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Abstract: This study predicted the motion response and power performance of a floating wind
turbine system equipped with a semisubmersible Taida platform, an IEA 15 MW wind turbine, and a
3 x 2 mooring design in the Hsinchu offshore area in the Taiwan Strait. The hydrodynamic properties
were calculated using ANSYS-AQWA and STAR-CCM+. The motion equations were solved by
OrcaFlex to obtain the motion response and generator power, as well as the dynamics of the mooring
system and aerodynamics of the wind turbine. The waves were assumed to share the same direction
as the wind. This study compared the mean values and standard deviations of the motion response,
generator power, and mooring line tension between the potential- and viscous-flow approaches by
considering the combination of seven wind directions and four current directions under two wave
conditions in the Hsinchu offshore area. The numerical prediction shows that the viscous effect has
a larger impact on the hydrodynamic properties in the heave, roll, and pitch motions. The angle
between the leading mooring line of the system and dominant wind direction in the Taiwan Strait,
which comes from the northeast, should be from 120° to 180° in order to deliver a relatively favorable
performance of the system.

Keywords: floating wind turbine; semisubmersible; hydrodynamic properties; operating perfor-
mance; Hsinchu offshore area; Taiwan Strait

1. Introduction

In April 2022, the Global Wind Energy Council (GWEC) reported that more than
93.6 GW of onshore and offshore wind energy capacity was newly installed in 2021, and
that the total amount of the global wind energy capacity has exceeded 837 GW, which is the
second highest record over the years [1]. The development of green energy, and especially
wind power, is one of the most important global issues of the future. The government of
Taiwan aims to install an offshore wind energy capacity of 20 GW by 2035 [2]. Having
high wind power potential, the Taiwan Strait is a promising site for developing offshore
wind turbines, and especially in the area where the water depth exceeds 50 m [3]. When
an increasing water depth heavily challenges the cost and installation of bottom-fixed
offshore wind turbines, floating wind turbines are a relatively economical solution in
deep waters. Thus, research on the motion response and generator power of floating
offshore wind turbines is an important task to efficiently explore the offshore wind energy
in the Taiwan Strait.

Previous studies on the offshore wind resources and environment conditions of the
Taiwan Strait are first summarized. The seismic and geological data of the Zhangbin
offshore area were analyzed in [4], and the influence of climate change on the wind
resources in the Taiwan Strait was predicted in [5]. The performances of different types
of floating platforms have also been investigated in related research. The various design
concepts for floating offshore platforms are commonly categorized into four basic types:
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spar, semisubmersible, barge, and tension leg platforms [6]. The motion response of spar-
type platforms was studied in [7-9]. References [10,11] investigated the motion response of
semisubmersible platforms. Li, et al. [12] compared the hydrodynamic and global motion
behavior in the South China Sea among semisubmersible, tension leg, and spar-type
platforms. According to [12], the spar-type platform has a better performance in general,
but it requires a deep-water depth. De Guzman, et al. [13] proposed a reduced-draft-spar
concept with high stability for shallow-water regions. In contrast, the performance of
the semisubmersible platform is promising because it only requires a relatively shallow
water depth, which is suitable for the area with of the Taiwan Strait with high wind power
potential, where the water depth ranges from 50 m to 70 m. For semisubmersible platforms,
pontoons and columns provide resistance to aerodynamic loads, and braces and trusses
deliver resistance to hydrodynamic loads. However, the complex construction of the
tower systems, either at-center or off-center [14], might involve issues of structural fatigue.
Moreover, the early research on the performances of floating offshore wind turbines mainly
focused on the NREL 5 MW [15] and DTU 10 MW [16] wind turbines. The current tendency
for offshore wind turbines is designs with increasing rotor sizes. For example, Liu and
Manuel [17] developed the mooring systems for a 13.2 MW wind turbine. IEA 15 MW
offshore wind turbines [18] are rarely employed in the related studies for the Taiwan Strait.
Therefore, the performance of a wind turbine system equipped with an IEA 15 MW wind
turbine under the metocean conditions of the Hsinchu offshore area, which is one of the
sites with the most potential in the Taiwan Strait, requires further study.

Studies in the field of floating offshore wind turbines have adopted various approaches.
Udoh and Zou [19] used coupled OrcaFlex and FAST simulation to study the motion
response of the DTU 10 MW mounted on various platforms. Zhang, et al. [20,21] solved
the viscous-flow field of the OC5 DeepCwind semisubmersible platform with an NREL
5 MW wind turbine. Because the viscous-flow calculation generally requires tremendous
computational resources, it is not efficient for the transit analysis of irregular waves. Instead
of using time-consuming viscous-flow calculations, the authors of [22] computed the
hydrodynamic coefficients via the boundary element method based on the potential-flow
theory. Luquet, et al. [23] solved viscous-flow fields via the explicit spectrum method to
investigate the nonlinear free-surface effect of a tension leg platform. Sethuraman and
Venugopal [24] conducted a seakeeping experiment of a ballasted floater with a 2 MW
wind turbine and compared it with OrcaFlex numerical results. Reference [25] analyzed the
motion response of a 5 MW wind turbine on a semisubmersible platform, and they found
that the bottom plates on the pontoon had significant effects in reducing the wind-induced
rolling. Nematbakhsh, et al. [26] developed a viscous-flow code to study the performance
degradation of a floating 5 MW wind turbine in extreme sea states in the North Sea. The
study concluded that the nonlinear interaction between the floater and free surface could
not be described by the potential-flow theory. Reference [27] used OpenFOAM to simulate
the motion response of a moored floater, and they validated the numerical results against
experiments. Karimirad and Michailides [28] coupled several types of software, including
HydroD, GeniE, WAMIT, SIMA, Simo-Riflex, and Simo-Riflex-Aerodyn, to analyze a 5 MW
wind turbine on a semisubmersible platform under normal and extreme conditions. The
study found that oblique wave loads contributed to the yaw motion. Zheng and Lei [29]
analyzed a floating offshore wind turbine integrated with a steel fish farming cage by
coupling FAST and WAMIT, and they found that its design is more resistant to overturning,
heaving, pitching, and surging than OC3Hywinde3 and OC4DeepCwind. Ishihara and
Zhang [30] used ANSYS-AQWA with the corrected Morison equation to study the motion
response under irregular waves. The numerical results were then compared with the model
test measurements. Lerch, et al. [31] considered three main degrees of freedom in FOWAT,
FAST, and MATLAB to compute a 5 MW floating wind turbine in the European offshore
regions, where the expected power capacity factor can reach 75%. Reference [32] used
WADAM, which is a frequency-domain potential-flow solver, to simulate a moored 5 MW
floating wind turbine with a water depth between 50 m and 70 m. The horizontal load in
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the mooring lines was dominated by the wave load, while the axial tension was determined
by the residual buoyancy. Ferrandis, et al. [33] compared the potential-flow-based and
viscous-flow-based solvers AQWA, AEGIR, and STARCCM+, in the aspects of the viscosity
and nonlinearities in the motions of a semisubmersible platform. When the frequency of
the incident wave is closed to the natural frequency of the floater, the viscous solver can
better describe the motions.

