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Abstract

The search for alternative sources of renewable energy has been growing in recent years. Among the
possibilities we can find wave energy which has enormous potential especially given how extensive the
Portuguese coastline is. Several types of Wave Energy Converters (WEC) have been tested in small
and large scale with the aim of finding an economically profitable solution.

This thesis focus is the experimental testing and characterization of a Backward Bent Duct Buoy
(BBDB), which is an WEC of the Oscillating Water Column (OWC) type. This buoy extracts energy
in two main modes: heave and pitch. A model of this WEC was built from an already existent model
developed by Sandia National Laboratories. It was built from Perspex at a scale of 1:120 and was
tested in a wave flume of Instituto Superior Tcnico for regular and irregular waves. It was tested
for several, previously calibrated, energy extraction system simulators, and for different mooring
configurations. Was also tested with the duct turned to the front. Many parameters were computed to
monitor the performance of the model during the tests and the results were compared with numerical
and experimental results obtained by other authors.
Keywords: Wave Energy Converter, Oscillating Water Column, Wave Energy, Experimental Testing,
Wave Flume

1. Introduction

This dissertation intends to build and test exper-
imentally a model of an oscillating water column
(OWC) wave energy converter (WEC) of the BBDB
type. This device should fed several probes and sen-
sors that will pick up and send data to shore. The
main focus of this WEC is to guarantee the buoy
autonomy, providing the electrical energy necessary
for the sensors to operate. The efficiency of the
converter should be maximized, while being its sur-
vival a key factor once the energetic supply from
wave energy is guaranteed . The work developed
in this thesis aims to evaluate the behaviour of a
scale model, focusing mainly on the performance
of the device when subjected to different types of
waves, not only from the energetic point of view
but also from its dynamic behaviour. The device
must withstand extreme sea conditions in order to
guarantee its autonomy, avoiding the need for main-
tenance. The focus of the experimental work was to
test for the different configurations and moorings of
the 1:120 scale model of the BBDB. Before perform-
ing the tests it was necessary to calibrate the disks
with holes of different diameters that simulate the
energy extraction system. The experimental tests

were divided into two distinct but complementary
parts. It was initially intended to understand how
the connecting element between the oscillating wa-
ter column and the atmosphere affected the dynam-
ics of the model, while simultaneously monitoring
the energy extraction. In this way, for each of the
disks with holes of different diameters, tests with
regular waves with two different wavelengths were
carried out initially, running for both a range of
frequencies. In a second phase the tests were per-
formed with irregular waves, in order to be able to
monitor the behavior of the device subjected to real
sea conditions, by applying the Pierson-Moskowitz
spectrum for the three simulators of the energy ex-
traction system for the original configuration of the
moorings. Two alternative mooring configurations
were also tested, one with only the two points up-
stream and and the other with the model reversed
in the wave flume, for the 15 mm diameter hole. For
each test the variation of the level of the OWC, the
water level upstream and downstream of the model,
the model motion (six degrees of freedom) and the
pressure relative to the atmospheric pressure inside
the water column chamber was measured. It is pos-
sible to calculate the response amplitude operator
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(RAO) of the OWC, of the model in heave and pitch
mode and the instantaneous power trough the vari-
ation of pressure. After performing these tests and
after analysing the results it is possible to identify
which type of configuration has performed better.

1.1. Wave energy

According to [9] it is estimated that around the
globe there is potential to develop a 300 GW wave
energy capacity and tidal currents up to 2050.
Waves can be described in a simplified way, by a
vertical motion of the fluid surface around an ini-
tial equilibrium position when at rest. These are no
more than energy transported through water, that
comes from different sources creating different types
of waves according to the source. The most common
are the waves originated by the transfer of energy
between the wind and the surface of ocean. The pe-
riod and the height are two of the main characteris-
tics of waves and depend on the intensity, duration
and area on which the wind is felt. There are waves
of two types depending on the location and dura-
tion of the wind effect. We call it swell when the
waves are generated at large distances, usually in
the middle of the ocean and then travel thousands
of kilometres to shore. Vacancies are generated lo-
cally and occur more in coastal regions. The swell
is generally more energetic being possible that the
two types of waves occur simultaneously. In deep
waters the swell waves propagate at great distances,
in the order of thousands of kilometres almost with-
out dissipation of energy, being possible to predict
their arrival to the coast with some days of advance.

