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Abstract

The environmental issues all around the globe have boosted the investment in renewable energies in the
last decade, of which wave energy has benefitted. Besides still being on its infancy, wave energy presents
a great potential due to the innumerous possibilities of extracting energy from waves. The Oscillating
Water Column (OWC) represents one of the main principles of extracting wave energy, from which the
Backward Bent Duct Buoy (BBDB) uses. The BBDB has two main modes of extracting energy: heave
and pitch. The present dissertation has as its main goal the study of the dynamic behavior as well as the
quantification of energy extraction of the BBDB and is part of the national project WAVEBUOY funded
by the Portuguese Science Foundation. In order to do so, it was designed and built a model at a scale of
1:12 in acrylic glass. Experimental tests of regular and irregular waves were carried out in a wave flume
in Instituto Superior Técnico. Different turbine simulators were evaluated for different configurations of
the buoy. The compressibility effect of the air at prototype scale was studied for three distinct conduct
lengths. The behavior of the buoy with the duct opening facing the direction of wave propagation was also
studied. In addition to a time domain analysis of the measurements taken, a frequency domain analysis
was also carried out in order to identify and quantify the existent excitation frequencies of the model.

Keywords: Wave Energy, Wave Energy Converter, Oscillating Water Column, Backward Bent Duct
Buoy, WAVEBUOY

1 Introduction

This dissertation focuses on the study of the dy-
namic behavior and extracted energy of a Wave
Energy Converter (WEC) of the Oscillating Water
Column (OWC) type. The goal is to project and
implement a self-powered buoy capable of powering
probes and sensors that will collect data for oceano-
graphic applications. In order to do that, the au-
tonomy of the converter is of extreme importance
since it won’t be connected to the national electric
grid for power supply.

The model was designed and built at a scale of
1:12 based on the existent SolidWorks model of the
prototype. In order to simulate the turbine of the
prototype, three steel plates with orifices of vary-
ing diameters (10 mm, 15,3 mm and 20 mm) were
built. The purpose of having three different turbine
simulators was to assess the power performance as
function of the turbine damping.

The natural periods of the model were determined
from the free decay tests. The six degrees of free-
dom associated to the motion of the buoy, the os-
cillating water column, the free surface of the water
on the wave flume, as well as the pressure variation
inside the air chamber were evaluated for distinct
configurations of the buoy and turbine simulators.

In an initial phase, the model was tested for three
regular waves of different amplitudes for each of
the distinct turbine simulators. These experimen-
tal tests were done for two orientations of the duct

of the model. For a first set of tests, the open-
ing of the duct was oriented in the same direction
of the propagation of waves, and in a second set of
tests the same duct opening was opposing the direc-
tion of the propagation of waves. Subsequently, the
model was tested for irregular waves with the goal
of studying its behavior in a real sea-state. As in the
case of regular wave tests, these were done for three
different wave amplitudes, distinct turbine simula-
tors and for the two orientations of the buoy already
mentioned. In order to understand the effects of the
length of the duct in the energy extraction and dy-
namic behavior, the model was modified and tested
for three different duct lengths that correspond to
4 m, 5 m and 6,5 m at prototype scale. The three
distinct duct lengths were tested for regular and ir-
regular waves, as well as a compressibility test to
evaluate the effects of the compressibility of the air
at a 1:1 scale. The energy extraction associated
to the converter was determined for these varying
configurations, with the goal of gaining knowledge
about the behavior of this OWC device as well as
its potential autonomy in deep waters.