To lower the production cost, and to adapt the floating offshore wind turbine sys-
tem to the metocean conditions in the Taiwan Strait, designing an indigenous floating
offshore wind turbine is an essential task for Taiwan. The Taida floating platform [34] is an
original delta-shaped semisubmersible platform designed by a research team at National
Taiwan University. The proposal contains a new design shape for the floater, which is
capable of delivering significant viscous damping to stabilize the motion in waves. The
motion-induced viscous damping here is specifically addressed through the viscous-flow
approach. This study predicted the motion response, generator power, and mooring line
tension of a 15 MW floating wind turbine system equipped with a Taida platform, an IEA
15 MW offshore wind turbine, and a 3 x 2 mooring design under the metocean conditions
in the Hsinchu offshore area in the Taiwan Strait. Several aspects of viscous damping
via comparison with the potential-flow approach are the second highlight of this study.
According to [35], the local wind in the Taiwan Strait most likely comes from the northeast,
with a probability of about 70%. The third highlight of this study is its aim to find the
orientation range of the Taida platform with respect to the dominant wind direction, where
the motion response and power output are the most favorable under the conditions of
normal operation.

The present study is written in the following structure. Section 2 describes the Taida
platform design. Section 3 describes the numerical framework and each submodule applied
in the simulation. Section 4 discusses the motion response, power output, and mooring lines.
Detailed comparisons between normal and high waves and between the potential-flow and
viscous-flow modeling are included. Section 5 concludes the research.

2. Wind Turbine System Design
2.1. Floating Platform Design

The Taida platform, which was designed to carry a 15 MW wind turbine, was consid-
ered the target platform in this study. According to the design constrains of a 15 MW wind
turbine system given in [34,36], the characteristic length of the Taida platform is limited to
85 m to fit in the drydock of a potential shipyard in Taiwan for production, and the wind
turbine system is limited to a pitch angle between —10° and 10° and a mean pitch angle
between —5° and 5° during normal operation.

The Taida platform is a three-column delta-shaped semisubmersible floating platform
with a characteristic length of 81.6 m, height of 35 m, and draft of 20 m. The column
under the turbine is 60% wider than the other two columns with the same size. The total
displacement of the system is 23.683 kton. The specifications and dimensions of the Taida
platform are shown in Table 1 and Figure 1, respectively.

Table 1. Specifications of Taida platform.

Properties (Unit) Value
Draft (m) 20
Total System Displacement (kton) 23.683
Total System CG (m) (4.117,0, —2.29)

Lix 4932 x 1010
Ly 5.335 x 1010
10
Principal Inertias about CG (kg-m?) ﬁ‘; 353743 4>< xl(i 05
Lz —9.954 x 10°

Iy —3.047 x 10°
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Figure 1. Dimensions of Taida platform.

2.2. Mooring Design

A 3 x 2 mooring design was employed in this study. The mooring line was designed
with the following constraints [37]: the allowable offset of the wind turbine system was 30%
of the water depth, which was 21 m, to protect the dynamic cables, the anchor weight was
preferably less than 18 tons, and the mooring chain was limited to a diameter of 16.51 cm.

Table 2 shows the specifications of the mooring lines. The Taida platform is equipped
with two mooring lines on each column, and the angle between these two mooring lines is
10°, as shown in Figure 2. The fairleads are 18 m below the free surface. The water depth is
assumed to be 70 m. The length of an unstretched mooring line is 448 m. The break load of
the mooring line is 14.96 MN.

Table 2. Specifications of mooring lines.

Properties (Unit) Value
Number of Mooring Lines 3x2
Angle between Adjacent Lines (°) 10/119.8

Depth to Anchors below SWL (m) 70
Depth to Fairleads below SWL (m) 18

Radius Measured from Centroid of Platform to Anchors (m) 484.3
Radius Measured from Centroid of Platform to Fairleads (m) 471
Unstretched Mooring Line Length (m) 448

Mooring Line Diameter (m) 0.229

Mooring Nominal Diameter (m) 0.127
Mooring Line Mass Density (kg/m) 321

Mooring Line Break Load (MN) 14.96

Mooring Line Axial Stiffness (GN) 1.377

2.3. Wind Turbine Design

An IEA 15 MW offshore wind turbine was employed in this study. The detailed design
is given in [18,38]. The specifications and dimensions of the IEA 15 MW wind turbine are
shown in Table 3 and Figure 3, respectively. It is an upwind wind turbine with three blades.
The cut-in, rated, and cut-out wind speeds are 3 m/s, 10.59 m/s, and 25 m/s, respectively.
The cut-in and rated rotor speeds are 5 RPM and 7.56 RPM, respectively. The hub height
and rotor diameter are 150 m and 240 m, respectively. The DTU FFA-W3 airfoil series was
used in the blade design of the IEA 15 MW offshore wind turbine. Figure 4 shows the
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dependence of the blade pitch angle (B;), generator power (P;), rotor speed (€);), and rotor
thrust force (T;) on the wind speed at hub height (Uy).

403.8 m

70 m

403.8 m

3

277.3m 484.3 m

Figure 2. Mooring design of wind turbine system.

Table 3. Specifications of IEA 15 MW offshore wind turbine.

Properties (Unit) Value
Rated Power (MW) 15
Blade Length (m) 120
Hub Height (m) 150
Hub/Rotor Diameters (m) 7.94/240
Tower Base Diameter (m) 10
Hub Overhang (m) 11.35
Cut-in/Rated /Cut-out Wind Speeds (m/s) 3/10.59/25
Cut-in/Rated Rotor Speeds (RPM) 5/7.56
Shaft Tilt/Precone Angles (°) 6/4
Rotor Nacelle Assembly Mass (ton) 1016.6
Tower Mass (ton) 860

7.94 m

2240 m

150 m

@10 m — j—

Figure 3. Dimensions of IEA 15 MW offshore wind turbine.
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Figure 4. Comparison of (a) blade pitch angle, (b) generator power, (c) rotor speed, and (d) rotor
thrust force between this study and [18].

3. Numerical Methods

A numerical framework for predicting the motion response and power performance of
a floating wind turbine system is proposed in this study (Figure 5), in which the metocean
condition of the Hsinchu offshore area is referenced from [35,39]. The hydrodynamic
properties were predicted using ANSYS-AQWA via the potential-flow approach. The forced
motion of the platform was simulated using STAR-CCM+ to obtain the hydrodynamic
properties considering the viscous effects. The aerodynamics and dynamics of the mooring
system were calculated using OrcaFlex via the blade element momentum theory and finite
element method. With all these results, the equations of the motions were solved, and the
motion response and generator power of the wind turbine system were obtained.

Force / Moment Stiffness U(rln)]lijl)c\
Control System

Viscous Damping | potential Approach
l Viscous Approach |

Hydrodynamic Coefficients / RAOs / QTFs

- | Equations of Motion |

|

Motion Response
Generator Power

Figure 5. Numerical framework for floating wind turbine performance prediction.

Figure 5 shows the numerical framework for predicting the motion response and
power performance of a floating wind turbine system. The numerical details of ANSYS-
AQWA for the potential-flow hydrodynamic coefficients, STAR-CCM + for the viscous
damping, and OrcaFlex for the aerodynamics of the wind turbine, mooring, and motion, are
elaborated in the following sections. The proposed framework was benchmarked with the



J. Mar. Sci. Eng. 2023, 11, 457

7 of 34

National Renewable Energy Laboratory (NREL)’s OC4 DeepCwind with a 5 MW wind tur-
bine [10]. The results of the motions, rotor speed, pitch angle, and power generation agreed
with the NREL reports [40] and thus confirmed that the proposed numerical framework
is reliable. In addition, Hong [11] successfully predicted the performance of a disk-type
semisubmersible floating wind turbine system installed in the Taiwan Strait. The same
framework was also adopted in this study.

