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Introduction: Developing wind-wave coupled devices is becoming a research
hotspot in offshore renewable energy. While previous studies have primarily
concentrated on the hydrodynamic performance of such devices, few have
addressed sediment scouring near the foundation, which is critical to their safety.

Methods: Therefore, based on the design of a wind-wave coupled device integrating
an offshore fixed wind turbine, a sediment scouring model is developed using the
commercial computational fluid dynamics platform Flow-3D®. The numerical model
is validated using experimental test data, and the sediment scouring and deposition
under the combined effects of waves and currents are investigated.

Results: The results indicate that the oscillating water column tube array can
expand the scouring area but have a minor influence on the maximum scouring
depth. In addition, due to the sheltered effect of the oscillating water column
tubes, the maximum scouring depth near the piles at the far end can be reduced.

Discussion: By optimizing the distance between the tube ends and the seabed,
the maximum scouring depth can be reduced by 22.8%, which is beneficial to the
safety and stability of the foundation of the coupled device. The key findings of
this study provide a more comprehensive design basis for the development and
engineering practice of the wind-wave coupled device.

KEYWORDS

offshore wind turbine, wave energy, oscillating water column, coupled device, sediment
scouring, humerical simulation

1 Introduction

Green and sustainable development has become an irresistible trend globally, and most
countries have agreed to develop renewable energy (Yang et al., 2019). There are abundant
renewable energies in the ocean, such as wind, wave, and tidal streams, with large reserves
and high quality to become a critical part of the future energy mix (Rehman et al., 2023). Of
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all the ocean renewable energies, offshore wind energy technology is
the most mature and widely used one, and it has entered the
industrialization stage. Unlike onshore wind energy, offshore wind
has advantages, including higher power flux density, low turbulence
intensity, small wind shears, and small covering areas (De Azevedo
et al, 2016). In addition, wave energy is a promising ocean
renewable energy, having the advantage of high power flux
density, wide distribution, high accessibility, and low
environmental impacts.

Wave energy converting technologies have yet to converge
compared to offshore wind energy. The construction cost and the
levelized cost of energy (LCOE) are still high, which restricts the
commercial development of wave energy. On the other hand,
according to the associated relationship between the wind and
wave energies, the areas with excellent wind power resources have
good wave power reserves. Consequently, the integrated
development of the wind and wave energies to share the
foundation and electrical system is an alternative solution to
reduce the construction cost of the wave energy device
significantly. Furthermore, the coupled wave-wind energy device
not only enhances the utilization rate of the ocean space but obtains
higher power production density and reduces the LCOE of the
device, promoting the industrialization process of the ocean
renewable energies (Wan et al., 2024). The offshore wind turbines
are mainly the fixed type, including the mono-pile, jacket platform,
and high-rise platform pile foundation. The sediment scouring of
the foundation should be considered to ensure the safety and
stability of the entire structure.

The studies on the sediment scouring problem of the foundation
started early from the mono-pile. Olsen and Kjellesvig (1998)
investigated the local scouring near a vertical cylinder using the
three-dimensional (3D) numerical simulation and proposed a fully
coupled flow-scour model to predict the equilibrium scour depth.
Roulund et al. (2005) calculated the scour of non-cohesive sediment
near a vertical pile using the 3D k-Q turbulence model and reported
that the bed shear stress decreased significantly at the equilibrium state
compared to the initial stage. Zhao et al. (2010) predicted the scouring
process around a cylinder using the k- turbulence model and found
that the shedding number of the horseshoe vortex decreased as the
cylinder height decreased. Bordbar et al. (2021) compared the scouring
performance of the square pier and diamond pier and reported that the
increasing speed of the scouring depth for the square pier was larger,
and the equilibrium scouring pit was deeper. Dixen et al. (2013) studied
the scouring process around a semi-buried sphere and found that the
scouring depth and velocity increased as the horseshoe vortex and lee-
wake flows were considered. Yu et al. (2016) investigated the
geometrical shape of the equilibrium scouring pit of a bucket
foundation in one-way and two-way water flows and reported that
the equilibrium scouring depth (ESD) in the two-way flow was 16%
less than that in the one-way flow. Yu et al. (2019) analyzed the
scouring process of the bucket foundation under the integrated actions
of the wave and tidal stream and found that the scouring area under the
integrated actions was larger than that only in the tidal current.

