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The development of wave energy converters is centred on the combination of two factors: cost-effectiveness of
energy extraction and system survivability on extreme sea conditions. Despite advances in numerical modelling,
wave tank model testing still presents the most reliable option to evaluate these two factors. This paper presents
an experimental study on the hydrodynamic responses of the UGEN, a wave energy converter consisting of an
asymmetric floater with an internal U-shaped tank partially filled with water. The device absorbs energy through
the oscillating-water-column (OWC) motion inside the U-shaped tank, induced by the wave action on the floater.
The experimental testing of a bottom-moored 1:24th-scale model was performed at the COAST Laboratory,
University of Plymouth, UK, considering regular and irregular wave conditions. The wave tank test measure-
ments report six-degree-of-freedom rigid-body motions, mean drift forces, OWC motion, structural stresses and
mooring loads. Results present the characterization of the energy absorption at the internal OWC induced by the
floater’s sway, heave and roll. The occurrence of low-cycle auto-parametric resonance under certain wave
conditions was detected and induced large roll motions, which affected power extraction and increased mooring

line loads, particularly for large wave amplitudes.

1. Introduction

Over the last decades, several alternatives to electrical generation
from fossil fuel sources have been investigated. Wave energy has shown
to be one of the most promising options, displaying an energetic po-
tential comparable with the actual world electricity consumption [1].
The main technological challenge has been developing a robust device
that can efficiently extract energy compared to other renewable energy
sources and survive extreme sea conditions.

A wide variety of wave energy converters (WECs) have been devel-
oped and tested over the last fifty years [2]. UGEN is a WEC based on the
oscillating water column (OWC) principle patented by Instituto Superior
Técnico (IST) in 2010 [3]. The device is composed of two components:
(i) the asymmetric floater and (ii) a power take-off (PTO) system
composed of a self-rectifying air turbine directly coupled to an electrical
generator [4,5]. All moving parts of the WEC are encapsulated inside the
hull for robustness. The UGEN extracts energy through the relative
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rotational motion as in the case of the Edinburgh Duck (also known as
Salter’s “duck™) [6], SEAREV [7], PeWEC [8], WITT [9] and E-motions
[10].

Under a wide range of incident wave conditions, the asymmetric
floater is excited in three modes: roll, sway and heave. This excitation
results in the relative motion of the OWC inside the inner U-tank that
compresses and expands the air of two opposite chambers. The pressure
difference between the two air chambers generates an airflow through a
self-rectifying turbine that drives the electrical generator (see Fig. 1a,c,
d).

The UGEN combines an oscillating body with an internal OWC sys-
tem, as the OWC is not directly excited by the waves. The concept was
inspired by the U-shaped tanks used for ship roll stabilization [11,12].
For ships, the roll motion has many adverse effects on operations and
comfort onboard and therefore should be minimized. In the case of
UGEN WEC, this motion corresponds to the major driver and, therefore,
is highly desirable, so both the floater and the U-tank dimensions and
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geometries should be designed to promote roll motion and maximize
power extraction efficiency.

A similar device, also depending on the pitch motion (herein desig-
nated as roll motion) for power extraction, is the BBDB (Backward Bent
Duct Buoy). This WEC is a floating structure containing an inner L-
shaped OWC open backwards to the wave action [13,14]. Incident
waves induce roll motion in the UGEN as in the case of Refs. [6-10,13].

Asymmetric floater geometries result in more efficient WECs as
indicated by the linear theory of oscillating bodies [15] and supported
by optimization studies [16,7]. Another advantage of oscillating bodies
lies in the ability to control the power take-off to tune the system to
resonance [17]. Studies have shown promising capture width ratios:
0.47 for the Edinburgh Duck; 0.25 for the SEAREV; and 0.35 for the
BBDB [18].

The exponential decay of the wave energy with the depth makes the
devices’ submergence a highly desired feature during storm conditions.
A fundamental characteristic of the UGEN device is the simplicity of
submergence in extreme wave conditions. The submergence operations
only require the flooding of the ballast compartments with seawater
using remotely operated bottom valves. To restore floatability, a
compressed-air reservoir installed inside the device injects air in the
ballast compartments via a remotely operated air valve to expel the
seawater throughout the same bottom valves.

The UGEN was designed to be intrinsically robust and reliable due to:

absence of moving parts in contact with seawater;

the OWC is enclosed totally inside the hull;

the device ability to become excited under “standard” resonant
conditions (excitation wave period equal to natural roll period);
the occurrence of low-cycle auto-parametric resonance (excitation
wave period equal to half the natural roll period), which can increase
the capture width ratio for less energetic sea states;

the device submergence under extreme sea conditions reduces the
wave-induced structural loads.

The designers can take advantage of the hull water tightness to
further reduce the Levelized Cost of Energy (LCoE) considering that:
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o the hull interior can be pressurized above the local absolute hydro-
static pressure under submergence conditions to reduce structural
compressive mechanical stresses;

e decreasing compressive mechanical stresses reduces the hull struc-
tural cost and the project’s total CAPEX;

e the air chamber pressure can be increased to rise the turbine power
output by increasing the air density (non-linear effect).

The UGEN wave energy converter concept has been under develop-
ment since 2010 and already completed several developing stages. Tests
at 1:16th-scale were carried out in 2010 at IFREMER (Brest, France)
ocean basin, within the framework of the 1st call of the FP7-METRI
programme [19,20]. These experiments validated the concept under
operational sea conditions and assessed the UGEN’s performance. A
numerical model based on potential flow theory was developed to es-
timate the annual-averaged power output of the device [21,22]. Later,
the hull geometry and the PTO characteristics were optimized, to
maximize the annual-averaged absorbed power at a location in the
North Atlantic Ocean [23]. The optimization results show substantial
capture width ratio improvements when compared with previous
designs.

Different types of self-rectifying turbines can be installed in UGEN’s
PTO system [4,5]. One favoured option due to its simplicity and easy
integration with UGEN’s internal OWC configuration is the well-known
Wells turbine [24]. Another possibility is the biradial turbine designed
to overcome the Wells turbine’s efficiency limitations, specifically the
efficiency drop above a critical flow rate [25]. This novel turbine was
demonstrated in sea trials at Mutriku breakwater wave power plant and
at the IDOM MARMOK A5 spar-buoy deployed at BIMEP test site
[26,27].

The current research status still presents some shortcomings covered
in this work. Numerical models of the UGEN disregard detailed viscous
flow effects and mooring line forces [19,20]. The current study ad-
dresses these issues and examines the new optimized UGEN hull’s per-
formance under operational and extreme wave conditions.

The experimental tests were carried out at the COAST Laboratory of
the University of Plymouth (UoP), UK, under the MaRINET2 In-
frastructures Network (Horizon 2020) EU project. A bottom moored
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Fig. 1. (a) The UGEN asymmetric floater is equipped with a U-tank partially filled with water to create an internal OWC. A self-rectifying air turbine connects the two
lateral air chambers and drives the electrical generator. (b) The mooring system comprises three lines composed of three segments from anchor to fairlead. (c) Lateral

cut-section view and (d) top view of the UGEN device showing the U-tank.



