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numerical simulation approaches typically employed 
for NPP FSI phenomena.
Four different water flow rates were studied ex- 
perimentally: the lowest one, corresponding to a 
free stream velocity of 0.46m/s, is considered in 
the present paper. This condition corresponds to a 
Reynolds number of about 3500, based on the cylin- 
der diameter.

3. NUMERICAL MODEL

3.1. Fluid model

The numerical fluid domain retained is shown in Fig. 
3(a). The fluid domain begins 50 mm upstream of 
the first cylinder, where the experimental horizontal 
and vertical velocity profiles are measured and can 
be used as boundary condition. The actual experi
mental mean velocity profile is imposed, whereas a 
flat profile of k and œ is imposed based on the hy- 
draulic diameter of the test section and on an assumed 
turbulence intensity of 2%. It must be recalled that 
rms velocity profiles in this region are also available 
experimentally and should be used for future simula
tions.
The cross-flow through a cylinder features a given 
vortex shedding frequency behind it. The resulting 
unsteady flow features a predominant frequency cor- 
responding to this shedding frequency. This type 
of unsteadiness can, theoretically, be consistently 
simulated by URANS approaches: these approaches 
are able to simulate the contribution of the coher- 
ent modes to the flow dynamics (i.e., frequencies far 
lower than those of the turbulent fluctuations), pro- 
vided that the flow phenomena are of period larger 
than the time averaging period. In other words, due to 
their highly dissipative behavior, URANS approaches 
are not likely to reproduce flow instabilities, unless 
these instabilities are strong: vortex shedding may 
represent an unsteadiness strong enough to be repro
duce by URANS. However, the prediction of higher 
shedding harmonics and of flow vortex structures is 
expected to be poor for URANS approaches, which 
can hardly reproduce the spectrum content at “high” 
frequencies (that is filtered and dissipated by the dif- 
fusive contribution linked to the turbulent Reynolds 
stress approach). For these reasons, two different 
CFD approaches were tested in the present study: a 
URANS simulation based on the k — œ SST model 
(Menter (1994)) and a hybrid LES/URANS simula
tion based on the Scale Adaptive Simulation (SAS) 
approach (Menter and Egorov (2010)): SAS is ex- 
pected to improve the numerical results because of 
its LES-like behavior, in case of proper time step 
and mesh refinement. SAS can represent a power- 
ful approach in terms of numerical solution improve-

ment compared to URANS, at the same time keep- 
ing the computational cost reasonable: in fact, the 
SAS approach is obtained by “simply” adding a pro
duction term inside the turbulence specific dissipa
tion (œ) transport equation, the magnitude of which 
is meant to increase as flow unsteadinesses increase 
(see Menter and Egorov (2010) for more details). 
Turbulent viscosity, thus, decreases allowing flow un- 
steadinesses to develop further. The SAS produc
tion term in the formulation developed by Menter 
and Egorov can be added to any œ-based turbulence 
model: in code Saturne v7 the SAS formulation was 
implemented inside the k — œ SST model. It has to be 
mentionned that the SST-SAS model of code-Saturne 
has not been formally verified and validated on refer- 
ence experimental test cases, yet.

An overview of the fluid domain meshing is 
provided in Fig. 3(b)-(c). It is fully hexahedral, its 
size is around 10 million cells. Mesh convergence 
was checked, in terms of velocity spectra and mean 
velocity profiles.
Walls are expected to play a primary role in terms 
of fluid flow development in the considered con
figuration: of course, the vortex shedding is driven 
by the separation point along the cylinder wall, 
but the test section lateral walls, which are very 
close to the cylinders, can also influence the vortex 
development. For these reasons, for all walls the 
near wall cell center is placed at a distance y+ lower 
than 1, with a growth ratio of about 1.12, in order 
to consistently solve the entire boundary layer region.

