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Abstract

The current cost of electricity has been preventing the technological progress
of wave energy converters. The use of compact wave energy converters arrays
is seen as a technological breakthrough for reducing these costs. These array
configurations aim to maximize the energy extracted per unit area of marine
space and to promote the sharing of components and installation, operation
and maintenance tasks. Mooring lines are fundamental components in these
systems and represent a considerable portion of the project cost. Reducing
the number of mooring lines through the application of arrays with inter-
body connections has a high potential for cost reduction. In this paper, we
present the experimental study of different configurations of a five-device ar-
ray of spar-buoy oscillating-water-column wave energy converters in a wave
basin, focusing on the analysis of the devices motion and the mooring line
loads. The study compares the performance of a single isolated device, an
array with independently-moored devices and three arrays with inter-body
connections, with different levels of connectivity in the mooring arrangement.
Tests were carried out for moderate and extreme wave conditions. Results
show good performance for all configurations when subjected to moderate
sea conditions. Under extreme sea conditions, high peak tensions were ob-
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served in the lines of all array configurations. Particularly large values were
detected in the inter-body lines, caused by their full extension. Based on
these results, guidelines for the design of mooring systems for compact wave
energy converter arrays are presented.

Keywords: Wave energy conversion, compact array, physical model testing,
mooring loads, inter-body mooring connection, spar-buoy oscillating water
column

1. Introduction

Wave energy conversion technologies for the generation of electricity have
been under research since the 1970s, with hundreds of developed concepts [1].
So far, no technology has yet reached a commercial level. The high cost of
electricity when compared with other renewable energy technologies has been
identified as the main obstacle [2]. One course of action to develop wave en-
ergy technology is its application with other technologies to take advantages
of possible synergies [3]. The direct integration of wave energy converters
(WECs) in floating wind platforms has shown a prospect for cost reduction
and for the improvement of the system survivability [4]. The application of
WECs in large floating platforms used to create space in the sea for vari-
ous purposes (airports, seaports, aquaculture, recreation, residential, etc.) is
seen as greatly beneficial [5]. Despite these possibilities, the deployment of
compact WEC arrays with the unique purpose of electrical generation, re-
sulting in an increase of energy extraction per unit seabed area, still has the
potential to provide a significant cost reduction with the additional advan-
tage of reducing environmental impacts [6]. This cost reduction is obtained
through the sharing of system components (mooring lines, anchors, etc.),
power cables, as well as through the sharing of installation, operation and
maintenance activities.

Floating point absorbers, a class of WECs in which the horizontal dimen-
sions are much smaller than the incident wavelength, typically have a power
capacity of few hundred kW per device [7]. In order to reach the capacity
of the actual largest offshore wind farms (300-700 MW) [8], WECs should be
deployed in dense arrays with hundreds of devices. The selection of the array
spacing and layout is crucial for converting energy in an efficient manner [9].
Constructive hydrodynamic effects are known to significantly enhance the
overall power extraction per converter when compared with an isolated de-



vice [10]. The design of arrays requires models that are capable of assessing
the wave-body interactions within the array [11] and incorporate the power
take-off control of individual devices [12], which is deeply linked with the
device hydrodynamics. Recent works have shown that the complexity and
computational effort of hydrodynamic models can be significantly reduced
through the use of surrogate models to facilitate the application of control
strategies [13]. In addition to maximizing power performance, array design
methods should take into account the minimization of occupied space and
the access for maintenance operations [14].

Floating WECs require a mooring system to be kept on station. The
spread mooring system is commonly used, consisting of several independent
lines connecting the WEC to anchors installed on the seabed. This type
of mooring system typically represents 20-30% of the WEC structural cost
[15, 16]. For this reason, the decrease of the total line length and number
of anchors is seen by the industry as having a major potential for the re-
duction of costs over the project lifetime [17, 18]. Initial developments of
shared moorings systems were carried out by the ocean aquaculture industry
to enhance production without significantly increasing the covered area [19].
The application in WECs was also considered by sharing anchors and using
lines between adjacent devices [20, 21]. Numerical simulations of a WEC
array with inter-body connections have shown the potential of enhancing
power conversion performance when compared with an equivalent array with
independently moored devices, for single-body WECs reacting against the
seabed [21] and for two-body floating WECs [22]. However, shared moor-
ing lines add complexity to the design of such systems due to the coupled
dynamics of adjacent devices [20]. To date, no significant work has been
dedicated to the design of such systems. Due to the complexity of the sys-
tem, experimental tests are still the most practical method to obtain reliable
results, even though some limitations exist and the costs are relatively high
[23]. Most experimental studies of WEC arrays concern mainly devices re-
acting against a fixed reference (i.e. without requiring a mooring system)
[24], devices attached to a single floating structure (i.e. requiring a single
mooring system) [25] or floating independently-moored devices [26]. In these
studies, major focus is given to the power performance [27] and to the wave
field generated by the presence of the array [28]. An experimental study on
a three-device array of floating WECs with inter-body mooring connections
can be found in Ref. [29], based on the mooring configuration presented in
Ref. [21]. The analysis was focussed on the device performance and on the
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mooring loads, using the same bottom-moored lines as the isolated device
used as a reference. When compared with the isolated device, slightly larger
mooring loads were observed for the array. However, it was not possible to
assess if the differences were related to the hydrodynamic array effects or
to the inter-body mooring configuration. The work published until now still
did not clarify how can the hydrodynamic effects affect the mooring system
response. In this work, we investigate this gap of knowledge by considering
a larger array (five devices) with inter-body mooring connections. Addition-
ally, we analyse the effect that different levels of line connectivity have on
the system performance. The device motion and line load performance are
compared with an isolated device and an array of independently-moored de-
vices, which will provide a baseline comparison that also includes the array
hydrodynamic effect.