1.1 Wave energy potential

The planet Earth has 71% of its surface covered
by oceans, and the main processes of energy trans-
fer between these and the atmosphere are the wind
and the heat flux from their surface. These pro-
cesses make the oceans an important source of re-
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newable energy capable of containing 93100 TWh of
annual energy [4]. Waves can be described as ver-
tical perturbations, around a horizontal position of
equilibrium, in the surface of the ocean and can be
evaluated through their height and period. When
the wind generates these disruptions, the gravity re-
stores the surface of the water to its original state.
Even though the behavior of waves can be predicted,
and this comprises the basis of sustainability of the
future of wave energy, there is some randomness
in the sea-state. There is a great spectrum be-
tween waves of high energy and periods derived from
storms, and waves of lower periods caused by local
winds. The seasonal factor of waves and their geo-
graphical variation make wave energy extraction a
process highly irregular and intermittent. For this
reason, its energy potential does not show a global
uniform distribution. Typically, the greatest energy
potential finds itself on the northern temperate zone
and southern hemisphere, between 40o and 60o of
latitude. The seasonal variations are particularly
lower on the southern hemisphere, making wave en-
ergy extraction more attractive in these regions [2].

The coastline of the occidental European coun-
tries is exposed to western winds. Being Portugal
one of these countries, the portuguese coast receives
a considerable amount of wave energy, with a power
density around 30 kW/m between the north and
the central part of the offshore west coast. Viana
do Castelo and Leixões are the sites that show a
larger energy potential, with an annual value of
223 MWh/m [10].

1.2 Technologies

The existent technologies in wave energy conver-
sion are broad, these vary in their geometry, way of
extracting energy and operating principle. There-
fore, there isn’t a consensus on which technology is
the best and most efficient on wave energy extrac-
tion. The wide spectrum of technologies is caused
by the innumerous ways of extracting energy from
waves and the respective location where the con-
verter is deployed: shoreline, nearshore or offshore.
The classification of WECs depends precisely on the
previous factors, and one can sort the different types
of devices according to the working principle used
in the energy extraction. Consequently, the wave
energy converters can be classified into three main
categories: Oscillating Water Column (OWC), os-
cillating body and overtopping. Figure 1 illustrates
the working principles of these three different types
of WECs.

1.3 Oscillating Water Column and the
Backward Bent Duct Buoy

The Oscillating Water Column is probably the
most developed Wave Energy Converter due to its
simple working principle. This type of WEC con-

(a) Oscillating Water Col-
umn. Source: [8]

(b) Overtopping. Source: [1]

(c) Oscillating body. Source: [5]

Figure 1: Types of WECs.

sists in two key components: a collecting chamber
that extracts energy from the waves and transfers
it to an air chamber, and a power take-off system
(PTO) that converts the extracted energy into elec-
tricity. The air chamber is pressurised when there is
an elevation of the water column and rarefied when
there is a decrease in the surface of the water column
[7]. The power take-off system usually consists in a
turbine of the self-rectifying type (typically a Wells
turbine), so that the exhalation and inhalation of
air in the air chamber does not interfere with the
direction of rotation of the turbine blades. There
are a few advantages of the OWC relatively to other
types of WECs, such as:

1. fewer movable parts;
2. the OWC can be used in a great variety of air

chamber geometries and can be implemented
nearshore or offshore;

3. higher reliability;
4. easy maintenance as the PTO operates outside

the water.

A converter of the OWC type, and the main sub-
ject of this thesis, is the Backward Bent Duct Buoy
(BBDB). The BBDB is a wave energy converter
comprised of a duct in shape of an “L” that has its
opening in the opposite direction of the wave prop-
agation (figure 2). Yoshio Masuda first proposed
its design in the decade of 1980, and it came of the
necessity of improving the efficiency of the vertical
tube buoys. According to [9], the BBDB has a bet-
ter efficiency as well as good stability in high oceanic
currents. Due to its design, the opening of the duct
does not oppose to the sea current which causes a
lesser drag on the buoy. The coupling of the surge,
heave and pitch modes, and the natural resonance
of the OWC, expand the spectrum of frequency in
which the conversion efficiency is high [3].
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Figure 2: Profile scheme of a BBDB. Source: [9]

1.4 Small scale testing

In order to obtain a model at a small scale that
simulates the behavior of the prototype in a correct
way the geometric, kinematic and dynamic similar-
ities between the model and the prototype must be
achieved. The geometric scale factor is essential in
the development of the model and must be constant
in every dimension, it’s given by:

λs =
lm
lp

, (1)

where lp refers to any arbitrary dimension of the
prototype and lm represents that same dimension
in the model.

