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Abstract

The load-bearing capacity is a pivotal consideration in the design of offshore renew-
able energy structures. This paper aims to address the technical challenges associated
with the additional wave loads caused by the integrated devices in a hybrid system for
the multi-purpose utilization of coastal renewable energy. A self-protected hybrid
wind-wave energy system is proposed, in which an oscillating water column (OWC)
device is attached at a monopile foundation of an offshore wind turbine. In the mean-
time, the OWC is connected by a submerged horizontal perforated plate at its exterior
shell, which is expected to minimize the wave loads on the system. The hydrodynamic
performance of the system is investigated. A novel approach is developed to model the
wave interaction with the hybrid system. This efficient approach removes the necessity
of decomposing the wave-scattering field into diffraction and pressure-dependent radi-
ation components. Detailed numerical computation is then conducted for both regular
and irregular sea states. Various hydrodynamic properties related to the system, such as
wave energy harvesting, wave force/moment and free-surface elevation, have been
evaluated. Numerical results manifest the feasibility of imposing a negligible effect on
the high wave energy harvesting while reducing the high wave loads by manipulating

the submerged horizontal perforated plate. The impact of the perforated plate on the
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dominant wave energy harvesting in the long-period region is found to be trivial. In
contrast, it can affect the high bending moment in the short-period region, which causes

a reduction of greater than 15%.

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

ing water column (OWC)

1. Introduction

The high installation and transmission cost has been the primary challenge in reach-
ing a viable commercial stage in offshore energy (wind or wave) farms (Jiang et al.,
2018). Efficient solutions are required to increase the expected revenue and offer more
cost-share opportunities. Due to the concomitant relationship between offshore winds
and ocean waves, wave energy may also be of considerable amount where the offshore
wind energy resource is rich. Therefore, it is appealing to integrate different technolo-
gies into one single platform. Such a combination may have several noticeable ad-
vantages, including better utilization of ocean space, decreasing the cost relevant to the
operation, maintenance, foundation substructure and the required electric grid infra-
structure (Karimirad, 2014), and enhancing ocean energy dispatchability (Gao et al.,
2023). Meanwhile, the power can be generated from a mixture of offshore-wind tur-
bines and wave generators. Then, when a wind turbine operating at low wind speeds
outputs a power level lower than the rated, the power shortage can be compensated by
utilizing wave energy converters (Zhang et al., 2022).

Due to the significant opportunities and benefits, the integration of different technol-
ogies of offshore energy has attracted much attention from researchers. Those combined
systems can generally be realized in two different forms according to the connectivity.
When the system is designed to integrate wind turbine units and wave energy converters
into a shared platform, it is typically classified as a hybrid system (Pérez-Collazo et al.,

2018). A hybrid system is part of the broader family of multi-purpose platforms. Cur-
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rently, many inventive concepts of hybrid systems have been proposed. Typical exam-
ples include the integration of an oscillating buoy or buoy array with a semisubmersi-
ble-type or a spar-type wind turbine (Muliawan et al., 2013; Cheng et al., 2019; Ren et
al., 2020; Hu et al., 2020; Li et al., 2022a; Meng et al., 2023), integration of an oscillat-
ing water column (OWC) device or OWC array into a floating or bottom-mounted off-
shore wind turbine (Perez-Collazo et al., 2018; Michele et al., 2019; Sarmiento et al.,
2019; Zhou et al., 2020; Cong et al., 2021; Dimitrios et al., 2021; Li et al., 2022b; Zhang
et al., 2022) and a semisubmersible type wind turbine combined with flap-type wave
energy converters (Luan et al., 2014; Michailides et al., 2016a, 2016b). The concept
feasibility of different hybrid systems has been assessed.

Existing offshore wind turbines mainly comprise wind turbines with fixed founda-
tions installed (Wang et al., 2019). Due to its ease of manufacture, installation and econ-
omy, the monopile foundation has been one of the most popular support structures for
fixed offshore wind turbines. In the meantime, among different classes of designs of
wave energy converters, the OWC device has been considered one of the most promis-
ing options, with the largest number of prototypes so far deployed into the sea. It sug-
gests that integrating an OWC with a monopile foundation of a wind turbine can be a
promising way for the multi-purpose utilization of offshore renewable energy and hence
attract the interest of many researchers. The hybrid concepts, where the OWC is
mounted on a monopile foundation or a jacket frame, were proposed by Perez-Collazo
et al. (2018). A comprehensive set of experimental campaigns have been conducted to
analyze the reflected waves, capture width ratio, free surface elevation and wave runup.
The hydrodynamic behaviour of the system in regular and irregular waves has been
investigated. Michele et al. (2019) developed an analytical solution for a hybrid wind-
wave energy system in which the OWC is coaxial with the monopile foundation, and
its exterior shell has a skirt structure. The wave interaction with a monopile-mounted
wind turbine surrounded by an external OWC is experimentally studied by Zhou et al.
(2020). Independent foundations were used for the wind turbine and wave energy con-
verter. Experimental results showed that the external OWC could impose a shielding

effect on the internal monopile foundation and, in turn, reduce the wave loads on the
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foundation. The wave power absorption by a multi-chamber OWC integrated into a
monopile foundation was numerically investigated by Cong et al. (2021). A self-adap-
tive Gauss integration method was developed for OWCs (Cong et al., 2022), providing
an efficient solution to the nearly singular integration caused by the existence of thin
elements, such as the external shell of the OWC and internal stiffening plates. Numer-
ical results illustrated that a significant energy extraction efficiency is attained when
remarkable piston-like wave motion is induced within each sub-chamber, and the air
compressibility negatively affects the wave power absorption. For the system proposed
by Li et al. (2022b), two openings were made on the side wall of the monopile founda-
tion. The submerged opening allows ambient waves to propagate inside, while an air
duct housing an air turbine is installed on the higher opening above the free surface.
Experimental results revealed that a shallower submergence depth of the opening be-
neath the free surface leads to a broader efficiency band.

