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Abstract: Floating oscillating water column (OWC) type wave energy converters (WECs), compared
to fixed OWC WECs that are installed near the coastline, can be more effective as they are subject to
offshore waves before the occurrence of wave dissipation at a nearshore location. The performance
of floating OWC WECs has been widely studied using both numerical and experimental methods.
However, due to the complexity of fluid—structure interaction of floating OWC WECs, most of the
available studies focus on 2D problems with WEC models of limited degrees-of-freedom (DOF)
of motion, while 3D mooring effects and multiple-DOF OWC WECs have not been extensively
investigated yet under 2D and 3D wave conditions. Therefore, in order to gain a deeper insight
into these problems, the present study focuses on wave flume experiments to investigate the motion
and mooring performance of a scaled floating OWC WEC model under 2D wave conditions. As a
preparatory phase for the present MaRINET2 EsflOWC (efficiency and survivability of floating OWC)
project completed at the end of 2017, experiments were also carried out in advance in the large wave
flume of Ghent University. The following data were obtained during these experimental campaigns:
multiple-DOF OWC WEC motions, mooring line tensions, free surface elevations throughout the
wave flume, close to and inside the OWC WEC, change in the air pressure inside the OWC WEC
chamber and velocity of the airflow through the vent on top of the model. The tested wave conditions
mostly include nonlinear intermediate regular waves. The data obtained at the wave flume of Ghent
University, together with the data from the EsfIOWC tests at the wave flume of LABIMA, University
of Florence, provide a database for numerical validation of research on floating OWC WECs and
floating OWC WEC farms or arrays used by researchers worldwide.
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1. Introduction

Oscillating water column (OWC) wave energy converters (WECs) consist of a partially submerged
reservoir with a water column (open to the sea below the waterline) and a column of trapped
air. The incident waves change the water level inside the reservoir, which in turn compresses and
decompresses the air column. This trapped air is allowed to flow to and from the atmosphere through
a turbine where its rotation is used to generate electricity. A comprehensive review of the history and
development of OWC WECs has been given in [1], where several OWC WEC concepts such as the
Backward Bend Duck Buoy (BBDB) OWC [2], the Spar Buoy [3] and the U-Gen WECs [4] are introduced.

OWC WECs can be classified as fixed (onshore) or floating (offshore). The fixed onshore devices
are usually mounted on coastal structures, such as the breakwater of Mutriku in Spain [5] or the
REWECS3 breakwater in Italy [6]. Integrating an OWC device, or more in general, a WEC, into a
coastal structure has some recognized advantages, mainly from an economic point of view (as recently
reviewed in [7]). However, for fixed onshore OWC WECs, the incident waves that propagate towards
the shallow coastal waters lose part of their energy content due to dissipation mechanisms arising from
the wave-bottom interaction. Indeed, in rare cases, focusing mechanisms triggered by the refraction
phenomenon may lead to coastal hotspots where the local wave energy is higher than the related
offshore energy, as proved by [8], but, most often, the nearshore wave energy content is much lower
than the foreshore counterpart. Consequently, offshore floating OWC WECs can be a better option in
order to exploit a higher wave energy potential. However, there are still challenges to be overcome in
order to increase the performance and commercial competitiveness of such offshore floating OWC
devices. One of the main challenges is related to the mooring system in terms of the lifetime of the
floating OWC WEC under extreme wave conditions and implications in the device efficiency. The
floating OWC WECs must be able to cope with a wide range of realistic wave conditions, maintaining
efficiency despite a significant variation of the incoming wave power flux.