The inertial, Fi, gravitational, Fg, and viscous,
Fv, forces play an important role in the interactions
between the incident wave and the body. The rel-
ative importance of the previous forces is given by
the Froude number, Fr, and the Reynolds number,
Re:

Fr =
U√
gl

∝ Fi

Fg
, (2)

Re =
Ul

ν
∝ Fi

Fv
, (3)

where g represents the gravitational acceleration, l
the characteristic dimension, U the characteristic
velocity, and ν the kinematic viscosity of the fluid.
A well designed model must maintain the same val-
ues of the prototype for the Froude and Reynolds
number [6]. The Froude scale enables the scaling
of the quantities of interest relevant for preserving
the similarities between the model and the proto-
type. Some of these quantities of interest are found
on table 1. At small scale testing in wave flumes it
is not possible to respect both the Froude and the
Reynolds numbers. Since the ocean waves are the
most important physical aspect, the Froude number
is always respected across scales.

2 Design and modelling of the BBDB

The design and manufacturing of the model re-
quires a great amount of planning to determine
what is feasable or not, as well as the costs asso-
ciated to the experimental tests. A model was built

Table 1: Application of the Froude scale to quanti-
ties of interest used in the present work.

Quantities of interest Dimensions Scaling factor
Length L λ
Mass M (ρm/ρp)λ3

Time T λ1/2

Velocity LT−1 λ1/2

Acceleration LT−2 1
Frequency T−1 λ−1/2

Force MLT−2 (ρm/ρp)λ3

Momentum ML2T−2 (ρm/ρp)λ4

Moment of inertia ML2 (ρm/ρp)λ5

Moment of area L4 λ4

Pressure ML−1T−2 (ρm/ρp)λ
Power ML2T−3 (ρm/ρp)λ7/2

Angle - 1

at a small scale (1:12) based on an already existing
3D model of the prototype, for the project WAVE-
BUOY. Although the design of the model was based
on the optimized geometry of the full-scale proto-
type, it was taken some creative freedom in order
to facilitate the testing of the device.

The material chosen for the structural compo-
nents of the model was the polymethyl methacry-
late vulgarly known as acrylic glass. Due to its
transparency, the acrylic glass allows a visualiza-
tion of the elevation of the OWC inside the model
and it is also relatively strong considering its weight.
Each acrylic component designed has a thickness of
3 mm that was chosen given the integrity and mass
of the model. The assembly of the model was time-
consuming since each one of the 44 components was
glued with a sealing glue and was applied silicone in
the most propitious locations to guaranty the water-
tight of the floaters. The model designed in Solid-
Works and the physical model are shown in figure
3, and the dimensions of the model are found in
figure 4.

For the turbine simulator it was chosen, after
some calculations, that the orifice with a diameter
of 15,3 mm was the one that replicated the best the
behavior of the turbine. Two other turbine simula-
tors, with an orifice of 10 mm and 20 mm, were also
tested in order to vary the power discharge between
the three simulators. These are shown in figure 5.

The mooring of a wave energy converter is funda-
mental for its good performance. The positioning of
the WEC in the desired localization is done recur-
ring to a mooring system, that allows the regular
operation of the WEC and its safety in the pres-
ence of storms, waves of high amplitude and strong
oceanic currents.

The solution adopted for the simulation of the
mooring system in the laboratory was the “Y” con-
figuration. This configuration has three mooring
points: two in the stern of the buoy and a third one
in the entrance of the duct, as shown in figure 6.
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(a) 3D model done in the
SolidWorks software.

(b) Model of the BBDB.

Figure 3: 3D model and physical model of the
BBDB.
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Figure 4: Dimensions of the model.

Figure 5: Turbine simulators with an orifice of 20
mm, 15.3 mm and 10 mm, from left to right.

Figure 6: Scheme of the mooring system used in
laboratory.

