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Abstract

Hybrid wind-wave systems combining the wave energy converters (WECs) with
offshore wind turbines (OWTS) is a promising way to enhance the power production
and improve the sea space utilization. In this paper, a novel hybrid wind-wave
conceptual system, in which a multi-buoy WEC is integrated with a fixed monopile
OWT, is proposed. This is the first concept utilizing multi-buoy WECs and is
distinguished from existing hybrid wind-wave systems with a fixed monopile OWT,
which integrate a single oscillation water column or a heaving point absorber. To
characterize the hydrodynamics associated with the proposed system in operational
wave conditions with different directionalities, a potential flow solver with an
appropriate power take-off (PTO) model is applied. The results demonstrate a
significant buoy-buoy and buoy-monopile hydrodynamic interaction, suggesting that
the existing hydrodynamic characteristics for the wind-wave system with a single
buoy WEC may not be applicable to the new system. More importantly, the power
performance of the present system is proven to be better than the corresponding
single-buoy wind-wave system, as being quantitatively assessed by the newly-defined
evaluation index within the range of the consideration of this paper.

Keywords: wave energy converter; offshore wind turbine; hybrid wind-wave system;
numerical simulation; hydrodynamic characteristics
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1. Introduction

Ocean energy, including offshore wind, wave, tidal, marine currents, salinity gradients,
is abundant and has great potential for harvesting. To achieve the Net-Zero target, the
research and development (R&D) of techniques for harvesting ocean energy has
become a common strategy of many countries in the world. The offshore wind energy
industry has grown rapidly in recent years since the levelized cost of energy (LCOE)
of fixed offshore wind farms is competitive with the traditional thermal energy. In
addition, harvesting wave energy has also attracted worldwide attention attributing to
the high wave energy density. Although plenty of concepts have been developed,
wave energy converters (WECs) are generally suffering from a high cost and low
reliability, which greatly restrict their commercialization [1]. One feasible approach to
cut the cost of the WECs is to share the marine space with the offshore wind turbines
(OWTs). Consequently, it increases the energy output per square meter and improves
the marine space utilisation [2]. This is justified by two facts, i.e. (1) the OWTs are
often grouped as a farm and an operational spacing of 6 ~ 10 times of the turbine
diameter is commonly applied in order to minimize the wake interaction [3]. There is
plenty of space in the wind farm to accommodate the WECSs; (2) the offshore wind
and wave resources are highly correlated and offshore wind sites often have abundant
wave resources. The cost of WECSs can be cut by sharing the infrastructures, including
the foundations, cables, and substations with OWTs, as well as operation and
maintenance activities [4]. This drives recent R&D on the wind-wave hybrid system
that has shown other benefits compared with the OWTs, including a smoother power
output [5]. Different types of WECs have been proposed to be combined with OWTs
with floating or fixed foundations.

Recent literatures have reported the integration of WECs with three commonly seen
floaters, i.e. semi-submersible, spar and tension leg platform (TLP), of the floating
OWTs. One typical concept is the integration of the semi-submersible OWT with a
point absorber WEC [6], a heave-type torus WEC [7,8] that is installed on the central
column of the platform, four torus-shaped WECSs [9], multiple heaving WECs [10,11],
three WaveStar WECs [12], or twelve cone shape WECs [13]. Generally speaking,
these existing works do not only demonstrate the feasibility of the hybrid wind-wave
system on increasing the overall power output but also reveal the critical role of
WECs in reducing the wave loading on the floaters and stabilizing the floating
systems. Similar observations and conclusions have been reported from the
hydrodynamic analysis on the hybrid wind-wave system coupling the Spar-type
floating OWTs with an axis-symmetric two-body WEC (referred to as the STC system)
[14-20] or a heaving buoy WEC [21]. In addition, they also found that the WECs may
increase the extreme values of the wave loading [15] and the nonlinear phenomena,
such as water entry and exit, green water on deck and Mathieu instability, may
become more important [17,18,20] under extreme conditions. Additionally, Ren et al.
3
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[22] and Rony et al. [23] studied a hybrid system integrating a heaving-type point
absorber WEC with a TLP-based OWT. They confirmed that the introduction of
WECs reduces the motion amplitudes of the TLP. It is noted that the WECs adopted in
the hybrid systems indicated above are all point absorbers. Attempts have also been
made to combine the oscillating water column WECs with floating OWTs, as
reviewed in our previous paper [24]. For all floating hybrid systems, the motions of
the WECs and OWTs in the hybrid system depend on each other and are mutually
coupled with the complex marine environment. This challenges the system reliability,
optimization and control of the floating hybrid system.

Compared with the floating hybrid system, the degree of the complexity of the fixed
hybrid system, which integreates the WECs with bottom-fixed OWTs, is significantly
reduced, due to negligible motion responses of the WEC foundations. However, the
relevant research is not as popular as the floating hybrid system in recent years,
despite the fact that the majority of the existing operational wind farms are sitting in
the water depth below 30-35 m and adopt bottom-fixed monopile foundations [25].
Ren et al. [26] proposed one hybrid system integrating a heave-type WEC with a
monopile foundation of an OWT, and is followed by Homayoun et al. [27], who tried
four different shapes of the heaving buoy and investigated the effects of the geometry
of the heaving buoy on the hydrodynamic performance. Khatibani and Ketabdari [28]
proposed another hybrid system integrating two pitching WECs with an OWT
monopile foundation and concluded that the onboard WECs can bring 26.44% extra
power. Gkaraklova et al. [29] investigated the performance of a circular array of four
semi-submersed heaving WECs distributed uniformly around a monopile foundation
and concluded the critical roles of the radial distance from the WECs to the monopile
and the power take-off (PTO) characteristics on the power absorption. In addition to
the point absorber WECs, OWCs have also been used in the fixed wind-wave system,
as demonstrated by Perez-Collazo et al. [30], Zhou et al. [31], Cong et al. [32], Li et al.

