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Abstract: The open-source code DualSPHysics, based on the Smoothed Particle Hydrodynamics
method for solving fluid mechanics problems, defines a complete numerical environment for simulat-
ing the interaction of floating structures with ocean waves, and includes external libraries to simulate
kinematic- and dynamic-type restrictions. In this work, a full validation of the SPH framework using
experimental data available for an experimental test campaign on a 1:37-scale floating offshore wind
turbine tension-leg platform (TLP) is presented. The first set of validation cases includes a surge
decay test, to assess the quality of the fluid–solid interaction, and regular wave tests, which stimulate
the mooring system to a large extent. During this phase, tendons (tension legs) that are simulated
by MoorDyn+ are validated. Spectral comparison shows that the model is able to capture the surge
and pitch dynamic amplification that occurs around the resonant fundamental mode of vibration.
This work concludes with a numerical investigation that estimates the response of TLP under extreme
events defined using multiple realizations of irregular sea states; the results suggest that the tendon
loads are sensitive to the sea-state realization, providing maximum tendon peak forces in a range
of ±10% about the mean. Furthermore, it is shown that the load pattern that forms from considering
the relative position of the tendons to the incident wave direction leads to higher forces (≈20%).

Keywords: DualSPHysics; MoorDyn+; computational fluid dynamics; tension-leg platforms; floating
offshore wind turbines; Smoothed Particle Hydrodynamics; multiphysics simulations

1. Introduction

Floating offshore wind turbines (FOWTs) can be used to widen the viable area for wind
energy exploitation, allowing turbines to generate electricity in water depths where direct
foundations are not feasible and to access locations with higher and steadier wind character-
istics. Installing wind turbines offshore is becoming more and more attractive for investors,
as larger areas and better wind resources are available [1]. However, to unlock the potential
of offshore wind, floating platforms for wind turbines or other forms of connection must
be used [2], as bottom-fixed foundations are inadequate.

Different schematics of FOWT foundation technologies are available [3,4]; tension-
leg platforms (TLPs), which can provide a sure foot for the installation of wind turbines,
gain stability through water displacement and mooring lines. They are based on the TLP
system, a preferred solution in the offshore oil sector and their performance is well known;
they mainly use vertical tendons to constrain motion along the vertical axis, and can also
provide surge constraints at the cost of certain lateral displacements [5]. Moreover, in view
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of the fact that many devices work together (farms), secondary mooring systems can be
used to keep the station horizontal and provide redundancy to the overall system [6]. As
a fully complementary concept, for the spar-type floating wind turbine (SFWT), there
is no noticeable transition from tower to float (spar), and the design and construction
of the floating tower should be carried out seamlessly. Different mooring line systems
can be used for stability purposes, using either catenary or tendon, or a combination of
both [2,7].

Due to the fact that these structures are in their early prototype development stage,
numerical tools can be very useful for investigating their response [8]. Accurate simulation
of the fluid mechanics requires the use of Computational Fluid Dynamics (CFD) methods,
but it is also important to pay attention to simulating the multiphysics nature of these
systems [9,10]. Offshore wind turbines entail novel challenges for the overall aerodynamics
due to the multiphysics nature of the system [11], and a large part of the existing literature
has not considered the coupling between the wave- and wind-induced motions yet [12],
which has been proved relevant by the main conclusions reached during the Offshore Code
Comparison Collaboration Continuation, with Correlation project (OC5) [13]. High-fidelity
modeling procedures to solve the dynamics of the system are indeed necessary to obtain
reliable model results [14]. It is interesting to mention that, although the main focus
of certain research projects, such as the OC6 (Offshore Code Comparison, Collaboration,
Continued, with Correlation and unCertainty), is on the validation of engineering-design
tools for offshore wind turbines, the latest testing campaign outcome of Phase Ib [15] has
a broader scope and is suitable for CFD code validation.

Modeling marine structures in extreme wave conditions is difficult and costly, both
experimentally and numerically. To a certain degree, some investigations can be carried
out experimentally, but for real-scale models and coupling between wind, current, and
wave actions numerical simulations seem to be the only way forward. For handling
simulations of energy capturing devices at sea, CFD methods are the best option [16] since,
in principle, they could be used to simulate fluids in detail. Much progress has been made
in recent years, but classical mesh-based CFD methods still tend to fail in very harsh wave
conditions [17]. Nevertheless, successful applications of mesh-based CFD solvers in solving
the hydrodynamics of marine structures for renewable energy have shown that they can
provide a high degree of accuracy [18–20].

An environment that has been revealed to be suitable for such usages, especially
within engineering fields of application, is the one established by meshless methods [21–25].
The Smoothed Particle Hydrodynamics (SPH) method employs a set of a finite number
of discrete particles to represent the state of a system and to record its movement [26].
Each particle is generated to represent a part of the continuum problem domain. For CFD
problems, each particle has a set of field variables, e.g., mass, momentum, energy, positions,
and other variables (vorticity, etc.) related to the specific problem. The contribution of those
particles is weighted using a kernel function, with an area of influence that is defined using
a characteristic smoothing length.

