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Shared mooring can potentially be a cost-reduction factor for future floating wind farms. To assess the effect of
shared mooring on the response dynamics of floating wind turbines (FWTs), experiments have been conducted
for two spar FWTs with a shared mooring configuration and for a single spar FWT with catenary mooring, both
at a scale of 1:47. Various regular and irregular wave conditions were tested and only one wave heading was
considered. From the test results, the response amplitude operators and response spectra of platform motions
and statistics of mooring tensions are compared for the two configurations. In the extreme wave condition, the
shared mooring configuration leads to a 40% increase in the platform surge motion compared with the single
spar FWT. Still, the absolute offset is within allowable limits prescribed by power cables. The fairlead tensions
of the anchor lines are not significantly increased in the shared mooring configurations, but the shared line
shows extreme tension peak events that are seldom present in the anchor lines. This study demonstrates the
technological promises and challenges of a shared mooring system from an experimental perspective. Results
and videos are made available and can be used to validate numerical models.
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1. Introduction

With an installed capacity of 12 gigawatt (GW) in 2020 and a
target of 60 GW of installed capacity by 2030, the European Union
aims to position herself as a leader in clean technologies [1]. To
reach this objective in the next years, using conventional bottom-fixed
substructures in depths below 50 m may not be sufficient. For offshore
sites with deep water and convenient wind conditions, bottom-fixed
platforms are unfeasible from an economic point of view. Therefore,
floating offshore wind installations have the potential to expand in the
near future, making them a pillar of Europe’s research and development
agenda [2].

Among different floating wind turbine (FWT) concepts [3], the spar
FWT is one of the most technically mature and widely studied, as
shown by the Hywind Demo project [4]. A spar buoy usually has a
deep draft and is ballast-stabilized. To understand physical behavior
and to demonstrate technical feasibility, important experimental works
of spar FWTs have been carried out in the past [5-7]. The performance
of spar FWT has been compared against that of other floating concepts,
e.g., semi-submersible and the tension leg platform FWTs [8-10]. Gen-
erally, in wave-only conditions, the spar FWT showed smaller surge
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response and larger pitch responses compared to other FWT concepts.
The past experimental research on spar FWTs is interesting, but limited
to a single spar FWT with catenary mooring at a certain water depth, to
the authors’ knowledge. There is lack of experimental work considering
deepwater sites and alternative mooring configurations, especially on
a farm scale.

The demand of the evolution of floating offshore wind technology
implies the development of innovative floating platform substructures
with reliable and cost-efficient mooring solutions. The total cost for
the substructure and foundation (including moorings), assembly and
installation of a floating offshore wind project was estimated to be
approximately 35% [11]. As the offshore wind industry has shown
growing interest in locations like the Mediterranean sea [12] where
deep-water floating solutions are preferable, efforts to reduce these
costs are needed in current and future offshore projects. For the moor-
ing and anchoring system of a floating wind farm (FWF), novel so-
lutions like shared anchor or shared mooring configurations can be
considered to achieve cost reductions in material consumption and
installation. Shared anchors can reduce the mooring costs for floating

0141-0296/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Top and side view of the two configurations with different mooring systems (dashed line: wire; solid line: chain). The symbols f1, f2, /3, f4 denote the fairlead connections.

wind farms by reducing the number of anchors and hence the installa-
tion costs; see [13-15]. This solution has been adopted by the Hywind
Tampen FWF [16]. Shared mooring decreases the capital expenditure
by reducing the total length of the mooring lines and the number of
anchors [17,18], but the principles of shared mooring are yet to be
further understood prior to any practical implementations.

Shared mooring systems for spar platforms have been studied in
recent years in several numerical works. The elastic catenary theory
for hanging cables was used to model the shared line of a dual-spar
FWF [19]. In a subsequent study, Liang et al. [20] investigated the
natural periods of a dual-spar FWF with a shared mooring system.
The anchor lines were designed based on analysis of a single FWT.
Different mooring properties were studied and a sensitivity study was
performed to evaluate their contributions. The shared line showed a
primary influence on the surge and sway natural periods. Liang et al.
[21] further investigated the extreme response of the dual-spar FWF
with a shared line through a comparison to a single spar FWT and
sensitivity studies on loading directions and mooring properties of the
shared line. The FWF showed larger horizontal motions and higher
mooring tension in anchor lines than the single FWT. Snap events were
observed in the shared line. Also, based on the mooring design of a
single FWT, Wang et al. [22] proposed an array of 9 wind turbines
on spars buoys in a 3-by-3 square with only eight anchors and twelve
shared lines. The numerical study was intended to provide a rough
estimation of cost saving in terms of number of anchors and length of
mooring lines. The investigation showed larger tensions in the shared
FWEF than in the single FWTs for all the load cases. Wilson et al. [23]
studied the optimization of shared mooring systems using a linearized
model for the force-displacement relationship of floating platforms.
The study showed that the more complicated the shared layout is, the
greater the restoring demand for the shared lines. Similar works on
FWFs can be found for floating platform concepts other than spars.
For example, semi-submersibles FWF with shared mooring have been
studied by Goldschmidt and Muskulus [24], Hall and Connolly [25],
Connolly and Hall [26] and Lozon and Hall [27]. Overall, FWFs with
shared mooring can achieve great cost reduction potentials compared

with FWFs that consist of single, but larger platform motions and
mooring tensions can be the trade-off.

Considering the above literature review, we observe a lack of exper-
imental literature on the hydrodynamics of FWFs with shared mooring
systems, a key aspect in validation and calibration of numerical models.
To partially fill in this research gap, an experimental investigation on
a dual-spar FWF with a shared mooring system is presented herein. For
comparison purposes, model tests have been also conducted for a single
spar FWT with a catenary mooring system. Since the focus is set on the
wave-induced hydrodynamics, wind loads have not been considered.

The findings of this experimental work aim to investigate and un-
derstand the complex multibody dynamics involved in shared mooring
FWFs and, hopefully, foster the development of shared-mooring con-
cepts, with the subsequent impact on cost reduction of FWFs. To make
the effort more useful to the research community, the data discussed
in the paper and videos of the experiments are made available in the
Data Availability section.

This paper is organized as follows. In Section 2, the case studies,
the mooring system design, and the environmental conditions are
presented. In Section 3, the experimental setup is described and the
test matrix proposed. In Section 4, the wave calibration method and
post-processing techniques that are conducted during the analysis are
explained. In Section 5, the experimental results are presented and
discussed. Finally, conclusions and future lines of work are enumerated.