[1].

Almost all recent development of the hybrid system targets 5-MW OWTs. Following
the up-scaling trend, the OWTs have a bigger size and are deployed in deeper water. If
a torus-shaped WEC is integrated with the monopile-supported OWTs, as proposed by
Ren et al. [26], the size of the WEC increases following the up-scaling of the OWTSs.
This means that the OWTs and the integrated torus-shaped WECs are exposed to
relatively shorter waves, compared with their dimension. Consequently, the
radiation/diffraction effects of the WECs become more significant. In this paper, a
novel wind-wave system is proposed to integrate an offshore monopile wind turbine
with a multi-buoy WEC, which consists of three identical buoys surrounding the
monopile. Geometrically, the multi-buoy WEC looks like a torus-shaped WEC being
evenly divided into three. However, they can move independently and are subjected to
individual power-take-off systems (PTOs). The hypothesis of this concept is that each
4
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buoy is subjected to less damping and thus has a more significant motion response
compared with the corresponding torus WEC. For a specific PTO, the multi-buoy
WEC is expected to produce more power. However, the complex interaction between
the buoys and between the OWT and the WECs demands a systematic investigation in
order to confirm the hypothesis and to optimise the design for maximising the power
performance.

Both experimental and numerical approaches have been used for evaluating the
performance and survivability of hybrid systems. Typical examples of experimental
studies on the hybrid system include Kamarlouei et al.[13,33] , Wan et al. [17,20] and
Ren et al. [26]. Generally speaking, model tests considering extensive cases for the
design and optimization is exhausting and costing. It is mainly used to quantify
physical phenomena, such as the nonlinear and viscous effects [18,20], and/or to
validate the numerical models. In the aspect of numerical simulation, the high-fidelity
computational fluid dynamics (CFD) tools are able to resolve small- to micro-scale
fluid-structure interaction, turbulence, aeration, and breaking wave impact. However,
they are time-consuming and therefore are practically prohibited for design and
optimization. CFD modeling is also mainly used to calibrate the simplified models or
reduced-order simulations, e.g. to quantify the viscous damping coefficient. The
majority of the numerical work on hybrid wind-wave system development employs
the potential theory in the time and/or frequency domains, e.g. ANSYS-Aqgwa [6-
8,12,22,26,28], SIMORIFLEX [9], WAMIT [10,29]. In addition to the use of single
potential solvers listed above, there is also numerical work employing different
potential solvers for time-domain and frequency-domain analysis. Muliawan et
al.[14,15] and Ren et al. [16] applied HydroD for the frequency domain analysis and a
combination of SIMO and TDHMILL (Thrust-Dynamic-Horizontal-Mill) for the time
domain hydro- and aerodynamic analysis. Wan et al. [19] used the Sesam/Wadam for
the frequency domain analysis and SIMO for the time-domain analysis. Zhao et al.
[21] used ANSYS-Agwa and Orcaflex for the frequency- and time-domain analysis,
respectively.

Following the state-of-the-art recent development, we adopt the ANSYS-Agwa to
carry out the numerical analysis of the proposed hybrid system in this paper. In the
potential theory, the fluid is assumed to be inviscid, and therefore the viscous effects
cannot be directly modeled. As in many existing literatures [21,22,26-29], the viscous
effect is not included, although it may be taken into account by adding an artificial
viscous term in the motion equation of the floating bodies [9-12,14,15]. Compared
with CFD, the potential theory considers the hydrodynamic effects on structures and
divides the wave force into wave exciting force and radiation force. Analysing
different sources of forces can better explain the hydrodynamic mechanism. Thus,
more targeted solutions can be provided in the conceptual design process. This well
fits the main aim of the present research, i.e. to prove the concept of the proposed
5
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hybrid wind-wave system integrating the multi-buoy WEC with a fixed monopile-
supported OWT, and to advance the understanding of the hydrodynamic interaction
and power performance of the proposed system. This builds the basis of our CFD and
experimental research scheduled in the near future, through which the viscous effects
can be quantified. The paper is structured as follows. Section 2 presents the details of
the wind turbine, monopile, multi-buoy WEC, and wave environmental conditions.
Section 3 briefly introduces the numerical models and the motion equation of buoys.
The results are then presented and discussed in Section 4. Finally, Section 5
summarizes the conclusions of this study.

Fig. 1 Concept of the multi-buoy WEC integrated with a monopile-supported OWT

Table 1 Wind turbine’s geometric and mass properties [35]

Parameter Value Units
Power rating 15 MW
Number of blades 3 -
Cut-in wind speed 3 m/s
Rated wind speed 10.59 m/s
Cut-out wind speed 25 m/s
Rotor diameter 240 m
Hub height 150 m
Blade mass 65 t
Rotor mass 1017 t

2. Configuration of hybrid wind-wave system

The National Renewable Energy Laboratory (NREL) IEA 15 MW reference wind
turbine with a bottom-fixed monopile foundation is applied as the porotype in the
proposed concept. This work focuses on the hydrodynamics of the OWT and the
hybrid systems with single- or multi-buoy WECs, the aerodynamics of the blade, hub
and tower are ignored. The numerical model only include the monopile foundation,

6
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which is placed at the water depth of 30 m. The diameter of the monopile is 10 m and
the transition piece height is 15 m above the mean sea level (MSL). Tables 2 show
the geometric and mass properties of monopile foundation.

