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Abstract

This study explores the operational performance and capacity factor of a semi-
submersible TaidaFloat platform featuring an IEA 15-MW offshore wind turbine and a
3%3 mooring configuration in the Hsinchu offshore area. Hydrodynamic properties are
predicted using Ansys Aqwa and STAR-CCM+, while OrcaFlex is employed to estimate
mooring loads, predict wind turbine aerodynamics, and solve motion equations for
evaluating motion response, power output, and dynamic responses of the mooring system
and wind turbine. Assuming alignment between wave and wind directions, the potential
flow method (P) and two viscous methods are utilized to calculate the hydrodynamic
properties of the studied FOWT system for predicting its operational performance under
common and extreme wave conditions. Statistical analysis is used to bluid the scatter
diagram of long-term conditions off Hsinchu for comparing hydrodynamic properties
using both potential and viscous methods under a constant wind speed and API spectrum.
The simulations reveal that the motion response of the platform is underestimated with
the sigle-point method, where the motion magnitude is related to damping at the wave
spectral density peak under specific metocean conditions. Under the extreme condition,
the maximum offset using the fully viscous method is 8.293 m, with the highest mooring
line tension at 6.519 MN. For long-term conditions, maximum values of motion response
and mooring line tension were generally higher with the API wind spectrum compared to
a constant wind speed. Employing the API wind spectrum and the fully viscous method,
the annual average capacity factor was found to be 0.512, differing by 1.8% from the
theoretical value.

Keywords: Floating Offshore Wind Turbine, Semi-Submersible, Motion Response,
Hydrodynamic Properties, Mooring Line Tension, Capacity Factor, Taiwan Strait
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Nomenclature

Latin Symbols
A Disk area
Ajj Added mass in translation/rotation
Ay Predicted added mass in translation/rotation
a Axial induction factor
a Area vector
a’ Angular velocity induction factor
Aoy External cross-sectional stress area
Ain Internal cross-sectional stress area
a, Amplitude of the incident wave
B;j Damping in translation/rotation
By Predicted damping in translation/rotation
B, Wave direction
Cq Drag coefficient
Cij Stiffness of floating body in translation/rotation
Cx Stiffness of floating body in translation/rotation
G Lift coefficient
Cq, Sharpening factor
Co Angle factor
CDy,, Cross-diffusion coefficient
CG Center of gravity of wind turbine system
Co Courant number
c Chord length of blade section
Ce Critical damping value for segment
Ca Damping for mooring line
D Wave drift amplitude
d Distance to wall
EA Axial stiffness of line
F, Axial force
Fy, Force/Moment generated by diffracting wave
Fg Wave exciting force/moment
F"E('zl) Second-order wave exciting force in x direction
F"E(’zz) Second-order wave exciting force in y direction
F, Froude-Krylov force/moment
F, Total force acting on the floater
Fo i Force/Moment other than fluid force

VI

[m?]
[kg]/[kg-m?*/rad]
[kg]/[kg-m?*/rad]

[m]
[N-s/m]/[N-m-s/rad]
[N-s/m]/[N-m-s/rad]
[rad]
[-]
[N/m]/[N-m/rad]
[N/m] /[N-m/rad]
[-]
[-]
[-]
[-]
[m]
[-]
[m]
[s]
[s]
[m]
[m]
[N]
[N]
[NJ/[N'm]
[NJ/[N'm]
[N]

[N]

[NJ/[N'm]
[NJ/[N'm]
[NJ/[N'm]
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Radiation force

Tangential force

Wave frequency

Wave angular peak frequency
Green’s function

Dimensionless gain correction factor
Gravitational acceleration

Gravity component in i-direction
Hub height

Significant wave height

Water depth

Moment of inertia

Drivetrain inertia

Generator inertia

Rotor inertia

Turbulence intensity

Bessel function of the first kind
Blade-pitch controller derivative gain
Blade-pitch controller integral gain

Blade-pitch controller proportional gain

Turbulent kinetic energy

Coefficient for torque coupling tension

Wave number
Characteristic length
Segment length
Initial segment length
Floating body mass

Second-order wave exciting force in the direction of

rotation around the z-axis
Segment mass
Number of fluids

Number of panels over immersed body surface
High-speed to low-speed gearbox ratio

Discrete-time-step counter
Normal vector
Number of blades
Rated mechanical power
Pressure before actuator disk
Pressure behind actuator disk
Generator power
Mean value of generator power
vl

[N]
[N]
[1/s]
[1/s]
[1/m]

[m/s?]
[m/s?]
[m]
[m]
[m]
[kg-m?]
[kg-m?]
[kg-m?]
[kg-m?]
[-]

[m?]
[m?]

[-]

[s]

[J]
[N-m/°]
[1/m]

[m]
[m]
[ke]
[N-m]

[ke]
[-]
[-]
[-]
[-]
[-]
[-]

[W]

[Pa]

[Pa]

[W]

[W]
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Fluid pressure before system

Fluid pressure behind system

Mean fluid pressure in viscous flow
External pressure

Internal pressure

Moment

Wave drift QTF in translation/rotation
Response amplitude operator in translation/rotation
Blade length

Rotor radius

Flow field radius

Cross section radius

Hub radius

Mean strain rate tensor

Mean immersed area of floating body
Wind spectral density

Wave period

Low-speed shaft aerodynamic torque
Effective tension

High-speed shaft generator torque
Maximum value of mooring line tension
Mean value of mooring line tension
wave peak period

Thrust force

Discrete time step

Wall tension

Zero-crossing period

Time

Flow velocity before system

Flow velocity behind system

Wind speed 10 m above the mean sea level
Wind speed at the hub height

Inflow velocity

Outflow velocity

Wind speed at hub height

Unfiltered generator speed

Mean velocity component in i-direction
Turbulent velocity component in i-direction
Cell Volume

Characteristic velocity

VIII

[Pa]
[Pa]
[Pa]
[Pa]
[Pa]
[N'm]
[N/m?])/[N/m]
[m/m]/[°/m]
[m]
[m]
[m]
[m]
[m]
[1/s]
[m?]
[m?/Hz]
[s]
[N'm]
[N]
[N'm]
[N]
[N]

[s]

[N]

[s]

[N]

[s]

[s]
[m/s]
[m/s]
[m/s]
[m/s]
[m/s]
[m/s]
[m/s]
[rad/s]
[m/s]
[m/s]
[m’]
[m/s]
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Forced motion velocity in translation/rotation
Volume of the i-th fluid in a cell

Flow field velocity

Mean velocity

Boundary sharpening velocity of the i-th fluid
Diffusion velocity of the i-th fluid
Displacement in i-direction

Velocity in i-direction

Acceleration in i-direction

Generalized displacement in translation/rotation
Filtered generator speed

Coordinate

IX

[m/s]/[°/s]
[m’]

[m/s]
[m/s]
[m/s]
[m/s]
[m]/[°]
[m/s]/[°/s]
[m/s?]/[°/s?]
[m]/[°]
[rad/s]

[m]
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Greek Symbols

73

Angle of attack

Volume fraction of the i-th fluid

Volume fraction of central cell

Volume fraction of downwind cell
Low-pass filter coefficient

Modified volume fraction at cell interface
Volume fraction of upwind cell

Angle of incident wave

Blade pitch angle

Blade pitch angle when pitch sensitivity has doubled
from its value at rated operating point

Small perturbation of blade pitch angle

Parameter of the JONSWAP spectrum
Amplitude of forced motion in translation/rotation
Damping ratio

Maximum value of translation/rotation

Mean value of translation/rotation

Relative inflow angle

Angle between fluid interface and cell interface
Wind/wave direction

Target tension damping

Expansion factor of segment

Viscosity

Fluid viscosity of the i-th fluid

Eddy viscosity

Kinematic viscosity

Poisson ratio

Position of a source

Normalized volume fraction of central cell

Normalized volume fraction at cell interface

Normalized volume fraction modified by Courant
number

Normalized volume fraction modified by angle
Fluid density

Fluid density of the i-th fluid

Local solidity

Standard deviation of generator power
Standard deviation of mooring line tension
Standard deviation of translation/rotation

X

[°]

[-]

[-]

[-]

[-]

[-]

[-]

[°]

[°]

[°]

[°]

[-]
[m]/[°]
[-]
[m]/[°]
[m]/[°]
[°]

[°]

[°]

[-]

[-]
[kg/(m-s)]
[kg/(m-s)]
[kg/(m-s)]
[m?/s]
[-]

[m]

[-]

[-]

[-]

[-]
[kg/m’]
[kg/m’]
[m]
[W]
[N]
[m]/[°]
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Segment twist angle

Shear stress

Unit amplitude of velocity potential
Velocity potential

Diffraction wave velocity potential

Unit amplitude of first-order incident wave velocity
potential

Radiation velocity potential

Phase lag

Low-speed shaft rotational speed
Low-speed shaft rated rotational speed
Rotor speed

Low-speed shaft rotational acceleration
Specific turbulence dissipation rate
Induced angular frequency

Incident wave frequency

Angular frequency

Corner frequency

Natural frequency

XI

[°]
[Pa]
[m?/s]
[m?/s]
[m?/s]

[m?/s]

[m?/s]
[s]
[rad/s]
[rad/s]
[rad/s]
[rad/s?]
[1/s]
[rad/s]
[rad/s]
[rad/s]
[rad/s]
[rad/s]
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1 Introduction

1.1 Motivation

In recent years, the rise in fossil fuel prices and energy supply shortages have made
the development of renewable energy a global priority. Wind energy, a rapidly growing
industry, plays a crucial role in reducing reliance on fossil fuels and decreasing pollution
from thermal power generation. According to the World Wind Energy Association
(WWEA) [1], there was a 38% increase in new installations in the first half of 2023
compared to 2022. This growth in wind power installation capacity highlights the
expanding potential of the wind energy sector, as shown in Fig. 1, which illustrates the
cumulative wind power capacity worldwide.

Cumulative Wind Power Capacity Worldwide [MW]

1'047'288

744'695
650'951

371'202

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Figure 1 Global cumulative wind power capacity [1]

The Taiwan Strait is known for its rich wind resources. Zhang et al. [2] categorized
global wind energy potential into seven levels, with the Taiwan Strait ranked at the highest.
Chang et al. [3] reported that wind speeds in the Taiwan Strait at 100 m above mean sea
level (MSL) range from 9.32 m/s to 11.24 m/s, and wind power densities vary from 1079

W/m? to 2665 W/m?. Figure 2 and 3, taken from a technical report [4], show the annual
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average wind speeds and wind power densities in Taiwan at 80 m above MSL,
highlighting the significant potential for wind power generation.

Taiwan-Annual Average Wind Speed at 80 m

50000 100000 150000 200000 250000 300000 350000 400000

2450000 2500000 2550000 2600000 2650000 2700000 2750000 2800000
2450000 2500000 2550000 2600000 2650000 2700000 2750000 2800000
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Wind Speed(m/sec) N
[J<40 [155-6.0MM7.5-6.0 M o95-100 %
B 40-450716.0-65MMs0-85 MM 100-105
N 25-50 MM 6.5-7.0 [ 85-9.0 MM 105-110
Elso-55MM7.0-7.5MM%0-95HM> 1.0 1:2,100,000
0 50,000 100,000 200,000 IREWHRR
— m— Meters (T

Figure 2 Annual average wind speed at 80 m above MSL in Taiwan.

Taiwan-Annual Average Wind Power Density at 80 m
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Figure 3 Annual average wind power density at 80 m above MSL in Taiwan
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Figure 4 illustrates that the areas with the highest wind potential in the Taiwan Strait
are predominantly in deeper waters, suggesting that floating offshore wind turbines
(FOWT) might offer an economical solution for deep-water installations, underscoring
the necessity of examining the performance of floating offshore wind turbines. This
research aims to assess the long-term motion response, mooring line tension, and annual
average power output of a FOWT system, integrating the TaidaFloat platform [5], an [EA
15 MW offshore wind turbine, and a 3x3 mooring configuration. The evaluation takes
into account meteorological and oceanic conditions over a decade in the Hsinchu offshore

region.

%‘: Taiwan Offshore Wind Potential L

“ Shallow Water (5-20m) | g
* Area: 1,779.2 km? &l A -

* Potential: 9 GW R y /W 4
« Feasible: 1.2 GW o | /

M Deep Water (20-50 m) <“‘.(_» Ny / /
* Area: 6,547 km? e /
* Potential: 48 GW /

* Feasible: 5 GW

B Deeper Water (> 50 m)
* Potential: 90 GW
* Feasible: 9 GW

Paciﬁf
Wind Power Density(W/m2) ] ‘ Ocean

B <100 []400-500 [ 800-900 [ 1,200 - 1,300 { | ! >

[ 100 - 200 ] 500 - 600 [ 900 - 1,000 [ 1,300 - 1,400 |

[ 200 - 300 [ 600 - 700 [ 1,000 - 1,100 ] 1,400 - 1,500

[ 300 - 400 [T 700 - 800 [ 1,100 - 1,200 [ > 1,500 Contour simulated by NCAR WRF

T © copyright
"1 w??:!ﬂigﬁm Ref. “Wind Resource Assessment Handbook,” ITRI, 2011 f

Figure 4 Potential for offshore wind energy in Taiwan
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1.2 Literature Review

In 1972, Heronemus [6] first proposed using floating wind turbines to harness wind
power. Later, in 1990, World Wind [7] built and commissioned the first offshore wind
turbine, with a capacity of 220 kW, in the offshore region of Sweden. Between 1991 and
2008, the capacity of offshore wind power installations in Europe increased steadily,
mainly focusing on bottom-fixed wind turbines [8]. Research into floating offshore wind
farms commenced in 1990 [8]-[10], resulting in their first installation and operation of
FOWTs by 2008 [11].

Previous research has explored the performance of various platform types designed
for FOWT, primarily classified into spar buoy, tension leg platform (TLP), and semi-
submersible platforms. These platforms differ in their dependences to buoyancy and
stability. Lee, Huang, and Wang [12]-[14] have studied the motion response of spar-type
platforms. Li et al. [15] assessed and compared the hydrodynamic and motion responses
of spar, semi-submersible, and TLP platforms in the South China Sea, concluding that
spar-type platforms are generally more suitable for deeper waters. Conversely, the
relatively shallow waters of the Taiwan Strait with depth from 50 m to 70 m, make semi-
submersible platforms more suitable due to their depth requirements. Additionally,
previous research on FOWTs in the Taiwan Strait primarily used the NREL 5-MW [16]
and the DTU 10-MW [17] models. However, as larger turbines become more common,
employing the IEA 15 MW offshore model [18] in research within the Taiwan Strait has
only recently commenced.

