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ABSTRACT

The simulation of the free surface flow around a circular pile over a rigid bed is carried
out with a Eulerian-Eulerian approach where a mass and momentum transport equations
are solved for both phases. A wall-resolved second-order turbulence model is used. The
velocity field and the bed shear stress around the pile are found to be in correct
agreement with experimental data. Taking into account the free surface does not modify
significantly the flow for a Froude number of 0.14. The coherent structures of the
horseshoe vortex system are described. A bottom-attached vortex rotating clockwise and
located at the bottom of the primary horseshoe vortex is present in the time-averaged
flow field.

INTRODUCTION

The flow around a bottom-fixed pile exhibits complex features. The streamlines contract
at the sides of the pile, lee-wake vortices are generated downstream, and the so-called
horseshoe vortex system is present, if the operating conditions allow it, close to the bed,
upstream the pile and extent to its sides. Those flow features locally increase the bed
shear stress around the pile. When the bed is deformable, such as the seabed composed
of sediments, additional sediment transport, known as local scour, happens over time
and a hole about the size of the pile diameter is formed. The understanding of local scour
around a pile is of primary interest in the offshore wind industry in order to prevent wind
turbine foundations from being exposed, threatening their stability.
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Extensive research on local scour have been carried in the literature, both experimentally
and more recently with numerical simulations. A focus on the flow and local scour
around a circular pile is made since by the end of 2020, 81.2% of installed offshore wind
turbine in Europe had a monopile (circular pile) substructure (Ramirez 2020).

Dargahi (1990) studied the scouring process under steady current around a circular pile
for pile Reynolds number of Re, = 20,000 and Rep, = 39,000. The author gave an
extensive description of the horseshoe vortex system during the scouring process.
During the initial stage, which is on a flat bed, the author observed i) two primary
clockwise rotating vortices (PV1 and PV2), ii) two smaller bottom-attached
counterclockwise rotating vortices (BAV1 and BAV?2) confined between the bed and
the primary vortices and ii1) a counterclockwise rotating vortex (JV) at the junction of
the pile and the bed. The primary vortices moved back and forth over time. This bimodal
unsteadiness of the horseshoe vortex system was first reported by Devenport and
Simpson (1990). The bottom-attached vortices were not permanent. More recently, other
researchers have reported only one (Jenssen 2019) or two (Apsilidis et al. 2016) primary
vortices, no bottom-attached vortices and a junction vortex from time-averaged flow
field measurements.

Roulund ez al. (2005) studied the flow over a flat rigid bed and the scouring process
around a bottom-fixed circular pile exposed to steady current both experimentally and
numerically. The maximum bed shear stress amplification was located at a 45° to 70°
angle from the flow direction. The numerical model was based on the Reynolds-
averaged Navier-Stokes equations for the hydrodynamic model and on the mesh moving
(Arbitrary Lagrangian Eulerian method) approach to compute the bed deformation when
scouring was considered. The turbulent closure model was the k — w SST model. The
free surface was not taken into account like most numerical studies on local scour in the
literature.

Nagel et al. (2020) simulated the rigid-bed Test 1 and the scouring Test 3 of Roulund et
al. (2005). The author used the Euler-Euler approach where a mass and a momentum
balance equation are solved for each phase (water and sediment). The free surface was
not taken into account. To our knowledge, this was the first 3D scouring simulation with
this kind of approach. Satisfactory agreement was found with experimental data.

In the present work, the simulation of the flow around a vertical cylinder fixed onto a
flat and rigid bed and exposed to steady current is carried out. First, the governing
equations of the multi-Eulerian approach are introduced. Then the numerical model is
presented, results are discussed and finally conclusion and perspectives are drawn.



NUMERICAL MODELING

Governing Equations

The 3D numerical simulations are carried out with the neptune_cfd code. This finite-
volume Eulerian n-fluid unstructured parallelized multiphase flow software is developed
in the framework of the NEPTUNE project financially supported by EDF (Electricité
De France, CEA (Commisariat a [I’Energie Atomique), IRSN (Institut de
Radioprotection et de Sureté Nucléaire) and Framatome.

The transport equations for mass, momentum and energy are derived by phase ensemble
averaging and are solved for each phase and coupled through inter-phase transfer terms.
The mass transport equation is written
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where oy is the volume fraction, pj the density and uy ; the mean velocity j th
component of the phase k.

The i-th component of the mean momentum transport equation is written
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where p is the mean pressure, g; is the gravitational acceleration, Ry ;; the Reynolds
stress tensor, I(;_s); the interfacial momentum transfer term from phase g to phase k
(for example friction between air and water for free surface flows) and X ;; = 2445 ,3 ij
the viscous stress tensor where p;, is the dynamic viscosity and S,Q ij the deviatoric
strain-rate tensor

(3)
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Turbulence modeling
The Reynolds stress tensor is closed with the R;; — € EBRSM model (Elliptic Blending

Reynolds-Stress Model) (Manceau and Hanjalic 2002) where a transport equation for
each Reynolds stress tensor components Ry ;; = (u,’“u,; j) and for the turbulent kinetic
energy dissipation € is solved.

