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A B S T R A C T

We propose a detailed numerical study of a self-reacting floating point absorber, resembling the Ocean Power
Technologies device PB3 PowerBuoy, for a possible installation in the Adriatic Sea. A simplified model of the
mentioned device, composed of a floater sliding along a reacting body, which supports the floater, is studied,
reproducing and analysing the most complex nonlinear phenomena, such as the wave overtopping and the
out-of-water motion of the floater. Three different sizes of the device have been simulated, each with three
different masses of the floater, deriving the time evolution of the wave in the surrounding of the floater, its
frequency dispersion and energy content, the generated exciting force, the wave overtopping over the floater,
and the out-of-water motion of the floater. The results highlight that the linear response is favoured by small
floater density and optimal floater thickness. Additionally, large-sized devices are characterized by linear, but
dissipative, response, while the response of medium-sized devices is only apparently linear.
1. Introduction

The extraction of renewable energy from waves in seas and oceans
constitutes a huge potential resource of renewable energy, which is very
little exploited, in spite of the large number of proposed devices [1–6].
This is due to the relatively immature development of wave energy har-
vesting and to the lack of a dominant technology [7]. Most prototypes
of wave energy converters (WECs) has been tested in the most energetic
seas, like the North Sea, but recently the Mediterranean Sea has been
identified as a strategic location for the development and field test of
innovative WECs [8–15].

The Adriatic Sea is characterized by a large number of infrastruc-
tures, including a number of offshore platforms that have reached
the end of their lives and requires to be dismantled. However, the
ecological impact and the economic investments for their complete
dismantling is pushing toward a partial removal and/or reuse of off-
shore platforms [16–22]. In particular, the European project Place [23]
proposed a combination of technologies and solutions for the eco-
sustainable reuse of offshore platforms, to support multifunctional ac-
tivities in the Blue Growth sector. These activities require a supply
of energy that, in the offshore environment, can be provided through
WECs.

The highest technology-readiness level WEC deployed offshore in
the Adriatic Sea is the Ocean Power Technologies PB3 Powerbuoy
(OPT PB3 hereafter),1 within the ENI’s Clean Sea initiative [24,25],
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1 http://www.oceanpowertechnologies.com

which has been considered for an additional possible installation in the
Adriatic sea, close to the Viviana platform [42.656403 𝑁 14.155051
E]. The OPT PB3 is a Self-Reacting two-body Floating Point Absorber
(SRPA), which is composed of two buoyant, free-surface piercing bod-
ies: the floater, characterized by the larger motion due to waves, and
the reacting body, which supports the floater and ensures the stationing
and stability of the entire device.

The design optimization of the OPT SRPA has been carried both by
the developer, by means of extensive wave tank and periodic ocean test-
ing of their PowerBuoy wave energy converter, and by researchers [26].
In particular, Beatty et al. [27,28] compared the power production of
different geometries and configurations of SRPA devices, using both
boundary element method simulations and experimental tests. The
main reference for the study of SRPA is the third reference model (RM3)
of wave energy converter developed by The U.S. Department of Energy,
The National Renewable Energy Laboratory (NREL), and The Sandia
National Laboratory. Even if it is widely studied in literature [29–33],
it is significantly larger than the OPT PB3 installed in the Adriatic sea.
As a reference, we point out that the RM3’s floater diameter is 20 m,
while the floater diameter of the PB3 installed in the Adriatic sea is
2.65 m.

The aim of this work is to investigate the nonlinearities that may
arise during the interaction of the floater of a PB3 with waves, and
how the size and mass of the floater can affect them. To limit the
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computational effort without sacrificing the simulation of hydrody-
namics, the geometry of the device has been simplified, modelling
the reaction part as a fixed pile and the floater as a simple disk not
separated by the pile. We use a fully-nonlinear computational fluid-
dynamics (CFD) methodology to study the heave response of a PB3-type
SRPA, considering a possible installation in the Adriatic Sea and fo-
cusing on the nonlinear phenomena of the fluid–structure interaction.
Compared to other methods used for modelling floating wave energy
converters, such as the radiation/diffraction models, the fully-nonlinear
CFD is capable of reproducing nonlinear phenomena minimizing the
parametrization of the physical processes, even if some simplifications
are necessary to limit the computational cost and avoid numerical
divergences. In addition, compared with laboratory experiments, CFD
evaluates the hydrodynamic results with high resolution in space and
time, allowing for an almost continuous tracking of the free surface in
space and time.

The hydrodynamics of an oscillating body in viscous oscillatory
flows, in an assigned location, is governed by the Reynolds number
𝑅𝑒 = 𝑈𝐷∕𝜈 and Keulegan–Carpenter number 𝐾𝐶 = 𝑈𝑇 ∕𝐷, which
an be lumped into the unique parameter 𝛽 = 𝑅𝑒∕𝐾𝐶 = 𝐷2∕𝜈𝑇 [34],
here 𝐷 is the characteristic length of the body, 𝜈 is the fluid kinematic
iscosity, while 𝑈 and 𝑇 are the characteristic velocity and period of
he oscillatory flow. Xu et al. (2019) [32] showed that the viscous
ffects can be correctly described using 𝑅𝑒 and 𝐾𝐶, unless the wave
requency is equal or lower than the resonance frequency of the device.
n this case additional nonlinear effects are generated by the wave
vertopping and by the out-of-water motion of the device. With out-
f-water motion we mean the chance that the bottom surface of the
loater is not fully immersed, even for a small amount of time.

