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Abstract

In 1986, Masuda proposed a floating wave energy
converter with oscillating water column and it was
named Backward Bent Duct Buoy (BBDB). In order to
design a floating OWC-type wave energy converter such
as BBDB optimally, it is necessary to develop a numer-
ical analysis code in time domain on motions of BBDB,
air flow in air chamber and rotation of air turbine in
waves. As a first step for developing such numerical
code, in this paper, first, equations of motion of a floating
OWC-type wave energy converter in waves considering
memory effect by air pressure in air chamber are shown.
Second, some calculation results in frequency domain by
3D boundary element method, which are a base of above
calculation in time domain, are shown. Experiments on
exciting forces and radiation forces are also carried out
and calculation results are compared with experimental
results in frequency domain. In addition, BBDB has neg-
ative drift force in specific frequency region and it is im-
portant to estimate mooring cost for practical use. How-
ever, detail on it is still not clear. So, to make it clear
experimentally, four kinds of tank tests were carried out
and discussed in this research.

Keywords: Backward Bent Duct Buoy, Drift Force, Hydrody-
namic Coefficients

1 Introduction

Many types of wave energy converters(WEC) that are
based on various concepts have been proposed in recent
years (Cruz[1]). Various methods evaluating energy re-
moved from the waves by such converters are also shown
(Falnes[2]).

Recently, authors are trying the research with the
aim of the practical application of Backward Bent Duct
Buoy(BBDB) which is one of floating oscillating wa-
ter column type WEC. This device was invented by
Masuda[3] and consists an air chamber, horizontal duct,
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buoyancy chamber and turbine as shown in Fig.1 This
device has some advantages, that is, i)the primary con-
version efficiency is higher than other floating OWCs,
ii)as the wavelength for which primary conversion ef-
ficiency is maximum is about four times the length of
the BBDB, a longer floating structure is not required.
iii)Jas BBDB slowly advances against wave propagation
direction in particular wave frequency band, the mooring
force and mooring cost are deduced in irregular sea.
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Figure 1: Principle of BBDB

As BBDB has such good characteristics, the research
on BBDB has been carried out in Ireland, Korea and
Japan. Masuda et al.[4], Lewis et al.[5] and Nagata et
al.[6] carried out the wave tank test to make clear the
primary conversion characteristics of BBDB.

Howeyver, it needs a vast number of tests to make clear
the optimal hull shape experimentally. So, it is required
that a numerical analysis code (System Simulation) in
time domain which can estimate the motion of the float-
ing body and mooring system, the fluctuation of air pres-
sure in the air chamber and the rotational speed of tur-
bine at the same time in irregular waves.

Sarmento et al. [7] and Falcao et al. [8] carried out
system simulations that can obtain the free surface ele-
vation distribution of fixed type OWC accurately. Falcao
and Justino showed the numerical method in time do-
main to estimate the total performance considering the
air pressure distribution in air chamber and character-
istics of turbine. They expressed the radiation air-flow



rate as a convolution integral involving air pressure in
air chamber based on the solution in frequency domain.

The system simulation for a floating OWC-type wave
energy converter does not yet seem to propose. With re-
gard to the primary conversion efficiency of a floating
OWC in frequency domain, Osawa et al.[9] and Hong
et al. [10] investigated about Mighty-Whale and BBDB
respectively. However, they had not solved the radiation
problem concerning the radiation of waves caused by an
oscillating dynamic air pressure on the free surface in
the air chamber. Therefore they introduced an experi-
mental parameter, which is not easy to determine, on the
free surface condition in the air chamber in solving the
diffraction problem and the radiation problem by body
motion.

In addition, the BBDB has a characteristic that slowly
advances in a direction opposite to the wave propagation
in some incident wave frequency range. For this char-
acteristic, it seems to reduce the mooring force and the
mooring cost in irregular sea. On this advantage, Mc-
Cormick [11] showed the existence of the negative drift
force acting on the BBDB, which acts in a direction op-
posite to the wave propagation, in some wave frequency
range by the tank test. Hong[12] and Kim [13] also
showed negative drift force in a tank test, and compared
the measured negative drift force with the calculated re-
sults based on the potential theory. However, the mecha-
nism of generation of the negative drift force is not clear.

The first purpose of our research is to develop a op-
timal design method for the floating OWC-type WEC
such as BBDB, which doesn’t introduce an experimen-
tal parameter on the free surface condition, and can take
the body motions, the air pressure in the chamber, the
free surface elevation in the chamber and characteristics
of the mooring system and turbine in waves into account
simultaneously. In this method, the fluid motion induced
by the air pressure in the chamber is obtained as a so-
lution of radiation problem in frequency domain and the
solution in time domain is obtained in terms of convo-
lution integral in the same manner as Falcao. And the
second purpose is to make clear the characteristics and
the mechanism of generation of the negative drift force
acting on the BBDB in regular waves.