Physical model tests are essential to investigate the governing physical processes of the floating
OWC WECs. Besides, physical model tests are essential to calibrate and validate numerical models
aimed at further optimization. The first experimental studies on OWC WECs focused on 2D problems
in wave channels. In most cases, these tests were small-scale tests with fixed OWC WECs ([9-11]).
Within the tests, they measured water surface elevation changes along the channel, the pressure
difference in the OWC chamber, and air velocity at the orifice (only in [11]). Experimentally, floating
OWC WECs are considerably less studied. For floating OWC WECs, the mooring spring elasticity
plays an essential role in power capture and efficiency, as discussed in [12]. However, such previous
studies are focused on heave-only motion. An OWC WEC with a spar buoy configuration is analyzed
in [13]. They conducted experiments at a very small-scale (1:120) using soft mooring lines, but they
neither measured tensions in the lines, nor did they study extreme conditions. In a more recent study,
both fixed and floating-moored OWC WECs were tested with a scale of 1/50 [14]. They measured
several parameters by conducting a comprehensive experiment with tight mooring lines. They focused
on the maximization of the OWC performance, so they used tension legs in order to maximize the
relative motion between the internal water column and the device walls. However, they did not
focus on mooring dynamics. The idea to assemble many single units of OWC WECs on a very large
floating structure (VLFS) for installation in the Mediterranean Sea and a preliminary assessment of
performance comparison between fixed and floating conditions is presented in [15]. The results showed
a considerable relevance between energy output efficiency, incident wave frequency, and the floating
behaviour of the VLFS.
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Mooring line tensions and extreme conditions performance are two critical fundamental aspects
of the design of the floating OWC WECs. The mooring system plays a significant role in the overall
OWC WEC efficiency. The failure of Wave Dragon is an example of how the main mooring connection
broke and the platform drifted towards the shore during the storm [16]. Therefore, all essential
governing physical processes should be measured for a complete design. It is important to measure
simultaneously: water surface variation in the chamber and at the vicinity of the model, tension
loads originating from the mooring lines, air velocity in the air tube orifice, pressure variations in the
model chamber, and all 6 DOF of the model motions. If the air in the OWC chamber behaves as an
incompressible fluid (as it happens in case of specific testing conditions), measuring the air pressure
and water level variations in the chamber is enough for determining the airflow velocity through the
vent [14]. Meanwhile, different numerical models are established to simulate the dynamics of OWC
WECs. These models allow the computation of quantities that can be difficult or impossible to obtain
in laboratory experiments. They also expedite the evaluation of many different design parameters and
environmental conditions. In recent years, the behavior of the coupled motion of the OWC WEC and
the mooring system are topics of interest in numerical studies.

Thus, the primary objective of the present work is to study the fluid-structure interaction between
ocean waves and a floating OWC WEC moored to the sea bed to cover the above knowledge gaps.
To achieve this objective, an experimental database, freely available for public use by the scientific
community and containing all significant variables related to floating OWC WECs, has been created
(i.e., free-surface elevation and air pressure changes inside the chamber, air flux between the chamber
and the atmosphere, tensions in the mooring lines, and the motion of the OWC WEC within the
experimental campaign performed for the EU EsflOWC MaRINET?2 project). The data will be used for
the validation of numerical models and the basic understanding of the governing physical phenomena.
In this manner, smoothed particle hydrodynamics (SPH) solver DualSPHysics, coupled with the
inelastic catenary theory, is used to numerically simulate a floating and moored OWC WEC [17].

A preliminary test with a 1:25 scaled (Froude Scale) floating OWC WEC model was conducted
in the large wave flume of Ghent University (GGG-UGent) in Belgium [18] in preparation of the EU
EsflOWC MaRINET? tests that were later conducted at LABIMA of the University of Florence. In both
mentioned works, the OWC model that had already been studied in fixed conditions, experimentally
and numerically, by [19,20] was tested in the floating conditions. The primary purpose of the tests
conducted at the Ghent University was to assess the OWC WEC response and mooring line tensions
using two types of mooring materials, including nylon rope and an iron chain. Then, the new work
conducted at LABIMA was based on the lessons learned from that work.

The present article is structured as follows: a detailed overview of the design and execution
procedure of the experiments and the EsfIOWC database is given in Section 2. In Section 3, experimental
results are presented for OWC WEC and BOX models. A summary of the findings and the characteristics
of the EsflOWC database are presented in Section 4. Finally, discussions and conclusions are given in
Section 4.

2. Physical Modelling of a Moored Floating OWC WEC

2.1. Experimental Set-up in the Wave Flume

The experiments were performed in the Wave—Current flume of the Maritime Engineering
Laboratory (LABIMA) at Florence University (abbreviated as “LABIMA-WCF”) in Italy.
The LABIMA-WCEF is a structure entirely made of steel and glass side walls, with a total length
of 37.0 m and a width and height of 0.8 m. The piston-type wave generator is installed at one end of
the wave flume, and it has a stroke equal to 1.5 m, driven by an electromechanical system with an
absolute encoder of 0.01 cm accuracy in position.

As a passive absorber, a submerged rubble-mound breakwater (made of 4 to 6 kg stones, with a
total length of 200 cm and crest submergence of 5 to 10 cm) and a perforated planar sloping (2.4 long,
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with holes of 1 cm diameter, in a 2 X 2 cm grid, and positioned with a slope of 1/3) was left in place
during the tests to reduce further wave reflection (Figure 1). The measured wave reflection coefficient
Kr for the whole dissipative system is in the range of 10% to 20% for the tested range of wave heights
(H =0.05-0.17 m), periods (T = 0.8-2.3 s) and water depth (d = 0.50 and 0.6250 m).
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Figure 1. Experimental set in the LABIMA-WCF (Wave—Current flume of the Maritime Engineering
Laboratory (LABIMA) at Florence University) wave flume. A submerged breakwater and a perforated
sloping beach are used for absorption of reflected waves at the end of the wave flume: (a) plan view,
(b) middle line cross-section (all dimensions are in cm).

