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Abstract

The oscillating wave surge converter (OWSC) type devices (e.g., an Oyster wave energy
converter) generate electric power via rotating motion about the bottom of the device. This type
of wave energy converters have a wide power absorption bandwidth which enables the
electricity generation at a wide range of wave frequencies. The power produced by the OWSCs
could be maximised by configuring individual devices within an array. This paper examines
the power production performance of multiple OWSCs in an array under regular, uni-
directional irregular wave and multi-directional sea using the industry standard hydrodynamic
software WAMIT. The performance of the OWSC array is represented as g-factor, which is a
quantity defined as the ratio of the average total power produced in an array to the power
produced by an individual OWSC. The results show that the OWSCs arranged in an array
would produce both constructive and destructive interferences depending on the wave
directions and frequencies. Further, the spreading function, the resonance bandwidth and the

optimal spacing between the devices are shown to affect the performance of the OWSC
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significantly. The results provide an enhanced understanding of the behaviour and performance
of the OWSCs when arranged in an array of different configurations.
Keywords: oscillating wave surge converter array; g-factor; hydrodynamic interactions; power

performance; genetic algorithm optimisation.

1. Introduction

The Engineering and Physical Science Research Council (EPSRC) in the UK, supports marine
energy research through funding grand challenge projects. The TeraWatt [1] and EcoWatt2050
[2] are the two projects funded by the research council, and the work presented in this paper
forms part of project deliverables. One of the core objectives of these two project consortiums
is provide the industry on the understanding to the limits of energy extraction by marine energy
devices when deployed in array, and their impact on the nearshore and coastal environment as
well as the marine ecology. The above projects have developed numerical models which will
predict the environmental impact, if any, by deployment of wave and tidal energy converters
in a very large scale array. The type of wave energy converters (WECSs) considered for the
present work is the oscillating wave surge converters (OWSC) as these devices possess
relatively high capture width ratio of up to 60% [3]. The performance of the OWSC array

subjected to different wave conditions is the subject of this paper.

As a means to reduce carbon emission from the burning of fossil fuel to generate energy, the
electricity production from renewable energy has increased in popularity in the recent decades
[4]. In 2010, the world electricity production from renewable resources totals an amount of
4,160 TWh. This is about 20% of the global electricity production of 21,500 TWh. Out of the
total renewable energy production, less than 2% (60TWh) was generated from waves and tidal

resources [5]; and this quantity can be considerably increased by deploying large scale array of
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wave and tidal energy converters for successful technologies. While some of the individual
device concepts are shown to perform well, deploying multiple devices in array would need
careful planning for its successful long term operation in extremely complex sea environments.
The multi-array arrangement could capture the wave energy effectively if the WECs are

designed and arranged in its optimised configuration.

In order to assess the performance of the array, a parameter known as the interaction factor,
also known as the g-factor [6], is commonly used to facilitate the discussions. Child and
Venugopal [7] have investigated the optimal configuration of point absorber type WEC array
using the so called parabolic intersection and genetic algorithm methods by taking the g-factor
as the objective function. They have shown that the optimised layout of the wave farms could
be used to tune the performance of the WECs. The efficiency of the power absorption of multi-
resonant oscillating water column devices has been investigated by Thiruvenkatasamy and
Neelamani [8] by experimental methods for various device spacings. Sarkar et al. [9]
considered the wave effects of an oscillating wave surge converter and a heaving point absorber
placed adjacent to each other. The findings reported in [7-9] confirmed that the hydrodynamic
efficiency of the WECs increases when the array are spaced at their optimum spacing.
Borgarino et al. [10] investigated the wave interaction effects on the energy absorption in large
array of generic wave energy converters and they claimed that the grouping of the WECs into
array had a constructive effect when the damping of the power take-off is tuned properly and

when the WECs have a large bandwidth.

A comprehensive work on the Oyster type OWSC was carried out in the Queen’s University
Belfast and University of Dublin [11-12] where they employed a semi-analytical solution to

solve for the radiation and scattering problem. They confirmed that high levels of capture factor
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can be attained, even though the OWSC is not tuned to resonance with the incident wave field.
Renzi et al. [13] have investigated the wave-power extraction from a single array of in-line
Oyster OWSCs under regular waves by modifying the semi-analytical method; and they
observed that the constructive interference is possible for certain period of the incident wave
field and claimed that the array with the strongest constructive interaction is accompanied by
the largest system efficiency. Renzi et al. [13] further reported that the energy extraction of a
staggered array of Oyster OWSCs by using the modified semi-analytical and finite-element
methods, and claimed that the finite element method (FEM) has advantages over the semi-
analytical method due to its flexibility in reproducing virtually any array layouts, for arbitrary
angle of incident of the incoming waves, and ensures an excellent reproduction of domains

with complex geometries.

