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Theoretical modelling of a new hybrid wave energy converter in regular waves

Abstract: A novel hybrid wave energy converter (WEC) consisting of a floating oscillating water
column (OWC) and several oscillating floats hinged around is proposed. Both water oscillation of
the OWC and the wave-induced relative rotation of each float around the OWC are employed to
extract wave power. To carry out the hydrodynamic analysis of the hybrid WEC, a theoretical
model based on potential flow theory, separation of variables method and eigen-function matching
method is presented. Hydrodynamic interaction between the OWC and the floats oscillating
independently in surge, sway, heave, roll, pitch and yaw modes is considered. To verify the
correctness of the theoretical hydrodynamic model, a specific example is computed and a
numerical code based on a boundary element method is also employed as a comparison. The
theoretical results are found in good agreement with ones obtained by using different approaches.
The theoretical hydrodynamic model is then adopted to evaluate the dynamic response and power
absorption of the hybrid WEC in frequency domain. Additionally, the corresponding isolated
OWC and hinged floats are computed, respectively, and compared to demonstrate how to interact
beneficially between the OWC and the floats in terms of g-factor. Effect of the geometry of both
the OWC and the floats, and the spacing distance between them on power exploration of the
hybrid WEC is investigated. The results reveal that the hybrid WEC holds a wider bandwidth of
frequency response with a higher maximum power capture factor compared with those of the
isolated OWC and hinged floats.

Keywords: Wave power; Theoretical hydrodynamic model; Oscillating water column; Floats;
Power take-off system

1. Introduction

Ocean wave is a kind of renewable resource and it is estimated that the worldwide ocean
waves contain power resource as much as 2TW (Thorpe, 1999). Seeking energy from waves not
only helps solve the problems of scarcity of electricity and pure water for the people in coastal
regions and remote islands (Babarit et al., 2012; Davies, 2005), but also contributes to improving
the earth climate and environment. Since 1970s, over one thousand concepts of wave energy
conversion have been proposed in Japan, North America and Europe (Clément et al., 2002; Drew
et al., 2009). Reviews of wave energy converter (WEC) technologies can be found in Clénent et
al. (2002), Falnes (2007), Drew et al. (2009), Falc& (2010), Lcpez et al. (2013), Lehmann et al.
(2017). Among the large number of WECs, oscillating water columns (OWCs) and nodding WECs
are two of the main types.

The OWC is mainly composed of a chamber with an opening to the sea below the water
surface. Water column inside the chamber oscillates due to wave excitation, and meanwhile the air
above the water column in the chamber passes through a turbine to generate electricity. Specific
reviews on OWCs can be found in Heath (2012), Falc& and Henriques (2016). Numerical analysis
and tank tests have been widely used to study the hydrodynamic performance of OWCs (Sheng et
al., 2014; Sheng and Lewis, 2017; He and Huang, 2014; He and Huang, 2017). In numerical studies
of an OWC, it involves a crucial aspect for modelling of the free-surface elevation of a
“moonpool” suffering from dynamic air pressure inside the OWC chamber. Regarding to this
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problem, one may think of the internal water surface as an imaginary, weightless, rigid piston
(disk), which is considered as an extremely thin cylinder oscillating up and down (Sheng et al.,
2014). Another alternative method is to model the internal water column as a full cylinder of the
same length of the water column (Sheng et al., 2014; Penalba et al., 2017a). Although both of the
methods have been widely used and have also shown good approximate results for low
frequencies when the wavelength is very long compared with the horizontal length of the OWC
chamber, these methods do not correctly model the hydrodynamics, because the dynamic air
pressure boundary condition for the internal water surface is not exactly satisfied (Evans, 1982;
Falnes, 2002). As a comparison, for some specific OWC devices with simple structures such as
two-dimensional OWCs with vertical walls and three-dimensional circular cylindrical OWCs, the
theoretical solutions based on the surface pressure distribution model are possible and are more
correct (Evans and Porter, 1995; Mavrakos and Konispoliatis, 2012). Evans and Porter (1997)
investigated the hydrodynamic properties of a vertical thin-walled cylindrical OWC in the open
sea analytically. Later, the cases of the vertical cylindrical OWC at the tip of a breakwater, along a
straight coast and at a coastal corner were also studied by Martins-rivas and Mei (2009a, 2009b)
and Lovas et al. (2010). More recently, Konispoliatis and Mavrakos (2016) developed a theoretical
model for dealing with the hydrodynamic analysis of an array of free-floating OWCs and
demonstrated that the radiated waves from each OWC were influenced by the spacing distance
between the OWCs.

The nodding WEC is a device that possess one or more floats hinged on an offshore structure
or coastline, and captures wave power by utilizing the rotation of these floats. One of the most
famous nodding WECs is the Salter’s Duck, which was proposed by Stephen Salter at the
University of Edinburgh (Salter, 1974). An asymmetrical cross section of the float in Salter’s Duck
was developed to increase the power absorption from incident waves. Experimental study on
Salter’s Duck in a narrow tank shown that the power absorption efficiency could be more than
90% (Cruz, 2008). Cruz and Salter (2006) investigated the influences of both the position of the
axis of rotation and the submergence ratio on power absorption of a modified version of the
Salter’s Duck by using a commercial boundary element method package. It was shown that the
capture width strongly depended on the position of the axis. Recently, Wu et al. (2017)
investigated the power extraction by an array of Salter’s Ducks using numerical method. It was
revealed that the array with Ducks of smaller width performed better in extracting wave power.
SDE wave power device, developed by S.D.E. Ltd in Israel, is another nodding WEC, which
consists of a flat float hinged on the coastal line. Rotation of the flat float around the hinged point
can be used to generate hydraulic pressure, which is then transformed into electricity (Clénent et
al., 2002). However, SDE WEC suffers the tidal range problem, leading to an efficiency decline
with the change of water level. This disadvantage might be overcome by introducing a unique
rotating device between the float and the coastal line (Yang, et al., 2017). Wavestar can be seen as
another example of nodding WECs, which is composed of a platform and multiple nodding
cylindrical vertically axisymmetric floats hinged around (Nambiar et al., 2015). While, the
supporting platform is generally required for an offshore nodding WEC, such as Wavestar,
constituting an important part of construction cost and system complexity.

For these two kinds of devices as previously reviewed, the OWC wave energy converter has
a proven very high reliability and easy maintenance (Heath 2012) whereas the nodding WECs
have been proven with high wave energy capture ratios (Cruz, 2008; Serman and Mei, 1980),
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converting wave energy efficiently from the high frequency and steep waves. We make full use of
the advantages of these two types of devices, and presented a novel hybrid WEC consisting of a
floating OWC moored to the sea bed and several oscillating floats hinged around. Apart from
capturing power with the turbine of the OWC, a hydraulic power take-off (PTO) system is also
installed between each float and the OWC, therefore the wave-induced relative rotation of each
float around the hinge on the OWC can also be employed to extract wave power. Due to the
physical connection of the oscillating floats on the OWC, no more mooring system or a special
supporting platform for these floats is required and this could obviously reduce both structure
complexity and construction cost. It is expected that, with an optimized dimension, interaction
between the OWC and the multiple floats can obviously increase the power extraction of the
hybrid WEC.

Although power take-off of OWC WECs and nodding WECs has been widely studied, to the
authors’ knowledge, power absorption by a hybrid WEC consisting of both OWC and nodding
WECs has never been conducted. The OWC and the multiple floats of the hybrid WEC could
possess regular configuration, thus the theoretical method might be applied in carrying out the first
step study on wave diffraction and radiation problems of the WEC. Similar theoretical models
have been presented by Siddorn and Eatock Taylor (2008) for an array of truncated cylinders, and
Konispoliatis and Mavrakos (2016) for multiple floating OWCs, respectively, nevertheless neither
of these models can be used to deal with the interaction between OWC and multiple floats. More
recently, Gdeman (2017) proposed a theoretical model for a truncated float and a truncated
cylinder with moonpool rather than an OWC. It means that the hydrodynamic properties due to the
oscillating air pressure inside the chamber, which play significant roles in affecting power
absorption of OWC, cannot be considered using her model. Additionally, floats were strictly
restrained to only move in heave mode (Gdeman, 2017). To study the hydrodynamic
characteristics of this hybrid WEC, a theoretical hydrodynamic model based on potential flow
theory, separation of variables method and eigen-function matching method is presented in this
article, which considers hydrodynamic interaction between the OWC and the floats oscillating
independently in different modes. As the second step work, we consider a hybrid WEC, in which
the OWC chamber is assumed to be stationary. Response and power absorption of the hybrid
WEC are calculated based on the parameters obtained from the theoretical hydrodynamic model.
Power absorption by the isolated OWC and the isolated hinged floats are also calculated as a
comparison. Additionally, effect of spacing distance between the OWC and the floats on the
assessment of wave power extraction is studied.