The open-source code DualSPHysics [27] is an advanced meshless solver with em-
phasis on free-surface flow modeling, based on the SPH technique. Throughout many
published research reports, a few of which are reviewed in Luo et al. [25], it has shown
outstanding features in supporting simulation of coastal and ocean structures. The coupling
with other open-source computing libraries, e.g., Project Chrono [28], or MoorDyn [29],
has introduced many versatile features conveniently deployed to simulate multiphysics
systems. A large body of research shows that the code can be used for research investi-
gations of marine vessels [30–33] and also of wave energy converters (WECs) [34] such
as: oscillating water columns [35,36]; an oscillating wave surge converter [37]; and point-
absorber devices [38–42]. Recent research papers have proposed methods to include flexible
elements, such as beams, within the same SPH framework [43,44] that may open up new
modeling strategies for devices for renewable energy.
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Up until now, there have been flourishing research activities on the development
of software that is usually designated as engineering tools. Apart from analytical mod-
els [45], the latter identifies numerical tools that are able to perform time domain simula-
tions of marine structures and several environmental conditions. Developed by researchers
from the National Renewable Energy Laboratory (NREL), FAST (Fatigue, Aerodynamics,
Structures, and Turbulence) [46] is one of the most used open-source codes for marine
structures for which wind-, wave-, and current-induced loads provide critical contribu-
tions to the overall system response. FAST, however, solves the hydrodynamics with
a potential-flow solver (HydroDyn), which is generally unable to capture viscous effects
and wave breaking, for example; most of its limitations are worked around by including
fictitious treatments for the viscosity and other effects. Tran et al. [47] demonstrated
that by comparing the prediction of FAST and a CFD-based solver, potential-flow based
models show consistent over estimation when the motion of the investigated platform
increases [5,48,49]. Other similar comprehensive research is presented in Liu et al. [50],
where an open-source CFD-based solver is used to investigate the performance of the Deep-
CWind semi-submersible floating wind turbine within a realistic environment, including
waves and winds within the same setup. Although combined design strategies (see, e.g.,
for similar applications, [51,52]) still yield the best performace/cost ratio, the work [50] sug-
gests that the use of CFD can be of great help for the development of offshore technologies,
identifying the need for new research. Specifically, one of the gaps brought to light was
the lack of accuracy (under prediction) for the mooring line loads, due to the use of a static
model to simulate the connections.

The objective of this work is to establish and validate an initial setup for a tension-
leg platform for FOWTs with the meshless DualSPHysics code, validating for the first
time tendon lines simulated by the MoorDyn+ library. Particularly relevant is the vali-
dation of the predicted mooring stress driven by the regular wave-induced motion that
resolves in high platform displacement. A reference geometry concept investigated in [5]
is used to build the numerical model; the experimental data is afterward used to com-
pare and to assess the level of accuracy that can be achieved by performing CFD simu-
lations within the Lagrangian SPH framework. The validated model is then used to in-
vestigate the effects on the anchoring systems of extreme wave conditions using irregu-
lar sea states. The paper is arranged as follows: Section 2 provides the mathematical
description of the SPH method and gives some details on the software implementa-
tion; Section 3 presents the experimental setup along with the test matrix that is used
for the TLP motion validation, immediately followed by the numerical model definition.
In Section 4, the various response amplitude operators are defined and compared to the ref-
erence ones. In Section 5, the numerical investigation of the TLP wind turbine under
irregular sea states is performed, paying attention to the effects of the sea-state realizations
on the mooring line load trends; Section 6 closes this work with a discussion of the predic-
tion capabilities of the presented model and the possibility for future applications.

2. The SPH Method
2.1. Fundamentals

Using the SPH method, a generic function, F, can be defined by:

F(r) =
∫

F(r′)W(r− r′)dr′ (1)

where r is the position vector of the calculation point, r′ is the position vector of another
computational point, and W is the kernel function [53]. The function can be approximated
by performing the particles’ contribution within the compact support of the kernel:

F(ra) ≈∑
b

F(rb)W(ra − rb, h)
mb
ρb

(2)
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where subscript a indicates the interpolated particle, b is a neighboring particle, m and ρ
are, respectively, the particle mass and the density, mb/ρb is the volume associated with the
particle b, and h is the smoothing length. The kernel function W is defined in such a way
that the positivity on the compact support, normalization, and monotonic behavior are
guaranteed [54]. The version of the code employed in this work makes use of the so-called
piecewise polynomial Quintic Wendland weighting function (QW) kernel, as defined in [55]
and reported here:

W(q) = αD

(
1− q

2

)4
(2q + 1) 0 ≤ q ≤ 2 (3)

where αD is the scalar that ensures kernel normalization, q = r/h is the non-dimensional
distance between particles, and r is the distance between particles a and b.

2.2. Governing Equations

The SPH method is used to represent fluid volumes by defining sets of particles
on which the Navier–Stokes (N-S) equations are solved. Within a Lagrangian framework,
the differential form of the NS equations is written using the SPH formalism as follows:

dva

dt
= −∑

b
mb

(
pa + pb

ρaρb

)
∇aWab + g + ∑

b
mb

(
4

ν0rab · ∇aWab

(ρa + ρb)(r2
ab +

h2

100 )

)
vab (4)

dρa

dt
= ρa ∑

b

mb
ρb

vab∇aWab + 2δhc ∑
b
(ρb − ρa)

vab∇aWab

r2
ab

mb
ρb

(5)

where t is the time, v is the velocity, p pressure, g is the gravitational acceleration, ∇a is
the gradient operator, Wr the kernel function, δ is a parameter that governs the diffusive
term, ν0 is the kinematic viscosity, rab = ra − rb with ra and rb being the position of particles
a and b, respectively, and c is the speed of sound.

