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ABSTRACT

A theory is given herein for the ab-
sorption of wave energy by means of a sym-
metrical body with wave energy conversion
systems oscillating in a sinusoidal wave.
Conditions for achieving a complete wave
energy absorption were derived from the
expressions for complete wave absorption.
Moreover, as a practical application of the
theory, two new wave energy absorbing
devices were proposed and theoretical cal-
culations and model tests were carried out
on the wave and wave energy absorption of
regular and irregular waves. Results of
the experiments agreed well with the theo-
retical calculations. Moreover the results
of the model tests verified a complete wave
energy absorption.

NOMENCLATURE

amplitude of reflected wave

A+ = amplitude of transmitted wave

B = breadth of floating body

Cr = reflection coefficient

Cy = transmission coefficient

Cy = coefficient of Eq. (12)

Cq = group velocity

Cy, C3 = hydrostatic restoring coeffi-
cient

D, Dy, D3 = determinant of Eq. (12)

i = wave exciting force in i-th

direction

Fij £y = hydrodynamic force in i-th
direction caused by j-th mode's
oscillation, Eg. (10)

g = gravitational acceleration

GM = metacentric height above C.G.

Hi(K) = Kochin function of i-th mode's
oscillation

I = mass moment of inertia of the

body
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i = unit of imaginary

K = wave number = 2TWE/A

M = mass of the body

n = normal vector

R; = reaction force in i-th direction

Pe , P, = absorbed power in reqular wave

Py = power of incident regular wave

Py = absorbed power in irregular wave

B = power of incident irregular wave

P = pressure on the surface of the body

S(w = incident wave energy spectrum

8 = restoring coefficient of energy
absorbing system

8 = girth length of the body

t = time

W = electric power absorbed by generator

X = amplitude of i-th mode oscillation

g = displaced volume

sl = distance between two wave height
meters (Fig. 4)

Jk = mass or mass moment of inertia of
energy conversion system

Ca = amplitude of incident wave

Gi = displacement of i-th mode oscilla-
tion

7 = surface elevation

N = efficiencg of wave power absorption
= 1-Cr -Ca

Me = efficiency of wave power conversion

M = damping coefficient of energy con-
version system

X = radius of gyration in rolling osci-
llation

A = wave length

¢ = mass density of fluid

w = circular frequency

1. INTRODUCTION

Recently many studies have been made
concerning the utilization of wave energy.
The Wave-Activated Generator is one practi-
cal application of wave energy. Masudal[l]



invented this device in 1965 and Ryokusei-
sha put it into practical use. McCormick
(2], [3) developed thecoretical analysis

of the pneumatic wave-energy conversion
bouy system and the results of his analysis
agreed with the experiment results of
Masuda. Contrary to these studies, Isaacs
[4] invented a wave powered pump which con-
verts wave energy into water pressure that
accumulates in an accumulator tank and
which activates a hydraulic turbogenerator
when the water pressure is released from
the tank.

Independent of these practical appli-
cations of wave energy, Milgram [5] inves-
tigated the problem of absorbing two-
dimensional water waves in a channel by
means of a moving terminator at the end of
the channel. Though the object of his
study was to devise and develop a self-
actuating wave-absorbing system, his idea,
to generate a radiation wave that is exact-
ly opposite to the reflected wave, could
be easily extended to the problem of achie-
ving wave energy absorption through the use
of an oscillating body with wave energy
conversion systems, As just such an exten-
sion of Milgram's idea, Bessho developed
a theory for achieving wave and wave ener-
gy absorption by means of a symmetrical
body with wave energy conversion systems
oscillating on a free surface and his theo-
ry was read at the second subcommittee of
Japan Towing Tank Committee in 1973.

In 1976, Evans [6] carried out a theo-
retical study on predicting the absorption
of wave energy by means of a damped, osci-
llating, and partly or completely submerg-
ed body. He derived expressions on the
efficiency of power absorption for the
case where the body is a two-dimensional
cylinder oscillating in either a single
mode or in a certain combination of two
modes and when the body is a heaving half-
immersed sphere. In 1978, Count [7) appl-
ied Evans' theory to a two~dimensional
asymmetrical wave power device and made a
comparison between the calculated and mea-
sured efficiencies of a Salter duck.
Recently Srokosz and Evans [8] investigated
the problem of two arbitrary cylinders
oscillating independently and capable of
absorbing energy in a single mode from a
given incident wave,

Contrary to these studies on the two-
dimensional problem of wave energy absorp-
tion, the recent theoretical studies were
directed on the efficiency of three dimen-
sional wave energy absorption. Budal and
Falnes [%) began a study on a resonant
point absorber and defined power absorp-
tion length in 1975. Budal [10] also
theoretically analyzed a wave power absor-
bing systems that consists of a number of
rigid, interspaced, oscillating bodies in
1977. ©Using slender-body approximation,
Newman [11} provided a rough analysis of
the maximum rate of wave energy absorption
by a flexible or hinged raft.