Portugal presents excellent natural conditions for
the conversion of wave energy. It has a fairly ex-
tensive coast along which the average energy flux
varies between 30 and 40 kW/m in almost all its
length [10]. Recent estimates using data obtained
between 2005 and 2011 point to 15 GW of average
annual power [6].

1.2. Technologies

Unlike other forms of renewable energy, wave en-
ergy has not yet converged to a unique technology
that dominates the market, with different ways of
absorbing and converting his energy. The most re-
cent revisions points to the existence of more than
one hundred projects in different stages of develop-
ment. The existing WECs present a great variety
in regard to the principle of operation, form and
system of energy extraction, and can be classified
through different methods according to these char-
acteristics. In this work, it will be given priority
to the classification of these devices according to
the operating principle, distinguishing three types
of WECs: OWC, oscillating bodies and overtop-
ping. Examples of this can be seen in figure 1.

Figure 1: Different types of WECs.

Convergence for one technology can possibly
never be achieved since different solutions are re-
quired depending on the location of the wave or
depth of water. However it is widely accepted that
it is preferable to install this type of technology in
deep water locations because of the high level of
available energy and the least interference with the
coastal environment when compared to near coastal
or shoreline locations. In this thesis we focus on
floating oscillating water column devices.

1.3. Oscillating water column

OWC is a unique technology among the different
wave energy conversion systems since part of the
system can be seen as a naturally occurring struc-
ture. This requires two key elements: a chamber
that receives energy from the waves by transferring
some of this energy into the air inside the cham-
ber, and an energy extraction system that converts
the pneumatic energy into electric energy [7]. In-
side the chamber the air pressure increases as the
water column rises, and is depressurised when the
water level drops. The energy extraction system is
usually composed of an air turbine and a generator,
usually a self-rectifying turbine, or one with rectify-
ing valves, converting the energy both when the air
enter and leave the chamber. The main advantages
of the OWC concept with an air turbine derive from
the simplicity of the system, so the structure is com-
posed of few moving parts, and of these none is in
the water. This concept is extremely adaptable and
can be placed on the shoreline, near the coast or on
a floating structure offshore.

Yoshio Masuda created a special OWC device,
the Backward Bent Duct Buoy [8], which is seen as
one of the most energy-efficient OWC WEC. The
duct of the oscillating water column, initially de-
signed to be turned towards the incident waves,
was perceived to perform better when turned back-
wards, that is in the opposite direction to the direc-
tion of the incident waves, being more efficient this
way.
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Figure 2: Schematic representation of Masuda’s
BBDB

This stands out from the others by the fact that
the length of the water column is large enough so
that resonance is reached by keeping the scheme of
the floating structure within acceptable limits. It
can thus generate significant movements between
the water column inside the chamber and the body
whereby the water column has a wide range of res-
onance frequencies.

2. Mathematical formulations
Since it is thanks to the waves and their motion that
we can extract energy from the ocean through oscil-
lating water column devices, it becomes fundamen-
tal to analyze them in detail. The waves can present
different forms with different degrees of complexity
and it is therefore necessary to reduce them to their
simplest form in order to be able to describe them
from a mathematical point of view, taking into ac-
count that this work will focus on the study of a
floating body in a wave channel.

2.1. Linear wave theory
In order to describe the movement of waves we must
take into account some simplifications to be able to
arrive at a solution, thus it is assumed that:

1. The upper boundary of the fluid is a free sur-
face being gravity the only force responsible to
restore the equilibrium.

2. The flow is potential and inviscid.

3. The amplitude of the waves is small when com-
pared with their length making the slope of the
surface very small.

4. The flow is two-dimensional.

5. The non-linear terms of the equations are less
important and can be neglected.

Figure 3: Free surface of a wave propagating Carte-
sian coordinates.

A wave in which crests and troughs advance in a
fixed frame is given the name of progressive wave,
the function of its free surface, in the case in which
the axis of xx coincides with the propagation direc-
tion, is given by: η(x, t) = Aw cos(kx−ωt+ϕ) where
k = 2π/λ represents the wave number in rad/m and
ω refers to the angular velocity given by ω = 2π/τ
in rad/s. The ϕ portion refers to the phase shift,
which can be zero by adjusting the start of the time
scale. At the angle (kx − ωt) is given the name of
phase.

