
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

Aero‐hydro‐servo‐elastic coupling of a multi‐body finite‐element solver and a multi‐fidelity
vortex method

Ramos‐García, Néstor; Sessarego, Matias; Horcas, Sergio González

Published in:
Wind Energy

Link to article, DOI:
10.1002/we.2584

Publication date:
2021

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Ramos‐García, N., Sessarego, M., & Horcas, S. G. (2021). Aero‐hydro‐servo‐elastic coupling of a multi‐body
finite‐element solver and a multi‐fidelity vortex method. Wind Energy, 24(5), 481-501.
https://doi.org/10.1002/we.2584

https://doi.org/10.1002/we.2584
https://orbit.dtu.dk/en/publications/94b3c1d9-5fde-4298-be68-f79cf6102437
https://doi.org/10.1002/we.2584


R E S E A R CH A R T I C L E

Aero-hydro-servo-elastic coupling of a multi-body finite-
element solver and a multi-fidelity vortex method

Néstor Ramos-García1 | Matias Sessarego1 | Sergio González Horcas2

1Fluid Mechanics Section, Department of

Wind Energy, Technical University of

Denmark, Kongens Lyngby, Denmark

2Aerodynamic Design Section, Department of

Wind Energy, Technical University of

Denmark, Roskilde, Denmark

Correspondence

Néstor Ramos-García, Fluid Mechanics

Section, Department of Wind Energy,

Technical University of Denmark, Nils Koppels

Allé, 2800 Kongens Lyngby, Denmark.

Email: nerga@dtu.dk

Present address

Matias Sessarego, Ørsted Wind Power A/S,

Nesa Allé 1, 2820 Gentofte, Denmark

Funding information

Innovationsfonden, Grant/Award Number:

7046-00023B

Abstract

The manuscript presents a novel aero-hydro-servo-elastic coupling framework,

MIRAS-HAWC2. In this coupling, the wind turbine blades and rotor-wake aerody-

namics are modeled using a modified lifting-line theory which accounts for blade cur-

vature, combined with a hybrid vortex method. The wind turbine structure and

foundation are modeled using a finite-element and multi-body system approach. Last,

hydrodynamics are modeled using Airy wave theory together with Morison's equa-

tion. An initial assessment of the performance of the aeroelastic coupling framework

has been performed for steady rotor-only cases, assuming laminar inflow without

shear. This included a comparison against fully resolved computational fluid dynam-

ics, for both stiff and flexible blades showing an excellent agreement. In a second

stage, the aero-hydro-servo-elastic coupling is used, comparing MIRAS-HAWC2 as

well as blade-element momentum-based simulations with selected results from the

Offshore Code Comparison Collaboration projects (OC3 and OC4), which study the

NREL 5 MW turbine mounted on different offshore support structures. A good

agreement has been obtained for the simulations of a monopile with rigid foundation,

a tripod, and jacket support structures.
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1 | INTRODUCTION

The extensive offshore wind resource has attracted offshore wind farm development to power the world. In contrast with onshore wind, offshore

wind provides higher wind speeds and lower turbulence levels in free atmospheric flow conditions.1,2 Furthermore, the requirements of noise and

visual pollution are lower, allowing much larger wind turbines to be installed.1,3,4 Europe has become a leader in offshore wind with a cumulative

installed capacity of 18.5 GW in the year 2018.5 The average size of newly installed wind turbines is also increasing, with wind turbine sizes in

2018 increased by 15% compared to the year 2017.5 During the design and planning stages of new offshore wind turbines and wind farm devel-

opment, simulation tools are used to predict the coupled dynamic loads and response of the offshore wind turbine structure.6

The simulation of offshore wind turbines under combined stochastic aerodynamic and hydrodynamic loading is complex6 and relies on aero-

hydro-servo-elastic simulation codes.7 The complexity of the environmental and operational conditions of offshore wind turbines requires sophis-

ticated numerical tools that predict the loads experienced by the machine during its lifetime. These tools should cover, for example, the structural

response of the components, controller dynamics, the hydrodynamic loads generated by the waves and currents for offshore conditions, and the
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aerodynamic loads acting on the blades. Computationally inexpensive aerodynamic models, such as the blade-element momentum (BEM) method,

are traditionally used but are limited in accuracy for particular cases. The structure is typically described by a linear modal representation or a

beam based formulation. The hydrodynamic loads on the support structure are commonly modeled using Airy wave theory and Morison's

equation.

The present work describes a novel aero-hydro-servo-elastic framework for onshore and offshore wind turbine simulations, where the

aerodynamic/flow model is MIRAS, a multi-fidelity vortex solver capable of accurately resolving complex flow scenarios as well as unconventional

blade geometries with different degrees of complexity. The vortex solver avoids the use of empirical relations and sub-models found in standard

BEM methods, such as tip and high-thrust corrections, as well as dynamic wake and yaw/tilt models. As offshore wind turbines and blades

become larger every year and more complex foundations such as floating substructures are being used, higher-order aerodynamic effects become

increasingly important and can only be captured by more advanced aerodynamic models than BEM.

More advanced aerodynamic models than BEM can be based on, for example, computational fluid dynamics (CFD) or vortex methods. A

search of the literature shows a large volume of research on using CFD8-12 and vortex methods13-16 for floating offshore wind. Sebastian

and Lackner13 describe a lifting-line theory based free vortex wake code for offshore floating wind turbines. Jeon et al.14 describe a vortex

lattice method to predict the unsteady aerodynamics of an offshore floating wind turbine using a prescribed simple harmonic platform

motion. Xu et al15 also describe a free-vortex wake model for an offshore floating wind turbine. In contrast with previous works,13-15 which

are based on aerodynamic modeling only, Manolas et al.16 describe a free-wake vortex aerodynamic model including hydro, servo, and

structural modeling. To the author's knowledge, the use of vortex methods for bottom-fixed offshore wind turbine applications is not found

in the literature.

