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Abstract: Floating offshore wind turbines (FOWTs) have been installed in Europe and Japan with
relatively modern technology. The installation of floating wind farms in deep water is recommended
because the wind speed is stronger and more stable. The design of the FOWT must ensure it is able
to withstand complex environmental conditions including wind, wave, current, and performance
of the wind turbine. It needs simulation tools with fully integrated hydrodynamic-servo-elastic
modeling capabilities for the floating offshore wind turbines. Most of the numerical simulation
approaches consider only first-order hydrodynamic loads; however, the second-order hydrodynamic
loads have an effect on a floating platform which is moored by a catenary mooring system. At the
difference-frequencies of the incident wave components, the drift motion of a FOWT system is able to
have large oscillation around its natural frequency. This paper presents the effects of second-order
wave loads to the drift motion of a semi-submersible type. This work also aimed to validate the
hydrodynamic model of Ulsan University (UOU) in-house codes through numerical simulations and
model tests. The NREL FAST code was used for the fully coupled simulation, and in-house codes
of UOU generates hydrodynamic coefficients as the input for the FAST code. The model test was
performed in the water tank of UOU.

Keywords: floating offshore wind turbine; second-order wave load; drift motion; semi-submersible
platform

1. Introduction

Offshore wind power has grown rapidly in recent decades. The trend of offshore wind power is
inevitable in the future. The characteristics of offshore wind resources are higher wind speeds and
lower turbulence, as well as lower wind shear than onshore. The higher wind speed allows for offshore
wind turbine capacity factors to be higher on average, and the lower turbulence and shear reduce
wind-induced blade loads [1]. In addition, visual and noise impacts are reduced due to the large distance
from residences. Most of the areas with strong offshore winds are distributed in areas with water
depths of more than 50 m, so floating wind turbines are a viable option. Nowadays, the technology of
floating offshore wind turbines (FOWTs) has become more mature through research and deploying
pilot FOWT projects and demonstration wind farms. Floating offshore wind turbine platforms can
be provided using three concepts, which are spar, semi-submersible, and tension leg platform (TLP).
Several types of semi-submersible concepts were developed, such as WindFloat [2], OO-star model [3],
OC4 semi-submersible model [4], GustoMSC Tri-Floater [5], and other semi-submersible models [6,7].
The TLP concept is designed with high tension of its anchoring system; therefore, the TLP’s anchoring
system is complex [8-10]. The spar concept is usually designed with a slender cylinder; in order to
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balance the system, the center of gravity of the whole system must be lower than the center of buoyancy
of the platform, so the ballast material of concrete is often used at the bottom [11-15].

In order to develop FOWTs, designers need a fully coupled numerical simulation tool that can
combine stochastic wave, wind, and wind turbine performance. The tool also needs to include higher order
hydrodynamic loads caused by incident irregular waves. The well-known simulation tools are NREL
FAST [16], SIMA (SIMO/RIFLEX/AERODYN) [17], HAWC2 [18], Bladed [19], and Orcaflex [20]. Kim et al.
investigated the second-order wave effects of the global performance of a semi-submersible 5 MW wind
turbine by coupling FAST with CHARMB3D [21], and the results were compared with a model test to
validate the simulation modeling. Coulling et al. used FAST and WAMIT to validate a semi-submersible
FOWT model [22]. The study confirmed that the second-order wave loads have a strong effect on drift
motion for parked/idling wind turbine scenarios. Zhang et al. investigated the effects of second-order
hydrodynamics on three semi-submersible FOWTs by using the commercial software ANSYS-AQWA [23];
however, aerodynamic loads from operational wind turbine conditions was neglected.

The NREL FAST is able to integrate the fully coupled nonlinear aerodynamic-hydrodynamic-
servo-elastic simulation of the FOWT systems in the time domain. The hydrodynamic coefficients
of the FOWT are computed by Ulsan University (UOU) in-house code and integrated with FAST to
provide hydrodynamic loads of the floating platform. UOU in-house codes are based on potential flow
theory to calculate the added mass, radiational wave damping, and the linear and second-order wave
loads of floating platforms.

This paper presents the effects of second-order wave loads on the drift motion of the OC4
semi-submersible FOWT [4] and also validates the hydrodynamic model of UOU in-house codes.
The investigation was conducted by numerical simulation and model tests for the FOWT.

