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Abstract: Recently, more wind turbine systems are being installed in deep waters far from the
coast. Several concepts of floating wind turbine systems (FWTSs) are developed, among which the
semisubmersible platform, due to its applicability in different water depths, good hydrodynamic
performance, and facility in the installation process, constitutes the most explored technology
compared to the others. However, a significant obstacle to the industrialization of this technology is a
design of a cost-effective FWTS, which can be achieved by optimizing the geometry, size and weight
of the floating platform, along with the mooring system. This is only possible by selecting a method
capable of accurately analyzing the FWTS coupled hydro-aero-structural dynamics at each design
stage. Accordingly, this paper aims at providing a detailed overview of the most common coupled
numerical and physical methods, including their basic assumptions, formulations, limitations, and
costs, used for analyzing the dynamics of FWTSs, mainly those supported by a semisubmersible,
to assist the choice of the most suitable method at each design phase of FWTSs. Finally, the article
discusses possible future research to address challenges in modeling FWTSs dynamics that persist to
date.
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1. Introduction

The offshore wind industry is growing continuously over the last few years. Recently, more
wind turbines are being installed in deeper waters and further away from shore, which comprise a
considerable share of the offshore wind resources with less turbulence [1]. However, over deep-sea
sites, the bottom-fixed concepts are no longer viable as these structures are not an economical solution
for water depths more than 50 m [2]. Therefore, several floating wind turbine system (FWTS) concepts
are developed for use in deeper waters [3,4]. Among these floating concepts, the semisubmersible
platform, stabilized mainly by buoyancy, is a promising technology and constitutes the most explored
technology compared to the others. This is due to the applicability of these platforms in different water
depths, good hydrodynamic performance, and facility in the installation process [3,5,6].

Several examples of commissioned semisubmersible FWTSs are the 2 MW WindFloat
Semisubmersible in Portugal [7], 3x8.4 MW WindFloat Atlantic Semisubmersibles in Portugal [8], 2
MW Fukushima Mirai 4-column Semisubmersible in Japan [9], 7 MW Fukushima Shimpuu V-shape
3-column Semisubmersible [9] and 5x9.5 MW plus 2 MW Kincardine Semisubmersibles in Scotland [10].
Several FWTSs are under construction, such as 5SMW Eolink 4-column Semisubmersible in France and
10MW concrete OO-Star Norway Semisubmersible [8]. Some popular semisubmersible configurations
are the WindFloat, Braceless platform, and VolturnUS-S, as shown in Figure 1 [11-15].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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(a) WindFloat platform [16] (b) Braceless platform [17] (c) VolturnUS-S platform [13]
Figure 1. Some popular semisubmersible configurations

Figure 1 depicts the layout of two semisubmersible platforms. Figure 2 (a) presents DeepCwind
semisubmersible platform [18] designed within the phase II of the Offshore Code Comparison
Collaboration Continuation (OC4) project to support the National Renewable Energy Laboratory
(NREL) offshore 5-MW wind turbine [19]; while Figure 1 (b) shows UMaine VolturnUS-S reference
platform, which is developed to sustain the IEA 15-MW Offshore Reference Wind Turbine [13].
Semisubmersible platforms may possess different offset columns. As shown by [20], increasing
these columns can reduce the platform motions. Although most of the semisubmersibles are made of
steel, there is a tendency to use concrete for FWTS structures owing to lower construction cost, as well
as superior durability and fatigue resistance of concrete compared to steel [21-24].

=S

DeepCwind (b) UMaine VolturnUS-S
semlsubmer51ble platform Reference Platform

Figure 2. Two examples of semisubmersible platforms with three offset columns

Nonetheless, FWTSs are less mature than their bottom-fixed counterparts owing to their more
complicated operating conditions and higher prices. The FWTSs are subject to loads emanating from
several sources, namely wave, current, wind, and, in certain locations, ice [25,26]. Although the
similarities between FWTSs and floating platforms in the industry of oil and gas lead to a partial
transfer of the technology [27], there are numerous differences between the two industries, such as
the aerodynamic loads acting on the wind turbines, which affect significantly the dynamics of FWTSs
and give rise to several new technical challenges [25,28]. For instance, the coupled current-wave-wind
loads acting on the FWTSs, as shown schematically in Figure 3, may cause large platform motions
along the degrees of freedom of motion of the structure, which combined with the blade aeroelastic
deformations results in a highly dynamic inflow to the turbine rotor affecting the turbine structural
integrity [29,30]. Additionally, to guarantee safe turbine operations, the platform motions induced by
the offshore environmental loads need to be restrained to an acceptable limit [31].

Accordingly, floating wind turbines are complex systems subject to coupled hydro-aerodynamic
loads, and a better understanding of the behavior of these machines, which is substantial for their
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efficient design, requires the accurate evaluation of the nature and order of these coupled loading on
the structure. The design of a cost-effective FWTS is a major obstacle to the industrialization of this
technology [21]. Cost reduction can be achieved by optimizing the floating platform’s size and weight,
along with mooring, anchors, and installation and maintenance processes [5,21,32]. Further cost
reduction, particularly the levelized energy cost, can be achieved by improving the power production
by enhancing the platform’s motion, a function of platform geometry, control system, and mooring [33].
This is only possible by selecting a method able to analyze accurately the coupled hydro-aero-structural
dynamics of FWTSs in each design stage while incorporating control algorithms, such as power and
pitch control [34,35]. Thus, a rather detailed overview of the basic assumptions, formulations, accuracy,
and computational demand of the most common methods capable of evaluating the coupled behavior
of FWTSs in various design stages is required. This provides the necessary knowledge to identify the
most suitable method at each design stage. For this purpose, based on the review carried out in this
paper, a wide range of methods with different fidelities, as shown in Figure 4, can be used.

Current

Figure 3. An FWTS subject to loads emanating from several sources, such as waves, current and wind
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Figure 4. Methods for evaluating the coupled hydro-aero-structural dynamic behavior of FWTSs

Generally, from right to left, the fidelity increases. The higher the method’s fidelity, the more
closely it represents reality by producing more detailed information. However, this comes at the cost
of more computational demand and less efficiency. Therefore, the choice of a method at each design
stage is a compromise between the accuracy and computational cost.

The simplest methods, as shown on the extreme-right of Figure 4, are the linear frequency-domain
models with the lowest level of fidelity, which, due to their ability to provide results in a short time
period, are suitable in the early conceptual design phases for sizing and optimization purposes [36].
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The hydrodynamics and aerodynamics of the rigid FWTS structure are evaluated by strip theory
based on potential flow (PF) together with Morison’s Equation (ME) and a simplified blade element
momentum (BEM) approach or tabular data, respectively. In this stage, in addition to structure sizing
and static analysis, one must also optimize the response amplitude operators (RAOs) [37]. QuLAF [38]
and SLOW [39] codes are examples of low-fidelity frequency-domain tools.

Fully coupled nonlinear time-domain models, used at the basic design stages, are categorized as
mid-fidelity models (see Figure 4). These models are more accurate than the low-fidelity tools, which
come at the cost of higher computational demand. The aerodynamic part is modeled using either a
BEM, Generalized Dynamic Wake (GDW) model, or Free Vortex Wake (FVW) method. Note that, in
the case of FWTSs, the large blade deformations combined with the platform motions may lead to an
interaction of the blades with their own shed vortices, which is a violation of basic assumptions of
BEM method [29,40]. In this regard, FVW is better capable of modeling these complex physics than
the BEM method while maintaining the computational cost to an acceptable level. The hydrodynamic
loads are modeled based on PF, ME, or a combination of them. Further, the structural dynamics is
modeled using multi-body dynamics (MBD) formulations, where flexibility is considered in selected
components, such as blades and towers. Due to the efficiency and accuracy offered by the MBD for
slender bodies, it has turned into a common tool for wind turbine structural simulations [41].

The mid-fidelity simulation tools based on nonlinear time-domain methods are used for the
analysis of dynamic responses of FWTSs under a variety of operating and extreme conditions. These
tools, through a time-domain analysis, make it possible to assess properly the fatigue and extreme loads
impact on FWTSs in various operating and extreme conditions [42]. These tools are also excellent for
the control design of the floating offshore wind plant, which may be more complex for this technology
as the objective function, in addition to power production optimization, can be extended to reduce the
structural loads and platform motions [43-51]. The OpenFAST software from NREL is an example of
these tools, which can perform the real-time coupled hydro-aero-servo-elastic simulations for FWTSs
[52,53].

Next, as presented in Figure 4, are the high-fidelity methods on the basis of both finite element
analysis (FEA) and computational fluid dynamics (CFD). These tools are employed at last design
phases, where more in-depth investigations are required for extreme conditions, as well as intricate
flow conditions, e.g., vortex detachment from heave plates [42]. These models involve less modeling
than the other categories, which makes them computationally more expensive. These models are also
suitable for fine tuning of the design, as well as the calibration of the low- and mid-fidelity models
[42,54-58]. CFD uses either large eddy simulation (LES) or Reynolds-averaged Navier-Stokes (RANS)
equations or hybrid LES-RANS, to predict the aero-hydrodynamic loads acting on FWTSs. Contrary
to BEM and FVW methods, which rely on external input of aerodynamic loads and semi-empirical
corrections for considering 3D effects, dynamic stall etc., CFD naturally accounts for all these effects.
CFD can also better capture the turbulent wake behind a turbine, which leads to transient loads on the
downstream machines in a wind farm.

Further, the FEA can better capture complex blade deformations at a higher computational cost
than the MBD. Structural failure commonly emanates from local stress raisers, which the MBD cannot
capture properly. Despite that, MBD can provide reasonable boundary conditions for the local finite
element analyses.

The high-fidelity tools are an attractive option for evaluating FWTS dynamics; however, the
results of these tools depend on several factors, such as temporal and spatial resolutions, turbulence
modeling, free surface modeling, etc. Accordingly, reliable measurements from physical testing,
including hybrid testing, full physical testing, and field testing, as shown in Figure 4, are required to
gain more confidence in these numerical tools.

Therefore, the low-, mid-, and high-fidelity models, as shown in Figure 4, are obtained
by combining numerical models able to evaluate the structural dynamics, hydrodynamics, and
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aerodynamics of FWTSs at different levels of accuracy. As one advance in the design stages, more
accurate and detailed methods are required.

The present paper aims to provide a detailed overview of the most common coupled methods,
as depicted in Figure 4, including their basic assumptions, formulations, limitations, and costs, used
for FWTSs, mainly those supported by a semisubmersible, to assist the choice of the most suitable
method at each design stage of FWTSs. Note that several review papers are available about the
hydro-aero-structural dynamic evaluation of FWTSs [5,8,25,30,42,59-62].

In this regard, experimental testing and numerical models employed to assess FWTSs are reviewed
by [8]. However, full physical testing, field testing, numerical methods such as FVW methods,
structural dynamics, and nonlinear second-order wave loads are not covered. An overview of the
numerical methods, as well as the physical and hybrid tests, are covered by [42]. However, the field
tests, as well as the physical basis and formulations of the numerical models, are not presented. An
overview of the coupled numerical models for optimizing an FWTS structure in conceptual, basic, and
detailed design stages is given by [5]. An overview of the coupled numerical tools and full physical
tests for FWTSs is presented by [25]. A review of the experimental and numerical methods is presented
by [59], without giving any detail about numerical methods. A general view of the numerical and
physical models is given by [30]. The physical and hybrid model tests is reviewed by [60-62].

The present review is built upon the previous review efforts by giving a more detailed and
up-to-date overview of the physical and numerical coupled modeling techniques for FWTSs, as
presented in Figure 4.

The paper is organized as follows: Section 2 presents the coupled CFD-FEA modeling of FWTSs.
Afterward, the nonlinear coupled time-domain methods are described in section 3. This is followed
by the presentation of the linear frequency-domain models and mooring systems in sections 4 and 5,
respectively. Moreover, some final notes about numerical models are given in section 6, and after that
section 7 focuses on physical testing. Finally, a summary and conclusions are given in section 8.