Chen [19] evaluated the motion response and generator power of four different
floating platforms under the metocean conditions of the Hsinchu offshore area and
developed a robust numerical framework. Ansys Aqwa utilizes potential flow theory to

4
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compute hydrodynamic properties, while STAR-CCM+ simulates the forced motion of
platforms to account for hydrodynamic properties with viscous effects. OrcaFlex uses
blade element momentum theory and finite element methods to calculate the
aerodynamics and dynamics of the mooring system. The integration of these tools allows
for solving equations of motion to predict the motion response and generator power of
the wind turbine system.

Building on this framework, Hong [20] investigated a disk-type semi-submersible
FOWT using a 13.2 MW wind turbine in the Hsinchu offshore area of the Taiwan Strait.
Kou [21] examined how three semi-submersible platform designs impact operational
performance in the same region. Tong [22] forecasted the performance of a 15 MW
FOWT system using the semi-submersible TaidaFloat and an IEA 15 MW wind turbine
with a 3x2 mooring configuration in the Hsinchu offshore area, analyzing their
performance under two normal operating conditions: common wave (CW) and high wave
(HW). Cai [23] assessed the performance of 3x2 and 3x3 mooring arrangements for
FOWT systems that utilize the semi-submersible TaidaFloat and IEA 15 MW wind
turbines, particularly under extreme wave (EW) condition with a 50-year return period in
the Hsinchu offshore area. This research emphasizes the annual average power output and
long-term motion behavior of a 15 MW semi-submersible FOWT system in Hsinchu,

considering different metocean conditions.
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2 Wind Turbine System Design

2.1 Floating Platform Design

This research concentrates on the TaidaFloat platform, a semi-submersible floating
structure to support 15 MW wind turbines. According to the design criteria detailed in
references [5] and [24], the TaidaFloat platform must not exceed a length of 85 m to
facilitate construction in a Taiwanese shipyard's dry dock.

The TaidaFloat platform boasts a delta-shaped semi-submersible configuration with
three cylindrical columns. The central column, which supports the wind turbine, is about
60% wider than the other two. The platform measures 81.6 m in characteristic length, is
35 m tall, and has a draft of 20 m. It has a total displacement of 21,222 tons, with its
center of gravity positioned 1.961 m below the free surface and offset by 4.9429 m along
the positive x-axis. Detailed specifications of the FOWT is listed in Table 1 and
dimensions of the TaidaFloat is depicted in Fig. 5.

Table 1 Specifications of the FOWT

Draft (m) 20
Total System Displacement (t) 21222
CG (m) (4.9429, 0, -1.961)

Ly 5.900%101°

Ly, 6.144x101°

Principal Inertias about CG | Iz 2.753%10'°
(kg'm?) Iy, 1.470x107
Ly, -1.121x10'°

Iy, 7.538%10°
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Figure 5 Dimensions of the TaidaFloat platform
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2.2 Mooring Design

The catenary mooring system relies on the weight of the mooring lines or chains to
provide restoring force, while the taut mooring system maintains stability through the
high vertical tension of mooring lines. Since semi-submersible platforms are better suited
to catenary mooring systems [25], this approach was selected for the mooring design in
this study.

In the 3x3 mooring arrangement, each column is connected to three cables 18 m
below the free surface. The water depth is set at 70 m, with an anchor radius of 840 m,
and the angle between adjacent mooring lines is 10°. To reduce the maximum tension and
enhance the restoring force, each mooring line is fitted with ten 5-ton clump weights
between the radii of 241 m and 268 m. Table 2 provides the specifications of the mooring
design, which has a minimum breaking load (MBL) of 25.49 MN. Figure 6 depicts the

mooring design.

Table 2 Specifications of the mooring design

Number of Mooring Lines 3x3
Angle between Adjacent Lines (°) 10
Depth to Anchors below SWL (m) 70
Depth to Fairleads below SWL (m) 18

Unstretched Mooring Line Length (m) 796
Mooring Line Diameter (m) 0.2466
Mooring Line Mass Density (kg/m) 375
Mooring Line Break Load (MN) 18.85
Number of Clumps 10
Clump Mass (t) 5
8
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Figure 6 Mooring design of the wind turbine system, showing (a) the top view and

(b) the side view
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2.3 Wind Turbine Design

This research focuses on the IEA 15 MW offshore wind turbine [26]. The dimensions
and specifications of the wind turbine are detailed in Table 3 with a visual representation
of its design provided in Fig. 7. The rotor blade's geometric design, using the DTU FFA-
W3 airfoil series, is illustrated in Fig. 8, while the blade's shape is depicted in Fig. 9.
Figure 10 demonstrates the aecrodynamic properties of the airfoil. The blade geometry
details are listed in Table 4. Figure 11 shows the relationship between the wind speed at

the hub height U,, and blade pitch angle B}, generator power Fy, rotor speed {2, and

rotor thrust 7.

10
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Table 3 Specifications of the IEA 15-MW offshore wind turbine

Rated Power (MW) 15
Rotor Orientation Upwind
Configuration 3 Blades
Blade Length (m) 120
Hub Height (m) 150
Hub / Rotor Diameter (m) 7.94 /240
Tower Base Diameter (m) 10
Hub Overhang (m) 11.35
Cut-in / Rated / Cut-out Wind Speed (m/s) | 3/10.59/25
Cut-in / Rated Rotor Speed (RPM) 5/17.56
Shaft Tilt / Pre-Cone Angle (°) 6/4
Rotor Nacelle Assembly Mass (t) 1016.6
Tower Mass (t) 860

D240 m

150 m

()I()m—'l j—

Figure 7 Dimensions of the IEA 15-MW offshore wind turbine

11
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Figure 8 DTU FFA-W3 airfoils utilized in the design of the IEA 15-MW wind turbine
blades [26]

Figure 9 Lofted blade profile of the IEA 15-MW offshore wind turbine [26]
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Figure 10 Aerodynamic characteristics of the DTU FFA-W3 airfoils [26], displaying (a)
lift coefficients, (b) lift-drag polars, and (c) lift-to-drag ratios
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Table 4 Blade geometry of the IEA 15-MW offshore wind turbine [27]

Bla@e Chord Twist | Twist Axis Airfoil Description
Fraction (m) (°) Fraction
0.000 5.200 7.787 0.505 Circular
0.041 5.238 7.695 0.473 Transition
0.082 5.367 7.119 0.435 Transition
0.122 5.540 6.203 0.398 Transition
0.163 5.693 5.178 0.365 SNL-FFA-W3-500
0.204 5.765 4.270 0.340 SNL-FFA-W3-500
0.245 5.703 3.591 0.324 FFA-W3-360
0.286 5472 2.963 0.315 FFA-W3-360
0.327 5.166 2.395 0.309 FFA-W3-330 Blend
0.367 4.886 1.921 0.304 FFA-W3-330 Blend
0.408 4.655 1.536 0.299 FFA-W3-330 Blend
0.449 4.428 1.204 0.294 FFA-W3-301
0.490 4.208 0.913 0.290 FFA-W3-301
0.531 3.999 0.650 0.288 FFA-W3-270 Blend
0.571 3.803 0.421 0.288 FFA-W3-270 Blend
0.612 3.617 0.218 0.290 FFA-W3-270 Blend
0.653 3.434 0.020 0.293 FFA-W3-241
0.694 3.249 -0.203 0.298 FFA-W3-241
0.735 3.065 -0.499 0.304 FFA-W3-241
0.776 2.881 -0.811 0.310 FFA-W3-211
0.816 2.691 -1.042 0.316 FFA-W3-211
0.857 2.489 -1.086 0.325 FFA-W3-211
0.898 2.276 -1.050 0.335 FFA-W3-211
0.939 2.053 -0.947 0.346 FFA-W3-211
0.980 1.820 -0.753 0.360 FFA-W3-211
0.990 1.708 -0.689 0.364 FFA-W3-211
1.000 0.500 -0.620 0.368 FFA-W3-211
14
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Figure 11 Comparison of wind turbine performance between this study and [26]: (a) Blade pitch angle, (b) Generator power, (¢) Rotor

speed,(d) Rotor thrust force
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3 Numerical Methods

3.1 Numerical Framework

To estimate the motion response and generator power of a FOWT system, the
coupled equations of motion are solved using OrcaFlex. The equations of motion for a

floating body are expressed as follows:

6

Z(M + Aij)i; + By + Cijx; = Fg + Fy )

j=1
where M denotes the body mass, A;; denotes the added mass, B;; denotes the
damping, and C;; denotes the stiffness of the floating body. The variables x;, x;, and
X; denote displacement, velocity, and acceleration, respectively. Fr denotes the wave
exciting force, and F,; denotes forces other than fluid force, such as aerodynamic
loading and mooring tension. The subscripts i,j = 1,2, ..., 6 correspond to surge, sway,
heave, roll, pitch, and yaw motions, respectively. The values for 4;;, B;j, Cij, and F,;
are obtained from hydrodynamic property, aerodynamic loading, and mooring predictions.
Given that the hydrodynamic properties (A;; and B;;) include potential and viscous
components, modeling viscous flow in STAR-CCM+ is necessary to predict
hydrodynamic properties considering viscous effects. The predicted viscous components
are then used in Ansys Aqwa to calculate the load response amplitude operators,
incorporating the effects of viscosity. The numerical framework for predicting the motion
response and generator power of a FOWT system is illustrated in Fig. 12

Fluid forces can be divided into two categories: hydrostatic and hydrodynamic, as

illustrated in Fig. 13. Hydrodynamic forces include the wave exciting force Fp and

16
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radiation force, which consist of the added inertia force A;;¥; and the radiation damping
force B;;x;. Hydrostatic forces are represented by the restoring force Cj;x;. The wave
exciting force comprises the Froude-Krylov force and the diffraction force, both of which
are caused by incoming waves when the floating body is at rest. Conversely, radiation
forces are generated by the motion of the floating body, ignoring the incoming waves.
The Froude-Krylov force on the floating body is produced by the fluctuating pressure
field of undisturbed waves, while the diffraction force is due to the disturbance of the

incoming waves by the floating body.

Force / Moment Hydrodynamic Properties OrcaFlex
* /Hydrostatic Stiffness (PID) " "
| Rotor Status Equations of Motion
Hydrodynamic ] In OrcaFlex
Properties (Viscous) Potential Approach } \ (BEM)

l Viscous Approach

Aerodynamic
Load

OrcaFlex

Motion Response
Generator Power
Mooring Line Tension

Hydrodynamic Properties / Wave Exciting Force

Mooring Line Tension

| N\

Figure 12 Numerical framework for predicting FOWT performance

Fluid Force

[ |

' Hydrodynamic Force ! Hydrostatic Force

' Wave Exciting Force
[ : | [ |

‘ Diffraction Force ' Froude-Krylov Force ‘ Added Inertia Force ‘ Radiation Damping
[ T ] |

I

Figure 13 Components of the fluid force
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3.2 Potential Flow Modeling of Floating Body

Under the assumption of linear small-amplitude waves, Ansys Aqwa utilizes the
panel method to predict the potential components of a floating body's hydrodynamic
properties, employing three-dimensional potential flow theory. This theory treats the flow
field as inviscid, irrotational, and incompressible. Figure 14 illustrates the coordinate

system used for this potential flow formulation.

z

'y

Figure 14 Coordinate system for potential flow formulation

The velocity potential ¥ (x,y,z,t) within the flow field is defined as:

Y(x,y,zt) = a,®(x,y, z)e 0wt )
where a,, is the amplitude of the incident wave, @(x,y,z) is the spatially dependent
term of the velocity potential with a unit wave amplitude, w,, is the angular frequency
of the wave, and t represents time. According to Haskind's theory [28] and [29], the

potential due to incident, diffraction, and radiation waves can be expressed as follows:

18
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6

C‘D(x'y' Z)e_int = (pl(x:)’; Z) + q)d(xlyﬂz) + zqu)r,j (X,y. Z) e_i‘“Wt,
j=1

3)
where @;(x,y,z) represents the first-order velocity potential of the incident wave with
a unit wave amplitude. Similarly, @,(x,y,z) refers to the diffraction wave potential, and

@,;(x,y,z) indicates the radiation wave potential caused by the floating body's unit

motion amplitude. Here, x; is the motion amplitude in the j-th direction, where j =

1,2,...,6 corresponds to surge, sway, heave, roll, pitch, and yaw motions, respectively.
The first-order hydrodynamic force and moment components can be expressed in a

generalized form as follows:

6

=1

FE['ill] = (Fl,l + FD,I)’ (5)

where | = 1,2, ...,6 represents the force acting in six motion directions. F E[ll] 1s the first-
order wave exciting force in the [-th direction. F;; denotes the Froude-Krylov force
induced by the incident wave in the [-th direction and Fp; signifies the force generated

by the diffracting wave in the [-th direction. Fg;; is the radiation force due to the

motion-induced radiation wave with unit amplitude in the [-th direction, shown as below:

F,=—iw,p fdbl(x,y,z) n,ds,
(6)
So

Fgqp = —lwyp f‘pd(x')" z) nds,

J (7)
Frij = —iwyp fdbr_j(x,y, z)n,ds, @®
So

19
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where p,, denotes the water density, S, represents the average wetted surface area, and
n; signifies the component of the unit normal vector.

Fluid forces are divided into two main types: active and reactive components. Active
forces, which include wave exciting forces, primarily consist of Froude-Krylov forces.
Reactive forces, on the other hand, arise from radiation waves produced by the body's
movement, leading to radiation forces. The radiation wave potential, @, ; can be
expressed in terms of its real and imaginary components and then substituted into Eq. (8)
to determine the added mass and wave-damping, as shown below:

Fryj = —iap f {{Re[(Dm-(x, ¥, 2]+ im[®, ;(x,, Z)]}nldg

So

= Wy Pw flm [Cbr,j(x,y,z)]nldS

So

©

_iwapw fRe [(pr,j(xr Y Z)]nlds = w\%/Ajl + iwajl;
So

where added mass Aj; and damping Bj can be defined by Eq. (10) and Eq. (11),

respectively, as shown below:

Aj = Pw Im [Cbm-(x, Y, z)]nldS, (10)
WS0

11

Bj, = —py fRe [Cbr,j(x,y,z)]nldS. (11)
So

Assuming w, is the motion frequency and «,, is the angle between the incident
wave and the x-axis, the wave potential ¥, is expressed as
Y (x,y,2t) = ,(x,y,z)e't

_ —iga, coshky(z —h)

ei(—wwt+k0(x cos ay,+y sin ayy,) (12)
)

Wy cosh kyh
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g (13)
where g is the acceleration due to gravity, and k, is the wave number. In this analysis,
the floating body is assumed to have no forward velocity, making w,, = wy.