2.2. Floating Bodies of the Tested BOX and OWC WEC Scale Models

Two different models with a scale factor (Froude Scale) of 1:50, located 1823 cm away from the
wave paddle, were tested. The first one is a floating closed box (referred to as “BOX” hereafter), and
the second one is the model of a generic floating “OWC WEC.” The geometry of the OWC WEC
tested during this study corresponds closely to that of the fixed OWC WEC previously studied at
LABIMA-WCE, both experimentally and numerically ([11,19,21]).

The BOX model has dimensions of 200 x 200 X 132 mm and is made of light PVC material with a
density of 570 kg/m? (Figure 2). A 324 mm high plate is attached to the front face of the BOX, on which
reflective markers have been installed to be used by the OptiTrack 6-DOF motion tracking system (four
grey spheres in Figure 2b).

1

(@) (b)

Figure 2. The BOX model: (a) sketch and dimensions; (b) the BOX model as built with its front plate
with four reflective markers.

The OWC WEC model has a rectangular prism shape with 200 x 200 X 440 mm dimensions.
The model was initially destabilized because the frontal and the back walls are asymmetrical to the
principal symmetrical axis. Therefore, extra ballast is required to lower down the center of gravity
(COG) to prevent capsizing. A 3D sketch of the OWC WEC model geometry (Figure 3a,b), the actual
model built (Figure 3c), and the side cross-section of the model (Figure 3d) are shown in Figure 3.



Water 2020, 12, 992 50f21

The main structure is built by using a light PVC material with a density of 570 kg/m?. In addition,
there are light expanded polystyrene (EPS) foam blocks around the four sides; both the buoyancy and
stability were enhanced to ensure safe operation during the tests. Orifices were drilled on the top plate
of the scale model to simulate the OWC WEC turbine power-take-off (PTO) damping. The OWC WEC
model was tested using three different orifice diameters (Table 1). The total mass of 778 g from the extra
floaters (15 x 75 mm, thickness x height, indicated using pink color in Figure 3a) and bottom hanging
weights (indicated using green color in Figure 3a) were attached to the model to ensure its balance.
The extra weight of 55 g was attached on top of the model on the back wall, to satisfy the balance.
The total weight of the four-ball markers (equal to those used in Figure 3c) used by the video motion
tracking system was 6 g (1.5 g x 4). The weight of the air tube attached on the cover orifice (yellow
color in Figure 3) and the support structure for the hot wire anemometer is 98 g for OWC WEC1, 58
g for OWC WEC2, 38 g for OWC WECS3; since OWC WEC4 had no top cover, no weight for the air
tube and support structure was added. The total mass of each OWC is shown in Table 1. The center
of gravity coordinates (XG and ZG) in Figure 3d are presented in Table 1. The model is symmetrical
along the wave flume y-axis, and therefore YG has 0 mm offset from the Y-direction center plane.

Table 1. Specifications of floating oscillating water column type wave energy converter (OWC WEC)
variants with different orifices.

Orifice The Weight of the Air

Orifice Code Diameter 0 Tube and the Support Tota(l l;/Iass XG (mm) ZG (mm)
(mm) Structure (g) &
OWC1 57 98 2735 86 161
OowC2 30 58 2695 86 157
OWC3 12 38 2675 85.5 155
OWC4 * 200 x 200 - 2348 84 119

* square opening of 200 x 200 mm (OWC without a top cover, no roof).

— Floaters

Front opening

Extra weights

]waterline

Buuado oy

Baseline

Figure 3. The OWC WEC scale model: (a) 3D sketch showing all basic dimensions; (b) 3D sketch showing
all important parts; (c) photo of the actual model with reflective markers attached; (d) cross-section
along the middle X-Z plane and center of gravity (COG).
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2.3. Mooring System of the Tested BOX and OWC WEC Scale Models

The mooring system connects the scale models (BOX and OWC WEC) to the wave flume bottom
through four chains with a length of [ = 1450 mm each (Figure 4). The mooring chains are connected
to monoaxial load cells (LCs) through soft cotton ropes passing through eye hooks to avoid cross-field
disturbance effects and to transfer just the horizontal mooring line force (Figure 4). The LCs are used to
measure mooring line tensions. The length of the rope between the eye hook and the chain end is 85 mm.
The LCs are fixed on a 15 mm thick plate (see the yellow plate in Figure 4a,b). The overall distance of
the LC connection point from the wave flume bottom is 43 mm. The LC measuring axis is arranged
to be parallel to the tensile forces exerted by the mooring chain. The chain weight is 0.607 g/cm, and
the volume is 0.105 cm?/cm. The length of each chain element is 0.8 cm. The elasticity properties of
the chain are acquired through tensile tests performed at the laboratory of Ghent University, and the
elasticity of the chain in small amplitude deformation is 18.95 N/mm.

