequency f is updated using the Lanczos algorithm until it matches

the target frequency. After a few iterations TF converged to a value of 2.49.

The added damping effect was modeled using structural Rayleigh damping,470
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which was added to both materials. The Rayleigh damping parameters α and

β were determined by solving the following set of equations:

2ζjωn,j = α+ βω2
n,j , (9)

canwith ωn,j and ζj the eigenfrequency and damping ratio of mode j. This

set of equations is solved using the natural frequency and damping for the first

two modes, interpolated at 1.81 m/s from the results in the second step as475

can be found in Table 4. For α a value of 9.71 s−1 was calculated and for β

8.99× 10−4 s.

After the tuning procedure it was checked that the target first mode fre-

quency and damping was obtained, by applying a small force in the middle and

subsequently releasing the deformed rod into a free vibration. This method of480

tuning material properties to model the added mass and added damping effect

has been tested by De Santis and Shams [68] and it was found that the results

compared well to two-way coupled FSI simulations.

When the material properties are tuned and verified, the upstream boundary

condition is changed such that rotations are allowed around the x-axis, while485

the other 5 degrees of freedom are constrained. This closely resembles the effect

of the rails on which the pins will be mounted using a key-slot mechanism.

The clamping at the downstream position is removed allowing it to move freely,

nevertheless the displacement will be limited by contact with the neighboring

rods. Contact detection is implemented, and when it occurs it is strictly enforced490

such that no penetration is possible. Only the rod under investigation will be

subjected to the force history, the neighboring rods are modeled as analytical

rigid bodies.

In reality some contact damping can be present as well, due to a squeeze-

film effect [43, 69]. When the rods directly move towards each other just before495

contact, the liquid in between has to be evacuated, during which some energy

is dissipated. This effect is not captured in this one-way simulation approach.

However, as will be seen from the results, the contact is continuously present

after the structure has settled such that only limited normal relative motions
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take place. This makes it acceptable to omit this effect.500

The geometry of the rod bundle makes the locations where contact can occur

predictable, as it will always be the wire contacting a patch of the neighboring

rod facing that wire, or a patch on the rod facing the wire of the neighboring rod.

A wire will never contact the wire of a neighboring rod, because at each height

the wire of neighboring rod closest to the wire is at the opposite side, as can been505

seen in Figure 7. Using this predictability, the contacts are detected in pairs

that are stipulated by the location. The surface of the mesh is subdivided in

patches, and each patch is assigned exactly one analytical rigid body as “contact

partner.” This saves computation time, as only the points that can possibly

have contact are checked, and for each of this points only its “contact partner”510

is checked rather than all analytical rigid bodies. These bodies are cylinder

parts, as can be seen from Figure 12. They are drawn partially, but actually

extend to infinite length. The wire is approximated as a straight cylinder at an

angle, tangent to where the real wire would be at the most probable location

for contact, which can most clearly be seen from Figure 12e.515

In the work of Brockmeyer [18], contact was assumed by rigidly connecting

neighboring rods and orders of magnitude difference in vibration amplitude was

found in case of a free rod bundle as compared to a bundle in which fixed

contacts were assumed. Contact assumptions are therefore a strong source of

uncertainty according to Merzari et al. [63]. The difference with this work is that520

here contact is not assumed, but the occurrence of it is detected. The central rod

is free to move under influence of the fluid loads, much like a cantilevered beam,

until it encounters one of the neighbors, engages in a contact interaction and

is subject to a reaction force that restrains its motion. Comparing Figure 12a

to Figure 12b and Figure 12c to Figure 12d, one can see that due to the dense525

packing of the bundle, free motion of the rods is rather limited. It must be

noted nevertheless, that this work is not free of uncertainties introduced by

assumptions since the neighboring rods and wires remain rigid. The results

should thus be interpreted with care. Simulations with fully flexible bundles

are at this stage of the research out of scope, as it increases the complexity and530
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Figure 12: The CSM mesh together with the analytical rigid contact bodies, which extend to

infinity but are only partially drawn. (a) The undeformed central pin, (b) the pin in deformed

state after 5 s simulation time, (c) the undeformed corner pin, (d) the deformed corner pin

(also at 5 s) and (e) a side view of the central pin. For (a-d) only the exterior surface is shown.