S. Ribeiro e Silva et al.

1:24th-scale model of the UGEN device was built for the wave tank tests.
The turbine was simulated using a perforated disk to impose a quadratic
relationship between the turbine’s pressure drop and mass flow rate.
The experimental measurements allowed investigation of the rigid-body
motions, mean drift effects, OWC motions, structural stresses and
mooring loads. These experimental tests assessed real fluid effects and
non-linear hydrodynamic effects induced by extreme sea conditions in
the device operation.

The measurement of wave-induced structural and mooring loads will
be utilized to validate numerical models and decide whether temporary
submergence under extreme wave conditions has advantages over the
always-floating configuration. Additionally, the experimental work
verifies the possibility of extracting power under low-cycle auto-para-
metric resonance conditions in both regular and irregular waves (see
[28-30]). These parameters’ knowledge is the key to an accurate
assessment of the LCoE.

The remaining of the paper is organized as follows. Section 2 pre-
sents the description and principle of operation of the UGEN device. The
experimental apparatus and the model are described in Section 3.
Experimental results and their detailed analysis appear in Section 4.
Finally, Section 5 presents the conclusions and future work.

2. The UGEN device

In most common OWC devices [31], the turbine is installed in a duct
that connects the air chamber to the atmosphere. The UGEN device uses
an alternative arrangement where two independent enclosed air
chambers are connected through a duct where the turbine is installed.
This closed system configuration allows active control of the U-tank
water level to increase the capture width and reduce the LCoE. In
practice, this active control can be implemented via bidirectional
freshwater transfer between a reservoir located inside the U-tank and
the OWC.

In this work and all previous studies addressing the UGEN technol-
ogy, the adopted coordinate system has been the same as the one
traditionally used in U-tank ship roll stabilization, see Fig. 2. Waves
travelling in &,, direction excite the device mainly in roll &, but heave
£33 and sway &,, motions also contribute to the wave energy absorption
due to the hull asymmetric form. Roll combined with heave and sway
motions of the floater induces the oscillation of the internal OWC &,,.
The device dynamics are characterized by the roll natural damped fre-
quency of the hull and the OWC angular oscillations. Previous studies
[21] concluded that the system performs better if the two natural fre-
quencies are separated and by having the OWC natural frequency higher
than the natural roll frequency.
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3. Experimental set-up
3.1. Experimental apparatus

The experimental tests were performed in the UoP COAST Ocean
Basin, Fig. 3. This basin is a wave generation facility with 24 flap-type
paddles capable of producing regular and irregular waves for different
water depths. The basin is 35 m-long, 15.5 m-wide, and its moveable
floor allows a maximum water depth of 3 m.

The UGEN model is illustrated in Figs. 3-5. The model and its
mooring system were designed, constructed, equipped and instrumented
in Portugal before being tested in Plymouth.

The model was manufactured using welded mild steel plates and
profiles and was equipped with one removable hatch cover on top and
two more removable hatch covers at the bottom to gain access to the
ballast/de-ballast compartments. The ballast/de-ballast circuit was
installed inside those compartments during the manufacture of the
model and included among other items a PVC piping circuit for water, a
rubber piping circuit for compressed air, a 0.015 m® bottle for com-
pressed air at 200 bar fitted with a pressure reducer, and remotely
operated air- and water-valves to allow the submergence and emergence
of the model in extreme sea states. Preliminary submergence tests were
performed at the Portuguese Navy Diving Centre to confirm the floating
structure’s water tightness.

Four conductive wave gauges were positioned in the basin to mea-
sure free-surface elevations caused by wave propagation. The wave
gauge data was acquired at 128 Hz after daily calibration. The calibra-
tion error presented was smaller than 0.95 mm.

The incident wave characteristics were determined by a wave gauge
positioned aside the model. This wave gauge’s free-surface elevation
values were compared with the measurements obtained without the
model showing negligible differences, and therefore, a small influence
from the model’s radiated and scattered waves. These tests also
demonstrated that the wavemaker reproduced the imposed sea states
and the repeatability of the time series.

A Qualisys motion tracking system consisting of six infrared cameras
and reflective targets on the top of the model was used to acquire the
model’s six-degree-of-freedom time series. The motion data was ac-
quired at a rate of 100 Hz with a typical measurement error of 0.5 mm.
However, the error reached 4 mm under extreme wave conditions.

The pressure difference between the two UGEN air chambers was
measured with a differential pressure transducer (+2.5 kPa) to allow the
computation of the instantaneous pneumatic power available to the
turbine.

Two echo-sounder sensors were installed at the top of each air
chamber to measure the instantaneous OWC free-surface position,
enabling the determination of the instantaneous inclination angle of the
water inside the U-tank.

incoming waves

>‘

Fig. 2. The adopted coordinate system where the six-degree of freedom are denoted as: surge &;;, sway &,y, heave £;3, roll £4y, pitch &s5 and yaw &gg. Note that the

incident waves are along the &,, axis.
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Fig. 3. (a) General view of the ocean wave basin facility; (b) 3D CAD view of the 1:24th-scaled model of the UGEN WEC; and (c) View of the 1:24th-scaled model of
the UGEN WEC and the wave gauges during tests at UoP COAST Ocean Basin, Plymouth, UK.

Fig. 4. (a) View of the floating UGEN model in the wave tank. (b) Snapshots of the PTO simulator (perforated disk of 90 mm diameter with 21 circular orifices) and
schematic representation of its application in the model. (c) View of the UGEN model in the submerged scenario during experimental tests.

Fig. 5. (a) The three strain gauges installed in the hull’s port board outer side (PO) and the flat bottom (FB) strain gauge. The detail box shows the strain gauges
located at the U-tank top inner side (TTI) and U-tank lateral inner side (TLI). (b) Starboard side (S) strain gauges. (c) Picture of four strain gauges FBI, PI1, PI2 and
PI3, with the corresponding signal cables connecting to the data acquisition system.

An LSB-210 Futek analogue submersible S-Beam Junior load cell was
installed at each fairlead to monitor the mooring lines tension. The load
cell had a range of +445 N and a non-linearity of 0.2% of the rated
output value.

All the signals except the wave gauges and the Qualysis Motion
Tracking systems were acquired at 1667 Hz by a National Instruments
DAQ hardware paired with custom written LabView software.

The procedure suggested by [32] was adopted to estimate the un-
certainty of the measurements. The manufacturers provided the random
error for the echo-sounders, the differential pressure sensors, and the
mooring load cells. These were combined with the estimates of the bias
errors to predict the overall confidence limits. Percentage uncertainties
in pressure difference readings are of the order of 4% for the moderate
sea states and 2% for the rough sea states. Uncertainties of the echo-
sounders were 0.5% and 0.25% for moderate and more energetic sea
states, respectively. The mooring load cells had an uncertainty of 0.2%
for the most severe sea states.

3.2. Device scaled model

The tests of the UGEN device considered a geometrical scale of 1:24.

This scale was chosen to allow the testing in both moderate and highly
energetic sea states in the wave basin.