In this paper, as the first step to develop a numerical
analysis method mentioned above, firstly, equations of
motion of a floating OWC-type WEC in waves using the
impulse response matrix by body velocity and air pres-
sure in air chamber are deduced.

Secondary, the exiting force by incident wave and ra-
diation force induced by the body motion and the air
pressure fluctuation in chamber acting on BBDB are
obtained by using three dimensional boundary element
method in frequency domain. Nagata et al.[14] carried
out the wave tank test for hydrodynamic characteristics
of the BBDB. So in this paper, the validity of numerical
method were confirmed by comparing with this experi-
mental results.

Furthermore, the characteristics of the negative drift
force acting on the BBDB in regular waves are investi-
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gated by the two-dimensional wave tank test. Four kinds
of experiments are carried out. The first experiment is a
usual drift force testing for the BBDB moored by a soft
mooring system. The second one is a drift force testing
for the fixed BBDB. The third one is a drift force testing
for the BBDB whose the surge motion is only possible.
The fourth one is a forced pitch oscillation test in which
the BBDB is rotated about the center of the air chamber.
From these experiments, the mechanism of the genera-
tion of negative drift force acting on BBDB is discussed.

2 Fundamental equations for Calculating
the Transient Motion of BBDB

In this section, equations of motion of a floating
OWC-type wave energy converter in waves using the im-
pulse response matrix by the body velocity and the air
pressure in the air chamber are derived. Equations of a
floating body in waves using the impulse response matrix
by body velocity were already derived by Cummins[15],
Oortmerssen[16] and Mei[17]. We shall add the effect
of air pressure in air chamber to equations of motion of
a floating body which they obtained.

The Cartesian coordinate system is adopted for for-
mulation in this paper. The origin of coordinate system
is located on the still water surface, x-axis, y-axis, and
z-axis are taken in the longitudinal direction, the lateral
direction, and the vertical direction of floating body re-
spectively. Fluid surrounding the floating body is as-
sumed to be incompressible, irrotational and inviscid.
Therefore the velocity potential & can be defined. The
linearized governing equations for ® are as follows

V2p =0 (in fluid) (1)
0 0P
a—f =3, (on free Surface,z =0) (2)
z
0P
5 +88=0 3
(on exterior free surface of BBDB,z = 0)
0P P,
E + gC = _BS (4)
(on free surface in air chamber, z = 0)
0P
= = 0 (on sea bed) (5)
z

0P 3 X, bod f: 6
E—;l o o (on body surface) (6)

where g is the gravitational acceleration, { the free
surface elevation, Py the air pressure in the air chamber,
p the density of surrounding fluid, » the normal vector
which towards the outside of the fluid, and X, the dis-
placement of the body in the & direction.

2.1 Equations of motion of BBDB in frequency do-
main

First we summarize the equations of motion of BBDB
in frequency domain. Considering time harmonic mo-
tions, we write the velocity potential, the displacement



of the BBDB and the air pressure in air chamber as

®(x,y,2:1) = Re[@(x,y,2)e "] @)
Xo(t) = Re[X%e ) 8)
Py(t) = Re[P e '™ ©

where, i is the imaginary unit, @ the angular fre-
quency, ¢ time, X the displacement amplitude in the
o direction, and P¢ the amplitude of the air pressure.
Re[ ] denotes real part of the complex value. Substi-
tuting Eq.(7)~Eq.(9) into Eq.(1)~Eq.(6), a following
boundary-value problem is obtained.

V2 =0 (in fluid) (10)
9 2
%2 24 (1
Jdz g

(on external free surface of BBDB,z=0)
0 2 ]
7¢ 0, @ ¢ (12)
Jz g pg

(on free surface in the air chamber,z=0)
0
—(P =0 (sea bed) (13)
dz
29 e
5. =i Y X§ ng (on the body) (14)

n a=1

¢ is decomposed as follows.
S o,
0 =90+ ¢s—i0 Y Xgbu— — P97
a=1 pg

Above equation, ¢y denotes the velocity potential of the
incident wave. In case of deep-water waves, it is given
by

¢0 — éekzei(kxcoseq%ysine) (16)

where 0 is the angle between the incident wave prop-
agation and x axis, k is the wave number. @ ~ @4 are
the radiation potentials induced by the motion of BBDB,
subscript numbers mean the modes of motion ( 1:Surge,
2:Sway, 3:Heave, 4:Roll, 5:Pitch, 6:Yaw). ¢7 is a radia-
tion potential induced by the fluctuation of the air pres-
sure in the chamber, ¢g is the diffraction potential.

The diffraction potential ¢g is a solution of following
boundary-value problem.