In an inviscid flow, velocity can be expressed as
the gradient of a potential field v = ∇φ. And in an
incompressible flow ∇ · v = 0 being thus:

∇2φ = 0. (1)

The equation of transport of momentum in a flow
without viscous effects is:

ρ

(
∂v

∂t
+ v · ∇v

)
= −∇p+ ρ~g. (2)

Substituting v · ∇v =
1

2
∇(v · v) because it is po-

tential flow
∂v

∂t
= ∇

(
∂z

∂t

)
and writing the gravi-

tational acceleration ~g = −g∇z we get:

∇
(
ρ
∂φ

∂t
+

1

2
ρv2
)

= −∇(p+ ρgz). (3)

Applying the impermeable boundary condition at
the frontier, which is divided into a kinematic con-
dition associated with geometric compatibility with
the movement of the fluid and in a dynamic condi-
tion since pressure must be equal on the two faces of
the free surface. Linearising both conditions makes
the problem more accessible mathematically while
maintaining the main characteristics of these waves.
With some mathematical manipulation is possible
to derive the relation of dispersion given by:

Vp =

√
g

tanh(kh)

k
. (4)

where Vp is the propagation velocity of a wave [1].

2.2. Scaling of a WEC
Replicating the physical similarities between a pro-
totype and its model is not a simple task, because in
order to simulate the real-scale prototype conditions
the model should be completely similar, not only
geometrically but also in terms of kinematics and
dynamics. Here we define λe = lm/lp as the scaling
ratio, being l a dimension, where index p refers to
the prototype and index m refers to the model. If
we maintain this ratio constant for all dimensions,
we guarantee that the model and the prototype have
geometric similarity. To proceed with the experi-
mental testing of a small scale model of a prototype
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under similar conditions all non-dimensional num-
bers should be kept constant. However, it is physi-
cally impossible to size the model to simultaneously
preserving the Froude and Reynolds numbers since
it would be necessary to vary the gravitational ac-
celeration or kinematic viscosity of the fluid from
the model to the prototype.

Frp = Frm ⇒
glp
u∞2

p

=
glm
u∞2

m

⇒ lp
lm

=
u∞

2
p

u∞2
m

, (5a)

Rep = Rem ⇒
u∞plp

ν
=
u∞mlm

ν
⇒ lp

lm
=

u∞p

u∞m

.

(5b)
In this way we can distinguish two types of simi-
larities as a function of the dimensionless number
that is kept constant from the prototype to the
model. In the test of models in a wave flume, be-
ing a problem that involves a free surface, the ef-
fects due to variations in Froude number are more
critical than the effects associated with variations
in Reynolds number[5]. Thus, throughout the ex-
perimental tests carried out Froude number is kept
constant and the Reynolds number is ignored as
a modelling rule. Thus making Reynolds number
of the model smaller than the prototype and high-
lighting the viscous effects at the model level when
compared to these at full scale. This causes viscous
forces to have a value greater than the ideal by sub-
jecting the model to an additional fluid dissipation
effect. In this way the damping will be increased
making the motions amplitudes smaller so as cap-
ture width. In the table 1 are presented the dimen-
sions and scale factors of the principal properties
involved on the testing of a model in a wave flume.

Properties Dimensions Scale factor
Length L λ
Weight M (ρp/ρm)λ3

Time T λ1/2

Velocity LT−1 λ1/2

Acceleration LT−2 1
Period T λ1/2

Frequency T−1 λ−1/2

Moment of Inertia ML2 (ρp/ρm)λ5

Area moment L4 λ4

Force MLT−2 (ρp/ρm)λ3

Moment ML2T−2 (ρp/ρm)λ4

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

Angle - 1

Table 1: Dimensions and scale factors of the prin-
cipal properties involved on the testing of a model
in a wave channel.

In the case of moorings, for floating devices, the

applied forces can be considerable [11] and must be
properly simulated during the model testing. How-
ever, even if these are designed properly, the effect
of the mooring forces on the absorption of wave
energy is negligible[4]. Even through dimensional
analysis it can be seen that the value of the moor-
ing forces is very small, so they are ignored. For
the case of the absorbed power, by its dimension-
less expression, and not considering variations in
water density, from the channel to the sea, the ra-
tio of scales is λ7/2. For a model of small scale
the power extracted by the model is very small and
therefore it is not reasonable to use a miniature tur-
bine. In order to simulate the effects of the turbine
an hole is used in the case of a quadratic-type im-
pulse turbine[5].