The model geometry and mass distribution were obtained through
numerical optimization, using the algorithm described in [23]. Two
different floating load conditions were tested: without internal OWC and
with a U-tank filled with 70 kg of fresh water, leading to two different
device draughts (T; and T), which ultimately influence the resonance
frequencies of the device.

Two issues changed the Centre of Gravity (CG) of the model. First,
the steel structure was heavier than initially estimated by the manu-
facturer. Second, the equipment installed in the model was also placed at
a higher position. These issues led to the need to add 200 kg of solid
ballast (lead bars) at the model’s bottom compartments to attain a
transverse stable equilibrium condition.

The correction of the vertical position of CG led to a large heel angle
to the side of the incoming waves. This effect was aggravated by filling
the U-tank with fresh water. These heel angles were corrected by
installing two foam blocks at the bottom of the model (a triangular
wedge of 0.025 m® and a rectangular block of 0.05 m®).

The total mass of the model ready for testing was 751 kg without the
internal OWC and 817 kg with the U-tank partially filled with fresh
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water. As a result, the natural roll period was about twice the initially
specified value. The main physical characteristics of the model are
presented in Table 1. The full-scale values are also included in the table.

Since the scale of the model (1:24) was too small to perform the tests
with a turbine model [31], a calibrated orifice plate was used to simulate
the turbine damping effect on the system. This type of turbine simulator
provides a quadratic relation between the pressure drop and the flow
rate, in this way simulating an impulse turbine. An alternative to this
turbine simulator would be the use of one or more apertures covered
with porous material in order to induce a laminar flow regime and,
therefore, a linear pressure-drop-to-flow-rate ratio [33]. This linear
relationship is typical of a Wells turbine, which was also considered in
the design of this device [23]. However, since the porous material can
get wet due to moisture generation and contact with the water inside the
U-tank, the orifice plate was chosen instead. The orifice plate consisted
of a perforated steel plate with 21 orifices, each with a diameter of 10
mm, see Fig. 4b. The characteristics of the turbine simulator are sum-
marized in Table 2. The discharge coefficient was determined through
calibration.

The model was initially instrumented with 14 strain gauges, but only
12 were operational due to damages in 2 of them, see Fig. 5.

During regular- and irregular-wave experiments, the water depth
was kept constant at 2.5 m. The tests duration was set to 180 s for regular
waves and 325 s for irregular waves (at model scale).

4. Results
4.1. Loading and stability

Traditionally, a transverse inclining test is performed aboard by
placing an appropriate weight in a transverse offset position from the
vertical axis passing through the centre of gravity of the floating body, as
described in [34]. As the hull is asymmetric in the transverse plane, a
longitudinal inclining test was conducted to avoid corrections associated
with the transverse shift of the centre of buoyancy. The longitudinal
inclination angles were measured relative to the device equilibrium
position in still water. Two moving weights of mass of 4 kg have been
utilized in the inclining experiment. The values of both longitudinal and
transverse metacentric heights, which were obtained from the regres-
sion analysis of the experimental data points, are shown in Table 1.

Table 1

Main physical characteristics of the UGEN at model and full scale.
Scale 1:24 1:1
Length (L) [m] 1.225 29.4
Beam (B,,) [m] 1.013 24.3
Height (H) [m] 1.071 25.7

Without fresh water inside the U-tank

Total mass (m;) [kg] 751.0 10.38 x 10°
Draught (T7) [m] 0.517 12.4
Moment of inertia about x-axis [kgm?] 119.4 0.95 x 10°
Moment of inertia about y-axis [kgm?] 153.2 1.12 x 10°
Metacentric height about x-axis [m] 0.041 0.99
Metacentric height about y-axis [m] 0.132 3.17
With U-tank primed

Total mass (mz) [kgl 817.0 11.29 x 10°
Draught (T3) [m] 0.532 12.8
Moment of inertia about x-axis [kgm?] 128.1 1.02 x 10°
Moment of inertia about y-axis [kgm?] 157.0 1.25 x 10°
Metacentric height about x-axis [m] 0.061 1.46
Metacentric height about y-axis [m] 0.087 2.09
Heave natural period (Ts3) [s] 1.45 7.09
U-tank OWC natural period (T77) [s] 1.11 5.46
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Table 2
Main characteristic of the turbine simulator used in the experimental
tests.

Turbine simulator type multi-orifice plate

Number of orifices 21
Orifice diameter [m] 0.010
Total orifice area (Ao) [m?] 1.65x 1073
Discharge coefficient (Cy4) 0.65

4.2. Hydrodynamic damping

Several free-decay tests were carried out to determine the model
natural damped periods of the surge, sway, roll, pitch motions, and the
internal OWC. The experiments consisted of imposing an initial
displacement on the corresponding model mode and then releasing it
until it recovers the equilibrium position while recording the movement.
Hence, the analysis of the free-decay tests considered that the motion of
a given mode &; (i = 1,2,4,5) is described by

éii"’_/“inéii+Mii2‘éii‘éii+w?i§ii =0, m

where p; is the linear damping factor (u; = By /M), py, is the
quadratic damping factor (u;, = Bii,/M;), w;; is the natural frequency of
the i-th mode of oscillation (w2 = K;;/Mj), By, is the linear damping
coefficient, B;, is the quadratic damping coefficient, K; is the linear
restoring coefficient and M; is the total inertia of the system in the
corresponding mode ¢; in case of pure (not coupled) modes of
oscillation.

Considering that &} represents the n-th value of the consecutive local
maxima and minima of the free-decay time series, and assuming con-
stant damping, the coefficients y; and y;, can be determined as pro-
posed in Ref. [35]

2 =l 16 &
Fln (5” > =+ S @

= Hii
6:?1 3 Tii 27
where T; is the damped natural period of the oscillation between the
points &' and £;*'. The estimation of coefficients y; and y;;, has been

performed by plotting the left hand side of Eq. (2) against 28} /T;; and
adjusting a linear regression through those points [35].

The summary of results from the free-decay tests is presented in
Table 3. An example of a free-decay test in the roll mode with the
mooring system applied is presented in Fig. 6. The experimental mea-
surements are compared with the analytical free-decay curve with linear
damping, whose amplitudes decay in time following the function
exp( — w44l44t), Where {4y is the damping factor in the roll mode. The
equivalent linear damping coefficient is given by B3} = 2{44Kas/ @44,
assuming that the decay frequency is approximately equal to the natural
frequency of the corresponding mode. The inset plot in Fig. 6 shows the
linear fit used for the determination of the coefficients yi44, and yi44, from
Eq. (2). The vertical and horizontal axes correspond to coefficients (2/
Taa)In(&3,1 /531 and (16/3)&h, /T4, respectively.

Damping coefficients were determined using the restoring coefficient
calculated from metacentric heights presented in Table 1. For roll and
pitch modes, the hydrostatic restoring coefficients were obtained from
the inclining test. The restoring coefficient in surge and sway were
determined using the mooring restoring forces in the corresponding
direction. As expected, surge and sway natural periods are much larger
than roll and pitch natural periods.