2. Coupled CFD-FEA models
2.1. CFD

2.1.1. Hydrodynamics

The hydrodynamic loads acting on FWTSs can be most accurately computed using CFD methods
capable of accounting for viscosity and free surface effects [63]. Generally, the RANS equations with a
turbulence model are solved numerically utilizing the finite volume method [8,64—69].

The RANS equations, which are the result of ensemble averaging of the Navier-Stokes equations
(NSE), are written as [66,67,70]:

aui

% d (u]'ui) _ _lal n d (21/51']' + Tij) . 2
ot ox; 0 0x; ox;

Here, the variables u; and p are the ensemble mean velocity components and pressure, which
may vary over both time t, and space x;. Additionally, p, v and s;; are the fluid density, fluid kinematic
viscosity, and mean strain rate tensor, respectively.

The term 7j; is called the Reynolds stress tensor representing the turbulence effect. This term is
most commonly modeled using eddy viscosity (EV) models based on the Boussinesq hypothesis [71]:

2
Tij = 2pvisij — 3PKij, ©)
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where k is the turbulence kinetic energy and 51‘]‘ is the kronecker delta function and v; is the EV. In the
simplest way, the EV can be determined without solving any further transport equations, e.g., the
mixing-length model of Prandtl [72,73]. Later, more sophisticated one-equation and two-equation
turbulence models are developed to compute directly or indirectly the EV [63-65,67,74,75]. The most
popular models for the hydrodynamic evaluation of FWTSs are the two-equation models, such as
k — ¢,k — w and k — w Shear Stress Transport (SST) [57,65,68,74,76], in which by solving two transport
equations the turbulence is modeled.

To model the free surface, CFD uses two main approaches: interface tracking and interface
capturing [77,78] (see Figure 5).

Free Surface

RN

(T[] ]
/

A
—
[

(a) Interface tracking approach (b) Interface capturing approach
Figure 5. Free surface modeling in CFD

The interface tracking method, as its name implies, tracks the free surface through implementing
a Lagrangian grid fitted to the free surface interface (see Figure 5 (a)). Nevertheless, tracking the free
surface where this interface experiences large motions imposes certain difficulties, which can only be
remedied by remeshing techniques. Using this technique, in addition to increasing the computational
demand, can introduce errors in the numerical solutions.

Nonetheless, the method of interface capturing, which is also called the Eulerian grid method, as
its name implies, captures the free surface interface by computing a volume inside a computational
domain encompassing the free surface. Contrary to the interface tracking method, the grid does not
track the free surface evolution over time (see Figure 5 (b)).

The free surface modeling in case of FWTSs is most commonly performed using the volume of
fluid (VOF) and level set both belonging to the interface capturing methods [35,57,63—66,74,76,79-83].

To capture the free surface profile using the interface capturing method an increased cell density
is required close to the free surface. The common approach is to employ a certain number of cells
perpendicular and normal to the free surface for spatial discretization [84]. The increased cell density
on the free surface can also be achieved based on the kinetic wave energy [74,85].

Two methods exist to ensure that no wave-reflection will occur on the boundaries of the numerical
domain. The first method is dampening the waves by coarsening the grid towards the boundaries
[68,84]. Another method is using a damping (relaxation) function over a damping (relaxation) zone
close to the boundaries to force the wave field towards the undisturbed either free surface or wave
[64,66,74,82,86].

2.1.2. Aerodynamics

The aerodynamics of FWTSs can be most accurately captured by solving the NSE based on CFD
[69]. The NSE, in the case of incompressible Newtonian fluids for Cartesian coordinates, is as follows:

ou;, J(U;u; 19P 0 (2vS;
z+(]l)__ +( l])‘

- 4
ot ox; 0 ox; ox; @

Here, the variables U; and P are the instantaneous velocity components and pressure, which vary
over both time #, and space x;. S;; is the instantaneous strain rate tensor. Note that in the case of wind
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turbine simulations, several new terms may be added to the NSE to consider the effects of Coriolis and
buoyancy forces [87,88].
To compute the pressure and velocity fields, the NSE is solved together with the continuity
equation:
ou;
axi N

A reliable aerodynamic evaluation of the FWTSs depends on the accurate turbulence modeling

0. 5)

around these machines [89]. In this regard, in the case of turbulent flows, CFD solves the NSE using
three different approaches: Direct numerical simulation (DNS), LES and (unsteady) RANS equations.
An adequately formulated DNS captures all the relevant turbulence scales up till the Kolmogorov
scale using an extremely refined grid [90], which is not viable due to being prohibitively expensive.
Therefore, LES and RANS are used to model partially or entirely the turbulence effect on the flow [91].
The important energetic large eddies are captured by LES, while the influence of the smaller
eddies, whose properties are more universal, is parametrized based on a subgrid-scale (SGS) model
[91]. A spatial filtering operation is used by LES to divide the scales into large eddies constituting the
resolved scales and small eddies representing the unresolved scales [69,92]. Applying this filtering

operation transforms the NSE as follows:
o1l;

om 9 (W) _ 10p  , 95 0%

— = v .
ot ox; 0 ox; dx;  0x;

@)

Here, the variables #; and p are the filtered velocity components and pressure. Additionally, gij
is the tensor of strain rate defined as a function of the resolved velocity components. The new term
T;; is the tensor of SGS Reynolds stress that emerges in the NSE due to spatial filtering. Through this
term, the influence of the unresolved smaller eddies is parametrized. The most common approach to
compute T;; is the Smagorinsky model [93,94]:

1 ~

Tij = 3Tkdij = —2tSij, ®)

where 1; is the EV, which is characterized in terms of the resolved velocity field [95]. However,
this model is unable to account for the turbulence anisotropy and secondary flows due to the use
of Boussinesq hypothesis [90,96,97]. To overcome these limitations, several other SGS turbulence
models are proposed, such as Scale-Dependent Dynamic, anisotropic minimum dissipation, dynamic
Smagorinsky, and mixed SGS [79,98-100].

However, the LES requirement of grid refinement in three directions close to a solid wall to
compute the turbulent boundary layer makes applying LES to the turbine blades infeasible. Thus,
LES is generally used for simulating turbine wakes where the turbine rotor is parametrized using
actuator methods, including actuator disk, actuator line, and actuator surface, as shown schematically
in Figure 6 [101-104]. Using actuator methods leads to a drastic drop in computational cost due to
eliminating the need for resolving the boundary layer close to the blades. Another way to decrease the
computational demand of LES is to utilize hybrid RANS-LES methods, in which RANS equations are
used for modeling the boundary layer close to the body, while LES is employed over the separated
unsteady region far from the body [105-108].
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Figure 6. From left to right: wind turbine geometry, actuator disk, actuator line and actuator surface

The simulations based on RANS equations constitute the most popular approach for the
aerodynamic evaluation of turbines [109,110]. Here, it is also possible to use the zero-equation,
one-equation, and two-equation models presented in the hydrodynamic section. However, again
the most popular models are the two-equation models, especially k — w and k — w SST [111-118].
Nevertheless, due to the use of the Boussinesq hypothesis, these models are incapable of considering
the turbulence anisotropy [96,97,119-121]. Thus, more sophisticated models such as realizable models
[122,123] or even Reynolds stress turbulence (RST) models and nonlinear EV models are recommended
[96,97,124-127]. The RST models, in which each Reynolds stress term is computed from a separate
transport equation, provide the most accurate results at the cost of higher computational demand
[96,97,126,128]. An alternative is the use of nonlinear quadratic and cubic EV models, which are able
to account for the turbulence anisotropy at a much lower computational cost. It is worth mentioning
that to diminish the computational demand, the use of actuator methods to represent the turbine rotor
is also common in the RANS context [129].

2.2. Structural dynamics

The FEA method is usually applied to model the structural responses, but it is also used for fluid
dynamics [130].

The FEA, similar to CFD uses the blade’s exact geometry and is based on a methodology similar
to other numerical methods that approximate continuous governing partial differential equations with
a set of algebraic equations [131].

The governing equation is obtained by assuming that the amount of virtual work performed by
external loads equals the amount of virtual work absorbed by dissipation, inertia, and internal forces
[30].

In the first step, the turbine geometry is discretized into a finite number of elements. These
elements are typically triangles, quadrilaterals, tetrahedra, and hexahedra. The blades are typically
discretized into 3D composite shell elements [25,132].

In each element, the displacement values at the element nodes are used to construct the
distribution of this variable within the element [133]. Note that the stresses and strains, which
are also of interest, are expressed in terms of nodal values of displacements based on Cauchy relations
and Hook’s law [134]. Based on local distributions of the displacement, shape functions, usually based
on polynomial forms, are used to interpolate the displacement values to any other point inside the
element. The global system of algebraic equations is obtained by assembling all the element equations.
This system of algebraic equations is solved using direct or iterative methods to obtain the nodal
values of the displacements.

2.3. Recent research

The coupled CFD-FEA method provides an intriguing option for investigating
hydro-aero-structural dynamics of an FWTS under coupled loading due to its high accuracy
and minimum level of parametrization. However, this method is rarely used to evaluate the
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hydro-aero-structural dynamics of these structures due to its high computational demand. [83] carries
out an example of these types of studies to evaluate the fluid-structure interaction for the NREL
S5MW supported by the OC3-Hywind SPAR floater [135], where the free-surface is modeled using
the NSE with the level set method. Additionally, the FEA is used for the fluid dynamic governing
equations discretization and the FWTS structural dynamics is modeled based on an isogeometric
analysis. However, the developed coupled model is only applied to the parked configuration of the
wind turbine. Thus, considering the prohibitively high computational cost of a coupled CFD-FEA
method, the researchers has reduced the coupled analyses of FWTSs to aerodynamic analysis under
prescribed platform motions, aeroelastic and hydro-aerodynamic analyses.

2.3.1. Aerodynamic analysis under prescribed platform motions

In these analyses, to reduce the computational cost, the hydrodynamic part is simplified to
focus on the aerodynamic part. Therefore, harmonic motion will be prescribed on the platform in
predetermined degree-of-freedom (DOF) of motion to emulate the reaction of oscillating wave loads
on FWTSs.

In this regard, the aerodynamics of the NREL 5-MW turbine [19] subject to prescribed harmonic
motions in surge and pitch directions induced by a floating platform is evaluated by [136] using a
CFD code based on URANS with k — w Kok turbulence model. Due to ignoring the blade aeroelastic
deformations, discrepancies are observed between the CFD predictions and the results given by
OpenFAST.

The aerodynamics of the NREL 5MW FWTS under harmonic pitch and yaw motions is assessed
by [40] based on URANS equations with k — w SST model.

By modeling the NREL 5 MW turbine blades as actuator line (AL) based on RANS simulations
without any turbulence model, the researchers in [137] investigate the aerodynamics of this turbine
undergoing harmonic surge and pitch motions induced by platform motions. The results show that
the pitching motion influences the aerodynamic loads and wake flow more than the surging motion.

The aerodynamics of the NREL 5MW turbine under harmonic surge and pitch motions of its
supporting platform is investigated by [138,139] based URANS equations with k — «w SST model. The
results show the significant impact of both pitch and surge motions of the platform on the turbine
aerodynamics.

The aerodynamics of the NREL 5 MW turbine undergoing harmonic motions is investigated by
[140] based on RANS equations with SST k — w turbulence model. For large platform motions in which
the grid is highly deformed, leading to a low-quality mesh, a remeshing method is used to regenerate
the mesh in the locals with low quality based on criteria such as cell volume and skewness. The results
show that the interaction between the rotor and its own shed vortices certainly affects the machine
aerodynamics.