Apart from the self-weight and operation of the installed machinery, offshore foun-
dations are subjected to the cyclic loads generated by environmental conditions. In the
ocean environment, one of the primary sources of the variable loads is the hydrody-
namic. For monopile foundations, the monopile's lateral deflection (rotation) controls
the structure's serviceability limit state (Arshad and O'Kelly, 2016). A reduction of the
wave loads on structures is beneficial to the improvement of structure survivability.
Perforated structures have been widely used in coastal and offshore engineering to mit-
igate wave impact (Huang et al., 2011). The horizontal perforated plate is a typical type
of perforated structure, and it has been used as the critical element of breakwaters since
the 1990s (Yu and Chwang, 1994). The perforated horizontal plate is economically
friendly and can meet different practical requirements. It can be designed as either a
floating or pile-supported type (Li et al., 2022c), less dependent on seabed conditions
and water depths. In addition, a perforated horizontal plate, which is submerged at a
certain distance below the free surface, can maintain the wave reflection and transmis-
sion at a low level (Li et al., 2006). Meanwhile, it can avoid the heavy horizontal wave
load acting on the structure (Zhao et al., 2017). Furthermore, a perforated flat plate

enables the exchange of water below and above it, thus preventing seawater pollution
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and protecting water quality (Cho and Kim, 2013). Various research has been conducted
on wave interaction with horizontal perforated plates. Its hydrodynamic characteristics
(i.e., coefficients of wave reflection, transmission, energy dissipation and wave force)
related to variations in plate size, spacing, submerged depth, inclination angle, and in-
cident wavelength have been widely discussed. Examples include Cho and Kim (2008),
Evans and Peter (2011), Liu et al. (2008, 2012), Vijay et al. (2020), Liang et al. (2021),
Poguluri et al. (2022) and Zheng et al. (2023). The above studies focus on rigid pero-
rated plates. The wave scattering and energy dissipation by perforated elastic plates has
been investigated by researchers using the eigenfunction-matching method (Meylan et
al., 2017; Zheng et al., 2020a, 2020b) or deriving an extension formulae with the aid of
Green's function technique (Mohapatra et al., 2018). Recently, the application of a per-
forated elastic plate or plate array as a power take-off (PTO) device to harvest wave
energy has been discussed by Liang et al. (2022).

The combined wind-wave energy system presents a cost-competitive advantage but
also has the technical challenge that the addition of the wave energy system tends to
cause additional wave loads on the wind turbine foundation. Encouraged by the favour-
able performance of the submerged horizontal perforated plate as a breakwater, it is
believed that integrating the perforated plate into the hybrid system can be a promising
way to address this challenge. In view of this, a self-protected hybrid offshore wind-
wave energy system is proposed in this research. 'self-protected' refers to the ability of
the device to protect itself from excessive wave loads. Detailed numerical studies are
then conducted for the hydrodynamic performance of the system by drawing on a newly
developed numerical model. The effect of the perforated plate on the wave energy har-
vesting and the wave loads on the system has been discussed in detail.

The remaining part of the paper is organized as follows. First, a description of the
hybrid system is given in Section 2. Then, the hydrodynamic problem and power take-
off model are presented in Section 3. In Section 4, the solution to the defined boundary-
value problem is introduced in detail. Then, a numerical investigation is carried out in

Section 5. Finally, conclusions are drawn in Section 6 based on the previous analysis.
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Fig. 1 Computer graph of the hybrid wind-wave system: (left) bird's-eye view of the floating wind
farm, and (right) local magnification of the OWC-type device.

2. Description of the hybrid system

An overview of the hybrid system is given in Fig. 1, where an OWC-type wave en-
ergy converter is mounted on a monopile-type offshore wind turbine substructure. The
monopile is the most common offshore wind substructure system. Offshore wind tur-
bines with monopiles have a broad range in terms of power ratings. As shown in Fig. 1,
the OWC is coaxial with the monopile foundation that penetrates the seabed and shares
the foundation with an offshore wind turbine. The OWC consists of a partly submerged
air chamber with the bottom open to the sea. The air chamber is of an annular cross-
section. Consequently, the OWC, which forms the wave energy converter sub-system,
can self-adapt to an arbitrary wave direction due to the symmetry of the device.

The monopile foundation and the air chamber shell enclose an interior-free surface
subject to reciprocating air pressure. A submerged ring-shaped horizontal perforated
plate is attached to the chamber's shell. Such a shape of the perforated plate manages to
mitigate the wave impact from all wave directions. The chamber is connected with the
outer atmosphere through the air duct installed on the roof of the chamber. The air duct
houses an air turbine (e.g., a Wells turbine). In a typical OWC, the moving mechanical
part is the air turbine above the water surface. It acts as the OWC power take-off device,
driving the electric generator to produce electricity. The exterior and interior free sur-
faces are at the same level initially, and an amount of air is entrapped above the interior

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

3. Hydrodynamic problem and power take-off model

Fig. 2 shows the idealized sketch of the submerged part of the system. The radius of
the monopile is a, and the draft of the OWC is T. For the exterior shell of the OWC, its
inner and outer radii are R; and R., respectively. The perforated plate is attached at a
submergence depth of d, and its width equals b = R, — R., where R, is its exterior radius.
The system is subjected to incident waves propagating along the positive x-direction.
The water depth is assumed to be constant and denoted by /4. The present physical prob-
lem is formulated by defining the Cartesian and cylindrical coordinate systems, with
the oxy and or6 planes at the still free surface and the z-axis vertical upward.

The present problem is solved in the context of potential flow theory, where the fluid
is assumed to be incompressible, and its motion is irrotational. Then, there exists a ve-
locity potential @ (x; t) satisfying Laplace's equation that can describe the fluid mo-
tion. Here, x = (x, y, z)” is the position vector. For linear small-amplitude harmonic
incident waves with the angular frequency w, the velocity potential will have the fol-

lowing form
D (x; t):Re[¢(x)e'i“”], (1)

where 'Re' denotes the real part of a complex function.
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Besides the governing equation, the velocity potential should satisfy appropriate
boundary conditions. The exterior free surface S. ( > R.) is subjected to the constant
atmospheric pressure Py, which is assumed to be zero. While there is a distribution of
air pressure Py + P.(f) above the interior free surface. P.(¢) is the air pressure oscillating

at the same frequency as the incident waves. Then, it has the following form
Pi)-Relpe™] g

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

combined kinematic and dynamic boundary condition is given by

2
%_a)_ zﬁpc, onS; (3a)
oz g  pg
2
9 P4 0, onS. (3b)
0z g ¢

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

% _o, ons, 4)
on
and
%zo, onz=-h, (5)
Oz

where S, represents the mean wetted surface of the air chamber and the monopile foun-

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

In addition, it is assumed that the perforated plate is made of material with fine pores,
and the normal velocity of the fluid passing through the plate is linearly proportional to
the pressure difference between the two sides of the plate (Chwang, 1983). Then, the

following boundary conditions can be derived

%=io-(¢’—¢*), (z=-d; R <r<R,+b) (6)

where o is the porous-effect parameter; the subscripts '+' and ' are used to denote the
potentials on the upper and lower surfaces of the plate.

The porous-effect parameter o varies from 0 to infinity with a dimension of reciprocal
metre. When it is equal to 0, it is impermeable. Contrarily, as it goes to infinity, the

surface becomes completely permeable. The real and imaginary parts of ¢ represent the
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resistance and inertial effects of the perforated plate, respectively. Previous experi-
mental studies of Li et al. (2006) suggested that the real part of ¢ dominates over the
imaginary part.