3. Modelling and construction
Modelling the device is a step that requires careful
planning and objectivity. It is necessary to try to
see beyond, to avoid future problems, and to real-
ize what is achievable or not, the costs of certain
options, and if these choices suit the experience in
question. The model built is a WEC scale model of
the OWC type based on the BBDB device presented
and developed in [3], this was done at a scale of
1:120 and presents some modifications in the form
and in the energy extraction system, since in [3]
was intended to install a Wells type turbine. The
device was built in Perspex which allows the visual-
ization of the OWC motion, being a material that
has a good relation between weight and resistance.
It wasn’t possible to scale the thickness of the walls
since it is 34 mm at full scale making it physically
impossible to have a model with a 0.28 mm thick-
ness. Bearing this in mind a thickness of 3 mm was
chosen for all the model walls. The device was mod-
elled piece by piece to facilitate the final assembly
and measures were rounded to the millimetre. It
was built by a external company and was requested
with some parts disassembled so that the introduc-
tion of the model in the wave flume is done grad-
ually making possible to do any change. In figure
4 is possible to see the form and main measures of
the device developed in [3] and the one built in this
work.

(a) BBDB SANDIA (b) BBDB 1:120

Figure 4: Comparison between the device developed
by Sandia National Laboratories and the one built
in this works [3].
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3.1. Adaptations for the experimental tests

To make possible to acquire all the data needed
to monitor the model performance it was necessary
to made some adaptations to the device project.
To measure the position of the OWC two resistive
gauges were installed symmetrically centred in port
and starboard. For that two pairs of holes with
2 mm spaced by 13 mm were made in that position
in the piece above and below the water column to
make possible the introduction of two rods of silver
which serve as resistant wave gauges. To fix these
rods an extra piece was built and fixed to the top
part of the model with also two holes concentric
with to the ones made in the model. This piece
has a system which allows to adjust the squeeze on
each rod. A perfect squeeze was attained ensuring
that the rods stay in the same position during the
tests allowing simultaneously to adjust the position
of the rods with a little force. This way is very
easy to do the calibration of the wave gauges inside
the OWC chamber. To measure the pressure in-
side the air chamber two holes of 1 mm were made
symmetrically centred one on the port side other
in starboard. Two pressure sockets made in the
workshop are attached to each one. This sockets
allow the insertion of a hose for each side that are
connected giving the average pressure and are then
linked to the pressure sensor. Fixing system of the
rods that measure the OWC height and a pressure
socket are shown in figure 5. Although the mooring

(a) Fixing system of the
rods that measure the OWC
height

(b) Pressure socket.

Figure 5: Fixing system of the rods that measure
the OWC height and a pressure socket.

scheme is specified the system that links the model
to the cable moorings weren’t well described being
the height in which they are connected imposed.
Three pieces were made that allow the fixing of the
mooring cables. Two of them are fixed in the front
of the model attached to the side wall while the one
in the back was attached to the panel that separates
the two ducts. The scheme of the moorings during
the tests is shown in figure 6.

20

0.
7

 16.75 0.5

Figure 6: Scheme of the moorings during the tests.

4. Experimental testing

The experimental tests were developed at the IST
Hydraulics Laboratory where there’s a wave flume
20 m long and 0.7 m wide with a height of 1 m,
being the water level desired 0.5 m. It has in the
beginning a system with a hydraulic piston with a
flat beater, responsible for the generation of waves,
which is controlled through a computer with a soft-
ware, which takes into account several factors to
adjust in real time the amplitude and frequency of
waves. At the end of the flume there’s a breakwater
responsible for dissipating the wave energy prevent-
ing the waves from being reflected in the opposite
direction. It also has a lane on the top where a car
runs with a plate that serves as a support to the
works.

4.1. Data acquisition

In order to monitor the model motion and to acquire
all the data, three types of sensors were used and the
acquisition is done through two computers. Resis-
tive probes of two types are used, the ones that are
placed along the tank to measure the elevation of
the water level and the probes inside the model that
record the OWC height. A high precision differen-
tial pressure sensor is used to measure the pressure
variation inside the chamber. All of these sensors
are attached to a PCI-230 board linked to one of the
computers with a proper software to acquire and
manipulate the data. To record the motion of the
model another computer is used with a commercial
system Qualisys with two cameras that follow the
markers placed on the model reflecting the infra-red
light. All data acquired from the performed tests
are expressed in the form of a time series. The rate
at which data is acquired is constant and equal to
100 Hz for all data acquisition systems used, and
can be defined in the system itself.

