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Abstract 11 

The oscillating wave surge converter (OWSC) type devices (e.g., an Oyster wave energy 12 

converter) generate electric power via rotating motion about the bottom of the device. This type 13 

of wave energy converters have a wide power absorption bandwidth which enables the 14 

electricity generation at a wide range of wave frequencies. The power produced by the OWSCs 15 

could be maximised by configuring individual devices within an array. This paper examines 16 

the power production performance of multiple OWSCs in an array under regular, uni-17 

directional irregular wave and multi-directional sea using the industry standard hydrodynamic 18 

software WAMIT. The performance of the OWSC array is represented as q-factor, which is a 19 

quantity defined as the ratio of the average total power produced in an array to the power 20 

produced by an individual OWSC. The results show that the OWSCs arranged in an array 21 

would produce both constructive and destructive interferences depending on the wave 22 

directions and frequencies. Further, the spreading function, the resonance bandwidth and the 23 

optimal spacing between the devices are shown to affect the performance of the OWSC 24 
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significantly. The results provide an enhanced understanding of the behaviour and performance 25 

of the OWSCs when arranged in an array of different configurations.  26 

Keywords: oscillating wave surge converter array; q-factor; hydrodynamic interactions; power 27 

performance; genetic algorithm optimisation. 28 

 29 

1. Introduction 30 

The Engineering and Physical Science Research Council (EPSRC) in the UK, supports marine 31 

energy research through funding grand challenge projects. The TeraWatt [1]  and EcoWatt2050 32 

[2] are the two projects funded by the research council, and the work presented in this paper 33 

forms part of project deliverables. One of the core objectives of these two project consortiums 34 

is provide the industry on the understanding to the limits of energy extraction by marine energy 35 

devices when deployed in array, and their impact on the nearshore and coastal environment as 36 

well as the marine ecology. The above projects have developed numerical models which will 37 

predict the environmental impact, if any, by deployment of wave and tidal energy converters 38 

in a very large scale array. The type of wave energy converters (WECs) considered for the 39 

present work is the oscillating wave surge converters (OWSC) as these devices possess 40 

relatively high capture width ratio of up to 60% [3]. The performance of the OWSC array 41 

subjected to different wave conditions is the subject of this paper. 42 

 43 

As a means to reduce carbon emission from the burning of fossil fuel to generate energy, the 44 

electricity production from renewable energy has increased in popularity in the recent decades 45 

[4]. In 2010, the world electricity production from renewable resources totals an amount of 46 

4,160 TWh. This is about 20% of the global electricity production of 21,500 TWh. Out of the 47 

total renewable energy production, less than 2% (60TWh) was generated from waves and tidal 48 

resources [5]; and this quantity can be considerably increased by deploying large scale array of 49 
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wave and tidal energy converters for successful technologies. While some of the individual 50 

device concepts are shown to perform well, deploying multiple devices in array would need 51 

careful planning for its successful long term operation in extremely complex sea environments.  52 

The multi-array arrangement could capture the wave energy effectively if the WECs are 53 

designed and arranged in its optimised configuration.  54 

 55 

In order to assess the performance of the array, a parameter known as the interaction factor, 56 

also known as the q-factor [6], is commonly used to facilitate the discussions. Child and 57 

Venugopal [7] have investigated the optimal configuration of point absorber type WEC array 58 

using the so called parabolic intersection and genetic algorithm methods by taking the q-factor 59 

as the objective function. They have shown that the optimised layout of the wave farms could 60 

be used to tune the performance of the WECs. The efficiency of the power absorption of multi-61 

resonant oscillating water column devices has been investigated by Thiruvenkatasamy and 62 

Neelamani [8] by experimental methods for various device spacings. Sarkar et al. [9] 63 

considered the wave effects of an oscillating wave surge converter and a heaving point absorber 64 

placed adjacent to each other. The findings reported in [7-9] confirmed that the hydrodynamic 65 

efficiency of the WECs increases when the array are spaced at their optimum spacing. 66 

Borgarino et al. [10] investigated the wave interaction effects on the energy absorption in large 67 

array of generic wave energy converters and they claimed that the grouping of the WECs into 68 

array had a constructive effect when the damping of the power take-off is tuned properly and 69 

when the WECs have a large bandwidth. 70 

 71 

A comprehensive work on the Oyster type OWSC was carried out in the Queen’s University 72 

Belfast and University of Dublin [11-12] where they employed a semi-analytical solution to 73 

solve for the radiation and scattering problem. They confirmed that high levels of capture factor 74 
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can be attained, even though the OWSC is not tuned to resonance with the incident wave field. 75 

Renzi et al. [13] have investigated the wave-power extraction from a single array of in-line 76 

Oyster OWSCs under regular waves by modifying the semi-analytical method; and they 77 

observed that the constructive interference is possible for certain period of the incident wave 78 

field and claimed that the array with the strongest constructive interaction is accompanied by 79 

the largest system efficiency. Renzi et al. [13] further reported that the energy extraction of a 80 

staggered array of Oyster OWSCs by using the modified semi-analytical and finite-element 81 

methods, and claimed that the finite element method (FEM) has advantages over the semi-82 

analytical method due to its flexibility in reproducing virtually any array layouts, for arbitrary 83 

angle of incident of the incoming waves, and ensures an excellent reproduction of domains 84 

with complex geometries.  85 

 86 

For the present work, the boundary element method (BEM) is utilised in assessing the 87 

performance of the OWSC array. Similar to the FEM, the BEM also enables the investigation 88 

of arbitrary array layouts for any incident wave angle and takes into account the full diffracting 89 

and scattering of waves. However, the computational time for the BEM could be greatly 90 

reduced when a large wave field is considered as only the boundary integral equation (BIE) of 91 

the submerged body wetted surface needs to be solved by employing the free surface Green’s 92 

function [14]. The utilisation of the BEM is well established in investigating the hydrodynamic 93 

interaction of multiple floating bodies as reported in [15-17] and other non-OWSC type of 94 