'y .
----------- Scale Model
Incident Wave | 3
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Cotton o™
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Figure 4. (a) Top view, (b) front view of the mooring system used for the BOX and the OWC WEC
models, (c) detail of the load cell (LC) connection to the wave flume bottom (all dimensions are in mm).
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2.4. Instrumentation

The wave flume is instrumented with ten ultrasonic wave gauges (abbreviated as WGs) to
measure the incident and the reflected waves (Figure 1). The employed WGs measure the free surface
displacement with an accuracy of 1 mm at a distance from the sensor in the range 60-500 mm and
belong to Series 943-M18-F4V-2D-1C0-330E by HONEYWELL (Figure 5a).

Asindicated in Figure 1, along the centreline of the wave flume, and starting from the wave paddle,
two WGs are located before (WG1 and WG2), and six WGs are located after, the model (WG5-WG10).
At the location of the model, two WGs are installed along both sides of the model (WG3 and WGA4).
The last three WGs (WG8, WG9, WG10) are located close to the passive absorption dissipative beach
and are used for wave reflection analysis according to the Mansar and Funke Method [22] (see Table 2
for distances between the WGs).

Two resistive wave gauges (RWGs) are installed inside the chamber of the OWC WEC model to
measure the water surface variation in the chamber, which is directly related to the velocity of the water
surface inside the chamber and the airflow rate at the PTO. RWG1 is installed on the internal side of the
OWC WEC front wall (with regards to the wave propagation direction), and RWG2 is installed on the
internal side of the OWC WEC rear wall (Figure 5b). The sampling frequency of the RWGs is 1 kHz.

(a) (b)

Figure 5. Wave gauges used in the experimental setup, (a) ultrasonic wave gauges (WGs) installed

along the wave flume, (b) resistive type wave gauges (RWGs) installed inside the OWC WEC chamber
(wires are highlighted in red). Photo is taken from the bottom of the OWC WEC chamber looking
upwards in the direction of the OWC WEC orifice.

Table 2. Distances of the ultrasonic WGs from the wave paddle and position of the scale model (OWC

WEC/BOX).
Ultrasonic Wave Gauge x (cm) y (cm)
WG1 1268 40
WG2 1549 40
WG3 1823 66
WG4 1823 14
WG5 1878 40
WG6 2013 40
WG7 2113 40
WG8 2253 40
WG9 2268 40
WG10 2298 40
Model 1823 40

The four LCs, installed on the bottom of the wave flume to measure tension loads originating
from the mooring lines (Figures 4 and 6a), are monoaxial load cells and have a measurement capacity
of FS =5 kg and an accuracy of +0.01 %FS.
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(@) (b)
Figure 6. (a) Load cells (LCs), (b) hot-wire anemometer (HWA).

A hot-wire anemometer (abbreviated as HWA) was used to measure air velocity in the air tube
(Figure 6b). The height of the tube is 88 mm (see the yellow tube in Figure 3a), and the sensor was
placed in the middle of it.

Differential pressure transducers (abbreviated as PTs) of the KELLER Series 46X (Figure 7a) with a
full scale (FS) of 100 mBar and accuracy of +0.1 %FS have been used to measure pressure variations
in the OWC WEC chamber. These pressures are sensitive to changes in the water surface elevation
in the chamber. The locations of their attachment on the OWC WEC model are shown in Figure 7e.
Each transducer is located outside the wave flume (Figure 7a,b) and is connected to the OWC WEC
model through a small flexible plastic tube (see transparent small tubes in Figure 7c,d) which can
transmit pressure variation insight the OWC WEC chamber without adding any additional weight on
the model, and thus without affecting externally its dynamics. Two tubes are located on both sides of
the OWC WEC, while the third one is located on the top of the OWC (Figure 7c,d).

Figure 7. (a) Pressure transducers (PTs), (b,c) set-up of the pressure transducers on the floating OWC
model (b,c,d), and (e) sketch of the PTs position on the OWC and pressure transducers’ (PTs) naming.

Moreover, a video motion tracking (abbreviated as VT) system OptiTrack, which uses a camera
to process the location of a moving object (or multiple objects), with up to six degrees of freedom
(6-DOF) of motion (see Figure 8) over time, is installed. During the present tests, the VT used three
cameras, which were aligned on a metal bar (see Figure 9). The VT system was located perpendicular
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to the LABIMA-WCF axis, at a distance of 17.1 m from the wave paddle (see Figure 1). A sketch of the
coordinate system used for the obtained 6-DOF data is shown in Figure 9b.

Figure 9. The OptiTrack video motion tracking system (VT): (a) the three cameras of the VT attached
on a single axis; (b) the VT facing the four “ball” markers attached to the BOX model and sketch of the
coordinate system used for the VT.