3.1. Equations of Motion

To predict the motion response and power performance of the floating wind turbine
system, the motion equations with coupled effects were solved in OrcaFlex. The equation
of the motion of the floating body is given as follows:

6
Z (Ml] + Al-]-)x}' + Bl]x; + CZ]JC] =F+ Fio, (1)
=i

where M;; is the body mass; A;; is the added mass; B;; is the damping; Cj; is the stiffness
of the floating body; x; is the displacement; x;’ is the velocity; x;” is the acceleration. The
subscripts (i,j =1, 2, ..., 6) refer to the six degrees of freedom (i.e., surge, sway, heave,
roll, pitch, and yaw), respectively. On the right-hand side of the equations, F; is the wave-
exciting force, and F; is the force other than the fluid force, such as the aerodynamic loading
and mooring tension. Aj;, Bjj, Cjj, and F; come from the results of ANSYS-AQWA, as well as
from the viscous damping prediction. The wave drift force, which is a kind of second-order
force, is considered, while the motion response is solved in the time domain. The predicted
viscous components are used in AQWA to obtain the response amplitude operators (RAOs).
As shown in Figure 6, the fluid force, which is divided into hydrodynamic force and
hydrostatic force, is composed of Aijx}', Bl-]-x;, C jiXjs and F;. The hydrodynamic force is
further divided into the wave-exciting force and radiation force. The former, which is a com-
bination of the Froude-Krylov force and diffraction force, is provided by incoming waves
under the condition that the floating body is fixed, while the latter, which is a combination
of the added inertia force and damping force, is caused by the forced motion of the floating
body without considering incoming waves. The Froude—Krylov force on the floating body
is introduced by the unsteady pressure field generated by undisturbed waves, while the
diffraction force is due to the disturbance of the floating body to the incoming waves.

Hydrodynamic Force

Wave Exciting Force

Froude-Krylov Force

" !
----------

Figure 6. Components of fluid force.

3.2. Potential-Flow Modeling

Under the assumption of linear and small-amplitude waves, the hydrodynamic prop-
erties of the floating body were predicted in ANSYS-AQWA via the panel method, which
is based on the three-dimensional potential-flow theory [41]. The flow field was assumed
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to be inviscid, irrotational, and incompressible in the potential flow. The added mass and
damping were obtained from the radiation force (F,):

6 6
F = H Y iwx;@i(x,y,z)e " “ny(x,y, z) Z ] + By, )
s j=1 =1

where @;(x,y, z) is the radiation velocity potential; w is the angular frequency of the wave;
x;j is the motion amplitude of the floating body; ¢ is the time; n;(x,y, z) is the normal vector
on the body surface; S is the immersed area of the floating body.

3.3. Viscous Damping

The hydrodynamic properties predicted by ANSYS-AQWA are potential results. With
the load response of the platform calculated in STAR-CCM+, which is a viscous-flow solver,
the viscous damping was then predicted via forced-motion simulation [11].

The flow field has zero initial velocity, which indicates that there is no wave-exciting
force acting on the platform. Therefore, radiation and hydrostatic forces are the only fluid
forces that act on the platform. The radiation force includes the added inertia force and
radiation damping force, which occurs when there are no incoming waves. The total force
(F) that acts on the floating body, which is obtained from the result of the viscous-flow
modeling in STAR-CCM+, is expressed in terms of the generalized displacement (xy), as
shown below:

F = Akx,'(' + ka]/( ~+ Cixg. 3)

From (5), x, x}, and x;é are expressed as follows:

X = —{ cos(wt), 4)
X, = (wsin(wt), (5)
x; = {w? cos(wt). (6)

With the help of Equations (4)—(6), (6) is rewritten as follows:
F. = §((w2Ak — Ck) cos(wt) + wBy sin(wt)) = Dy cos(wt + @), (7)

where Dy is the amplitude of Fy, and ¢y is the phase difference between x; and Fy, as shown
in Figure 7. Therefore, Ay and By are determined by Dy and ¢y, as follows:

Dy = /(@24 — G + (wBy), ®)
— —OJBk

=tan ! ——F 9

Pk an szk — G )

Ci + Dy cos

Ay = AR (10)
_Dk sin (pk

= 11

Bk @ ’ ( )

where Cj comes from the result of AQWA.

Assuming that A;; is the sum of A;; , and A;j, Bjj is the sum of B;; , and B;; ,, where
Ajjp and Bj; , are the potential components predicted via the potential-flow theory in
AQWA, and Aj;, and B, are the viscous components, Ay and By, (i.e., A;; and B;; are
obtained from the results of STAR-CCM+). The detailed viscous-flow formulation and
setup are included in Appendix A.
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Figure 7. Schematic of phase difference between force and acceleration.

3.4. Modeling of Floating Wind Turbine System
3.4.1. Aerodynamic Modeling

The aerodynamic loading of a wind turbine is calculated in OrcaFlex using the blade
element momentum theory [42], which is a combination of the momentum theory and
blade element theory. The thrust force (T, ) and moment (4Q) on the actuator disk derived
by the axial momentum theory are expressed as follows:

T, = %pAUiznéla(l —a), (12)

dQ =4a'(1 - a)%pllinwrZZHrdr, (13)

where p is the fluid density, A is the disk area, U;, is the inflow velocity, and r is the radius
of the cross section. The axial induction factor (2) and angular velocity induction factor (')
are defined as follows:

Uin — Uy
a=——7 (14)
uin
, o
a = 20’ (15)

where U is the velocity before the fluid flows into the actuator disk. The axial force (dF;)
and moment (4Q) that act on a blade section derived by the blade element theory are
expressed as follows:

dF, = nhc%puz[cl cos(8) + C;sin(0)]dr, (16)

4Q = mye g pUP[Cysin(8) — g cos(6)]rdr, (17)

where 1y, is the number of blades, c is the chord length of the blade section, r is the radius of
the blade section, and C; and C; are the drag and lift coefficients, respectively. The relative
inflow velocity (U) is defined as follows:
Uin (1 — ll)
— 1

U="5n@) (1%
where 0 is the relative inflow angle. Because dT, from the axial momentum theory is equal
to dF; from the blade element theory, and dQ from the angular momentum theory is equal



J. Mar. Sci. Eng. 2023, 11, 457 10 of 34

to dQ from the blade element theory, 2 and a’ are expressed as the following equations by
combining (15) and (19), and (16) and (20):

1

a = ) 7 (19)
14+ 4sin"0
o[C; cos(0)+Cy sin(0)]
1
r_
= 25sin(6) cos(6) 1’ (20)
0[Cjcos(0)+Cysin(0)]
nyc
= 21
=5 (21)
where o is the local solidity. The total thrust force and mechanical power are subsequently
obtained: N
T, = / "dT,, (22)
Th
R,
P= [ wig (23)
Ty

where 7y, is the hub radius, and R; is the rotor radius.

3.4.2. Control System Modeling

The control system modeling for the wind turbine in OrcaFlex is a proportional integral
derivative (PID) controller that is supported through Python [42]. It involves the design of
two controllers: the generator torque controller and full-span rotor-collective blade pitch
controller. The former is designed for the range below the rated wind speed, while the
latter is designed for the range above the rated wind speed. Figure 8 shows the schematic
of the employed control system.