For the multiple-pile structures, Liu et al. (2022) investigated
the scouring mechanism of the two vertical piles with different gap
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ratios and deployment configurations. For the tandem
configuration, the ESD increased first and then converged as the
gap increased. The ESD was identical to the single pile for the side-
by-side configuration, as the gap ratio was larger than 0.5. The ESD
maintained approximately unchanged for the staggered
configuration as the gap increased. Amini et al. (2012) conducted
an experimental study on a pile group and found that the shielding
and jetting effects caused the local flow and scouring near the piles
to be more complicated. Liang et al. (2017) confirmed the viewpoint
and proposed that the shield and jetting effects reduced as the gaps
between the piles increased. Li et al. (2022) investigated the scouring
problems of a multi-bucket jacket foundation of the wind turbine
and reported that an increase in the scouring depth could cause a
decrease in the horizontal bearing capacity of the foundation, and
the scouring area had minor effects on the bearing capacity. Hu et al.
(2021) experimentally studied the scouring evolution and pattern of
a tripod foundation under the joint actions of the waves and
currents in a wave flume and reported that higher Froude and
Euler numbers could enhance the integration of waves and currents,
resulting in a larger ESD. Welzel et al. (2019) evaluated the scouring
development process of a jacket structure under the coupled actions
of the waves and currents and reported the ESDs in the upstream
and downstream were relatively larger and smaller, respectively.
Kim et al. (2014) conducted a numerical simulation on the scour
around the tandem and side-by-side piles under the clear water
condition, and the numerical predictions agreed well with the on-
site measured data (Liu et al., 2008). The maximum scouring depth
for the side-by-side configuration increased as the distance between
the piles decreased, which increased first and then decreased for the
tandem configuration. Zhang et al. (2017) investigated the local
scouring mechanism around three piles with various configurations
under a constant flow condition using the numerical method and
reported that the scour pit shapes and depths for different
configurations were different.

The existing studies have conducted abundant investigations on
the scour of the fixed offshore wind turbine foundation. Evaluating
the scour at the foundations has become a critical task during the
design of the offshore wind turbine. For the coupled wind and wave
devices, the existing studies mainly focused on the hydrodynamic
characteristics and energy-harvesting performance (Wan et al,
2024). The scour is a crucial factor in causing the instability of
the wind turbine foundation (Zhang et al., 2022, Zhang et al., 2023),
and there was a case that the scour problem caused the
decommission of the wind turbine (Menéndez-Vicente et al.,
2023). It has been proved that the integrated actions of the waves
and currents could significantly enhance the scouring area and
depth around the foundation of the offshore wind turbine (Qi and
Gao, 2014). The existence of the wave energy converter (WEC) can
affect the foundation forces, structural stability, scouring area, and,
subsequently, the safety of the coupled device.

From the literature review, there are few specific studies on the
scour problems associated with the coupled wind and wave device.
There remains a gap in research regarding the design of the WEC
and its effects on sediment scouring and deposition around the
foundation. Moreover, the coupled wind and wave device creates a
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more complex hydrodynamic environment due to the interactions
among waves, currents and solid structures. In this study, a coupled
device consisting of a wind turbine and an oscillating water column
(OWC) WEC installed on a high-rise platform pile foundation is
proposed. A numerical model to evaluate the scour around the
foundation is set up based on the commercial computational fluid
dynamics (CFD) platform FLOW-3D®. The effects of the wind-
wave coupled device on the scour near the foundation are predicted
and analyzed. The main contribution of this study is to clarify the
effect of the added WEC on the scouring conditions around the
wind turbine foundation, in order to assess whether the coupled
device affects the safety of the existing foundation. The results
provide valuable insights for the design and engineering
applications of the coupled wind and wave device.