The rest of this paper is organized as follows. The governing equations and boundary
conditions for wave diffraction and wave radiation problems are given in Section 2. Expressions
and solutions to both diffracted potentials and radiated potentials together with wave excitation
volume flux/forces and hydrodynamic coefficients are presented in Section 3. Power absorptions
by a hybrid WEC, an isolated OWC and an array of hinged floats are derived in Section 4. Results
and discussion are provided in Section 5. Conclusions are summarized in Section 6.

2. Mathematical model for wave diffraction and radiation

Figure 1 gives one typical configuration of the novel hybrid WEC, in which a circular
cylindrical floating OWC and several truncated cylindrical floats are involved. Each float is
hinged on the OWC by a rigid arm with a hydraulic float PTO installed between the OWC and the
rigid arm. There are some mooring lines connecting the bottom of the OWC to anchors on the sea
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bed. When waves pass through the hybrid WEC, both the turbine in OWC and the float PTO
capture power from waves.

z/m

-20
10

sea bed

Fig. 1. Sketch of a hybrid WEC under investigation

To study the hydrodynamic characteristics of the hybrid WEC, wave diffraction and wave
radiation problems from a cylindrical float with a moonpool (OWC) labelled n=0 and N truncated
cylindrical floats labelled n=1,2, ..., N moving independently are considered, as shown in Fig. 2.
To obtain a more general solution, we assume all the floats with differing radii and draught
labelled as R, and dn, respectively, in which subscript n denotes Float n, and they are arbitrarily
deployed on the free surface of a layer of liquid of finite depth h. Float 0 is used for representing
the cylindrical float with a moonpool (OWC). The inner radius of the OWC is denoted as R;.

A general Cartesian coordinate system Oxyz is adopted with the Oxy plane at the location of
the mean water surface, and the Oz axis at the central axis of the OWC pointing upward. Specify
the Ox axis arbitrarily, the OWC and truncated floats are subjected to a monochromatic incident
wave train of small amplitude A and frequency w propagating in the direction g relative to the
positive Ox axis. Additionally, local cylindrical coordinate systems Or.6, (n=0, 1, 2, ... , N)
centered on the origin of the OWC and each float, respectively, are defined, as illustrated in Fig. 2.
The rotation center of Float n is (r.=0, z=z,) (n=0, 1, 2, ..., N), which is used as the reference point
to calculate the wave excitation forces and hydrodynamic coefficients in relation with rotary
modes. Position of origin of Float n can be written in terms of Cartesian coordinate system Oxyz
as (Xn, Yn).

For the purpose of analysis, the fluid is divided as follows (see Fig. 2b): a) fluid domain
beneath the OWC and Float n, which are denoted as Region 0 (i.e., Ri<ro<Ro, -h<z<-do) and
Region n (i.e., r<Rn, -h<z<-dn, n=1,2, ..., N), respectively; b) fluid domain at the interior region
of the OWC and the rest of fluid outside, which are denoted as Region N+1 (i.e., ro<R;, -h<z<0)



1 and Region N+2 (i.e., r=>Rn, -h<z<0), respectively.

(@
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®
,«’/’Free waler:
/,/ surface |
/ —
/ ’f /
/ Sea bed Region 0 /
3 / /
4 Fig. 2. Definition sketch: a) plan view; b) bird view.
5 Assuming the fluid to be isotropic and incompressible inviscid, the wave amplitude to be
6  very small, the effect of the turbine in OWC, air compressibility in the chamber and the float PTO
7  tobeall linear, linear potential flow theory is adopted. Because of the linearity of the problem, the
8  total spatial velocity potential @ can be decomposed into the incident wave spatial potential

9 @, , the diffracted wave spatial potential @, and the radiated wave spatial potential as follows
N 6 . -
10 =D +D, + Z‘,Z‘,An,idjl?mI + p@éo) ) )
n=0 i=1

11 where An, is the velocity complex amplitude of Float n (n=0,1,2,..., N) oscillating in Mode i

12 (j=1~6, which represent surge, sway, heave, roll, pitch, and yaw, respectively); @ is the spatial
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velocity potential due to unit amplitude velocity oscillation of Float n oscillating in Mode i; p is
the complex air pressure amplitude inside the OWC chamber; cbéo) is the spatial velocity
potential due to unit air pressure oscillation inside the OWC chamber.

@, ¢, @), and @R(O) all satisfy the Laplace equation and the boundary condition on the

impermeable rigid horizontal sea bed. Moreover, @, @, and diR(O) must satisfy a radiation

condition at infinite distance (Zheng and Zhang, 2015).

Generally, the velocity spatial potential for the undisturbed incident waves with amplitude A
and frequency w propagating in the direction /£ relative to the positive Ox axis is well known and
it can be written as:

— _ig_A M eik(xcosﬂ+ysinﬂ)

' @  cosh(kh) ' (@)

_ig_A COShI:k(Z + h)] eik(xncosﬁ+ynsinﬁ) i ime—imﬂJ (kl’ )eimHn

Q(r,,0,,2)= —_—=
(1:6,12) @  cosh(kh) =

o (2b)

where Eq.(2a) is written in general Cartesian coordinate system Oxyz and Eq.(2b) is in local
cylindrical coordinate systems Orndy; k is the wave number, which satisfies the dispersion relation
w?=gktanh(kh); g is the acceleration of gravity; i is the imaginary unit.

The free-surface boundary condition and the body-boundary condition that @&, @R”" , and

@R(O) should satisfy are given as follows:
Wave diffracted potentials:

oD, o

= _E@D:O' z=0, r >R, and <R 3)
OB __ OB ;-4 and 6,,R<r <R, (4)
oz oz ’
o, 09
= —-—— f— < < = = . =
or or d,<z<0, r,=R and r,=R whenn=0 (5)

Wave radiated potentials due to the oscillation of Float n (n=0,1,2,3,...N) in Mode i:

ach”" @*

oz _E@Rmzo' z=0, 2Ry and r, <R (6)
%z@yj (85 +0,1,sin6, —5;r,c086,), 2=-0; and GR=<<R (7
oy : :
7_5”'1 (8, €086, +6,,5in6, =5, (2 2,)sin 6, + 5, (2—2,)cosh, ),

J

—djgzso, r,=R; and ;=R whenj=0 (8)
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Wave radiated potential due to the OWC air pressure oscillation:

a@R(O) _ a)2 (0)

= E@R =0, z=0, =R, (9a)
00" @ o i
8; _E@é):_g' z=0, r,<R, (9b)
Yol
ad)(o)
a_Rzo, Z=—dj and §jyoRi£erRj (10)
z
oa
ﬁ:o, —-d;<z<0, r;=R; and ;=R when j=0. (11)

]

3 Theoretical solution to diffracted and radiated potentials
3.1 Diffracted/radiated spatial potentials in subdomains

In fluid subdomain Region j, the spatial potentials @, CDR”‘i (n=0, 1, 2, ..., N), and cDR(O)

can be written in a unified format as @j)‘, in which »="D’,’(n,i)’, and ’(0)’ represent the

corresponding wave diffracted potential, the radiated potential due to the motion of Float n in i-th
mode and the radiated potential due to the air pressure oscillation inside OWC chamber,
respectively. In different regions, applying the method of separation, the diffracted/radiated spatial
potentials can be expressed by a complex Fourier series as follows:

1) In Region j (j=0, 1, 2,3, ..., N)

, & | Diy &  n (B,  KalBr, i,
Q)Jl(rj’ej’z)z@fp"' > [_"'Z[Aﬁl ( )"‘Crﬁ,\ K ( ) ]cos[ﬂj’l(uh)]]e J

Mm=—c0 2 1=1 Im(ﬂj,le) m(ﬂj,IRJ)
(12)

. . r.
A3 +CH [1+ In (R—’H m=0
j

D74 = (13)

Im| ~|m|
Axl N +Cxi N ., m=0
,0 Rj m,0 RJ—

Im is the modified Bessel function of first kind and order m; Ky, is the modified Bessel function of

where

second kind and order m; A?/ and CZ;] are unknown coefficients to be solved in Section 3.2,

in which Cnf”lj vanishes for j>0, i.e., the regions beneath of the floats; ﬂjy, is the I-th eigenvalue

in Region j (j=0, 1, 2, ..., N) which is given by

I=0, 1,2, 3,... (14)
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@/, is a particular solution, which for y="D’, @/ =@, ; for y="(0)’, @/, vanishes; for

7="(n,i)’, difp can be expressed in coordinate system of Float j as

0, =126
ﬁ[z(ﬂhf—rﬂ, i-3

By = g”(‘;s—_ir;?;[4rj(z+h)z—rf] 4 (15)
%[ﬁ—mj(uhﬂ, i=5

2) Region N+1

- [D2 9, (k)2 (2) | < Da™1, (k)2 (2)
{ 0 &

Halbo D)= 2175 )20 & LKRIAO

m=-w

}e + ¢, (16)

where D#N* s the coefficient to be solved in Section 3.2; Jn is the Bessel function of order m;

m,l

k, is the eigenvalue which is given by (Falnes, 2002)

” =—kgtan(kh), I=1,2,3, ... (17)
Z,(z)=N, *cosh| k(z+h)]; Z,(z)=N,*cos[k (z+h)]; (18)
" :l{usinh(Zkh)} N zl{lJrsin(Zk,h)} (19)

2 2kh 2 2k,h

@, is a particular solution, which for y="(0y, @&, =—i/(p®); whereas for =D’

and’(n,i)’, @,,, vanishes.