The present paper is intended to out-
line Bessho's theory and to show the

vir-3-2

results of theoretical and experimental
studies conducted on the two new wave
energy conversion devices which were deve-
loped ag a part of results of Bessho's
theory.

On the contrary to other theories,
his theory was developed by using the
condition for complete wave absorption,
which is substantially similar te¢ the con-
dition for achieving 100% wave energy ab-
sorption. Following to his theory, it is
shown in§2 that the complete wave and wave
energy absorption can be attained in the
case when the floating body with energy
conversion systems oscillates in its naturmal
period and the damping coefficients of the
energy conversion systems are the same as
the one of the wave diffraction.

One of the two new wave energy conver-
sion devices is moored at delphins in sha-
llow waters ({(abbreviate as "Dolphin Type")
and the other is mocred by chain in the
deep sea (abbreviate as "Chain Type").

In the case of the "Dolphin Type", a half-
immersed symmetrical body oscillates in
only two modes, heaving and rolling, and
the swaying motion is constrained so that
100% wave energy absorption may be attained.
In the latter case, since the floating sym-
metrical body oscillates in three modes,
complete wave energy abscrption is not yet
completed. The results of the theoretical
and experimental studies made on these two
devices are described in §3 and §4. Wave
absorption achieved by the "Delphin Type"
in the case of irregular waves is discussed
in §5. The experimental data is also given

2. THEORY OF WAVE-ENERGY ABSORPTION

2.1l. Formulation

Two-dimensional motions are considered
and cartesian co-ordinates (x, y) are
chosen as shown in Fig., 1. It is assumed
that the fluid motion is inviscid and in-
compressible, and that the resulting osci-
llatory motions are linear and harmonic.

transmitted reflected incident
wave wave wave
NS o] P P X
o i g LY A ) " A
LS
s *n
Yy

Fig. | Co-ordinate system

When a body oscillates in a incident
wave of unit amplitude, the amplitudes of
the reflected and transmitted wave far
from the body can be expressed as:

A =i K;;xi Hix) (1)
At =LrEK LXGH{) (2)

where K = wave number = 27/a,



X = a@plitude of j-th mode oscilla-
tion

X4 = I/K

Hﬁ(x) = Kochin function of j-th mode
oscillation

Here j = 1, 2, 3 refer to sway, heave,
xoll, respectively, and j = 4 refers to
diffraction of incident wave by the fixed
bedy. When the body is fixed in a incident
wave, the expressions for the reflected and
transmitted wave (1) and (2) become:

Ag = & Hi(x) (3)
Ay = L+ EIH 00 4

These waves may be called as the scattered
waves and can be considered as the sum of
the symmetrical and asymmetrical waves
progressing to far away from the body. On
the other hand, if the floating body has a
symmetrical sectional form, the heaving
motion generates a symmetrical radiation
wave and the swaying or rolling motion
generates an asymmetrical radiation wave.

Using the characteristics of the
Kochin functions for a symmetrical body
(See Appendix T, (A,14) - (A.17)), the
symmetrical and asymmetrical components of
the scattered wave can be expressed as
following.

At Ar -.El.‘: *ZEKX:H: (5)
Ar~Ar = g.s + z,iK{X;H.'*XnH;} (6)

As above mentioned, the conditions
for the complete wave absorption are:

Ag +Ax =0 (7
Ag ~Ay =0 (8)

If we can realize such motions that
satisfy the equations (7) and (8) by add-
ing suitable wave~energy conversion
systems, the symmetrical and asymmetrical
radiation waves cancel out each components
of the scattered wave respectively due to
interference, In other words, the inci-
dent wave is completely absorbed and con-
sequently wave energy absorption can be
completely attained.

