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Abstract

The system with one floating rectangular body on the free surface and one submerged rectangular
body has been applied to a wave energy conversion device in water of finite depth. The radiation
problem by this device on a plane incident wave is solved by the use of an eigenfunction expansion
method, and a new analytical expression for the radiation velocity potential is obtained. The wave
excitation force is calculated via the known incident wave potential and the radiation potential with
a theorem of Haskind employed. To verify the correctness of this method, an example is computed
respectively through the bound element method and analytical method. Results show that two
numerical methods. are in good agreement, which shows that the present method is applicable.
In addition, the trends of hydrodynamic coefficients and wave force are analyzed under different

conditions by use of the present analytical method.
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1 Introduction

A dual rectangular structure is composed of a
floating buoy on the free surface and a submerged
buoy joined by an elastic pipe. In order to simplify
the solution of this problem, the wave energy device
is generally considered as cylinder buoy or rectangu-
lar buoy. In this paper, it is considered as rectangular
buoy, and then the wave force is computed and the law
of different external condition influence on the hydro-
dynamics coefficients is analyzed. This model can be
applicable to much practical engineering. One typical
case is the cage fish farming or other precious aquatic
product of sea-farming, in which the device can be sim-
ply considered as a rectangular buoy. However, more
significative application is to wave energy conversion
device. The energy of wave power comes from the hy-
draulic pump system, which generate power depending
on the wave force accumulated by the elastic pipe.

At present, there are much research achievements
about rectangular buoy movement in water of con-
stant depth of an infinite domain or semi-infinite do-

Foundation item:

main. The research methods mainly have two main
aspects: one is analytical method, and the other is
numerical method. The former are employed in some
investigations as follows: Black et al. (1971) applied
the Schwingers variational formulation to the radiation
of surface waves due to small oscillations of horizon-
tal rectangular structures. Radiated wave amplitudes
and wave forces were computed. Drimer et al. (1992)
presented a simplified analytical model for a floating
rectangular breakwater in water of finite depth. The
hydrodynamic coefficients, exciting forces, and reflec-
tion and transmission coefficients are computed. Lee
(1995) presented an analytical solution to the heave
radiation problem of a rectangular structure. With an
application of this solution, the incident waves, added
mass, damping coefficients were calculated, and the
hydrodynamic effects of the submergence and width of
the structure were also discussed. Zheng et al. (2005)
researched the interaction of a submerged rectangular
buoy with incident linear waves on finite water depth
and attained the solution of radiated potential and
diffracted potential. The application of the latter is as
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follows: Hsu and Wu (1997) applied the linear wa-
ter wave theory and the Boundary Element Method
(BEM) to the hydrodynamic coefficient for an oscil-
lating rectangular structure on a free surface with
sidewall, and the influence factors on damping coef-
ficient have been found. Hsu and Wu (1999) again
applied the boundary element method to the scatter-
ing of water wave by a submerged horizontal plate and
a submerged permeable breakwater. Sannasiraj et al.
(1995) used the finite element technique to study the
interaction of oblique waves with freely floating long
structures. Then Sannasiraj et al. (1998) adopted a
two-dimensional finite element model to study the be-
havior of pontoon-type floating breakwaters in beam
waves, and Sannasiraj et al. (2000) again used the fi-
nite element method to study the diffraction-radiation
of multiple floating structures in directional waves.

In this paper, the hydrodynamic coefficients and
wave excitation force by a dual rectangular floating
body have been studied by use of analytical method,
which is composed of a floating rectangular body and a
submerged rectangular body. Heave, sway and roll of
floating body movement are discussed here. An eigen-
function expansion method is employed to study radi-
ation problem of this dual rectangular wave device and
expressions of wave excitation force and hydrodynamic
coefficients are deduced. The wave exciting force ob-
tained by the BEM method is adopted to verify the
correctness of this analytical method. The influences
of submerged depth of floating body on hydrodynamic
coefficients are also given.

2 Mathematical model

Let a dual rectangular body wave energy device
exist in an incompressible, inviscid and irrotational
fluid. The device consists of two rectangular cylinders
connected by an elastic pipe, which have the same size
and shape in the vertical direction. Here the floating
one on the free surface is called buoy 1 and the sub-
merged one is called buoy 2. The origin of the co-
ordinate system is at the undisturbed water surface
with the positive z pointing upwardly and the posi-
tive x directing to the right. The structure is assumed
infinite in the y direction, so the problem considered
here is two dimensional and the motion modes only
include heave, sway and roll. The geometrical shape
of the structure and the Cartesian coordinate system
are shown in Fig. 1. As time t can be able to separate
from the mathematic equations, there exists a veloc-

ity potential @ satisfying the Laplace equation. The
two-dimensional governing equation for @ is

0o 0
0x? = 022

= 0. (1)

For linear water waves considered here, it is cus-
tomary to make the following decomposition.