The last term in the momentum equation (Equation (4)) defines the laminar viscosity
model according to the formulation proposed in Lo and Shao [56]; the fluid is numerically
identified by its kinematic viscosity herein set to 12−6 m2/s (water 15 ◦C). As mentioned
before, the continuity equation (Equation (5)) comprises a term that is arranged in order
to filter high-frequency numerical noise out, which improves the stability of the scheme.
Its formulation, as introduced in [57] and further developed under the name of delta-SPH
in [58]; it is based on a density diffusion term, which affects the density field, providing more
physical agreement when mild density variations are in place. Furthermore, this second
term makes use of the formulation proposed in Fourtakas et al. [59,60] by considering
the dynamic component of the density field to control the intensity of the diffusive term.

A weakly compressible SPH formulation (WCSPH) is used here for modeling Newto-
nian fluids, following Tait’s equation of state to determine the fluid pressure, p, from the den-
sity field, which is given by:

p =
c2ρ0

γ

((
ρ

ρ0

)γ

− 1
)

, (6)

where ρ0 is the reference fluid density (998.5 kg/m3 for fresh water), γ is the polytropic
constant (set to 7 for water-like fluids). Within a WC formulation, the fluid compressibility
can be adjusted to ensure reasonable values for the integration timesteps and without
losing precision for the pressure field.
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2.3. Rigid Body Dynamics

DualSPHysics implements the equations of rigid body dynamics to compute the mo-
tion of rigid instances interacting with fluid particles. Each boundary particle that composes
the rigid object, k, experiences a force per unit mass given by:

fk = g + ∑
b∈ f luid

fkb (7)

where fkb is the force contribution of the fluid particle b, per unit mass, on the boundary
particle k. The basic equations that are used for the motion of rigid bodies are:

M
dv
dt

= ∑
k∈body

mk fk (8)

I
dΩ

dt
= ∑

k∈body
mk(rk − r0)× fk (9)

where M is the matrix mass of the object, I is the matrix of the moment of inertia, v is
the velocity, Ω is the angular velocity, and r0 is the center of mass; × indicates the cross
product. Equations (8) and (9) are integrated in time to evaluate the values of v and Ω for
the next time step. The boundary particles receive a velocity according to:

vk = v + Ω× (rk − r0) (10)

The final step of each solving model loop rearranges the boundary particles according
to the integration of Equation (10) in time. In the literature, some research has shown that
this approach preserves the linear and angular momentum [61], and other research has
provided validations about buoyancy-driven [62,63] and fluid-driven motion [64].

2.4. Adopted Boundary Conditions

Crespo et al. [65] presented the Dynamic Boundary Condition (DBC) which was imple-
mented as a standard method for the definition of the boundary conditions in DualSPHysics.
The DBC treatment has been demonstrated to work properly in many applicative cases [66].
In the wake of minor inconsistencies in the DBC approach, such as large gaps appearing
when transition from non-wet to wet takes place, a novel formulation was proposed in [67].
The so-called mDBC (modified DBC) works with the same particle arrangement defined
for its former version, but it uses a boundary surface to locate the layer transition between
the body and the fluid domain. The surface is used to mirror ghost nodes from the bound-
ary particles into the fluid domain and hence evaluate the fluid properties at these virtual
positions; the SPH computation thus exploits the values mirrored on the boundary particles
to approximate the fluid particle interaction [68]. The use of mDBC guarantees precise pres-
sure computation, as shown in [67,69], and reduces the non-physical gap between boundary
and fluid particles, which is very useful for simulations of engineering problems [70,71].

2.5. Coupling to MoorDyn+

For the case under study, the correct simulation of the mooring lines is vital, as wired
connections are often exploited in offshore structures for their capacity to provide connec-
tions spanning long distances with a small usage of material. The correct estimation of the
tendon performance is critical to the understanding of anchored floating structures, and Du-
alSPHysics does indeed allow one to perform multiphysics simulations by using coupling
strategies between different pieces of software, managing different differential systems
of equation solvers (some examples are in [62,72,73]). In this way, a fully Lagrangian 3D
environment that contains the geometry for the whole system is created, and here the effects
of mooring lines on floating structures are addressed by the MoorDyn+ library [74].
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MoorDyn+ solves the mooring dynamics using the lumped-mass approach inherited
from its parent version MoorDyn [29]. This version of the code has seen several improve-
ments, such as solving interconnectivity among floating bodies and using different bottom
depths for catenary-like connections. The library computes the tension at the anchor and
fairlead points that are then used to evaluate the final motion of the structure following
Equations (8) and (9). As such, the formulation is generally suitable for simulating any
kind of cabled connection; tendons have not been validated yet. The two-way coupling
structure presented in [63] is used for the data exchange between the DualSPHysics main
loop and the MoorDyn+.

When the lumped-mass approach is used for simulating structural elements only react-
ing to tension forces, single mooring lines (of initial unstretched length l0) are arranged into
equally spaced N + 1 nodes, connected by N equally long segments. Each segment inherits
its properties from the overall geometry of the line, given as: segment length l = l0/N;
volume-equivalent area A = π/4d2, with d being the volume-equivalent diameter; density
ρm; net mass mi = Al(ρm − ρw), with ρw being the water density. The boundary conditions
are set at both the fairleads and the fixed connections, which represent the interfaces over
which the MoorDyn+ library and the DualSPHysics code communicate.

3. Numerical Modeling
3.1. Experimental Setup

The study involved a 1:37 geometric scale model (Froude similarity) of a TLP, which
houses a stiff rod that represents an idealized wind turbine tower; it was tested in the Kelvin
Hydrodynamics Laboratory at the University of Strathclyde (UK) under regular and ir-
regular waves (Figure 1); the experimental and numerical campaign is presented in Oguz
et al. [5]. The superstructure configuration closely represents the NREL 5-MW baseline
wind turbine [75]. Geometrically speaking, the reported data in [5] can be used to rebuild
a quasi-similar setup, with enough information to perform a complete validation by con-
trasting against the motion response amplitude operators (RAOs) for the platform’s surge
and pitch modes. Furthermore, the dimensionless response spectra for the mooring tension
can provide a reference dataset for the definition of tendon tension transfer functions.