4.3. Rigid body and internal OWC motions

In this experimental testing programme, only unidirectional waves
were considered. Hence, due to the device symmetry about the £,,-axis,
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Table 3

Results from the experimental free-decay tests at UoP COAST Lab, including
dimensionless natural periods and damping coefficients of the UGEN at model
and full scale in surge, sway, roll and pitch modes.

1:24 1:1
Surge Dimensionless natural period, T11/Ts4 7.885 7.885
[-1
(U-tank Damping (linear), Bi1, [kg/s] 54.98 1.55 x
empty) 10°
Damping (quad.), By, [kg/m] 217 x 1.25 x
10° 10°
Damping (lin. eq.), B [kg/s] 126.2 3.56 x
10°
Sway Dimensionless natural period, T22/T44 8.053 8.053
[-1
(U-tank Damping (linear), By, [kg/s] 6.63 1.87 x
empty) 10*
Damping (quad.), By, [kg/m] 2.57 x 1.48 x
10° 108
Damping (lin. eq.), B3} [kg/s] 84.9 2.40 x
10°
Roll Dimensionless natural period, T44/Ts4 1 1
[s]
Damping (linear), Ba, [kgm2/(s rad)] 6.81 1.11 %
107
Damping (quad.), Baa, [kgmz/radz] 3.52 2.80 x
107
Damping (lin. eq.), By} [kgm?/(srad)] 24.8 4.03 x
107
Roll Dimensionless natural period, Tasy/ 0.959 0.959
Taq [-]
(unmoored, Damping (linear), Bsay, 13.2 2.14 x
[kgm?s~'rad 1] 107
U-tank empty) Damping (quad.), Bagy, [kgm?/rad?] 2.14 1.70 x
107
Damping (lin. eq.), By}, [kg m?/ 20.3 3.30 x
(srad)] 107
Pitch Dimensionless natural period, Tss,/ 0.740 0.740
Tyq [s]
(unmoored, Damping (linear), Bss,, [kgm?/ 90.2 1.47 x
(srad)] 108
U-tank empty) Damping (quad.), Bssu, [kgmz/radz] 0.996 7.93 x
100
Damping (lin. eq.), B}, [kgm?/ 93.8 1.52 %
(srad)] 108

the waves should only be able to excite the floater’s motions in sway,
heave, roll and the internal OWC.

The Response Amplitude Operator (RAO), defined as the ratio be-
tween the amplitude of the displacement in a particular degree of
freedom and the incident regular-wave amplitude, &;/A,,, was used to
characterize the UGEN dynamic behaviour.

Three different wave amplitudes were simulated for wave periods
between 20 and 100% of natural roll period, T44. The wave amplitude
A, and the wave period T,, of each test were determined from a time-
domain analysis of free-surface elevation, considering the average
values from a set of individual waves. Wave amplitude and period are
presented here in their dimensionless form A, /L and T:’V = Ty/Taa,
respectively, where T44 is the device’s natural roll period and L is a
characteristic linear dimension of the UGEN.

Figs. 7-10 show the RAO transfer functions of sway, heave, roll and
OWC inclination angle as a function of the dimensionless wave period.
Tests with three different wave amplitudes are presented in these fig-
ures. All the time series analyzed have been filtered to remove high-
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aa(0)1£44(0) (Roll)

Fig. 6. Time record of a roll free-decay test with the mooring system applied
and comparison with the analytical solution considering only linear damping.
The inset plot was used for the determination of coefficients y,,, and gy,
described in Eq. (2), where the (red) points were determined from the time
series. The line represents the best linear fit for those points using the least
square method.

5 T T T I I
—— A,JL=0.031
-0~ Ay/L=0.062
Al 0 Ay/L=0.103||

&3, 1Ay (Sway)

I

0 il il il il
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Dimensionless wave period, T,

Fig. 7. Sway motion transfer function (model scale), during test runs #037 to
#046, where U-tank was primed with 0.07 m® of fresh water and regular waves
were exciting the model with dimensionless periods T, =0.2 to 1.1 and
dimensionless amplitudes of A,,/L = 0.031, 0.062 and 0.103.

frequency noise. For the computation of sway transfer functions, low-
frequency oscillations were also filtered. The curve trends are similar
in all graphs showing the coupling effects between these four oscillation
modes. These couplings were also found in previous experimental tests
[19]. The lowest and the highest wave periods studied (T; ~ 0.25 and
T, ~ 1) are close to the OWC natural period and the natural roll period,
respectively, and explain the trend of the graphs, showing a smaller and
a much larger peak near those periods. Hence, for T, ~ 1, the motion
transfer function shows a maximum or a value very close to it. In Fig. 8,
the RAO transfer function in heave also shows a peak near the heave
natural period, at T, ~ 0.4.

For the curves with Ay/L =0.062 and A,,/L = 0.103, the RAO
transfer functions of sway, heave, roll and OWC inclination angle have a
peak for T, varying between 0.4 and 0.5. In a region where no signifi-
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Fig. 8. As in Fig. 7, for heave.
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Fig. 9. As in Fig. 7, for roll. The transfer function values refer to full scale.

cant wave excitation is expected, those peaks are due to wave-induced
auto-parametric resonance in the low regime. This type of resonance
is a dynamic instability phenomenon that can occur due to pressure
variations induced by waves on the instantaneous wetted surface or due
to instantaneous variations of the hydrostatic restoring moment. This
phenomenon tends to appear for wave periods around half the roll or
pitch natural period (depending on the orientation of the incoming
waves), and is more pronounced with increasing wave amplitudes.
Furthermore, at the transient stage of parametric resonance, energy
transfer among different modes is likely to occur [28,29]. Further details
on WEC experiments with the observation of parametric resonance ef-
fects are found in [36,37].

To visualize transient and stationary stages of the parametric reso-
nance, time series of two regular-wave tests with the same wave
amplitude and for slightly different wave periods (T, = 0.501 and T}, =
0.585) are presented in Fig. 11. The time intervals of the data presented
in the graphs are described in Section 3.1. The test with T, = 0.585
shows the UGEN’s response to the incident wave excitation, with motion
oscillations presenting a period equal to the incident wave. For the re-
sponses with T, = 0.501, auto-parametric resonance is observed, where
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Fig. 10. As in Fig. 7, for internal OWC. The transfer function values refer to
full scale.

the amplitudes of roll steadily increase on each successive cycle of the
transient regime until a permanent periodic state is attained, reaching a
maximum amplitude above 10 deg/m. The so-called low-cycle insta-
bility region of the auto-parametric rolling condition corresponds to a
roll motion period twice the incident wave period. The pitch motion (not
shown here) was practically negligible in both cases.

It is worth noting that, for A,,/L = 0.031, sway, roll and inclination
of internal OWC modes (Figs. 7, 9 and 10) do not present any significant
non-linear dynamic effect. This observation indicates that parametric
resonance will only occur for amplitudes above a certain threshold, as
the damping forces below those conditions are enough to dissipate auto-
parametric resonance and avoid its triggering (see e.g. [28,29]). A study
on the effect of the wave amplitude in the occurrence of parametric
resonance of a floating OWC device can be found in Ref. [38].

