UNIVERSITY OF

BATH

Citation for published version:
Zhou, J, Zhao, X, Zang, J, Geng, J & Kuang, Q 2023, 'OWC ', Journal of Marine Science and Application, vol.
22, no. 2, pp. 232-246. https://doi.org/10.1007/s11804-023-00331-z

DOI:
10.1007/s11804-023-00331-z

Publication date:
2023

Document Version
Peer reviewed version

Link to publication

This version of the article has been accepted for publication, after peer review (when applicable) and is subject
to Springer Nature’s AM terms of use, but is not the Version of Record and does not reflect post-acceptance
improvements, or any corrections. The Version of Record is available online at:
http://dx.doi.org/10.1007/s11804-023-00331-z

University of Bath

Alternative formats
If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 15. Sep. 2024


https://doi.org/10.1007/s11804-023-00331-z
https://doi.org/10.1007/s11804-023-00331-z
https://researchportal.bath.ac.uk/en/publications/27c5f8b2-0255-4c6e-8c43-b1d865a4dc42

Hydrodynamic Performance of a Very Large Floating
Structure with Oscillating Water Columns: Semi-analytical

Investigation

Highlights
> Semi-analytical model of wave interaction with Very Large Floating Structures (VLFS)
with Oscillating Water Columns (OWCs) is developed.
» The response of VLFS is mitigated effectively by implementing OWCs.
> Bragg reflection dominates the influence of the OWCs on the response of VLFS at certain

frequencies.

Abstract

Responses of the Very Large Floating Structures (VLFS) can be mitigated by
implementing Oscillating Water Columns (OWCs). This paper explores the fundamental
mechanism of present wave interactions with both structures and examines the
hydrodynamic performance of VLFS equipped with OWCs (VLFS-OWCs). Under the linear
potential flow theory framework, the semi-analytical model of wave interaction with VLFS-
OWC:s is developed using the eigenfunction matching method. The semi-analytical model is
verified using the Haskind relationship and wave energy conservation law. Results show
that the system with dual-chamber OWCs has a wider frequency bandwidth in wave power
extraction and hydroelastic response mitigation of VLEFS. It is worth noting that the presence
of Bragg resonance can be trigged due to wave interaction with the chamber walls and the
VLEFS, which is not beneficial for the wave power extraction performance and the protection

of VLFS.
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Bragg resonance, Hydroelastic response.



1. Introduction

Very Large Floating Structures (VLES) are of great significance from a point of view of
exploiting/utilizing ocean space or resources, for example, the floating airport (Suzuki et al.,
2006) and offshore aquaculture engineering (Buck et al., 2018; Chu et al., 2020). Various
structures have been patented and investigated widely. Compared with the conventional
coastal and offshore foundation (e.g., land-based breakwaters), VLES possesses some
advantages of being mobile, easy to expand and shrink and not affected by sea-level rise
(Wang and Wang, 2015).

Unlike the problems of wave interaction with a rigid body, the hydroelasticity of the
VLES shall need to be considered. Greenhill (1886) and Wadhams (1973) pioneered the
investigation of wave interaction with elastic bodies. They pointed out that the deformation
of the plate shall not be neglected. In addition, the different forms of dispersion relations
would appear when waves propagate under elastic plates. Based on Liu et al. (1994) and
Wadhams (1973), Li et al. (1999) simplified the dispersion equation of waves in ice-covered
waters of infinite length and calculated the deformation of waves after it was introduced into
ice-covered waters by using the energy flux method. Evans and Davies (1968) firstly used the
Wiener-Hopf method to solve the mixed boundary problem of wave-ice interaction. Fox and
Squire (1990) determined the reflection and transmission coefficients by expanding the
eigenfunction of the velocity potential and introducing a minimum error function. Kim and
Ertekin (1998) replaced the non-orthogonal eigenfunction under the ice layer of Fox and
Squire (1990) with orthogonal eigenfunction satisfying dispersion relations, effectively
improving the calculation efficiency. Sahoo et al. (2001) introduced a new eigenfunction with
orthogonality and extended the solution under simply supported and built-in edge
conditions. Teng et al. (2001) optimized the method of Sahoo et al. (2001) to make the
coefficient matrices diagonal. Hence, the solution of the associated linear system is
particularly simple( Xu and Lu, 2009). Squire et al. (1995, 2007) gave a detailed introduction
to the development of wave-ice interaction, especially in mathematical modeling. Recently,

numerical models are proposed to calculate the hydroelasticity of the VLFS. Zhang et al.