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

to the porous-effect parameter ¢ and the opening rate 7 of the material, obtaining

5 (175—1-143.2}12
B, e %o

K, 1+1.067

(7)

in which 4 is the incident wave amplitude; xo is the real wave number. The wave num-
ber xo and the wave frequency  satisfy a dispersion relation @’ = gk, tanh(x,4) in
which g is the gravitational acceleration.

The wave scattering by the horizontal perforated plates has been experimentally in-
vestigated in previous studies, such as Cho and Kim (2008, 2013). In the former, the
plate porosity rate 7 varies from 5.67% to 40.31%, while in the latter form 8.0% to
33.0%. A perforated plate with a high porosity may experience an elastic response under
wave action. However, in the experiments of Cho and Kim (2008, 2013), elastic re-
sponse of the plate has not been observed. In view of this, 7=40.0% is used as a thresh-
old for a perforated rigid plate in this study. We then concern the scenario in a water
depth of # = 20 m, and the incident waves have unit wave height. Meanwhile, the per-
forated plate adopted by the system has a porosity rate of ¢ = 40.0%. Then, when the
wave period varies from 2.0 s to 20.0 s, the porous-effect parameter o (determined based
on Eq. (7)) changes from 0.70 m! to 3.19 m ™. It suggests that a porous-effect param-
eter of 0 = 0.50 m ™! is sufficient to ensure the present results free from the influence of
elastic response. Therefore, o = 0.50 m™! has been used in the subsequent study unless
otherwise stated.

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

should be satisfied:

lim {J? {§(¢—¢,)—ixo(¢—¢,)}}=o, ®)

r—>+0
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in which ¢, (x) is the incident potential and given by

idg cosh[zco(z+h)] o
@  cosh(x,h) ©

¢ (x)= (9)

In this study, a Wells-type turbine is employed for the power take-off. Referring to
Martins-Rivas and Mei (2009), the relationship between the air volume flux inside the

chamber and the oscillating air pressure can be expressed as:

pc:ch? (10)

where ¢, is the complex amplitude of the air volume flux; the pneumatic damping

coefficient A is defined by:
1

A=—o-—.
X —iou

(11)

In Eq. (11), ¥ and u are normally defined as the turbine and chamber parameters, re-
spectively. y can be adjusted in some ways, such as varying the rotational speed N of

the air turbine. u represents the effect of the air compressibility in the chamber. y and u

are defined by:
P (12a)
Np,
y
H=—". (12b)
cp,

where K is an empirical coefficient depending on the design of the air turbine; D is the
diameter of the turbine rotor; c is the sound speed in the air; p, is the air density; Vo is
the volume of the entrapped air in the chamber in still water. Then, Eq. (3a) can be

written as

0p @ | oA 0¢
L p=—|Fds, S.. 13
0z g ¢ pg J;'[ oz o (13)

The captured power W, is the time-averaged rate of work done by the oscillating air
pressure pushing the air through the air turbine (Evans and Porter, 1997). That is

2

| |
Wc=5Re[pcqc]=—Z (14)

7 A1
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4. Solution method to the boundary value problem

The solution to the established boundary value problem is derived in this section.
The whole fluid domain is divided into four subdomains: 1, £, Q3 and Q4, as shown
in Fig. 2. Q; is the exterior subdomain (» > Ry, —h < z < 0); Q> is the subdomain con-
taining the perforated plate (Re < » < Rp, —h < z < 0); Q3 is the subdomain underneath
the chamber shell (R; <7 < R., —h <z <—T); Q4 is the interior subdomain (a <r < R,,
—h <z <0). Hereinafter, ¢, (n =1, 2, 3, 4) is used to denote the spatial velocity potential
in the nth subdomain.

The solution procedure starts by deriving the expressions for the velocity potential
in each subdomain. The boundary condition on the free surface in {4 is inhomogeneous.
A particular solution satisfying the inhomogeneous boundary condition is to be deter-
mined in Q4. An eigenfunction expansion of the spatial potential can be obtained using
the method of separation of variables. After expanding it into the Fourier-cosine series
in the angular direction, the velocity potential can be expressed in the form of orthogo-

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

0050 0) =5 1,12 50 5 S 5712, ) oo

(15a)

¢2 (V’ % 0):—£+2‘0{ i[Bm IPm l( )+Cm li m,l(:u]r)]Ul(/ulZ)Cosmg}; (15b)
¢,(r, z, 0)=— g m{ ZOO:[ D, S, (4r)+E, T, , /Ikr)]Yk (ﬂkz)cosmﬁ}; (15¢)
o = prd

4.7, 2 0)- z{gl S ()7 (Kz)cosme}+¢ (15)

where 4 ., B

m,j o m, 1>

C D

m, k

E

m, k

and F, ; arethe Fourier expansion coefficients,

m,

and to be determined.
In the expression of the velocity potential in , and Q4 (see Egs. (15a) and (15d)), the
radial and vertical eigenfunctions Rm’j(lcjr), Wm!j(zcjr) and Zj(l(jz) are given by the

following forms:
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H, (x,r) =0

H,(xR,)’ ’

R, (x;r)= © (16a)
m(’(/r), ISt

K, (xR,

Jm(KOr)H,'n(KO ) (Koa)H (K'O )

(x0a)=J,, (k,a) H,, (%,R,)’

(<,a)-1,

(xja)-1

(16b)

J, (xR )H
W (Kjr) = 7

’
m
! ’
” (K‘jl")Km K.a (
!’ !
m

Kja)Km (Kjr)
Kja)Km (K‘le.)’

J

j=1,

K'jCl

1,(xR)K,

and

cosh[/co(z+h)} 1 _ 0

> J
Z,(Kz) _ cosh(x,h)  ||N, (17)
T COS|:K‘j (z+h)] 1

cos(iep) VT

with

1 sinh(2/<0h) .
, J=0,
cosh’ (x,h) 2x,h
N = - (13)
! 1 h sin(21<jh)
—| 1+ , Jj=1L
s’ (ic,.h) 2 2k

ﬁl+
2

InEgs. (16), (17) and (18), &, (j> 1) is the positive real roots of -’ = g« tan (x1);
Hu(+) 1s the Hankel function; K(-) is the modified Bessel function of the second kind.
From Eq. (16), the Sommerfeld radiation and the no-flow conditions at » = @ have been
well respected. Eq. (17) ensures that the boundary conditions on the mean plane of the
free surface (z = 0) and the seabed (z = —/) are well satisfied. In addition, the particular

solution ¢,

in Eq. (15d) is derived as

AN G| Fy
_ o |, (19)

in which,

[ (%R )R —J, (rya)a | Hy (w,0) —[ H, (,R, )R — H, (15,0 )a | ] (i,0)
o[ o (R ) Hi (1y0) = T3 (s00) Hy (1R, ’

| [ R)R i (xa)a|Ki(ka) o KR )R K (ke i)

