Vol XXI. No. TII (2024) pp 84-90

ISSN: 1697-4840, WWW.jmr.unican.es

A Comparative Study on Hydrodynamic Responses of Floating Offshore
Wind Turbine Platforms in Regular Waves

ARTICLE INFO

Mir Tareque Ali', Md. Shariar Badon'*

ABSTRACT

Article history:

Received 20 Feb 2024,

in revised from 17 Mar 2024,
accepted 13 May 2024.

Keywords:

Floating offshore wind turbine,
Hydrostar, 3-D source distribution,
Diffraction and radiation, Motion
responses.

© SEECMAR | All rights reserved

Floating Offshore Wind Turbine (FOWT) platforms have gained importance due to their adaptability to
complex marine conditions in deep-sea environments. The objective of this paper is to perform hydro-
dynamic analysis of semisubmersible FOWT platforms in regular waves. A commercial hydrodynamic
software named Hydrostar (introduced by Bureau Veritas) is adopted for numerical simulations of the
present problem. The numerical simulations are based on linear three-dimensional (3-D) potential flow
theory and the added mass and damping coeflicients, first-order wave excitation forces and motion re-
sponses of FOWT platforms in six degrees of freedom are calculated. The frequency domain results
are presented against wave circular frequency for different wave heading angles. The semisubmersible
FOWT platform model used in this study features a central column and three offset columns having cir-
cular cross-sections with base at the bottom. Three different base geometries, namely circular, square,
and hexagonal shape, are considered to understand their influence on the platform’s hydrodynamic re-
sponse. The numerical results are validated by comparing them with the published research. While
the wave excitation forces and motion responses are influenced by wave heading angles, an in-depth
comparative analysis of hydrodynamic results in the frequency domain for these three FOWT platform
models indicates that variations in base geometry have negligible effects on the hydrodynamic behav-
ior of these structures. The numerical results obtained from this research work may be helpful for
hydrodynamic design of FOWT platforms.

1. Introduction.

in shallow water with bottom-fixed substructures in water depths
of up to 50 m. Thus, in the future, offshore wind turbines are

Wind energy has been recognized as one of the key renew-
able energy sources, and its main development has been through
the construction of onshore wind firms. However, due to the
factors such as the lack of land space for the development of
onshore wind firms, competing site usages, environmental im-
pact etc., lead to the development of offshore wind energy in
recent years. Moreover, offshore wind turbines tend to obtain
better wind quality than do onshore wind turbines.

Thus, offshore wind turbines are expected to realize high
generation efficiency. Most offshore wind turbines are installed
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expected to be moved to deep water sites for these reasons, as
well as for the stable and strong wind flow. For greater water
depths, the FOWTs are unique solution to harness the offshore
wind energy. The floating platforms of FOWT can be classified
into three primary categories: a semisubmersible, a Spar buoy
and a Tension Leg Platform (TLP). Compared to spar buoys
and TLPs, the Semisubmersible platforms are more feasible in
a variety of water depths and has lower costs of installation. The
semisubmersible platforms have better hydrodynamic behavior
due to the deep draft and they also use conventional mooring
system.

Significant research on FOWT platforms began in the 1990s,
with the first prototype built in 2007, sparking rapid expansion
in research, development, and a multitude of platform designs
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[1]. Meng, et al. [2] proposed analytical solutions to quan-
tify the aerodynamic damping and hydrodynamic damping for
the FOWT platform and the analytical expressions of damp-
ing and simplified model was successfully verified against soft-
wares like FAST and Aqwa. Kim, et al. [3] performed time
domain simulation to investigate the characteristics of wave-
induced motion of a TLP-type combined wind-wave energy
platform to reduce the variability of energy extraction. Zhou,
et al. [4] studied the effect of focused wave on floating off-
shore wind turbine platform by conducting a comparative study
of CFD simulation and model test. An experimental study for
motion response analysis was performed by Amin et al. [5] to
investigate the feasibility of integrating a wind turbine into the
same floating desalination plants platform. Ahn, et al. [6] per-
formed a model test of a 10 MW floating offshore wind turbine,
and then the model test results were verified by comparing them
to the numerical results. Chu, et al. [7] used a frequency do-
main approach for analyzing wind and wave coupling effect on
motion responses of an integrated offshore fish cage and wind
turbine. Wang, et al. [8] investigated the effect of damping
induced by wind, current and mooring system on the floating
foundation response on floating wind turbine.