Wind »| Turbine »| Low-Pass Filter
- Generator I
1 Speed
l Filtered Speed v
Torque Determine
Blade Pitch Generator Control Control Region
Angle Torque
Above Rated Wind
Pitch ) Speed Region
Control

Figure 8. Schematic of employed control system.

3.4.3. Mooring Modeling

The finite element method is used for the mooring line modeling in OrcaFlex [42]. The
line is divided into a series of straight massless model segments with a node at each end,
and each segment models only the axial and torsional properties of the line. It turns out
that the axial force predominates in the mooring system. Each line segment is divided into
two subsegments, and the properties of each subsegment, such as the mass, weight, and
buoyancy, are lumped to the neighboring node.

The axial force contains the effective tension (T,) and wall tension (Ty,), which are
corelated using the following equation:

T =Ty + (pexaex - pinain)/ (24)
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where p.y and p;;, are the external and internal pressure, respectively, and 4., and a;,, are the
external and internal cross-sectional stress areas, respectively. The wall tension is obtained
as follows:

T dl 1
Tw = EAe — 2V(Pextiex — Pinfin) +kit— + EAcyj——, (25)
Iy dt Iy
1= Al
&€= /\slo 4 (26)

where EA is the axial stiffness of the line; ¢ is the total mean axial strain; v is the Poisson
ratio; ky is the coefficient for the torque coupling tension; T is the segment twist angle;
[ is the segment length; [y is the initial segment length; A is the expansion factor of the
segment; c; is the damping coefficient for the mooring line, which is defined as follows:

Ag
= — 27
Cd 100CC/ ( )
2mly
= —_— 2
CC EA 7 ( 8)

where A, is the target tension damping, ¢, is the critical damping value for a segment, and
m is the segment mass including the contents but not of any attachment.

4. Performance Prediction
4.1. Case Description

The performance of a 15 MW floating wind turbine system using the semisubmersible
Taida floating platform equipped with an IEA 15 MW offshore wind turbine predicted
via the potential-flow approach (PF approach), which only considers the potential result,
and the viscous-flow approach (VF approach), which additionally considers the effects
of the viscosity, in the Hsinchu offshore area is presented in this study. The irregular
wave conditions discussed in this study correspond to the wave scatter diagram of the
Hsinchu offshore area, which is shown in Table 4 [35], in which the significant wave height
is Hs and the zero-crossing period is T. In this study, the common wave condition (CW
condition) (i.e., (Hs, Tz) = (1.5m,5.5s)) and high wave condition (HW condition) (i.e.,
(Hs, T;) = (4.5m,7.5s)) were both considered. According to [39], the JONSWAP spectrum
with v = 2.08 was chosen as the wave spectrum. The wind profile (Figure 9) and current
profile of an offshore area are defined as follows:

Z 0.1
sy = (17 ) 29)
+h\7
zZ
Uicn:uf< h > ’ (30)

where Uy, is the wind velocity at the hub height; U7 is the wind velocity; U, is the current
velocity at the free surface; Uj, is the current velocity; z is the height above mean sea
level; Hj, is the hub height of an IEA 15 MW wind turbine (H;, = 150 m); / is the water
depth (& = 70 m). The wind velocity obtained from the Beaufort scale (Up) is the wind
velocity defined at 10 m above MSL, and the U, is then calculated via (32). According
to [16], the surface current speed (U,) was assumed to be 0.93 m/s, which occurs in the
Taiwan Strait with a probability of 75%. The metocean conditions adopted in this study
are summarized in Table 5. The waves were assumed to have a direction consistent with
the wind. In this study, seven wind and wave directions (6, = 0°, 30°, ..., 180°) and four
current directions (6. = 0°, 90°, 180°, 270°) are discussed. The wind, wave, and current
directions are defined as the angles measured counterclockwise from the positive x-axis to
the incoming wind or current directions, as shown in Figure 10.
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Table 4. Wave scatter diagram of Hsinchu offshore area.

Tz (s)
H; (m)
3.5 4.5 5.5 6.5 7.5 Sum
0.5 14.79% 41.96% 5.49% 0.44% 0.02% 62.7%
1.5 0.31% 12.23% 18.31% 0.70% - 31.55%
25 - 0.02% 4.35% 0.90% 0.04% 31.55%
3.5 - - - 0.35% 0.04% 5.32%
45 - - - 0.04% 0.02% 0.07%
Sum 15.10% 54.21% 28.15% 2.43% 0.11% 100%
VA
a
Hp
10 m w
> [
UB UW mn
Figure 9. Schematic illustration of wind profile.
Table 5. Metocean conditions of two irregular wave conditions.
Properties (Unit) CW Condition HW Condition
v for JONSWAP Spectrum 2.08 2.08
H; (m) 1.5 45
T, (s) 55 7.5
Up (m/s) 8.11 17.8
Uy (m/s) 10.63 23.34
Uc (m/s) 0.93 0.93

Figure 10. Definition of wind, wave, and current directions.
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4.2. Hydrodynamic Properties

This study estimated the hydrodynamic properties of the Taida platform in the fre-
quency domain from 0 Hz to 0.5 Hz via AQWA. STAR-CCM+ was then employed to obtain
the load response of the platform under forced motion in the viscous-flow field to predict
the viscous damping. The comparison between the hydrodynamic properties via the PF
approach and VF approach (i.e., A;; , vs. A, and B;j , vs. Bj;) is shown in Figures 11 and 12.
The mean value of the hydrodynamic properties of the last five periods of a forced motion

was employed in the viscous damping prediction, and only the nonnegative predicted
result was used.

30 T T T T 30 T T T T
= Ay (CW)
----- A,y (HW)
— iy
201 B 20+
- =
g e
= &
10F q 10+
0 : H . : 0 . : H .
00 01 02 03 04 0.5 00 01 0.2 03 04 0.5
JS(Hz) JS(Hz)
(a) (b)
65 T T T T 30 : , r -
% sdx€Cw) ] A4 (CW)
- A (HW)
e — ]
A -
'. E
! -
- § o
g ! g
= t =
=
<
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! : ' :
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L] e A EW) | ]
— e,
=) =)
E g 2 1
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(e) (f)

Figure 11. Comparison of added masses in different motion directions: (a) surge; (b) sway; (c) heave;
(d) roll; (e) pitch; (f) yaw.
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Figure 12. Comparison of damping in different motion directions: (a) surge; (b) sway; (c) heave;
(d) roll; (e) pitch; (f) yaw.

Under the CW condition (T, = 5.5 s), the heave motion has an added mass of around
51 kton, which is the largest among the translation motions, while the surge and sway
motions have added masses of around 12 kton and 10 kton, respectively. Among the
rotation motions, the roll and pitch motions have added masses of around 23 Mton-m?/rad,
while the yaw motion has an added mass of around 13 Mton-m?/rad. The heave motion has
a damping of around 14 MN-s/m, which is the largest among the translation motions, while
the surge and sway motions have damping values of around 10 MN-s/m and 8 MN-s/m,
respectively. The yaw motion has a damping of around 11 GN-m-s/rad, which is the
largest among the rotation motions, while the roll and pitch motions have damping values
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of around 3 GN-m-s/rad and 4 GN-m-s/rad, respectively. The added mass of the heave
motion predicted via the viscous-flow approach is up to 15% higher than that predicted via
the potential-flow approach. The damping of the roll motion predicted via the viscous-flow
approach is up to about 14 times that predicted via the potential-flow approach.