Due to the wide application of mooring systems, namely in the offshore
oil and gas industry, several guidelines and standards for mooring design are
available [30, 31]. In general, the design criteria are based on three states:
withstand failure under extreme sea conditions, maintain system integrity
with a limited amount of failures, and account for material fatigue due to
cyclic loading. Unlike other ocean utilization purposes, floating WECs re-
quire, in general, high motion amplitude in specific modes at commonly
occurring wave periods. Besides providing stationkeeping, the mooring sys-
tem has to allow displacement and rotations in specific modes, which requires
particular and more complex designs [32]. In heaving WECs, a common solu-
tion to this issue consists on the use of a slack-line configuration, comprising
a line with a clump weight and a float [33]. Experimental results showed
that this configuration has a low dynamic tension and a good performance in
extreme sea states [34]. Applications of this mooring configuration in a spar-
buoy oscillating-water-column (OWC) device are available in the literature,
for a two-line mooring system [35] and for a three-line mooring system [29].
Numerical simulations of the latter case are presented in Ref. [36]. In this
work, we apply this slack-line configuration for the bottom mooring lines.
As an additional advantage, this type of line helps the design of the inter-
body connected array mooring system, as it allows the adjustment of the line
components for achieving a required specification (pre-tension, stiffness).

The design of WECs requires the simulation of extreme sea conditions
to analyse the device and its mooring system response. Available options
consist of simulating irregular-wave sea states characterising the most stormy
conditions of a given site, or a single wave (focused wave) representing the
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worst-case scenario [37]. Such analysis can be done numerically, by applying
high-fidelity models [38] capable of accounting for the mooring line dynamics
[39, 40], or experimentally in a wave tank [41, 42]. Despite limitations, such
as scale effects [43], experimental tests are still the best option to obtain
sound results [44, 45].

This paper studies the mooring loads of a compact five-device array of
spar-buoy OWC WECs. The spar-buoy OWC consists of an axisymmetric
floating structure with an inner non-uniform cross-section OWC tube open
at the bottom to the sea water and connected at the top to an air chamber
[46]. The motions of the OWC inner free surface and of the floating structure
in waves produce alternate variations of the air chamber volume, forcing air
through a turbine that drives an electrical generator. This study presents ex-
perimental results of the mooring loads for three arrays with independently-
moored devices, and compare them with the mooring loads from an isolated
device and from an array with independently-moored devices. The devices’
response to moderate and extreme sea conditions is considered. With these
results, we aim to characterize the motions and mooring loads from the differ-
ent array configurations. By testing an isolated device and an independently
moored array, we distinguish the contributions from hydrodynamic effects
and from the different mooring configurations. Ultimately, we intend to un-
derstand the limitations and the potential of the use of inter-body connections
in WEC arrays. Experimental studies of WEC arrays with inter-body moor-
ing connections are still very scarce in the literature despite the enormous
potential benefits of the concept. This work aims to increase the under-
standing of this issue. Section 2 presents the different array configurations
considered in this work and a description of their design. The experimental
setup is described in Section 3. Results obtained for each array configuration
are presented and discussed in Section 4. Relevant conclusions on this work
are detailed in Section 5.

2. Array configurations

In this work, we study the response of four different five-device arrays
with the same arrangement and separating distance yet with distinct levels
of mooring line connectivity. The five-device array is organized in a die-type
configuration, with four devices positioned in the vertex of a square (named
here as corner devices) and a device in the centre of the virtual square (named
here as central device). The spar-buoy OWC device is used in this study.



Corner

Figure 1: Three-dimensional view of the five-device die-type array of spar-buoy OWC
WECs. The buoy diameter is d; = 12m and the buoy draft is hq = 36 m. The separating
distances of the array are ¢ = 112.8 m and b = 159.5 m.

Table 1: Physical characteristics of the studied spar-buoy OWC devices. Values refer
to full scale. The symbol ¢* represents the root-mean-square value of the corresponding
parameter considering measurements of the five models, normalized by the design value
of the parameter.

Parameter Value o* [%]
Buoy diameter, d; [m] 12 1.2
OWC diameter, dg [m] 4.82

Draft, hg [m] 35.99

Total length [m] 50.99 0.1
Metacentric height, GM [m] 2.08 144
Buoy mass, my, [kg] 1.217 x 108 1.3

Moment of inertia, I, [kgm?] 0.325 x 10°
Moment of inertia, I, [kgm?] 0.029 x 10°

Fig. 1 presents a three-dimensional view of the spar-buoy OWC five-device
array. The separating distance a between the central and the corner devices
is 112.8 m and the water depth is 80 m.

