
Citation: Vuong, T.-H.-N.; Wu, T.-R.;

Huang, Y.-X.; Hsu, T.-W. Numerical

Analysis of Local Scour of the

Offshore Wind Turbines in Taiwan. J.

Mar. Sci. Eng. 2023, 11, 936. https://

doi.org/10.3390/jmse11050936

Academic Editor: M. Dolores Esteban

Received: 30 March 2023

Revised: 18 April 2023

Accepted: 24 April 2023

Published: 27 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Marine Science 
and Engineering

Article

Numerical Analysis of Local Scour of the Offshore Wind
Turbines in Taiwan
Thi-Hong-Nhi Vuong 1,2, Tso-Ren Wu 3,4,5,* , Yi-Xuan Huang 3 and Tai-Wen Hsu 6

1 Faculty of Transportation Engineering, Ho Chi Minh City University of Technology (HCMUT),
268 Ly Thuong Kiet Street, District 10, Ho Chi Minh City 700000, Vietnam; vthnhi@hcmut.edu.vn

2 Vietnam National University Ho Chi Minh City, Linh Trung Ward, Thu Duc City,
Ho Chi Minh City 700000, Vietnam

3 Graduate Institute of Hydrological and Oceanic Sciences, National Central University,
Taoyuan City 320317, Taiwan; 109626005@cc.ncu.edu.tw

4 Department of Civil Engineering, National Central University, Taoyuan City 320317, Taiwan
5 Earthquake-Disaster & Risk Evaluation and Management Center, E-DREaM, National Central University,

Taoyuan City 320317, Taiwan
6 Department of Harbor and River Engineering, Center of Excellence for Ocean Engineering,

National Taiwan Ocean University, Keelung City 202301, Taiwan; twhsu@mail.ntou.edu.tw
* Correspondence: tsoren@ncu.edu.tw

Abstract: Rapid expansions of the offshore wind industry have stimulated a renewed interest in
the behavior of offshore wind turbines. Monopile, tripod, and jack-up wind turbines support most
offshore wind turbines. These foundations are sensitive to scour, reducing their ultimate capacity and
altering their dynamic response. However, the existing approaches ignore the seabed’s rheological
properties in the scour process. This study focuses on the scour development around the wind turbine
foundation in the Changhua wind farm in Taiwan. The simulation results explain the influence of
different hydrodynamic mechanisms on the local scours in a cohesive fluid, such as regular waves,
random waves, and constant currents. A newly non-Newtonian fluid model, the Discontinuous
Bi-viscous Model (DBM), reproduces closet mud material nature without many empirical coefficients
and an empirical formula. This new rheology model is integrated and coupled into the Splash3D
model, which resolves the Navier–Stokes equations with a PLIC-VOF surface-tracking algorithm.
The deformation of the scour hole, the backfilling, and the maximum scour depth are exhibited
around the wind turbines. Waves, including regular and irregular waves, do not increase the scour
depth compared with currents only. In the case of random wave–current coupling, the results present
a signal of scour evolution. However, the scour depth is shallow at 0.033 ≤ S/D ≤ 0.046.

Keywords: wind turbines; Bingham rheology model; VOF; Navier–Stokes; LES

1. Introduction

Taiwan’s government actively promotes the utilization of renewable energy, aiming
at strengthening energy autonomy and responding to climate change. The government
aims for renewable energy to represent 20% of total power generation by 2025 and has set
a target of 5.5 GW for offshore wind capacity. Offshore power generation has great potential
for Taiwan [1]. The coastal areas of west Taiwan are rich in wind energy resources [2]. In
addition, the Changhua area has the best wind energy potential on Taiwan’s west coast [3].
Currently, offshore wind turbines in Taiwan are installed underwater at 10 to 50 m.

Taiwan is in the Pacific Rim seismic zone. The Changhua offshore wind farm is located
in western Taiwan. The seabed sediments are mostly sand and clay, which are relatively
soft. Earthquakes occasionally take place, threatening the stability of offshore wind turbine
foundations. Because of these special situations in Taiwan, offshore wind turbines not only
sustain the impact of ocean currents and typhoon waves but also suffer the threats caused
by the local scour of the seabed around the foundation piles.

