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Abstract. Renewable energy such as wave energy has gained popularity as a means of reducing greenhouse
gases. However, the high cost and lack of available sea space in some countries have hindered the deployment
of wave energy converters (WEC) as alternative means of sustainable energy production. By combining
WECs with infrastructures such as floating breakwaters or piers, the idea of electricity generated from WECs
will be more appealing. This paper considers the integration of vertical raft-type WEC (commonly known as
the vertical flap WEC) with floating breakwater as means to generate electricity and attenuate wave force in
the tropical sea. An array of 25 WEC:s attached to a floating breakwater is considered where their performance
and effect on the wave climate are presented. The effects of varying dimensions of the WEC and mooring
system of the floating breakwater have on the energy generation are investigated. The integrated WECs and
floating breakwater is subjected to both the regular and irregular waves in the tropical sea to assess the
performance of the system. The result shows that the integrated vertical flap-floating breakwater system can
generate a substantial amount of wave energy and at the same time attenuate the wave force effectively for the
tropical sea when optimal dimensions of the WECs are used.

Keywords: flap WEC; integrate WEC and floating breakwater; raft-type WEC; regular wave; uni-
directional irregular waves

1. Introduction

With rising concerns about global warming caused by greenhouse gases (Kweku et al. 2017,
Shine et al. 2005), renewable energy has gained popularity as a means of reducing greenhouse gas
emissions (Owusu and Asumadu-Sarkodie 2016, Quaschning 2019). There are many sources of
renewable energy such as wind energy (Herbert et al. 2007), solar energy (Herbert et al. 2007),
biomass (Chum and Overend 2001) and ocean thermal energy (Wang et al.2011) being considered
in the past decades as alternatives to hydrocarbon. Wave energy being the relatively new renewable
has a high potential due to its greater energy density as compared to wind and solar energy (Falnes
2007). However, the application of wave energy converters (WEC) in island nations such as
Singapore and Indonesia is challenging due to their busy sea space as important international
maritime routes, thereby also result in difficulty in the installation and deployment of the WECs
(Tay 2020). In addition, the capital cost of WECs is high as compared to the conventional energy
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production (e.g., coal and gas) or other renewables (e.g., solar and wind), therefore making
deployment of WECs in the precious sea space for the sole purpose of generating electricity
impractical (Astariz and Iglesias 2015). Nonetheless, the total yearly wave energy potential for
tropical countries such as Indonesia is projected to be at 540 GW (Quirapas et al. 2015), thus the
wave energy presents a viable option as an alternative to fossil fuel in meeting the country’s energy
demand.

On the other hand, the impacts of coastal erosion caused by the rise in seawater levels have
pushed the need to develop technologies in mitigating such damage. Conventionally, the strategies
to manage coastal erosion are by retreating or relocating to regions that are higher such as the
highland, or by preserving the shoreline with hard structures such as dikes and shore protection
materials (Headland et al. 2007, Pilarczyk and Press 1990, Schoonees et al. 2019). Although shore
protection materials such as geotextile (Hornsey et al. 2011, Shin and Oh 2007) provide a
considerable advantage due to their relatively easy deployment, they may be more expensive
compared to the use of hard construction structures such as breakwater (Van Rijn 2011). To optimize
the sea space, WECs such as oscillating water column WEC, point absorber WEC and raft-type
(attenuator) WEC are proposed to be integrated into breakwater as means to generate energy while
attenuating the wave force (He et al. 2013, Howe et al. 2020a, Nin ef al. 2016, Zhao et al. 2019).
While bottom-mounted breakwater is commonly used, floating breakwater (Drimer et al. 1992,
Williams et al. 1991) has been proposed and built due to its cheaper construction costs,
environmental friendliness and greater adaptability to the rise of seawater level (McCartney 1985).
The concept of integrating WECs with infrastructures (Martinelli ez al. 2016) (Cabral et al. 2020,
Howe et al. 2020b) such as a pier, breakwater or floating platform enables optimal ocean space
utilization and would make the use of WEC as a source of renewable energy more appealing and
cost-effective.