The rest of this paper is organized as follows: The foundations
of the numerical model are described in Section 2. Model setup and
validations are presented in Section 3. In Section 4, the sediment
scouring performance of two types of devices is compared.
Conclusions can be found in Section 5.

2 Governing equations in the
numerical model

The numerical model is established based on the commercial
CFD platform FLOW-3D®, and the governing equations in the
hydrodynamic model are the continuity equation and the Naiver-
Stokes equation (Flow Science, 2016). The continuity equation
(Equation 1) can be expressed as follows:
(pud, )+ - (pvA)+ - (pwA)=Roge (1)

dy 77 9z z

where Vi is the volume fraction of the flow section; p and ¢
represent the water density and time; u, v, and w are the velocity
components in the x, y, and z directions, respectively; A,, A, and A,
are the area fractions of the flowing fluid in the x, y, and z directions,
respectively; Rpyr is the turbulent diffusion term, which can be
written as Equation 2:
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diffusion; S, is the reciprocal of the turbulent Schmidt number,
and the value is set as 0.7 (Wang et al., 2020).

The Naiver-Stokes equations (Equations 3-5) for the velocity
components u, v, and w are defined as follows:
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where G,, G,, and G, are the components of the gravitational
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acceleration in the x, y, and z directions, respectively; f,, fy, and f, are
the components of the viscous acceleration in the x, y, and z
directions, respectively; p is the pressure of water.

The bed load discharge gy,; can be defined as Equation 6:
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where g, p;, and d; represent the gravitational acceleration,

(6)

sediment density, and sediment median diameter, respectively; ®;
is the coefficient of the bed load discharge, which is determined by
the local Shields number (Equation 7):

Qizﬁ(oi_ecr)L5 (7)

where f is the bed load coefficient, which is set at 8.0 according
to the experiences and relative reference (Fernandez Luque and Van
Beek, 1976); 6,, is the threshold Shields number; 6; is the local
Shields number, which is defined according to the local bed shear
stress T (Equation 8):

T

) ®

i
The governing equation (Equation 9) of the suspended load is
the convection-diffusion equation:

s,i

ot +V- (us,ics,i)zv'V(DCs,i)

)

where Cj,; is the mass concentration of the suspended sediment;
D is the sediment diffusion coefficient; uy,; is the velocity of the
suspended load.

In addition, the entrainment lift velocity of the sediment u;;; can
be defined as Equations 10, 11:

(pi—p)d;ligll

ulift=aNsd2'3(ei_ecr)l.5 p (10)
4o, | PO )
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where « is the entrainment parameter, with a value of 0.018
(Mastbergen and Van Den Berg, 2003); N; is the outward pointing
normal to the packed bed interface; u, represents the dynamic
viscosity of water.

Furthermore, the settling velocity of the sediment t.jie can be
expressed as Equation 12:

14
Ugetling =;f_ [(10.367+1.04942)"°-10.36] (12)
1

where vy is the kinematic viscosity of water.
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3 Setup and validations of the
numerical model

3.1 Numerical model setup

The numerical model is established based on a research project
to validate the integration feasibility of a fixed wind turbine and a
multi-tube OWC-WEQC, as shown in Figure 1. The wind turbines
are installed in an offshore wind farm in Haitan Strait operated by
China Huadian Corporation Ltd. in Fujian Province, China. The
main parameters of the device are listed in Table 1. The foundation
of the wind turbine is a high-rise pile cap, and eight inclined piles
have a slope ratio of 5:1. The OWC-WEC is fixed on the side wall of
the reinforced concrete cap with six tubes in a 2x3 configuration
and a shared chamber. The OWC-WEC is installed facing the
predominant wave direction to improve its efficiency in harnessing
wave energy. A horizontal duct is connected to the shared chamber
to install a self-rectifying air turbine and an electric generator for
power output. The electricity is transmitted to the electrical devices
of the wind turbine for integration. The OWC-WEC and wind

-

H, Reinforced concrete cap

High-rise piles

A

FIGURE 1

Shared chamber

Sea bed

10.3389/fmars.2025.1556924

turbine will be tested for at least one year to validate their joint
operation feasibility. The multiple tubes are easy to manufacture for
modularization. The sea trials of the OWC-WEC installed on the
foundation of an offshore wind turbine can provide sufficient in-situ
operation data for the OWC-WEC and the wind turbine, including
the hydrodynamic and pneumatic characteristics and electrical
performances, which is valuable for further deployment of multi-
tubes with large-scale wave power conversion.