The results show two significant dynamic amplification of the roll
motion, one around the natural roll period and the other around the low-
cycle auto-parametric resonance period. Although these periods are
quite separated in the time range, both are important because rolling is
the primary driving mode for wave energy extraction in the UGEN’s
PTO. Apart from a major peak at the low-cycle auto-parametric reso-
nance condition, the RAO transfer function of the OWC inclination
shows two peaks, one is related to the UGEN’s natural damped period of
roll, while the other is related to the natural damped period of the in-
ternal OWC (see Fig. 10). Moreover, the strong coupling between sway,
heave, and roll modes — especially for the natural roll period — demon-
strates that the UGEN can extract wave power from these modes of
motion.

Fig. 12 shows the dimensionless mean value of sway displacement
per unit of squared wave amplitude for three different wave amplitudes.
The presence of wave drift forces explains the deviation of the average
value from zero. As expected, this effect is higher for lower wave periods
and tends to decrease with the increase of the wave period or as the
device’s dimension relative to the incident wavelength becomes smaller.
Fig. 12 shows a significant drift of the model for the lower wave period.
This effect is expected to vary proportionally to the wave amplitude
square (Afv). However, this is not observed for the lower wave periods,
presumably due to the non-linearities introduced by the mooring sys-
tem. The variation observed at T,, ~ 0.4 is considered to be related to
the interaction with other effects, namely parametric resonance.

For the analysis of displacements in irregular wave conditions, the
normalized displacement factor, U;_, has been considered to compare the
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Fig. 11. Time records of dimensionless sway, heave and roll during test runs #050 and #051, where U-tank was primed and regular waves were exciting the model
with dimensionless wave periods T,, = 0.501 and T}, = 0.585 while dimensionless wave amplitude was kept constant as A,,/L = 0.062.
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Fig. 12. Normalized average value of the sway displacement in regular waves
as a function of the dimensionless wave period for three different
wave amplitudes.

results for sea states with different significant wave heights. This
parameter is defined as

0, = oy, / O, 3

where o, is the standard deviation of the ii-th mode ¢; and o,, is the
standard deviation of the free-surface elevation, 7. For a Pierson-
Moskowitz spectrum [39], the significant wave height is H; = 4o0,.
The significant wave height H, and the energy period T. were deter-
mined using a spectral analysis [39] implemented in MatLab.

Three significant wave heights, H,, have been considered throughout
the experiments, corresponding to the dimensionless standard deviation
of the free-surface elevation values o /L = 0.016,0.031 and 0.051.

Figs. 13-15 present the normalized displacement factor of sway,
heave and roll for irregular waves. The displacement signals were
filtered to remove high-frequency noise and low-frequency oscillations.
This filtering is particularly relevant for sway, where the displacement
factor is affected by wave drifting.

Sway and roll displacement factors present distinct trends, depend-
ing on the o, /L value, see Figs. 13 and 15. Unlike roll and sway, heave
presents an approximately linear response, as the motion is proportional

2.0 ‘ ‘

Oz, low (Sway)

T
: : : : —— 04/L=0.016
-0- ow/L=0.031
--0-- ow/L=0.051

00 \ \ \ \ 1 1 1
0.20 0.25 030 035 040 045 050 055 0.60
Dimensionless energy period, T,

Fig. 13. Irregular-wave results of normalized displacement factor in sway as a
function of the dimensionless energy period with three different values of
dimensionless standard deviation of the free-surface elevation, o, /L.

to o, /L for the same value of T,. All curves present a maximum value at
T, ~ 0.4, which is in close agreement with the regular wave results.
The increase of the normalized displacement factor with the o, /L for
sway and roll indicates non-linear effects. These non-linearities are
associated with low-cycle auto-parametric resonance in waves and wave
drift effects, as both phenomena were identified and detected in the
regular wave analysis for the range of frequencies being excited by these
tested sea states. Therefore, to properly analyze the wave mean drift
effect on the UGEN’s motion, Fig. 16 shows the normalized average
displacement of sway for the irregular waves test runs. The plot shows a
large average displacement in the wave direction for the lower energy
periods. This effect tends to decrease with the increase of the energy
period. Finally, smaller variations in these curves result from interaction
with other modes and those non-linear effects referred to previously.

4.4. Pressure difference between air chambers

A dimensionless pressure difference between the two air chambers
was defined as
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Fig. 14. As in Fig. 13, for heave.
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Fig. 15. As in Fig. 13, for roll.

p
P = A @
to compare the pressure available to the turbine as a function of the
wave amplitude. Here p is the pressure difference between the air
chambers, p,, is the water density and g is the acceleration of gravity. The
pressures measured in the two chambers relative to the atmosphere have
the same absolute value, but opposite signals since the two air chambers
have the same volume.

Fig. 17 shows the variation of dimensionless pressure difference
amplitude p** against the dimensionless wave period T, for the three
tested dimensionless wave amplitudes A, /L. Firstly, the variation of the
dimensionless pressure difference amplitude p** with T, is identical for
the three-wave amplitudes tested. Next, the shape of the pressure curves
shows similar trends with those of the heave transfer function (for
Tw < 0.6, see Fig. 8), and those of the sway and roll transfer functions
(for T, > 0.6, see Figs. 7 and 9).

An FFT analysis of p* has been performed for all tests to identify the
most relevant frequencies. Under normal operating conditions, the
regular wave-induced pressure difference is expected to have the same
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Fig. 16. Normalized average values of sway displacement in irregular waves as
a function of the dimensionless energy period for three different values of o,,.
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Fig. 17. Dimensionless pressure difference amplitudes from regular wave tests
with different wave amplitudes.

frequency as the incident wave. However, in cases where the system has

a non-linear behaviour, this typical linear response was not verified.
Table 4 presents the dimensionless wave period (T,) and the

dimensionless periods of the highest components of the pressure

Table 4
Identification of the two most relevant components of the pressure different
response from regular wave tests with A, /L = 0.062.

T, T P T2 Py
0.25 0.25 0.176 0.13 0.023
0.34 0.33 0.188 0.17 0.004
0.42 0.42 0.276 0.85 0.266
0.50 0.50 0.091 1.02 0.216
0.58 0.58 0.083 0.39 0.006
0.66 0.66 0.047 0.34 0.007
0.76 0.76 0.032 0.38 0.012
0.85 0.85 0.063 0.42 0.009
0.93 0.93 0.114 0.45 0.007
1.02 1.02 0.197 0.50 0.006
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response (T, ;(1) and T, ;(2)) and their corresponding dimensionless am-
plitudes ®f) and piz) for each test with A,,/L = 0.062. The dimen-
sionless period T, ;(1> is equal to each test’s wave period. In most tests, Py

is much higher than D3y indicating that the dominant excitation occurs

at the same frequency as the wave frequency. Since T;(l) = ZT;@), it can
be inferred that the pressure amplitude of the second component (p';‘;>) is

a result of a higher order mode excitation. However, for T, = 0.42 and
T; = 0.50, corresponding to tests where parametric resonance was

identified, Dy is comparable to, or higher than, Py and T;<1> = %T;(zy

The results from Table 4 show that auto-parametric resonance have a
strong effect on the pressure difference between the two air chambers
for T, between 0.4 and 0.5 and A,,/L = 0.062. Comparing tests with
A, /L=0.062 and A,/L=0.103 (under low-cycle auto-parametric
resonance) and tests with A, /L =0.031 (no auto-parametric reso-
nance), it is clear that the pressure difference amplitudes are higher
under ideal synchronisation between waves and low-cycle auto-para-
metric resonant roll responses at T, ~ 0.5 and lower at T} ~ 0.4.
However, from the results shown in Table 4, it is not possible yet to
ascertain whether its overall effect will always be advantageous in terms
of energy extraction from waves compared with a WEC UGEN working
under pure resonant conditions in beam waves.