VZigs =0 (in fluid) (17)
9 2
%% @ =0 (18)
Jdz g
(on external free surface of BBDB,z = 0)
) ?
X =0 (19)
dz g
(on free surface in the air chamber,z = 0)
0
9% _ (sea bed)(20)
dz

5)
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9¢s 9%
dn ~ on
dpg .
1/2(998 .
(kr) ( - zk¢g) 0 (22)

(kr = kr/x2 +y? — o0)

The radiation potentials ¢y (@ = 1 ~ 6) satisfy Eq.(17)
~ Eq.(20), and Eq.(22) when ¢y, is substituted for ¢g in
these equations. The boundary condition on the body
surface is expressed by the following equation,

(on the body surface) (21)

d
%:na (on body surface) (23)

n
The radiation potential ¢; induced by the
air pressure in the air chamber satisfies

Eq.(17),Eq.(18),Eq.(20),Eq.(22) when ¢g is changed
into ¢; in these equations. The boundary conditions
on the free surface in the air chamber and on the body
surface are obtained as follows, which correspond to
Eq.(19) and Eq.(20) in the diffraction problem.

2
W Oy 24)
dz g
(on free surface in air chamber,z = 0)
d
a—q: =0 (on body surface)(25)

The forces acting on BBDB in the o direction are ex-
pressed by following equations.

Fq = //S pngds
= FP+Fy+F§ (26)
where
FaD = Re[ipa)// (9o + 3 )neds] 27)
JSp
6 6
Fi = =Y Hap(@)Xg— ) Aop(0)X428)
B=1 B=1
Fy = —YoPs—0abs (29)
Hop(®) = p//s Re@gnqds 30)
B
Aop(@) = pa)//s Im@gnqds (31)
Ya(@) = g//s Im@nqds (32)
B
2
Ou(®) = —% / | Remads  33)

Therefore the equations of motion of BBDB in fre-
quency domain is expressed by the following equation.

Mg + Uop (©)Xg + [Agp (©)]Xg + [CoplXp

+Ya (@) B+ [0a(®) + Se|Py = FL + Fit - (34)

where FL is the exiting force, C, p the buoyancy restor-
ing force coefficients, S, the restoring force coefficients
of air in chamber, F; the resultant forces of the mooring
force and wind force etc..



2.2 Equations of Motion of BBDB in time domain

Cummins[15], Oortmerssen[16] and Mei[17] derived
the equations of motion in waves using the impulse re-
sponse matrix by body velocity. We shall add the effect
of air pressure in air chamber to equations of motion of
a floating body obtained by them.

At first, we assume that a generalized displacement to
the body in the o direction and a generalized pressure in
the air chamber be given impulsively at the instant r = 7.
So that the generalized body velocity and the air pressure
are

AVy =Vu(T)8(t—1) , Vo =2Xq
AP, = Py(1)6(t —
where & is Dirac’s delta function. Let ®* be the velocity

potential of the radiated waves caused by these impulses.
@2 must satisfy the following boundary value problem.

V2pA =0 (in fluid) (37)

?Pr 9P

o 85, =0 G8
(on external free surface of BBDB,z = 0)

’Pr 9P 1 8t —

I 40T P M (39)

or? +gazgfiﬁxm) ot

(on free surface in chamber,z = 0)

PLoa
S5 Vo (T)nagd(t — 1) (on body) (40)
V&A= 0 41)
(r=(@+y)1/2 -0, 1 <o)
=0 (t<7)42)
A
a{% —0 (on seabed)  (43)

We assume the following decomposition for &2,
@A (x,1) =
V(7) [Qg (x)8(t —7) +TE (x,1 — T)H(t — 7)

+P“f:) D(x,t = D)H (1) (44)
Where H is the Heaviside step function. Substitut-
ing Eq.(44) into Eq.(37)~Eq.(43), the initial-boundary-
value problem for QB ,Fg and I can be obtained.
Eq.(39) can be transfered as followings. At first, Eq.(45)
shows the relation between the Heaviside step function
and Dirac’s delta function.

JdH(t—1)

S— =8(t—7)

(45)

Since the arbitrary function h(z) satisfies Eq.(46),
Eq.(47) can be obtained.

(46)

(47)
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(35)
7) (36)

Substituting T'(x,¢ — 7) for h(r), Eq.(48) can be ob-
tained.

(x,t —17)8(t — 1) + T4(x,t — )8 (t — T)

=T9(x,0)8(r—1)  (48)

Substituting Eq.(45), Eq.(48) etc. into Eq.(39), a follow-
ing equation can be obtained.

Va(7) [gg(x)sa )4+ TE(x,0)8(t— ) +

arB(x,—1) 90QB(x)
R e L)

2B (g f— B (x.1 —
+{8 Fa(at;t 1)+g81"a(a,zt T)}H(t—r)]
+})Slgﬂ{r“(x,0)3(t—r)+(m;’;_ﬂ6(t—r)

9T (x,t — ore(x,t —
R e L]
:—PSI()T)S(I—T) 49)

We use the fact that H,8,8 and & are singularities
of different orders, and equate to zero their coefficients
individually. Therefore we obtain the following equation
from above equation.