The numerical model of the foundation scouring for a coupled
wave-wind device is set up using the commercial CFD platform
Flow-3D® 11.2 (Flow Science, 2016). The governing equations of
the numerical model are the continuity equation and the Reynolds-
averaged Naiver-Stokes equations. A cubic computational domain
is established for numerical simulations. Since the wind turbine
with the reinforced concrete cap and the shared chamber and duct
used to install the air turbine do not interact with the water flow,
these components are excluded in the numerical model, as they are
considered to have no impact on sediment scouring and seabed
transportation near the foundation. Eight high-rise piles are
deployed, as the actual engineering, with a pile diameter of d, =

2x3 tubes

A coupled wind-wave device integrating an OWC-WEC and an offshore wind turbine. (A) Side view; (B) Top view.

TABLE 1 Main parameters of the coupled wind-wave device.

Parameter Symbol Value
Hei .
eight of the reinforced H, 56m
concrete cap
Height of the shared chamber h 3.5m
7.0 m; 9.5 m; 12.0 m;
Height of the short tubes h; m m m
145 m
Diameter of the reinforced
D, 175 m
concrete cap
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Parameter Symbol Value
Difference of the short and long tubes A 2.0m
Diameter of the tubes d, 0.8 m
Distance between the seabed and the d 2.5m; 5.0 m; 7.5 m;
longest tube g 10.0 m
Diameter of the high-rise piles d, 2.0m
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2.0 m. The length, width, and height of the computational domain
are 45.0 dz, 20.0 dz, and 10.0 dz, respectively. As for the turbulence
model, the RNG k-& model has been proven to be suitable for
addressing sediment scouring issues (Analytis, 2003; Okhravi et al.,
2023; Zheng et al., 2024). Therefore, the RNG k-¢ turbulence model
is employed to close the equations and handle the turbulences near
the walls in the present model. The finite volume method is used to
discretize the governing equations. The generalized minimal
residual method (Steven et al,, 1990) with implicit schemes is
employed for the pressure-velocity coupling solution. The mesh
structures of the coupled model are depicted in Figure 2. Regular
hexahedral meshes with a characteristic length of 1.5 dz are used in
the numerical model. The meshes near the tubes, piles, and seabed
are refined, with a characteristic length of 0.1 dz. The total number
of meshes is approximately 3.0 million.

In the computational domain, the left and right boundaries are
set as the flow inlet and outflow boundary conditions, respectively.
The top and bottom boundaries are set as the pressure outlet and
wall boundary conditions. Two side walls are set as the symmetry
boundary condition. All environmental parameters refer to the
local oceanic conditions in Fujian, China. In the sediment
scouring model, the critical Shields number is fixed at 0.05. The
incident waves employ a regular wave scenario with a wave height
of 1.0 m and a wave period of 5.0 s. The current velocity is fixed at
1.0 m/s. The median sediment diameter is 0.15 mm, and the angle
of repose is 32°.

3.2 Numerical model validation

The numerical model is validated by comparing the predictions
and experimental results from a previous study (Yeh et al., 2009),
which is expected to prove the predicting capability of the
interactions between the water and sediment. In the experimental
test, the sand bed was paved in a flume to be impacted by an
underwater jet flow. The evolution of the scouring pit was observed
for a test duration of 20.0 min. An acoustic Doppler velocimetry

10.3389/fmars.2025.1556924

was used to measure and record the scouring depth at a position
near the jet center to avoid affecting the jet flow. The diameter of the
jet nozzle was 0.127 m, and the jet flow velocity was 2.05 m/s. The
jet height and water depth were 0.76 m and 1.83 m, respectively.
The median sediment diameter was 0.258 mm, and the grain
density was 2.65x10° kg/m”.