Table 2 Geometric and mass properties of the foundation [35]

Parameter Value Units
Monopile embedment depth 45 m
Water depth 30 m
Transition piece height 15 m
Monopile base diameter 10 m
Monopile mass 1318 t

The multi-buoy WEC in the proposed hybrid wind-wave system is derived from the
torus-shaped buoy, which has been attempted to be integrated into the monopile OWT
[24,26]. In the present study, we divide the torus-shaped buoy into three identical
buoys that are evenly installed surrounding the monopile. Fig. 2 illustrates the concept
of the multi-buoy WEC and the monopile, where the tower, hub and blade are not
modelled as described above. Table 3 summarises the geometric properties of the
multi-buoy WEC. On each buoy, a independent PTO system is installed. Both the
linear and coulomb PTO models [21] will be considered in the present numerical
investigation. Buoys are configurated to be moved vertically along the linear guide-
roller system which is fixed on the monopile and captures wave energy through the
heave motion.

(a) The top view (b) 3D view (c) computational mesh
Fig. 2 lllustrations of the hybird system and an example of the computational mesh

Table 3 Geometric properties of the WEC

Parameter Value Units
Outer diameter (D) 22 m
Inner diameter (Dj) 11 m

Circular gap thickness 0.5 m
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Height (H) 11 m

Central angle of Buoy (a) 115 degrees
Gap between Buoy 5 degrees
Draft (Dr) 4.5 m
Centre of gravity of Buoy 1 m
above MLS

Table 4 The values of kh and kD corresponding to T

T(s) 3 4 5 6 71 8
kh 1342 755 483 337 250 196
kD 985 554 355 247 183 144

According to the statistics of the marine environments near Shandong province in
China [11], the characteristic wave period T varies from 3 s to 8 s. Table 4 shows the
values of kh and kD corresponding to different values of T, where k is the wave
number. With the water depth h of 30 m, kh ranges from 1.96 to 13.42, covering both
the finite-depth and deep-water waves. The corresponding range of kD is 9.85 ~ 1.44,
beyond the range of the application of Morison’s equation, i.e. KD < 1.26 (D/A < 0.2
where A is the wavelength). This suggests the interaction between the wave and the
wind-wave system falls into the diffraction zone and the viscous effect may be
neglected. In this paper, we focus on the operational condition and therefore the wave
heights of 0.5 m and 1.0 m are used for assessing the dynamic responses without PTO
forces and the power performance of the system with PTO forces, respectively. The
maximum wave steepness KA is approximately 0.22 for T = 3 s where A is the wave
amplitude and thus Stokes 2" or third order theory is sufficient to describe the
incident wave. With such wave conditions and the characteristic dimension (the outer
diameter of the buoy), the maximum value of Keulegan-Carpenter number (KC) is
approximately 0.14 and the Reynolds number Re ranges from 8.55 to 22.81 x 10°.
These imply insignificant wave separation (KC < 1) and viscous effects (Re > 10°). It
shall be noted that the hybrid system involves multiple bodies and the gap resonance
may occur. When the gap resonance happens and/or the wave frequency is close to the
natural frequency of the buoys, the potential theory may over predict the motion of
the floating bodies if the viscosity is not considered. However, the associated viscous
effect is linear and ignoring it does not influence the qualitative conclusion [34].

3. Methodology

In this work, the hydro- and aero-elasticity of the structure are ignored, and the WEC

and the monopile of the wind-wave hybrid system are modeled as rigid bodies. The

seabed is simplified as a flatbed. The monopile is set to be fixed by a rigid joint that

connects the central point of the bottom of the monopile to a fixed point at the seabed.

The WEC is restricted to have one degree of freedom in heave. A three-dimensional
8
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full-scale numerical model is built in ANSYS-Agwa and an example of the
computational mesh is shown in Fig. 2(c).

In the first stage of the simulation, a frequency-domain analysis is conducted using
ANSYS-Agwa to compute the hydrodynamic load/coefficients on floating or fixed
rigid bodies by employing linearized three-dimensional radiation/diffraction theory
where the interaction between different bodies can be considered. After the
hydrodynamic coefficients (radiation and diffraction) are obtained using the frequency
domain analysis, a time-domain simulation is followed. The memory effect of the
radiation force is taken into account through the convolution approach in the time
domain. The motion equation of the heaving buoy can be expressed as:

m& F +F +F +F,,—Rx (1)

where m is the mass of the heaving buoy; x is the displacement of the buoy; Fe is the
wave exciting force; Fr is the radiation force that is is caused by the disturbed waves

induced by the body motion; F,is the frictional resistance between the heaving buoy

and the monopile, which is neglected not only because the linear guide-roller system
has a very low friction effect, but also for the full-scale model, the friction is

relatively small compared with the wave loads on the buoy; F.,, is the PTO force

and R is the hydrostatic stiffness coefficient of the buoy. The wave exciting force
consists of the Froude-Krylov force, which is induced by the undisturbed incident
wave, and the diffraction force, which is induced by the disturbance wave due to the
existence of the structure, i.e. the heaving buoy herein. For the single-DOF heaving
buoy, R can be calculated using

R = QS (2)
where S is the cut water-plane area of the buoy, pis the water density and g is the

gravitational acceleration. For the case involving three heaving buoys and a fixed
monopile, by ignoring the wind loads and the frictional resistance, the heaving
motions of three buoys can be calculated by

(A=) Al)  AE) 8] ki) k) k(o) |[5()
Ay () (m, +A, (=) Ay () &) +J0 ko (t=7) Ky (t=7) Kys(t—7) || &(z) dr+
Ay () Ay, () (m +A33(°°)) &(1) Ky (t=7) Ky (t=7) ky(t=7) ] &(7)

R0 0} x ()] [Fa(t)| | Feroa(t)

0 R, 0 |[x(t)|=]|F,(t)|+| Feroz(t)

10 0 Ry [ x(t)] [Fs(t)] | Feros(t)

©)

where A is the added mass and k,, is the velocity impulse function, which can be
obtained by Eq. (4) [37].