J. Mar. Sci. Eng. 2023, 11, 936. https://doi.org/10.3390/jmse11050936 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse11050936
https://doi.org/10.3390/jmse11050936
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0001-5722-5364
https://orcid.org/0000-0003-3784-7179
https://doi.org/10.3390/jmse11050936
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse11050936?type=check_update&version=2


J. Mar. Sci. Eng. 2023, 11, 936 2 of 24

In the Taiwan Strait, the waves are combined with currents and waves caused by
typhoons. As for the wave field, this study provides a random wave field under the
analysis of the JONSWAP spectrum in the Changhua Offshore wind farm. This wave field
is the main input hydrodynamic condition when studying the local scour around the wind
turbine systems.

Some offshore wind turbine foundations such as monopile, tripod, jacket, gravity
base, and floating are popular worldwide. The adopted foundation solution depends on
local seabed conditions, water depth, and financial constraints [4]. Monopiles are the most
widely adopted substructure–foundation system for modern offshore wind farms located
in shallow water depths (≤~40 m). Braced support structures (i.e., tripod and jacket) are
more suitable for deeper water and heavier turbines [5,6]. For water depths greater than
50 m, floating platforms for wind turbines will impose many new design challenges [5,6].

In 2019, Chen studied the influence of ocean currents on the monopile and jacket
foundations of offshore wind turbines in Taiwan [1]. Hydraulic model experiments were
conducted to investigate the maximum scour depth and range around pillars in these
foundations [1].

Many wind farms were built in environments characterized by the strong influence
of tides, wind-induced currents, and waves. A scour hole will be developed if the wind
turbines are placed without protection on an erodible seabed [7]. A real-time scour moni-
toring system can improve the safety of structures and afford cost-effective operations by
preventing premature or unnecessary maintenance [8]. Scour in uniform sandy soils has
been studied for decades. The role of waves on sand cannot be ignored [9]. Whitehouse
monitored the scour development due to waves and currents around the installed foun-
dations [10]. Offshore wind turbines founded on loose sands suffer significant stiffness
reductions [11].

However, marine sediments of silty sand or sandy clay do not respond in the same way
as sand. Marine sediment erosion is still uncertain and requires further investigation [12].
Scour prediction in cohesive or multi-modal soils (i.e., clay, silt, sand, gravel mixtures) is
more complex. Typically, the scour process is much slower. The effect of scour depends on
the time the structure will remain at the site [12]. Compared to mobile sand beds, mixtures
of sand, silt, clay, and layered sediments should limit the extent of scour in complex soils.
Further, clay soils can maintain steeper side slopes, affecting scour hole development [12].

The wind turbine foundations are sensitive to scour. Nonetheless, the present ap-
proaches ignore the seabed’s rheological properties in the scour process. This study focuses
on scouring under the consideration of the rheology of the seabed sediment. In this study,
a newly non-Newtonian fluid model, the Discontinuous Bi-viscous Model (DBM), repro-
duces closet mud material nature without many empirical coefficients and the empirical
formula. This new rheology model is integrated and coupled into the Splash3D model,
which resolves the Navier–Stokes equations with a PLIC-VOF surface-tracking algorithm.

The mathematical equations of Splash3D and rheological models are presented in
Section 2. The model validations are shown in Section 3, including regular and random
waves. Sections 4 and 5 give the models’ applications. Section 4 contains four cases of
local scour around a monopile wind turbine. Section 5 holds 4 cases of scouring process
nearby a tripod and jack-up (4-leg) wind turbine. Sections 6 and 7 give some discussions
and conclusions from the study.

2. Numerical Model
2.1. Fluid Solver

This study adopted the Splash3D numerical model to solve breaking wave prob-
lems [13,14]. The model solves three-dimensional incompressible flow with Navier–Stokes
equations. The free surface is tracked by the Volume-of-Fluid (VOF) method [15]. The
domain is discretized by the Finite Volume Method (FVM) [16]. The turbulent effect is close
to the Large Eddy Simulation (LES) model [17]. Detail description is presented in [18,19].
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The mass conservation equation, the momentum conservation equation, and the VOF
equation for the transport of the volume fraction α are defined as:

∂ρ

∂t
+∇·(ρu) = 0 (1)

∂ρu
∂t

+∇·(ρuu) = −∇P +∇·µe

(
∇u + (∇u)T

)
+ fB (2)

where the velocity vector is u, the pressure is P, the body force is fB (gravity force is
an example), and the density is ρ. Equation (1) describes the transport of density, or more
simply, the transport of different fluids within the domain. Equation (2) is a Eulerian
expression of the conservation of fluid momentum. The effective viscosity µe is defined as:

µe = µ
( .
γ
)
+ µt + µm (3)

where µ
( .
γ
)

is the rheology viscosity of the cohesive material calculated by the rheological
model. µt is the viscosity of the sub-grid scale turbulence, of which a detailed calculation is
presented in [18]. µm is the molecular viscosity.