Under the HW condition (T, = 7.5 s), the heave motion has an added mass of around
50 kton, which is the largest among the translation motions, while the surge and sway
motions have added masses of around 18 kton and 19 kton, respectively. The roll motion
has an added mass of around 21 Mton-m? /rad, which is the largest among the rotation
motions, while the pitch and yaw motions have added masses of around 20 Mton-m?/rad.
The sway motion has a damping of around 13 MN's/m, which is the largest among the
translation motions, while the surge and heave motions have damping values of around
11 MN-s/m and 10 MN-s/m, respectively. The yaw motion has a damping of around
11 GN'm-s/rad, which is the largest among the rotation motions, while the roll and pitch
motions have damping values of around 5 GN-m-s/rad. The added mass of the heave
motion predicted via the viscous-flow approach is up to 14% higher than that predicted
via the potential-flow approach. The damping of the heave motion predicted via the
viscous-flow approach is up to about 7 times that predicted via the potential-flow approach.

The prediction result shows that the viscous effect has a larger impact on the hydro-
dynamic properties in the heave, roll, and pitch motions than in the surge, sway, and
yaw motions. The viscous effects that impact the hydrodynamic properties under the CW
condition are larger than those under the HW condition.

4.3. Motion Response and Generator Power

The motion response and generator power were obtained by solving the equations
of the motions in OrcaFlex. #; represents the linear and angular displacement in the 6 dof
motions, wherei =1, 2, ..., 6 refer to the surge, sway, heave, roll, pitch, and yaw motions,
respectively. Moreover, because the simulations were conducted under irregular wave
conditions in the time domain, the raw data are presented in time series for 1000 s. Figure 13
presents the pitch motion and power output under 6, = 0° and 6. = 0°, where the red line
denotes the CW response, and the blue line represents the HW result. The randomness in
the responses as well as the greater fluctuation can be seen in the HW results with different
means. The following sections use the means (a bar on the variable) and standard deviations
(o) of the motion response, power output, and mooring line tension to characterize the
time-domain results.

60 2(l)O 4(.)0 - 6(;0 8(;0 1000
(@)
P A e e U T i e
80 2(l)0 4(l)0 . 6(I)0 8(;0 1000
(b)

Figure 13. Time histories of (a) pitch motion and (b) power output under 6, = 0° and 6, = 0°.
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4.3.1. Common Wave Condition

The mean and standard deviation of the platform motions and generator power under
the CW condition are shown in Figures 14-20. The largest means of the surge, sway, heave,
roll, pitch, and yaw motions of the platform appearing at 6, = 0°, 90°, 0°, 90°, 180°,
and 60°, respectively, are —6.685 m, —5.684 m, —2.168 m, 6.995°, 4.521°, and —1.707°,
respectively. The smallest means of the surge, sway, heave, roll, pitch, and yaw motions
of the platform appearing at 6, = 120°, 0°, 180°, 0°, 90°, and 0°, respectively, are —0.079
m, 0.045 m, —1.392 m, —0.284°, —0.062°, and 0.076°, respectively. The largest standard
deviations of the surge, sway, heave, roll, pitch, and yaw motions of the platform appearing
at 6, = 150°, 60°, 0°, 90°, 180°, and 90°, respectively, are 0.153 m, 0.141 m, 0.038 m, 0.089°,
0.057°, and 0.148°, respectively. The smallest standard deviations of the surge, sway, heave,
roll, pitch, and yaw motions of the platform appearing at 68, = 90°, 0°, 60°, 180°, 120°,
and 0°, respectively, are 0.048 m, 0.003 m, 0.025 m, 0.009°, 0.021°, and 0.003°, respectively.
The largest mean of the generator power appearing at 8, = 150° is 14.544 MW, followed
by the generator power at 6, = 180° and 120°, where the means of the power are up to
14.461 MW and 14.409 MW, while the smallest mean appearing at 6y, = 0° is 11.282 MW.
The largest standard deviation of the generator power appearing at 6, = 180° is 0.185 MW,
while the smallest one appearing at 8, = 0° is 0.104 MW.

5

e L1

0 1L
- o Ml
0 30 0
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6. ) 180 [N
(a) 270 [l
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0.15 0 L—.’
5 0
:; 0.10 1 80 D
0.05 270 :]
0.00
0 30 60 90 120 150 180
0,
(b)

Figure 14. Comparison of (a) means and (b) standard deviations of platform surge motion under CW
condition.
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Figure 15. Comparison of (a) means and (b) standard deviations of platform sway motion under CW
condition.
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Figure 16. Comparison of (a) means and (b) standard deviations of platform heave motion under
CW condition.
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Figure 17. Comparison of (a) means and (b) standard deviations of platform roll motion under CW
condition.
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Figure 18. Comparison of (a) means and (b) standard deviations of platform pitch motion under CW
condition.
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Figure 19. Comparison of (a) means and (b) standard deviations of platform yaw motion under CW
condition.
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Figure 20. Comparison of (a) means and (b) standard deviations of generator electrical power under
CW condition.

The results shows that the means and standard deviations are sensitive to the wind
directions. The performance difference between the two approaches, as well as among
the four current directions, are small in terms of the mean value, but relatively substantial
in terms of the standard deviation. In conclusion, the generator power is relatively high
and stable at 8, = 120° to 180°, and the corresponding motion responses all meet the
design requirements discussed in Sections 2.1 and 2.2. Hence, 6, = 120° to 180° is the most
favorable wind direction for the studied wind turbine system to operate under the CW
condition in the Hsinchu offshore area, where the mean output power can reach 90% of
the rated power. The occurrence of the most favorable power performance at 6, = 120°
to 180° is clearly explained by the coupled platform motion with the motion-induced and
wave-excited components because the center of gravity of the wind turbine system is off its
geometrical center.

4.3.2. High Wave Condition

The means and standard deviations of the platform motions and generator power
under the HW condition are shown in Figures 21-27. The largest means of the surge, sway,
heave, roll, pitch, and yaw motions of the platform appearing at 6, = 0°, 90°, 30°, 150°,
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180°, and 0°, respectively, are —5.172 m, 3.04 m, —1.855 m, 1.278°, 0.597°, and —3.761°,
respectively. The smallest means of the surge, sway, heave, roll, pitch, and yaw motions
of the platform appearing at 8, = 150°, 180°, 180°, 60°, 120°, and 120°, respectively, are
0.009 m, —0.227 m, —1.622 m, 0.088°, 0.027°, and 0.053°, respectively. The largest standard
deviations of the surge, sway, heave, roll, pitch, and yaw motions of the platform appearing
at 6, = 180°, 60°, 0°, 90°, 180°, and 60°, respectively, are 1.241 m, 0.717 m, 0.322 m, 0.406°,
0.242°, and 1.014°, respectively. The smallest standard deviations of the surge, sway, heave,
roll, pitch, and yaw motions of the platform appearing at 6, = 120°, 180°, 90°, 0°, 120°, and
0°, respectively, are 0.177 m, 0.039 m, 0.229 m, 0.034°, 0.110°, and 0.096°, respectively. The
mean of the generator power is 15 MW (i.e., the rated power at 6,, = 90°, 120°, 150°, and
180°), while the smallest mean appearing at 6;, = 0° is 10.751 MW. The largest standard
deviation of the generator power appearing at 6, = 60° is 0.385 MW, while the smallest
one appearing at 6, = 120° is 0.182 MW.

y
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Figure 21. Comparison of (a) means and (b) standard deviations of platform surge motion under HW
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Figure 22. Comparison of (a) means and (b) standard deviations of platform sway motion under HW
condition.
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Figure 23. Comparison of (a) means and (b) standard deviations of platform heave motion under
HW condition.
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Figure 24. Comparison of (a) means and (b) standard deviations of platform roll motion under HW

condition.