2.2, Eguations of Moticn

Under the assumptions that the res-
ponses are linear and harmonic and that
the sectional form of the floating body is
symmetry, the equations of motion can be
written as:

P1§. = F, Fa +E, R
H.;‘I F&I "'cl;g" E;*Ra (9)

IE; = Flg "'Fn "'Cagg"' E;*Ra
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where is a displacement of i~th mode's
motion, Fij is hydrodynamic force in i-th
direction caused by j-th mode of motion,
Ci is restoring coefficient, Ef is wave
exciting force in i-th direction, and Rj
is reaction force in i-th direction acting
on the floating body from the energy ab-
sorbing system. » Fij , and E{ can be
written as follows:

Fij = suw'X; }.-;C‘“” .
=fw X}(}.}e* fijs)c‘

Ei=-83H} )

It is assumed that the wave energy
absorbing system operates independently
with respect to the symmetrical and asymme—
trical mode of motion, the reaction forces
Ri can be expressed as following:

R =s1{(xs‘u-s.. ~EKRa)Z, +(KSa-Sa-3K o )g,}
Ra = £H(K a1 -5,0- K )2, (11)
Ra = S3{(K S-S K %a ¢ (KBn-Su- K4 2,

Substituting the expressions (10) and
{11) into the equations {9), and abbreviat-
ing the term + the equations of motion

(10)

become:
Cu Xl +C||x3 = H:c‘)/l(
Caz Xy = Hi(K)/k (12)
CaXy + CuXs = H; 0 /k
where . a
Cu= q*juc* du=Sn K"Iﬂ'""lH' (K)l }

Cun=  fuetdn-Sa/x-2 i Bt H;Wll-l.’(iol}
Conm +raet S (S8 k-2 B¢ M3 0]
Cu= et du-Su/f~t [ﬁaf Hf"‘)IH;C“JI}
Con = TRyt Sus {510 4 ~2{ pa e il }

The solutions of equations (12} can
be easily obtained and written as:

(13)

KX, = D'/D
KX=.= H:(K)/sz (14)
KXs= Da/D
where D= Cu Co
Can Cas
D; - HS(K) Ca
H;(‘) Cﬂ
C H*GO (15)
1} '
D; Cy Hi)




2.3. Wave Absorption

At first, by substituting the solu-
tions of the equations of motion into (7),
the condition that should be satisfied for
absorbing the symmetrical component of the
scattered wave is obtained as follows:

Ciz= -éz l H:(K)r (16)

or
U+ fnct $n-(SatB/k =0
Maz '_-IH:(K){:

It is known by (17) that if we have
the system resonates with the incident
wave in heaving motion and the magnitude
of the damping coefficient of the energy
conversion system is equalized with that
of wave making heave damping of the body,
(Ag + AT) becomes to zero,

On the other hand, the absorbed wave
power in the aforementioned condition
becomes:

: ¢ R
Fe -%Sw‘}lnlxal-%bz— {18)

where P; represents the incident wave power
Expression (18) shows that half of
the incident wave power is absorbed by the
system,
Secondly, let us investigate the con-
dition that satisfies the egquation (8).
By substituting the expression (14) into
(8}, the condition that should be satis-
fied for absorbing the asymmetrical compo-
nent of the scattered wave is cbtained as:

DH'® + Do Ha®) _ & HY(K) (19)
D 2 Hx)
It should be noted here that both
rolling and swaying motions as known by
(6) are not always necessarily employed.

If the swaying motion is restricted, Eqg.
{(19) can he simply rewritten as:

Cos =~ 2 pitic0| (20)

(17}

or

IR+ 'fuc + 3n- (&;*V&ﬁ)/nc =0
}133 b [H:(K)‘z

In the same way as the symmetrical
part of scattered wave, it is known by (21}
that if we have the system resonates with
the incident wave in the rolling motion
and the magnitude of the damping coeffici-
ent of energy conversion system is equaliz-
ed with that of wave making roll damping
of the body, (Ag~- A1) becomes to zero.

In this case, the absorbed wave
power becomes:

B = 43w s |Xs|t-;’-% =—E‘ (22)

Therefore, if we choose the parame~-
ters of wave-energy conversion system so

(21)
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as to satisfy (17) ané (21} simultaneously,
both the transmitted wave and reflected
wave are diminished to zero and the inci-
dent wave power is perfectly absorbed by
this wave-energy conversion system.