Individual fluids are incompressible. The model considers multiple immiscible fluids
(of different densities) within a domain and retains ρ within the bracketed terms on the left-
hand side of Equation (2). However, as the density of any fluid particle remains constant,

Dρ

Dt
= 0 (4)

and so:
∇·u = 0 (5)

2.2. Rheological Model

The Bingham model [20] is the simplest and the favorite mode to describe the rheolog-
ical properties of the cohesive material. In addition, there are some other rheology models,
namely, the modified Bingham model [21], the Bi-viscosity (or Bilinear) model [22], the
Power law model [23], and the Herschel–Bulkley model [24].

A ball-measuring system measures the rheological characteristics of waste rock ma-
terials and mine tailings materials [25,26]. Both experiment data serials show that the
shear stress of debris flow or mud flow materials can be divided into two regimes based on
a yield shear rate, which defines the materials’ slip surface (yield surface). There is a distinct
peak value of shear stress in a relatively low shear rate regime. After the peak value,
an abrupt decrease in shear stress is observed [26]. This flow curve is also typically used in
soil rheology [25]. This evidence about the distinct peak value and the abrupt decrease in
shear stress promoted the development of the Discontinuous Bi-viscosity Model (DBM),
which is indicated in detail in [19]. The DBM successfully predicted the mud flow and
landslide tsunami in [18,19]. The DBM is written as:

µ
( .
γ
)
=

µA �
τy
.
γy

i f γ < γy

µB +
τy
.
γ

i f γ ≥ γy
(6)

where µA is the viscosity of the un-yield region, µB is the viscosity of the yield zone, τy
is the yield stress, and γy is the yield strain rate. The symbol γ is the second invariant of

the γij, which is defined as γ =
√

1
2 γijγij, where γij =

∂ui
∂xj

+
∂uj
∂xi

. When the shear stress
at the riverbed is lower than the yield stress, the cohesion of the bed material becomes
important, and the riverbed behaves like a rigid boundary. Above the yield stress, the bed
material acts like a Newtonian fluid. The boundary viscosity µA represents the viscosity
of immobile bed material. When the boundary viscosity µA was set as 1010 Pa·s, which is
much larger than the dynamic viscosity of the water (µm = 10−3 Pa·s), the bed material
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was frozen like a rigid material. Four parameters (µA, µB, τy, and γy) are needed to define
the properties of the bed material.

3. Model Validation

A train of regular and random waves is sent into the domains to prove the effectiveness
of the internal source wavemaker model. The numerical waves are validated with the
theoretical solutions at two wave gauges.

The predicted regular waves are compared with the theoretical solution of the second-
order Stokes wave [27]:

η =
H
2

cos(kx−ωt) +
H2k
16

cosh kh
sinh3kh

(2 + cosh 2kh) cos 2(kx−ωt) (7)

The input parameters are wave height H = 6 m, wave period T = 8 s, and water
depth h = 30 m. According to the transitional water waves theory, the wave parameters are
calculated as wavelength L = 96.054 m, wave number k = 0.065 m−1, angular frequency
ω = 0.785 s−1, and wave celerity C = 12.007 m/s. The wave profile at two wave gauges
is validated with Equation (7), shown in Figure 1. At x = 25 m (near the wave maker),
the model wave height is 3.47% higher than the theoretical solution from Equation (7).
However, the wave energy reduces when it propagates. The predicted wave height at
x = 105 m is 8.3% smaller than the analytical solution. That means the wave height decreases
by 14.13% per wavelength.
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(a) 
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Figure 1. Comparison between numerical results and analytical solution of the regular wave. The
wave solution is the second-order Stokes wave with a wave height of 6 m, wave period of 8 s, and
water depth of 30 m; (a) Gauge location at x = 25 m (near the wave maker); (b) Gauge location at
x = 105 m (0.83 L).
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The random wave is simulated based on the averaged JONSWAP spectral, which was
statistically analyzed from buoy data in the Taichung Sea, with the significant wave height
Hs = 6 m, peak wave period Tp = 8 s, and water depth h = 30 m. Figure 2a compares
the theoretical and the predicted JONSWAP spectrum at two wave gauges (x = 25 m and
x = 105 m). The peak angular frequency is ωp = 2π

