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Abstract. The numerical study of floating offshore wind turbines requires accurate integrated simulations, considering aerody-
namics, hydrodynamics, servo and elastic response of these systems. In addition, the floating system dynamics couplings need
to be included to calculate precisely the excitation over the ensemble. In this paper, a new tool has been developed coupling the
NREL s aero-servo-elastic tool OpenFAST with the Computational Fluid Dynamics (CFD) toolbox OpenFOAM. OpenFAST
is used to model the rotor aerodynamics alongside with the flexible response of the different components of the wind turbine
and the controller at each time step considering the dynamic response of the platform. OpenFOAM is used to simulate the
hydrodynamics and the platform’s response considering the loads from the wind turbine. The whole simulation environment
is called OF? (OpenFAST & OpenFOAM). The OC4 DeepCWind semi-submersible FOWT together with the NREL "s SMW
wind turbine has been simulated using OF? under two load cases. The purpose of coupling these tools to simulate FOWT is
to obtain high-fidelity results for design purposes reducing the computational time compared with the use of CFD simulations
both for the rotor aerodynamics, that usually consider rigid blades, and the platform’s hydrodynamics. The OF? approach
allows also to include the aero-servo-elastic couplings that exist on the wind turbine alongside with the hydrodynamic sys-
tem resolved by CFD. High complexity situations of floating offshore wind turbines, like storms, yaw drifts, weather-vane, or
mooring line breaks, that implies high displacements and rotations of the floating platform or relevant non-linear effects can
be resolved using OF2, overcoming the limitation of many state of the art potential hydrodynamic codes that assume small
displacements of the platform. In addition, all the necessary information for the FOWT calculation and design processes can be
obtained simultaneously, such as the pressure distribution at the platform components and the loads at the tower base, fairleads
tension, etc. Moreover, the effect of turbulent winds and/or elastic blades could be taken in account to resolve load cases from

the design and certification standards.

1 Introduction

Floating offshore wind turbines (FOWT) design and optimization is necessary to accomplish the requirements with regard to

the increase of wind energy capacity installed worldwide. The reduction of the LCOE of offshore wind energy will be possible,
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among others, if the fidelity of the tools used to design FOWT is improved without a great increase of computational time. In
addition, the coupling of the wind turbine and platform dynamics is necessary to the ensemble optimizations necessary in wind

turbine and platform co-design processes.

Most of the state of the art hydrodynamic models used in engineering simulation tools, for the coupled analysis of float-
ing offshore wind turbines (FOWT), are based in two different hydrodynamic models to resolve the hydrodynamic loads on
the floating platform: Morison’s equation (ME) and potential flow theory (PF). The ME (see Morison et al. (1950)) can be
applied to slender bodies and provides the inertia and drag forces over these elements. The PF (see Newman, J.N. (1977);
Faltinsen, O.M. (1993)) is applicable to general geometries to solve the hydrodynamic problem, obtaining the added mass,
radiation damping, diffraction forces, etc., but does not include viscous effects. The viscous effects can be added to potential
models through the drag term of Morison’s equation, or by adjusting the damping of the platform based in experimental data
(see Azcona (2016)), or Computational Fluid Dynamic (CFD) simulations. This potential solution can be obtained both in the
frequency and time domains. Moreover, the forces and moments obtained by solving the potential problem in the frequency

domain can be introduced into a time domain solver of the floating platform, see for example Jonkman, J.M. (2007).

As mentioned before, the hydrodynamic response of floating platforms can also be modelled performing high fidelity CFD
simulations. This method has became, nowadays, part of the design process of FOWT. These simulations support the design
process and allow tuning the integrated numerical tools since the early stages of the process, so that the effort in wave tank
testing can be kept once a mature platform design has been achieved. CFD simulations are used to provide quantitative infor-
mation to the design process such as the damping coefficients needed in the engineering codes. In addition, flow phenomena
such as wave run up or pressures over the structure, or the heave plates, are provided to optimize the platform design and to
understand its dynamics. Several publications can be found in which CFD is applied to simulate platform hydrodynamics. For
instance, the OC6 Phase I collaborative work under the IEA Task 30 provided two publications, in the first one the platform
response to bi-chromatic waves was analysed in Wang et al. (2021), making special focus in the waves treatment, pressures
over the structure and wave run-up analysis. In the second one, free decay simulations were performed to make a benchmark
between different CFD codes, including a detailed comparison with experiments described in Wang et al. (2022a). Both pub-
lications demonstrated the potential of CFD use in platform design and characterization, and pointed out the difference with
regard to potential-flow solvers simulations. For example, it has been found that the potential-flow solution used in Wang et al.
(2021) significantly under-predicts the damping of surge motion. Another study from Wang et al. (2022b) delves deeper into
the effect of irregular waves over the DeepCWind platform lending credibility to and confidence in the use of high-fidelity CFD

simulations in predicting the global performance of floating wind platforms and for tuning mid-fidelity engineering models.