Ko (1) = 2 [ By, (0)cos(et)d o (4)

%

9
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where B__ is the radiation damping. Eq. (3) is an extension of Eq. (1) for the multi-

body dynamics. In Eq. (3), the interactions between bodies are included through the
added mass and the kernels, which are obtained in the corresponding linear
frequency-domain analysis before the time-domain analysis. The wave exciting force
Fem, m = 1, 2 and 3, are obtained by integrating the incident wave potential and the
diffraction wave potential, which are solved by corresponding Laplace equations with
specific boundary conditions. For more details of the linear diffraction theory adopted
by ANSYS-Aqgwa, the readers are referred to the software manual or the paper cited
above.

As indicated above, both the linear and coulomb PTO models will be considered in
this work. For the former, the PTO force F.,, is proportional to the velocity of the
heaving buoy and can be presented as

Foro = _B'&t) (5)
where B is the linear PTO coefficient. For the Coulomb PTO model, the PTO force
Fo1o is calculated using

Foro =—sign(&t))-C (6)
where the direction of the damping force is always opposite to the velocity and C is a
constant. The instantaneous power captured by a buoy can be evaluated by,

P(t) =-Foro&t) (7
and, the mean absorbed wave power during the time nT can be obtained using,
1 to+nT
P=— | P(t)dt 8
ot PO ®)

where n is the number of wave periods used to evaluate the mean wave power and to
is the starting time when the motion of the WEC enters the steady state.

For the convenience of the analysis, the dynamic response of the buoy is represented
by the response amplitude operator (RAO),

_A
RAO == (9)

where Ay is the amplitude of the buoy motion and A is the wave amplitude; the force
is nondimensionalized by

F
PYAD*
where F is the force’s amplitude; the nondimensional linear PTO coefficient B,
Coulomb PTO constant ¢ and mean absorbed wave power P,, are defined as follows:

B
PgAD™ -

F= (10)

B=

10
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C=——__ 12
PYAD* (12

N Pm
= g AD” 1)

The present numerical approach is validated by comparing its numerical prediction
with the experimental data available in Ren et al. [26], in which a hybrid wind wave
system integrating a torus-shaped buoy with a fixed monopile foundation. The RAO
of the heaving buoy, the PTO force amplitude and the mean wave power are
considered in the comparison. Detailed case configuration and the comparison can be
found in Li et al [24]. For completeness, the key results are duplicated in Fig. 3, which
shows a satisfactory agreement between the present numerical results and the
experimental data.

1.4 1000
gl.Z - Present Reference = Present Reference
§ 4 900
210 3
=1 =]
g 08 | = 800
5 E
206t L 700
e =
Eoa | 8
> O
3 02 | = 600
T 0 o
OO 1 1 1 1 1 500 L L L L L
4 6 8 10 12 14 16 4 6 8 10 12 14 16
T(s) T(s)
(a) Heave motion amplitude (b) PTO force amplitude
200
Present Reference
Zis0 |
]
=
2
o 100 |
3
=
S 50 |
=
0 1 1 1 1 1
4 6 8 10 12 14 16
T(s)

(c) Mean wave power
Fig. 3 Comparison of (a) heaving amplitude, (b) PTO force amplitude and (c) Mean wave power in the cases
with different wave periods (wave height is 2 m)

11
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Fig. 4 Heave RAO of Buoy 1 in the cases with different cell sizes (wave height is 0.5 m, wave period is 6 s)

o

For all cases considered in this paper, convergence tests have been conducted to
ensure the reliability of the numerical results. For this purpose, various mesh sizes are
employed. Fig. 2(c) shows an example of the computational mesh utilized in the
present numerical study, featuring a maximum element size ds of 0.7 m, a defeaturing
tolerance of 0.4 m and total cell number of 21,133. The heaving RAO of Buoy 1 is
considered as the criteria to assess the convergence. Fig. 4 displays the convergent
process for the cases with incident wave height of 0.5 m and wave period of 6 s. The
featured mesh size ds ranges from 0.55 to 1.98 m, yielding a total cell numbers
ranging from 33,836 to 2,908. As observed from Fig. 4, the RAO of Buoy 1 is
convergent to a specific value when ds < 1 m (total cell number is 10,626). Similar
observation is found in other cases and the results are not shown for saving the space.

4. Results and discussion

4.1 Hydrodynamic interaction between buoys

As indicated above, the hydrodynamic interaction between buoys (coupling effects)
may be important due to their close proximity in the system. Light is shed to reveal
the coupling effects. To do so, two different arrangements of the buoys are considered,
i.e. Buoy 1 only, multi-buoy system consisting of 3 buoys. Different incident wave
directions, i.e. 0, 120, and 180 degrees are chosen in the investigation. The buoy
numbering and the definition of the wave directionality are illustrated in Fig. 5.