The sampling frequency of each sensor (i.e., WGs, RWGs, LC, PTs, and VT) was 1 kHz.

2.5. Hydrodynamic Conditions Used for the Test Matrix

A total of 41 different combinations of wave and test conditions have been included in the test
matrix (Table 3). Among these 41 sets of wave conditions, it has been observed for 8 cases (H15, H16,
H21, H22, H28, H34, H35, H38), either the wave breaking occurs in a zone immediately after the wave
paddle, or there was an overflow of water along the lateral sidewalls of the wave flume. Therefore,
they were not considered further in the database. Tests H07 and H14 were repeated ten times each to
create specific benchmarking tests for validation of numerical models. In total, these 33 conditions
were tested by using the scaled BOX model, and the scaled OWC WEC models with four different
orifices at the top (see Table 1). Most of the tests were run in a water depth of 60 cm, while tests H39,
H40, and H41 were also repeated in a water depth of 50 cm for the case of the OWC WEC.
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Table 3. Tests matrix showing hydrodynamic conditions for regular waves, test duration, and the
naming of the performed tests.

Code Name Water Depth, Wave Period, Wave Height, Test Duration,

© d (m) T (s) H (m) tq ()
HO1 0.625 0.80 0.05 24
HO2 0.625 1.00 0.05 30
HO03 0.625 1.30 0.05 39
HO4 0.625 1.60 0.05 48
HO5 0.625 1.90 0.05 57
HO06 0.625 2.10 0.05 63
HO7 0.625 2.10 0.06 63
HO8 0.625 0.80 0.08 24
HO09 0.625 1.00 0.08 30
H10 0.625 1.30 0.08 39
H11 0.625 1.60 0.08 48
H12 0.625 1.90 0.08 57
H13 0.625 2.10 0.08 63
H14 0.625 2.10 0.10 63
H15 ** 0.625 0.80 0.11 24
H16 ** 0.625 1.00 0.11 30
H17 0.625 1.30 0.11 39
H18 0.625 1.60 0.11 48
H19 0.625 1.90 0.11 57
H20 0.625 2.10 0.11 63
H21 ** 0.625 0.80 0.13 24
H22 ** 0.625 1.00 0.13 30
H23 0.625 1.30 0.13 39
H24 0.625 1.60 0.13 48
H25 0.625 1.90 0.13 57
H26 0.625 2.10 0.13 63
H27 0.625 2.30 0.13 69
H28 ** 0.625 1.00 0.15 30
H29 0.625 1.30 0.15 39
H30 0.625 1.60 0.15 48
H31 0.625 1.90 0.15 57
H32 0.625 2.10 0.15 63
H33 0.625 2.30 0.15 69
H34 0.625 1.00 0.17 30
H35 ** 0.625 1.30 0.17 39
H36 0.625 1.60 0.17 48
H37 0.625 1.90 0.17 57
H38 ** 0.625 2.10 0.17 63
H39 0.500 0.80 0.04 68
H40 0.500 1.00 0.04 70
H41 0.500 1.40 0.04 74

** Wave breaking in front of the wave paddle or overflow of water along the lateral sidewalls of the wave flume has
been observed, and thus these tests are not further included in the obtained database.

A series for device decay tests was performed to study the pitch, roll, surge, heave, sway, and yaw
of both the BOX and OWC WEC models. A total of 229 tests was conducted.

All presented H and T are target wave condition values, which means that the H and T values
resulting from the Fourier transformation analysis are slightly different from the target values. This is
because all presented results refer to test cases where the model is always present in the wave flume.
As such, wave radiation, diffraction, and reflection induced by the floating objects are included in the
presented results.
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Figure 10 shows the diagram of the applicability of different theories of water waves [23]. Most of
the waves are in the zone of nonlinear wave theory, and they fulfill the condition of the Stokes 2nd
order wave theory in intermediate water depths.

0.1 T
I DEEP-WATER H . 0.142
| BREAKING CRITERION )
I \
| srikes 4th or 5th ORDER
' “ | STOKES 3rd ORDER
0.01 BREAKING CRITERION e ]
- (SOLITARY WAVE) A7a
H A
F =0.78 A 4
STOKES 2nd ORDER
0.001

CNOIDAL LINEAR WAVE THEORY

0.0001 (AlRYl)
I
I l
SHALLOW : INTERMEDIATE DEPTH : DEEP WATER
WATER WAVES WAVES WAVES
> - > < >
/ | | |
0.0001 0.001 0.01 h 0.1 1.0

Figure 10. Diagram of applicability of different theories of water waves: Le-Méhauté [23]. The wave
height H and the water depth d are normalized by gT"2, where g is the gravity acceleration and T is the
wave period.

2.6. Uncertainty Sources

There are several uncertainty sources related to the obtained experimental data, which should be
considered. The sources of uncertainty are listed as following:

(1) The length, and weight, volume per unit length and material elasticity of the mooring line, the
locations of loadcells and fairleads, and the tensions are the source of the uncertainties in the
mooring system.