Various ideas have therefore been developed to ensure that the WEC will remain competitive in
generating energy, e.g., utilizing the effect of resonance for power enhancement of WEC arrays (Tay
2021, 2022a, b), enhancing power energy efficiency using a trilinear-damper system (Chen et al.
2021), integration of oscillating buoy type wave energy converter with vertical pile-restrained
floating breakwater (FB) proposed by Ning et al. (2016) that provides a promising concept to utilize
the wave energy cost-effectively. There are also many attempts to combine WECs and floating
breakwaters by attaching the WECs at the weather side of the breakwater (Favaretto et al. 2017,
Martinelli ef al. 2016). Attenuator type WECs (also known as the raft-type WEC or the flap WEC)
that generates energy via pitching motions have also been proposed, e.g., the raft-type WEC attached
to a very large floating structure (VLFS) (Tay 2017, 2019). The raft-type WEC shows that the power
generation is significantly affected by the length of the plate-like WEC and power take-off (PTO)
damping. An optimal design with its resonance frequencies tuned to the wave periods of the irregular
waves is important to ensure that the WEC is viable in generating wave energy. The effectiveness of
the raft-type WEC could be further enhanced by considering a modular system as proposed by
Wilkinson et al. (2017). The modular system enables a greater energy extraction from waves arriving
at multi-directional seas. In view of this, a novel modular system that comprises multiple raft-type
WECs was proposed by Tay (2020) to be integrated with a floating breakwater for the tropical sea.
An appropriately sized WECs attached to the floating breakwater was shown to function effectively
both as a wave energy converter and floating breakwater in the tropical climate. Different concepts
of utilizing pitching motion have also been proposed by Nguyen and Wang (2020) that devised a
single vertical oscillating wave surge converter (OWSC) to be integrated with a VLFS. The study
investigated the effect of wavelength and PTO damping has on the power production where they
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found that the proposed concept as wave energy device and breakwater is promising for deployment
in sea state of intermediate and long waves.

In view of the effectiveness of the integrated WECs with nearshore infrastructure, this paper
proposes an integrated vertical flap (VF) with floating breakwater (FB) suitable for deployment in
the tropical climate. This paper aims to optimize the dimensions of the flap for maximum power
generation and wave attenuation effectiveness. A numerical model is built using the hydrodynamic
software ANSYS AQWA (2012). The numerical model is first used to study the effects of the
mooring system of the floating breakwater, varying length and width of the flap have on the power
generation under regular waves. With the optimal dimensions obtained, an array of 25 VF attached
to a 50 m length FB is then considered where its power generation and wave attenuation
effectiveness under regular waves are studied. Lastly, the significant average power generation is
calculated for uni-directional irregular waves, by taking the sea state of the Singapore sea as a case
study.

2. Integrated vertical flap-floating breakwater (iVF-FB)

The integrated vertical flap-floating breakwater (known hereafter as iVF-FB) comprises an array
of equally spaced VFs hinged on supporting frames attached to the box-like FB as shown in Figs. 1
and 2. The VF operates following the same mechanism as the OWSC, except that it is an inverted
OWSC. Figs. 1 and 2 show that the iVF-FB floating on a X —Y plane surface with Z =0
representing the free surface. The global origin of the cartesian coordinates is located at the center
of the flotation of the FB. As waves hit on the vertical flap (VF), the vertical flaps rotate at an angle
©, about the hinge (rotation about the local y-axis, see Fig. 2) where power take-off (PTO)
systems are used to convert the mechanical motion into electricity. Twenty-Five VFs are considered
in the 50-meter long iVF-FB, where each VF has a length Ly gc, width W gc and thickness
twec. The dimension and properties of the VF summarized in Table 1 are the optimal value obtained
from the parametric studies conducted in Section 5.1. The FB has a length of Lgz = 50 m, width
Wrp = 3m and depth drp = 2m. The floating breakwater is allowed to move vertically (heave
motion) but with its horizontal motions (sway and surge) constrained.
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Fig. 1 Plan view of iVF-FB
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Fig. 2 Elevated view of iVF-FB showing main dimensions and mechanism of WEC in generating wave
energy

Table 1 Dimensions and properties of iVF-FB

Components Symbols Value
Floati Length, Lpp (m) 50.00
oating . 3.00
Breakwater Width, Wep (m) '
Draft, dgg (m) 2.00
Number, N 25
Wave Length, Lygc (m) 2.00
Energy Thickness, tygc (m) 0.40
Converter Width, Wiyge (m) 1.25
PTO damping Bpro (N.m.s/rad) 5913
Wave frequency, w (rad/s) 1.0t0 6.0
Regular v o
Wave direction, 6 (°) 180, -135
wave
Water depth, D (m) 10
Irregular Peak Period, T,, (s) 3,4,5,6
wave Significant wave height, H; (m) 2.0

The iVF-FB is subjected to both regular and irregular waves. For both the regular wave and
irregular waves analyses, a constant water depth of D = 10 m is considered. A parametric study is
first performed where a single VF attached to a short FB under a regular wave is considered. The
objective of the parametric study is to determine the suitable mooring system of the FB as well as
the optimal length and width of VF. The regular wave with a wave amplitude A and wave frequency
w 1s assumed to approach the structure from an angle 6 measured from the X-axis as shown in
Fig. 1. Thereafter, the uni-directional irregular wave modelled using the Bretschneider wave
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spectrum is used to study the performance of the iVF-FB and wave climate surrounding the structure.
It is to note that the case study is conducted by taking the sea state of Singapore sea as a reference,
i.e., the regular wave frequency w ranges from 1.0 rad/s to 6.0 rad/s whereas the peak wave period
T,, ranges from 3 to 6s.