3) Region N+2
The diffracted/radiated spatial potential in Region N+2, can be decomposed into the
summation of N+1 cylindrical spatial potentials at the exterior domain as follows:

N

¢Nl+2 = z@jlye . (20)

j=0

Diffracted spatial potential @f"e represents the wave travelling outwards from Float j and

can be written in terms of following well-known eigen-function expansion in its own coordinate
system:
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e &y Hm(krj)zo(z) 2 Km(k,rj)zl(z) -
A 2 B ()20 = KR 20T @

J

where Hr is the Hankel function of first kind of order m; BZ}" are unknown coefficients to be

solved in Section 3.2;
Graf’s addition theorem for Bessel functions (Abramowitz and Stegun, 1964) is adopted here,

thus @y, can be expressed in the polar coordinates Ojrjfz as (Zheng and Zhang, 2015):

52 an,’cg’ 0 (Z) N o\ i(may;—m'ay ) imo; » Iy < Rjj, (22)
+§me{Hm(kRJ)ZO(O)me( 1) Hmfm'(kR]J')‘]m'(er)e e
1'#]
N Br/ Z (Z) N i(maj; —m'ay; ) (im0,
+|21:Km(k,R,)Z. (O)mZme_mr(k.Rnr)lm'(k.n)e e

3.2 Method of computation for unknown coefficients

Expressions of the diffracted and radiated spatial potentials as given in Egs. (12)~(22) in
Sections 3.1 satisfy all the boundary conditions as shown in Egs. (3) ~ (11) given in Section 2,
except those on the interfaces of each two adjacent subdomains r,=R; and ro=Ri. The conditions of
continuity for pressure and normal velocity at r»=R, and ro=R; can be used to determine the
unknown coefficients in Eqgs. (12)~(22) for both diffracted and radiated spatial potentials.

The continuity conditions for the spatial potentials are given as follows:
1) Continuity of pressure at the boundary ri=R; (j=0, 1, 2, ...N):

&, (1.6,.2)=®7(r;,6,,2), —h<z<-dr =R (23)
2) Continuity of pressure at the boundary ro=R;:
By (6,6,,2) =@ (1,,6,,2), —h<z<-d,,=R. (24)
3) Continuity of normal velocity at the boundary rj=R; (j=0, 1, 2, ...N):
For —h<z<—dj,
0B, (r;.60,,2) 0@y (r;.6,.2)
or, or. '

] J

(25a)

For —dj <7<0,
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od,(r;,0,,2)

e 7="(0)

J
5, ;[ 8,c0s6, +5,;sin 6,
~0,;(2-1,)sin0,+5,,(2-2,)c0s6, |, x="(n,i)’
0, z="(n)’
(25b)
4) Continuity of normal velocity at the boundary ro=R;:

0B, (r,.6,.2)

For -h<z<—d,

adjNZ-#l(roreo’Z) _ 84%"(!’0,90,2).

26
or, or, 2
For —d, <z<0
0@ (1), 6y, 2) Y
_ 980 %, 2) ='(0
or, 7=10)
8@Nl+1(ro,00, Z) ~16,, |:51,i cosd, +9,;sin 6, .(26b)
or,
° ~3,;(2-1,)sin0,+5,,(2-12,)cos6, ], x="(ni)’
0, z="(n)

Upon substituting the diffracted and radiated spatial potentials in Egs. (12)~(22) into Egs.
(23)~(26), utilizing the orthogonal properties of the functions cosm@, sinmé, and Z,(z) (Zheng and
Zhang, 2015; 2016), and making some rearrangements, the diffracted spatial potentials and the
radiated ones in each subdomain can be obtained by solving a matrix equation, in which the
infinite series are truncated by choosing (2M+1) terms (m=-M, ..., 0, ..., M) for ™ functions and
Lo+l terms (I=0, 1, 2, ... Lo) for Zi(z) and cos[g;(z+h)] functions. The brief derivation and the
final complicated formulas for calculation of these unknown coefficients for wave diffraction as
an example are given in Appendix A.

3.3 Wave excitation volume flux/forces

Wave excitation volume flux is the upward flux at the water surface inside the OWC chamber
due to the contributions of undisturbed incident wave and the diffracted wave when the dynamic
air pressure is zero. Expression of the wave excitation volume flux can be written as

Re[F(O)e“‘”t], where, with utilization of Eq.(2) and Eq.(16),
8 D+ n
¥ DN“) r,dr,dé, = Jz I B+ Dy )| 10RAE,

F"I
2=0 . (27)
:2na)2Ri _ig_AJ( ) D&N”Jl(kRi)JriDE,'N”Il(k,Ri)
g o k ko (kR) & Kklo(kR)

Wave excitation forces are the forces due to the incident wave acting on structures which are
stationary. It can be computed from the incident wave potential and the diffracted potential. Mode
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J of the generalized excitation force on Float n is Re[Fe“"'e“”’t ] where

FM = —iprn (@ +@,)nds (28)
in which S is the wet surface of Float n (n=0,2,3,...N); n; represents the generalized normal with
N1=Nx, N2=Ny, N3=N;, N4=-(Z-Zn)Ny+yNz, Ns=(Z-Zn)Nx-(X-Xn)Nz, Ne=-YyNx+(X-Xn)Ny, = nXT+nyT+nZIZ

is the unit normal vector pointing into the fluid domain at the considered float surface.

After inserting the theoretical expressions for the diffracted potentials as derived in Section
3.1 into Eq. (28), the wave excitation force exerting on Float n (n=0,2,3,...N) in different mode
can be calculated directly.

3.4 Hydrodynamic coefficients

When the water column inside the chamber or the floats oscillate in the absence of an
incident wave, the radiated wave reacts with an upward flux at the water surface inside the OWC
chamber, so-called radiation volume flux, and forces on the floats, so-called radiation forces. The
complex amplitudes of radiation volume flux due unit amplitude velocity oscillation of Float n
(n=0,1,2,3,...N) oscillating in Mode i can be written into imaginary and real parts as:

2 R OBy

R,ni 0

r,dr,dé, =—j2nj cDRLL1  fodrod 6,

z=0

(29)

2na)R|:D g J; (kR,) i M L (kR) —iwa® _c©

g9 kodo (KR;) = kIIO(kIRl)

where the hydrodynamic coefficients a'” and c!” are real and dependent on frequency o,

representing the hydrodynamic coupling between the floats and the oscillating pressure
distribution of the air inside the OWC chamber.

Similarly, the complex amplitudes of radiation force exerting on Float n’ (n=0,1,2,3,..., N)
in Mode i’ due to unit amplitude velocity oscillation of Float n (n=0,1,2,3,..., N) oscillating in

Mode i can be written in terms of hydrodynamic coefficients aj; and c; as:

n'i’

R = —Ia)pJ. @'nds =iwal’ —cl (30)

where the hydrodynamic coefficients a;; and c]; are so-called added mass and radiation

damping, respectively, representing the hydrodynamic coupling between the floats.

Similar expressions may be obtained for the complex amplitudes of radiation volume and the
complex amplitude of radiation force exerting on Float n’ (n=0,1,2,3,..., N) in Mode i’ due to unit
air pressure oscillation inside the OWC chamber, and the corresponding hydrodynamic

n',i’

coefficients are denoted as a\”, c”,and aJ"", c"", respectively.

The method for calculating the hydrodynamic coefficients as given in Egs. (29) and (30) is
straightforward based on the definitions of radiation volume flux and radiation forces. To
distinguish this method with the others proposed below in Section 3.5, we call it “direct method”.
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3.5 Hydrodynamic coefficients in terms of Far-Field Coefficients and wave excitation
volume flux/forces

céo) can be derived in terms of the radiated potential at infinity, the so-called Far-Field
Coefficients.

For the wave radiated potential due to air pressure oscillation cDFgO) and its complex

conjugate cDR(O)*, both of them satisfy the Laplace equation within the fluid domain which is

contained inside a closed surface composed of the internal water surface inside the OWC chamber,
the free water surface external to the chamber and floats, the sum of all wet surfaces of OWC
chamber and floats, the sea bed, and an envisaged vertical cylinder with a quite large radius.

