International Journal of Earth, Energy and Environmental Sciences

ISSN: 2517-942X
Vol:10, No:3, 2016

An Analysis of the Performances of Various Buoys

as the Floats of Wave Energy Converters

[lkay Ozer Erselcan, Abdi Kiikner, Gokhan Ceylan

Abstract—The power generated by eight point absorber type
wave energy converters each having a different buoy are calculated in
order to investigate the performances of buoys in this study. The
calculations are carried out by modeling three different sea states
observed in two different locations in the Black Sea. The floats
analyzed in this study have two basic geometries and four different
draft/radius (d/r) ratios. The buoys possess the shapes of a semi-
ellipsoid and a semi-elliptic paraboloid. Additionally, the draft/radius
ratios range from 0.25 to 1 by an increment of 0.25. The radiation
forces acting on the buoys due to the oscillatory motions of these
bodies are evaluated by employing a 3D panel method along with a
distribution of 3D pulsating sources in frequency domain. On the
other hand, the wave forces acting on the buoys which are taken as
the sum of Froude-Krylov forces and diffraction forces are calculated
by using linear wave theory. Furthermore, the wave energy
converters are assumed to be taut-moored to the seabed so that the
secondary body which houses a power take-off system oscillates with
much smaller amplitudes compared to the buoy. As a result, it is
assumed that there is not any significant contribution to the power
generation from the motions of the housing body and the only
contribution to power generation comes from the buoy. The power
take-off systems of the wave energy converters are high pressure oil
hydraulic systems which are identical in terms of their characteristic
parameters. The results show that the power generated by wave
energy converters which have semi-ellipsoid floats is higher than that
of those which have semi elliptic paraboloid floats in both locations
and in all sea states. It is also determined that the power generated by
the wave energy converters follow an unsteady pattern such that they
do not decrease or increase with changing draft/radius ratios of the
floats. Although the highest power level is obtained with a semi-
ellipsoid float which has a draft/radius ratio equal to 1, other floats of
which the draft/radius ratio is 0.25 delivered higher power that the
floats with a draft/radius ratio equal to 1 in some cases.

Keywords—Black Sea, Buoys, Hydraulic Power Take-Off
System, Wave Energy Converters.

1. INTRODUCTION

AVE energy is an abundant and promising source of
energy among other renewable energy sources. The
surface of the oceans and seas are restless most of the time and
the waves carry vast amounts of energy. The research
activities on generating electricity from the waves have been
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continuing since the days of the Energy Crisis. The
disadvantages of generating most of the energy required for
both industrial and daily activities by consuming fossil fuels
were seen after the oil supply had decreased and the prices had
increased. As a result, new sources and methods of generating
the energy needed started to emerge. Ocean waves which are
one the renewable energy sources are considered as one of
these new sources of energy. Many different types of wave
energy converters were designed during the last four decades
in order to capture the energy of the waves and then to convert
it into electricity. Although they differ in size and shape, their
principles of converting the power of waves and mechanisms
used in this process are mostly similar.

Point absorber type wave energy converters are those of
which the horizontal dimensions of the system are smaller
than the wave lengths. A recent study indicates that the
number of this type of wave energy converters developed is
higher than the number other types of wave energy converters
developed so far [1]. Any axi-symmetrical body such as a
circular cylinder, a semi-ellipsoid or a semi-elliptic paraboloid
can be employed as the float of a wave energy converter.
Since there are a number of geometries and possibly a greater
number of different dimensions that can be used in the design
of the floats, the interactions of these bodies with waves and
their capabilities of capturing the power of waves should be
studied before deciding on a particular geometry and
dimensions. In order to find the best option, various buoys are
designed using four different draft/radius ratios and
calculations are carried out by modeling three different sea
states observed in two separate locations in the Black Sea. The
power generated by the power take-off system is calculated for
each case and the performances of all buoys are evaluated
through these power values.