QB(x)=0 (50)
2 (x,0)=0 (51)
ars(x,0)  0Q5(x)
o T8, 0 (52)
ITE(x,t—1) IIB(x,t—1)
o1 R =0 (53)
I(x,0) = —1 (54)
Jar(x,0)
— =0 (55)
Pr(xi—1)  I(xi-17) 56)

ot? ts8 dz

Substituting  Eq.(44) into Eq.(37),Eq.(38) and
Eq.(40)~Eq.(43), Three kinds of the initial-boundary-
value problems for Q5 T8 and T can be obtained. The
initial-boundary-value problems for Q& and I’ were
already shown by Mei[17]. The initial-boundary-value
problems for I'* is summarized:

VI =0 (in fluidg57)
I“=0 (58)
(on external free surface of BBDB,z=0,r = 1) (59)
or =0 (60)
ot
(on external free surface of BBDB,z=0,r = 7)
' =-1 61)

(on free surface in chamber,z=0,f = 1)



or

T =0 (62)
(on free surface in chamber,z=0,t = 1)
9°1¢ arﬂ
=0 63
e 82 (63)
(on external free surface of BBDB,z=0,7 <t < o0)
9°r*  or¢
i =0 64
01?2 ts8 dz (©4)
(on free surface in chamber,z=0,7T <t < o)
or«
=0 (on body)  (65)
on
al—*a
=0 (seabed) (66)
dz
=0 (‘x‘—)oo) 67)

The above initial-boundary-value problem for I'* may be
regarded as a radiation problem which determines the
fluid motion after the impulsive pressure is applied to
the free surface in the air chamber at the instant t = 7.
The radiation potential caused by a continuous V (¢) and

Py(t) is
= /_m drd®
:Qg(x)Va(t)—k/[ I8 (x,t — T)Vy(1)dT

[ - ()

The generalized restoring force reacting on the BBDB in
the B direction is

drt

(68)

Fg()=—p //SB angans

= — 1 ()Xo (1) - [ 3 K5, (t — 1)XqdT

Kgh()~ [ Ki-DR(@dT  (69)

where

ihale) = o [[ QhxInsas (70)

K1) = p// arB’” s (1)
6 = / SBW(X,O)ans (72)
a) = / /SB wnﬁds (73)

In deriving Eq.(69), I'3(x,0) = 0, which is a equation in
a initial-boundary-value problem for I'2, is used. How-
ever, I'”(x,0) does not equal zero because of Eq.(61).
Considering Eq.(69), the equations of motion using the
impulse response matrix by body velocity and air pres-
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sure in air chamber is
[Map + 15 (=) | X510

t
+ / KB (t — ©)Xg () + CapXp (1)

—|—/ K, (t—1)P

In equations above, Fé) is exciting force, F};' is resultant
force caused by mooring system and wind etc.. Kg 8 (r—
7) is a retardation function for the motion of the body,
K& (¢ — 7) is a retardation function for the air pressure in
the air chamber. ,ug (o0 )KB (1) K 5o and KE( ) defined
by Eq.(70)~Eq.(73) are calculated by using the solutions
of the initial-boundary-value problem for Q8 I'2 and T,.
However, in this paper, we try to represent these values
by using the solutions in frequency domain in the same
manner as Oortmerssen[16]. At first, we express

+(K&o+Sa)P, (t)dt

=F)+Fy (74)

Xg = ReliXge (®Tep)] (75)
P, = Re[iPse (@H8)] (76)
FP+FI' = Re[iFhme~(@+epa)] (77)

where Xg,P; and F2™ denote amplitude of Xg,Ps and
F Dm, €p.&5,Epq are phase of them respectively. Sub-
stituting Eq.(75)~Eq.(77) into Eq.(74), the real part of
Eq.(74) is expressed as below.

[— wZ{Maﬁ + g (o) — %/:Kgﬁ sinwrdr}

x sin(®t + €g)
+a)/0 Kjg(t

- {/ K (7)sinwtdtcos(of + &)
0

)cos @TdTcos(wt +&g)

+Capsin(or +e5) | s

- {/0 K5 (7)coswtdt + (K§O+Sa)}

X sin( ot + 83)} P

= FPmsin(ot 4 epg) (78)

On the other hand, substituting Eq.(75)~ Eq.(77) into
Eq.(34) which is the equations of motion in frequency
domain, the real part of it is expressed as follows.

0 (Mop + Hop (@) sin(@t + €g) + Agp (@) 0
x cos(@r + &g) + Cyp sin(or + £5)] X

+ [Yo (@) @ cos(wt + &)

+ (0 (®) + Sq) sin( @z + &)] P

= FP"sin(ot + epg)

[_

(79)

Comparing Eq.(78) with Eq.(79), we can obtain the



following equations.