Assuming the fluid is ideal and contains an isolated spatial dependency term in the
velocity potential function, and by using linear hydrodynamics to account for wave
radiation and diffraction. The interaction between the fluid and the structure requires that

the velocity potential satisfies the Laplace equation:

L9090 9%

2
V=t ey T (14)

2
With the wave number denoted by k,, = wT“ and the radius of the flow field indicated as

R,,, the boundary conditions for the far-field potentials @; and @, ; are as follows:

. 100
i, Ruv2 <6RW a ‘kw) ®a =0, (15)
. 100
i, Ruv? <6RW - lkw) Prj =0, (16)
The boundary condition at the bottom of the flow field is given by
0P 0 B
E = onz— —n, (17)

where h denotes the water depth. The conditions at the free surface boundary are defined

as follows:
—wid, +g%cp1 =0atz=0, (18)
—wZd, +g%¢d =0atz =0, (19)
~wi®,;+ g a(c;;j =0atz = 0. (20)

The boundary conditions on the surface of the floating body are defined as
21
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a0,  ad,
on  on’ (21)

%(Dm’ = —iw,ny, (22)
where n is the normal vector. To solve these boundary condition equations, the source
distribution method is employed. Letting X indicate the position of a platform and &

indicate the position of a source, the Dirac delta function is defined as

0’® 9*® 9%

V3G(X, & w) = 927 + 372 + Frri 8(X —§&), (23)
X=(x,y,2), (24)
§=(n0), (25)

0 whereX—& #0
§(X-¢)= (26)

oo where X —§ =0

Wehausen and Laitone [30] described the three-dimensional Green’s function G (X, &, w)

as follows:
G(X, § w)
11
"R, Ry
[ 2(ko + v)ekwh cosh[ky(z + )] cosh[ko (¢ + )] o7
* f ., sinh(keh) — v cosh(kgh) JolkoRy)dky
0
(ko +v)e ko cosh[ky(z + h)] cosh[ky({ + h)]
+i2m sinh(kyh) — kod cosh(k,h) — vd sinh(kyh) JolkoRy)
Ry = [(x = &%+ (y —m)?]°°, (28)
R, = [R} + (z — {)?]°®, (29)
R; = [R? + (z — { + 2h)?]%5, (30)
22
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2
where J,(x) isthe Bessel function of the first kind, v is the given by (DTO. By applying

Green’s theorem, the velocity potential of diffraction and radiation waves can be

expressed as a Fredholm integral equation of the second kind:
1
(0 =7 [ 6@6K £ w,) ds. 61
So

Egs. (21) and (22) show how the boundary condition on the surface determines the
source strength over the mean wetted surface:
o 1 ) + 1 aG s
on 2 a(X) 41 f o(§) on (32)
So
To solve these equations, the Hess-Smith constant panel method is employed. This
method divides the mean wetted surface into panels. It assumes that the potential and

source strength are constant within each panel and represented by their average values

over the surface area. Thus, the discrete integral forms of Egs. (31) and (32) are expressed

as follows:
1
OX) = - ) 016X, §1, )OS, dS )
=1
Np
a(p— ! +1z aGASdS 34
on 27 4-7'[1_101611 L (34)

where N, denotes the number of panels covering the average wetted surface, AS,,
denotes the area of the m-th panel, and §; represents the coordinates of the geometric
centers of the [-th panel.

Assuming X indicates the point on the surface at infinity, and & denotes the point
on the body surface centered at the floating body's center of gravity (xg4, Yy, 2,), their

horizontal coordinates can be defined as follows:
23
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X =1c080 + xg,
y=r;8inf +y,,
¢ =r,c086; + xg,

n =r,sinf,; +y,.

The second-order wave drift force and moment can be expressed as follows:

R = -BeI% el 4 (01cosx

21

1 + e—2kh 2
P9 ( ) f 14,(6,)| cos 6,d6,
0

" 2mv 1 — e 4koh + 4hde-2koh

F2 = — 2292 Refa 00l sinx

21

f |A5(8,)|? sin6,dO,

0

P9 (1+e721)?
2y 1 — e~*koh 4+ 4hde—2kon

2ap,,gkya
—=(2) - _ wd 0Yw
E6 = T yltanCkoh) + koh — vd tanh(egh) ] e A¢)

2
_apwg ko 1
nv  [tan(kyh) + kh — vd tanh(kyh)

el Of Ac(6,)A}(6,) d6, ]

(35)
(36)
(37)

(38)

(39)

(40)

(41)

where FE(ZI), FE(ZZ), and M ,g ¢ Tepresent the second-order wave exciting force in the surge,

sway and yaw directions, respectively. The superscript * denotes the complex conjugate

of the value, and Ap and A, are the coefficent of the equations.
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3.3 Viscous Flow Modeling of Floating Body

3.3.1 Governing Equations

To evaluate the hydrodynamic properties considering viscous effects, a forced
motion simulation is conducted using STAR-CCM+ [31]. Figure 15 depicts the

coordinate system used in the viscous flow formulation.

z

'y

Figure 15 Coordinate system utilized in formulating viscous flow simulation

The time-averaged continuity equation for an incompressible fluid is given by

a(pﬂi)_o
ox; (42)

where p is the fluid density, and %; denotes the mean velocity component in the x;-

direction. The momentum equations are expressed as:

d(pi) +0(pﬂiﬂ,-) ap 0 <aai aaj>l dpuju
— — l'l —

ot ax,  ox ox|M\ax Tox )| T Taxy, TP @)
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where p represents the mean pressure, p is the fluid viscosity, —pu;u; in Eq (43)

denotes the Reynolds stress, u; denotes the turbulent velocity component, and g;
denotes the gravity component in the i-direction, where i = 1,2,3 correspond to the x-,

y- and z-directions, respectively.
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3.3.2 Turbulence Model

This study utilizes the SST k-w model, which integrates features from both the
standard k- and k-¢ models. The equations governing turbulent kinetic energy (k) and

specific dissipation rate (w) are formulated as follows:

a(pk) N d(pwk) 0w akl

- 2
ot T Tax, gy FPOktoy l(“ tokdg ]l @

d(pw) a(pﬁjw) py 0 ,, 0 dw
Fran o) —H—tTija—ﬁPw +a_xj (#"‘%Mt)a—xj

PO, 0k dw (45)

) /)

where 7;; denotes the shear stress. The blending function F; integrates coefficients

from the k- model within the boundary layer with those from the k-¢ model applied in

the free shear layer and free flow region, defined as

Brwd’ d?w )’ d*CDy,,

~ | VE 500v\ 2k |
F; = tanh {min lmax( ) l , (46)

where d is the shortest distance to the wall, f* is set to 0.09, ;3*_\/551 denotes the

turbulence length scale, v denotes the kinematic viscosity, and €Dy, is the cross-
diffusion coefficient, as shown below. Other model constants are listed in Table 5.
According to the Boussinesq eddy viscosity assumption [32], Reynold’s stress is related
to the mean strain rate tensor. The eddy viscosity u; is calculated using the SST k-w

model [31] and defined as follows:

1
CDy,, = max (Z Vk - Vo, 10‘20), @7

auj aui 2
b (48)

—PUYU; = Uy <6x,- + o) —3pPké
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. pk pkCr
U = min ) )
max (%,ISaIFZ) J3I8| (49)
1

where k represents the turbulent kinetic energy, w is the specific dissipation rate, U is

the mean velocity, and S is the mean strain rate tensor, defined as

1
S = E(Vﬁ + vuh).

(50)

Table 5 Constants employed in the SST k- model [31]

a 0.31 B Fipi + (A -F)B;
Cr 0.6 B 0.09

F, tanh (f,°) B 0.09

fz max (;%,%) K 0.41

a* Fiai +(1—-F)a; Oy Fiop, + (1 = Fy)oy,
a; 1 Ok, 0.85

a; 1 Ok, 1

B Fipy + (1 —F)pB; O Fio4h, + (1 — F)o,,
B 0.075 0w, 0.5

B 0.0828 Ou, 0.856
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3.3.3 Volume of Fluid Method

This study investigates the flow field across the free surface where air and water
coexist using the volume of fluid (VOF) method [33]. In this method, the volume fraction

of the i-th fluid within a cell is defined as:

“Tv (51)

where V is the total volume of the cell, and V; is the volume occupied by the i-th fluid
within that cell. To ensure conservation, the sum of the volume fractions must satisfy the

following equation:

a; = 1, (52)

N
=1

l

where N represents the total number of fluids. When «a; = 1, the cell is fully occupied
by the i-th fluid. Conversely, @; = 0 means the i-th fluid is absent in the cell. If
0 < a; <1 ,itindicates a mixture where multiple fluids, including the i-th fluid, coexist
within the cell, forming a free surface. As a result, the p and p within the cell are

computed as weighted averages of these properties for the present fluids, given by

N
p= Zpiai' (53)
i=1
N
=1

where p; and p; are the density and viscosity of the i-th fluid, respectively. The

continuity equation is then derived as

aai aal’

W + u] a_Z] + V- (al'ud'i) +V- [ai(l — al')ucji] = 0,

(55)
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where u,; and u.; denote the diffusion velocity and the boundary sharpening velocity

of the i-th fluid, respectively, defined as

Val-

u.; =0C ,
oi = Caliligg,) (56)

where C, denotes the sharpening factor.
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3.3.4 Boundary Conditions

This study simulates the forced motion of the FOWT by defining the velocity using
following equation:

Ve = sin(wt),

r = Gow (wt) (57)

where V is the generalized velocity of movement, w is the angular frequency, and {

denotes the generalized amplitude. In this study, the amplitude ¢, is set to 1 m for
translational motions and 1° for rotational motions.

To ensure the numerical accuracy of the force motion, this study employs an overset
mesh technique to simulate the dynamics of FOWT system. The overset mesh consists of
a background mesh encompassing the entire computational domain and a component
mesh confined within the overset domain. During the simulation, the component mesh
undergoes controlled translational or rotational motions. In this research, the surface of
the floating body and the base of the computational domain are considered as no-slip
boundaries, whereas the top and sides are identified as pressure outlets.

In the offshore region near Hsinchu, the typical water depth is around 70 m, which
establishes the upper and lower limits of the computational domain as 70 m above and
below the water surface. Given that the characteristic length of TaidaFloat is roughly 80
m, the height of the overset boundary is also set to this characteristic length. The
computational domain extends 18.75 times the characteristic length, while the overset
domain covers 1.25 times the characteristic length. Figure 16 provides a visual

representation of the domain dimensions and boundary conditions.
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Figure 16 Computational domain for viscous flow modeling

To accurately assess the hydrodynamic forces and moments acting on the FOWT,
the mesh was refined from the outside to the inside, with a finer mesh is employed near
the free surface, recognizing its significant influence on hydrodynamic behavior. The
mesh configuration used in STAR-CCM+ is shown in Fig. 17, highlighting the detailed

mesh near the free surface to improve calculation precision.
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(d)

Figure 17 Mesh arrangement for viscous flow modeling: (a) side view, (b) top view, (c)

refined mesh for the free surface, and (d) surface mesh of the platform
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3.4 Modeling of Wind Turbine

This research employs OrcaFlex to calculate the rotor aerodynamics using blade
element momentum (BEM) theory, which integrates momentum theory with blade

element theory.

3.4.1 Momentum Theory

Momentum theory is categorized into axial and angular momentum theories. Axial
momentum theory assumes that the fluid is inviscid, incompressible, and irrotational. It
uses the actuator disk model to represent the force distribution on the rotor plane.
According to the principle of mass conservation, the inflow equals the outflow, as

illustrated in Fig. 18. The following equations are derived from the Bernoulli equation:

Actuator Disk ="
- - 1
_—’_—— \ :
Py 1 1P
Ln |I Pl PZ I out
Uin 1 U1 U2 Uout
1

|

-

-~

T ------
ey

Control Volume

Figure 18 Axial momentum theory

1 2 1 2
Pin+_pUin :P1+_pU1 ’

2 2 (58)
1 2 1 2
PZ"'EPUZ :Pout+§onut , (59)

where U;, and P, refer to the fluid velocity and pressure before entering the control
volume, as well as U; and P; denote the velocity and pressure just before reaching the
actuator disk. The variables U, and P, represent the velocity and pressure immediately
after the fluid passes through the actuator disk. U,,; and P,,, indicate the velocity and
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pressure as the fluid exits the control volume. The axial induction factor a is defined as
the ratio of the velocity decrease as it enters the control volume to the initial velocity of

the inflow:

Upn (60)
The pressure difference acting on the actuator disk multiplied by the disk area A gives

the thrust T, on the actuator disk, as shown below:

1 2
T, —EpAUin 4a(1 — a). 1)

Under the framework of axial momentum theory, angular momentum theory
evaluates the torque exerted by the fluid on the actuator disk, taking into account the
fluid’s angular velocity induced by the rotor’s rotation. As the rotor rotates with an angular
velocity w, , there is a reduction in axial velocity before the rotor, given by U; =
Uin(1 — a). Considering the change in fluid’s angular velocity induced by the rotor,
denoted as w’, and assuming r to be the cross-sectional radius, the torque Q is

determined as follows:

_d(lw")
Q= dt

= mrie’,

(62)
where I represents the rotor’s moment of inertia. The angular velocity induction factor,

denoted as a’, is calculated as

2w (63)
As depicted in Fig. 19, the moment dQ exerted by an annulus of width dr is expressed

as:

1
dQ = 4a’'(1 — a) = pU;,,w,r?2nrdr.
2P (64)
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dr

Figure 19 Angular momentum theory
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3.4.2 Blade Element Theory

Blade element theory involves dividing the blade into discrete segments along its
length. The forces on each segment are computed based on the drag and lift coefficients
of the local airfoil, assuming that each segment's aerodynamic behavior is independent.
Assuming that r is the radial position, dr is the length, and ¢ is the chord length of
the blade section, respectively. The inflow velocity U, for each blade section arises
from the combination of wind speed, rotor speed, axial-induced velocity, and tangential-
induced velocity, the axial induced velocity is —U;,a, and the vector sum of the

tangential rotor speed and tangential induced velocity is

!

w
WaT + o T =Wt + wyra’ = w,r(1+a’). (65)

There are various force components acting on the blade cross section, assuming «

representing the angle of attack, and 6 representing the relative inflow angle.