The model shown in (e) has been scaled along the z-direction in order to show the contact

bodies clearly.
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computational requirements.

The wear model of Archard is a popular choice in literature to estimate the

fretting wear, because of its simplicity.

dV = k(FN/H)ds (10)

Here dV is the infinitesimal volume removal, k a dimensionless wear coefficient,

H the hardness of the softest material, FN the normal force and ds the infinites-535

imal sliding displacement. Also a formulation based on the contact pressure

exists, but because of the large element size compared to the contact area, the

mesh resolution is deemed insufficient to accurately resolve the contact pressure

and contact area. It is thus preferred to work with the force, being an integrated

quantity, instead. This equation can be reworked to obtain the volume removal540

rate V̇ (m3s−1) related to the normal work rate ẆN (W ).

V̇ = K · ẆN (11)

In this formula H and k were combined into the empirical wear coefficient K

(Pa−1), which in general depends on the fretting regime, mainly dictated by

sliding amplitude and normal force magnitude (for a set of materials in a certain

environment) [70]. Whenever work rate is mentioned in the remainder of this545

paper, this refers to the time-averaged normal work rate, unless mentioned

differently. The work rate is computed by integrating the normal force over the

sliding distance for a certain time period ∆t:

ẆN =
1

∆t

∫
∆t

FNds. (12)

In the case of a numerical simulation, this is discretized using the trapezoid rule:

550

ẆN ≈
N−1∑
i=0

Ẇ (ti+1/2), (13)

Ẇ (ti+1/2) =
1

ti+1 − ti
·

∣∣∣∣∣
∣∣∣∣∣
(
~Fi+1 + ~Fi

2

)
× (~ri+1 − ~ri)

∣∣∣∣∣
∣∣∣∣∣ . (14)
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In this last equation ~Fi represents the contact force and ~ri the coordinate vector

at time increment i. By using the norm of the vector product, it is ensured that

only the normal component is included. This does not hold at initiation or

interruption of a contact because then ri and ri+1 are not both on the surface,555

but these events are rare as will be shown later on, since the contact remains

continuously present once the structure has settled. The terms of Eq. 13 will be

referred to as the instantaneous work rates. The work rates can be computed

for all mesh nodes engaging in contact. All nodes belonging to the same patch,

i.e. interacting with the same neighbor and being directly adjacent to other560

nodes engaging in the same contact interaction are assumed to form one wear

scar. Their work rates are simply summed to achieve the work rate of that wear

scar and finally computing its volume removal rate following Eq. 11.

An important factor affecting the work rate and consequently the wear is the

friction coefficient µ [71], especially when a preload is present [43]. Moreover it565

has been found that higher friction coefficients are associated with lower work

rates [43, 45, 50, 56, 72], because friction impedes sliding. From experience with

fretting experiments in the FRETHME facility at the Karlsruher Institut für

Technologie (KIT) for the contact between steel specimens in presence of LBE

at MYRRHA representative conditions [70, 73] the dynamic friction coefficient570

is estimated to lie between 0.08 and 0.2*. This is rather low and could indicate

that the LBE offers lubrication to some extent. Determining the exact frictional

behavior and modeling it afterwards is a research topic on itself and beyond the

scope of the current work. To have an indication of the effect of friction on the

results however, the simulations are repeated for different friction coefficients. A575

Coulomb friction model is used, but as the static friction coefficient is unknown

and the dynamic friction coefficient is only roughly known, they are assumed to

be equal. Also in related literature often a single friction coefficient is used [43–

45, 50, 53, 72, 74–76]. A summary of the simulations can be found in Table 6.

The friction coefficient µ ranges from 0.0 to 0.3 and for each situation 4 or 5580

*Personal communication with the authors of [73].
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Table 6: Overview of the simulations.