2. Case studies
2.1. Description of the FWT and the FWF

The 5-megawatt spar FWT, OC3-Hywind [28,29], is selected in the
present experimental campaign. Two different mooring configurations
have been tested. As illustrated in Fig. 1, a shared mooring system
is applied to the dual-spar FWF and a conventional catenary mooring
system is applied to the single spar FWT. For the dual-spar FWF, two
FWTs are placed along the defined surge direction. The initial turbine
spacing is 750 m, which is approximately six times the rotor diameter.
The static drafts of all FWTs are 120 m and all the fairleads are 70 m
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Fig. 2. Top view of the model with the aluminum structure, including the
instrumentation cables.

Table 1

Environmental parameters for mooring system design.
Environmental variable Operational Extreme
U,, (hub-height) [m/s] 11.40 42.71
H, [m] 2.57 15.50
T, [s] 11.12 14.45

below the still water level, the same as specified in [28]. Each FWT
is moored to the seabed by two single lines through anchors (anchor
lines). One shared line connects the two FWTs. The single spar FWT is
connected to the seabed by three anchor lines. For both configurations,
the projected angle between any neighboring mooring lines is 120 deg.
The studied water depth (235 m) of this FWT was selected con-
sidering the typical range of 200-300 m among commercial projects,
e.g., Hywind Tampen [16]. Because this depth is different from the one
specified in [28], a more realistic mooring design is desired. A proper
redesign has been carried out with details presented in Section 2.3.

2.2. Environmental conditions

Metocean conditions of the “Norway 5” offshore site [30] are con-
sidered for the mooring design and for defining the test matrix of the
experimental campaign. The joint probability distribution of the mean
wind speed (U,,), the significant wave height (H,) and the spectral peak
period (Tp) is used to calculate the conditional distributions from which
the mean values of H, and T, are taken for the operational condition.
For the extreme condition, the 50-year environmental contour surface
is generated based on the joint distribution. The sea state with the
highest H; on the contour surface is selected. The environmental
conditions are summarized in Table 1. The wind speed is included for
the sake of completeness, but wind loads were not considered in the
tests.

2.3. Mooring system design

The anchor lines of the spar FWT are redesigned for the selected
water depth. We follow a design process similar to the one presented
in Liang et al. [20]. A two-segment mooring design is considered for
the anchor lines in which the upper segment is made of sheathed steel
wire rope, and the lower segment is made of a R3 studless moor-
ing chain. The delta connection [4] is not considered for simplicity.
Four design parameters are considered, including the total mooring

Engineering Structures 292 (2023) 116475

Table 2
Design variables and design space of the anchor lines.

Design variable Sampling range Sampling interval

Total mooring line length L, [m] [660, 680] 5
Wire segment length L, [m] [250, 350] 10
Wire segment diameter D,;,, [mm] [90, 130] 5
Chain segment length D, [mm] [110, 150] 5

line length, the length of the wire segment and the diameters of the
wire segment and the chain segment. The design space of variables is
presented in Table 2, and the orthogonal sampling method is applied.
The design objective is to minimize the material costs in production
and manufacturing of mooring lines. First, static analyses are performed
in Mimosa [31], a program for moored vessel analysis. Then, dynamic
analyses are performed in SIMA [32,33], a numerical simulation tool
for marine operations and floating systems. Details of the objective
function, design constraints, analysis procedures and design check can
be found in Liang et al. [20]. The sample from the design space which
fulfills the design constraints with the lowest mooring cost is selected
as the final design for the anchor lines of the spar FWT.

As shown in Fig. 1, the selected mooring properties are applied to
the three mooring lines of the single spar FWT and to the four anchor
lines of the dual-spar FWF. For the shared line of the dual spar FWF,
steel wire rope is chosen as the material because it is lighter than chain.
There is no design recommendation for the shared line design [34,35],
so the same wire properties of the anchor lines are used for the shared
line. Also, the length of the shared line was determined such that the
distance between the platforms is equal to the target turbine spacing
of approximately six times the rotor diameter in the static condition.
When the floating system reaches the static equilibrium, the two FWTs
are driven towards each other for a short distance due to the self
weight of the shared line, leading to differences in the static pretensions
between the single-spar and dual-spar configurations. The material
properties of the mooring lines are summarized in Table 3.

3. Experimental setup

The experimental campaign was conducted in the ocean basin at
the Canal de Ensayos Hidrodind- micos de el Pardo (INTA-CEHIPAR). The
dimensions of the tank are 150 m in length, 30 m in width and 5 m in
depth. The tank is equipped with a towing carriage, in which the data
acquisition systems reside.

As described in Section 2, the water depth of the site is 235 m.
Therefore, considering the water depth of the tank, a scale ratio 4 of
47 is selected.

3.1. Single FWT

When testing floating platforms in waves, gravity and inertia forces
are predominant [36]. Therefore, the Froude scaling similarity laws
were applied in these tests. The target model scale properties are
listed in Table 4. The model was constructed with PVC plastic, and
solid lead was used for the ballast. To avoid water leakage during the
experiments, several seals were applied and checked before placing
the model into the testing position. In addition, during the entire
experimental campaign, the models were constantly inspected for water
intake to avoid changes in displacement and trim angle. A detailed
description of the model design is included in Appendix A.

The construction of the model resulted in errors below 5%. A
comparison with the target values can be found in Table 4. The model
mass was set to obtain the exact scaled draft. Errors in lengths are
normalized with respect to V!/3, with V being the target displacement
volume.

Because the mooring lines were too lightweight, the submersible
load cells could affect the mooring angle due to their elevated weight.
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(a) Fairlead connection.

-

_

(b) Connection between the mooring line and the anchor.

Table 3
Properties of the mooring lines.

Fig. 3. Mooring line connections.

Mooring property

Anchor line

Shared line

Lower segment

Upper segment

Sheathed steel wire rope
250

95

10

47.39

360.42

8.47E+08

9.34E+06

Sheathed steel wire rope
739.6

95

10

47.39

360.42

8.47E+08

9.34E+06

Material R3 studless chain
Length [m] 415

Diameter [mm] 140

Sheath thickness [mm] =

Mass density [kg/m] 392.00
Submerged weight [N/m] 3535.94
Extensional stiffness [N] 1.53E+09
Minimum breaking strength [N] 1.43E+07

Table 4
Target and measured mass properties at model scale.

