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Abstract A cylinder/cluster subjected to axial flow is the most fundamental and
revealing problem in the general subject of fluid-structure interaction (FSI). In this
paper, the FSI of a system in which a simple cluster consisting of four cylinders is
subjected to an axial flow is studied numerically with an explicit partitioned
scheme. The cylinders are modeled by Euler–Bernoulli beams and the flow is
solved based on Navier–Stokes equations with LES turbulence model. The effect
of the dimensionless flow velocity on the dynamics of the cylinders is investigated
in detail. For small dimensionless flow velocity, the initial strong vibration of the
cylinder is damped and the buckling instability may occur if the dimensionless
velocity is large enough.
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1 Introduction

When the water flows through fuel assemblies in pressurized water reactor (PWR)
core, the rods, which constitute the assembly, are induced to vibrate by the fluid.
This vibration is called axial flow-induced vibration and is important for the PWR
safety. The amplitude of this vibration is very small, however, it would fret and
wear the rods so that the radioactive material may be released (Païdoussis 2004).
On the other hand, the instability may be induced (Païdoussis 2004).
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The axial flow-induced vibration is essentially a fluid-structure interaction (FSI)
problem and has been studied theoretically by many researchers by simplifying the
FSI. The rod can be considered as a cylinder. One important parameter influencing
the dynamics of the system is the dimensionless flow velocity (Païdoussis 2004),
which is defined in Eq. (1). For small dimensionless flow velocity, instabilities do
not occur, however, they could occur if dimensionless flow velocity is large enough
(Païdoussis 2004). This is also observed by experiments (Païdoussis 1979, 2004).

In this study, we try to simulate FSI numerically for a simple cluster consisting
of four cylinders in an axial flow to avoid the difficulties and defects of the
theoretical analyses and experiments (Liu et al. 2012).

2 Simulation Methods and Model

The flow governing equations are arbitrary Lagrangian-Eulerian (ALE) Navier-
Stokes (N-S) equations (Donea et al. 2004) and the cylinders are modeled by
Euler-Bernoulli beams (Thomson 1965). The cylinders can vibrate in any trans-
verse directions. The FSI is solved by an explicit partitioned scheme, the interested
readers could refer to Liu et al. (2012) for the details. The fluid flow solver is
commercial CFD software Fluent, which solves ALE N-S equations with FVM
(ANSYS 2009), and the structure solver is in-house developed FEM codes solving
Euler–Bernoulli beam dynamic equation.

The model is shown in Fig. 1. The cylinders all have a diameter D and length
20D. The flow is confined by a cylindrical wall which is the same long as the
cylinders with diameter of 6.8284D, and is hollowed with the thickness 0.06D. For
each cylinder we define radial and tangential directions R and T (Gagnon and
Païdoussis 1994a, b). The cylinders are respectively clamped at their two ends and
the flow is assumed turbulent and solved numerically with LES model, in which
the subgrid-scale (SGS) model is Smagorinsky–Lilly model (ANSYS 2009).

Fig. 1 Schematic view
of the model
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3 Results and Discussion

We define the dimensionless flow velocity �U, mass ratio b, Reynolds number Re
and the dimensionless time s (Païdoussis 2004) as

�U ¼ t0L
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where t0 is the average flow inlet velocity; q and qb are the density of the fluid and
cylinders, respectively; l is the viscosity of the fluid; Dh is the hydraulic diameter;
At, Ae and L are the total cross sectional area, effective sectional area and length of
the cylinders. We investigate two cases, in which Re = 1.05 9 105, b ¼ 0:4699
but �U ¼ 4:4499, 6.0173 respectively.

The vibrations of the mid-spans of cylinders #1 and #2 for �U ¼ 4:4499 and
6:0173 are shown in Figs. 2 and 3, where the dimensionless displacements dr and
dt in R and T directions are defined by normalizing the displacements in these two
directions with the diameter D of the cylinders. When �U ¼ 4:4499, the cylinder #1
is initially located as the first beam shape with the maximum displacement 0:2D in
its R direction and equilibrium shape in T direction, and all other cylinders have no
displacement. As shown in Fig. 2, the initial strong vibration of cylinder #1 in its
R direction is damped rapidly into weak oscillation with the amplitude about
0:01D. At the beginning, a strong vibration of cylinder #2 in its R direction is
induced but damped rapidly into weak oscillation with the amplitude about 0:01D,
which is similar to the case of cylinder #1. In T direction, for both cylinders #1 and
#2, only weak oscillations are induced by the flow and the amplitudes are com-
parable to those of final vibrations in R direction. The weak oscillation could be
categorized as sub-critical vibration as a result of turbulence (Païdoussis 2004).
The vibrations of cylinders #3 and #4 are similar to that of cylinder #2.

Fig. 2 The displacements of cylinders #1 and #2 at their mid-spans for �U ¼ 4:4499
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If the dimensionless flow velocity is increased to 6:0173, the buckling insta-
bility is found, as shown in Fig. 3. To investigate the instability, all cylinders have
no displacements in all directions at the beginning. It is very clear that the
vibrations of both cylinders #1 and #2 are enhanced dramatically within a short
time, e.g., the displacement of the mid-span of cylinder #1 in its R direction is
increased to about 0:14D. The two cylinders seem buckled but with weak oscil-
lations around the buckled shapes, respectively. In T direction, there are only weak
oscillations induced for the two cylinders, respectively. The amplitudes of the
weak oscillations of the two cylinders in R direction are comparable to those in
T direction and those of the final weak oscillations for �U ¼ 4:4499. The cases for
cylinders #3 and #4 are very similar to those for cylinders #1 and #2.

Thus, we could conclude that only weak vibration could be induced by the flow
if the dimensionless flow velocity is small, however, the buckling instability may
occur if the dimensionless flow velocity is large enough. This was also predicted
by linear theoretical analysis and observed by experiment (Païdoussis 1979, 2004).
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