(2019) calculated the kinematic response of a small ice floe and the flexural motion of a sea
ice floe under wave action by Smoothed Particle Hydrodynamics (SPH) method. Cheng et al.
(2022) optimized the design and layout of an integrated system of modular WEC-type
floating breakwaters and a pontoon-type VLES by the method of hybrid finite element (FE)-
boundary element (BE).

The development of marine clean energy can alleviate energy demand and protect the
environment. Among various wave energy devicess OWC wave energy converter is
considered to be the most successful because of its simple structure and high reliability(Ning
et al., 2019). Through theoretical analysis, numerical simulation, and physical experiments,
scholars have conducted comprehensive study on the OWC with single-chamber(He et al.,
2019; Simonetti and Cappietti, 2021), dual-chamber(Gang et al., 2022; Rezanejad et al., 2021)
and multi-chamber(Doyle and Aggidis, 2019; Zheng et al., 2020) in the opening water. Falcao
and Henriques (2016), Shalby et al. (2019), and other scholars also reviewed OWC. Compared
with single-chamber OWC, the dual-chamber and multi-chamber OWC have larger energy
capture width ratio and effective energy extraction bandwidth. Although the energy capture
width ratio of OWC has improved, its high construction cost is a problem for commercial
applications. Integrated application of wave energy devices and marine structures is an
effective solution to reduce construction costs (Zhao et al., 2021; Zhao et al., 2022; John Ashlin
et al., 2018). The successful cases of the Mutriku Wave Power Plant (Torre-Enciso et al., 2009) and
REWECS3 breakwater (Arena et al., 2013) also confirm the feasibility of integrating OWC devices with
marine structures.

From the reliability of VLFS, the motion response is vital. Hence, many scholars
proposed the mitigation scheme, such as bottom-mounted breakwaters (Wang et al., 2010),
horizontal and vertical plates (Ohta, 1999; Watanabe et al., 2003), submerged horizontal or
inclined plates (Mohapatra and Soares, 2019; Cheng et al., 2016), wave energy converters, etc.
As for wave energy converters, Maeda et al. (2000; 2001) first proposed integrating OWC with
VLFS. Hong et al. (2006) investigated the hydroelastic responses of VLES placed behind a

reverse T-shape freely floating breakwater with a built-in OWC, it has been shown



numerically that the structural deflections of the VLFS can be reduced significantly by a
suitably designed reverse T-shape floating breakwater. During the same period, various
VLFS-OWC integration schemes were proposed (Crema et al., 2015; Ikoma et al., 2002; Ikoma
et al., 2012; Ikoma et al., 2015; Ikoma et al., 2020; Young and Kyoung, 2007). Hong and
Kyoung et al. (2007; 2008) illustrated that the energy capture of OWC and the motion
response of VLFS are a pair of opposite changes, and the Power Take-Off (PTO) is the key
parameter(Wu et al., 2022), which was also found by Ikoma et al. (2018). Hong et al. (2006)
studied the influence of OWC independently operated at the weather side of VLES on the
hydrodynamic response of VLFS. In addition, Hong and Hong (2007) considered the
articulated connection mode between OWC and VLFS on this basis, to reduce the anchoring
cost. OWC in a non-embedded integrated system operates independently and mitigates the
response of VLFS through wave energy conversion.

The effect of an OWC device on the VLFS has been investigated by Maeda (2000; 2001)
and Hong (2006; 2007). But the interaction of the VLFS and OWC is not revealed
fundamentally in terms of the hydrodynamic coefficient and excitation volume flux.
Nevertheless, that illustration is helpful in understanding the combination of VLFS and OWC.

The structure of this paper is as follows: In section 2, the semi-analytical solution method
of VLFS-OWCs and the definition of hydrodynamic parameters are given. In section 3, the
semi-analytical model program is verified by Haskind relationship and energy conservation.
In section 4, the effects of integration parameters on hydrodynamic parameters are discussed.

Finally, the conclusions are given in section 5.



2. Analytical solution
2.1 Mathematical formulation

) chamber 1 chamber 2
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Fig. 1. The sketch of dual-chamber VLES-OWCs system.