Un(1—a) 1—a

tan(6) = rwg,(1+a’) “1+a Ars (66)

where A, is the local tip speed ratio defined as

A, = Uin
rw, (67)
Next, the relative inflow velocity is given by
— Uin(l - a)
sing (68)

For a rotor with n; blades, the axial force F, and the tangential force F; can be

calculated as
1 5 )
dF, = nbcsz [C;cosO + CysinB]dr, (69)
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1
dF, = nbcipUz[ClsinB — C4cos0]dr, (70)

where C; and C; denote the drag and lift coefficients, respectively. The moment dQ

applied to the blade is determined by

1 :
dQ = nyc EpUZ[Clsme — C4cosB]rdr. (71)
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3.4.3 Blade Element Momentum Theory

The blade element momentum theory combines the momentum theory with blade
element theory. This is achieved by equating dT, from axial momentum theory with
dF, from blade element theory. By combining Egs. (61) and (69), the following equation

1s derived:

a  a[Ccost + Cysinb]

1—a 4sin20 ’ (72)

where o is the local solidity, defined as

_ myc
= (73)
By equating dQ from angular momentum theory with dQ from blade element theory
and combining Egs. (64) and (71), the following equation is obtained,

a'  o[C.sind — Cpcosh]
1—a 4),.sin26 ' (74)

Using Egs. (72) and (74), a and a’ can be expressed as

1
a =
4sin?0 ’
L+ o[C;cosf + C4sinf] (73)
, 1
a= 2sinfcosf '
. -1 (76)
o[C;cosf + C4sinf]
The thrust force and mechanical power are then calculated, as
Ry
T, = f dT,,
T - T (77)
Ry
P = f w,dQ,
L (78)

where 13, denotes the hub radius and R, denotes the rotor radius.
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3.4.4 Tip Loss Model

Blade element momentum theory incorporates several simplifications, often leading
to the predicted power values higher than the actual measured power. Momentum theory
assumes the rotor has infinite blades, whereas, in reality, it typically has only three. This
discrepancy causes energy losses due to vortices at the blade tips. To improve prediction
accuracy in OrcaFlex, the lifting surface method [34] is applied, introducing a correction
factor F, which varies between zero and one, i.e.,

F= zcos‘ _nzb—l _ %) .
T sinf (79)

The axial induction factor a and the angular velocity induction factor a’ are then

corrected accordingly:

1
a=
4Fsin2%6 ’
L+ o[C;cosf + C4sinf] (80)
, 1
a = 2FsinfcosO )
-1 (81)

o[C;cosf + C4sinf]
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3.5 Modeling of Control System

In OrcaFlex, the wind turbine control mechanism is coded in Python and utilizes two
separate controllers: a generator torque controller for wind speeds under the rated
threshold, and a full-span rotor-collective blade pitch controller for wind speeds above

the rated threshold. Figure 20 illustrates the schematic of this control system.

Wind
l - Generator Speed
»| Turbine
a
\ 4
Low-Pass Filter
Blade Pitch Generator
Angle Torque 4 Filter Speed
Torque Determine
Control Control Region
Pitch |

Control | Above Rated Wind Speed Region

Figure 20 Schematic of the employed control system

A recursive single-pole low-pass filter with exponential smoothing is utilized within
the model to reduce the impact of high-frequency excitation. The discrete-time recursive
equation for this filter is formulated as follows:

Yin = (1 - af)uf.n + ArYfn—1, (82)

Ar = e—ZnTSwS
! ' (83)
where the filtered generator speed yr, is derived from the unfiltered generator speed

Ur, using a recursive single-pole low-pass filter with the coefficient ay. Here, n
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represents the discrete-time-step counter, Ty denotes the discrete time step, and w;
denotes the corner frequency. This study ignores the initial start-up phase, concentrating
on operational conditions. An optimal proportionality constant is then applied to estimate
the torque on the rotor, which is assumed to vary proportionally with the square of the
generator speed. In the sub-rated wind speed range, a single-degree-of-freedom model is
utilized to control the generator speed. The equation of motion is as follows:

T, — N;T, = [,AQ, (84)

where T; is the aerodynamic torque on the low-speed shaft, T, is the torque generated
on the high-speed shaft, N, represents the gear ratio of high-speed to low-speed, I; is

the inertia of the low-speed shaft drivetrain, and AR is the rotational acceleration of the
low-speed shaft. The inertia I; is defined as
_ 2
Iy =1+ Ny, (85)

where [ is the rotor inertia, and I, is the generator inertia relative to the high-speed

shaft. For wind speeds exceeding the rated range, the equation of motion in the single-

degree-of-freedom model is modified as follows:

d
To = NgTg = (I + Ngzlg)a(ﬂo + AD), (86)

where (), denotes the rated rotational speed of the low-speed shaft, and A represents
a minor fluctuation in the low-speed shaft's rotational speed around its rated value. The

generator power Fy is formulated as

P, =T,N,(),
g g'g (87)

where (2 indicates the rotational speed of the low-speed shaft. The values of T, and T,

are established as follows:
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To(No®) = L (88)
_ P(By )
Ta(By) = D, (89)

where P, and [, denote the rated mechanical power and the blade pitch angle,

respectively. Utilizing Taylor series expansion, Egs. (88) and (89) can be approximated

as
Py P
T, =~ ———A0,
97Ny NyOE (90)
T P0 1 (E)P)A
™0, "0, \ag,) P 1)

Incorporating a proportional-integral-derivative (PID) control, Af, represents the

small deviation of the blade pitch angle, as shown in Eq. (92).

t
ABy, = K,N,AQ + K; f N,AQdt + K N, AQ, (92)
0

where K, K;, and K, represent the proportional, integral, and derivative gains of the

blade pitch controller. Assuming ¢ = Af) , the equation of motion can be written as

[1d+ﬂlo< ;ﬁbNKd)]<p+L210< ;[]‘:) NyK, — ;:zlqﬁ

+ [, (-3, il =0

According to [35], when K; is set to zero, the values of K, and K; are

(93)

determined as follows:
B 21300(,wp

- Ny <— g—gb) ’ (94)
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Id'QOwnz

Ki:

g

where w,, represents the natural frequency and {,, denotes the damping ratio, which are

derived from the following equations:

K
w, = m—“’ (96)
@
{ _ C‘P _ Cf/’
¢ 2JK,M, 2Myw,’ 97

The response of the pitch is assumed to vary almost linearly with the angle of the

blade pitch.

opP

B
7 =5 =0 (1) -

B,z
where [, , is the blade pitch angle at which the pitch sensitivity has doubled from its

value at the rated operating point, i.e.,

OF (B = Boz) = 222 (5, = 0).
55 o = Fu2) = 2556, =

aﬁ (99)

Egs. (94) and (95) are derived using Egs. (98) and (99) as references, namely:

213,00, w
Ky = oK, (100)
% |(~37,) @ = 0)
130w, >
Ki — d 0Wn GK,
N |(-55) & = 0] (101)
where GK denotes the dimensionless gain correction factor, characterized as
1
GK () = ——5—. (102)
1+ 52
B,z
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3.6 Modeling of Mooring

In OrcaFlex, mooring lines are modeled using the finite element method, as

illustrated in Fig. 21 [36]. The mooring line is divided into straight, massless segments,

what each ends with a node. These segments primarily contributes to the axial and

torsional properties of the mooring line, with axial force being the most significant factor

in the system. Each segment is further divided into two sub-segments, allowing the mass,

weight, and buoyancy to be concentrated at the adjacent nodes.

\

Segment 1

/

Segment 2

Segment 3

Actual Pipe

End A

_—

lEndB

Discretised Model

Node 1

Segment 1

Node 2

Segment 2

Segment 3

Figure 21 Finite element model for mooring lines [36]

The axial force includes both the effective tension T, and the wall tension T,,,

related by the equation:

Te = Tw + (pexaex - pinain)'

45
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where p;, and p,, are the internal and external pressures, and a;, and a,, are the
internal and external cross-sectional stress areas, respectively. The wall tension is

calculated using the following equation:
T dl 1
Tw = EAe — 21/P(pexaex - pinain) + ktt l_ + EACd El_' (104)
0 0

=25l
Aslo

where EA is the axial stiffness, € is the axial strain given by , Vp i1s the Poisson

ratio, k. 1is the torque coupling coefficient, 7 is the segment twist angle, [ is the
segment length, [, is the initial segment length, A; represents the expansion factor, and

cq 1s the damping coefficient expressed as

Aq
= 105
2mgl,
_ 106
CC EA ) ( )

where A, signifies the desired tension damping, c. denotes the critical damping

coefficient for a segment, and mg represents the mass of the segment.
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4 Hydrodynamic Properties

4.1 Time Shifting Approach (TSA)

This study employs Ansys Aqwa to predict the hydrodynamic properties without

considering viscous effect. The hydrodynamic properties, considering viscous effects, are
determined using STAR-CCM+ incorporated with the following approach.

Initially, with zero velocity in the flow field, no wave excitation force acts on the
FOWT. Consequently, the fluid forces acting on the FOWT consist solely of radiation and
hydrostatic forces. The results in STAR-CCM+ provide the total force F,; as function
of the generalized displacement Xx; ;, as illustrated below:

Fop = AiX;1 + Bixiq + Cixp 1. (107)
where A; represents the added mass, B; denotes the damping, and, C; is the stiffness.

According to Eq. (57), the displacement x;;, velocity X;;, and acceleration X;; are

expressed as follows:

xi1 = — {ycos(wt), (108)
X1 = {ow sin(wt), (109)
¥;1 = {yw? cos(wt). (110)

Next, the force curve is translated to the left by one-fourth of period, as shown in

Fig. 22 (a), to obtain the force curve F, ,, which is accordingly expressed:

Fop2 = AiX;i5 + BiXiz + Cix; 5. (111)
Xi2 = §o sin(wt), (112)
Xi2 = ow cos(wt), (113)
X, = —{ow? sin(wt). (114)
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Substituting Egs. (108), (109), and (110) into Eq (107) and Egs. (112), (113), and
(114) into Eq (111), the following equations are obtained:
F,1 = {o((w?4; — C;) cos(wt) + wB; sin(wt)), (115)
Fyp = —{o((w?A; — ;) sin(wt) + wB; cos(wt)). (116)
The stiffness C; of the floating body is determined using Ansys Aqwa. The
variables A; and B; can be them calculated

F, 1 cos(wt) — F, , sin(wt) + Cx 4
fow? ’ (117)

Ai:

F, 1 sin(wt) + F, , cos(wt)

Bi= Zow (118)

In Fig. 22 (b) and (c), given the green line indicates the instantaneous value, while

the orange line shows the average value.
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Figure 22 Time shifting approach: (a) translation of force curve, (b) predicted added

mass, and (c) predicted damping
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4.2 Hydrodynamic Properties Considering Viscous Effect

After the calculation of hydrodynamic properties at a single frequency as described
in Section 4.1, the next step is to obtain the curve of hydrodynamic properties considering
viscous effect. Two methods for obtaining these curves are outlined below.

4.2.1 Single-Point Method

The forces and moments of the final five periods of a given forced motion are used
to compute the average viscous hydrodynamic properties using the time shifting approach.
At the force motion frequency, if the hydrodynamic property is lower than that obtained
from the potential method, no adjustment is made, and the hydrodynamic property from
the potential flow method is retained. However, if the hydrodynamic property is higher
than that from the potential method, the hydrodynamic property curve from the potential
method is offset by the difference between the viscous method and the potential method
at the force motion frequency. Figure 23 illustrates the viscous damping obtained using

the single-point method at a force surge motion frequency of 0.182 Hz.

0.182 Hz
I
20 :
: — Potential
~ I — Sigle-Point
E By I Offs
Z‘(’ |
Z ol !
& S
| N
.
|

0 1 1 1
000 005 010 015 1020 025 030 035
f(Hz)

Figure 23 Schematic of the single-point method
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4.2.2 Fully Viscous Method

In this research, another method is used to obtain the hydrodynamic property curve.
The force motion simulation is conducted at ten frequencies: 0.0238 Hz, 0.0557 Hz,
0.0875 Hz, 0.1193 Hz, 0.1512 Hz, 0.1830 Hz, 0.2148 Hz, 0.2467 Hz, 0.2785 Hz, and
0.3103 Hz. The hydrodynamic properties, considering the viscous effects, are estimated
using the time shifting approach. Subsequently, the hydrodynamic properties obtained at
these ten frequencies are fitted into a continuous curve. Figure 24 provides a schematic
representation of the viscous damping curve obtained using the fully viscous method for

surge motion.

20
— Potential
e 15| — Fully Viscous
>3
oZ 10
=
SR

0 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

J (Hz)

Figure 24 Schematic of the fully viscous method
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5 Validation

To ensure the accuracy of the numerical methods, The free decay heave and roll tests
conducted on a 1/100 scale model [37], is chosen as the validation case. The dimensions
of the model, shown in Fig. 25, were 79.2 cm in length, 92.9 cm in width, and 29.9 cm in
height. The water tank used for the model testing measured 12 m in length, 8 m in width,
and had a depth of 4 m. In the free decay motion depicted in Fig. 26, 6 denotes the
logarithmic decrement, T, denotes damped period, {;, denotes damping ratio, and w,,

denotes natural frequency. These values are defined as follows:

Np
= n ) 119
N, £ "\l (119)
Np
1
Ip==—)t, (120)
N
Pi=1
6
© o 121)
2n
Wy, = ———.
- /1 2 (122)
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Figure 26 The free decay process

After determining the hydrodynamic properties of the model platform accounting
for viscous effects using the fully viscous method, these properties were integrated into
OrcaFlex. A comparison of the heave and roll motion time series was made between the
potential flow theory, the fully viscous method, and the experiments by [37]. The initial
conditions of heave and roll motions were 3.27 cm, and 5.68°, respectively. It is clear that
neglecting viscosity leads to a very slow decay, whereas including viscosity produces
results that are more aligned with the experimental data. Figure 27 displays the time series
for the free decay in heave and roll motions.

When calculating the parameters for free decay, as presented in Table 6, the first
period is often subject to high uncertainty; hence, calculations commence from the second
period, i.e., [ = 2. Observations indicate that considering the viscous effect results in free
decay parameters are closer to the experimental values. This demonstrates that the

numerical methods employed in this study are reasonably accurate.
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Figure 27 Free decay in time series: (a) heave, and (b) roll motion

Table 6 Free decay parameters: (a) heave, and (b) roll motion

(a)
Heave l [0) Tp {p Wy
0.004 2.100 0.065 2.992
Potential 2 0.478 2.300 7.591 2.748
Fully Viscous 0.744 2.335 11.754 2.728
_ 0.004 2.100 0.068 2.992
Experiment 2,3 0.744 2.335 11.754 2.728
0.478 2.300 7.591 2.748
(b)
Roll l 5 Ty o Wy,
0.012 1.700 0.189 3.696
Potential 2 0.539 1.900 8.540 3.331
Fully Viscous 0.405 1.866 6.435 3.382
_ 0.017 1.700 0.269 3.696
Experiment 2,3 0.540 1.900 8.561 3.331
0.393 1.857 6.242 3.397
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6.1 Wave Conditions

6 Metocean Data

This study examines two specific wave conditions: the CW condition, defined by

(H, T,) = (1.5 m, 5.5 s), and the EW condition, defined by (H,, T,) = (12.7 m, 8.83 s).