WEC [16, 18-20]. For the first time in this paper, the BEM method is used to investigate the 95 

performance of the OWSC type WEC and the industry standard wave interaction analysis 96 

software WAMIT [21] has been selected as it has gained widespread recognition in the industry 97 

and research organisations i.e. project consortiums and EPSRC expert panels,  for its ability to 98 

analyse complex structures with a high degree of accuracy and efficiency. Furthermore, the 99 



5 

 

 

higher order boundary element method (HOBEM), an option available in WAMIT, is also 100 

employed to enhance the computational performance. 101 

 102 

The OWSC device considered in the array is similar to that of the Oyster OWSC. As the present 103 

study considers a full scale array of OWSCs, there are some difficulties encountered in 104 

representing an Oyster type device with its PTO system, as the device information is 105 

commercially sensitive and it is not available in the public domain. Hence the results from 106 

WAMIT modelling is verified with their counterparts presented by Renzi and Dias [22]. These 107 

verified hydrodynamic properties and PTO damping are given here for the benefit of other 108 

interested researchers in calibrating or verifying their hydrodynamic models. Together with the 109 

hydrodynamic properties, the pitch RAO and q-factor of the array under regular waves are also 110 

presented. In addition, we consider the effect of a more realistic sea by modelling the uni-111 

directional irregular wave and multi-directional sea to study the device performance. A new 112 

set of results based on 12 OWSCs array arranged in a three-row configuration (known hereafter 113 

as the triple-array) is considered and the interaction factors (the q-factor) for the triple-array 114 

under regular and irregular waves are presented.  115 

 116 

The authors were aware of the recently published papers by Sarkar et al. [23-24] and Noad and 117 

Porter [25] which also investigated the performance of OWSC arrays. Although there are 118 

inevitable similarities between the present paper and the two above mentioned papers, the 119 

present paper aims in investigating the hydrodynamic interactions of multiple staggered arrays 120 

by taking into consideration the fully diffracted and radiated waves. The array layout 121 

investigated here is also based on a more realistic layout following the information given by 122 

the Scottish Government Agency – the Marine Alliance for Science and Technology for 123 

Scotland (MASTS) [26]. The hydrodynamic effects of the devices in each row towards another 124 
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is being studied. As opposed to the semi-analytical method with a thin-rigid plate 125 

approximation used in [23] and [25], the present paper takes into account the thickness of the 126 

OWSC which should not be neglected due to its significant effect towards the hydrodynamic 127 

performance of the device as proven in [27].  The effect of directional spreading in the multi-128 

directional sea is also taken into account in investigating the performance of the array. In 129 

addition to that, the influence of the resonance bandwidth towards the performance of the arrays 130 

is being investigated and the genetic algorithm optimisation scheme is being introduced to seek 131 

for the optimal spacing of the arrays. To the knowledge of the authors, these two areas of 132 

investigation on the OWSC type of wave energy device have not yet been published elsewhere 133 

in the literature. 134 

 135 

The result presented here provide a greater understanding on the behaviour of large-scale array 136 

under the influence of a more realistic sea. It also offers a useful insight to the wave energy 137 

designers on ways to increase the energy efficiency by properly configuring the devices’ 138 

spacing and resonance bandwidth. Last but not least, the optimal layout configuration of the 139 

array could be designed based on the understanding of the interaction behaviour of devices in 140 

the array. It must be noted here that the effect of viscous losses is being compromised in this 141 

paper due to the use of the linear potential theory that on the other hand allows the benefit of 142 

computational efficiency in running the hydrodynamic analysis of large-scale array in a multi-143 

directional sea.   144 

 145 

 146 

2. Problem Definition 147 

The triple-array oscillating wave surge converters considered for the hydrodynamic interaction 148 

study is shown in Fig. 1. Each OWSC comprises of the flap-type floating body (known 149 
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hereafter as the flap) which is hinged at the bottom to a foundation, hence only allowing for 150 

the rotational motion about the hinge. The flap PTO system is modelled by a force represented 151 

by the damping coefficient pto to convert the kinetic energy into electricity. The flap has a 152 

width a, immersion depth d, thickness t and the hinge is located at a height c from the sea floor. 153 

The seabed is considered to be flat with a constant water depth of D. Waves approach the 154 

OWSC from an angle with a wave frequency . The OWSCs are then grouped into a three-155 

row configuration where the first row comprises of five devices, second row four devices and 156 

third row three devices, thus a total of 12 OWSCs are placed in the wave farm. Each of the 157 

OWSC is separated by a distance sp as shown in Fig. 1. The global X-Y coordinate system is 158 

located at the centre of the OWSC marked as n = 3 (see Fig. 1). The vertical coordinate, Z takes 159 

zero value at the free and undisturbed water surface. The local coordinate system (x,y,z) is at 160 

the hinge of each OWSC. The superscripts in sp will be used in describing the optimisation 161 

process presented in Section 5.5. 162 

 163 

The problem at hand is to determine the hydrodynamic interaction of the triple-array under the 164 

influence of regular, uni-directional irregular wave and multi-directional sea. Two wave spectra 165 

represented by the Pierson-Moskowitz (PM) and the JONSWAP formulations are considered 166 

and the wave-structure interaction under these spectra will be presented.  167 

 168 

3. Mathematical Formulation 169 

3.1 OWSC under Regular Wave 170 

The OWSC as shown in Fig. 2 is subjected to regular waves with period T and wave height 2A, 171 

where A is the wave amplitude, which pass the structure at a wave angle   with respect to the 172 