Kf[IO(KfRf)Ké(Kja)_IO(Kfa)KO(KiRi)] ’ |
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In the expression of the velocity potential in €, (see Eq. (15b)), the radial function is

given by the following form

L () H,, (#4R,) =, (4R H,, (#457) /=0
B ()=l (toRy)H, (#R) =, (R H, (1R,)” (21a)
" 1, (,Uz’”) K, (/ulRe) -1, (/ulRe)Km (:Ulr) I>1:
I, (ﬂsz)Km (IulRe) -1, (/LllRL)Km (lule) , -
S, (R H,, (#457) =, (o) H,, (#oR,) /=0
0 I(M”): I (,UoRb)Hm (IUORe)_Jm (/uoRe)Hm (/‘oRb), ’ (21b)
" I, (,Usz)Km (/Uz’”) -1, (,Ul”)Km (/Uth) I>1
I, (ﬂsz)Km (lulRe) -1, (/UIRL )Km (,ule) ’ o

In addition, the depth-dependent function U, (zz) is derived based on the method
proposed by Yu and Chwang (1994). Then, we can obtain that

2
sinh[,u, (h—d)]-{%sinh(,u,z)hul cosh(,u,z)}ﬁ, -d<z<0,

LC(;QZ)= ! (22)
+ ——i — i ——1—— —h<z<—d
h h) |- h d nh d , SZs ,
Ccos ;Q(Z ) CcoS (;Q ) M S1 (;Q ) r_j

with

M, :%sinhz [ (h-d)]{[[”é}2 +(1 )1%4@ —[%ﬂ.d—z“’—zsinhz (,u,d)}

H g

+%{2Lsmh[zﬂ, (h—d)]+(h—d)}-Kw—2jcosh(/Jld)—y, sinh(,u,d)}z.

H g
(23)
In Egs. (22) and (23), the complex wave number ,, satisfies the following complex
dispersion relation
. @ .
y7A smh[,u] (h —d)]-{—cosh(,uld)—,u[ smh(,u,d)}
¢ (24)

2
=ia{w—cosh(/zlh)—y, sinh(y,h)}, 1=0,1,2, ..
g

Eq. (24) is derived based on the boundary condition at z = 0, —d and —/ in Q», respec-
tively. The roots of the complex dispersion relations, Eq. (24), are determined using an

iterative method in conjunction with the Taylor series expansion.
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In the expression of the velocity potential in Q (see Eq. (15¢)), the radial and ver-

tical eigenfunctions S, , (4,7), T, ,(4r) and Y,(4z) are defined by

5. ()oK AR) L RIE(D o sy
e ‘ [m(ﬂ“kRe)Km(Z’kRi)_Im(ZkRi)Km(ZkRe), ’
P () -G R K ()L (KL (BR) o5t
e ‘ Im(A’kRe)Km(){’kRi)_Inz(ﬂ“kRi)Km(/lkRe), ,
and
V2 _
v (hs)={ 2 K0 (26)

cos| 4, (z+h)], k=1

The limiting expressions of Sm’k(/lkr) and Tm,k(/lkr) as m and / approach 0 have

been derived in Mavrakos (1985). That is
M, m=0, k=0,
ln(Re/Ri)
Sm,k(//{’kr): R m R m (273)
(/R) ZRT) o, k=
(R./R)" = (R/R,)
I(R/r) o k=0,
ln(Re/Ri)
Tm,k(//i’kr): R m R m (27b)
( “/r)m_(r/ ) . m#0, k=0,
(Re/Ri) _(Ri/Re)

In Egs. (25), (26) and (27), the eigenvalues 4, aredefinedas 1, =kz/S to satisfy the

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

The infinite series in Eq. (15) representing the velocity potential is developed to sat-
isfy Laplace's equation and all the boundary conditions except those at » = R; and r =
R.. In addition, the infinite series is truncated at an appropriate number to guarantee
numerical convergence and accuracy. The unknown coefficients of the truncated eigen-
function series are determined by the continuity of the potential and its normal deriva-
tive across the three matching surfaces at » = R;, r = R. and r = Rp.

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

vides the following three sets of linear equations:
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Z(”j,IAw)_Bm,l ==/, (KORb)\/N_ouo,l’ (28a)

j=0
= ; 28b
z “iCoi =D, =0 (28b)
=0 S
2\/_172'601\ <| Fo;
N I m=k=0,
3 O S Z( i ] (280)
=0
j 0, m#0ork#0.

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

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

y _i{yl[Bm,z (uR,)+C, m,l(:“sz)]uﬂ}_ R' ( )\/—0’ J =0 (29a)

" KR, (xR, .

=0 AN,

0, j#0,

mlP'é’l(ﬂle)‘*‘le—z //i’vlkl: m, k //LR) m, k mk(/lR Emk:l (29b)
’ Qm,l(lulRe) ' k=0 /’llle(/'ll )

i { Aw, [ D, ksgj (AR)+E, T (AR )J}_ F, =0 (29¢)
KijJ( jR)Uj(th) A

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

k=0

ment. In Egs. (28) and (29), the coefficients u;,, v, , and w, , are defined by

0

u; = IZ/ (sz)Ul (yz)dz; (30a)
V= J‘TU, (142)Y, (Az)dz; (30b)
W =ij (x,2)Y, (A42)dz. (30c)

—h

Now six sets of linear systems with an equal number of unknowns have been set up.
It is noted that the diagonal submatrices of the linear system are all units due to the
orthogonality of the vertical eigenfunctions, which makes the linear system better suited
to numerical solutions. Solving the equations gives the unknown coefficients in the or-
thogonal series and the velocity potentials valid in each subdomain.

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

surface, the wave elevation amplitude 7 can be expressed as

n=-1% (31)

1w 0z|,_,

After expanding the wave elevation into the Fourier-cosine series in the circumferential
direction, the wave elevation can be expressed as a summation of contributions from

different orders. That is

n= inm = Aio(gmi’”t//m cosS mé’), (32)
m=0 m=0

where 4 is the incident wave amplitude; 7, is the mth order Fourier component of the

wave elevation. The expression of y is given by

—| 1 .
J,, (ko) + Z{W 4, R, (Kjr)], inQ,,

j=0

+00 1 .
l//m = ;{W[an,lpm,l (:ulr) + Cm,l m, [ (/ulr)]}’ n QZ’ (33)

o0 1 |
;[WF”“/VV’W (K.f”)]» inQ,.

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

fluid velocity over S;. The complex amplitude of the air volume flux can be expressed

as

—+00 F .
q, = 2idwr OJ TT. | (34)
e

The definition of TT, has been given in Eq. (20). After getting the air volume flux,
the oscillating air pressure in the chamber and the captured wave power can be deter-
mined according to Egs. (10) and (14), respectively.