1

— 1

e e
IIII I 3 oy e

0 30 60 % 120 150 180
0. ()

,,(°)

6c ()

90
180
270

90
180
270

PF

sHHEN
i

)
7

Figure 25. Comparison of (a) means and (b) standard deviations of platform pitch motion under HW

condition.



J. Mar. Sci. Eng. 2023, 11, 457

21 of 34

&)

1L .
| o
0 30 60 92 120 150 180 90 -
0. () 150 [N
(a) 270 [
12 VF
o WA
= 0
& 180
270 7]

0 30 :60 90 120 ;50 1 180

0. )
(b)

Figure 26. Comparison of (a) means and (b) standard deviations of platform yaw motion under HW
condition.
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Figure 27. Comparison of (a) means and (b) standard deviations of generator electrical power under
HW condition.

Similar to the CW condition, the mean and standard deviation of the motion response
are sensitive to the wind directions, and the performance difference between the two
approaches, as well as among the four current directions, are mainly reflected in the
standard deviation rather than in the mean value. In conclusion, the generator power is
relatively high and stable at 6, = 60° to 180°, and the corresponding motion responses all
meet the design requirements discussed in Sections 2.1 and 2.2. Hence, 8, = 60° to 180° is
the most favorable wind direction for the studied wind turbine system to operate under the
HW condition in the Hsinchu offshore area, where the mean output power can reach 95%
of the rated power. When compared with the CW results, it is obvious that the increase in
the wind speed extends the favorable operation range in the incoming wind direction, as
well as enhances the mean output power.

4.4. Mooring Line Tension
4.4.1. Common Wave Condition

The means and standard deviations of the mooring line tension under the CW condi-
tion are shown in Figures 28-33. The largest means of the mooring line tension of Lines Al,
A2,B1, B2, C1, and C2 appearing at 6, = 30°, 0°, 150°, 120°, 180°, and 180°, respectively,
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are 1.768 MN, 1.703 MN, 2.001 MN, 1.833 MN, 1.369 MN, and 1.817 MN, respectively. The
smallest means of the mooring line tension of Lines A1, A2, B1, B2, C1, and C2 appearing at
6 = 180°, 180°, 0°, 0°, 60°, and 60°, respectively, are 0.445 MN, 0.448 MN, 0.588 MN, 0.576
MN, 0.317 MN, and 0.321 MN, respectively. The largest standard deviations of the mooring
line tension of Lines A1, A2, B1, B2, C1, and C2 appearing at 6, = 60°, 0°, 150°, 120°, 150°,
and 150°, respectively, are 0.038 MN, 0.031 MN, 0.037 MN, 0.031 MN, 0.023 MN, and 0.043
MN, respectively. The smallest standard deviations of the mooring line tension of Lines Al,
A2,B1, B2, C1, and C2 appearing at 8, = 180°, 180°, 0°, 0°, 0°, and 0°, respectively, are all
around 3 kN.
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Figure 28. Comparison of (a) means and (b) standard deviations of mooring line tension of Line A1l

under CW condition.
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Figure 29. Comparison of (a) means and (b) standard deviations of mooring line tension of Line A2
under CW condition.



J. Mar. Sci. Eng. 2023, 11, 457 23 of 34

0 30 60 92 120 150 180
0.0 270

(b)

Figure 30. Comparison of (a) means and (b) standard deviations of mooring line tension of Line Bl

under CW condition.
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Figure 31. Comparison of (a) means and (b) standard deviations of mooring line tension of Line B2

under CW condition.

Figure 32. Comparison of (a) means and (b) standard deviations of mooring line tension of Line C1
under CW condition.



J. Mar. Sci. Eng. 2023, 11, 457

24 of 34

25
20
Z 15
=
<10
~ N
0.5 ‘
0.0 o
0 30 60 90 120 150 150 0.() PF
0, () o N
(a) oo [N
005 150 W
0.04 270 -
E 0.03 AY!:,
g 00 0
0.01 90 //%
200 0 30 60 920 120 150 180 l 80 D
0.¢) 210 P2
(b)

Figure 33. Comparison of (a) means and (b) standard deviations of mooring line tension of Line C2

under CW condition.

Similar to the motion response and generator power, the mooring line tension differ-
ence in the mean value between the two approaches, as well as among the four current
directions, is clearly smaller than that in the standard deviation. The sums of the means and
standard deviations of the mooring line tensions under the CW condition are all smaller
than one-seventh of the break load of the mooring line.

4.4.2. High Wave Condition

The means and standard deviations of the mooring line tension under the CW condition
are shown in Figures 34-39. The largest means of the mooring line tension of Lines A1, A2, B1,
B2, C1, and C2 appearing at 8, = 30°, 0°, 150°, 120°, 180°, and 180°, respectively, are 1.426 MN,
1.273 MN, 1.473 MN, 1.314 MN, 1.077 MN, and 1.4 MN, respectively. The smallest means of
the mooring line tension of Lines A1, A2, B1, B2, C1, and C2 appearing at 6, = 180°, 180°, 0°,
0°, 60°, and 60°, respectively, are 0.594 MN, 0.607 MN, 0.683 MN, 0.608 MN, 0.474 MN, and
0.458 MN, respectively. The largest standard deviations of the mooring line tension of Lines
Al, A2, B1, B2, C1, and C2 appearing at 8, = 0°, 0°, 180°, 180°, 150°, and 180°, respectively,
are 0.174 MN, 0.157 MN, 0.088 MN, 0.155 MN, 0.129 MN, and 0.246 MN, respectively. The
smallest standard deviations of the mooring line tension of Lines Al, A2, B1, B2, C1, and
C2 appearing at 8, = 120°, 120°, 0°, 0°, 0°, and 120°, respectively, are 0.015 MN, 0.019 MN,
0.063 MN, 0.02 MN, 0.024 MN, and 0.026 MN, respectively.
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Figure 34. Comparison of (a) means and (b) standard deviations of mooring line tension of Line A1l

under HW condition.
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Figure 35. Comparison of (a) means and (b) standard deviations of mooring line tension of Line A2

under HW condition.
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Figure 36. Comparison of (a) means and (b) standard deviations of mooring line tension of Line Bl
under HW condition.
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Figure 37. Comparison of (a) means and (b) standard deviations of mooring line tension of Line B2
under HW condition.
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Figure 38. Comparison of (a) means and (b) standard deviations of mooring line tension of Line C1
under HW condition.
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Figure 39. Comparison of (a) means and (b) standard deviations of mooring line tension of Line C2
under HW condition.

Similar to the motion response and generator power, the mooring line tension differ-
ence in the mean value between the two approaches, as well as among the four current
directions, is smaller than that in the standard deviation. The sums of the means and
standard deviations of the mooring line tensions under the HW condition are all smaller
than one-eighth of the break load of the mooring line.