X-axis. The motion of the OWSC is assumed to be governed only by the pitch motion  , 173 

where the other five degree-of-freedoms (i.e. surge, sway, heave, roll and yaw) are fixed due 174 
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to the hinge boundary condition. The water domain is denoted by   whereas the symbol SF, 175 

SB, Ss and S∞ denotes the free surface, the seabed, the wetted surface of the OWSC and the 176 

artificial boundary condition at infinity, respectively.  177 

 178 

3.1.1. Governing Equation for Water Motion 179 

The water is assumed to be an ideal fluid with no viscosity, incompressible and the fluid motion 180 

to be irrotational. Based on these assumptions, the fluid motion may be represented by a 181 

velocity potential  tzyx ,,, . We consider the water to oscillate in a steady-state harmonic 182 

motion with the circular frequency . The velocity potential  tzyx ,,,  could be expressed 183 

into the following form 184 

 185 

     tiezyxtzyx   ,,Re,,,        (1) 186 

 187 

The single frequency velocity potential  zyx ,,  must satisfy the Laplace equation [28] and 188 

the boundary conditions on the surfaces as shown in Fig. 2. These boundary conditions are 189 

given in [21, 28]. 190 

 191 

The Laplace equation together with the boundary conditions on the surface S are transformed 192 

into a BIE by using the 2nd Green’s Theorem via a free surface Green’s function given in [21] 193 

that satisfies the surface boundary condition at the free water surface SF, the seabed SB and at 194 

the infinity S∞. Hence, only the wetted surface of the bodies Ss need to be discretised into panels 195 

so that the boundary element method could be used to solve for the diffracted and radiated 196 

potential. For details on the Green’s function used in solving the BIE , refer to [21].  197 

 198 
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3.1.2. Governing Equation for OWSC Pitch Motion 199 

The OWSC with a moment of inertia I, PTO damping Bpto and restoring moment K is assumed 200 

to be a rigid body oscillating with a pitch motion  tyx ,,  at a frequency  and is subjected 201 

to wave forces F. The pitch motion  tyx ,,  could then be written as  202 

 203 

    tieyxtyx   ,,,         (2) 204 

 205 

and the corresponding equation of motion is given by 206 

 207 

FKBiI pto   2
        (3) 208 

 209 

where, the moment of inertia is given as  210 

 211 

 






 


12

4 22 dt
VI m          (4) 212 

 213 

where, m  and V are the mass density and volume of the bodies, respectively. Bpto is the 214 

optimum PTO damping obtained from [29] 215 

 216 

   2

2

22

a

a

pto B
IIK

B 






       (5) 217 

 218 

where, Ia and Ba are the added inertia and radiated damping, respectively. Note that Bpto varies 219 

with respect to the wave frequency ; however, the PTO damping is taken as a constant in 220 

WAMIT by taking the minimum value of the Bpto generated from (5). This value is found from 221 
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calibration with known results published in the literature review as will be shown later in 222 

Section 4. 223 

 224 

F comprises the wave force components which can be derived from the velocity potential 225 

 zyx ,,  as, 226 

  227 

 
S

dSiF n          (6) 228 

 229 

where n is the normal unit vector to S [21].  As the velocity potential   in Eq. (6) could be 230 

further decomposed into the diffracted D  and radiated R  part [21, 30], this gives us the 231 

exciting moment Fe which is derived from the diffracted potential 232 

  233 

 
S

De dSiF n          (7) 234 

 235 

and the added inertia Ia and radiated damping Ba  which is derived from the radiated potential 236 

 237 

     
SS

ijijaija dSnB
i

I 


 (8) 238 

 239 

where j  is the unit-amplitude radiated potential given in [31]. The indices i and j can take on 240 

any values within the ranges of the rigid-body modes (1 to 6) where 1 denotes surge, 2 sway 3 241 

heave, 4 roll, 5 pitch and 6 yaw. For the OWSC, j  is taken as 5 which denotes its pitch motion. 242 

The equation of motion (3) could then be written as 243 

 244 
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eaptoa FKBBiII   2
      (9) 245 

 246 

For N numbers of OWSCs, the equation of motion of body n due to body m is written as 247 

 248 

 

     

      






M

nm
m

nemmnamna

nnnnaptonnna

FBiI

KBBiII

1

2

2





   (10) 249 

 250 

3.2 OWSC under Uni-Directional Irregular Wave and and Multi-Directional Sea 251 

For studying the device performance in random seas, both the Pierson-Moskowitz (PM)  and 252 

the JONSWAP wave spectra [32] are considered and are expressed by Eqs. (11) and (12), 253 

respectively.  254 

 255 

  













44

4

54

2
4 120

exp
1

5







pp

s

PM
TT

H
S       (11) 256 

 257 

    b

PMjJONSWAP SS                     (12) 258 

 259 

where, g is the gravitational acceleration,  the wave frequency, p the peak wave frequency, 260 

Tp the peak wave period ( p2 ) and Hs the significant wave height. The peak enhancement 261 

factor  is taken as 3.3 and b depends on the parameter  given as [32] 262 

 263 
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                   (13b) 266 

 267 

and j is given as 268 

 269 

 
 

 


 ln01915.0094.1
9.1185.00336.023.0

0624.0
1





j

   (14) 270 

 271 

Sample spectral densities for both PM and JONSWAP spectra for a significant wave height Hs 272 

= 3m and wave peak period Tp = 10s are presented in Fig. 3.  273 

 274 

For the multi-directional sea generation, the uni-directional wave spectrum  IS is multiplied 275 

by the spreading function  D  as given in Eq. (15).  276 

 277 

      DSS II , , where I = PM or JONSWAP    (15) 278 

 279 

where, 280 

 281 

  
 