Pin µ Simulated time (s)

Central

0.0 5.0

0.1 4.0

0.2 4.0

0.3 4.0

Corner

0.0 5.0

0.1 4.0

0.2 3.85

0.3 4.0

seconds were simulated. Due to the non-linear nature of the simulation, namely

discontinuities associated with contact and friction, convergence issues can arise.

Especially the transition between sticking and slipping often causes numerical

difficulties [44]. The nominal time increment of about 1.335×10−4 s is therefore

allowed to decrease. For the corner pin simulation with µ = 0.2 this was at a585

certain point not sufficient to overcome the discontinuities, and convergence

was not achieved beyond 3.85 seconds. A simulation typically needed around

40 days on 36 2.6 GHz cores.

7. Results and discussion

This section discusses the results of the final stage of the procedure, which is590

also the main outcome of the research. In the discussion below several references

will be made to specific contact locations. As was explained in the previous

section, the contacts are detected in pairs. The locations will be denoted with

either the word “ROD” or “WIRE” for the central rod, indicating which part

of the pin participates in a contact interaction. The interaction always happens595

with the other component of the rigid neighbor, i.e. when a wire comes into

contact with something it will always be with a rod part and vice versa. In the

case of the corner pin, optionally the word “HEX” follows, which means that
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the contact does not happen with a neighboring rod, but with the hexagonal

channel. This word is followed by a digit, ranging from 1 to 6. This indicates600

the axial location in number of helical pitches, 1 indicates the most upstream

pitch and 6 the most downstream pitch. The second digit further specifies the

location and indicates the radial position. The number 1 means contact occurs

with the neighbor in the positive x-direction (right neighbor in a top view) and

the numbers increase counter-clockwise. Note that the increasing of this digit605

also corresponds to moving more downstream. One exception is the contacts

with the hexagonal duct, where the second digit is either 1 or 2, 1 being a

contact at the lower half (negative y-coordinate) of the channel and the 2 with

the upper half. Also here a higher number means a more downstream position.

7.1. Contact forces610

The simulation allows to extract the normal contact force for each point,

as can be seen in Figure 13. The figure also shows the points where contact

detection is enabled (force data is present) and where it is not (because occur-

rence of contact is judged unlikely). The corner pin with µ = 0.2 is shown and

the figures show that the contact happens with the hexagonal duct at the most615

downstream pitch. Besides the contact forces, also the displacements are known

as well as the type of contact: sticking or slipping.

The normal forces at the contact locations are plotted as a function of time

in Figure 14 for the central pin with µ = 0 and Figure 15 for the corner pin

with µ = 0.1. Results for other pins are very similar. It is found that contact620

occurs persistently at two locations, independent of the friction coefficient. For

the central pin these locations are WIRE-6-1 and ROD-6-3, for the corner pin

WIRE-HEX-6-1, WIRE-HEX-6-2. To enhance the clarity also a reference to

Figure 7 is made. For the central pin (pin 0), WIRE-6-1 means that at the

most downstream wire pitch, the wire of pin 0 contacts the rod of fuel pin 1A.625

ROD-6-3 means that at the most downstream pitch, a part of the rod contacts

the wire of pin 3A. For the corner pin (1B), WIRE-HEX-6-1 and WIRE-HEX-

6-2 mean that in the most downstream helical pitch, the wire of pin 1B touches
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Figure 13: Normal contact force for the corner pin with µ = 0.2, after 0.376 seconds. The

hexagonal duct is partially drawn in order not to hide the pin, the neighboring rods and

wires are not shown. Two contact locations can be seen, WIRE-HEX-6-1 and a larger force

at WIRE-HEX-6-2. No contact is detected for the grey colored parts as the occurrence of

contact is judged unlikely there.

the hexagonal duct twice, at each side of the rightmost corner. More central

locations also contact occasionally, around the first initiation of contact shortly630

after the beginning of the simulations. These locations are not consistently the

same when µ is changed. There the contact also only lasts for a brief period and

is associated with a peak in the contact force, as can also be seen from Figure 14

and Figure 15. Impacts are indeed expected during transient situations, such as

the starting of pumps or accidents. Outside of these events, negligible impacting635

should be present. Therefore no attention will be given to the first moments of

the simulation. For the locations where contact is maintained, it can be seen

that the normal force oscillates around a constant mean value. The amplitude

of this oscillation varies both with µ and the pin under investigation.