KB (1) = %/Omlaﬁ(w)coswtda)

5, (80)

1= .
Hip (o) :Iiaﬁ((l))-l-a/o K§g (1) sin ordt

81)

K (1) = —% /0 " org(0)sinotdo (82)

Kiy = 0o (@) — /0 " K2 (1) cos wrdi (83)

So = —// ngds (84)

In the right-h;nd side of these equations,

Hap (), Aqp (@), Yo (®),0q(®) are defined in Eq.(30)
~ Eq.(33). S, in Eq.(84) denotes the area of inside walls
of the air chamber except the free surface. Therefore
the motions of the BBDB is calculated. Firstly the
boundary value problem for ¢ (a0 =1 ~ 6), ¢, and ¢g
shown by Eq.(17)~Eq.(25) are solved. Secondly the
obtained solutions are substituted to Eq.(30) ~ Eq.(33)
and Eq.(80)~Eq.(84). Lastly they are substituted
into Eq.(74). The transient motions of the BBDB are
calculated by solving this equation.

In order to carry out the System Simulation in which
the air pressure in air chamber is unknown, it is neces-
sary to estimate the volume flow, which is the sum of
radiation volume flow and excitation volume flow, pro-
duced by the oscillating internal free surface. The radia-
tion volume flow is calculated the following equation.

——ds

/ . 0z

where, A, is cross section area at the free surface in the
air chamber. The excitation volume flow is also calcu-
lated in the same manner. To estimate the total perfor-
mance of floating OWC type wave energy converter such
as BBDB in which the motions of BBDB, the air pres-
sure in chamber and the rotating speed of turbine are un-
known quantities, the equations of motions of BBDB,
the law of thermodynamics in the air chamber and the
principle of the conservation of angular momentum of
the turbine are needed. We can get the solution to solve
these equations simultaneously.

[ 9oF

" (1) (85)

2.3 Evaluation for Hydrodynamic force acting on
BBDB in frequency domain

The numerical method in the time domain shown in
the previous section needs the hydrodynamic coefficients
in the frequency domain. Generally, these values are ob-
tained from the numerical calculation based on the po-
tential theory. However, since BBDB has some edges
on the hull shape, it is expected that the damping force
acting on BBDB caused by vortex in fluid is generated.

In this paper, firstly we have calculated the exciting
force and the radiation force acting on BBDB in fre-
quency domain by using three dimensional boundary el-
ement method based on the potential theory. And we
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have investigated the validity of the numerical method
by comparing the numerical results with the experimen-
tal results.

2.4 Experimental Apparatus

As the details of experimental apparatus and results
for the hydrodynamic force acting on BBDB are shown
in the previous paper (Nagata et al[14]), so it is men-
tioned just about the experimental model and measured
data briefly in this paper.

Table. 1 Size and Characteristics of BBDB Test Model

Length 850(mm)
Width 790(mm)
Height 563(mm)
Length of

Buoyancy Chamber 600(mm)
Area of Air Chamber | 1486.1(cm?)
Diameter of Orifice 30(mm)
Weight(no ballast) 56.0(kg)

Table 1 shows the dimensions of the BBDB test model.
For exciting force, surge, heave and pitch exciting
forces were measured. Radiational forces in heave
and pitch modes were measured by means of two sen-
sors that are set at bow and stern of the BBDB in the
forced oscillation test. Radiation problem caused by
the motions of BBDB and diffraction problem shown by
Eq.(17)~Eq.(23) need experimental data in case that the
air pressure in the air chamber equals to the atmosphere
pressure. So, in this paper, the tank test was carried out
without top cover of the air chamber. Experiments were
conducted in the wave basin with 65m in length, Sm in
breadth, and 7m in depth in Kyushu university.

2.5 Numerical Analysis Code

Numerical analysis code were developed to calculate
the hydrodynamic coefficients by using the three dimen-
sional boundary element method. Applying Green’s the-
orem to a radiation or a diffraction potential and to the
Green function, the boundary integral equation on the
body is

J0En.0)
aG(§l7n/7 Cl,é7n7 g)
dn

= [/ om0
(g ¢ g, PETLED

where (&§,1',¢),(&,7n, &) denote points on the body, G
is Green function. In this paper whole fluid domain was
divide into two regions that are outer region of the body(
Region I) and inner region of the body (Region II) as
shown in Fig.2. As waves in our experiments are deep

}ds (86)



water wave, the following Green function for outer re-
gion, which is applicable for infinite water depth, is used.

G1(§/7n/JC/7é7n7C) =
oo ok(§+¢)

1,1 1 K/ e Jo(kR)
0

4m'r  r’ 2w k—K

+éK€K(§+§’)JO(KR) 87)

The Green function for inner region is expressed as fol-
lows:

1

G2(€7n747€vn7€):_m (88)
where
o= (=& +Mm-n")’+(-)®9)
o= (E-&V+Mm-n"+(+E)00)
R = (§-&)P+(n-n")? 1)
w? 2z
K = — =% (92)
Jo(kR) Bessel function of the 1st kind

By dividing the boundary surface S in Eq.(86) into dis-
crete panels and approximating ¢ and its normal deriva-
tives in each panel by a constant value, and then consid-
ering the boundary condition at the area which connect
the region one and region two, we can obtain a system of
algebraic equations for ¢;(i = 1 ~ 8).