In addition, the hydrodynamic wave loading can be determined through a pressure
integration over the wetted body surface. By considering linear harmonic incident wave,

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

F,(t)=Re| fie™ ], (35a)
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F,(t)=Re[ fie™]. (35b)

M, (t)=Re[me™ ] (350)

where F, F. and M, are the horizontal wave force, vertical wave force, and the wave
moment around the y-axis; fx, /- and m, are the complex amplitudes.

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

by f: and £, respectively, are given by:

f,=2idpgr- { R Z(q AL )+R Z(E 12)- Z[E,jm,(;;ia)zj,j]}, (36a)

o | ' _Iud
fz:ZApg”.{;{%.(BOJI:J(Rb)'i‘co,llil(R) BO 11»11( ) CO /Irzl( ))} (36b)
+Z[Yk (_AkT).(DO,k[ik(Re)+E0,k]j,k (Re)_DOakI’ik (Ri)_EO’kI:k (Ri))]}’
k=0

where the coefficients 7'

z, 1

I, and I?, aswellas the functions I, ,(r), I,(r),
I’,(r) and I} (r) are defined in Appendix B. The detailed expression of the wave
moment m, can be derived similarly to the wave force and hence not shown here for

brevity.

5. Numerical computation and analysis
5.1 Convergence test and validation

Numerical computation is then conducted using the developed model. In the compu-
tation, we use p = 1.025x10° kg/m?, p, = 1.293 kg/m>, g = 9.807 m/s? and ¢ = 340 m/s,
respectively. The convergence of the present model is examined to ensure that the pre-
sent results are free from the influence of the truncation number. The number of
eigenmodes can affect the computational accuracy of the wave energy harvesting and
the wave force/moment. The variation of W, f, f- and m, with different numbers of
eigenmodes is shown in Fig. 3. It can be seen that the results based on 50, 150 and 200
eigenmodes are in good consistency. Regarding the computation of the free-surface el-
evation, not only the number of eigenmodes but also that of Fourier modes can affect

the accuracy. Table. 1 presents the dimensionless wave elevation amplitude at three
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specific locations P1, P> and P3, respectively, with different numbers of Fourier modes.
In the cylindrical system, the horizontal coordinates of P1, P> and P3 are ((a + R.)/2, 0),
((a + Re)/2, w/6) and ((a + R.)/2, m/3), respectively. Hereinafter, the incident wave am-
plitude 4 is used to nondimensionalize the free-surface elevation amplitude. It is noted
that excellent convergence can be achieved when 10 Fourier modes are used. From Fig.
3 and Table 1, it can be seen that the convergence is satisfactory. 100 eigen modes and
10 Fourier modes are sufficient to guarantee satisfactory accuracy. Therefore, they are

adopted in all the subsequent computations.
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4 Number of eigenmodes: Number of eigenmodes:
g% © 25 x 50 + 100 - 150 or 25 % S0 sk 100y seeenlS0
P e - rd
E { % i Q e b GRS, R s e S
oy i i F
= h % ms 7 %
2 40 oo LS & 2 :
N = /
s | =3
20 F ; * ; ‘!n
oy o
™ ?
0 L I L 4-JL_“_"_% panand A 0 L I L L L
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
@ (rad/s)  (rad/s)
(C) 3 (d) 45
Number of eigenmodes: Number of eigenmodes:
o 25 x 50 + 100 ——-150 > 25 x50 + 100 :=—=—150
#“‘”"%‘-m
< = LA
g b e,
5 £ Mg,
% e
< 7 %,
:‘ 1F A K
F iy
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£ *
4 4
o
s
0 1 1 1 1 1 0 1 1 L 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
@ (rad/s)  (rad/s)

Fig. 3. Comparison of the computational results with respect to the number of eigenmodes for a
hybrid system witha=3m, R;=5.95m, R;=6.0m,d=1.0m, 7=3.0m and 6 = 0.5 m"! in water
of depth 4 = 20 m. The parameters associated with the air chamber and air turbine are K = 0.45, D
=2.0m, ho=3.0 m and N = 150 rpm. The results are presented for (a) W, (b) fs, (¢) fz and (d) m,.
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Fig. 4 Plane view of the locations of P1, P2, and Ps.

Table 1. Variation of the computational results of free-surface elevation with respect to the number
of Fourier modes. The parameters associated with the hybrid system, air chamber and air turbine
used in the computation are the same as those for Fig. 3. Besides, 100 eigenmodes are used. The
results are presented for w = 0.6 rad/s (left column), 1.2 rad/s (middle column) and 1.8 rad/s (right

column).

Nuglfber Nondimensionalized free-surface elevation |/4| at P1, P2 and P3

fﬁtﬁg: Py P2 Ps3
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

To further verify, the wave force and moment on a vertical cylinder with a submerged
porous plate are computed, and the results are compared with those published by Li et
al. (2022c). The potential decomposition method was used by Li et al. (2022c). In the
present computation, the chamber's width and the plate's thickness are set as 0.001 m.

The excellent agreement in Fig. 5 further verifies the validity of the present model.
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Fig. 5 Comparison of the wave force and moment on a vertical cylinder with a submerged perforated
plate for different porous-effect parameters (o), where o = xoe(1+1). Geometrical parameters are a/h
=0.15, Ry/h =0.3 and d/h = 0.0125. The symbols and lines represent the present results and Li et al.
(2022¢)'s results, respectively: (a) f, (b) /2 and (c) m,.

5.2 Results and Discussion

Numerical studies are conducted in detail in this section. The numerical results are
in full scale unless otherwise stated. They are first presented for regular sea conditions
and then extended to irregular conditions. In the subsequent computation, the water
depth is # =20 m. In addition, the radius of the monopile foundation @ = 3 m. The draft
of the air chamber is 7 = 3.0 m, the exterior radius of the chamber is R. = 6.0 m, and

the thickness of the exterior shell is R. — R; = 0.05 m. Meanwhile, K =0.45, D=2.0 m
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and Ao = 3.0 m are used for the turbine and chamber parameters.

5.2.1 Determination of the Turbine Rotational Speed

The effect of the rotational speed of the air turbine on wave energy harvesting is first
discussed. Computation is conducted for the case that the horizontal perforated plate is
removed from the system, i.e., 0 = +oo. The rotational speed of the air turbine varies
from 5 rpm to 1000 rpm. In addition, incident waves of unit amplitude are used, and
the wave frequencies cover a wide range.

From Fig. 6, it is noted that an optimal rotational speed exists for each wave fre-
quency. The optimal rotational speed shift towards the low-speed region with the in-
crease of wave frequency. The annual-shaped OWC can bring about significant wave
energy harvesting, especially when N <200 rpm. As a slow speed is unrealistic in prac-
tice, N =150 rpm is used for the subsequent computation. When N = 150 rpm, the most
pronounced energy harvesting is around w = 0.58 rad/s, within the frequency range of
significant ocean waves.