To verify these theoretical results,
two kind of wave-energy absorbing systems
were made, and the tank test was carried
out, One of these is a system using two
modes of motion (heaving and rolling) and
swaying motion is restricted by dolphins.
The other is a system that freed all modes
of motion and moored by chain. The former
is described in the following section and
the latter in §4.

3. WAVE ENERGY CONVERSION DEVICE MOQORED AT
A _DOLPHIN

3.1. Model Experiments

{1) Model Characteristics
The principal dimensions and charac-
teristics of the model are shown in Table 1.

Table 1 Characteristics of model

item
Length 2.960
Width 1.000 m
Oraft 0.300 m
Displacement 444 .12 Kg
Center of bouyancy (KB) 0.18957m
Center of grovity (KG) 0.300 m
Metacenter height (GM) | 0.451 m
Water plane area 2.960 m
Radius of gyration 0.332 m
Natural period of h;gv.rlir;gh .35 sec
Natural period of rolling 1.35  sec
metion

This 1:10 scale model has a LewisIForm
section, as shown in Fig. 2. i



T

1

Lewis Form

Ho = B/2T =1.667
o = B/gr=05
S
Fig. 2 Section of model.

(2} Experimental Apparatus

The experiments were conducted in 60m
{length) x3m{width) x1, 5m(water depth) wave
basin., The basin was equipped with a
piston type wave maker which could gene-
rate regular and irregular waves. The
maximum wave height is 0.5m and the range
of wave period is from 0.5 to 4.0 sec.

The model was set at the center of
the basin and was connected to a beam,
which had been built over the basin
instead of the dolphin by three connecting
rods with hinges to permit free oscillation.
The arrangement is shown in Fig, 3.

slectric_generator

electric generator

connecting rod

L NN AN AN N

Fig. 3 Experiment apparatus

In this arrangement, the relative moticnsg
of the floating body and connecting rods
and of the connecting rods and beam
(dolphin) drove the electric generators
which were located at both ends of the
center rod,

In the external circuits of the gene-
rators, the variable electric resistors
were connected so that the damping factors
of the wave energy conversion devices may
be adjusted to the wave generation damping
factors.

And then one-way clutches and gears
were set up at the each electric genera-
tors so that the electric generators could
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revolve in one direction despite the alter-
native motion of connecting rod. The gears
multiplied the rotation 300 times for heav-
ing motion and 200 times for rolling motion.

Since it had been estimated that, in
this experiment, the maximum incident wave
power would be about 160 watts (wave length
3.0m and wave height 0,2m), two 80 watt
direct current generators were selected for
heaving motion and rolling motion respec-
tively,

(3) Measurement

The following items were measured:
~Wave height

Incident wave height and reflected
wave height were measured by means of capa-
citance type wave height meters Wl and W2
which had been arranged as shown in Fig. 4.
Transmitted wave height was measured by W3
(see Fig. 4). The method used to calculate
the incident wave height and reflected wave
height is described in Appendix-II.

I
wgve maker glom_~3m J Ay
T T

’ ~30m

WAL R e
- \N | ! \j::maﬁngbody
I o “\wave basin

(Wl,wWw2 ,W3 ; wave height meter)

15m

Fig.4 Measuring of wave height

-Motions of the floating body

The motions of the floating body were
measured by means of a displacement meter
which was composed of potensio meters, with
6-degrees of freedom. The measuring system
is shown in Fig. 5. The measuring arm was
attached just at the center of gravity of
the floating body.

displacement meter

Py

floating bady

I

P : Potentio meter for heaving
Pg : Potentio meter for rolling
G : centar of gravity

Fig. 5 Measuring of motions
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-Generated electric power

The voltages which were generated by
the heaving device and rolling device
were measured by means of volt meters (see
Fig. 6}.

Ra R
ebcmﬁ
resistor enerator
connecting rod
cluich _and geor
Ra
A
A

Fig. & Damping devices

The circuit current was calculated by di-
viding the voltage{Vvi) by the resistance of
the external circuit(Rz). Then the electric
power was calculated as the product of the
circuit current and the square of the total
resistance which is the sum of the external
and internal resistance(r; ,see Fig.6).

The measured values were then recorded
on an analogue data-recorder and analyzed
with the aid of a electric c¢omputer.

(4) Wave Conditions

The incident waves were regular ones.
The range of wave heights was from 0.1 to
0.2m, and the wave period from 0.9 to 2.82
sec.

3.2. Results of the Experiment

{1) Motions of the Floating Body
Figs. 7 and 8 show the heaving motion
and rolling motion of the floating body.