2. Model Description

The OC4 semi-submersible FOWT supports a NREL 5 MW reference offshore wind turbine [24] in
200 m water depth. The semi-submersible platform includes a main column and three offset columns.
The main column is located at the center of the platform and supports the tower. Offset columns include
upper columns and base columns. These columns are connected to each other by pontoons and braces.
The FOWT system is moored by a catenary mooring system including three catenary mooring lines.
Three mooring lines arrange uniformly around the platform with one mooring line facing the downwind
direction. Figure 1 shows an overview of the OC4 semi-submersible FOWT system. Dynamic response
analysis for the system was based on numerical simulation and a scaled model test.

Figure 1. OC4 semi-submersible floating offshore wind turbine (FOWT) system.
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2.1. Model Test Model

The scaled model test of the OC4 semi-submersible model was carried out at the UOU’s water
tank, as can be seen in Figure 2. The water tank has a water depth of 2.5 m, is 30 m in length, and is
20 m in width. In a floating offshore wind turbine model test, the dominant forces are in hydrodynamic
loads, including viscous force, gravity, inertia, and aerodynamic wind force. Froude number is the
ratio between inertia and gravity, and Reynolds number is the ratio between inertia and viscous forces.
It is impossible to satisfy equally both the Froude number and Reynolds number between the model
and its full-scale structure in a basin model test. In fact, the most influential load comes from waves;
therefore, Froude scaling was chosen for the floating offshore wind turbine model tests. For matching
the scaled thrust force of the NREL 5 MW wind turbine, the wind speed was increased. To find
appropriate wind speeds, a fixed wind turbine test was performed in various wind speeds to measure
the thrust forces. Table 1 shows the properties of the OC4 semi-submersible in a model scale of 1:80
and in full scale. An inclining test was performed in order to check the scaled-down platform mass
and inertia properties, and the measured properties are listed in Table 2. Properties of the mooring
system are shown in Table 3. A wind generator was made of 18 fans to create the uniform speed wind,
and the rotation of the rotor was driven by a motor. The wave-maker could produce regular waves
and irregular waves.

Figure 2. Model tests of the 5 MW semi-submersible platform model in the water tank of Ulsan
University (UOU).

Table 1. OC4 semi-submersible properties.

Description Unit Model Scale (1:80)  Full Scale
Water Depth m 2.5 200
Turbine Capacity MW - 5
Rotor Mass kg 0.215 110,000
Hub Mass kg 0.111 56,780
Blade Mass kg 0.035 17,740
Nacelle Mass kg 0.469 240,000
Tower Height m 0.97 77.6
Tower Mass kg 0.488 249,718
Tower Top Diameter m 0.048 3.87
Tower Base Diameter m 0.081 6.5
Platform Length m 0.4 32
Base Column Diameter m 0.3 24
Upper Column Diameter m 0.15 12
Main Column Diameter m 0.081 6.5

Platform Mass kg 26.314 13,473,000
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Table 2. Comparison between measuring and target properties of the platform scaled model.

Description Unit Full Scale  Target (1:80) Measured Difference
Platform Mass kg 13,473 x 10° 26.31 25.78 -2.031%

Roll Inertia kgm?  6.827 x 10° 2.083 2.01 -3.505%

Pitch Inertia kgm?  6.827 x 10° 2.083 2.01 -3.505%

Distance between
Platform Bottom to m 6.54 0.082 0.083 1.529%
Center of Gravity

Table 3. Mooring line properties.

Description Unit Full Scale = Model Scale 1:80
Number of Mooring Lines - 3 3
Depth to Fairleads below SWL m 14 0.175
Un-stretched Mooring Line Length m 835.50 10.444
Mooring Line Diameter m 0.077 0.001
Equivalent Mass Density kg/m 113.35 0.0177
Equivalent Weight in Water N/m 108.63 0.017
Equivalent Extensional Stiffness N 753.6 x 10° 1472
Angle Between Adjacent Mooring Lines Degree 120 120
Depth to Fairlead below SWL m 14 0.175
Depth to Anchors below SWL m 200 2.5
Radius from Platform Center-line to Fairleads m 40.87 0.511
Radius from Platform Center-line to Anchors m 837.60 10.470

Eight VICON cameras were used to record four passive markers, which were mounted on the
tower of the model; the motions of the FOWT model at the still water line (SWL) were computed
based on the motion of those markers. The wave elevation was recorded by a wave probe at the same
distance from the wave maker to the static position of the FOWT system.