Figure 1. TLP floating offshore wind turbine: the specimen under extreme irregular waves (reprinted
from Oguz et al., [5] copyright (2022), LN 5311720742150, with permission from Elsevier).

The reference paper explores the capability of the open-source solver FAST (Fatigue,
Aerodynamics, Structures, and Turbulence) [46], developed by researchers from the Na-
tional Renewable Energy Laboratory (NREL), to simulate the same TLP configura-
tion under scenarios including wind forces. First, the numerical setup in the above-
mentioned numerical study is used to provide another reference solution to compare with.
For the scope of this work, regular wave conditions will be defined in the following and
used to build the numerical RAO for the surge and pitch motion and the tendon tension
transfer functions for two mooring lines, namely, T1 (bow) and T5 (aft), as indicated
in Figure 2.
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Figure 2. Schematic of the wave tank and TLP wind turbine dimensions in model scale. Note that Li,
wave length, varies according to the considered wave condition, as defined in the text. The positions
of the three mooring lines used in the following analyses are indicated with black and red dots,
whereas the remaining lines (eight in total) are indicated with red dots.

3.2. Numerical Model

The model building process and the validation procedures are presented at model
scale, meaning that the geometry is reproduced at a 1 to −1 ratio, thus making direct
comparison to the experimental results. Two spatial discretizations of the numerical
model, usually indicated by the initial interparticle distance (dp), are set. According
to the smoothing length, h, which is given as h = 1.20

√
3 dp within the scope of this paper,

a minimum number of particles is indeed necessary to assure the correct use of mDBC so
that during the fluid–solid particle interaction [67], the kernel comprises enough particle
contributions to compute the field variables with sufficient accuracy. SPH-L = 0.03 m (low)
and SPH-H = 0.02 m (high) are defined such that they guarantee five and seven particles,
respectively, in the reference dimension, that is, the pontoon width, 0.120 m.

3.2.1. Wave Tank Design

A basin of 76 × 4.6 m, 1.90 m water depth was used for the experimental tests.
Figure 2 proposes a revisitation of the wave tank through its novel design, for which
the lateral and top views are sketched. The tank used for this investigation was reduced
in length and width in an attempt to mediate accuracy and computational runtime, whereas
the depth is preserved to avoid introducing wave profile disturbances. The tank is short-
ened owing to a piston-type wavemaker equipped with an active wave absorption system
(AWAS), following the implementation proposed in [76], to guarantee the correct input
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incident wave. Note that the flume length, defined as ∝ Li in Figure 2, indicates the wave
length of the wave being generated, and is computed by solving the dispersion formula:

ω2
i = g ki tanh(ki · d) (11)

where g is the magnitude of the gravity acceleration vector, ki = 2π/Li is the wavenumber,
ωi = 2π/Ti is the angular frequency with Ti being the wave period, and d is the water
depth. To prevent lateral reflection, since the tank does not cover the experimental full
width, the width is set to twice the apparent diameter of the floater in conjunction with
numerical damping zones at the lateral edges (gray shaded area in the top view in Figure 2);
lateral solid walls are replaced with periodic boundary conditions [77].

3.2.2. Mooring Systems

The eight tendons (highlighted in Figure 2) that are used to provide anchoring
to the TLP configuration are modeled using the mooring systems available in the MoorDyn+

solver. When the lumped-mass approach is used to model cables, it usually introduces
higher modes of vibration along the axis of the line, which may provoke nonphysical node
oscillations, which tendons are extremely sensitive to. The formulation presented in [29]
works around this issue by introducing a viscous damping term that can smooth down
the vibration modes with frequencies close to the critical one. The natural frequency can be
defined as:

fn =
1

πl

√
E
ρ

. (12)

where l is the length of each line segment and E is the elasticity modulus of the line.
The input data used in the numerical model are reported in Table 1. The initial

(unstretched) length of the eight tendons is l0 = 0.940 m, as is shown in the geometrical
setup in Figure 2, and the nominal diameter is d = 4.00 mm. To proceed with the parameter
assignment, the mechanical properties of the tendon material (nylon) are used to identify
the stiffness of the cross section. The presence of an in-series spring for each tendon
in the experimental setup, in this work, is accounted for by considering an over-relaxed
value, specifically one third of the initial cross-sectional stiffness. Note that the model
time step (dtM), the internal integration time-step used in MoorDyn+, is defined according
to the following relationship dtM = 20

fn
, whereas N = 20 segments are used for there

is no expected slackness for the investigated set of wave conditions. MoorDyn+ solves
the 3(N + 1) equations of the motion using a constant-time-step second-order Runge–Kutta
integrator.

Table 1. Definition of the mooring line input parameters and the internal numerical solver.