For the present work, the boundary element method (BEM) is utilised in assessing the
performance of the OWSC array. Similar to the FEM, the BEM also enables the investigation
of arbitrary array layouts for any incident wave angle and takes into account the full diffracting
and scattering of waves. However, the computational time for the BEM could be greatly
reduced when a large wave field is considered as only the boundary integral equation (BIE) of
the submerged body wetted surface needs to be solved by employing the free surface Green’s
function [14]. The utilisation of the BEM is well established in investigating the hydrodynamic
interaction of multiple floating bodies as reported in [15-17] and other non-OWSC type of
WEC [16, 18-20]. For the first time in this paper, the BEM method is used to investigate the
performance of the OWSC type WEC and the industry standard wave interaction analysis
software WAMIT [21] has been selected as it has gained widespread recognition in the industry
and research organisations i.e. project consortiums and EPSRC expert panels, for its ability to

analyse complex structures with a high degree of accuracy and efficiency. Furthermore, the
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higher order boundary element method (HOBEM), an option available in WAMIT, is also

employed to enhance the computational performance.

The OWSC device considered in the array is similar to that of the Oyster OWSC. As the present
study considers a full scale array of OWSCs, there are some difficulties encountered in
representing an Oyster type device with its PTO system, as the device information is
commercially sensitive and it is not available in the public domain. Hence the results from
WAMIT modelling is verified with their counterparts presented by Renzi and Dias [22]. These
verified hydrodynamic properties and PTO damping are given here for the benefit of other
interested researchers in calibrating or verifying their hydrodynamic models. Together with the
hydrodynamic properties, the pitch RAO and g-factor of the array under regular waves are also
presented. In addition, we consider the effect of a more realistic sea by modelling the uni-
directional irregular wave and multi-directional sea to study the device performance. A new
set of results based on 12 OWSCs array arranged in a three-row configuration (known hereafter
as the triple-array) is considered and the interaction factors (the g-factor) for the triple-array

under regular and irregular waves are presented.

The authors were aware of the recently published papers by Sarkar et al. [23-24] and Noad and
Porter [25] which also investigated the performance of OWSC arrays. Although there are
inevitable similarities between the present paper and the two above mentioned papers, the
present paper aims in investigating the hydrodynamic interactions of multiple staggered arrays
by taking into consideration the fully diffracted and radiated waves. The array layout
investigated here is also based on a more realistic layout following the information given by
the Scottish Government Agency — the Marine Alliance for Science and Technology for

Scotland (MASTS) [26]. The hydrodynamic effects of the devices in each row towards another

5



125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

IS being studied. As opposed to the semi-analytical method with a thin-rigid plate
approximation used in [23] and [25], the present paper takes into account the thickness of the
OWSC which should not be neglected due to its significant effect towards the hydrodynamic
performance of the device as proven in [27]. The effect of directional spreading in the multi-
directional sea is also taken into account in investigating the performance of the array. In
addition to that, the influence of the resonance bandwidth towards the performance of the arrays
is being investigated and the genetic algorithm optimisation scheme is being introduced to seek
for the optimal spacing of the arrays. To the knowledge of the authors, these two areas of
investigation on the OWSC type of wave energy device have not yet been published elsewhere

in the literature.

The result presented here provide a greater understanding on the behaviour of large-scale array
under the influence of a more realistic sea. It also offers a useful insight to the wave energy
designers on ways to increase the energy efficiency by properly configuring the devices’
spacing and resonance bandwidth. Last but not least, the optimal layout configuration of the
array could be designed based on the understanding of the interaction behaviour of devices in
the array. It must be noted here that the effect of viscous losses is being compromised in this
paper due to the use of the linear potential theory that on the other hand allows the benefit of
computational efficiency in running the hydrodynamic analysis of large-scale array in a multi-

directional sea.

2. Problem Definition
The triple-array oscillating wave surge converters considered for the hydrodynamic interaction

study is shown in Fig. 1. Each OWSC comprises of the flap-type floating body (known
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hereafter as the flap) which is hinged at the bottom to a foundation, hence only allowing for
the rotational motion about the hinge. The flap PTO system is modelled by a force represented
by the damping coefficient By to convert the kinetic energy into electricity. The flap has a
width a, immersion depth d, thickness t and the hinge is located at a height ¢ from the sea floor.
The seabed is considered to be flat with a constant water depth of D. Waves approach the
OWSC from an angle & with a wave frequency @. The OWSCs are then grouped into a three-
row configuration where the first row comprises of five devices, second row four devices and
third row three devices, thus a total of 12 OWSCs are placed in the wave farm. Each of the
OWSC is separated by a distance sp as shown in Fig. 1. The global X-Y coordinate system is
located at the centre of the OWSC marked as n = 3 (see Fig. 1). The vertical coordinate, Z takes
zero value at the free and undisturbed water surface. The local coordinate system (x,y,z) is at
the hinge of each OWSC. The superscripts in sp will be used in describing the optimisation

process presented in Section 5.5.

The problem at hand is to determine the hydrodynamic interaction of the triple-array under the
influence of regular, uni-directional irregular wave and multi-directional sea. Two wave spectra
represented by the Pierson-Moskowitz (PM) and the JONSWAP formulations are considered

and the wave-structure interaction under these spectra will be presented.

