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1 INTRODUCTION 

With future objective of carbon neutrality 
by 2050, France is invested in the 
development of new renewable source of 
energy on its territory. As it is ranked second 
in terms of maritime space, the French 
bottom-fixed Offshore Wind Farms (OWF) 
the technical potential is estimated at 80 Giga 
Watts (GW), enough to provide about half of 
the national consumption. The English 
Channel is an important potential area 
benefiting from strong and steady wind over 
time and a moderate water depth to 
implement grounded structure. MOdelling of 
marine DUnes: Local and Large-scales 
EvolutionS in an OWF context 
(MODULLES) French project led by France 
Énergies Marines (FEM) focuses on the 
interactions between high and mobile 
submarine dunes and the future OWF off 
Dunkirk. This study is dedicated to small 
scale modelling of scour process around 
foundations of a single wind turbine facing 
turbulent current. The ability to predict how 

the scour process occurs around a wall-
mounted circular cylinder is a major stake in 
order to size structures to protect them from 
damages. This phenomenon is driven by two 
hydrodynamical vortical structures namely 
the horseshoe vortex upstream the pile and 
the vortex-shedding downstream the pile. As 
these vortical structures are rather small, the 
required resolution for numerical simulation 
induces important computational cost. When 
the flow is highly turbulent, a way to capture 
the main eddies is to model turbulence. 
Different approaches exist, the most common 
model used in the engineering field is 
Reynolds Averaged Navier-Stokes (RANS). 
Advanced models, such as Large Eddy 
Simulations (LES) provide more accurate 
results by increasing the resolution part of 
turbulent structures while Hybrid RANS-
LES models combine the two approaches. In 
this contribution, we analyze the accuracy of 
three turbulence modelling approaches, 
namely RANS, LES and hybrid RANS-LES 
to simulate the flow around a wall-mounted 
cylinder. An important technical question is 
the influence of the inlet boundary conditions 
especially for turbulence resolving 
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simulations (LES, hybrid RANS-LES). 
These two points are investigated using 
pimpleFOAM on two configurations: the 
plane channel flow and the wall-mounted 
cylinder case. 

2 GOVERNING EQUATIONS 

2.1 Navier-Stokes equations 

When dealing with turbulence modelling, 
the Navier-Stokes equations are introducing 
the turbulent eddy viscosity, a fundamental 
parameter in turbulence modelling. Therefore 
these equations are presented by the coupled 
mass conservation equation (1) and 
momentum equation (2). 

 

 
(1) 

 

(2) 

where ui = velocity ith component, p = 
modified pressure, ρ = fluid density, ν = 
kinematic viscosity, νt = turbulent eddy 
viscosity and ~ = time-averaging or filtering 
operator. 

2.2 Turbulent eddy viscosity 

RANS equations use time-averaging 
operator. The most widely used model is the 
k-ω SST model (Menter et al. 2003a) in 
which the turbulent eddy viscosity is defined 
as follows :  
 

 
(3) 

where a1 = 0.31, k = Turbulent Kinetic 
Energy (TKE), ω = turbulent specific 
dissipation rate, S = invariant strain rate and 
F2 = blending function. 

Two transport equations for k and ω are 
added to close the system. This model 

behaves as a standard k-ω model in the 
viscous sublayer and as a k-ε model in the 
outer layer. 

LES equations are obtained by applying a 
filtering operator to equations (1) and (2). In 
the Dynamic Lagrangian LES model 
(Meneveau et al. 1996), the turbulent eddy 
viscosity is defined in equation (4). 
 

 (4) 
where C = function of x and t and Δ = 

integral scale of the subgrid-scale. 
This model is part of the dynamic 

Smagorinsky group model in which C is no 
longer associated to classical Smagorinsky 
constant (Smagorinsky 1963) but varies over 
time and space. It enables more realistic 
turbulent features such as backscattering 
effect. 