(2) The geometrical dimensions of the model, the mass, the center of gravity, and momentum of
inertia of the model, the spatial position of the model, including the initial position and the 6-DOF
motion, are the source of uncertainties related to the scaled model.
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(3) For the wave generation system, uncertainties are related to the measurement of the wave surface
elevation and the wave period.

3. Results

The behavior of the floating OWC WEC under wave action is analyzed based on the recommended
guidelines of the tank testing of wave energy conversion systems and the ITTC seakeeping
procedure [24]. Here, the results of test H14 (d = 0.625 m, H = 0.1 m, and T = 2.1 s), which
was repeated ten times, are presented to show the repeatability of the test conditions and the obtained
measurements. H14 has a moderate condition among the test matrix, and it is rather easy to repeat the
tests without extra difficulties. The parameters of wave height variation in and out of the OWC WEC
chamber, the 6-DOF model response, tension loads originating from the mooring lines, air velocity,
and pressure variations in the OWC WEC chamber, are investigated.

3.1. Wave Height Evaluation Along the LABIMA Wave—Current Flume

Free surface displacements were measured along the wave flume using ten ultrasonic WGs of
Figure 1. Figure 11 shows the results at flume WG2 and WG9, which are located before and after the
OWC WEC model, respectively. Tests were run for 30 nonlinear regular waves. The phase differences
between gauges WG2 and WG9 were eliminated to show the wave height variations of every single
wave before and after the OWC WEC. The measured average wave heights are Hygy = 0.09 m and
Hwgy = 0.08 m. The difference is mainly due to the presence of OWC WEC, which absorbs energy

from the incoming waves and energy dissipation mechanisms taking place during wave propagation
along the flume.

70

WG2
WG9
-70 | | | | | | | | | | | | |

15 20 25 30 35 40 45 50 55 60 65 70 75 80 85

Time [s]

Wave gauge [mm]

Figure 11. Wave height time series for 30 nonlinear regular waves measured by WG2 and WG9.
The phase difference between WG2 and WG9 were eliminated manually (H14: d = 0.625m, H=0.1m,
and T=2.15).

3.2. OWC WEC Motions in Six Degrees of Freedom

The OWC WEC 6-DOF motions as a response to the incident waves are shown in Figure 12.
As waves are regular, 2D, and long-crested, the observed significant OWC WEC model motions are
surge, heave, and pitch. The sway motion amplitude is in a negligible range. The amplitude of
the heave motion is very close to the incident wave amplitude, whereas the surge motion range is
controlled and restrained by the mooring chain length. The surge and heave components led to a pitch
motion of the OWC WEC ranging between —7.5 and +7.5 degrees.
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Figure 12. OWC WEC motions with incident waves (WG3, surge, heave, sway, pitch, roll, and yaw) for

test H14 (d =0.625m, H=0.1m,and T = 2.1 s).
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3.3. Comparison of Different Measurements on OWC WEC Model

Figure 13 represents the simultaneous results of five different instrumentations for the case H14
(d=0.625m, H=0.1m, and T = 2.1 s). All results are synchronized. Free surface variation in the
channel is measured by WG3 and WG4, which are installed at the model location. Water column
surface oscillation amplitudes inside the OWC WEC chamber are rather low compared to the outside
of the chamber, and they have a double peak. RWG signals are out of phase due to the differences in
locations along the x-axis. The tested hydrodynamic condition (H14) is a moderate wave condition in
which all chains stay on the ground and do not transmit the tension loads to LCs. The small variations
on the LCs signals are related to the oscillation of the terminal part of the mooring chain (the one close
to the LC), which was maintained partially detached from the bottom due to the specific connection
whit LC via the cotton rope. (see LCs in Figure 13). Therefore, LCs in the same location, e.g., LC1
and LC3, have an in-phase and reflect the free surface variations. The variation of the water surface
elevation and the air pressure inside the chamber represent the air exchange rate through the orifice
so that the velocity of the water surface inside the chamber and the airflow rate at the PTO can be
calculated, assuming air compressibility effect is negligible for small-model scales [14,25]. In fact, the
air compressibility does not take place at the scale of the tested, as proved by [25], and the experimental
measurements can be corrected in the later processing of data results, as proposed by [26]. Compare to
the other sensor results, pressure sensor and hot-wire anemometer results show high scatter, which
means they are more sensitive to any change in the water surface elevation inside the chamber.
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Figure 13. Cont.
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Figure 13. Overview of simultaneous measurements: (a) WG3 (located at the model location), (b) RWG1,
(c) LC1, (d) PT1, and (e) hot-wire anemometer (HWA) for H14 (d = 0.625m, H=0.1m,and T = 2.1 s).

