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Abstract 11 

The load-bearing capacity is a pivotal consideration in the design of offshore renew-12 

able energy structures. This paper aims to address the technical challenges associated 13 

with the additional wave loads caused by the integrated devices in a hybrid system for 14 

the multi-purpose utilization of coastal renewable energy. A self-protected hybrid 15 

wind-wave energy system is proposed, in which an oscillating water column (OWC) 16 

device is attached at a monopile foundation of an offshore wind turbine. In the mean-17 

time, the OWC is connected by a submerged horizontal perforated plate at its exterior 18 

shell, which is expected to minimize the wave loads on the system. The hydrodynamic 19 

performance of the system is investigated. A novel approach is developed to model the 20 

wave interaction with the hybrid system. This efficient approach removes the necessity 21 

of decomposing the wave-scattering field into diffraction and pressure-dependent radi-22 

ation components. Detailed numerical computation is then conducted for both regular 23 

and irregular sea states. Various hydrodynamic properties related to the system, such as 24 

wave energy harvesting, wave force/moment and free-surface elevation, have been 25 

evaluated. Numerical results manifest the feasibility of imposing a negligible effect on 26 

the high wave energy harvesting while reducing the high wave loads by manipulating 27 

the submerged horizontal perforated plate. The impact of the perforated plate on the 28 
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dominant wave energy harvesting in the long-period region is found to be trivial. In 29 

contrast, it can affect the high bending moment in the short-period region, which causes 30 

a reduction of greater than 15%. 31 

 32 

Keywords: hybrid system; monopile foundation; horizontal perforated plate; oscillat-33 

ing water column (OWC) 34 

 35 

1. Introduction 36 

The high installation and transmission cost has been the primary challenge in reach-37 

ing a viable commercial stage in offshore energy (wind or wave) farms (Jiang et al., 38 

2018). Efficient solutions are required to increase the expected revenue and offer more 39 

cost-share opportunities. Due to the concomitant relationship between offshore winds 40 

and ocean waves, wave energy may also be of considerable amount where the offshore 41 

wind energy resource is rich. Therefore, it is appealing to integrate different technolo-42 

gies into one single platform. Such a combination may have several noticeable ad-43 

vantages, including better utilization of ocean space, decreasing the cost relevant to the 44 

operation, maintenance, foundation substructure and the required electric grid infra-45 

structure (Karimirad, 2014), and enhancing ocean energy dispatchability (Gao et al., 46 

2023). Meanwhile, the power can be generated from a mixture of offshore-wind tur-47 

bines and wave generators. Then, when a wind turbine operating at low wind speeds 48 

outputs a power level lower than the rated, the power shortage can be compensated by 49 

utilizing wave energy converters (Zhang et al., 2022). 50 

Due to the significant opportunities and benefits, the integration of different technol-51 

ogies of offshore energy has attracted much attention from researchers. Those combined 52 

systems can generally be realized in two different forms according to the connectivity. 53 

When the system is designed to integrate wind turbine units and wave energy converters 54 

into a shared platform, it is typically classified as a hybrid system (Pérez-Collazo et al., 55 

2018). A hybrid system is part of the broader family of multi-purpose platforms. Cur-56 
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rently, many inventive concepts of hybrid systems have been proposed. Typical exam-57 

ples include the integration of an oscillating buoy or buoy array with a semisubmersi-58 

ble-type or a spar-type wind turbine (Muliawan et al., 2013; Cheng et al., 2019; Ren et 59 

al., 2020; Hu et al., 2020; Li et al., 2022a; Meng et al., 2023), integration of an oscillat-60 

ing water column (OWC) device or OWC array into a floating or bottom-mounted off-61 

shore wind turbine (Perez-Collazo et al., 2018; Michele et al., 2019; Sarmiento et al., 62 

2019; Zhou et al., 2020; Cong et al., 2021; Dimitrios et al., 2021; Li et al., 2022b; Zhang 63 

et al., 2022) and a semisubmersible type wind turbine combined with flap-type wave 64 

energy converters (Luan et al., 2014; Michailides et al., 2016a, 2016b). The concept 65 

feasibility of different hybrid systems has been assessed. 66 

Existing offshore wind turbines mainly comprise wind turbines with fixed founda-67 

tions installed (Wang et al., 2019). Due to its ease of manufacture, installation and econ-68 

omy, the monopile foundation has been one of the most popular support structures for 69 

fixed offshore wind turbines. In the meantime, among different classes of designs of 70 

wave energy converters, the OWC device has been considered one of the most promis-71 

ing options, with the largest number of prototypes so far deployed into the sea. It sug-72 

gests that integrating an OWC with a monopile foundation of a wind turbine can be a 73 

promising way for the multi-purpose utilization of offshore renewable energy and hence 74 

attract the interest of many researchers. The hybrid concepts, where the OWC is 75 

mounted on a monopile foundation or a jacket frame, were proposed by Perez-Collazo 76 

et al. (2018). A comprehensive set of experimental campaigns have been conducted to 77 

analyze the reflected waves, capture width ratio, free surface elevation and wave runup. 78 

The hydrodynamic behaviour of the system in regular and irregular waves has been 79 

investigated. Michele et al. (2019) developed an analytical solution for a hybrid wind-80 

wave energy system in which the OWC is coaxial with the monopile foundation, and 81 

its exterior shell has a skirt structure. The wave interaction with a monopile-mounted 82 

wind turbine surrounded by an external OWC is experimentally studied by Zhou et al. 83 

(2020). Independent foundations were used for the wind turbine and wave energy con-84 

verter. Experimental results showed that the external OWC could impose a shielding 85 

effect on the internal monopile foundation and, in turn, reduce the wave loads on the 86 



Page 4 
 

foundation. The wave power absorption by a multi-chamber OWC integrated into a 87 

monopile foundation was numerically investigated by Cong et al. (2021). A self-adap-88 

tive Gauss integration method was developed for OWCs (Cong et al., 2022), providing 89 

an efficient solution to the nearly singular integration caused by the existence of thin 90 

elements, such as the external shell of the OWC and internal stiffening plates. Numer-91 

ical results illustrated that a significant energy extraction efficiency is attained when 92 

remarkable piston-like wave motion is induced within each sub-chamber, and the air 93 

compressibility negatively affects the wave power absorption. For the system proposed 94 

by Li et al. (2022b), two openings were made on the side wall of the monopile founda-95 

tion. The submerged opening allows ambient waves to propagate inside, while an air 96 

duct housing an air turbine is installed on the higher opening above the free surface. 97 

Experimental results revealed that a shallower submergence depth of the opening be-98 

neath the free surface leads to a broader efficiency band. 99 

Apart from the self-weight and operation of the installed machinery, offshore foun-100 

dations are subjected to the cyclic loads generated by environmental conditions. In the 101 

ocean environment, one of the primary sources of the variable loads is the hydrody-102 

namic. For monopile foundations, the monopile's lateral deflection (rotation) controls 103 

the structure's serviceability limit state (Arshad and O'Kelly, 2016). A reduction of the 104 

wave loads on structures is beneficial to the improvement of structure survivability. 105 

Perforated structures have been widely used in coastal and offshore engineering to mit-106 

igate wave impact (Huang et al., 2011). The horizontal perforated plate is a typical type 107 

of perforated structure, and it has been used as the critical element of breakwaters since 108 

the 1990s (Yu and Chwang, 1994). The perforated horizontal plate is economically 109 

friendly and can meet different practical requirements. It can be designed as either a 110 

floating or pile-supported type (Li et al., 2022c), less dependent on seabed conditions 111 

and water depths. In addition, a perforated horizontal plate, which is submerged at a 112 

certain distance below the free surface, can maintain the wave reflection and transmis-113 

sion at a low level (Li et al., 2006). Meanwhile, it can avoid the heavy horizontal wave 114 

load acting on the structure (Zhao et al., 2017). Furthermore, a perforated flat plate 115 

enables the exchange of water below and above it, thus preventing seawater pollution 116 
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and protecting water quality (Cho and Kim, 2013). Various research has been conducted 117 

on wave interaction with horizontal perforated plates. Its hydrodynamic characteristics 118 