The general behavior is that the pin leans against the supporting neighboring640

rod at a downstream position, this is to be expected for a pin that is essentially

a kind of cantilevered beam. Due to the steady component around which the
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Figure 14: Normal forces on the central pin for the case where µ = 0.
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Figure 15: Normal forces on the corner pin for the case where µ = 0.1.
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forces oscillate, the rod is kept in place against two of its neighbors (central pin)

or the hexagonal duct (corner pin). A rubbing motion is still possible however,

as will be seen in the following sections.645

When multiple rods would lean against each other the contact forces could

accumulate for some rods, which is in this case not covered due to the rigid as-

sumption of the neighbors. Simulating a fully flexible bundle is computationally

expensive and beyond the scope of the current work. When this effect would

occur larger displacements are present overall, which means the stiffness gains650

more importance in the force equilibrium, tempering the accumulation effect. It

is expected that, although this effect could change the absolute quantities pre-

sented in this section, the conclusion of this paper would not be substantially

affected.

7.2. Global deformation655

The behavior of the pins can also be assessed by looking at the global dis-

placement, as depicted in Figure 16. In this figure the bending of the central

pin (with µ = 0) can be observed, exaggerating the displacement was however

required for a clear visualization. The undeformed state is drawn as well. The

biggest displacement occurs at the downstream end, this is most clearly visible660

in the XZ-plane. As was discussed previously, the contact also occurs close to

the downstream end.

These visualizations give an idea of a static deformation, around which a

vibration occurs. It looks globally the same for all cases investigated, therefore

only one figure is shown. The centerline has been tracked at a position halfway665

the rod (z = 0.7 m), which is indicated by a dashed line in Figure 16. The

observed motion in the XY-plane is displayed in Figure 17.

Due the global bending, this point moves away from its initial position and

reaches a new quasi-equilibrium position, around which it vibrates in both x-

and y-direction. This new equilibrium does not differ much for the various cases,670

so the figure is only drawn for the central pin with µ = 0. The amplitude in both

directions can be seen to be in the order of 1 × 10−5 m. An abrupt direction
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(a)

(b)

Figure 16: Global deformation in (a) YZ-plane and (b) XZ-pane of the central pin with µ = 0

after 20000 time steps. The displacements have been scaled by a factor 1000 for visualization

purposes. The rod is colored by the (unscaled) displacement magnitude. The dashed line

indicates the midplane of the rod, z = 0.7 m.

change can be seen at the leftmost part of the plot. It is hypothesized that this

is related to the initiation of contact at WIRE-3-4, a nearby position. This is

a rather impacting contact, so it is observed to end soon afterwards and is also675

associated with a spike of the contact force of about 0.5 N , as can be seen from

Figure 14 around t = 0.07 s.
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Figure 17: Trajectory of center pin centerline at z = 0.7 m for the case where µ = 0. The

time instants on which the contact situation changes is indicated with colored dots.

7.3. Displacement of the contact point

Displacement information is extracted at the contact positions too, allowing

to evaluate the local behavior in more detail. It is also attempted to derive680

amplitude information from this, since this can be useful input for fretting

experiments.

The trajectory of the contact locations of the central pin with µ = 0 is

depicted in Figure 18. Using Principle Component Analysis (PCA), the main

directions in which the displacement occurs can be determined. The most im-685

portant component is also displayed in Figure 18 and it is clear that for this

case the trajectory fits well with a line. The same is done for the corner pin

with µ = 0 and also there it holds that the trajectory fits well with a line.