The spar-buoy OWC device geometry is based on the optimized version
presented in [47], for a buoy with a diameter d; = 12m and a draft hq = 36 m.
Table 1 presents relevant physical properties of the device at full scale. These
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Figure 2: Schematic representation of the mooring line arrangement of the isolated device
and of the four array configurations (A, B, C, D). The points represent the position of
the devices, the crosses indicate the location of the anchors. The bottom mooring lines
(BML) and inter-body mooring lines (IBL1 and IBL2) are indicated. The dashed box
represent the working area in the wave basin, where it is possible to deploy the anchors.
The wavemakers are to the left of the configurations and the absorption beach is to the
right.

Table 2: Characteristics of the mooring system components, lengths and positions, for
array configuration A.

Parameter BML
Pre-tension, fp [kN] 1047
Fairlead angle, af [deg] -75.8
Total line length, Iy [m] 246.68
Clump mass ratio, meyw/my [-] 106.0x1073
Clump weight position, s/l [-] 0.209
Floater mass ratio, mg/my [-] 0.27x1073
Floater position, s/l; [-] 0.283,...,0.312
Chain length ratio, l./l; [-] 0.187
Total length ratio, ls/le [-] 1.126

include the diameter of the buoy d; and diameter of the OWC ds, the mass
of the buoy my,, and the moments of inertia measured about axes parallel to
the z- and z-axis and passing through the centre of mass.

The five different configurations tested are presented in Fig. 2, showing
the mooring line arrangements of the isolated device and of each array con-
figuration (A, B, C, D). The isolated device is used as a reference. This
device is moored to the sea bottom with three bottom mooring lines. In con-
figuration A, the devices in the array are independently moored, each one
with three bottom mooring lines, as in the isolated device. Configurations B,




Floats —— Config. A

/ —— Config. B
—— Config. C

Clump / — Config. D
weight
50m
P
A B C,D
{ IBL1 i | IBL2 i
| i £ i
i . i
! i !
| | | |
i Clump i i Clump |
weight weight
—— Config. B
— Config. C —— Config. B
—— Config. D 50m —— Config. C —150 m

Figure 3: Schematic representation of the bottom mooring lines (BML) and inter-body
mooring lines (IBL1 and IBL2), for all configurations. The thinner lines represent the
rope, the thicker lines represent the chain section, the square indicate the position of the
clump weight and the circles show the location of the floats.

Table 3: Characteristics of the mooring system components, lengths and positions, for
array configuration B.

Parameter BML IBL 1 IBL 2
Pre-tension, fo [kN] 379 420 220
Fairlead angle, af [deg] -15.6 -16.4 -13.1
Total line length, Iy [m] 262.28 105.12 151.52
Clump mass ratio, Mmey/mp, -] 18.2x1073  24.3x107% 10.2x1073
Clump weight position, s/l [-] 0.363 0.500 0.500
Floater mass ratio, mg/myp [-] 1.12x1073

Floater position, s/l [-] 0.450,...,0.488

Chain length ratio, l./l; [-] 0.294

Total length ratio, l;/le [-] 1.057 1.043 1.027

C and D refer to arrangements with inter-body and bottom slack-mooring
connections. Each of those configurations present different number of lines.



Table 4: Characteristics of the mooring system components, lengths and positions, for
array configuration C.

Parameter BML IBL 1 IBL 2
Pre-tension, fo [kN] 739 405 223
Fairlead angle, ay [deg] -20.0 -16.9 -13.4
Total line length, I/ [m] 279.48 105.28 151.60
Clump mass ratio, mew/mp [-] 46.7x107%  24.1x107% 10.6x1073
Clump weight position, s/l [-] 0.259 0.500 0.500
Floater mass ratio, mg/myp [-] 1.83x1073

Floater position, s/l [-] 0.336,...,0.372

Chain length ratio, I/l [] 0.383

Total length ratio, Iy /le [-] 1.046 1.045 1.028

Table 5: Characteristics of the mooring system components, lengths and positions, for
array configuration D.

Parameter BML IBL 1
Pre-tension, fo [kN] 768 752
Fairlead angle, ay [deg] -14.3 -18.3
Total line length, Iy [m] 279.52 106.72
Clump mass ratio, mew/mi, [-] 31.3x1073  49.3x1073
Clump weight position, s/l [-] 0.304 0.500
Floater mass ratio, ma/mp [-] 2.20x1073

Floater position, s/l; [-] 0.348,...,0.384

Chain length ratio, l./l; [] 0.486

Total length ratio, Iy /le [-] 1.048 1.059

Table 6: Overall characteristics of the mooring system components for all array configura-
tions. For each parameter, the relative value with respect to configuration A is presented.
The component mass refers to the sum of masses of all clump weights and floats used in
the array.