(i.e., coefficients of wave reflection, transmission, energy dissipation and wave force) 119 

related to variations in plate size, spacing, submerged depth, inclination angle, and in-120 

cident wavelength have been widely discussed. Examples include Cho and Kim (2008), 121 

Evans and Peter (2011), Liu et al. (2008, 2012), Vijay et al. (2020), Liang et al. (2021), 122 

Poguluri et al. (2022) and Zheng et al. (2023). The above studies focus on rigid pero-123 

rated plates. The wave scattering and energy dissipation by perforated elastic plates has 124 

been investigated by researchers using the eigenfunction-matching method (Meylan et 125 

al., 2017; Zheng et al., 2020a, 2020b) or deriving an extension formulae with the aid of 126 

Greenꞌs function technique (Mohapatra et al., 2018). Recently, the application of a per-127 

forated elastic plate or plate array as a power take-off (PTO) device to harvest wave 128 

energy has been discussed by Liang et al. (2022). 129 

The combined wind-wave energy system presents a cost-competitive advantage but 130 

also has the technical challenge that the addition of the wave energy system tends to 131 

cause additional wave loads on the wind turbine foundation. Encouraged by the favour-132 

able performance of the submerged horizontal perforated plate as a breakwater, it is 133 

believed that integrating the perforated plate into the hybrid system can be a promising 134 

way to address this challenge. In view of this, a self-protected hybrid offshore wind-135 

wave energy system is proposed in this research. ꞌself-protectedꞌ refers to the ability of 136 

the device to protect itself from excessive wave loads. Detailed numerical studies are 137 

then conducted for the hydrodynamic performance of the system by drawing on a newly 138 

developed numerical model. The effect of the perforated plate on the wave energy har-139 

vesting and the wave loads on the system has been discussed in detail. 140 

The remaining part of the paper is organized as follows. First, a description of the 141 

hybrid system is given in Section 2. Then, the hydrodynamic problem and power take-142 

off model are presented in Section 3. In Section 4, the solution to the defined boundary-143 

value problem is introduced in detail. Then, a numerical investigation is carried out in 144 

Section 5. Finally, conclusions are drawn in Section 6 based on the previous analysis. 145 



Page 6 
 

  146 

Fig. 1 Computer graph of the hybrid wind-wave system: (left) bird's-eye view of the floating wind 147 

farm, and (right) local magnification of the OWC-type device. 148 

 149 

2. Description of the hybrid system 150 

An overview of the hybrid system is given in Fig. 1, where an OWC-type wave en-151 

ergy converter is mounted on a monopile-type offshore wind turbine substructure. The 152 

monopile is the most common offshore wind substructure system. Offshore wind tur-153 

bines with monopiles have a broad range in terms of power ratings. As shown in Fig. 1, 154 

the OWC is coaxial with the monopile foundation that penetrates the seabed and shares 155 

the foundation with an offshore wind turbine. The OWC consists of a partly submerged 156 

air chamber with the bottom open to the sea. The air chamber is of an annular cross-157 

section. Consequently, the OWC, which forms the wave energy converter sub-system, 158 

can self-adapt to an arbitrary wave direction due to the symmetry of the device. 159 

The monopile foundation and the air chamber shell enclose an interior-free surface 160 

subject to reciprocating air pressure. A submerged ring-shaped horizontal perforated 161 

plate is attached to the chamber's shell. Such a shape of the perforated plate manages to 162 

mitigate the wave impact from all wave directions. The chamber is connected with the 163 

outer atmosphere through the air duct installed on the roof of the chamber. The air duct 164 

houses an air turbine (e.g., a Wells turbine). In a typical OWC, the moving mechanical 165 

part is the air turbine above the water surface. It acts as the OWC power take-off device, 166 

driving the electric generator to produce electricity. The exterior and interior free sur-167 

faces are at the same level initially, and an amount of air is entrapped above the interior 168 

free surface. 169 
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 170 

Fig. 2 Definition of the coordinate systems and subdomains: (a) top view and (b) side view. 171 

 172 

3. Hydrodynamic problem and power take-off model 173 

Fig. 2 shows the idealized sketch of the submerged part of the system. The radius of 174 

the monopile is a, and the draft of the OWC is T. For the exterior shell of the OWC, its 175 

inner and outer radii are Ri and Re, respectively. The perforated plate is attached at a 176 

submergence depth of d, and its width equals b = Rb – Re, where Rb is its exterior radius. 177 

The system is subjected to incident waves propagating along the positive x-direction. 178 

The water depth is assumed to be constant and denoted by h. The present physical prob-179 

lem is formulated by defining the Cartesian and cylindrical coordinate systems, with 180 

the oxy and orθ planes at the still free surface and the z-axis vertical upward. 181 

The present problem is solved in the context of potential flow theory, where the fluid 182 

is assumed to be incompressible, and its motion is irrotational. Then, there exists a ve-183 

locity potential ( );  t x  satisfying Laplace's equation that can describe the fluid mo-184 

tion. Here, x = (x, y, z)T is the position vector. For linear small-amplitude harmonic 185 

incident waves with the angular frequency ω, the velocity potential will have the fol-186 

lowing form 187 

 ( ) ( ) iω;  Re ,tt e −  =  x x  (1) 188 

where ꞌReꞌ denotes the real part of a complex function. 189 
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Besides the governing equation, the velocity potential should satisfy appropriate 190 

boundary conditions. The exterior free surface Se (r ≥ Re) is subjected to the constant 191 

atmospheric pressure P0, which is assumed to be zero. While there is a distribution of 192 

air pressure P0 + Pc(t) above the interior free surface. Pc(t) is the air pressure oscillating 193 

at the same frequency as the incident waves. Then, it has the following form 194 

 ( ) iRe ,t

c cP t p e − =    (2) 195 

where pc is the complex amplitude of the oscillating air pressure. Then, on z = 0, the 196 

combined kinematic and dynamic boundary condition is given by 197 

 
2 i

, on ;c ip S
z g g

  





− =


 (3a) 198 

 

2

0, on .eS
z g

 



− =


 (3b) 199 

On the impermeable body surface and seabed, the boundary conditions are given by 200 

 0, on ,bS
n


=


 (4) 201 

and 202 

 0, on ,z h
z


= = −


 (5) 203 

where Sb represents the mean wetted surface of the air chamber and the monopile foun-204 

dation; n is the normal unit vector pointing outward from the fluid domain. 205 

In addition, it is assumed that the perforated plate is made of material with fine pores, 206 

and the normal velocity of the fluid passing through the plate is linearly proportional to 207 

the pressure difference between the two sides of the plate (Chwang, 1983). Then, the 208 

following boundary conditions can be derived 209 

 ( ) ( )i , ;   e ez d R r R b
z


  − +

= − = −   +


 (6) 210 

where σ is the porous-effect parameter; the subscripts ꞌ+ꞌ and ꞌ‒ꞌ are used to denote the 211 

potentials on the upper and lower surfaces of the plate. 212 

The porous-effect parameter σ varies from 0 to infinity with a dimension of reciprocal 213 

metre. When it is equal to 0, it is impermeable. Contrarily, as it goes to infinity, the 214 

surface becomes completely permeable. The real and imaginary parts of σ represent the 215 
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resistance and inertial effects of the perforated plate, respectively. Previous experi-216 

mental studies of Li et al. (2006) suggested that the real part of σ dominates over the 217 

imaginary part. 218 

By a set of experiments, Zhao et al. (2011) defined a parameter B0, and connected it 219 

to the porous-effect parameter σ and the opening rate τ of the material, obtaining 220 

 

2

0

0

0

17.8
143.2

2

1 1.06

A
B





 

 
+ 

 =  =
+

, (7) 221 

in which A is the incident wave amplitude; κ0 is the real wave number. The wave num-222 

ber κ0 and the wave frequency ω  satisfy a dispersion relation ( )2

0 0tanhg h  =  in 223 

which g is the gravitational acceleration. 224 

The wave scattering by the horizontal perforated plates has been experimentally in-225 

vestigated in previous studies, such as Cho and Kim (2008, 2013). In the former, the 226 

plate porosity rate τ varies from 5.67% to 40.31%, while in the latter form 8.0% to 227 

