


CHALMERS UNIVERSITY OF TECHNOLOGY

Department of Hydraulics

WAVE-POWER BUOYS

Model Experiments; efficiency and

hydrodynamic coefficients.

Lars Bergdahl

Nils Martensson

Postal address Street address Telephone
S-412 86 GOTEBORG Sven Hultins gata 8 . 031 -8101¢C0
SWEDEN 81 €200



PREFACE

This work was performed as. a part of the Swedish wave
energy research programme. The work was supported by
the Swedish Energy Research Commission (EFN).

Chalmers, February 1984

Lars Bergdahl Nils Ma&rtensson

&



SUMMARY

Model tests with a wave-power buoy, diameter 300 mm, was
performed in a wave-basin (18.3 x 9.3 x 0.8 m) in irregular
unidirectional waves. Amplitude respons functions, capture
width ratio as a function of frequehcy and total capture
width ratio were measured for two different spectra and for
buoy weights from 5 kg to 16 kg and varying external
damping (power take off).

The experimental results show that it is important that the
diameter and draft of the buoy is adjusted to the wave

spectrum for the tested passive system.

Mean values for added mass and added damping was calculated
by a regression technique for each experiment. Nondimen-
sional graphs are presented for these quantities. The

graphs can be used for the design of prototype buoys.
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1. INTRODUCTION

Since 1976 the Group for Wave Energy Research in Gothenburg
has studied the utilization of wave energy from Swedish
coastal waters. This work has partly been presented at two
international symposia 1979 in G&teborg, Sweden, and 1982

in Trondheim, Norway.

The work has covered many aspects; hydrodynamics, model
experiments, field tests, electrical generation, connection
to main grid, wave characteristics, power fluctuations and

the construction of wave power plants.

Below model tests of wave energy buoys in irregular waves

are accounted for.

The presented experiments were performed 1980 and 1981, but

were not completely evaluated until recently.



2. LABORATORY TESTS
2.1 Objective B

Model tests with a wave power buoy wers performed in

pseudo=random long-crested sea in a wave tank. For a given
sea state and buoy diameter the mass and external damping
were varied in order to tune the buoy to the spectrum and
get out the most power from the waves. Hydrodynamic coef-
ficients for a simple scaling to prototype sizes were also

searched for.

2.2 Experimental Arrangements

The experiments were performed in a wave tank with the
measures 18.3 x 9.3 x 0.8 m (length x breadth x depth). The
water depth was kept at 0.67 m.

The wave tank was equipped with a wave generator of the
plunger type. The plunger motions were brought about with a
hydraulic servo cylinder, steered either in a sine motion
or in any other prescribed motion if fed with a punched

tape. See Figure 1.
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Figure 1. Experimental arrangements in the wave tank.



The modelled point absorber

consisted of a vertical cir-

cular cylinder with a rounded
Force probe bottom edge. It was tested in
e heave motion, and its power
take-off was simulated with a
Q . linear motor, which was
steered as to give a breaking

force directly proportional

to its heave velocity. Its

Linear - 7 ~ Linear motor . .
bearing 4;& - : constant of proportionality
/ ——

could be varied over a wide

range. The experimental rig

is sketched in Figure 2.

Figure 2. Experimental

rig and buoy shape.

2.3 Wave Spectra

Two different wave spectra were used in the experiments.
One had the spectrum width € = 0.5 and is called spectrum
GO0 below. The other had the spectrum with ¢ = 0.3 and is

called spectrum G4 below.

The shape of the latter spectrum was closest to a PM
spectrum. Measured examples of the spectra are given in

Figure 3.
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2.4 Measuring Equipment

The measuring equipment consisted of probes with amplifiers
and filters for measuring the waves (e.g. water level),
buoy positicn and breaking fcrce. The vertical position of
the buoy was differentiated in an electronic filter to

yield the velocity.

The signals of buoy velocity and breaking force were fed to
the damping regulator for the buoy. The wave, buoy position
buoy velocity and breaking force signals were recorded by a
desk com- puter (Compucorp 625 Mark II) for subsequent

analysis.