The comparison of the scour depth variation at different time
points at the measuring point in the scouring pit between numerical
and experimental results is depicted in Figure 3. The numerical
predictions are derived at the jet center, which is slightly different
from the experimental setup. At the initial point for t = 3.0 min, the
scour depth difference between experimental and numerical results
is larger, by approximately 10.1%, which could be caused by the
instability of the initial pit. The difference between the numerical
and experimental results decreases as the time increases, and the
difference at t = 20.0 min decreases to 6.0%. The average difference
is approximately 7.1%.

The numerical prediction and experimental result of the final
cross-section profile of the scouring pit are compared in Figure 4.
Generally, the numerical and experimental final profiles of the
scouring pit agree well. The final maximum scouring depth
difference between numerical and experimental results is
approximately 6.0%. The overall profile difference might be caused
by the difference in the measuring point. The angle of the pit slope
has a difference of 8.0% in numerical and experimental results. The
angle of repose in the numerical model is set at 45°, which was not
provided in the experimental report and might cause the numerical
error. The comparison results indicate that the numerical model
shows its capability to predict sediment scouring for further studies.

4 Results and discussions
4.1 Problem description

The computational domain of the numerical model for the
sediment scouring at the foundation of the coupled wind-wave

FIGURE 2
Mesh structures of the model.
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FIGURE 3

Comparison of the depth variation at the measuring point in the validation case.

device is depicted in Figure 5. The center of the pile group is located
at X =20.0 dz and Y = 10.0 dz. Six tubes are arranged in two rows
and three columns at X = 15.0 dz and Y = 10.0 dz. The tube
diameter is d. = 0.8 m. The height difference between two rows of
tubes is 1.0 dz, and longer tubes are close to the piles. The
computational domain is divided into three parts: water, air, and
sediment sub-domains. The sediment, water, and air sub-domains
have the heights of 2.5 dz, 6.0 dz, and 1.5 dz, respectively. The
distance between the seabed and the longest tube is defined as dj,
varying from 1.25 dz to 2.50 dz, 3.75 dz, and 5.00 dz. Eight piles are
numbered from I to VIII in a clockwise order. The incident wave
and current directions are defined as positive along the X-direction.

4.2 Sediment scouring near the piles of the
original wind turbine

First, the sediment scouring near the piles of the original wind
turbine under the joint actions of incident waves and currents is
simulated for comparison. During the trial simulations, it was found
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FIGURE 4

Comparison of the cross-section profile of the scouring pit in the
validation case.
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that sediment scouring and deposition begin to converge after 30.0
min in this study. Therefore, the simulation time is fixed at 30.0 min,
and the time points at 5.0 min, 10.0 min, 20.0 min, and 30.0 min are
selected as the typical representing time points for analysis of
all results.

The water flow velocity near the seabed is a critical parameter
affecting sediment incipient motion and its scouring and deposition.
Therefore, the velocity contours of the water flow right above the
seabed on the X-Y plane (Z = 0) at four typical time points are
depicted in Figure 6. The distribution characteristics of the water
flow velocities above the seabed for four typical time points have no
significant difference, indicating that the incident waves have minor
influences on the flow field near the seabed. In addition, the
distribution of the water flow velocity in the X-Y plane is
symmetrical to the Y = 10.0 dz axis. The velocities at two sides of
the piles are accelerated with larger values, which are more
significant for piles I, II, VII, and VIIL. At the positions in front
of and in the rear of the piles, the water flow velocities are relatively
lower. Piles IIT and VI are in the wake of piles IT and VII,
respectively, and the velocities near the piles are significantly
affected by the wake flow. Furthermore, the lowest velocities can
be found in the wake of piles IV and V. A similar phenomenon has
also been observed in studies on the coupled group pile foundations
(Liu et al., 2022).