2.2. Numerical Simulation Model

The NREL FAST code computes the dynamic responses, loads, and wind turbine performances
of the semi-submersible 5 MW wind-turbine system in the time domain [25]. The structure of the
numerical simulation model is outlined in Figure 3. There were five modules to be called for modelling
the whole FOWT system. Those were the AeroDyn module for calculating aerodynamic loads of the
rotor, the ServoDyn module for controlling the wind turbine, the ElastoDyn module for modelling the
elastic structure of the blades and the tower, the HydroDyn module for calculating the hydrodynamic
loads acting on the floating platform, and the mooring dynamic module for modelling the dynamic
mooring system. The hydrodynamic loads were computed by summarizing forces from the wave
radiation added mass and damping, the first-order wave loads, the second-order hydrodynamic
quadratic transfer function (QTF), and the additional viscous force based on the viscous drag term of
Morison’s equation. Those hydrodynamic coefficients were computed by UOU in-house codes and
input to the HydroDyn module, including added mass and damping and first-order and second-order
wave exciting forces. The hydro-static restoring coefficients of the floating platform were also computed,
but since the gravitational restoring terms were accounted for internally in FAST [25], the hydro-static
coefficients were not included in the input data. For calculating the viscous drag force, information of
the platform, such as the diameter of the platform members and their drag coefficients, was required.
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Figure 3. FAST-UOU structure.

The UOU in-house codes, including diffraction solvers, radiation solvers, and second-order
quadratic transfer function solver, were used for generating the hydrodynamic wave-exciting force
matrices X; (w), added-mass matrixes A (w) and radiation damping matrices B (w), and the
quadratic transfer function matrixes Xk (Wm,wg), respectively. Diffraction and radiation solvers use a
3-dimension panel method to solve the linearized hydrodynamic diffraction and radiation problems
for the interaction of the surface wave and a platform in the frequency domain.

The second-order wave force can be obtained by integrating the hydrodynamic pressure calculated
from the linear potential and nonlinear potential; however, the nonlinear potential is so tedious that it
is almost formidable in engineering application and therefore has still been under investigation. In the
QTF solver of the UOU in-house code, the second-order wave loads were calculated based on the
linear potential and the first-order motion of the platform by using the pressure integration method
in frequency—domain. Based on Pinkster [26], the second-order wave forces F¥2V¢ ?) and moments
MWave®) are given in Equations (1) and (2).

1 2 1 o) )
FWave(2) — _ f Epg<:£1> ndl - f fs [—Echpm-V(p(l)—p(x(l).V(’g—t)]ndera(l)X(mxél)) )
0
WL
2 (1
MWave(2) — —f%pgcp) (xxn)dl—ff[— %pV(j)(l)oV(p(l) —p(x(l)ovgq;t )] (x x n)ds + (V) x (Id(l)) 2)
WL So

where p is fluid density, g is the acceleration of gravity, Sy is the wetted surface of the body, # is the
unit normal vector of S, defined to point into the fluid domain, ¢ is velocity potential, subscript (1)
denotes the first-order quantity, WL is the waterline, D is the relative wave elevation, m and I are the
mass and inertial of the FOWT system, respectively, and x1) and a(!) are the first-order translation and
rotation, respectively, of 6 degrees of freedom (DOFs) of the platform in the global coordinate system.

The form of Equations (1) and (2) is similar. The first term represents the fluid pressure acting
on the extra wetted surface due to the relative free surface elevation. The second and the third terms
account for the velocity squared term in the Bernoulli’s equation and the first order displacement effect
in the pressure field, respectively. The fourth term accounts for the rotation of the total first order
force or moment of the system. The quadratic transfer function X (wm, wy) of the difference-frequency
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wave excitation can be deduced from the amplitudes of the second order wave forces and moments
of Equations (1) and (2). The QTF can be found as the form of Equation (3). They correspond to the
incident waves with unit amplitudes and frequencies wy, and wy and can be divided into four terms,
as in Equations (4)—(7).