Projecting the 3D displacement on the line allows to come up with a first

amplitude definition, namely the standard deviation of this signal. In addi-690

tion, the velocity can be estimated by taking the time derivative. With this

one-dimensional velocity information, direction switches can be detected as the

velocity crossing zero. This allows three other amplitude definitions: the average

displacement between two direction switches of the 1D signal, 2D signal (pro-
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jected on the two most important components resulting from the PCA) or 3D695

signal (the original displacement data). The results are summarized in Table 7.

The amplitudes found here are similar regardless of the definition, but they are

an order of magnitude lower than those of the global vibration, reported in the

previous section (see Figure 17).

Table 7: Amplitudes according to the different definitions for the central pin and corner pin

with µ = 0.

Pin Amplitude definition WIRE-6-1 ROD-6-3

Central pin

(µ = 0)

Standard deviation 1D 1.7319× 10−6 m 2.0731× 10−6 m

Mean 1D distance 1.7671× 10−6 m 2.2437× 10−6 m

Mean 2D distance 1.7723× 10−6 m 2.2448× 10−6 m

Mean 3D distance 1.7723× 10−6 m 2.2449× 10−6 m

Pin Amplitude definition WIRE-HEX-6-1 WIRE-HEX-6-2

Corner pin

(µ = 0)

Standard deviation 1D 1.7487× 10−6 m 1.7714× 10−6 m

Mean 1D distance 2.3358× 10−6 m 1.9190× 10−6 m

Mean 2D distance 2.3487× 10−6 m 1.9280× 10−6 m

Mean 3D distance 2.3487× 10−6 m 1.9280× 10−6 m

The given definitions are not generally applicable: when friction is imple-700

mented they sometimes break down due to sticking behavior. This can be clearly

seen in Figure 19b. This trajectory is characterized by many sticking events and

does not match well with the principle component for ROD-6-3, whereas it seems

sound to apply the methodology to WIRE-6-1 (Figure 19a).

Since projecting the trajectory on a line does not work that well in this705

case, computing the standard deviation of this quantity is not believed a good

estimate of the amplitude. Moreover, as the sticking events result in a multi-

modal displacement histogram, certain locations have a lot of weight in the

computation of statistics because of a long-lasting sticking.

One could come up with an alternative definition, defining the amplitude as710

the average covered distance between two sticking events. However, for ROD-
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Figure 18: Trajectory of contact point at location (a) WIRE-6-1 and (b) ROD-6-3 for the

central pin with µ = 0. The displacement is plotted, so the trajectory starts in the origin.

The first component of a PCA is also shown with a red line. The inlay shows a cut of the

bundle at the respective contact location, with the x- and y- component of the first component

of the PCA again shown as a red line.
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Figure 19: Trajectory of contact point at location (a) WIRE-6-1 and (b) ROD-6-3 for the

central pin with µ = 0.2. The displacement is plotted, so the trajectory starts in the origin.

The first component of a PCA is also shown with a red line. The inlay shows a cut of the

bundle at the respective contact location, with the x- and y- component of the first component

of the PCA again shown as a red line.

39



6-3 on the central pin with µ = 0.2, the sticking takes up 86.69% of the time,

which indicates that the amount of data gathered on sliding is too little to draw

statistically meaningful conclusions, leaving the question unanswered if it is even

relevant to characterize this specific case of contact by an amplitude definition.715

Because of the discussion above it is chosen to report only amplitudes for the

frictionless cases (see Table 7), as they are more clear-cut.

7.4. Work rate

Before analyzing the time-averaged normal work rates, it is first verified

whether the simulation time is long enough. In Figure 20 the work rate is720

plotted as a function of the length of the integration interval. The upper bound

is held constant on the end of the simulation. In other words, the more right

on the horizontal axis, the longer the integration interval. It can be seen that

in the beginning it oscillates a lot. This is related to the instantaneous work

rate terms of Eq. 13 forming a rather intermittent signal. As the forces are less725

intermittent in nature, their time averages converge much sooner. It is actually

the velocity factor (Eq. 14) that renders the signal intermittent, especially when

sticking occurs. It can be seen that when the integration interval is 2.5 seconds

or longer, the result for the work rate (at WIRE-6-1) starts to stabilize, although

some uncertainty remains. At the end, the graph can be seen to deviate again730

more from the stable result, especially for ROD-6-3. This is due to the transient

(e.g. impacts) at the beginning of the simulation, since the end of the graph

corresponds to including the entire simulation in the averaging. Because of this

it is decided to omit the first 0.5 seconds.