Tp
= 0.785 (rad/s). The simulated waves

at Gauge 1 have identical peak angular frequency and frequency distribution; however, the
spectrum reduces. This may be because the wave height decreases. At Gauge 2, the peak
angular frequency shifts to 0.8 rad/s, and the spectrum decreases remarkably.
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Figure 2. (a) Comparison between numerical results and analytical solution of the random wave.
The theoretical JONSWAP spectrum (red line) was plotted based on Equation (8). The input wave
parameters were taken from buoy data in the Taichung Sea, with a significant wave height of 6 m,
peak wave period of 8 s, and water depth of 30 m. The black and blue lines were the JONSWAP
spectrum analyzed from the predicted wave at Gauge 1 and 2, respectively. (b) Predicted wave at
Gauge 1 (x = 25 m—near the wave maker). (c) Predicted wave at Gauge 2 (x = 105 m).

4. Monopile Wind Turbine

This study discusses the changes in the bottom bed and the development of local
scour around a vertical pile under the effect of constant current, wave, and wave–current
coupling. Four cases are conducted, with a normal and storm wave conditions numerical
set-up in Table 1. These scenarios are run under storm conditions: the wave height is 4.0 m,
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and the wave period is 5.0 s. A wind turbine’s outer diameter is 6.0 m, and under 20.0 m
water depth is presented.

Table 1. Four cases of monopile hydrodynamics.

Condition No. Wave Type Hydrodynamic Conditions

1 Constant ocean current U = 1.0 m/s

2
Regular wave

(100-year return period storm
wave conditions)

Wave height H = 3.0 m
Wave period T = 5.0 s

3
Regular wave—current

(100-year return period storm
wave conditions)

Wave height H = 3.0 m
Wave period T = 5.0 s

Current velocity U = 1.0 m/s

4
Irregular wave

(100-year return period storm
wave conditions)

Significant wave height Hs = 3.0 m
Peak period Tp = 5.0 s

For waves on ocean currents, the current is uniform over depth and horizontal distance
and flows in the same direction as the waves. The angular frequency includes two terms [27]:
ω = U0k +

√
gktanh(kh), where U0 is the current velocity, k is the wave number, and h is

water depth. The first term on the right-hand side is the angular frequency of the current
only, while the second term is that of the wave only.

The wave direction is principally south-west due to wind, and the wave direction
convention is inverse. In the Taiwan Strait, especially in the Changhua wind farm, the wind
direction is mainly north-east due to the influence of monsoons on Taiwan’s west coast [2].
The study only focuses on the direction of the south-west, which has the largest duration in
a year. That means the wave direction is not discussed in this study. However, in the case
of tripod and jack-up (4-leg) wind turbines, the study area—real topography—is chosen in
the same direction as the wave. We assume that the ripple direction, shown in the seabed
topography, is mainly due to the wave direction of south-west dominant in this study area.
In the case of irregular waves, the average spectrum of Taichung Buoy is used to generate
random waves in the model.

Figure 3 represents the settings of the numerical domain for wave–current scenarios. The
simulations are conducted with a domain of 0.0 ≤ X ≤ 300.0 (m),−50.0 ≤ Y ≤ 50.0 (m), and
−10.0 ≤ Z ≤ 30.0 (m), where x is the streamwise axis, y is the spanwise axis, and z is the
vertical axis. There is also 10 m-thick sediment at−10.0 ≤ Z ≤ 0.0 (m). The 6.0 m-diameter
wind turbine is set at x = 50.0 m and y = 0.0 m. Finer grids (0.5 m) are distributed around the
foundation at 40.0 ≤ X ≤ 60.0 (m),−10.0 ≤ Y ≤ 10.0 (m), and−10.0 ≤ Z ≤ 30.0 (m). The
upstream boundary and inflow currents are set as a velocity Dirichlet boundary condition.
An internal wave maker is settled near the upstream boundary to generate waves inside
the numerical tank. The downstream boundary is hydrostatic to let fluids flow out of the
domain. The pressure Dirichlet boundary condition is applied at the top of the domain,
while the No-slip condition is at the bottom and Free-slip at both lateral sides.