The sketch of dual-chamber VLFS-OWCs system is shown in Fig.1. A global Cartesian
coordinate system O-xz is adopted with Oz being vertically upward and Ox being
horizontally rightwards. The VLFS is considered to be a semi-infinite elastic plate that
extends to the positive x-direction. A dual-chamber OWCs was arranged at the weather side
of VLFS in the water of finite depth h. Symbolically, h1, h2, hs denote the draft of the front-
wall, mid-wall, rear-wall, the corresponding thickness is a1, a2, and as, respectively. di, d2, ds
represent the breadth of chamber 1, chamber 2, and spacing between the two structures.

Under the potential flow theory framework, the fluid flow is described by the complex
velocity potential of ®@(x,y,z,t) = Re[¢ (x,y, Z)e"i‘"t], where Re[ | denotes the real part of the

variable; ¢, i, w, t, represent the space velocity potential, the imaginary unit, the circular
frequency of incident waves, and the time. ¢ can be decomposed as the sum of scattering and

radiation potentials, i.e.,
9=¢ + ¢, (1)
where ¢1denotes the scattering potential, and ¢: is the radiation potential.

The fluid domain is divided into eight sub-regions, i.e., Q. (n=1, ..., 8). Referring to Fig.

1, the fluid regions Q. (n=1, ..., 8) denotes the fluid region in the weather side of the front-



wall (x < x1, -h <z <0), beneath the front-wall (x1,< x < x1,, -h <z <-h1), between the front-wall
and mid-wall (x1,< x <x24, -h < z <0), beneath the mid-wall (x2:< x < x2r, -h <z < -h2), between
the mid-wall and rear-wall (x2,< x <x3,, -h <z <0), beneath the rear-wall (x5, <x <x3r, -h <z <-
h2), between the rear-wall and VLFS (x3,< x <x4,, -h <z <0), and beneath the VLFS (x > x4:, -h
<z <-T), respectively. Symbolically, the velocity potential in Q. (n =1,..., 8) was expressed as

,?”), which represents the relevant scattering potential for {=1 and the radiation potential for

{=2. d){gn)shall satisfy governing equation, the free surface condition, elastic plate condition,

the impetration condition (both seabed and the OWC walls), pressure-forced surface
condition inside the OWC chamber, and the far-field condition. For the present problem, the
governing equation can be written as:
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The boundary conditions for the scattering and radiation potential can be expressed as:
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where the initial moment I = C3/[12(1-v?)]; the mass ms=psC; C, E, v, ps, p, and g are respectively
the thickness, Young’s modulus, the Poisson’s ratio, the surface density of the VLFS, the
water density, and the gravitational acceleration.

The deformation of the VLEFS is subjective to the edge conditions at the left end (x=xa,,
z=-T). There are three typical edge conditions(Sahoo et al., 2001), i.e., free edge, simply

supported edge, and built-in edge conditions, which can be mathematically expressed as
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respectively.
2.2 Method of solution

By implementing the eigenfunction matching method, the velocity potential

corresponding to each sub-regions can be written respectively as:

where AS"’”
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are the unknown coefficient to be solved, m=1, 2, ..., 14; (=1, 2, 3, 4, and only 3,

4 is taken when calculating the radiation volume flux. A is the incident wave amplitude; the

vertical eigenfunction of Z(knz), Vu(yjnz), and Un(Axz) are defined as:

Z,(x,2)=cos| x, (

z+h)]/cos(x,h) (8)



J2712 n=1
Vi (7102) = cos[;/j’n(z+h)]/cos[;/jyn(h—hj)]n22 ®
and
) cosh[ 4, (z+h)]/ cosh[ 4, (h-T)] n=0
U”(E”Z)_{cos[}tn(z+h)]/cos[ﬂn(h—T)} n=-2,-112,.. 1o

respectively; The eigenvalues of k and k. (n > 2) satisfied the dispersion relation of w? =
gktanhkh and w? = —gk,tank,h (n22), respectively; k1= -ik. The eigenvalues y; » are given
by (n-1)m/(h-h), (7=1,2,3; n=2,3,...). A are the positive real roots of following dispersion

relations of:

Jo(KAg +W Jtanh[ 4, (h-T)]=1 n=0

~4, (KA +W)tan[ 2, (h-T)]=1 n=-2-112,.. 0

where K=El/(pw?) and W=(pg-msw?)/(pw?). The first equation in Eq. (11) has only one positive
real root Ao, and the second equation has two complex roots with the form of A.=a+if and A-

>=a-if (@ and p are both positive real numbers). In addition, the second equation also has
infinite positive real roots A» (n = 1, 2, 3, ...). Thus, the first term in d){EB) represents

propagation-mode flexural-gravity waves, the second term means propagation waves with
rapidly decaying amplitudes, and the third term represents a series of evanescent-mode
tflexural-gravity waves (Guo et al.,, 2016). Furthermore, the improved Newton iterative
method is used to solve complex roots (Wang et al., 2007), which greatly simplifies the
process of solving complex roots.