Both FB and VF are designed as hollow boxes to allow for sufficient buoyancy and their outer
hulls are made of thin-shell structures. The buoyancy force in the VF must be sufficient to ensure
sufficient restoring moment for continuous pitching motion under surging force. The effective draft
of the FB is assumed to be 2 m. It is to be noted that the length of FB is adjusted according to the
optimal width of the VF with equal spacing s obtained from the parametric study. Also, the length
of the supporting frame is determined according to the optimal length of the VF to allow for the VF
to pitch without clashing with the FB. The inputs for the numerical study of the full-scale iVF-FB
are summarized in Table 1.

3. Mathematical formulation
3.1 Regular wave analysis

3.1.1 Simple potential theory
Simple potential flow theory is used to model the water domain which assumes that the water is
incompressible, inviscid and its flow irrotational. The velocity potential may be written as

®(x,y,2,t) = Re[p(x,y,z)e ] (1)

where ¢@(x,y,z) is the spatial velocity potential taken as the sum of the diffraction ¢, and
radiation g potential (Lee and Newman 2005).

According to the linear potential theory, the velocity potential must satisfy the Laplace equation
(Dean and Dalrymple 1991, Faltinsen 1993)

Vi =0 2

The velocity potential must also satisfy the boundary conditions on the seabed Sg, free surface
Sr, infinite surfaces S, and the wetted surface Sy, (Faltinsen 1993)

3—5 =0 on the seabed Sy 3)
20 _ oo
Er on the free surface Sg 4)
g—(z = on the wetted surface Sy, ®)]
o(pnj _ {—iw "N for =R
-, 0 for 1 = D on the wetted surface Sy, (6)

here (ny,n,,n3) =n and (n4,ns,ng) = X X N with n and x the unit normal vector and position
vector of points on the wetted surface (Lee and Newman 2005), respectively. The subscript j =
1,2,3,4,5 and 6 represents the corresponding normal to the six rigid body motion, i.e., surge,
sway, heave, roll, pitch and yaw, respectively. The velocity potential must also satisfy the
Sommerfeld boundary condition (Faltinsen 1993)
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|x|—00 x|

lim +/|x| (M —ik(p — goin)) =0 on the surface at infinity Sy (7

where k is the wavenumber, ¢;, is the velocity potential of the incident wave and |x| =
VX2 +y2.

By using Green’s 2nd Theorem via free surface Green’s function (Brebbia et al. 2012), the
Laplace equation and the boundary conditions from Egs. (3) to (7) are transformed into a boundary
integral equation (BIE). The wetted surface of iVF-FB is discretized into panels in ANSYS AQWA.
The PTO system is modelled as a damper with PTO damping Bpro in AQWA.

3.1.2 Equation of motion of floating body
The iVF-FB is assumed to be a rigid body where the motion W(x,y, z,t) is oscillating with the
wave frequency w as

W(x,y,zt) = W(x,y, z)e @t 8)
where W (x,y,z) is the spatial rigid body motion given as
Wy, z)={Wx Wy Wz Oy 6, 9,37 )

where (Wx Wy Wz 9, 6, U,}T are the six rigid-body motions, i.e. the surge, sway, heave,
pitch, roll and yaw.
The equation of motion of the floating body written in matrix form is thus given by

[~w?(M + M,) — iw(B, + Bpro) + K] W =F (10)

where M comprises the mass m and moment of inertia / in the corresponding x-, y- and z-axes,
given as, M = diag(mx m, m, I, I, I,)whereas M, and B, are, respectively, the 6 X
6 added mass/inertia and radiated damping correspond to the six degrees of freedom (DOF). The
PTO damping Bpro is the damping applied in the local y—axis of each VF to convert the pitch
motions into electricity. F={Fk F, F My M, M,;}" where F,, F, and F, are the
exciting forces about the x-, y- and z-axes, respectively whereas M,, M, and M, are the
exciting moment (or exciting torque) about the x -, y - and z -axes, respectively. K=
diag(kix kiy kiz krx kry Kgrz) is the hydrostatic stiffness matrice of the floating bodies,
where k; is the linear hydrostatic stiffness and kjy the rotational hydrostatic stiffness.