Finally, since the range of periods tested in these experiments did not
include the natural damped sway frequency, no direct excitation of the
OWC could be observed in this mode.

For the analysis of the pressure difference between the two lateral air
chambers in irregular waves, the dimensionless standard deviation of
the pressure difference is
Op

()

6, = ,
Pw80w

where o, is the standard deviation of the pressure difference between the
two lateral air chambers.

Fig. 18 shows the variation of o'; with the energy period for tests in
irregular waves considering different values of the dimensionless stan-
dard deviation of the free-surface elevation. The curves for different o, /
L display an overlapping, suggesting that the pressure difference be-
tween air chambers is, in fact, proportional to 6, /L (or H;) even though
the turbine simulator utilized during the tests have a non-linear char-
acteristic. Considering that the pressure difference is a quadratic
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Fig. 18. Dimensionless pressure difference standard deviation in irregular
waves as a function of the dimensionless energy period with three different
values of dimensionless standard deviation of the free-surface elevation o, /L =
0.016,0.031 and 0.051.
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function of the volume flow rate for a perforated disk with circular or-
ifices (see Eq. (8)), the instantaneous power available to the turbine
should be proportional to the pressure difference to the power of 3/2.

The characteristics of the turbine simulator of the UGEN’s 1:24th-
scale model are presented in Table 2, where the discharge coefficient,
C4, was determined through experimental calibration.

4.5. Power extraction

The model’s power extraction efficiency is determined using the
Capture Width Ratio (CWR). As in Ref. [18], this parameter is defined as
the ratio between the time-averaged absorbed power by the converter P,
and the energy flux per unit wave crest length, P,,, times the width of the
device, L,, which is given by

CWR = }l .
LnPw

(6)

The value of P, was determined from the free-surface elevation
measurement by taking into account the water depth effect [40].

The time-averaged power dissipated by the perforated disk between
the time instants t; and t; is given by

1 '
t
tfft;/,( pot,

where Q is the volumetric flow rate passing through the turbine simu-
lator as given by

2,1
0= CdAOWP*LU\ p.

Here C, is the orifice plate’s discharge coefficient, p, is the air den-
sity, and A, is the area covered by the orifices. The characteristics of the
90 mm diameter perforated disk are given in Table 2.

Fig. 19 presents the CWR as a function of the dimensionless wave
period for all regular wave tests. The CWR presents a peak for T}, ~ 0.4,
as in Fig. 17 for the pressure difference amplitude, and its value is low

P=

@)

(8

for 0.6 < T,, < 0.9. The power extraction seems to be more efficient for
the lower wave amplitude (A, /L = 0.031), with a peak at TfN ~ 0.25,
corresponding to the OWC natural period. However, after low-pass
filtering, this value has been significantly reduced, indicating that this
particular data point’s accuracy should be further investigated. The peak
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Fig. 19. Capture Width Ratio (CWR) of the UGEN in regular waves with three
different dimensionless wave amplitudes A,,/L = 0.031, 0.062 and 0.103.
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at T, ~ 0.4, near the natural heave period, also displays a significant
efficiency in terms of power extraction. Finally, the curves for A, /L =
0.062 and 0.103 are above the curve for A, /L =0.031 at T, =~ 0.5,
showing that low-cycle auto-parametric resonance is producing a posi-
tive effect in terms of power extraction from waves for this wave period.

Fig. 20 shows the capture width ratio for irregular waves. For the
range of energy periods that have been tested, CWR decreases with the
increase of the energy period. The curves plotted in Fig. 20 exhibit the
same trend shown in Fig. 19, in particular at the shortest wave periods
where the energy flux per unit wave crest length is considerably lower
than for larger wave periods (see Eq. (6)). Therefore, the decrease of
CWR with the increase in the values of the dimensionless standard de-
viation of the free-surface elevation o, /L is not surprising.

4.6. Mooring system

It is advantageous not to restrict sway, heave and mainly roll
movements to maximize UGEN’s power extraction, but it is imperative
to use moorings to attenuate surge, pitch and yaw and keep the device
on station. Throughout the experiments, the wave incidence angle was
kept constant, and the forces on the mooring lines were measured using
load cells intercalated on each mooring line. Three mooring lines have
been installed as shown in Fig. 1b. As expected due to symmetry, loads at
mooring lines ML#1 and ML#2 are very similar. Therefore, only results
of ML#1 and ML#3 are presented here. For regular waves, the dimen-
sionless mooring tension is defined as

. f
f PagSure’ (€C)]
where f is the tension measured by the load cell and Sy, = L,Bn, is the
device waterplane area. For this analysis, the pre-tension of the lines, fy,
was considered, whose value was measured under still water conditions.

Fig. 21 shows a statistical summary of the line tension measured
under regular-wave excitation conditions. These graphs display the load
values distribution as a function of the dimensionless wave period for
two distinct wave amplitudes (A,,/L = 0.031 and 0.103), where density
trace, median, extrema and quartiles of those distributions are all
identified in the caption.

Fig. 21 exhibits a median of f* —f,, displaced from zero for ML#1 and
ML#3 under lower wave periods, indicating the presence of wave drift
effects. Moreover, with the increase of the wave period, the median
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Fig. 20. Capture Width Ratio (CWR) of the UGEN in irregular waves as a

function of the dimensionless energy period with three different standard de-
viation of the free-surface elevation o, /L = 0.016, 0.031 and 0.051.
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tends to zero in all cases, showing the expected decrease of wave drift
effects at these lower wave frequencies. The non-linear characteristic of
wave drift effects is also noticeable since the load variation on the ML#1
per wave amplitude is much more significant for the case with A,,/L =
0.103 than for the case with Ay, /L = 0.031. It can be also inferred that
the highest peaks and variations in line tension are observed for T, ~
0.25 and T,, ~ 0.4. Moreover, for T, = 0.25, the loads are caused by
wave drift effects due to the device’s horizontal excursion, and the
highest peak occurs on ML#1 for A,,/L = 0.103.

For T, ~ 0.4, the mooring loads are now induced not only by wave
drift effect but also by the so-called low-cycle auto-parametric resonance
effect mentioned before. Due to large coupled sway-roll motion ampli-
tudes under parametric rolling, the loads on ML#3 are now significantly
higher in this particular resonant condition. The load variations are low
for the other range of dimensionless wave periods, yet relatively higher
values are again observed near the natural roll period (T}, ~ 1).