1000

(kW/m?)

800

600

N (rpm)

400

200

1 1.5
w (rad/s)

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

incident wave amplitude without the perforated plate.

5.2.2 Air volume flux and oscillating air pressure

Effects of the porosity, size and submergence depth of the attached plate on the air
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volume flux and oscillating air pressure are shown in Figs. 7~9, respectively. For com-
parison, the results for the cases without the perforated plate are also added to these
figures and denoted by "W/O plate'. The oscillating air pressure p, can be related to
the air volume flux ¢, through the pneumatic damping coefficient A. The real part of
A depends on the design of the air turbine and does not change with the wave frequency.
In contrast, the imaginary part of A is analogous to the air spring force caused by the
compressibility of air in the chamber. When the air volume in the chamber is not large,
the air spring force plays a secondary role, and A is dominated by its real part. Conse-
quently, in Figs. 7~9, the oscillating air pressure almost linearly depends on the air
volume flux over the whole frequency region.

In Fig. 7, for long incident waves, the oscillating air pressure and air volume flux
grow gradually with the increase of ¢. This can be explained by the fact that when the
porous-effect parameter o grows progressively and tends to infinity, the attached plate
gradually loses its ability to dissipate the incident wave energy and tends to be trans-
parent (i.e., the plate is removed). Then, more wave energy is available to the OWC,
which leads to more apparent oscillation of the interior free surface. In Fig. 7, it can
also be noted that for short incident waves, a decrease of ¢ can give rise to an increase
of p, and ¢,. This is because when o tends to zero, the attached plate gradually turns
into a rigid one, and its effects in reflecting the incident waves become significant. In
some conditions, this can cause wave trapping in the vicinity of the plate and, in turn,
enhance the free-surface oscillation in the chamber. A larger plate can attenuate the
wave energy over a broader fluid region. Meanwhile, as the velocity of the fluid particle
decays exponentially along the vertical direction, a plate of lower submergence depth
is more effective in dissipating incident wave energy. As a result, in Figs. 8 and 9, p,

and ¢, decay gradually with the increase of b or the decrease of d.
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Fig. 9 Variation of the air volume flux (q.) and oscillating air pressure (p.) with different plate drafts

fore=0.5m",b=3.0mand N= 150 rpm: (a) g, and (b) p,.

5.2.3 Wave energy harvesting

Effects of the porosity, size and submergence depth of the attached plate on the wave
energy harvesting of the OWC are shown in Figs. 10~12, respectively. The wave energy
harvesting follows a similar trend as the air volume flux or oscillating air pressure.
When the wavelength is significantly longer compared with the characteristic size of
the system, the wave diffraction by the system is negligible, and the interior free surface
experiences almost no disturbance. With the increase of the wave frequency, the wave
diffraction effect becomes noticeable, motivating the oscillation of the interior free sur-
face. Consequently, in the low-frequency region, the wave energy harvesting continues
to increase as the wave frequency increases until it reaches the dominant peak. As the
wave frequency increases further, the exterior shell of the OWC imposes an apparat
shielding effect on the interior free surface, which prevents the incident waves from
travelling inside the interior region. As a result, the wave energy harvesting decays
gradually as the wave frequency increases further after it reaches the dominant peak.

Similar to the air volume flux and the oscillating air pressure, a smaller porous-effect
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parameter, a larger plate size, or a shallower submergence depth gives rise to a lower
wave energy harvesting and shrinks the frequency region of high wave energy harvest-
ing.

The porosity, size and submergence depth of the attached plate imposes negligible
effect on the peak frequency of wave energy harvesting. It is also noted that the impact
of the perforated plate on wave energy harvesting is much less noticeable in the low-
frequency region than in the high-frequency region. This can be attributed to the fact

that long waves can better pass through porous media.

i

W /A4* (KkW/m®)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
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Fig. 10 Variation of the wave energy harvesting with different porous-effect parameters (o) for b =

3.0m,d=1.0mand N= 150 rpm.
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Fig. 11 Variation of the wave energy harvesting with different plate widths (b) forc=0.5m™!, d =
1.0 m and N = 150 rpm.
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Fig. 12 Variation of the wave energy harvesting with different plate drafts (d) forc=0.5m™!, b =
3.0 mand N= 150 rpm.

5.2.4 Wave force and moment on the combined system

Offshore foundations are subjected to the cyclic loads generated by environmental
conditions. In the ocean environment, hydrodynamics is a primary source of variable
loads. In geotechnical design, the importance of loading type depends on the foundation
system. For monopile foundations, the vertical wave force is much smaller than the
self-weight of the foundation. The lateral wave force, which can cause the monopile's
lateral deflection (rotation), is more critical and controls the serviceability limit state of
the whole structure (Arshad and O'Kelly, 2016).

The wave force and moment are shown in Fig. 13 for different porous-effect param-
eters. In these figures, the results denoted by 'SC' correspond to the case of a single
monopile, i.e., the OWC is removed from the hybrid system. The effects of the porosity
on the horizontal wave force (see Fig. 13(a)) are first discussed. The horizontal wave
force on a monopile is characterized by one single peak. However, when an OWC is
added to the system, the wave force (denoted by "W/O plate') has two noticeable peaks.
A specific wave frequency exists between the two peaks at which the wave forces on
the OWC and the monopile can balance each other, leading to a nearly zero net force
on the system. While in the remaining wave frequency region, the presence of the OWC
gives rise to the additional wave force. When the perforated plate is used, the wave
force on the system (denoted by 'o=0.1 m™!, 0.3 m™!, ..., and 2.0 m™"") is lower than
without the plate and generally decays with the decrease of ¢. This is because wave

energy dissipation can remit the wave impact with the system. An exception is found
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around the first peak when o = 0.1 m™'. This can be attributed to the fact that when the
porosity of the plate is quite low, the wave reflection by the plate is remarkable. This
can lead to apparent wave energy focusing in the vicinity of the plate at specific condi-
tions and reinforce the wave force on the system. It is also noted that when o is lower
than 0.5 m™!, there exists a particular frequency beyond which the wave force on the
hybrid system is lower than that on a monopile. This frequency moves gradually to the
low-frequency region as o decreases. The vertical force (see Fig. 13(b)) grows gradually
with the decrease of ¢. This is because, for a plate with higher porosity, the fluid particle
can travel through the plate more efficiently, which weakens the wave action with the
plate. The wave moment on the system (see Fig. 13(c)) follows a similar trend as that
of the horizontal wave force. It is noted that for the horizontal wave force and wave
moment, the frequencies of the two peaks are larger than that of the wave energy har-
vesting. It suggests that reducing the wave force of short waves is more critical.