3. Mathematical Formulation
3.1  OWSC under Regular Wave
The OWSC as shown in Fig. 2 is subjected to regular waves with period T and wave height 2A,
where A is the wave amplitude, which pass the structure at a wave angle € with respect to the
X-axis. The motion of the OWSC is assumed to be governed only by the pitch motion ® ,

where the other five degree-of-freedoms (i.e. surge, sway, heave, roll and yaw) are fixed due
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to the hinge boundary condition. The water domain is denoted by €2 whereas the symbol S,
Sg, Ss and S.. denotes the free surface, the seabed, the wetted surface of the OWSC and the

artificial boundary condition at infinity, respectively.

3.1.1. Governing Equation for Water Motion
The water is assumed to be an ideal fluid with no viscosity, incompressible and the fluid motion

to be irrotational. Based on these assumptions, the fluid motion may be represented by a

velocity potential d)(x, Y, z,t). We consider the water to oscillate in a steady-state harmonic

motion with the circular frequency . The velocity potential <D(x, Y, z,t) could be expressed

into the following form

(X, y,2,t)= Re{¢(x, y,z)e } (1)

The single frequency velocity potential ¢(X, Y, Z) must satisfy the Laplace equation [28] and

the boundary conditions on the surfaces as shown in Fig. 2. These boundary conditions are

given in [21, 28].

The Laplace equation together with the boundary conditions on the surface S are transformed
into a BIE by using the 2" Green’s Theorem via a free surface Green’s function given in [21]
that satisfies the surface boundary condition at the free water surface Sr, the seabed Sg and at
the infinity S... Hence, only the wetted surface of the bodies Ss need to be discretised into panels
so that the boundary element method could be used to solve for the diffracted and radiated

potential. For details on the Green’s function used in solving the BIE , refer to [21].
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3.1.2. Governing Equation for OWSC Pitch Motion
The OWSC with a moment of inertia I, PTO damping Byt and restoring moment K is assumed

to be a rigid body oscillating with a pitch motion G)(x, y,t) at a frequency o and is subjected

to wave forces F. The pitch motion ® (x, y,t) could then be written as

O(x,y,t)=9(x,y)e " (2

and the corresponding equation of motion is given by

~*19—iaB, 9+ KI=F 3)

where, the moment of inertia is given as

| =pmv(t2+4d2J @)

where, p,, and V are the mass density and volume of the bodies, respectively. Byt is the

optimum PTO damping obtained from [29]

Bptoz\/[K_a)Z(l _Ia)]z +Bz (5)

2 a
w

where, 12 and B, are the added inertia and radiated damping, respectively. Note that Byt varies
with respect to the wave frequency @; however, the PTO damping is taken as a constant in

WAMIT by taking the minimum value of the Bpto generated from (5). This value is found from
9
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calibration with known results published in the literature review as will be shown later in

Section 4.

F comprises the wave force components which can be derived from the velocity potential

#(x,y,2) as,
F =ipof ¢-n-ds (6)

where n is the normal unit vector to S [21]. As the velocity potential ¢ in Eq. (6) could be

further decomposed into the diffracted ¢, and radiated ¢, part [21, 30], this gives us the

exciting moment Fe which is derived from the diffracted potential
F, =ipo| ¢y -n-ds @)

and the added inertia la and radiated damping Ba which is derived from the radiated potential
i
(Ia)ij _Z(Ba)ij :'0_”; ¢;n; -dS (8)

where ¢, is the unit-amplitude radiated potential given in [31]. The indices i and j can take on

any values within the ranges of the rigid-body modes (1 to 6) where 1 denotes surge, 2 sway 3
heave, 4 roll, 5 pitch and 6 yaw. For the OWSC, j is taken as 5 which denotes its pitch motion.

The equation of motion (3) could then be written as

10
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—0?*(1+1,)9-i0(B,, +B, )9+ KI=F, )
For N numbers of OWSCs, the equation of motion of body n due to body m is written as

—o?[1+(1,) ]9, - [Bpm+(B) ]9 +K$,
Z[w  +io(8,),, 9, =(F.), (10)

m¢n

3.2 OWSC under Uni-Directional Irregular Wave and and Multi-Directional Sea
For studying the device performance in random seas, both the Pierson-Moskowitz (PM) and
the JONSWAP wave spectra [32] are considered and are expressed by Egs. (11) and (12),

respectively.

HZ 1 207* 1
SPM (0)):572'4f';exp|:— E:| (11)

SJONSWAP(a)): Bi - Sem (a)) ¥ (12)

where, g is the gravitational acceleration, @ the wave frequency, ay the peak wave frequency,

Tp the peak wave period (27/w, ) and Hs the significant wave height. The peak enhancement

factor y is taken as 3.3 and b depends on the parameter o given as [32]

0-w,
b=ep| - 20°w’ -
p

11
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0.07 forw < @,
O =
0.09 forw > @,

and fj is given as

0.0624

o 1.094-0.01915In
o O.23+0.03367—0.185(1.9+7/)1( 7)

(13b)

(14)

Sample spectral densities for both PM and JONSWAP spectra for a significant wave height Hs

= 3m and wave peak period T, = 10s are presented in Fig. 3.