3. THEORY

3.1 Hydrodynamic model

The analysis and discussion of experimental results make
use of the following simple mathematical model for the
vertical motion of the buoy in regular waves. The oscilla-
ting system is also assumed to be linear and thus the
principle of superposition is used for parts of the evalu-

ation.
In a regular wave
c(t) = Ly cos wt g (1)

the heave motion is expressed as a second order differen-

tial equation

(m+a)§+(b+bl)é+cz=F0 cos (wt+p) (2)
where

2} 1/2e—kD (3)

Fo= Cdﬁc-awz)z + (bw)

is the driving force of the waves and

(t) water level at the time t
wave amplitude
time
angular frequency of the wave
accelerated masses
added mass
Position of the buoy

hydrodynamic damping

oo N m B E Yy

et

external damping of generator and functional
forces

Hydrostatic restoring stiffness

wave number

draft of the buoy

phase angle of the driving force

S U =~ 0



The spring constant c is
c =pgA (4)

Where A is the crcss—sectional area in the waterline and o

is the density of the water.

Assuming that all coefficients are constant with respect to

time, the following solution is obtained.

z(t) = zO.cos(wt+w) (5)
where 5 5 , 12

z (c=aw”™) "+ (bw) -kD

L=y = 2.2 77 |® (6)

o (c=(m+a) w®) +(b+b1) w

Y is the phase angle between the heave and the water

surface. Y is usually called the amplitude response ratio.

The hydrodynamic factors a and b are, properly speaking,
functions of the frequency of the oscillations, the shape
and displacement of the buoy, the water depth and the

boundaries of the horizontal plane.
Usually two dimensionless quantities p and ¢ are defined as

a/(pV) (7)

=
€
I

b/ (pVuw) (8)

®
.
=)
-
Il

where V is the volume of the displacement.



The mean power take-off in regular waves is

2 2 (9)
P = (p Zob1)/2

This expression can be related to the mean power per unit

length of wave front

_ 2 2 _ (10)
P =09 % /(4dw)
o
by introducing the capture width ratio
biw3Y2
n = P/(2pr) = ——y— (11)
pPg T

where r is the radius of the buoy.

3.2 Analysis

The programme in the desk computer performed a fast fourier
transform of the measured signals of wave and buoy position
simultaneously. Examples of calculated wave and buoy

spectra are given in Figur 4a and b.

The spectral moments m_; to m, were calculated for the
water surface level and buoy position. The n:th spectral

moment is defined as
m_ = j‘ £f° s(f) d4df (12)

where S is the spectrum
f the frequency (in Herz)

and n an integer.

Hs was thereafter given as



The zero-crossing period Tz was not measured but the

periods

3
|

1= mo/ml (14)

_ 1/2 : (15)
and T2 = (mo/mz)

were calculated instead, and the following inequality was

assumed to be wvalid

The spectrum width was calculated as

e = (1 - mzz/(mO m4))1/2 (17)



a) Wave Spectrum
m_, =5.16 . 107> m°s
-1 -5 2
m = 5.66 . 10 m
© -5 2
m = 6.48 i0 m~/s
1 -5 2,2
m = 7.47 10 m~/s
2 ~4 2, 4
m, = 1.11 . 10 m-/s
H. =3.0 .10 %
0.871 < Tz < 0.884s
e = 0.32
b) Buoy Spectrum
m ., = 7.48 . 107° m®s
-1 -5 2
m = 7.72 . 10 m
© -5 2
m; = 8.10 . 10 m-/s
m, = 8.61 10~5 mz/s
-4 2, 4
m, = 1.02 10 m/s
H, =3.5 .10 % m
0.947 < TZ < 0.954s
e = 0.23
c) Amplitude Response
d) Capture Width Ratio
Total capture width ratio
Mot = 0.27.
Captured power 0.032 W
Figure 4. Example of an

automatically evaluated
experiment. Random sea.
Date 80-10-29 No 2

Spectrum G4. Mass 10 kg

Ext. damping 18 Ns/m
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The amplitude response Y (w) was subsequently formed as

,;-—"""J\\\
~ X{w)*® Z{(w)
.-a;/\
X(w)* X(w)

where X and Z are the complex raw spectra of wave and buoy

Y(w) =

position. The "roofs" indicate smoothing and the asterisk
complex conjugate. The use of the ratio between the prod-

i . . P e i
ucts above instead of the simple ratio Y = Z(w)/X(w) gives
an efficient filtering of noise contained in only one of
the signals. A calculated amplitude response is shown in
Figure 4c.

The calculated amplitude response curve was thereafter used
for calculating the capture width ratio n as a function of
frequency by Eq. (11).The capture width ratio as a function

of frequency is shown in Figure 4d.