Mass property

Target value Measured value  Units  Error

Mass 77.403 77.721
Height of COG above keel 0.894 0.891
Radius of inertia about x-axis® 1.03 1.04
Radius of inertia about y-axis® 1.03 1.04
Radius of inertia about z-axis®  0.10 0.94

ke 0.41%
m 0.67%
m 2.94%
m 2.95%
m 2.02%

aMeasured with reference to center of gravity (COG).

Therefore, the lines are sent to the aluminum structure showed in Fig. 2
the water surface, where they were connected to the measurement
devices. Pulleys were installed at the fairlead positions for that purpose.
A submerged view of the fairlead connection and the pulleys used
is found in Fig. 3(a). This modification forces us to consider the full
pretensions instead of just the vertical component in the design process
to adjust the mass properties of the model.

Special care was taken to reproduce the properties when scaling
the mooring lines. The exact length was ensured and the weight per
unit length of the available mooring material was chosen to be close to
the ones at full scale (see Table 3). The connection parts were selected
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Table 5
Physical properties of the mooring lines.

Table 7
Summary of test cases with irregular and regular waves.

Component L [m] w [kg/m] K [N/m] (a) Irregular wave
Anchor line ;Ithzuln . zgz g(l)gg 800 H, tm] T, I8l
eel wire . . Operational (IRR01) 2.57 11.12
Shared line Steel wire 15.736 0.020 520 Extreme (IRR02) 12.70 15.45
White noise (WN) 2.00 5-20
(b) Regular
Table 6 i
Target and measured pretensions for both configurations. H [m] T [s]
Pretension Ty Ty, Ty Tyy Units REGO1 2.5 5.48
REGO02 2.5 9.60
Single spar FWT ?\;:ag::re q 2'21 Z'gé g'gé 8 E REGO3 2.5 10.97
’ . : REG04 5.0 8.0
Target 7.62 7.62 6.34 6.34 N REGO5 10.0 16.0
Dual-spar FWF Measured 797 804 678 667 N

to take this into account and increase the equivalent weight per unit
length when needed. The resulting model scale line properties are listed
in Table 5.

The number of snap events may be overpredicted if the mooring
stiffness is not adequately scaled [37]. In order to have line tensions
which approximately scale as the other forces involved in the system,
a set of springs was placed at the anchor aiming at properly modeling
the line stiffness. This connection is encircled in red in Fig. 3(b).

To select the spring, an equivalent linear stiffness of the full-scale
mooring line is computed. Since the stiffness of the line should scale
with 43> when the Froude scaling laws are applied, the linear spring
stiffness, K, was selected according to Eq. (1)
_EA

K s
L

(€Y

where EA is the axial stiffness of the line and L is the unstretched
length of the line at model scale. Results are shown in Table 5.

For the single spar FWT with catenary mooring, the model is placed
30 m away from the wave generator; see Fig. 4. In this test setup, the
anchors were placed at the exact scaled positions. Also, a diver ensured
the correct laying of the line at the bottom preventing the chain from
crooking due to the manipulation of the chain during the installation,
and conducted minor adjustments to set the pretensions prior to the
tests. Table 6 shows a comparison between the measured and the target
pretensions at the fairlead. Due to lack of available time in the tank,
additional static tests to estimate the stiffness in the various degrees of
freedom were not carried out. They are left for future work.

3.2. Dual-spar FWF

In the dual-spar FWF, two FWTs with the same physical properties
described in Section 3.1 are used. To scale down the mooring lines and
their properties for this configuration, the same procedure described
in Section 3.1 is followed. The layout of the mooring system of this
configuration is detailed in Fig. 5.

The downscaled mooring properties and a comparison between the
target and measured pretensions are listed in Tables 5 and 6. To check
the installation accuracy, the distance between models was measured
several times at the position of static equilibrium with a mean value of
16.054 m.

3.3. Test matrix

In total, 28 tests were carried out in this study, consisting of six
decay tests, two irregular wave cases, one white noise case, and five
regular wave cases for each configuration. For the wave cases, the
amplitudes and periods described in Section 2.2 were scaled down
according to the Froude scaling laws.

Due to the mechanical limitations of the wave generator with the
selected scale ratio, the environmental conditions for irregular wave
cases described in Section 2.2 were modified and listed in Table 7a,
where the white noise case is also listed. The set of regular wave cases,
listed in Table 7b covers both operational and extreme conditions.

3.4. Instrumentation

All measuring instruments were calibrated prior to testing to ensure
quality and reliability of the data acquisition system. Measurements
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n

(a) Spar 1 with all the instrumentation.

(b) Spar 2 with all the instrumentation.

Fig. 6. The two spar models in testing position with the instrumentation circled in red.

were recorded with a sampling rate of 100 Hz, which was sufficient
considering typical frequencies of the phenomena involved (maximum
1.2 Hz). Fig. 6 shows the sensor positions during the experiments of
the dual-spar FWF. The instrumentation setup for the single FWT is
identical to Spar 1 of the FWF.

In this work, the 6 degrees of freedom (DOF) rigid body motions of
the model placed 30 m from the wave generator were measured using
an optical tracking system, KRYPTON. The system is a camera-based
dynamic position measurement of the location of one or more infrared
LEDs. The frame equipped with the LEDs was attached to the model on
top of the aluminum structure. In Figs. 7(a)-7(b), the lead frame and

the cameras that point to Spar 1 are encircled in red. The measured
motions must be further post-processed to obtain the motions of the
model’s COG.

For the dual-spar configuration, the fairlead tensions of the two
anchor lines of Spar 1 and the tensions of the shared line at both ends
are measured with four load cells. For the single spar configuration,
all three mooring tensions are measured. Four one-component load
cells HBM with a SGfull bridge were used. The measured range of
the load cell is O to 200 N and the precision is +0.081 N based on
the residual values of its calibration. The load cell was covered with
an insulating material to prevent drift caused by the environment
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(a) Optical tracking camera. (b) Lead frame.

Fig. 7. Detailed view of the instruments used for motion measurement during the tests.

(a) Detailed view of one of the load cells (b) Detailed view of the line arrange-
with the turnbuckle. ment.