For the multi-directional sea generation, the uni-directional wave spectrum S, (a))is multiplied

by the spreading function D(6) as given in Eq. (15).
S,(0,0)=S,(w)-D(6),  where I =PM or JONSWAP

where,

D(0)=———~"T .cos®(0-0) -n/2<(0-0)<n/2,

where, @ is the mean wave direction and T" the gamma function which ensures that

[ D(6)-do=1

=7,

12

(15)

(16)

(17)
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The wave spreading parameter s is taken as 10 which covers a typical of sea conditions
according to the results presented in [32]. The directional wave spectrum for the PM and

JONSWAP spectra are, respectively, shown in Figs. 4(a) and 4(b) for Hs = 3m , wave peak

period Tp = 10s and mean direction 8 =0°.

3.3 Generated Power and Interaction factor
By solving the equation of motion (10), the pitch response amplitude operator (RAO) of the
OWSC can be obtained. This then can be used to derive the power generated by the n OWSC

by using the following expression [33]

P :%Bptoa)2|RAO|i (vay (18)

n

The RAO for the pitch motion produced from WAMIT is dimensionless which is defined as

RAO = 9/(A/a).

In order to quantify the interaction between devices, Budal [6] defines the g-factor which is
adopted here in Eq. (19) to facilitate the discussion on the performance of the array. For regular

waves this is written as,

q=_c (19)
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where, P, is the generated power by the n'™ number of OWSCs and P, the generated power of

an isolated OWSC. Equation (19) is used as a performance evaluator for the array where a
constructive interaction is denoted by a value greater than 1.0 and a destructive interaction

when smaller than 1.0.

For uni-directional irregular wave and multi-directional sea, the average power generated over

the range of wave frequency considered @ by the n'" OWSC is expressed by [33]

P|,(@)=[ 2P,(2)S,(e,0)de (20a)

R (.0)= j _[ 2P ()3, (e, 0)dwd 6 (20b)

where, | = PM or JONSWAP. The g-factor for the above cases is then given by

q _ n=1 (21)
X

It is noted here that g given in Eqgs. (19) and (21) are the average g-factor for the triple array

with N = 12 devices.

A modified version of the g-factor given, denoted as qu in EQ. (22) has been used to represent

the g-factor for only a particular row,

14
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(22)

where, M is the total number of OWSCs in the Q™ row.

4. Verification of Numerical Model

The objective of the work is to simulate a realistic wave energy conversion device and its array;
hence a WEC which would represent the working principles similar to the Oyster wave energy
device [www.aquamarinepower.com] has been chosen for the study. In order to verify the
numerical approach, an OWSC width a = 26 m, immersion depth d =9 m, thickness t =4 m
and water depth D = 12.5 m has been considered. These particulars are the same as in [22],
except that the thickness t value used in [22] is not known as it is considered trivial in the
assumption made in the semi-analytical method derived in [34]. The values of the moment of
inertia | and the PTO damping Byt are obtained from Egs. (4) and (5), respectively. As Oyster
device particulars are not in the public domain, several iterations of trial and error are
performed to calibrate the restoring moment K and mass M against the results published in [22].
These particulars are summarised in Table 1. In their work, Renzi and Dias [22] made a
comparison between the exciting force, added inertia and radiated damping of a single OWSC
(denoted as n = 0) with that of two OWSCs (denoted as n = 1 and 2) arranged in an in-line
array. The spacing between the OWSCs in the array is 30m. They also investigated the
interaction factor between these two configurations by comparing the g-factor. For the present
study, analysis on these two aforementioned configurations (with the same notations of n) is
carried out using WAMIT and the results are shown in Fig. 5. For the array with two devices

(i.e., n=1and 2), because of the symmetry in the device arrangement to the wave propagation
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direction (i.e. 8= 0°, headsea), no variation in the above hydrodynamic parameters have been
noticed between the two devices. The HOBEM is used to obtain these hydrodynamic
coefficients with a 5" order Gauss Quadrature used for the outer integration and 4" order for
the inner integration in evaluating the BIE. The implementation of the HOBEM would decrease
the computational time significantly especially when it involves bodies in array as compared
to the lower order method. To ensure convergence, the OWSC mesh size is taken as at least
1/6 of the wave length A as suggested in [35]. The trend of the exciting pitch moment, added
inertia, radiated damping and the g-factor obtained from the present WAMIT model are found
to be in very good agreement with those presented in [22] indicated by the thicker lines in Fig.
5. Note that the g-mod value presented in Fig. 5(d) is the modified g-factor by Babarit [36] to
assess the performance of individual WEC in the array. Also, it is to be noted here that the
hydrodynamic coefficients obtained from the present method do not match exactly with those
presented in [22] as shown in Fig. 5 due to the different method used where the present method
considers a fully diffracted and radiated waves whereas those in [22] are based on the semi-
analytical method. Thus, having verified the present modelling techniques for OWSCs, further

study with a 12 device array has been undertaken and the results are given in the next section.