The plate width and submergence depth effects on the wave force and moment are
shown in Figs. 14~15. The wave diffraction process can affect a wide region of wave
field around the system. Meanwhile, the wave energy is concentrated along the vertical
direction near the free surface. It suggests that a plate of a larger width and shallower
submergence depth can better protect the system. At the same time, it experiences a
stronger wave action. As a result, the horizontal wave force and moment decay gradu-
ally with the increase of plate width or the decrease of submergence depth. At the same

time, the vertical wave force follows a reversed trend.
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599  Fig. 15 Variation of the wave force and moment with different plate drafts (d) forc=0.5 m™' and b
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602  5.2.5 Free-surface oscillation in the vicinity of the system
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The free-surface oscillation in the vicinity of the system is considered. In Fig. 16, the
variation of the free-surface elevation amplitude at Py, P> and P; is plotted with different
porous-effect parameters. Three noticeable peaks are attained around w = 1.67 rad/s,
2.14 rad/s, and 2.56 rad/s, respectively, associated with varying modes of resonant wave
motion within the chamber. It is also noted that the use of the perforated plate is effec-
tive in suppressing the resonant response. The free-surface elevation at a specific loca-
tion can be expanded into Fourier series with respect to the circumferential coordinate
0 (see Eq. (32)). The variation of different Fourier components of the free-surface ele-
vation at P;, P> and P3 is shown in Fig. 17. It is found that the 1st, 2nd and 3rd order
Fourier components, respectively contribute the three prominent peaks of the overall
free-surface elevation. The wave frequencies corresponding to these peaks are w, =1,
p -2 and wp - 3, hereinafter. The remarkable peak at w, -3 vanishes at the location of
P3. This is caused by the fact that P3 is at the nodal point of the p = 3 resonance mode.
Due to the air chamber's symmetry and the uniform air pressure distribution over the
interior free surface, the air pressure can only affect the Fourier component with no
variation in the circumferential direction, i.e., the Oth-order component. The resonance
frequency of the p = 0 mode, around @ = 1.39 rad/s, is defined as @, - o, hereinafter.
Therefore, in Figs. 16~17, the noticeable amplification of the free-surface elevation at

wp -0 cannot be found.
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625  Fig. 16 Free-surface elevation amplitude at Py, P> and Pz with d=1.0 m, »=3.0 m and N= 150 rpm:
626 (a) Py, (b) P2 and (c) P3
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630  Fig. 17 Fourier components of the free-surface elevation amplitude at P, P, and P3 with6=0.5m ™!,

631 d=1.0m,b=3.0mand N=150 rpm: (a) Py, (b) P> and (c) P3

632 The distribution of the free-surface elevation amplitude in the vicinity of the system
633  is shown in Fig. 18 for wp -1, wp -2 and w, - 3, respectively. To further emphasize the
634  characteristics of the free-surface oscillation inside the chamber, the wave runup along
635 r=a and r = R; are shown in Fig. 19 for these wave frequencies. It is noted that the
636  free-surface elevation has periodic variation along the circumferential direction inside
637  the chamber. Antisymmetric modes of the free-surface oscillation about 8 = (1/2 + n)r,
638 (1/4 +n/2)m and (1/6 + n/3)n, in whichn =0, 1, 2, ..., can be observed for the p =1, 2
639  and 3 modes, respectively. When a significant peak is attained at a specific location, a
640  trough with nearly the same magnitude can simultaneously appear in a neighbouring
641  region. Consequently, its overall contribution to the air volume flux and wave power
642  harvesting is not considerable.

(a)

643

644  Fig. 18 Dimensionless free-surface elevation amplitude |3/4| in the vicinity of the system at specific
645  wave frequencies withc=0.5m™, d=1.0m, »=3.0 m and N = 150 rpm: (a) w, -1, (b) ®,-2 and
646  (c) wp-3.
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Fig. 19 Magnitude and phase angle of wave runup along » = a and r = R; at specific wave frequencies

withe=05m",d=1.0m, b=3.0 mand N= 150 rpm: (a) wp-1, (b) w,-> and (¢) wp-3.

The piston mode of resonant wave motion inside the chamber is then discussed. The
distribution of the free-surface elevation amplitude around the system is shown in Fig.
20 for wp =o. The corresponding wave runups along » = a and » = R; are demonstrated
in Fig. 21. When the PTO system is removed, i.e., N = 0, the interior free surface is
subjected to constant atmospheric pressure. In this case, the free-surface elevation ex-
periences no apparent variation in both the radial and circumferential directions, and
the fluid inside the chamber behaves like a rigid body (see Figs. 20(a) and 21(a)). In
addition, the use of the perforated plate leads to a slight decrease in the wave runup (see
Fig. 20(b) and 21(b)). When the PTO system is installed, oscillating air pressure is ap-
plied on the interior free surface. Due to its influence, the Oth-order Fourier component
of the free-surface elevation, which contributes to the piston-mode wave motion, gets
weakened. In contrast, other components can impose more and more significant dis-
turbance on the overall elevation. Then, the free-surface elevation inside the chamber
loses its uniform distribution (see Figs. 20(c) and 21(c)) and varies apparently along the

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

(a) (b)

Fig. 20 Dimensionless free-surface elevation amplitude |5/4| in the vicinity of the system at w, =0

with d=1.0m and 5= 3.0 m: (a) (6, N) = (+o0, 0), (b) (6, N) = (0.5m™", 0) and (¢) (¢, N) = (0.5 m™!,
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Fig. 21 Magnitude and phase angle of wave runup along »=a and » = R; at w, - with d = 1.0 m and

b=3.0m: (a) (o, N) = (+o0, 0), (b) (6, N) = (0.5 m™, 0) and (¢) (6, N) = (0.5 m™!, 150 rpm).

5.2.6 Extension to the irregular sea conditions

The investigation is extended to irregular sea conditions. An irregular wave train can
be regarded as the superposition of large numbers of linear harmonic wave components
with different wave heights, angular frequencies and initial phases. The wave height of

the jth wave component is determined by

H,=228(o,)A0, j=12, .. (37)

in which S(w) is the spectral density function. When the wave spectrum is divided into
J parts, and the frequency bandwidth Aw keeps the same in each part, we can have
Wy — 0,

Ao=21"% . 38a
N (38a)

0, =0, +(j-05A0, j=1,2, .. (38b)
inwhich @, and @, are high and low cut-off frequencies, respectively. In this study,
o, = 0.05 rad/s, @, =2.95rad/s and Aw = 0.01 rad/s are used to simulate the incident
waves. In addition, in irregular sea conditions, the porous-effect parameter is further
expressed as o = cow. Following Yu and Chwang (1994), co = pbo/v where v is the fluid's
dynamic viscosity, bo designates the porosity coefficient. co only depends on the design
of the perforated plate. co = 0.5 s/m is used in the subsequent computation.

