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ABSTRACT

A three-dimensional numerical simulation of regular waves passing over a
monopile with square and circular cross-sectional shape was carried out to
investigate flow field and vortex induced vibration. The rectangular wave
flume and monopile are modeled with a solver; available in the open-source
CFD toolkit OpenFOAM®. This solver applies the Reynolds-
Averaged Navier-Stokes (RANS) equations with the volume of fluid technic
(VOF) for tracking free surface. The motion equation together with mesh
deformation was applied to capture monopile displacement. To validate the

Mesh deformation numerical model, results were compared to experimental data, and an
admissible agreement was seen.

Computations were conducted for four cases with two different wave
characteristics and different Keulegan-Carpenter (KC) numbers for square and
circular cross-sectional shape. Vorticity field and Q criterion around the
square and circular pile were depicted. It was seen that when KC increased,
the difference in vortices around the square and the circular pile was more
distinct. Investigations continued on transverse force coefficient and its
oscillations. It was seen that by increasing KC, this coefficient and its
frequency increased. When KC=20, the lift coefficient is larger for square pile
compared to the circular pile. For both square and circular cross-sectional
shape, the number of pile oscillation increased by increasing KC number.
Also, the Strouhal number and vortex shedding frequency were larger for the
circular pile compared to that of the square pile in vortex shedding regime.
However, cross-flow vibration frequencies of the square and circular pile were
close together.

1. Introduction u,T
Wind turbines are nowadays one of the most used D

M)

offshore structures in renewable energy equipment. A
significant part of the wind turbine design process is
related to its foundation design. A large number of
marine structures such as offshore wind turbine are
supported by a monopile foundation. Because of the
presence of the pile, the wave-induced flow field
around the pile changes and some vortices are
generated. Dynamics of vortices depends on the cross-
sectional shape of the pile and also on the wave
characteristics, which can be stated by Keulegan-
Carpenter number (KC):

where the Uy is the maximum of the wave orbital
velocity, T is the wave period, and D is the pile
equivalent diameter. In addition to KC number, the
cross-sectional shape of the pile influences on vortices
pattern and its magnitude. Moreover, oscillating
forces act on the pile due to the generated vortices
around it when a pile is subjected to ocean waves.
Elastically mounted pile subjected to the oscillating
forces leads to so-called vortex induced vibration
(VIV) of the pile. This vibration may lead to
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increasing the fatigue loads and that is why it has been
constantly considered in wave pile interaction issues.
A wide range of studies has been carried out in wave-
pile interaction in a stationary or dynamic state of the
pile. Sarpkaya and Rajabi [1], Zedan et al. [2],
Angrilli and Cossalter [3], Bearman [4], Griffin [5],
And Blevins [6] investigated extensively on the
interaction of steady current and wave with pile
during recent decades. Sumer and Fredsoe [7] carried
out vast experimental studies of flow passing over
vertical cylinders as well as wave-induced vortex
shedding around the vertical pile. They used a range
of different KC number to investigate its influence on
different parameters around the pile such as vortices
or force coefficients. Downes and Rockwell [8]
studied the vibration of cylinders in wave
experimentally. Many numerical studies on this
subject have been implemented in recent years as
well. Mo et al. [9], Jacobson et al. [10] and kasvaei et
al. [11] simulated wave and a stationary pile
interaction. Lou et al. [12] carried out a numerical
study on vortex induced vibration of a marine riser.
Zhao and Cheng [13] conducted a numerical
investigation on vortex induced vibration of a circular
cylinder of finite length subjected to uniform steady
currents. Short literature review revealed that many
studies have been conducted on VIV. Most of them,
however, were about too slender cylindrical members
such as marine risers. Also KC number, as an
influencing parameter in wave-pile interaction
problems, has not been purposefully considered.

The main aim of this paper is to investigate cross-
sectional shape and KC number impact on the flow
field around a vibrant monopile and on its dynamic
response. Due to that, simulation of non-breaking
regular waves passed over the vibrant monopile is
carried out. Simulations have been performed for two
different KC numbers to consider varying vortex
shedding regimes.

The robust open source CFD code of OpenFOAM®
with a multiphase, Eulerian solver (interDyMFoam) is
applied. Mesh deformation is a capability of the solver
to consider the pile displacement during vibration.
Governing equations of the flow field and pile
displacement are solved by finite volume
discretization schemes in the code. Dynamics of
vortex around the pile and vortex-induced vibration of
the pile is investigated objectively regarding the
influence of cross-sectional shape and KC number.