Additionally, the study evaluates the long-term condition (LTC) using daily data from the

Hsinchu buoy [38] provided by the Central Weather Administration (CWA), spanning

from 2011 to 2020. The buoy is located 6 km offshore, in a water depth of 24 m. A

statistical analysis of this data results in a wave scatter diagram for the Hsinchu offshore

area, as shown in Table 7. This diagram is employed to assess the motion response and

power performance of FOWT systems under various metocean conditions, ultimately

determining the annual average power generation.

Table 7 Wave scatter diagram of the Hsinchu offshore area

n (m)TZ O Y 45 5.5 6.5 75 | Sum (%)
0.25 370 | 359 | 006 7.35
0.50 804 | 1319 | 128 2251
0.75 387 | 1213 | 142 | 006 17.47
1.00 153 | 1013 | 195 | 0.03 13.63
1.25 008 | 743 | 362 | 008 1121
1.50 448 | 445 | 0.9 9.13
1.75 083 | 890 | 031 10.04
2.50 003 | 718 | 092 | 003 | 815
3.50 003 | 042 0.45
4.50 0.06 0.06

Sum (%) | 1722 | 5181 | 2888 | 206 | 0.03 100
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According to [39], this research employs the JONSWAP spectrum with y = 2.08.
The spectral density S(f) and its associated model constants are given as follows:

2 s f8

_ Y 53R b (123)
SH) =g af%e "7,
=5.061(£)* H2(1 — 0.287log y),
a=5.061(f)*H,x 0g7) (124
ISP
b=e 2% Y (125)
{0.07, [/
77 0.09, > (126)

where S(f) represents the wave spectral density, f,, is the wave's angular peak frequency,
y denotes a parameter influenced by sea conditions, and H denotes the significant wave

height. Reference [40] provides the relationship between the wave peak period T, and

the zero-crossing period T, as follows:

11 +y
Tp—TZ/5+y. (127)

Figure 28 illustrates the changes in wave spectral density for CW and EW across

different frequencies. It is evident that as the period increases, the energy of the wave
spectrum shifts to lower frequencies, which is noteworthy. Furthermore, an increase in

wave height result in higher energy level.
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Figure 28 Dependence of S(f) on f,: (a) CW, and (b) EW conditions
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6.2 Wind Conditions

This research employs the American Petroleum Institute (API) spectrum [41] and
constant wind speed to describe the wind speed behavior. Figure 29 contrasts the effects
of constant wind speed with those of the API wind spectrum at Hg = 4.5 m. It shows that,
unlike constant wind speed which remains stable, wind speed varies over time according

to the API wind spectrum. The energy density in the API spectrum S,(f) is given by:

f -5/3
Sa(f,z) = UZIZf;* ll +1.5 (E)l ' (128)

where S, denotes the wind spectral density varying with frequency f and I, is the

turbulence intensity. The wind profile in the offshore area is characterized by

— Y 0 4
U10 Uhub (Hhub) ) (129)

where U;, represents the wind speed at 10 m above MSL, Uy, is the wind speed at
the hub height, Hp,; denotes the hub height which is 150 m, and « is the surface
roughness coefficient, valued at 0.1 due to the flat sea. Under the CW and EW conditions,
the corresponding Hg values in Fig. 30, illustrating the relationship between wave height
and wind speed according to the Beaufort wind scale [42], yield U;, values of 8.13 m/s
and 40.64 m/s, respectively. Uy,, of the CW and EW conditions are then calculated
using Eq.(129). The wind velocities at the hub height are 11.4 m/s and 57 m/s, respectively,
as depicted in Fig. 31. The metocean conditions for these two irregular wave scenarios
are summarized in Table 8. The dependence of H; on U;, and Uy, is given in Table
9. Wind directions recorded in the offshore area of Hsinchu were categorized into four
main directions: 6,, =45°, 135°, 225°, and 315°. The probabilities of wind occurrence

for 6,, are presented in Table 10.
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Figure 31 Schematic of the wind profile
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Table 8 Two irregular wave conditions

Irregular Wave Condition CwW EW
Hg (m) 1.5 12.72

T, (s) 5.5 8.83

Uio (m/s) 8.13 40.64

Upup (m/s) 11.4 57

Table 9 Dependence of U;, and Uy, on H;

Hy (m) | Uy (m/s) | Upyp (m/5)
0.25 2.82 3.96
0.50 3.94 5.53
0.75 4.64 6.51
1.00 6.23 8.87
1.25 747 10.48
1.50 8.13 11.40
1.75 8.45 11.86
2.50 9.87 13.84
3.50 13.07 18.34
4.50 15.64 21.94

Table 10 Probability distribution of 6, in the Hsinchu offshore area

6, °)| 45 135

225

315

P, (%)| 13 22

13
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7 Case Descriptions

The motion definition and global coordinate system used in this study are depicted
in Fig. 32. Assuming the wave direction aligns with the wind direction, this study
investigates scenarios with a wind direction of 0° under two metocean conditions: CW
and EW, where the wind turbine operates under CW condition and is parked under EW
condition. The study employs three methods for predicting hydrodynamic properties,
resulting in six cases. Table 11 presents the cases definitions of CW and EW scenarios.
The study further examines long-term condition scenario using the wave scatter diagram
for the Hsinchu offshore area, considering four wind (wave) directions along with API
spectrum and constant wind speed, while the wind turbine is in operation. Two
hydrodynamic properties prediction methods are utilized, amounting to 496 cases. These
cases are employed to forecast the yearly mean energy and motion response, as
demonstrated in Table 12. Figure 33 illustrates the direction of the wind (wave), with the
north designated as 0°, and the angle is measured clockwise from the x-axis to the wind

incoming direction.

Figure 32 Global coordinate system of the FOWT system
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Table 11 Case definitions of CW and EW scenarios

Wave Condition CwW EwW
Turbine Status Operating | Parked

Potential, Single-Point,
and Fully Viscous
0, 0°

Method

Table 12 Case definitions of long-term condition

Wave Condition 31
Turbine Status Operating
Method Potential and Fully Viscous
0., 45°,135°,225° and 315°
Wind Spectrum Constant wind speed and API

Figure 33 Definition of wind direction
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8 Simulation Results

8.1 Hydrodynamic Properties

In this study, Ansys Aqwa is first used to predict the hydrodynamic properties of
the FOWT. Subsequently, STAR-CCM+ is utilized to the hydrodynamic properties
considering viscous effect.

For the CW and EW conditions, the main frequencies are 0.182 Hz and 0.113 Hz,
respectively. The stiffness coefficients for heave (C33), roll (Cy,), and pitch (Css) motions,
as calculated by Aqwa, are 6.41 MN/m, 52.03 MN/m, and 82.61 MN/m, respectively.
Figure 34 and 37 display the added mass and damping, calculated using the potential and
viscous methods. Table 13 and 14 provide the values of added mass and damping for the
potential and fully viscous methods, respectively.

To quantify the potential component of added mass and damping, this study uses the
ratio obtained by dividing the potential results by the fully viscous results. A higher ratio
indicates a greater influence of inviscid effects on the added mass and damping.

By analyzing the added mass from the red line (potential) and the blue line (fully
viscous) in Fig. 34 and Table 13, some observations are concluded: For surge motion, the
highest ratio is 1.069 at 0.1193 Hz, and the lowest is 0.762 at 0.2148 Hz. At different
frequencies, the ratio varies from 0.823 to 1.005. For sway motion, the highest ratio is
1.258 at 0.1830 Hz, and the lowest is 0.838 at 0.3103 Hz. Other frequencies show ratios
between 0.85 and 1.072. These findings suggest the viscous effect is less significant in
surge and sway motions. Regarding heave motion, the peak ratio is 0.923 at 0.2148 Hz,
while the lowest is 0.764 at 0.3103 Hz. In heave motion, the added mass, considering the

viscous effect, is higher than the inviscid effect across all frequencies. For roll motion,
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the maximum ratio reaches 1.079 at 0.1193 Hz, and the minimum is 0.682 at 0.0238 Hz.
In pitch motion, the highest ratio is 0.993 at 0.1193 Hz, and the lowest is 0.694 at 0.0238
Hz. These findings indicate that the viscous effect is more prominent at low frequencies
and tends to stabilize at higher frequencies in roll and pitch motions. For yaw motion, the
highest ratio is 1.145 at 0.1193 Hz, and the lowest is 0.856 at 0.3103 Hz. At other
frequencies, the ratios range from 0.869 to 1.079, indicating a less noticeable viscous
effect in yaw motion.

Analyzing the damping values represented by the red line (potential) and the blue
line (fully viscous) in Fig. 35 and Table 14, the followings are concluded. For surge
motion, the peak ratio is 1.051 at 0.1512 Hz, and the lowest is 0.025 at 0.0238 Hz. At
other frequencies, the ratios vary from 0.158 to 0.703. Similarly, in sway motion, the
highest ratio is 0.998 at 0.1512 Hz, and the lowest is 0.025 at 0.0238 Hz, with ratios at
other frequencies ranging from 0.162 to 0.819. These results indicate that at lower
frequencies, the viscous effect is more significant, whereas at 0.1512 Hz, it becomes less
pronounced in surge and sway motions. For heave motion, the maximum ratio is 0.248 at
0.0238 Hz, and the minimum is 0.001 at 0.2785 Hz and 0.3103 Hz, with other frequencies
showing ratios between 0.002 and 0.223. In roll motion, the peak ratio is 0.591 at 0.1193
Hz, and the lowest is 0.001 at 0.2785 Hz and 0.3103 Hz, with ratios at other frequencies
ranging from 0.003 to 0.119. For pitch motion, the maximum ratio is 0.521 at 0.0238 Hz,
and the minimum is 0.001 at 0.2785 Hz and 0.3103 Hz, with other frequencies showing
ratios between 0.005 and 0.391. These trends suggest that as frequency increases, the
ratios decrease, approahing zero at 0.2467 Hz, 0.2785 Hz, and 0.3103 Hz, indicating a
more significant viscous effect at higher frequencies in heave, roll, and pitch motions. In

yaw motion, the highest ratio is 0.990 at 0.1512 Hz, and the lowest is 0.001 at 0.0238 Hz,
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with ratios at other frequencies ranging from 0.002 to 0.878. This suggests that the viscous
effect is more pronounced at lower frequencies.

These findings demonstrate that that the viscous effect of damping is more obvious
than the added mass, while the viscous effect significantly impacts added mass and
damping in heave, roll, and pitch motions compared to surge, sway, and yaw motions.
Specifically, the viscous effect on added mass is more pronounced at lower frequencies,
while its influence on damping is greater at higher frequencies. This variation in the
contribution of the viscous effect across different frequencies results in noticeable
differences between the hydrodynamic property curves obtained using the fully viscous

method and those derived from the singe-point method.
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Figure 34 Added mass: (a) surge, (b) sway, (c) heave, (d) roll, (e) pitch, and (f) yaw
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Figure 35 Damping: (a) surge, (b) sway, (c) heave, (d) roll, (e) pitch, and (f) yaw
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Table 13 Added mass predictions by (a) potential and (b) fully viscous methods

(a)

/ Ay A As3 Ayy Ass Age
(Hz) (107 kg) (10° kg- m*/°)
0.0238 | 1.443 1.473 | 2.823 | 2.725 | 2.743 | 2.978
0.0557 | 1.504 | 1.542 | 2.800 | 2.749 | 2.760 | 3.099
0.0875 | 1.530 | 1.570 | 2.953 | 2.849 | 2.779 | 3.455
0.1193 | 2.073 | 2.082 | 2.595 | 2.689 | 2.683 | 4.195
0.1512 | 0.727 | 0.856 | 2.763 | 2.496 | 2.609 | 2.257
0.1830 | 1.016 | 1.301 | 2.610 | 2.575 | 2.593 | 2.302
0.2148 | 0493 | 0.588 | 2.664 | 2.576 | 2.613 | 1.317
0.2467 | 0.811 | 0.708 | 2.675 | 2.595 | 2.626 | 1.496
0.2785 | 0.745 | 0.767 | 2.687 | 2.605 | 2.633 | 1.573
0.3103 | 0.751 | 0.780 | 2.695 | 2.611 | 2.640 | 1.601

(b)

A Ay Ay Az3 Ay Ass Ags
(Hz) (107 kg) (10° kg m?/°)
0.0238 | 1.543 1.582 | 3.503 | 3.995 | 3.953 | 3.165
0.0557 | 1.609 | 1.654 | 3.665 | 3.467 | 3.290 | 3.286
0.0875 | 1.564 | 1.572 | 3.231 | 3.041 | 3.129 | 3.641
0.1193 | 1939 | 1942 | 2986 | 2.492 | 2.702 | 3.664
0.1512 | 0.751 | 0.859 | 3.091 | 2.879 | 2.961 | 2.187
0.1830 | 1.011 1.034 | 2946 | 2.868 | 2.881 | 2.133
0.2148 | 0.647 | 0.674 | 2.886 | 2.770 | 2.807 | 1.439
0.2467 | 0.849 | 0.833 | 3.029 | 2.896 | 2915 | 1.721
0.2785 | 0.859 | 0.872 | 3.043 | 2.904 | 2.922 | 1.762
0.3103 | 0912 | 0931 | 3.045 | 2908 | 2.924 | 1.870
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Table 14 Damping predictions by (a) potential and (b) fully viscous methods

(a)
f Bll B22 B33 B44- B55 B66
(Hz) (106 N - s/m) (107 N-m - 5/°)

0.0238 | 0.012 | 0.012 | 0.186 | 0.001 | 0.011 | 0.001
0.0557 | 0.217 | 0.226 | 0.062 | 0.005 | 0.093 | 0.003
0.0875 | 0.800 | 0.914 | 1.057 | 0.339 | 0.510 | 0.276
0.1193 | 1.187 | 1.644 | 1.251 | 2.717 | 1.497 | 7.960
0.1512 | 10.861 | 9.821 | 0.413 | 0.700 | 0.503 | 19.506
0.1830 | 3.962 | 5.952 | 0.543 | 0.642 | 0306 | 17.319
0.2148 | 5.466 | 5318 | 0.171 | 0.182 | 0.166 | 14.367
0.2467 | 4.532 | 5.546 | 0.023 | 0.043 | 0.042 | 11.319
0.2785 | 2.409 | 2.997 | 0.013 | 0.010 | 0.010 | 7.238
0.3103 | 2.346 | 2.415 | 0.015 | 0.011 | 0.011 | 5.818

(b)

f Bll B22 B33 B44- B55 B66
(Hz) (106 N - s/m) (107 N-m - 5/°)