Fig. 7 Heaving motion

20
O"-_E)—____““'Q-
i35 g} ©
10
0 . . e
o 1 2 3 4 5.6 7 8 9 10
B

Fig. 8 Rolling motion

The small circles in the figures represent
the experimental data, and the full lines
represent the theoretical values. These
values are divided by the incident wave
amplitude (Ja) or wave slope (KJa). The
abscissa represents the ratio of the wave
length (») to the width of the floating
body (B}.

It is recognized that the experimental
data agree well with the theoretical
results.

{2) Characteristics of Wave Transmission
and Wave Reflection

Cr

o5l

Cr 8

05

Fig. 10 Wave transmittion coefficient
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Figs, 9 and 10 show the reflection coeffi-
cient {Ca) and the transmission coeffici-
ent (Cy). Cr means the ratioc of the ref-
lected wave height to the incident wave
height, and Cy, the ratio of the transmit-
ted wave height to the incident wave
height. (The method used to calculation
Cp and Ct is described in Appendix-II.)

In these figures, Cg, together with
Ct: has the minimum value (nearly equal
to zero), when>./B=2,5; that is, when wave
length reached 2.5 times ag long as the
width of the fleoating body, the incident
wave energy is almost completely absorbed.
Hence, a calm sea appears behind the
floating body.

When the incident wave length is less
than 4.7m (3\/B%4.7), the transmitted wave
height is reduced to below 50%.

(3) Efficiency of Wave Power Absorption
The efficiency of wave power absorp-
tion is shown in Fiqs. 11 and 12,

1O
T
05
O A A A A '
c 1 2 3 4 5 7 8 9 10
B
Fig. 11 Efficiency of wave power obsorption
10
%
ooy
0GB |
o 3
ol
o)
0 : . ; . —
O 1 2 3 a4 s 7 8 9 |
Mg

Fig. 12 Efficiency of wave energy conversion

In these figures, wave energy absorption
efficiency 1w is defined by equation (28).
2
Tw =1 -CF - cg? (28)
Whereas, energy conversion efficiency is
expressed by equations (29) and (30).

e = W/ Pw (29)
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{ W= RRIVEYRE at
Pw= %?SZJ: CQL (30}

where, W means the electric power converted
by the electric generator, Py means the in-
cident wave power and L means the length of
the floating body.

In regards to wave absorption effici-
ency TMw, it is evident that the wave energy
is completely absorbed by the device when
the reflected wave and the transmitted
wave are diminished simultaneocusly (A/B =
2.5, see Figs, 11 and 12). On the other
hand, the experiment results of energy
conversion efficiency ewere short of the
theoretical values by 20~30% (see Fig, 12),.
This loss may be composed of mechanical
loss (mainly in the gears and clutches) and
of scattering waves of higher order,

To confirm this point, free oscilla-
tion tests of the wave energy absorption
device were carried out, in which the elec~-
tric resistors had been removed so that the
generated power was not consumed, and about

20~30% absorption of wave energy was veri-
fied,

4. WAVE ENERGY CONVERSION DEVICE MOORED BY
CHAINS

4.1. Model Experiments

(1) Model Characteristics

The principal dimensions and charac-
teristics of this model are given in Table
2, This model has a Lewis-Form section,
as shown in Pig, 13.

Table 2 Characteristics of model

{Tem
Length 2900 m
Width at water plane [.Q0C m
Draft 0.500 m
Displacement 870.0 Kg

Metacenter height (GM)| 0.200 m
Center of grovity (KG)| 0.418 m

Radius of gyration 0350 m
Naturol period of heavin

pe motioa | 1.56  sec
Natural iod of rolli

per mofnigon 1.85 sec




B/2 =Q05m
Z
i
£ o
Lewis Form
Hg = B/2T=1.0

N

Fig. 13 Section of model.

(2) Experiment Apparatus and Measured

Items

Experiments concerning the "Chain
Type" device were conducted in the same
basin that had been used to test "Dolphin
Type" device.

The arrangement of experiment appara-
tus is shown in Fig. 14.

genergtors

tension
sinker

Fig. 14 Expeniment apparatus

The floating body was moored by 4
sets of stainless steel wire and coil
spring, instead of by chains. The angle
between the mooring wire and vertical line
was 559, The spring constant of the coils
was about 1.0 kg/cm.