4.2. Calibrations

To properly perform the tests on the wave flume,
it is necessary to calibrate both wave gauges, the
pressure sensors and the Qualisys tracking system
cameras. Besides that the disks that simulate the
energy extraction system also need to be calibrated.

The resistive wave gauges can be placed along
the wave flume due to the structure in which they
are fitted which simultaneously allows the calibra-
tion of the wave gauges as it enables to change the
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height of the water level with increments of 0.01 m.
Through the software is possible to create a cali-
bration file, for this is necessary to register three
points with different heights at least. The software
takes into account the standard deviation of each
measurement and defines trough a linear regression
the calibration equation that allows to convert the
voltage signal to meters during the tests.

In order to calibrate the pressure sensors an in-
stallation already mounted in the turbomachinery
laboratory was used allowing, in the same way as
for the wave gauges, to define a calibration equation
with the values of pressure and the corresponding
voltage. The pressure variation is made trough a
syringe connected in parallel. The computer reads
the voltage and asks for the value read on the Betz
micromanometer and thus a point of the calibration
line of the sensor is recorded. By going through the
operating range of the sensor and registering several
points we can obtain the calibration equation and
then insert it in the software from the wave flume.

To calculate the power converted by the model
it was necessary to previously calibrate the disks
with holes of different diameters in order to obtain
the relation between the flow of air passing through
them and the pressure variation. The calculation
of the power implies the knowledge of the flow, and
it is not possible to compute it in real time due to
the yaw and pitch movements that make the OWC
movement not uniform. Ensuring that the water
column only moves vertically it is possible to calcu-
late the flow directly through the variation of the
height of OWC measured by the rods inside the de-
vice and assuming that the air is incompersible as
in equation 6 :

Q = AOWCvOWC (6)

in wich ACAO is the area of the OWC and vOWC

is the velocity of the OWC motion. To make sure
the water column only moves vertically the devices
was grounded with a test bench made for this pur-
pose. The procedure for calibrating the holes is to
place the model on the bench in the wave flume and
perform regular wave tests that ensure that the col-
umn oscillates uniformly, acquiring the signal from
the probes that measure the variation of his height
and the pressure inside the chamber. The tests were
done for each turbine simulator with waves of 3, 6
and 9 mm height for the frequencies of 0.61 and
0.73 Hz. For the analysis of these data a code was
created in Julia that after filtering the data presents
the flow as a function of the term dependent on the
square root of the pressure, since the holes simu-
late a quadratic impulse turbine. Figure 7 shows
the results of a test with a 0.006 m wave height and
frequency of 0.73 Hz, at the model scale, for each of
the turbine simulators holes. These are the values of

the flow as a function of the term that involves the
pressure and the respective trend line that allows
to infer the value of the dimensionless coefficient of
discharge.

(a) Hole 1 with 0.015 m de
dimetro

(b) Hole 2 with 0.01 m de
dimetro

(c) Hole 3 with 0.02 m de
dimetro

Figure 7: Calibration curves of the holes tha sim-
ulate the turbine for regular waves with 0.006 m
height and a 0.73 Hz frequency.

4.3. Tests

Firstly the free decay tests were made for the heave
and pitch mode with the hole capped and without
any disk. The disks were not used because it is ex-
tremely hard to get something from this tests due
to the damping. Then tests with regular waves were
performed for waves with 2 and 4 m height in real
scale for a range of wave periods between 6 and 20 s.
for the three turbine simulator holes with the three
mooring points as previously described. For the tur-
bine simulator with the hole 1 two other configura-
tions were tested, one with only the two front sup-
ports removing the constraint downstream of the
model, and the other with the model inverted, that
is with the ducts facing the batter and with the
original moorings also inverted. To irregular wave
tests for the three simulators of the energy system
were used the same heights, in this case significant
heights, of 2 and 4 m and eight periods of energy
between 6 and 20 s with Pierson-Moskowitz spec-
trum. In addition to these sea states three specific
sea states were tested in order to compare the re-
sults with the numerical tests carried in [2]. For
the hole 1 the other two configurations were also
tested.