Element Symbol Quantity Unit

Young’s modulus E 2.70 GPa
Cross sectional

stiffness EAl 30.0 kN

Nominal diameter DN 4.00 mm
Density in air ρl 1200 kg/m3

Weight in fluid Wl 0.02 N
Segments N 20 -

Natural frequency
(Equation (12)) fn 5.21 MHz

Model time step dtM 19.5 × 10−6 s

4. Validation
4.1. Wave Generation and Propagation

First of all, Figure 3a charts the wave conditions that are used for the definition
of the validation test matrix, following the same procedure proposed in the reference paper
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to build the surge and pitch RAOs and the tension transfer functions. A preliminary study
of this setup is presented in [78].
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Figure 3. Regular wave conditions as classified in Le Méhauté abacus a. Surface elevation comparison
between the generated wave and the theoretical second-order solutions (black solid lines) for the two
extreme cases b.
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Figure 3. Regular wave conditions as classified in Le Méhauté abacus (a). Surface elevation com-
parison between the generated wave and the theoretical second-order solutions (black solid lines)
for the two extreme cases (b).

The Le Méhauté’s abacus [79], presented in Figure 3a, classifies the regular wave condi-
tions according to the theoretical model that should be used for their generation theory and
the steepness–shallowness ratio. All the considered regular waves can be safely simulated
by employing second-order Stokes’ theory. Case T = 0.994 s, being the only outlier, is
positioned relatively close to the Stokes’ second order area, thus producing little to no
third-order term magnitude of the Stokes’ perturbative series with respect to the second
order terms. Note that Le Méhauté’s classification places the waves in a straight line since
they all share the same wave height 0.060 m and propagate in the same water depth 1.91 m.

The wave tank capability in generating and propagating waves is ascertained using
the two limit cases of the range for the wave conditions, Figure 3a. The waves correspond
to T = 0.994 and T = 4.951 s and both have the wave height H = 0.060 m, and propagate
in 1.91 m water depth (deep water and intermediate depth, respectively). A visual compar-
ison of the wave generation and propagation performance of the set wave tank is given
in Figure 3b, which charts the free-surface elevation at the float’s location against the ex-
pected theoretical second Stokes’ theory wave profile; the model delivers good agreement
in both wave amplitude and overall shape. The anti-reflective beach downstream from
the propagation domain provides a reflection coefficient lower than 2%, as computed using
Healy’s method [80].

A final note on the computational performance of the model, according to the two
resolutions, seems to be appropriate. As the definition of the tank length is parametric,
a case representative of the batch of simulations is considered to showcase the features
of the model and its computational cost. In particular, Case T = 3.300 s, with wave length
corresponding to L = 12.60 m, yields to 3.42 and 5.80 M particles, respectively, for SPH-L =
0.03 m (low) and SPH-H = 0.02 m (high). The simulated physical time is 14× T, so 54.5 s,
and runs in 36 and 79 h, respectively, on a NVidia Tesla V100-SXM2-16GB (CirrusII HPC
system).
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4.2. Surge Decay Test

The preliminary study of the revealed TLP presented in [78] suggests using the
following data to initialize the TLP mechanical properties: mass, consistent with a pe-
riod Ts.exp = 4.05 s (24.38 s at full-scale), of 47.74 kg, and an inertia matrix defined
as diag(Ixx = Iyy = 126, Izz = 5) kg·m2. The solid geometry of the TLP has been used
to distribute the mass evenly across the surfaces that compose the outer shape of the body.
A decay surge decay test is still performed to validate the initial setup.

The test is performed in a 3 × 3 m tank, shown in Figure 4, brimmed with damping
areas to avoid water surface disturbance being re-reflected; an initial surge displacement
(≈0.08 m) was imposed on the structure, and then left free to oscillate under the recenter-
ing effect provided by the tendon system. The time evolution of the TLP surge motion
for the decay test is shown in Figure 5. In order to estimate the natural period of the struc-
ture Ts, the solution for the equation of motion is considered. The transient term preserves
its exponential form when written in terms of displacement, yielding to A(−ξωs t), where
A is the initial signal amplitude, ξ is the damping ratio, ωs is the circular frequency of vi-
bration of the system, t is the time. Two curves, coming from the above transient term,
are introduced upon the surge free vibration evolution. The best fit is given by A = 0.060
m, Ts = 4.02 s, and ξ = 0.10. The period was double-checked with a spectral analysis
based on Fourier Transform, which confirmed the obtained value. The period Ts.num = 4.02
s (vs. Ts.exp = 4.05 s) is achieved, and shows an error of −0.90% with respect to the
experimental one.

Figure 4. Perspective visualization of the numerical model during the decay test: the fluid is indicated
by the colored particles (coloring indicates pressure), whereas the geometry of the TLP is reported
as a solid shape.
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4.3. Surge and Pitch Motion Spectra

The final validation of the numerical model is performed by considering a spec-
tral reconstruction of the surge and pitch motion spectra, which are therefore compared
to the data available in reference work, Oguz et al. [5]. A rich spectrum of components
that cover from 1.00 to 5.00 s is considered to build the system response; the corresponding
waves are classified in Figure 3a. It is worth mentioning that the considered frequency
range contains the fundamental period of vibration for the surge mode, previously defined.

Figure 6 resumes the results of the numerical campaign performed on the TLP under
the regular wave conditions defined in Figure 3a. The four charts compare the surge and
pitch response predicted by the presented model (SPH) to the experimental data (Exp.)
and to the results of a FAST numerical model (FAST). The surge and the pitch motion, and
the T1 and T5 tension values are calculated by averaging values of the peak response over
a time window that covers six wave periods. That time window was preceded by four
wave periods which proved necessary in order to obtain a steady and fully developed
system response. The response amplitude operators are defined by using the wave height
gauged for each case; the dimensionless tendon tension F̄ is evaluated as:

F̄ =
F− Fstill

Fstill
(13)

where F is the tension estimated from the simulation and Fstill is tension induced by
the extra platform buoyancy.
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Figure 6. Surge (a), pitch (b), T1 maximum tension (c), and T5 maximum tension (d) response spectra
under regular waves: experimental, numerical (FAST), and proposed model results comparison
for two resolutions (SPH-L and SPH-H)).