On the other hand, rotor aerodynamics are simulated in the wind energy industry with different fidelity level tools ranging
from blade element momentum theory (BEMT) Bossanyi et al. (2001); Bladed (2010), more complex free vortex filament
methods (FVM) Kecskemety and McNamara (2011); Marten et al. (2019), actuator line approaches Quon et al. (2019); Bran-
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lard et al. (2014), and the high fidelity fully-resolved CFD simulations. Typically, BEMT and FVM approaches are used for
coupled aeroelastic simulations, while the different CFD approaches are used in purely aerodynamic simulations without con-
sidering the coupling with flexible degrees of freedom. Moreover, CFD is mainly used in the airfoil level or to specific cases in
which extreme aerodynamic events need to be deeply analysed. Recently, in the OC6 Phase III project numerous aerodynamic
models with different fidelity levels have been compared, in purely aerodynamic conditions, against wind tunnel experimental
data of a wind turbine placed over a moving structure capable of imposing displacements and rotations on the tower base of
the wind turbine (Bergua et al. (2022)). This study has shown that all analyzed aerodynamic models are capable of accurately
predict the aerodynamic loads under the forced pitch and surge motion studied in this OC6-Phase III project. However, it has

been found that when considering the additional dynamics introduced by the controller the aerodynamic cycles change.

Furthermore, the combined hydro-aero high fidelity simulations of FOWT under wind and wave conditions is a cutting edge
technology with few research works available in the literature Otter et al. (2021); Micallef and Rezaeiha (2021). In addition,
in the few existing models it is very rare to see couplings with elastic models of the flexible elements of the wind turbine, such
as the blades or the tower. And it is even more difficult to find models that include the coupling with the wind turbine control
system. Ren et al. (2014) made a CFD analysis of the NREL 5-MW with a TLP structure under wind and wave conditions and
simulated with the commercial software FLUENT. In that work only the surge motion was allowed. Liu et al. (2017) presented
in their work a coupled CFD simulation using OpenFOAM both in the rotor and in the floating platform. No information was
provided about the computational time of that simulations. Tran and Kim (2016) carried out fully coupled aero-hydrodynamic
simulations of the OC4-DeepCWind semi-submersible with a wind turbine using CFD and a catenary mooring solver. The
major FOWT components were simulated without considering structure deformations. The results considering free decay tests
and regular wave conditions showed good agreement with the MARIN tests and the FAST code. Zhang and Kim (2018) also
carried out a fully coupled aero-hydrodynamic simulations of the DeepCwid semi-submersible with the NREL 5-MW wind
turbine and also compared with experimental measurements of the OC5 project Robertson et al. (2017). In this work, the sim-
ulation time for one case was 20 days with 66 CPUs. In addition, it was found that the power output is more sensitive than the

thrust force to platform motions.

Moreover, in the design and certification process of FOWT, following standards such as IEC-61400-3-2 Ed1 International
Electrotechnical Commission (2019) or NI572 Bureau Veritas (2019), the hydrodynamic pressure over the surface of the plat-
form may be requested alongside with the loads at tower base or mooring tensions at the fairleds for different cases with the
wind turbine in normal operational state, storms or under fault conditions. Even more, some specific FOWT designs equipped
with single point mooring (SPM) may have large rotations in order to weather-vane with the wind, that can violate some limi-
tations or assumptions of the state of the art design codes like OpenFAST (see Jonkman (2009)). Therefore, a new simulation
tool is presented in this work, called OF2, that combine a high fidelity representation of the hydrodynamic behaviour of the
floating platform with an aero-servo-elastic representation of the tower and rotor-nacelle assembly. This approach reduces the

computational time with regard to full CFD simulations of FOWT, allowing to introduce the control system in the simulation



95

100

and including flexible response of the different FOWT components. The dynamic pressure, the mooring tension, wave run-up

and the body forces can be obtained as in the visualization example that has been represented in Fig. 1.

Figure 1. Visualization of an OF? simulation. The forces on the blades are shown alongside the mooring line tension and the dynamic

pressure on the platform.

The rest of the article is organized as follows: the methodology to couple OpenFAST and OpenFOAM is defined in Sect.
2, then the verification methodology is included in Sect. 3. It includes, firstly, the description of the load cases simulated
to demonstrate the applicability of the method and the advantages with regard to potential codes or fully CFD simulations.
Secondly, the FOWT model used to test OF? will be described as well as the simulations set-up and the results. Finally, the

conclusions of this work will be presented in Sect. 4.

