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Numerical simulation of long and slender cylinders vibrating in axial flow applied to the
MYRRHA reactor
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Abstract—Flow induced vibrations are an important con-

cern in the design of nuclear reactors. One of the possible de-
signs of the 4" generation nuclear reactors is a lead-cooled
fast reactor of which MYYRHA is a prototype. The com-
bination of high liquid density, flow velocity, low pitch-to-
diameter ratio and the absence of grid spacers makes this
design prone to flow induced vibrations. Although most vi-
brations are induced by cross flow, axial flow around this
slender structure could also induce vibrations.
In order to gain insight in the possible vibrations (either in-
duced by cross flow, axial flow or an external excitation) this
study examines the change of eigenmodes and frequencies of
a bare rod due to the lead-bismuth flow. To do so partitioned
simulations of the fluid structure interaction are performed
in which the structure is initially perturbed according to an
in-air eigenmode.

Keywords— Flow induced vibrations, partitioned numeri-
cal simulation, eigenmodes, axial flow

I. INTRODUCTION

LOW induced vibrations are an important concern in

the design of heat exchangers and nuclear reactors.
Most of the times flow induced vibrations arise from cross
flow [1]. However, even axial flow could give rise to vibra-
tions, e.g. in nuclear reactors [2]. Typically the occurrence
of flow induced vibrations increases with higher flow ve-
locities, higher fluid density and in the case of tube bundles
with lower pitch-to-diameter ratios.

These conditions are likely to be met in the MYRRHA-
reactor, which is currently being developed as a prototype
nuclear reactor of the 4" generation [3]. It is a fast reactor
with lead-bismuth as coolant. The main advantage of this
type of reactor is the improved usage of the nuclear fuel,
which leads to less nuclear waste and waste with a shorter
lifetime. Additionally it can have a higher conversion of
nuclear waste due to the possibility of transmutation. To
ensure a low pressure drop, wire wrapped fuel rods will
be used instead of classical grid spacers. The combination
of these operating conditions could give rise to unwanted
vibrations of these rods.

Currently, effective mass and damping of these struc-
tures immersed in fluid are mostly determined from semi-

empirical formulas or force coefficients obtained from 2-
dimensional computational fluid dynamics [5]. In this
paper a time-domain method will be proposed, which
results in vibration characteristics, while solving the 3-
dimensional Navier-Stokes equations.

II. METHODOLOGY

The aim of numerical experiments is to obtain eigenfre-
quencies, mode shapes and damping ratios of the structure
in contact with the fluid, while solving the Navier-Stokes
equations and thus taking all non-linearities in the flow
field into account. To obtain information of an eigenmode
in fluid, the undeformed structure exposed to the fluid flow
is perturbed according to the corresponding eigenmode in-
vacuo.

Initially an in-vacuo eigenmode analysis of the structure
is performed using Abaqus, a finite element solver. The
resulting mode shapes will be used as initial condition in
time-domain fluid-structure simulations.

In order to avoid overlap of the fluid domain and the
solid domain, the first part in the FSI-simulation is a
steady-state calculation with the undeformed structure. In
the second part the structure is deformed according to the
mode shape, coming from the in vacuo eigenmode analy-
sis. The fluid mesh is deformed accordingly and a steady-
state flow is calculated around the rigid, deformed struc-
ture. In the final part, the structure is allowed to move and
the resulting vibration is calculated using an unsteady FSI-
simulation.

The fluid-structure interaction (FSI) itself is calculated
in a partitioned way using the IQN-LS algorithm [6], with
Fluent as flow solver and Abaqus as structural solver. The
interface quasi-Newton with on approximation of the Ja-
cobian based an a least squares solution algorithm belongs
to the strongly coupled algorithms, meaning that both the
kinematic and the dynamic condition on the fluid-structure
interface are satisfied in each time step. Gauss-Seidel iter-
ations between the flow and the structural solver do not
converge, so the IQN-LS algorithm is used instead.

The resulting vibration can be characterized by fitting a
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function to the resulting displacement.

Yaisp = Y Aiexp(—c;t) sin(@it + ¢;) (1)
4

As the eigenmodes in the Pb-Bi are not necessarily equal
to those in vacuo, it was necessary to fit lower eigenmodes
than the initially imposed eigenmode as well. To deter-
mine for example the characteristics of the fourth eigen-
mode, the amplitude and phase of the previous three eigen-
modes are also fitted.