The use of CFD allowed us to evaluate the quantities associated
o the wave overtopping and the out-of-water motion of the floater,
nd to compare these nonlinear quantities with the hydrodynamic
arameter describing the nonlinear response of the floater, such as the
esponse amplitude operator. The wave overtopping and the out-of-
ater motion of the device can be influenced by the floater freeboard
nd the floater draft, which are evaluated balancing the weight force
nd the buoyancy force of the floater in a steady floating condition.
he derived dimensionless freeboard is:

∗
𝑓 =

𝐻𝑓𝑙

𝐻𝑤

(

1 −
𝜌
𝜌𝑤

)

, (1)

hile the dimensionless draft is:

∗
𝑑 =

𝐻𝑓𝑙

𝐻𝑤

𝜌
𝜌𝑤

, (2)

where 𝐻𝑓𝑙 is the height of the floater, 𝜌 is the floater density, 𝜌𝑤 is the
water density, and the wave height 𝐻𝑤 is used as length scale.

To investigate these nonlinear phenomena, we numerically simu-
ated the interaction of devices with different characteristic lengths and
ifferent masses with a linear wave representative of the Adriatic Sea
perating condition, characterized by wave height 𝐻𝑤 = 1 m and wave

period 𝑇𝑤 = 5.07 s, varying independently the characteristic length
and characteristic mass of the floater, since they directly affect the
dimensionless numbers 𝑅𝑒, 𝐾𝐶, 𝑅∗

𝑓 and 𝑅∗
𝑑 .

Summarizing, the aim of this work is the study and parameterization
of nonlinear phenomena that characterize the working of a PB3-type
SRPA WEC. After the description of the fully-nonlinear model used
for our study in Section 2, the main nonlinearities of the wave-device
interaction and of the floater dynamics are detailed and described in
Section 3. In Section 4 the nonlinear responses are compared with
the varied parameters and the measured nonlinear phenomena, finding
how the density, size and mass of the floater affect the linearity of
the response. To our knowledge, this is one of the rare studies that
provides insight into how the device geometry and inertia can be
used to optimize the linear response of the WEC. Closing remarks are
reported in Section 5.
2

2. Methods:numerical model of the PB3-type SRPA

To contain the computational cost, most of the studies on SRPA
are based on the application of the diffraction/radiation theory in the
frequency domain, where the boundary element method is proposed
to predict numerically the hydrodynamic parameters of a two-body
FPA. These models are fundamental for the study, design and con-
trol of the Power Take Off system, as stated in several literature
studies [35–37]. However, they entail the parametrization of some
nonlinear phenomena.

On the other hand, Volume Of Fluid (VOF) CFD models, able to
reproduce the nonlinear phenomena due to the interaction of the device
with the fluid, are rarely used due to their computational cost and to
the difficulty to manage the boundary condition at the sliding surface
between the float and the reacting body. An accurate CFD modelling
of a two-body, self-reacting floating point absorber was proposed by
Yu et al. (2013) [29], showing that Reynolds Averaged Navier Stokes
(RANS) simulations agreed with the experimental data. In particular,
the numerical simulations, validated with the experimental results de-
scribed in Li et al. (2011) [38], revealed that the nonlinear interaction
between waves and the RSPA device increase with the increase of wave
height, because of the larger wave overtopping and the re-entering
impact of the out-of-water float. In Yu et al. (2013) [29], the numerical
issue of the two adherent bodies was solved by separating the device
into two parts not touching each other: an upper float and a fully
submerged reaction section. The same approach was used in Xu et al.
(2019) [32], showing that nonlinear effects are particularly significant
when the wave height is large and the period is near or shorter than
the resonant period of the RSPA system.

For the study of the nonlinear behaviour of a SRPA, a three-
dimensional RANS-VOF CFD model is here used, implemented through
the commercial software ANSYS Fluent. As a novelty, instead of split-
ting the device into two bodies separated by a gap, the device is
modelled by two attached parts: a vertical slender pile with diameter
𝐷𝑝, representing the reaction part of the RSPA, and a floating disk
with diameter 𝐷𝑓𝑙 and height 𝐻𝑓𝑙. To contain the computational effort,
the reacting pile is assumed fixed, while the floating disk is allowed
to move in the heave direction only. This simplification moves us
away from the simulation of a self-reacting two-body point absorber,
and towards the modelling of heaving single-body point absorber.
However, it allows us to accurately simulate the hydrodynamics in the
surrounding of the floater, which is the focus of our work.

The geometry of the domain, the mesh size and the size of the
time step of the numerical discretization were chosen to optimize the
numerical simulation and limit the computational cost. The numerical
domain is a three dimensional box 25 m tall, 35 m long (stream-
direction) and 20 m wide. The support pile axis is located in the middle
of the tank, 10 m from the inflow boundary. A sketch of the studied
geometry is reported in Fig. 1.

The forcing wave is simulated exploiting the two phase RANS-
VOF open channel flow model of ANSYS Fluent, with compressible air
(with reference density 𝜌𝑎 = 1.225 kg/m3), incompressible water (with
density 𝜌𝑤 = 998.2 kg/m3) and volume fraction cutoff of 10−6. The
inflow boundary condition is defined with a flow field derived from a
Stoke’s wave theory, characterized by the still-water depth ℎ = 21 m,
wave height 𝐻𝑤 = 1 m and wave length 𝜆 = 40 m, corresponding to the
wave period 𝑇𝑤 = 5.07 s, which is representative of a frequent wave in
the Adriatic sea in the location of the Viviana platform.

