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ABSTRACT: Hydrodynamic investigation and characterization of floating offshore wind turbine platforms
has gained substantial research attention. In this study, we perform a numerical investigation using an SPH-
based tool to identify the frequency properties of a DeepCwind platform equipped with a system of inclined,
taut mooring lines. An open dataset is used as a reference solution: a DeepCwind-like platform tested using the
semi-submersible layout proposed during the OCS5 experimental campaign. The platform was kept at station
by a system of inclined, pre-tensioned lines. Here, the model is validated against a decay test and response
amplitude operators. It has shown good performance, indicating its capability in capturing second-order effects.

1 INTRODUCTION

As the offshore wind market steadily grows in invest-
ments and breadth, likewise research effort is poured
into the development of reliable design tools, facil-
itating the prediction of floating offshore wind tur-
bines (FOWTs) performance in highly energetic seas
(Lauria et al., 2024). Despite having comprehensive
models, such as OpenFAST (Jonkman, Buhl, et al.,
2005) able to account at once for the broad variety
of environmental loads, i.e., wind, currents, waves,
and even their structural effects, i.e., column swing-
ing, and aero-elasticity, the accuracy of the hydrody-
namic modeling, which often relies on model calibra-
tion (Niosi et al., 2023c), has emerged as a critical
metric to evaluate a model usability (Faraggiana et al.,

2022). Nonlinear hydrodynamic loads and second-
order effects appear (Antonutti et al., 2014; Shi et
al., 2023) to trigger the response of floating platform
out of the prediction of low- or mid-fidelity models,
with significant consequences on the frequency prop-
erties estimation. It goes that our numerical instru-
ments underwent a substantial bottom-to-up inspec-
tion, shifting the research interest in correctly antici-
pating the hydrodynamics of such complex structural
units. Systemic research carried out by the Offshore
Code Comparison Collaboration Continued with Cor-
relation (OC5 — Robertson et al. (2017)) has high-
lighted a persistent underprediction in load and mo-
tion magnitudes by engineering tools used during the
restitution phase. The research posits that the misrep-
resentation of low-frequency loads may stem from in-



accurate fluid resolution (Robertson et al., 2020).

Computational fluid dynamics (CFD)-based nu-
merical environments, instead, are designed to realis-
tically capture flow features, including viscous wave-
to-structure actions, and, most importantly, structure-
to-wave response (Zhang et al., 2024). Integrating
these realistic features within the core of the de-
sign process appears to be the most suitable solution
to enhance the wave—structure interaction (WSI) re-
production. Such frameworks bear great potential to
evaluate structure performance under extreme con-
ditions, as revealed for wave energy converter inter-
actions with waves (Ransley et al., 2017; Windt et
al., 2018; Davidson & Costello, 2020; Tagliafierro
et al., 2022b; Katsidoniotaki et al., 2023; Paduano
et al., 2024; Crespo et al., 2023). Consequently, the
ensuing Offshore Code Comparison Collaboration,
Continued with Correlation, and unCertainty (OC6)
project aimed to assess the sources of inaccuracy and
perform more focused investigations to improve the
general credibility of CFD methods through valida-
tion (see, regarding OCX projects results Wang et al.,
2022; Wang et al., 2021; Robertson & Wang, 2021).

The family of CFD models includes a broad range
of solvers, with peculiar characteristics and function-
ing that can make them more or less suitable for
these challenges. Navier—Stokes solvers based on the
meshless Smoothed Particle Hydrodynamics (SPH)
method, notably, exhibit interesting features for WSI
simulations, as their Lagrangian nature inherently al-
lows for moving boundaries treatment and consis-
tent fluid deformation, also overcoming grid-related
numerical issues, such as distortions or inconsistent
boundary interfaces. In previous work by the authors
(Tagliafierro et al., 2023b), along with establishing
an SPH-based numerical environment for end-to-end
platform hydrodynamic design, a comprehensive state
of the art for SPH models of FOWTs is proposed;
what certainly stands out is the flexibility of such
approaches and their encouraging rate of develop-
ment, along with the wide possibilities of further ex-
tend the accounted physics with internal or external
structural couplings (see Tan et al. (2023), Pribadi et
al. (2023), Tagliafierro et al. (2023a), or Salis et al.
(2024), among others). In Tagliafierro et al. (2023c),
for instance, wind turbulence models are included
as forcing conditions on a TLP-like platform (Tagli-
afierro et al., 2022a), proving that critical dynamics,
as surge springing, is enhanced when coupled wind-
wave actions are considered in a fully nonlinear envi-
ronment.