33.0%. A perforated plate with a high porosity may experience an elastic response under 228 

wave action. However, in the experiments of Cho and Kim (2008, 2013), elastic re-229 

sponse of the plate has not been observed. In view of this, τ = 40.0% is used as a thresh-230 

old for a perforated rigid plate in this study. We then concern the scenario in a water 231 

depth of h = 20 m, and the incident waves have unit wave height. Meanwhile, the per-232 

forated plate adopted by the system has a porosity rate of τ = 40.0%. Then, when the 233 

wave period varies from 2.0 s to 20.0 s, the porous-effect parameter σ (determined based 234 

on Eq. (7)) changes from 0.70 m−1 to 3.19 m−1. It suggests that a porous-effect param-235 

eter of σ = 0.50 m−1 is sufficient to ensure the present results free from the influence of 236 

elastic response. Therefore, σ = 0.50 m−1 has been used in the subsequent study unless 237 

otherwise stated. 238 

At a large distance from the structure, the following Sommerfeld radiation condition 239 

should be satisfied: 240 

 ( ) ( )0lim i 0,I I
r

r
r

    
→+

   
− − − =    

 (8) 241 
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in which ( )I x  is the incident potential and given by 242 

 ( )
( )

( )
0

0 i

0

coshi
e .

cosh

x

I

z hAg

h





 

+  = −x  (9) 243 

In this study, a Wells-type turbine is employed for the power take-off. Referring to 244 

Martins-Rivas and Mei (2009), the relationship between the air volume flux inside the 245 

chamber and the oscillating air pressure can be expressed as: 246 

 ,c cp q=   (10) 247 

where cq  is the complex amplitude of the air volume flux; the pneumatic damping 248 

coefficient Λ is defined by: 249 

 
1

.
i 

 =
−

 (11) 250 

In Eq. (11), χ and μ are normally defined as the turbine and chamber parameters, re-251 

spectively. χ can be adjusted in some ways, such as varying the rotational speed N of 252 

the air turbine. μ represents the effect of the air compressibility in the chamber. χ and μ 253 

are defined by: 254 

 ;
a

KD

N



=  (12a) 255 

 0

2
.

a

V

c



=  (12b) 256 

where K is an empirical coefficient depending on the design of the air turbine; D is the 257 

diameter of the turbine rotor; c is the sound speed in the air; ρa is the air density; V0 is 258 

the volume of the entrapped air in the chamber in still water. Then, Eq. (3a) can be 259 

written as 260 

 
2 i

d , on .

i

i

S

s S
z g g z

   




  
− =

   (13) 261 

The captured power Wc is the time-averaged rate of work done by the oscillating air 262 

pressure pushing the air through the air turbine (Evans and Porter, 1997). That is 263 

  
21 1

Re .
2 2

c c c cW p q p= =  (14) 264 

 265 
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4. Solution method to the boundary value problem 266 

The solution to the established boundary value problem is derived in this section. 267 

The whole fluid domain is divided into four subdomains: Ω1, Ω2, Ω3 and Ω4, as shown 268 

in Fig. 2. Ω1 is the exterior subdomain (r ≥ Rb, −h ≤ z ≤ 0); Ω2 is the subdomain con-269 

taining the perforated plate (Re ≤ r ≤ Rb, −h ≤ z ≤ 0); Ω3 is the subdomain underneath 270 

the chamber shell (Ri ≤ r ≤ Re, −h ≤ z ≤ −T); Ω4 is the interior subdomain (a ≤ r ≤ Ri, 271 

−h ≤ z ≤ 0). Hereinafter, ϕn (n = 1, 2, 3, 4) is used to denote the spatial velocity potential 272 

in the nth subdomain. 273 

The solution procedure starts by deriving the expressions for the velocity potential 274 

in each subdomain. The boundary condition on the free surface in Ω4 is inhomogeneous. 275 

A particular solution satisfying the inhomogeneous boundary condition is to be deter-276 

mined in Ω4. An eigenfunction expansion of the spatial potential can be obtained using 277 

the method of separation of variables. After expanding it into the Fourier-cosine series 278 

in the angular direction, the velocity potential can be expressed in the form of orthogo-279 

nal series in each subdomain (Michele et al., 2019): 280 

( ) ( ) ( ) ( ) ( )1 0 0 0 0 , , 

0 0

i
,  ,  i cos ;m

m m m j m j j j j

m j

Ag
r z J r Z z N A R r Z z m       



+ +

= =

   
= − +  

   
   281 

(15a) 282 

( ) ( ) ( ) ( )2 , , , , 

0 0

i
,  ,  i cos ;m

m m l m l l m l m l l l l

m l

Ag
r z B P r C Q r U z m      



+ +

= =

 
 = − +  

 
   (15b) 283 

( ) ( ) ( ) ( )3 , , , , 

0 0

i
,  ,  i cos ;m

m m k m k k m k m k k k k

m k

Ag
r z D S r E T r Y z m      



+ +

= =

 
 = − +  

 
   (15c) 284 

 ( ) ( ) ( )4 , , 

0 0

i
,  ,  i cos .m

m m j m j j j j p

m j

Ag
r z F W r Z z m      



+ +

= =

 
= − + 

 
   (15d) 285 

where , m jA , , m lB , , m lC , , m kD , , m kE  and , m jF  are the Fourier expansion coefficients, 286 

and to be determined. 287 

In the expression of the velocity potential in Ω1 and Ω4 (see Eqs. (15a) and (15d)), the 288 

radial and vertical eigenfunctions ( ), m j jR r , ( ), m j jW r  and ( )j jZ z  are given by the 289 

following forms: 290 
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( )

( )

( )
( )

0

0

, 

, 0,

, 1;

m

m b

m j j
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H R
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


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
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 ( )

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

0 0 0 0

0 0 0 0

, 

, 0,

, 1,

m m m m

m i m m m i

m j j

m j m j m j m j

m j i m j m j m j i

J r H a J a H r
j

J R H a J a H R
W r

I r K a I a K r
j

I R K a I a K R

   

   


   

   

  −
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 −
= 

 −

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 (16b) 292 

and 293 

 ( )

( )

( )

( )

( )

0

0 0

cosh 1
, 0,

cosh

cos 1
, 1.

cos

j j

j

j j

z h
j

h N
Z z

z h
j

h N










 +   =


= 
 +   



 (17) 294 

with 295 

 
( )

( )

( )
( )

0

2

0 0

2

sinh 21
1 , 0,

cosh 2 2

sin 21
1 , 1.

2 2cos

j

j

jj

hh
j

h h
N

hh
j

hh



 





  
+ =  

 
= 

 
+  

  

 (18) 296 

In Eqs. (16), (17) and (18), j  (j ≥ 1) is the positive real roots of ( )2 tanj jg h  − = ; 297 

Hm(∙) is the Hankel function; Km(∙) is the modified Bessel function of the second kind. 298 

From Eq. (16), the Sommerfeld radiation and the no-flow conditions at r = a have been 299 

well respected. Eq. (17) ensures that the boundary conditions on the mean plane of the 300 

free surface (z = 0) and the seabed (z = –h) are well satisfied. In addition, the particular 301 

solution p  in Eq. (15d) is derived as 302 

 0, 

0

2
,

j

p j

j j

FA

N






+

=

 
 = − 
 
 

  (19) 303 

in which, 304 

( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

1 0 1 0 0 0 1 0 1 0 0 0

0 0 0 0 0 0 0 0 0

1 1 0 1 1 0

0 0 0 0

, 0,

, 1.

i i i i

i i

j

j i i j j j i i j j

j j i j j j i

J R R J a a H a H R R H a a J a
j

J R H a J a H R

I R R I a a K a K R R K a a I a
j

I R K a I a K R

     

    

     

    

  − − −       =
 −   

 = 
    − + −        −  

(20) 305 
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In the expression of the velocity potential in Ω2 (see Eq. (15b)), the radial function is 306 

given by the following form 307 

 ( )

( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

0 0 0 0

0 0 0 0

, 

, 0,

, 1;

m m e m e m

m b m e m e m b

m l l

m l m l e m l e m l

m l b m l e m l e m l b

J r H R J R H r
l

J R H R J R H R
P r

I r K R I R K r
l

I R K R I R K R

   

   


   

   

−
=

−
= 

− 
 −

 (21a) 308 

 ( )

( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

0 0 0 0

0 0 0 0

, 

, 0,

, 1.

m b m m m b

m b m e m e m b

m l l

m l b m l m l m l b

m l b m l e m l e m l b

J R H r J r H R
l

J R H R J R H R
Q r

I R K r I r K R
l

I R K R I R K R

   

   


   

   

−
=

−
= 

− 
 −

 (21b) 309 

In addition, the depth-dependent function ( )l lU z  is derived based on the method 310 

proposed by Yu and Chwang (1994). Then, we can obtain that 311 

 ( )

( ) ( ) ( )

( ) ( ) ( )

2

2

1
sinh sinh cosh , 0,

1
cosh cosh sinh , ,

l l l l

l

l l

l l l l

l

h d z z d z
g M

U z

z h d d h z d
g M


   




   

  
−  + −      

 
= 

 
+  − −   −    

 

(22) 312 

with 313 

( ) ( )
( )

( )

( ) ( ) ( ) ( )

2 2
2 2 2

22 2 2

2
2

sinh 21
sinh 2 sinh

2 2

1 1
sinh 2 cosh sinh .