As the flow field is symmetrical to the axis of Y = 10.0 dz in the
computational domain, the velocity contours of the water flow on
the X-Z planes are only shown in half of the domain in Figure 7.
Two typical X-Z planes are employed: Y = 11.75 dz including the
piles I and IV and Y = 14.50 dz including piles IT and III. The
velocity contours can clearly show the influences of incident waves
on the flow field. As the distance between piles I and IV is large, as
shown in Figure 7A, the flow field between two piles is affected less
by the front one, resulting in more turbulences and larger velocity
values above the seabed between piles I and IV. For piles II and III,
as shown in Figure 7B, the distance is relatively small, and a low-
velocity zone can be observed between the piles with a limited area.
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FIGURE 5

Computational domain of the numerical model. (A) 3D bird view; (B) Side view; (C) Top view.

The development of sediment scouring and deposition near the
piles in the initial 30.0 min can be reflected by the depth variation
contours in Figure 8. The basic distribution characteristics at four
typical time points are similar, with different scouring and deposition
values. The sediment scouring and deposition are also symmetric to the
Y =10.0 dz axis. The sediment scouring can be observed at two sides of
the piles because of incident water flow velocity enhancement. On the
other hand, the sediment depositions are found in the front and back of
the piles, where the water flow velocities are observed to be reduced,
especially for piles IIT and VI, which have the most deposition depths.

The seabed depth variations in the 30.0 min calculation duration
at four points which are near four piles I to IV in a half side with the
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largest scouring depth are depicted in Figure 9. The coordinate (in the
X-Y plane) details of the monitoring points are listed as the follows:
(15.5 dz, 11.5 dz) for Pile I; (18.1 dz, 13.8 dz) for Pile II; (21.8 dz, 13.9
dz) for Pile III; (24.5 dz, 11.6 dz) for Pile IV. It can be observed that
the scouring depths for Pile III are significantly smaller than the
points for other piles during the calculation period. From the velocity
analysis in the contour figures, it could be concluded that Pile III is
sheltered by Pile II and the velocities at two sides of the pile reduce
gradually, resulting in a reduction in the sediment carrying capability
of the water flow and a settlement of the suspended load near the pile.
On the other hand, the distance between piles I and IV is relatively
larger, and the sheltered effects of Pile I to the Pile IV are relatively
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Velocity contours of the water flow on an X-Y plane for the original wind turbine (Z = 0). (A) t = 5.0 min; (B) t = 10.0 min; (C) t = 20.0 min; (D) t =

weak, resulting in more scouring near Pile IV than that near Pile IIL
For piles arranged in a front-back configuration, the scour depth
increases with the distance between the piles, which aligns with the
findings of this study (Liu et al., 2022). The converged scouring depth
for the four points are 0.42 dz, 0.51 dz, 0.32 dz, and 0.52
dz, respectively.

4.3 Sediment scouring near the piles of the
wind-wave coupled device

The velocity contours of the water flow near the piles of the
wind-wave coupled device on an X-Y plane (Z = 0) at t = 30.0 min
for various values of dj, are depicted in Figure 10. The overall effects
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Depth contours from the reference plane near the piles for the original wind turbine (Z = 0). (A) t = 5.0 min; (B) t = 10.0 min; (C) t = 20.0 min;

(D) t = 30.0 min.
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of the distance between the tube ends and seabed on the velocity
distribution of the water flow near the piles are minor. As the
chamber tubes are close to the seabed (d, = 1.25 dz), an
enhancement of the large-velocity area in the rear of the tubes
can be observed, which is caused by an increase in the water flow
rate passing the tube ends because of the blockage of the added
structures near the piles. In general, the prediction results show that
the installation of the tube array has little influence on the flow field
near the piles, indicating that the relative scale of the tube array is
small compared to the original piles, which are the primary critical
factors affecting the water flow field. The velocity contours of the
water flow in the rear of the tube array in an X-Z plane (Y = 10.0 dz)
for various values of dj, are depicted in Figure 11. The tube array has
significant sheltered effects on the near field in their rear area with a

reduction of the water flow velocity. The influence of sheltered
effects on scouring depth was also found in previous studies (Amini
etal., 2012; Ataie-Ashtiani and Beheshti, 2006). In general, in the X-
Z plane, the installation of the OWC system also has limited
influence on the water flow field in the rear of the tube array.