Hence Green’s theorem is applicable to @R(O) and cZ)R(O)* \

(0)+ (0)
1f| @S2 qor O s
on on

S

@(0)* . @(0) (D(O)* X (p(o)
= o 0% qor 0% |gq | o 0% gor 0% |gs. (31)
g for4 (674 or or

S

=0
where S represents the closed surface; S. denotes the envisaged vertical cylinder with a extremely
large radius ro=Ry¢; Sin denotes the internal water surface above the OWC. Note that the integrand
vanishes on the sea bed, wet surfaces of fixed structures including OWC and floats, and free water
surface, thus the integrand at these boundaries is not included in the second line of Eq.(31).
After inserting Eq. (9b) into Eq. (31), we have

8@(0) 8@(0)*
Re R_ds— pwlIm [ @ =R _ds=0, 32
le o poim [ 2 or (32

S,

Hence cgo) can be expressed by the radiated potential at extremely large distance as

oa’) o
© __ RO de_ _ (0 0%
C, = ReJ'Sm P ds=—-pwlm Sf D, o ds. (33)

Using Graf’s addition theorem to transform the diffracted potential in the outer (ro>Rg)
regions in terms of the cylindrical coordinate systems Orof, and applying the asymptotic forms of

H, and H, asshowninEq.(34),

m

H, (X)= iei(XTﬂ, X0, (34a)
X
e 0= 2e T S 0, x (34b)
m X m ! !

we find that Eq. (33) becomes the expression of C(()O) in terms of the Far-Field Coefficients as:
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i B
n| [Hyy (KR, )[
® ® )0R(0).igim=r)aje  R(0)0*g(0).gi(r-Majo , (35)
(0) — 4pwh R J .J kR Bm(:,'O Br,O € Bm,O Br,o €
=220 | R R G ) (L ()

j* . o
,*(kRj) z ‘]m*""(kRjo)‘]rfm'(kRj,o)e'(m Jayo gi(m-m)a;

It is known that there is a Haskind relation between wave diffraction and radiation problems

ni’ (0) n,i
aioand al, a

(Falnes, 2002), and therefore the hydrodynamic coefficients, such as c(()o), C o

can be written in terms of wave excitation volume flux and wave excitation forces as:

¢’ = spﬁl RO (B)R (B)dp, (36)
n =m [ F(B)F (B)dB, (37)
g e R DR (), -
% :Wf M (B)R (B)dB, (38b)
where vq is the wave group velocity expressed as
v, =2_“I’({1+ﬁk2km] (39)

4. Wave power extraction

In this section, wave power extraction by the hybrid WEC is derived based on the
coefficients obtained from the previous theoretical hydrodynamic model. Consider a hybrid WEC
consisting of an OWC and N floats each hinged around by a rigid arm, as shown in Figure 1, the
OWC chamber is assumed to be stationary here. Additionally, the density of each float is assumed
half of the water density for a uniform distribution of the mass. Therefore, the centre of each float
mass coincides well with the float geometry centre and they are all half submerged in still water.

Figure 3 gives plan view of the connection between the OWC and Float n (n=1, 2,..., N) in a
more general hybrid WEC case. Ooxyz is the coordinate system of the OWC with Ogxy at the
location of the mean water surface, the Ooz axis at the central axis of the OWC pointing upward
and the Ogx axis pointing an arbitrary specified horizontal direction. OnXaynzn (n=1, 2,..., N) is the
local coordinate system of Float n with Onxnyn at the location of the mean water surface, the Onz,
axis at the central axis of Float n pointing upward and the Onx, in parallel with Opx. The hinge for
restricting Foat n is located h, above the mean water surface. OunXnYnZn denotes the local
coordinate system of the hinge for Float n with Ou, at the hinge location, OwnnXn and OwnZn
pointing toward Float n horizontally and upward, respectively. The horizontal distance between
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Onn and Oy, is denoted as Dy. The relative angle between OpnXn and Oox is denoted as  aon (See
Fig.3).

VY

Float n

Fig. 3. Schematic of the connection between the OWC and Float n (plan view).
The force vector exerting on Float n in the local coordinate system OnXnyn, denoted as f(”),
can be transformed into the corresponding rigid arm force vector in the OunXnYnZn, denoted as

F™ byusing F™ =T £® where T!") is the force transfer matrix and it is written as:

CoSa,, sina,, 0 0 0
—sing,, cos o, 0 0 0
0 0 1 0 0
-h,sing,, hcose, 0 cOSa,, Sing,, (40)
-D,
0

—h,cose,, -h,sing,, -sing,, COSq,

-D,sing,, D,cose,, 0 0

_ O O O O O

In fact, the transfer matrix TF(”) can also be used to obtain the displacement vector of Float

n in the local coordinate system OpXnyn, denoted as X(”), from the corresponding rigid arm
displacement vector in the OpnXnYnZs , denoted as X ", by x™ =T X ™.

4.1 Power take-off by the hybrid WEC

Assuming the chamber air to be compressible and its motion isentropic, then the effect of the
linear air turbine and air compressibility in the chamber are linear as well, which can be
characterized as a damping and added mass, respectively (Lovas et al. 2010; Martins-rivas and
Mei, 2009a). After obtaining the wave excitation volume flux/forces, hydrodynamic coefficients
and transforming these coefficients from the local coordinate system of Float n into the local
coordinate system of the n-th hinge for Float n, the response of the hybrid WEC in frequency
domain can be evaluated by using the dynamic motion matrix equation:

[-io(ATMTIAT + Mo +M) + (AT.CTTAT +Cp ) +iK, /o | X =ATTLF,

(41)
where F. is the wave excitation volume flux/force vector; M, and Cq4 are the matrices of
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hydrodynamic mass and damping, respectively; M and Ks are the WEC mass matrix and restoring
stiffness matrix, respectively; Mpro and Cpro are the mass and damping matrices of the PTO
system, respectively, in which the terms regarding to OWC come from (Lovas et al. 2010;
Martins-rivas and Mei, 2009a) and they are given based on the assumption that the mass flux
through the turbines is proportional to the chamber air pressure; Tr is the transfer matrix that is

composed of Tén); A, is a constraint matrix that can be used to reduce the matrix order from
. . . . . T
6N+1to N+1; X = [XO X, X, .- XN] is the velocity vector of the hybrid WEC, in

which XO:p is the complex air pressure amplitude inside the OWC chamber, X represents

n

the rotary velocity of Float n relative to the OWC. Among these matrices, Fe, Ma and Cq are
obtained from the theoretical hydrodynamic model built in Sections 2 and 3. Expressions of M, K,
Meto, Crro, TEand A, are given as follows:

0
" pnR’d
M = o , In=ﬁ(3R§+4df)+an§dn(D§+hnz),
Iy
L J(N+1)x(N+1)
0 -
K, = pg K, K= +7R2D? —7R2 1,
L KN—(N+1)><(N+1)
F v - ] )
20 Co
Capo
0 G
Mero = 0 v Coro = C, '
0 (Nt L CN_(N+1)><(N+1)
1 -
T
(N)
L TF J(BN+1)x(BN+1)
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A, = R , R=[0 0 0 0 1 0],

R

L J(N+1)x(6N+1)

where ¢, represents the damping coefficient in the PTO system of the OWC (n=0) and Float n
(n=1, 2, ..., N), ca is the sound velocity in air, po is the static air density, Vo is the air chamber
volume. Following the previous study carried out by Lovas et al. (2010), Martins-rivas and Mei

(2009a), plpe=1000, c:=340 m/s and V,==R’d, are employed in subsequent computations,

although these adopted value might be unrealistic for atmospheric pressure at sea level.
The average power that the hybrid WEC captures from regular waves can be written as:

1., .
PZEX CooX. (42)
The average wave energy capture width ratio (or capture factor) # is calculated as:
kP
= , 43
n 2P (43)
where Pj, represents the incoming wave power per unit width of the wave front given by:
H? 2kh

UL P .| (a4

8 2k| sinh(2kh)

in which H represent the wave height of incident waves.

As Ricci et al. (2007) reported, no significant improvement can be obtained by individually
optimizing the PTO coefficients of each device in an array. Thus in the cases studied in the present
paper, the PTO damping (cx) is the same for all the hinged floats.

The dimensionless quantities of the PTO damping of the OWC and the hinged floats (co and
cy) are defined by:

c_ P __ G
"o hJoh ' ' ph*Jah

As the PTO damping of both the OWC and the hinged floats (co and c1) change from 0 to +oo,

(45)

there will be an optimized combination of damping coefficients, denoted as (C Jand c® ) to

opt opt

maximize the power absorbed by the hybrid WEC. The maximum absorbed power and the

corresponding maximum power capture factor are denotedas P, and 7, , respectively.