The aerodynamics of an FWTS subject to harmonic pitch motions is simulated by [141] using
URANS-based CFD solver, where the turbulence modeling is carried out using the k — w SST model.

[142] investigates the 5-MW NREL turbine wake pattern under prescribed platform motions using
RANS with a Realizable k — ¢ model where the turbine rotor is represented by an AL method.

A few works are also performed to evaluate the platform motions under prescribed aerodynamic
loads. For instance, the hydrodynamics of an FWTS is evaluated by [68] for various wind-wave
conditions using RANS equations with k — w SST model without the turbine presence. The
corresponding aerodynamic loads for each wind speed are exerted at the center of rotation of the
platform.

2.3.2. Aeroelastic simulations

Although both the aerodynamic and hydrodynamic loads impact the elastic deformations of FWTS
structure, considering the high costs of coupled CFD-FEA studies, such studies are mainly restricted
to aeroelastic investigations, where the interaction between aerodynamic loads and blade structural

doi:10.20944/preprints202311.1962.v1
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dynamics are assessed. This is because the larger and more flexible modern wind turbine blades
typically have lower flexural rigidity provoking a more intensified coupled aero-structural dynamics,
which accentuate the importance of aeroelastic evaluation of these large machines [109,143-147]. The
blades are discretized in these simulations into 3D composite shell elements [25,148,149].

[146] investigates the wind gust effect on the structural responses of a large-scale turbine through
coupling a CFD solver based on RANS equations with k — e model and an FEA code based on shell
elements.

The performance of geometrically adaptive blades implemented to the NREL 5MW turbine to
mitigate the destructive effects of the typhoon is tested by [150] through a coupled FEA-CFD method.
The blade discretization in the FEA is performed using 3D composite shell elements, and the flow field
in the CFD code is modeled using unsteady RANS equations with k — w SST model.

2.3.3. Hydro-aerodynamic simulations

A coupled hydro-aerodynamic CFD model is developed by [82] to evaluate the dynamics of the
OC4 semisubmersible FWTS subject to different wind and wave conditions. The turbulence effect is
captured using the k — w SST model.

Similar CFD models are also developed by [76,151-156] based on URANS equations with k — w
SST model for the evaluation of hydro-aerodynamics of FWTSs.

In this regard, [151] simulate the hydro-aerodynamic behavior of the DeepCwind OC4
semisubmersible FWTS, where the effects of both waves and wind are considered. The researchers in
[152,153], based on a hydro-aerodynamic model, evaluate the responses of the NREL-5MW mounted
on a semisubmersible platform where the wind turbine blades are modeled using an AL technique. The
researchers in [155] perform the coupled hydro-aerodynamic simulations of a 5-WM semisubmersible
FWTS under combined wind-wave conditions. The platform motion is shown to be responsible for a
10% decrease in the mean turbine power production. The full-scale OC4 semisubmersible FWTS is
simulated by [76] to evaluate the dynamic responses of this machine to focused waves. Comparing the
results with those obtained from the OpenFAST indicates the importance of using nonlinear models
with increased wave steepness. The dynamics of an FWTS under a blade pitch control action is
simulated by [156] using a hydro-aerodynamic model under different operating conditions.

2.3.4. Final remarks on coupled CFD-FEA models

As inferred from the previous sections, most of the coupled analyses of FWTSs are performed
within a CFD code to assess the hydro-aerodynamic behavior of the system, except for the aeroelastic
simulations, which are carried out through coupled CFD-FEA simulations. This may be associated
with most of these studies adopting a 5 MW wind turbine in which the structural deformations have
little impact on the whole system dynamics.

In this regard, as shown in Figure 7, the most popular CFD software used in the coupled
simulations of FWTSs is the open-source CFD code OpenFOAM, followed by the commercial CFD
software STAR-CCM+.

By considering both viscous effects and detailed FWTS geometry, CFD can simulate the FWTS
dynamic responses more realistically. To predict accurately both the loads and dynamic responses
of an FWTS based on CFD, the correct reproduction of the environmental conditions, including the
atmospheric boundary layer (ABL) is critical. In the case of LES, the most reliable approach for
generating a realistic inflow condition is using a precursor method, where the ABL is simulated
in a separate numerical domain without the turbine’s presence. The resultant wind flow field is
then utilized as the inflow condition to a second domain, which encompasses the turbine geometry
[157-159]. In the case of RANS simulations of turbines, the wind profile must remain homogeneous in
the horizontal direction as it propagates toward the body. This is guaranteed typically through a proper
combination of the boundary conditions and the addition of new source terms into the momentum
equations [160-164].

doi:10.20944/preprints202311.1962.v1
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Figure 7. Percentage of CFD software used to study the coupled behavior of an FWTS

Another critical issue regarding the CFD simulations is the choice of an adequate turbulence
model. The coupled simulations of FWTSs are consistently performed using RANS equations. As
shown in Figure 8, the most popular RANS-based turbulence model used in these simulations is
the k — w SST model, followed by the Spalart-Allmaras model, where both of them are based on
Boussinesq approximation ignoring the turbulence anisotropy. However, one can use nonlinear eddy
viscosity models, which offer better accuracy in capturing the turbulent flow characteristics while
maintaining the computational cost to an acceptable level.

k-w
Spalart-Allmaras k-w Kok

Realizable k-¢

k-vKkL

SST k-w

Figure 8. Percentage of turbulence models used in CFD codes

Another important issue that has not been evaluated sufficiently is the accurate representation
of the turbulent boundary layer near the FWTS body in the coupled simulations of these structures.
For this purpose, a highly refined grid with a y+ value smaller than 5 is usually required. However,
this may lead to a large number of mesh cells, which significantly increases the computational cost.
Therefore, an alternative is using wall functions together with a relatively coarse grid with a y+ value
from 30 to 100 to model the turbulent flow behavior within the boundary layer. Based on the review
carried out here, little attention has been paid to this topic in the studies on the FWTSs. In a majority
of coupled CFD simulations of FWTS, such as [40,68,136,138,139,151], it is not clear how the turbulent
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boundary layer close to the FWTSs is treated. As shown in Figure 9, a considerable percentage of
coupled CFD simulations of FWTSs avoid capturing the turbulent boundary layer close to the rotor
blades by using an actuator method, such as the actuator line [152,153]. Additionally, several works
have used Wall-functions (WF) [82,146], and a few works have resolved the boundary layer all the way
down to the viscous sublayer by adopting a grid with a y+ less than 1 [143,155].

In this regard, one of the few studies that assess the impact of near-wall grid resolution on CFD
simulations of FWTSs is carried out by [141] where the effect of different values of y+ ranging from
10 to 100 on the aerodynamic performance of the NREL 5 MW reference wind turbine is evaluated.
In this work, the k — w SST turbulence model with wall functions is used to represent the effect of
turbulence. The results indicate that the best predictions are obtained with y+ around 30, which makes
sense since the y+ values used here coincide with the buffer and log-law sublayers of the boundary
layer, and as is well known, the wall functions work well when applied to the log-law region.

Actuators

Without WF

Figure 9. Percentage of methods used to model the turbulent boundary layer close to the blades: wall
functions (WF), without WF, and actuator methods

Moreover, the coupled analyses of FWTSs are restricted to regular wave conditions, where the
system behavior is investigated under several monochromatic wave conditions. In other words,
simulations of realistic irregular sea states are not common due mainly to a high computational cost
emanating from the requirement of a relatively long simulation physical time, which is usually up to 3
hours to capture all the necessary nonlinear and low-frequency effects [165]. This kind of simulation
has become more common very recently, especially for assessing floater behavior in real sea states,
where the irregular sea is generated by a low-order model typically based on nonlinear PF theory and
then imported to a CFD model using a one-way coupling scheme. This allows for the reduction of the
CFD domains, which consequently reduces the computational demand [165,166].

Finally, it is worthwhile mentioning that to capture the transient motions of the moving part of an
FWTS, several methods, such as moving reference frame, sliding mesh, and overset methods, are used
[40,65,75,82,140,141,167].

3. Nonlinear coupled time-domain models

3.1. Hydrodynamics

Both PF and ME are employed for the assessment of the hydrodynamic behavior of FWTSs based
on the characteristic length of the floating platform compared to the incident wavelength [65,168,169].
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In this regard, when the characteristic length of the floating platform (D) is much larger than
the incident wavelength (A), the diffraction theory from linear PF is used for the assessment of the
hydrodynamic loads.

The governing equation of PF theory is obtained by assuming the flow is incompressible, inviscid,
and irrotational. Thus, there will be a velocity potential ®, whose gradient describe the velocity field
as:

’d  *d 9P

ax2+W+§:0. (9)

This Laplace equation is solved using proper linearized boundary conditions, as shown in Figure
10. In this Figure, n is the vector normal to the body surface. Thus, having calculated the velocity
potential and, as a consequence, the velocity components, the pressure on the surface of the floating
structure is computed using Bernoulli’s equation. Solving this equation with linearized boundary
conditions leads to deriving the linear (Airy) wave theory for surface propagating waves. Although
there are other wave theories like stream function and stokes to compute the wave kinematics based
on wave steepness and water depth, the linear Airy wave theory is the most predominant wave theory
employed in offshore industry [30,168-170].
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Figure 10. Linearized boundary conditions typically used in the linear potential flow theory

To compute the hydrodynamic loads, the incident, diffraction, and radiation wave linear potentials
are obtained [65,171-173]. Note that as the linear assumption is employed, it is possible to consider
that the potential function is a summation of these three potential functions:

D =Djy + q)dif + Drad, (10)

where ®@;;, is the velocity potential related to the incident waves, ®y; is the velocity potential related
to the diffraction of the incident waves, and ®,,; is the velocity potential related to the radiation.

The radiation part is related to the case without the presence of any incident waves, and the
floating platform is forced to oscillate along its DOFs of motion, as shown schematically in Figure 11,
which leads to the calculation of added mass and damping loads [171].
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Figure 11. The radiation problem related to an FWTS

The diffraction part is related to the case where a floating platform is fixed, causing the scattering
of the incident waves, as shown schematically in Figure 12. The diffraction loads come from the
undisturbed pressure field (Froude-Kriloff) and the disturbed pressure field due to wave scattering
(diffraction) [65].

NNV

Figure 12. velocity potential related to the diffraction of the incident waves to an FWTS

Note that numerical solutions are obtained using the panel methods where the floating platform
is discretized into a limited number of panels [174,175,175-177]. A convergence study may be required
to determine the minimum number of panels to obtain a precise solution [175,177].

On the other hand, for A > 5D [171], the diffraction effects are negligible, and the semi-empirical
ME capable of accounting for viscous effects can be used for the calculation of the hydrodynamic
loads [168,169,173]. The total hydrodynamic load acting on each structural element modeled as a line
beam, considering the local velocity and acceleration of the floating system to account for the structure
motion effects, is estimated as:

nD? .y, mD* 1 : :
FT:TpCM (n—X) + 1 pu—i—ipCDD (u—X) |u—X|. (11)

Here, Cp is the drag coefficient, Cy is the added-mass coefficient, # and # are the water particles
velocity and acceleration, and X and X are the velocity and acceleration of the floating structure.
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To ensure the accuracy of the ME, a proper estimation of the inertial and drag coefficients is crucial
[63]. A wide range of methods, from high-fidelity experiments and CFD to semi-empirical equations,
can be used to determine these coefficients [178]. To include the loads due to water current, one needs
to modify the velocity of water particles to account for the presence of the current.

Note that the ME may be combined with strip theory to calculate both the linear wave loads
and nonlinear viscous loads for slender structural elements [179]. The strip theory in hydrodynamics,
as in BEM theory in aerodynamics, splits the slender structure into a finite number of strips, where
two-dimensional hydrodynamic loads are utilized to calculate the overall hydrodynamic forces acting
on the structure [171].