Momentum transfer for free surface flows
The gas-liquid interface tracking and its interfacial momentum transfer [(;_sy); from

friction is modeled by the Large Interface Model (Coste 2013).



Test case operating conditions

In the present work, the simulation of Roulund et al. (2005) experiment (Test 1) of a
bottom-fixed circular pile exposed to steady current in an open channel over a rigid, flat
and hydrodynamically smooth bed have been carried out. The pile diameter is D = 0.536
m, the water depth is H = 0.54 m and the bulk velocity is U,y = 0.326 m/s which yields

a pile Reynolds number of Re;, = 1.7 X 10° and a Froude number of Fr = 0.14.

Initial and boundary conditions
Figure 1 shows the simulation domain and the boundary condition associated with each
boundary zone.
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Figure 1. Sketch of the simulated domain and boundary conditions of each
boundary surfaces.

The velocity is initially set at zero and the pressure is set to the atmospheric pressure in
all the domain. For free surface simulations, a cell-center is located exactly at the
targeted water depth and the volume fraction is set as 0.5 for both phases in that cell.

Bed shear stress
The friction velocity is computed from the van Driest profile
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where u; is the tangential velocity (in the referential of the boundary face), u, the
friction velocity, y;* = y,u,/v and y; is the distance from the face center to the cell
center I, k the von Karman constant and A the van Driest damping factor set at 0.42 and
25.6 respectively. The right-hand side of Eq. (7) is approximated by a 10th-order
polynomial as a function of yu,/v. Then, the bed shear stress is computed as

To = pu? X sign(uy) (8)
The bed shear stress amplification is obtained by dividing the bed shear stress with the
undisturbed bed shear stress To. = puioo where u, .. = 0.013 m/s following Roulund ez
al. (2005).




Computational mesh

The simulation domain length, width and height are respectively 20D, 10D and 1D
where the cylinder diameter is D = 0.536 m. Figure 2 shows a view of the
computational mesh used in the present work. The mesh is refined around the pile to
capture the horseshoe vortices and downstream to capture the lee-wake vortices. A mesh
sensitivity analysis was carried (not shown here) and the final mesh have 256 cells
around the cylinder perimeter, 64 and 96 cells across the water depth for the rigid-lid
and the free surface simulations respectively. In total, the meshes are made of 3.506
million and 5.259 million hexahedral cells. The smallest cell size is Ay = 0.13 mm and
is located at the bed and around the cylinder in order to verify y* = yu,/v < 1 at all
times.

Figure 2. Full mesh of the free surface simulation and zoom around the pile.
RESULTS

Figure 3 shows the time-averaged velocity magnitude and the time-averaged streamlines
in the xz-plane along the symmetry, in front of the cylinder and zoomed in close to the
bed. The time averaging procedure was started after 20 lee-wake vortex shedding vortex
period (~ 100 s) and lasted 40 period (~ 200 s). From this figure, we can see the
downflow close to the cylinder which create a horizontal jet towards the upstream
direction at the bed level. A large clockwise rotating vortex (PV1) is located at x/D = -
0.805 and z/D = 0.054 and expand from x/D = -0.9 to x/D = -0.7 and from z/D = 0.005
to z/D = 0.010 (=53.6 mm). We also notice a counterclockwise rotating vortex at the
junction between the bed and the pile (JV) which center is located at x/D = -0.505 and
z/D = 0.012. Finally, we see a small, bottom attached, counterclockwise rotating vortex
upstream PV1 (BAV1) which center is located at x/D = -0.884 and z/D = 0.003 and
expand from x/D = -0.890 to x/D = -0.870. Bottom-attached vortex have been reported
in previous experimental study (Dargahi 1999; Qi et al. 2022) and LES simulations
(Kirkil et al. 2008; Zhang et al. 2020) of such flow. This vortex is not coherent in time
and may be filtered by a time-averaging procedure. We suppose that we captured this
BAV1 vortex thanks to a fine mesh close to the bed and to our second-order turbulence
closure model R;; — € EBRSM. Finally, the size of the horseshoe vortex system is

xs/D = 0.9, in agreement with Roulund et al. (2005).