In the case of WEC arrays, a parameter named g-factor, which denotes the ratio of the powers
absorbed by the array in whole and by the isolated device in summary, is generally used to
measure the effect of hydrodynamic interactions between the devices (Borgarino et al., 2012;
Babarit, 2013; Penalba et al., 2017b). g-factor can also be employed as a reference value to assess
the performance of the hybrid WEC. For the hybrid WEC, the definition of the g-factor is
modified as the maximum power absorbed by the hybrid WEC dividing the sum of the maximum
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power absorptions of the isolated OWC and the array of hinged floats in absence of the OWC.
When g>1, the maximum power absorption of the hybrid WEC is larger than that of an isolated
OWC together with that of the hinged floats, and it means that the interaction between the OWC
and the floats has positive effects. On the contrary, when g<1, the interaction is negative.

4.2 Power take-off by an isolated OWC

For an isolated OWC, as shown in Fig. 4, assuming the OWC chamber is stationary due to
the restricts by the mooring lines, response of the dynamic air pressure in frequency domain can
be easily evaluated by using the one degree motion equation:

- ~ ~ ~ ~ = = (0
[—io(M, +Moro ) +(C, +Coro ) [ P=F, (46)
where oM, and €, are so-called the radiation susceptance and the radiation conductance of the

isolated OWC, respectively; Mo =V, / (c:po) and C,;, are the mass and damping induced

by the PTO system; p and Ife(o) represent the dynamic air pressure and excitation volume flux

of the OWC separately. The hydrodynamic coefficients of the isolated OWC, i.e. m,, €; and

F© can also be calculated using the theoretical hydrodynamic model built in Sections 2 and 3

e

when the number of floats N=0 is implemented.

z/m

0

20 |
10

sea bed

Fig. 4. Sketch of an isolated OWC device

After solving Eq. (46), the average power absorbed by the OWC, denoting as P, can be
expressed as:

,56(0)‘2

2

CPTO

(47)

T
Il
N |-

+(¢, +6F,TO)2

8l\.)
E)

L T mPTO)



10
11

12

13

14

15

16

17

19

There is a maximum of absorbed power when AP / 6€.,, = 0, which occurs if

~ o~ ~ ~ 2
Copt = \/Cd2 + " (M, +Mero) (48)

for which the corresponding maximum absorbed power is

(49)

4.3 Power take-off by an array of hinged floats
As shown in Fig. 5, after removing the OWC from the hybrid WEC, the rest N floats can also
be used to extract wave power if they are hinged on N legs standing on the seabed.

Floaf 1. .

S
i 'ST 'Float N -

zim

Fig. 5. Sketch of an array of four hinged floats
Similar to Eq.(41), response equation of the N floats, as shown in Fig.5, in frequency domain
can be written as:

= A T.F, (50)

[—iw(AJ—i'Fl\ha ,;I-AI-H\A/I)_'—(AJ-,I\_Féd JAI +éPTO)+ Iks /(Oj| Xﬂoats

in which Ife is the wave excitation force vector; I\A/Ia and éd are the matrices of added-mass

and wave radiation damping, respectively; M and ks are mass matrix and restoring stiffness

A

matrix, respectively, of the N floats; C.;, is the damping matrices of the PTO system,

A

respectively; 'i'F is the transfer matrix; A, is a constraint matrix to reduce the matrix order

. . . . T A A
from6NtoN; X :[Xl X, - XN] is the velocity vector of the N floats. F,, M,

floats
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and éd can be obtained with the implement of the theoretical hydrodynamic model proposed by

Siddorn and Eatock Taylor (2008).
In the absence of the OWC, the power absorbed by the hinged floats, as shown in Fig. 5, can

be written as:
~ 1., =~ .
P == X{0usCrro X

floats
2

— CPTO X* X

floats 2 floats  * floats ?

(51)

where the second equality sign is valid when the PTO damping of each float is all the same as,

A

C,=Cro (N=1,2, ...... , N). The maximum power absorption, P

n max !

and the corresponding

optimal PTO damping, €__., can be obtained using trial-and-error method.

opt !

For any specified hybrid WEC, once P P and If’max are obtained, the g-factor can

max ’ max

be then calculated as:

q=="T—. (52)

5 Results and discussion

5.1 Validation of the theoretical hydrodynamic model

To validate the above-derived theoretical hydrodynamic model for diffracted and radiated
spatial potentials as given in Sections 2 and 3, wave excitation volume flux of the OWC, wave
excitation forces exerting on different floats and hydrodynamic coefficients are calculated by
using the present theoretical method and a numerical computational fluid dynamics model based
on the boundary element method package of ANSYS AQWA. The numerical CFD analysis only
deals with the homogeneous boundary for free water surface and it works well in solving wave
diffraction problem from the hybrid WEC, while the boundary condition at internal water surface
of the OWC due to dynamic air pressure is inhomogeneous, hence hydrodynamic coefficients
related to the radiation induced by OWC air pressure oscillation cannot be directly obtained with
numerical method. Apart from numerical method, the different theoretical approaches for
evaluating hydrodynamic coefficients can also be used to check the validity of the present
theoretical hydrodynamic model.

We consider four truncated floats with different radius and draft employed around an OWC,
as illustrated in Fig. 6. All of these structures are half submerged in the water. Table 1 gives a list
of the dimensions of the OWC and floats. In addition, the water depth h is 20m; the inner radius of
the OWC Ri=4.0m; the sea water density p=1025kg/m3; wave incoming direction p=n/8; the
acceleration of gravity g =9.81 m/s?. The reference rotation center of each float is set to (0, 0) in
their own local cylindrical coordinate systems.

Table 1 Basic parameters of the OWC and floats as shown in Fig. 6. (Units: m)

owcC Float 1 Float 2 Float 3 Float 4
Centre position, (Xn, Yn) 0,0) (-7.0,7.0) (7.0, -7.0) (-7.0,-7.0) (7.0,7.0)
Radius, Ry 5.0 1.0 1.0 2.0 15

draft, dn 3.0 2.0 1.0 2.5 1.0
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Float 3

Fig. 6. The case consisting of an OWC and four floats around.
The dimensionless quantities of the wave excitation volume flux/forces and hydrodynamic
coefficients are defined by:

_ Fe”'i . _— w Fe(o)‘
i e 1 phi—argE™; EO ¢ 1: o —argE©, (53a)
" pgRIA T “ R TTRA T o
where j=2 for i =1~3; whereas j=3 for i =4~5.
gn',i' _ a:,i“ . —n',i’ _ C:,i“ . géo) _ a)zpa(()O) . (—:(0) _ a)pc(()o) (53b)
ni i’ ni i - ’ 0o ’
PR, wpR; Ro Ro

where j=3 for (i, i’)=(1~3, 1~3); j=4 for (i, I")=(1~3, 4~5) and (4~5, 1~3); whereas j=5 for (i,
i")=(4~5, 4~5).
- — _ - 0 _ a’ar(w?i) . =(0) _ Cr(1(,)i)

aOYI: i o CO i argi_ i Cni_ j
Rl RI " ™ TR M TR

; ) (53c)
where j=2 for i =1~3; whereas j=3 for i =4~5.

In our theoretical computations for the case as given in Fig.6 and Table 1 , to obtain
converged results using the eigen-series analysis described above, we found it necessary to take
M=12, Lo=20 through theoretical experiments. Theoretical and numerical results for the case are
presented below.

Wave diffraction problem
Figure 7 shows variation of the computed wave excitation volume flux of the OWC in terms
of amplitude and phase with wave number for f=n/8. As given in Fig. 7a, the theoretical results
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and the numerical ones for Ife(o) generally agree quite well with each other, and there is one

maximum of Ife(o) at kRo=1.0 in the computed range of kRo, which is associated with the
fundamental resonance inside the OWC chamber. The agreement between the theoretical and

numerical results can also be found for goio), as shown in Fig. 7b, especially when kR¢<6.0. For
kRo>6.0, wave excitation volume flux of the OWC is too small ( Ife(o) <0.005) thus the differences
between the results of goéo) using different methods could be reasonably induced by error
amplification. Due to the small value of lfe(o) (lfe(o) <0.005) for kR¢>6.0, the corresponding value

of (pe(o) affects the hydrodynamic problem quite little.
@ o (b)