The numerical tool adopted in the investigations re-
ported above is the SPH-based solver known as Dual-
SPHysics (Dominguez et al., 2022), which also con-
stitutes the core of the present paper. By means of
a fully Lagrangian environment and couplings with
external libraries (Dominguez et al., 2019; Martinez-
Estévez et al., 2023a; Martinez-Estévez et al., 2023b),
DualSPHysics offers powerful support for multi-

physics high-fidelity simulations of floating struc-
tures. In this work, employing the external library
MoorDynPlus (Dominguez et al., 2019), the novel
mooring layout proposed in Niosi et al. (2024) for the
DeepCwind platform is considered as ground-truth;
reference data is available in an open-source reposi-
tory at Niosi et al. (2023b).

This study focuses on investigating the hydrody-
namic response of a semi-submersible sub-structure
that hosts a 5-MW wind turbine. Specifically, the
DeepCWind model from the OCS5 project (Robert-
son et al., 2014) was considered. As opposed to the
purpose of the OCS5 project, in Niosi et al. (2023b),
the vessel was used as a benchmark platform to
test a novel mooring configuration, intended for the
Mediterranean Sea, and set through a multi-parameter
optimization tool base on a Matlab—Orcaflex frame-
work (Ghigo et al., 2022), similarly to what is pro-
posed in West et al. (2021), with prior successful ap-
plications (Niosi et al., 2023a; Bertozzi et al., 2024).
The SPH model we propose to predict the response
of a DeepCwind platform with an innovative moor-
ing configuration has revealed promising, correctly
capturing flow-induced features generated by wave—
structure interaction. In addition, it is also concluded
that higher numerical resolution is required to en-
hance model outcomes at lower frequencies.

2 SPH MODEL

SPH is based on the discretization of Navier—Stokes
equations in correspondence to a set of computational
nodes (particles), in which they are integrated based
on the physical properties of the surrounding particles
(Violeau & Rogers, 2016). To determine the neigh-
bors’ contributions of a given particle a, a kernel func-
tion W,, and its compact support radius (2h) are de-
fined.

2.1 Governing equations

The momentum equation in SPH formalism can be
rewritten as:

N,
Duv, £ (Pb + Pa)
= - my 'vaWab+g+£a (1)
Dt ; PalPb

where P is the pressure, p is the density and £ repre-
sents the laminar viscosity term as introduced by Lo
& Shao (2002).

The continuity equation instead can be expressed
as:

dpzz mp
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where the right hand term introduces density diffusion
(Molteni & Colagrossi, 2009; Fourtakas et al., 2019)
to reduce the density fluctuations. As DualSPHysics
treats the fluid as weakly compressible, an additional
equation of state is used to relate pressure and density.
It goes:

2 ¥
G -
Y Po

where pg is the reference density, c is the speed of
sound at the reference density and + is the polytropic
constant, usually set to 7. For an exhaustive descrip-
tion of the numerical scheme, the reader may refer to
Dominguez et al. (2022).

2.2 Boundary conditions

The modified dynamic boundary conditions (mDBC)
(English et al., 2022), are implemented in this work.
This approach builds upon the DBC presented in Cre-
spo et al. (2007), as the original version was affected
by non-physical forces developed at the interface as
a consequence of the repulsive force created by the
increasing density of the approaching fluid particle.
This often resulted in large gaps between the bound-
ary and the first fluid particles layer, and spurious
pressure field (Dominguez et al., 2015), which is now
avoided with the mDBC approach. Further informa-
tion and applications for various kinds of WSI can be
found in Mitsui et al. (2023) and Ruffini et al. (2021).