The variation of the captured wave energy with respect to the peak wave period 7, is
shown in Fig. 22. Three significant wave heights, i.e., H;=1.0 m, 1.5 m and 2.0 m, are

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

of the wave force and moment, denoted by Su (Fx) and Sy (M,) hereinafter, are given in

Figs. 23 and 24. A quadratic relationship between H, and W, can be found. In the mean-

time, Sy (Fx) and Sy (M,) grow linearly with H;. When Hy = 2.0 m, the prominent peak

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

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

plement to the hybrid system.
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Fig. 22 Variation of the captured wave energy with respect to the peak wave period for co = 0.5 s/m

and b=4m: (a) H;=1.0m, (b) H;=1.5 m and (¢) H;= 2.0 m.
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Fig. 23 Variation of the standard deviation of the horizontal wave force with respect to the peak

wave period for co = 0.5 s/mand b=4 m: (a) H;=1.0 m, (b) H;= 1.5 m and (c) H;=2.0 m.
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Fig. 24 Variation of the standard deviation of the bending moment with respect to the peak wave

period for co = 0.5 s/m and b=4 m: (a) H,=1.0 m, (b) H;= 1.5 m and (¢) H;=2.0 m.

Page 35



710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726
727

728

729
730

Numerical computation is then conducted for the case without the perforated plate,
and the statistical results are shown in Fig. 25. In addition, the changing ratio is shown
in Fig 26. The changing ratio is determined by (Swo — Sw)/Swo, in Which Sy represents
the statistics results for the case with the perforated plate, while Swo is for that without
the plate. The changing ratio continues to decay as the peak wave period increases. In
the long-period region, where wave energy harvesting is noticeable and becomes an
important design consideration, the effect of the perforated plate is negligible. At 7), =
12 s and 13 s, which are the periods of the first two largest values of W., the changing
ratios of W, are 2.8% and 2.3%, respectively. In the short-period region, where the wave
force and moment are significant and can impose a considerable threat to the system's
safety, the presence of the plate has a remarkable effect. At 7, = 5 s and 6 s, the periods
of the first two largest values of S4 (M,), the changing ratios of Ss (M,) are 15.03% and
8.89%, respectively. The corresponding changing ratios for Sy (Fx) are 12.27% and
5.92%, respectively. The above observation indicates that using the perforated plate can
reduce the high wave force/moment in the low-period region while imposing negligible

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

without the perforated plate: (a) W, (b) Fx and (c) M,.
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Fig. 26 Changing ratio of the statistical results between the cases with and without the perforated

Page 36



731
732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

plate: (a) W, (b) Fx and (c) M,.

6. Conclusions

The functional performance of an annular OWC integrated into a monopile founda-
tion is assessed. A submerged ring-shaped horizontal perforated plate is attached rigidly
to the shell of the OWC chamber to mitigate the wave loads. Various hydrodynamic
properties related to the system have been evaluated based on a newly developed solu-
tion. The main conclusions of this study are summarized as follows:

(1) Using a perforated plate can effectively reduce the system's horizontal wave force
and bending moment. As the exterior radius of the perforated plate increases or the
perforated plate is located at a lower submergence depth, its effect is more evident on
the wave loads. The former is due to the wave scattering process affecting a broad re-
gion of the wave field around the system, and the latter is due to the wave energy con-
centration near the free surface.

(2) As the plate's porosity decreases, it becomes more effective in remitting the wave
loads. When the porosity decreases further and approaches zero, the effect of wave en-
ergy dissipation by the plate gradually evolves into wave reflection. This can lead to
apparent wave energy focusing in the vicinity of the plate and reinforcing the wave
loads on the system.

(3) Remarkable resonant wave motions inside the chamber, namely p =0, 1, 2 and 3
modes, have been found. Using a perforated plate can attenuate the wave motion inside
the chamber.

(4) Investigation has been extended to irregular sea conditions. The perforated plate's
effect gradually becomes less evident as the wave period increases. This is because long
waves can better pass through porous media. Wave energy harvesting is significant in
the long-period region. These properties are required to be considered as a priority in
the design. The presence of the plate can reduce the high bending moment. The corre-
sponding changing ratio is more excellent than 15%. Meanwhile, the effect on high
wave energy harvesting is negligible. Numerical results illustrate the feasibility of mak-

ing an insignificant effect on the high wave energy harvesting while reducing the high
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Appendix A

The following symbols are used in this paper:
A incident wave amplitude;
a = 3 m, radius of the monopile;
bo porosity coefficient;
c sound speed in the air;

diameter of the turbine rotor;

d submergence depth of the perforated plate;
f amplitude of the horizontal wave force;
f, amplitude of the vertical wave force;
F, horizontal wave force;
F, vertical wave force;
g gravitational acceleration;
H, modified Hankel function of the second kind of order m;
h water depth;
L, modified Hankel function of the first kind of order m;
T Bessel function of order m;
m Hankel function of the first kind of order m;
Ko wave number;
K; wave numbers for evanescent modes;
m, amplitude of the wave moment;
My Wave moment;
N rotational speed of the air turbine;
. amplitude of the oscillating air pressure;
q, amplitude of the air volume flux;
Ry Exterior radius of the perforated plate
R, Exterior radius of the chamber shell;
R Interior radius of the chamber shell;
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781

782

draft of the air chamber;

Absorbed wave energy;

turbine parameter;

velocity potential;

velocity potential in the jth subdomain;
incident potential;

free-surface elevation amplitude;
chamber parameter;

complex wave number satisfying a complex dispersion relation;
water density;

air density;

porous-effect parameter;

angular frequency;

pneumatic damping coefficient;

the jth fluid subdomain.
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Appendix B

In the expression of the wave force (see Eq. (36)), the coefficients /! s 1 22 ; and

I’ . are defined by:

z,J

. :{sinh[/l,(h—d)].w sinh[ 4 (h—T)]
. # g #

@ cos — 14 si 1 (A1
{g h(pd )= nh(,u,d)}} \/ﬁ[’( a)

1 ‘sinh(fcoh)—sinh[Ko(h—T)] 1

K, cosh (x,h) ' N,
I’ = (Alb)
z,j 1 sin(z;}.h)—sin[lcj (h—T)]_ 1 .
K, cos(th) \/Fj’ J=5
i tanh K' —_— =
A =
I = \/— (Alc)

z,j
—tan K'h —, Jj21
N

1
In addition, the functions 7, ,(r), 12,(r), I.,(r) and I' (r) are defined by:
I l(r)zL_ S (wr)Hy (1R,) =Ty (1R, H, (#47) _. (A2a)
H _Jo (ﬂsz)Ho (ﬂlRe)_Jo (,UzRe)Ho (zule)_

I (r)zL_ JO(/ule)Hl(lulr)_Jl(lu/r)HO(lule) _, (A2b)
o H _Jo(ﬂsz)Ho (ﬂlRe)_Jo (,UzRe)Ho (zule)_
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