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Abstract. The flow around one and two side-by-side infinite fixed cylinders is
computed using Large Eddy Smulation. The first simulations dealing with the flow
around a single infinite cylinder are performed at the Reynolds numbers 3000 and 3900
and compared to experimental data and fine numerical simulations. Satisfactory
quantitative results are obtained. Sensitivity studies of the solution to the mesh
refinement in the wall normal and the spanwise directions, to the subgrid scale model
and to the extrusion length have been carried out. The mean solution is not influenced
by the extrusion length or a finer refinement in the spanwise direction. However,
switching off the subgrid-scale model or coarsening the mesh in the wall normal
direction have a dramatic effect on the recirculation bubble and thus on the whole
velocity field. Then, a calculation is carried out for two side-by-side cylinders with a
pitch ratio equal to 1.5 at a Reynolds number of 3000. The comparisons with available
experimental data show a satisfactory agreement. Two shedding frequencies are
detected and the deflection of the flow is clearly observed. Moreover, the bi-stability
which is not reproduced experimentally, is observed during the same numerical
simulation.
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1 INTRODUCTION

Fluid-elastic instabilities, wear and fatigue oéah generators tubes are a major
concern for nuclear operators. Estimation of th@senomena requires the knowledge
of fluid forces acting on the tubes. In order tedict these forces, fine simulations (
Large Eddy Simulation or Direct Numerical Simulafiovhich allow obtaining large
temporal spectra are required. Before dealing wititiple tubes configurations (in-line
or staggered bundles in the present case), onéohiasus on simpler configurations
such as the flow over a single cylinder, the floveiotwo or three side by side cylinders,
the flow over tandems of cylinders, ...

The present paper deals with the numerical simaraising Large Eddy Simulation
of the flow over a single and two side-by-side mgbrs at sub-critical Reynolds
numbers. For both cases, a literature review cafolsed in Parnaudeau et al.[1] and
Sumners et al. [2] respectively.

After computing a standard flow over a single cgén at Re=3000 and Re=3900, a
sensitivity study to the mesh refinement, the esttnu length and the subgrid-scale
model is carried out. Finally, the side-by-side foguration with a pitch ratio equal to
1.5 is computed and some quantitative and quaigatata are provided and compared
to available experimental results.

2 NUMERICAL METHOD

EDF in-house open source CFD tddbde Saturne is utilized herein (www.code-
saturne.org).Code Saturne is an unstructured collocated finite volume solver
incompressible flows using a SIMPLEC algorithm fwessure-velocity coupling, with
a Rhie and Chow interpolation to avoid odd-evenodpting on structured meshes.
Further details about the code and its capabiltgasbe found in Archambeau et al. [3].
One focuses herein on Large Eddy Simulation. Téw f6 assumed Newtonian and the
densityp is constant. Ifu stands for the filtered velocity, the filtered NewStokes

equations can be written :

du  duu; __1Jp, Jdu _dF,
at  Ix PIX%  IXIX IX "

The sub-grid scale tensar has to be modeled. The dynamic Smagorinsky model

based on Germano identity [4] and Lilly minimizatifb] is used to take into account
the small structures that are mainly dissipativiee @ieviatoric part of the subgrid-scale
tensor is given by :

1 o
R T R WG = T

ij

S; is the filtered strain rate tensdg|=+2S; S , Vi the subgrid-scale viscosity,

the filter width andCs the dynamic Smagorinsky constant. As the cellsl usethe
present work are hexahedral (eveRdde Saturne accepts cells of any shape), one can
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take A =203, whereQ is the volume of a computational cell. The te%mkéij is taken

into account in the pressure gradient. The filtarol appears in equation (1) is implicit
as it is introduced by the discretization errorspace and time and by the model itself.
The explicit filter which is applied to compute tlignamic constanCs uses the
neighbors which share a node with the computatiaredl. No averaging in the
homogeneous directions (the spanwise directiomeénpresent cases) is performed. No
negative value is allowed to the subgrid-scaleosgy and the maximum value of the
dynamic constant is set to 0.065 (the value us#ul tve standard Smagorinsky model).