X(wm, wg) = P(wm, wg) +iQ(wm, wy) 3)

where P, and Q are the real and imaginary part of the QTF, respectively.
The first term due to the first order relative wave elevation is

1 *
Xk =~ P8 56 o Cf;)"dl 4)
WL

where * symbol represents complex conjugate. The second term due to the quadratic of the first order
velocity is

1 %
Xk = _prsf vy, VCP,((l)”dS ©)

The third term due to the product of the first order motion and the first order pressure gradient is
1 o (Drg (1) 1 1)+
X = —ijj (—za)kxfn) qu,(n) - 1a)mxl(C )Vqun) Ynds 6)
S

The fourth term due to the product of inertia and the first order rotation motion is

1 *
Xk = —(—a),%a,(i) xfo,}) + wa

1 (D s« M

¢ () @)

where M is the mass matrix of 6 DOFs of a FOWT system.
The surge QTF is the summation of the four terms above and is shown in Figure 4.
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Figure 4. Amplitude of difference-frequency QTF for surge.
3. Results

3.1. Free Decay Test

Free decay tests were performed to validate the numerical simulation model by comparing it to
the results obtained from the model tests. In the numerical simulation, drag coefficients of the platform
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were tuned, as presented in Figure 5, and the comparisons between the model test and simulation
are shown in Figure 6. By applying different drag coefficients for each component of the platform,
damping forces obtained from the simulation were reasonable; thus, the free decay test results in surge,
heave, pitch, and yaw of the simulation were in good agreement with those of the model tests.

Cd=0.56

Cd=0.61 -

l
Cd=0.68 — ~—>-
)< 'ﬁ

Cdz=4.8

Cd=0.63 Cdz=4.8

Figure 5. Drag coefficients of OC4 semi-submersible components, where Cd is the drag coefficient in
the horizontal direction, and Cdz is the drag coefficient in the vertical direction.

]
. Surge free decay Sepe Mol TR Heave Free decay — Heave Modk Test
" (3
',/ Surge simulation

~—— Heave Simulation

Heave (m)
~ &

Surge (m)
°

~

0 v \/ N T N T

° 100 200 300 200 500 600 ° 50 100 150 200 2% 300 350 400
Time (s} Time &)

Pitch free decay —— Pitch Model Test Yaw free decay ——Yaw model test

— Pitch Simulation Yaw Simulation

Yaw (degrees)

Pitch (degrees)
© & b N O N & o ® B

Time (s}

Figure 6. Free decay test comparison between model test and simulation for surge, heave, pitch,
and yaw.

3.2. Drift Motion in Irregular Waves

To obtain the drift motion of the semi-submersible FOWT system, the tests were conducted for
two load cases (LC), namely LC1 and LC2. In LC1, there were only irregular waves, and the wind
turbine was fixed with no wind. LC2 combined irregular waves and an operational wind turbine
in the rated rotor speed and at tuned wind speed for matching the rated thrust force. By applying
the Froude scale for environmental conditions, the floating offshore wind turbine model test could
be performed in wind and wave wind-wave tanks. However, a Froude-scaled wind turbine could
not achieve the correct wind force. Only rated thrust force was considered in LC2; therefore, a fixed
base model test was performed to determine the wind speed for matching the rated thrust force of the
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model tests. It had to be done before carrying out model tests of the FOWT. The fixed base model was
installed in the same position as the floating offshore wind turbine model location in the water tank.
The distance from the free surface to the center of the hub of the fixed base model was kept the same as
one of the FOWT model tests. At the top of the tower, a dynamometer was equipped to measure thrust
forces. Figure 7 shows that to obtain the rated thrust force for the model tests, the wind speed needed
to increase from 1.275 m/s (as 11.4 m/s at full scale) to 2.4 m/s. Irregular waves were made by the wave
maker based on the JONSWAP spectrum. Wave elevation was recorded by a wave probe at the same
distance with the FOWT model to the wave maker. Figure 8 presents the model test irregular wave
spectrums at full scale. Details of environmental conditions are given in Table 4. In all tests, waves and
wind heading angles were set at zero degrees, so drift motion was represented by surge motion.

2.0

1275 mis 24mks
14 foommmrmmoonnneanss b onmmnonmnooeoeeee

Tower top thrust farce(M)

06 08 1 12 14 16 18 2 22 24 26 2.3
Wwind speed (m's)

Figure 7. Comparison of the tower top thrust forces between fixed base model test and simulation
(results are presented at a model scale ratio).
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Figure 8. Four irregular wave spectrums generated by the wave maker for model tests (results are
presented at a full scale ratio).
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Table 4. Environmental conditions and wind turbine operational status of LC1 and LC2.