T LI
numerical results ] 4k ©  numerical results |

analytical results analytical results
- ]

o o

Fig. 7. Wave excitation volume flux of the OWC for f=n/8.a) F\”;b) ¢

Figures 8 and 9 illustrate the wave excitation forces exerting on Float 0 (OWC) and Floats
1~4, respectively, in surge, sway and heave for f=n/8. The theoretical results agree quite well with
the numerical ones in terms of both the amplitude and the phase of wave excitation forces. As
given in Fig.8, there are sharp changes of the surge and heave excitation forces exerting on the
OWTC, which occur at kRo=2.4 and 1.0, respectively. Because of the larger scale of Float 3 in both
radius and draft compared with the other floats, for most wave conditions as shown in Fig. 9, the
wave excitation forces exerting on Float 3 in surge, sway and heave hold the largest value. As

wave number kRo—0, the heave wave excitation force exerting on Float n, Fe“'3 —)npger A,

resulting in F° —xR?/R2. Thus F,"*=0.126, 0.126, 0.503 and 0.283, respectively, at kRo—0

for Floats 1~4, which can be seen from Fig.9e as well. It can also be observed from Figs. 9b, 9d
and 9f that the phase of wave excitation forces exerting on Float 3 and Float 4 changes more
rapidly with kR than those for Float 1 and Float 2. This might be explained by the fact that the
incident and diffracted waves act on the float simultaneously, and minor change in the incident
wave frequency will lead to a larger phase difference between those two waves for a larger
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spacing distance along wave propagating direction. As wave incident angle f=n/8, thus the
spacing distance between Floats 1 (and Float 2) and the OWC projected to the wave propagating
direction is smaller than that for Float 3 (and Float 4), therefore a smaller frequency oscillation of

4  the (pe”'i-kRo curve is obtained for Floats 1 (and Float 2). Figure 9 also shows that, due to the

OWC resonance at kRg=1.0, sharp changes of the wave excitation forces occur around kR¢=1.0 for

all the floats.
b
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8 Fig. 8. Wave excitation forces exerting on Float 0 (OWC) in surge, sway and heave modes for

9  f=n/8.a) Ifeo";b) (pf".solidline: theoretical results for surge mode; dash line: theoretical results

10 for sway mode; dot line: theoretical results for heave mode.
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Fig. 9. Wave excitation forces exerting on Floats 1~4 in surge, sway and heave modes for f=n/8. a)
Frib) @ftic) F2id) of;e) FM;f) ¢, solid line: theoretical results for Float 1; dash

line: theoretical results for Float 2; dot line: theoretical results for Float 3; dash dot line;
theoretical results for Float 4.

The agreement of the present theoretical results of both Fe(o) and F"™ with those obtained
by numerical method illustrates that the diffraction problem is solved correctly.

Wave radiation problem

To verify the correctness of the expressions for the radiated potentials, here, hydrodynamic
coefficients of the OWC due to the oscillating air pressure inside the OWC chamber,
hydrodynamic coefficients of the float due to the oscillation of itself and the other floats, and
hydrodynamic coefficients due to hydrodynamic interaction between the OWC and floats are all
computed using different methods, and these results are also compared with each other obtained
by using different method.

Figure 10 gives the results of hydrodynamic coefficients of the OWC due to the oscillating

air pressure inside the OWC chamber. It can be learnt from Fig.10a that the ééo) -kRo curve shapes
like the letter N and ﬁéo) rapidly changes sign around the resonance frequency kRo=1.0. The

theoretical results of 60(0) by adopting three different approaches as presented in Sections 3.4 and
3.5, i.e., direct method, expressions in terms of Far Field Coefficient and those based on Haskind
Relation, are plotted in Fig.10b, which agree quite well with each other. A sharp peak of 60(0)

with the value of 22.5 occurs at kRo=1.0.
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Fig. 10. Hydrodynamic coefficients of the OWC due to the oscillating air pressure inside the

OWC chamber. a) a\”;b) c.”.

Figures 11 and 12 present both theoretical and numerical results of the hydrodynamic
coefficients of Float 0 (OWC) and Float 1 due to the oscillation of themselves. The results for
hydrodynamic coefficients obtained by using the present theoretical method and the numerical

method agree well with each other.

(a) %107
T T T T T T T " T+ T "T1°
10F & 40.8
A o0 ]
fok f 10.4
0 &4 , ] 0
: 0.0 ?T pd
-10 S
Zz | -0.4
1] = <
20 1 1-0.8%
A * @y, numerical
301 o @5 numerical T -1.2
_40'_ A @yy numerical -_-|,6
1 PR [T I ST N - _2-0
0 1 56 7 8 910
kR,
(c) x10™"
T T T LI T T T T 1 2
10 i 1
s 0.8
0E -
I 04; L)
-10 S
T‘Qﬁd ----- 0 0; =
-20 3
1 —oa ) -0.4
230 F a, ), numerical
L o @y numerical H-0.8
-40 |- A 51?_},2, numerical
1 L | IR T T NI T i - l 2
01 2 3 45 6 7 8 910
kR,

(b) %107

5.0 ML '\‘ rT T~ T T T T T T 7] ] -0
N (G.) ]
40F 4 & 10.5
n"'& Bt L,@'".:

3-0 [ H‘BE)‘O(?C"@' ] 0.0; ;
e L ] 1%
SHot o ¥ T,, numerical ] _0'5; o

=0 . 1 I
i o €y, numerical 1-10
1.or i 4 T3 numerical ]
ﬂéj 1-1.5

0.0 i ]

PN TP T TR TR SV PR i v B, 3o
01 2 3 45 6 7 8 910
kR,

(d) %107
5-0 T T T T T T 7] ] -0
4.0 fSX 0.5
3.0 P foo o nmiid ot oo 0.0

2a | 3 et ] 72

(53 ] ) ]
20F ¥ T, numerical 0.5,
e I o Ty numerical ] . OTQC:

I © Cy3, numerical {7
[ ¢ R|[eeessg ) 1
0.0 =~ bis e DI )
-1.0 i PR PRI | R P PR U U M s B o
01 2 3 45 6 7 8 910
kR,



N

(© 10 %107
4-0 ML T T T T 1 T rrrr 2'0
—03 .
- a, ;. numerical |
30, > @5, numerical
0.3 . 41.0
dy 3, numerical
2.0 ';} 3]
. A IS
TS1.0F 0.0
0.0 C'SL“;
Fo -1.0
-1.0F L
2.0 i P PR PR B PR Y U Ny S s ')
01 2 3 4 6 7 8 9 10

Fig. 11. Hydrodynamic

(@
8.0

coefficients of Float 0 (OWC) due to its oscillation. a) & ;b) & ;

=0,2. 02 =03 .
a;:d) S e a;;
x107 %107
T T T T T T T T T
* @ numerical 790
° @', numerical 16.0

. =Ll 0
» a5, numerical

—1.2 . 1
a,;, numerical A
=1,2 . -1 -
a,;, numerical |
—i2 .

4,5, numerical 1

4-9.0

TP PR B
6 7 8 9

10

26

®»  x10” %107
4-0 ML T T T T T T T T 2-0
s —11.6
3.0F ¥ €,1, numerical
=03 . 41.2
o €y, numerical .
20 4 Ty numerical 4 0.875
22 0.4
b o 0.07¢
4 %r 0.4
0.0 ‘r il o 1.o0g
PR U T SR T NI NI S S
01 2 3 4 5 6 7 8 910
kR

(b)
6.0

5.0

c)

f) €,;. solid line, dash line and dot line: theoretical results.

x107 %1073
""""'l'l_]'ll'l-_l-9.0
* ¢}, numerical ]
| Q al,f,numerical- 6.0
—L1 1
= Eﬁ@?‘ x & Ca, numerical | -
| 0‘. {BOQ‘Q -_ 30—‘"0;
e lg
01 2 3 4 5 6 7 8 910
kRO
x107 %1073
T T T T T T T T

7 P
ey e &i,; numerical |
© ¢z, numerical4 -6.0
4 3, numerical |
PR PR Y Y PR PSR PR P S s}
01 23 456 728 910
kR,



N

I

10

11

()  x10” %107
5-0 T T r T r T '_‘ LI 2-0
* @', numerical |
4.0k © @3, numerical
N og? .11 1.0
L dy 5, numerical
30F T
T 0.0
20F L “m
2 é ¢ ‘q
e e v vay,
T 1-1.0
1.0 F
¥
0'0 PR TN (T N S ST —— | I - _20
01 23 4 5 6 7 8 910
kR

Fig. 12. Hydrodynamic coefficients of Float 1 due to its oscillation. a)

27

®  x10? %107
4-0 L B T T T LI N LI L 2-0
* 27 numerical
10 “ij o €%, numerical 1
) iy o EJ";, numerical ] 1-0
".20 5
T;;' : 0.0
1.0 T
-1.0
5
0.0} : -
1 | I I NI I | I _20
01 2 3 4 5 6 7 8 910
kRo

a;b) oo &)

c;e) a;’;f) . solid line, dash line and dot line: theoretical results.