Fig. 8. Detailed view of the load used during the tests and the line arrangement.

(a) Capacitance wave probe. (b) Ultrasonic wave probe.

Fig. 9. Detailed view of the instruments for measurements of water surface elevation.
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during the experiments. A detailed view of the sensor can be seen in
Fig. 8(a). A load cell, a turnbuckle for fine adjustment of the target
pretension, and a steel wire connected to the catenary line are used.
The arrangement can be seen in Fig. 8(b).

The incoming waves were measured by means of an ultrasonic wave
sensor located in the carriage. In addition, a capacitance wave probe is
used to measure the wave elevation next to Spar 2. The precision of the
measuring devices is + 2.027 mm on average. These sensors are shown
in Figs. 9(a) and 9(b).

4. Methodology
4.1. Decay tests

To determine the natural periods of the platform with the mooring
system designed, decay tests were performed in 6 DOFs of a single spar.
The model was manually displaced from equilibrium and then released.
The initial and last transient cycles are discarded for each test. Then,
the remaining half cycles are analyzed. In the following, the subscript i
refers to the ith-half cycle, starting at time ¢; in a local extreme (see
Fig. 10).

Decay experiments are analyzed by assuming that the measured
data of each half cycle can be approximated to the theoretical solution
of a damped linear single-DOF system. For example, Eq. (2) represents
the motion of the uncoupled heave DOF in free vibration.
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where p,,;, is the equivalent linear damping coefficient expressed as
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and w;,,; is the equivalent undamped circular natural frequency ex-
pressed as
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where M, Cj;, Bs;, Asz; are the mass, stiffness, linear damping and
added mass in heave, respectively. Assuming that the system is lightly
damped, the solution of the motion model of Eq. (2) can be approxi-
mated by the following analytical solution:

z(t) = e Heai’ " Z, cos(ws 4 - T), 5)
with 7 = ¢ —t; and w;,; is the damped circular natural frequency
expressed as
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Which can be determined approximately from the time between
consecutive peaks:

T
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By taking the logarithms of Eq. (5) for two consecutive peaks in the
time interval [7;,7,,,], the characteristic parameter p,,; is given by:
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Both are assumed to vary slowly across the decay cycles. Therefore,
the mean values of all the analyzed half cycles can be selected as
representative values [38].

Finally, the nondimensional damping ratio, &, is defined as a frac-

tion of the critical damping, ng”, as follows

He B33
f= 1 = 9
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Three repetitions for each decay test were performed and different
amplitude magnitudes and heading directions were applied to minimize
the error in the measurements.
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Fig. 10. Exemplied analysis of a decay time series.

Considering the 6-DOF rigid body motions of each FWT, the dual-
spar FWF has twelve natural periods and corresponding eigenmodes
[20]. In these eigenmodes, two FWTs move in the same heading or
the opposite directions of a DOF. However, due to the difficulty of
applying initial displacements or rotations to both FWTs to excite
the eigenmodes, for the dual-spar FWF in the decay tests, an ini-
tial displacement or rotation was applied to Spar 1 only. The same
experimental procedures as for the Single FWT are applied to the Dual-
spar FWF, and natural periods and damping ratios of the FWT were
estimated. In order to calibrate the multibody numerical models, we
suggest that the viscous damping forces estimated from the single spar
tests can be applied to each individual FWT of the FWF as a starting
point. Then, numerical decay tests can be carried out for the FWF, and
the obtained damping ratio and natural periods of the coupled modes
will be compared with the experimentally measured ones. An iterative
procedure may be needed to adjust the damping and drag coefficients
of the system components (FWTs and mooring lines) to achieve a good
match.

4.2. Wave tests

4.2.1. Wave calibration

All wave cases described in Section 3.3 were tested for both con-
figurations following recommendations by the International Towing
Tank Conference (ITTC) [39,40]. A calibration of the waves without
the presence of the model was performed to ensure comparable wave
loads between the two configurations.

According to ITTC [41], for irregular wave tests, a duration of 20—
30 min at full scale is generally sufficient to collect statistically repre-
sentative samples under wave-frequency responses. In this study, to ob-
tain better response statistics with reduced statistical uncertainty [42],
a duration of 1 h with three realizations is considered for each irregular
sea state.

A comparison of the wave power spectrum density (PSD) between
the theoretical and experimental results of the two irregular cases, with
3 seeds each, is presented in Figs. 11(a)-11(b). The calibration of the
significant wave height (H,) and the significant wave period (7)) of the
spectra are within acceptable errors (lower than 5%).

A white noise spectrum was also calibrated. This case was char-
acterized by a target significant wave height H; of 2 m and a fre-
quency bandwidth between 0.05 and 0.20 Hz on full scale. Fig. 11(c)
shows a comparison of the wave spectra between the theoretical and
experimental results.
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(a) Calibration of wave spectra; wave case IRRO1.
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(c) Calibration of wave spectra; white noise case.

Fig. 11. Calibration of the wave power spectra.

The same quality criteria was adopted for the regular wave cali-
bration, achieving an error of less than 5% for the wave height and
period.

4.2.2. Response amplitude operators (RAOs)

In a linear hydrodynamic model, the response of the model (in
motions and tensions) to regular waves is expected to be periodic with
the same frequency as the incident wave. The forcing input of a regular
wave with amplitude 7, is expressed as follows:

n = 1 cos(wt) (10)
Then, the output of a linear system is
X = Xcos(wt +€x) 11

Both the amplitude of the wave and the amplitude of the response
were obtained with the first Fourier harmonic of the corresponding
time series. The magnitude of the first-order RAO for a given frequency
is calculated according to Eq. (12).

X

RAOy (@) = 12

The period and height of the calibrated regular waves tested have
previously been shown in Table 7b. Between 10 and 20 cycles were
used to determine the transfer function, following the ITTC recommen-
dations [43].

Alternatively, signals of the calibrated white noise case are utilized
to perform a frequency domain analysis of the model responses. Then,
the RAO magnitudes can be determined according to Eq. (13) [36].
Here, S,, and S,, are the cross- and auto-spectral energy density
spectra of the wave, respectively.

N
Xy 1
5 13)

XX

RAOy =

Units of the RAOs are m/m for translational motions, deg/m for ro-
tational motions, t/m for tensions and forces, and t m/m for moments.