Figure 4 shows the scour depth evolution upstream of the monopile wind turbine
under a constant current U = 1.0 m/s (Condition 1). A local scour forms on the mud bed
quickly before the wind turbine at t = 20.0 s. The scour hole gradually gets deeper until
t = 100.0 s. After t = 100.0 s, the scour hole keeps at equilibrium, in which the width and the
depth of the scour hole do not change significantly. The maximum scour depth is around
1.0 m (S/D = 1/6) upstream of the monopile wind turbine (Figure 5).
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Figure 6 shows the predicted regular wave plotted from the wave gauge G1. The wave
result presents a reflection; however, it is insignificant. Figure 7 shows the change of the
mud bed around the wind turbine under a regular wave (Condition 2). The transformation
of the bed is inconsequential. In this case, the simulation time must be longer to see the
sand bed change and the scour hole’s generation.
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Figure 8 presents the mud bed change and the local scour generation around the
wind turbine under the regular wave and current coupling (Condition 3). The scour hole
generates downstream of the wind turbine along with the appearance of the trough of
the dune at t = 100.0 s. After that, the scour hole disappears, and the dune trough moves
under the effect of the current. At t = 200.0 s, the scour hole is formed again. Normally,
the presence of waves will not increase, but might even decrease; the scour depths are
compared with situations where only currents are present [7]. The flow climate is changed
from current to wave, combined waves and current, or wave to a smaller wave, leading to
the backfilling of the scour hole [28,29]. That explains the disappearance and reappearance
of the local scour within the given time frame. The maximum scour depth is around 0.5 m
(S/D = 1/12) downstream of the wind turbine (Figure 9). The equilibrium has not been
reached yet in this case.
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The random wave is generated by JONSWAP spectral, in which the data are analyzed
from the average spectrum of Taichung Buoy. This wave is a 100-year return period, in
which the wave height is 3.0 m and the wave period is 5.0 s. In addition, the current is U
= 1.0 m/s. The random wave is sent using the JONSWAP spectral formulation [30]. The
JONSWAP spectral formulation is given as

Sp(ω) =
αg2

ωM exp
(
−M

N

(ωp

ω

)N)
γ

exp (
−(ω/ωp−1)2

2σ2 ) (8)

where α is the Phillips constant, expressed as follows:

α ≈ 5.061
H2

s
T4

p
(1− 0.287 ln(γ)) (9)

A standard value for the peak enhancement factor is γ = 3.3. However, the correct
approach is to relate γ to Hs and Tp:

γ = exp

(
3.484

(
1− 0.1975

(
0.036−

0.0056Tp√
Hs

) T4
p

H2
s

))
(10)

According to the recommendation of [30], M = 5 and N = 4. ωp is the peak angular
frequency component of the spectrum. σ is the spectral width parameter, describing the
change in energy slope around the peak angular frequency:

σ =

{
σa = 0.07, ω ≤ ωp
σb = 0.09, ω > ωp

(11)

Figure 10 shows the sea surface elevation at the center in the y-direction. This figure
proves that our model can successfully generate random waves using the
JONSWAP spectrum.
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Figure 11 shows the mud bed change and the local scour generation around the wind
turbine under irregular waves (Condition 4). The local scour gradually creates before the
wind turbine until t = 60.0 s. After that, the scour hole disappears due to the back-and-forth
movement of the wave. At t = 220.0 s, the scour hole is formed again; however, it is bigger
and deeper than that at t = 60.0 s. The equilibrium has not been reached yet in this case. The
simulation time must be longer to see the equilibrium of the scour hole. An extremely wide
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scour hole, whose diameter is 20.0 m, generates in front of the wind turbine. The maximum
scour depth is around 0.5 m (S/D = 1/12) upstream of the wind turbine (Figure 12).