5. Results

The calculations were done in Matlab after they
were filtered, and were then grouped in Excel to
be demonstrated here. During all the tests, as al-
ready explained the pressure signal was acquired,
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being the sensor next to the tank, two resistive wave
gauges are placed alongside the flume, one placed
upstream the model which was the basis for the
calculations of the incident wave, and one placed
downstream of the model. Two resistive probes
inside the OWC measure its oscillation and the
infra-red tracking system records the motions of the
model.

5.1. Free decay tests
The results of the free decay tests show the diffi-
culty of exciting the pitch mode without exciting
simultaneously the model in heave, that’s why the
natural periods here obtained slightly vary between
the two modes. This happen because the oscillation
provoked in the model can’t have a great amplitude.
When sinking the model the water level can not
reach the back floater and when the model is lifted
the water can not start to flow out of the interior of
the column so that the dynamics are changed. For
the setting with no disk simulating the energy ex-
traction system the natural period for heave mode
was computed very accurately with an error of only
2.51% while for pitch mode there’s a large difference
due to the already explained phenomenon. For the
trial with the hole capped the natural frequencies
are completely different as expected.

Heave Pitch

Sandia National Laboratories [s] 16.111 11.636

No disk [s] 16.515 14.645

Hole capped [s] 9.560 9.586

Table 2: Comparision of the natural periods of
ressonance for heave pitch and pitch mode for the
Sandia National Laboratories [3] BBDB and for the
one developed in this work for the two settings.

5.2. Regular waves
The regular wave tests had the duration 180 sec-
onds. For these tests the main parameters evalu-
ated are the RAO of the model motion in heave
and pitch mode, the RAO of the movement of the
OWC and the capture width.

In figure 8 are presented the main parameters
evaluated for the three turbine simulators for waves
of 2 and 4 m. In figure 8 the peak for RAO in heave
is given at a frequency quite close to the resonance
frequency of the model in that mode and its value
is slightly higher than the experimental values ob-
tained in[3]. The same does not occur for RAO in
pitch mode since although the peak occurs for a pe-
riod very close to the resonance period referred in
[3], its maximum value ≈ 0.9, is an order of mag-
nitude lower than the value estimated by these au-
thors. It is also worth noting that the RAO values
in the pitch mode are very close for the three simula-

(a) Heave. (b) Pitch.

(c) Capture width L∗
c . (d) OWC.

Figure 8: RAO in heave and pitch , RAO of the
OWC and capture width for the three turbine sim-
ulators for a wave eight of 2 m.

tors, but the same does not happen for the RAO of
pitch mode, where the simulator with hole 3 shows
a much lower maximum than the other two. This is
reflected in the low maximum value of the capture
width. In the graph of RAO in pitch mode it is
possible to identify two peaks with the lowest value
occurring at the resonance frequency calculated ex-
perimentally for this mode. This confirms that the
results obtained by the decay tests for this mode do
not result from the excitation of the model only in
pitch being influenced and translating the excita-
tion of the model in heave. For the OWC RAO the
influence of heave mode is still lower, for periods
close to the resonance period in this mode there is
no clear tendency for any of the turbine simulators.
The peak for the resonance period in pitch mode has
a much larger value. This phenomenon is explained
by the fact that the movement in heave mode is in
phase with the movement of the OWC, which lowers
the relative movement of this, so that when the res-
onance is reached in heave mode the relative oscilla-
tion of the CAO is not so significant. By analysing
the capture width plot we can see the importance
of the pitch mode in the energy extraction of the
waves, only a slight peak is noticed for the turbine
simulator with the orifice 3 for periods close to the
resonance in heave being less than 50 % of the max-
imum in pitch mode. The absolute maximum of the
capture width is ≈ 0.45 for the other two simulators
in this mode. For 4 m waves the turbine simulator
with the hole 3 presents the same behaviour as for
a wave height of 2 m. It presents lower RAO values
in heave and pitch for practically the whole range of
periods when compared to the other simulators, and
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OWC RAO values are always higher than the other
simulators. Only the capture width shows a dif-
ferent trend, with a maximum capture width value
close to that registered for the turbine simulator
with the hole 1. For both wave heights the turbine
simulator with hole 1 shows the highest conversion
efficiency as well as the highest value of RAO in
pitch mode. On the other hand, the maximum of
RAO in pitch mode occurs for the turbine simulator
with the hole 2 for both wave heights, but that does
not translate into a larger capture width presenting
the smallest value for this parameter for both wave
heights. In trials with waves of 2 m the values of
the capture width and the OWC RAO were slightly
higher when compared for waves of 4 m, whereas
the values of the RAO in heave and pitch mode are
quite similar for the two wave heights. These lower
values for the OWC RAO seem to affect the capture
width that also reaches lower values for this wave
height, so the model appears to show some difficulty
in responding to larger waves.