2 2

l

l l l l l

l

l l l l

l

d
M h d d d

g g g

h d h d d d
g

  
   




   



        
= −  + + −  −          

           

    
+ − + −  −      

    

 314 

(23) 315 

In Eqs. (22) and (23), the complex wave number 
l  satisfies the following complex 316 

dispersion relation 317 

 

( ) ( ) ( )

( ) ( )

2

2

sinh cosh sinh

i cosh sinh , 0,  1,  2,  ... .

l l l l l

l l l

h d d d
g

h h l
g


    


   

 
−  −    

 

 
= − = 

 

 (24) 318 

Eq. (24) is derived based on the boundary condition at z = 0, ‒d and –h in Ω2, respec-319 

tively. The roots of the complex dispersion relations, Eq. (24), are determined using an 320 

iterative method in conjunction with the Taylor series expansion. 321 



Page 14 
 

In the expression of the velocity potential in 
3  (see Eq. (15c)), the radial and ver-322 

tical eigenfunctions ( ), m k kS r , ( ), m k kT r  and ( )k kY z  are defined by 323 

 ( )
( ) ( ) ( ) ( )

( ) ( ) ( ) ( )
, , 0;

m k m k i m k i m k

m k k

m k e m k i m k i m k e

I r K R I R K r
S r k

I R K R I R K R

   


   

−
= 

−
 (25a) 324 

 ( )
( ) ( ) ( ) ( )

( ) ( ) ( ) ( )
, , 0,

m k e m k m k m k e

m k k

m k e m k i m k i m k e

I R K r I r K R
T r k

I R K R I R K R

   


   

−
= 

−
 (25b) 325 

and 326 

 ( )
( )

2
, 0,

2

cos , 1.
k k

k

k
Y z

z h k






=

= 
 +   

 (26) 327 

The limiting expressions of ( ), m k kS r   and ( ), m k kT r   as m and l approach 0 have 328 

been derived in Mavrakos (1985). That is 329 

 ( )

( )

( )

( ) ( )

( ) ( )

, 

ln
, 0,  0,

ln

, 0,  0;

i

e i

m k k m m

i i

m m

e i i e

r R
m k

R R
S r

r R R r
m k

R R R R




= =


= 

−  =
 −

 (27a) 330 

 ( )

( )

( )

( ) ( )

( ) ( )

, 

ln
, 0,  0,

ln

, 0,  0.

e

e i

m k k m m

e e

m m

e i i e

R r
m k

R R
T r

R r r R
m k

R R R R




= =


= 

−  =
 −

 (27b) 331 

In Eqs. (25), (26) and (27), the eigenvalues 
k  are defined as 

k k S =  to satisfy the 332 

boundary conditions on z = –h and z = –T, in which S = h – T. 333 

The infinite series in Eq. (15) representing the velocity potential is developed to sat-334 

isfy Laplace's equation and all the boundary conditions except those at r = Ri and r = 335 

Re. In addition, the infinite series is truncated at an appropriate number to guarantee 336 

numerical convergence and accuracy. The unknown coefficients of the truncated eigen-337 

function series are determined by the continuity of the potential and its normal deriva-338 

tive across the three matching surfaces at r = Ri, r = Re and r = Rb. 339 

The continuity condition of the velocity potential on the three matching surfaces pro-340 

vides the following three sets of linear equations: 341 
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 ( ) ( ), , , 0 0 0, 

0

,j l m j m l m b l

j

u A B J R N u
+

=

− = −  (28a) 342 

 
, , , 

0

2
0;l k m l m k

l

v C D
S

+

=

 
− = 

 
  (28b) 343 

 
0, 

0, , , 

0

2 2i
, 0,2

0, 0 or 0.

j

j

jm k j k m j j
j

F
m k

E w F g N
S

m k





+

+

=

=

  
  −  = =   − =      

 


  (28c) 344 

Furthermore, the continuity condition of the normal derivative of the velocity potential 345 

on the three matching surfaces provides another three sets of linear equations: 346 

( ) ( )

( )

( )

( )
0

0, , , , 

, , 

0 , 

, 0,

0, 0,

m b

l m l m l l b m l m l l b

m j j bm j jl

l j m j j b

J R
N jB P R C Q R

R RA u
R R

j


  


 

+

=


  − = +     − =  

    

  (29a) 347 

 
( )

( )

( ) ( )

( )
, , , , , , 

, , 

0, , 

0,
k l k m k k e m k m k k e m km l l e

m l m l

km l l e l m l l e

v S R D T R EP R
B C

Q R Q R

  

  

+

=

   +   + − = 
   

  (29b) 348 

 
( ) ( )

( ) ( )
, , , , , 

, 

0 , 

0.
k j k m k m k k i m k m k k i

m j

k j m j j i j j

w D S R E T R
F

W R U h

  

  

+

=

   +   − = 
  

  (29c) 349 

In Eq. (29), the prime in the superscript denotes the derivative with respect to the argu-350 

ment. In Eqs. (28) and (29), the coefficients , j lu , , l kv  and 
,  j kw  are defined by 351 

 ( ) ( )
0

, d ;j l j j l l

h

u Z z U z z 
−

=   (30a) 352 

 ( ) ( ), d ;

T

l k l l k k

h

v U z Y z z 
−

−

=   (30b) 353 

 ( ) ( ), d .

T

j k j j k k

h

w Z z Y z z 
−

−

=   (30c) 354 

Now six sets of linear systems with an equal number of unknowns have been set up. 355 

It is noted that the diagonal submatrices of the linear system are all units due to the 356 

orthogonality of the vertical eigenfunctions, which makes the linear system better suited 357 

to numerical solutions. Solving the equations gives the unknown coefficients in the or-358 

thogonal series and the velocity potentials valid in each subdomain. 359 

Once the solution for the velocity potential is known, the other physical quantities of 360 
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interest can be immediately obtained. Based on the kinematic conditions on the free 361 

surface, the wave elevation amplitude η can be expressed as 362 

 

0

1
.

i zz




 =


= −


 (31) 363 

After expanding the wave elevation into the Fourier-cosine series in the circumferential 364 

direction, the wave elevation can be expressed as a summation of contributions from 365 

different orders. That is 366 

 ( )
0 0

i cos ,m

m m m

m m

A m    
+ +

= =

= =   (32) 367 

where A is the incident wave amplitude; 
m  is the mth order Fourier component of the 368 

wave elevation. The expression of 
m  is given by 369 

 

( ) ( )

( ) ( )

( )

0 , , 1

0

, , , , 2

0

, , 4

0

1
, in ,

1
, in ,

1
, in .

m m j m j j

j j

m m l m l l m l m l l

l l

m j m j j

j j

J r A R r
N

B P r C Q r
M

F W r
N

 

  



+

=

+

=

+

=

  
 +  
   


   
= +     

   


 
 

  







 (33) 370 

The air volume flux through the air turbine can be obtained by integrating the vertical 371 

fluid velocity over Si. The complex amplitude of the air volume flux can be expressed 372 

as 373 

 0, 

0

2i .
j

c j

j j

F
q A

N


+

=

 
 = − 
 
 