In the collocated finite volume approach, all tleeiables are located at the centres of
gravity of the cells. The momentum equations aflgesbby considering an explicit
mass flux (the three components of the velocitytates uncoupled). A second order
centred scheme in space and time is used. It iskeM&colson in time with a linearized
convection, and the second order Adams-Bashforttihadeis used for the part of the
diffusion involving the transposed gradient operatthat couples the velocity
components. A centred scheme is utilized for theseotion operator. However, a slope
test is used. When the test is positive, 1% upwigds added to the centred scheme.
The non-orthogonalities are taken into account wrthmplicit reconstruction technique
explained in Archambeau et al. [3]. When a nonagtnal grid is used, the matrix
contains only the orthogonal contributions of th#fedent operators. The non-
orthogonal part is added to the right hand sidehef transport equation (thus, inner
iterations are needed for the velocity and pressgeations to make the gradient
reconstruction implicit). The code has been vaédatith LES on several academic
cases (decaying isotropic turbulence, channel flamg industrial ones (T-junctions,
combustor chamber, ...) in Benhamadouche [6]. Bendaohe and Laurence [7] also
validated the approach on a staggered tube buodfearation.

3 COMPUTATIONAL DETAILS

Two main cases have been computed. The flow overfamite cylinder and the flow
over two side-by-side cylinders of the same diameith a pitch rationT/D=1.5.D is
the diameter of the cylinders aifidhe distance between two centres. The computationa
domain and a view of the mesh for the flow over ogknder are shown in figure 1.
The size of the computational domain 28D x 20D x 4D. The length of the
computational domain upstream the cylinder is et&0D. This is necessary to allow
the pressure field to reach an upstream asymgietiaviour. A discussion is developed
in Parnaudeau et al. [1] about the minimum spanieisgth (or extrusion length) which
has to be takemD seems to be enough. The total number of cellgualeo 13 million.
256 cells are used in the spanwise direction. Thisuperior to what is usually used
with more accurate numerical schemes (Parnaudeau[&] use for example 48 points
for a spanwise length equal WD with a sixth order compact scheme). As LES
technique is very sensitive to non-orthogonal on-nonforming meshes, a fully
conforming hexahedral mesh is used.

Constant boundary conditions are used at the (otmtstant velocity in space and
time) and no synthetic method to generate turbelescused. The flow is laminar
upstream the cylinders. As it will be shown, theshes are very fine at the wall, thus,
no slip boundary conditions are used for the v&oand homogeneous Neumann
conditions for the pressure. No wall functions haeen necessary during the unsteady
simulations. Periodic boundary conditions are usdtie spanwise direction. The outlet
conditions are standard, Dirichlet condition fore tlpressure and homogeneous
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Neumann for the velocity. Symmetry boundary coodsi are used for the upper and
lower boundary faces (see figure 1).

Two Reynolds numbers have been computed, Re=308Ghenmost widely used
Re=3900.

The maximum CFL number is equal to 0.6. The cooedmg time step is
At = 0.005D/Uy. whereUy is the bulk velocity. One flow passage correspaods000
time steps. The first computation is performed dflow passages using the last four
passages for time and space averaging. The avgragimesponds to 20 shedding
periods. This should be enough to have a reasonablertainty on the statistics (this of
course depends on which statistic one consider§le Ton-dimensional mean
refinements at the wall is shown on figure 2y lindz stand respectively for the wall
normal an spanwise directions, one can observeMfiaandAz" do not exceed 2 and
12 (this means that the maximum distance betweetitdt computational node at the
wall and the wall is around 1). The azimuthal refirentDAB"/2 does not exceed 12 as
well. These are the maximum values. The wake reg@mresponds in figure 2 to the
angles between 90° and 270°. It this region, th&imam values ofAy’, DA8'/2 and
A7 are respectively 0.5, 3 and 4.

As it will be shown in the next part, the solutiohthe flow over two side-by-side
cylinders is bi-stable what makes this case maifecdlit to deal with. Figure 3 shows
the computational mesh which contains 25 milliotiscé256 cells in the spanwise
direction). The same time step is used for this patation. The computation has been
for the moment pushed to a physical time equal 3602what corresponds to 250
shedding period for one of cylinders and to 100€dslmg period for the other one (as it
will be shown later, the shedding frequency charggspared to the flow around one
cylinder). When statistical quantities are showmeyt are obtained on one stable
situation over a physical time equals to 400 spg@esvely 40 and 160 shedding
periods). Figure 4 shows the refinements at thel ¥eal the two cylinders. The
asymmetry of the flow can be observed on this #gdihe refinements in the spanwise
and azimuthal directions are of the same ordeoashk single cylinder. The mesh is
finer in the wall normal direction in the presenste.