Most of the time, as the part of FWTSs in contact with water has members with characteristic
lengths both much larger and smaller than the incident wavelength, a combination of ME and PF is
employed to calculate the hydrodynamic loads due to viscous drag, as well as incident, radiation and
diffraction wave potentials [18,173,180].

Note that the predictions provided by linear potential flow theory are inadequate for several
cases, such as severe sea states with platforms experiencing large motions, accurate description of
the horizontal motions of a moored platform, and reliable determination of the excitations related
to a semisubmersible natural frequencies in the horizontal plane, which typically fall outside the
wave-excitation frequency region [173,178,181-183]. To overcome these limitations, it is necessary to
consider the nonlinear second-order or higher-order effects [173,173,180,181,184-186].

The second-order effects, which are functions of the square of wave height, are considered
commonly by using quadratic transfer functions (QTFs) obtained from the second-order potential-flow
problem, which requires detailed knowledge of the first-order potential quantities [171,181,182,187].
In this regard, second-order hydrodynamic loads are expressed in terms of the sum and difference of
frequencies of sets of two incident waves with amplitudes Ay and A; and frequencies wy and w; using
typically the following double Fourier transform [181,188]:

ex—i

N N . .
FY =Re <Z Y [AkAIQTFiJr (wy, wyp) Ot 4 A AXQTF (wk,wz)e'(“’k*wlﬂ] ) i=1,2,...,6 (12)
k=11=1

where QTI—“Z.Jr (wy, wy) and QTE~ (wg, wy), which are the QTFs to be determined, represent the ith
component of sum- and difference-frequency second-order loads, and asterisk (*) is an indication of
the complex conjugate. Note that, for k = I (diagonal terms), the difference-frequency term results
in mean hydrodynamic loads, also known as mean-drift loads, which are responsible for an average
displacement of floating platforms from their undisturbed initial positions [189,190].

The full sum- and difference-frequency QTF matrices can be computed using available
hydrodynamic codes such as WAMIT, ANSYS-AQWA and WADAM module from the SESAM code
[12,186,191,192], [189,193,194]. Alternatively, as outlined by [181], one can make use of the symmetry
properties of the QTFs by dividing the matrices into three different regions: I =k, > k,and ] < k to
reduce the numerical difficulties and the computational cost.

Thus, the frequencies in the second-order effects contain the sum and difference of the frequencies
of the waves that make up the irregular sea state [195,196]. The high-frequency hydrodynamic loads
emanating from the sum of frequencies may lead to higher ultimate and fatigue loads due to the
excitation of structural natural frequencies, especially in the case of fixed-bottom and tension-leg
offshore wind turbines [144,188,189,193,196]. The low-frequency hydrodynamic loads originating
from the difference of frequencies are extremely important for an optimum mooring system design
for floating structures [173,180,181,183,184]. This is because a moored floating platform, unlike an
unrestricted platform, has natural frequencies in the horizontal plane, generally smaller than the
frequency range of the incident waves. The natural frequencies in the horizontal plane are, in fact,
excited by the low second-order frequencies emanating from the second-order potential problem.
Consequently, increasing attention has been given to the evaluation of the second-order low-frequency
hydrodynamic loads in the case of FWTSs [186,197-199].
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Due to its complexity, using the full QTF matrices is sometimes avoided in the offshore
industry, and instead, Newman’s approximation has been the most common approach to account
for second-order effects. This method estimates the slow-drift forces based on the symmetry of the
matrix of the difference-frequency QTF and the mean drift forces [200]. However, the reliability of this
method is questionable for intermediate and shallow waters [186,188,198,201].

Another option to compute the matrix of the difference-frequency QTF is the white-noise approach
proposed by [201,202]. In this approach, by decoupling the degrees of freedom of motion, it is assumed
that the slow-drift motion is excited mainly by a limited portion of frequencies around the platform’s
natural frequency, and consequently, the spectrum of the second-order force can be considered constant
within this band. The advantage of this method is that the QTF matrix is computed based only on the
sets of two frequencies, whose difference gives the drift motion natural frequency.

To improve the predictions of second-order wave loads, one can use the results from wave basin
tests or high-fidelity simulations to tune the QTFs obtained from PF solvers [57,203,204].

To consider second-order effects, alternatively, the full second-order velocity potential can be
obtained through perturbation analysis, and then the loads can be calculated through direct integration
of the pressure acting on the instantaneous wetted surface of FWTSs [182,183,187,205]. Second-order
loads are computed more accurately using this approach, which is computationally more demanding.

Another important subject is the assessment of the dynamic responses of an FWTS subject to
extreme sea states such as freak waves [206-208]. These extreme waves can be generated by dividing
the wave spectrum into uniform N parts, which are then summed up after modifying the initial phases
of some of these components.

Finally, to perform the time-domain simulations using the frequency-dependent loads presented
so far, the Cummins equation, where a convolution integral formulation is used to capture the fluid
memory effects, is employed [12,174,209,210]:

(M + As) X (1) +/j K(t —1)X(7)dT + CX(t) = Foxt (t) (13)

Here, M is the inertia matrix, A is the added-mass matrix at infinite frequency, C is the restoring
(hydrostatic stiffness) matrix, X(t) is the displacement vector of the floating platform, K(t) is the
retardation function (fluid memory) and Fox¢(t) is the time-varying external forces.

3.2. Aerodynamics

3.2.1. BEM method

The BEM theory forms the most popular method to evaluate a wind turbine aerodynamics. This
method is a combination of two theories: blade element and momentum. The blade element theory
considers that the blades comprise a finite number of elements with negligible interaction with the
nearby elements. It is further considered that these elements operate as two-dimensional airfoils.
The momentum theory is also used to calculate the induced axial and tangential velocities. Thus,
combining these two theories gives origin to the BEM theory, an iterative process to evaluate turbine
aerodynamics.

In this regard, the elements along the blade span located at the radial position of 7, which extend
to r + dr, as shown in Figure 13, affect the airflow momentum that travels across the circular ring area
covered by these rotating elements due to their aerodynamic loads.
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Figure 13. Elements along the blade span located at the radial position of r, which extend to r + Jr affect
the airflow momentum that travels across the circular ring area covered by these rotating elements due
to their aerodynamic loads.

The element aerodynamic loads are calculated using the two-dimensional airfoil properties based
on an angle of attack (x), which is defined in terms of the total incident wind speed W written as
follows based on Figure 14:

W = \/(1 + a')zrzﬂz +(1—-a)?u?, (14)

where 4" and a are the tangential and axial induction factors, U the freestream wind speed and Q) the
angular rotor speed.

Qr(1+a’)

{,e

(r-1*n

Figure 14. « : angle of attack, § : pitch angle, ¢ : angle enclosed by the rotor plane and the total incident
wind speed W

To improve the predictions given by BEM method, several corrections are introduced to
account for the effects such as blade-tip and -root losses, a finite number of blades, tower shadow,
three-dimensional stall delay, dynamic stall, yawed condition, unsteady loading and dynamic inflow
[29,211-215].

However, both the large platform motions and blade aeroelastic deformations result in the rotor
interaction with its own shed vortices, a condition that BEM may give unrealistic results [140,180,216,
217]. FWTSs are more frequently subject to yawed inflow conditions since they have little yaw stiffness.
However, the BEM theory is originally developed for the inflow condition perpendicular to the rotor
plane, and the commonly used corrections may give erroneous results [167,180,199,216].

To evaluate turbine aerodynamics, the GDW model can be used alternatively to consider
intrinsically the three-dimensional effects and the dynamic wake effects [218,219]. The GDW method is
normally employed to model the tip losses at the blades and the performance of a turbine under yawed
conditions more accurately. Albeit, its limitations at small wind speeds lead to unstable computations
[220]. Generally, the BEM method is more commonly used in the coupled analyses of FWTSs. This
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can be deduced from the availability of this method in most of the codes used for the investigation of
the coupled dynamics of FWTSs such as Bladed, OpenFAST, OrcaFlex, SIMA, SESAM and HAWC2
[141,173,211,221-224].

3.2.2. FVW method

The FVW method is capable of characterizing the wake evolution of a wind turbine over time,
which may give more reliable predictions in case of FWTSs due to the possibility of movement of the
rotor into its own wake [29,225,226].

The FVW belongs to the vorticity-based methods, such as the vortex lattice method (VLM)
[145,211,213] assuming that the flow is inviscid, incompressible and irrotational [227], and have long
been used in the field of wind energy [228-233].

The FVW method is used to solve the turbine wake based on a time-accurate manner, in which,
contrary to the prescribed vortex methods, the convection, stretching, and diffusion of vortices are
captured [29]. This is performed using a Lagrangian approach able to discretize the turbine wake into
Lagrangian markers defined as a function of wake age { and azimuthal blade location ¢, as shown in
Figure 15 [29,227]. A wide range of methods are available for the representation of the wake using
Lagrangian markers [230], such as the hybrid lattice/filament, which is used within the OpenFAST
code [226] (see Figure 15). Over the near-wake region, a lattice method is used, as shown schematically
in Figure 15. A user-defined angle is used to specify the near-wake span [234], which is usually
assumed to be Ay = 30 degrees [234]. This angle may not be sufficient for challenging operating
conditions, e.g., high thrust conditions [226]. The near-wake region is followed by instantaneous wake
aggregation into tip vortices, which are considered the principal flow characteristics over the rest of
the wake [235]. Straight-line vortex filaments with second-order accuracy are used to connect the
Lagrangian markers together [235] (see Figure 15).

Curved vortex

Silement Lagrangian Markers

o/ Straight line

<>
:: vortex approximation .#i

Figure 15. FVW method explanation

The vortex-filament motion is expressed as [233,236-238]:

S
LD T [P0, (15)
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Here, 7’ (1, ) is the position of the Lagrangian markers and v [7 (1, ), t] is the velocity vector
[233,239]. This vector is the summation of three components: the freestream, induced velocity, and
velocity emanated from the platform movements due to environmental loading [227,233,239,240]. Each
straight-line vortex filament creates an induced velocity at point k, which is calculated based on the
Biot-Savart law [235]:

(16)

where I' is the vortex filament circulation strength, I is the vector used to connect the endpoint locations
of filaments, and 7 is the normal distance from [ to point k. The factor F, is used to consider the effect
of viscosity on the vortex core [241-243]. T is obtained regarding the lift force acting on the blade
element airfoil using the Kutta-Joukowski theorem [30].

The blade can be represented using either a lifting line or lifting surface [237], or more attractive
options such as the Weissinger-L blade model, which has been demonstrated to give more reliable
results than the lifting line model with a computational cost lower than the lifting-surface model
[226,237,238]. Based on a blade model, the circulation along the blade span is computed by discretizing
the blade into a finite number of panels, and then connection to the wake is performed by dependence
on the induced velocities.

The FVW is available only in a few simulation tools for coupled analysis of FWTSs, such as QBlade
and OpenFAST [52,244]. This method, despite being able to consider the turbine-wake interaction, has
not been commonly used in the coupled analyses of FWTSs [245].

3.3. Structural dynamics

Coupled analyses of floating wind turbine systems are performed using a wide range of
structural models, from modal analysis methods to more sophisticated finite element methods such as
Euler-Bernoulli and Timoshenko, all based on the following second-order differential equation:

Mi+Bi+Cx=F, (17)

where M, B, and C are the structural inertia, damping, and stiffness matrices, respectively. Additionally,
x is the vector of structural displacements (deformations), and F is the vector of external forces. The
structural dynamics is typically considered through the use of an MBD formulation, where the
flexibility is considered in selected components, such as blades and towers, as shown schematically in
Figure 16. The MBD formulation, the most common approach for the structural dynamic assessment
of FWTSs, is available in many low- and mid-fidelity simulation tools, such as HAWC2, OpenFAST,
SIMA, Bladed, QBlade, and Virtual.Lab Motion and Multibody Bladed [52,135,246-252].