#1) (4,14)
An ~An

The complex expansion coefficients can be determined using the edge

conditions (i.e., Eq. (4)-(6)), and the continuity conditions for the scattering and radiated
spatial potentials (Eq. A(1)). The detailed solving procedure for the case of free edge
condition is given in Appendix A. Once the unknown expansion coefficients are determined,
the velocity potentials in eight regions and various hydrodynamic quantities can be

evaluated.



2.3 Hydrodynamic parameter

2.3.1 Volume flux inside pneumatic chamber
The excitation volume flux can be obtained through an integration of the vertical water
velocity, induced by the joint action of the incident and diffracted wave potentials, across the

free surface inside the chambers as:

X4 | a(¢l(2m+1)) ® p KKl _ oKk @Il _ gRn¥ns
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where (=1, m=1, 2.
The radiation volume flux can be obtained through an integration of the vertical water

velocity, induced by the radiated wave across the free surface inside the chamber as:

0z

n=1 n n
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z=0
where Qf, ; is the radiation volume flux of water column m caused by the pressure forced
motion of water column j; m=1,2, j =1, {=3 and m=1,2, j =2, {=4. At the same time, where ¢, =
Re ( Qf;l, i) and pm;j = Im( an_ ;) are the so-called radiation conductance and radiation

susceptance (Evans and Porter, 1995).
2.3.2 Hydrodynamic efficiency

The pressure vector and the complex amplitude of the total volume flux can be written

@) @) 1
Ch Cp N Coro i My M + Hpro Py _ Q (14)
Cu Cp Coro Hy  Hp TS P, Q,

where 1n=1,2, and p» denotes the pressure in the nth chamber, cl(le)O represents the PTO

as:

damping implemented on the nth chamber, :“1(9?0 corresponds to the effects of air

compressibility, and there can be found following as:
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= L 15
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where c. is the sound velocity in air, pois the static air density, and V& is the initial air volume
inside the nth pneumatic chamber, V:=0.1d:h.

It is difficult to obtain an analytical expression for the optimal PTO damping of a dual-
chamber OWCs, but it can be obtained by numerical approximation. Wang et al. (2018) and
Wang et al. (2021) introduced the numerical approximation process in detail. In this paper,

the PTO damping near the maximum hydrodynamic efficiency is used (He et al., 2019):

n n 2
0 =JC+ (14 1) (16)
which represents the optimal PTO damping of an isolated OWC.

The power output efficiency corresponding to chamber n (1=1,2) can be expressed as:

1
I:)n = EC}(?T)O pn2 (17)

The p» can be obtained by solving the equation (14), and the PTO damping of Clg?o is chosen

as the equaiton (16).

The incident waves power per width can be written as:

2
Pincident = pgA a)[l—i_ - 2kh j (18)
4k sinh 2kh

The hydrodynamic efficiency corresponding to chamber 1 (n=1, 2) can be calculated as:

P
=_n 19
=5 (19)

incident

The total hydrodynamic efficiency 1 can be regarded as the sum of 7.
2.3.3 Reflection and transmission coefficient
The reflection coefficient Kr and the transmission coefficient Kr of the proposed system
can be expressed as:
Ke =|A™ + p A% + p, A

Ao tanh 2y (h=T) (20)
k tanh kh

KT _ ‘ Ag1,14) +p, Aés,m) +p, A{g4,14)‘



2.3.4 Hydroelastic parameters

The dimensionless vertical displacement of VLES can be written as:

o ol ol
oz o @

i

@

(21)

=-T
The dimensionless strain of the VLFES in this paper, unless otherwise stated, is located at

positive infinity and can be written as:

c |6%4® 53 4® 534®
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The dimensionless shear force of the VLFS is:
El | (8) o (8) ot (8)
T= 3¢1 P 3¢3 +0, 3¢4 | (23)
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3. Verification