Hybrid RANS-LES combines both 
approaches. The switch between the two 
depends on the model used. This study 
focuses on the k-ω SST Scale Adaptative 
Simulation hybrid RANS-LES model 
(Menter & Egorov 2010b). By introducing a 
new term in the turbulent specific dissipation 
rate, based on a turbulent length scale defined 
as the velocity gradient over the velocity 
laplacian, the turbulent viscosity takes the 
value of the classical k-ω SST model when 
the flow is homogeneous and follows a 
classical Smagorinsky LES model when it is 
“disturbed”. 

2.3 Inlet boundary condition 

One key issue to represent these vortical 
structures is to reproduce a well-developped 
turbulent flow at the inlet for turbulence-
resolving model (Kirkil & Constantinescu 
2015). While periodic boundary conditions 
are used as a reference for the plane channel 
flow configuration, two other approaches are 
tested for the wall-mounted cylinder: 
Divergence Free Synthetic Eddy Method 
(Poletto et al. 2013) and non-uniform 
boundary conditions implemented in 
OpenFOAM as turbulentDFSEM and 
GroovyBC respectively. DFSEM generates 
synthetic eddies based on random locations 
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and intensities while GroovyBC imposes a 
steady profile at the inlet. This study is 
mainly focusing on an influence of the inlet 
boundary conditions on the flow dynamic. 

2.4 Configurations 

Two configurations are studied in the 
present article. First, the plane channel flow 
configuration in order to assess best turbulent 
inlet boundary conditions. A first simulation 
using periodic boundary conditions succeeds 
in reproducing a converged fully developed 
turbulent flow, this simulation will be used as 
a reference. The computational domain is 
20πH long, πH large and 1H high with H the 
water depth set to 0.06 m similarly to 
Fuhrman and co-workers experiment 
(Furman et al. 2010). The friction Reynolds 
number is often used to describe this 
configuration and is defined as follows: 
 

 
(5) 

Here Reτ ≈ 1000. The wall-mounted 
cylinder configuration is similar to Roulund 
and co-workers experiment over a rigid bed 
(Roulund et al. 2005). The computational 
domain is 12D long, 8D wide and 1D high 
with D the cylinder diameter equal to 0.536 
m. The friction Reynolds number is higher in 
this configuration, Reτ ≈ 7000. Both 
configurations are shown in Figures 1-2. 

 
Figure 1. Plane channel configuration 

 
Figure 2. Wall-mounted cylinder configuration 

3 RESULTS 

This section is dedicated to simulations 
results of the two configurations performed 
with OpenFOAM.  

3.1 Plane channel case 

Figure 3 represents the streamwise profile 
of the friction velocity uτ in the symmetry 
axis of the plane channel calculates as 
follows: 
 

 (6) 

where τxy = bottom shear stress in the 
streamwise direction. 

We introduce the notion of wall units 
defined as follows: 

 

 
(7) 

where y = distance to the wall or other 
length. 

Three simulations are plotted using 
Dynamic Lagrangian LES model and same 
computational grid having a z+ = 6, y+ = 30 
and x+ = 130 respectively in the vertical, 
spanwise and streamwise directions in 
agreement with the resolution required for 
LES simulations (Métais 2018). The blue line 
corresponds to simulation using periodic 
boundary conditions and indicates an 
averaged friction velocity of 0.014 m.s-1, 
slightly under the experimental value of 
0.016 m.s-1. Result from a RANS k-ω SST 
model using an imposed RANS profile 
boundary conditions with same mesh has 
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been added and shows a constant value close 
to the experimental friction velocity. LES 
simulations using imposed RANS profile and 
DFSEM inlet boundary conditions are quite 
similar since the friction value starts from the 
desired value due to the input parameter 
wished and drastically decays of about 50% 
until x/πH ≈ 6. Then, they both increase until 
reaching the same value as the periodic 
boundary condition simulation. DFSEM 
reaches it sooner than the imposed RANS 
profile by about 2πH. 

Figure 4 represents three vertical profiles 
of the velocity, Reynolds stress and TKE 
scaled with experimental friction velocity. 
The average value for the periodic boundary 

condition simulation is taken over the entire 
computational domain while at least 25% of 
the channel length is taken for the three other 
simulations. 