Config. Number Line length Chain length Component mass

of lines  [m] [%] [m] [%] ke]  [%]
A 15 3700 100 692 100 1.965x10° 100
B 16 3125 84 617 89 0.411x10° 21
C 12 2145 58 428 62 0.450x106 23
D 8 1545 42 543 79 0.457x109 23




The bottom mooring lines (BMLs) consists of a chain segment connected
to an anchor and lying on the sea floor, which is attached to a synthetic
rope segment with six floats (in a ’lazy-S’ type arrangement) and a clump
weight fixed along the rope. On the other end, the rope is connected to
the device’s fairlead, which corresponds to the point were the line attaches
the device. The inter-body mooring line (IBL) consists of a rope connected
on both ends to two different devices. There are two distinct arrangements
for this type of line, depending if it is connecting the central to a corner
device (denominated IBL1), or if it is connecting two neighbouring corner
devices (denominated IBL2). A clump weight, that provides a pre-tension,
is located in the middle of this rope. Fig. 3 shows the two types of lines
considered. The chain segment consists of a stud link chain with a diameter
of 237 mm, corresponding to submerged weight per unit length of 10.55kN/m
and an axial stiffness per unit length of 5055 MN. The synthetic ropes have
a diameter of 65 mm, with a spiral strand construction. The rope has a
submerged weight per unit length of 20.4 N/m and an axial stiffness per
unit length of 49.8 MN. The density of the clump weights and floats are
5600 kg/m?3 and 150 kg/m?, respectively. The sea water density considered
for the full-scale application is p = 1025 kg/m3.

The mooring lines of the arrays with inter-body connections were specif-
ically designed in order to match the stiffness of the isolated device in the
wave propagation direction (surge). The BMLs of array configuration A were
based on the lines presented in Ref. [48], for an isolated device. The original
line length was reduced to fit all anchors inside the working area of the wave
basin (564 m long and 626 m wide at full scale), and the lines were rotated
relative to the device vertical axis to avoid collision of lines during opera-
tion. The isolated device has the same mooring arrangement as the central
device of configuration A. In the configurations with inter-body connections,
the corner devices have connections to the bottom (B,C,D), connections to
other exterior devices (B,C) and a connection to the interior device (B,C,D).
For configurations B, C and D, only the stiffness of the exterior devices was
targeted to be the same value as the isolated device. The distances between
devices were kept unchanged.

The design was carried out using a quasi-static mooring line model consid-
ering inelastic and weightless lines, and an inelastic catenary at the bottom
for the BMLs. The model was developed in-house and its description can be
found in [36]. This model was applied to determine the mooring line ten-
sions and angles at the fairlead when a device was subjected to a specific
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displacement, therefore evaluating the mooring stiffness. In the particular
case of the arrays with inter-body connections, the forced displacement of
a device also introduced displacements in the interconnected devices, which
required a momentum balance in all devices. The optimization algorithm
COBYLA was applied to facilitate the design process [49, 50]. This algo-
rithm performs linear approximations to the objective and constraint func-
tions through the interpolation at the vertices of a simplex with n+ 1 points,
where n is the number of optimization variables. Mooring design had the
objective of minimizing the difference between the specified surge stiffness
and the one determined by the model, while guaranteeing a force balance in
all devices for the still water condition. Several constraints were adopted for
the BML, considering all displacements, namely: () the minimum position
of the clump weight was at z = —65m; () the maximum position of the
clump weight was at z = —5m; (4ii) the maximum position of the floats was
at z = —10m; () the minimum horizontal distance between the fairlead
and the clump weight was set to 5m; (v) the minimum horizontal distance
between the clump weight and the floats was set to 5m; (vi) the minimum
length of chain lying in the bottom was set to 15m. As a result, each config-
uration had its own line lengths, float mass and clump weight mass. For the
application of the design constraints, displacements between —15m and 15m
in the z-axis direction were considered. The surge stiffness was determined
through linear regression of the force on the x-axis direction due to the dis-
placements of the device at x = —2.5, 0, 2.5m. The specified surge stiffness
was set to 35.5kN/m. Tables 2, 3, 4 and 5 show the relevant characteristics
of the mooring system, for array configurations A, B, C and D, respectively.
The parameter fj is the line pre-tension measured at the fairlead, oy is the
angle of the line with the horizontal plane at the fairlead, [; is the total length
of the mooring line (including rope and chain segments), [. is the length of
the chain segment, [, is the distance between the two ends of a given line (the
end of the line can either be a fairlead of an anchor, depending on whether
the line is connected between devices or to the bottom), me, is the mass of
the clump weight, and myg is the mass of a single float.

Table 6 shows the relevant total quantities of the array, as the number of
lines, the total line length, the chain length and the total mass of the moor-
ing components, which includes the clump weights and floats. The relative
value of the quantity relative to the corresponding value of configuration A
is also presented. When compared with configuration A, configurations C
and D present significantly smaller values in the number of lines, line length,
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chain length and component mass. The reduction of the amount of material
indicates that these configurations have the potential to decrease the cost of
the system. In the case of configuration B, the differences with A are not so
significant, mainly due to requiring two BML per corner device, instead of
one as in C and D.

It is worth noticing that the case studied here considers a moderate water
depth (80m at full scale). For larger water depths, the reductions in line
length are expected to be significantly higher.

3. Experimental setup

Orifice dq
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Figure 4: Cut-section view of the spar-buoy OWC model with identification of relevant
dimensions. The dimensions of the device at model scale (1:40) are: d; = 0.300m; dy =
0.125m; d3 = 0.180m; tgp = 0.003m; to = 0.024m; t3 = 0.075m; lyp = 0.375m; [ =
0.125m; ls = 0.489m; I3 = 0.286 m.

12



Figure 6: View of the five-device array with mooring configuration C.