The comparison in Figure 6a demonstrates that the proposed numerical setup is able
to correctly predict the system’s response within the considered spectrum of frequen-
cies. The agreement is almost perfect for the examined wave conditions, and the surge
displacement peaks exactly around the expected period (≈4 s). The pitch response
Figure 6b spectrum shows good agreement as well, with an almost insignificant disagree-
ment that is likely due to having considered stiffer tendons than they were in reality.
Nevertheless, the pitch angle underestimation, for some cases, does not substantially affect
the quality of the surge motion model prediction because this phenomenon only takes place
thanks to the tendons’ deformability and thus it does not affect the overall hydrodynamics
response of the TLP. It is important to mention that, throughout the whole numerical
investigation, the tendons never experienced loss of tension. The tension force transfer
functions depicted in Figure 6c,d provide very good estimation of the anchoring system
peak response and they shape trends close to the experimental ones. The numerical inves-
tigation for which the data are reported here can be likened to the validation proposed
in [81], in which the dynamic properties of a semi-submersible platform are validated using
a regular wave spectrum. Similar accuracy is shown for the motion of the platform but
the paper [81], does not include any prediction of the mooring line tensions.

The charts in Figure 6 suggest that the SPH model used here to solve fluid mechanics
can capture the relevant characteristics of the interaction between waves and structures.
Noteworthy is the accuracy of the proposed model in predicting the response of the system
for the most nonlinear cases, that is, the smallest frequencies. As discussed in the intro-
duction to this paper, the fluid solver used in the FAST framework, HydroDyn, is unable
to provide sufficient excitation force to the rigid TLP system. By considering the authors’
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comments in [5]—“The free oscillation test data were analyzed to give linear and quadratic
damping for the platform. In principle this data might have been used to improve the cor-
relation between numerical results and experimental predictions. However, the version
of FAST used for this study did not allow additional viscous hydrodynamic damping
[. . . ]” (reprinted from Oguz et al., [5] copyright (2022), LN 5311960964922, with permission
from Elsevier)—it is possible to conclude that viscous forces are accurately reproduced
when a laminar viscosity treatment is introduced within the SPH formulation. The FAST
model that was used for the reference numerical study, which overestimates the TLP motion
almost twofold around resonant frequencies, did not consider additional viscous damping
parameters, as shown in [82].

Before starting the numerical investigation campaign, another test is proposed to eval-
uate the accuracy of the fluid force estimation when passing from a very refined condition
(i.e., SPH-H) to a coarse one (i.e., SPH-L). Figure 7 provides the maximum fluid forces
(heave and surge) on the TLP for the regular waves considered in the previous validation.
The trends in the plot reveal that the fluid forces are consistently estimated for the two
resolutions over the entire spectrum. This gives the option to use the least expensive
resolution SPH-L for the next investigation. Viscous effects have been considered to be
of vital importance for the estimation of loads, especially for extreme conditions. The
research proposed in [83] shows the relevance of this effect for the hydrodynamic response
of FOWT when a WEC is also included in the same setup.
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Figure 7. Sensitivity force test for the two resolutions.

5. Numerical Investigation

This section provides the dynamic response of the TLP wind turbine under two
irregular sea states, and for each one, four different stochastic realizations for the phase
components are created in order to define four free-surface profiles that differ for peak
position but comply with the target spectrum.

5.1. Irregular Sea States

According to the independent organization DNV (Det Norske Veritas), for structures
with significant dynamics response, stochastic models should be used to describe the free
surface and its kinematics [84]. For similar representations, it is necessary to use the def-
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inition of the time evolution of the sea state, mostly characterized by the environmental
parameters: significant wave height (Hm0), and a wave frequency spectrum (Sω); both
define two constraints for the definition of the the surface profile evolution. Usually, these
two mentioned parameters identify a storm event in a given area according to an arbitrarily
defined event return period. One of the most recognized approaches for shaping Sω is
based on a Joint North Sea Wave Observation Project (JONSWAP) wave power spectrum
definition [85], which goes:

SJP(ω) =
αg2

ω5 exp
[
−5

4

(ωp

ω

)4
]

γ
exp

[
− (ω−ωp)2

2σ2ω2
p

]

, (14)

where ω = 2π/T is the angular frequency, ωp = 2π/Tp is the spectral peak angular
frequency, α is the generalized Phillips’ constant, g is the magnitude of the acceleration
of gravity, γ is the peak enhancement factor, σ is the spectral width parameter, which is
0.07 for ωp ≥ ω and 0.09 for ωp < ω.

For irregular waves, the surface elevation is calculated based on linear wave theory
with a second-order correction, including both long-crested waves and super-harmonic
components. The ith component of the free surface is given:

ηi = Aicos(ωit + φi) + ki A2
i

3− c2
i

4c3
i

cos(2(ωit + φi)) , (15)

where Ai is the amplitude, ki = 2π/Li (Li is computed using (11)) is the wavenumber, ci is
the radiant wave frequency, and φi is a term that can include a phase shift. The randomness
of the final free surface evolution, which results from composing an adequate number
of components, has two degrees of freedom given by the randomness of Ai and φi.