12
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Fig. 5 The definition of three model and wave directions
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Fig. 6 Heave RAO of Buoy 1 subjected to (a) incident angle of 0°; (b) incident angle of 120°and (c) incident
angle of 180° (Frto = 0 N)

Fig. 6 compares the RAO of Buoy 1 in the cases with different configurations
subjected to different wave directionalities. The PTO in these cases is shut and Buoy 1
is subjected a free heaving motion excited by the incident waves. If Buoy 2 & 3 are
involved, they may be fixed (marked as Buoy 1 with fixed Buoy 2 & 3) or in a free
heaving motion (marked as Buoy 1 with floating Buoy 2 & 3). For all cases, the peak

value of the RAO occurs at kh = 3.37, corresponding to the wave period of 6 s which
13
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is close to the natural period of the buoy (5.5 s). However, the introduction of the
accompanied buoys close to Buoy 1 affects the peak RAO values. For the cases with
an incident angle of 0°, Buoy 1 with floating Buoy 2 & 3 has a considerably larger
peak RAO compared with that of Buoy 1 only; whereas the appearance of floating
Buoy 2 & 3 weakens the peak RAO of Buoy 1 in the case with incident angles of 120°
and 180°. When Buoy 2 & 3 are fixed, they provide a shielding effect on the motion
of Buoy 1 when the incident angle is 0, whereas significantly amplify the peak value
when the incident angle increases. The buoy-buoy interactions also influence the
RAO in the cases with other wave frequencies, especially near kh = 3.37. Depending
on the wave directionality, it may strengthen or suppress the motion of Buoy 1. This
confirms the significance of the buoy-buoy interaction, i.e. the coupling effect, in the
multi-buoy system proposed here. One may also notice that the RAO of Buoy 1
increases as the incident wave angle increases. It is clearer in Fig. 7 which duplicates
the results in Fig. 6 and focuses on the comparison of RAOs in the cases with
different incident angles.
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(c) Buoy 1 with floating Buoy 2&3
Fig. 7 Effects of wave directionality on the heave RAO of Buoy 1 for (a) Buoy 1 only; (b) Buoy 1 with fixed
Buoy 2 & 3 and (c) Buoy 1 with floating Buoy 2 & 3 (Fpto = 0 N)

Attention is also paid to the force acting on the buoys. For this purpose, the
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dimensionless total force, diffraction force, Froude-Krylov force and the radiation
force in the heaving direction in the cases shown in Fig. 6 and Fig. 7 are analyzed.
Results are displayed in Fig. 8, Fig. 9 and Fig. 10 for the cases with the incident
angles of 0°, 120° and 180°, respectively. Similar to Fig. 6, results from cases with
Buoy 1 only, Buoy 1 with fixed Buoy 2 & 3 and Buoy 1 with floating Buoy 2 & 3 are
plotted together for comparison.
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(c)Froude-Krylov force (d)Radiation force

Fig. 8 Comparison of (a) total force; (b) diffraction force; (c) Froude-Krylov force and (d) Radiation force
on Buoy 1 subjected to incident wave angle of 0 (Fero =0 N)
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(a)Total force (b)Diffraction force
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Fig. 9 Comparison of (a) total force; (b) diffraction force; (c) Froude-Krylov force and (d) Radiation force
on Buoy 1 subjected to incident wave angle of 120° (Fpro =0 N)
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Fig. 10 Comparison of (a) total force; (b) diffraction force; (c) Froude-Krylov force and (d) Radiation force
on Buoy 1 subjected to incident wave angle of 180° (Fpro =0 N)

One can observe from Figs. 8(a), 9(a) and 10(a) that the trend of the total force acting
on Buoy 1 in terms of kh is largely consistent with that of the heave RAO of Buoy 1
shown in Fig. 6. In the linear potential theory, the Froude-Krylov only depends on the
incident wave potential and is not affected by the motion of the structure and the
appearance of surrounding structures. Therefore, its values in the cases with or
without accompanied Buoy 2 & 3 exhibit the same profile (Figs. 8(c), 9(c) and 10(c)).
The buoy-buoy interaction mainly affects the diffraction force and the radiation force.
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The former is induced by the disturbance wave due to the existence of a structure. For
the cases with Buoy 2 & 3 accompanied with Buoy 1, the diffraction force of Buoy 1
remains unchanged when Buoy 2 & 3 are in free heaving motion compared to when
Buoy 2 & 3 are fixed, for any specific value of kh. For the incident wave angle of 0°
(Fig. 8(b)) and 180° (Fig. 10(b)), the appearance of Buoy 2 and 3 amplifies the
diffraction force within the whole range of frequency considered in this work; for the
incident angle of 120° (Fig. 9(b)), Buoy 2 and 3 amplify the diffraction force on Buoy
1 when kh < 5 but suppress it afterward. The radiation force is induced by the motion
of the structure. Consequently, its trend in terms of kh is consistent with the trend of
the RAO of and the total force acting on Buoy 1.