All modes affect the mooring loads, but sway is noticeably the most
relevant. Fig. 22 presents the time records of sway and mooring load for
two regular-wave tests with TW = 0.501 and A, /L = 0.031 and 0.103.
For the case with A, /L = 0.031, the sway response exhibits moderate
displacements, and two frequencies are found in the plot: the wave
frequency and a lower frequency. Both frequencies are visible in the
time series of the loadings on ML#1.

For the case with A,,/L = 0.103, the sway response is affected by
low-cycle auto-parametric resonance. After the initial cycles, the sway
response changes, and auto-parametric rolling builds up, increasing
each successive swing’s amplitude up to the steady-state regime’s
amplitude. A similar effect is observed in the time record of the ML#1
load.

For the analysis of the mooring lines in irregular waves, the dimen-
sionless mooring line tension is defined by

f

fr=—— (10)

Pu8SupOuw

Fig. 23 presents distributions of the dimensionless mooring line
tension (f* —f,) measured in irregular waves for dimensionless standard
deviation of the free-surface elevation of o,/L =0.016 and 0.051.
Similarly to regular waves, the median of the tension values in irregular
waves tend to the pre-tension value with the increase of T.. This increase
is a consequence of the wave drift effect presented in Fig. 16. For the
lower energy periods, the median of ML#1 presents values higher than
the pre-tension f;, as the average excursion in sway increases the
mooring line’s extension.

For low energetic sea states, such as oy /L = 0.016, the tension on
mooring line ML#3 presents higher variations than in the line ML#1.
These variations result from the wave drift effects being small for o, /L =
0.016, allowing other effects to become more relevant. The mooring line
ML#3 lies aligned with the incident wave direction, whereas line ML#1
projection in the horizontal plane forms an angle of 60 deg with the
direction of the incident wave. Tests with o¢,,/L = 0.051 show larger
displacements of the median value in comparison with tests of oy, /L =
0.016 since wave drift effects are more severe, as it is shown in Fig. 16.
Also in these tests, larger variations of the dimensionless tensions are
observed for line ML#1 for T, < 0.45. The higher values of tension were

observed (f* —f, ~ 0.08) for the lower energy periods, which are likely
to occur due to the high extension of the mooring lines ML#1 and ML#2.
The results indicate that an increase of the significant wave height (or
oy), and therefore wave drift effects, induces an average displacement of
the device in the wave direction, making mooring lines ML#1 and ML#2
more exposed to high loads, particularly for the sea states with lower
energy periods.
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Fig. 21. Statistical summary of dimensionless mooring loads distributions in regular wave with two distinct dimensionless wave amplitudes A,, /L = 0.031 and 0.103.
Results for ML#1 and ML#3 are presented. Bottom and top horizontal red lines represent the extrema, the vertical thick black line shows the range of the second and
third quartiles and the white point indicates the median. Grey area shaped as violin corresponds to density trace.
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Fig. 22. Time record of motion in sway and tension at ML#1 for dimensionless wave period T, = 0.501 and dimensionless wave amplitudes A, /L = 0.031

and 0.103.

4.7. Structural stress

The knowledge of the stress distribution on the hull is fundamental
for the mechanical design of UGEN. For this purpose, 14 strain gauges
were used to measure the load stresses ¢ of UGEN’s model during the

tests. The measurements of the strain gauges present the variation of
strain relative to the initial state, defined as the instant where all strain
gauges have been set to zero just before the model has been deployed in
the wave tank.

Fig. 24 depicts a statistical summary of stresses at the hull locations
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13



S. Ribeiro e Silva et al.

PO1 and PO3 in the configuration without the U-tank primed, see Fig. 5.
The plots refer to regular waves of amplitude A,, = 0.031 m. The results
are almost independent of the dimensionless wave period in terms of
average, maximum and minimum stress levels. At PO2, where the
waves’ effect is more relevant, the average, maximum and minimum
stress levels increase with the wave period, although the plotted vari-
ance is small.

Fig. 25 shows a plot of the membrane stresses (computed as the
average of the outer and inner fibre stresses) and the bending stresses
(evaluated as half of the difference between the inner and outer fibre
stresses). The membrane stresses at P1 and bending stresses at P3 are
almost negligible compared to the membrane stress levels at P3. P3 is
located well below the waterline, and the stress level increases at the
hull’s outer fibres to levels above +100 MPa but with a very low stan-
dard deviation, less than 2%. Notice should be given that a high level of
stresses at P3 is a direct consequence of ballast weights addition after
strain gauges have been set to zero.

The variation of the stress levels is small for all analyzed points,
which means that the waves have not affected stress levels at those lo-
cations. Fig. 26 depicts time series of bending and membrane stresses for
regular waves with T, =0.42 and 1.0. These plots reinforce the
conclusion that regular waves do not affect much stress levels measured
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at the UGEN’s hull. The only regions that suffer the effect of the wave-
induced loads are the ones near the waterline and the flat bottom hull
plating.

4.8. Survivability tests

One of the challenges of wave energy converters is the capability to
survive in highly energetic sea states. Two survivability tests were per-
formed to evaluate the UGEN’s behaviour under extreme wave condi-
tions. These tests considered typical conditions of a North Atlantic
location with similar Hy but with different energy periods (T. = 11.36,
12.08 s). In this section, all values are presented at full scale. Table 5
presents the parameters of the sea states considered for the survivability
tests. A Pierson-Moskowitz energy density spectrum was adopted to
simulate the two sea states.

Table 6 presents a summary of the motion analysis for the two sur-
vivability tests. Only the most relevant modes are shown, i.e., sway,
heave and roll. Both tests (A, B) display similar results due to the small
difference in energy period, with slightly higher displacements for test
A. Sway presents large displacements, especially in the wave’s direction,
reaching a maximum of about 42 m relative to the initial position, likely
to be caused by the wave drift effect. The standard deviation values for
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I i | | |
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Fig. 25. Statistical summary of membrane and bending stresses at gauges P1 (top row) and P3 (bottom row) considering the exact same range of dimensionless wave

periods (T.,) as in Fig. 24.
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Fig. 26. Time records of bending and membrane stresses at three different locations for two distinct dimensionless regular wave periods T,, = 0.42 and 1, for two

dimensionless wave amplitudes A,,/L = 0.031 and 0.062.

Table 5

Parameters of the sea states considered for the two survivability tests. Both tests
were generated based on a Pierson-Moskowitz energy density spectrum. Values
presented refer to full scale.

Test T, [s] H; [m] Hyjs [m] Hpax [m] ow/L

A 11.36 8.61 7.52 14.47 0.073

B 12.08 8.72 7.48 15.50 0.074
Table 6

Results of floater motion in sway (&,,), heave (£33) and roll (¢44) from the sur-
vivability tests. The standard deviation of mode ¢; (0,), maximum (max(¢;))
and minimum (min(&;)) displacement values of £;, and maximum height (H(;))
of the ¢; oscillations are presented. Values refer to full scale.