3 Experimental Configuration

The wave flume at IST Hydraulics Laboratory is
20 m long, 0,7 m wide and has a maximum depth
of the surface of the water of 0,5 m. The wave
generating unit and its control system was devel-
oped by the HR Wallingford company. It has a
flat beater that has the capacity of generating var-
ious sea-states given the frequency and the wave
height. This is possible through a hydraulic piston
that moves the beater to create the desired wave.
In the other end of the wave flume there is a break-
water whose function is the dissipation of incident

waves, allowing the minimum reflection of these.

The motion of the model is captured recurring
to the motion tracking system Qualysis. It con-
sists on two infrared cameras that capture the mo-
tion through the deflected beams of light by reflec-
tive spheres that are glued to the model and follow
its motion. The cameras record the 6 degrees of
freedom associated with the model at a rate of 100
Hz, this data is then accessible through the software
Qualisys Track Manager that processes and records
the measured data in a file.

The measuring of the OWC is done through con-
ductive probes. These consist of 4 rods of a silver
alloy that are fixed and go through the whole inte-
rior of the model. They are subjected to an alter-
nate current of high frequency whose variation of
the surface of the water results in a shift of their
conductance. This change in voltage is then reg-
isted and converted to meters allowing to know the
variation of the OWC for the different waves in the
wave flume. The free surface in the wave flume is
measured through the same procedure, recurring to
rods of the same type located in the flume. The
pressure inside the air chamber is estimated through
two pressure sockets. These comprise of a 1 mm hole
in which an aluminum pipe is inserted, then a hose
connects the two pressure sockets to a sensor that
measures the pressure variation inside the chamber.

3.1 Calibrations

In order to carry out experimental tests that show
precision and accuracy in the collected data, it is
necessary to calibrate the silver probes, the motion
tracking cameras and the orifices that simulate the
turbine.

The calibration of the free surface probes in the
flume is done by making a first record of the initial
level of the free surface of water when it is still.
Afterwards, the two pairs of rods are risen by 2 cm.
This procedure is repeated at least one more time
since three measurements of the height of the probes
are needed to establish a linear regression that will
determine the factor of conversion between Volts
and meters. The calibration of the OWC probes
inside the model is done in a similar way, being the
only difference that the rods are risen in increments
of 1 cm.

The calibration of the turbine simulators is
needed in order to obtain the discharge coefficient
associated with each one of the orifices. To do this,
an experimental test was carried out where the mo-
tion of the model was restrained for all of the de-
grees of freedom. A regular wave with a height of
0,02 m was generated for the frequencies of 0,4 Hz
and 1,0 Hz. The OWC and pressure variation were
measured, allowing to determine the volumetric flow
rate of air that passes through the orifice that is be-
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ing calibrated.

Q = sign(∆p)CdAo

√
2∆p

ρair
. (4)

Assuming the incompressibility of the air and a
room temperature of 20oC, the air density is ρair =
1.2041 kg/m3, it is possible to obtain the discharge
coefficient, Cd, of the orifice. The calibration data
is shown in figure 7 and the values obtained for the
discharge coefficient are found in table 2.

Table 2: Discharge coefficients for the three orifices.

do(mm) Cd

10,0 0,44

15,3 0,51

20,0 0,46

For the calibration of the infrared cameras a cylin-
der made of acrylic glass is positioned inside the
wave flume where the model will be. On the top
of the cylinder, which is above the water level, its
positioned a piece with a shape of an ”L” where
there are 4 reflective spheres. Afterwards, it is given
the order to initiate the calibration on the Qualisys
software. During the calibration a rod with two re-
flective spheres in it is moved around the cylinder.
This allows the system to have information about
the three-dimensional space where the motion of the
model will be captured. This measurement typi-
cally lasts 30 s and in its entirety the cameras have
to capture the six reflective spheres.

4 Experimental results

In order to understand the dynamic behavior of
the BBDB more than 400 experimental tests were
carried out over the span of several days. Tests for
regular and irregular waves were done for a period
interval of Tw = [0, 667; 2, 5] s (at scale model test-
ing). For regular waves the amplitudes, Aw, tested
were 0, 005 m, 0, 01 m and 0, 015 m, and for irregu-
lar waves 0, 01 m and 0, 015 m. In an initial phase,
previously to the regular and irregular wave tests,
free decay tests were carried out to find the natural
periods of the model for the heave, roll and pitch
modes.