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 12 of 25 
 

 

  

  

  

  

  

Figure 11. The mud bed change and local scour generation around the wind turbine under irregular 
waves. 

Figure 11. The mud bed change and local scour generation around the wind turbine under
irregular waves.



J. Mar. Sci. Eng. 2023, 11, 936 12 of 24J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 13 of 25 
 

 

 
Figure 12. The local scour around the wind turbine at t = 220.0 s. 

  

  

  

Figure 12. The local scour around the wind turbine at t = 220.0 s.

Figure 13 presents the change of the mud bed and the generation of local scour around
the wind turbine under irregular waves and current coupling. Similarly, the local scour
gradually creates before the wind turbine until t = 60.0 s. However, the local scour in this
case is larger and deeper than in irregular cases. After t = 60.0 s, the scour hole disappears
due to the back-and-forth movement of the wave. In this case, the scour hole needs more
time to form again. The equilibrium has not been reached yet in this case. The simulation
time must be longer to see the equilibrium of the scour hole.
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Figure 13. The mud bed change and the local scour generation around the wind turbine under
irregular waves and current coupling.

5. Tripod and Jack-Up (4-Leg) Wind Turbines

In these cases, random waves were sent into the domain using the JONSWAP spectral
formulation. The JONSWAP spectral formulation is given as Equation (8). The wave is
a 100-year return period, in which the wave height is 6.0 m and the wave period is 8.0. The
storm condition’s current velocity is 2.6 m/s. Wave direction is not discussed in this study.
In the case of irregular waves, the average spectrum of Taichung Buoy is used to generate
random waves in the model.

Figure 14 shows the random wave’s free surface, horizontal velocity u, and vertical
velocity w at the wave gauge location at x = 16.0 m (the beginning of the domain) by the
JONSWAP spectral formulation. The significant wave height is Hs = 6.0 m and peak period
Tp = 8.0 s. Regarding horizontal velocity profile u, positive values appear in crest areas of
the waves, while negative values prevail in trough areas. The maximum magnitude of the
positive and negative velocity equals about 5.0 m/s. The maximum magnitudes perform
near the free surface; however, the velocity magnitude near the bottom is only 1.0–2.0 m/s.

Regarding vertical velocity profile w, positive values appear on the stoss-side of the
waves, while negative values prevail on the lee-side. The vertical velocity w gradually de-
creases along the water depth and equals zero at the sea bottom. The maximum magnitude
of the positive velocity (7.0 m/s) is greater than that of the negative velocity (−5.0 m/s).
The maximum magnitudes perform near the free surface.

Figure 15 shows the free surface, horizontal velocity u, and vertical velocity w of the
random wave coupled with current U = 2.6 m/s at the wave gauge location at x = 16.0 m
(the beginning of the domain) by the JONSWAP spectral formulation. The significant wave
height is Hs = 6.0 m and peak period Tp = 8.0 s. In the free surface figure, we see not
only the random wind wave, with a period of around 4.0–8.0 s, but also the infra-gravity
waves, with a period of about 120.0 s. In terms of horizontal velocity profile u, although
the current velocity is set at 2.6 m/s, the maximum magnitude of the positive velocity
(8.0 m/s) is much larger than that of the negative velocity (−4.0 m/s). The horizontal
velocity magnitude near the bottom is only 2.0–3.0 m/s. Regarding vertical velocity profile
w, the maximum magnitude of the positive velocity (7.0 m/s) is greater than that of the
negative velocity (−5.0 m/s). The maximum magnitudes perform near the free surface.
The vertical velocity w gradually decreases along the water depth and equals zero at the
sea bottom.



J. Mar. Sci. Eng. 2023, 11, 936 14 of 24J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 15 of 25 
 

 

 

 
Figure 14. In the case of random waves, water-free surface, horizontal velocity u, and vertical veloc-
ity w, the significant wave height Hs = 6.0 m, peak period Tp = 8.0 s. 

