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Abstract This paper represents both an analytical formulation and
a series of experimental testings for a flap-type seabed-mounted
WEC. The analytical modeling provides an insight into the param-
eters affecting the design and optimization for the maximum power
output. Experimental testings in the wave flume are designed to
study the effects of damping due to the PTO mechanism on both
power output and efficiency of the device.
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I. INTRODUCTION

The estimation of total available wave power of 2.7 TW,
which exceeds global consumption of electricity, provides a
great incentive for technologies capable of efficiently generat-
ing power from this untapped source of energy [1, 2]. The wave
energy converter (WEC) described in this paper has been devel-
oped and is currently going through rigorous laboratory tests.
However, the purpose of this paper is to provide a simple yet
practical dynamic model for the system, the way it interacts
with waves, and some experimental testings for power output
estimation. Fig. 1 shows a schematic representation of this flap-
type wave energy converter designed for shallow and interme-
diate depth (SID) water types, called Jellyfish.
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Fig. 1 Free body diagram showing hydrodynamic and hydrostatic
forces for the prototype prototype

The final design of the system is basically a flap-type struc-
ture hinged at the bottom of the sea with the flap part designed
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close to the Salter’s duck profile [3] and a hydraulic power-take-
off (PTO) mechanism.

II. MATHEMATICAL FORMULATION

The equation of motion for the device can be written as

(I+1,)6(1) +CO(1) + KO = Tore — Tpro (1)
where, I and I, are the pod and added moment of inertia re-
spectively, C, is the radiation damping, K represents stiffness
coefficient, T, is the excitation torque, and Ty, is the torque
created by PTO mechanism. The excitation torque is caused by
a summation of incident and scattered waves while added iner-
tia is related to the force caused by the mass of water. Radiation
damping is the representative of power exchanged between the
sea and the body. Both buoyancy force and gravity are consid-
ered as hydrostatic forces (see Fig. 1).

We further develop the equation of motion by replacing the
force from the piston configuration. This force is a function of
pressure values, P4 and Pg, and areas on both sides of the piston
inside the cylinder, A.,p and A,,4. The pressure values can be
written as a function of dynamic viscosity i, linear velocity of
the piston inside the cylinder in either direction, and half stroke
length values in each direction, L4 and Lp. Final force equation
for the piston can be represented as
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and since T, = 1, X F piston, we can find power take-off
torques as
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From Egs.(1)-(3), the equation of motion for this system can
be derived as follows
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Both radiation damping and added inertia variables are
functions of frequency of the excitation. These values can be
calculated using boundary element method (BEM). For a design



with a rectangular flap as an estimation to our prototype with pa-
rameters listed in Table 1, radiation damping and added inertia
values can be calculated using OpenWEC software, which ba-
sically is an open source code that uses NEMOH [4], another
open source BEM solver.

Table 1 Prototype properties (all values have SI unit)
Width Height Length Water Depth Density
0.1143 0.6858 1.03024 09144 260.71

Resonant frequency of the system can then be found as
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in which, /1, is a function of excitation frequency. Consider the
prototype shown in Fig. 1; it has six hollow PVC cylinders, each
with the inner diameter of 4 in and outer diameter of 4.5 in. Two
steel bars on one side are used to support the cylinders and also
there is a 3.75" distance between the rotating axis and the center
of the lowest cylinder. Each cylinder can be filled with water up
to 17.637 1bs (8 Kg).

To study the effects of mass and its distribution on natu-
ral frequency of the device, five different cases were consid-
ered. The results along with these cases are shown in Fig. 2.
Here, value K has been estimated using K = p,,gt>d /12 + (p,, —
pr)gtdh® /2, where p,, and py are the water and device densities,
t is the thickness, A is the water depth, and d stands for width
of the flap, also g represents the acceleration of gravity [5].
To have a better understanding of a full scale device, results
are scaled for a 1/20" scale machine using Froude’s law since
the inertia forces are predominant. Also, spectra of the fully-
developed sea-state is shown on the same plot simulated using
Pierson-Moscowitz model [6] for different wind speed value, U.
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Fig. 2 Natural frequency changes for five different mass distributions
along with the wave spectral density for a fully-developed sea-state for
some wind speed (U) values

III. EXPERIMENTAL SETUP

The objective for these series of experiments conducted on
the 1/20"" scale prototype is to both study the effects of oil pres-
sure on hydraulic PTO mechanism and find the optimal PTO
force applied to the system for maximum efficiency in the face

of waves with different time periods. For these tests, the flap-
type bottom-mounted WEC has properties described in Table 1
and the hydraulic circuit setup is shown in Fig. 3. To control the
oil pressures, three tanks with pressurized oil are used. Tank A
is the reservoir and its pressure is always kept on 5 psi. Tanks
B and C control the oil pressure for two different motions in the
system. When the flap is moving in the same direction as in-
cident waves, the pistons inside the cylinders installed on both
sides of the flap move from left to right. The pressure on the
left side of each cylinder that controls the damping for this mo-
tion is set using tank B. And once the flap is moving in the
opposite direction of the incident waves, going back towards its
initial position, damping force due to the PTO mechanism is
controlled by the oil pressure in tank C.