The experimental tests of the isolated and five-device array configurations
of the spar-buoy OWC 1:40*"-scaled model were carried out at the large ocean
basin of the COAST (Coastal, Ocean And Sediment Transport) Laboratory,
University of Plymouth (UK). The wave generation system, developed by
Edinburgh Designs Ltd, consists of 24 flap-type paddles hinged at depth of
2m. The wave basin is 35m long, 15.5m wide and has a section with a
variable-depth floor. In these experiments, the water depth was set to 2m
to simulate the water depth (80m) of the deployment site off the coast of
Leixoes, Portugal.

The model of the spar-buoy OWC was based on the geometry and prop-
erties presented in Table 1 and in Fig. 4. The length scale of the tests (1:40)
was established by combining the following factors: (i) limitation on the
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basin dimensions to accommodated the scaled mooring lines and correspond-
ing anchors; (#) minimization line length and mooring scope via an ade-
quate mooring design; (74) simulation of a water depth considerably larger
than the spar-buoy OWC draft. Experiments and model were scaled us-
ing Froude scaling criterion [51]. The density of the water in the basin was
p = 1000 kg/m3. Since the water density is different from the sea-water value
(p = 1025 kg/m?), moments of inertia and mass of the model were determined
taking into account the model-to-prototype-water-density ratio. The model
was produced from a combination of aluminium and acrylic. The upper part
of the model was made of acrylic to allow the visualization of the inner free
surface displacement. The bottom section of the buoy (see Fig. 4) was built
in aluminium, which consists of conical, cylindrical and toroidal surfaces.
The OWC tube and the upper floating section were made of acrylic, except
for the conical surface near the free surface, which is also aluminium. An
orifice plate was applied at the top of the OWC chamber to simulate the
turbine damping effect. The orifice-plate-to-OWC-surface-area ratio was set
to 0.0215, a value selected from previous experiments with an isolated spar-
buoy OWC device [52], which showed a good power extraction performance.
For the experiments at the 1:40 scale, the chain section was simulated us-
ing a 4mm stainless steel (316) short link chain. For the synthetic rope, a
1.6 mm diameter UHMWPE (ultra-high molecular weight polyethylene) line
was applied (LIROS DC Dyneema SK78 Competition Kite Line). The clump
weights were build in a cylindrical shape with a diameter of 60 mm and the
length was adjusted to match the properties specified in Tables 2, 3, 4 and
5. The floats were made from cylindrical polystyrene parts (with 50 mm di-
ameter) and were attached along the line. The mooring lines were attached
to the buoy near the free surface through a hose-clip. Fig. 5 shows a view of
the mooring lines of the isolated device setup. Three mooring lines, with the
respective clump weight and floats, are displayed. The chain section lying in
the bottom is also visible.

Twin-wire resistive wave gauges were used to measure the water elevation
(n) at different positions in the wave basin. The incident wave conditions
were measured using a wave gauge positioned in the centre of the array by
performing tests without the models installed. Through this procedure, the
effect of radiated and diffracted waves was removed. We also found that the
wave gauge located at the longitudinal position of the central device, near
the basin side wall, provided very similar results to the ones captured by the
wave gauge used without the models, and therefore could be used as a proxy.
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The wave gauges were calibrated on a daily basis. Typically, the calibration
error presented a value smaller than 0.0095m. The six-degree-of-freedom
displacements of each model were measured using a motion tracking system
developed by Qualisys. This system measures the instantaneous position of
small targets (with negligible weight) attached to the top of the models using
a set of infrared cameras placed in fixed positions. The uncertainty of the
motion measurement is evaluated through the relative position of the markers
attached to the buoy. This uncertainty is determined though the difference
between the average error (residual) of the position of the measured markers
when compared with the position of the markers during the definition of
the rigid body. The residual depends on the actual motion of the buoy and
can change during a test. For these tests, the residual was typically around
0.5 mm, however it reached 4 mm under extreme motions. The mooring line
tension was measured using miniature 'S-beam’ (Futek LSB120) load cells
attached in series to the lines at the fairlead. The sensor has a range of
+445N and nonlinearity of 0.2%. The data from the wave gauges and from
the motion tracking system was acquired at a rate of 128 Hz. An acquisition
rate of 1667 Hz was used for the tension measurements.

A view of an array being tested at the wave basin is presented in Fig. 6.
It is possible to observe the targets used by the motion tracking system on
the top of the buoys. Several wave gauges are also displayed.

In this paper we analyse results of tests from: (7) moderate irregular-wave
sea states; and (i) extreme irregular-wave sea states (survivability tests).
The sea states were based on the wave climate observed off the coast of
Leixoes, Portugal. The wave conditions were generated with the Njord Wave
Synthesis program and were based on a Pierson-Moskowitz (PM) spectrum,
characterized by the significant wave height Hg and the energy period T,
[53]. The survivability tests reproduced the 10-, 25-, 50- and 100-year return
periods (Tx) observed in the same location, which were based on the same
spectral shape. The sea state wave energy flux increases with its return
period, as well as with its peak period T}, (for a PM spectrum, T, ~ 0.8577},)
and significant wave height Hg. Due to resonance effects, lower values of peak
period can induce higher loads even with smaller significant wave height.
Therefore, it was decided to simulate also less energetic sea states. The list
of sea states considered for the survivability tests is specified in Table 7.
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Table 7: List of sea states considered for the simulation of extreme sea conditions (surviv-
ability tests). Values refer to full scale.