At the outflow boundary and at the upper boundary, a gauge pres-
sure condition is assigned, based on the location of the free surface. A
numerical beach, which adds a sink dissipative term to the momentum
balance of the cells next to the outflow boundary, has been used to
remove the numerical reflection of the wave. The no-slip boundary
condition is used at the sea bottom, for the support pile and for the
moving floater, while a free-slip boundary condition is used for the

lateral sides of the domain.
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Fig. 1. Geometry of the numerical model, with location of the floater (coloured lines),
of the support pile (coloured dashed lines) and of the gauges 𝐶𝑖, 𝑆𝑖 and 𝐷𝑖, as defined
in Table 2. The three different geometries of the SRPA (and the corresponding different
locations of the gauges) are reported with three different colours.

The boundary walls of the floater are allowed to move in the heave
direction, following the dynamic law:

𝑀𝑧̈𝑓𝑙 (𝑡) + 𝑘𝑧𝑓𝑙 (𝑡) = 𝐹𝑓𝑙 (𝑡) (3)

where 𝑧𝑓𝑙 is the vertical displacement of the floater, 𝐹𝑓𝑙 (𝑡) is the
resultant of both pressure and shear stresses acting on the floater
boundaries, and 𝑀 is the mass of the floater. Since the focus of the
paper is not the evaluation of the extracted energy as function of the
PTO characteristics, but the understanding of the nonlinear response
of the floating part, the PTO has not accurately modelled but a linear
elastic internal reaction, with coefficient 𝑘 = 105 N/m, has been added.
This allows us to identify a specific frequency of such internal reaction,
representative of the PTO, defined as 𝑓𝑖𝑛𝑡 =

√

𝑘∕𝑀
2𝜋 .

A mesh of linear tetrahedical cells is generated with the ANSYS
Meshing Tool (ICEM CFD), with maximum edge size 0.2 m in the sur-
rounding of the boundary walls and 0.4 m elsewhere. An unstructured
mesh is used to facilitate the remeshing at each time step, which is
necessary to simulate the displacement of the floater. A frame of the
updated mesh in the surrounding of the floater is illustrated, as an
example, in Fig. 2, while a video of the mesh evolution is available
in the Supplementary Materials.

The numerical pressure-based model [39] solves the discretized
form of the RANS equation, including the Menter’s k-𝜔 Standard model.
Due to the presence of a large moving body in the domain, a partial
equilibrium of both pressure gradient and body forces is taken into
account, to facilitate the convergence of the solution. The equations
are discretized in space according to the computed mesh and in time
3

Fig. 2. A detail of the mesh in the surrounding of the floater for test M6574, in a
vertical section along the direction of wave propagation.

using a time step of 𝛥𝑡 = 0.005 s. They are then solved using an iterative
Semi-Implicit Method for Pressure Linked Equations-Consistent, until a
residual error of less than 10−3 for the mass balance equation, 10−5 for
the momentum balance equation, 10−3 for kinetic energy, 10−3 for tur-
bulent energy dissipated, and 10−3 for the volume fraction predicted in
the two-phase method is reached, or until 250 iterations are performed
for each time interval. Each simulation is run for a total time of 30 s,
i.e. at least five wave periods.

At each time step, the displacement of the floater is evaluated
solving the differential Eq. (3), the location of the floater is updated and
the mesh affected by the motion, located along the pile boundary and
inside the domain, is remeshed exploiting the spring-based smoothing
mesh-update method [39].

Three different sizes of the RSPA have been simulated, each with
three different masses of the floater, obtaining the nine tests reported
in Table 1. The smallest size, characterized by a floater diameter
of D = 2.65 m, and the smallest floater density are inspired to the
PB3 system currently installed in the Adriatic sea, while the largest
size has been derived from the literature [29,35]. The intermediate
configuration has been defined accordingly, to have different degrees
of buoyancy.

3. Results

This section gives separately the results for the hydrodynamics of
the waves in the surrounding of the SRPA floater, and for the dynamics
of the floater interacting with them. The Fast Fourier transform is
used to identify the linear and nonlinear contributions. Finally, the
overtopping of the wave over the floater and the volume of air under
the floater are quantified, as sources of possible nonlinearities.

3.1. Wave characterization

The interaction of the inflow wave with the fixed and moving walls
of the modelled SRPA generates a change of the wave characteristics.
For this reason, waves have been sampled at several different locations
close to the inflow boundary, in the surrounding of the floater and
downstream of the device, in the location of the gauges shown in Fig. 1
and reported in Table 2.

The water elevation at each gauge is evaluated numerically inte-
grating the volume fraction of water 𝛼 in the vertical direction within
𝑤
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Table 1
Geometrical and Inertial characterization of the numerical simulations.
ID 𝐷𝑓𝑙 [m] 𝐻𝑓𝑙 [m] 𝐷𝑝 [m] 𝑉𝑓𝑙 [m3] 𝑀 [kg] 𝜌 [kg m−3] 𝑅𝑒 𝐾𝐶 𝛽 𝑅∗

𝑓 𝑅∗
𝑑 𝑓𝑖𝑛𝑡

L32700 11 2 1.5 186.53 32 700 175 4.34E+06 0.18 2.39E+07 0.831 0.169 0.278
L65400 11 2 1.5 186.53 65 400 351 4.34E+06 0.18 2.39E+07 0.662 0.338 0.197
L130800 11 2 1.5 186.53 130 800 701 4.34E+06 0.18 2.39E+07 0.323 0.677 0.139
M3240 5 1 1.2 18.50 3240 175 1.97E+06 0.40 4.93E+06 0.422 0.078 0.884
M6475 5 1 1.2 18.50 6475 350 1.97E+06 0.40 4.93E+06 0.344 0.156 0.625
M9250 5 1 1.2 18.50 9250 500 1.97E+06 0.40 4.93E+06 0.277 0.223 0.523
S584 2.65 0.78 1 3.69 584 158 1.05E+06 0.75 1.39E+06 0.344 0.046 2.083
S1168 2.65 0.78 1 3.69 1168 317 1.05E+06 0.75 1.39E+06 0.297 0.093 1.473
S1818 2.65 0.78 1 3.69 1818 493 1.05E+06 0.75 1.39E+06 0.245 0.145 1.180
.