In order to confirm the results obtained by Ma-
suda [8], that state that the performance of the
BBDB was better when the ducts are turned to-
wards the opposite direction of the waves, the model
was tested with the ducts turned towards the wave
beater for the turbine simulator with hole 1. Also
the moorings were inverted maintaining the charac-
teristics of the original configuration.

(a) Heave. (b) Pitch.

(c) Capture width L∗
c . (d) OWC.

Figure 9: Comparison of RAO in heave and pitch,
RAO of the OWC and capture width for the original
mooring and with the model reversed for a wave
height of 2 m.

In figure 9 we find the comparison between the
results of the tests with the model in the original
position and reversed in the tank for a wave height
of 2 m. It should be noted not only the higher val-

ues of the OWC RAO but also the peak of this pa-
rameter for periods close to the resonance period of
the model in heave. Contrary to the other trials the
OWC RAO rises again to waves with a period larger
than 18 s. This increase for the last two higher pe-
riods also occur for the other three indicators, both
the RAO in heave and pitch mode, and the cap-
ture width are higher with the model inverted. For
the other wave periods a slight peak is noted for a
wave period around 12 s which seems to translate a
slight resonance in pitch mode that affects RAO in
heave mode. This peak does not occur for any of
the tests in the original position and is explained by
the lower constraint upstream of the model, since
on this side there is only one mooring point, giv-
ing more freedom to the model to oscillate in pitch
mode. For the RAO in pitch mode it is verified that
the second peak has moved to higher wave periods
for which the model in this position performs bet-
ter. The results for tests with the model inverted for
waves with 4 m are in line with the results obtained
for two meter waves.

(a) Heav.e (b) Pitch.

(c) Capture width L∗
c . (d) OWC.

Figure 10: Comparison of RAO in heave and pitch,
RAO of the OWC and capture width for the original
mooring and with the one with 2 points for a wave
height of 2 m.

In figure 10 for the RAO graph in heave it only
shows a peak for periods close to the resonance pe-
riod in pitch and there’s no peak for periods close to
the resonance period in heave mode. This fact helps
to understand the preponderance of the third moor-
ing point in the dynamics of the model, in heave
amplifying the motion, and, in pitch restricting it.

5.3. Irregular waves
The model was experimentally tested with irregular
waves with significant heights of 2 and 4 m at full
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scale for a range of peak frequencies from 8 to 20 s.
The experiments have a duration of 300 s represent-
ing in full scale 55 minutes. For these tests it is im-
portant to compute the efficiency in the conversion
of energy, known as capture width, since the device
is submitted to a sea state composed by the over-
lap of different regular components. The efficiency
is maximal regardless of the significant wave height
and the turbine simulator for sea states with an en-
ergy period of 10 s. Although they are not regular
waves, this confirms that the model extracts wave
energy better in pitch mode. The turbine simula-
tor with hole 1 obtains the highest values for both
wave heights, clearly standing out for waves with
a significant height of 2 m. The efficiency values
are generally expected to be much lower when com-
pared to the values obtained for the regular wave
tests. However, considering that these are irregular
waves, a capture width of 12.4 % is very satisfac-
tory.

(a) Hs = 2 m. (b) Hs = 4 m.

Figure 11: Capture width for the three turbine sim-
ulators for a significant wave eight of 2 and 4 m.

The model efficiency for the mooring configura-
tion with only two points is larger for the first two
peak periods, including the maximum for this sig-
nificant height. However, for peak periods greater
than 12 s, this tendency reverses, and although the
values are quite similar, the original configuration
stands out slightly.

For the experiments with the model reversed the
difference in the capture width between the two con-
figurations is much larger, being the maximum cap-
ture width for the original configuration the double.
Even for the highest peak periods this trend is kept.