 

    22cos
21

11 2 


 



 s

s

s
D ,     (16) 282 

 283 

where,   is the mean wave direction and  the gamma function which ensures that  284 

 285 

   
2

2
1




 dD          (17) 286 
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 287 

The wave spreading parameter s is taken as 10 which covers a typical of sea conditions 288 

according to the results presented in [32]. The directional wave spectrum for the PM and 289 

JONSWAP spectra are, respectively, shown in Figs. 4(a) and 4(b) for Hs = 3m , wave peak 290 

period Tp = 10s and mean direction o0 . 291 

 292 

3.3 Generated Power and Interaction factor 293 

By solving the equation of motion (10), the pitch response amplitude operator (RAO) of the 294 

OWSC can be obtained. This then can be used to derive the power generated by the nth OWSC 295 

by using the following expression [33] 296 

  297 

  222

2

1
aARAOBP

npton           (18) 298 

 299 

The RAO for the pitch motion produced from WAMIT is dimensionless which is defined as 300 

 aARAO  . 301 

 302 

In order to quantify the interaction between devices, Budal [6] defines the q-factor which is 303 

adopted here in Eq. (19) to facilitate the discussion on the performance of the array. For regular 304 

waves this is written as, 305 

 306 

 
0

1

PN

P

q

N

n

n





           (19) 307 

 308 
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where, nP  is the generated power by the nth number of OWSCs and 0P  the generated power of 309 

an isolated OWSC. Equation (19) is used as a performance evaluator for the array where a 310 

constructive interaction is denoted by a value greater than 1.0 and a destructive interaction 311 

when smaller than 1.0.   312 

 313 

For uni-directional irregular wave and multi-directional sea, the average power generated over 314 

the range of wave frequency considered  by the nth OWSC is expressed by [33] 315 

 316 

       dSPP InnI ,2                  (20a) 317 

 318 

       ddSPP InnI ,2,                   (20b) 319 

 320 

where, I = PM or JONSWAP. The q-factor for the above cases is then given by  321 

  322 

 

 

 
1

0

N

I n
n

I

P

q
N P





                     (21) 323 

 324 

It is noted here that q given in Eqs. (19) and (21) are the average q-factor for the triple array 325 

with N = 12 devices. 326 

 327 

A modified version of the q-factor given, denoted as 
thQq  in Eq. (22) has been used to represent 328 

the q-factor for only a particular row, 329 

 330 
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         (22) 331 

 332 

where, M is the total number of OWSCs in the Qth row.  333 

 334 

4. Verification of Numerical Model 335 

The objective of the work is to simulate a realistic wave energy conversion device and its array; 336 

hence a WEC which would represent the working principles similar to the Oyster wave energy 337 

device [www.aquamarinepower.com] has been chosen for the study. In order to verify the 338 

numerical approach, an OWSC width a = 26 m, immersion depth d = 9 m, thickness t = 4 m 339 

and water depth D = 12.5 m has been considered. These particulars are the same as in [22], 340 

except that the thickness t value used in [22] is not known as it is considered trivial in the 341 

assumption made in the semi-analytical method derived in [34]. The values of the moment of 342 

inertia I and the PTO damping Bpto are obtained from Eqs. (4) and (5), respectively. As Oyster 343 

device particulars are not in the public domain, several iterations of trial and error are 344 

performed to calibrate the restoring moment K and mass M against the results published in [22]. 345 

These particulars are summarised in Table 1. In their work, Renzi and Dias [22] made a 346 

comparison between the exciting force, added inertia and radiated damping of a single OWSC 347 

(denoted as n = 0) with that of two OWSCs (denoted as n = 1 and 2) arranged in an in-line 348 

array. The spacing between the OWSCs in the array is 30m. They also investigated the 349 

interaction factor between these two configurations by comparing the q-factor. For the present 350 

study, analysis on these two aforementioned configurations (with the same notations of n) is 351 

carried out using WAMIT and the results are shown in Fig. 5. For the array with two devices 352 

(i.e., n = 1 and 2), because of the symmetry in the device arrangement to the wave propagation 353 
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direction (i.e.  = 0o, headsea), no variation in the above hydrodynamic parameters have been 354 

noticed between the two devices. The HOBEM is used to obtain these hydrodynamic 355 

coefficients with a 5th order Gauss Quadrature used for the outer integration and 4th order for 356 

the inner integration in evaluating the BIE. The implementation of the HOBEM would decrease 357 

the computational time significantly especially when it involves bodies in array as compared 358 

to the lower order method. To ensure convergence, the OWSC mesh size is taken as at least 359 

1/6 of the wave length as suggested in [35]. The trend of the exciting pitch moment, added 360 

inertia, radiated damping and the q-factor obtained from the present WAMIT model are found 361 

to be in very good agreement with those presented in [22] indicated by the thicker lines in Fig. 362 

5. Note that the q-mod value presented in Fig. 5(d) is the modified q-factor by Babarit [36] to 363 

assess the performance of individual WEC in the array. Also, it is to be noted here that the 364 

hydrodynamic coefficients obtained from the present method do not match exactly with those 365 

presented in [22] as shown in Fig. 5 due to the different method used where the present method 366 

considers a fully diffracted and radiated waves whereas those in [22] are based on the semi-367 

analytical method. Thus, having verified the present modelling techniques for OWSCs, further 368 

study with a 12 device array has been undertaken and the results are given in the next section. 369 

 370 

5. Results and Discussions 371 

The spacing sp considered in the triple-array (Fig. 1a) is 1.73a (i.e. 45m as suggested in [26]) 372 

The wave frequency  considered in the analysis ranges from 0.1rad/s to 1.3rad/s with a 0.01 373 

rad/s interval and the wave direction   from 0 to 90deg with a 1deg interval.  374 