A B
Sway Heave Roll Sway Heave Roll
2o [m] £33 [m] 44 [deg] 2o [m] £33 [m] 44 [deg]
¢, 4.22 3.25 13.05 4.30 3.02 12.77
max (&;) —0.48 10.46 48.99 0.12 9.49 48.31
min(&;) —42.35 -9.21 —29.78 —38.87 —8.42 —31.98
H(&;) 24.06 17.46 73.80 23.01 17.50 72.00

sway and heave are similar and smaller than the corresponding roll
value. Roll also shows very large displacements, with a maximum value
of an individual oscillation close to 74deg.

A summary of the loads measured in the mooring lines is presented in
Table 7. Results show pre-tension values, the standard deviation of load
measurement and the five highest load peaks for ML#1, ML#2 and
ML#3. Pre-tension shows small differences between the windward lines

Table 7

Values of load measured in the three mooring lines (fi, f2, f3) during the sur-
vivability tests (A, B). The load values are in MN and refer to full scale. Line pre-
tension (fo;), standard deviation (o5) and the five highest peaks measured

(max(f;)).

A B

ML#1 ML#2 ML#3 ML#1 ML#2 ML#3

foi 0.68 0.68 0.64 0.68 0.68 0.64
of, 0.30 0.30 0.14 0.23 0.22 0.15

max(f;)

1st 2.87 2.80 0.83 2.18 2.26 0.84

2nd 2.59 2.53 0.80 1.85 1.87 0.80
3rd 2.21 2.10 0.80 1.81 1.83 0.80

4th 2.06 2.09 0.79 1.78 1.64 0.79

5th 1.93 1.92 0.76 1.75 1.64 0.79

15

(ML#1 and ML#2) and the leeward line (ML#3). The standard deviation
of loads and peak values in the windward lines are higher than in
leeward, as expected due to the wave drift effect. Despite the similarities
in motion values presented in Table 6 between the two sea states, the
loads measured in ML#1 for sea state A are much higher than for sea
state B. This discrepancy is observed for the standard deviation and the
five highest peaks. For ML#3, both sea states show similar values.

Fig. 27 presents the time series of free surface elevation, sway, heave,
roll and mooring lines loads (ML#1 and ML#3) for sea state A. The five
highest load peaks measured in ML#1, whose values are presented in
Table 7, are indicated by the vertical lines. Wave drift effects are evident
in the time series of sway (&y,). These effects generate a mean
displacement and low-frequency oscillations, as observed in the plot.
The low-frequency oscillations present an oscillatory period much larger
than the incident wave. From the load and sway time series analysis, it is
clear that the highest load peaks in ML#1 appear when the sway low-
frequency oscillation reaches the largest displacement from the initial
floater position, and therefore the largest extension of the ML#1. For the
five peaks showed, two pairs of peaks occur after consecutive waves.

The roll motion does not seem responsible for generating very high
loads on the lines, even though it endures very extreme oscillations.
Time series shows that roll presents an oscillation period about twice the
average period of individual waves. This observation suggests that low-
cycle auto-parametric resonance is also induced in irregular waves.

A more detailed analysis of the time series presented in Fig. 28 in the
vicinity of the top five load peaks identified for ML#1 would reveal that
UGEN’s heave response is the most important for the occurrence of the
peak at those exact time instants. In fact, during the occurrence of those
five peaks, heave presents a large variation, with the floater always
moving upwards towards an increasing line extension so that the load
peak instant in ML#1 appears about halfway through this upwards
displacement when the velocity is maximum. In all five cases, the roll
motion does not seem to influence the occurrence of the highest load
peaks. Results demonstrate good performance of the three lines slack-
mooring configuration devised for the UGEN station keeping system.

4.9. Submergence tests

Still, water preliminary tests were conducted to check whether it was
possible to sink the UGEN’s model at approximately the design sub-
mergence depth of 1.25 m in a controlled manner. These tests were
successful in confirming that ballasting and de-ballasting procedures
worked properly, and the device returned to its initial floating position
as expected, see Fig. 3.

The submergence test at sea state B lasted only 2 min as the device
become unstable in this position. The model started to pitch under the
influence of exciting waves, changing the equilibrium position of the
OWC and inducing more roll until it lay down on its windward side.
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Fig. 27. Time series of free surface elevation (1,,), sway (¢5), heave (&33), roll (£44), ML#1 tension (f;) and ML#3 tension (f3), for survivability test A (T. = 11.36 s
and H, = 8.61 m). Values refer to full scale. Vertical dashed lines indicate the initial and final instants considered for the time series analysis. The vertical solid lines

indicate the instants of the five highest load peaks measured in ML#1.
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Fig. 28. Detailed view of the time series presented in Fig. 27 in the regions near the instants of the five highest peaks measured in ML#1 (graphs are organized in
order of appearance in the time series). In the horizontal axis, time is relative to the instant of the n-th peak (t,,) and normalized using the energy period T.. The
horizontal dashed line represents ML#1 pre-tension and the point indicates the load peak.

5. Conclusions

A 1:24th-scale model of a bottom-moored floating wave energy de-
vice with an internal U-shaped OWC - designated UGEN - was experi-
mentally tested to assess the device performance under operational and
extreme wave conditions.

The UGEN’s main driving mode for wave energy extraction is the roll
motion, and regular-wave tests showed three frequencies of significant
dynamic amplification of the roll motion: a) the natural damped roll
period, b) the parametric resonance period, and c) the OWC natural
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oscillation period.

The device testing allowed experimental confirmation of the occur-
rence of the low-cycle auto-parametric resonance for the first time.
Moreover, there is a strong coupling between sway, heave, and roll
modes, especially for the natural roll period, meaning that the device
can extract wave power from these modes of motion.

Experimental results under irregular waves exhibited the same
trends as the regular wave tests and also allowed detection of parametric
resonance in waves. However, due to the non-linear characteristics of
the turbine simulator utilized, it was not possible to determine the extent
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to which parametric resonance positively affects the capture width ratio.
Nevertheless, it was observed that this non-linear phenomenon could
significantly improve the UGEN’s overall energy conversion efficiency.

The analysis of the mooring lines tension showed that wave drift
forces and parametric resonance induced important loads. Parametric
resonance also induced meaningful stress levels over time, especially at
the starboard side, where windward lines have been attached to the hull
plating. Hence, these measurements on wave-induced structural and
mooring loads are helpful to validate numerical models and cost esti-
mates. Survivability tests showed that a combination of large horizontal
displacements caused by a slow-drift motion and a large vertical
excursion generated the highest load peaks on the mooring lines.

The submergence operations planned to simulated the device’s
protection under extreme wave conditions were successfully executed in
still water using a remotely operated ballast/de-ballast circuit. Results
showed that further research is needed to overcome wave-induced in-
stabilities for extreme wave conditions at low water depths.

Future research will apply the experimental results to validate nu-
merical models and improve the UGEN’s structural design and moorings
configuration. These developments will reduce the uncertainty associ-
ated with the estimations of the cost of energy.
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