5. Results and Discussions
The spacing sp considered in the triple-array (Fig. 1a) is 1.73a (i.e. 45m as suggested in [26])
The wave frequency o considered in the analysis ranges from 0.1rad/s to 1.3rad/s with a 0.01

rad/s interval and the wave direction 8 from 0 to 90deg with a 1deg interval.

51  OWSC Array in Regular Waves
Figure 6 shows the comparison of the pitch response amplitude operator (RAO) between the

12 OWSCs included in the array (i.e. n =1 to 12) with an isolated OWSC (denoted as n = 0).
16
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The pitch RAO is plotted against the scatter parameter ka, ranging from 0.5 to 4.5, which
corresponds to the wave frequencies ranging from 0.1 to 1.3 rad/s. Four different wave
directions, i.e. #=0° 30° 45° and 60° have been considered. The results presented in Fig. 6(a)
show that under 0° heading (headsea), the OWSCs (n = 1 to 5) in the first row, which receives
the waves first, produce the highest RAO. This is followed by the second row (n = 6 to 9) and
the third row of devices (n = 10 to 12). In all cases, the highest RAO is found for lower values
of ka. The pitch RAO gradually decreases with the increase in wave propagation angle. Also,
when the wave heading increases to 30°, 45° and 60°, the difference between the pitch RAO
between three rows becomes less obvious as there is a smaller difference in the wave energy

encountered by each row in the triple-array.

The effects of the wave propagation direction #and scatter parameter ka on the qu -factor (see

EqQ. 22) can also be seen in Fig. 7. In general, the qu -factors for all the three rows converge
close to 1.0 when the scatter parameter is small, i.e. at large wavelength. This is due to the fact
that the OWSCs oscillate at the same frequencies without phase difference with the long waves,
hence results in minimal wave interaction and diffraction between the devices. In general, for
a wide range of ka values, the qu -factor for the first row appeared to be the highest as

compared to those for the second and third rows. It is interesting to note that under headsea

condition and when the scatter parameter ka is about 2.50, the qu -factor for the second and

third rows (except ka > 4.0) are higher than their counterpart of the first row. This indicates a

possibility of increase in wave energy resulting in an increase in pitch motion.

The g-factor (as defined in Eg. 19) summed over all 12 devices is plotted with wave direction
6 and scatter parameter ka in Fig. 8(a). This figure shows that the g-factor is the highest when
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the wave direction & is close to 90° and when the scatter parameter ka is the largest. However,
by studying the normalised mean power generated P = P/ (ng,/gA), where P is the mean

power generated by the isolated OWSC (Fig. 8b) and triple-array (Fig. 8c), o the mass density
of the water, g the gravitational acceleration, V the displaced volume of the OWSC, it can be
concluded that the g-factors obtained when the wave direction 8> 60° are even though higher,
their part in power production is insignificant, as the mean power generated corresponding to

these g-factors are negligibly small.

By only considering the wave direction &= 0°, 30°, 45° and 60°, the g-factor are plotted in Fig.
9. Similar to the observations in Fig. 7, the g-factor converges to 1.0 at small ka values where
less scattering from the devices take place. Other observations are: (a) when &= 0°, destructive
interference occurs for ka is less than about 2.60 and changes to constructive interference
beyond this limit, (b) when 8= 30°, destructive interference occurs for the whole range of ka
considered and (c) when 8 = 45°and 60°, a mixed destructive and constructive interferences
occur with different ka values. The gain and fall in g-factor could reach £20% for the wave

approaching from 0°.

52  OWSC Array in Uni-Directional Irregular Wave

A typical pitch response spectrum for uni-directional irregular wave corresponding to Pierson-
Moskowitz spectrum (same as in Fig. 3) for four different wave directions, i.e. 0°, 30°, 45° and
60° are shown in Fig. 10. The response spectrum Sres is obtained from the relationship

S,.. = RAO?xS,,, (w), where Spum is the PM spectrum given in Fig. 3 with a peak period of T

=10s (or fp = 0.1 Hz). Similar to the pitch RAO plotted in Fig. 6, the magnitudes of the response

spectrum for the OWSC array reduces as the wave diverges from the headsea condition. It is
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also observed that the peak of the response spectrum slightly shifts its peak response to the left
from the peak frequency of the wave spectrum, indicating that the natural frequency of the
OWSC is away from the wave frequency and thus resonance will not occur. As OWSC has a
wide absorption bandwidth, it could produce power at a wide range of frequencies depending
on the wave period Tp of the wave spectrum encountered. Simulations for the JONSWAP
spectrum produced a similar trend and hence the results are not included here considering the

space limitation.