0.0238 | 0.481 | 0.488 | 0.750 | 0.224 | 0.022 | 0.648
0.0557 | 1.342 | 1392 | 2.375 | 1.769 | 1.159 | 1.650
0.0875 | 2.683 | 2.848 | 6.649 | 5.750 | 3.837 | 3.454
0.1193 | 7.511 | 8.019 | 5.608 | 4.598 | 3.829 | 14.088
0.1512 | 10.334 | 9.841 | 8.256 | 5.884 | 5.350 | 19.703
0.1830 | 8271 | 9.920 | 8.619 | 6.482 | 6.246 | 19.725
0.2148 | 8332 | 8.522 | 14.220 | 11.401 | 11.069 | 18.443
0.2467 | 6.446 | 6.772 | 11.560 | 8.621 | 8.437 | 13.787
0.2785 | 5.708 | 5.853 | 13.226 | 9.799 | 9.628 | 11.563
0.3103 | 5343 | 5.539 | 14.837 | 10.985 | 10.821 | 10.279
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8.2 Load Response Amplitude Operator

This study employs Ansys Aqwa to determine the load response amplitude operator
(Load RAO) without the mooring system. Figure 36 illustrates the Load RAO,
characterized under various incoming wave directions. For surge motion, a maximum
value of 11.5 MN/m is observed at 6,, = 0° and 0.14 Hz. For sway motion a peak of
10.5 MN/m occurs at 6, = 120° and 0.14 Hz. In heave motion, all 6, show a
maximum value of 5.4 MN/m at 0.025 Hz, with another peak at 0.1 Hz, exhibiting similar
trends of 6,,. For roll motion, a maximum of 130 MN/m is observed at 6,, = 90° and
0.12 Hz. In pitch motion, the peak value is 90 MN/m at 6,, = 0° and 0.12 Hz. For yaw
motion, a maximum of 300 MN/m is noted at 6, = 0° and 0.13 Hz, with similar trends
across wave directions. These results indicate that the studied FOWT exhibits varying

Load RAOs under various incident waves.
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8.3 Motion Response

The motion response is determined by solving the equations of motion using
OrcaFlex. From the time-domain results in OrcaFlex, the mean value (7{"), maximum
value (nM) and standard deviation (gy,) are analyzed. Where 7; represents linear and

angular displacements, and i= 1, 2, ..., 6 correspond to 6DOF motions, respectively. This
study simulates total 7200 s and analyzes the last 3600 s. Figure 37 shows the time
histories from 3600 s to 7200 s of the 6DOF motions at 8,, = 0°. Section 8.3.1 discusses
the motion response using different hydrodynamic property prediction methods, whereas

Section 8.3.2 examines the LTC scenario.

8.3.1 Comparison of Motion Response among Methods

The mean, maximum, and standard deviations of the motions at 8,, = 0° under the
CW and EW conditions using three hydrodynamic property predictions methods are
depicted in Figs. 38 and 39 as well as Table 15.

For the surge motion under the CW condition, the mean values of single-point
method and fully viscous method are 4.54% and 3.09% lower than those of potential
method, respectively; the maximum values of single-point method and fully viscous
method are 26.4% and 11.94% lower than those of potential method, respectively; and
the standard deviations of single-point method and fully viscous method are 50.68% and
26.99% lower than those of potential method, respectively. Under the EW condition, the
mean values of single-point method and fully viscous method are 7.21% and 5.2% higher
than the potential method, respectively; the maximum values of single-point method and

fully viscous method are 13.05% and 1.01% lower than those of potential method,

72

doi:10.6342/NTU202403052



respectively; and the standard deviations of single-point method and fully viscous method
are 18.16% and 6.65% lower than those of potential method, respectively.

For the sway motion under the CW condition, the mean values of single-point
method and fully viscous method are 1.87% and 3.74% lower than those of potential
method, respectively; the maximum values of single-point method and fully viscous
method are 45.98% and 21.34% lower than those of potential method, respectively; and
the standard deviations of single-point method and fully viscous method are 50.85% and
15.18% lower than those of potential method, respectively. Under the EW condition, the
mean values of single-point method and fully viscous method are 39.8% and 38.42%
higher than the potential method, respectively; the maximum values of single-point
method and fully viscous method are 97.52% and 93.69% lower than those of potential
method, respectively; and the standard deviations of single-point method and fully
viscous method are 97.24% and 92.08% lower than those of potential method,
respectively.

For the heave motion under the CW condition, the mean values of single-point
method and fully viscous method methods are 7% and 6.88% lower than those of potential
method, respectively; the maximum values of single-point method and fully viscous
method are 9.96% and 5.01% lower than those of potential method, respectively; and the
standard deviations of single-point method and fully viscous method are 19.37% and
17.06% lower than those of potential method, respectively. Under the EW condition, the
mean values of single-point method and fully viscous method remain 7% and 6.88%
lower than those of potential method, respectively; the maximum values of single-point
method and fully viscous method are 26.59% and 19.3% lower than those of potential
method, respectively; and the standard deviations of the single-point method and fully

viscous method are 28.9% and 33.94% lower than those of potential method, respectively.
73

doi:10.6342/NTU202403052



For the roll motion under the CW condition, the mean values of single-point method
and fully viscous method are 0.1% and 0.03% higher than the potential method,
respectively; the maximum values of the single-point method and fully viscous method
are 25.77% and 3.29% lower than those of potential method, respectively; and the
standard deviations of single-point method and fully viscous method are 58.48% and
3.07% lower than those of potential method, respectively. Under the EW condition, the
mean values of single-point method and fully viscous method are 20.03% and 17.83%
lower than those of potential method, respectively; the maximum values of single-point
method and fully viscous method are 92.66% and 92.05% lower than those of potential
method, respectively; and the standard deviations of single-point method and fully
viscous method are 97.94% and 97.12% lower than those of potential method,
respectively.

For the pitch motion under the CW condition, the mean values of single-point
method and fully viscous method are 24.62% and 25.24% lower than those of potential
method, respectively; the maximum values of single-point method and fully viscous
method are 21.69% and 13.97% lower than those of potential method, respectively; and
the standard deviations of single-point method and fully viscous method are 13.23% and
1.44% lower than those of potential method, respectively. Under the EW condition, the
mean values of single-point method and fully viscous method are 74.65% and 11.39%
higher han the potential method, respectively; the maximum values of single-point
method and fully viscous method are 11.31% and 20.46% lower than those of potential
method, respectively; and the standard deviations of single-point method and fully
viscous method are 20.4% and 15.69% lower than those of potential method, respectively.

For the yaw motion under the CW condition, the mean values of single-point method

and fully viscous method are 66.29% and 53.71% higher than the potential method,
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respectively; the maximum values of single-point method and fully viscous method are
52.62% and 25.25% lower than those of potential method, respectively; and the standard
deviations of single-point method and fully viscous method are 56.42% and 31.74% less
than the potential method, respectively. Under EW conditions, the mean values of single-
point method and fully viscous method are 1.08% lower and 0.82% higher than the
potential method, respectively; the maximum values of single-point method and fully
viscous method are 98.16% and 96.88% lower than those of potential method,
respectively; and the standard deviations of single-point method and fully viscous method
are 99.21% and 98.01% lower than those of potential method, respectively.

These findings suggest that damping significantly affects the motion response more
than added mass. Moreover, while incorporating viscous effects does not substantially
change the mean values, it does result in a marked decrease in both maximum values and
standard deviations. It was also observed that the maximum values and standard
deviations are influenced by the magnitude of damping at frequencies corresponding to
the peaks in the wave spectral density under specific metocean conditions. Higher
damping at these frequencies leads to smaller maximum values and standard deviations.
Additionally, the damping calculated using the single-point method tends to be

overestimated, resulting in underestimating the maximum values and standard deviations.
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Figure 37 Time-domain predictions of platform 6DOF motions under CW, showing

(a) surge, (b) sway, (c) heave, (d) roll, (e) pitch, and (f) yaw motion
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Table 15 Platform 6 DOF motions in 8,, = 0° under CW, and EW conditions:
(a) surge, (b) sway, (c) heave, (d) roll, (e) pitch, and (f) yaw

(a)
Mean (m) Max (m) Std (m)
Method EW CW EW CW EW
P 1322 -1.853 2458 9.015 0.451 1.661
SP -1.262 -1.987 ~1.809 -7.839 0223 1.360
FV | -1.281 -1.950 2.164 -8.923 0.330 1.551
(b)
Mean (m) Max (m) Std (m)
Method -~ EW CW EW CW EW
P 0.012 20.007 0.082 “1.150 0.022 0224
SP 0.012 -0.010 0.045 20.029 0.011 0.006
FV 0.011 20.009 0.065 20.073 0.019 0.018
(©)
Mean (m) Max (m) Std (m)
Method -~ EW CW EW CW EW
P ~1.580 -1.576 -2.020 -6.061 0.139 1.360
SP ~1.469 -1.438 “1.819 _4.449 0.103 0.967
FV | -1471 ~1.545 -1.919 “4.892 0.148 0.899
(d)
Mean (°) Max (°) Std (°)
Method =~ EW CW EW CW EW
P -0.344 20302 -0.591 -5.567 0.080 2.110
SP -0.344 -0.241 20.439 -0.408 0.033 0.044
FV | -0.344 -0.248 0.572 20.443 0.077 0.061
(e)
Mean (°) Max (°) Std (°)
Method EW CW EW CW EW
P 22408 0.278 ~4.000 3.707 0711 0.875
SP 1815 -0.485 3.133 3.288 0.617 0.697
FV | -1.800 20309 -3.442 2.949 0.701 0.738
(H
Mean (°) Max (°) Std (°)
Method EW CW EW CW EW
P 0.018 0.057 0.635 7.064 0.233 2.856
SP 0.030 0.057 0.301 0.130 0.101 0.023
FV 0.027 0.058 0.475 0.220 0.159 0.057
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8.3.2 LTC Scenario

The simulation results under LTC scenario are illustrated in Figs. 41 and 42, and
detailed in Table 16, comparing the effects between spectrum, as well as the impact of
viscous effects.

For the surge motion, moving in the +x direction occurs when 6,, = 135°,225°,
while moving in the -x direction happens when 6,, = 45°,315°. For the maximum values,
comparing between spectrums reveal that using the potential method, API values are
16.04% to 23.29% larger than those of constant wind speed, while when using the fully
viscous method, API values are 9.34% to 15.78% larger than those of constant wind speed.
When comparing the potential method and fully viscous method under the constant
wind speed, the fully viscous method values are 1.72% to 3.85% larger than those of
potential method, while under API, the fully viscous method values are 8.96% smaller to
2.56% larger than those of potential method. For the standard deviations are higher for
API compared to constant wind speed, and for potential method compared to fully viscous
method.

For the sway motion, moving in the +y direction occurs when 6, = 225°,315°,
while moving in the -y direction happens when 6,, = 45°,135°. For the maximum values,
comparing between spectrums reveal that using the potential method, API values are
2.89% smaller to 24.51% larger than those of constant wind speed, while when using the
fully viscous method, API values are 5.34% to 25.09% larger than those of constant wind
speed. When comparing the potential method and fully viscous method under the constant
wind speed, the fully viscous method values are 7.19% to 8.99% larger than those of
potential method, while under API, the fully viscous method values are 13.69% smaller

to 15.86% larger than those of potential method. For the standard deviations are higher
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for API compared to constant wind speed, and for potential method compared to fully
viscous method.

For the heave motion, concerning the maximum value, comparing between
spectrums reveal that using the potential method, API values are  0.2% to 1.04% larger
than those of constant wind speed, while when using the fully viscous method, API values
are 0.2% to 1.04% larger than those of constant wind speed. When comparing the
potential method and fully viscous method under the constant wind speed, the fully
viscous method values are 2.31% smaller to 3.71% larger than those of potential method,
while under API, the fully viscous method values are 0.05% to 5.65% larger than those
of potential method. For the standard deviations are higher for API compared to constant
wind speed, and for potential method compared to fully viscous method.

For the roll motion, rotating in the +x direction occurs when 6,, = 45°,135°, while
rotating in the -x direction happens when 6, = 225°,315°. For the maximum values,
comparing between spectrums reveal that using the potential method, API values are
21.13% to 29.85% larger than those of constant wind speed, while when using the fully
viscous method, API values are 14.95% to 24.04% larger than those of constant wind
speed. When comparing the potential method and fully viscous method under the
constant wind speed, the fully viscous method values are 0.02% smaller to 1.22% larger
than those of potential method, while under API, the fully viscous method values are
1.63% to 7.57% smaller than those of potential method. For the standard deviations are
higher for API compared to constant wind speed, and for potential method compared to
fully viscous method.

For the pitch motion, rotating in the +y direction occurs when 6,, = 135°,225°,

while rotating in the -y direction happens when 6,, = 45° 315°. For the maximum

values, comparing between spectrums reveal that using the potential method, API values
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are 21.13% to 29.85% larger than those of constant wind speed, while when using the
fully viscous method, API values are 30.55% to 64.74% larger than those of constant
wind speed. When comparing the potential method and fully viscous method under the
constant wind speed, the fully viscous method values are 31.05% smaller to 23.43% larger
than those of potential method, while under API, the fully viscous method values are
18.83% smaller to 22.64% larger than those of potential method. For the standard
deviations are higher for API compared to constant wind speed, and for potential method
compared to fully viscous method.

For the yaw motion, rotating in the +z direction occurs when 8,, = 45°,135°, while
rotating in the -z direction happens when 6, = 225°,315°. For the maximum values,
comparing between spectrums reveal that using the potential method, API values are
29.21% to 34.72% larger than those of constant wind speed, while when using the fully
viscous method, API values are 8.82% to 18.45% larger than those of constant wind speed.
When comparing the potential method and fully viscous method under the constant wind
speed, the fully viscous method values are 2.57% to 4.85% smaller than those of potential
method, while under API, the fully viscous method values are 11.69% to 22.95% smaller
than those of potential method. For the standard deviations are higher for API compared
to constant wind speed, and for potential method compared to fully viscous method.

These results highlight that due to the time-varying nature of wind speeds in the API
spectrum, as illustrated in Fig. 29, using the API spectrum results in higher maximum
values and standard deviations in platform motions compared to constant wind speed.
This underscores the significance of accurately modeling wind speed variations. The
effect of viscous damping considerably reduces standard deviations and occasionally
decreases maximum values, thereby enhancing the accuracy of motion predictions.