. The damping devices were, as shown in
Fig. 14, composed of electric generators,
pulleys, sinkers, tension wires and count-
er weights, One end of the tension wire
was connected to the sea bed (this is, to
?he sinker), and the other end was led
into the hull of the floating body via

pulleys and a damping device, and was atta-
ched to the counter weight (30 kg).

The gears, clutches and electric gene-
rators were similar to those used in the
"Dolphin Type" device tests.

In order to contrel the damping fac-
tors 705lelectric resistors were connected
to the electric generators in series, The
electric circuits were also similar to
those used in the "Dolphin Type" device
tests,

The measured items were wave heights,
motions of the floating body (heaving,
rolling and swaying motion) and generated
voltage, and these were measured by
systems similar to those used in "Dolphin
Type" device tests.

(3} Wave Conditions

The experiments were performed in
regular waves. The wave height was cons-
tant, 0.1lm, and the wave length varied
from 1,3m to 9.3m.

4,2, Results of the Experiments

(1) Motions of the Floating Body
Figs. 15, 16 and 17 show the heaving,
rolling and swaying motions of the float-

ing body.

00 . . L
o

Fig. 5 Heaving motion

Fig. 16 Rolling motion
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Fig. 17 Swaying motion

In the figures, the small circles repre~
sent the results of the experiment and the
full lines the theoretical values, which
were divided by the incident wave ampli-
tude (Ja) or wave slope (KJa).

Close agreement between the results
of the experiment and the thecretical
values was observed.

{2) Characteristics of Wave Transmission
and Wave Reflection
Figs. 18 and 19 give the wave reflec-
tion coefficient Cr and the wave trans-
mission coefficient CrR. Ctv is about 0,5
for those waves with 3.8m wave length
(/B = 3,.8).

10
Cr}
I o
08— o
| =]
0
L o
oo . . . . TT—u———m—
o | 2 3 4 5 6 7 8 9 10
-
Fig. 18 Wave reflection coefficient
1.0
CT: °o °
olﬂ
005 6 7 8 9 1

Y8

Fig. 19 Wave transmittion coefficient

As for Cg and Cy, the results of the
experiment agreed well with the theoretical
values, and it was thus confirmed that the
theory was reasonable,

(3) Efficiency of Wave Power Absorption

Wave energy absorption efficiency?f,and
energy conversion efficiency 7z (defined
by equations (28) and (29), respectively)
are shown in Figs. 20 and 21.

10

Pu 800

Of\

[ o3

0.
o
o o

QO . 1 . R .

o 1 2 32 4 5 6 7 B8 9 D

M

] B
Fig- 20 Efficiency of wave power absorption

10
Zet
I o
0 oy
’O ‘\o\
S'f "“-q
s oo
L S W -
oo~ . . | . e
O I 2 3 4 5 6 7 10
g 8 9

Fig. 21 Efficiency of wave energy conversion

Mw has the maximum value for )»/B=3,0,
the theoretical value being 76% and experi-
ment value 80%. The theoretical results
and the experiment results agreed well.
(Scattering of “lwwhen A /B=3 were caused
by errors made in the calculation of the
reflected wave heights.)

Mg , as shown in Pig, 21, also has a
maximum value for A /B=3,0; however, the
value is about 55%. It is believed that
the difference betweenlw and 7gwas due
to the mechanical loss in the gears.

Compared with that of the "Dolphin
Type" device,”? w of the "Chain Type" device
is somewhat inferior. The reason may be
considered as that the swaying motion of
the floating body for the "Chain Type"
device is not controlled to absorb wave
energy, though the swaying motion of the
"Dolphin Type" device is restrained.
Therefore, the reflecting energy caused by
the non-controlled swaying motion makes
absorption efficiency low.
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5., WAVE POWER ABSORPTION OF IRREGULAR WAVES

It is common to adopt the linear
superposition theorem for predicting some
phenomena that occur in irregular waves;
for example, ship motions in a random sea-
way. In this section we shall consider
the applicability of this theorem for pre-
dicting wave power absorption of irregular
waves in the two-dimensional case.