  (34) 374 

The definition of 
j  has been given in Eq. (20). After getting the air volume flux, 375 

the oscillating air pressure in the chamber and the captured wave power can be deter-376 

mined according to Eqs. (10) and (14), respectively. 377 

In addition, the hydrodynamic wave loading can be determined through a pressure 378 

integration over the wetted body surface. By considering linear harmonic incident wave, 379 

the time factor can be separated, and the wave force and moment can be expressed as 380 

 ( ) iRe t

x xF t f e − =   , (35a) 381 
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 ( ) iRe t

z zF t f e − =   , (35b) 382 

 ( ) iRe t

y yM t m e − =   , (35c) 383 

where Fx, Fz and My are the horizontal wave force, vertical wave force, and the wave 384 

moment around the y-axis; fx, fz and my are the complex amplitudes. 385 

The detailed expressions of the horizontal and vertical wave force amplitude, denoted 386 

by fx and fz, respectively, are given by: 387 

 ( ) ( ) ( )1 2 3

1, , 1, , 1, 1, , 

0 0 0

2i ,x e l z l i j z j j j j z j

l j j

f A g R C I R F I a F W a I  
+ + +

= = =

 
 =  − + −  

 
    (36a) 388 
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( ) ( ) ( ) ( )( )

( ) ( ) ( ) ( ) ( )( )
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0

3 4 3 4

0, , 0, , 0, , 0, , 

0
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l l

z l r l b l r l b l r l e l r l e

l l

k k k r k e k r k e k r k i k r k i

k

U d
f A g B I R C I R B I R C I R

Y T D I R E I R D I R E I R


 





+

=

+

=

  − 
=   + − −  

  


 + −  + − −  







 (36b) 389 

where the coefficients 1

, z lI , 2

, z jI  and 3

, z jI  as well as the functions ( )1

, r lI r , ( )2

, r lI r , 390 

( )3

, r kI r  and ( )4

, r kI r  are defined in Appendix B. The detailed expression of the wave 391 

moment my can be derived similarly to the wave force and hence not shown here for 392 

brevity. 393 

 394 

5. Numerical computation and analysis 395 

5.1 Convergence test and validation 396 

Numerical computation is then conducted using the developed model. In the compu-397 

tation, we use ρ = 1.025×103 kg/m3, ρa = 1.293 kg/m3, g = 9.807 m/s2 and c = 340 m/s, 398 

respectively. The convergence of the present model is examined to ensure that the pre-399 

sent results are free from the influence of the truncation number. The number of 400 

eigenmodes can affect the computational accuracy of the wave energy harvesting and 401 

the wave force/moment. The variation of Wc, fx, fz and my with different numbers of 402 

eigenmodes is shown in Fig. 3. It can be seen that the results based on 50, 150 and 200 403 

eigenmodes are in good consistency. Regarding the computation of the free-surface el-404 

evation, not only the number of eigenmodes but also that of Fourier modes can affect 405 

the accuracy. Table. 1 presents the dimensionless wave elevation amplitude at three 406 
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specific locations P1, P2 and P3, respectively, with different numbers of Fourier modes. 407 

In the cylindrical system, the horizontal coordinates of P1, P2 and P3 are ((a + Re)/2, 0), 408 

((a + Re)/2, π/6) and ((a + Re)/2, π/3), respectively. Hereinafter, the incident wave am-409 

plitude A is used to nondimensionalize the free-surface elevation amplitude. It is noted 410 

that excellent convergence can be achieved when 10 Fourier modes are used. From Fig. 411 

3 and Table 1, it can be seen that the convergence is satisfactory. 100 eigen modes and 412 

10 Fourier modes are sufficient to guarantee satisfactory accuracy. Therefore, they are 413 

adopted in all the subsequent computations. 414 

  415 

  416 

Fig. 3. Comparison of the computational results with respect to the number of eigenmodes for a 417 

hybrid system with a = 3 m, Ri = 5.95 m, Ri = 6.0 m, d = 1.0 m, T = 3.0 m and σ = 0.5 m-1 in water 418 

of depth h = 20 m. The parameters associated with the air chamber and air turbine are K = 0.45, D 419 

= 2.0 m, h0 = 3.0 m and N = 150 rpm. The results are presented for (a) Wc, (b) fx, (c) fz and (d) my. 420 
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 421 

Fig. 4 Plane view of the locations of P1, P2, and P3. 422 

 423 

Table 1. Variation of the computational results of free-surface elevation with respect to the number 424 

of Fourier modes. The parameters associated with the hybrid system, air chamber and air turbine 425 

used in the computation are the same as those for Fig. 3. Besides, 100 eigenmodes are used. The 426 

results are presented for ω = 0.6 rad/s (left column), 1.2 rad/s (middle column) and 1.8 rad/s (right 427 

column). 428 

Number 

of  

Fourier  

modes 

Nondimensionalized free-surface elevation |η/A| at P1, P2 and P3 

P1  P2  P3 

1 0.7044 0.6792 0.6130  0.6738 0.5944 0.3816  0.5156 0.4467 0.2591 

2 0.7013 0.6776 0.6148  0.6748 0.5939 0.3863  0.5974 0.4865 0.2256 

5 0.7013 0.6776 0.6149  0.6725 0.5939 0.3886  0.6042 0.4872 0.2140 

10 0.7013 0.6776 0.6149  0.6725 0.5939 0.3886  0.6042 0.4872 0.2140 

15 0.7013 0.6776 0.6149  0.6725 0.5939 0.3886  0.6042 0.4872 0.2140 

 429 

To further verify, the wave force and moment on a vertical cylinder with a submerged 430 

porous plate are computed, and the results are compared with those published by Li et 431 

al. (2022c). The potential decomposition method was used by Li et al. (2022c). In the 432 

present computation, the chamber's width and the plate's thickness are set as 0.001 m. 433 

The excellent agreement in Fig. 5 further verifies the validity of the present model. 434 
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 435 

 436 

 437 

Fig. 5 Comparison of the wave force and moment on a vertical cylinder with a submerged perforated 438 

plate for different porous-effect parameters (σ), where σ = κ0ε(1+i). Geometrical parameters are a/h 439 

= 0.15, Rb/h = 0.3 and d/h = 0.0125. The symbols and lines represent the present results and Li et al. 440 

(2022c)ꞌs results, respectively: (a) fx, (b) fz and (c) my. 441 

 442 

5.2 Results and Discussion 443 

Numerical studies are conducted in detail in this section. The numerical results are 444 

in full scale unless otherwise stated. They are first presented for regular sea conditions 445 

and then extended to irregular conditions. In the subsequent computation, the water 446 

depth is h = 20 m. In addition, the radius of the monopile foundation a = 3 m. The draft 447 

of the air chamber is T = 3.0 m, the exterior radius of the chamber is Re = 6.0 m, and 448 

the thickness of the exterior shell is Re − Ri = 0.05 m. Meanwhile, K = 0.45, D = 2.0 m 449 
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and h0 = 3.0 m are used for the turbine and chamber parameters. 450 

 451 

5.2.1 Determination of the Turbine Rotational Speed 452 

The effect of the rotational speed of the air turbine on wave energy harvesting is first 453 

discussed. Computation is conducted for the case that the horizontal perforated plate is 454 

removed from the system, i.e., σ = +∞. The rotational speed of the air turbine varies 455 

from 5 rpm to 1000 rpm. In addition, incident waves of unit amplitude are used, and 456 

the wave frequencies cover a wide range. 457 

From Fig. 6, it is noted that an optimal rotational speed exists for each wave fre-458 

quency. The optimal rotational speed shift towards the low-speed region with the in-459 

crease of wave frequency. The annual-shaped OWC can bring about significant wave 460 

energy harvesting, especially when N ≤ 200 rpm. As a slow speed is unrealistic in prac-461 

tice, N = 150 rpm is used for the subsequent computation. When N = 150 rpm, the most 462 

pronounced energy harvesting is around ω = 0.58 rad/s, within the frequency range of 463 

significant ocean waves. 464 

 465 

Fig. 6 Variation of the wave energy harvesting with respect to the combination of (, N) for unit 466 

incident wave amplitude without the perforated plate. 467 

 468 

5.2.2 Air volume flux and oscillating air pressure 469 

Effects of the porosity, size and submergence depth of the attached plate on the air 470 