Region3 Orifice
(Air) / S

Sro X

Region2 (Inner) [

Region1(Outer) h(depth)

Ss

Figure 2: Region for Numerical Analysis

2.6 Numerical and Experimental Results
Exciting Force

In experiments, there is a certain viscous damping in
the system. Therefore there is a case in which the cal-
culated value does not agree with experimental one. In
order to consider this damping, it seems to be convenient
to utilize the artificial damping force due to Rayleigh. If
we assume the artificial damping force which is in pro-
portion to the fluid velocity in the duct acts on the fluid,
the equations of motion of fluid in each direction are rep-
resented as follows.

du 1dp

%~ pax ©3)

dv _ 1dp

a" pay oY
A —_ (95)

9t poz

where U is coefficient for the damping force. Sub-
stituting u = d®/dx,y = dP/dyw = JP/dz into
Eq.(93)~Eq.(95) and take dynamic and kinematic
boundary condition into consideration, we can obtain
boundary condition for free surface in chamber as fol-

lows. 2 3 3
P (¢ b
W+”W+g72:0 96)

Substituting Eq.(7) into Eq.(96), we can obtain Eq.(97)
as a boundary condition for the diffraction problem con-
sidering viscous damping for free surface in chamber in
the same way as Eq.(19) is obtained.

gy N A
a—z—?(wla)%_o 97)

The above boundary condition is used in numerical anal-
ysis instead of Eq.(19).

Fig.3~Fig.5 show the Response Amplitude Operator
(RAO) of the surge, heave and pitch exciting forces. In
these figures, numerical results and experimental results
are plotted. Numerical results are for the cases of u=0,
0.175, 0.2 and 0.3 (1/sec). The vertical axis denotes the
exciting forces normalized by density of water p, gravity
acceleration g, incident wave amplitude {;, displacement
V and length of body L. The horizontal axis denotes the
wave period. The shortest wave period is 0.73 seconds(
A/L = 1.0,A:wave length) and the longest wave period
is 2.86 seconds( A /L = 15.0 ) in our experiment. Fig.6
shows RAO of the free surface elevation in the air cham-
ber. In this figure, experimental data are average of val-
ues measured at two points by displacement sensor, and
numerical results are average of values calculated at 32
panels on the free surface. Numerical results approxi-
mately agree with experimental data in these figures.
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Figure 4: Vertical Force
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Figure 6: Internal Free Surface Elevation

Radiation Force

Numerical results for radiation force were carried out
for three modes of motions (Surge, Heave, Pitch) and
forced oscillation of air pressure in the chamber. Forced
oscillation tests were carried out only for heave and pitch
direction. Fig.7~Fig.12 show RAO of numerical analy-
sis for the added mass and damping coefficients. Fig.9
and Fig.10 are for the heave mode, and Fig.11 and Fig.12
are for pitch mode, and the experimental results are also
plotted in these figures. Numerical analysis results ap-
proximately agree with experimental results, but there
are difference among them when the wave period is
around 2.1 seconds which is natural period of air cham-
ber.

Fig.13 and Fig.14 show RAO of the radiation forces
acting on BBDB in the case that the air pressure is ap-
plied to the free surface in the air chamber. In these fig-
ures, we show two hydrodynamic coefficients. One is a
coefficient which is proportion to the time derivative of
the air pressure, the other one is a coefficient which is
proportion to the air pressure.
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Figure 7: Added Mass Coefficient(surge)
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Figure 8: Damping Coefficient (surge)
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Figure 9: Added Mass Coefficient(heave)

3 Experimental Analysis on Drift Force
3.1 Experimental Apparatus

Experiments for the drift force were carried out in the
two-dimensional wave tank in the Institute of Ocean En-
ergy at Saga University. The tank is 19.5m long, 0.8m
wide and 1.2m deep. Two active absorbing wavemakers
are installed at both ends of the tank. The water depth
is 1.0m. BBDB model is same one on the Table.1, and
there is an orifice for coming and going of the air flow at
the center of the ceiling of the air chamber. The orifice
diameter is 30mm or 40mm.

To measure the horizontal drift force acting on the
BBDB model, the BBDB model is loosely moored to
load cells installed near both ends of the tank by using a
light nylon string and rubber bands. Initial tension of the
string is about 1.0N. The drift force acting on the BBDB
model is defined as the difference between the weather-
side force and the lee-side force. To resolve the incident
and reflected waves, wave elevation is measured by us-
ing four wave gauges installed between the BBDB model
and wave generator. The resolution method of incident
and reflected waves proposed by Goda [18] is used for
this resolution. The drift force is non-dimensionalized
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Figure 10: Damping Coefficient (heave)
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Figure 12: Damping Coefficient (pitch)

by using the amplitude of the incidence wave. The pe-
riod of the incident regular wave is set from 0.8 to 2.5
second. The ratio of the wavelength (1) of incident wave
and the characteristic length of the BBDB (L=0.85m) is
1.18 to 8.22. The amplitude of the incident wave is al-
most set as 2.5cm. The motions of the BBDB model
in waves are measured by using an image processing
method. The image processing system "THALCON” de-
veloped by MVTec is used. In addition to the experi-
ments for the drift force acting on the BBDB which was
loosely moored, the experiments for the motions of a
freely floating BBDB in regular waves were also carried
out and the motions of BBDB were measured.