Table 2
Coordinates (in m) of the location of the gauges for the evaluation of the wave source

Gauge D0 C0 S0 D2

All tests x [m] −9.50 −9.50 −9.50 10.00
y [m] −5.00 0.00 5.00 −5.00

Gauge S2 D3 C3 S3

All tests x [m] 10.00 20.00 20.00 20.00
y [m] 5.00 −5.00 0.00 5.00

Gauge D1 C1 S1 C2

Tests L x [m] 0.00 −6.00 0.00 6.00
y [m] −6.00 0.00 6.00 0.00

Tests M x [m] 0.00 −3.00 0.00 3.00
y [m] −3.00 0.00 3.00 0.00

Tests S x [m] 0.00 −1.825 0.00 1.825
y [m] −1.825 0.00 1.825 0.00

the domain, and subtracting the initial still water depth ℎ:

𝜂 (𝑥, 𝑦) = ∫

25𝑚

0𝑚
𝛼𝑤 (𝑥, 𝑦, 𝑧) 𝑑𝑧 − ℎ (4)

The obtained wave amplitudes have been analysed using a fast Fourier
transform (FFT) algorithm implemented in the MATLAB Software, find-
ing out that all the measured waves are characterized by the same peak
frequency of the inflow wave 𝑓 ∼ 0.2 Hz, even if in some cases, minor
secondary peaks are present at the second harmonic frequency, given
by some minor reflection at the walls (see Figures from S1 to S9 of the
Supplementary Material for confirmations). The changes in space of the
main spectral peak with respect to the inflow wave main spectral peak
(sampled at probe C0) are summarized in Table 3.

These results show that in many locations the main spectral peak is
reduced by the interaction with the floater, because of energy dissipa-
tion, even if at specific locations of some tests the main spectral peak
is increased. As an example, in several tests with the higher density
(S1818, L65400 and L130800), the waves probed in front and on either
lateral side of the floater show a slight increase in the main peak. The
largest decrease in the main peak is located just downstream of the
floater (see gauge C2 for every test), as expected. However, such an
expected reduction varies in wide ranges: 25%–50% for S tests, 75%–
80% for M tests and 10%–30% for L tests. Other changes depend on
the specific interactions that the wave has with each type of floater.

An important property for the evaluation of the SRPA fluid–
structure interaction is the wave source, evaluated as the wave flux
at a specific location:

𝐽 = ∫

25𝑚

0𝑚
𝛼𝑤

(

𝑝𝑑𝑢
)

𝑑𝑧 (5)

where 𝑢 is the streamwise velocity and 𝑝𝑑 is the dynamic pressure
evaluated as 𝑝𝑑 = 𝑝 + 𝜌𝑤𝑔(𝑧 − ℎ), being 𝑝 the total pressure and 𝑔
the gravitational acceleration. Using Eq. (5), the wave source has been
evaluated at the different locations of the gauges shown in Fig. 1 and
reported in Table 2. The wave source has been made dimensionless
using the inflow wave source measured at gauge C0: 𝐽 ∗ = 𝐽∕𝐽𝐶0.
The time-averaged wave source, evaluated over a finite number of
4

Fig. 3. Space distribution of the time-averaged dimensionless wave source for tests
with large size SRPA.

periods (at least four periods, neglecting the first ones to avoid transient
phenomena) are illustrated in Figs. 3–5. Such results show that the large
device reduces the wave source of at least 75%, regardless of its mass
(see 𝐽 ∗ at gauges C2 and C3 in Fig. 3). Instead, medium and small
SRPAs (Figs. 4 and 5) reduce the wave source between 35% and 50%,
again with no clear dependence from the mass. This suggests the wave
source extraction and dissipation is affected by the size and not by the
mass of the floater.
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Table 3
Variations in space of the spectral main peak with respect to the inflow wave spectral main peak (sampled at probe C0).
Gauge S584 S1168 S1818 M3245 M6465 M9250 L32700 L65400 L130800

D0 0.987 0.982 0.989 0.970 0.969 0.950 0.999 0.882 0.791
C0 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
S0 0.992 0.990 0.983 0.989 0.981 0.950 0.872 0.706 0.590
D1 0.631 0.623 1.175 0.881 0.899 0.806 0.960 1.044 1.014
C1 0.905 0.914 1.508 1.258 1.304 1.145 1.653 1.697 1.479
S1 0.633 0.632 1.188 0.868 0.900 0.789 0.920 1.007 1.017
D2 0.863 0.862 1.117 0.988 1.122 0.882 1.256 1.220 0.980
C2 0.490 0.485 0.730 0.241 0.264 0.198 0.888 0.714 0.735
S2 0.944 0.943 1.197 0.944 1.065 0.830 1.200 1.107 0.792
D3 0.827 0.826 1.158 0.899 1.092 0.736 0.838 0.719 0.522
C3 0.851 0.846 1.206 0.847 1.147 0.748 0.809 0.788 0.601
S3 0.812 0.811 1.160 0.913 1.175 0.777 0.940 0.906 0.752
Fig. 4. Space distribution of the time-averaged dimensionless wave source for tests
with medium size SRPA.

In addition, the M9250 test shows a significant increase in wave
source in front of the device (gauge C1 in the bottom panel in Fig. 4),
which coincides with an increase in wave source also downstream of
the device and suggests a peculiar interaction of the floater with the
fluid. Such wave intensification in front of the floater is not unique,
but also occurs for other tests with small and medium-sized floaters.
5

Fig. 5. Space distribution of the time-averaged dimensionless wave source for tests
with small size SRPA.