The FB is only allowed to heave where its horizontal motions, i.e., sway and surge are constrained.
On the other hand, the VF only rotates about the hinge, thereby these assumptions further simplify
the equation of motion (10). For the case of the VF, the equation of motion of a single VF about the
hinge is given as

[~w?(I, + Ioy) — iw(Bay + Byro) + kry |9, = M, (11)

where Iy, is the added inertia in the y-axis and By, the radiated damping in the y-axis.

The rotational motion of the VF depends on the moment of inertia, I, (Lewandowski 2004)
calculated from Eq. (12). As the WEC is hinged at the end of the supporting frame, the reference
axis for the VF is taken 0.25m below the top tip of the flap as given in Fig. 2. To obtain the mass
moment of inertia, the parallel axis theorem is used at this reference axis as

L, = %m(L%/VEC + tivec) (12)
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The PTO damping By, in Eq. (11) is the optimum PTO damping given by Falnes (2002) as

—w2(I— 2
Bpeo = J—[kRy Ul 1 2 (13)

The By, value is taken as a constant in the numerical simulation. It is computed from Eq. (13)
by taking the largest value of the radiated damping B, and added inertia I,, generated for each
VF, for wave period T ranging from 1s to 60s.

3.1.3 Power absorption
By solving Eq. (11), the pitch response amplitude operator (RAO) of the VF could be used to
derive the absorbed power P, of the n'" WEC as follows

1
Byl =;w2 BPTOlRA0|$1 (14)

The total absorbed power Pr under regular wave is then given by

Py =Zﬁ:1Pa|n (15)

3.1.4 Wave elevation
The ANSYS AQWA also allows the computation of the wave elevation surrounding the floating
structure. The wave elevation amplitude 1 on the water surface surrounding the iVF-FB is
computed from Eq. (16) as
__1]oe
=5 i (16)

where ¢ is the velocity potential obtained from the BIE and g the gravitational acceleration.

3.2 Irregular wave analysis

The Bretschneider (BS) wave spectrum is used to model the sea condition for irregular waves. It
is a two-parameter Pierson Moskowitz spectrum that can be expressed as (Goda 2010),

HZ 1 20m* 1
S(w) = 51T4T—§Eexp [— T;: — (17)

where T, is the peak wave period and H; the significant wave height.

To obtain the significant absorbed power (P,)s of the iVF-FB, the response spectrum Sg(w)
is first computed using Eq. (18) (Chakrabarti 1994)

Sp(w)]n = |Pa(w)|n|2 X S(w) (18)

where P,|,, is the absorbed power of the n™ WEC given in Eq. (15) and S(w) the BS wave
spectrum given in Eq. (17). The significant absorbed power (P,)s|,, for the n™ WEC is then
computed from

(Psln = 2\/% (19)

here m, is the square root of the zeroth-order moment given as
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my = fa, Sp(w) - dw (20)

The total significant absorbed power (P,)s for uni-directional irregular wave is then given by

(PT)S = Zg(Pa)Sln (21)

The CWR is commonly used to express the capture efficiency of a WEC and is defined as the
ratio of the absorbed power to the power in the width of the wave equal to the width of the device
or capture width (Babarit 2015). The capture width ratio CWR of a WEC is given as

CWR = —&0s (22)

PresWwEC

where the wave power resources P, is given as (Boccotti 2000)
pg?
Bres = oar Hssz (23)

where H; is the significant wave height and T, the peak wave period.

4. Verification of numerical model

To validate the energy generation mechanism of the present numerical model in generating
energy via its rotational motion, the results of an OWSC, which operates with a similar mechanism
as the VF, are considered. Both OWSC and VF utilize PTO systems to generate electricity via their
pitching motions as waves hit on the structure. The OWSC is however bottom mounted to the seabed
as opposed to the VF that is hinged connected to a supporting frame attached to the FB. Nevertheless,
the mechanism for both structures is similar where both structures depend significantly on the
buoyancy and wave forces of the WECs to achieve continuous pitching motion, i.e., continuous
energy generation. To validate the present numerical model, the OWSC given by Renzi et al. (2014)
is first modelled in ANSYS AQWA. The OWSC is then subjected to a regular wave of wave period
T = 4s to 14s and its hydrodynamic coefficients are compared with their counterparts presented in
the literature. The particulars for the OWSC device are presented in Table 2 (Renzi et al. 2014) and
the thickness, PTO damping and width of the WEC are taken from Tay and Venugopal (2017a, b,
2019, 2022).