3
O =0+ P+ Y oY), (2)
L=1

where @; is the incident wave potential; @4 is the
diffracted potential; ¢/ is the radiated potential due
to the motion of the floating body. Here L=1 stands
for the heave, 2 for sway and 3 for roll. J=1, 2 rep-
resents buoy 1 and buoy 2 respectively. In water of fi-
nite depth, the incident wave potential of linear waves
propagating along the x direction is

_ igA cosh[k(z 4 hi1)]

o =
w  cosh(khy)

exp(ikz), (3)
where i=v/—1; A is the incident wave amplitude; w is
the wave angular frequency; g is the gravitational ac-
celeration; k is the wavenumber which is determined
by the dispersion relation ktanh(kh;) = w?/g and hy
is the water depth.

Fig.1. Schematic of the geometry.

3 Solution to the radiated potentials

3.1 Governing equation and boundary condi-
tions

Let the movement of the rectangular buoy be
small and the amplitude of the buoy motion be de-
noted by AgJ’L). The radiated potential @ﬁJ’L) by the
body motion can be expressed as

B = oA (1, 2) 0
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Substituting 3 into Eq.(1), the following gov-
erning equations can be obtained.

92t
0x2

agspl(r(],L)
072

~0. (5)

In order to obtain the unique solution of Eq. (5),
the following governing equations and the boundary
conditions must be satisfied.

(J,L) 2
e e T A M)
D)
=0 (= =h1),  (7)
D)
9082 =0;1[01,0 — (x — 20)03,L]
(z=—dy,|z|<a), (8)
D)
%x =071[02,1 — (2 — 20)93,1]
(—dy € 2< 0,2 ==a), (9)
Dt
@az =072[01, — (z — x0)d3,1]
(z = —e1,|z[ <a), (10)
D)
<P5'z =072[01,0 — (x — x0)03,1]
(z = —eg,|z] <a), (11)
D)
@ax = 5J,2[52,L +(z— 20)53,L]
(—e2 < 2 < —ey,z = +a), (12)
(J L):

is outgoing at finite value when|a| —oc .

Note that the coordinates (zo, 2¢) are assumed the
center of rotation in Eqgs (8) and (9), J is a function
introduced to express the boundary conditions simply
and given by

- { 0 J 7é

' 1 J=
Here the eigenfunction expansion matching
method is used to solve potentials of two models. At
first the fluid domain is divided into four subdomains
which are I, I, IIT and IV as indicated in Fig. 1. The
radiated potentials in four subdomains are denoted

J,L J,L J,L J,
by o7, 05, ) and ol The

method of separation of variables is applied to each

and ¢, respectively.
subdomain in order to obtain the expressions of un-
known radiated potentials. The obtained expressions
in each subdomains are infinite series of orthogonal
functions. They satisfy all boundary conditions but

the joints of subdomain boundaries, i.e. = a and

x = —a. The unknown coefficients in the series can
be obtained by use of the continuity of pressure and
velocity at these joints.

3.2 FEzxpressions of the radiated potentials

Using the method of separation of variables, the
space velocity potentials in each region can be ex-
pressed respectively by infinite series of orthogonal
functions. In region I, the radiated potentials can be
expressed as follows:

PP = 3 AP ooz + e e,

n=1

(14)

In region II, the radiated potentials which satisfy
Egs (1), (5) and (8) can be expressed as follows:

o™ = onp + A5 e + B +
S (A (1) 4 B0
n=2

cosla, (z + €1)], (15)