II. THE SOLUTION OF THE PROBLEM

The floats of the wave energy converters designed in this
study possess the geometries of a semi-ellipsoid and a semi-
elliptic paraboloid. The surfaces of an ellipsoid and an elliptic
paraboloid can be modeled by using the following equations.
A, B, and C are the radii of the body on each axis.
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It is assumed that the systems oscillate only in heave
direction and no other motion contributes to power generation.
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While all of the floats have masses which are equal to the
mass of a semi-sphere with a radius of 5 meters, their
dimensions are different from each other such that the ratios of
draft/radius (d/r) are 0.25, 0.5 0.75 and 1. The power take-off
system is built from a double acting piston cylinder which is
activated by the oscillating float and pumps the hydraulic oil.
Additionally, a check valve group serves as a rectifier so that
the flow becomes uni-directional. Finally, a hydraulic motor
coupled to a generator converts the hydraulic power into
mechanical and electrical power. The motions of the buoys are
evaluated using both 3D pulsating source distribution method
and linear wave theory.

A. The Hydrodynamic Problem

The heave motion of the float is solved by employing a 3D
pulsating source distribution method. The potential function of
a stationary 3D source with pulsating strength in deep water is
given as the following in [2].
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Here, a Cartesian coordinate system is adapted such that xoy
plane coincides with the undisturbed free surface and positive
direction of z-axis points upwards. The coordinates (X,Y,z)
represent a point in the fluid domain and (a,b,c) represent the
position of the source in (3)-(6). The wave number is given as
v=w?lg in deep water where w is the wave frequency, ¢ is the
acceleration of gravity and k is the integration variable.
Moreover, PV stands for Cauchy’s Principle Value Integral
and Jo is Bessel function of the first kind order zero. Equation
(3) satisfies Laplace equation, linearized kinematic and
dynamic free surface boundary conditions, bottom boundary
condition at infinite depth and radiation condition. The added
mass and hydrodynamic damping of a body oscillating with
small amplitude at the frequency of incoming regular waves
are calculated by satisfying body boundary condition on the
surface of the body and by calculating the forces acting on the
body due to the oscillations. The solution of the problem is as
follows.

First, the surface of the body is divided into triangular
panels and constant strength sources are distributed on these
panels. Then, (3) and its spatial derivatives are integrated on
the triangular panels by a numerical integration method and
potential values along with velocity components induced at
the centroids of all other panels are obtained.

Dividing the surface of the body into plane surface elements
converts the surface integrals evaluated on the entire surface

of the body into a sum of integrals evaluated on the surfaces of
panels as shown in the following equations:

d= @dS= Z @ds 7)

vVads (8)

Shody i=1 S panel

Fig. 1 Triangular surface mesh of a semi-ellipsoid

Since the source strengths are unknown in the beginning,
the integrals given in (7) and (8) cannot be fully evaluated.
The strengths of the sources are found by solving a system of
linear equations. The normal velocities induced at the
centroids of panels are calculated by finding the contributions
of all panels. So, (7) and (8) are first solved by assuming the
source strengths on all panels are unit. Once the contributions
of all panels are calculated, a matrix called influence matrix
can be formed. Each row of the influence matrix contains the
contributions of all panels on the normal velocity induced at
the centroid of one panel.

= & ©)

Finally, the unknown source strengths are evaluated by
satisfying body boundary condition at the centroids of all
panels. The normal velocities induced due to the oscillations
of the body are calculated by the following equations given in
[3] and a column vector V, which contains the resulting
normal velocities due to body motions is formed.

V =—"=iwn_ ,

n an m

m=1,2,3 (10)

V = Dy =io(rxn)

m=4,5,6 11
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m-3 ?

The subscript, m, represents the motions in six degrees of
freedom which are surge, sway, heave, roll, pitch and yaw

from one to six, respectively. Additionally, @mis the

potential of oscillatory motion, r is the position vector with
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respect to the origin of the coordinate system, n is the unit
normal vector pointing out of the body and i is the complex
unit number. The unknown source strengths are calculated by
solving the following equation. The result is a vector which
contains the source strengths of all panels.

o=l \V, (12)

Once the unknown source strengths are obtained, the
radiation forces acting on the body due to body motions can be
found. The resulting forces are complex and functions of wave
frequency. The added mass and hydrodynamic damping
coefficients can be evaluated by separating real and imaginary
parts as described in [3] as:

F=—p a_gi@jds L j=12,...6 (13)
s, On

F, =o’A —iwB; (14)

Here, @i and j are the oscillation potential of bodies, Ajjis

the added mass, and Bjj is the damping coefficient matrices.
Furthermore, the wave forces are calculated by integrating the
pressure on the surface of the body due to incoming and
diffracted waves. The wave forces acting on the body due to
undisturbed incoming waves are known as Froude-Krylov
forces and are evaluated as:

o
R (w)= —p=inds (15)

where the incident wave potential is given as:

2
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On the other hand, the presence of the body disturbs the
waves and causes them to spread around. The diffraction
potential is evaluated by satisfying the following equation on
the surface of the body:

0D, _ 09, (17)
on on

The diffraction potential and resulting forces are evaluated
by using the influence matrix given in (9). This time, the
normal velocities induced by the incident waves take place in
the normal velocity vector V. Once the wave forces, added
mass, hydrodynamic damping coefficients and hydrostatic
restoring forces are obtained, the amplitudes of the motions
can be found by solving an equation of motion either in
frequency domain or in time domain. The motion of a float is
evaluated in time domain in this study.

The time domain calculations are carried out by evaluating
Cummins equation given in [4], [5] which is widely used in

the calculation of ship motions. This equation can be written
for heave motion as:

(M + A, )xa (1) + pgsx, (1) +

t . (18)
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Here, M is the mass of the float, A33°O is heave added mass at

infinite frequency, S is the water plane area of the float and hs;
is the memory function for heave acceleration. On the other

hand, F3FK and F3D are Froude-Krylov and diffraction

forces acting on the float in the heave mode of motion in time
domain. Since the irregular sea states can be represented by
the superposition of regular wave components, these forces
can also be calculated approximately by superposition of wave
forces which correspond to regular wave components.

P ot+e) (19)
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In addition to wave forces, FPTO represents the reaction

force acting on the float due to the presence of the power take-
off system. Finally, the memory function which is present in
the convolution integral in (18) is given as:

(0= 2 (A (o)A Jeos(ot)der= 222 e

Here, A;and B,; are heave added mass and hydrodynamic

damping of the float, respectively.

The output of the 3D model is first compared to some
published results. The surge and heave added mass and
hydrodynamic damping coefficients of a semi-sphere
oscillating in deep water are compared to the values given in
[6]. It can be seen from Fig. 2 that the numerical results
obtained by 3D pulsating source distribution method and
analytical results are in very good agreement. Additionally,
the same solution method is applied to a number of semi-
ellipsoids with various length/beam ratios and the coupled
heave and pitch motions of these bodies in deep water are
calculated in head seas at zero forward speed [7]. This study
aimed to investigate the extent of slender body approximation
made in linear strip theory by comparing the results of 2D and
3D source distribution methods. It was determined that the
results obtained by 3D pulsating source distribution method
converged to the results obtained by 2D linear strip theory
with increasing length/beam ratio.
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B. Power Take-Off System

The power take-off system of the wave energy converters
considered in this study is a high pressure oil hydraulic
system. The hydraulic oil is pumped into the circuit by the
piston cylinder activated by the oscillating buoy. A double
acting piston is adapted to the power take-off system so that
the hydraulic fluid is pumped into the circuit in both up and
down strokes of the piston. The pumping of the hydraulic fluid
in both strokes creates a bi-directional flow. This two way
flow is converted into uni-directional flow by a group of check
valves which allow the fluid to flow only in one direction. As
a result, the hydraulic motor is supplied with oil almost during
the whole period of the motion. A schematic view of a
hydraulic power take-off system is shown in Fig. 3.
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Fig. 2 Surge and heave added mass and damping coefficients of a
semi-sphere
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Fig. 3 Schematic of a hydraulic power take-off system [§]

The acceleration and the velocity of the buoy determine the
pressure and the flow rate of the hydraulic fluid. The flow rate
of the hydraulic fluid can be calculated as:

Qt)=x (1) A, (22)

Here, Q represents the instantaneous flow rate, # is the heave

velocity of the buoy and Ay is the effective cross sectional area
of the piston.

T

Ap = Z(dzpistun —d 2rod ) (23)

The pressure acting on the fluid by the piston depends on
the heave force that the buoy exerts on the piston due to
acceleration of the heaving motion. Assuming the amplitude
of the oscillations of the buoy is small, the absolute pressure
acting on the pressure side of the cylinder can be written as:

o _(M +A33°°)$k3(t)
press.side — A
p

24)

+ patm

On the other hand, if the pressure on the suction side of the
cylinder is assumed to be approximately equal to atmospheric
pressure since that side is connected to an oil tank which is
generally open to atmosphere in practice, the net force acting
on the float through the piston becomes approximately equal
to

Frro (1) = (M + A" )xs (1) @9

This reaction force always acts in the opposite direction of
the piston’s movement. When the piston moves downward,
the high pressure will build up in the lower side of the piston
head while the low pressure will act from the upper side.