Therefore, incorporating both wind spectrum and viscous effects is essential for reliable
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long-term scenario of offshore wind turbine platforms, aiding in better design and

operational strategies for improved performance and safety.
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Table 16 Platform 6 DOF motions under LTC scenario: (a) surge, (b) sway, (c) heave,
(d) roll, (e) pitch, and (f) yaw

(a)
Spectrum Max (m) Std (m)
6, | 45° | 135° | 225° | 315° | 45° | 135° | 225° | 315°
Constant | P ~1:273 | 1326 [ 1.320 [-1.210 | 0.234 | 0.306 | 0.304 | 0217
FV | -1.296 | 1.365 | 1.380 | -1.231 | 0.230 | 0.305 | 0.303 | 0.217
apy P | -1.502 [ 1.539 [1.582 [-1492 0265 | 0313 [ 0312 [ 0.253
FV | -1.418 | 1.578 | 1.598 | -1.358 | 0.246 | 0.310 | 0.307 | 0.234
(b)
S Max (m) Std (m)
pectrum™y I 4so [ 135° | 225° | 315° | 45° | 135° | 225° | 315°
Constant || ~1:276 | -1.589 | 1.548 | 1.305 | 0.253 | 0.333 | 0.314 | 0259
FV | -1.168 | -1.446 | 1.437 | 1.190 | 0.250 | 0.319 | 0.313 | 0.257
apy | P | -1.589 [-1.543 | 1.754 [ 1.503 [ 0273 | 0345 | 0.339 | 0.277
FV | -1.446 | -1.787 | 1.514 | 1.489 | 0.258 | 0.328 | 0.319 | 0.265
©)
S Max (m) Std (m)
pectrum™y 1450 [ 135° | 225° | 315° | 45° | 135° | 225° | 315°
Constant P 2:398 | -2.546 | -2.568 | -2.424 | 0.066 | 0.105 | 0.106 | 0.063
FV | -2.343 | -2.615 | -2.663 | -2.405 | 0.105 | 0.148 | 0.161 | 0.091
apy | P | -2418 [-2.572[-2.573 [ 2.444 [ 0101 | 0.119 | 0.125 | 0.09
FV | 2420 | -2.664 | -2.719 | 2477 | 0.123 | 0.158 | 0.172 | 0.110
(d)
Max (°) Std (°)
Spectrum =y 5o T 350 | 225° | 315° | 45° | 135° | 225° | 315°
Constantl 2| 3:320 | 4.130 [ -3.695 [ -3.895 [ 0955 | 1.187 [ 1.053 [ 1.105
FV | 3.360 | 4.146 | -3.695 | -3.900 | 0.963 | 1.192 | 1.060 | L.115
apy | P | 4142 [ 5333 [-4.798 [ 4719 0970 | 1.193 | 1.061 | 1.119
FV | 3.863 | 4.934 | -4.435 | -4.642 | 0.979 | 1.204 | 1.068 | 1.133
(e)
Max (°) Std (°)
Spectium=o T T 1350 | 225° | 315° | 45° | 135° | 225° | 315°
Constant || 2417 | 2.615 [ 2.643 [ -2.135 | 0.807 | 0.670 | 0.767 | 0711
FV | -1.788 | 2.925 | 3.262 | -1.472 | 0.796 | 0.655 | 0.757 | 0.701
ap; | P_|-3:438 [ 3.016 [ 3.622 [-2.932 [ 0.826 | 0.672 [ 0.775 [ 0.733
FV | -2.791 | 3.944 | 4259 | 2.425 | 0.813 | 0.671 | 0.771 | 0.719
()
Max (° Std (°)
Spectrum =5 5 T 350 (2)250 315° | 45° | 135° | 225° | 315°
Constant || 4:342 | 5.244 [ -5.065 | -4.447 | 0.848 | 1.102 | 1.021 | 0.821
FV | 4362 | 5.109 | -4.906 | -4.231 | 0.813 | 1.026 | 0.981 | 0.783
wp; | P | 6088 | 7.064 | -6.544 | -5.976 | 0977 | 1211 | 1.155 | 0.938
FV | 4.850 | 6.052 | -5.779 | -4.604 | 0.862 | 1.142 | 1.088 | 0.820
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8.4 Power Performance

The generator power is determined by solving the equations of motion in OrcaFlex.
From the time-domain results in OrcaFlex, the mean value (P™) and standard deviation
(0p,) are analyzed. Section 8.4.1 examines generator power under CW condition using
different hydrodynamic property methods, while Section 8.4.2 explores the power

characteristics under LTC scenario.

8.4.1 Comparison of Power Performance among Methods

Figure 43 and Table 17 illustrate the mean values and standard deviations of the
generator power in 68,, = 0° under CW condition using various hydrodynamic property
prediction methods.

Under CW condition, the mean power value using the potential method is 14.56 MW
with a standard deviation of 1.1 MW. The mean values obtained using the single-point
and fully viscous methods are 0.35% and 0.16% higher than that of using the potential
method, respectively, while their standard deviations are 12.41% and 3.9% lower than
that of potential method.

These findings indicate that power generation is influenced by the magnitude of the
platform's motion, with more unstable motion leading to lower power generation. The
single-point method, on the other hand, which tends to underestimate motion, results in
slightly higher predicted power generation. However, the differences among the three
methods are pretty limited, suggesting that the most time-efficient potential flow method

can effectively predict power generation.
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Figure 43 Power generation under CW condition:(a) Mean, and (b) standard deviation

Table 17 Power generation under CW condition

Method| Mean (MW) Std (MW)
P 14.56 1.10
SP 14.62 0.97
FV 14.59 1.06
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8.4.2 LTC Scenario

This section examines power characteristics under LTC scenario, comparing the
differences between wind spectrums, as well as the impact of the viscous effect. The

weighted power characteristics P™ and the weighted capacity factor CF are calculated

as follows:
n
pm =ZP1mCIl' (130)
i=1
PTI’L
CF = Tr' (131)

where P/™ represents the generator power for the [-th sea state, as detailed in Table 18,
q; is the probability of occurrence of the i-th sea state, and P. is the rated generator

power.

Table 18 Power prediction (MW) for each wave condition using the fully viscous

method and API spectrum

T, (8)
H, (m) 3.5 4.5 5.5 6.5 7.5

0.25 0.519 0.519 0.519

0.50 1.888 1.888 1.888

0.75 3.242 3.243 3.243 3.243

1.00 8.178 8.178 8.179 8.178

1.25 12.891 | 12.892 | 12.893 | 12.891

1.50 14.477 | 14.477 | 14.478

1.75 14.732 | 14.732 | 14.733

2.50 14.896 | 14.895 | 14.895 | 14.896
3.50 14.869 | 14.869

4.50 14.671

Using the wave scatter diagram, the theoretical power output of the wind turbine is
calculated to be 7.817 MW, on wind speed of the hub height mapping to the power curve.
This value deviates by only 1% to 2% from the four cases examined in this study,

indicating a close alignment between the simulation and theoretical values. The power
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characteristics is shown in Fig. 44 (a) and Table 19 (a). The standard deviation of the
power characteristics is depicted in Fig. 44 (b) and Table 19 (b), while the capacity factor
(CF) is presented in Fig. 44 (c¢) and Table 20. Figure 45 and Table 21 show the dependence
of P™ and o0, on Hj.

When comparing the mean power at different 8,, between spectrums reveal that
using the potential method, API values are 0.66% to 0.69% lower than those of constant
wind speed, while when using the fully viscous method, API values are 0.63% to 0.69%
lower than those of constant wind speed. When comparing the potential method and the
fully viscous method under the constant wind speed, the fully viscous method values are
0.18% lower to 0.23% higher than those of potential method, while under API, the fully
viscous method values are 0.11% lower to 0.22% higher than those of potential method.
Regarding the standard deviation of power, using API consistently show higher values
than those using constant wind speed., and similarly, cases using the potential method
always show higher values than those using the fully viscous method.

For the weighted power under constant wind speed, the values using the potential
method and the fully viscous method values are 7.724 MW and 7.731 MW, respectively,
while under API, values using the potential method and the fully viscous method values
are 7.672 MW and 7.68 MW, respectively. Regarding the standard deviation of weighted
power, under constant wind speed, values using the potential method and the fully viscous
method values are 0.096 MW and 0.082 MW, respectively, while under API, values using
the potential method and the fully viscous method values are 0.835 MW and 0.825 MW,
respectively.

For the weighted capacity factor under constant wind speed, the values using the

potential method and the fully viscous method values are both 0.515, while under API,
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values using the potential method and the fully viscous method values are 0.511 and 0.512,
respectively.

For mean power characteristics under varying H, there is minimal difference
between using the potential and the fully viscous methods. When applying API, power
characteristics exceeds constant wind speed for Hg < 1.25 m, but falls short for Hg >
1.25 m. Regarding the standard deviation of power characteristics across different H,
the difference between the potential and the fully viscous methods are insignificant.

The findings suggest that viscous effects have a negligible impact on power
characteristics. The differences between using constant wind speed. and API are more
pronounced, though still less than 1%. The four results analyzed in this study closely align
with theoretical power performance, with a difference of 1% to 2%. It shows that to

roughly estimate power characteristics, theoretical values can be used.
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Table 19 Power characteristics: (a) mean, and (b) standard deviation

(a)
Spectrum| 6, | 45° 135° 225° 315° |Weighted
Constant| P | 7.727 | 7.721 | 7.723 | 7.725 | 7.724
MW) | FV | 7.745 | 7.708 | 7.712 | 7.742 | 7.731
API P | 7.674 | 7.668 | 7.672 | 7.673 | 7.672
(MW) | FV | 7.692 | 7.659 | 7.663 | 7.690 | 7.680
(b)
Spectrum| 6, | 45° 135° 225° 315° |Weighted
Constant| P | 0.080 | 0.127 | 0.102 | 0.086 | 0.096
(MW) | FV | 0.073 | 0.093 | 0.090 | 0.078 | 0.082
API P | 0.833 | 0.834 | 0.834 | 0.836 | 0.835
(MW) | FV | 0.822 | 0.825 | 0.823 | 0.827 | 0.825
Table 20 Capacity factor CF
Spectrum| 6, | 45° 135° 225° 315° |Weighted
Constant P | 0515 | 0.515 | 0.515 | 0.515 | 0.515
FV | 0.516 | 0.514 | 0.514 | 0.516 | 0.515
APL P | 0512 | 0.511 | 0.511 | 0.512 | 0.511
FV | 0.513 | 0.511 | 0.511 | 0.513 | 0.512

Table 21 Dependence of P™ and o, on Hj

Wave Mean (MW) Std (MW)
Height Constant API Constant API
H, (m)| P FV P FV P FV P FV
0.25 0.511 0.512 0.518 0.519 0.002 0.002 0.132 0.132
0.50 1.868 1.870 1.886 1.888 0.008 0.008 0.370 0.370
0.75 3.190 3.194 3.239 3.243 0.018 0.018 0.610 0.608
1.00 8.064 8.076 8.166 8.178 0.046 0.046 1.349 1.348
1.25 13.101 | 13.127 | 12.868 | 12.891 | 0.085 0.085 1.838 1.826
1.50 14.840 | 14.863 | 14.466 | 14478 | 0.698 0.631 1.152 1.126
1.75 14.899 | 14.897 | 14.718 | 14.733 | 0.161 0.064 0.945 0.901
2.50 14.897 | 14.897 | 14.895 | 14.895 | 0.087 0.087 0.511 0.501
3.50 14.897 | 14.897 | 14.870 | 14.869 | 0.110 0.110 0.673 0.672
4.50 14.897 | 14.897 | 14.671 | 14.671 | 0.134 0.132 1.091 1.090
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8.5 Mooring Line Tension

In this study, the mooring line tension is calculated using the finite element method
in OrcaFlex. The time-domain results from OrcaFlex provide the mean value (T/™),

maximum value (T}”), and standard deviation (o1,)-

8.5.1 Comparison of Mooring Line Tension among Methods

The mean, maximum, and standard deviations of the mooring line tension at 6,, =
0° under CW and EW conditions using various hydrodynamic property prediction
methods are depicted in Fig. 46 and Table 22.

For the mooring line tension (T;), under the CW condition, the mean values,
maximum values, and standard deviations of the potential method range from 1.58 MN
to 1.661 MN, 1.9 MN to 2.012 MN, and 0.105 MN to 0.114 MN, respectively. The mean
values of single-point method and fully viscous method are 1.39% to 1.49% and 1.18%
to 1.29% higher than the potential method, respectively. The maximum values are 8.31%
to 9% and 3.33% to 3.58% lower than those of potential method, respectively, and the
standard deviations are 56.75% to 60.72% and 30.86% to 34.71% lower than those of
potential method, respectively. Under the EW condition, the mean values, maximum
values, and standard deviations of the potential method range from 1.506 MN to 1.583
MN, 4.706 MN to 5.512 MN, and 0.483 MN to 0.539 MN, respectively. The mean values
for single-point method and fully viscous method are 8.31% to 9% and 3.81% to 4.41%
lower than those of potential method, respectively. The maximum values are 24.78% to
33.7% and 19.62% to 30.75% lower than those of potential method, respectively, and the
standard deviations are 35.08% to 37.72% and 19.28% to 24.28% lower than those of

potential method, respectively.
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For the tension in mooring line (T,), under CW conditions, the mean values,
maximum values, and standard deviations of the potential method range from 2.232 MN
to 2.431 MN, 2.545 MN to 2.929 MN, and 0.092 MN to 0.166 MN, respectively. The
mean values of single-point method and fully viscous method are 0.06% to 1.49% lower
and 0.05% lower to 1.01% higher than the potential method, respectively. The maximum
values are 3.29% t0 9.19% and 1.22% to 4.85% lower than those of potential method, and
the standard deviations are 29.31% to 49.97% and 12.04% to 25.88% lower than those of
potential method, respectively. Under EW conditions, the mean values, maximum values,
and standard deviations of the potential method range from 2.357 MN to 2.754 MN, 4.075
MN to 6.588 MN, and 0.348 MN to 0.752 MN, respectively. The mean values of single-
point method and fully viscous method are 1.67% to 1.79% and 2.28% to 2.52% lower
than those of potential method; the maximum values are 4.94% lower to 0.41% higher
and 1.1% to 2.58% lower than those of potential method; and the standard deviations are
23.5% to 32.31% and 16.85% to 31.53% lower than those of potential method,
respectively.

For the tension in the mooring line (T3), under CW conditions, the mean values,
maximum values, and standard deviations of the potential method range from 2.222 MN
to 2.421 MN, 2.548 MN to 2.954 MN, and 0.085 MN to 0.179 MN, respectively. The
mean values of single-point method and fully viscous method are 0.21% to 1.23% and
0.07% to 0.82% higher than the potential method, respectively. The maximum values are
4.55% to 9.32% and 1.83% to 3.83% lower than those of potential method; the standard
deviations are 34.57% to 45.1% and 11.6% to 21.17% lower than those of potential
method, respectively. Under EW conditions, the mean values, maximum values, and
standard deviations of the potential method range from 2.349 MN to 2.764 MN, 4.263

MN to 6.925 MN, and 0.347 MN to 0.77 MN, respectively. The mean values of single-
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point method and fully viscous method are 1.08% to 1.5% and 1.86% to 2.02% lower
than those of potential method, respectively. The maximum values are 2.24% to 8.31%
and 2.08% to 5.85% lower than those of potential method; the standard deviations are
23.55% to 31.02% and 17.57% to 31.24% lower than those of potential method,
respectively.