Figure 4 shows the longitudinal and vertical velocity profile along the longitudinal axis
upstream and downstream the cylinder at different heights. The main features of the flow
around a bottom-fixed cylinder can be observed from those profiles: a downflow
upstream the cylinder and above z = 50 mm, a clockwise rotating vortex between x/D =
-0.9 and x/D =-0.7 and under z = 50 mm and a counter-clockwise rotating vortex against
the cylinder and under z = 10 mm. Overall, we can see that our numerical results (blue
line) agree well with Roulund et al. (2005) experimental data (black dots). There is a
discrepancy in the vertical velocity downstream and close to the cylinder at z=200 mm,
z=100 mm and z=50 mm. This discrepancy with the experimental results was also
reported by Zhou (2017) and Nagel et al. (2020). We found that a free surface simulation
does not reduce this discrepancy significantly (not shown here), in agreement with Zhou
(2017) conclusion.

Figure 5 shows the time-averaged bed shear stress amplification in the xy-plane around
the cylinder. We can see that the maximum amplification is located between 50° and
82° angle with the x-axis on both sides and very close to the cylinder. This is due to the
contraction of the streamlines. We also notice an amplification of about 3 upstream the
cylinder at around x/D = -0.8 which is due to the primary horseshoe vortex PV1. This
vortex is stretched by the flow on both sides of the cylinder and extend downstream the
cylinder.

Figure 6 shows the time-averaged bed shear stress amplification along the x-axis
upstream the cylinder. We underestimate the amplification by 20% upstream far from
the cylinder. Between x/D = -0.93 and x/D=-0.85, the bed shear stress amplification
becomes positive because of the presence of the counterclockwise rotating vortex
BAV1. Other authors (Roulund ez al. 2005; Baykal et al. 2015, Nagel et al. 2020) have
not reported this vortex. Since they are no experimental data of the bed shear stress in
this region, we cannot conclude if this vortex did exist or not in the experiment. Then
from x/D = -0.85 to x/D = -0.7, the vortex PV1 induce a large negative bed shear stress
amplification. Our simulation results are twice greater than experimental data. No
explanation can be provided to explain such large discrepancy. We suppose that the
R;j — & EBRSM turbulence model used in the present work is responsible for the

discrepancy with other authors results where different versions of the k — w turbulence
model was used. From x/D=-0.7 to x/D=-0.52, the negative bed shear stress is caused
by the horizontal jet and our numerical results match experimental data well. Finally,
from x/D=-0.52 to x/D=-0.50, we see a positive bed shear stress amplification because
of the presence of the counterclockwise rotating junction vortex JV. The maximum value
of 0.6 obtained in this region is twice larger than reported by Roulund et al. (2005) and
Nagel et al. (2020). There is no experimental data of the bed shear stress close to the
cylinder to compare with. On a similar experiment with slightly different operating
conditions (Rep = 39,000 and Fr = 0.32) from Jenssen (2019) we found a similar
maximum bed shear stress amplification of 0.5 in the junction vortex region, in
agreement with Jenssen (2019) experimental data.
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Figure 3. Dimensionless magnitude of the time-averaged velocity and streamlines in
front of the cylinder.
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Figure 4. Longitudinal velocity (left) and vertical velocity (right) along the
longitudinal axis upstream and downstream of the cylinder at different heigh




T
[}
(%]
| 70|/ 7o

0.0
—1.0 —0.5 0.0 0.5 1.0
x/D
Figure 5. Time-averaged magnitude of the bed shear stress amplification around the
cylinder.
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Figure 6. Time-averaged bed shear stress amplification along the longitudinal axis
upstream the cylinder.



CONCLUSION

The simulation of the flow around a circular pile fixed to a rigid and flat bed and exposed
to a steady current have been carried out with a multi-Eulerian approach and a second
order wall resolved R;; — € turbulence model. The horseshoe vortex system obtained

has been discussed extensively. Overall, we obtained good agreement with experimental
results. We note that we captured a small, counterclockwise bottom-attached vortex next
to the primary horseshoe vortex. This vortex has been reported in experimental studies
and LES simulations but is not time-coherent and is often filtered after a time averaging
procedure. Nevertheless, a turbulence model sensitivity analysis will be conducted to
confirm if the presence of this vortex is due to the second order R;; — & EBRSM

turbulence model used in the present work. The validation of the neptune_cfd code to
simulate the flow around a vertical pile will be continued by exposing the pile to waves
(Sumer et al. 1997). The waves will be produced with a numerical wave tank (free
surface) and with an oscillatory flow (no free surface). Then, the rigid bed will be
replaced by sediments modeled as a Eulerian phase. Eulerian particulate phase models
are already implemented in neptune_cfd and have been validated on many fluid-particles
applications ranging from dilute to dense regimes (Fede et al. 2016; Bennani et al. 2017;
Hamidouche et al. 2019; Neau et al. 2020; Audard et al. 2021). Scouring simulations of
a circular pile exposed to a steady current (Roulund et al. 2005) or waves (Sumer et al.
1992) will be carried out. Finally, more complex geometries than a circular pile such as
a jacket could be considered by using the Immersed Boundary Method (Benguigui et al.
2018) already implemented in neptune_cfd.
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