4.1 Free decay tests

For the free decay tests an initial measurement
without mooring and a turbine simulator was done,
and in a subsequent phase tests for the three turbine
simulators in the presence of mooring were carried
out. The results are found on table 3 and 4.

The results from table 3 show a proximity be-
tween the values for heave and pitch. With the in-
troduction of mooring and the turbine simulators,

the damping of the buoy increases lowering the val-
ues of the natural period for all the tested modes.
The observation made previously can be confirmed
by the analysis of table 4, which shows that the
pitch and roll modes now have closer values. Be-
ing the pitch and heave modes the most relevant to
energy extraction for the BBDB, it is expected a
larger amount of energy extracted for wave periods
near 2,9 s and 4 s.

Table 3: Natural periods for the heave, pitch and
roll modes without mooring.

Natural periods (s)
Heave (s) Pitch (s) Roll (s)

5,4 4,7 6,8

Table 4: Natural periods for the heave, pitch and
roll modes with mooring.

Natural periods (s)
do (mm) Heave (s) Pitch (s) Roll (s)

10,0 4,1 2,6 2,9
15,3 4,0 2,7 2,9
20,0 4,1 2,8 2,9

4.2 Regular waves

The performance of the BBDB for regular waves
was evaluated for three wave amplitudes and differ-
ent turbine simulators, these tests were done with
the model moored. All the presented results are di-
vided by the average wave height, and are presented
at prototype scale wave periods.

4.2.1 Wave amplitude variation

The following results correspond to the turbine
simulator with an orifice of 15,3 mm and with the
duct opening opposed to the direction of propaga-
tion of the wave.

The analysis of figure 8 shows that the mode of
oscillation heave tends to show less excitation for
bigger wave amplitudes. This mode shows a peak
for 4,3 s, near its natural period, leading to its exci-
tation near wave periods of 4 s. For the pitch mode,
its RAO (Response Amplitude Operator) shows ex-
citations for wave periods common to all three am-
plitudes, presenting a maximum value near its nat-
ural period (2,7 s). The maximum value for the
smallest wave amplitude shows the existence of vis-
cous forces leading to the excitation of this mode.

The OWC tends to diminish with the increase of
the wave amplitude. However, the pressure vari-
ation shows that it increases with the increase of
the wave amplitude, being this the most important
factor in wave energy extraction. Looking at the
pneumatic power it is observable the influence of
the pressure variation since both plots show a sim-
ilar behaviour for the three amplitudes. None the
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(a) Orifice with a 10,0 mm diameter. (b) Orifice with a 15,3 mm diameter. (c) Orifice with a 20,0 mm diameter.

Figure 7: Calibration data for the three orifices.

less, the capture width shows a better exploitation
of wave energy for the smaller amplitude.

4.2.2 Pneumatic power

A comparative analysis between the three turbine
simulators with different diameters is presented here
for a wave amplitude of 0,01 m and with the duct
opening opposed to the direction of propagation of
the wave.

From the analysis of figure 9 it is clear that for
the mode of pitch the model presents a similar be-
havior for the three turbine simulators, for the en-
tirety of the interval of wave periods. The heave
RAO shows that the smaller orifice has the biggest
excitation for the wave period of 2,9 s, followed by
the orifice of 20,0 mm. Being the 15,3 mm orifice
the one that exhibits a smaller oscillation for this
wave period. The 10,0 mm orifice has the smallest
power discharge which can lead to the manifestation
of viscous forces and non linearities that influence
the behavior of the WEC.

The OWC RAO reveals that, in a general way,
the elevation of it decreases with the diameter of
the orifice. On the contrary, the pressure variation
decreases with the increase of the orifice diameter.
The increase in pressure is observed mostly for wave
periods where the OWC shows a higher oscillat-
ing velocity. However, despite the pressure reveal-
ing higher values for the smallest orifice, the pneu-
matic power shows that the orifice of 15,3 mm of
diameter presents a larger energy extraction. This
is explained by the existence of a compromise be-
tween an increase in the orifice diameter (leading to
a higher flow rate) and a decrease in pressure vari-
ation. Therefore, the orifice of intermediate diam-
eter, 15,3 mm, presents a higher pneumatic power.
The capture width confirms the statements made
before, although it shows a better wave energy ex-
ploitation by the orifice of 10,0 mm for the wave
period of 2,9 s.