In this section, we firstly conduct the convergence analysis of the analytical model, and
then the verifications are made based on the Haskind relationship and the wave energy flux
conversation. Referring to Hong et al. (2006), the fundamental parameters of VLES-OWCs
are fixed as: A=1m, h=30 m, p=1025kg/m3, ¢=9.81 m/s?, E=2.06x10''Pa, v=0.3, ps=7800 kg/m?,
1=0.666, T/h =1/15. In the following sections, the hydrodynamic parameters and PTO system
are nondimensionalized by

ol
wd, A

- — = —( g n n =~
{Civjuui,j’CPTO’:uPTO} = p_{ci,j’:ui,j ' CI(JT)O’ILllgT)(J}’Qm =

) (24)

3.1 Convergence analysis

A convergence analysis is performed for the dual-chamber VLFS-OWCs with ai/h = a2/h
= a3/h =1/60, hi/h = h2/h = h3/h =0.1, di/h = d2/h =1/6, d3/h =0.1, x1, = 0, V1=0.1d:h , V>=0.1d2h. Fig. 2
illustrates the impact of truncation number M on Kr, K1, C11, Cz2, M4, H,,. It can be seen

from Fig. 2 that the truncation number of 20 presents excellent convergence.
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Fig. 2 (a) K&, (b) Kt, (c) €11, (d) €22, (€) u,,, (f) u,, versus the kh with different

truncation number

3.2 Haskind relationship

The excitation volume flux can be obtained by integrating the vertical water velocity
induced by the joint action of the incident and diffracted wave potentials. This method is
regarded as a direct method. In addition, using the Haskind relationship (Haskind, 1957), it

can also be calculated based on the far-field radiation waves, which is termed the indirect



method. The calculation of the dimensionless excitation volume flux using the direct and

indirect method are given by:

=1 =1 =1

Q =Q,+Q,
5% - pg® A’ AP (sin xhcos xh + i h) (25)
- iw”d, Acos® k;h

As shown in Fig. 3, the dimensionless excitation volume flux calculated by the two

different methods agrees well, which may verify the solution of the radiation/diffraction

problem.
5-
4
3- —qv
q®
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kh

Fig. 3 Results of the dimensionless excitation volume flux calculated by the direct and

indirect methods.

3.3 Wave energy flux conservation

The Kz, Kr, and 71 for VLFS-OWCs with dual-chamber are calculated (M=20). From Fig.
4, we find that the wave energy flux conservation is satisfied well (i.e., Kr >+ Kr ##nu:12=1),

verifying the semi-analytical model.
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4. Results and discussion

The spacing between the OWC structure and the VLFS and edge conditions of the VLFS
are two key parameters for the performance of the system. In this section, we explore the
influence of the key protesters of OWC damping, edge conditions and spacing on the
hydrodynamic performance of the VLFS. The structural/physical parameters of the VLFS-
OWCs system are as follows: h=30 m, ai/h = az/h = as/h = 1/60, di/h = d2/h = 1/6, d3/h =0.1, h1/h =
h2/h = hs/h =0.1, V1=0.1d:h , V>=0.1d2h, x1, = 0.0; p=1025kg/m?3, g=9.81 m/s?, E=2.06x10"Pa, v=0.3,
ps=7800 kg/m?3, [=0.666, and T/h =1/15.

4.1 Comparison between the VLFS with and without OWCs

To compare the effect of the number of OWC chambers, both the single- and dual-
chamber OWCs are considered here. Note that the breadth of the single-chamber OWC is
identical to that of the dual-chamber device. The structural parameters of the single-chamber
device are as follows: the thickness of the wall is 1/60/, the draft of the wall is 0.1/, the breadth
of the chamber is 1/3h+1/60h, the spacing between the OWC and VLEFS is 0.1h. Here we
balance the hydrodynamic interaction between OWC and VLFS by exploring the
characteristics of the reflection coefficient Kz, total hydrodynamic efficiency n, transmission

coefficient Kr, dimensionless strain & dimensionless excitation volume flux QW ,



dimensionless radiation conductance ¢ and dimensionless radiation susceptance . Fig. 5
plots the results of Kg, 1, K1, &, Q®, ¢ and f as function of kh. Note that the free edge
condition of the VLES is considered.