Page 22 
 

volume flux and oscillating air pressure are shown in Figs. 7~9, respectively. For com-471 

parison, the results for the cases without the perforated plate are also added to these 472 

figures and denoted by 'W/O plate'. The oscillating air pressure cp  can be related to 473 

the air volume flux cq  through the pneumatic damping coefficient Λ. The real part of 474 

Λ depends on the design of the air turbine and does not change with the wave frequency. 475 

In contrast, the imaginary part of Λ is analogous to the air spring force caused by the 476 

compressibility of air in the chamber. When the air volume in the chamber is not large, 477 

the air spring force plays a secondary role, and Λ is dominated by its real part. Conse-478 

quently, in Figs. 7~9, the oscillating air pressure almost linearly depends on the air 479 

volume flux over the whole frequency region. 480 

In Fig. 7, for long incident waves, the oscillating air pressure and air volume flux 481 

grow gradually with the increase of σ. This can be explained by the fact that when the 482 

porous-effect parameter σ grows progressively and tends to infinity, the attached plate 483 

gradually loses its ability to dissipate the incident wave energy and tends to be trans-484 

parent (i.e., the plate is removed). Then, more wave energy is available to the OWC, 485 

which leads to more apparent oscillation of the interior free surface. In Fig. 7, it can 486 

also be noted that for short incident waves, a decrease of σ can give rise to an increase 487 

of cp  and cq . This is because when σ tends to zero, the attached plate gradually turns 488 

into a rigid one, and its effects in reflecting the incident waves become significant. In 489 

some conditions, this can cause wave trapping in the vicinity of the plate and, in turn, 490 

enhance the free-surface oscillation in the chamber. A larger plate can attenuate the 491 

wave energy over a broader fluid region. Meanwhile, as the velocity of the fluid particle 492 

decays exponentially along the vertical direction, a plate of lower submergence depth 493 

is more effective in dissipating incident wave energy. As a result, in Figs. 8 and 9, cp  494 

and cq  decay gradually with the increase of b or the decrease of d. 495 
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 496 

 497 

Fig. 7 Variation of the air volume flux (𝑞𝑐) and oscillating air pressure (𝑝𝑐) with different porous-498 

effect parameters for b = 3.0 m, d = 1.0 m and N = 150 rpm: (a) 
cq and (b)

cp . 499 

 500 

 501 

Fig. 8 Variation of the air volume flux (𝑞𝑐) and oscillating air pressure (𝑝𝑐) with different plate 502 

widths for σ = 0.5 m−1, d = 1.0 m and N = 150 rpm: (a) 
cq and (b)

cp . 503 
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 504 

 505 

Fig. 9 Variation of the air volume flux (𝑞𝑐) and oscillating air pressure (𝑝𝑐) with different plate drafts 506 

for σ = 0.5 m−1, b = 3.0 m and N = 150 rpm: (a) 
cq and (b)

cp . 507 

 508 

5.2.3 Wave energy harvesting 509 

Effects of the porosity, size and submergence depth of the attached plate on the wave 510 

energy harvesting of the OWC are shown in Figs. 10~12, respectively. The wave energy 511 

harvesting follows a similar trend as the air volume flux or oscillating air pressure. 512 

When the wavelength is significantly longer compared with the characteristic size of 513 

the system, the wave diffraction by the system is negligible, and the interior free surface 514 

experiences almost no disturbance. With the increase of the wave frequency, the wave 515 

diffraction effect becomes noticeable, motivating the oscillation of the interior free sur-516 

face. Consequently, in the low-frequency region, the wave energy harvesting continues 517 

to increase as the wave frequency increases until it reaches the dominant peak. As the 518 

wave frequency increases further, the exterior shell of the OWC imposes an apparat 519 

shielding effect on the interior free surface, which prevents the incident waves from 520 

travelling inside the interior region. As a result, the wave energy harvesting decays 521 

gradually as the wave frequency increases further after it reaches the dominant peak. 522 

Similar to the air volume flux and the oscillating air pressure, a smaller porous-effect 523 
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parameter, a larger plate size, or a shallower submergence depth gives rise to a lower 524 

wave energy harvesting and shrinks the frequency region of high wave energy harvest-525 

ing. 526 

The porosity, size and submergence depth of the attached plate imposes negligible 527 

effect on the peak frequency of wave energy harvesting. It is also noted that the impact 528 

of the perforated plate on wave energy harvesting is much less noticeable in the low-529 

frequency region than in the high-frequency region. This can be attributed to the fact 530 

that long waves can better pass through porous media. 531 

 532 

Fig. 10 Variation of the wave energy harvesting with different porous-effect parameters (σ) for b = 533 

3.0 m, d = 1.0 m and N = 150 rpm. 534 

 535 

 536 

Fig. 11 Variation of the wave energy harvesting with different plate widths (b) for σ = 0.5 m−1, d = 537 

1.0 m and N = 150 rpm. 538 

 539 



Page 26 
 

 540 

Fig. 12 Variation of the wave energy harvesting with different plate drafts (d) for σ = 0.5 m−1, b = 541 

3.0 m and N = 150 rpm. 542 

 543 

5.2.4 Wave force and moment on the combined system 544 

Offshore foundations are subjected to the cyclic loads generated by environmental 545 

conditions. In the ocean environment, hydrodynamics is a primary source of variable 546 

loads. In geotechnical design, the importance of loading type depends on the foundation 547 

system. For monopile foundations, the vertical wave force is much smaller than the 548 

self-weight of the foundation. The lateral wave force, which can cause the monopile's 549 

lateral deflection (rotation), is more critical and controls the serviceability limit state of 550 

the whole structure (Arshad and O'Kelly, 2016). 551 

The wave force and moment are shown in Fig. 13 for different porous-effect param-552 

eters. In these figures, the results denoted by 'SC' correspond to the case of a single 553 

monopile, i.e., the OWC is removed from the hybrid system. The effects of the porosity 554 

on the horizontal wave force (see Fig. 13(a)) are first discussed. The horizontal wave 555 

force on a monopile is characterized by one single peak. However, when an OWC is 556 

added to the system, the wave force (denoted by 'W/O plate') has two noticeable peaks. 557 

A specific wave frequency exists between the two peaks at which the wave forces on 558 

the OWC and the monopile can balance each other, leading to a nearly zero net force 559 

on the system. While in the remaining wave frequency region, the presence of the OWC 560 

gives rise to the additional wave force. When the perforated plate is used, the wave 561 

force on the system (denoted by 'σ = 0.1 m−1, 0.3 m−1, …, and 2.0 m−1') is lower than 562 

without the plate and generally decays with the decrease of σ. This is because wave 563 

energy dissipation can remit the wave impact with the system. An exception is found 564 



Page 27 
 

around the first peak when σ = 0.1 m−1. This can be attributed to the fact that when the 565 

porosity of the plate is quite low, the wave reflection by the plate is remarkable. This 566 

can lead to apparent wave energy focusing in the vicinity of the plate at specific condi-567 

tions and reinforce the wave force on the system. It is also noted that when σ is lower 568 

than 0.5 m−1, there exists a particular frequency beyond which the wave force on the 569 

hybrid system is lower than that on a monopile. This frequency moves gradually to the 570 

low-frequency region as σ decreases. The vertical force (see Fig. 13(b)) grows gradually 571 

with the decrease of σ. This is because, for a plate with higher porosity, the fluid particle 572 

can travel through the plate more efficiently, which weakens the wave action with the 573 

plate. The wave moment on the system (see Fig. 13(c)) follows a similar trend as that 574 

of the horizontal wave force. It is noted that for the horizontal wave force and wave 575 

moment, the frequencies of the two peaks are larger than that of the wave energy har-576 

vesting. It suggests that reducing the wave force of short waves is more critical. 577 