The velocity contours of the water flow near the piles in two
typical X-Z planes at t = 30.0 min for various values of d), are
depicted in Figure 12. The flow fields near the piles for the wind-
wave coupled device are similar to those for the original wind
turbine in Figure 7. In addition, because of the blockage effects of
the tube array, as the distance between the tube ends and seabed is
relatively small, the velocities between the piles I and IV are
enhanced, which might influence the sediment scouring and
deposition near the piles. On the other hand, the sheltered effects
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FIGURE 10
Velocity contours of the water flow on an X-Y plane for the wind-wave coupled device (Z = 0). (A) d}, = 1.25 dz; (B) d}, = 2.50 dz; (C) dj, = 3.75 dz;
(D) d, = 5.00 dz.

of Pile II on Pile III are still evident, resulting in an area with  1.25 dz and dj, = 2.50 dz, the scouring area surrounded by the piles
relatively small velocities. The tube array has no significant  becomes larger because of the velocity enhancement of the water flow
influence on the flow field distribution in this area. caused by the tube array. The scouring depths are limited with the
The depth variations near the piles for the wind-wave coupled  values less than 0.1 dz. As d}, > 2.50 dz, the scouring areas and depths
device at t = 30.0 min for various values of dj, are depicted in  are approximately the same as those for the original wind turbine.
Figure 13. Compared to the depth variations for the original wind The depth variations of the maximum scouring points near
turbine in Figure 8, the differences of the sediment scouring and  different piles during the simulation period for the coupled wind-
depositions near the piles are minor. The positions of the maximum  wave device are depicted in Figure 14. In general, the existence of
scouring points near the piles have few difterences. For instance, the  the tube array can accelerate the development of the scouring depth.
differences in the positions near piles T and IT for d, = 1.25dzand d, =  For piles I to III, the maximum scouring depths are close to those
2.50 dz are both less than 1% of the pile diameter, which can be  for the original wind turbine. On the other hand, for the Pile IV and
ignored considering possible errors in the numerical simulations.  dj, = 5.00 dz, the OWC tubes have little influence on the maximum
Therefore, even for the wind-wave coupled device, the piles still playa  scouring depth. As the dj, value decreases, the maximum scouring

critical role in the sediment movement nearby. In addition, for d, =  depth shows a decreasing varying trend, and the scouring depth
A B
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FIGURE 11
Velocity contours of the water flow in an X-Z plane for the wind-wave coupled device (Y = 10.0 dz). (A) d, = 1.25 dz; (B) d, = 2.50 dz; (C) d}, = 3.75
dz; (D) d, = 5.00 dz.
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FIGURE 12
Velocity contours of the water flows on two typical X-Z planes for the wind-wave coupled device. (A) In the plane of Y = 11.75 dz; (B) In the plane of
Y = 14.50 dz.

reduces 22.8% at t = 30.0 min compared to the case without any The maximum scouring depths at the relative points near
tubes. As mentioned, the scouring area surrounded by the piles  different piles for various values of dj, at ¢+ = 30.0 min are
increases, and the water flow can carry more sediment. When the  compared in Figure 15, where Z,,,, represents the maximum
water flow arrives at Pile IV, the velocity reduces because of the  scouring depth near different piles. In general, installing the
blockage of the pile, resulting in more sediment settlements. OWC system makes a minor contribution to the maximum
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FIGURE 13
Depth contours from the reference plane near the piles for the wind-wave coupled device (Z = 0). (A) dj, = 1.25 dz; (B) dj, = 2.50 dz; (C) d}, = 3.75
dz; (D) d,, = 5.00 dz.
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scouring depths near different piles. On the contrary, as the tube
end is close to the seabed, the existence of the tube array can
significantly reduce the scouring depths near the piles, which is
beneficial to the stability and reliability of the piles. No matter
whether the OWC system is installed on the foundation of the
offshore wind turbine, the sediment scouring depths near piles
I&II and VII&VIII are relatively larger, and the protections
should be conducted using various methods on the seabed near
these piles.