2. Numerical Model

2.1. Governing Equations

The incompressible fluid flow can be expressed by the
3D Reynolds averaged Navier-Stokes (RANS)
equations with the continuity equation. These
equations were used in the Cartesian coordinate
system as the governing equations to find the flow
field.
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where Ui denotes the mean fluid velocity component
in the i-th direction, P is the pressure, p is the fluid
density, gi denotes the acceleration of gravity, u’
denotes the fluctuating velocity component,
Hegs =+ uy, 1 18 the molecular viscosity, and g is

the turbulent eddy viscosity.
To close the equations the Shear Stress Transport

(SST) k-w turbulence model was employed [14]. k as

the turbulent kinetic energy with w as the specific
dissipation rate are expressed as:
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where F1is a harmonic function that is expressed as:
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where d is the distance between the field point and the
nearest wall, and Q is the vorticity magnitude.
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Turbulence model constants are as following
oy =0.85034, 0, =1.0,5,, =05, o, =0.85616

B, =0075, pB,=00828, S =009, a, =031,

71 =5/9and y, =0.4403[15, 16].

Displacement of the pile is estimated by the equation
of motion which is expressed as:

d’z  dz
mF-FCE'F kZ = FZ (10)
where Z is the displacement of the cylinder in cross-
flow direction, F; is the lift force on the cylinder, m, ¢
and k are the mass, damping coefficient and the spring
constant of the system, respectively. The added mass
is taken into account when calculating the pile mass.
Damping (c) and pile stiffness (k) are considered
based on the study of Angrilli and Cossalter [3].
The free surface is traced by the VOF technique [17].
The Finite Volume Method was employed to solve the
governing equations of the flow and transport
equation for the volume fraction of water, in which
the equations are integrated on the control volume and
time.

2.2. Computational Domain and Boundary
Conditions

To simulate the wave-pile interaction in a wave flume,
the computational domain was a rectangular box
which is occupied by water, air and the pile. The
dimensions of the wave flume at the horizontal plane
were 26.5 x 0.6 m and 0.8 m high so that free surface
of the waves could easily pass through the flume
without colliding with the ceiling. The diameter of
both piles was 4 cm with square and circular cross-
sectional shape. Figure 1 shows a schematic view of
the wave flume with a circular pile as well as
boundary conditions which were selected in the
simulation. As seen, in the bed of the flume, the
boundary condition is assumed to be no-slip as all
components of the flow velocity are nil. The ceiling of
the wave flume and its lateral walls (front and back in
OpenFOAM modelling) are considered as the slip
wall boundaries [10].

The wave inlet is to the left of the flume where regular
waves are generated and propagated. At the outlet, a
wave attenuation technique (relaxation zone) was
applied that sufficiently prevented the reflection of the
waves in the wave flume [16]. The pile was set 14
meters from the inlet boundary and the non-slip wall
boundary condition was applied with a smooth
hydraulic surface. The wave2Foam toolbox was
applied to generate and propagate free surface water
waves. Waves2Foam uses the VOF technique for free
surface tracking [10]. It also prevents the reflection of
waves in the flume by creating a relaxation zone
(active sponge layers). This toolbox was created using
the above in a multi-phase "InterDyMFoam" solver
with dynamic mesh functionality. In this study, the

pile is free to vibrate in the transverse direction of
flow (cross-flow) and it was restrained from in-line
vibration. To do so, the dynamic mesh was applied in
the simulation.

Mesh generation in the computational domain was
performed using the "blockMesh" tool. In this process,
the computational domain was divided into 12 blocks
and 476,800 hexagonal computing cells. As the pile
and bed approached, smaller computational cells were
applied to capable the model to account for the full
impact of the wall boundary on the simulation.
Numerical modelling was performed with different
forms of meshing to obtain the optimum state. The
results of the present model are not very sensitive to
the form and dimensions of the computational cells.
Figure 2 shows a view of the applied mesh for both
circle and square cross-sectional shape pile.

relaxation zone

slip wall

no-slip wall

Figure 1. Computational domain and boundary conditions
(not scale)

Figure 2. A view of the 3D applied mesh around the pile,
(1) square cross-section, (2) circle cross-section
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3. Model Validation

The numerical model validated by comparison of
results against experimental data of Mo et al. [8].
These experiments conducted in the Large Wave
Flume (GKW), with an effective length of 309 m and
a width of 5 m, belonged to the Coastal Research
Centre (FZK) in Hannover, Germany. A steel circular
cylinder with a diameter of 70 cm was installed in 40
m away from the wave maker (left boundary). All the
experimental conditions were numerically modelled
but the wave flume length was considered equal to 77
m to reduce the computational costs. The experiment
characteristics are shown in Table 1.