The plate width and submergence depth effects on the wave force and moment are 578 

shown in Figs. 14~15. The wave diffraction process can affect a wide region of wave 579 

field around the system. Meanwhile, the wave energy is concentrated along the vertical 580 

direction near the free surface. It suggests that a plate of a larger width and shallower 581 

submergence depth can better protect the system. At the same time, it experiences a 582 

stronger wave action. As a result, the horizontal wave force and moment decay gradu-583 

ally with the increase of plate width or the decrease of submergence depth. At the same 584 

time, the vertical wave force follows a reversed trend. 585 

 586 
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 587 

 588 

Fig. 13 Variation of the wave force and moment with different porous-effect parameters (σ) for b = 589 

3.0 m and d = 1.0 m: (a) fx, (b) fz and (c) my 590 

 591 

 592 
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 593 

Fig. 14 Variation of the wave force and moment with different plate widths (b) for σ = 0.5 m−1 and 594 

d = 1.0 m: (a) fx, (b) fz and (c) my 595 

 596 

 597 

 598 

Fig. 15 Variation of the wave force and moment with different plate drafts (d) for σ = 0.5 m−1 and b 599 

= 3.0 m: (a) fx, (b) fz and (c) my 600 

 601 

5.2.5 Free-surface oscillation in the vicinity of the system 602 
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The free-surface oscillation in the vicinity of the system is considered. In Fig. 16, the 603 

variation of the free-surface elevation amplitude at P1, P2 and P3 is plotted with different 604 

porous-effect parameters. Three noticeable peaks are attained around ω = 1.67 rad/s, 605 

2.14 rad/s, and 2.56 rad/s, respectively, associated with varying modes of resonant wave 606 

motion within the chamber. It is also noted that the use of the perforated plate is effec-607 

tive in suppressing the resonant response. The free-surface elevation at a specific loca-608 

tion can be expanded into Fourier series with respect to the circumferential coordinate 609 

θ (see Eq. (32)). The variation of different Fourier components of the free-surface ele-610 

vation at P1, P2 and P3 is shown in Fig. 17. It is found that the 1st, 2nd and 3rd order 611 

Fourier components, respectively contribute the three prominent peaks of the overall 612 

free-surface elevation. The wave frequencies corresponding to these peaks are ωp = 1, 613 

ωp = 2 and ωp = 3, hereinafter. The remarkable peak at ωp = 3 vanishes at the location of 614 

P3. This is caused by the fact that P3 is at the nodal point of the p = 3 resonance mode. 615 

Due to the air chamber's symmetry and the uniform air pressure distribution over the 616 

interior free surface, the air pressure can only affect the Fourier component with no 617 

variation in the circumferential direction, i.e., the 0th-order component. The resonance 618 

frequency of the p = 0 mode, around ω = 1.39 rad/s, is defined as ωp = 0, hereinafter. 619 

Therefore, in Figs. 16~17, the noticeable amplification of the free-surface elevation at 620 

ωp = 0 cannot be found. 621 

 622 
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 623 

 624 

Fig. 16 Free-surface elevation amplitude at P1, P2 and P3 with d = 1.0 m, b = 3.0 m and N = 150 rpm: 625 

(a) P1, (b) P2 and (c) P3 626 

 627 

 628 
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 629 

Fig. 17 Fourier components of the free-surface elevation amplitude at P1, P2 and P3 with σ = 0.5 m−1, 630 

d = 1.0 m, b = 3.0 m and N = 150 rpm: (a) P1, (b) P2 and (c) P3 631 

The distribution of the free-surface elevation amplitude in the vicinity of the system 632 

is shown in Fig. 18 for ωp = 1, ωp = 2 and ωp = 3, respectively. To further emphasize the 633 

characteristics of the free-surface oscillation inside the chamber, the wave runup along 634 

r = a and r = Ri are shown in Fig. 19 for these wave frequencies. It is noted that the 635 

free-surface elevation has periodic variation along the circumferential direction inside 636 

the chamber. Antisymmetric modes of the free-surface oscillation about θ = (1/2 + n)π, 637 

(1/4 + n/2)π and (1/6 + n/3)π, in which n = 0, 1, 2, …, can be observed for the p =1, 2 638 

and 3 modes, respectively. When a significant peak is attained at a specific location, a 639 

trough with nearly the same magnitude can simultaneously appear in a neighbouring 640 

region. Consequently, its overall contribution to the air volume flux and wave power 641 

harvesting is not considerable. 642 

   643 

Fig. 18 Dimensionless free-surface elevation amplitude |η/A| in the vicinity of the system at specific 644 

wave frequencies with σ = 0.5 m−1, d = 1.0 m, b = 3.0 m and N = 150 rpm: (a) ωp = 1, (b) ωp = 2 and 645 

(c) ωp = 3. 646 
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   647 

Fig. 19 Magnitude and phase angle of wave runup along r = a and r = Ri at specific wave frequencies 648 

with σ = 0.5 m−1, d = 1.0 m, b = 3.0 m and N = 150 rpm: (a) ωp = 1, (b) ωp = 2 and (c) ωp = 3. 649 

 650 

The piston mode of resonant wave motion inside the chamber is then discussed. The 651 

distribution of the free-surface elevation amplitude around the system is shown in Fig. 652 

20 for ωp = 0. The corresponding wave runups along r = a and r = Ri are demonstrated 653 

in Fig. 21. When the PTO system is removed, i.e., N = 0, the interior free surface is 654 

subjected to constant atmospheric pressure. In this case, the free-surface elevation ex-655 

periences no apparent variation in both the radial and circumferential directions, and 656 

the fluid inside the chamber behaves like a rigid body (see Figs. 20(a) and 21(a)). In 657 

addition, the use of the perforated plate leads to a slight decrease in the wave runup (see 658 

Fig. 20(b) and 21(b)). When the PTO system is installed, oscillating air pressure is ap-659 

plied on the interior free surface. Due to its influence, the 0th-order Fourier component 660 

of the free-surface elevation, which contributes to the piston-mode wave motion, gets 661 

weakened. In contrast, other components can impose more and more significant dis-662 

turbance on the overall elevation. Then, the free-surface elevation inside the chamber 663 

loses its uniform distribution (see Figs. 20(c) and 21(c)) and varies apparently along the 664 

circumferential direction, leading to a breakdown of the piston-mode resonance. 665 

   666 

Fig. 20 Dimensionless free-surface elevation amplitude |η/A| in the vicinity of the system at ωp = 0 667 

with d = 1.0 m and b = 3.0 m: (a) (σ, N) = (+∞, 0), (b) (σ, N) = (0.5 m−1, 0) and (c) (σ, N) = (0.5 m−1, 668 
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150 rpm). 669 

 670 

   671 

Fig. 21 Magnitude and phase angle of wave runup along r = a and r = Ri at ωp = 0 with d = 1.0 m and 672 

b = 3.0 m: (a) (σ, N) = (+∞, 0), (b) (σ, N) = (0.5 m−1, 0) and (c) (σ, N) = (0.5 m−1, 150 rpm). 673 

 674 

5.2.6 Extension to the irregular sea conditions 675 

The investigation is extended to irregular sea conditions. An irregular wave train can 676 

be regarded as the superposition of large numbers of linear harmonic wave components 677 

with different wave heights, angular frequencies and initial phases. The wave height of 678 

the jth wave component is determined by 679 

 ( )2 2 , 1,  2,  ...j jH S j =  =  (37) 680 

in which S(ω) is the spectral density function. When the wave spectrum is divided into 681 

J parts, and the frequency bandwidth ∆ω keeps the same in each part, we can have 682 

 ;H L

J

 


−
 =  (38a) 683 

 ( 0.5) , 1,  2,  ...j L j j  = + −  =  (38b) 684 

in which H  and L  are high and low cut-off frequencies, respectively. In this study, 685 

L = 0.05 rad/s, H = 2.95 rad/s and ∆ω = 0.01 rad/s are used to simulate the incident 686 

waves. In addition, in irregular sea conditions, the porous-effect parameter is further 687 

expressed as σ = c0ω. Following Yu and Chwang (1994), c0 = ρb0/v where v is the fluid's 688 

dynamic viscosity, b0 designates the porosity coefficient. c0 only depends on the design 689 

of the perforated plate. c0 = 0.5 s/m is used in the subsequent computation. 690 

The variation of the captured wave energy with respect to the peak wave period Tp is 691 

shown in Fig. 22. Three significant wave heights, i.e., Hs = 1.0 m, 1.5 m and 2.0 m, are 692 

considered. Those wave heights correspond to the operational sea states, as Ren et al. 693 
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(2020) suggested. Analogous results to those in Fig. 22 but for the standard deviation 694 

of the wave force and moment, denoted by Sd (Fx) and Sd (My) hereinafter, are given in 695 