From the discussion above it is concluded that sufficient simulation time735

for obtaining meaningful results starts from a duration of 3 seconds, allowing

to omit the first 0.5 seconds and leaving at least 2.5 seconds for integration

operations like computing the work rate and averaging of other quantities (see

Table 6). The graph on Figure 20 shows the lesser convergence among all cases,

so overall even a shorter integration time is deemed sufficient. All simulation740

lengths in Table 6 are therefore considered justified.
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Figure 20: Time-averaged normal work rate convergence of the central pin as function of the

duration of the time-averaging with constant end of integration window equal to the end of

the simulation for the case where µ = 0.2.

On Figure 21 and Figure 22 the instantaneous work rate terms of Eq. 13 are

plotted versus the time, again for the central pin without friction and for the

corner pin with µ = 0.1. The signals indeed are highly intermittent, and large

peaks are observed at the beginning of the simulation, as was the case for the745

normal forces.

For the central pin the location with the higher forces (ROD-6-3) also ex-

hibits higher work rates. For the corner pin the difference is less clear, but the

normal forces are also more evenly distributed between the contact locations in

that case. The instantaneous work rates of the corner pin with µ = 0.1 also are750

slightly more intermittent, remaining in the neighborhood of zero longer than

in the frictionless case. This is the result of sticking behavior, as the frictionless

cases never stick, while for the corner pin location WIRE-HEX-6-1 sticks 3% of
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Figure 21: Instantaneous ork rates on the central pin for the case where µ = 0.
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Figure 22: Instantaneous work rates on the corner pin for the case where µ = 0.1.

42



the time and WIRE-HEX-6-2 sticks 9%. This effect becomes more pronounced

when the friction factor is increased, as can be seen for example when looking755

at Figure 23 which depicts the instantaneous work rate for the central pin with

µ = 0.2.
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Figure 23: Instantaneous work rates on the central pin for the case where µ = 0.2.

7.5. Effect of friction on the sticking behavior and work rate

In the following paragraphs relations between the friction coefficient µ, work

rate ẆN and sticking percentage are presented. The relations between the760

different quantities do not show a perfect correlation here, because other factors

play a role as well in a complex fashion, such as the influence of the external

excitation load and the geometry of the contact. Therefore the results are only

qualitatively described.

Figure 24a shows the work rate of all contact locations plotted as function765

of µ (omitting the first 0.5 seconds from the time-averaging). For both the

central and the corner pin, a descending trend is observed. This is in agreement
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Figure 24: Summary of the results for all cases: (a) the time-averaged work rate at each

contact location as function of µ, (b) the sticking percentage as function of µ and (c) the work

rate at each contact location as function of the sticking percentage.
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with observations in literature: since friction impedes sliding movement it has

a direct negative impact on the work rate [43, 45, 50, 56, 72].

It can indeed be seen from Figure 24b that higher friction coefficients are770

associated with higher stick percentages. When plotting the work rate of each

contact location against this stick ratio in Figure 24c, again a descending rela-

tionship can be discerned for each location. For the frictionless simulations, the

observed work rates are rather similar between the central pin and corner pin.

However no general conclusion can be drawn if this would always be the case,775

as only two pins have been investigated.

The highest observed work rate of about 8.82× 10−5 W occurs for position

WIRE-HEX-2, on the corner pin, when there is no friction simulated. A slightly

lower work rate is observed for ROD-6-3 on the central pin, also without friction.

