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Abstract

Floating devices, such as a cavity resonance device, take advantage of both the water motion and the wave induced
motions of the floating body itself. In the design of a wave energy converter (WEC), the most significant factor is that
an optimum length of the internal water column should exists, that is, a length in which maximum power is converted
near the heaving resonance. A theoretical analysis of this power generated by a pneumatic-type WEC is performed, and
the results obtained from the analysis are used for a real WEC for a buoy. The length of the internal water column cor-
responds to that of the water mass in the water column. If designed properly, a WEC can take advantage not only of the
cavity resonance but also of the heaving motion of the buoy. This paper presents the test results of the generation char-
acteristic of a WEC and the harmful effect of fouling in the internal water column. The results are then applied to the

design of a WEC for a buoy.
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1. Introduction

This paper suggests the power increment method of a
WEC with system modification and analyzes the output
power characteristic of a WEC for a buoy. Out in the sea,
a WEC is subjected to waves of varying heights and
periods. It is essential that a WEC is provided for opti-
mum control of the oscillatory motion in order to achieve
maximum power conversion. Furthermore, the output
power is influenced by marine life like barnacles and
mussels because the internal water column in the buoy is
blockaded by marine life. In the most extreme cases, the
internal surface of the water column can become blocked,
affecting the generation efficiency and heaving charac-
teristic.

To obtain maximum energy from the waves, it is nec-
essary to have optimum oscillation of the WEC. The
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normal modes of oscillation are a function of several
parameters such as the mass, wave height, period, heav-
ing motion, and surface condition of the water column
[1].

Fig. 1 shows the schematic diagram of the WEC for a
buoy. The WEC for a buoy consists of a circular floata-
tion body which contains a vertical water column that
has free communication with the sea. The air above the
internal free surface has a relative motion to the buoy
caused by both the moving water surface and the heav-
ing of the buoy. The mechanism utilizes the relative air
motion above the internal free-surface to drive a turbine
for the generator [2].

The conversion efficiency of the WEC ultimately de-
pends on the air turbine design, and the output power is
influenced by the surface condition of the water column.
This type of WEC is used in navigation aids like buoys
for ocean traffic systems.

This paper describes the output power characteristic of
a WEC, along with the design condition of the internal
water column and the fouling problem of marine life.
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Fig. 1. Schematic diagram of the WEC for a buoy.

2. WEC characteristic

It is essential that a WEC is provided for optimum
control of the oscillatory motion to achieve maximum
power conversion. In an oscillator such as a WEC, the
normal modes of oscillation are a function of several
parameters such as the mass and heaving motion. If the
wavelength is smaller than the characteristic length of
the cross section of the water column, then an odd or
even number of waves can occur within the water col-
umn. When the number of waves is even, the integrated
power output is zero. If the number is odd, a peak occurs
in the power curve. When the wavelength is greater than
the characteristic length, the power is obtained from a
single wave. In this paper, the maximum power is ob-
tained at the resonant period of wave T,, as Eq. (1).

T =27 L+L,
g Q)
where L1 is the still water length of the water column;

L, is the effective length due to the added mass excited
by the water column; and & is the gravitational accel-
eration. The heaving resonant period of a floating body
T, is given by

m+m,

T, =2m
P84, @

where m is the mass of heaving system; ,is the
added mass, ©» is the mass density of seawater
(1,025 kg/m’ ); and 4, is the water plane area of
the float. By using the resonance conditions, we can
extract the design condition as T, = T,

The added mass excited by the heaving circular floata-
tion body is

m, = prﬂ(R03 - Rls) (3)

where K is a numerical coefficient corresponding to the
buoy geometry. The mass with the water column length
is increased by the pipe material and the water mass. The
optimum design of the buoy is such that the water mass
in the center pipe is approximately 2/3 of the buoy mass
and the added mass combined. If the mass remains un-
changed, the peak power increases indefinitely with L, .
The increase in mass, however, will limit the power
increase. Therefore, there should be a particular value
for L, which is optimum. The design mass value of a
body is given by

4
m= Z(Doz -D)p, L —m, 4

where D, is the outer diameter of the float, and D, is
the inner diameter. We retain the dimensions in Eq. (7)
as originally used and simply change the mass “m ” of
the system by adding ballast [2]. If designed properly,
this application can take advantage of not only the cavity
resonance but also of the heaving motion of the buoy. By
using the resonance conditions, we can extract the design
conditions as

L+l = 4(m+m,)

REDES ;.

where Ll' is an effective length due to the added mass
excited by the water column. To optimize the design of
this buoy system, we use the design condition given in
Eq. (5).

A peak value in the time-averaged power changes with
the water column length 7, . To determine the condition
for this peak, a derivative, with respect to L, and R, of
the expression in Eq. (6) is set equal to zero, while assum-
ing the ideal situation of zero internal resistance [3-6].
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where W is the power available to the turbine; 0, is
the air density; and 7. is the specific weight of air. The
L, -variation, therefore, can be attributed to the variation
of the mass ratio. ¢ is the difference between the aver-
age internal free-surface displacement and heaving dis-
placement.

Furthermore, the maximum time-averaged power var-
ies with the wave height. The maximum values of power
occur at different periods for the length as the natural
frequency of the water column and buoy system changes
with the length. It should be noted that the internal free
surface motion is very small at the lower peak. Thus, the
power generated at the low period peak is primarily due
to the heaving motion of the buoy [3-6].