3 NUMERICAL SETUP

3.1 Reference case

The DeepCwind platform geometry adheres to the de-
sign proposed in Robertson et al. (2014) and corre-
sponds to a 1 : 96 scale model (refer to Figure 2).
Constructed from PVC, the model features 125 mm
pipes for the surface piercing columns and 250 mm
pipes for the heave plates. Very thin steel rods con-
nect the outer columns to the inner column at the
top and bottom, supplemented by three inclined rods
for added shear stiffness. The properties of the over-
all platform configuration are reported in Table 1. A
much detailed description regarding the model con-
struction and specifications can be found in Metsch
(2023).

Testing was carried out in the Towing Tank 2 of the
Ship Hydromechanics Laboratory of Delft Univer-
sity of Technology (The Netherlands), using a wave
tank 85 meters long, 2.76 meters wide, and with 1.04-
meter water depth. The platform, as kept at station by
the mooring system, is shown in Figure 1. A flap-type
wavemaker with an adjustable virtual hinge point was
used for the generation of customized wave trains.
Herein, only long-crested regular waves are consid-
ered, and used for this numerical validation. Table 2

Figure 1: Photographic view of the platform at the Towing Tank
2 of the Ship Hydromechanics Laboratory of Delft University
of Technology (The Netherlands). Reproduced from Niosi et al.
(2024).

Table 1: Geometrical and mechanical properties in a body-fixed
coordinate system.

Mass: M p[kg] 15.90
CoGp (x,Y, z) [m] (0.0, 0.0, 0.128)

Draft [m] 0.21

Nominal width [m] 0.64

Nominal breadth [m] 0.73

L, [kg m?] 1.772

I,y [kg m?] 1.788

L. [kg m?] 1.22

tags the nine wave conditions excerpted from the ex-
perimental dataset. Their frequency property are de-
fined such that the first six cover a spectrum wide
enough to contain the heave peak period, whereas the
last three, repeat OP_1, OP_3, and OP_6 but having
greater steepness, computed as the ratio between the
wave height over the wave length.

Table 2: Regular wave description.

1D H(@mm) T(s) Steepness(H/)\)
OP_1 11.70 0.61 1/30
OP2 15.90 0.71 1/30
OP_3 20.80 0.82 1/30
OP 4 26.30 0.92 1/30
OP_5 32.51 1.02 1/30
OP_6 46.81 1.22 1/30
OP_7 17.60 0.61 1/25
OP_8 31.20 0.82 1/25
OP9 70.02 1.22 1/25

3.2  Mooring setup

The mooring system comprises three inclined ten-
dons that at equilibrium display pretension to counter
the platform excess of buoyancy. As mentioned, the
configuration used for this work corresponds to the
solution of multi-parameter optimization tool based
on a Matlab—OrcaFlex framework (Ghigo et al.,
2022), which targeted minimizing the overall costs of
the lines and thereby the anchoring system. Herein,
among the proposed configurations tested in Niosi et
al. (2024), the layout configuration with springs and



polyester lines is used for the validations aimed by
this work. Several elements were used to achieve the
most realistic modeling for the physical tests, how-
ever here, some simplifications are applied, which are
summarized by the schematic view proposed in Fig-
ure 2.

It is handled by the dynamic solver MoorDynPlus
(Dominguez et al., 2019). Table 3 lists the main pa-
rameters that are used to set up the line properties in
the numerical model and the solver time step. Accord-
ing to the reference research paper, the test in which
the system was kept linear concentrates the deforma-
tion into the element tagged as “Springs”, whereas the
polyester lines contribute none to the overall exten-
sional response and acted as mere connections. This
reflects here as the stiffness of the polyester lines
is just set as to be big enough to avoid meaningful
line deformation. Hence, the system response is dom-
inated by the compliance of the spring element. A pre-
liminary still-water test was performed to ensure the
line tension at rest, which has yielded close agreement
to the reference pretension value of 1.78 N (average
among the three lines) applied during the testing.

Table 3: Input parameters used for the definition of the springs.

Spring
Stiffness: K [N] 30.4
Nominal diameter: Dy [mm]  0.0036
Length: Ly [m] 0.032
Segments: N [-] 7
Density in air: p [kg/m?] 7500
Distributed mass: p; [kg/m] 0.01
Polyester
Stiffness: K [N] 5000
Nominal diameter: Dy [mm] 0.00012
Segments: N [-] 7
Density in air: p [kg/m?] 1200
Distributed mass: p; [kg/m] 0.0017
Model parameters
Time step: dtps [s] 2e-05

Table 4: Mass properties in a body-fixed coordinate system.