(7)

where ¢ 55" are particular solutions expressed as
(Z+621£z_r2 o051 — (Z+d1) —o” dj2 L=1,
S _ 0 . . L=2,
2P _(z-‘rel) (a:—z;jll—(z—xo) /35J,1+
2 3
(z+d1) (I*gz);(zfxo) /36J72 I =3.
(16)
In region III, the radiated potentials can be ex-
pressed as follows:
JL JL JL J,L
o = eip + A e+ B +
S 4 B e
n=2
cos[Bn(z + h1)] (17)
(z+h1)*—a? _
L) Té 2 L= 17
Yap =4 0 L=2,
2 . . \3
_(zth) (I—wzi—(l—lo) /35J’2 L =3
In region IV, the radiated potentials can be ex-
pressed as follows:
@SZ D Z cos (z + hy)]er @+ - (18)

where J=1 stands for buoy 1, and 2 for buoy 2. L al-

ways changes from 1 to 3. L=1 stands for heave, 2 for

sway and 3 for roll. A; JL) A(JL) A(JL) A (J:L) B(JL)
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and B fé’L)

be solved; Ay, B, and «,, are some eigenvalues given by

are the unknown coefficients which need to

A = —ik, ktanh(khy) = w?/g n=1, (19)
Antan(Ahi) = —w?/g n=23,--- (20)

an =(n—17r/hs, Bn=Mn—1)7/hs
n=123- - ,x. (21)

For the solution of these unknown coefficients
above, the continuity of pressure and normal velocity
at © = fa and the eigenfunction expansion matching
method are imposed on these different motion modes
of each buoy. The continuity conditions are integrated
in the considerate interval after they multiply by the
corresponding eigenfunction on both sides, so that
these conditions can be satisfied in the z direction.
For simplifying the computation, the first N terms of
the infinite series are intercepted, so 6N complex equa-
tions and the same number of unknown coefficients are
obtained. These equations can be expressed as matrix
equations.

SX, = FD (22)
where
A(JvL)

1449

J,L J,L
A, AP

7 )

J,L JL
vA(ln )vAél )a"'

J,L
Aé1 ).

X, = [Al‘{’L),-..
Ag‘{’L),~~- :
AEL;IJL)’ BéLlj,L)a U aBéi’L)’ B:ngLL)a e 7B§{,L)a
BT

S is the radiated coefficient matrix; FY) s the right-
hand vectors; the expressions for the elements S and
Fr(‘]’L) are illustrated in appendix A.

The linear equations are solved and the vector X,
can be given. So the radiated potential at any position
in the fluid can be computed and the wave forces can
be calculated.

4 Computation of the wave force and hydrod-
ynamic coefficients

4.1 Computation of wave excitation force

The wave exciting forces result from the incident
potential @; and diffracted potential @4.The relation
of the fluid dynamic pressure to the velocity poten-
tial can be obtained from the Bernoulli equation. The
dynamic pressure is integrated along the submerged
surface of floating body and the wave exciting force
of buoy J in direction K is F,gt = F,ge_i“’t. In the

frequency domain, this force can be expressed as

F] = piw/ (& + Bq)nids. (23)

S

With an application of the Greens second identity,
the Eq. (23) can also be written as

, o,
F = piw/ dingds — piw/ @Ek)a—ds,
i So on

J

(24)

where S;(J=1,2) is the submerged surface of float-
ing body; and Sy is all of the fluid boundary; ny is
the generalized normal vector outward the fluid with
ny = n,,ng = n, and ng = (z — z0)n, — (T — 20)n2,
n, and n, are the components of unit normal vector
inward the floating body. The computation methods
given by Eqs (23) and (24) are respectively called ap-
proach 1 and approach 2. The analytical solution of
radiated potentials is an emphasis here, so the wave
exciting force is solved through the approach 2.

4.2 Computation of radiation force

The radiation force due to the body’s motion can
be calculated by the following expression:

3 2
Fr(LK) _ plw Z Z QS.I,L)efiwtans —
SIp—15=1

32
—iw LY v, (LL) s A(J L) 1 (L)
e tE E[wQAS )C’a([,K)—I—lwAf )Cd([’K)],
L=1J=1

where C’ag:?) and Cdg}]:?) represent the added mass
and damping coefficient of buoy I in direction K due

to the motion mode L of buoy J.
JL JL
Caf i) = [ Rell"P)nacds = Relps( )

Cdg:?) - Pw/s Im(‘P&]’L))ans = Im(pwf((}{’lg))),
I

(J,L)

where f((}]?) = [s;(@" " )ngds (L=1,2,3).