3.2 Drift Force Acting on Loosely Moored Floating
Model and Motions of Freely Floating Model

Fig.15 shows the non-dimensionalized drift force act-
ing on the two BBDB model with orifice diameter ¢
of 30mm and 40mm. p is the density of water, g the
gravitational acceleration, L the length of the BBDB
model and &; the amplitude of the incident wave. A
positive drift force means that the drift force acts on the
BBDB in the direction of the incident wave propagation.

[ — 1 (o) — (5 (o) — (v fo)

Y/(VI0) YV /(L)) Y4/(V (Lw))
o

Period(s)

Figure 13: Air Coefficient y

= J — 0)/f/IL) — o4 IL) —o/V
& 20 T :
o'
=)
e o
S
>
&0 ‘ ‘
1 2 3
Period(s)

Figure 14: Air Coefficient

For the orifice of ¢=40mm, negative drift force occurs
within A /L=5.0~6.5. For the orifice of $=30mm, it oc-
curred within A /L=5.3~7.0. Fig.16 shows the ampli-
tude of the surge, heave and pitch motion of the loosely
moored BBDB with the orifice of ¢=40mm in regular
waves. Fig.17 shows the surge motions of a freely float-
ing BBDB with the orifice of $=40mm in three regular
waves of A /[=4.0,5.5, 8.0. In A /L=4.0, 8.0, the BBDB
drifts in the direction of the incident wave propagation
with the periodic surge motion by the incident wave. On
the contrary, in A /L=5.5, the BBDB drifts in the direc-
tion opposite to the incident wave propagation with the
periodic surge motion. Fig.17 shows the attitudes of the
freely floating BBDB in time t/T=0, 1/2 for the incident
wave of A /L=5.5 with a wave period T. In the motions
of the BBDB, the pitch motion whose center of rotation
is almost in the center in the air chamber, is dominant as
shown in Fig.18 It is found the followings from Fig.15,
Fig.16, Fig.17 and Fig.18.
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Figure 15: Drift force acting on BBDB (¢=30mm, 40mm)
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Figure 16: Amplitude of the surge, heave and pitch motions of
the loosely moored BBDB with the orifice of ¢=40mm

(i)In wave frequency range of A /L < 4, the surge mo-
tion is large, and the heave and pitch motions are rela-
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orifice of $=40mm in three regular waves of A /L=4.0, 5.5, 8.0
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Figure 18: Attitudes of the freely floating BBDB in time
t/T=0, 1/2 (¢=40mm)

tively small. Since the drift force acts on BBDB in the
wave propagation direction, the freely floating BBDB
advances in the wave propagation direction.

(i)In wave frequency range of A /L=5~6.5, the pitch
motion, whose the center of rotation is almost in the cen-
ter in air chamber, is more dominant than other motions.
Since the drift force acts on BBDB in a direction oppo-
site to the wave propagation, that is negative drift force,
the freely floating BBDB slowly advances in a direction
opposite to the wave propagation.

(iii)Since the drift force acts on BBDB in the wave
propagation direction in wave frequency range of A /L >
6.5, the freely floating BBDB advances in the wave prop-
agation direction.

3.3 Effect of degree of sealing of air chamber on the
drift force acting on BBDB

To examine the effect of the sealing of the air chamber
on the drift force acing on the BBDB, the drift forces
for two kinds of BBDB models are measured. One is a
model of which orifice is sealed, and the other is a model
of which lid is detached, that is, the air pressure in the air
chamber equals to atmospheric pressure. Fig.19 shows
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the drift force acting on BBDB for three models of two
models mentioned above and the model with the orifice
of ¢=40mm. Fig.20 shows the surge motions of a freely
floating BBDB for three BBDB models in regular waves
of A/L=5.5. Tt is found the followings from Fig.19 and
Fig.20.

(i)For the BBDB model with the orifice of ¢=40mm
and one of which lid is detached, the motion of oscil-
lating water column in the L-shaped duct is large and
the water is pushed out from the duct to the surrounding
fluid. The negative drift force is produced and the freely
floating BBDB slowly advances in a direction opposite
to the wave propagation. As the stern ascends, a strong
vortex grows at the lower end of the duct. This vortex is
shed downstream as the stern ascends. (ii)For the model
of which orifice is sealed, since the motion of oscillating
water column is very small and the water is not pushed
out from the duct to the surrounding fluid, the negative
drift force does not arise and the freely floating BBDB
advances in the wave propagation direction.