5. Conclusions

This study aimed to predict the motion response and power performance of a 15 MW
floating wind turbine system equipped with a semisubmersible Taida floating platform,
an IEA 15 MW offshore wind turbine, and a 3 x 2 mooring design under the metocean
conditions of the Hsinchu offshore area in the Taiwan Strait. We first compared the potential
and viscous results of the hydrodynamic properties. We then compared the means and
standard deviations of the motion response, generator power, and mooring line tension
via the potential- and viscous-flow approaches, for which the combinations of seven wind
directions and four current directions under two wave conditions were considered. The
results of this study are summarized below:
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1. The viscous effect has a more substantial impact on the hydrodynamic properties in
the heave, roll, and pitch motions than in the surge, sway, and yaw motions. The
viscous impact on the hydrodynamic properties under the CW condition is larger than
that under the HW condition. The viscous prediction of the added mass in the heave
motion increases by up to 15% of the potential result under the CW condition, while
that in the heave motion under the HW condition increases by up to 14%. The viscous
damping prediction in the roll motion increases by up to 13 times the potential result
under the CW condition, while that in the heave motion under the HW condition
increases by up to 6 times;

2. The viscous effect has a more substantial impact on the hydrodynamic properties in
the heave, roll, and pitch motions than in the surge, sway, and yaw motions. The
viscous impact on the hydrodynamic properties under the CW condition is larger
than that under the HW condition;

3. The means and standard deviations of the motion response, generator power, and
mooring line tension are obviously sensitive to the wind and wave directions, but
they were insensitive to the viscous effect and current directions under both studied
wave conditions. The influence of the viscous effect and current directions on the
motion response and generator power mainly shows in the standard deviation rather
than in the mean value;

4. Under the CW condition, the generator power is relatively high and stable at
0 = 120° to 180°. Hence, 6, = 120° to 180° is the most favorable wind direction for
the studied wind turbine system to operate under the CW condition in the Hsinchu
offshore area, where the mean output power can reach 90% of the rated power. The
occurrence of the most favorable power performance at 8, = 120° to 180° is clearly
explained by the coupled platform motion with the motion-induced and wave-excited
components because the center of gravity of the wind turbine system is off its geo-
metrical center. The sums of the means and standard deviations of the mooring line
tensions under the CW condition are all smaller than one-seventh of the break load of
the mooring line;

5. Under the HW condition, the generator power is relatively high and stable at 6, = 60°
to 180°. Hence, 6,, = 60° to 180° is the most favorable wind direction for the studied
wind turbine system to operate under the HW condition in the Hsinchu offshore area,
where the mean output power can reach 95% of the rated power. When compared
with the CW results, it is obvious that the increase in the wind speed extends the
favorable operation range in the incoming wind direction, as well as enhances the
mean output power. The sums of the means and standard deviations of the mooring
line tensions under the HW condition are all smaller than one-eighth of the break load
of the mooring line;

6. The most favorable wind direction range under the CW and HW conditions in this
study is 6, = 120° to 180°, in which the corresponding motion responses all meet
the design requirements, and the corresponding power output can reach 90% of the
rated power. In the Taiwan Strait, the wind mostly comes from the northeast, with
a probability of 40%, followed by the north-northeast, with a probability of 30%.
Therefore, the angle between the leading mooring line of the system (i.e., Lines Al
and A2 in the study) and the most possible wind direction, which is the northeast,
should be from 120° to 180° in order to deliver a relatively favorable performance.

Author Contributions: Conceptualization, H.-Y.T. and S.-W.C.; methodology, H.-Y.T., T.-Y.L. and
S.-W.C.; writing—original draft preparation, H.-Y.T.; writing—review and editing, T.-Y.L. and S.-W.C.;
visualization, H.-Y.T. and T.-Y.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Ministry of Science and Technology, Taiwan, grant
numbers MOST 110-3116-F-002-001- and MOST 111-3116-F-002-007.

Institutional Review Board Statement: Not applicable.



J. Mar. Sci. Eng. 2023, 11, 457

28 of 34

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A
Appendix A.1. Governing Equations

This appendix elaborates the numerical details of the viscous-flow modeling in this
study. To obtain the hydrodynamic properties with viscous effects, the load response of the
floating body is required, and hence, a forced-motion simulation of the platform with the
inclusion of the weight as well as the center of gravity of the wind turbine under a specific
frequency was carried out via STAR-CCM+ [43], in which a SIMPLE-type approach was
adopted to decouple the velocity and pressure, and a finite volume method of second-order
accuracy was employed to discretize the governing equations. The coordinate system for
the viscous-flow formulation is shown in Figure AT.

Figure A1. Coordinate system for viscous-flow formulation.

Under the assumption of an incompressible fluid, the time-averaged continuity equa-
tion is expressed as follows:

aui -
2z Y (AT)

where the subscripts i = 1,2,3 refer to the x-, y-, and z-directions, respectively. The
momentum equations are expressed as follows:

oou;  dpwa) _ op 3 [ (ow, dw\|
aZj aZi aZ]

where u; is the velocity component in the z;-direction, p is the pressure of the fluid, y is the
viscosity of the fluid, and g; is the gravity component in the z;-direction. The third term
on the right-hand side of (A2) is the Reynolds stress, which was calculated in this study
via an SST k-w model. The key model constants used in the turbulence model are listed in
Table Al. The transport equation of the turbulent kinetic energy and its specific dissipation
rate are shown below:

Apk) | dpwk) . d ok
af " Taz  PeRt g (V+Ukﬂt)a—zj , (A3)
Ipw) | I(pujw) , . D dw 002 9k dw
Taa Bz Pow +a7]- (y+awyt)a—zj +2(1 Fl)TT%T%' (A4)

The employed SST k—-w model is a combination of the standard k—w models and
standard k—e models. The blending function (F;) combines the coefficients of the k—w
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equation in the boundary layer and the coefficients of the k—¢ equation in the free shear
layer and free-flow domain, where F; equals unity on a no-slip wall, approaches unity in
the boundary layer, and equals zero at the margin of the boundary layer.

Table A1. Model constants used in SST k—w model.

Parameter Value
F] tanh(fl4)
. vk 500 2k
h min [max(omwd' P )' dZCDkw}
b tanh(fzz)
fa max(é*\jdf Zg?;)
o 031
ot Fl + (1 - Fl)
B 0.075F; + 0.0828(1 — Fy)
B* 0.09F; +0.09(1 — Fy)
O 085F1 + 1(1 - Fl)
O 0.5F; 4 0.856(1 — Fy)
I min 1 L8
max(w/a*, (V;7V;T> /2 FZ)/“l} V3s
CDyy max %Vka, 10’2())

The volume of fluid (VOF) method was used for the simulation of the free-surface
flow [44]. When multiple fluids are present in a cell, the volume fraction of the i-th fluid is

expressed as follows:
Vi
;= Vl/ (A5)
where V; is the volume occupied by the i-th fluid in a cell, and V is the cell volume. Therefore,
the volume fraction of all the fluids in each cell must satisfy the following formula:

N
Ya=1, (A6)
i=1

where N is the number of fluids. When a; = 0, this means that there is no i-th fluid present in
the cell. When «; = 1, this means that only the i-th fluid occupies the cell. When 0 < a; < 1,
this means that there are other fluids in addition to the i-th fluid coexisting in the cell, and a
free surface is implied in the cell. As a result, the density (¢) and viscosity () in a cell are the
weighted density and viscosity averages of all the fluid present in the cell, respectively:

M=

I
—

P =2 Pi%, (A7)

H Hitti, (A8)

I
™=

l
—

where p; and y; are the density and viscosity of the i-th fluid, respectively. The continuity
equation of the i-th fluid is formulated as follows:

ow; ou;

= s+ V- (aivg) + V- [ai(1 — a;)vei] =0, (A9)
ot aZk

where v, ; and v, ; are the diffusion velocity and boundary-sharpening velocity of the i-th
fluid, respectively, which are defined as follows:

VDLZ‘
|Va|’

vei = Calvl (A10)
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where C, is the sharpening factor, and v is the velocity vector. Based on the normalized
variable diagram, the normalized volume fraction value at the cell interface between the
central cell and downwind cell ({¢) is defined in (A11) and Figure A2, where a is the area
vector of the cell interface, and n is the normal vector of the fluid interface.