5. Results

Results will be presented focusing on a comparison between the
two configurations explained in Section 3. In the figures, the single
spar FWT and the dual-spar FWF are called “Single” and ‘“Dual”,
respectively. Fig. 12 shows snapshots of both configurations during the
experiments; refer to Figs. 4-5 for the layout. The 0 deg wave heading
is pointed in the figure with the light blue arrow. The estimated natural
frequencies and damping ratios of the two configurations are presented
in Section 5.1. RAOs are presented in Section 5.2. Finally, motions
and mooring tension analysis for the irregular waves are conducted
in Section 5.3. As only one wave heading is considered, the platform
motion analysis focuses on surge, heave, and pitch.

5.1. Natural frequencies and damping of the two configurations

Following the procedure detailed in Section 4, the natural periods
and damping ratios are estimated for both configurations and pre-
sented in Table 8. In line with the observations in [21], no significant
differences between the two configurations are found for heave, roll,
and pitch because these DOFs are hardly affected by the considered
mooring configuration. Note that the most noticeable differences ap-
pear in the surge (51%) and sway (7%). This is due to the system
reduction in stiffness by changing two anchor lines to a shared line in
the dual configuration. Estimations of the average damping ratios & are
listed in Table 9, showing no significant differences between the two
configurations.



T. Lopez-Olocco et al.

—
ing Cameras

i

(a) Single-spar configuration.
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(b) Dual-spar configuration.

Fig. 12. Illustration of the two configurations during seakeeping tests. (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)
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Fig. 13. Comparison of response amplitude operators for surge, heave and pitch motions, single- and dual-spar configurations.

Table 8
Natural period estimation for the two configurations [s].
Surge Sway Heave Roll Pitch Yaw
Single 93.03 87.92 29.80 31.69 31.71 24.55
Dual 142.88 83.89 30.50 31.56 31.32 23.93

Table 9
Estimation of the damping ratio ¢ for the two configurations [%].
Surge Sway Heave Roll Pitch Yaw
Single 3.87 291 1.77 1.07 1.27 1.62
Dual 3.56 3.02 1.86 1.08 1.32 1.83

5.2. First-order RAOs from the regular wave and white noise tests

The estimated motion RAOs for both configurations are shown in
Fig. 13. A comparison is presented between the white noise and the
regular wave results, obtained based on methods described in Sec-
tion 4.2.2. Generally, a good match between the two tests is achieved
for both configurations. This is an indication of the system’s linear
behavior in this frequency range as energy is not transferred between
different frequencies in the white noise tests.

Comparing the single- and dual-spar configurations, we observe
that the differences between them are not substantial in the first-
order frequency range. The reason is that the motion dynamics in this
frequency range is not affected by the mooring used in this study.

10
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Fig. 14. Comparison of response amplitude operators for anchor lines (7;,) and shared line (7;); single- and dual-spar configurations.

As RAOs are just linear operators whereas the catenary mooring
system has nonlinear restoring characteristics, the tension RAOs must
be interpreted with caution. To evaluate the impact of the mooring
system on tension responses, the tension RAOs have been estimated
and are presented in Fig. 14. The results are similar for the anchor
lines but substantial differences can be found for the shared line. A
possible explanation is that since additional nonlinearities are present
in an FWF with shared mooring (primarily due to the shared line), one
can expect differences between the transfer function obtained from the
white noise tests and from the regular wave. For a deeper investigation
on this matter, more repetitions of these tests, and other white noise
tests with different wave amplitudes and regular waves with different
amplitudes and frequencies should be carried out. This has been left for
future work.

5.3. Response analysis for the irregular wave tests

As discussed in Section 3.3, an operational and an extreme sea state
have been tested. For FWTs in normal operation, aerodynamic loads
have a significant impact on the motion and structural responses in
addition to hydrodynamic loads. As wind loads were not considered
during the tests, the studied load cases are representative of scenarios
where the spar FWTs are parked due to maintenance or faults [44].
Under such scenarios, FWTs are usually parked with feathered blades
and wave loads are dominant. To highlight the extreme responses of
the FWF and to improve the narrative of the article, results of the
operational condition are moved to Appendices B and C.

In order to present the results, first, motions will be analyzed, with
a focus on surge motion, the crucial one in terms of the inter-array
power cable design, and the one that is most affected by the change
in the mooring configuration from “Single” to “Dual”. The platform-
pitch motions will be also discussed as the floater’s tilt angle relates to
serviceability limit state and is determined by tolerance requirements
by turbine manufacturers. Mooring tensions will be discussed to close
this section.

5.3.1. Motion responses

5.3.1.1. Spectral analysis. The PSDs are averaged across the three re-
alizations of the surge motion in the extreme wave condition and are
shown in Fig. 15. Individual PSD plots of the three realizations of the
single- and dual-spar configurations are included in Appendix B.

As illustrated in Fig. 15, the surge motion PSDs have similar peaks
in the first-order wave frequency range for both configurations despite
clear differences in the low frequency range.

The surge-pitch coupling is evidenced by the peak around 30 s
(0.033 Hz), which corresponds to the estimated natural period in pitch
(see Table 8). This was also observed in Ramachandran et al. [45] and
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Fig. 15. Averaged surge spectra for the IRRO2 wave case. H; = 12.7 m and T, = 1545 s.

verified in other tests of spar FWTs, e.g., Meng et al. [46] and Yang
et al. [47].

In the low-frequency range, surge resonant motions of both config-
urations are excited at peaks around 0.01 Hz; see Table 8. Compared
with the single-spar configuration, the dual-spar configuration displays
a larger amount of energy in periods 60 to 120 s (0.02 to 0.0075 Hz).
This may be correlated with additional eigenmodes of the FWF due
to the complex multibody dynamics present in the configuration, as
discussed in Section 4.1 and in Liang et al. [20]. Future work is needed
for a proper understanding of this particular energy distribution.

For the pitch DOF, the averaged PSDs are presented in Fig. 16(a) and
are similar for both configurations. The differences in the heave mo-
tions between the two configurations are not large either (Fig. 16(b)).
The reason for this observation is that both the heave and pitch motions
are governed by the mass properties and the dominant hydrodynamic
stiffness, while the mooring stiffness plays a secondary role.

Among the investigated DOFs, the surge motion is most affected by
mooring configurations. Hence, one should focus on the surge offset
when assessing the feasibility of the shared mooring in an FWF.