Sea state TR [years] Hg [m] T, [s] T [s]

1 10 11.1 174 149
2 25 12.0 186 159
3 50 129 195 16.7
4 100 13.6 205 17.5

Table 8: Natural surge, heave and pitch periods (in seconds) of the isolated device and of
the devices in the different array configurations. For the array configurations, a distinction
of the natural period from the central and corner devices is made. Values refer to full scale.

Surge Heave Pitch
Config.  Central Corner Central Corner Central
Isolated 102.6 10.0 35.2
Array A 104.2 99.9 10.0 10.2
Array B 146.5 139.3 9.4 9.4
Array C 157.1 153.4 9.3 9.2
Array D 101.1 9.3 94

4. Results and discussion

This section presents results obtained from the tests described in Sec-
tion 3. These tests are divided in the following parts: (i) decay tests;
(i) irregular-wave tests; (4ii) survivability tests. The following subsections
show the results of the experimental tests and discuss their findings.

4.1. Decay tests

Decay tests were carried out to assess the natural periods of the isolated
device and of the devices in the array. It is worth noticing that decay tests
are performed to analyse oscillatory modes of a dynamic system by intro-
ducing an initial displacement of a specific mode. In the case of arrays with
inter-body connections, an initial horizontal displacement of a device also in-
troduces displacements in the interconnected devices, which makes the decay
tests more difficult to analyse. Due to the symmetry of the mooring lines
in the arrays with inter-body connections (B, C, D), surge and sway of the
corner devices present the same values. This symmetry is not observed for
the independently moored configurations (isolated device and array configu-
ration A), as shown in Fig. 2.
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Table 8 presents the full-scale values of the natural surge, heave and pitch
period for the isolated device and for the devices in the four array config-
urations. For the array configurations, a distinction is made between the
central and corner devices. The evaluation of the natural surge period allows
a better understanding of the stiffness of each mooring system, and there-
fore helps the system response analysis. The isolated device and the central
device of configuration A presents similar natural surge periods. Comparing
with the latter, the corner device presents a slightly smaller value. Since the
surge stiffness due to the mooring system is proportional to the square root
of the natural period, we can observe that configurations B and C present
smaller stiffness than configuration A. In all cases, the corner and the central
devices present similar natural surge periods. For configuration D, it was not
possible to determine the natural surge period of the corner device since the
tests did not present a clear and stable decay. This issue is believed to be
related to the dynamics induced by the surrounding devices.

The natural heave period presents a value around 10.0s for the independently-
moored devices (isolated device and array configuration A). For the arrays
with inter-body connections, the natural heave period presents smaller val-
ues, between 9.2 and 9.4s. This reduction could be justified by the decrease
of the clump weight mass. Pitch decay tests were done only for the isolated
device. Natural pitch and roll periods are expected to have very similar
natural period values due to the device axisymmetric geometry. The natu-
ral pitch period presented a value of 35.2s, about 3.5 times larger than the
natural heave period, and therefore avoiding the condition that promotes
parametric resonance in roll and pitch, which induces a dynamic instability
[54]. Parametric resonance tends to be triggered when the natural pitch/roll
period value is twice the incoming wave period, being more severe for large
heave amplitudes. The natural pitch/roll period can be tuned by control-
ling the metacentric height, which depends on the device geometry and mass
distribution. In this case the metacentric height shows a relatively small
value (2.08m) (see Table 1), and therefore small initial stability. Additional
information the decays tests can be found in [55].

4.2. Moderate sea conditions

Moderate irregular-wave conditions were simulated using a PM spectrum
characterized by the significant wave height (H) and energy period (T)
[53], as described in Section 3. Fig. 7 shows the root-mean-square values of
the oscillation modes of the buoy (o,,, for i = 1, ..., 6), three translations
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(surge z, sway x5 and heave x3) and three rotations (roll z4, pitch x5 and
yaw zg), divided by the root-mean-square values of the free surface elevation
generated by the incident wave (0,,). The values are presented as a function
of the full-scale energy period T,. The symbols refer to values measured
in the central device (or in the isolated device), whereas the vertical bars
indicate the minimum and the maximum values measured within the array.

Of all the array configurations, A presents the least variations within the
devices of the array. This seems to indicate that the complex behaviour of
the arrays with inter-body connections induces distinct displacements on the
devices, more important than the array effect generated by the wave action.
An additional contribution for this effect can also be the difference in line
stiffness, which is higher for configuration A, as shown by the natural surge
periods from Table 8. The smallest variations within the array are observed
in heave. In this mode, the hydrostatic stiffness is predominant over the
mooring system stiffness. Two distinct heave responses are observed, one for
the isolated device and configuration A, the other for configurations B, C
and D. These responses occur due to the relatively larger vertical stiffness
introduced by the mooring lines of the isolated device and configuration A,
where the clump weight mass is 10% the value of the buoy mass, which is
large enough to affect the heave response relative to the other configurations
(see Tables 2, 3, 4 and 5).

The surge response shows larger displacements for inter-body connected
arrays. The reduction of connectivity (fewer lines) seems to promote larger
surge displacements. A similar trend is also observed for sway, roll and yaw.
The large differences observed in surge between the independently-moored
array and those with inter-body connections are a consequence of the distinct
mooring stiffness.