3.4. Repeatability of the Measured Data

In general, the randomness of the experimental process is characterized by the repeatability of the
test, which defines the uncertainty level of the obtained measurements. The number of repetitions
should be as high as possible to quantify uncertainty [24]. Therefore, some selected tests were repeated
ten times, based on experimental practice. Figure 14 shows test results for the surge, heave, mooring
load, pressure, and air velocity for the repetition test of H14 (d = 0.625m, H=0.1m, and T =2.1s)
compared to the results of Figure 14. Surge, heave, and mooring measurements are well repeatable.
However, pressure and air velocity results show a variation between the repeated tests.

The repeatability of the individual waves in a wave train is different from each other (see Figure 14).
To quantify, the means and standard deviations of each wave are calculated separately. Table 4 shows
the minimum and maximum standard deviations among the thirty individual waves in a wave train.
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Figure 14. Testing the repeatability of the measurements under the identical conditions (H14: d = 0.625
m, H=0.1m, and T = 2.1 s), the tests were repeated ten times. (a) surge, (b) heave, (c) mooring load,
(d) air velocity, and (e) pressure.
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Table 4. Minumum and maximum standart deviations and related mean values of the
repeated measurements.

Surge Heave

Standart Deviation (s) = 1t de Amplitude LC1 (kg) PT1 (mbar) HWA
and Related Mean (x) (mm) (mm) (m/s)
Min s 0.157 0.048 0.0000432 0.0007736 0.053

related ¥ 1445 100 0.003307 0.007893 1122

Max s 0.702 0.587 0.0001275 0.0039165 0.175

related ¥ 175 100.6 0.00314 0.009268 1242

3.5. Variation of Water Surface Elevation inside the OWC WEC Chamber

The change in air flux is determined by the mean water surface variation inside the OWC WEC
chamber. Therefore, the variation of the water surface elevation in the chamber plays a critical role.
Based on this, comparisons between the water surface elevation change in and out of the OWC WEC
are made for various wave conditions. Figure 15 shows the water surface variations in and out of the
OWC WEC chamber recorded by RWG1 (inside the OWC WEC chamber) and WG3 (located at the
OWC WEC model), respectively. Two different wave conditions are considered (H14: d = 0.625 m,
H=01m,and T=2.1s; H36: d =0.625m, H =0.17 m, and T = 1.6 s). The water surface elevation
amplitude in the chamber decreases by approximately ~65% as the incident wave height measured by
WGS3 (Figure 15a). Figure 15b shows a resonance case at T, = 1.0 s (T is the resonance period). This
indicates a narrow frequency band of optimum power output.

40 ' ' ' ' T 40
E‘ 30- g 30,
c 20 r =
g L A ‘In" f" | g
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8 Ittt \\\ | MW‘W 3 |
2 ol ARATARERERER AR |2
= o
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Figure 15. Water surface variation for 30 nonlinear regular waves measured by WG2 and RWGI1 (a) d
=0.625m H=0.6m,and T=1.6s,(b)d=0.625m, H=0.6 m,and T=1.0s.

As it is mentioned, most of the waves are nonlinear regular waves and fulfill the condition of the
Stokes 2nd order wave theory in intermediate water depths. WG results from Figure 12, Figure 13, and
Figure 15 show the nonlinearity of the incident waves. Being in the intermediate water depth is the
reason for the nonlinearity of the incident waves.

3.6. Mooring Line Tensions

The motion response to nonlinear regular waves is defined as the motion amplitude of a floating
object in regular waves per unit amplitude. The tensions in the mooring lines are also developed as a
response to the WEC motions. By varying the frequency of the incident wave, a motion response curve
can be obtained to depict the motion characteristics of the floating system in the frequency domain.

Figure 16a illustrates the maximum horizontal components of the chain mooring line tensions
measured by all four loadcells as a function of wave period (T) and wave height (H) for orifice OWC3.
Figure 16b shows the variation of normalized heave and surge motions of the OWC WEC. The heave
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and surge motion response is expressed by a division of the mean single motion amplitude over an
averaged wave amplitude as x/ng or z/19, where g = H/2. Examples are given for the regular wave
conditions of T=0.8,1,1.3,1.6,1.9,and 2.1 s and H = 0.05 and 0.08 m, as presented in Figure 16.

0.08 18 3.0
Ve
/ Y —e— Heave, H=0.05 m
—e— H=0.05m s / N —e— Heawe H=00am | ,
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(a) (b)

Figure 16. OWC WEC mooring line tension response for the heave and surge motions as a function of
wave period (T), (a) mooring loads, (b) normalized surge (x/19) and heave (z/1p) motions (OWC3: d =
0.625 m, and H = 0.05, and H = 0.08 m).