Table 1: The experiment characteristics

Wave Water Wave Wave KC
Type depth Height period Number
(@[m]  (H)[m]  (T)[sec] []

Regular 4.76 1.20 4 6.13

The mesh generation was carried out by using the
“blockMesh”. The computational domain was
discretized by eight-node hexahedron cells. Finer cells
were used at the edge of the cylinder in order to
simulate the large velocity gradients there. A total
number of 433000 cells were used in computational
domain. Boundary conditions were as they were in the
section 2. Calculations were carried out for physical
duration of 40 sec (10 waves passed over the pile),
and then the outcomes were evaluated. Several model
outcomes were compared to the experimental data to
validate the numerical model.

The time history of the horizontal component of water
particle velocity at points along the side wall of the
flume along the pile at two different depths (y/d= -
0.32 and y/d= -0.57, y is the distance from still water
level and d is the water depth) have been plotted
against the corresponding values measured in the
experiment in Figure 3. As can be seen at both depths,
there is an acceptable agreement between the model
results and the experimental data.

Figure 4 shows the time history of the total in-line
force applied to the pile against the corresponding
experimental results. The force has been obtained
from the sum of the pressure and viscous stresses on
the wetted surface of the pile at each time step. As can
be seen, there is an excellent agreement between the
results of the simulation and those of the experiment.
This means that the numerical model can predict well
the hydrodynamic forces exerted on the pile.

The dynamic pressure was extracted at six points with
different angles at a specific depth (y/d=-0.11) around
the pile during the simulation and was plotted against
the corresponding experimental data in Figure 5. The
agreement between the experimental data and the
numerical results for this case are extremely good.
Given that the vortices generated around the pile
affect the pressure field, by obtaining the correct
values of the pressure field, it is expected that the
numerical model can predict the vortex dynamics
well.
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Figure 3. The horizontal component of water particle velocity
at points along the side wall of the flume along the pile at two
different depths (1) y/d=-0.57 (2) y/d=-0.32
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Figure 4. Time history of the total in-line force applied to the
pile against the corresponding experimental results
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Figure 5. The dynamic pressure at six points with different angles at the depth of y/d=-0.11 around the pile

4. Results and Discussion

To investigate the impact of cross-sectional shape on
vortex shedding and pile vibration, wave
characteristics of two experimental studies [19, 20]
were selected to consider varying vortex shedding
regimes. Each wave characteristics was modelled with
circular and square pile separately. In order to obtain
the dynamic behavior of the pile, simulations were
continued for the physical duration of 20 wave period.
All aspects of numerical method including
consistency, stability, convergence, accuracy and
mesh dependency on the results were considered
during the simulations.

Wave and pile characteristics which were applied in
the numerical model are presented in Table 2. As
seen, the pile and wave characteristics belong to
KC=6.1 and KC=20.1 regimes. When KC=6.1 vortex
shedding is in its early stage for the circular pile. In
this regime, one vortex is shed in each half-period of
the waves and the attached vortices are washed around
the pile when the flow reverses. In the case of square
pile no vortex shedding occurs when KC<11 [21]. For
another case, when KC=20.1, vortex shedding is
completely developed for both cross-sectional shapes.
In this regime, two vortices are shed in each half-
period of the waves. The attached vortices are washed
around the pile when the flow reverses, in the same
way as in the previous regimes [19].

Q criterion is a method that can be applied to
investigate vortex shedding [22]. Figure 3 shows Q
criterion for circular and square pile when KC=6.1. In
the figure, wave-induced flow is from left to right
which is called crest half period and w=90°. As seen,
when KC=6.1 vortex shedding was in its early stage
for circular pile but for the square pile only lee wake
vortices were generated and no shedding occurred.