Multi-body
Turbine
representation
) -4

Figure 16. Multi-body representation of a wind turbine
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In this technique, the geometry of the wind turbine is split into a limited number of interconnected
rigid or flexible bodies, which may undergo translational and rotational motions [8]. The connection
between the bodies is via force and joint elements that express their dynamic and kinematic restrictions.
The description of the motion of the bodies is performed through a group of differential-algebraic
equations, including the differential equations describing the motion of the bodies and a set of algebraic
equations expressing the motion restrictions [35,107]. Among the turbine structural elements, the
blades normally have the largest number of bodies due to being the most flexible components [35,107].

The long flexible blades and towers are commonly modeled as beam members based on either
a linear modal analysis (MA) or more sophisticated beam theories, such as Euler-Bernoulli and
Timoshenko [35].

The simplest form of representing the flexible turbine structural components is using the linear
MA [30], which is available in many coupled analysis tools for FWTSs, such as OpenFAST, Bladed
and QBlade [52,135,247-249,253-255]. Briefly, in this method, a modal transformation is used to
separate the structural responses into various eigenfrequencies resulting in distinct vibration modes,
whose linear superposition gives the total structural response [25,256,257]. Thus, due to its linearity
assumption, its use is restricted to small deflections [25]. To specify the flexibility properties of blades
and towers, the spanwise mass and stiffness distributions and their mode shapes based on equivalent
polynomial coefficients are defined [257,258]. These mode shapes, which typically the first few of them
are considered in the modal representation, are commonly determined using a finite element method
[258,259]. Therefore, the accuracy of a modal analysis depends highly on the correct determination of
the mode shapes, which is a principal disadvantage of this method [30].

However, in the case of large blade deformations, using more advanced beam theories such
as Euler-Bernoulli and Timoshenko is preferred over the modal approach [42,260]. For example,
using nonlinear beam theories, the OpenFAST from NREL and HAWC2 from DTU can simulate
flexible blades. More specifically, OpenFAST employs both theories of Euler-Bernoulli beam and
geometrically exact beam with Legendre spectral finite elements. The latter can better model the
geometric nonlinearities and large blade deformations compared to the former [261]. While HAWC2
uses the Timeshenko finite-element modeling approach [262]. The results obtained from these codes
are expected to be similar, as shown by [263].

The floating structure is typically modeled as a rigid body, the same practice adopted in the oil
and gas industry. However, accounting for floating platform flexibility can be crucial in the floating
wind system design and optimization process, considering the increasing use of large platforms for
offshore wind power and the growing tendency to reduce substructure costs.

3.4. Recent research

The aerodynamics of the NREL 5MW FWTS under prescribed motions over single and multiple
DOFs is investigated by [29] using an FVW code. The platform motions are estimated using OpenFAST.
The obtained results demonstrate the importance of using the FVW method to capture the complex
physics due to the interaction between the rotor and its own shed vortices.

A coupled FVW-geometrically-exact beam theory model is developed by [261] to evaluate the
aeroelastic behavior of the NREL 5 MW wind turbine.

An FVW-MBD coupled model is developed by [236,239] to assess the aeroelastic behavior of the
NREL 5 MW wind turbine under harmonic platform motions.

[136] evaluates the aerodynamics of an FWTS subject to prescribed harmonic motions using a
code based on FVW method. Due to ignoring the blade aeroelasticity, discrepancies exist between the
predictions and the results given by OpenFAST.

An FVW solver is used [264,265] to evaluate the aerodynamic performance of a rigid FWTS under
harmonic surge motions with various amplitudes and frequencies. It is shown that, for tip speed
ratios close to the optimum value, the turbine power can surpass the Betz limit mainly because of the
platform’s axial motion induced on the rotor.
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The coupled analysis of a 15MW FWTS is performed by [266] using a coupled HAWC2-FVW
code, and the results are compared against those obtained from a HAWC2-BEM code. The results
highlight a large difference between these codes for high wind speeds.

The performance of different codes to simulate the dynamics of the semisubmersible floating
NREL 5 MW wind turbine is assessed by [11,173] under different load cases. The structural part is
modeled using a wide range of methods from MBD to FEM. The aerodynamics are represented based
on mid-fidelity methods, such as BEM and FVW. The hydrodynamic modeling is mainly based on
PF theory with or without the ME. It is shown that the codes based on the Morison approach need to
consider the effect of the heave plates as an additional damping force [11,173].

2D harmonic polynomial cell wave tank [267] is used by [169] to calculate linear and nonlinear
wave kinematics based on potential flow theory to be used in a coupled analysis for the SMW OC4
semisubmersible FWTS [18] based on HAWC2 code [248,262,268]. The results show the importance of
considering a fully nonlinear wave theory for FWTS in shallow and intermediate water depths.

The wave-body interaction for an FWTS is simulated by [174] through coupling a hydrodynamic
model based on PF theory and BEM aerodynamic code.

The performance of two codes Simo-Riflex and HAWC2, in modeling the coupled dynamic
behavior of an FWTS is evaluated by [269]. The structural dynamics and hydrodynamics are modeled
in both codes using an MBD and PF plus ME, respectively.

A hydrodynamic model based on PF and ME able to account for second-order wave loading is
coupled to an aero-servo-elastic model based on BEM and MBD by [270] to predict the responses of
GustoMSC Tri-Floater FWTS.

The SIMPACK tool based on ME via strip theory, BEM method, and MBD is used by [271]
to evaluate the dynamics of a 10 MW FWTS. The numerical results are compared against the
measurements from a scaled OC4 semisubmersible platform supporting a 1:60 scaled DTU 10MW
wind turbine. The comparison of the calculations and measurements highlights the significance of
accounting for the second-order wave effects in coupled dynamic analysis of FWTSs.

[188] conducts the coupled analysis of a conceptual 10 MW FWTS using OpenFAST. The
second-order effects are considered through a full QTFs and Newman approximation. The BEM
method is used to model the wind turbine aerodynamics. The results show that using the full QTFs is
necessary to model second-order responses accurately.

To evaluate the importance of the second-order effects, the coupled behavior of a 6-MW FWTS at
a depth of 100 m is evaluated by [272] using both experimental and numerical methods. The numerical
model is developed using the OpenFAST. The results show the importance of using the full QTFs
compared to Newman’s approximation to consider the second-order effects.

The responses of two FWTSs, 15-MW spar WindCrete [273], and 15-MW Activefloat
semisubmersible [274], both made of concrete, under static and dynamic conditions are evaluated by
[12] using OpenFAST. The results show that the second-order wave loads dominate the platforms’
responses more than the first-order wave forces.

[275] assesses the coupled behavior of a novel catamaran FWTS, where OpenFAST is used for the
aero-elastic part while ANSYS AQWA is utilized to predict the hydrodynamic loads.

[276] performs the numerical investigation of the behavior of a 5SMW FWTS through a combination
of the PF ANSYS-AQWA capable of accounting for second-order loads based on the full QTFs and a
BEM code. The flexible blades are modeled using a nonlinear deflection model.

The dynamic behavior of four different platforms supporting the NREL 5-MW turbine are
compared by [277] against the onshore turbine performance using the OpenFAST code.

The dynamics of the 5-MW WindFloat FWTS is investigated by [278] using a coupled
PF-ME-BEM-MBD code under coupled wave-wind conditions.

Coupled simulations of a V-shaped semisubmersible FWTS is carried out by [279-281] using the
coupled PF-BEM-MBD Simo-Riflex-Aerodyn code [282].
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[283] extends the OpenFAST code to analyze three wind turbines’ coupled hydro-aero-structural
dynamic behavior mounted on the same semisubmersible platform.

The dynamics of the OC4 semisubmersible supporting the NREL 5-MW turbine with a broken
mooring line is simulated by [284] using the OpenFAST code.

The dynamics of a 5-MW braceless steel semisubmersible FWTS is carried out by [285] by coupling
a structural model based on beam elements, a first-order PF model and a BEM method available in the
coupled Simo/Riflex/Aerodyn code [286].

[173,287] use the OpenFAST software to model the hydro-aero-servo-elastic behavior of the OC5
DeepCwind semisubmersible FWTS, where the full QTFs are used to account for the second-order
effects. The same code is also used by [288] to evaluate the coupled behavior of OC4 DeepCwind
semisubmersible FWTS.

The coupled analysis of a 5-MW and a 13.2-MW FWTSs is performed by [289,290] using a coupled
BEM-PF-ME model. The second-order hydrodynamic loads are considered through the full QTFs. The
structural responses are modeled using an MBD with Euler-Bernoulli beams for flexible blades and
towers.

[291] tests different mooring configurations for a 5-MW FWTS using the OpenFAST code.

[222] analyzes the low-frequency second-order wave effects on the 5-MW OC4 FWTS using both
SIMA (SIMO/RIFLEX/AERODYN) and OpenFAST codes.

The second-order wave effects based on the full QTFs on 10 MW and 5 MW FWTSs is evaluated
by [188,196] using the OpenFAST code.

The OpenFAST code is also used by [292] to assess the behavior of a 5-MW V-shaped FWTS in
moderate water depths.

Motions and loads predicted by the open-source OpenFAST and commercial OrcaFlex codes for
an FWTS are compared together by [293] and it is shown that the predictions provided by these codes
are generally in good agreement.

A coupled numerical model, based on BEM-PF-ME is developed by [294] to investigate the
dynamic responses of FWTSs.

The impact of substructure hydroelastic deformations on the dynamic responses of a 20MW FWTS
is assessed by [295], using the nonlinear aero-hydro-servo-elastic code SIMA, which is a combination of
RIFLEX and SIMO software. RIFLEX is responsible for structural analysis based on a nonlinear beam
theory approach, which here models platform, tower and turbine blades. The hydro-aerodynamic
loads are computed from a coupled BEM-PF-ME with the difference-frequency second-order loads.

[296] uses the OpenFAST code to evaluate the impact of the motions of two types of floating
platforms, including OC3-UMaine spar and OC4-DeepCWind semisubmersible, on the power
generation of the NREL 5MW turbine subjected to irregular waves and various wind conditions
imported from the LES code SOWFA from NREL [297].

[298] uses the OpenFAST code to evaluate the impact of second-order wave hydrodynamic forces
based on the full QTFs method as well as Newman's approximation on the time-domain analyses of
three FWTSs supporting the NREL 5 MW turbine.

The behavior of the OC4 DeepCwind semisubmersible FWTS with a mooring line failure is
assessed by [299] by coupling the BEM aerodynamic model available in OpenFAST to ANSYS-AQWA,
which is responsible for the computation of the hydrodynamic loads. The responses of the drivetrain
is also considered through a multibody drivetrain model using SIMPACK [300].

The dynamics of the OC4 FWTS after one of its mooring lines is broken is assessed by [301] using
both ANSYS-AQWA and OrcaFlex software.

[302] analyzes the coupled behavior of a 5-MW FWTS, where the aero-servo-elastic part of the
OpenFAST code is coupled to ANSYS-AQWA capable of modeling nonlinear hydrodynamics and
mooring line behavior.
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4. Linear frequency-domain models

These models are based on a linear frequency-domain mathematical model able to provide the
FWTS steady-state responses [36,303,304]. The FWTS responses are computed using the following six
DOF equations [304,305]:

[—w? (M + A(w)) + iwB(w) + C| E(w) = F(w), (18)

Here, w is the frequency of the incident wave, & the DOF dynamic response of a FWTS, F the
excitation forces and moments vector due to wind and waves, M the FWTS mass and inertia matrices,
A added mass and inertia matrix, B damping matrix and C restoring matrix. Note that the matrices
A and B contain the contributions from aerodynamics and hydrodynamics, while the C matrix, in
addition to the hydrostatic forces, includes the mooring loads. The mooring loads are computed
using either analytical equations based on a simple linear spring model or a quasi-static approach
[30,38,303,304,306]. The hydrodynamic loads are estimated using a linearized PF theory or strip theory
combined with a linearized ME [304,305,307]. The ME may be modified to account for the effect of
heave plates [308]. Additionally, aerodynamic loads are considered as a point force at the hub, which
is computed using either a steady-state BEM method or tabular pre-computed data [38,303,305,307].
Note that these models can typically capture only the rigid-body dynamics [30,39,140].