Fig. 8 presents the dimensionless root-mean-square value of the line ten-
sion measured at the device fairlead as a function of the energy period, for a
significant wave height of 2.14 m. This parameter is defined as

% O,
oy = —, (1)
fi QgSO—n
where o is the water density, g is the acceleration of gravity and S is the
buoy waterplane area (S = 7(d? — d3)/4). The root-mean-square value of
the line tension j (oy,) is measured relatively to the pre-tension of line j

instead of the average value of f;, which already accounts for wave drift.
The graphs present results of the three types of lines: BML, IBL1, and
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IBL2. The symbols represent the average value and the vertical bars indicate
the corresponding maximum and minimum values. Configuration A and
the isolated device present the largest values of mooring line tension. Even
though their motions are relatively smaller when compared with those of
other array configurations, as shown in Fig. 7, the larger stiffness and pre-
tension values result in higher tensions. Configuration B presents the smaller
overall tensions, considering all types of lines, for the moderate sea states.
The reduction of connectivity (fewer lines) in the arrays with inter-body
connections have the effect of increasing the line tension variations, a result
coherent with the larger displacements observed in Fig. 7.

4.8. Extreme sea conditions

In the previous subsection we characterised the device motions and line
tension for moderate sea conditions, for the different array configurations.
However, under extreme sea conditions, the system nonlinearities are ex-
pected to induce a distinct response, as suggested by numerical models [56].
In addition, the maximum line tension is highly relevant to evaluate the
system survivability.

The survivability tests simulate a 3-hour full-scale storm condition based
on the sea states described in Section 3, whose parameters are indicated in
Table 7. Due to the large motion of the devices, green water effects were ob-
served during the experiments. In some cases, water interfered with markers
used by the motion tracking system, making the displacement measurement
unrealisable.

Fig. 9 shows the root-mean-square values of the six-degree-of-freedom
displacements of the buoy normalized by the root-mean-square value of the
free surface elevation from the incident wave as a function of the sea state
energy period. Unlike in Fig. 7, each point at a given energy period refers
to a different significant wave height value, with values ranging from 11.1 to
13.6 m, as indicated in Table 7. As in Fig. 7, the value of the central device
is represented by symbols and the vertical bars indicate the maximum and
minimum values observed within the array. In the cases where the symbol
is absent, the measurement of the displacement was unrealisable. This issue
occurred for configurations C and D.

The results present similar trends as in Fig. 7, with significant varia-
tions of the displacements of the devices within the array, for the arrays
with inter-body connections. These variations increase with the decrease of
the connectivity level, with configuration D (least connectivity) showing the
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largest variations. For the most part, configuration A and the isolated device
present the smallest displacements, with the exception of heave and pitch.

The dimensionless root-mean-square values of the line tensions from the
survivability tests are presented in Fig. 10. The BMLs from the isolated
device and from the array configuration A present similar values to the ones
found for moderate sea conditions (Fig. 10), which is coherent with the mo-
tions not being significantly different. The configurations with inter-body
connections (B, C, D) show clearly larger dimensionless tensions than in
Fig. 8. The variations of tensions are also significantly larger in the surviv-
ability tests. This indicates that highly nonlinear effects are present in these
cases. For the configurations with inter-body connections, B shows smaller
tensions than the other configurations with less connectivity, with IBL2 be-
ing the only exception. The high values observed for the IBL2 are believed to
be associated with the line becoming highly stretched during tests, which is
related with the relatively small line-length-to-separating-distance ratio l; /I,
indicated in Table 3. This coefficient measures the relative amount of length
that the line is able to stretch.

Fig. 11 presents a more detailed analysis of the loads observed during
tests, by plotting values of the dimensionless peak tension (f.,) distribu-
tion of the highest tensioned line, for each configuration and for each line
type. In addition, the values from the mooring lines of configuration A cen-
tral device are also shown, which is indicated in the figure as A(1). This
required the determination of each individual peak from the time series. The
dimensionless value of the line tension f is defined as

S

*

r=-t 2)

Results from sea states 2 and 3 are shown, as these were tested for all con-
figurations. For both sea states, the values and trends are identical. The
solid bars display the value of the 95" percentile, which indicates that 95%
of the tension peaks have a value equal or below this tension. Focussing only
on these values, we can see that smaller ones are observed for the mooring
lines of the isolated device. Relatively higher values are observed for the lines
of configuration A, which were measured in a line that has a smaller angle
with the incident wave direction and is located in the device waveward side,
therefore more subject to the wave drift force. For the arrays with inter-body
connections, considering the 95" percentile, the BML presents the least value
in all cases, followed by IBL1, and with IBL2 presenting the largest tensions
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(for configurations B and C). The smaller line-length-to-separating-distance
ratio l;/l, of IBL2 might justify this tendency. Regarding the 99*" percentile
and maximum values, it can be observed that the maximum peak values are
much higher than the corresponding 99*" percentile, from 2 to 6 times larger
for the array configurations. This indicates that highly abnormal tension
values are observed for very few peaks, which are far from representing the
whole tension time series. This problem is likely to be mitigated by using lines
with a larger length, for both BMLs and IBLs. In general, within an array,
lines with the smallest and the largest 95" percentile also show the smallest
and the largest maximum values, respectively. The isolated device shows
the smaller maximum tensions from all cases considered. By comparing the
values from the 95" and 99" percentiles, the mooring lines tension distri-
bution of configuration A central device (denominated as A(1) in Fig. 11)
presents very similar values to the one measured considering the whole array.
However, the maximum value is much smaller, displaying a value identical to
the one found for the isolated device, where the mooring lines had the same
orientation. This appears to indicate that the hydrodynamic array effect did
not have a relevant impact on these values. Therefore, performing survivabil-
ity studies on arrays by analysing each device independently appears to be
a reasonable assumption, which can allow tests at a larger scale while using
the same wave tank.