Interesting here to note is that, while this position experiences the highest work780

rate for the frictionless case, it experiences the lowest work rate as soon as

friction is modeled. This is attributed to the pronounced sticking that occurs

for this location, which starts from 50% as can be seen from Figure 24b.

7.6. Estimation of the wear

The obtained results are finally employed to investigate the wear, which can785

be quantified as a volume removal rate as shown by Eq. 11. From experiments

in the FRETHME facility at KIT [70, 73] it is known that the specific wear

coefficient K for the cladding material ranges between 5 × 10−24 Pa−1 and

2×10−21 Pa−1 depending on the circumstances. Also a value of 2×10−17 Pa−1

was observed, but this is considered an outlier [73]. The test material was790

prepared by the Belgian Nuclear Research Centre and is representative for the

MYRRHA fuel pins. 15-15Ti stabilized austenitic steel with a specific degree

of cold working was used (0.08− 0.1 wt% C, 14− 16 wt% Cr, 14− 16 wt% Ni,

0.3 − 0.5 wt% Ti, 1.8 − 2.0 wt% Mn and 1.3 − 1.7 wt% Mo). One specimen

was given the diameter of the rod and the other one the diameter of the wire.795

They were put at a perpendicular position, as a parallel configuration resulted

in errors due to misalignment. The LBE was kept at a temperature of 400◦ C
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and an oxygen concentration of 10−7 wt%. A sliding frequency of 10 Hz was

applied, with loads between 9 N and 75 N . The sliding amplitude was varied

between 7.5 µm and 300 µm. Using 3D profilometry the wear volume and wear800

depth were determined. For more details the reader is referred to [73]. One

can note that the experimental conditions are not exactly the same as in this

work, but to the authors’ knowledge these are the most representative available

experimental values. As the sliding amplitudes and normal forces observed

in this work are lower, it is difficult to select a representative K-value and805

compute a wear volume with it. To be conservative the highest measured value

of K (neglecting the outlier) is considered: 2× 10−21 Pa−1, but still the results

should be interpreted with care.

Instead of a volume removal rate, a penetration rate is more of interest to

the operation of a reactor, as this quantity expresses how long it takes to wear810

through the cladding material. Since both the volume removal and wear depth

have been measured, these quantities can be related to each other. The ratio

between those two quantities can be considered as a measure of the wear scar

area. For a Hertzian contact between perpendicular cylinders, it is known that

this area is proportional to the normal force with an exponent of 2/3 [77],815

V ∝ h ·A ∝ h · F 2/3
N , (15)

with h the penetration depth and A the area of the scar. This permits writing

the wear depth resulting from the simulations hsim as:

hsim =
Vsim
Vexp

· hexp ·
(
FN, exp
FN, sim

)2/3

, (16)

where sim denotes quantity corresponding to simulation results and exp to mea-

surements. For Vexp and hexp the longest experiment (4080 hours) is selected,

with a force of 10 N and amplitude of 60 µm. The ratio Vexp/hexp lies just820

above the average ratio of all experiments, which were mostly short-term (100 -

500 hours). Using Archard’s law (see Eq. 11) V̇sim can be computed, resulting

in the following expression for the wear rate ḣsim:

ḣsim =
K · ẆN

Vexp
· hexp ·

(
FN, exp
FN, sim

)2/3

. (17)
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This computation can be repeated for all contact locations and the result

is plotted in Figure 25. The penetration rate can be seen to decrease with825

increasing friction coefficient, which indicates that the frictionless simulations

yield a conservative estimate. The highest values are found on the locations

where the highest work rates were observed (see Figure 24a) and vice versa.
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Figure 25: Wear rate ḣ for each contact location against µ, predicted from simulation results

combined with experimental results.

A maximal penetration depth hmax of 150 µm is aimed for, while a fuel

pin should reside in the reactor for 3 years, yielding a maximal penetration830

rate of 50 µm/year. The obtained wear rates are much lower and are at most

2×10−4 µm/year, but one should be cautious drawing conclusions from this as

the amplitude and normal force magnitude in the fretting tests were different,

which introduces uncertainty in the value of K. Fretting experiments at lower

amplitude and force could prove useful for a better estimation of the expected835

wear rate.