Examples of these models are the open-source frequency-domain code developed by [303], as
well as the in-house codes developed by [305,307,309].

5. Mooring system

A mooring system serves as a station-keeping system for a floating platform. Proper
implementation of the mooring system is crucial for maintaining the wind turbine nearly fixed
in its position in such a manner to guarantee the safe operation of the machine.

Generally, there are two types of mooring line systems: catenary and taut, as shown in Figure 17.

Catenary System Taut System

Figure 17. Mooring line systems: catenary and taut

In the case of the catenary system, the station keeping is performed through the weight of the
portion of the mooring lines in contact with the seafloor [21,310]. In the case of the taut system, this is
performed by the high tension in the cables. In other words, while the mooring line weight provides
the restoring force in the catenary mooring system, the elasticity of the mooring line provides this force
in the taut mooring system.

The catenary mooring lines are typically made of steel chains and/or wires [311,312], while the
taut mooring lines are made of synthetic fibers, such as polyester, nylon or wires [312-317]. Recent
studies have shown that a taut system composed of nylon may significantly reduce the cost of the
floating wind turbine system, especially for shallow water applications, compared to the same system
with polyester [313,315].

It is also possible to use a combination of materials for catenary applications (the semi-taut
mooring system) to reduce the weight and cost of the mooring system [318]. The chain is typically
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used to adjust the length and tension of the upper portion, where the mooring line is connected to
the floater at the fairlead. Again, the chain is preferred due to its stiffness at the seabed, where the
mooring line rests on the sea floor. Synthetic fibers, nylon, or wire can be used for cost and weight
reduction. The Hywind project, for instance, uses a combination of steel chain and wire [318].

The catenary configuration is usually applied to the floating platforms at water depths between
100 m to 250 m, where it can be considered an optimum solution for station keeping of the system
[319]. Based on Figure 18, which shows the cost evolution of a traditional steel chain catenary system
regarding water depth, in the case of shallow waters with a depth smaller than 100, the highly
dynamic condition in which the floater operates calls for a more expensive station-keeping system
[320]. Additionally, the additional mooring line length increases the cost as the water depth exceeds
the values larger than 250 m.

Total Mooring System Cost

60 100 250 800
Water Depth (m])

Figure 18. Cost evolution of a traditional steel chain catenary system regarding water depth [319]

On the other hand, the taut configuration can be used in water depths smaller than 100 m or
larger than 250 m [320]. An example of a taut system used at a water depth shallower than 100 m is
the Ideol platform installed close to the French coastline at a water depth of nearly 30 m [321].

A floating platform equipped with a catenary system can have some horizontal movement.
However, a floating platform with a taut system, typically has limited horizontal movement. The
disadvantages of the catenary system are its more seabed disruption and larger footprint. On the
other hand, as the anchor experiences relatively less loads, the catenary system has more economical
anchors. Considering a taut system, the disadvantage is the higher cost of installation and anchoring
due to the large horizontal and vertical loads acting on the anchor [27,322]. However, its lower seafloor
disruption, smaller footprint, and suitability for shallow and deep waters are the main advantages of a
taut system.

In the case of catenary systems, to increase the mooring line tension and, consequently, the
restoring force acting on the floating platform, especially in the case of shallow waters, the clump
weights can be used, as shown schematically in Figure 19. It is also possible to reduce the mooring line
dynamics and weight effects on the platform in the case of deep waters using buoyancy modules, as
shown in Figure 19.
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Figure 19. A catenary mooring system with clump weights and buoyancy modules [323]

One main challenge related to floating wind turbines is the high cost of anchoring for a single
floating platform. An alternative to reduce these costs is using shared mooring or shared anchoring
systems [324-326].

However, the use of shared mooring lines is accompanied by a number of challenges as follows
[327,328]:

¢ The installation process is more complex.

e  Difficulty in towing a single floating wind turbine to a nearby port when it is necessary for
operation and maintenance.

*  complexity in a mooring line may increase to a point where it is exposed to failure risk.

*  The Natural period of several mooring lines may have coupled effects with their surrounding
floating wind turbines.

* In the event of a mooring line or anchor failure, this scenario may affect several turbines.

The use of shared anchors is only beneficial under certain situations, which calls for a site-specific
investigation [328]. Saving due to shared anchors can be lost due to an increase in the length of
mooring lines to respect the minimum spacing between turbines, which depends highly on the energy
yield calculations of the specific site. Shared anchors are more feasible for sites where it is possible to
have smaller turbines’ spacing [327].

The coupled analysis of a floating wind turbine system is generally accompanied by a mooring
line modeling, which is performed using either a quasi-static or dynamic method.

5.1. Quasi-static method

The quasi-static models can be as a simple linear stiffness matrix to more complex catenary
equations, where Newton's force equation is solved for each node of connection [329]. These models
consider that the mooring is in the balance between the anchor and the FWTS attachment point [30].
Additionally, the dynamic effects, such as inertia, hydrodynamic drag force, and vortex shedding, are
not considered [65-67,75,82,182].

Figure 20 illustrates schematically how the responses of a mooring line can be affected when
dynamic effects are ignored. As can be seen, although the mooring line close to the fairlead tends
to follow the floating platform motions, the lower portion of the mooring line may respond with a
delay to this displacement. This can be regarded as a violation of the quasi-static assumption, which
considers that the line is in static equilibrium at each time step [330].

The quasi-static models tend to underestimate the restoring load, particularly for extreme sea
states [42,331,332], and as shown by [333] they are unable to estimate reliably the fairlead load
amplitudes.
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Figure 20. Possible response of a mooring line under quasi-static and dynamic assumptions

5.2. Dynamic method

Considering or neglecting the dynamic effects of mooring lines for FWTSs is a hot topic in the
hydrodynamics of these structures. Due to the smallness of mass and motions, the dynamics may be
neglected in the case of mooring systems used in shallow waters. However, it is crucial to consider
the dynamic effects of deep water conditions. The oil and gas platform and vessel demonstrate the
importance of considering line dynamics for water depth larger than 150 m [180]. Further, using
dynamic models is essential for reliable estimation of the ultimate and fatigue loads in a mooring line
and correct modeling of the peak tension in extreme events [30,173].

The dynamic models are based on either lumped-mass approach (similar to MBD) [186,195,334—
336], FEA [182,183,183,299,330] or finite difference (FD) method [337]. The hydrodynamic drag and
added mass are considered for all the elements resulting from the line discretization.

The simplest model is the lumped mass, where the mooring line model is a set of compact masses
connected through massless spring-damper elements [195]. A sensitivity study may be required to
determine the number of multibodies beyond which the results remain unchanged. The drawback
of this method is that it neglects the mooring line torsional stiffness [333,338]. Due to its simplistic
nature, the lumped-mass method is available in many simulation tools of FWTSs, such as OpenFAST
and OrcaFlex [180]

A higher fidelity solution can be achieved using either the FD or FE methods. However, the results
obtained from lumped mass, FD, and FE methods are expected to be very similar under sufficient
resolution [30,333,339].

6. Final notes on numerical models

Table 1 summarizes the tools used to perform the coupled hydro-aero-structural analysis of
floating wind turbines based on low- and mid-fidelity codes.

As can be inferred, most of these tools use BEM with various corrections to compute the
aerodynamic loads. The main difference between the BEM, GDW, and FVW methods is their
consideration of the dynamic inflow condition. A correction referred to as a dynamic inflow model
is typically used within the BEM method for the better representation of the aerodynamic responses
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under unsteady conditions emanating from changes in incoming wind speed, rotor speed, and blade
pitch angle, as well as platform motions. However, the dynamic inflow is directly considered by the
GDW method. A limitation of the GDW method is the assumption of the smallness of the induced
velocities compared to the free flow, which creates instability at low wind speeds. Finally, the FVW
method is able to account for the dynamic inflow due to its basic formulation.

In this regard, the Offshore Code Comparison Collaboration (OC6) evaluates the validation of 54
aerodynamic numerical models for a floating wind turbine subject to large harmonic support platform
motions in both surge and pitch directions [340]. The validation uses wind tunnel measurements
from a 1:75 scaled DTU 10 MW wind turbine. A wide range of modeling approaches, such as
BEM, dynamic BEM (DBEM) (which considers the effects of dynamic inflow), GDW, FVW, and
blade-resolved/actuator-based CFD methods, are evaluated. The tests are performed at a wind speed
of 4.19 m/s and an angular velocity of the rotor of 240 rpm, equivalent to the scaled model’s rated
condition. The measured and calculated torque moment and thrust force of the turbine during one
harmonic surge motion of the platform with a frequency of 1 Hz and an amplitude of 0.035 of rotor
diameter are presented in Figure 21. Note that the numerical results are median values for each
modeling technique. As can be inferred, the predictions provided by the FVW are comparable to those
provided by CFD and even better in the case of thrust force. The poorest predictions are produced
consistently by the BEM and DBEM methods.
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Figure 21. The measured and calculated (using a wide range of modeling approaches, such as BEM,
DBEM, GDW, FVW, and CFD) torque moment and thrust force of a scaled turbine model during one
harmonic surge motion of the platform with a frequency of 1 Hz and an amplitude of 0.035 of rotor
diameter (Figure reproduced using the data given by [340])

Regarding the hydrodynamics, as shown in Table 1, either the Morison equation or potential
flow theory or a combination of both is employed. Second-order potential flow theory based on
QTFs is employed to account for the fundamental second-order effects. Considering these effects is
crucial because a moored floating platform, unlike an unrestricted platform, has natural frequencies in
the horizontal plane, generally outside the frequency range of the incident waves. The natural
frequencies in the horizontal plane are excited by the low second-order frequencies emanating
from the second-order potential problem. As shown in the OC5 Phase II validation project [173],
underestimation of low-frequency loads can lead to a 20% underestimation of the loads and motions
of a floating structure. This underestimation remarkably affects the correct estimation of the fatigue
and ultimate loads acting on the floating structure. As suggested in the project of OC6 Phase I,
improvement in the low-frequency predictions can be achieved by tuning the QTFs using data from
physical tests or high-fidelity CFD simulations [203].

Accordingly, a RANS-based CFD model, together with the VOF method, is used by [57] to
fine-tune the QTFs of an FWTS obtained from potential flow theory for a group of bichromatic regular
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waves, with a frequency difference correspondent to the natural frequency of the FWTS in surge or
pitch direction. In this regard, Figure 22 shows the phases and magnitudes of the QTFs related to
the force in surge direction and the moment in pitch direction obtained from both CFD (new QTF)
using the commercial finite volume code OpenFOAM and potential flow theory (old QTF) using the
commercial code WAMIT. As can be seen, a considerable difference exists between the predictions;
regarding the QTFs related to the force and moment magnitudes, this difference increases even more
at higher frequencies, while regarding the phase, there is consistently a substantial difference between
the predictions with CFD showing nearly an opposite trends for phase angle when compared with
potential flow theory.
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Figure 22. The phases and magnitudes of the QTFs related to force in surge direction and moment in
pitch direction obtained from both CFD and potential flow theory using the commercial code WAMIT
(Figure reproduced using the data given by [57])

The frequency-dependent characteristics of a floating platform are obtained most commonly
using either AQWA [177,186,195,196,199] or WAMIT [198]. As shown by [195]. Generally, a good
agreement exists between the two codes. AQWA can perform the time-domain simulations [177,186].
However, one needs to specify how the aerodynamic loads are computed. These loads can be either
calculated using simple expressions within the software or through coupling with other codes such as
OpenFAST.