In the present study, a commercial hydrodynamic software
named Hydrostar was used for numerical simulations to per-
form the hydrodynamic analysis of semisubmersible FOWT plat-
forms in regular waves. The added mass and damping coefhi-
cients, first-order wave excitation forces and motion responses
of FOWT platforms in six degrees of freedom are calculated
and presented against wave circular frequency for different wave
heading angles. The FOWT platform model used in this study
features a central column and three offset columns having cir-
cular cross-sections with base at the bottom. Three different
base geometries, namely circular, square, and hexagonal, are
considered for the present investigation. The numerical results
for circular base are validated by comparing them with the pub-
lished research. Through a comparative analysis of these three
FOWT platform models, the findings suggested that changes
in base geometry do not significantly impact the hydrodynamic
behavior of these structures.

2. Mathematical Formulation.

Consider, a 3-D body of arbitrary shape is freely floating in
water with regular waves and the fluid is assumed to be incom-
pressible, inviscid, and irrotational. The amplitudes of the mo-
tions of the oscillating body in the water of uniform depth by a
long-crested regular wave are assumed to be small. A Cartesian
coordinate system O-XYZ is defined, with OXY plane being
the undisturbed mean free water surface and Z axis pointing
vertically upwards. When the floating body is at its equilib-
rium position, the Z axis passes through the center of mass of
the body as shown in Fig. 1. In regular waves a linear poten-
tial ®, which is a function of space and of time, can be writ-
ten as a product of space-dependent term and a harmonic time-
dependent term as follows:

®(x,y,2:1) = Re ¢ (x,y,2) .| (1)

where ¢(x,y, z) is time independent quantity and the poten-
tial function ¢(x, y, z) can be separated into contributions from
all modes of motion of the bodies and from the incident and
diffracted wave fields as follows:

6
¢ = —iwl(@o+ 1) Ca + Y (X))l @)
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where ¢y is the incident wave potential, ¢; is the diffrac-
tion wave potential, ¢; represents potential due to motion of
body in the jth mode i.e., radiation wave potential, X; stands
for the motion of body in jth mode and ¢, is the incident wave
amplitude. The incident wave potential can be expressed as:

g coshlk (z+ h)]
coshkh ¢

where S is the angle of incident wave relative to the pos-
itive x-axis, h is the depth of water, g is the gravitational
acceleration and k is the wave number. The individual po-
tentials are the solutions of Laplace equation and they need to
satisfy linearized free surface condition, boundary condition on
the sea floor and on the wetted surface of the floating bodies and
the boundary condition at infinity i.e., the radiation condition.
According to the 3-D source distribution method, the potentials
¢7 and ¢; can be expressed in terms of well-known Green
functions and as a result, boundary conditions are reduced to
only on the wetted surfaces of the bodies [10].

Having the velocity potentials, the pressure at any point
on the structure can be determined from linearized Bernoulli’s
equation:

¢0 _ ik(xcosp+ysinf) (3)
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Substituting Equation (2) into the Equation (4) we can write,
6 .
P =pe[(Go+ 1) Ca+ D (X1 € 5)
j=1

Consequently, the wave exciting forces (F}), the added mass
coeflicients (ay;), and damping coeflicients (by;), can be written
respectively as follows:

Fi = —puttae f (b0 + 1) s ©)
wherek=1,2,....6

axj = —Re pff ¢j.nk.ds} 7

wherek=1,2,....6

byj = —Im|pw ff ¢_i.nk.ds} 8)

wherek=1,2,....6

Upon solving the exciting forces, added mass coefficients,
damping coefficients, the equations of six rigid body motions in
the frequency domain can be written as: X;

sum64 (mkj+ak.,-)Xj+bij]-+cijj =F ©)]

J=1
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wherek=1,2,....6
where my;, agj,byj, cij are the body inertia matrix, added

mass coefficient matrix, damping matrix and hydrodynamic restor-

ing matrix respectively in k”* mode due to motion in j* mode,
X; is the vector containing translational and rotational oscilla-
tions about the co-ordinate axes and Fj is the wave exciting
force matrix.