ITII. CASE DEFINITION

In this paper a reduced model of the fuel rod bundle has
been used. Only one rod is considered instead of an entire
rod bundle. As the aim of this paper is to see the influ-
ence of the Pb-Bi flow on a rod-like structure, the rod is
replaced by a steel hollow circular cylinder (Young’s elas-
ticity modulus £ = 200GPa, Poisson ratio v = 0.30, solid
density p; = 7800kg/m?>), with a length of 1.5m.

This rod-like structure is placed in a hexagonal cylinder,
which forms a periodic unit of the rod bundle, see Figure
1. At the boundaries of the hexagonal cylinder, parallel
to the rod wall, a symmetry condition for the fluid flow
is imposed. At the inlet, which is located at the bottom
(z=0 m) of the simulation domain a velocity of 1.5 m/s
is imposed. The outlet (at the top of the computational
domain) is assumed to be at a fixed pressure.

z
v/
X Y
Fig. 1. Fluid domain mesh, projected along y-axis (left)
and z-axis (right) .

The Pb-Bi flow (fluid density p; = 10300kg/m?, dy-
namic viscosity u = 0.0017kgm/s), with Re ~ 50000 is tur-
bulent. To account for the turbulence the k- SST model
is used. At the inlet a turbulent intensity of 10% and a
turbulent length scale of 1 mm are applied.

IV. RESULTS AND DISCUSSION
A. Convergence

The grid convergence of the fluid grid is tested by refine-
ments in three directions: radial, circumferential and axial.
The different computational meshes are used to calculate
the behaviour of the second eigenmode of a single tube in
a symmetrically confined flow. Originally, the grid conver-
gence study was performed with the first eigenmode. The
first eigenmode is however heavily damped with respect to
the number of timesteps, so the second eigenmode is used
instead, as a more stringent test.

Radial displacement at z=1.2

r6¢30a500
r6¢60a500
r6¢30a1000

radial displacement (m)

0 100 200 300 400 500 600 700 800
Number of timesteps

Fig. 2. Effect of circumferential and axial refinement on
second mode vibration. The legend denotes the num-
ber of radial, circumferential and axial divisions.

x10° Radial displacement at z=1.2

radial displacement (m)

r3¢30a500
r6¢30a500
r12¢30a500
r18¢30a500
r24c30a500

0 100 200 300 400 500 600 700 800
Number of timesteps

Fig. 3. Effect of radial refinement on second mode vi-
bration. The legend denotes the number of radial,
circumferential and axial divisions.
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The results of this grid convergence study is shown in
Figures 2,3. The curves are labeled with the number of
radial divisions (r), circumferential divisions around the
cylinder (c) and axial divisions (a) of the fluid mesh. A
typical mesh used is depicted in Figure 1. From Figure
2 the mesh refinement in the circumferential and axial di-
rection are barely influencing the resulting vibration, apart
from a small change in frequency for the circumferential
refinement.

In the radial direction four different meshes are con-
structed, with respectively 3,6,12,18 and 24 radial divi-
sions. The first two mesh results in y*-values: 40 - 70,
meaning that the first grid point is in the logarithmic sub-
layer, while the other meshes have y*-values: 1-2.5 and
have their first grid point in the viscous sublayer. To
achieve this, different growth rates are applied. The ac-
curacy of the solution is however not very dependent on
whether the first grid point is in the logarithmic or the
viscous sublayer, but on the regularity of the grid. From
Figure 3 the displacements of the viscous sublayer meshes
are evolving towards the solution with the logarithmic sub-
layer mesh.

The influence of time step size on the characteristic vi-
bration of the first four eigenmodes shows that frequencies
are almost insensitive to time step size, while damping typ-
ically is more dependent on time step size. The data in Ta-
ble I are obtained at a point with z=1.2m. The influence
of time step with respect to damping is considered to be
converged when approximately 200 time steps per period
are used. This relatively high number of time steps results
from the first-order time accuracy of the used scheme.

TABLE I
VIBRATION CHARACTERISTICS FOR THE FIRST TWO
EIGENMODES WITH DIFFERENT TIME STEP SIZES.