5 Results and discussions

5.1 Verification of the present method

To verify the correctness of the computational
method in this paper, here a specific example is
presented. Its geometrical parameters are dy/h; =
0.1,a/h1 = O.Q,hg/hl = 0.1,d2/d1 = 2. The bound-
ary element method and the eigenfunction expansion
matching method are applied to this example respec-
tively. Their results agree very well presented in Fig.2.
The wave exciting forces of dual rectangular floating
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body are computed by use of the analytical method.
The variation of wave exciting force and hydrodynamic
coefficients including the added mass and damping co-
efficients are studied for different conditions. In this
computation, the first 40 terms in the infinite series
of the radiated potential is taken and the wave force
computed by use of boundary element method for the
same condition, where every computation domain is
divided by 100 even units in a wavelength. Wy = 2pga
and W, = 2pga® are dimensionless modules of wave

are dimensionless added mass and damping coeffi-
cients. Ca(J, L) and Cd(J, L) stand for the dimen-
sionless added mass Cag’?) /My and damping coef-

ficients Cdg’?) /M respectively when the motion of
buoy J is the mode L. Here only the case of (I =

J,K = L) is studied, namely Ca(J, L)zCanZB/Mo

and Cd(J, L):C’dgi;/ML Coordinates xg, zg are the
reference point of roll torque and is let be the origin

(0,0) and the dimensionless kh; is to multiply wave

exciting forces, My = 2pgad; and M; = 2pgad, number by water depth.
0.5
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Fig.2. Comparison of the dimensionless wave forces (— analytical method; ¢ BEM).

5.2 Study on the hydrodynamic coefficients

5.2.1 A case of changing of the draft depth di of

buoy 1

The variations of wave exciting forces and hydro-
dynamic coefficients are shown in Fig. 3 for the case
in which the draft depth of buoy 1 are changed and
the submerged depth of buoy 2 is not changed. It can
be seen that there is almost no influence on the wave
forces of buoy 1 and buoy 2 for the changed structure
ratio d1 /hy when wave frequency is very small or very
large. For the heave of buoy 1 or buoy 2, the larger
the ratio of the draft to water depth is, the smaller the
values of wave exciting forces and damping coefficients
are and the larger the added mass is. For their sway,
the larger the ration di/hq is, the larger the value of
wave forces is. When the buoy 1 and 2 roll, variations
of the added mass and damping coefficient are com-

plex very much, but they only change remarkably in
some specific range of frequency and almost unchanged
when the wave frequency is very small or large.
5.2.2 A case of changing of the water depth ho of
submerged buoy 2

Figure 4 shows the results in the case of changing
of the water depth hs of submerged buoy 2. When
the ratio of ho/hy increases, the wave exciting force of
buoy 1 almost no changes, but the wave exciting force
of buoy 2 decreases, whose variation is large in some
specific frequency range and very little in the other
lower or higher frequency range. For the heave of buoy
1, with the growth of the ratio of hy/h;, the added
mass deceases, but damping coefficient changes very
slightly. For the sway of buoy, the added mass and
damping coefficient are basically not affected by the
submerged water depth of buoy 2. With the growth of
the submerged depth hs of buoy 2, influence of surface
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wave on this buoy will decrease. So the correspond-
ing added mass and damping coefficient change with
the variation of hy. In a desirable range of frequencies
the larger submerged water depth hs is, the bigger the
added mass is and the smaller damping coefficient is.
But there is almost no change for these parameters at
a higher or lower frequency.

6 Conclusions

The hydrodynamic response of wave energy de-
vice with dual rectangular floating bodies is stud-
ied. The eigenfunction expansion method is employed
to study radiation problem of this device. Analyti-
cal expressions of wave excitation force and hydrody-
namic coeflicients are deduced by use of this analytical
method. This method is verified by the BEM method.
For the heave, sway and roll of floating bodies, the
influences of their submerged depth on hydrodynamic
coefficients are also discussed. It can be concluded as
follows:

(1) The analytical model of radiation by a dual
rectangular floating body is applicable.

(2) The variation of submerged water depth of the
top floating body has a greater influence on wave ex-
citing forces, added mass, damping coefficients of the
system.

(3) The variation of submerged water depth of
the bottom floating body almost has no influence on
wave exciting forces for the top floating body and its
sway, but a great influence on added mass, damping
coefficients for the bottom floating body.
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Appendix A. Expressions for S and Fy

(1) Expressions for the elements in matrix S

Si’j == —AZN(AZ)

i, N+j —ajemj“F()\i,aj) ] :273’_._

SiaN+j =
PN BB B) =23,

s _Jo 1
BN ﬂ]E()\Zaﬂ]) J= 2a37
NN+ —ai F(\;, o) j=2,3,

g ) o —E()\i,a]‘) ] 1
NN+ _BJE()‘hﬂJ) J= 2a37

SN+i3N+i = NN (\;)

SN =0 "~
N+i,AN+j — ajGZQjaF()\i, Oé;) ] = 2737 .