Fig. 3 shows the comparison of the exciting torque and radiated damping of the OWSC generated
by the present numerical model with the results obtained from Renzi et al. (2014). The results

Table 2 Dimension and properties of OWSC

Properties OWSC
Thickness (m) 4.0
Width (m) 18.0
Immersion depth (m) 9.4
Water depth (m) 10.9
Mass moment of inertia (kg.m?) 6.6054 x 108

PTO damping (kg.m?s™) 16 x 108
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Fig. 3 Validation of radiation damping and exciting torque for Oyster 1 OWSC

predicted by the present numerical model agree well with those published in the literature. The slight
discrepancy between the results predicted by the present model with those by Renzi et al. (2014) is
due to the different modelling methodologies used, where the ANSYS AQWA utilizes the boundary
element method that solves the diffracted and radiation waves whereas the latter is based on a semi-
analytical method. Nevertheless, the trend of the hydrodynamic coefficients for both models are in
good agreement and the difference between the two results is small, thereby validate the energy
generation mechanism of the present model.

5. Results and discussion

With the numerical model in ANSYS AQWA validated for its accuracy in energy generation, the
iVF-FB is next modelled. The FB and VF are modelled as hollow box-like structures such that only
the wetted surfaces of the structure are modelled. The VF is hinged connected to the FB and the PTO
systems are modelled as damping in the software. Parametric studies are first conducted on a single
VF attached to the FB under regular wave to obtain the optimal dimensions, i.e., length Ly g, and
width Wy, - of the VF. The effect of the motion of the FB has on energy generation is also
investigated. Thereafter, the full-scale iVF-FB with 25 VFs is then modelled using the optimal
dimensions obtained from the parametric study where the performance and wave attenuation
effectiveness is studied. The regular and uni-directional irregular waves are considered with waves
arriving from the headsea (0°) and oblique sea (45°).
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Fig. 4 Pitch RAO for VF when integrated to heave-constrained and heave-free FB. wyg: =1 m,
LWEC =1 m

5.1 Parametric study on single vertical flap

The parametric studies are considered in this section to obtain the optimal VF’s dimensions in
maximizing the performance of the WEC. The single VF attached to a FB is considered under regular
waves. The effect of the mooring system of the floating breakwater, width and length of the WECs
has on the performance of the WEC is presented hereafter.

5.1.1 Effect of motion of floating breakwater

The effect of motion of the FB is first investigated. The box-like FB as shown in Fig. 1 is moored
by mooring line by assuming that only the heave motion of the FB is allowed. In this analysis, the
energy generation from the iVF-FB when the FB is free to heave (termed heave-free) is compared
with its counterpart when it is heave-constrained. The heave-constraint is imposed in ANSYS
AQWA by imposing fixed motion to the heave DOF. This is analogous to having the FB moored by
mooring lines with very high stiffness. The pitch RAO of the single VF when it is hinged to the
heave-constrained and heave-free FBs is shown in Fig. 4. The length and width of the VF are
Lywgc = Wiygc =1 m. The result shows that the effect of the motion of the FB is negligible towards
the pitch RAO when subjected to regular waves of high frequency. While the integrated VF with
heave-free FB shows a slightly greater pitch RAO at a low frequency between 1.0 rad/s to 1.7 rad/s,
the heave-constraint FB results in a higher pitch RAO for a wave frequency between 1.7 rad/s to 2.0
rad/s, i.e., wave period T~ 3 to 4s, which is close to a typical tropical sea state in Singapore. This is
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Fig. 5 Absorbed power for single VF when integrated to heave-constrained and heave-free FB.
Wwee =1 m, Lygc =1 m, Bppo =164 Nms/rad

in agreement with the results published by Tay (2020) where it was reported that the heave-
constrained FB allows the greater energy generation from a raft-type WEC due to the greater relative
pitching motion when attached to a heave-constrained FB. Figure 4 also shows that the pitch RAO
of the VF reduces with the increase of wave frequency. This is because the wavelength is short at
high frequency thus results in smaller wave energy resources. The pitch RAO is also found to peak
when the wave frequency is around 2.0 rad/s, which coincides with the most occurrence sea state of
the Singapore sea which is around T~2 to 4s.