From Fig. 5(a), it is found that Kr can be reduced by implementing the OWCs on the
weather side. Intuitively, it is because the part of incident wave power is absorbed by OWCs
(details see Fig. 5(b)). Therefore, the reflection coefficient curve of the single-chamber OWC
and dual-chamber OWCs is of interest. Interestingly, we observe that there exists a peak of
Kr at kh = 5.76 for the VLFS with single-chamber OWC, accounting for the Bragg resonance
(Garnaud and Mei, 2009; Zhao et al., 2021), which is caused by the wave interacting with
multiple OWC chamber walls and the VLEFS structures. However, the wave reflection
corresponding to the VLFS with dual-chamber OWCs is relatively milder. Kr of VLEFS with
single- and dual-chamber OWCs has a valley value at kh = 3, which is due to the fact that the
peak hydrodynamic efficiency occurs (see Fig. 5 (b)).

Fig. 5(b) plots the hydrodynamic efficiency of the single- or dual-chamber OWCs with
and without the VLEFS. It can be found that the VLFS affects the performance of the OWCs
significantly, which is mainly reflected in that the  of OWCs increased because of the wave
reflection by VLEFS. It should be noted that the variation of hydrodynamic efficiency at
kh=5.76 is opposite to that of the reflection coefficient. Furthermore, the hydrodynamic
efficiency remains 0 while the Bragg resonance is triggered. Notably, the hydrodynamic
efficiency of 0 is removed for the VLFS with dual-chamber OWCs, which corresponds to the
trend of wave reflection in Fig. 5(a).

From Figs. 5(c) and (d), we conclude that the presence of the OWCs affects the
transmission coefficient slightly. Interestingly, it is found that the strain of the VLFS is
significantly reduced due to the shadow effect of the OWCs.

The variation of the Q) of the single-chamber OWC with and without VLFS is shown
in Fig. 5(e), as it can be seen that the Q) of OWC with VLFS becomes more complicated. It
is worth noting that the peak value of Q) appears at kh=6.36, which leads to the peak value
of nin Fig 5(b).



Fig. 5 (f, g) shows the results of ¢ and j of single-chamber OWC with and without
VLEFS. In general, ¢ and i of single-chamber VLFS-OWC are smaller than that of isolated
single-chamber OWC.

In summary, the absorption of wave energy by the OWCs can reduce the Kr and ¢ of the
system. But, adversely, the reflection of wave energy by VLFS can increase the  of OWC.
Hence, the hydrodynamic synergies can be produced for the interaction of the OWC and the
VLFS with proper design. But, attention should be paid to the occurrence of a strong

reflection phenomenon, which shall be avoided in the engineering design.
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Fig. 5 (a) K&, (b) 1, (c) K, (d) &, (e) QW, (f) ¢, (g) i versus dimensionless wave number kh

with and without OWCs

4.2 Effect of the edge conditions of the VLFS

Edge conditions (Guo et al., 2016) affect the hydrodynamic characteristics of the VLFS.
Compared with single-chamber OWC in the previous section, dual-chamber OWCs has
better advantages in hydrodynamic efficiency and reduction of reflection coefficient. In this
section, we investigate the performance of the VLFS with dual-chamber OWCs system with
different edge conditions (i.e., free edge, simply supported edge, and built-in edge). The
results of the Kg, 7 and ¢ corresponding to different edge conditions are shown in Fig. 6. In
general, the edge condition slightly affects the hydrodynamics of the VLFS-OWCs system.
The results corresponding to the conditions of simply supported edge and built-in edge are
similar. However, a noticeable difference was observed while comparing the results of the
free edge and the built-in edge (or simply supported edge). Notably, the strain of the VLFS
is the largest under the condition of free edge. Physically, this shows that the free edge of
VLES is favorable for wave propagation. Teng et al. (2006) demonstrated that the

transmission coefficient for the VLFS is most efficient under the free edge.
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4.3 Effect of the spacing between the OWCs and VLFS

The spacing dominates the performance of the multi-body system. In this section, we
investigate the effect of the spacing between OWCs and the VLES on the performance of the
VLFS-OWCs system. By referring (Hong et al., 2006), Fig. 7 shows the Kz, 1, €, 1, 2, €11, C12,
and ¢14 +¢;, of VLFS-OWCs system for different spacings (i.e., d3/h=0.01, 0.1, 0.2, 0.3). The
geometrical/physical parameters are fixed as ai/h = a2/h = as/h = 1/60, di/h = d2/h = 1/6, hi/h = h2/h
= hs/h =0.1, V1=0.1d:h , V2=0.1d2h,, I=0.666, and T/h =1/15. The free edge condition is used here.