Figure 15 shows the free surface, horizontal velocity u, and vertical velocity w of the 
random wave coupled with current U = 2.6 m/s at the wave gauge location at x = 16.0 m 
(the beginning of the domain) by the JONSWAP spectral formulation. The significant 
wave height is Hs = 6.0 m and peak period Tp = 8.0 s. In the free surface figure, we see not 
only the random wind wave, with a period of around 4.0–8.0 s, but also the infra-gravity 
waves, with a period of about 120.0 s. In terms of horizontal velocity profile u, although 
the current velocity is set at 2.6 m/s, the maximum magnitude of the positive velocity (8.0 
m/s) is much larger than that of the negative velocity (−4.0 m/s). The horizontal velocity 
magnitude near the bottom is only 2.0–3.0 m/s. Regarding vertical velocity profile w, the 
maximum magnitude of the positive velocity (7.0 m/s) is greater than that of the negative 
velocity (−5.0 m/s). The maximum magnitudes perform near the free surface. The vertical 
velocity w gradually decreases along the water depth and equals zero at the sea bottom. 

Figure 14. In the case of random waves, water-free surface, horizontal velocity u, and vertical velocity
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To study the effect of random waves with/without current on the tripod and jack-up
wind turbines, a domain, which is 500 m long, 200 m wide, and 60 m high, is set up
with three layers (Figures 16 and 17). The first layer is mud, loaded by topography data
(Figure 18). The second layer is water (the water level at z = 0.0 m). The third layer is air.
The mud’s parameters refer to the failure of the Shuang-Yuan Bridge in the event of the
2009 Typhoon Morakot: the yield stress of the mud is τ0 = 1600 Pa, the mud density is
ρ = 1500 kg/m3, the viscosity of the liquefied zone is µB=10 Pa·s, and the viscosity of the
plug zone is µA = 1× 1010 Pa·s. The wave maker creates random waves at the left boundary.
Four numerical cases are carried out using the numerical set-up in Figures 16 and 17. Two
cases are provided without the current, and two are supplied with the current. The diameter
of the vertical and horizontal structures are 3.0 m and 2.0 m, respectively. The sponge
layer is used to absorb the reflective wave. The right boundary condition is modified with
a Hydrostatic Outflow condition to mimic the open boundary condition. A wave gauge
system including three gauges estimates the wave and velocity along the domain.

This study provides four cases to study the random wave and current effect on the
tripod and the jack-up wind turbine systems. The wave conditions and the wind turbine
configurations are presented in Table 2.
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Table 2. Four cases of tripod and jack-up (4-leg) hydrodynamics.

Case No. Wave Type Wind Turbine Type Significant Wave (Hs) Peak Period (Tp) Current Velocity (U)

5-1 Irregular wave Tripod

6.0 m 8.0 s

-

5-2 Irregular
wave—current Tripod 2.6 m/s

5-3 Irregular wave Jack-up (4-leg) -

5-4 Irregular
wave—current Jack-up (4-leg) 2.6 m/s

5.1. Case 5-1: Tripod Wind Turbine under Random Waves

Figure 19 shows the maximum negative and positive velocity values near the bottom
when the waves pass the tripod wind turbine without current. One interesting thing is
that the maximum absolute value of negative velocity is 2.0 m/s, while the maximum
absolute value of positive velocity is 2.6 m/s. That causes the local scour downstream of
both vertical and horizontal piles, as seen in Figure 20.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 19 of 25 
 

 

In case 5-1, the maximum absolute velocity near the bottom 𝑢 = 2.0 m/s, the peak 
wave period 𝑇 = 8.0 s, and the cylinder diameter 𝐷 = 3.0 m. So, 𝐾𝐶 = 5.3. In theory, no 
scour hole is formed in this case. In the simulation results, we only witness the develop-
ment of local scour around the horizontal pile downstream. 

 
Figure 19. In this case, the maximum and minimum velocities near the random bottom wave affect 
the tripod wind turbine. 

 

 
Figure 20. The 3D and the top view of the case random wave affecting tripod wind turbine. 

Figure 19. In this case, the maximum and minimum velocities near the random bottom wave affect
the tripod wind turbine.