Fig. 5 shows the absorbed power P, and CWR of the single VF with Ly gc = Wyygec = 1m
when subjected to regular wave. P, is represented by the solid line ( — ) whereas the CWR by
the broken line (----). The absorbed power is found to increase with the increase of the wave
frequency w and maintains an almost constant peak power absorption when the wave frequency is
around w~2.0 to 3.5rad/s, corresponding to the wave period T~2 to 3s. The P, then reduces
with the increase in wave frequencies due to the short wavelength, i.e., smaller wave energy resource.
Fig. 5 also shows that the single VF can achieve CWR above 15% for a range of wave frequency
between 2.0 to 5.0 rad/s, and reaches a peak of 30% at w = 4.0rad/s. The comparison of the
performance of the VF with heave-free and heave-constrained FB shows that the motion of the FB
does not significantly affect the power absorption and CWR of the WEC. However, the heave-
constrained FB shall be taken in the subsequent analyses due to its relatively better performance
when operating in the sea condition of the tropical sea, by taking Singapore as a case study. A FB
with minimal motion is important to ensure the safety and comfortability of the crew working on
the structure. Also, a FB with smaller motion generates lesser radiated waves under wave action.
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Fig. 6 Pitch RAO for single iVF-FB with different width Wy gc. Lygec = 1 m, heave-constrained FB

5.1.2 Effect of width of WEC

By assuming a heave-constrained FB, five different VF with varying widths, i.e., Wy =
1.00 m,1.25 m,1.50 m,1.75 m and 2.00 m, are considered to study the effect the width has on
the power generation of the WEC. The pitch RAO of the five different VF, when attached to the
heave-constrained FB under headsea condition, is presented in Fig. 6. The length of the VF is taken
to be Lygc = 1.00 m. Fig. 6 shows that the pitch RAO for all the considered VFs has the same
trend as the VF with Wy g = 1.00 m considered in Fig. 4, i.e., the pitch RAO increases with w
and decreases after reaching a peak at w = 2.0rad/s. It can be seen that the pitch RAO increases
significantly with the increase in the width of the WEC with W,z = 2.00 m producing a
relatively larger pitching motion for all the wave frequencies considered. It is to note that the peak
pitch RAO is about 90 degree/m indicating that the VF can swipe a wide-angle of 45° from its
vertical neutral position (see Fig. 2) as the wave hits on the structure.

By computing the power absorbed P, from Eq. (14), the P, is plotted in Fig. 7(a). It is noted
that P, obtained from Eq. (14) depends on the Bpyo which differs for different geometries of the
VF (varying Wy, gc and Lygc). This is because the optimal Bpro is computed from Eq. (13) that
depends on the added inertia I,, radiated damping B, and hydrostatic stiffness kg, which are
different for VF of different geometries. The corresponding optimal Bpr, for the VF with different
Wy gc is labelled in Fig. 7(a). It shows that the Bpro is the largest for VF with Wy g = 1.25 m.
The value of Bpry has a profound effect on the power absorption as shown in Fig. 7(a), where the
largest P, is produced by the VF with W,z = 1.25 m. It is interesting to see that VF with
Wwec = 2.00 m generates the smallest P, due to the small optimal Bpry = 64 N.m.s/rad even
though its pitch RAO is the highest as shown in Fig. 6. Fig. 7(a) shows that the P, increases as the
Wiy gc increases from 1.00 m to 1.50 m with Wy gc =1.25 m generating the highest power.
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Fig. 7 (a) Absorbed power P, and (b) CWR, for single iVF-FB with varying width Wy g.. Lygc =
1.00 m, heave-constrained FB

However, the power generated significantly decreases for Wy, g larger than 1.50 m. This
phenomenon can be explained by referring to the effect of Bpry where it can be seen from Fig. 7(a)
that the optimal Bprg for Wyygc < 1.50 m is larger than its counterpart for Wygc > 1.50 m,
thus generating more energy according to Eq. (14).

In the parametric study to investigate the effect of Wy k¢, Fig. 7(b) shows that under optimal
Wywgc = 1.25m, a CWR up to 40% could be achieved at w = 4.0 rad/s and the CWR is above
20% for wave frequency ranging from 2.0rad/s to 5.0 rad/s, i.e., higher than the CWR presented
in Fig. 5, thereby suggesting a wider bandwidth for VF with W,z = 1.25 m could be achieved.

5.1.3 Effect of length of WEC

In this section, the effect of Ly, g has on the pitch motion, power absorption and CWR is
studied when the Wy = 1.25m and FB is heave-constrained. Five different Ly pc are
considered, i.e., Lygc = 1.00 m, 1.25 m, 1.50 m, 1.75 mand 2.00 m. The pitch RAO is first
presented in Fig. 8 for the varying Ly,5c where the pitch RAO is found to increase with the decrease
of the Ly gc. This phenomenon can be explained by referring to the moment of inertia of the VF
where a shorter VF has a smaller I, as compared to the longer VF. As a result, the VF with a smaller
I, pitches with a larger ©,, and therefore the ©,, for the largest Ly g = 2.00 m is significantly
small as shown in Fig. 8.