The g-factors (calculated with Eq. 21) for the array under the PM and JONSWAP spectra are
presented in Figs. 11(a) and 11(b), respectively. It is clear that the g-factors for both cases have
a similar pattern and order of magnitude for different wave directions and peak periods Tp. The
g-factors obtained for four different wave angles, i.e. #=10° 30° 45° and 60° are next plotted
for both PM and JONSWAP spectra in Fig. 12. The trend in the g-factor for both spectra are
almost similar particularly for larger peak periods and the constructive interference between
the array only occurs when 6= 0° and when the wave peak period Tp is approximately smaller
than 7s. It is also clear that the g-factor for the array for &= 0° decreases with the increase of
Tp for the entire Tp range. When the wave period is small, i.e. T, < 10s, the g-factor for the array
under 8= 30° 45°and 60° behaves highly irregular with g-factor between 0.65 to 1.0, and this
could be due to the strong hydrodynamic interactions (e.g., multiple scattering and radiations)
of the OWSCs under short wavelengths. However, it is interesting to note that when Tpis large,
i.e. Tp > 10s, the behaviour of the g-factors appear to be stable, with a trend that their values

increase with the increase of wave angle 6.
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5.3  OWSC Array in Multi-Directional Sea

The influence of directional waves on the array performance is presented in this section. For
the multi-directional sea generation, both PM and JONSWAP spectra are considered with a
spreading parameter s set to 10. Figures 13(a) and (b), respectively, show the g-factor for the
array corresponding to the PM and JONSWAP spectra in multi-directional sea and the q factor
for the spectra have similar trends. The g-factor is plotted against the mean direction @ and
the wave peak period Tp. The constructive and destructive interferences between the devices
are found to be strongly linked with the mean wave propagation direction & and peak wave
period Tp, with @ maximum constructive interference up to 5%. By focusing on the g-factor
along @ =0° asimilar trend as in Fig. 12 can be seen where the constructive interference occur
at Tp = 4s to 7s and then slowly decreases to destructive interference with the increase of Tp.
Similarly, at @ between 30° to 60°, the g-factor increases with the increase of & at large Ty,
i.e. Tp > 10s. The g-factor in multi-directional sea is observed to be slightly lower than those
under regular and irregular waves due to the effect of directional spreading. Hence by
comparing the g-factor for the array under regular, irregular and multi-directional sea, the effect
of spreading function is significant in influencing the hydrodynamic interaction between the
devices in the array. It is emphasize here that the water depth is assumed to be deepwater to
the extent that the seabed has no influence towards the random waves generated in this study.
However, the effect of depths for shallow water or intermediate water depth could be included
in the wave spectra by including a transformation factor to generate a wind-generated sea with

fetch limitation such as the TMA spectrum as given in [37].

54 Effect of OWSC Resonance Bandwidth
The performance of the OWSC is significantly affected by the resonance bandwidth of the
device considered. In order to evaluate the significance of the resonance bandwidth in relation
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to the power, two different types of OWSCs have been considered. The first type, hereafter
known as OWSC1, has a width a = 18m, immersion depth d = 9.4m, thickness t = 4m and
operates in a water depth of D = 10.9m. While the second type, known here as the OWSC2,

has the same dimensions as described in section (4) above. Figure 14 shows the comparison of

the normalised mean power generated P between OWSC1 and OWSC2, and their
corresponding bandwidths are also depicted in the plot. For both OWSC1 and OWSC2, the
power generated has been calculated as described in section (3.3). The resonance bandwidth is

determined as the frequency range where the power curve cross the horizontal line which is

denoted by P, / J2 [29], where Pmax is the maximum mean power generated. The plots reveal

that OWSC1 has a wider resonance bandwidth as compared to OWSC2; and on the other hand,
the latter has a higher mean peak power generated. Notably, the OWSC is a WEC with a wide
bandwidth as compared to other types of WECSs such as the point absorber and attenuators;
hence, the OWSC has a smaller damping coefficient which results in the pitch motion
attenuating slowly even when oscillating at high frequency (see Fig. 14). The absorption of
wave energy at a wide range of wave frequencies can also be seen in Fig. 14 where the power
generated (which is directly related to the pitch motion) does not decay to zero at higher
frequencies, with the OWSC1 having a smaller damping coefficient as compared to the
OWSC2. Thus, the larger the resonance bandwidth, the greater the capability of the WEC in

generating power at the frequency out of the resonance frequency range.

The WAMIT simulations with triple array with one made of OWSC1 and the other of OWSC2
devices have been performed and the corresponding g-factors for the array are plotted against
Tp in Fig. 15. Three different wave angles, i.e. 8= 0° 30° and 45° are considered for this case.
As noted in Fig. 12 above, different wave propagation directions have resulted in different g-

factor. For headsea condition (8= 0°), the g-factor for OWSC?2 is greater than that of OWSC1
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when Ty £9.5s, but a reverse in trend is seen when Tp > 9.5s. At T = 4s, the interaction factor
for the OWSC2 array increases by about 15% while that of the OWCSL1 by about 10%. At T,
= 16s, the interaction factor for OWSC2 decreases by approximately 20% while that of the
OWSC1 by 7.5%. The g-factors for both OWSCs appear to be the same at Tp = 9.5s, however
with a destructive interference. For other angles, the g-factor for OWSCL is found to be larger

than that for OWCS?2 for all wave periods.