Finally a total capture width ratio, in the actual experi-

ment, was calculated as

_ [n(w) s(e)/vw dw
fS(w)/w dw

where S(w) is the wave spectrum.

n

tot

For some few experiments the captured energy (the numerator
above) was also calculated as the time average of the prod-
uct of breaking force and buoy velocity. The results were

nearly identical.
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4. EXPERIMENTAL RESULTS

4.1 Capture Width Ratio (Efficiency)

The buoy was tested in the two described wave conditions.
Its diameter was kept constant (300 mm) but its mass was
varied from 4 to 16 kg which is equivalent to an average
draft of 0.06 to 0.23 m. The external damping was varied
between 5 and 30 Ns/m.

In order to show the degree of accordance between old
experiments in regular sinusoidal waves and the experiments
in the two different wave spectra, the capture width ratio

for three comparable experiments are shown in Figure 5.

A comparison between the experiments with the two spectra
shows a good agreement as to the frequency position of the
graphs of the capture width ratio. In comparison with the
corresponding experiments in regular waves the maxima seem
to have been translated a little towards lower frequencies.
The difference is, however, not significant with respect to

inaccuraces in the analyses.

At low damping (Figure 5a) the graphs of the capture width
ratio show good agreement between the experiments in reg-
ular waves and the experiments in waves of both wave
spectra. At higher damping (Figure 5b) the difference
between the experiments in regular waves and the experi-

ments in random waves seems to be greater.



Figure 5
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12.0 kg, 15Ns/m Spectrum G4
12.0 kg, 16 Ns/m Spectrum GO
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f
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Capture width ratio as a function of frequency for
approximately the same mass and damping in regular

waves and in waves with the spectra GO and G4.
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The total capture width ratios as functions of mass and
external damping for the wave power buoy in the two pseudo-
random seas are illustrated in Figure 6 for spectrum GO0 and

in Figure 7 for spectrum G4.

Bucy mass kg 1 Buoy mass

10

External damping External damping

S 10 15 20 25 30 Ns/m (1] S 0 15 20 25 36 Ns/n

Fig 6. Contours of total capture Fig 7. Contours of total capture
width ratio as a function width ratio as a function
of mass and damping. of mass and damping.
.Spectrum GO. Spectrum G4

Every experiment is represented by a point indicating a
certain combiﬁation of mass and damping. For every such
point the capture width ratio was measured. Contours for
levels of equal total capture width ratio were approxi-

mately drawn between the measured points.

The difference of capture width, between the two different
spectra, depends on the spectral shapes and the location of
the spectra along the frequency axis. As the diameter of
the buoy was kept constant (#= 300 mm) there was only a

limited possibility to tune the buoy by changing mass and
damping.
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Spectrum GO0 was the wider spectrum (see Figure 3a) but
contained a narrow maximum within its lower range of
frequencies. In order to increase the capture width at such
low frequencies the mass of the bucy was increased. The
total capture width ratio had a maximum (ntot = 22%) for a
mass of 14 kg and a damping of 20 Ns/m. (See Figure 6),
which implies that it would have been more efficient to

increase the diameter of the buoy in the given spectrum.

The spectrum G4 was better adapted to the buoy with respect
to frequency. Therefore the total capture width ratio had a
maximum for a lower mass (11 kg) than for spectrum GO. The
spectrum G4 was also more narrow. The combined effect was
that the total capture width ratio was found to be higher

(Mot
both spectrum (20 Ns/m).

= 36%). The optimal damping was found to be equal for



16

4.2 Evaluation of Frequency Independent Hydrodynamic

Coefficients.

In the experiments the capture width ratio was calculated
by using the measured amplitude response, and for compari-
son by direct integration of breaking force times velocity.
For the scaling up of devices. to full scale and for evalu=-
ating their capture width ratio in prototype seas, however,
the amplitude response function Eg. (6) has been used by the
Wave Energy Group in Gothenburg. In that work the quanti-
ties pand € (Eg. 7 and 8) have been assumed constant for

each condition.

In order to evaluate average frequency independent pu and e
from the experiments, the best fit of Eqg. (6) to the experi-
mental points was searched in the meaning of the method of
least squares by minimizing the function.
S(u,6) = Z(¥(w,,u,e) - ¥, (w))?
! i irs=r iti
where Y (wi,LJ, e) is the theoretical function Eq. (6) and

is the experimental value for the frequency ws .

The minimization was performed with the help of a FORTRAN
programme that utilizes the method of
Davidon-Fletcher-Powell (Eriksson (1974)).

In Figure 8a and 8b two examples are shown where the fitted
curve, experimental points and the resulting values of

and € are shown.