The most severe condition tested in the reference paper corresponds to a 100-year
return period event in the North Sea; it is considered here and the parameters that define
the demand spectrum are given in Table 2, sea state S. Additionally, a slight modification
of sea state is considered for the purpose of this investigation for which the peak period is
10% longer (the calculation refers to full-scale figures), and is defined in the second row
of Table 2, sea state V. Following the recommendations in [84,86], 1024 wave components
are combined to define such long time series (about 1200 × Tp), and such a high number
proves necessary to avoid group repetition and thus maximize the free-surface randomness.

Table 2. Sea state environmental conditions for numerical study.

Sea State Hs (m) Tp (s) Depth (m) γ
Physical
Time (s)

Runtime
(h/day) ∗

S 0.224 1.68 1.91 5 2016 684/28
V 0.224 1.80 1.91 5 2160 800/32

* The simulations are performed with single-GPU threads on an Intel(R) Xeon(R) Platinum 8168 CPU based
node and graphic cards NVIDIA Tesla V100-PCIE-32GB (Northern Ireland High Performance Computing service
(NI-HPC))—total resources ≈ 6000 GPU·hour.

5.2. Simulations

The time series of irregular waves in Table 2 are generated from the JONSWAP
power density spectrum by means of an automated tool embedded in DualSPHysics [72].
A stretched algorithm as described in [76] is used to define the spectral bandwidth dis-
cretization so that many more frequency components are representative of the most energy-
rich part of the spectrum. The said internal tool for the time series generation allows
for the definition of seed numbers that are used for the generation of the uniform distribu-
tion of φi to be plugged into (15).

The numerical tank configuration, which has been presented and validated
in Section 4.1, is utilized for the generation and propagation of the irregular wave trains;



Energies 2022, 15, 3993 15 of 23

the distance between the wavemaker and the TLP is set to 6.00 m for both cases in Table 2.
The piston motion is computed by an internal routine according to the parameters presented
in Table 2, and corrected in time by an AWAS system. With the stated accuracy shown by
the model for the validation campaign, the resolution defined as SPH − L (dp = 0.03 m) is
used for the initial geometry discretization; it yields almost 2.5 million particles, for which
the total elapsed time is reported in the last column of Table 2.

By means of a frequency domain analysis performed using a Fourier Transform anal-
ysis, the accuracy of the system in generating and propagating the proposed waves is
assessed; the signal plugged into the FT function comes from the wave surface eleva-
tion probed at the TLP location (1 m on the left). The reference wave density spectrum
(JONSWAP), and the numerical wave density spectra obtained for the four realizations
of sea states S1–S4 are compared in Figure 8. It shows that the generated surface meets
the target free-surface elevation with sufficient accuracy, capturing the peak period with
almost no deviation from the target one, with a slight overestimation of Hm0 of about 4%
for S2–S4. Note that the cut-in tail of the numerical spectra show a slight offset, whereas
the cut-out frequencies are well reproduced. Figure 9 depicts the free-surface time evolution
for sea state S3 in which the highest wave amplitude occurs. The free surface is compared
to the target one (dashed line), from which it can be seen that there is some inconsistency
in wave generation, probably due to the presence of some reflection from the TLP bulk that
thus triggers the AWAS system, causing minor mismatching in the wave profile. However,
it can be noted that the crest–trough amplitude stays the same for most of the wave train.
Additionally, Figure 9 reports the platform surge motion evolution as well; it is clear that
there is phase lag between the wave peaks and the surge motion of the platform that is
mostly caused by the misalignment between the characteristic wave periods and the TLP
dynamic properties.
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Figure 9. Surface elevation comparison between the generated wave for sea state S3 and the theoreti-
cal second-order solutions (dashed black lines). Note that the numerical data refer to a gauge located
beside the TLP. The solid black line is the TLP surge motion.

The numerical model outputs for the four realizations of sea states S and V pre-
sented in Table 2 are elaborated in accordance with the steps presented in the following.
The free-surface evolution probed on the TLP side in each test is spliced into single-period
intervals, Ti, with an up-zero-crossing algorithm; following the recommendation provided
in [84], the zero-cross procedure was set to include in each time window a trough and
the ensuing crest; other applicative examples can be found in [42,87]. In agreement with
each zero-cross interval Ti, the time series for the line force is partitioned and in each
Ti, the force peak is taken, that is, Fi = max(Fline). Using (13), the data for the forces
are made dimensionless, as in the previous validation procedure, to have a more general
understanding of the system dynamics evolution.

Figure 10 shows the probability density functions (PDFs) for the dimensionless force
peak series corresponding to the four irregular wave tests S1–S4 (a) and V1–V4 (b). The
colored curves in the charts are grouped according to the tendon line they refer to, whereas
different line patterns correspond to the sea-state realizations. In general, the distributions
of the force when analyzed for each sea state prove to be quite consistent for the different
realizations; furthermore, they all are unimodal. Lines T1 (front tendon) and T5 (back
tendon) have close expected values, with similar modes around 0.35 ∆F/Fstill , which, how-
ever, see remarkable differences accounting for the sea-state realization. Line T3 (middle
line) experiences a pattern of force that is much more consistent than the external ones,
with a distribution being characterized by small dispersion and the data being almost sym-
metrically distributed with respect to the expected value. Sea states S to V prove to affect
the load magnitude similarly, at the least when the expected values of the distributions are
considered.