Table 2: Wave and pile characteristics applied in the
numerical model

Pile Water Wave Wave KC Pile
Section depth Height period  Number  Reynolds
D=4 (d) [m] (H) [m] () [-] Number

[cm] [sec] []

0.4 0.023 4.4 6.1 2200
D 0.4 0.126 2.6 20.1 12400

0.4 0.023 44 6.1 2200
0.4 0.126 2.6 20.1 12400

Figure 4 and 5 show vorticity magnitude around
circular and square pile when KC=6.1 and KC=20.1
respectively. The figure was depicted when pile is in
the crest half period (w7=90°). According to figure 4,
some concentration in vorticity was seen in front of
the sharp edges of the square pile. Also, the
magnitude of vorticity was diminished over the side
surfaces of the square pile between sharp edges. In
circular Pile case, vorticity distribution was on the two
lateral edges of the pile and also its magnitude was
larger compared to that of the square pile.

As seen in figure 5 (when KC=20.1), vorticity pattern
around the circular pile and square pile varies entirely.
In square pile case, vorticity concentration in front of
the sharp edges of the pile caused that vorticity
magnitude and distribution of that would be quite
different compared to those of the circular pile. Since
the adverse pressure gradient generated in front of the
square pile is larger than that generated in front of the
circular pile. These results are in line with
experimental observations [19].

Figure 6 illustrates the lift force coefficient (C,) for
square and circular pile when KC=20.1 and KC=6.1
during two wave periods. Lift force is acting on the
pile in the transverse direction of flow and its
coefficient is obtained by:
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where p is the water density, U denotes the flow
velocity and D is the pile diameter. F; is the lift force
which is predicted by integrating the pressure and
viscous stresses in cross-flow direction along the pile
in a discretized manner. The pressure and viscous
forces from each cell face on the surface of the pile
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are summed to find the total pressure and viscous
forces, respectively. As seen in Figure 6, when
KC=20.1 for square pile lift coefficient was quite
larger than that of the circular pile. Whereas, for
KC=6.1 small difference of lift coefficient between
square and the circular pile was seen which can be
attributed to asymmetry in vortices around the pile.
Consequently, the cross-sectional shape has an
influence on the resulting force.
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Figure 5. Vorticity magnitude contour around circular (a) and square (b) pile in crest half period (wf=90°) for KC=6.1
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Figure 6. Time series of lift coefficient (ci) for square and circular pile when KC=6.1 and KC=20 during two wave periods



Mohammad Mohammad Beigi Kasvaei et al. / IJCOE 2019, 4(2); p.1-9

square Pile circular Pile I

06

04 KC=6.1

02

-0.4

Dimenssionless Diplacement [-]

0.6

YT

' 04 KC=20.1

square Pile - - circular Pile |

Dimenssionless Diplacement [-]
<]
N o

Figure 7. Time series of pile displacement for square and circular pile when KC=6.1 and KC=20 during two wave periods

The fluctuation of lift force can be attributed to the
vortex shedding or asymmetry in vortices generated
around the pile [7]. When KC=20.1 vortex shedding
pattern is different between square and circular cross-
section pile. Consequently, a phase difference was
seen in the lift force between square and circular
cross-section shapes. The difference in the lift
coefficient between the square and the circular pile for
each of the cases when KC=6.1 or KC=20.1 can be
justified by the difference in vortex dynamics around
the pile, which was explained above. In addition, the
fluctuation of the lift coefficient differs between these
two cross-sectional shapes. It was seen that when
KC=20.1 lift force frequency of circular pile case is
quite larger than that of square pile case. It must be
noted that in this study the flow is due to wave which
is a complicated flow field around the pile. In wave-
induced flow around the pile, the lift force frequency
is not the same as vortex shedding frequency [7].
Displacement of both pile during two wave periods
for KC=6.1 and 20.1 is depicted in Figure 7. As seen,
for both square and circular cross-section, the number
of pile oscillation increased by increasing KC number.
This may be due to that by increasing of KC number
lift force frequency increases, causing the pile to
oscillate [7]. In addition, the amplitude of pile
oscillation increased by increasing KC number for
both cross-sectional shapes. This can be the result of
increasing the lift force magnitude by increasing the
KC number.