4 T T T T T
—8—Buoy 1 only (B=0)

—0O~ Buoy 1 only (B = 3.096)

—&—Buoy 1 with floating Buoy 2 & 3 (B = 0)
—G- Buoy 1 with floating Buoy 2 & 3 (B =3.096)

RAO of Buoy 1
r “w

—E—B‘luny 1 ml]}'l(ﬁ— 0) l I

—O~ Buoy 1 only (B = 3.096)

3 —&—Buoy 1 with floating Buoy 2 & 3 (B=0)
—0- Buoy 1 with floating Buoy 2 & 3 (B = 3.096)

RAO of Buoy 1
I

—El—Flhmy 1 ml]yl' (B=0) I I

—0O~ Buoy 1 only (B = 3.006)

3 —6— Buoy | with floating Buoy 2 &3 (B=10) |
—0- Buoy 1 with floating Buoy 2 & 3 (B = 3.096)

RAO of Buoy 1

(c)180° Fig. 11 Heave RAOs of Buoy 1 with and witﬁ)ut PTOs subjected to (a) incident angle of 0°; (b)
incident angle of 120°and (c) incident angle of 180°
In addition to the investigation on free-heaving buoys without the PTO, cases with
PTO are also considered to reveal the coupling effects of buoys. To do so, each buoy
in the system is subjected to a separated but identical PTO system. The PTO force is
calculated using Eq. (5). Fig. 11 shows the heave RAOs of Buoy 1 with and without
accompanied Buoy 2 & 3 subjected to different wave directionalities. The
nondimensional linear PTO coefficient B of 3.096 is used in the cases with PTO for
demonstration. More values of B will be utilised in the systematic investigation
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presented in the following section. For the purpose of comparison, both the results
with and without PTOs are plotted together. It clearly shows that the application of
PTO suppresses the heave motion of buoys. For the cases with the same PTO
coefficients, the appearance of Buoy 2 & 3 suppresses the motion of Buoy 1 when the
incident angle is 0° but amplifies the motion of Buoy 1 when the incident angle is
180°, compared with the results with Buoy 1 alone. For the incident angle of 120°,
Buoy 2 & 3 seem not to considerably affect the motion of Buoy 1.
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(c) 180°
Fig. 12 Absorbed power by buoys subjected to (a) incident angle of 0°; (b) incident angle of 120°and (c)
incident angle of 180° (B = 3.096)

The corresponding power absorbed by buoys in the cases shown in Fig. 11 is plotted
in Fig. 12. For the cases involving Buoy 1 with Buoy 2 & 3 (marked as multi-buoy
system in Fig. 12), the absorbed powers by all buoys are plotted for comparison. In
the low-frequency region (kh < 7.55), the introduction of Buoy 2 & 3 increases the
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absorbed power by Buoy 1 when the incident angles are 120° (Fig. 12(b)) and 180°
(Fig. 12(c)); whereas it reduces the power absorbed by Buoy 1 when the incident
angle is 0°. In the high-frequency region (kh > 7.55), the absorbed power in all cases
is very low, although the introduction of Buoy 2 & 3 affects the power absorption of
Buoy 1. It shall be pointed out that for the multi-buoy system, all buoys absorb the
wave power, as illustrated in Fig. 12. When the incident angle is 0°, although the
absorbed power by Buoy 1 in the multi-buoy system is lower than the corresponding
value when Buoy 1 is placed alone, the power absorbed by Buoy 2 and 3 are much
higher (Fig. 12(a)). Therefore, the power performance of multi-buoy system will be
evaluated by considering the total power absorptions from three buoys in the
following Section.

Fig. 13 Numerical model for the sing-buoy WEC integrated into the monopile

4.2 Superiority in power performance of the multi-buoy WEC

The preliminary assessment on the hydrodynamics associated with the multi-buoy
system in the previous section reveals a significant role of the coupling effects
between buoys and the monopile. For a specific buoy, i.e. Buoy 1 in Section 4.1, the
other buoys in the multi-buoy system bring considerable influence on the motion
response (i.e. the heave RAO), the force and the power absorptions. This section
responds to the main research question of this work and confirms the hypothesis of
the proposed concept, i.e. whether the multi-buoy WEC performs better than the
corresponding torus-shaped buoy (referred to as single-buoy WEC in the rest of the
paper) that has the geometry (height, draft, inner and outer diameter), motion property
(mass) and the PTO being equivalent to the summation of three buoys in the present
concept. As for multi-buoy WEC, the absorbed power is obtained by summing the
power of each buoy. The torus-shaped buoy integrated with the fixed monopile OWT
has been experimentally and numerically investigated by Ren et al [26]. In Li et al
[24], the torus-shaped buoy is up-scaled to be integrated with a larger scale OWT with
a fixed monopile foundation (IEA 15 MW), which is illustrated in Fig. 13 and
corresponds to the present concept (Fig. 2(b)). For the purpose of comparison, an
evaluation index Ie is proposed to represent the difference in the energy capture
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characteristics of the multi-buoy WEC and the corresponding single-buoy WEC,

Zn: Pu - Ps
— =2 (13)

© max(R)

In which, P, is the absorbed power of the single-buoy WEC; P is the absorbed power
of i-th buoy of the multi-buoy WEC (i = 1, 2, 3); n = 3 is the number of buoys in the

multi-buoy WEC,; ZPi is the total power of the multi-buoy WEC obtained by

i=1

summing the power of each buoy. If Ie is positive, the power performance of the
multi-buoy WEC is better than the single-buoy WEC, and the value indicates the
increase of the multi-buoy power over the maximum power of the single-buoy under
specific conditions; if I is 0, the absorbed power of both is the same; if I is negative,
the power performance of the single-buoy is better than that of the multi-buoy WECs.
In order to maximize the range of the application, both the linear (Eq. 5) and Coulomb
PTO (Eg. 6) models are implemented in the numerical investigation.