5.3.1.2. Statistics. A probability of exceedance (POE) curve measures
the number of times a stochastic process exceeds some critical value per
unit time. In the extreme sea state, excessive surge or pitch motions of
the spar FWT may lead to damage of the inter-array power cables or
drivetrain components. According to feedback from industrial partners
in various initiatives, the experimentally obtained POEs can also be
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useful in verification of numerical models for design and certification
purposes. Hence, we use POE together with conventional statistics to
compare the two configurations. Fig. 17 presents the POEs obtained
from time histories of the surge and pitch motions for the three real-
izations. First, it is observed that the shapes of the POEs are consistent
across the three realizations. Second, for a given level of POE, e.g., 0.1,
the corresponding surge motion (blue curve) of the dual-spar configu-
ration are significantly larger than that (red curve) of the single-spar
configuration. This observation is consistent with previous observation
for the surge PSDs. Additionally, the differences in the pitch motion
POEs between the two configurations are negligible.

Eight statistical values of the surge and pitch motions are presented
in Fig. 18 to facilitate a quantitative comparison of the two configura-
tions. The design standards of FWTs, e.g., DNV-ST-0119 [35], require
that the characteristic extreme responses for design are obtained by
fitting probability models to the global maxima of each realization and
for a sea state, many realizations should be simulated with different
seeds. Due to the limited number of realizations from the experiments,
we do not perform a design check but only compare the representative
statistics.

As shown in Fig. 18(a), the total maxima and minima are mildly
above the averaged maxima and minima for the surge motion for
both configurations. This indicates a degree of stochastic uncertainty
among the three realizations. Consistent with the POEs, there is larger
maximum, mean, and RMS in surge for the dual-spar configuration
than for the single-spar configuration. Such an observation is aligned
with the numerical investigation [21]. For the mooring system design
of FWF, there are no strict criteria regarding the maximum offset
and a rule-of-thumb threshold is 10% of the water depth because of
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constraints of the inter-array power cables. For the present water depth,
the maximum surge offset (approximately 8 m) of the dual-spar FWF is
still below the threshold of 23.5 m.

It is interesting to notice that mean surge of the single spar FWT is
substantially smaller than that of Sparl of the FWF, whereas the RMS
values of the two configurations are comparable. While the mean drift
of the spars in the two configurations experiences a minor difference,
the larger mean surge of the dual-spar configuration is mainly due to
the reduced mooring stiffness in the surge direction as the shared line’s
contribution to the stiffness is relatively small.

Regarding the platform pitch motion, the two configurations display
quite similar statistics, as shown in Fig. 18(b). The dual-spar config-
uration has slightly higher maximum and RMS than the single-spar
configuration. This trend is consistent with the POEs presented before.
Currently, the maximum allowable pitch angle in the range of 10-15
deg [48] is common for the nonoperational load cases, e.g., design load
cases 6.1 and 6.2 in the IEC standard [49]. This design criterion is also
fulfilled for both configurations in the extreme wave case.

5.3.2. Tension responses of the anchor lines

For both configurations, the fairlead tension Ty (see Fig. 1) of one
selected anchor line (Line 1) is focused on in the analysis. As Line 1
and Line 2 are symmetrical, the discussion for Line 2 is not included
here.

5.3.2.1. Spectral analysis. As PSDs of individual realizations of the two
configurations are included in Appendix C, the averaged PSD across
the three realizations of the anchor line tensions for the extreme wave
case is shown in Fig. 19. It is observed that the response in the first-
order wave frequency range is more similar for both configurations
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than the response in the low frequency range. This is in line with the
observations in Section 5.3.1.1 regarding the surge motion PSDs. In the
low frequency range, the estimated natural surge periods and the surge-
pitch coupling are also observed. In addition, a considerable amount of
energy between 60-120 s (0.02 to 0.0075 Hz) is also be observed in
the line tensions because of the correlation between the dynamic line
tension and surge motions.

5.3.2.2. Statistics. Fig. 20 shows the POE curves of the time series
of the fairlead tension, T;;. In order to account for the different
pretensions in the single- and dual-spar configurations, the statistics
are normalized with the pretension. Similar to POEs of the motions in
Section 5.3.1.2, these POEs can also be used in verification of numerical
analysis results of mooring lines. As expected, the normalized T,
fairlead tension POEs show relatively small variability across the three
realizations for both configurations. This observation is similar to that
of the surge or pitch motion. Generally, the tension POEs have similar
trends in both configurations. For a given POE level, a moderately
larger tension is observed for the dual-spar configuration.

As mentioned in Section 5.3.1.2, statistical quantities, e.g., the 5%
and 95% quantiles, mean, and standard deviation, can be used to verify
numerical models. Hence, these values for the fairlead tensions in the
anchor lines are presented in Fig. 21. It is interesting to notice that the
mean value of the fairlead tension is close to the pretension in both
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configurations, indicating that the mean drift in surge for the dual-
spar FWF does not significantly impact the mean tension. This can be
attributed to the reduced mooring stiffness in the FWF as discussed
above. Among other quantities, the RMS and the 5% and 95% quantiles
are slightly larger for the dual-spar configuration than for the single-
spar configuration. This trend is consistent with the POEs shown in
Fig. 20. Similar to the observation for the motions, the total maxima
and minima of the three realizations are of the same order of the
average maxima and minima.

Here, the discussion is focused on the extreme wave case. Results
on the operational case and discussions on the differences in tension
responses between Line 1 and Line 2 are found in Appendix C.

5.3.3. Tension responses of the shared line

Because the dynamics of the shared line is different from that of
the anchor lines, the fairlead tensions in the shared line should be
analyzed separately. This difference was shown when analyzing tension
RAOs in Section 5.2 and can be clearly appreciated by observing the
time histories for the extreme wave condition for the anchor lines and
shared line for the single- and dual-spar configurations, as presented in
Figs. 22-23.