4.2.3 Comparison with the inverted orien-
tation of the duct

As stated before, the BBDB is defined by the ori-
entation of the duct opening being in the opposed
direction of propagation of the waves. For compar-
ison of the effects of having different orientations
of the duct, the model was studied with the duct
opening facing the flat beater, 0o, and with the duct
opening facing the opposite direction (as its origi-
nal design), 180o. The results here presented were
obtained for a wave amplitude of 0,01 m and for the
orifice of 15,3 mm.

The analysis of the heave RAO allows to conclude
that for wave periods in the range of 2,3 s - 3,7 s,
the orientation of the duct for 180o reveals a higher
excitation of this mode of oscillation. However, for
wave periods greater than 3.7 s the orientation of
the duct for 0o reveals higher values exhibiting two
relevant peaks in 4,3 s (near the natural period)
and 5,8 s. The pitch mode presents, almost in its
entirety, higher values for the duct opposed to the
propagation of the waves.

Figure 10 allows to observe the influence of the
pitch mode in the variation of the OWC, where the
OWC presents a higher oscillation for the orienta-
tion of 180o. The orientation for 0o shows a peak
of the pressure variation for a wave period of 2,9
s, however for larger wave periods the configura-
tion for 180o shows higher values. Despite the exis-
tence of the maximum value shown for the 0o con-
figuration, the orientation of the duct opposed to
the propagation of the waves shows a better per-
formance for a larger interval of wave periods. The
results obtained by [9] are thus confirmed. The cap-
ture width is in accordance to the pneumatic power
observed.

4.2.4 Compressibility tests for different
duct lengths

The effects of the compressibility of air at a proto-
type scale can affect the performance of the WEC.
To simulate these, a reservoir of air connected to the
air chamber of the model through a hose allowed for
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Figure 8: Comparison between the three wave amplitudes: 0, 005 m, 0, 01 m e 0, 015 m (model scale).
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Figure 9: Comparison between the three wave turbine simulators of different diameter: 10, 0 mm, 15, 3 mm
and 20, 0 mm for regular waves.

an expansion of the volume of the air chamber re-
producing its volume at a scale of 1:1. These tests
were done for a wave amplitude of 0,01 m, for the
orifice with a diameter of 15,3 mm and with the duct
orientation of 180o. The results presented in figure

11 are a comparison of the compressibility tests for
different duct lengths: 4 m, 5 m e 6, 5 m (prototype
scale).

The heave mode RAO reveals that for smaller
wave periods the duct of 4 m has a higher oscil-
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(b) Comparison between the two orien-
tations of the duct for the pitch mode.
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(c) Comparison between the two orien-
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tations of the duct for the pressure vari-
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(e) Comparison between the two orien-
tations of the duct for the dimensionless
capture width.
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Figure 10: Comparison between the two orientations of the duct: 0o and 180o.
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Figure 11: Comparison between the three lengths of the duct: 4 m, 5 m e 6, 5 m (prototype scale).

lation, giving place to the 5m duct for wave periods
superior to 4,9 s. For the pitch mode, the 4 m and 5
m ducts exhibit a similar behavior until 2,9 s. After-
wards, the 4 m duct shows a higher oscillation until
wave periods of 3,5 s. For greater wave periods, the
5 m duct stands out exhibiting higher oscillations

due to the increase of the resonance period with the
duct length. For both the pitch and heave mode
the longest duct does not present great excitations.
One explanation for such behavior is the possibility
of occurring a displacement in the center of mass.
The observation of the OWC RAO confirms what
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Figure 12: Comparison between the three wave turbine simulators of different diameter: 10, 0 mm, 15, 3
mm and 20, 0 mm for irregular waves.
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Figure 13: Left to right: Spectral energy for the heave, pitch, and for the OWC. Wave amplitude spectrum.