From Fig. 7 (a), we found strong oscillations in the range of 0.78< kh <6.54 for the
reflection coefficient. The spacing dominates the location and the number of oscillations. This
is similar to that found in Ning et al. (2017) and Zhao et al. (2021), who paid attention to the

effect of the spacing of the multi-pontoon system. as is illustrated in Section 4.1, the strong



reflection is attributed to the Bragg resonance. Moreover, the spacing dominated the
occurrence of the Bragg resonance.

The trend of 1 is opposite to that of the Kr. Multiple peaks are observed, which
corresponds to that the valleys of the reflection coefficient. From the hydrodynamic efficiency
curves of chambers 1 and 2 in Fig. 7 (d, e), it can be known that the hydrodynamic efficiency
peak (ds/h=0.2, kh=5.1; ds/h=0.3, kh=4.7) is triggered by the increment of hydrodynamic
efficiency of chamber 1. The radiation conductance reflects the wave energy absorption
capacity of OWC, and the amplitude is maximum at this frequency (Fig. 7 (h)). The ¢;,
corresponding to the peak value of hydrodynamic efficiency is positive and maximum, and
the hydrodynamic interaction between OWCs shows a positive synergistic effect, which is
the main reason for the multi-peak phenomenon.

From Fig. 8, it can be found that the Kx, 1, and Kr vary periodically as the spacing
between the OWCs and VLEFS increases, the dimensionless spacing kds/r significantly affects
the hydrodynamic performance of the system. Sarkar et al. (2015) found that the condition of
kds/=0.5+n triggered the sloshing resonance in the water region between the wave energy
device and the seawall, and the hydrodynamic efficiency showed a valley value. The trigger
condition is related to the Kr of the seawall and the size of the wave energy device, and there
will be a deviation(Zhao et al., 2021). It is worth noting that the triggering conditions of
sloshing resonance in the water region between OWCs and VLFS are different under
different kh, but the variation periods of K, 17, and Kr are 1, which is because the reflection
effect of VLFS changes with the change of kh.

In summary, the spacing imposes an impact on the reflection coefficient and efficiency.
However, the spacing between the OWCs and VLEFS affects the strain of the VLES slightly.
The spacing is the key parameter for the hydrodynamic performance of VLFS-OWCs, so it

should be fully considered in engineering design.
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5. Conclusions

The matching eigenfunction expansion method is applied to investigate wave
interaction with VLFS-OWCs. This method is validated by the Haskind relationship and
energy conservation. Then, the interaction between waves and VLFS-OWCs is discussed
extensively. The following conclusions could be drawn:

1. VLFS-OWCs have a lower K, Kr, and ¢ in the frequency range of ordinary compared
to VLFS, mainly due to the wave energy conversion of OWC.

2. Compared with OWC, VLFS-OWCs have a higher 7, and this effect gain is more
effective for dual-chamber OWC. This is because the wave energy reflected by VLES increases
the n of OWC.

3. Bragg resonances are triggered by the single-chamber VLFS-OWC, caused by the wave
interacting with multiple OWC chamber walls and the VLFS.



4. The minimum 7 of OWC and the maximum & of VLFES appear when the left end of
VLES is under the free edge because the free motion of the VLFS ends has the most negligible
effect on wave propagation.

5. Compared with OWC without VLES, the n and Kr of VLFS-OWCs demonstrate

multiple peaks. This is mainly due to the hydrodynamic interaction between the two OWCs.
Appendix A

We will use pressure continuity and velocity continuity to determine the unknown

coefficients. The continuity conditions of scattering and radiation space potential are as

follows:
a¢(2m—l) 0 (X - Xm'“_hm <Z< 0)
= og2™ ,m=123 A
OX 6I (X:Xm,,—h<Z<—hm)
. :
a¢(2m+1) 0 (X_ me <Z<0)
| - a¢(2m) m :1,2,3 A(Z)
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¢|(7): ¢|(8) X=X, —-h<z<-T A6)

We make use of the orthogonality of both trigonometric functions and vertical

eigenfunction to obtain the equation system with M. Together with the application of the

velocity continuity conditions, we have:
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Similarly, together with the application of the pressure continuity conditions, we have:
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In general, we truncate n and m in equations A(7) - A(20) after M. Special attention is
required to truncate m after M-2 in the equation of A(20), combined with the free edge. We
obtain and solve a system of 14M+2 linear equations with 14M+2 unknown coefficients.

We also use the same way to determine the velocity potentials for the cases of the VLFS

with the simply supported edge and the built-in edge.
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