Furthermore, the power changes with the macro foul-
ing in the water column. The fouling problem arises
when barnacles, mussels, and other lower forms of ma-
rine life enter the water column as larval. The pressure
and inflow seawater flow quantity of the internal water
column in the WEC is given by Egs. (7) to (9).

0,=8,-Z, wcos(wt)

(7

s, T
O, = ST 0., )
The maximum inflow seawater S: %" @| is from Eq.

(7) , where Zo is the distance of heaving motion of the
WEC.

1 1 1 1 ,
P ) = —. [ .
awlL 2 p a 77 ) 1 —r Stz (Q wmL ) (9)

where p, is the air density; 77, is the nozzle effi-
ciency; r is the turbine reaction coefficient; S, is the
cross section area of the turbine; T, is the period of the
buoy with the fouling problem; T is the period of the
buoy without the fouling problem; S, is the cross sec-
tion area of the water column; S, is the cross section
area of the water column in fouling condition; 0,,, is the

maximum inflow seawater in the water column [7-9].

3. Simulation

The peak power changes with the water column length
L, and the inner diameter D, . The design condition for

a WEC is decided by the water column length and the
inner diameter of the water column. Fig. 2(a) presents
the relation of the output power and the water column
dimension.

The effect of the variation of the water column length
L, and the inner diameter D, on the peak power is
presented in Fig. 1(b).

The peak power occurs when L, = 6.2 m . To de-
termine the condition for this value, a derivative with
respectto L, of the expression in Eq. (6) is set equal to
zero, while assuming the ideal situation of zero internal
resistance. From Eq. (5), the water column length varia-
tion can be influenced by the variation of the mass. With
the increase in the water column length Li the buoy
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Fig. 2. Output power with L, and D, .
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Fig. 3. Power variation with the water column mass.

-
| LyD=6.2
-
_ DyD=1.7
@ DoDs=2 DyD=1.5
|
s ® 0w | I ? DyDs=1.4
= [ \ \ r',\
*
1 / q/ A
200
/ ’f‘\ \
150+
\
100+ L
504
o
0 a5 1 15 2 25 3 35 4 45 5 85 6 65 7 5 4@

T(sec)

Fig. 4. Output power with the ratioof D, /D, and L, /D, .

mass increases in two ways. First, there is the obvious
increase in the water column material. Second, there is
an increase in the water mass affected. If the mass re-
mains unchanged, the peak power increases indefinitely
with 7 .

The increasing mass in Fig. 3, however, will limit the
power increase. Therefore, there should be a particular
value for L, which is optimum. For lengths greater
than this optimum value, the power will be reduced.

The output power is influenced by the ratio of D, /D,
and L, /D, with the test results presented in Fig. 4. The
maximum power values occur at different periods and
ratios (D, /D, and [ /D,). From Fig. 4, we can see
that the wave frequency has a most significant effect on
the maximum power values; therefore, the ratios will be
decided according to the most generation wave fre-
quency in the operating sea.

The buoy with hybrid power system is made accord-
ing to the design theory of WEC for a buoy. The basic
specifications of the buoy are illustrated in Table 1.

Table 1. Specifications of the test buoy.

Item Specifications Remark
Water Column length (L1) 6.2m Fig. 2(a)
Mass of buoy system(m) 6,900 kg Fig. 3
Weight of generation system 14 Kg
Generated power 400 Wor More | Fig.2,3,4
Minimum wave height 0.5m -
Water column diameter (D1) 1.04 m Fig. 4
I,?lrrzllrrllz ;25;1;? 6 blades Wells type
diameter(D3) 025m
Output power type 3-phase AC -

Table 2. Simulation results of the harmful effect of microorgan-
isms.

Item data Remark

Thickness of
micro organism (m)

0 |005]| 0.1 | 0.15 | Input

Inner diameter
of buoy D;(m)

Decreased cross sectional

01 1] 09 | 08 | 0.7 | Input

0.50270.3848|0.2827|0.1963| Input

Sl(mz)
Quantity of seawater Qun | gag71) 6520/0.4534/0.2002] Output
(m’/s)
Generation power (W) 430 | 83 20 5 |Output
Energy ratio 10 | 0.19 | 0.05 | 0.01 |Output

without micro organism

As Table 2 shows, the generation power de-
creases with the macro fouling in the water column.
An anti-fouling system is used to treat the harmful ef-
fects of lower forms of marine life in the water column
of the WEC.

4. Conclusion

This resonance technique for a WEC is used in
some commercially available buoys to power naviga-
tion aids such as lights. If designed properly, this
application can take advantage not only of the reso-
nance characteristic but also of the heaving motion of
the buoy. A WEC is most effective for waves near the
resonant period of the buoy and water column system.
The mass increasing with the water column length will
eventually result in the optimum length of the water
column from which maximum power will be obtained
near the heaving resonance period of the buoy. The in-
crease in mass, however, will limit the power increase.
Therefore, there should be a particular value for the wa-
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ter column length, which is optimum. The generation
efficiency of a wave generation system in a hybrid sys-
tem is influenced by the fouling problem in the water
column of a WEC. To resolve this problem, an anti-
fouling system should be used.
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