These results indicate a significant correlation between the motion response of the
wind turbine platform and the tension of the mooring lines. Greater motion responses
increase mooring line tension, particularly during EW conditions. Accounting for viscous
effects effectively reduces the motion responses, thereby stabilizing the fluctuations in

mooring line tension.
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Figure 46 Mean, maximum, and standard deviation of mooring line tension under CW
and EW conditions for (a) Ty, (b) T,, and (¢) T3
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Table 22 Mooring line tension at 8,, = 0° under CW and EW conditions:
(@) Ty, (b) Ty, and (c) T3
(a)

Mean (MN) Max (MN) Std (MN)
CW EW CW EW CW EW

Tension|Method

P 1.661 1.583 2.002 5.512 0.110 0.539
T, SP 1.685 1.504 1.822 3.654 0.043 0.336
FV 1.681 1.513 1.925 3.959 0.072 0.408

P 1.580 1.506 1.900 4.706 0.105 0.483
Ty m SP 1.602 1.430 1.742 3.484 0.043 0.314
FV 1.599 1.448 1.837 3.259 0.070 0.389

P 1.652 1.576 2.012 4.886 0.114 0.535
T r SP 1.676 1.489 1.831 3.675 0.049 0.335
FV 1.673 1.506 1.944 3.927 0.079 0.405

(b)

Mean (MN) Max (MN) Std (MN)
CW EW CW EW CW EW

Tension|Method

P 2.298 2.357 2.545 4.075 0.092 0.348
T, SP 2.299 2315 2.461 4.092 0.065 0.235
FV 2.297 2.298 2.514 4.005 0.081 0.238

P 2.232 2.403 2.558 5.045 0.113 0.475
Ty M SP 2.242 2.363 2415 4.982 0.066 0.363
FV 2.239 2.347 2478 4.989 0.089 0.390

P 2431 2.754 2.929 6.588 0.166 0.752
T r SP 2.467 2.705 2.659 6.262 0.083 0.565
FV 2.456 2.691 2.786 6.418 0.123 0.626

(c)

Mean (MN) Max (MN) Std (MN)
CW EW CW EW CW EW

Tension|Method

P 2421 2.764 2.954 6.925 0.179 0.770
Ts, SP 2451 2.723 2.679 6.343 0.098 0.575
FV 2.440 2.709 2.841 6.519 0.141 0.634

P 2.222 2.405 2.568 5.159 0.115 0.484
T3 m SP 2.234 2.376 2.395 5.044 0.067 0.370
FV 2.230 2.358 2479 5.052 0.094 0.395

P 2.290 2.349 2.548 4.263 0.085 0.347
T3 r SP 2.294 2.324 2432 4.128 0.056 0.239
FV 2.291 2.305 2.501 4.034 0.076 0.239
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8.5.2 LTC Scenario

The maximum values and standard deviations of mooring line tension under LTC
scenario are compared between spectrums, as well as the impact of viscous effects, as
shown in Fig. 47 and Table 23.

For mooring line tension (T} ), concerning the maximum value, comparing between
spectrums reveal that using the potential method, API values are 1.48% to 16.08% larger
than those of constant wind speed, while when using the fully viscous method, API values
arel.23% to 9.67% larger than those of constant wind speed. When comparing the
potential method and fully viscous method under the constant wind speed, the fully
viscous method values are 4.64% smaller to 0.55% larger than those of potential method,
while under API, the fully viscous method values are 5.8% smaller to 0.9% larger than
those of potential method. For the standard deviations are consistently higher for API
compared to constant wind speed, and for potential method compared to fully viscous
method.

For mooring line tension (T,), concerning the maximum value, comparing between
spectrums reveal that using the potential method, API values are 0.49% to 8.54% larger
than those of constant wind speed, while when using the fully viscous method, API values
1.27% to 10.55% larger than those of constant wind speed. When comparing the potential
method and fully viscous method under the constant wind speed, the fully viscous
method values are 1.28% smaller t012.39% larger than those of potential method, while
under API, the fully viscous method values are 9.93% smaller to 0.09% larger than those
of potential method. For the standard deviations are consistently higher for API compared

to constant wind speed, and for potential method compared to fully viscous method.
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For mooring line tension (T3), concerning the maximum value, comparing between
spectrums reveal that using the potential method, API values are 0.58% to 11.7% larger
than those of constant wind speed, while when using the fully viscous method, API values
1.29% to 9.13% larger than those of constant wind speed. When comparing the potential
method and fully viscous method under the constant wind speed, the fully viscous
method values are 5.17% smaller to 0.17% larger than those of potential method, while
under API, the fully viscous method values are 0.24% to 8.11% smaller than those of
potential method. For the standard deviations are consistently higher for API compared
to constant wind speed, and for potential method compared to fully viscous method.

The findings indicate that the API spectrum, with its time-varying wind speeds,
causes greater instability in motion response, leading to higher maximum values and
standard deviations in mooring line tensions compared to constant wind speed. This
highlights the importance of accounting for actual wind spectra in the design and analysis
of offshore structures. Furthermore, incorporating viscous effects tends to reduce
platform motions and mooring line tensions compared to potential flow models. Although

these reductions are modest, they contribute to improved fatigue performance.
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Table 23 Mooring line tension under LTC scenario: (a) Ty, (b) T,, and (¢) T;
(a)

Max (MN) Std (MN)

Tension|Spectrum

0, | 45° | 135° | 225° | 315° | 45° | 135° | 225° | 315°
P | 2.187 | 3.338 | 2.446 | 1.988 | 0.055 | 0.255 | 0.068 | 0.090
FV | 2.199 | 3.332 | 2.447 | 1.985 | 0.052 | 0.241 | 0.063 | 0.085
P | 2.539 | 3.578 | 2.648 | 2.017 | 0.093 | 0.267 | 0.085 | 0.092
FV | 2411 | 3.493 | 2.550 | 2.010 | 0.073 | 0.243 | 0.073 | 0.086

Constant

Tl,L

API

P | 1.955|2.624 | 2.620 | 1.972 | 0.061 | 0.141 | 0.139 | 0.059

T FV [ 1.923 | 2.601 | 2.620 | 1.932 | 0.057 | 0.133 | 0.131 | 0.056
LM API P | 2.018|2.721 | 2.789 | 2.048 | 0.073 | 0.142 | 0.142 | 0.072

FV | 1.984 |2.736 | 2.774 | 1.987 | 0.063 | 0.134 | 0.132 | 0.062

Constant

P | 1.988 | 2.584 | 3.308 | 2.216 | 0.094 | 0.071 | 0.249 | 0.053
FV | 1.985|2.464 | 3.300 | 2.188 | 0.089 | 0.063 | 0.238 | 0.051
P | 2.035|2.629 | 3.545 | 2.547 | 0.097 | 0.083 | 0.252 | 0.093
FV | 2.011 | 2.537 | 3.577 | 2.400 | 0.090 | 0.074 | 0.240 | 0.073

Constant

API

(b)

Max (MN) Std (MN)

Tension|Spectrum

0, | 45° 135° | 225° | 315° | 45° 135° | 225° | 315°
Constant P | 2287|2318 | 2.407 | 2.669 | 0.040 | 0.098 | 0.037 | 0.128
T FV | 2234 |2.031 | 2.267 | 2.602 | 0.034 | 0.079 | 0.026 | 0.122
2L API P | 2456 | 2.330|2.496 | 2.874 | 0.063 | 0.106 | 0.070 | 0.137
FV | 2.351|2.098 | 2.332 | 2.876 | 0.047 | 0.088 | 0.038 | 0.136
P | 2.088 | 1.935 | 2.280 | 2.772 | 0.024 | 0.108 | 0.059 | 0.178

Constant

T FV|2.002 | 1.894 | 2.246 | 2.735 | 0.017 | 0.107 | 0.052 | 0.180
2M P | 2.150 | 1.964 | 2.403 | 2.923 | 0.048 | 0.110 | 0.072 | 0.182

AP FV|2.108 | 1.919 | 2.301 | 2.886 | 0.035 | 0.109 | 0.055 | 0.181
Constant P | 2.160 | 2.005 | 2.674 | 3.362 | 0.058 | 0.147 | 0.107 | 0.271

T FV|2.108 | 1.980 | 2.626 | 3.301 | 0.051 | 0.149 | 0.098 | 0.270
2R API P | 2340 |2.023 | 2.902 | 3.604 | 0.081 | 0.148 | 0.121 | 0.274

FV 2300 | 2.016 | 2.762 | 3.413 | 0.066 | 0.150 | 0.107 | 0.271
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(c)

Max (MN) Std (MN)

Tension|Spectrum

0, | 45° | 135° | 225° | 315° | 45° | 135° | 225° | 315°
Constant P | 3405|2718 | 1988 | 2.101 | 0.271 | 0.125 | 0.145 | 0.060
T FV | 3372|2675 | 1.980 | 2.089 | 0.272 | 0.107 | 0.149 | 0.054
3L API P | 3.673 | 2.986 | 2.021 | 2.347 | 0.276 | 0.128 | 0.147 | 0.083
FV|3.450 | 2.825|2.016 | 2.262 | 0.271 | 0.116 | 0.149 | 0.068
P | 2.767 | 2.298 | 1.951 | 2.077 | 0.179 | 0.071 | 0.105 | 0.026

Constant

T FV | 2771 | 2279 | 1.894 | 1.984 | 0.176 | 0.057 | 0.109 | 0.020
M API P 12939 2464|1962 | 2.133]0.183 ] 0.076 | 0.111 | 0.049
FV | 2875|2348 | 1.919 | 2.099 | 0.181 | 0.062 | 0.111 | 0.038

P 12696 | 2423 |2.178 | 2.328 | 0.119 | 0.051 | 0.084 | 0.038
FV 2623|2317 | 2.053 | 2.206 | 0.127 | 0.030 | 0.085 | 0.033
P | 2.883 | 2.520 | 2.292 | 2.424 | 0.135 | 0.072 | 0.107 | 0.061
FV | 2862|2356 | 2.106 | 2.314 | 0.135 | 0.041 | 0.093 | 0.047

Constant

API
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9 Conclusions

This study aims to evaluate the performance of a 15SMW FOWT system, which
includes a semi-submersible TaidaFloat platform and an IEA 15MW offshore wind
turbine, using a 3x3 mooring configuration of the Hsinchu offshore area. It analyzes
variations in motion response and power characteristics across different hydrodynamic
property prediction methods and calculates the weighted capacity factor. Initially, the
study compares the hydrodynamic property derived from the potential method (P) and
two viscous methods (SP and FV). Under single wind (wave) direction conditions, it
examines differences in motion response, generator power, and mooring line tension
using two hydrodynamic property prediction methods across two metocean conditions
(CW and EW). The analysis includes the mean, maximum, and standard deviation values
for six cases. Additionally, the study compiles a wave scatter diagram for the Hsinchu
offshore area to predict the maximum and standard deviation of motion response during
normal operation. It also estimates the weighted capacity factor, considering 31 wave
conditions, four wind (wave) directions, two hydrodynamic property prediction methods,
and two wind spectrums. The conclusions of this study are as follows:

1. Hydrodynamic property prediction method: The FV method reveals significant
viscous effects on damping to added mass, as well as heave, roll, and pitch motions
compared to surge, sway, and yaw. Viscous effects are more pronounced at low
frequencies for added mass and at high frequencies for damping. The hydrodynamic
properties curves obtained using the FV method indicate varying contributions of
viscous effects across different frequencies.

2. CW condition: Comparison among hydrodynamic property prediction methods, the

maximum motion response values using the SP and FV methods are 30.3% and

106

doi:10.6342/NTU202403052



13.3% lower than those using the potential method, indicating an underestimation
by the SP method and revealing that motion magnitude is related to damping at the
wave spectral density peak under specific metocean conditions. Power performance
shows that the average values using the SP and FV methods are 0.3% and 0.2%
higher than those using the potential method, indicating minimal viscous effects on
power characteristics. The maximum mooring line tensions obtained from the SP
and FV methods are 9.3% and 3.8% lower than those from the potential method,
respectively, highlighting a correlation between tension magnitude and motion
response magnitude. It demonstrates the importance of viscous effects in the
calculation of FOWT systems.

EW condition: Comparison among hydrodynamic property prediction methods
using the potential, SP and FV methods. The maximum offsets are 9.088 m, 7.839
m, and 8.293 m, respectively, both decreased significantly after considering the
viscosity effect, and all within the acceptable range of less than 30% of the water
depth (21 m).

Mooring line tension under EW condition: The maximum mooring line tensions
obtained are 6.925 MN, 6.343 MN, and 6.519 MN for the potential, SP and FV
methods, respectively, both decreased significantly after considering the viscosity
effect, corresponding to 27.2%, 24.9%, and 25.6% of the break load. The safety
factors are 3.68, 4.02, and 3.91, respectively, all meeting the requirement of a safety
factor greater than 1.67.

LTC scenario: For motion response, the maximum value is 20% higher when using
the API spectrum compared to constant wind speed, with the potential method
exceeding the FV method by 3.15%. The standard deviation is higher for heave and

roll motion with the FV method compared to the potential method. Power shows a
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mean value of 0.67% lower with the API spectrum compared to constant wind speed,
and the potential method is 0.1% lower than the FV method, with negligible
differences. The standard deviation for power is higher with the API spectrum and
the potential method compared to constant wind speed and the FV method. For
mooring line tension, the maximum value is 5.29% higher with the API spectrum
compared to constant wind speed, and the potential method shows a 2.53% higher
value than the FV method. The standard deviation is also higher with the API
spectrum and the potential method compared to constant wind speed and the FV
method. It shows that under normal operation, reasonable wind spectrum selection
is more important than viscous effects. Furthermore, while the inclusion of viscous
effects generally results in a reduction of platform motions and mooring line tensions
compared to potential flow models, these modest reductions still play a significant
role in enhancing the fatigue performance of the system.

Power characteristics: Using the TaidaFloat with the IEA 15 MW wind turbine, the
API spectrum, and the FV methods, the weighted power output is 7.68 MW, with a
standard deviation of 0.83 MW. This corresponds to a weighted capacity factor of
0.512, which is close to the theoretical power output, with a difference of 1.8%,

showing that to roughly estimate power output, theoretical values can be used.
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