Hydrodynamic coefficients of one float due to the oscillation of another float reflect the
hydrodynamic interaction between these floats. Figure 13 shows these coefficients due to the
hydrodynamic interaction between Float 1 and Float 3. The present theoretical method and the

numerical method give the same results. Additionally, the relations a;;" =a, and C,;" =Cy'

so-called reciprocity relations (Falnes, 2002), are also satisfied very well as plotted in both Fig.12

and Fig.13.
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Fig. 13. Hydrodynamic coefficients due to hydrodynamic interaction between Float 1 and Float 3.

a) al;b) c;c) a;d) ¢ dash line, dot line and solid line: theoretical results.

Figure 14 shows the hydrodynamic coefficients induced by the hydrodynamic interaction
between the OWC and Float 1. Both direct method and the expressions based on Haskind relation

are employed to calculate En(f’i) and a , giving the same results as plotted in Figs. 14a and 14c
for 51(3) and zi(l(); respectively. The corresponding cl and ClJ are illustrated in Figs. 14b

and 14d. In common with the results of Fe(o) and F"™ as shown in Figs. 7, 8 and 9, sharp

changes in 51(? a., 61@ and 6(10)’ also occur around kRo=1.0. While different from the

reciprocity relations of the coefficients due to the hydrodynamic coupling between floats, the
coefficients taking account of hydrodynamic interaction between the OWC and floats should

satisfy a9 = —ﬁ(';)' and ¢V = —6(’(‘)’)‘ (Falnes, 2002), which can also be observed from Fig. 14.
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Fig. 14. Hydrodynamic coefficients due to hydrodynamic interaction between the OWC and Float
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5.2 Comparison between the hybrid WEC and the isolated OWC and hinged floats
In this section, wave extraction of the hybrid WEC is calculated based on the coefficients
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obtained from the validated theoretical hydrodynamic model. To recognize the difference in the
maximum power capture factor among the hybrid WEC composed of a OWC and several hinged
floats, its corresponding OWC and hinged floats which run in isolation, respectively, a comparison
between them is carried out. The OWC and these hinged floats which run in isolation are
hereinafter called the isolated OWC and hinged floats, respectively. In subsequent computations,
wave power extraction by the hybrid WEC consisting of an OWC and four floats (N=4) hinged
around is investigated. There are many geometric parameters affecting power absorption of the
hybrid WEC. To reduce the number of these parameters, here, it is assumed that the following

relations among these parameters are satisfied, Rid,=3h/320, Ri=0.8Ro, R’d, =h°/2000,

Dj=2R;, hj=2d;. Thus the hybrid WEC scales in terms of non-dimensional parameters can be
determined once do/h and di/h are known. The incident waves are considered with propagation
direction in x-axis direction as given in Fig.1. Figure 15 gives variation of the maximum power
capture factors of the isolated OWC and the hinged floats, respectively, with do/h and di/h for
wave condition kh=3.2. As di/h has no effect on power absorption of the isolated OWC, its

maximum power capture factor (77, ) is plotted as a curve (as shown in Fig.15a), rather than a
contour as given in Fig.15b for the hinged floats.

It can be seen from Fig.15a that, as do/h increases from 0.05, 77, first decreases from 0.12

and leads to the valley value of 0.086 at do/h=0.13. As do/h further increases, 7, risesand then

decreases after reaching the peak value of 0.158 which occurs at do/h=0.22. As studied by Falnes
(2002), the maximum power capture factor of the axisymmetric OWC is 1/(2x) when both
“optimum phase condition” and “optimum amplitude condition” are satisfied simultaneously, in
another words, PTO damping and PTO added mass are instantaneously optimized. The peak value

of 7., as plotted in Fig. 15a, satisfies 0.158~1/(2r), meaning that resonance happens for the
isolated OWC with do/h=0.22 at kh=3.2.

The contour of the maximum power capture factor (7,.,,) of the isolated hinged floats, as
given in Fig.15b, shows that, for kh=3.2, 7. is more sensitive to di/h than do/h. For any

specified do/h, a peak of 7., occurs when di/h is around 0.08. When di/h=0.01, a larger do/h

plays a positive role in improving power absorption. While for di/h=0.08, on the contrary, small
value of do/h, i.e. large spacing distance between the legs as shown in Fig.5, is welcome in

maximizing power exploitation. The peak value of 7., is 0.52 with do/h=0.05 and d1/h=0.078.
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Fig. 15. Maximum power capture factor (7,.,, and 7,...) of the isolated OWC and the isolated

hinged floats for RZd, =3h°/320, Ri=0.8Ro, R’d, =h*®/2000, Dj=2R;, hj=2d; and kh=3.2: (a)

variation of 77, with do/h; (b) variation of 7., with do/h and di/h.

To demonstrate the difference in the maximum power capture factor between the hybrid
WEC and the isolated OWC and hinged floats, and to understand whether the OWC and hinged
floats in the hybrid WEC interact beneficially or counteract each other in terms of g-factor, a wide
range of do/h and di/h are examined. For the hybrid WEC, i.e. combining the isolated OWC and
the isolated hinged floats together and considering the hydrodynamic interaction between them,
the maximum power capture factor (ymax) and g-factor for kh=3.2 are plotted in Fig.16. Thanks to
the hydrodynamic coupling, the peak value of the maximum power capture factor of the hybrid
WEC can be 0.63 when do/h=0.05 and di/h=0.078, obviously larger than those for the isolated
OWC (0.158) and hinged floats (0.52). #max>0.5 can be obtained at the range of do/h<0.12 and
0.076<d1/h<0.080. Different from the distribution of the maximum power capture factor, as shown
in Fig.16b, the g-factor larger than 1.5 occurs at the area of do/h>0.26 and 0.076<d1/h<0.080, and
the maximum g-factor is 1.79, occuring at do/h=0.5 and d1/h=0.078. For the hybrid WEC with
do/h>0.25 and d1/h<0.09, generally g>1.0 can be achieved, which means hydrodynamic coupling
plays a constructive effect on power absorption for kh=3.2. While for do/h>0.32 and di/h>0.12,
g-factor could be less than 0.7, resulting in a destructive effect on power extraction. Although the
areas corresponding to the largest value of #max and g-factor, respectively, do not coincide, g>0.9 is
satisfied in the contour area #max >0.5, where ¢>1.0 is even valid for some subdomains.
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Fig. 16.  Maximum power capture factor (7, ) and g-factor of the hybrid WEC for

R:d, =3h°/320, Ri=0.8Ro, R’d; = h®/2000, Dj=2R;, hj=2d; and kh=3.2: (a) contour of #max; (b)

contour of g-factor.

Apart from the comparison between the isolated OWC and hinged floats and the hybrid WEC
carried out for a certain wave condition (kh=3.2), the case with do/h=0.15, d1/h=0.08 is also taken
as an example to study the frequency responses of the maximum power absorption, which are

plotted in Fig. 17. The peak of the maximum power capture factor of the isolated OWC (77,.,,)

happens at kh=3.8, reaching 0.158. For the four hinged floats, the peak value of 7., is 0.378

when kh=3.0. Compared with the isolated OWC and hinged floats, the hybrid WEC holds a wider
bandwidth of frequency response with a larger maximum power capture factor, as shown in
Fig.17a. The corresponding g-factor response (as plotted in Fig.17b) shows that g>0.9 can be
satisfied for all the wave conditions except for 3.1<kh <4.5. What is better, two peaks of g-factor,
one is g=1.3 at kh=2.9, the other is q=2.3 at kh=8.9, are obtained. For any wave conditions with
kh>4.9, g>1 is achieved, i.e., the hydrodynamic coupling between the OWC and the floats in the
hybrid WEC plays a constructive effect on overall power absorption. Therefore, it is believed that
the hybrid WEC could perform much better in realistic wave climates in terms of power extraction
compared with those for the isolated OWC and hinged floats.
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Fig. 17.  Frequency response of the maximum power capture factor (7., M @Nd s ) OF
the isolated OWC, the isolated hinged floats, the hybrid WEC and the g-factor for

R;d, =3h?/320, R=0.8Rs, R?d; =h’/2000, Dj=2R;, hj=2d;, do/h=0.15, di/n=0.08. (a) 77y,
ﬁmax and 7max; (b) g-factor .

5.3 Spacing distance between the OWC and the floats

To investigate the effect of the spacing distance between the OWC and the floats on power
absorption, four cases of the hybrid WEC with Dj=2R;, 3R;, 4R; and 5R;, respectively, are studied.
Results of the frequency response of #max, together with the power capture factor of the OWC and
each float of the hybrid WEC are plotted in Fig. 18. Since the incident waves propagate along
x-axis and y=0 is a plane of symmetry of the hybrid WEC, power capture factors of Float 2 and

Float 4 denoted as 7'? and »'%) | respectively, as shown in Fig.18, are all the same for any

specified wave conditions. It can be seen from Fig. 18 that the larger D;j is, the bigger kh is which
corresponds to the peak value of #max. The peak value of #max and the corresponding kh for Dj=2R;,
3R;, 4Rj and 5R; are (0.455, 2.9), (0.658, 4.4), (0.516, 5.3) and (0.556, 7.2), respectively. The peak

of the nfj’a)x—kh curve happens at the same kh when the peak of ymax occurs. In long waves

(kh<2.0), the power absorbed by the OWC is far larger than the power extracted by any of the
floats. While in short waves (kh>8.0), the power is mainly captured by the floats of the hybrid
WEC rather than the OWC and the power absorbed by the OWC is much smaller than the power
absorbed by the float which extracted the least power in the floats.