 375 

5.1 OWSC Array in Regular Waves 376 

Figure 6 shows the comparison of the pitch response amplitude operator (RAO) between the 377 

12 OWSCs included in the array (i.e. n = 1 to 12) with an isolated OWSC (denoted as n = 0). 378 
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The pitch RAO is plotted against the scatter parameter ka, ranging from 0.5 to 4.5, which 379 

corresponds to the wave frequencies ranging from 0.1 to 1.3 rad/s. Four different wave 380 

directions, i.e.   = 0o, 30o, 45o and 60o have been considered. The results presented in Fig. 6(a) 381 

show that under 0o heading (headsea), the OWSCs (n = 1 to 5) in the first row, which receives 382 

the waves first, produce the highest RAO. This is followed by the second row (n = 6 to 9) and 383 

the third row of devices (n = 10 to 12). In all cases, the highest RAO is found for lower values 384 

of ka. The pitch RAO gradually decreases with the increase in wave propagation angle. Also, 385 

when the wave heading increases to 30o, 45o and 60o, the difference between the pitch RAO 386 

between three rows becomes less obvious as there is a smaller difference in the wave energy 387 

encountered by each row in the triple-array.  388 

 389 

The effects of the wave propagation direction  and scatter parameter ka on the 
thQq -factor (see 390 

Eq. 22) can also be seen in Fig. 7. In general, the 
thQq -factors for all the three rows converge 391 

close to 1.0 when the scatter parameter is small, i.e. at large wavelength. This is due to the fact 392 

that the OWSCs oscillate at the same frequencies without phase difference with the long waves, 393 

hence results in minimal wave interaction and diffraction between the devices. In general, for 394 

a wide range of ka values, the 
thQq -factor for the first row appeared to be the highest as 395 

compared to those for the second and third rows. It is interesting to note that under headsea 396 

condition and when the scatter parameter ka is about 2.50, the 
thQq -factor for the second and 397 

third rows (except ka > 4.0) are higher than their counterpart of the first row. This indicates a 398 

possibility of increase in wave energy resulting in an increase in pitch motion.  399 

 400 

The q-factor (as defined in Eq. 19) summed over all 12 devices is plotted with wave direction 401 

 and scatter parameter ka in Fig. 8(a). This figure shows that the q-factor is the highest when 402 
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the wave direction   is close to 90o and when the scatter parameter ka is the largest. However, 403 

by studying the normalised mean power generated  gAgVPP  , where P is the mean 404 

power generated by the isolated OWSC (Fig. 8b) and triple-array (Fig. 8c),  the mass density 405 

of the water, g the gravitational acceleration, V the displaced volume of the OWSC, it can be 406 

concluded that the q-factors obtained when the wave direction  > 60o are even though higher, 407 

their part in power production is insignificant, as the mean power generated corresponding to 408 

these q-factors are negligibly small. 409 

 410 

By only considering the wave direction  = 0o, 30o, 45o and 60o, the q-factor are plotted in Fig. 411 

9. Similar to the observations in Fig. 7, the q-factor converges to 1.0 at small ka values where 412 

less scattering from the devices take place. Other observations are: (a) when  = 0o, destructive 413 

interference occurs for ka is less than about 2.60 and changes to constructive interference 414 

beyond this limit, (b) when  = 30o, destructive interference occurs for the whole range of ka 415 

considered and (c) when  = 45o and 60o, a mixed destructive and constructive interferences 416 

occur with different ka values. The gain and fall in q-factor could reach ±20% for the wave 417 

approaching from 0o.  418 

 419 

5.2 OWSC Array in Uni-Directional Irregular Wave 420 

A typical pitch response spectrum for uni-directional irregular wave corresponding to Pierson-421 

Moskowitz spectrum (same as in Fig. 3) for four different wave directions, i.e. 0o, 30o, 45o and 422 

60o are shown in Fig. 10. The response spectrum Sres is obtained from the relationship 423 

 PMres SRAOS  2 , where SPM  is the PM spectrum given in Fig. 3 with a peak period of Tp 424 

= 10s (or fp = 0.1 Hz). Similar to the pitch RAO plotted in Fig. 6, the magnitudes of the response 425 

spectrum for the OWSC array reduces as the wave diverges from the headsea condition. It is 426 
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also observed that the peak of the response spectrum slightly shifts its peak response to the left 427 

from the peak frequency of the wave spectrum, indicating that the natural frequency of the 428 

OWSC is away from the wave frequency and thus resonance will not occur. As OWSC has a 429 

wide absorption bandwidth, it could produce power at a wide range of frequencies depending 430 

on the wave period Tp of the wave spectrum encountered. Simulations for the JONSWAP 431 

spectrum produced a similar trend and hence the results are not included here considering the 432 

space limitation.  433 

 434 

The q-factors (calculated with Eq. 21) for the array under the PM and JONSWAP spectra are 435 

presented in Figs. 11(a) and 11(b), respectively. It is clear that the q-factors for both cases have 436 

a similar pattern and order of magnitude for different wave directions and peak periods Tp. The 437 

q-factors obtained for four different wave angles, i.e.  = 0o, 30o, 45o and 60o are  next plotted 438 

for both PM and JONSWAP spectra in Fig. 12. The trend in the q-factor for both spectra are 439 

almost similar particularly for larger peak periods and the constructive interference between 440 

the array only occurs when  = 0o and when the wave peak period Tp is approximately smaller 441 

than 7s. It is also clear that the q-factor for the array for  = 0o decreases with the increase of 442 