Similar to the effect of varying Wy, gc studied in Fig. 7(a), the power absorption also depends
on the optimal Bpro of the VF, which varies for VF with different L gc. The P, of the VF with
varying Ly gc is plotted in Fig. 9(a). Fig. 9(a) shows that the effect of length has a greater influence
compared to the width of the VF (plotted in Fig. 7a) where the P, differs with a larger magnitude
for varying Ly gc as compared to the influence of varying Wy, gc. Also, when keeping the WEC
width at its optimal value of Wy zc = 1.25 m, Fig. 9(a) shows that the P, of the VF could be
further increased by increasing the Lygc where the P, for Ly gc = 2.00 m is twice the value
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1.25 m, heave-constrained FB. Note: Legend and Bpr, are the same for Figs. 9(a) and (b)

when Ly gc = 1.00 m as considered in Fig. 7(a). It is to note that Lyz- = 2.00m is taken as the
optimal length even though the P, drops when the w is greater than 2.5 rad/s. This is because the
maximum power absorption occurs when the VF is operating at w < 2.5 rad/s, which is the typical
sea state of the Singapore sea. The CWR of the VF for varying Ly g is also given in Fig. 9(b)
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Fig. 10 Total absorbed power of full-scale iVF-FB (Nygc = 25) under headsea and oblique sea
conditions. Regular waves. Wygc = 1.25 m, Lygc = 2.00 m, Bpry = 5913 Nms/rad, heave-
constrained FB

where it can be seen that the CWR 1is greater than 20% for w ranging from 2.0 rad/s to 5.0 rad/s
and maximum CWR = 60%. The overall energy absorption bandwidth increases with the increase
of LWEC‘

5.2 Fully integrated FB-WEC under regular wave

In this section, a full-scale iVF-FB is considered, where 25 VFs with optimal Wy, gc = 1.25 m
and Ly zc = 2.00 m are hinged connected to the 50m heave-constrained FB. The Bpro is 5,913
Nms/rad taken from Fig. 9 for Ly zc = 2.00m. The iVF-FB is subjected to regular and irregular
waves under headsea and oblique sea to study the power generation of the VF and wave attenuation
effectiveness of the FB. The total absorbed power P; of the 25 VFs under the headsea and oblique
sea, obtained from Eq. (15), is presented in Fig. 10. It is noted that only the most occurrence wave
frequencies ranging from 1.0rad/s to 3.0rad/s (corresponds to T = 2 to 6s) are considered in Fig.
10.

Fig. 10 shows that the iVF-FB has a wide energy generation bandwidth where it can generate a
substantial amount of energy for a wide range of frequencies. The iVF-FB under headsea is more
effective at smaller wave frequency, i.e., w < 1.75rad/s whereas iVF-FB under the oblique sea
could generate more energy at w > 1.75rad/s. The largest P; occurs when the wave period is
between T = 2 to 4s.

The effectiveness of the iVF-FB in attenuating the wave force is next investigated. Figs. 11 and
12 show the wave climate surrounding the iVF-FB under headsea and oblique sea, respectively. Four
different wave periods are considered, i.e. T = 3s, 4s, 5s and 6s and plotted in the sub-figure (a),
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Fig. 11 Wave elevation amplitude surrounding full-scale iVF-FB for wave period (a) T = 3s,1/Wgpp =
4.68 (b) T =4s,A/Wrg =823 (¢c) T =55,A/Wgp =12.20 (d) T = 65,1/Wrp = 16.14. Headsea.
Wwee = 1.25 m, Lyge = 2.00 m, Bprp = 5913 Nms/rad, heave-constrained FB.

(b), (c) and (d), respectively, of Figs. 11 and 12. Figs.11 and 12 show that the FB is very effective in
attenuating the wave force when the wavelength is small, i.e., T =3s where the wave amplitude
downstream of the FB is negligibly small. This is due to the relatively small wavelength to FB width
ratio, i.e., A/Wpp = 4.68 as compared to its counterpart with higher A/Wgp. This also implies that
the effectiveness of the FB depends significantly on the width of the FB. The wave upstream of the
iVF-FB is found to be higher when the wavelength is small, due to the greater inferences between
the incoming and reflected waves.
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Fig. 12 Wave elevation amplitude surrounding full-scale iVF-FB for wave period (a) T = 3s,4/Wgp =
4.68 (b) T =4s,A/Wpg =823 (¢) T =5s5,4/Wpg =12.20 (d) T = 6s, 1/Wgg = 16.14. Oblique
sea (0 = 45°). Wygc = 1.25 m, Lygc = 2.00 m, Bpry = 5913 Nms/rad, heave-constrained FB

5.3 Fully integrated FB-WEC under uni-directional Irregular wave

The performance of the iVF-FB in terms of power generation under irregular waves is next
studied. The Bretschneider (BS) wave spectrum given in Eq. (17) is used to model the uni-directional
waves, by taking the significant wave height as Hg = 2m and peak wave period T, ranging from
3s to 6s, with an interval of 1s. The BS wave spectrum for the different T), is plotted in Fig. 13.