For Dj=2R; and D;=3R;, as shown in Figs. 18a and 18b, it should be noted that there are
almost no power being absorbed by the OWC and most of the power are captured by the floats
when nmax reaches the peaks. Meanwhile, the power extracted by Float 3, the windward one, is
nearly always larger than that of any other three floats, which might be attributed to the
constructive effect of the wave reflected by the OWC for these specified dimension parameters.
While for Dj=4R; and D;=5R;, as shown in Figs. 18c and 18d, Floats 2 and 4, i.e., the side floats,
turn to capture more power than any other three floats for a wide range of wave frequencies.
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Fig. 18. Frequency response of the maximum power capture factor (ymax) of the hybrid WEC

with different spacing distance between the OWC and the floats for R?d, =3h®/320, Ri=0.8Ro,
RZd; =h?/2000, h=2d;, do/h=0.15, d1/h=0.08. (a) Dj=2R;; (b) Dj=3R;;.(c) Dj=4R;; (d) D=5R;.

6 Conclusions

A novel hybrid WEC consisting of a floating OWC moored at the sea bed and several floats
hinged around is presented. To study hydrodynamic performance of the hybrid WEC, a theoretical
hydrodynamic model is developed to solve the wave diffraction and radiation problems from a
cylindrical OWC and several truncated floats oscillating independently in surge, sway, heave, roll,
pitch and yaw modes based on the linear wave theory. Wave excitation volume flux/forces and
hydrodynamic coefficients are evaluated by using the diffracted and near field radiated potentials,
respectively. Moreover, some hydrodynamic coefficients are also obtained with other two
approaches, one is in terms of the Far-Field Coefficients and the other is by wave excitation
volume flux/forces.

To testify the validity of this theoretical hydrodynamic model, numerical computations with
the use of a boundary element method commercial code are also carried out, and the theoretical
results by applying three different approaches and the numerical ones are compared with each
other. The theoretical results are found in good agreement with ones obtained by using different
approaches.

The validated theoretical hydrodynamic model is finally used to learn the power extraction
by a hybrid WEC consisting of an OWC and four floats hinged around. The results reveal that:
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1) Due to the hydrodynamic coupling, the peak value of the maximum power capture factor of

the hybrid WEC can be 0.63 for R2d, =3h°/320, Ri=0.8Ro, R’d, =h°/2000, Dj=2R;, hj=2d; and

kh=3.2, obviously larger than those for the isolated OWC (0.158) and the isolated hinged floats
(0.52).

2) Compared with the isolated OWC and hinged floats, the hybrid WEC holds a wider
bandwidth of frequency response with a higher maximum power capture factor.

3) In long waves, the power absorbed by the OWC is far larger than the power extracted by any
of the floats. While in short waves, the power is mainly captured by the floats in the hybrid WEC
rather than the OWC.

4) As spacing distance between the OWC and the floats increases from 2R; to 5R;, the peak of
the maximum power capture factor (ymax) of the hybrid WEC occurs at a higher wave frequency.

Apart from improving power capture ability of the isolated OWC and hinged floats by
combining them together, apparently the hybrid WEC has an advantage in reducing construction
costs.

The present paper only presents a fundamental study of the hybrid WEC in regular waves.
Effect of the multiple parameters, such as wave incident direction and float number, and the
performance of the hybrid WEC in realistic wave climates deserve further investigation in the near
future. The study carried out in this paper is based on the linearised hydrodynamic theory for an
ideal irrotational fluid. Since the viscous effect is not taken into consideration, wave power
absorption may be overestimated by using the potential flow theory. The viscous effect on the
hybrid WEC might be investigated by using physical experiments in the future.
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Appendix A. Derivation process of the formulas and calculation for the unknown coefficients of
diffracted potentials
Substitute the diffracted spatial potentials in Egs. (12)~(22) and wave incident potential given

in Eq.(2b) into Egs. (23)~(24), then after multiplying both sides by e ™ cos[ﬂjyg(z+h)] and

integrating for 6, €[0,2n] and ze [—h,—dj ] , We get:

_ cDJ+2ZBD’L +2iiiBﬁﬂTm”J.L5‘3

j'=0 m=—o0 1=0

i+ , (A1)

2|gA i (k R )LOJ |k0 X cosﬂ+yjsm/3)e_irﬁ

@

-a, A0 b, CO0 23 DR = BRI, 4
|=

where
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dz

J. 1 0, Z(2)cos| B (z+h)]
L= h—d, I z,(0)
(-1)° (h=d; )k, sinh[k,(h—d;)]

(h—d.)2 I + ¢ |cosh (k;h)

| ZO;gZO,l,Z--- , (A.3)

(1) (h—d, )k sm[k (h-d;)]

(h d, ) k?—¢?n? cos(k,h)

1=1,2,3--;c=0,1,2---

(1) Hy (koRy )3, (R, )™ ™) o
. H, (KR}
Ti= ‘ A
| Ko (KR )1, (KR, )™ 1=1,2,3--
Kn (KR, ) o

1+In(gj, ¢=0;7=0

0

I
Ri
SIS +
0 b [RJ , (A.5)
|

a, = 3 — £=0720"
: r(ﬂO,;‘Ri) é,io ¢ RO
(BocRs) K. (8:R)

Similarly, substitute the diffracted spatial potentials in Eqgs. (12)~(22) and wave incident

potential given in Eq.(2b) into Egs. (25)~(26), after multiplying both sides by e Zg (Z) and

integrating for 6, €[0,2n] and z e[-h,0], we have:

z A Az, (0)LY) - nOZCDJX o)Ly +BD’H(‘+ZZBH?§’THQ‘T‘§

j'=0 m=-c0
1#]

5 ir+leiko(xj COSIHeriSinﬂ)e*iTﬂgAkoJ; (kORJ )

€0 a)ZO(O)
(A.6)
—Zaﬂ DO/I,l A 41 Zb' CDOXTI A O)L(ﬁo)' DDN+1H )

A7
=5 |r+l€'k°(x°cosﬁ+y°smﬁe_”ﬁgAkoJf(koRi) -
=0,

a)ZO(O)

where
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|T|(h_dj), =0
40— 2R (A.8)
7,1 y :
ﬂj|lr(ﬂj| j)( j) |_123
| (B.R; )
h_df’, 1=0,r=0
2R
o | -|z|(h—d
X0 —|T|2(Roh ) 1or40 | (A9)
,Bo,l K; (ﬁO,IRO)(h_dO) =123
Kr(ﬁO,IRO)h , -
K :jr(kORj) , 1=0 koJ: (kR) _
- (kiR;)Z5(0) L) _ J. (kR)Z,(0)’ L (A.10)
i le‘;(kle) i k1 (kR)
-V 1=123- ———, =123
K, (kR;)Z (0) . (kR)Z (0)
(" kIt (R ) Hy (R, )™ ™)
H,. (kR )Z,(0 ’
Tnil = (Ry) O((a)_a_w) . (A1)
k12 (KR, ) Ko, (KR, )& ™™ 1o
Ko (kR;)Z (0) ' o
R
1, 1=0,r=0 o |=0:r=0
R -1 el
a, = (R—j , 1=0,7#0> b/, = [&j , |=0:720" (A.12)
0 ' R,
I ﬂOI I), |¢0 Kf(ﬂO,IRi), |¢0
z(ﬁm 0) Kf(ﬂo,lRo)

2(N+2)(2M+1)(Lo+1) complex linear equations with an equal number of unknown coefficients can
be obtained from Eqgs.(A1), (A2), (A6) and (A7) after truncation of €™ (m=-M, ..., 0, ..., M), Zi(2)
and cos[B;i(z+h)] (I=0, 1, 2, ... Lg) functions. Therefore, the unknown coefficients can be easily
calculated by solving the complex 2(N+2)(2M+1)(Lo+1) order linear matrix equation.

For the radiated spatial potentials due to float oscillation and those due to air pressure
oscillation inside the OWC, similar expressions can also be derived. Note Egs.(Al), (A2), (A6)
and those for radiated spatial potentials share the same 2(N+2)(2M+1)(Lo+1) order linear complex
coefficient matrix, hence wave diffraction and wave radiation problems can be solved
simultaneously.
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