The pressure of the fluid drops while flowing in the power
take-off system. The friction of the fluid with the inner surface
of the pipes, bends and valves are examples of this pressure
loss. The pressure loss in the check valves are calculated as:

Q’p

Ap,, = 26
pcv 2Cd 2 A{z ( )

Here, Cq4, Ay, and p represent the valve discharge coefficient,
the cross sectional area of the valve and the density of
hydraulic fluid, respectively. Equation (26) is known as the
orifice equation.

Finally, the hydraulic motor converts the hydraulic power
into mechanical power and it can be calculated as:

P

motor = anIOTAmeIOI'Q (27)

where Nmotor and AP, represent the total efficiency and the
pressure differential of the hydraulic motor.

C.The Black Sea Wave Energy Spectrum

A research project had been carried out between 1994 and
2001 which aimed to investigate the characteristics of waves
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generated by the wind in the seas surrounding Turkey. The
wave measurements recorded by buoys deployed in the
Eastern Black Sea region were then analyzed and parameters
of both Pierson-Moskowitz (PM) spectrum for fully developed
seas and JONSWAP spectrum for developing seas were
presented for the measured wave data in [9] and [10]. The
form of JONSWAP spectrum used in the calculations and the
mean values of the parameters of the spectrum for developing
seas in two locations in the Eastern Black Sea coast of Turkey
are given as follows, respectively.

=i

S(f)zocg2(27r)74 f e y©

(28)

Here, f, is the peak frequency of the spectrum, f is the
frequency of waves in Hz, g is the acceleration of gravity, y is
peak enhancement factor and o is given as:

G, =007 , <,
76,2000, >, (29

TABLEI
MEAN SPECTRAL PARAMETERS OF JONSWAP SPECTRUM FOR THE MEASURED
WAVE DATA IN THE EASTERN BLACK SEA

Location SStZ?e Hs (m.) A y fo(Hz)
1 1.0<Hs<2.0 ~ 0.00507  2.57 0.162

Sinop 2 2.0<Hs<3.0  0.00622  2.34 0.127
3 Hs>3.0 0.00884  2.74 0.120

1 1.0<Hs<2.0 ~ 0.00319  3.01 0.140

Hopa 2 2.0<Hs<3.0  0.00443  2.96 0.119
3 Hs>3.0 0.00511 2.97 0.102

The irregular waves are modeled by first discretizing the
spectrum and then applying the principle of superposition
since the wave amplitudes are assumed small compared to
wave lengths. A 30-minute period (T) is taken as the duration
of the calculations and the time series of irregular waves are
obtained by a precision of 0.01 second. Finally, the
frequencies of regular wave components are calculated as

[11]:

© =2TL”,n=1,2,3,...,oo (30)

n

III. RESULTS AND DISCUSSION

The power generated by a wave energy converter is
calculated by solving a hydrodynamic problem corresponding
to the heave motion of the float which is coupled to the
problem associated with the power generation of the power
take-off system and the resulting force acting on the float. The
motion of the float is solved by assuming that the float is
stationary at t=0.

The power generated by each wave energy converter in
three sea states can be seen in Tables II-V.

The power values given in the tables are the time averages
of the instantaneous power levels.

I
P:;!P(t)dt 31)

TABLE II
POWER (KW) GENERATED IN SINOP BY WAVE ENERGY CONVERTERS WITH
SEMI-ELLIPSOID BUOYS

Sea State dr
1 0.75 0.5 0.25
1 1448 1389 1243 1134
2 3343 2989 2783 3154
3 537.5 4869 4598 5339
TABLE IIT

POWER (KW) GENERATED IN HOPA BY WAVE ENERGY CONVERTERS WITH
SEMI-ELLIPSOID BUOYS

dr
Sea State
1 0.75 0.5 0.25
1 1772 1487 132.6 1439
2 266.5 240.6 2292 270.5
3 379.9 3519 3393 4085
TABLE IV

POWER (KW) GENERATED IN SINOP BY WAVE ENERGY CONVERTERS WITH
SEMI-ELLIPTIC PARABOLOID BUOYS

dir

Sea State
1 0.75 0.5 0.25
1 117.3  107.1 98.4 99.7
2 226.7 220.1 2249 297.7
3 380.2 367.3 3783 510.0