Tp for the entire Tp range. When the wave period is small, i.e. Tp < 10s, the q-factor for the array 443 

under  = 30o, 45o and 60o
 behaves highly irregular with q-factor between 0.65 to 1.0, and this 444 

could be due to the strong hydrodynamic interactions (e.g., multiple scattering and radiations) 445 

of the OWSCs under short wavelengths. However, it is interesting to note that when Tp is large, 446 

i.e. Tp   10s, the behaviour of the q-factors appear to be stable, with a trend that their values 447 

increase with the increase of wave angle .  448 

 449 
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5.3 OWSC Array in Multi-Directional Sea 450 

The influence of directional waves on the array performance is presented in this section. For 451 

the multi-directional sea generation, both PM and JONSWAP spectra are considered with a 452 

spreading parameter s set to 10. Figures 13(a) and (b), respectively, show the q-factor for the 453 

array corresponding to the PM and JONSWAP spectra in multi-directional sea and the q factor 454 

for the spectra have similar trends. The q-factor is plotted against the mean direction   and 455 

the wave peak period Tp. The constructive and destructive interferences between the devices 456 

are found to be strongly linked with the mean wave propagation direction   and peak wave 457 

period Tp, with a maximum constructive interference up to 5%. By focusing on the q-factor 458 

along  = 0o, a similar trend as in Fig. 12 can be seen where the constructive interference occur 459 

at Tp = 4s to 7s and then slowly decreases to destructive interference with the increase of Tp. 460 

Similarly, at   between 30o to 60o, the q-factor increases with the increase of   at large Tp, 461 

i.e. Tp   10s. The q-factor in multi-directional sea is observed to be slightly lower than those 462 

under regular and irregular waves due to the effect of directional spreading. Hence by 463 

comparing the q-factor for the array under regular, irregular and multi-directional sea, the effect 464 

of spreading function is significant in influencing the hydrodynamic interaction between the 465 

devices in the array. It is emphasize here that the water depth is assumed to be deepwater to 466 

the extent that the seabed has no influence towards the random waves generated in this study. 467 

However, the effect of depths for shallow water or intermediate water depth could be included 468 

in the wave spectra by including a transformation factor to generate a wind-generated sea with 469 

fetch limitation such as the TMA spectrum as given in [37]. 470 

 471 

5.4 Effect of OWSC Resonance Bandwidth 472 

The performance of the OWSC is significantly affected by the resonance bandwidth of the 473 

device considered. In order to evaluate the significance of the resonance bandwidth in relation 474 
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to the power, two different types of OWSCs have been considered. The first type, hereafter 475 

known as OWSC1, has a width a = 18m, immersion depth d = 9.4m, thickness t = 4m and 476 

operates in a water depth of D = 10.9m.  While the second type, known here as the OWSC2, 477 

has the same dimensions as described in section (4) above. Figure 14 shows the comparison of 478 

the normalised mean power generated P  between OWSC1 and OWSC2, and their 479 

corresponding bandwidths are also depicted in the plot. For both OWSC1 and OWSC2, the 480 

power generated has been calculated as described in section (3.3). The resonance bandwidth is 481 

determined as the frequency range where the power curve cross the horizontal line which is 482 

denoted by 2maxP [29], where Pmax is the maximum mean power generated. The plots reveal 483 

that OWSC1 has a wider resonance bandwidth as compared to OWSC2; and on the other hand, 484 

the latter has a higher mean peak power generated. Notably, the OWSC is a WEC with a wide 485 

bandwidth as compared to other types of WECs such as the point absorber and attenuators; 486 

hence, the OWSC has a smaller damping coefficient which results in the pitch motion 487 

attenuating slowly even when oscillating at high frequency (see Fig. 14). The absorption of 488 

wave energy at a wide range of wave frequencies can also be seen in Fig. 14 where the power 489 

generated (which is directly related to the pitch motion) does not decay to zero at higher 490 

frequencies, with the OWSC1 having a smaller damping coefficient as compared to the 491 

OWSC2. Thus, the larger the resonance bandwidth, the greater the capability of the WEC in 492 

generating power at the frequency out of the resonance frequency range.  493 

 494 

The WAMIT simulations with triple array with one made of OWSC1 and the other of OWSC2 495 

devices have been performed and the corresponding q-factors for the array are plotted against 496 

Tp in Fig. 15. Three different wave angles, i.e.  = 0o, 30o and 45o
 are considered for this case. 497 

As noted in Fig. 12 above, different wave propagation directions have resulted in different q-498 

factor. For headsea condition ( = 0o), the q-factor for OWSC2 is greater than that of OWSC1 499 
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when Tp 9.5s, but a reverse in trend is seen when Tp > 9.5s. At Tp = 4s, the interaction factor 500 

for the OWSC2 array increases by about 15% while that of the OWCS1 by about 10%. At Tp 501 

= 16s, the interaction factor for OWSC2 decreases by approximately 20% while that of the 502 

OWSC1 by 7.5%. The q-factors for both OWSCs appear to be the same at Tp = 9.5s, however 503 

with a destructive interference. For other angles, the q-factor for OWSC1 is found to be larger 504 

than that for OWCS2 for all wave periods.  505 

 506 

5.5 OWSC under Optimal Spacing 507 

The performance of the OWSC array could be optimised through deploying them with 508 

appropriate spacing sp between the devices. The genetic algorithm (GA) optimisation scheme 509 

[38] is applied to seek for the optimal spacing between the devices, and for this task only the 510 