55  OWSC under Optimal Spacing

The performance of the OWSC array could be optimised through deploying them with
appropriate spacing sp between the devices. The genetic algorithm (GA) optimisation scheme
[38] is applied to seek for the optimal spacing between the devices, and for this task only the

OWSC2 array has been considered with the objective function to maximise the g-factor. The

variables considered in the GA are the spacings S, S} and ng (refer to Fig. 1 for illustration).
The horizontal and vertical spacings between the OWSCs in the array are denoted by Sgl and
S; , respectively, which are kept constant with the maximum allowable spacing of 2a, where a
is the width of OWSC2. ng is the spacing of the OWSC in the second row measured as a
distance between its centre of gravity of each device to the centre of "' with the maximum

spacing to be s)° = (sgl + a)/Z. The minimum allowable spacing for S}, s} and s)° are given,

respectively, as a/5, a and 0. By a bias distribution of the three spacings of sp, a good initial
population is created. From this initial population, the individuals are created as parents by
using the roulette wheel sampling technique [39] for the subsequent crossover and mutation
operations in order to create new individual and hence a new generation. The individual with

the best fitness value in the current generation is kept for the next generation, which is known
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as the elite child. This process will continue until the objective function is met. The crossover
and mutation probability are taken as 0.900 and 0.015, respectively. Note that the GA is an in-

house code developed by the author in MATLAB.

The headsea direction is considered for the optimisation as the OWSC is most efficient when

the waves approach from this direction, i.e. &= 0°. For demonstration purpose, the g-factors
with the possible spacings s, s; and )’ generated from the GA optimisation technique, for

regular wave with a period T = 10s, are presented in Figs. 16(a) to (c), respectively. The OWSC
in the triple-array deployed at its optimal spacing for T =10s and & = 0° is presented in Fig.

16(d). Figure 16 shows that the g-factor varies with respect to different spacings. It is evident
that the values of q takes the largest value when the spacing Sgl is at its maximum allowable

spacing = 2a and the spacing s; is at its minimum allowable spacing = a. The optimal spacing

for ng has to be close to O in order for the g-factor to be maximum. Similarly, the optimal

spacings for the OWSC array under different wave period T and wave direction & could be

determined by using the genetic algorithm optimisation technique.

The optimal spacing for Sgl and S; could be represented by exponential curves as shown in

Fig. 17. The data is found to be best fitted by an exponential curve as given in Eq. (23)

5, =Ce“" +C, (23)

where, ka is the scatter parameter and S, = sp/a, the normalised spacing with respect to the

OWSC width a. The coefficients C1, C2 and Csare found to be
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Ci1=-1,C,=-landCs=2 fors) (24a)

C1=2.5,C2=-landC3=1 for s, (24b)

The comparison of the g-factor for OWSC array with and without spacing optimisation under
regular wave and irregular wave are shown in Figs. 18 and 19, respectively. Note that krp used
in Fig. 19 is the wave number that corresponds to the wave peak period Tp. These figures reveal
that the g-factor for the OWSC array could be further enhanced when the OWSCs are spaced
at its optimal spacing. By referring to Figs. 18 and 19, under their optimal spacing, it is also
possible to create constructive interference which would result in the g-factor > 1.0 for the
scatter parameter ka is greater than approximately 1.60. A more comprehensive work on the
GA optimisation technique to search for the optimal spacing of OWSC arrays can be found in

[40].

6. Conclusion

A stochastic analysis to determine the performance of OWSC devices arranged in a triple-array
configuration was conducted. The performance of the OWSC array was obtained by using the
higher order boundary element method approached in the WAMIT software. The numerical
model for the OWSC device in the WAMIT model was successfully calibrated with existing
results found in the literature. The verified hydrodynamic properties and PTO damping together
with the pitch RAOs and g-factors of the devices were provided for the benefits of researchers

working on the same problem.
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Under the regular wave conditions, it was found that the interaction factors (g-factor) for the
oscillating wave energy converter were significantly affected by the exciting force acting on
the device, where this in turns depends on the variations in wave frequencies and wave
propagation directions. The largest response occurred in the front row of WECs, followed by
the middle and last row. However, as the scatter parameter ka is greater than 2.50, it is

interesting to note that there was an increase in wave energy in the second and third rows as

indicated by the qu -factor. The produced power of the array also became relatively

insignificant when the wave propagation direction is greater than @ = 60°. For the dominate
wave propagation angle & at 0°, the constructive interference was found to occur when ka is

greater than 2.60, indicated that greater scattering of shorter wave lengths between devices

could be beneficial for the performance of the array.