The total significant absorbed power (Pr)s for the headsea and oblique sea are presented in
Figs. 14 and 15, respectively. Fig. 14 shows that the Si(w) is larger when the wave frequency is
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Fig. 14 Power response spectrum Sy for full-scale iVF-FB subjected to irregular wave under (a)
headsea (b) oblique sea. Hg =3 m. Wygc =125 m, Lygc =2.00, Bpryp = 5,913 Nms/
rad, heave-constrained FB

small, which agrees with the finding on the total absorbed power Py (under regular wave) presented
in Fig. 10 where the Py has a greater value when the w < 1.75s (i.e., T = 3.6s) and gradually
reduce when w > 1.75rad/s (i.e., T < 3.6s). The iVF-FB under headsea has the highest (Pr)g
when subjected to irregular waves with T,, = 4s and 5s. It is to note that, although the (Pr)s is
the smallest under T, = 3s, the amount of energy generated is substantially high, i.e., (Pr)s =
130kW.
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Fig. 16 The significant power of full-scale iVF-FB under irregular waves. Hg =2 m. Wygc =
1.25 m, Lygc = 2.00 m, Bprp = 5913 Nms/rad, heave-constrained FB

The response spectrum Si(w) under the oblique sea, as plotted in Fig. 15 has a different trend
as compared to the headsea. It can be seen that the iVF-FB generates the most energy when T, =
3s, influenced significantly by the behaviour of the Py (see Fig. 10) where Pr is the largest when
w = 2.0rad/s (i.e., 3.1s) and gradually decreases when w < 2.0rad/s and w > 2.0 rad/s. A
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comparison between Figs. 14 and 15 shows that the iVF-FB is most effective in energy generation
when the T, is 4s, which falls in the range of the most occurrence significant peak wave periods of
the Singapore sea.

The total significant absorbed power (Pr)s for the headsea and oblique sea is summarised in
Fig. 16. It can be seen that the iVF-FB produces more energy when waves approach from the headsea
but the difference between the headsea and oblique is not significant. Also, the overall largest (Pr)s
occurs when T, = 4s. The (Pr)s for all T, is substantially large, i.e., (Pr)s > 100kW
implying that the iVF-FB has a wide absorption bandwidth from T, = 3s to 6s.

6. Conclusions

In the present work, a novel VF integrated with FB, termed the iVF-FB, was proposed.
The effectiveness of the iVF-FB for converting wave energy and attenuating wave force
was investigated using the numerical software ANSYS AQWA. Two performances indices,
i.e., power absorption and wave elevation amplitude were used to assess the performance
of the iVF-FB. The key findings of the present work are summarized below:

Motion of FB

The effect of the motion of the FB, whether it is heave-free or heave-constrained is
minimal on the power absorption and CWR of the VF. The heave-constrained FB was
found to have a slightly higher power absorption at wave frequencies of a typical tropical
sea condition ranging from w =1.7 rad/s to 2.0 rad/s.

Width of WEC

The power absorption from the single VF was found to be the highest for VF with
Wywgc = 1.25 m when the length of the WEC is kept constant at Lyzc = 1.00 m. The
overall wave absorption bandwidth of the VF was found to increase when the VF with
optimal Wy, g = 1.25 m was considered. The maximum CWR is 40% and the CWR 1is
above 20% for w ranging from 2.0rad/s to 5.0 rad/s

Length of WEC

The power absorption of the VF is significantly affected by Ly gc as compared to the
Wygc and motion of the FB. The optimal length of the VF is Ly,g- = 2.00 m where the
maximum CWR is up to 60% and the CWR 1is greater than 20% for w ranging from 2.0
rad/s to 5.0 rad/s

Full-scale iVF-FB

The full-scale iVF-FB, with 25 VFs (Wygc = 1.25 m and Lygc = 2.00 m, Bpry =
5,913 Nms/rad) attached to a 50-meter heave-constrained FB, under regular wave has the
maximum total power Pr when the wave period T = 2s to 4s. The iVF-FB was found to
have a high power absorption when subjected to uni-direction irregular waves with T, of
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around 4s which is the typical sea state of Singapore sea. The iVF-FB was also found to be
very effective in attenuating the wave force, especially when the wavelength is small.
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