Figure 8 shows power spectral density (PSD) from lift
coefficient, which is obtained by Fourier transform of
that, versus Strouhal number (St) for square and
circular pile when KC=20. Strouhal number (St) is
a dimensionless number describing oscillating flow
mechanisms which is stated by the following

equation:
f,D
St= lVJ (11)

where U is the fluid velocity, f, is the vortex shedding
frequency, and D is the pile diameter. The pick of
PSD for square and circular pile denotes the Strouhal
number. This method is applied to obtain vortex
shedding frequency [21]. As seen from the figure,
Strouhal numbers (St) are 0.19 and 0.2 for the square
pile and circular pile, respectively. It was concluded
that the frequency of the vortex shedding for circular
pile was 1 percent larger than that of the square pile in
this regime of KC. The frequency of the lift force can
depend on the vortex shedding frequency (f.).
Therefore, it can be expected that the vortex shedding
frequency in the circular pile case should be larger
compared to the square pile case.

In this study pile is free to vibrate in the transverse
direction of flow; hence, vortex-induced vibration
(VIV) of the pile is probable. In pile-structure
problems, VIV has been always of great interest. In
this condition, Reduced Velocity (V:) would be
important which is stated by the following equation:

Vi = (12)

where f is the Eigen frequency of the pile and other
parameters are the same as mentioned above. When f,
is close to f,, the lock-in or synchronization occurs,
which means that V, = 1/ St. In this case, the vortex
shedding frequency becomes equal to the Eigen
frequency of the pile. The vibration amplitude is the
maximum, and the correlation between the excitation
forces along the span increases dramatically [23].

Figure 9 and 10 illustrate power spectral density
(PSD) of the pile displacement over the frequency of
vibration when KC=20.1 and KC=6.1 respectively. In
this case, the frequencies of vibration for square and
circular pile were quite close together. According to
figure 9 and 10, by calculating V., of each case, it was
concluded that none of the cases were in the lock-in
region.
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Figure 8. Power spectral density (PSD) of lift coefficient versus Strouhal number (St) for square and circular pile when KC=20.1
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Figure 10. Power spectral density (PSD) of pile displacement over frequency for square and circular pile when KC=6.1

5. Conclusions

Three-dimensional numerical simulation of regular
waves passing over a square and circular pile has been
carried out in order to investigate vortex dynamics as
well as vortex-induced vibration. OpenFOAM was
employed as an open source tool of computational
fluid dynamics (CFD) involving a solver capable of
modeling the multi-phase Eulerian method for
simulating rectangular wave flume and monopile.
RANS equations to solve flow field together with
motion equation to capture structure response were
applied. The free surface was traced by the VOF
method. Meshes are totally hexahedral and were
created using the “blockMesh” utility. Mesh
deformation was applied to capture the pile
displacement due to cross-flow vibration.

Some numerical model results were compared to the
experimental data to validate model e.g. the time
history of the horizontal component of water particle
velocity at at points along the side wall of the flume
along the pile at two different depths, the time history
of the total in-line force applied to the pile and the
time history of the dynamic pressure at six points with
different angles at a specific depth around the pile.

Computations were done for 4 cases with two
numbers of Keulegan-Carpenter (KC) and two of the
cross-sectional shape. Every model was run for the
physical duration of 20 wave period to converge.
Investigations were carried out on the vorticity, Q
criterion and lift force coefficient and the following
results were obtained:

= Vorticity magnitude around the pile was
depicted and it was seen that when KC=6.1
concentration of vorticity was increased in
sharp edges of the square pile.

= When KC=20.1 the vortex pattern was
completely different between the square pile
and the circular pile, which may be due to the
difference of the adverse pressure gradient
created against the square pile compared to
the circular pile.

=  When KC=20, the lift coefficient is larger for
square pile compared to the circular pile.
When KC=6.1 small difference of lift
coefficient between square and the circular
pile was seen.
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= By observing the pile displacement it was
seen that for both square and circular cross-
sectional shape, the number of pile oscillation
increased by increasing KC number.

From the Fourier transform and power spectral
density (PSD) from lift force coefficient and pile
displacement it was concluded that:

= Strouhal number for the circular pile was a
bit larger and consequently, vortex shedding
frequency was larger too compared to the
square pile.

= Pile displacement over frequency was
investigated and it was seen that when
KC=20.1, vibration frequency of square and
circular pile were close together.
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