Next, a more realistic sea state based on the uni-directional irregular and multi-directional sea
was also taken into account. The performance of the triple-array showed that the interaction
factor of the array in a multi-directional sea was slightly lower than their counterparts in a
regular and uni-directional sea due the effect of wave spreading. Hence, this spreading function
which is often neglected has to be taken into account in the performance analysis of the array.
A comparison of the g-factor between those obtained from the Pierson-Moskowitz and
JONSWAP spectra revealed that the g-factors do not differ significantly by the choice of the
wave spectrum. Under the irregular sea conditions, it is interesting to note that the g-factor for
the array under oblique waves behaved in a highly irregular manner when the wave period T,
is smaller than 10s due to the strong scattering and radiations of waves. In contrast, the
behaviour of the g-factors appeared to be stable, with their values increased with the increase

of &when T is greater than 10s.
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In addition, the effect of resonance bandwidth has on the performance of the array was also
being investigated. By comparing two OWSCs with different bandwidths under the headsea
condition, it was found that the OWSC’s ability to generate power corresponds to its bandwidth
where the OWSC with a larger bandwidth (i.e. OWSC1) was able to generate greater power

when T, is large (i.e. Tp > 9.5s) and conversely, the WEC with a narrow bandwidth (i.e.

OWSC2) was able to produce greater power at small Tp (i.e. Tp < 9.5s). However, the g-factor
for OWSC1 was found to be greater than that for OWSC?2 for all wave periods under oblique

WaVes.

Lastly, a novel optimisation method based on the genetic algorithm scheme was successfully
performed to seek for the optimal spacing of the array with the objective function to maximise
the g-factor. The g-factors (for both the regular and uni-directional irregular wave) of the
OWSC array under its optimal spacing were found to increase substantially as compared to the
initial spacing of 45m as proposed in [26]. Constructive interference was observed when the
scattered parameter ka is greater than 1.60. The optimal spacings found from the GA scheme
could be approximately represented by exponential curves. These results could be used by
wave energy device designers in the design of the array layout during the preliminary design

stage.

It is worth bearing in mind that the results presented here were bound by the assumptions of
potential wave theory where the fluid viscosity and rotational flow that may exist in real sea
conditions were neglected. However, the use of potential theory allowed the investigation of
large-scale array under multi-directional sea in a computationally efficient way. In the absence
of any real site measurements with WEC array to verify the methods presented here, care must

be exercised in applying these results.
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Table 1: Properties of Oyster2 OWSC model

Properties Value Unit
Length a 26 m
Immersion Depth d 9 m
Thickness t 4 m
Water Depth D 12,5 m
Restoring Moment K 12.81 x 10° kg.m?.s?
Mass Moment of Inertia about Centre of Gravity | 9.1455 x 10° kg.m?
PTO Damping Bpto 16 x 10° kg.m?s?
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Figure 1 —Plots showing (a) Triple-array configuration of 12 OWSCs in plan view (b)
Dimensions for each OWSC.
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Figure 5 — Hydrodynamic coefficients for Oyster2 OWSC. Water depth D = 12.5m, wave direction 8= 0°. Width a = 26m, thickness t = 4m and
immersion depth d = 9m.
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Figure 6 — Comparison of pitch RAO for triple-array OWSC (n = 1 to 12) with single OWSC (n = 0) under regular wave. (a) &= 0° (headsea) (b)
6=30° (c) #=45° (d) #=60°. Water depth D = 12.5m. Width a = 26m, thickness t = 4m and immersion depth d = 9m. Spacing sp = 45m.
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Figure 7 — qu ™ for triple-array under regular wave. (a) &= 0° (headsea) (b) = 30° (c) 8=45° (d) &= 60°. Water depth D = 12.5m. Width a = 26m,
thickness t = 4m and immersion depth d = 9m. Spacing Sp = 45m.
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Figure 8 — Plots showing (a) g-factor for triple-array OWSC (b) Normalised mean power generated for single
isolated OWSC (i.e. n = 0) (c) Normalised total mean power generated for triple-array OWSC (i.e.n=1to
12), under regular waves.
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Figure 9 — Comparison of g-factor for triple-array for different wave directions & under regular wave. Water depth
D =12.5m. Width a = 26m, thickness t = 4m and immersion depth d = 9m. Spacing sp = 45m.
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Figure 10 — Comparison of pitch response spectrum Syes for triple-array OWSC with single OWSC under uni-directional irregular wave (PM spectrum).

Wave heading (a) = 0° (headsea) (b) &= 30° (c) 8=45° (d) €=60° Water depth D = 12.5m. Width a = 26m, thickness t = 4m and immersion depth d
=9m. Spacing sp = 45m. Hs = 3m and Ty = 10s.
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Figure 11 — g-factor for triple-array of OWSC under uni-directional
irregular wave (a) PM spectrum (b) JONSWAP spectrum. Hs = 3m.
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Figure 12 — Comparison of g-factor under different wave directions &for OWSC (n = 3) under
uni-directional irregular wave (PM and JONSWAP spectra). Hs = 3m.
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Figure 13 — g-factor for triple OWSC under multi-directional sea with (a) PM spectrum (b)
JONSWAP spectrum. Hs = 3m.
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Figure 15 — Effect of resonance bandwidth towards g-factor of triple-array under uni-directional irregular
wave (PM spectrum). Hs = 3m.
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under regular wave
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Figure 19 — Comparison of g-factor for OWSC array with and without optimised spacing
under PM uni-directional irregular wave. Hs = 3m.
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