The wave source in front of the device increases with the mass for all
SRPA sizes tested and differs from the unity for several tests, showing
the wave undergoes significant changes during its interaction with the
structure. In particular, large-size tests are all characterized by 𝐽 ∗ ≤ 1,
i.e. in the case of large RSPAs there is always a dissipation of the wave
source.
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Table 4
Results of the frequency analysis for the floater displacement 𝑧𝑓𝑙 .

𝑃 (𝑧𝑓𝑙)(𝑓0) [m] 𝑃 (𝑧𝑓𝑙)(𝑓𝑤) [m] 𝛴𝑖𝑃 (𝑧𝑓𝑙)(𝑓𝑖) [m] 𝑁𝐿𝑅𝐴𝑂 𝑅𝐴𝑂

L32700 0.118 0.163 0.082 0.164 0.325
L65400 0.001 0.164 0.088 0.176 0.329
L130800 0.000 0.161 0.111 0.222 0.322
M3240 0.039 0.509 0.081 0.163 1.018
M6475 0.027 0.472 0.098 0.195 0.944
M9250 0.131 0.533 0.000 0.000 1.067
S584 0.357 0.383 0.052 0.103 0.766
S1168 0.026 0.382 0.031 0.063 0.764
S1818 0.022 0.400 0.259 0.519 0.800
Table 5
Results of the frequency analysis for the vertical force acting on the floater 𝐹𝑓𝑙 .

𝑃 (𝐹𝑓𝑙)(𝑓0) [N] 𝑃 (𝐹𝑓𝑙)(𝑓𝑤) [N] 𝛴𝑖𝑃 (𝐹𝑓𝑙)(𝑓𝑖) [N] 𝑁𝐿𝑅𝐴𝑂𝐹 [N/m] 𝑅𝐴𝑂𝐹 [N/m]

L32700 388.1 164.9 62.8 125.50 329.7
L65400 537.1 160.4 50.0 99.98 320.7
L130800 905.6 131.5 101.7 203.41 263.0
M3240 34.11 2.42 0.77 1.54 4.83
M6475 62.71 0.00 4.45 8.90 0.00
M9250 87.12 0.00 4.56 9.12 0.00
S584 9.07 3.50 0.26 0.51 7.00
S1168 13.66 3.18 0.15 0.30 6.35
S1818 18.57 2.99 0.78 1.55 5.98
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3.2. Floater dynamics

The features of interest for the analysis of the model dynamics
are those reported in Eq. (3), i.e. the vertical displacement of the
floater 𝑧𝑓𝑙 and the resultant of both pressure and shear stresses acting
on it 𝐹𝑓𝑙. The frequency analysis of these two features is executed
with the FFT algorithm implemented in the MATLAB Software (see
Figure S10 and Tables S1, S2 and S3 of the Supplementary Material
for intermediate results) and Tables 4 and 5 summarize the results
separating the following contributions:

• the spectral peak corresponding to the zero frequency 𝑓0 = 0 Hz,
i.e. a time-averaged position/force, which we can refer to an
hydrostatic condition;

• the spectral peak corresponding to the frequency of the wave
reproduced in the numerical simulation 𝑓𝑤 = 0.19 Hz, from which
it is possible to calculate the response amplitude operator (RAO)
for both the floater displacement and force:

𝑅𝐴𝑂 =
𝑃 (𝑧𝑓𝑙)(𝑓𝑤)
𝑃 (𝜂)(𝑓𝑤)

[]; 𝑅𝐴𝑂𝐹 =
𝑃 (𝐹𝑓𝑙)(𝑓𝑤)
𝑃 (𝜂)(𝑓𝑤)

[N/m]; (6)

• the sum of the remaining peaks (different from 𝑓0 or 𝑓𝑤), rep-
resentative of dispersion phenomena, from which the nonlinear
response amplitude operator (NLRAO) is defined for both the
floater displacement and force:

𝑁𝐿𝑅𝐴𝑂 =
𝛴𝑖𝑃 (𝑧𝑓𝑙)(𝑓𝑖)
𝑃 (𝜂)(𝑓𝑤)

[]; 𝑁𝐿𝑅𝐴𝑂𝐹 =
𝛴𝑖𝑃 (𝐹𝑓𝑙)(𝑓𝑖)
𝑃 (𝜂)(𝑓𝑤)

[N/m];

(7)

The spectral displacement peak response corresponds to the char-
acteristic frequency of the exciting waves for all the tests, i.e. the
displacement response is dominated by linear dynamics. However, as
the floater becomes larger, the displacement response spreads over a
larger frequency range, i.e. nonlinear contributions to the displace-
ment response of the floater increase. In contrast, the spectral force
is dominated by the contribution in the characteristic frequency of the
wave only for the small and large SRPA, while for the medium SRPA
the second harmonic simulated with the second-order Stokes theory is
dominant, 𝑓 ≃ 0.4 Hz. In general, the nonlinear contributions vary with
both size and mass in different manners for the displacement and force
responses.
6

3.3. Floater overtopping and out of water motion

We now focus on a couple of nonlinear phenomena that could affect
the motion of the device and induce the nonlinear responses we have
highlighted in the previous paragraphs. The first phenomenon is the
overtopping of the wave over the floater, which can be quantified using
the volume:

𝑉𝑜𝑣𝑒𝑟 = ∫𝑆𝑓𝑙

(

𝜂 (𝑥, 𝑦) − 𝑧𝑡𝑜𝑝
)

𝑑𝑥𝑑𝑦 (8)

where 𝑆𝑓𝑙 is the horizontal upper surface of the floater, 𝑧𝑡𝑜𝑝 is its
ertical position, and the water elevation 𝜂 is evaluated as from Eq. (4).
sketch of the overtopping volume 𝑉𝑜𝑣𝑒𝑟 is shown in Fig. 6. During the

vertopping, the identified volume of water provides a downward force
n the floater, affecting it dynamics.