HPC calculations have been carried out using 1622048 processors on EDF
BlueGene/L and BlueGene/P supercomputers. One radxxlg 4.5 days (resp. 5 days)
for 350 (resp. 400) physical seconds for the isolatylinder (resp. side-by-side
configuration) on 1024 (resp. 2048) processors.
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Figure 1: The computational domain and the meskhiflow over one cylinder.
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Figure 2: Near wall resolution for the flow aroumde cylinder (right: zoom of the image on the 1A
is actuallyDAB'/2).
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Figure 3: The mesh for the flow over two side-byescylinders at Re=3000.
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Figure 4: Near wall resolution for two side-by-siddinders.
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4 RESULTS AND DISCUSSION

4.1 Flow around one circular cylinder at Re = 300@nd Re=3900

Both Reynolds numbers Re=3000 and Re=3900 have beewputed. The first
Reynolds number has been performed to have a nefesolution for the flow over two
side-by-side cylinders. The second Reynolds nunsbherdely used in the literature.

4.1.1. Mean statistics

Figure 5 gives the streamwise velocity along thersgtry axis y=0 compared to
two experimental results and to the DNS of Rodi figsink [8]. This profile allows to
define the recirculation length. As it can be sdba,profile is in very good agreement
with Parnaudeau et al. [1] experiment and the DifBirenko and Shih [9] experiment
exhibits a shorter recirculation region which migh¢ due to possible upstream
turbulence. Parnaudeau et al. [1] checked in #agderiment that they do not exceed a
turbulence intensity of 0.4% at the entrance of tdsting zone. Note that the profile
obtained with Re=3000 exhibits a longer recircolatzone comparable to the one
obtained by Rodi and Wissink [8] with Re=3300.

Table 1 gives mean integral quantities comparedavailable numerical and
experimental results. All the results are in reky good agreement with the
references. Note that the recirculation lengtthmgresent case is higher than the others
and closer to the one obtained recently by Parraaudeal. [1]. Figures 6 and 7 give the
mean streamwise and normal velocity componentsrae tiocations in the wake region
compared to two experiments and to a DNS. A U slapéle is observed for the
streamwise velocity. This is coherent with the Elde simulations in the literature.
The V shape measured by Lourenco and Shih [9] nigldue to an uncertainty in the
experimental setup. Figures 8 to 10 give the t@miumean quantities compared to the
most relevant experiment (from Parnaudeau et §).dtlthree locations in the wake
region. The agreement is very satisfactory althottyglh numerical method is only
second order in space. Figures 11 shows the messsyre coefficient distribution
around the cylinder. The pressure coefficient isgopd agreement with Norberg
experiment [10] which has been performed at Re 2040 he Cp value is not very
sensitive to the Reynolds number. Finally, figuBeshows the power spectra obtained
with the lift and drag coefficients. The resulte af the same order as the one obtained
in the literature, a Strouhal number of 0.21 isagi@d for the lift and around 0.4 for the
drag.
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U,

v/a

)

Present| Breuer[11]| Kravchenko[12] Wissink[8] | Experiments
LES LES LES DNS
<Cp> | 1.007 1.016 1.040 -- | 0.98:0.05 | Norberg[10]
<C,> | -0.0005 -- - -- -
<Cphac>| -0.9 -0.94 -0.94 -- -0.9+0.05 | Norberg[10]
0 (°) 87 87.3 88 87.3 85+2 Cardell[13]
Lr/D 1.46 1.37 1.35 -- 1.33+0.2 | Cardell[13]
St 0.213 0.215 0.210 0.21410.215:0.005| Cardell[13]
Urnad/Uo| -0.32 -0.23 -0.37 -- -0.24+ Lourenko([9]

Table 1: Mean integral quantities compared to @rpemts and computations.
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4.1.2. Sensitivity to the model, the spanwise lerfigand the mesh refinement