Fig. 3 A Schematic diagram of hydraulic circuit for the experimental
setup showing tanks A, B, and C and cylinder-piston PTO installed on
both right and left sides of the flap.

The flap is hinged at the bottom of the wave flume to a
31x40x7 in3 concrete plate and 3 in of it is out of the water
above the surface. Water depth was kept 36 in throughout all
these tests and the waves had 6 in height. Wave periods vary
from 1 to 3 s with 0.5 s steps. For each test, 25 wave cycles
were run in the wave tank. Pressure in tank B and tank C varies
from 10 psi to 60 psi and 20 psi to 60 psi respectively. The di-
ameter of all three oil tanks were 4 in. These values were chosen
based on the capabilities of our in-house wave tank for experi-
mental testing. Finally, it is worth mentioning that the prototype
here is 1/20"" of the final device size. Fig. 4 shows a schematic
diagram of the wave tank and the prototype inside for testing.
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Fig. 4 A schematic diagram of the wave tank with the prototype in-
stalled (not to scale)



IV. RESULTS & DISCUSSION

Oil displacements in tanks B and C after 25-cycle waves
were measured and then the power was calculated from the to-

tal time and pressure values. In the mathematical form, Power
_ work _ forcexdisplacement _ (pressurexarea)xdisplacement Fie. 5
~  time time - time . g

shows the output power for the pressure values in tanks B and

C when the waves with 1.5 s time period were used to test the
prototype.
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Fig. 5 Power extracted after 25 cycles of the waves with 1.5 s time
period and 6 in height.

As it can be seen, there clearly exists an optimal power out-
put for specific tank pressures. For this time period, the max-
imum power occur at Pc = 30 psi and Pg = 40 psi which is
10.58 W. Similar procedure was followed for the waves with
time periods mentioned in the previous section to find the max-
imum power output and the corresponding pressure values in
tank B and C. Results are shown in Fig. 6. In this figure, hol-
low circles represent the projections of data points on different
planes to help identify the location of each point in the 3D plot.
The subset in the figure is a top view of the graph for a better
representation of pressure values in tanks and how they corre-
spond to the power values. Maximum power output was found
at Pc = 30 psi and Pp = 50 psi with the value of 11.84 W.
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Fig. 6 Maximum power extracted after 25 cycles of the waves
with 6 in height.

Since the final WEC will have a hydraulic system with only
one set oil pressure, the ratio between pressure values can be
found to help with the design. Pressure correspond to the force
applied. Once the best pressure ratio for the PTO is found, then
the area for both sides of the pistons can be designed in a way
to provide such ratio in the PTO force.
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Fig. 7 Maximum power extracted after 25 cycles of waves with various
time periods at different pressure ratios.

Fig. 7 shows the maximum power output values for differ-
ent wave periods. However, it is represented based on the ratios
between pressures in tanks B and C. In this figure, numbers in
bracket are the scaled values for the 1/20"” scale device. For this
device, the average power output is more than 8 W in the face of
waves with periods from 1 to 3 s. The average pressure value to
find the maximum power output for waves in this period range
is 7 =2.
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Fig. 8 Capture efficiency for various time periods at different pressure
ratios.

Finally, the efficiency of the prototype can be calculated
based on the energy flux of the incident waves and the output
power. Energy per unit time and unit width of wave frontage
(or energy flux) can be found from [7]

pg*D(kh) .

J= TTH (6)

where, k is the wave number, T is the time period of the wave,

and H is the wave height. Also, D(kh) is the depth function
defined as

>
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Therefore, the capture efficiency of the WEC can be calcu-
lated. The results are shown in Fig. 8. Although the maximum
power output was found for 2 s time period, the maximum ef-
ficiency of the device occur for waves with 1.5 s time period.
On average and for this range of wave periods, the capture effi-
ciency is about 15%. It is worth mentioning that this efficiency
is for a prototype which was not optimized in terms of its natural
frequency.

2
D(kh) = [1— (%)]km



V. COMMENTS & CONCLUSIONS

In this paper, analytical investigations were used to provide
a general view about the various design parameters that affect
the resonant frequency of the device. Natural frequency of the
device can be controlled using fillable compartments as part of
the design. These compartments can also be used for storm pro-
tection to sink the flap during the stormy weather condition.

A series of experimental tests were designed and conducted
on a 1/20"" scale device to study the effects of damping caused
by oil pressure in the hydraulic circuit. Optimal power values
for each tank and the converter were recorded for waves with
time periods vary from 1 s to 3 s. The maximum power output
occurred at 2 s time period and the average ratio between pres-
sures in tank B and tank C to get the maximum power output for
this time period range was about 2. Since the pressure and force
are correlated, this value can be used to design the piston areas.
To design the device for a specific site or environment, pres-
sure ratios in hydraulic circuit and the natural frequency of the
machine can be optimized. For waves with the height of about
10 ft in a depth of 60 ft water, this device can reach up to %15
water-to-oil efficiency for wave periods between 4.47-13.42 s
with non-optimized natural frequency.
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