The motion response curves for both heave and surge motions have peak values of z/19 = 1.8 and
x/mo = 1.5, respectively. Although the motion is regular, nonlinear effects are obvious. The resonance
periods in surge and heave of the OWC WEC model are observed at T = 1 s as plotted in Figure 16.
For a wave period of T = 1 s, the OWC WEC surge and heave motion response reaches a maximum
value. Consequently, tensions at the mooring lines reach their maximum at T = 1 s.

Moreover, as shown in Figure 12, the pitch motion of the BOX contains strong nonlinearity
and is rather irregular. This is due to a combined effect of the nonlinear incident waves and of the
mooring lines. For a moored floating OWC WEC, the motion response information reflects its motion
amplitude, provides its natural frequency, and reveals nonlinear effects due to the mooring system and
the incoming waves.

4. Conclusions

Under the framework of the EU EsflOWC MaRINET2 project, an experimental study for
investigating the 6-DOF motion and mooring line tension characteristics of 1:50 scaled slack-moored
floating OWC WEC and BOX models under regular waves is presented. Different wave conditions,
power-take-off damping characteristics, and mooring line tensions were studied. Researchers will
further use the datasets as a benchmark case for further development of fully nonlinear numerical
models used to simulate the behavior of moored floating objects.

Free surface displacements were measured along the wave flume using ten ultrasonic WGs.
The wave height variations of every single wave before and after the OWC WEC are shown.
The difference is due to the presence of OWC WEC, which absorbs energy from the incoming waves.

6-DOF motions of the OWC WEC are shown as a response to the incident waves. The surge,
heave, and pitch type of motions are significantly observed because of waves are regular, 2D, and
long-crested. The amplitude of the heave motion is very close to the incident wave amplitude, whereas
the surge motion range is controlled and restrained by the mooring chain length. The surge and heave
components led to a pitch motion of the OWC WEC, ranging between —7.5 and +7.5 degrees.

The simultaneous results of synchronized WGs, LCs, RWGs, PTs, and HWA are presented. Water
column surface elevations inside the OWC WEC chamber were rather low compared to the outside
of the chamber, and they have a double peak. RWG signals were out of phase due to the differences
in locations along the x-axis. Compare to the other sensor results, pressure sensor and hot-wire
anemometer results are more sensitive to any change in the water surface elevation inside the chamber.
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In general, the randomness of the experimental process, characterized by the repeatability of the
test, which defines the uncertainty level of the obtained measurements, was analyzed. According to
the results, surge, heave, and mooring load were well repeatable. However, pressure and air velocity
results showed a variation between the repeated tests.

The comparisons between the water surface elevation change in and out of the OWC WEC were
made for various wave conditions. The water surface elevation amplitude in the chamber decreased
by approximately ~65% as the incident wave height measured by WG3. A resonance case at T, = 1.0 s
was observed.

The motion response to regular waves is defined as the motion amplitude of a floating object in
regular waves per unit amplitude. The tensions in the mooring lines are also developed as a response
to the WEC motions. By varying the frequency of the incident wave, a motion response curve can be
obtained to depict the motion characteristics of the floating system in the frequency domain. For a
moored floating OWC WEC, the motion response information reflects its motion amplitude, provides
its natural frequency, and reveals nonlinear effects due to the mooring system and the incoming waves.

The maximum horizontal components of the chain mooring line tensions were measured by all
four loadcells as a function of wave period (T) and wave height (H) for orifice OWC3. The heave
and surge motion response is expressed by a division of the mean single motion amplitude over an
averaged wave amplitude as x/ng or z/1g, where 9 = H/2. The motion response curves for both
heave and surge motions have peak values of z/19 = 1.8 and x/1n9 = 1.5, respectively. The resonance
periods in surge and heave of the OWC WEC model are observed at T = 1 5. The tensions at the
mooring lines reach their maximum at T = 1s.

Also, two datasets from tests with OWC WEC and BOX models moored to the wave flume bottom
are presented. These data include synchronized wave surface elevations, the 6-DOF model responses,
as well as the mooring line tensions, air velocity in the orifice, and pressure in the WEC chamber.

As aresult of applying nonlinear regular waves and the slack chain mooring system, the nonlinear
motion results of the BOX and OWC WEC models were obtained and analyzed. The presented study
is novel as it focuses on the nonlinear responses of the motion and mooring system of a floating OWC
WEC and BOX model in nonlinear intermediate-depth water wave conditions. As nonlinear numerical
models are becoming more and more popular for the simulation of floating moored OWC WEC
models, their validation using experimental data is crucial. The present study covers then this existing
data gap seen in the literature regarding floating moored OWC WECs by providing an open-access
experimental database.

Also, the obtained data will be available in the future for the validation of the numerical models
of OWC WECs farms and arrays to study coastal areas and wave energy converter (WEC) farms under
highly dispersive and directional waves.
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