For all simulations, the velocity profiles 
are quite in fair agreement with the 
measurements represented by the blue 
crosses. Concerning the Reynolds stress, 
periodic boundary conditions has a linear 
expected shape likewise the RANS 
simulation but underestimates the maximum 
compared with the theory, that is to say uτ

2 = 
2.56 × 10-4 m2.s-2. Without periodic 
boundary conditions, DFSEM results are 

Figure 3. Time-averaged friction velocity profile in the symmetry axis 

Figure 4. Time and space averaged velocity profile (left), Reynolds stress x-y component (centre) and TKE (right) 
with different inlet boundary conditions 
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quite good as the curve fits relatively well 
with the viscous sublayer profile but remains 
constant in the first part of the log layer and 
is overestimated. The linear expected profile 
is not retrieved with DFSEM, however it 
works better than imposed RANS profile 
where the Reynolds shear stress is 
overestimated in the log layer. Concerning 
the TKE vertical profile, the periodic 
boundary conditions simulation is in good 
agreement apart in the sublayer region where 
a peak is observed that is not present in the 
measurements and in RANS result. 
Complementary tests (not shown here) 
concluded that a finer mesh resolution 
reduces this peak. As the objective of this test 
is to evaluate inlet boundary condition, it 
clearly shows the superiority of DFSEM over 
the imposed RANS profile as the peak is 
intensified with the latter. 

 
3.2 Wall-mounted cylinder case 

3.2.1 Dynamic Lagrangian LES model 

Figure 5 shows the streamwise velocity 
profile averaged in the symmetry axis in the 
vicinity of the cylinder over about 70 bulk 
time defined as follows : 

 

 

 
(8) 

Where  = 0.326 m.s-1 the average 
velocity. 

The mesh used for all simulations is quite 
coarse with z+ = 4, y+ = x+ = 100 for cells in 
the vicinity of the cylinder. The results are 
compared with Roulund and co-workers 
experiments (Roulund et al. 2005) and show 
overall good agreement. No important 
differences are observed between the two 
inlet boundary conditions. The main 
discrepancies are observed at the upstream 
and downstream side, on the near bed 
velocity that is underestimated. Whatever 
boundary conditions used, Dynamic 
Lagrangian LES model succeeds in 
representing the average streamwise velocity 
profile especially in the horseshoe vortex area 
where the velocity reaches a minimum value. 
The result from RANS k-ω SST, very 
similar, confirms the ability for LES model to 
reproduce mean velocity. 

 

Figure 5. Time-averaged velocity profile of streamwise component in the symmetry plane at two elevations for 
Dynamic Lagrangian LES model. 
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Figure 6. Averaged bed shear stress amplification with 
DFSEM boundary conditions (top) and GroovyBC 
boundary condition (bottom) for Dynamic Lagrangian 
LES model. 

Figure 6 shows the time-averaged bed 
shear stress amplification map over 60 
outputs for LES simulations using DFSEM 
boundary conditions in the top figure and 
imposed RANS profile in the bottom figure. 
The results are clearly not converged. When 
the average is taken over all time step, both 
simulations contain noises that represent 
extreme negative values far outside the 
expected range. This issue emphasizes the 
unstable behavior of Dynamic Lagrangian 
LES model for bed shear stress. Numerical 
schemes are probably the main reason of such 
instabilities. Therefore, Dynamic Lagrangian 
LES model fails in reproducing bed shear 
stress. As LES requires fine resolution and 
high computational cost, Hybrid RANS-LES 
models have been designed in order to 
reproduce more accurately the physical 
processes compared with RANS model, at an 
affordable cost. Results for k-ω SST-SAS 
Hybrid RANS-LES model are presented 
next. 

3.2.2 k-ω SST-SAS Hybrid RANS-LES 
model 

As mentioned previously, this model 
switches from RANS to LES mode if a 
perturbation of the flow is generated or 
detected such that the turbulent length scale 
defined is smaller than the length scale 

Figure 7. Time-averaged velocity profile of streamwise component in the symmetry plane at two elevations for 
k-ω SST-SAS Hybrid RANS-LES model. 
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modeled by the RANS model. In the plane 
channel case, there is no perturbation of the 
flow and the model behaves as a k-ω SST 
RANS model. In the wall-mounted cylinder 
case, the obstacle generates separated flow 
and disturbs the velocity so that the 
turbulence model is switched to the LES 
mode. 