OWSC2 array has been considered with the objective function to maximise the q-factor. The 511 

variables considered in the GA are the spacings 
x

ps , 
1y

ps  and 
2y

ps  (refer to Fig. 1 for illustration). 512 

The horizontal and vertical spacings between the OWSCs in the array are denoted by 
1y

ps  and 513 

x

ps , respectively, which are kept constant with the maximum allowable spacing of 2a, where a 514 

is the width of OWSC2. 
2y

ps  is the spacing of the OWSC in the second row measured as a 515 

distance between its centre of gravity of each device to the centre of 
1y

ps , with the maximum 516 

spacing to be   212 ass y

p

y

p  . The minimum allowable spacing for 
x

ps , 
1y

ps  and 
2y

ps  are given, 517 

respectively, as a/5, a and 0. By a bias distribution of the three spacings of sp, a good initial 518 

population is created. From this initial population, the individuals are created as parents by 519 

using the roulette wheel sampling technique [39] for the subsequent crossover and mutation 520 

operations in order to create new individual and hence a new generation. The individual with 521 

the best fitness value in the current generation is kept for the next generation, which is known 522 
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as the elite child. This process will continue until the objective function is met. The crossover 523 

and mutation probability are taken as 0.900 and 0.015, respectively. Note that the GA is an in-524 

house code developed by the author in MATLAB. 525 

 526 

The headsea direction is considered for the optimisation as the OWSC is most efficient when 527 

the waves approach from this direction, i.e.  = 0o. For demonstration purpose, the q-factors 528 

with the possible spacings 
1y

ps , 
x

ps  and 
2y

ps  generated from the GA optimisation technique, for 529 

regular wave with a period T = 10s, are presented in Figs. 16(a) to (c), respectively. The OWSC 530 

in the triple-array deployed at its optimal spacing for T =10s and  = 0o is presented in Fig. 531 

16(d). Figure 16 shows that the q-factor varies with respect to different spacings. It is evident 532 

that the values of q takes the largest value when the spacing 
1y

ps  is at its maximum allowable 533 

spacing = 2a and the spacing 
x

ps  is at its minimum allowable spacing = a. The optimal spacing 534 

for 
2y

ps  has to be close to 0 in order for the q-factor to be maximum. Similarly, the optimal 535 

spacings for the OWSC array under different wave period T and wave direction  could be 536 

determined by using the genetic algorithm optimisation technique.  537 

  538 

The optimal spacing for 
1y

ps  and 
x

ps  could be represented by exponential curves as shown in 539 

Fig. 17. The data is found to be best fitted by an exponential curve as given in Eq. (23) 540 

 541 
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2 CeCs
kaC

p           (23) 542 

 543 

where, ka is the scatter parameter and ps = sp/a, the normalised spacing with respect to the 544 

OWSC width a. The coefficients C1, C2 and C3 are found to be  545 
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 546 

C1 =-1, C2 = -1 and C3 = 2 for 
1y

ps                     (24a) 547 

 548 

C1 =2.5, C2 = -1 and C3 = 1 for 
x

ps                  (24b) 549 

 550 

The comparison of the q-factor for OWSC array with and without spacing optimisation under 551 

regular wave and irregular wave are shown in Figs. 18 and 19, respectively. Note that kTp used 552 

in Fig. 19 is the wave number that corresponds to the wave peak period Tp. These figures reveal 553 

that the q-factor for the OWSC array could be further enhanced when the OWSCs are spaced 554 

at its optimal spacing. By referring to Figs. 18 and 19, under their optimal spacing, it is also 555 

possible to create constructive interference which would result in the q-factor > 1.0 for the 556 

scatter parameter ka is greater than approximately 1.60. A more comprehensive work on the 557 

GA optimisation technique to search for the optimal spacing of OWSC arrays can be found in 558 

[40]. 559 

 560 

6. Conclusion 561 

A stochastic analysis to determine the performance of OWSC devices arranged in a triple-array 562 

configuration was conducted. The performance of the OWSC array was obtained by using the 563 

higher order boundary element method approached in the WAMIT software. The numerical 564 

model for the OWSC device in the WAMIT model was successfully calibrated with existing 565 

results found in the literature. The verified hydrodynamic properties and PTO damping together 566 

with the pitch RAOs and q-factors of the devices were provided for the benefits of researchers 567 

working on the same problem.  568 

 569 
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Under the regular wave conditions, it was found that the interaction factors (q-factor) for the 570 

oscillating wave energy converter were significantly affected by the exciting force acting on 571 

the device, where this in turns depends on the variations in wave frequencies and wave 572 

propagation directions. The largest response occurred in the front row of WECs, followed by 573 

the middle and last row. However, as the scatter parameter ka is greater than 2.50, it is 574 

interesting to note that there was an increase in wave energy in the second and third rows as 575 

indicated by the 
thQq -factor. The produced power of the array also became relatively 576 

insignificant when the wave propagation direction is greater than  = 60o. For the dominate 577 

wave propagation angle  at 0o, the constructive interference was found to occur when ka is 578 

greater than 2.60, indicated that greater scattering of shorter wave lengths between devices 579 

could be beneficial for the performance of the array. 580 

 581 

Next, a more realistic sea state based on the uni-directional irregular and multi-directional sea 582 

was also taken into account. The performance of the triple-array showed that the interaction 583 

factor of the array in a multi-directional sea was slightly lower than their counterparts in a 584 

regular and uni-directional sea due the effect of wave spreading. Hence, this spreading function 585 

which is often neglected has to be taken into account in the performance analysis of the array.  586 

A comparison of the q-factor between those obtained from the Pierson-Moskowitz and 587 

JONSWAP spectra revealed that the q-factors do not differ significantly by the choice of the 588 

wave spectrum. Under the irregular sea conditions, it is interesting to note that the q-factor for 589 

the array under oblique waves behaved in a highly irregular manner when the wave period Tp 590 

is smaller than 10s due to the strong scattering and radiations of waves. In contrast, the 591 

behaviour of the q-factors appeared to be stable, with their values increased with the increase 592 

of  when Tp is greater than 10s. 593 

 594 
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In addition, the effect of resonance bandwidth has on the performance of the array was also 595 

being investigated. By comparing two OWSCs with different bandwidths under the headsea 596 

condition, it was found that the OWSC’s ability to generate power corresponds to its bandwidth 597 

where the OWSC with a larger bandwidth (i.e. OWSC1) was able to generate greater power 598 

when Tp is large (i.e. Tp > 9.5s) and conversely, the WEC with a narrow bandwidth (i.e. 599 