T T T T T T T T
1.6 + —a—C=0 -
—o—C=0.038
15 —A—(C=0.126
- — _= q T
o —¥— (=0.257
§ 0.8 .
0.4 .
0.0 =
0 2 Bl 6 8 10 12 14
kh
Fig. 14 Heave RAO of the single-buoy WEC in the cases with different Coulomb PTO constant (incident
angle of 0°)
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Fig. 15 Absorbed power of the single-buoy WEC in the cases with different Coulomb PTO constant
(incident angle of 0°)

Fig. 14 and Fig. 15, respectively shows the heave RAO and the absorbed power of the
20
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single-buoy WEC in the cases with different wave frequencies and nondimensional
Coulomb PTO constant (C). As expected, the RAO of the buoy decreases as the PTO
damping increases; when C = 0.253, the motion response of the buoy becomes
negligible (Fig. 14), yielding a negligible power absorption (Fig. 15). It is also found
from Fig. 14 that the increase of PTO damping seems to shift the occurrence of the
peak RAO towards lower frequency (smaller kh). A similar phenomenon on shifting
the occurrence of peak value by increasing the PTO damping is observed in Fig. 15.
This implies that the natural (resonance) frequency of the single-buoy WEC decreases
as the increase of the coulomb PTO damping. The peak value increases as the PTO
damping increases up to 0.126. For C > 0.126, the hump — shaped peak value is not
observed in the frequency range, although one may envisage that such peak occurs at
kh < 2 which exceeds the present frequency range. When C is larger than or equal to
0.379, a single buoy cannot capture wave energy in the current wave frequency range,
and neither does the corresponding multi-buoy WEC when the PTO forces of three
buoys are all 0.126 in Fig. 16.
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Fig. 16 Absorbed power of multi-buoy versus wave frequency kh with 0° wave direction and different PTO
forces
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Fig. 17 Comparison of absorbed power between the single-buoy WEC and multi-buoy WEC with 0° wave
direction

However, when a smaller PTO damping is applied, the variation of PTO results in a
21
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different feature of power variation for the multi-buoy WEC. One feature is that the
occurrence of the peak value (corresponding to the resonance frequency, i.e.
approximately kh = 3.37) is not sensitive to the change of PTO when the total PTO
damping C < 0.126. This provides a great benefit on securing a satisfactory statistic
of the power production in real sea. It shall be noted that the range of periods of 3 — 8
s is considered in this work but the probability of the occurrence of wave near the
boundary of the range (T = 8 s, kh = 2) is low. Consequently, the probability of the
occurrence of peak power is low. One may also find that the mean power from the
multi-buoy WEC is higher than that of the single-buoy WEC with the same PTO force.
It is clearer in Fig. 17 which compares the absorbed power between the single-buoy
WEC and the multi-buoy WEC. From Fig. 17, it is observed that the power
performance of the multi-buoy WEC is better than the single-buoy WEC in the cases
where WECs can capture wave energy; for specific PTO, the peak value of the
absorbed power from the multi-buoy WEC occurs at a higher frequency, compared
with the single-buoy WEC, implying that the multi-buoy WEC is more suitable for
absorbing power at smaller wave periods (higher kh).
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Fig. 18 The indicator Ie versus kh under different coulomb PTO forces

The indicator Ie can reveal the relationship of the absorbed power between those two
WECs quantitively. Some results are shown in Fig. 18. It can be observed that I has a
nonlinear relationship with kh and coulomb PTO constant; there are optimal kh and
PTO coefficients, which make the energy-increasing effect of the multi-buoy WEC
the most significant. In the present study, this effect is achieved when kh is 3.37 and
nondimensional coulomb PTO constant C is 0.126, and the absorbed power of the
multi-buoy WEC is nearly 1.3 times higher than that of the single-buoy WEC. Overall,
multi-buoy WEC has advantages over single-buoy WEC in capturing wave energy
under the current wave and PTO condition.
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Fig. 19 Heave RAO of the single-buoy WEC in the cases with different linear PTO coefficients (incident
angle of 0°)
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Fig. 20 Absorbed power of the single-buoy WEC versus wave frequency kh under different linear PTO
coefficients

Linear PTO is also taken into account in the work. Fig. 19 and Fig. 20, respectively,
display the heave RAO and absorbed power of the single-buoy WEC. Similar to Fig.
14, Fig. 19 once again shows the reduction of the heave RAO following the increase
of the PTO. However, the variation of the power performance (Fig. 20) with linear
PTO is different from that with Coulomb PTO. When B increases from 0.186 to 3.096,
the peak value of the absorbed power occurs at a higher frequency (kh) and the peak
value increases. When B increases further, the peak value occurs at a lower frequency
that is beyond the range of the wave frequency considered in this work. The power
performance of the multi-buoy WEC with a linear PTO is presented in Fig. 21, which
exhibits a similar trend of variation to the corresponding single-buoy WEC.
Nevertheless, the superiority of the multi-buoy WEC over the single-buoy WEC is not
clearly observed from this figure.
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11 In order to figure out the difference between a single-buoy WEC and a multi-buoy
12 WEC in capturing energy, comparisons of absorbed power between these two systems
13 with a 0° wave direction are presented in Fig. 22. The linear PTO coefficient of the
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single-buoy WEC is the same as that of each buoy in the multi-buoy WEC. It is clear
that when B is less than 6.191 (Fig. 22 (a)), the absorbed power of the multi-buoy
WEC is more than that of the single buoy; when B is higher than 18.574, the absorbed
power of the single buoy is higher. Combined Fig. 22(a) and (b), it is easy to find that
the highest power is captured by the multi-buoy WEC at kh 3.37.
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Fig. 23 Comparison of absorbed power between the single buoy and multi-buoy with 0° wave direction and
same total PTO coefficient
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Fig. 24 The indicator Ie versus kh under different linear PTO coefficients