Figs. 23 and 24. A quadratic relationship between Hs and Wc can be found. In the mean-696 

time, Sd (Fx) and Sd (My) grow linearly with Hs. When Hs = 2.0 m, the prominent peak 697 

of Wc is beyond 210 kW. It indicates that even though the size of the OWC is not large, 698 

i.e., Re = 6.0 m and d = 3.0 m, the captured wave energy can still be an essential sup-699 

plement to the hybrid system. 700 
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 701 

Fig. 22 Variation of the captured wave energy with respect to the peak wave period for c0 = 0.5 s/m 702 

and b = 4 m: (a) Hs = 1.0 m, (b) Hs = 1.5 m and (c) Hs = 2.0 m. 703 
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 704 

Fig. 23 Variation of the standard deviation of the horizontal wave force with respect to the peak 705 

wave period for c0 = 0.5 s/m and b = 4 m: (a) Hs = 1.0 m, (b) Hs = 1.5 m and (c) Hs = 2.0 m. 706 
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 707 

Fig. 24 Variation of the standard deviation of the bending moment with respect to the peak wave 708 

period for c0 = 0.5 s/m and b = 4 m: (a) Hs = 1.0 m, (b) Hs = 1.5 m and (c) Hs = 2.0 m. 709 
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Numerical computation is then conducted for the case without the perforated plate, 710 

and the statistical results are shown in Fig. 25. In addition, the changing ratio is shown 711 

in Fig 26. The changing ratio is determined by (Swo − Sw)/Swo, in which Sw represents 712 

the statistics results for the case with the perforated plate, while Swo is for that without 713 

the plate. The changing ratio continues to decay as the peak wave period increases. In 714 

the long-period region, where wave energy harvesting is noticeable and becomes an 715 

important design consideration, the effect of the perforated plate is negligible. At Tp = 716 

12 s and 13 s, which are the periods of the first two largest values of Wc, the changing 717 

ratios of Wc are 2.8% and 2.3%, respectively. In the short-period region, where the wave 718 

force and moment are significant and can impose a considerable threat to the system's 719 

safety, the presence of the plate has a remarkable effect. At Tp = 5 s and 6 s, the periods 720 

of the first two largest values of Sd (My), the changing ratios of Sd (My) are 15.03% and 721 

8.89%, respectively. The corresponding changing ratios for Sd (Fx) are 12.27% and 722 

5.92%, respectively. The above observation indicates that using the perforated plate can 723 

reduce the high wave force/moment in the low-period region while imposing negligible 724 

impact on the significant wave energy harvesting in the long-period region. 725 
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Fig. 25 Variation of the statistical results with respect to the peak wave period for Hs = 1.5 m when 727 

without the perforated plate: (a) Wc, (b) Fx and (c) My. 728 
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Fig. 26 Changing ratio of the statistical results between the cases with and without the perforated 730 
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plate: (a) Wc, (b) Fx and (c) My. 731 

 732 

6. Conclusions 733 

The functional performance of an annular OWC integrated into a monopile founda-734 

tion is assessed. A submerged ring-shaped horizontal perforated plate is attached rigidly 735 

to the shell of the OWC chamber to mitigate the wave loads. Various hydrodynamic 736 

properties related to the system have been evaluated based on a newly developed solu-737 

tion. The main conclusions of this study are summarized as follows: 738 

(1) Using a perforated plate can effectively reduce the system's horizontal wave force 739 

and bending moment. As the exterior radius of the perforated plate increases or the 740 

perforated plate is located at a lower submergence depth, its effect is more evident on 741 

the wave loads. The former is due to the wave scattering process affecting a broad re-742 

gion of the wave field around the system, and the latter is due to the wave energy con-743 

centration near the free surface. 744 

(2) As the plate's porosity decreases, it becomes more effective in remitting the wave 745 

loads. When the porosity decreases further and approaches zero, the effect of wave en-746 

ergy dissipation by the plate gradually evolves into wave reflection. This can lead to 747 

apparent wave energy focusing in the vicinity of the plate and reinforcing the wave 748 

loads on the system. 749 

(3) Remarkable resonant wave motions inside the chamber, namely p = 0, 1, 2 and 3 750 

modes, have been found. Using a perforated plate can attenuate the wave motion inside 751 

the chamber. 752 

(4) Investigation has been extended to irregular sea conditions. The perforated plate's 753 

effect gradually becomes less evident as the wave period increases. This is because long 754 

waves can better pass through porous media. Wave energy harvesting is significant in 755 

the long-period region. These properties are required to be considered as a priority in 756 

the design. The presence of the plate can reduce the high bending moment. The corre-757 

sponding changing ratio is more excellent than 15%. Meanwhile, the effect on high 758 

wave energy harvesting is negligible. Numerical results illustrate the feasibility of mak-759 

ing an insignificant effect on the high wave energy harvesting while reducing the high 760 
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wave loads by attaching a submerged horizontal perforated plate. 761 
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 770 

Appendix A 771 

The following symbols are used in this paper: 772 

A incident wave amplitude; 

a = 3 m, radius of the monopile; 

b0 porosity coefficient; 

c sound speed in the air; 

D diameter of the turbine rotor; 

d submergence depth of the perforated plate; 

𝑓
𝑥
 amplitude of the horizontal wave force; 

𝑓
𝑧
 amplitude of the vertical wave force; 

𝐹𝑥 horizontal wave force; 

𝐹𝑧 vertical wave force; 

g gravitational acceleration; 

𝐻𝑚 modified Hankel function of the second kind of order m; 

h water depth; 

𝐼𝑚 modified Hankel function of the first kind of order m; 

𝐽
𝑚

 Bessel function of order m; 

𝐾𝑚 Hankel function of the first kind of order m; 

𝜅0 wave number; 

𝜅𝑗 wave numbers for evanescent modes; 

𝑚𝑦 amplitude of the wave moment; 

𝑀𝑦 Wave moment; 

N rotational speed of the air turbine; 

𝑝
𝑐
 amplitude of the oscillating air pressure; 

𝑞
𝑐
 amplitude of the air volume flux; 

𝑅𝑏 Exterior radius of the perforated plate 

𝑅𝑒 Exterior radius of the chamber shell; 

𝑅𝑖 Interior radius of the chamber shell; 
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T draft of the air chamber; 

𝑊𝑐 Absorbed wave energy; 

χ turbine parameter; 

𝜙 velocity potential; 

𝜙
𝑗
 velocity potential in the jth subdomain; 

𝜙
𝐼
 incident potential; 

η free-surface elevation amplitude; 

μ chamber parameter; 

𝜇
𝑗
 complex wave number satisfying a complex dispersion relation; 

ρ water density; 

𝜌
𝑎
 air density; 

σ porous-effect parameter; 

ω angular frequency; 

Λ pneumatic damping coefficient; 

Ω𝑗 the jth fluid subdomain. 

 773 

Appendix B  774 

In the expression of the wave force (see Eq. (36)), the coefficients 1

, z lI , 2

, z jI  and 775 

3

, z jI  are defined by:  776 

( ) ( )
( ) ( )

2 2
1

, 

sinh sinh 1
cosh sinh ;

l l

z l l l l

l l l

h d h T
I d d

g g M

  
  

 

 − −         =  −  −   
   

(A1a) 777 

 

( ) ( )

( )

( ) ( )

( )

0 0

0 0 02

, 

sinh sinh1 1
, 0,

cosh

sin sin1 1
, 1;

cos

z j

j j

j j j

h h T
j

h N
I

h h T
j

h N

 

 

 

 

 − −    =


= 
 − −    



 (A1b) 778 

 

( )

( )

0

0 03

, 

1 1
tanh , 0,

1 1
tan , 1.

z j

j

j j

h j
N

I

h j
N








  =


= 

   



 (A1c) 779 

In addition, the functions ( )1

, r lI r , ( )2

, r lI r , ( )3

, r kI r  and ( )4

, r kI r  are defined by: 780 
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