The other phenomenon is the motion of the floater out of the water,
hen the wave’s thrust on the floater decreases dramatically. The out-
f-water motion of the floater is identified as the phase in which the
ateral side of the floater is no more wet, and it is quantified by the
olume of air below the floater, i.e. between the bottom surface of the
loater and the free surface of the water:

𝑜𝑢𝑡 = ∫𝑆𝑓𝑙

(

𝑧𝑏𝑜𝑡𝑡𝑜𝑚 − 𝜂 (𝑥, 𝑦)
)

𝑑𝑥𝑑𝑦 (9)

here 𝑧𝑏𝑜𝑡𝑡𝑜𝑚 is the vertical position of the lower surface of the floater.
sketch of such volume 𝑉𝑜𝑢𝑡 is shown in Fig. 6. A non-zero value of

𝑜𝑢𝑡 does not mean that the floater is flying out of the water, but that
he surface subjected to the wave action decreases, this reducing the
ydrostatic force.

These quantities are made dimensionless with the floater volume
𝑉 ∗
𝑜𝑣𝑒𝑟∕𝑜𝑢𝑡 = 𝑉 ∗

𝑜𝑣𝑒𝑟∕𝑜𝑢𝑡∕𝑉𝑓𝑙) and the peaks of 𝑉 ∗
𝑜𝑣𝑒𝑟 and 𝑉 ∗

𝑜𝑢𝑡 have been
identified by selecting local maxima with values larger or equal to 10%
of the largest peak. The averaged values for each test are reported in
Table 6 (see Figures S11 and S12 of the Supplementary Materials for
intermediate results).

The overtopping volume 𝑉 ∗
𝑜𝑣𝑒𝑟 varies with both the size of the device

and its mass: it decreases with increasing floater size (compare test
S1168, with peaks of 𝑉 ∗

𝑜𝑣𝑒𝑟 ∼ 0.2, test M6465, with peaks of 𝑉 ∗
𝑜𝑣𝑒𝑟 ∼

0.1 and test L65400, with peaks of 𝑉 ∗
𝑜𝑣𝑒𝑟 ∼ 0.03, in Table 6), while an

increasing dependence on the mass is evident for the tests with medium
and small size (see the increasing value of 𝑉 ∗

𝑜𝑣𝑒𝑟 for small and medium
test in Table 6). On the other hand, the peaks of 𝑉 ∗

𝑜𝑢𝑡 are negligible in the
cases of large and medium-sized RSPAs, regardless of the mass/density.
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Fig. 6. 2D sketch of the Volume identified for the overtopping volume 𝑉𝑜𝑣𝑒𝑟 (left panel) and for the volume of air under the floater 𝑉𝑜𝑢𝑡 during the motion out of water (right
panel).
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Table 6
Average value of the peaks of the overtopping volume and of
the volume of air under the floater, made dimensionless with
the floater volume.
ID 𝑉 ∗

𝑜𝑣𝑒𝑟 𝑉 ∗
𝑜𝑢𝑡

L32700 0.047 0.003
L65400 0.028 0.000
L130800 0.064 0.000
M3240 0.080 0.004
M6475 0.095 0.004
M9250 0.102 0.002
S584 0.090 1.090
S1168 0.188 1.057
S1818 0.208 0.914

For the cases of small RSPAs the peaks are of the same size as the floater
volume (see 𝑉 ∗

𝑜𝑢𝑡 ∼ 1 in Table 6), with no particular dependence from
the mass of the floater.

4. Discussion

The analysis of the nonlinear processes involved in the interaction
between the incident wave and the device is not straightforward. In
fact, several different regression functions have been tested, searching
for a relation between the 𝑅𝐴𝑂, 𝑁𝐿𝑅𝐴𝑂 𝑅𝐴𝑂∗

𝐹 , 𝑁𝐿𝑅𝐴𝑂∗
𝐹 , 𝑉 ∗

𝑜𝑢𝑡 and
∗
𝑜𝑣𝑒𝑟, and the main RSPA dimensionless parameters shown in Table 1,
ut few regressions provides a coefficient of determination 𝑅2 larger
han 0.5.

The only effective regressions are found between the dimensionless
orce response amplitude operators, 𝑅𝐴𝑂∗

𝐹 and 𝑁𝐿𝑅𝐴𝑂∗
𝐹 , and the

dimensionless freeboard 𝑅∗
𝑓 and draft 𝑅∗

𝑑 , respectively:

𝑅𝐴𝑂∗
𝐹 = 0.0031𝑅∗

𝑓 − 0.0005 𝑅2 = 0.57

𝑁𝐿𝑅𝐴𝑂∗
𝐹 = 0.0019𝑅∗

𝑑 − 0.00004 𝑅2 = 0.79
(10)

being the RAO for the floater force made dimensionless using the scale
𝛱 = 𝜌𝑤𝑔𝑉𝑓𝑙

𝐷𝑓𝑙
, hence:

𝐴𝑂∗
𝐹 = 𝑅𝐴𝑂𝐹 ∕𝛱 ; 𝑁𝐿𝑅𝐴𝑂∗

𝐹 = 𝑁𝐿𝑅𝐴𝑂𝐹 ∕𝛱 (11)