In Fig. 23, the linear PTO coefficient of the single-buoy WEC is three times as that of
each buoy in the multi-buoy WEC. When B is less than 371.479, the absorbed power
of the single-buoy WEC is less than that of the multi-buoy WEC; with the increase of
the linear coefficient, the difference in power between those two WECs gradually
shrinks. This rule can be easily captured by Ie shown in Fig. 24. Fig. 24 also shows
that, compared to the sing-buoy WEC, the most significant improvement in power
performance of the multi-buoy WEC is obtained at kh = 3.37 and B = 1.857 where the
absorbed power is doubled. With the increase of PTO force, Ie gradually decreases to
nearly zero but it is unlikely to be negative since when B is more than 371.479 both
the single-buoy and multi-buoy WEC don’t capture wave energy as shown in Figs. 20

and 21. In general, the multi-buoy WEC is more suitable to be chosen in the current
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wave condition and PTO system.
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Fig. 25 Absorbed power of multi-buoy versus wave frequency kh with wave direction of 0, 151.25 and 180
degrees and different PTO forces

Unlike the single-buoy system, the multi-buoy system is not isotropous as the
preliminary investigation shown in Section 4.1. The wave directionality may
influence the power performance of the WEC. To shed some light on this, different
wave directionalities are utilized in the investigations. Fig. 25 compares the power
performance of the multi-buoy WEC in the cases with different incident wave angles,
i.e. 0%, 151.25° and 180 °. Both the linear and coulomb PTO models are considered. It
is observed that the power performance of the multi-buoy WEC seems to be less
sensitive to the wave directionality in most of the cases. However, when the PTO
constant C = 0.042 (Fig. 25(b)), the absorbed power of the multi-buoy WEC is
significantly higher when the incident wave angle is 180 °, compared to the cases with
the incident wave angle of 0°. This feature is useful in practices because the wave
may come from any directions in reality. By choosing appropriate PTO model, the
multi-buoy WEC does not consider to control the heading of the device to secure a
satisfactory power production.

5. Conclusion

In this study, a novel hybrid system, which integrates a multi-buoy WEC with the IEA
15 MW wind turbine in a fixed monopile foundation, is proposed. The site condition
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is featured from the sea area around Shandong, China. The concept is developed from
an existing concept which combines a torus shape heaving buoy with a fixed
monopile foundation. The novelty of breaking down the torus buoy into three
identical buoys is established based on the hypothesis that each buoy is subjected to
less damping and thus has a more significant motion response compared with the
corresponding torus WEC. As the dimension of the OWT and the WEC increases
following the up-scaling trend of the OWT development, the wavelength become
relatively shorter and smaller dimension of each buoy of the multi-buoy WEC may
perform better. To confirm this, three-dimensional numerical models are established
in ANSYS-Aqgwa. In this proof-of-concept investigation, only the operational wave
conditions without accompanied current are considered.

Since the multiple buoys are installed surrounding the monopile foundation in close
proximity, the hydrodynamic interaction and the coupling effects become important,
as confirmed by the hydrodynamic investigations on the motion responses and the
force on a specific buoy with or without accompanied by other buoys. Different wave
directionalities and PTO arrangements are considered in the investigation. On this
basis, the systematic investigation of the power performance of the multi-buoy WEC
integrated with the fixed monopile foundation is carried out. The results are compared
with the corresponding results from the single-buoy WEC, which is a torus buoy with
the equivalent geometry, motion properties and PTO damping to the multi-buoy WEC.
Two types of PTO models are used. When the Coulomb PTO is applied, the power
performance of the multi-buoy WEC is better than the single-buoy WEC in the cases
where WECs can capture wave energy; for specific PTO, the peak value of the
absorbed power from the multi-buoy WEC occurs at a higher frequency, compared
with the single-buoy WEC, implying that the multi-buoy WEC is more suitable for
absorbing power at smaller wave periods (higher kh). If the linear PTO model is
applied, the superiority of the multi-buoy WEC is also observed at a specific range of
the PTO coefficients. The numerical investigation also concluded that the power
performance of the present system seems to be not sensitive to the wave directionality
if an appropriate PTO model is applied.

Despite of the promising features of the proposed hybrid system discussed above, a
few further comments may be added to inspire future research. The first one is the
limitation of the linear potential theory used in this work. Based on the analysis of the
Re and KC numbers, the problem described in this work is in the diffraction field and
the viscous effect may be insignificant overall. This drives the use the potential theory,
as many other existing research. However, when the wave frequency is close to the
natural frequency of the WECs, and/or gap resonance occurs, the linear potential
theory may over-predict the motion response and thus the power performance. This
can be overcome by introducing calibrated artificial viscosity in the present model
with the aid of the experimental or CFD work in the future. However, existing
27
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literature also conclude that such viscous effect may be linear and does not affect the
qualitative conclusion [34]. The second issue is that identical PTO models are applied
to all buoys in the multi-buoy WEC, for simplicity of the numerical work. In practice,
the PTO systems needs to be optimised and different PTO coefficients may be applied
to different buoys subjected to an instantaneous wave condition. A multi-function
optimisation and control strategy may be tested in the near future. Finally, the power
generated by the WEC is at the level of hundreds kW, which seems to be minuscule
compared with the wind power generation. However, one may admit that by sharing
the foundation with the OWT, the cost of the wave energy would be reduced and the
integrated WEC may reduce the wave load on the OWT, reducing the fatigue of the
OWT, whereas it does not affect the power production of the wind turbine since the
foundation is fixed.
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