In the case of waves, the horseshoe vortex and the lee-wake vortex govern the scouring.
These two processes are primarily described by the Keulegan–Carpenter number, KC, which
is defined as:

KC =
umTp

D
(12)

where um is velocity near the bottom, Tp is the peak wave period, and D is the cylinder
diameter. When KC < 6, no horseshoe vortex develops; therefore, no scour hole is formed.
The scour hole develops when KC ≥ 6, and the empirical formula for the equilibrium scour
depth S is [31]:

S
D

= 1.3{1− exp[−0.03(KC− 6)]} (13)

In case 5-1, the maximum absolute velocity near the bottom um = 2.0 m/s, the peak
wave period Tp = 8.0 s, and the cylinder diameter D = 3.0 m. So, KC = 5.3. In theory, no
scour hole is formed in this case. In the simulation results, we only witness the development
of local scour around the horizontal pile downstream.
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5.2. Case 5-2: Tripod Wind Turbine under Random Waves and Current

Figure 21 shows the maximum negative and positive velocity values near the bottom
when the waves pass the tripod wind turbine in the case with the current. In this case,
the random waves are compiled with the current velocity, U = 2.6 m/s. The maximum
absolute value of the positive velocity is mildly larger than the maximum absolute value of
the negative velocity. The maximum absolute velocity near the bottom is um = 2.54 m/s.
So, KC = 6.8. The local scour occurs more upstream of both vertical and horizontal piles, as
seen in Figure 22. According to the empirical Formula (13), the scour depth is S = 0.089 m
(S/D = 0.033).
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Figure 22. The 3D and the top view of the case random wave–current affecting tripod wind turbine.

5.3. Case 5-3: Jack-Up (4-Leg) Wind Turbine under Random Waves

Figure 23 shows the maximum values of negative and positive velocities near the
bottom when the waves pass the jack-up wind turbine in the case without current. The
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maximum absolute value of negative velocity is 2.0 m/s, while the maximum absolute
value of positive velocity is 2.6 m/s. That causes the local scour downstream of the piles,
as seen in Figure 24.
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In cases 5-3, the maximum absolute velocity near the bottom um = 2.0 m/s. The KC
standard [31] is applied for both regular and irregular waves, according to Equation (12),
KC = 5.3. In theory, no scour hole is formed in this case. In the simulation results, however,
we can see the signal of scouring development, although the scour depth is shallow.
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5.4. Case 5-4: Jack-Up (4-Leg) Wind Turbine under Random Wave—Current

Figure 25 shows the maximum negative and positive velocity values near the bottom
when the waves pass the jack-up wind turbine in the case with the current. In this case, the
random waves are compiled with the current velocity U = 2.6 m/s; however, the maximum
absolute value of the positive velocity is slightly greater than the maximum absolute value
of the negative velocity. The local scour occurs more significantly upstream of the piles, as
seen in Figure 26.
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In cases 5-4, the maximum absolute velocity near the bottom is um = 2.7 m/s. So,
KC = 7.2. The local scour occurs more significantly upstream of the vertical piles, as seen
in Figure 26. According to the empirical Formula (13), the scour depth is S = 0.138 m
(S/D = 0.046).

6. Discussions

This study’s simulation time is only about 200–250 s. The equilibrium state is reached
when current passes the monopile wind turbine. The maximum scour depth at the equilib-
rium state is S/D = 1/6. However, roughly 30–50 waves pass the wind turbine systems for
cases of waves. Therefore, the equilibrium state has not been reached in these cases. The
maximum scour depth, approximately S/D = 1/12, is only the maximum in the 200–250 s.
It is not the maximum local scour at the equilibrium state. In the case of random wave
–current coupling, the results present a signal of scour evolution. However, the scour depth
is shallow at 0.033 ≤ S/D ≤ 0.046.

7. Conclusions

This study uses an in-house code model—Splash3D coupling with a Discontinuous
Bi-viscous Model to study the scour phenomena around different wind turbine systems.
Local scour under the effect of the current, wave, and wave–current coupling is discussed
in this study. Both regular and irregular waves are generated and propagated to the domain
using the internal source model. The irregular waves are formed by JONSWAP spectral
formulation based on the average spectrum of Taichung Buoy. Three configurations of
wind turbines are introduced in this study, including monopile, tripod, and jack-up wind
turbines. The results lead to the following important remark points:

• Waves, including regular and irregular waves, do not increase the scour depth com-
pared with currents only.

• The backfilling phenomenon of the scour hole explains the disappearance and reap-
pearance of the local scour in the wave conditions.

• In the case of random wave–current coupling, the results present a signal of scour
evolution. However, the scour depth is shallow at 0.033 ≤ S/D ≤ 0.046.
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