Full Scale Model Scale (1:80)
é;)sajs Sez(iSSSt)ate Il:j%g’;lsa;‘,v:;‘;e Wind Speed  Rotor Speed Ii}eg;lsa;v\/:;\)/e Wind Speed Rotor Speed
Hs(m) Tpy(s) (m/s) (rpm) Hs(m) Tpy(s) (m/s) (rpm)
SS4 2.44 8.1 0 0 0.031  0.906 0 Fixed
LCl SS5 3.66 9.7 0 0 0.046  1.084 0 Fixed
556 5.49 11.3 0 0 0.069  1.263 0 Fixed
557 9.14 13.6 0 0 0114  1.521 0 Fixed
S54 2.44 8.1 11.4 12.1 0.031  0.906 24 108.2
LC2 SS5 3.66 9.7 114 12.1 0.046  1.084 2.4 108.2
556 5.49 11.3 11.4 12.1 0.069  1.263 24 108.2
SS7 9.14 13.6 11.4 12.1 0114  1.521 24 108.2

In model tests, irregular waves were generated in 600 s, which equals 5367 s on a full scale.
At the same time with generated waves, 6 DOFs of platform motions were captured. The all recorded
model test data was scaled up to full scale for analysis. After removing 1000 s in the beginning,
the next 3600 s of waves and motions were used for analysis. Figure 9 shows an example of the surge
response in time-series for only an irregular wave case. In the figure, the label “1st Order” represents
the result of only the first-order hydrodynamic simulation, and “2nd Order” represents the results
of the first-order and the second-order hydrodynamic simulation. As can be seen, the global surge
response, which was predicted by including the second-order hydrodynamic, was a good match with
the model test data, and both were different from the surge response obtained by the only first-order
hydrodynamic, significantly.

4 -
; —— Surge Model Test|
3 Surge 1st Order
----- Surge 2nd Order |
2 4

Surge [m]

-2 ¥ T ¥ T ¥ T Y T ¥ 1
2000 2100 2200 2300 2400 2500
Time [Sec]

Figure 9. Time history comparison of the platform surge motion under only an irregular wave from
test data and two different FAST simulations.
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Comparisons of the surge frequency—domain responses are presented in Figures 10 and 11 for the
model test data and two different FAST simulations. Two FAST simulations included the simulation
with only first-order wave loads and the simulation including first-order and second-order wave loads.
Those are the results from four sea states in LC1—only irregular waves, and in LC2—irregular waves
with the rated thrust force of the 5 MW wind turbine. In all sea states of LC1 and LC2, surge response
spectrums were large at the surge natural frequency. Comparing the test data to the simulation results,
it is clear to see that the FAST model that used only the first-order wave force was underestimated
at the low-frequency response of the system, and the FAST model including the second-order wave
load improved the simulation significantly. The drift motion at the surge natural frequency was due
to the resonance response of the FOWT system under the excitation of the second-order wave loads
and the thrust force of the wind turbine. Comparing the surge response spectrum between the cases
without rated thrust force (LC1) and with rated thrust force (LC2) for each sea state, the peak values
were almost similar. This shows that the second-order wave loads were dominant compared to the
surge response at the surge natural frequency. The resonance responses were significantly dependent
on the applied damping force of the system. In the FAST model, the drag coefficients were assumed to
be constant for all sea states; in fact, the drag coefficients may have changed with different sea states,
because the drag coefficient was estimated based on the Reynold’s number [27].

LC1 Sea State 4 —— Model Test 10 LC1 Sea State 5 —— Model Test

---=-- 1st Order Surge natural frequency - 1st Order
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Figure 10. Surge spectrums of four sea states in LC1 (only irregular waves).
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Figure 11. Surge spectrums of four sea states in LC2 (irregular waves, operational wind turbine with
rated thrust force).

4. Conclusions

In this paper, the semi-submersible floating platform that supports a 5 MW offshore wind turbine
was modelled by numerical simulations and scaled model tests. The numerical simulation model was
built by NREL FAST code. The hydrodynamic model of the semi-submersible floating platform was
generated by UOU in-house codes as input data to the FAST code. The model test was carried out at
the water tank of UOU with a scaled ratio of 1:80.

The platform surge responses were obtained from model tests and numerical simulations under
four irregular waves with and without wind turbine operational conditions in LC1 and LC2, respectively.
The surge responses from numerical simulation including the effect of second-order wave loads show
good agreement with model test results. The second-order wave loads are dominant to the surge
response at the surge natural frequency. In the FAST model, the damping coefficients are assumed to
be constant for all sea states; in fact, the damping coefficient may change with different sea states.

The second-order difference-frequency hydrodynamic coefficients generated by UOU in-house
codes can be input to FAST code for predicting the drift motion of the semi-submersible FOWT.
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