In order to compare the performance of the model
constructed in the course of this work with the nu-
merical tests carried out in [2] the model was tested
for three sea states, at full scale: Hs = 1.25 m and
Te =7.5 s, Hs = 2.75 m and Te =9.5 s, and Hs =
4.25 m and Te =11.5 s. The results in this work fol-
low the trend of the ones in [2] being the maximum
L∗c for the sea state with a period of energy of 9.5 s,
however the values obtained here are slightly lower.
The maximum L∗c obtained was 15% while in [2] it

(a) Two points. (b) Inversed.

Figure 12: Comparison of capture width between
the original mooring configuration and the other
two alternative configurations for a significant wave
height of 2 m.

reaches 20.6%. This happens because the Reynolds
number of the model is lower when compared to the
full scale Reynolds number thus enhancing the vis-
cous effects at the model level. Also the tank walls
contribute to the viscous losses, and it should be
noted that Bailey’s simulation is done for a proto-
type floating in the sea.

Figure 13: Capture width for the three sea states
with all the turbine simulators with the original
mooring configuration and for the configuration
with two points and comparison with the results
in [2].

6. Conclusions
The work developed in this thesis was focused in
build and test a model in a wave flume with specific
characteristics, besides absorbing energy in a wide
range to be able, along with its moorings, to survive
to more intense sea states. The model constructed
and tested was the BBDB, a floating wave energy
converter of the OWC type at a scale of 1:120. This
type of converter has not been the subject of much
study, being the axisymmetrical OWC WECs the
most studied, especially in Portugal. This work
aims to call attention to this type of devices mainly
due to its high efficiency in the conversion of energy
but also due to its high stability.

In a first phase of the work it was necessary to
design and build the BBDB model. The model-
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ing was done from the model developed by Sandia
National Laboratories [3] and has undergone slight
modifications, mainly to be able to acquire all the
necessary data during the tests. For the experimen-
tal test of the model in the channel the simulator
system of energy extraction is guaranteed through a
hole in the air chamber of the column that connects
it this with the outside atmosphere. In the design
of the model a system was created that allows to
vary the diameter of these holes in order to study
the influence of these not only in the energy conver-
sion but also in the dynamics of the device. These
simulators were calibrated by conducting tests on
the flume with the model grounded. The tests per-
formed in the wave flume allowed to evaluate the
performance of the device in regular and irregular
waves. In addition to these tests with the original
mooring configuration an alternative mooring con-
figuration was tested with only the two upstream
points and the model reversed in the flume was also
tested.

The decay tests allowed to obtain the natural fre-
quencies in heave and pitch mode. These coincided
with the results of [3] for the heave mode and had a
considerable difference for the pitch mode, resulting
from the extreme amplification of the model’s move-
ment in heave mode. The regular wave tests con-
firmed this, presenting values close to those given
by[3] for the resonance frequency in pitch mode.

For the regular wave tests it is possible to ver-
ify the high preponderance of the model excitation
in the pitch mode through the location of the cap-
ture width peaks and the OWC RAO which are
given for the natural resonance frequencies of the
model in this mode. The slight peak that occurs in
the capture width for the resonance period of the
model in heave mode evidences the little influence
of this mode on the energy conversion. The values
of RAO in heave and the capture width are quite
satisfactory being higher than the values for other
types of OWC converters. By experimenting the
model with different configurations, in addition to
confirming the worst performance when the model
is reversed in the flume, there was also an increase
of RAO in heave for the resonance periods of the
model in pitch. For the configuration with only two
mooring points it is worth mentioning the change
of the RAO peak in heave mode which leads to the
conclusion that the downstream mooring point has
a great influence on the pitch motion. However,
the fact that the RAO in heave peak coincides with
the resonance frequency in pitch did not translate
into an increase in power conversion. Through the
tests with irregular waves it was possible to confirm
that the turbine simulator with hole 1 stands out
and that the maximum capture width occurs for a
peak period similar to the natural period in pitch

mode. The comparison with the results of Bailey
[2] is quite satisfactory confirming the validity of
the tests carried out in this work.

In the future could still be studied a new con-
figuration for the mooring, that while keeping the
downstream point gives more freedom to the model
in pitch. Trials in a wave tank should be per-
formed.
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