3.2. Solid model

The cylinder are modeled through a beam ap- 
proach, based on the Euler-Bernoulli assumptions. 
The model was written and implemented inside 
codeSaturne by the authors.
The Euler-Bernoulli beam foundamental dynamic 
bending equation is:

d2u d4u
p A d2 + ~dXâ = ext (1)

Where u is the displacement, p the material den- 
sity, A the beam section, t the time, Fext the external 
force (the fluid force), and it is assumed that the beam 
is homogeneous along its spanwise abscissa (x), i.e., 
the Young modulus (E) and the moment of inertia (I) 
are constant.
In order to build the finite element model (FEM) of 
the beam, we consider the beam element of Fig. 4, 
characterized by 4 degrees of freedom (DOF): the 
displacement of each node and the rotation of each 
node. The axial displacement can be decoupled from







predicted by one single fluid-solid itération.

4. RESULTS

Before discussing the results, some details about the 
numerical parameters retained for the present simula
tions are recalled.
The time-step size for the SST-SAS simulation is 
driven by the CFL condition: the CFL should be kept 
lower than at least 1 (ideally lower or equal to 0.5), in 
the regions where a LES-like behavior is desired. For 
the present simulations, a time-step equal to 1.8- 10-4s 
was retained (for both the SST and the SST-SAS sim
ulations), which allowed to keep the mean CFL lower 
than 0.5 everywhere, except in the acceleration re- 
gion around the cylinder, where the CFL could lo- 
cally slightly exceed one. It has to be mentioned that 
a first order time discretization was retained, also for 
the SAS, a higher order scheme is not currently avail- 
able. As mentioned in paragraph 3.1, CFD mesh con
vergence was checked in terms of velocity profiles 
and velocity spectra behind the cylinders.
Regarding the solid model, the cylinders were dis- 
cretized into 30 nodes, which results in a beam finite 
element about 7mm long (cylinder length divided by 
the number of nodes). The consistency of the results 
provided by the solid model was checked in terms of 
vibration frequency and damping along a free vibra
tion test in static air and water: the calculated results 
are very close to the experimental ones. No change 
in terms of natural frequency and damping was ob- 
served for finer discretization: the solid mesh is there- 
fore considered converged. The nominal density of 
the structure needed to be slightly modified locally, 
in order to obtain the correct mass distribution that is 
affected by the presence of the accelerometers.
The physical simulated time was 20 seconds. The 
simulations required about 240 hours of computa- 
tional time, for a parallel computation on 80 proces- 
sors: therefore, 2 seconds of physical transient were 
calculated per 24 hours, which can be considered a 
relatively fast FSI simulation and prove the interest 
of implementing a reduced-order structure model in- 
side a CFD code.

4.1. Flow velocity

Results are first analysed in terms of flow behav- 
ior behind the cylinders. Fig. 6 shows the PSD 
of the velocity behind the first cylinder. Both the 
SST and the SST-SAS models predict a consistent 
vortex shedding frequency (at about 20Hz), even if 
slightly underestimated. The amplitude of the exper
imental peak at the shedding harmonic is also con- 
sistently calculated. The PSD calculated by the SST

Frequency [Hz]

Figure 6. PSD ofthe velocity behind the first cylinder.

Frequency [Hz]

Figure 7. PSD ofthe velocity behind the second cylin
der.

shows a cascade of harmonics, which is not present 
in the experimental PSD; moreover, the energy con
tent between the different peaks is largely underes- 
timated, compared to the experimental values. Also 
for the SST-SAS, some higher harmonics are present, 
that are not observed in the experimental PSD: these 
peaks are less pronounced than for the SST, and the 
energy content calculated by the SST-SAS is almost 
as high as the experimental one, up to 150Hz. A clear 
improvement at low frequencies (lower than the shed- 
ding harmonic) is also observed once the SAS is ac- 
tivated.
The PSD of the velocity behind the second cylinder 
is presented in Fig. 7. Also in this case, the SST 
underestimates significantly the content of the exper
imental PSD, and predicts a cascade of peaks, which
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