Figure 1: Top and front view of the FOWT platform with circu-
lar base showing wave heading angles.
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3. Results and Discussions

The OC4 DeepCwind semisubmersible [10] was selected
as the model for the Floating Offshore Wind Turbine (FOWT)
platform in this study. This platform comprises a primary col-

umn connected to the wind turbine tower and three offset columns.

To simplify the model, the smaller diameter connecting ele-
ments between these columns are omitted, as illustrated in Fig.
1. The main column has a diameter of 6.5 meters, while the
offset and base columns measure 12 meters and 24 meters in
diameter, respectively. The three offset columns are arranged in
an equilateral triangle formation with sides measuring 50 me-
ters in length, and the center of the main column aligns with the
centroid of this triangle. In this paper, we explore three differ-
ent base column geometries: circular, square, and hexagonal,

as depicted in Fig. 2. These geometries are considered by vary-
ing the cross-sectional area of the base column. The vertical
height of the base columns is fixed at 6 meters, and the semisub-
mersibles have a draft of 20 meters, with a water depth of 200
meters used for the analysis. The total mass of the FOWT plat-
form is 1.3473E+7 kilograms, and its center of mass is located
13.46 meters below the still water level (SWL). To conduct nu-
merical simulations for this study, we employed a commercial
hydrodynamic software known as Hydrostar, which is based on
linear 3-D potential flow theory. Fig. 2 displays a 3-D mesh ar-
rangement view of the FOWT platforms with different base ge-
ometries. Three catenary mooring lines with equivalent moor-
ing line stiffness of 7.536E+8 N, spreading symmetrically about
the platform Z-axis is deployed to secure the platform [10].

Figure 2: 3-D mesh arrangement view of the FOWT platforms

with different base geometry.

(a) circle (5760 panels)

<

(b) square (6558 panels)

(c) hexagon (5760 panels)

Source: Authors.
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The figure in Fig. 3 displays the added mass coeflicients for
surge, heave, and yaw modes for the three models, as well as the
published results by Robertson et al. [10] for the circle model.
It is evident from these figures that there is a satisfactory agree-
ment between the current study’s results and the published data.
Furthermore, the added mass coefficients for all three models
exhibit a remarkable similarity. Notably, Fig. 3(a) shows that
for lower frequencies (<0.2 Hz), the surge added mass coeffi-
cient is more pronounced, with a prominent peak at 0.15 Hz,
followed by a sharp decline that maintains a consistent magni-
tude for higher frequencies (>0.2 Hz). The heave added mass
coeflicients for the three models exhibit minimal variation with
wave frequencies as shown in Fig. 3(b). This consistency can
be attributed to the fact that the effect of added mass for heave
predominantly influences the bottom of the vertical cylinder,
which is relatively distant from the free water surface. In Fig.
3(c), it is again observed that for lower frequencies (<0.2 Hz),
the yaw added mass coeficient is larger, with a peak at 0.15 Hz,
followed by a sharp decline maintaining a constant magnitude
for higher frequencies (>0.2 Hz).

Figs. 3(d), 3(e) and 3(f) present the radiation damping co-
efficients for surge, heave, and yaw modes for the three models,
alongside the published results by Robertson et al. [10] for the
circle model. Similar to the added mass coefficient findings,
there is a high degree of agreement between the current and
published results for damping coefficients. The surge radiation
damping coeflicients for all three bottoms shows excellent sim-
ilarity, with the highest peak occurring around 0.2 Hz. After
that there is a slight fall and then a smaller peak occurs around
0.25 Hz shown in Fig. 3(d). Similarly, the damping coefficients
for all three models exhibit a consistent pattern for heave with
the highest peak occurring around 0.2 Hz. In Fig. 3(e), at a
frequency of 0.2 Hz, there is a slight deviation in the heave ra-
diation damping for the square model compared to the other two
models. For the pitch mode, the damping coefficients are very
similar to each other and have excellent consistency with the
published results by Robertson et al. [10]. The highest peak in
this case also occurs near 0.2 Hz frequency and after that there
is a sharp decline which continues to 0.4 Hz. For the rest of the
graph, it maintains a consistent magnitude.