As seen in Table 1, the structural flexibility is accounted for through an MBD formulation, where
flexibility is considered by either a modal method or finite element representation. The flexibility is
generally applied to the wind turbines, and substructures are typically assumed to be rigid.

Note that in addition to the coupled numerical models presented so far, the coupled dynamic
analysis of FWTSs may be carried out through other coupling schemes as follows:

- -coupled CFD-MBD models [35,75,107,143,341-343]:

An aeroelastic model is developed by [341] by combining the CFD-based AL method with a
beam solver to evaluate the couple aero-structural responses of the NREL 5MW wind turbine in both
isolation and wakefield of an upstream wind turbine. It is shown that considering the aeroelastic
deformations leads to an aggravation of the tower shadow effect.

A CFD solver based on URANS equations with a k — w model coupled with an FEA code based
on non-linear Timoshenko beam elements is used by [143] to investigate the aeroelastic behavior of the
reference 1I0MW DTU wind turbine at various uniform wind speeds [342]. [343] evaluates the NREL 5
MW wind turbine’s aeroelastic behavior by coupling a URANS-based CFD model with a geometrically
exact beam formulation FEA code under harmonic platform surge motions. The turbulence model in
CFD is the k — w SST model.
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Table 1. Summary of the capabilities of coupled numerical tools

Code Hydrodynamics Aerodynamics Structural Mooring  system

dynamics dynamics

WAMIT  Potential flow - Rigid Body/ Modal  Quasi-static method
theory (Frequency
domain)

AQWA  Potential - Rigid body/ FEA Quasi-static/
flow theory Dynamic methods
(Frequency/time
domain)

WINDOPT Potential flow - Rigid body Quasi-static/
theory (Frequency Dynamic methods
domain)

OpenFAST Potential flow BEM, GDW MBD, modal/FEA Quasi-static/
theory/ Morison and FVW Dynamic methods
Equation (Time methods
domain)

BLADED Potential flow BEM method MBD, modal/FEA Quasi-static/
theory/ Morison Dynamic methods
Equation  (Time
domain)

OrcaFlex Potential flow BEM method MBD, modal/FEA Quasi-static/
theory/ Morison Dynamic methods
Equation (Time
domain)

3DFloat  Potential flow BEM method FEA Quasi-static/
theory/ Morison Dynamic methods
Equation  (Time
domain)

HAWC2 DPotential flow BEM method MBD, modal/FEA Quasi-static/
theory/ Morison Dynamic methods
Equation (Time
domain)

SIMA Potential flow BEM method MBD, modal/FEA Quasi-static/

(SIMO/  theory/ Morison Dynamic methods

RIFLEX) Equation (Time
domain)

QBlade Potential flow BEM and MBD, modal/FEA Quasi-static/
theory/ Morison FVW methods Dynamic methods
Equation  (Time
domain)

Sesam/  Potential flow - Rigid body Quasi-static method

Wadam  theory (Frequency
domain)

Simpack Potential flow BEM, GDW, MBD, modal/FEA Quasi-static/
theory/ Morison and FVW Dynamic methods
Equation  (Time methods
domain)

SLOW Reduced potential Actuator MBD, modal Quasi-static method
flow theory/ model

Morison Equation
(Time domain)
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[107] proposes an aero-elastic model that considers the drivetrain dynamics through coupling the
Hybrid RANS-LES CFD model responsible for the flow field prediction with an MBF. The model is
applied to the NREL 5 MW wind turbine to investigate the interaction between turbine aerodynamics,
flexible blades, and drivetrain dynamics. A coupled hydro-aero-elastic model is developed by [75] to
simulate the OC4 semisubmersible FOWT under a combined wind /wave operating condition. The
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hydrodynamic model is based on RANS with k — w SST model and VOF method, and the structural
model is based on an MBF. An overset grid CFD solver based on the DDES model derived from
the k — w SST coupled with an MBD solver is used by [35] to predict the aeroelastic behavior of the
floating NREL 5 MW wind turbine subject to an ABL. Blades and tower are considered as flexible
one-dimensional structures.

- - coupled CFD-BEM-MBD models [344]:

A CFD model, which is responsible for the platform hydrodynamics, is coupled to the
aero-servo-elastic OpenFAST code by [344] to simulate the OC4 DeepCWind FOWT dynamic responses
under various operating conditions. More accurate results are obtained using this coupled tool
compared to the OpenFAST alone simulations.

- - coupled CFD-PF models [79]:

[79] proposes a coupled fluid-structure interaction model based on LES to study FWTS motions in
waves. The domain is divided into two parts: near-field, where a two-phase LES solver based on the
level set method is used, and a far-field model, where an aerodynamic model based on LES without
viscosity is combined with a hydrodynamic model based on a fully nonlinear-potential-flow-theory.
The modeling of the subgrid-scale turbulence over the near-field region is performed using the dynamic
Smagorinsky model, while the scale-dependent Lagrangian dynamic model is used over the far-field
region.

- - coupled CFD-PF-MBD models [345,346]:

The wakefield of the OC4 semisubmersible FWTS is compared against its fixed-bottom counterpart
under ABL condition by [345]. The wind turbine rotors are represented using an AL method based on
OpenFAST code, where the wind flow is simulated using the SOWFA LES solver from NREL with
standard Smagorinsky model responsible for subgrid-scale turbulence modeling [346]. The results
indicate a small deviation between the wake patterns of the FWTS and its fixed-bottom counterpart.

- - coupled PF-FEA models [347,348]:

[347] analyzes the ship-FWTS collision using a coupled linear PF-FEA model. The aerodynamic
thrust force is considered to be a point load acting at the hub based on the thrust curve of the SMW
NREL wind turbine. The linear diffraction theory and an FEA model are combined by [348] to evaluate
the hydro-elastic behavior of a novel triangular floating platform capable of accommodating three
wind turbines on its vertices.

7. Physical testing
7.1. Lab testing

7.1.1. Full physical testing

The importance of physical tests is twofold. First, they are crucial for the validation of the
numerical model. Additionally, they sometimes enhance our understanding of the physical aspect
of the problem by revealing the complex phenomena that may only be recognized using physical
modeling techniques. This enhanced understanding eventually leads to an improvement in the low-
and mid-fidelity numerical models.

The main challenge of performing the full physical experiments is the need to address the
Reynolds scaling problem of the Froude-scaled FWTS model in such a manner to decrease the scale
effects during the tests [8,42,59,118,349,350]. This is because satisfying at the same time both platform
Froude-number scaling and turbine Reynolds-number scaling is impossible [42,350,351]. The lower
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Reynolds number of the Froude-scaled FWTS model leads to a misrepresentation of the aerodynamic
loads in a Froude-scaled environment, which consequently leads to the dissimilar dynamic response
of the model and the prototype [118,350-352]. To solve this issue, several solutions are proposed
to diminish mainly the difference between the model’s and prototype’s thrust coefficients, which is
shown to impact an FWTS response significantly [353]. The most popular solutions are as follows:

Using a mechanical pulley system [354].

Applying an increased wind speed to the Froude-scaled FWTS model [42,355,356].

Redesigning the blades’ geometry [173,353,357-361]

Implementing an active control for blade pitch on the Froude-scaled model [270,362,363,363-365].

=L

In this regard, a 1:47 Froude-scaled FWTS model is tested by [366,367] to validate the results of
dynamic responses of its equivalent prototype obtained from a coupled SIMO/RIFLEX/HAWC?2 code.
A rotor pitch control system is implemented to ensure the FWTS model has a dynamic behavior similar
to the prototype.

[353] designs a scaled-down NREL 5MW wind turbine model to have a similar thrust coefficient
as the full-scale prototype wind turbine, which guarantees the similarity of the dynamic behavior of
the model to the prototype when it is subject to Froude-scaled wind-wave operating conditions.

[270] implements an active blade pitch control in a 1:50 Froude-scaled model of the GustoMSC
Tri-Floater FWTS, where the NREL 5MW wind turbine is used. The results show the potential of the
active blade pitch control to reproduce an improved level of thrust force.

Through tests on the DeepCwind-OCS5 floating platform supporting a 1:50 scaled NREL 5SMW
turbine, it is shown by [362] that implementing an active blade pitch control in a wind field scaled
properly based on Froude number together with a turbine model with a thrust coefficient similar to the
full-scale prototype can result in a model capable of reproducing the motions of the full-scaled FWTS.

[368] carries out tests on a 1:50 Froude-scaled OC4 semisubmersible FWTS model with two
different blade designs, including geometrically matched and performance-matched blade models.
In the former the wind speed is adjusted to ensure that the scaled model and prototype have similar
thrust coefficients. It is shown that the performance-matched blade model can better capture the
dynamics of the FWTS model.

The scaled OC4 semisubmersible platform supporting a 1:60 scaled DTU 10MW wind turbine
along with active control of blade pitch is tested by [271], where the rotor blades are redesigned to
reduce model and prototype thrust coefficients.

[272] tests a 1:65.3 Froude-based scaled FWTS model, where structural stiffness similarity is
also satisfied by manufacturing the model with lightweight materials. Additionally, the blades are
redesigned to guarantee the same thrust force coefficient between the model and the prototype.

[369] performs tests on a 1:50 Froude-scaled OC4 DeepCwind semisubmersible FWTS in a wave
basin, where the wind speed in the wave basin is increased to guarantee the similarity of the thrust
coefficients between the model and real-scale FWTS. Later, the same model is used by [356] to propose
an improvement in generating a thrust force on the model equivalent to that of the prototype by
permitting the rotor to be driven purely by the inflow wind.

[370,371] test a 1:40 Froude-scaled model of a 750-kW FWTS, where the rotor blades are redesigned
to guarantee that the model has a thrust force coefficient similar to the full-scale machine.

[372] designs an FWTS model, where to guarantee that both model and prototype have similar
aerodynamic performance, the blades’ pitch angle and rotor rotational speed are adjusted in the model.

The responses of a novel FWTS model with a steel fish farming cage as a support structure are
investigated by [373] through tests in a wave basin on a 1:30 Froude-scaled of the FWTS. The inflow
wind speed in the wave basin is adjusted to ensure that the thrust coefficient remains the same between
the model and prototype.

The tests on a 1:64 Froude-scaled 10 MW FWTS are performed by [374-376], where the blades are
redesigned to ensure the similarity of the thrust coefficient between the model and prototype.
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7.1.2. Hybrid testing

Another option to solve the Reynolds scaling issue of FWTS models is using hybrid testing
(real-time hybrid simulation or hardware-in-the-loop testing), in which efficient numerical models are
combined with realistic physical experiments.

During hybrid testing, the interaction between the physical testing part and the numerical model
occurs in real time through one or more actuators at the transition interface between the physical
and numerical models. Hybrid testing faces certain challenges, such as the accuracy of the numerical
model needs to be improved and the time delays in the actuators and movement measurements
must be optimized [61,62]. Hybrid testing can be performed in various configurations, which can be
categorized into numerically modeled aerodynamics and numerically modeled hydrodynamics.

¢  Numerically modeled aerodynamics

In the numerically modeled aerodynamics, also referred to as aerodynamics in the virtual
subsystem, the aerodynamics is treated within a numerical model, while the hydrodynamics is modeled
physically through a model test within a wave tank. The full-scale aerodynamics are calculated in a
computer model and then dictated to the Froude-scaled FWTS model through actuators. Therefore,
using this method eliminates the need to physically generate the wind flow, which can reduce the costs
related to testing, even though the question arises of properly controlling mechanical actuators, which
certainly is easier than controlling the physically generated wind flow [377]. The aerodynamic loads
are typically calculated using a BEM method.

The coupling between the physical and numerical models can be either tower-base or aero-rotor,
as shown schematically in Figure 23.