already has been mentioned, that for smaller wave
periods the 4 m duct shows higher values and the
5 m duct presents larger values for wave periods
higher than 4,5 s. The explanation for the 6,5 m
duct to not show a greater excitation of the OWC
is the possibility of the orifice diameter not being
the ideal for this length. The pressure variation
shows a peak for the 4 m duct for the wave period
of 4,3 s, and for larger wave periods the 5 m duct re-
veals higher pressures. It is not surprising that the
pneumatic power exhibits the same behavior as the
pressure variation. The capture width confirms the

previous statements as well as the smaller capacity
of energy extraction of the longest duct.

4.3 Irregular waves

The experimental tests of irregular waves are of
extreme importance to recreate the behavior of the
WEC in real sea-states. The model was tested for
the three orifices for a wave and for the two orienta-
tions of the buoy already mentioned.The tests have
a duration of 300 s and were done for the same range
of frequency used for regular waves. A comparative
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analysis between the three turbine simulators was
done as well as a spectral energy analysis in the
frequency domain.

4.3.1 Pneumatic power

The analysis of the heave RAO, in figure 12, al-
lows to conclude that the 10,0 mm orifice leads to
a larger oscillation of this mode, where as the 15,3
mm diameter orifice shows the smallest oscillations.
The pitch mode presents a similar behavior between
all three orifices, exhibiting a 10o difference for the
wave period of 6,9 s between the smallest orifice and
the remaining ones. The OWC RAO shows that the
OWC increases with the orifice diameter. On the
contrary, the pressure variation decreases with the
increase of the orifice, which is in accordance with
the analysis made for regular waves. The pneumatic
power reveals that the 15,3 mm diameter orifice is
still the most proponent to energy extraction, how-
ever the 10,0 mm orifice presents a slightly better
performance than the 20,0 mm orifice.

4.3.2 Results analysis in the frequency do-
main

The results presented in figure 13 correspond to
the analysis of the spectral energy for the oscilla-
tion modes and spectral amplitude for the free sur-
face of the water in the frequency domain. They
were obtained for a wave amplitude of 0,01 m and a
frequency of f = 1, 1 Hz, with the duct opening op-
posed to the direction of propagation of the waves.
The vertical red line represents the frequency cor-
respondent to the energy period of the spectrum,
ωe = 2π/Te.

The frequency analysis for the heave mode shows
a peak slighty off the tested frequency, this behav-
ior is due to the coupling with the pitch mode which
has a natural frequency of f = 1, 3 Hz (where the
excitation is seen). In fact, looking at the spectral
energy of the pitch mode it is observable an exci-
tation for its natural frequency. The OWC is also
influenced by the pitch mode, presenting a peak for
its natural frequency as well. The spectral ampli-
tude of the wave shows that the created wave has a
frequency near the desired one for the test.

5 Conclusions

The performance of the model was evaluated for
regular and irregular waves, and within a range of
frequencies of 0,4 Hz - 1,5 Hz (model scale). Sev-
eral configurations of the model were tested, vary-
ing the turbine simulators for each of one these.
The post-processment of the measurements were ob-
tained through a program developed in the Python
computing language. Both for the regular and ir-
regular wave tests, it was revealed the higher in-
fluence of the pitch mode on the energy extraction
in comparison to the heave mode. This influence

can be observed through the peak presented in the
pneumatic power near the natural frequency of the
pitch mode. The results obtained by [9] were also
confirmed, since the model presented a better per-
formance with the duct opening oriented at 180o.
The variation of the duct length allowed to con-
clude that its increase leads to an energy extraction
for larger wave periods. The results obtained for
irregular waves are in accordance to the obtained
for regular waves. In the frequency analysis the in-
fluence of the pitch mode is, once again, observed,
showing excitations in the various modes for its nat-
ural frequency.

In the future, further analysis analysis of the
mooring effects in the energy extraction would be
beneficial in order to find the ideal mooring system
and reduce its damping.
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