The first result in Eq. (10), shown in the left panel of Fig. 7, states
that an increasing relation exists between the force response amplitude
operator and the freeboard of the floater, i.e. with the combination of
the densities and dimensions given by Eq. (1). It follows that to increase
the linearity of the response, it is necessary to minimize the density of
the floater, or to increase the ratio 𝐻𝑓𝑙∕𝐻𝑤. Assuming a given density,

thicker floater increases the linearity of the force response.
Reciprocally, the nonlinear response shows an increasing trend with

he draft (see the second result in Eq. (10) and the right panel in Fig. 7).
onsidering the draft definition in Eq. (2), to reduce the nonlinearity
e can reduce either 𝜌 or 𝐻𝑓𝑙. Taking into account the previous result

oncerning the linear response, it becomes clear that it is necessary to
inimize the floater density in order to keep the response as linear

s possible. Within the technological limits of this minimization, an
7

ptimal value of the floater thickness can be sought. l
On the other hand, the RAOs calculated with our fully nonlinear
odel are different from those that can be obtained with potential
odels, such as the radiation-diffraction model implemented in the
NSYS AQWA software, which gives 𝑅𝐴𝑂 ≃ 1 in most of the considered
onfigurations (for confirmations, see the results reported in S4 of the
upplementary Materials). The RAOs obtained with the fully nonlinear
odel are similar to those obtained with the potential model only in the

ase of medium-sized SRPAs, suggesting that only this class of devices
as a dominant linear response to the exciting wave, even if this class
s not characterized neither by larger freeboard, nor by smaller draft.

However, if we perform a deeper analysis of the results, different
dditional considerations can be done. First of all, we notice that large
evices induce a considerable drop of the forcing wave downstream the
evice (see 𝐽 ∗ ≤ 0.25 at downstream gauges in Fig. 3), while the wave
ource is only slightly reduced upstream the device (see 𝐽 ∗ ∼ 0.7–0.9 at
he upstream gauge in Fig. 3). Such significant drop in the forcing wave
oes not correspond to an energy transfer to the device, as stated by the
mall response amplitude values (see 𝑅𝐴𝑂 ≃ 0.35 and 𝑁𝐿𝑅𝐴𝑂 < 0.25
or all large devices in Table 4). It follows that the energy is dissipated,
ut such dissipation does not influence the linearity of a large-sized
evice response. In fact, the displacement response of a large-sized
evice is mainly concentrated in the peak frequency of the wave (see
(𝑧𝑓𝑙)(𝑓𝑤) in Table 4). So, despite the considerable energy dissipation,

he large-sized device response is linear. This may be related to the fact
hat the internal-reaction specific frequency of the large-size devices
𝑖𝑛𝑡 (see Table 1) is close to the peak frequency of the incident wave
𝑤 = 0.197 Hz.

Instead, the medium-sized cases M3240, M6465 and M9250 induce
significant increase of the forcing wave, showing a direct dependence

rom the mass (see 𝐽 ∗ at upstream gauge in Fig. 4), even if the forcing-
ave drop downstream the device is lower than those of the large-sized

ases (see 𝐽 ∗ > 0.6 at downstream gauges in Fig. 4). This entails
hat the medium-sized devices not only dissipate the wave forcing, but
lso affect the wave characteristics in their vicinity. The combination
f these effects induces an apparently linear response (see 𝑅𝐴𝑂 ≃ 1
nd 𝑁𝐿𝑅𝐴𝑂 < 0.25 in Table 4), but this is not due to an ideal
inear response of a medium-sized device. In fact, the internal-reaction
pecific frequency of the medium-sized devices is in the range 𝑓𝑖𝑛𝑡 =
.5–0.9 Hz, which is quite different from the peak frequency of the wave
nd this does not promote a linear response. The fact that this linearity
s only apparent is confirmed by the 𝑅𝐴𝑂 for the floater force (see
able 5). In large-sized test, the linear force contribution is greater than
he nonlinear one (𝑅𝐴𝑂𝐹 > 𝑁𝐿𝑅𝐴𝑂𝐹 ), while in medium-sized devices
e can find 𝑅𝐴𝑂𝐹 ≃ 0 N/m. These zero values of 𝑅𝐴𝑂𝐹 indicate that,

n terms of power (which can be estimated as the product of time-
erived displacement by the force), the response of the medium-sized
evices is strongly nonlinear.

In the tests with small-sized devices, the evolution of the forcing
ave is similar to that found in the tests with medium-sized devices,
.e. it increases upstream of the device (see 𝐽 ∗ ∼ 1–1.7 at gauge C1
n Fig. 5), while it is dissipated the downstream the device, where
∗ ∼ 0.4–0.9 (see downstream gauges in Fig. 5). This suggests that even
mall-sized devices have an apparently linear behaviour like medium-
ized ones, although in this case some nonlinearity is highlighted by the

inear 𝑅𝐴𝑂s differing from the unity (see 𝑅𝐴𝑂 ∼ 0.75–0.80 in Table 4).
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Fig. 7. 𝑅𝐴𝑂∗
𝐹 vs 𝑅∗

𝑓 (left panel), and 𝑁𝐿𝑅𝐴𝑂∗
𝐹 vs 𝑅∗

𝑑 (right panel). The dashed line shows the linear trend reported in Eq. (10), where 𝑦 is the response amplitude operator and
𝑥 is the dimensionless freeboard or draft, accordingly to the panel content.
Fig. 8. 𝑅𝐴𝑂 vs 𝑉 ∗
𝑜𝑢𝑡. The dashed line shows the linear trend reported in the equation where 𝑦 is the response amplitude operator and 𝑥 is the volume of air under the floater.
In general, looking at the 𝑅𝐴𝑂s for both the floater displacement
and force, we can say that the behaviour of small-sized devices is
intermediate between large-sized ones (linear) and the medium-sized
ones (only apparently linear), although the internal-reaction specific
frequency of the devices is far from the peak frequency of the wave
(𝑓𝑖𝑛𝑡 ∼ 0.5–0.75 Hz).