15.90
(0.0, 0.0, 0.128)

Mass: M plkg]
CoGp (x,y, z) [m]

Draft [m] 0.21
Nominal width [m] 1.26
Nominal breadth [m] 1.44
I, [kg m?] 1.772
I, [kg m?] 1.788
L. [kg m?] 1.220

4 NUMERICAL VALIDATION

Herein, following the modeling methodology adopted
in Tagliafierro et al. (2023b), the initial inter-particle
distance, dp, is taken as proportional to the thick-
ness of the heave plate, Hp=0.062 m. Specifically,

Table 5: Fairlead and anchor position of the mooring lines at
equilibrium.

Description Connection x[m] y[m] z [m]
Fore Fairlead -0.426  0.00 -0.146
Anchor -0.781 0.000 -1.042
Starboard Fairlead 0.213 -0.369 -0.146
Anchor 0.381 0.678 -1.042
Port Fairlead 0.213  -0.369 -0.146
Anchor 0.381 0.678 -1.042

two resolutions, Hp/5 and Hp/10 are considered, re-
spectively, to identify the dynamic properties of the
moored platforms, whereas only the first one, Hp/5,
is considered to study the wave—solid structure inter-

action.
/* Rigid body for the platform

Still water surface

CoG
o

Semi-taut tension legs
(Polyester line)

Water depth

{3

Springs (steel)

Figure 2: Overview of the numerical setup for the decay test.

4.1 Heave decay test

A first benchmark for this numerical model consists
of a heave decay test, which here is considered as the
most representative way to stress the axial stiffness of
the taut lines. Reference is made to an initial config-
uration which features a 0.060 m displacement along
the fore side. Note that for a similar platform config-
uration Tagliafierro et al. (2023b) performed a con-
vergence study for the heave decay test. However, as
the mooring configuration differs, this initial testing
is deemed necessary to ensure model correctness.
Figure 3 contrasts the numerical outcomes against
the reference time series. Both resolutions exhibit no-
ticeable agreement, however, with different degrees of
accuracy; the coarser, Hp/5, behaves very well in fre-
quency and amplitude up to the third cycle, whence an
increase in damping occurs. Instead, the finer, Hp/10,
apart from a slight overestimation on the peaks in
the first loops, consistently predicts both amplitude
and period of the vertical oscillations throughout the
whole test. It is worth including some details here re-
garding the physical testing that may make the model
deviate from the intended layout. First, the decay test



was performed in a wave tank, which has finite width
and was not fitted with any anti-reflective layer. For
the numerical setup, a theoretical infinite size of the
tank is assumed with proper treatment to avoid bound-
ary wall reflection. Secondly, small deviation in the
positioning of the mooring lines and accidental eccen-
tricity in the definition of the platform CoG may give
rise to coupled effects within modes. Thus, keeping
in mind these two points can surely help frame the
quality of the results just presented in this section.

Figure 3: Heave decay test for the moored platform, with two
different SPH resolutions.

4.2 Response amplitude operator

To begin with, the numerical setup that handles
wave generation and propagation is described. A flat-
bottom flume is considered with water depth (i.e.,
1.04 m) corresponding to the physical tank. Gener-
ation is accomplished by a piston-type wavemaker
equipped with an active wave absorption system
(AWAS), following the implementation proposed in
Altomare et al. (2017), which includes a control rou-
tine over the generated incident wave. Such a pis-
ton comprises moving boundary particles. Although
smaller than the physical tank (i.e., width 4.22 m), the
tank width is taken as twice the nominal width of the
platform, which has proven sufficient to ensure accu-
rate results. The tank has a parametric length, in an
attempt to mediate accuracy and computational run-
time. As opposed to the 142.00 m of the physical tank,
the length of numerical fluid domain before the plat-
form rest-position is proportional to the wavelength
being generated; the latter, L; is computed by solv-
ing the dispersion formula. Ultimately, to prevent lat-
eral reflection, the width is set to twice the apparent
diameter of the floater in conjunction with numeri-
cal damping bands 10-cm wide on the lateral edges.
Note that for the following investigation, the numeri-
cal model employs the particle size dp=Hp/5.