¢c for Gcé [0/1]
& =428 for & €[0,05], (A11)
1 for {ce]051]

where the normalized volume fraction of the central cell (¢.) is defined as follows:

lxc - “u
== Al12
fe= (A12)
where o, a;, and &  are the volume fraction of the upwind, central, and downwind cells,
respectively. ¢ is further modified to gf]’i via the Courant number (Co):

gf for Co < Coy
G=1c+ (gf _ gc) Sou=C0 for Coj < Co < Coy, (A13)
Ce for Coy, < Co

where the upper bound of the Courant number (Co,) is unity, and the lower bound of the
Courant number (Co;) is 0.5. The Courant number (Co) is defined as follows:

v-a
= —t Al4
Co A ( )

where V. is the characteristic velocity, and dt is the time-step size. When Co < Coy, (A11) is
used. When Co; < Co < Coy, (Al1) and the first-order upwind method are used. When
Coy, < Co, the first-order upwind method is used. The variable ﬁjﬁ is further modified to

C}?* via the angle between the fluid interface and cell interface (6,):

&7 = &7 (cos ) + &1 - (cos6,) ), (A15)

where the angle factor (Cp) is set to 0.05. The volume fraction (« f) at the cell interface is
then obtained from the equation below:

ap =Gt (g — o) + . (Al6)

Interface Fluid 2
| o

__.L____..~ n
o
\

® [ I
L — N )
—| Upwind Cell | Central Cell \ Downwind Cell
Fluid 1

Figure A2. Schematic of fluid interface and cells.

Appendix A.2. Setup of Modeling

The platform undergoes a forced motion, and the velocity of the forced motion is
given as follows:
Vi = fwsin(wt), (A17)
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where Vy is the generalized velocity of the motion, w is the angular frequency of the
motion, and { is the generalized amplitude of the motion, which was assumed to be 1 m
for translation and 1° for rotation in this study. Generally, at least ten motion periods are
calculated in the numerical simulation, in which the typical y* ranges between 50 and 100.

Overset mesh was used to simulate the forced motion of the floating platform in this
study. Compared with the dynamic mesh approach, which is prone to result in a negative
volume of cells, the overset mesh is relatively simple to use to define computation grids,
and it easily maintains its fine mesh quality during the body movement. The complete
mesh is composed of background and platform meshes. The former is defined with the
whole computational domain, while the latter is defined with the overset domain. The
entire component mesh is forced to translate or rotate during the forced-motion simulation.
The boundary condition of the platform surface is a no-slip wall. The boundary condition
of the lower boundary of the computational domain is assumed to be a no-slip wall, and
the other boundaries use a zero-velocity condition due to the far-field assumption in which
the initial velocity of the flow field is set to zero.

The upper and lower boundaries of the computational domain were located 70 m
above and below the water surface because 70 m is the typical water depth of the Hsinchu
offshore area. The height of the overset boundary was 80 m, which is close to the
characteristic length (L) of the Taida platform. The length of the computational do-
main and overset domain is proportional to the wavelength (1), which is estimated by
the shallow-water equation:

r=8T

271

where T denotes the period of motion. The computational domain has a length of 20A, and
the overset domain has a length of 3A. For the two wave conditions (i.e., the common wave
(CW) condition and high wave (HW) condition), the corresponding zero-crossing periods
were 5.5 s and 7.5 s, respectively. Following (A18), the corresponding wave lengths were 48
m and 92 m, respectively. Therefore, the lengths of the computational domain and overset
domain of the CW condition were 960 m and 144 m, respectively, and those of the HW
condition were 1840 m and 276 m, respectively. The dimensions and boundary conditions
of the computational domain are shown in Figure A3.

(A18)

Upper Boundary: Velocity Inlet

o ,/e/
\ 5
c',\'d\ OCI{J’ y/
J° e,
Overset Domain l\ /

7 = N i
2h > L

RS *

o,
2
4
zZ ,)/e[

Lower Boundary: Wall

Figure A3. Computational domain of viscous-flow modeling.
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Appendix A.3. Setup of Mesh

The parameters of the mesh generation are shown in Table A2, and the numerical mesh
is depicted in Figure A4. The vertical cut of the numerical mesh at y = 0 is illustrated in
Figure A4a, where the platform mesh is embedded inside the background mesh. Table A2a
discloses the cell size alongside the mesh number employed in the forced-motion simulation.
The background mesh refinement setup is shown in Table A2b. The background mesh was
refined with three grid levels to better resolve the flow near the platform (Figure A4b). This
successive mesh refinement was only performed on the xy plane. To accurately capture the
free-surface evolution, the cell size at the free surface needs to be refined in the z-direction.
As shown in Figure A4c,d, the refinement region of the platform mesh must be thicker than
that of the background mesh, and especially in the heave, roll, and pitch motions due to
the displacement of the platform mesh in the z-direction. Moreover, the peripheral part of
the background mesh needs to be further refined to capture the free-surface variation due
to the rapid decay of the outgoing waves. The mesh refinement setup near the free surface
is shown in Table A2c.

Table A2. Mesh parameters of viscous-flow modeling: (a) mesh number and cell size; (b) background
mesh refinement setup; (c) mesh refinement setup at free surface.

(a)

Properties (Unit) CW Condition HW Condition
Surge, Sway, Yaw 2.799 x 10° 2.793 x 10°
Platform Surface Mesh Faces 70,00 Roll, Pitch 6.459 x 10° 5.937 x 10°
Surge, Sway, Yaw 3.413 x 10° 4.230 x 10°
Total Cell Numbers Heave, Roll, Pitch 7.559 x 106 8.096 x 10°
Platform Surface Mesh Size (m) 0.625
Platform Mesh Cell Size (m) 6.25
Maximum Background Mesh Cell Size (m) 50
(b)
Outer Boundary Shape Outer Boundary of Refmem_e r.lt Region Cell Size Scale
on xy-Plane from Origin
>7A 1
. 7A 1/2
Cylinder 51 1/4
31 1/8
(c)
Properties (Unit) CW Condition HW Condition
Region Thickness of Platform Surge, Sway, Yaw 4 4
Mesh Refinement (m) Heave, Roll, Pitch 11 10
Region Thickness of Background Mesh Refinement (m) 2 2
Outer Boundary of Inner Refinement Region Circle with Radius of 51
on xy-Plane .
at Origin
Inner Region 0.05

Cell Size in z-Direction (m) Outer Region 0.025
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(b) ()

Figure A4. Mesh of viscous-flow modeling: (a) vertical cut at y = 0; (b) horizontal cut at z = 0;
(c) zoomed view of horizontal cut at y = 0; (d) surface mesh of platform.
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