OWSC2) was able to produce greater power at small Tp (i.e. Tp   9.5s). However, the q-factor 600 

for OWSC1 was found to be greater than that for OWSC2 for all wave periods under oblique 601 

waves. 602 

 603 

Lastly, a novel optimisation method based on the genetic algorithm scheme was successfully 604 

performed to seek for the optimal spacing of the array with the objective function to maximise 605 

the q-factor. The q-factors (for both the regular and uni-directional irregular wave) of the 606 

OWSC array under its optimal spacing were found to increase substantially as compared to the 607 

initial spacing of 45m as proposed in [26]. Constructive interference was observed when the 608 

scattered parameter ka is greater than 1.60. The optimal spacings found from the GA scheme 609 

could be approximately represented by exponential curves. These results could be used by 610 

wave energy device designers in the design of the array layout during the preliminary design 611 

stage. 612 

 613 

It is worth bearing in mind that the results presented here were bound by the assumptions of 614 

potential wave theory where the fluid viscosity and rotational flow that may exist in real sea 615 

conditions were neglected. However, the use of potential theory allowed the investigation of 616 

large-scale array under multi-directional sea in a computationally efficient way. In the absence 617 

of any real site measurements with WEC array to verify the methods presented here, care must 618 

be exercised in applying these results.  619 

 620 
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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 × 106 kg.m2.s-2 

Mass Moment of Inertia about Centre of Gravity I 9.1455 × 106 kg.m2 

PTO Damping Bpto 16 × 106 kg.m2.s-1 
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(a) (b) 

Figure 1 –Plots showing (a) Triple-array configuration of 12 OWSCs in plan view (b) 

Dimensions for each OWSC. 
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Figure 2 – Schematic diagram depicting mathematical domain of OWSC 
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Figure 3 – Comparison of PM and JONSWAP wave spectra. Hs = 3m and Tp = 10s.  
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Figure 4 – Multi-directional wave spectrum for (a) PM spectrum (b) JONSWAP spectrum.  
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Figure 5 – Hydrodynamic coefficients for Oyster2 OWSC. Water depth D = 12.5m, wave direction  = 0o. 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) = 0o (headsea)   (b) 

 = 30o  (c)  = 45o  (d)  = 60o . 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 – 
rowQth

q  for triple-array under regular wave. (a)  = 0o (headsea) (b)  = 30o (c)  = 45o  (d)  = 60o . 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) q-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 = 1 to 

12), under regular waves.  
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Figure 9 – Comparison of q-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 Sres for triple-array OWSC with single OWSC under uni-directional irregular wave (PM spectrum). 

Wave heading (a)  = 0o (headsea)  (b)  =  30o  (c)  = 45o  (d)   = 60o. Water depth D = 12.5m. Width a = 26m, thickness t = 4m and immersion depth d 

= 9m. Spacing sp = 45m. Hs = 3m and Tp = 10s. 

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

S
re

s(
) 

(r
ad

2
.m

2
/H

z)

ka

0.18

(a)  = 0
o

0.200.18 0.200.14 0.160.06 0.08 0.10 0.12

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
0.0

0.2

0.4

0.6

0.8

1.0

1.2

 

S
re

s(
) 

(r
ad

2
.m

2
/H

z)

ka 

  

 f (Hz)

0.18 0.200.14 0.160.06 0.08 0.10 0.12

(b)  = 30
o

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8
 

S
re

s(
) 

(r
ad

2
.m

2
/H

z)

ka 

(c)  = 45
o

 

 f (Hz)
0.18 0.200.18 0.200.14 0.160.06 0.08 0.10 0.12

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
0.0

0.1

0.2

0.3

0.4

(d)  = 60
o

 

S
re

s(
) 

(r
ad

2
.m

2
/H

z)
 ka 

 n

 n1      n2      n3

 n4      n5      n6

 n7      n8      n9

 n10    n11    n12

0.18 0.200.18 0.200.14 0.160.06 0.08 0.10 0.12



40 

 

  

 

 
Figure 11 – q-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 q-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 – q-factor for triple OWSC under multi-directional sea with (a) PM spectrum (b) 

JONSWAP spectrum. Hs = 3m. 
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Figure 14 – Comparison of normalised mean power generated P  for single OWSC1 and 

OWSC2 
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Figure 15 – Effect of resonance bandwidth towards q-factor of triple-array under uni-directional irregular 

wave (PM spectrum). Hs = 3m.
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(d) 

Figure 16 – Example of q-factor for triple-array with respect to (a) spacing 
1y

ps   (b) spacing 
x

ps  (c) spacing 

2y

ps  (d) triple-array layout under optimal spacing. Wave period T = 10s, regular wave amplitude A = 1m, 

wave direction  = 0o.
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Figure 17 – Optimal spacing for OWSC array represented by exponential curve fitting 

method  
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Figure 18 – Comparison of q-factor for OWSC array with and without optimised spacing 

under regular wave 
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Figure 19 – Comparison of q-factor for OWSC array with and without optimised spacing 

under PM uni-directional irregular wave. Hs = 3m. 

 

 

1 2 3 4

0.8

0.9

1.0

1.1

1.2

 

 
q

k
Tp

a

 Non-optimised Spacing (s
p
=1.73a)

 Optimised Spacing

 55.56781012

T
p
 (s)

15