For these two sea states, S and V, the distribution shapes are also charted using
exceedance probability functions, which allow more efficient inspection of the extreme
values, characterized by a reduced number of occurrences. The dataset for the extreme
value analysis shown in Figure 10 provides a substantial estimate of the maximum loads
that may occur for the specified event return period. The presence of a consistent deviation
between the expected loads for the front and the back tendons is captured by the proposed
numerical modeling owing to its capacity to correctly capture the coupling between the fluid
and the structure motion. On average, for sea state S, the design load for the front tendons
is 0.83 ∆F/Fstill , whereas for the back tendons it is 1.02 ∆F/Fstill . Concerning sea state V,
with its energy content bulk being closer to the surge mode, higher forces are experienced,
providing, on average, 0.98 ∆F/Fstill for the front tendons, and 1.17 ∆F/Fstill for the back
tendons.
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Figure 10. Probability density function (PDF) of the measured dimensionless force peaks for the four
irregular wave tests S1-4 a and V1-4 b. The results for line T1 (bow, or front tendon), T3 (middle),
and T5 (aft, or back tendon) are charted with different colors. Extreme value analysis through the
exceedance probability function for dimensionless force peaks for S1-4 a and V1-4 b.
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Figure 10. Probability density function (PDF) of the measured dimensionless force peaks for the four
irregular wave tests S1–S4 (a) and V1–V4 (b). The results for lines T1 (bow, or front tendon), T3
(middle), and T5 (aft, or back tendon) are charted with different colors. Extreme value analysis
through the exceedance probability function for dimensionless force peaks for (a) and V1–V4 (b).

The use of extreme events for the definition of limit states for FOWT is enforced by
practice recommendations, and this research proposes a tool for the estimation of extreme
mooring line loads using a validated model. Opposed to the definition of real sea states,
as employed in this work, another interesting assessment of the performance of a similar
moored structure subject to focused waves, which is another model for extreme events [88],
can be found in [49]. Other research on a similar subject is presented in [48,81], which
unfortunately was limited to regular wave models.

Finally, the dependence of the exceedance probability on the sea state realization
suggests that more than one realization should be tested to obtain more reliable information
concerning the process, and that a correct estimate of the maximum forces is indispensable
to include non-resolved fields on motion to account for the hydrodynamic interactions, and
for the nonlinear components in the wave train. The knowledge gained in similar analyses,
even though performed only numerically, can be of great use to ensure the correct design
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of the pieces of equipment that all together make the energy conversion process possible [4].
For example, it could be used for the estimation of mooring loads for different platform
concepts [89], or foundations [90,91], but also for different technologies altogether, such as
floating platforms for solar panels [92].

6. Conclusions

This work has dealt with the numerical validation of an SPH-based solver for the simu-
lation of a tension-leg platform concept for floating offshore wind turbines. After proposing
the numerical setup, built upon the concept put forward in Oguz et al. [5], the proposed
model was used to evaluate the accuracy of the open-source DualSPHysics code, in con-
junction with the MoorDyn+ library, in predicting the surge and pitch platform motion
under regular waves and the loads in the tendons. Direct comparison to the experimental
reference data proves that a proper numerical configuration returns good agreement within
the simulated spectrum of values, which includes the resonant frequency of the floating
structure; the model is able to capture the self-increasing surge and pitch displacement
trends when the input force shows frequency features close to the structure fundamental
period. In addition, the simulation of tendons using the lumped-mass approach proved
to be robust and accurate, providing consistent validation for the simulations of tendons
with the MoorDyn+ library.

The response of the TLP under extreme wave conditions, corresponding to return
periods of 100 years, has been investigated, providing deeper insight into the capabil-
ities of CFD models for the simulations of offshore structures. The statistical analysis
of the maximum forces in the tendons reveals that different sea-state realizations can lead
to maximum tendon peak forces in a range of ±10% about the mean, and this becomes
important for the ULS (ultimate limit states) design of such components. Furthermore,
the pattern that forms from considering the position of the tendons with respect to the wave
incident direction provides a good piece of knowledge for the design procedure: the bow
lines in contrast to the aft ones seem to experience, on average, higher forces (+20%), which
is mostly due to the nonlinear nature of the wave profile, and the phenomenon worsens
when the peak period of the sea state tends to be closer to the natural response frequency
of the system.

Considering the not-so-extreme nature of the platform displacement in the tests per-
formed for this validation, the model proved to have the potential to predict non-linear
effects arising from the coupling of fluid dynamics, the rigidly moving platform, and ten-
sion legs. For the development of new concepts, DNV-ST-0119 [93] (Floating wind turbine
structures) recommends that a model test be performed to see if any effects occur that are
not adequately taken into account by the design procedure. This work concludes that CFD
models, in particular meshless methods, can provide levels of accuracy that are comparable
to real expectations in simulating operative conditions that entail coupled effects among
the various components that characterize the dynamics of structures at sea for renewable
energy. The authors believe that the full potential of the proposed model can be exploited
when a more extreme and strongly dependent coupling response is demanded by the sea
state, for example, when studying semi-submersible platforms.

The manuscript has presented, and validated, a design procedure to model an FOWT
that proved to be accurate and, in principle, able to capture the effects of nonlinearities
that inherently appear when simulations with extreme conditions are of interest. It could
be relevant to highlight the viability, once more, of CFD-based models to address prob-
lems with much more generality, avoiding certain simplifications that may be detrimental
for investigations that require a high level of detail in order to correctly interpret the sys-
tem’s response. To balance the workload that is necessary for extreme analyses, focused
wave models (such as the NewWave theory) can be tested. Further considerations are,
however, necessary to widen the use of the model to other scenarios, such as the correct
understanding of the scaling effects which mainly come from viscosity modeling [94,95],
but also differences that are in place when scaling the mechanics of devices employed in
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experimental setups to the ones at the actual scale [96]. Future developments for this code
will provide features to embed control system techniques to perform simulations using
passive and active methods to control system’s vibrations [97,98].
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