. - 0 j=1
NFLENHT T gie2Bie BN, B;) =23,

Sonyij = F(X\j, ;)

7h2a 1=1
SoN4i,N+i =
NN —@62‘”“ 1=2,3,
2
—hy i=
SoNtian+i =4 Dy P93 ...

2

113

(A8)

(A9)

(A10)

(A11)

(A12)

(A13)



114 WANG Wensheng et al. Acta Oceanol. Sin., 2010, Vol. 29, No. 3, P. 106-115

San+ij = E(Nj, Bi) (A14)
—h3a 1=1
S, i i = : Al5
3N+i,2N+ _Ee2ﬁia 22273’ ( )
2
—hs 1=1
S3N+i5N+i = hs ) (A16)
- 1=2,3,---
2
—hga 1=1
SAN4i,N+i = ha ) (A17)
- 1=2,3,---
2
Santian+; = F(Aj, ) (A18)
—hso i=1
SAN+iN+i = h A19
AN+i,N+ __2€2aia 222’3, ( )
2
—h3a 1=1
SsN4i2N+i = hs ) (A20)
—-—— 1=2,3, -
2
Ssn+ian+j = E(\j, Bi) (A21)
—hs i=1
S i i= A22
AL 1 20 =23, (422)
hy | sinh(2khq) P
. _ 2 4k N
where:  N(A) =0 5 sin(2hihy) , (A23)
o, smieAig) i=2.3,..
2 I,

(—1)7~Lksinh(khg3)

1=1
N e
E(/\i,ﬁj) = (—l)j_lx\isin(/\ihg) s (A24)
)\12 _ﬂJQ 1= 4,9,
k(—l)jflsinh[k(hl —dy)] — sinh[k(h; — e1)] P
B k2 + a3 N

Fiag) =9 (C1)i-tsin[hi(hy — do)] — sin[Ai(hy — e)] (A25)

/\i )\2 — 042. 1= 2, 3,
i

(2) Expressions for the elements in matrix FP({J’L)

J.L J.L
Fr(,i = Pl(i ) (A26)
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—dq —e2
Pl(gl’l) = / i[_éjl +(SJ2]COS[)\i(Z+h1)]dZ+ / ¢ —6J2COS[)\i(Z+h1)]dZ
—e1 h2 ’ ’ —hl h3 ’

—eq

0
p2) — d71c08[Ai(2 + hy)]dz + / ds2c08[Xi(2 + hy)ldz

1
—dq —e2

—ey

0
Pl(l’-I’B) = 0.1(z — zp)cos[A;(z + hy)]dz + / d72(z — zp)cos[Ai(z + hy)]dz

—d —e2

J,L J,L
FP({,Nj—i = P2(i ) (A27)

P 7

J,2 J,2
P2(i ) = Pl(i )

—e1

0
P = 6.7.1(2 — 20)03,1,cos[\s (2 + hy)]dz + / 812[(z — 20)63.1]cos[Ai (z + hy)]dz

—d; —eq
J,L J,L
Fl:({,2]\?+i = P3(i ) (A28)
—dy 2 2 2 2
J,1 (z+e1)*—a (z4+d1)? —a
P:,Ei ) /el [Tém — T(&LQ]COS[QZ'(Z +e1)]dz
A
— o) — (a—0)3/3
A - [ e e
—e1 2
d 2 _ _ _ 3
(24 d1)"(a = o) = (a = o) /35J2]cos[a¢(z +e1)]dz
2hs ’
J,L J,L
F1(1,31\2+i = szi : (A29)
—e2 h 2 _ .2
P = / M(smcos[@(z + hy)]dz
—hy 2h3
P~
—e2 h 2 _ _ _ 3 3
P4(;]73) = —/ (Z * 1) ((l :EO) ((l CEO) / (SJ’QCOS[ﬁi(Z + hl)}dz
—h 2hs
J,L J,L
F1(1,41\2+i = P5(i : (A30)
J1 J1
Péi ) = P?Ei :
J,2 J,2
PESi = P.?Ei )
s _ [" = +e) (atm) + (a+m0)%/3
Py = — [ 5% d51—
—e1 2
— di)? 3/3
(Z + 1) ((Z + JL'()) + (CL + JUO) / 5J2]COS[O(Z'(Z + 61)]
2ho ’
J,L J,L
FF({,SJ\?-i-i = Péi ) (A31)
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