The intermediate behaviour of small-sized devices is associated to
an intense motion of the device out of the water (see 𝑉 ∗

𝑜𝑢𝑡 ∼ 0.9–1.1 in
Table 6) which is negligible in the other cases. To quantitatively assess
the effect of out-of-the-water motion on the nonlinearity of the device
response, Fig. 8 shows the 𝑅𝐴𝑂 for both the floater displacement and
force with respect to 𝑉 ∗

𝑜𝑢𝑡. All 𝑅𝐴𝑂s show a growing linear dependence
from the intensity of the out-of-the-water motion 𝑉 ∗

𝑜𝑢𝑡, except for the
linear contribution of the force 𝑅𝐴𝑂𝐹 , which has a decreasing trend.

The displacement response is clearly related to the out-of-the-water
motion of the floater, both in linear and nonlinear terms. The fact
that the 𝑅𝐴𝑂 increases with 𝑉 ∗

𝑜𝑢𝑡 is intuitive, since increasing the
displacement of the device increases the amount of air volume that can
8

be under it, for the same incident wave. Similarly, increasing the out-of-
the-water motion reduces the surface area of water acting on the floater
by decreasing the force response, i.e. decreasing 𝑅𝐴𝑂𝐹 . Of particular
interest is the linear relation between the out-of-the-water motion 𝑉 ∗

𝑜𝑢𝑡
and the nonlinear contributions of the 𝑁𝐿𝑅𝐴𝑂 and 𝑁𝐿𝑅𝐴𝑂𝐹 . This
relationship tells us that the nonlinearity of the response is directly
proportional to the out-of-water motion of the device.

As mentioned for the results of Table 6, the overtopping volume
𝑉 ∗
𝑜𝑣𝑒𝑟 decreases with increasing floater size and increases with the

mass/density increase, except for the cases of large-sized devices, where
the effect of the mass/density appears negligible in generating the
overtopping. To analyse how the overtopping volume affects the device
response, the RAOs are illustrated in Fig. 9 with respect to 𝑉 ∗

𝑜𝑣𝑒𝑟. The
coefficients of determination are not suitable to support the validity
of the proposed quantitative relationship, but acceptable to qualify
an increasing trend of 𝑅𝐴𝑂 and 𝑁𝐿𝑅𝐴𝑂 with respect to 𝑉 ∗

𝑜𝑣𝑒𝑟 and a
decreasing trend of 𝑅𝐴𝑂𝐹 and 𝑁𝐿𝑅𝐴𝑂𝐹 with respect to 𝑉 ∗

𝑜𝑣𝑒𝑟.
The latter trend is easily explained: the presence of an overtopping

volume induces a downward thrust on the floater, which partially
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Fig. 9. 𝑅𝐴𝑂 vs 𝑉 ∗
𝑜𝑣𝑒𝑟. The dashed line shown the linear trend reported in the equation where 𝑦 is the response amplitude operator and 𝑥 is the overtopping volume.
balances the upward thrust due to the wave. This reduces the resultant
force on the device, both in linear contributions 𝑅𝐴𝑂𝐹 and in nonlinear
contributions 𝑁𝐿𝑅𝐴𝑂𝐹 . On the other hand, a reduction of the upward
thrust should imply a reduction of the floater displacement, but this
is not true, as shown by the increasing trend of the 𝑅𝐴𝑂, with a very
low coefficient of determination. Subsequently, despite the overtopping
generates a reduction in the force acting on the device, it does not affect
significantly its displacement.

5. Conclusions

The sea states of the Adriatic Sea are less energetic than those of
open oceans, being the most frequent ones characterized by a signif-
icant wave height lower than two metres and a peak period lower
than eight seconds. On the other hand, the Adriatic Sea is rich in
offshore infrastructure that can constitute hubs for various types of
activities requiring electricity, which can be conveniently supplied
with WEC devices. For this reason, the dynamic response of a SRPA
is studied, considering a representative forcing wave of the Adriatic
Sea, and varying the inertial characteristics of the device, i.e. size and
density/mass, to identify the sources of possible nonlinear responses.
This study, not including the control acting through the PTO subsystem,
provides indications for a preliminary dimensioning of the device in the
Adriatic Sea. The analysis of the dynamics obtained for different sizes
of the device showed that:

• To maximize the linear response of the floater, its density should
be minimized, and an optimal value of the floater thickness
should be sought within the technological limits of this minimiza-
tion.

• Large devices 𝐷𝑓𝑙∕𝐻𝑤 ≃ 5 induce considerable wave dissipation,
but the dominant response is anyway linear;

• Medium-sized devices 𝐷𝑓𝑙∕𝐻𝑤 ≃ 2.5 have an apparently lin-
ear response, since the linear response in terms of displacement
correspond to a nonlinear response in terms of acting forces;
9

• Small devices 𝐷𝑓𝑙∕𝐻𝑤 ≃ 1.3 exhibit an intermediate behaviour
between the two described above, associated with a not-negligible
out-of-the-water motion, which is directly proportional to the
nonlinear responses of the device.

Instead, the mass seems to play a secondary role in affecting the
nonlinearity of the response compared to the size, as it was found to
only have an effect in favouring the wave overtopping, which reduces
the forces acting on the floater, without affecting significantly the
displacement. Although these conclusions are limited by the range of
the explored parameters, and in particular by the unique definition
of the PTO action, they provide important insight for the choice of
the size of a device to be used in the Adriatic Sea, and for possible
parameterization of the RAOs, which is necessary to manage the PTO
control actions.
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