Fig. 4(a) illustrates the first-order surge wave excitation
forces for the three models at wave headings of 0°, 45°, and
90°. As expected, the surge forces for a 0° wave heading are
greater than for a 45° heading, as the surge mode aligns with
the wave direction. Two peaks are discernible at frequencies
around 0.1 Hz and 0.2 Hz.

Conversely, due to the asymmetry of the water-plane area
for a 90° wave heading, a very small magnitude of surge ex-
citation force is observed. The first-order heave wave excita-
tion forces are also depicted in Fig. 4(b) for wave headings of
0°, 45°, and 90°. For the most part, the three models produce
similar results for all three wave headings, except within the
frequency range of 0.1 Hz to 0.2 Hz, where the exciting forces
gradually decrease for 0°, 45°, and 90° wave headings, respec-

tively. Furthermore, Fig. 4(c) displays the first-order pitch wave
exciting forces at wave headings of 0°, 45°, and 90°. Once
again, the three models yield consistent results for each wave
heading angle. Interestingly, the exciting forces for a 0° wave
heading are greater than for the other two headings. This unex-
pected result may be attributed to the structural asymmetry at a
90° wave heading.

Fig. 5(a) provides insight into the surge motion response of
the three models for wave headings of 0°, 45°, and 90°. Con-
sistently, the three models exhibit similar responses for each
wave heading. Surge motion predominates at lower frequencies
(<0.2 Hz), with greater motion observed for a 0° wave heading.
Conversely, since the surge mode is orthogonal to the 90° wave
heading, surge motion is nearly negligible at this orientation.
Fig. 5(b) also presents the heave motion response of the three
models for wave headings of 0°, 45°, and 90°.

Once more, the three models demonstrate analogous results
for each wave heading angle. Notably, the absence of viscous
damping in the linear potential theory leads to excessive heave
motion, particularly near the heave resonance frequency of 0.5
Hz. Lastly, Fig. 5(c) illustrates the pitch motion response of
the three models for wave headings of 0°, 45°, and 90°. Sim-
ilarly, the three models exhibit consistent responses for each
wave heading angle. Pitch motion is most pronounced at lower
frequencies (<0.2 Hz), with greater motion observed for a 0°
heading, gradually decreasing for 45° and 90° wave headings,
respectively. The pitch motion results reveal a prominent peak
in proximity to the heave resonance frequency of 0.5 Hz.

Conclusions.

The frequency domain hydrodynamic analysis is performed
for semisubmersible FOWT platforms in regular waves using
a commercial hydrodynamic software named Hydrostar. Three
different base geometries, namely circular, square, and hexago-
nal, are considered for the present investigation.

Surge and yaw added mass coefficients are more pronounced
for lower frequencies (<0.2 Hz), with a prominent peak at 0.15
Hz, followed by a sharp decline that maintains a consistent
magnitude for higher frequencies (>0.2 Hz). The heave added
mass coefficients for the three models exhibit minimal variation
with wave frequencies.

The surge, heave and yaw damping coeflicients for all the
three models exhibit a consistent pattern, with the highest peak
occurring around 0.2 Hz. In general, surge, heave and pitch the
first-order wave excitation forces and motion responses grad-
ually decreases for 0°, 45°, and 90° wave headings. The ab-
sence of viscous damping in the linear potential theory leads to
excessive heave and pitch motions, particularly near the heave
and pitch resonance frequencies close to 0.5 Hz. The frequency
domain simulations for three FOWT platform models indicate
that variations in base geometry have negligible effects on the
hydrodynamic behavior of these structures.
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Figure 3: Added mass and damping coefficients for surge(11), heave(33) and yaw(66) mode of the FOWT platforms.
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Figure 4: Surge(F;), heave(Fs3) and pitch(Fs) wave- excitation
forces for the FOWT platforms.
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Figure 5: Surge(X;), heave(X3) and pitch(X5) motion re-

sponses for the FOWT platforms.
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