The power abscrbed by a wave energy
conversion device in irregular waves can
be represented as the difference hLetween
incident wave power and the total power
of reflected and transmitted waves. If we
adopt the linear superposition theorem to
predict reflected and transmitted waves,
then we can denote 1nc1dent wave power K,
reflected wave power P and transmitted
wave power Py as the following:

R—'fl’ﬁas _§S"_dw
R__Lrg, S _c..g__-)Sm dw (31)

pr— _Lra S’de

where S(w) is an energy spectrum cof an
incident wave, Absorbed power By is desc-
ribed in the following:

Ii-‘ FE —-(Fh-rF+

J_mj {1 - CRew)— CTLU}[S(W ) do (32)

Consequently, efficiency of wave power
absorption is

7 PA
s h C,u..) - G} S J/S Jo (33)

If reflected coefficient Cg (w) and trans—
mittion coefficient Cr {w) in regular waves
are known, absorbed power Pa and efficiency
of wave power absorption 7w can be easily
calculated by using equation (32) and (33).

In these equations energy spectrums of
reflected and transmitted waves are expre-
ssed by the product of the incident wave
energy spectrum and the sgquare of the ref-
lection or transmissicn coefficient in
regular waves respectively., In order to
verify these relations, we conducted an
experiment using a model of the "Dolphin
Type" at the wave basin,

Characteristics of the model, experi-
ment apparatus and measuring systems are
described in §3. A typical example of an
incident wave energy spectrum, reflected
wave energy spectrum and transmitted wave
energy spectrum measured during the model
test is shown in Fig, 22 and Fig. 23.

25- Sw)x10?

(m?-sec) T =214 (sec)
2.0 —_—— St (W}
—-t-— | SR (W)
______ )
1.5 sr(ﬂé:z

o] 2 4 6 8 10 12 14

w {rad / sec)
Fig. 22 Energy spectrums of incident
wave and reflected wave

25— Slw)x10™

2_
{m2-sec) T =2.14 {sec)

2.0

0.5

o

w {rad / sec)
Fig. 23 Energy spectrums of incident
wavwe and transmitted wave

The full lines in these figure represent
the results of the model experiment and
the broken lines represent the results of
calculation in which theoretical values
were used for the reflection and trans-
mission coefficients and experimental
values for the incident wave energy spec-
trum. These figures show that the results
of calculation agree well with the experi-
mental results on the reflection and trans-
mission coefficients in irregular waves.
From this result, we may conclude that
equation (31) is useful for predicting the
reflected and transmitted wave powers in
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irregular waves, Therefore we can reaso-
nably predict absorbed power and efficiency
of wave power absorption by using equation
(32) and (33).

6, CONCLUSION

A theory for predicting wave energy
absorption by using a two-dimensional,
half~immersed, symmetrical body with wave
energy conversion systems is outlined ing2.
The theory was developed by the use of the
condition for achieving complete wave ab-
sorption and led to the conclusion, that
the complete wave absorption can be attain-
ed if the natural frequencies of the sym—
metrical and asymmetrical oscillation modes
are tuned to the desired frequency and the
damping coefficients of the wave energy
conversion systems are the same as the
wave generation damping coefficients for
the symmetrical and asymmetrical oscilla-
tion modes.

Furthermore it was showed that, if the
above conditions are satisfied, a complete
wave energy absorption can be also attain-
ed and each half of an incident wave power
is absorbed by each energy conversion
systems for the symmetrical or asymmetri-
cal oscillation modes,

Applying the conclusions of the
theory, we proposed two new wave energy
conversion devices and carried out theore-
tical calculations and medel experiments.
The thecoretical and experimental studies
concerning motion and wave absorption show-
ed good agreement with each cother., The
results of model experiments conducted on
the "Dolphin Type" were especially good as
they verified a complete wave energy ab-
sorption which had been predicted by the
theoretical calculations,

On the other hand it was difficult to
attain a complete wave energy absorption
in the case of the "Chain Type". Because
the floating body oscillates in three
degrees of freedom, two asymmetrical radi-
ation waves are generated by the swaying
and rolling motions and, although the natu-
ral pericd of rolling can be easily attun-
ed to a given period, it is very difficult
to attune the natural period of swaying in
the same manner because the restoring
forces of the mooring lines are too small,
For these reason, in the present study we
could not attain complete wave energy ab-
sorption. Thus, the maximum efficiency of
wave energy absorption for this type
device was only 80% both in the model ex-
periment and in theoretical calculations.

In §5, the prediction of wave energy
absorption in irregular waves was consider-
ed and it was confirmed that the linear
superposition theorem ig useful for this
purpose. We also showed that the energy
spectrums of reflected and transmitted
waves can be predicted as the product of
the incident wave energy spectrum and the
sguare of the reflection or the transmi-
ssion coefficient respectively.
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APPENDIX I

We denocte the velocity potential i%x,
¥y, t) as:

B 1) =Ref¥(x, wc‘“"‘-j (A1)

where (x, y) satisfied the following
linearized free surface condition.