Figure 13 gives the mean streamwise velocity proéilong the axis y=0 for a
calculation using 512 nodes in the spanwise dwaciind an extrusion length equal to
8D (the Reynolds number is equal to 3000, that is tieyexperimental data are not
plotted). No differences are observed concerning phofile if one compares it to the
reference case (256 nodes and an extrusion lehgtih)oFigure 14 shows the effect of
switching off the subgrid-scale model. A dramatifeet on the recirculation length is
observed. The results are also surprisingly in wgrgd agreement with Lourenco and
Shih experiment [9]. No satisfactory explanatiomazrning this issue has been found
for the moment. Unfortunately the first tests or thesh refinement have been made
without any subgrid scale model. Figure 14 showsstmsitivity to the mesh refinement
in the spanwise and wall normal directions. AlthHoubge spanwise refinement has a
very small effect (only small variations are obsety the refinement in the wall normal
direction plays a major role (the results are wvéifferent from those obtained with a
finer mesh in the wall normal direction, the realation region becomes very small).
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Figure 13 : Mean streamwise velocity along y=0, Figure 14 : Mean streamwise velocity along y=0,
sensitivity to the spanwise direction length.  sensitivity to the model and to the mesh refinement

4.2 Flow around side-by-side cylinders at Re = 308ith T/D=1.5

The flow over two side-by-side cylinders has beemguted with a pitch to diameter
ratio T/D = 1.5 and at a Reynold number Re=3000. The asymrokthe flow has been
observed experimentally by several authors andlaatien angle going from 3° to 22°
is observed in the experiments of Sumners et fl.Hawever, the bi-stable behavior
has not been observed experimentally to the autkamswvledge. In the present
numerical simulation, the bi-stable behavior isestied as it is shown in figure 15.
Figure 19 shows the time evolution of the presstireorce. Two plateaux are observed
for the two cylinders and this indicates the bb#ta behavior. The physical
computational time is still not long enough to dode whether the change from a
stable regime to another is regular (if it occura ajiven frequency) or random. The
first two computed periods given in figure 19 irate that the change is not periodic.
Due to this difficulty which does not occur expeeimially, one has to take care while
averaging. Special care has thus been taken tageéhe main flow quantities over a
stable regime. 400 physical seconds are used fmaging (first plateau of figure 19).
Figure 16 gives the diagonal components of the Blegnstress tensor and the kinetic
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energy. The deflection of the flow is clearly Wilg. The behavior of the lower cylinder
is totally different from the single cylinder cogtiration. An extended wake region is
observed downstream the lower cylinder and a highulent activity downstream the
upper one. Unfortunately no fine experimental data available to the authors
knowledge in order to perform fine comparisons. ukég 17 gives the pressure
coefficient. The asymmetry is again clearly visilale the high pressure zone on the
lower cylinder is shifted. The upper cylinder bebsiike the single case cylinder.
Figure 18 gives the power density spectra of thecbefficient for both cylinders.
Whereas the upper cylinder exhibits a first peala &trouhal number of 0.1, both
cylinders show a peak at a Strouhal number of Thék is characteristic of the existence
of two vortex shedding. These results are suppadotedhe experimental results of
Sumners et al. [2]. Finally, one can notice irufg19 that the oscillation magnitude of
lift force for both cylinders is lower than the omdbtained in the single cylinder
configuration. More investigations on the presest-tase are needed. The quantity of
numerical data is huge and finer information sushngéer-spectra correlations can be
obtained.
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Figure 15 : Instantaneous streamwise velocityatwo stable regimes.

Figure 16 : Turbulent quantities when the flow éleicted to the top (top left : streamwise fluctoias,
top right : normal fluctuations, bottom left : spése fluctuations, bottom right : turbulent kireti
energy).
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6 CONCLUSIONS

The flow around one and two side-by-side infiniteefl cylinders is computed using
Large Eddy simulation with the in-house EDF unsuited CFD toolCode Saturne.
The first simulation dealing with the flow around iafinite cylinder is performed at the
Reynolds numbers 3000 and 3900 and compared torieygeal data and fine
numerical simulations. Satisfactory quantitativeutes are obtained concerning both
integral and local quantities. Sensitivity studsshe solution to the mesh refinement in
the wall normal and the spanwise directions, to shbgrid scale model and to the
extrusion length have been carried out. The medutigo is not influenced by the
extrusion length or the refinement in the spanwlisection. However, switching off the
subgrid-scale model or coarsening the mesh in th# wormal direction have a
dramatic effect on the recirculation bubble andstman the overall solution. A
computation is then carried out for two side-byesoylinders with a pitch ratio equal to
1.5 at a Reynolds number of 3000. The comparisdtis available experimental data
show a satisfactory agreement. The two sheddinguémrcies are detected and the
deflection of the flow is clearly observed. Morenuhe bi-stability which has not been
reproduced experimentally is observed during timesaumerical simulation.
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