TABLE V
POWER (KW) GENERATED IN HOPA BY WAVE ENERGY CONVERTERS WITH
SEMI-ELLIPTIC PARABOLOID BUOYS

Sea State dr
1 0.75 0.5 0.25
1 108.3 1022 103.1 1326
2 187.8 182.7 1904 2634
3 272.6 2709 2864 403.6

The results show that the power generated by the wave
energy converters with semi-ellipsoid buoys is higher than that
generated by wave energy converters with semi-elliptic
paraboloid buoys in both locations and in all sea states. The
power generated by the wave energy converters follow an
unsteady pattern such that it does not steadily increase or
decrease by changing draft/radius ratios. One may expect that
higher power levels could be obtained with floats being more
oblate in all cases since higher wave forces act on them as it
can be seen in Fig. 4. Although the wave forces acting on the
floats increase with decreasing draft/radius ratios, the added
mass and radiation damping values increase, too. As a result,
the magnitude of the heave motions of the floats decrease with
decreasing draft/radius ratios while the semi ellipsoid buoy
and semi-elliptic paraboloid buoy with draft/radius ratios
equal to 1 experience the greatest oscillations. While these
floats have the greatest oscillations in all cases, it can be seen
in Tables II-V that the wave energy converters with floats of

317



International Journal of Earth, Energy and Environmental Sciences
ISSN: 2517-942X
Vol:10, No:3, 2016

which the draft/radius ratio is 0.25 generated higher power
than those with a draft/radius ratio equal to 1 in some cases.
These results are due to the combined effect of heaving
acceleration, velocity and total masses of the systems, the
parameters which determine the force exerted to power take-
off systems by the floats and the rate of flow resulted in the
circuits. Additionally, the wave energy converter with a semi-
ellipsoid float of which the draft/radius ratio is 1 delivered the
highest power among all other floats in Sinop while the
significant wave height is greater than 3 meters, the float
which has a draft/radius ratio equal to 0.25 delivered almost
the same amount of power in the same sea state. Similar
performances can be seen in other sea states and locations as
well.

The differences between the added masses, radiation
damping values and the wave forces acting on the floats can
be seen in Figs. 4-6. The calculations showed that the greatest
increase in the wave forces acting on the buoys occur by a
factor of approximately 2.5 while both the added mass and the
hydrodynamic damping of the buoys increase by a factor of 4.
Additionally, it is determined that the magnitude of heave
oscillations decrease with decreasing draft/radius ratio in all
sea states. All of these parameters determine the amplitudes of
waves traveling away from the oscillating bodies in the free
surface of a fluid which are also an indicator whether these
bodies are good wave energy absorbers or not. Falnes’ “a good
wave absorber must be a good wave-maker” statement
explains this situation [12]. The added mass, damping
coefficient and the magnitude of the oscillations are
components of radiation force and the magnitude of this force
can be considered as a measure of the sizes of the waves
traveling away from the oscillating body. The greater the
radiation force is, the greater the waves generated due to the
oscillations of the body will be. Consequently, all of these
parameters determine a body’s ability to absorb the energy of
waves and to convert it into useful mechanical force for
electricity generation.
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Fig. 4 Total heave forces acting on the buoys
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Fig. 5 Added masses of the buoys

Heave Damping Coefficients of the Floats
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Fig. 6 Hydrodynamic damping of the buoys

IV. CONCLUSION

The analysis of the performances of a number of buoys
through the power generated by the wave energy converters in
three sea states and in two separate locations in the Black Sea
showed that the wave energy converter with a semi-elliptic
paraboloid buoy with a draft/radius ratio of 0.25 generated the
highest power. Although the power values are only presented
as an example in order to evaluate the performances of the
buoys, these values will be smaller when all losses in the
power take-off system are accounted for. Besides modeling
the system with more detail, there is one more issue that has to
be considered. When wave energy converters take their place
in power generation, they are expected to be deployed in
arrays. As a result, the interactions of a number of bodies
positioned closely to each other will have to be evaluated in
order to find an optimum solution for the deployment of these
devices and for power generation. The current study is
planned to be extended by analyzing the interactions of wave
energy converters with each other while they are deployed as
an array.
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