When analyzing the dynamic mooring tensions, an interesting factor
to consider is the snap events. According to Hsu et al. [50], a snap
event can be described as a sudden and violent increase in tension
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that appears after a slack in the line. They proposed the following snap
criteria based on the DNV guideline [51]:

Tyoer <0.1-T,, Tyap 2 19T,

snap = mean

14

ean >

where Ty, is the local tension minima, Tj,,, is the local tension

sna,

maxima, and 7, is the mean dynamic tensionl.,

In Figs. 22 and 23 the snap and slack events and their thresholds are
highlighted following the above criteria. As shown in Fig. 22, for the
anchor lines in both configurations, the thresholds (dashed lines) are far
from the maximum ranges of the tension time histories. In contrast, for
the shared line, a number of snap and slack events can be identified; see
Fig. 23. Snap events experienced by the shared line were also reported
in the previous numerical study [21] . As the present dual-spar FWF has
one shared line, there is a significant reduction in the mooring stiffness
in surge. In addition, the motions of Spar 1 and Spar 2 are not in phase
in irregular waves and the relative distance between them varies. These
factors contribute to the observed snap/slack events. Oscillations in the
shared line tension due to these events are critical for the mooring
design.

5.3.3.1. Spectral analysis. The average PSD and the PSDs of the three
realizations for the shared line tension T,; time histories are presented
in Fig. 24. Consistency in the PSDs across the three realizations can be
observed. Interestingly, unlike the PSDs of the anchor line tension (see
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Fig. 23. Comparison of the shared line tension in the dual configuration and the equivalent fairlead in the single configuration for extreme case IRRO2B. The snap/slack thresholds

and events are marked.
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Fig. 24. Shared line fairlead tension 7,; PSD for the extreme IRRO2 wave case.
H; =127 m and T, = 1545 s.

Section 5.3.1.1), the PSD of the shared line tension displays peaks in
the first-order wave frequency range (5-20 s). This observation agrees
with Fig. 13 of a numerical study for an array of spar FWTs by Wang
et al. [22].

5.3.3.2. Statistics. Fig. 25 shows POEs of the times series of the shared
line tension T, in the extreme irregular wave case. The grey zone refers
to the region where the line tension is within the thresholds of the
slack/snap criteria; refer to Eq. (14).

Regarding the snap events, one can observe that the shared line ten-
sion Ty, exceeds the snap threshold during 15% of the time. Regarding
slack events, the occurrence rate is far lower.

POEs of the peak tensions (maxima and minima) are presented in
Fig. 26. It is remarkable that approximately 30% of the peaks are
above the snap-event threshold and 5% are below the slack-event
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threshold. The frequent occurrence of the snap events evidence should
be addressed to avoid premature failure of the shared line due to fatigue
or mooring breakage. One strategy to reduce the likelihood of these
events is to include clump weights in the lines, as Cabrerizo et al. [52]
studied in the context of offshore operations. A detailed analysis of this
approach for a shared mooring system for FWFs can be found in Liang
et al. [53].

Statistics of the shared line tension are presented in Fig. 27. As
shown, the normalized value of the maximum tension exceeds five.
Compared with the anchor line (see Fig. 21), the shared line displays
a higher level of dynamic tension and the difference between the
maximum tension and the 95% quantile grows larger, which is aligned
with the findings in [21]. As the large peak tensions and dynamic
tensions are associated with the snap events, a proper design of the
shared line with higher steel grade, increased wire diameter, or with
additional mooring components can be carried out in future.

6. Conclusions

In this work, the dynamic performance of a dual-spar floating wind
farm (FWF) with a shared line has been compared against a single
floating wind turbine (FWT) with a catenary mooring system. To this
aim, model-scale experiments were carried out at the INTA-CEHIPAR
ocean basin in Madrid, Spain. The floater is the OC3-Hywind spar with
a scale ratio of 1:47. Following discussions with industry advisors,
a different water depth from that of the original Hywind is chosen
(235 m instead of 320 m). Consequently, a different mooring system
is proposed.

Natural periods and damping ratios have been estimated from decay
tests. Two irregular wave conditions, a white noise, and five regular
wave conditions have been tested. Only one wave heading has been
tested, in which the shared line is collinear with the wave propagation
direction. Response amplitude operators of motion and tension, motion
and tensions spectra, and motion and tension statistics have been
obtained under these conditions. To make the present effort more useful
to the research community, the data discussed in the paper and videos
of the experiments are made available (see ‘“Data Availability section”).
The main observations are listed as follows:
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Fig. 25. POE of the time history of the shared line fairlead tensions T, for the extreme IRR02 wave case. H; = 12.7 m and T, = 1545 s.
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Fig. 26. POE of the peaks of the time history of the shared line fairlead tensions T, for the extreme IRR0O2 wave case. H, = 12.7 m and T, = 1545 s.
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Fig. 27. Shared line fairlead tension statistics (normalized with the pretension) for the
extreme sea state. IRRO2 wave case. H; =12.7 m and T, = 1545 s.
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» The surge natural period for the dual-spar configuration is 51%
larger than that of the single spar configuration due to the change
in mooring stiffness between the two configurations. The natural
periods in heave and pitch experience small changes by moving
to a shared mooring configuration. This is also expected as they
are hardly affected by catenary mooring.

Larger platform surge motion is observed for the dual-spar con-
figuration than for the single-spar configuration. This fact is
attributed to the reduction in the mooring stiffness due to the

shared line. The platform heave and pitch motions remain similar
between the two configurations. The proposed design criteria for
surge (allowable offset of 10% water depth) and pitch (maximum
10 deg) are fulfilled in both configurations.

Spectral analysis reveals that the shared line tension response has

dominant peaks in the first-order wave frequency range.

The tension responses in the anchor lines are of the same order
and display no slack/snap events for both configurations, whereas
large tension peaks, significant dynamic tension, and slack/snap
events have been identified in the shared line in the FWF.

The results of this work help to better understand the complex
multibody dynamics, and the performance of the highly attractive
mooring solution as the shared mooring system. However, the scope
of this work is limited. Future work may include testing of FWFs
with additional instrumentation, conducting a number of static tests
to estimate the mooring stiffness in the various degrees of freedom,
generation of wind loads and combined load cases in the experiments,
and improved design of the shared mooring systems.
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Fig. A.28. Design drawing of the model: component’s view.
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Fig. A.29. Design drawing of the model: external view.
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ELEMENT
LABEL