K‘P(I.D)i'%fé’(x, 0)=0 (R.2)

where K = wave number = 20/A,
while the surface elevation is expressed by
using as:

H(x,t)=’}a{ ’PZ(x) c‘“’t} (A, 3)

where ,)Z(x) C((i O)

(A.4)

The incident wave and the diffraction
wave velocity potentials are written as:

C (X, 4) = —&-95‘ (X, %) (A.5)

where i = 0 : incident wave
i =4 : diffraction wave
and .
@, (x.4) = e ~FITIRX (A.6)

On the other hand, the radiation wave
velocity potential is written as:

Cil,4)= twXigi(x,4) (2.7

where i = 1 : swaying

= 2 : heaving

= 3 : rolling
and X : amplitude of i-th mode
oscillation

Assuming that the motions are linear
and harmonic, the total velocity potential
P(x, y} can be written as:

4
@x,4) = iw?_:. X 0%, ) (A, 8)

where X, = ¥4 = /K

Here the Kochin function Hf(K) can be
introduced as:

Hiwo = jc(-gﬁ- ¢ 21w

Hence, the progressing wave at x»1 is
expressed asymptotically as:

@, (X, 4) — IHI(K)E hdhae (A.10)

Let us devide the velocity potential
into real part with subscript ¢, and
imaginary part with subscript s, and is

described as:

¢=¢c+&¢s (a.11)

The corresponding Xochin functions are
written as:

~K§FEIKX
Hc s(K) _S —_é‘—" ¢53n_) 48 (A.12}

and  HIk) = HE)+ EH(K) (A.13)

If the floating body has a symmetrical
sectional form, the following relations
are obtained.

H:(K) = —-H, (k) (swa}iv\s) (A.14)
Hi () = Hi(0) (heaving) (8. 15)
Hi (&) == Hi(K) (rolling) (a.16)

Furthermore, the Kochin function cor-
responding to the diffraction wave is des-
cribed by that of radiation wave as:

H:(K) stCK) + H|5(K)
Hz ) H (x)

where Hi* (K} means the conjugate of H}(K)

(A.17)

Substituting {(A.10), (A.8) into expre-
ssion (A.4), the progressing waves propa-
gate to ocutward are described at Ix|-*m as:

T =ik K Hiwe ™ o.1e

¥rom expression (A.18), the amplitude of
the wave propagates in the +X direction
{reflected wave) is

€
Ae = axi Xi Hi(K) (A.19)
int
Similarly that of the transmitted
wave, including the incident wave, is

Ay =1+ KiXH (k) (A.20)

ami

APPENDIX II

This appendix describes the calcula-
tion method of reflected wave height[l6].

Generally, using the Fourier Analysis,
time domain data J(t) expands in a series
of wave components with circular frequency
Whirad/sec).

The wave amplitude Ja, of which wave
frequency is Weo{rad/sec), can be described
by the following equations:

Ja= VA  + 52 (A.21)

A= (B3 coswtdt a2
B= 4 [S2Jct) SINWt dt (8.23)

where to is the time duration of J(t).

When the Fourier coefficients A and B
are known, Jw.t), wave component having
circular freguency {J,, can be expressed as
the following equation:
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Swel(t) = ACOS Wot + B SIN Wt  (A.24)

It should be noted that if the Fourier
coefficients of the wave data measured by
means of one set of height meters located
in front of the floating body (see Fig. 4),
incident wave amplitude Jaxr and reflected
wave amplitude J,a are calculated by using
the following equations:

Jax= Zrstmaqi (Ao ACOSkal-BSINkaf)* +

(Ba+ASINRAL - B. Cos kAL )2 ) % (A.25)
Jar = 2|s“'rn'_‘fu¢ [( Ax- ACOS kag+ B, SIN kat)* +
(B;—A,SINRJI—B.CﬂSkAf)’]y‘ (A.26)

where A: and B, are the Fourier coeffici-

ents derived from the measured value of

wave height meter W1, and A, and Bz are the

Fourier coefficients of W2, respectively,
Wave reflection coefficient Cr can

be described as follow:

Cr = Jar / Jaz (A.27)
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