Figure 7 shows the velocity validation 
with the same mesh as the one used for the 
Dynamic Lagrangian LES model. Both 
boundary conditions give similar result 
except at the upstream side of the cylinder 
near the bed where DFSEM simulation  
slightly underestimates the velocity. 
Compared with LES simulations, the 
downstream near bed velocity is also 
underestimated by the Hybrid model. Despite 
this discrepancy, it can be infered that k-ω 
SST-SAS Hybrid RANS-LES model gives 
reasonable result. Adding to that, RANS 
result is closer to the imposed RANS profile 
hybrid simulation. 

Figure 8 shows the time-averaged 
amplification of the bed shear stress profile 
upstream the obstacle over all time steps. 
Experimental results from Roulund and co-
workers are shown as red dots. First, likewise 
Figure 7, RANS and hybrid simulations using 
imposed RANS profile give very similar 
result. It suggests that an imposed RANS 

profile boundary conditions prevents hybrid 
SAS model to switch from RANS to LES 
mode. Secondly, the two hybrid simulations 
give also similar results, which was not the 
case for LES results (not shown here). Both 
inlet boundary conditions reproduce the same 
patterns as the experiments with a minimum 
value representing the horseshoe vortex 
around -0.7D corresponding to an 
amplification of about 2. This minimum 
value is negative meaning that a reversing 
flow is taking place in this area, namely a 
clockwise rotating vortex. The main 
difference between the two simulations is the 
local maxima observed at -0.8D with 
imposed RANS profile simulation whereas 
two smaller ones are seen with DFSEM 
simulation at -0.8D and -0.9D.  

The explanation of such a difference can 
be understood in Figure 9 representing 
snapshots of the simulations at two different 
times in the horseshoe vortex area. The 
results are colored by the spanwise vorticity. 
Experiments show that the horseshoe vortex 

Figure 8. Time-averaged bottom shear stress amplification profile in the symmetry plane for k-ω SST-SAS Hybrid 
RANS-LES model. 
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is composed of several dynamic vortices 
(Baker 1980). In this figure, for both 
simulations, it is clearly observed, from 
downstream to upstream: one large primary 
clockwise vortex, one bottom-attached 
triangular counter clockwise vortex and one 
secondary clockwise vortex. Both 
simulations are able to reproduce vortex 
system. What is also seen from these 
snapshots is the dynamics of the system, 
evolving in a bimodal oscillation. The first 
mode takes place where all vortices move 
close to the cylinder, it is called the zero flow 
mode. The second mode takes place where all 
vortices move away from the cylinder and it 
is called the backflow mode (Kirkil & 
Constantinescu 2015). Snapshots from the 
two simulations represent these two modes. 
While the imposed RANS profile simulation 
shows a relatively short amplitude of about 
0.02D between the two modes, DFSEM 
predicts a larger amplitude of 0.13D in better 
agreement with existing high Reynolds 
number simulations (Kirkil & 
Constantinescu 2015). 

4 CONCLUSIONS 

In this contribution, we demonstrate for 
the plane channel flow configuration that in 
order to establish a fully developed turbulent 

flow without periodic boundary conditions 
for LES simulations, either DFSEM or 
imposed RANS profile at the inlet boundary 
conditions can be used. However, the 
turbulence is establishing quite far away from 
the inlet, namely 13πH. 

Implementing such a computational 
domain length in the LES simulations of 
wall-mounted cylinder case is difficult as it 
would increase drastically the computational 
cost. However because of the obstacle 
presence, no periodic boundary conditions 
can be used. No matter what inlet boundary 
conditions is used, both give unstable result 
in terms of wall shear stress using Dynamic 
Lagrangian LES model. k-ω SST−SAS 
Hybrid model gives almost as good result as 
LES model used in terms of velocity profile 
but is also much more stable for wall shear 
stress. With deeper analysis in the prediction 
of the horseshoe vortex, DFSEM can 
reproduce a more realistic vortices system 
than an imposed RANS profile that tends to 
prevent hybrid model to switch to LES mode 
and should be preferred. 
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