It is worth mentioning that the array configurations presented here were
designed to fit the dimensions of the wave tank. One major consequence was
the limitation of the length of the mooring lines. In the case of configuration
A, the central device had the same lines as the isolated one. However, the
lines of the corner devices had to be rotated to avoid collision with surround-
ing lines due to the relatively small distance between devices. This constraint
implied that some lines on the devices waveward had a small angle with the
incident wave (see Fig. 2), being more subject to wave effects (e.g. wave drift
force). Comparing the results of the isolated device and configuration A,
similar root-mean-square values of displacements and tensions are observed.
The major difference was found in the maximum tension, with array config-
uration A having a much larger tension in a line in the array waveward. This
result shows how important is the arrangement of the lines.

The arrays with inter-body connections showed large variability in the
device displacement and line tension within the same array. The IBL2 showed
the largest maximum tension, a value that might be associated with the
small line-length-to-separating-distance ratio l;/l., which causes this line to
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become fully stretched under extreme wave action. Likely for this reason,
array configuration D, which did not have IBL2, showed the best overall
performance, with the smallest maximum tensions.

Fig. 12 shows the time series of mooring line tension measured in the
devices fairlead during experiments, for some selected lines of the isolated
device and all four array configurations. The time variation is presented in
its dimensionless format (¢/4/d1/g). The selected lines correspond to cases
where the largest tension for a given configuration was measured. All graphs
present the response to the same incident wave condition, whose spectrum
is characterized by the extreme sea state 2 (Hy = 12.0m and T, = 15.95s).
These are the same conditions as the top graph of Fig. 11. For each line,
the pre-tension values are identified. Smaller tension variations are observed
for the isolated device and array configuration A. The inter-body connected
arrays, in particular the inter-body lines, present clearly larger variations.
These variations seem smaller for the array configuration D, where the highest
loaded line is IBL 1, instead of IBL 2 as for configurations B and C. The
largest peaks, which exceed the maximum value plotted in the graph for
IBL 2 in configurations B and C, are a result of an almost complete extension
of the mooring line. The results observed in Fig. 12 agree with the ones from
Fig. 11.

As a guidance for future studies on arrays, several considerations can be
gathered from this study. A longer scope of the bottom-moored lines is ex-
pected to reduce the line tension peaks. In this work, the area used for the
deployment of the lines was constrained by the dimensions of the tank, which
limited the length of the mooring lines. Due to the small separating distance
between devices, the independently-moored array required a mooring config-
uration different from the isolated device, which resulted in the rotation of
the lines attachment points relative to the vertical axis of the device. As a
consequence, in some lines, the new orientation, closer to the incident wave
direction, resulted in large peak tensions. For independently-moored arrays,
using a longer length for critical lines and using distinct mooring arrange-
ment for each device can avoid this problem. For arrays with inter-body
connections, the bottom-moored lines should have better performance with
more adequate orientations and longer lengths. The inter-body lines should
have a relatively large line-length-to-separating-distance ratio to avoid cases
where the lines become completely stretched, generating high tension peaks.
This can be done by increasing the line angle at the fairlead or through a
more complex arrangement with additional clump weights or floats.
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5. Conclusions

In this paper we present an experimental study on the dynamic response
and mooring tensions of different mooring arrangements of a five-device die-
type array of spar-buoy oscillating-water-column devices. Model scale tests
were performed at a wave basin for moderate and extreme sea states. We
compare the performance of different arrays with inter-body mooring con-
nections, by varying the number of lines used between devices and attached
to the seafloor. Moreover, the results of an array with independently-moored
devices and an isolated device were used for comparison. The mooring ar-
rangements were specifically designed for these tests. The inter-body con-
nected array with the smallest level of connectivity shows a high potential
for cost reduction, as it presents reductions of 58% in line length and a 73%
in the number of anchors when compared with the independently moored
array.

The moderate sea states results show that arrays with inter-body connec-
tions present larger motions but smaller line tensions than the independently
moored array, which is linked with the smaller pre-tension of the arrays with
inter-body connections. The tests for extreme sea conditions presented dis-
tinct results, with the arrays with inter-body connections still displaying
larger motion, but also presenting a significantly larger line tension, when
compared with the independently moored array. The largest tension peaks
were observed in the inter-body lines with smaller line-length-to-separating-
distance ratio. Due to some mooring lines being oriented near the wave
direction, the independently moored array also presented significant tension
peaks yet not as frequent as for the inter-body connected arrays. Overall, the
isolated device mooring system, with three bottom-moored lines, displayed
the best performance of all cases. The hydrodynamic interaction between
devices showed a negligible impact on the mooring line loads.

For future works, three major guidelines should be considered to reduce
line loads. Longer bottom-moored lines should be applied. For the indepen-
dently moored array, lines should present an adequate orientation. For the
inter-body lines, a larger line-length-to-separating-distance ratio should be
considered, which may require a more complex line arrangement.
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