PART

1

200 mm Bottom PVC Tube

2 Ballast stopper (Necuron)

3 Fairleads Support Ring (Necuron)

4 End Guide Ring for Top Tube
(Necuron)

5 Intermediate Guide Ring for Top
Tube (Necuron)

6 Bottom PVC Tube Top Lid

7 3D Printed Transition Piece

8 Initial Guide Ring for Top Tube
(Necuron)

9 Top Tube Stopper (Necuron)

10 125 mm Top PVC Tube

11 M12 Threaded Rod

12 Lead Ballast Module

13 Bottom PVC Tube End Lid

14 28 mm Fairlead

15 Bosch Rexroth 45 mm Aluminium
Strut Profile

16 Bosch Rexroth 45 mm Aluminium
Bracket

17 M12 Nut

18 Guide Rings Screws (M4x20)

19 Ballast Stopper Screws (M10x45)

Bracket 45x45

28 mm Fairlead }VP

@M10x1.25x45

. R3.00

ISOMETRIC VIEW
SCALE 1:15
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Fig. B.30. Surge, heave and pitch motion PSDs of all realizations and the average for both configurations. IRRO1 (H, =2.57 m and 7, = 11.12 s).
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Fig. B.31. Comparison of surge, heave and pitch motion statistics for the IRRO1 wave
case (H, =2.57 m and T, = 11.12 s).
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Appendix A. Design drawings of the tested models

Fig. A.28 shows the different labeled components used in the con-
struction of the model. The main body is composed of two PVC tubes
rigidly assembled together by means of a series of guides and PVC
components. (Labels 4, 5, 6, 8 and 9). More details regarding the
connections can be seen Details E and F of Fig. A.29. For the coned
shaped transition part, a 3D-printed piece was used (Label 7).

Because of the low center of mass of the spar, an important amount
of weight made of lead is placed at the bottom part (Label 12). This
module is made of a series of lead disks, packed together with a screw.
It was fixed to the bottom tube by means of 10 screws and supported
by thick Necuron part (Label 2). More details of this connection can be
seen in Detail D of Fig. A.29.

As mentioned in Section 3.1, the aluminum frame to reproduce the
inertia properties as well to support the DAQ devices, is composed of
three Bosch Rexroth extruded profiles (Label 15). The connection with
the top tube can be seen in Detail K of Fig. A.29.

Also, as mentioned in Section 3.1 three pulleys were used as the
fairlead connections (Label 14). Section H-H shows of Fig. A.29 the 120
deg arrangement. In addition, More details of this connection can be
seen Detail C of Fig. A.29.

Appendix B. Motion responses: analysis through realizations
B.1. Operational sea state: IRRO1 H; =2.57T m and T, = 11.12 s
B.1.1. PSDs
PSDs are consistent across realizations and the differences in the low
frequency range are attributed to the limited number of cycles for those

frequencies (see Fig. B.30).

B.1.2. Statistics
See Fig. B.31.
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Fig. B.32. Surge, heave and pitch motion PSDs of individual realizations for the IRRO2 wave case (H, = 12.7 m and T, = 15.45 s).
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Fig. B.33. POE of heave for the IRRO2 wave case (H, = 12.7 m and T, = 1545 s). Fig. B.34. Comparison of heave motion statistics for the IRRO2 wave case (H, = 12.7 m

and T, = 1545 s).
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Fig. C.35. PSDs of individual realizations of mooring tensions (T, Ty, and T;;) for the IRRO1 wave case (H; =2.57 m and T, = 11.12 s).
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Fig. C.36. Statistics of anchor line tensions normalized against pretension for the IRRO1
wave case (H, =2.57 m and T, = 11.12 s).

Fig. C.37. Statistics of shared line tensions normalized against pretension for the IRRO1
wave case (H, =2.57 m and T, = 11.12 s).
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Fig. C.38. PSDs of individual realizations of mooring tensions (7, T, and T};) for the IRR02 wave case (H,; = 12.7 m and T, = 15.45 s).
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Fig. C.40. Fairlead tension 7, and T, of the shared line for the wave case IRRO2B. The snap/slack criteria and events are also shown.

B.2. Extreme sea state: IRRO2 H; =127 m and T, = 1545 s

B.2.1. PSDs

PSDs are consistent across realizations and the differences in the low
frequency range are attributed to the limited number of cycles for those
frequencies (see Fig. B.32).

B.2.2. Statistics

Consistent with the observations in 5.3.1.2, the differences in the
pitch motion POEs between the two configurations are also negligible
in heave. This is shown in Fig. B.33

A similar consistency is shown in the statistics for this DOF in the
extreme wave condition (see Fig. B.34).

Appendix C. Tensions responses: analysis through realizations

C.1. Operational sea state: IRRO1 H; =2.57 mand T, = 11.12 s

C.1.1. PSDs

PSDs are consistent across realizations and the differences in the low
frequency range are attributed to the limited number of cycles for those
frequencies (see Fig. C.35).

C.1.2. Statistics

Figs. C.36 and C.37 show the tension statistics for the anchor
lines and shared line in the operational sea state. The fairlead tension
statistics normalized with the pretension of the anchor lines are close
to each other, when comparing both configurations. In the operational
sea state, the shared line does not experience snap events, as described
in 5.3.3.

C.2. Extreme sea state: IRRO2 H, =127 m and T, = 1545 s

C.2.1. PSDs

PSDs are consistent across realizations and the dispersion in the low
frequency range is attributed to the limited number of cycles for those
frequencies (see Fig. C.38).
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C.2.2. Statistics

C.2.2.1. Anchor lines. POEs of the fairlead tension for the other anchor
line that was not presented in Section 5.3.2.2 (sz) are shown in
Fig. C.39(a). Consistency across realizations is also appreciated in these
figures. The considerable reduction of yaw stiffness for not using the
delta connection explained in [28], together with minor errors in the
construction of the model, might be accountable for differences that
appear between T, and T}, in the dual-spar configuration. In order to
check the relevance of such lack of balance, Fig. C.39(b) shows POEs for
the averaged fairlead tension T, and Tj,. As shown, when averaging
both tensions, a good similarity with the Single configuration is found.
It could be interesting in the future campaigns to assess the influence
of the implementation of the delta connection on these disparities
between anchor line tensions for the dual-spar configuration.

C.2.2.2. Shared line. Fig. C.40 shows a comparison between the fair-
lead tensions of the shared line in Spar 1 (73) and Spar 2 (T4). As can
be seen, the tensions response is similar for both fairleads. The same
analysis described in Section 5.3.3 for the snap/slack condition has
been performed. Some small differences are encountered in the peaks,
and therefore more slack/snap events happen during the time histories.
These differences appear to be caused by motions of the springs used
to scale the stiffness of the line (see Table 5) during the experiments.
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