At(ms)  fi(Hz) ci(s7h) | At(ms)  fo(Hz) ca(sT)
5 2.20 6.66 1 8.19 8.81
1 2.25 6.58 0.5 8.25 8.08
. . — 0.25 8.26 7.76

B. Change of mode shapes

Due to the interaction with the fluidum the bare notion
of an eigenmode may no longer exist for the structure [7].
However, from the numerical simulations, a mode shape
can be constructed. This mode shape is defined as the A;(z)
in Equation 1, which are obtained by fitting Equation 1 to
the radial displacements at every height.

The first mode shape is very similar in vacuo (deter-
mined from an eigenmode analysis) compared to the fitted

First eigenmode shape

/N

10

in Pb-Bi flow
9r in vacuo

radial displacement {pm)
w

axial coordinate {m)

Fig. 4. First mode shape in vacuo and in Pb-Bi flow

mode shape in the Pb-Bi flow, see Figure 4. The two mode
shapes are however not completely coinciding. The mode
in the Pb-Bi flow is slightly shifted downstream. Note
however that the downstream shift is very small ( Smm)
compared to the length of the tube (1.5m).

Second eigenmode shape

in Pb-Bi flow
in vacuo

o
&
T

o
T

radial displacement (um)

-0.51

0 0.5 1 15
axial coordinate (m)

Fig. 5. Second mode shape in vacuo and in Pb-Bi flow

The fitting of the second mode shape in Pb-Bi flow pro-
vides only a rough estimate of the second mode shape in
the vicinity of the node A, see Figure 5. At that point
the resulting vibration comes from participation of the first
mode. However, from Figure 5 , it becomes clear that the
second mode shape is also very similar in vacuo or in the
Pb-Bi flow.
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TABLE II
VIBRATION CHARACTERISTICS FOR THE FIRST THREE MODES, FITTED AT Z = 1.2M
filHz) a(s ) | AHz) o) [ AH) (s
in vacuo 11.9 — 38.7 — 80.6 —
in turbulent Pb-Bi flow (k- SST) 2.20 6.66 8.25 8.08 17.5 10.32
in laminar Pb-Bi flow 2.5 1.9 8.4 2.6 17.6 3.9

C. Resulting vibration characteristics

The vibration characteristics of the first three eigen-
modes, measured at z = 1.2m are listed in Table II. Note
that ¢ corresponds to the symbol used in Equation 1 and is
the product of modal damping and the angular frequency.

837005
7.53e-05
6.69e-05
5.86e-05
5.02e-05
4.18e-05
3.35¢-05
251605
1.67e-05
8.37e-06
6.76e-09
-8.968-06
-1.678-05
-2.51e-05
-8.35e-05
-4.18e-05

=

Contours of Tangential Velocity (mvs) (Time=9.0000e-02)
Fig. 6. Flow pattern around oscillating cylinder

The frequency of the tube vibration in Pb-Bi flow is
much lower compared to the frequency of an in vacuo vi-
bration, see Table II. This decrease in frequency can be
explained by the added mass effect, which means that as
the cylinder accelerates, the fluid around the cylinder also
has to accelerate [8]. Intuitively it can be understood that
a higher mass leads to a lower frequency, using ®* = k/m,
with & the stiffness and m the mass

Similarly a steadily moving cylinder will experience
damping due to the fluid flow, as the fluid has to move (in
the opposite direction of the cylinder motion), see Figure
6.

In Table II the results of a laminar calculation are also
included. The vibration in the laminar flow is less damped
than in the corresponding turbulent flow. In the turbulence
model the effect of turbulence is included using a turbu-
lent viscosity. As a result there will be more damping
in the turbulent scenario. The turbulence in channel-like
flow is however not isotropic, so where the laminar calcu-
lation may lead to an underestimation of the damping, the

turbulent calculation may lead to an overestimation of the
damping.

V. CONCLUSIONS

A numerical method which allows the determination of
typical vibration characteristics in a fluid has been pre-
sented, while taking all non-linearities in the flow field
into account. This numerical method had been applied to
a flexible cylinder, vibrating in Pb-Bi flow.

The resulting mode shapes were similar for the vibra-
tion of the structure in vacuo or in Pb-Bi flow, although
they were slightly shifted downsteam. The resulting fre-
quency decreased significantly as a result of the added
mass. Due to (turbulent) viscosity the motion was signifi-
cantly damped.
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