Figure 8a shows a reasonably good fit between experimental
points and the approximate theoretical function Eqg. (6). In
Fig. 8b where the buoy was strongly damped the fit is still
reasonable but the values of p and ¢ are unrealistic. Gen-
erally, experimental functions, where Y < 1 for all fre-

guencies, give strange values. In such cases the efficiency

is also very small and therefore they are of less interest.
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Figure 8 Examples of fits between experimental and
theoretical amplitude responses.
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4.3 Non-dimensional Relations for the Frequency

Independent Hydrodynamic Coefficients.

The frequency independent (see above) hydrodynamic coef-
ficients p and & were plotted as functions of several non=
dimensional quantities. It was found that the added mass
gave the most well defined curves if it was normalized

against the mass of half a sphere of water ﬁ=p2nr3/3

rather than against the mass of the displaééd volume. To

this end a new quantity ﬁ was defined;
A A ~
L= a/f = w/R (20)

In the first figures below I and e are plotted as functions
of the ratio between the external damping and mass times

*
the formal natural frequency w, '’ which here is defined

N
Vo /m.

Q = — (21)

This representation is convenient because then ]| and e can
be read explicitly from the diagrams. For ﬁ this was also
the best representation. For & an alternative 1s shown

further below.

In Figure 9a and b all the experimental values are plotted,
and in Figure 10a and b all points with the amplitud ratio
Y ¢ 1 for all frequencies are excluded.The latter figures

yield more well defined functions.
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In Figure lla and b fitted least squares polynomials are
drawn. For i no significant improvement in the fitting was
gained for higher order polynomials than for the chosen
first order. As can be seen in Figure lla, §I was fitted to
the selected points from Figure 10a. This was done because
the values of {I were very scattered for higher Q. For e a
fourth order polynomial was chosen for the same reason as
for ﬁ:s polynomial. ¢, however, was fitted to all experi-
mental points because of the nice asymptotic values of ¢
for high Q@ (see Fig.12)

The polynomials are for the normalized added mass;
Ao
p ==1.9Q + 0.66 (22)

and for the hydrodynamic damping;

4 3 2

g = 1000 Q7 - 380 Q"+ 270° + 30 (23}
here Q = b1 (mew;)-l
and o = (c/m)l/2

N

where m is mass of the buoy
b, is external damping
c= pgA; buoy stiffness.

In Figure 13 an implicit relation for e is plotted. This
implicit relation gives a good fit because e is plotted
against the inverse of the sum of mass and added mass and
because € is contained in the independent variable as b =

em(1+u)w§. This last regression curve has the equation

0.07 92 + 0.68 (24)

™
i

-1

o)
i

with (b+bl) (m(l+u)w§)
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5. CONCLUSIONS

In the experiments the mass and external damping of a wave
power buoy were systematically varied to get out as much
power as possible in two different pseudo random long-

crested seas. The diameter of the buoy was kept constant.

The experiments showed that it is important to choose a
proper diameter when desighing a buoy. The diameter must be
adapted to the expected wave spectra. A badly chosen
diameter can only to a limited degree be compensated for by
changing the ballast of the buoy. A buoy with a small
weight compared to its diameter will, for example, be
heaving close to the water surface, and therefore its
stroke and phase lag will be physically restricted. A buoy
with a great weight compared to its diameter will get a
deep draft and therefore the exciting wave force will get
small. The latter fact was enhanced in the rather shallow

(0.67 m) wave tank.

The calculated regression functions or more directly the
diagrams can be used for choosing reasonable mean values of

1)

added mass and hydrodynamic damping for wave power buoys
within a wide range of sizes and with substantial power

take off.

1) Hydrodynamic damping is here the sum of viscous and

radiation damping. No separation is possible because of the
averaging procedures. The viscous damping is supposed to be
small compared to the radiation damping because of the
rounded shape and the smooth surface of the experimental

buoy.
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APPENDIX

Al

A, Diagrams of buoy response

In the following diagrams the experimental results are
plotted together with the fitted line. The fitting is done

with the Davidon-Fletcher-Powell method (see Eriksson

(1974)) .

The diagrams are placed in order of increasing mass as

follows

Mass

10
11
11.5
12
13
13.5
14
15
16

Page

Al:2

: 6
:9
12
s14
:18
:21
:28
:32
:37
143
:49
:53
:60
:64

For each mass the diagrams are placed in order of

increasing damping.
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Al.9 Boumassa: 11, kG
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Al,10 Boumassa: 11.5 ke
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Al.12 Bodmassa: 13, ka
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