For estimating the RAQ, a total of nine wave con-
ditions are considered. The wave parameters used
to form the RAOs are provided in Table 2. These
wave conditions cover a range from linear to non-
linear waves, also including different wave steepness
values, as easily rendered by Figure 4. To evaluate

the RAO, for each simulation, the motion amplitude
corresponding to the degree of freedom of interest is
gauged from a frequency-domain decomposition. It is
then divided by the wave amplitude of the incident
wave, computed from another simulation where pure
wave propagation is assumed. The results are then ar-
ranged into Figure 5.

Figure 4: Regular wave classification.

Figure 5 shows the RAO for the surge and heave de-
gree of freedom, which is compared with reference
solutions. The first chart, reporting the surge RAO
comparison, reveals quite good agreement through-
out the frequency spectrum, as the overall behavior
is captured with errors within a few percent of the
references. When running waves of different steep-
ness, the model predicts the system non-linearity in-
duced by greater forcing agents. In the high-frequency
(low-period) region, steeper waves do not signifi-
cantly hit the surge motion, indicating an almost lin-
ear response of the system. However, as the wave fre-
quency lowers (increased period values), such divide
becomes increasingly higher, as it is demonstrated by
the markers corresponding to OP_6 and OP_9. Again,
the model captures this increased non-linearity be-
tween the forcing term and the surge displacement.

The second panel in Figure 5 shows the RAO
for the heave motion. Overall, very good agreement
can be noticed although some markers reveal slight
misprediction. Specifically, for high frequencies the
model fails to correctly predict the heave RAO with
high discrepancy between the cases that account for
different wave steepness. This is however to be ex-
pected given the very small simulated wave height,
which requires better resolution to be correctly gener-
ated and propagated. On the other hand, for low fre-
quencies, the model is accurate but not precise. As it
has been observed for the surge RAO, the model cor-
rectly captures the changes in hydrodynamics when
the wave height is changed. This time, however, the
RAO is slightly underestimated. Possible causes of
mismatching could be generated here by some differ-
ence in the hydrodynamic heave stiffness.



Figure 5: RAO response in heave and surge. 7 indicates the
wave steepness as H/\.

5 CONCLUSIONS

We have presented a numerical model validation for
an SPH-based solver grounded on predicting the dy-
namic response of a semi-submersible platform under
regular wave excitation. A preliminary model valida-
tion has been performed using a heave decay test. It
was revealed that the proposed model setup can cap-
ture the properties of the mooring system, which dom-
inates here, quite well for a first resolution dp=Hp/5,
and very well when more particles, corresponding to
dp=Hp/10, are used. For the latter resolution, its pre-
diction fits frequency and damping response. Finally,
an RAO analysis has been used to qualitatively ascer-
tain the model accuracy. The proposed setup proved
quite reliable in predicting the motion of the Deep-
Cwind platform under regular waves, showing good
matching for the surge RAO, whereas some loss of
precision is shown for the heave RAO. However, the
most important outcome of the presented validation
comes from the capability that the model has shown
in predicting changes in the system behavior when
different wave steepness are considered, proving how

high-fidelity models are “predictive” and could be
potentially employed up to very high TRL (technol-
ogy readiness level) levels during the development of
novel concepts for renewable energy devices, such as
the one proposed here.

CFD models can provide levels of accuracy that
are comparable to real expectations in simulating op-
erative conditions, expressly when the latter condi-
tions entail coupled effects among the various com-
ponents that characterize the dynamics of structures
at sea for renewable energy. As of now, viscosity and
turbulence still configure fields under investigation
within the SPH community, as remarked in Vacondio
et al. (2020), but, nonetheless, investing research ef-
fort in DualSPHysics is deemed relevant. This simula-
tion platform can also tackle the hydroelastic analysis
of the various components of the floating platforms
(O’Connor & Rogers, 2021) (posited as well by the
novel OC7 project) or account for the dynamics of the
wind towers and rotor blades (Capasso et al., 2022;
Martinez-Estévez et al., 2023b), whereas more realis-
tic hydrodynamic investigations could be made pos-
sible by the implementation of more comprehensive
environmental loads, such as combinations of waves
and currents (Capasso et al., 2023; Yang et al., 2023;
Yang et al., 2024).
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