5 Conclusions

A numerical model on the sediment scouring and deposition
prediction near the piles for the fixed offshore wind turbine and an
integrated OWC wave energy converter was established based on a
commercial CFD platform, Flow 3D®, which was validated using
experimental laboratory test data on a typical scouring problem.
The sediment scouring and deposition near the foundation of an
original wind turbine and a wind-wave coupled device under the
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FIGURE 15
Maximum scouring depths near different piles for various d, values.
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joint actions of incident waves and currents for various tube end
lengths are studied numerically.

Under the combined effect of waves and currents, the scouring
phenomenon mainly occurs on both sides of the piles, while the
deposition phenomenon takes place at the rear of the piles. Due to
the relatively small distance between the piles in the direction of
incident waves and currents, the blockage effect is significant, which
leads to a reduction in scouring depth. When the piles are arranged
in a staggered pattern, the blockage effect is reduced, and the flow
field becomes more turbulent as it flows through the pipes, resulting
in an increase in scouring depth.

The distance between the tube ends and the seabed has a
notable impact on the scouring. When the distance is less than
2.5 times the pile diameter, the scouring area near the foundation is
enlarged, and the development of the scouring is accelerated.
However, the overall distribution of scour and deposition around
each pile remains largely unaffected, and there is no significant
increase in the maximum scouring depth near the piles.
Additionally, although the OWC tubes increase the flow velocity
around the seabed, the extent of this increase and the affected area
are relatively small. The tubes also create a noticeable shielding
effect behind them, which significantly reduces the scouring depth
near the piles farther away. The closer the bottom of the tubes is to
the seabed, the more pronounced the shielding effect becomes. This
suggests that in engineering applications of the coupled wind and
wave device, concerns about the bottom of the OWC device being
too close to the seabed and causing increased foundation scour
are unfounded.

Overall, the OWC tube arrays, or other configurations
integrated with the wind turbine, have minimal influence on the
scouring depth of the near piles and might cause a reduction in the
maximum scouring depth near the piles at the far end, which is
beneficial to the stability and reliability of the pile foundation of the
coupled device. In the future, additional factors, such as the effects
of different wind turbine foundations, marine environmental
conditions, seabed geological conditions, and device scales on the
scouring, will be considered to provide more comprehensive
investigations of the device.
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Glossary

A, Area fraction of the fluid in x direction

Se Reciprocal of the turbulent Schmidt number
A, Area fraction of the fluid in y direction

T Wave period

A, Area fraction of the fluid in z direction

u Velocity components in the x direction

Co1 Mass concentration of the suspended sediment
uy Dynamic viscosity of water

d, Tube diameter

Ui Entrainment lift velocity of the sediment

dy Distance between the seabed and the longest tube
Usettling Settling velocity of the sediment

d; Sediment median diameter

Uy Velocity of the suspended load

d, Pile diameter

v Velocity components in the y direction

D Sediment diffusion coefficient

Vs Kinematic viscosity of water

D, Diameter of the reinforced concrete cap

Vo Coefficient of momentum diffusion

f Components of the viscous acceleration
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Volume fraction of the flow section
Gravitational acceleration

Velocity components in the z direction
Components of the gravitational acceleration
Entrainment parameter

Height of the shared chamber

Bed load coefficient

Height of the short tubes

Difference of the short and long tubes

Wave height

Threshold Shields number

Height of the reinforced concrete cap

Local Shields number

Outward pointing normal to the packed bed interface
Water density

Pressure of water

Sediment density

Bed load discharge

Local bed shear stress

Turbulent diffusion term

Coefficient of the bed load discharge.
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