. N ical Model
Numerical Model umerical Yode

Physical Model
_/
L
Physical Model
(a) Aero-rotor coupling (b) Tower-base coupling

Figure 23. Numerically modeled aerodynamics hybrid tests

In the tower-base coupling scheme, the physical and numerical models are separated from each
other by means of a clear boundary, plus the rotor elasticity can be more realistically represented
for the scaled model through the numerical model [378,379]. However, the coupling strategy must
respond with a relatively high frequency to properly mimic the dynamic behavior at the tower-platform
connection. Consequently, it is relatively sensitive to the bandwidth and time delay of the platform
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motion measurements and actuators[378]. The actuation mechanism requirements to guarantee
the hybrid model testing accuracy using the tower-base coupling method is presented by [380].
Additionally, the effects of ignoring some aerodynamic load components on the same testing method
are evaluated by [381].

In the aero-rotor coupling, the blades are modeled physically as non-rotating mass and inertia.
The numerical model computes the aerodynamic loads acting on rotor blades, which are assumed to
be rigid and massless, neglecting the tower loads [15,378].

[15] designs hybrid testing based on aero-rotor coupling to assess the behavior of a 1:30 scaled of a
S5MW braceless semisubmersible FWTS in a wave basin. The hybrid testing procedure is later verified
by [382], where it is shown that the test results are highly repeatable, allowing the assessment of the
responses of the FWTS. The hybrid testing model presented by [15,382] is used by [383] to calibrate the
viscous drag coefficients of ME of a coupled PF-ME-BEM numerical model developed for the braceless
FWTS.

The aerodynamic loads can be applied to the physical model within a wave basin using a duct fan,
which replaces the rotor, as shown by [384,385]. By controlling the fan rpm based on the simulation
results, it is able to generate a thrust force equivalent to the full-scale prototype.

A 1:80 scaled model of a 5 MW FWTS is modeled physically by [386] in a wave basin, where the
thrust force is accounted for by a fan mounted on top of the tower.

[387] tests a 1:36 Froude-scaled FWTS with two rotors, where the steady wind loads are simulated
by two ducted fans and gyroscopic loads by weighted rotating beams. It is shown that the uncertainty
is highly affected by the simulated thrust loads, while the gyroscopic loads have negligible effects.

The single-fan method, which is only able to generate the thrust force, is later extended by
[388-390], where a multi-fan system is used to consider the effects from other aerodynamic loads
besides the thrust force.

[377,391] develops a new hybrid testing approach where a cable-based actuator prescribes the
correct thrust force value to a FWTS model in a wave basin. [15,382,383] also use a similar approach to
test the 1:30 scale braceless FWTS mentioned earlier, where the nacelle is substituted with a square
frame connected to several pulleys through thin cables, which are used as actuators.

¢ Numerically modeled hydrodynamics

In the numerically modeled hydrodynamics hybrid tests, which is also referred to as
hydrodynamics in the virtual subsystem, the hydrodynamics is treated within a numerical model,
while the aerodynamics is represented physically through a model test within a wind tunnel, as shown
schematically in Figure 24. This type of test gains importance, especially in the case of wake evaluation
of FWTSs. The main focus of this type of test is the development of a reliable actuation system to
prescribe the platform movements in the wind turbine.

In the simplest case of this kind of test, the scaled wind turbine model undergoes a forced
harmonic motion due to the platform motions in a certain degree of freedom [392-398].

The complexity increases when the platform motions are estimated from a numerical model and
then prescribed to the wind turbine through an actuation mechanism.

In this regard, a two-degree freedom mechanism that can reproduce the pitch/roll rotations and
the surge/sway movements for an FWTS is developed by [399]. The movements are calculated using
the results from a real-time simulation of a hydrodynamic numerical model based on ME implemented
in MATLAB/Simulink. The arrangement is later used by [392] to evaluate the OC5 FWTS motions
by accounting for the first-order and second-order low-frequency hydrodynamic loads using the
WAMIT software. Additionally, the same system is tested by [400] to assess an FWTS behavior under
the actions of active blade and pitch control, as proposed by [401]. The system is later extended
by [402] into a six-degree of freedom mechanism called HexaFloat, which is able to simulate the
FWTS dynamics subject to normal operational conditions. [403—-405] use the HexaFloat to evaluate the
dynamic responses of an FWTS under unsteady aerodynamics and turbine controller action.
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Figure 24. numerically modeled hydrodynamics hybrid tests

7.2. Field testing

Despite the existence of several real-scale FWTSs, such as Hywind in Norway and WindFloat
in Portugal [406,407], there is a shortage of full-scale field measurements of the responses of these
structures in the public domain, which leads to a limited number of validation studies of simulation
tools against field data. This is crucial for better understanding the coupled dynamic behavior of
these machines and gaining confidence in the predictions provided by simulation tools. Over the
recent years, a few works have reported data from field measurements and used these data to validate
numerical simulation tools for a range of FWTS concepts [22,408-412].

In this regard, the field measurements from a 2MW hybrid concrete-steel HAENKAZE FWTS
commissioned in 2013 in Japan are used by [410,411] to validate a coupled hydro-aeroelastic simulation
tool for FWTSs. It is argued that the spatial coherence of the wind field plays a significant role in the
accurate prediction of the FWTS responses.

The measured and calculated data for a 7MW V-shaped semisubmersible FWTS in Japan are
reported by [413], where the calculations are performed using the commercial code Bladed.

The measurement data during a six-month operation for a concrete barge-type FWTS installed
2018 in France are presented by [414]. [415] calculates the motion RAOs and turbine loads using
OpenFAST-OrcaFlex code.

The validation of the OpenFAST code using the measurements from the Statoil Hywind Demo
by [408,409]. Except for the roll and yaw responses at low frequencies, the OpenFAST reasonably
reproduces the measured platform motions.

A 20kW VorturnUS, a 1:8 Froude-scaled model of the concrete 6 MW VolturnUS semisubmersible
floating wind turbine, tested in the US for 18 months [22]. The test site environmental conditions are
chosen so that the turbine model produces a thrust force equivalent to the prototype.

The influence of wave/wind-induced oscillations on the energy production of the WindFloat is
assessed by [416]. The nacelle movements are recorded using accelerometer sensors. The wind data
are measured using a nacelle-mounted LiDAR system, and the wave data are recorded using a buoy
equipped with a LiDAR system.
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8. Summary and Conclusions

Various methods with various fidelity levels are available to analyze the FWTS coupled
hydro-aero-structural dynamics at each design stage.

The linear models in the frequency domain with the lowest level of fidelity are suitable in the
early conceptual design phases for dimensioning and optimizing the FWTSs.

At the preliminary design stages, the mid-fidelity fully coupled nonlinear time-domain models
are used to analyze the dynamic responses of FWTSs under various conditions to assess the operating,
fatigue, and extreme loads correctly. These models are also excellent for the control design of FWTSs
to reduce the structural loads and platform motions. The complex aerodynamic behavior of FWTS is
better captured by the FVW method than by the BEM method. This is because the FVW method can
characterize the wake evolution of a wind turbine over time, which may give more reliable predictions
in the case of FWTSs due to the possibility of rotor movement into its own wake. Additionally, the
accuracy of hydrodynamic modeling is increased by accounting for second-order wave loads using
full sum- and difference-frequency QTFs. The QTFs can be calibrated using data from physical tests
or high-fidelity CFD simulations to enhance the low-frequency predictions further. For the dynamic
structural assessment of FWTSs, using nonlinear beam theories is preferred over the modal analysis in
the case of large blade deformations.

The high-fidelity coupled CFD-FEA methods are used at the last design phases, where more
in-depth investigations are required for extreme conditions and intricate flow conditions. These
methods are suitable for fine-tuning the design, as well as the calibration of the low- and mid-fidelity
models. However, due to the high computational demand of a coupled CFD-FEA method, the
high-fidelity analyses of FWTSs are mainly restricted to aeroelastic and hydro-aerodynamic studies.
In this regard, little attention has been given to the impact of the near-wall grid resolution on CFD
simulations of FWTSs. It is common to couple high-fidelity CFD and FEA methods with low- and
medium-fidelity models such as PF, MBD, or BEM to reduce the computational demand.

Modeling the mooring system is also part of all numerical modeling of FWTSs. In this regard,
during a coupled analysis, the dynamic effects of mooring cables for floating wind turbine systems
must be accounted for through the use of dynamic models such as lumped mass, FEA, and FD methods
for a more reliable estimation of the ultimate and fatigue loads in a mooring line and correct modeling
of the peak tension in extreme events.

Finally, the physical tests are used to validate the numerical models to gain more confidence in
these numerical tools. However, the shortage of full-scale field measurements for FWTSs leads to a
partial validation study of simulation tools. The physical tests also enhance our understanding of the
physical aspect of the problem by revealing complex phenomena that may only be recognized using
physical modeling techniques. This enhanced understanding eventually leads to an improvement
in the low- and mid-fidelity numerical models. In the full physical testing to solve the issue of
Reynold-number dissimilarity between the model and prototype, several solutions are outlined.
Hybrid testing is an intriguing option to solve this issue, which can be categorized into numerically
modeled aerodynamics and hydrodynamics.

Finally, based on the review carried out in this article, the following possible future research is
identified to address challenges in modeling FWTSs dynamics that persist to date:

¢  The accuracy of the mid-fidelity tools can be improved by incorporating the effect of
vortex-induced vibration (VIV). This effect originates from currents or low-frequency waves and
results in time-varying loading emanating from pressure fluctuations owing to vortex shedding
from the platform components or mooring lines. The problem arises once the vortex shedding
occurs at a frequency close to the structure’s natural frequency, which leads to the resonation of
the two frequencies and large oscillation amplitudes.

e The computational cost of CFD simulations of an FWTS in waves can be reduced by coupling a
fully nonlinear potential solver capable of describing the nonlinear, three-dimensional wave field
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with CFD solvers governing the flow field in the FWTS vicinity. Using this strategy, it is possible
to account for inherently nonlinear second-order effects.

* A more systematic study is required to assess the impact of different materials for mooring lines
on the platform’s motions and overall power production.

*  Due to wave second-order effects, more research is required to evaluate the structural fatigue
damage for ultra-large FWTSs.

*  Modeling slender offshore structures in waves as rigid might lead to overestimating fluid forces.
For example, modeling an offshore wind turbine foundation as completely rigid, commonly
adopted in numerical and experimental analyses, may give very conservative wave forces. The
size of offshore wind turbines has grown over the last few years, but the size of the platforms used
to support these huge machines is also increasing. It may be crucial to consider the structural
dynamics (hydro-elasticity) of these platforms in numerical and experimental studies, which are
generally not considered.

¢ During numerically modeled aerodynamics hybrid tests, the aerodynamic loads are typically
calculated using a BEM method, which cannot accurately capture the effects of unsteady loading,
dynamic inflow, and turbine-wake interactions. However, this issue can be avoided by using an
FVW method.

®  One source of error in hybrid tests comes from the numerical models used. One solution to this
problem is to avoid using these numerical models by coupling the two types of hybrid tests for
an FWTS model via an Internet connection.

e  To gain confidence in the numerical and experimental results, detailed verification and validation
studies are essential in quantifying errors and uncertainties. It is also crucial to identify the
limitations of the hybrid testing by using the same FWTS model in both methods, i.e., numerically
modeled aerodynamics and hydrodynamics. Further, in the case of CFD and FEA, sensitivity
studies are required to test different element sizes, spatial and temporal discretization schemes,
turbulence models, mooring line models, etc.

e  Artificial intelligence can be used to substitute the numerical subsystem in hybrid testing, thus
increasing the efficiency of this type of test.

e  Field measurements about the impact of FWTS motions on their aerodynamic performance and
power generation are crucial, especially for validating the numerical models and understanding
where improvements are essential for these models.
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