Recent experimental work of Nixon [78] succeeded to measure the displace-

ment dynamics and detect the contact locations in a 19-pin bundle subject to

water flow and with similar boundary conditions as current work. A corner pin
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was investigated (as was the case here), but at a different location with respect840

to the mounting rails, so more comparable to pin 5B in Figure 7. Contacts were

observed with the hexagonal duct and two adjacent pins equivalent to 4C and

5C. The pins of the inner ring (like 5A) were not measured. The contacts with

the other pins were found to occur along the entire length. A direct comparison

is however difficult due to the different working fluid and geometric properties,845

such as the pitch-to-diameter ratio and helical-pitch-to-diameter ratio. The pin

is also shorter and the number of wire pitches is almost integer (about 4), which

can have an effect on the static deformation [13]. In the current work it was

observed that contact mostly occurs near the downstream end.

Contact at the end pieces is a beneficial situation, since no fuel is present850

there. It should however be noted, on the one hand, that in reality, the neigh-

boring fuel pins are not rigid and bow could be present due to fuel deformations,

which could likely result in contact at other locations as well. More research

towards deformed bundles is needed to be able to predict if this deteriorates

the fretting wear. On the other hand, cold conditions are investigated, with855

clearances between the rods. In reality, these gaps will close up due to thermal

expansion of the fuel bundle, which could have a large influence on the wear.

Besides that, also irradiation-induced swell and bow of the pins can contribute

to the clearance reduction. This effect is not investigated here, but in literature

[79] it is hypothesized that it could reduce vibration as there is less freedom860

of movement and moreover result in preloads at the contact location. Preloads

influence the work rate, both directly (see Eq. 12) and through its effect on the

sliding. Preload was observed to reduce wear in fretting tests for PWR [39].

Also in numerical work for PWR it was found that high preloads prevent wear

by impeding sliding motion, while moderate preload maximized the wear [55].865

8. Conclusion

Turbulence-induced vibrations of a 19-pin fuel assembly representative for

the MYRRHA reactor were numerically investigated in a joint effort between
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the Belgian Nuclear Research Center, Argonne National Laboratory and Ghent

University.870

Currently it is computationally expensive to simulate fluid-structure inter-

actions of a large and complex domain using two-way coupling involving a LES

model. Therefore, a multi-stage procedure was devised that covers the relevant

physical aspects in dedicated models and combines them to achieve an efficient

prediction of turbulence-induced vibration. Contact interactions were also im-875

plemented, resulting in contact forces, work rates and an overall estimation of

the fretting wear in the conditions under investigation.

Contact occurred predominantly at more downstream locations, opposite

to the side where the fuel pins are mounted. It remains to be investigated

whether this would hold when going to more realistic situations, where all pins880

are allowed to deform, thermal expansion occurs and possible assembly bow

develops.

The friction coefficient has a moderating influence on the work rates, which

can be attributed to its effect on the sliding motion. This effect was most clearly

visible in the stick ratio, which increased with increasing friction coefficient.885

The wear rate was estimated, making some conservative assumptions on

the nature of the contact and using experimental measurements. The obtained

values were low, but not deemed impossible. Moreover they comply to the pro-

vided wear constraints for MYRRHA. This result should however be interpreted

cautiously, as the simulated conditions may differ from real operation. Addi-890

tionally, these conditions were different from the experimental ones, expressing

the need to investigate the evolution of fretting wear under the amplitude and

load predicted by the simulations.

The order of magnitude of the contact forces was found to be around 0.1−

0.5 N , while for the amplitude of the sliding motion about 2 × 10−6 m was895

found. These results can facilitate future experiments to investigate fretting

wear. While no definite conclusion about the fretting wear in MYRRHA can be

drawn, the proposed methodology proves useful to build future work upon and

provides insight in the behavior of the assembly under fluid loads.
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