2 OF? methodology: OpenFAST and OpenFOAM coupling

In this work OpenFAST and OpenFOAM are coupled in order to better simulate the floating platform’s hydrodynamic response
and to overcome engineering models limitations. With the following approach, the aero-servo-elastic response of the wind tur-

bine is simulated with OpenFAST, while the floating platform dynamics and fluid flow are simulated with OpenFOAM. The



105

110

115

120

resulting tool has been named OF?.

libOF2.s0 libForcedOpenFAST.so

OpenFOAM 1
(rigidBodyMotion) : Platform
velocity and
acceleration

2

OpenFAST

OpenFastRestraint

1 Loads at

Computes fluid and

restraint forces acting on ¢ i Tower Base

the platform and solves its
dynamics

Figure 2. Flowchart of OF? coupling process.

Hence, this OF? environment has been made through the development of two new shared libraries. The operation scheme
of all the OF? libraries within OpenFOAM can be seen in Fig. 2. Firstly, 1 ibForcedOpenFAST . so has been developed.
This library allows to run OpenFAST imposing the floating platform displacements (see Martin-San-Romaén (2022) for details
of imposition of movements in OpenFAST). Secondly, a new Rigid Body Motion type restraint, named 1 1bOF2 . s0, has also
been created. This 1 1bOF2 . s0 restraint uses the functions existing inside 1 ibForcedOpenFAST . so in order to apply the
loads computed by OpenFAST on the Rigid Body, i.e., the floating platform. Therefore, at each time step, the floating platform
dynamics is solved by the Rigid Body Motion library within OpenFOAM. When the OF? restraint is executed, it uses the
displacement, velocity and acceleration of the floating platform as an input for the functions of 1 ibForcedOpenFAST.so
that impose this displacement to the wind turbine modelled within OpenFAST and calculate the corresponding loads, power
and deformations of the different wind turbine components. Finally, the loads at the tower base point are then applied to Open-
FOAM’s body, along with the ones resulting from the other restraints (like mooring lines or external forces if any) and fluid
forces. Once the platform “s dynamics response is solved, the mesh is updated and adapted to the new platform s position and
the fluid flow is solved finishing the current time step iteration. This approach ensures that the effect of the platform dynamics
over the tower and rotor nacelle assembly is considered in both the servo, elastic and aerodynamic response of each of these
components and vice versa. An example of a simplified dynamicMeshDict file used in OpenFOAM to describe the body dy-

namics using the new shared libraries can be seen in Appendix A.
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3 \Veri cation of the methodology
3.1 Load Cases

In order to verify OF, two veri cation load cases have been evaluated witl? @Rd an OpenFAST-only approaches. The

two cases have been based on the Load Case (LC) 3.1 of the OC4 project Robertson et al. (2014b), with a steady uniform
(deterministic) wind speed @& m/s and a regular wave height | of 6 m and a periodT) of 10 s. In the rst load case
analyzed in this work, called 3.1*, no waves have been included. All the main characteristics of these two load cases have beer

summarized in Table 1.

Table 1.Description of the Load cases analysed, adapted from OC4 Phase Il Robertson et al. (2014b).

Load Case 3.1* 3.1
o Deterministic at Deterministic at
Description
below rated below rated
=9 rpm =9 rpm
Wind turbine P P

L = blade pitch =0 degrees| blade pitch =0 degrees
initial condition
nacelle yaw =0 degrees| nacelle yaw =0 degrees

Enabled DOFs All All
Steady, uniform, Steady, uniform,
Wind Condition no shear no shear
V hub=8m/s V hub=8m/s
Regular Stokes II:
Wave Condition No wave H=6m,
T =10s

3.2 Simulation set-up

The new tool, OF, has been used to evaluate the response under wind and waves loading. For this study, OpenFAST v2.6.0 and
OpenFOAM v21.06 have been coupled to model the NREL 5-MW wind turbine on the OC4 semi-submersible DeepCWind
oating platform (see Jonkman et al. (2007) and Robertson et al. (2014a)).

The tower and rotor nacelle assembly have been modelled considering the exibility of the different components. For the
three blades, two exible modes in ap-wise direction and one in edge-wise direction have been considered. Additionally, for
the drive-train, a torsional mode has been included and two exible modes have been also considered, both in fore-aft direction
and side-side direction, to represent the tower exible response. The oating platform is considered as a fully rigid structure.

Furthermore, an in-house controller designed for this FOWT has been used.