—— Wwith Lid (Closed)
—— With Lid (o=40mm)
e Without Lid (Open)

Drift Force / 0.5pgL;”

05 L 1

Figure 19: Drift forces for three conditions of air chamber

3.4 Drift Force Acting on Restricted Model

To examine the effect of the motions of the BBDB on
the generation of the negative drift force, the drift forces
acting on a fixed BBDB model was measured in regular
waves. Fig.21 shows the measured drift forces acting
on a fixed BBDB model. It is found that the drift force
acting on the fixed model, that is, wave drift force, acts
on the BBDB model in the wave propagation direction
and the negative drift force does not arise.

Next, drift force acting on a BBDB whose surge mo-
tion is only possible is measured in regular waves. The
heave and pitch motion are restricted by the guide rail on
the tank and rollers set in BBDB. Fig.22 shows the mea-
sured drift force for this case. In this case, the value of
the drift force is positive and the negative drift force does
not arise. From these experimental results, it is found
that the pitch motion of BBDB is related in the genera-
tion of negative drift force.

3.5 Forced Pitch Oscillation Test of BBDB Model

When the negative drift force arises and the freely
floating BBDB slowly advances in a direction opposite
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Figure 21: Drift force acting on fixed BBDB

to the wave propagation, the pitch motion whose the cen-
ter of rotation is almost in the center of the air chamber
is more dominant than other motions. Then, whether the
thrust arises in the direction of bow of BBDB was ex-
amined in the case of forced pitch motion whose center
of rotation was the center in air chamber. In this experi-
ment, the amplitude of forced pitch is 2.0 degrees. Fig.23
shows the measured thrust for this case. The thrust has
negative value and this means the thrust acts in the direc-
tion of bow of BBDB.

3.6 Mechanism of generation of negative drift force

In the frequency ranges in which the negative drift
force arises, the wave drift force caused by water wave
and the thrust caused by pitch motion of BBDB seems to
exist in opposite direction as shown in Fig.24. In order to
evaluate these two forces in waves, the drift force acting
on BBDB whose surge motion is only possible shown in
Fig.22 is compared with the thrust by forced pitch os-
cillation test shown in Fig.23. Fig.25 compares the drift
force in Fig.22 with the thrust in Fig.23 in force unit.
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Figure 22: Drift force acting on BBDB whose surge motion is
only possible
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Figure 23: Thrust acting on BBDB by forced pitch oscillation

Since the pitch angle is about 5 degrees in A /L=4.0~6.5
in experiments on the drift force shown in Fig.18, 5 de-
grees are used to calculate the thrust by forced pitch os-
cillation from Fig.23. From the Fig.25, it is found that
the thrust acting on the BBDB by forced pitch oscillation
is larger than the drift force, which seems to be the wave
drift force, acting on BBDB whose surge motion is only
possible. From the these experiments for the drift force
acting on the BBDB, the mechanism of the generation of
negative drift force acting on BBDB will be considered
as follows;

a) Wave drift force acts on the BBDB in the direction
of the incident propagation in waves. b) In A /L=5~7,
pitch motion whose center of rotation is almost in the
center in air chamber of the BBDB is generated. ¢) This
pitch motion generates the thrust in a direction opposite
to the wave propagation. d) Since this thrust is larger
than wave drift force in A/L=5~7, the steady force,
which is called as negative drift force, as the difference
in the thrust and the wave drift force acts on the BBDB
in a direction opposite to the wave propagation in this

Drift Force

—
Trust Wave Drift Force
A —

|

Incident Wave
-

Center of
Rotation

Figure 24: Forces acting on BBDB in regular waves
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Figure 25: Comparison of drift force acting on BBDB whose
surge motion is only possible with thrust by forced pitch oscil-
lation test

frequency range.

4 Concluding Remarks

The purpose of our research is to develop a numerical
method in time domain which can evaluate the perfor-
mance of the floating OWC-type wave energy converters
like BBDB with considering the wave-induced motions
of body, the air pressure in the air chamber, the free sur-
face elevation in the chamber, characteristics of turbine
and mooring system simultaneously.

In this paper, firstly, equations of motion of a floating
OWC-type wave energy converter in waves using the im-
pulse response matrix by body velocity and air pressure
in air chamber are derived. Secondly, calculation results
in frequency domain by three dimensional boundary el-
ement method for a diffraction problem and radiation
problems by forced motion with unit body velocity and
unit air pressure in air chamber for BBDB are shown.
In calculation, the numerical results in which the free
surface displacement in air chamber is decreased in the
natural period by introducing the Rayleigh friction into
the free surface condition are also carried out. Experi-
ments on exciting forces and radiation forces for heave
and pitch mode are also carried out, and calculation re-
sults are compared with experimental results. It is found
that numerical results are approximately agree with ex-
perimental results,

Furthermore, in order to make the characteristics and
the mechanism of generation of the negative drift force
acting on the BBDB in regular waves clear, four kinds
of experiments are carried out in two-dimensional wave
tank. From these experiments, it is found that the neg-
ative drift force arises in case that the thrust acting on
BBDB in the direction opposite to the wave propagation
generated by pitch motion caused by waves is lager than
the wave drift force acting on BBDB in the direction of
wave propagation.
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