MIRAS mounts multiple aerodynamic models, which in ascending order of complexity are lifting line (LL), vortex lattice (VL), potential panel

method (PM), and viscous-inviscid panel method (VIPM). The VIPM being the most physically correct approach, since it resolves the actual geome-

try of the blade and accounts for the viscous effects enclosed inside the boundary layer. Regarding the flow/wake models implemented in MIRAS,

they range from the classic free-wake using filaments,17 the hybrid filament-mesh18 which keeps the filament structure of the wake, to the hybrid

filament-particle-mesh.19 The hybrid filament-particle-mesh being regarded as the highest order since it resolves the vorticity equation, which is

obtained by taking the curl of the Navier-Stokes equation, and describes the evolution of the vorticity of a fluid particle as it moves with the flow.

In the present study, MIRAS has been coupled with the multi-body code HAWC2,20 in order to extend its modeling capabilities. In particular, the

use of HAWC2 allowed to account for the flexibility of the blades through finite-element models, as well as the consideration of the effect of the

controller and the hydrodynamic loads. The herein presented coupling between MIRAS and HAWC2 has been carried out so all the aerodynamic

as well as flow models of MIRAS can be used. The present paper focuses on the use of the LL model in combination with the hybrid filament-par-

ticle-mesh wake, which is the most suitable for complex aero-hydro-servo-elastic cases.

In the present work, the new computational framework MIRAS-HAWC2 is described, compared against fully resolved FSI simulations, and

used for the study of offshore wind turbines. The novelty of the followed approach relies on the use of a higher fidelity vortex method for the

modeling of the aerodynamic loads on offshore wind turbines. This implies an increase of fidelity with respect to the traditional BEM-based

approaches as well as basic free-wake methods. BEM models experience known limitations when applied to complex blade geometries and com-

plex inflow conditions. Meanwhile, filament base free-wake methods have known limitations mostly regarding complex inflow conditions, more

specifically the treatment of turbulent inflow and shear.19

To assess the capabilities of the coupling between MIRAS and HAWC2, the IEA 10 MW reference wind turbine21 has been simulated and

compared against fully resolved FSI simulations from EllipSys3D-HAWC2.22 In a further step to asses the capabilities of the coupling, aero-hydro-

servo-elastic load cases of the Offshore Code Comparison Collaboration (OC3)6,23 and Continuation (OC4)7 projects were simulated. This allowed

a direct comparison of the computations performed within the scope of the present work with the results reported by the OC3 and OC4 partners.

Reviewing previous studies,6,7,23 it appears that all aero-hydro-servo-elastic simulation codes considered in the aforementioned projects rely on

the BEM approach, except for the free-wake model implemented in GAST and used for the Phase IV of OC316 and for OC4.7,24 Floating support

structures in OC3 Phase IV and OC4 Phase II are not considered in the current study.

The paper is organized into the following sections: introduction, methodology, results, and conclusions. The methodology section describes in

detail the wind turbine aero-hydro-servo-elastic simulator, other codes used in the present work, and the simulation cases setup. The results

section contains two distinct sets of results. First, the performance predictions of the IEA 10 MW RWT are presented and compared against CFD

and BEM. Second, simulations of the NREL 5 MW wind turbine25 mounted on three different offshore support structures are performed, and a

comparison against other codes is presented. Conclusions are given in the last section.

2 | METHODOLOGY

The methodology section contains three subsections. In the first subsection, the MIRAS-HAWC2 solver is described in detail. In the other two

subsections, the HAWC2 standalone and the EllipSys3D-HAWC2 solvers are briefly described.
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2.1 | MIRAS-HAWC2

For a more systematic description of the MIRAS-HAWC2 tool, it is herein divided in five parts: flow solver, hydrodynamic solver, controller, struc-

tural solver, and aero-hydro-servo-elastic coupling, each of which is described in the following subsections.

2.1.1 | Flow solver

The in-house vortex code MIRAS,17-19,26 that is, Method for Interactive Rotor Aerodynamic Simulations, has been used in the current work.

MIRAS is a multi-fidelity aerodynamic tool for wind turbine performance analyses. The flow solver can be divided in two parts: an aerodynamic

model and a wake/flow model. In the present study, the lifting-line module is used as the aerodynamic model, while the hybrid filament-particle-

mesh module is used as the wake/flow model.

A sketch of the employed flow solver as well as an actual MIRAS simulation of the NREL 5 MW wind turbine is depicted in Figure 1. For sim-

plicity, only the particles representing the tip vortices are shown in the cut-out volume of the sketch. In a re-meshing procedure, new vortex parti-

cles are generated on each mesh cell center with non-zero vorticity; therefore, in most of the cases, the full domain is evenly covered with

particles of different strengths.

The LL model relies on two-dimensional (or 3D-corrected) polar data for lift, drag, and pitching moment. The rotor blades are modeled as dis-

crete filaments, which account for the bound vortex strength and release vorticity into the flow. This vorticity can be subdivided into two catego-

ries: trailing and shed vorticity, related to span-wise and time variations of the bound vortex, respectively.

The Kutta-Joukowski theorem is used to calculate the strength of the bound vortex along the blade span, Γ,

Γ=
L

ρVqc
, ð1Þ

where L is the lift force of each aerodynamic section and is obtained by interpolation in a set of tabulated airfoil data (Cl, Cd, Cm) as function of the

computed angle of attack, ρ is the air density at a given temperature, and Vqc is the total velocity computed at the quarter chord of the different

blade sections, which is obtained as follows:

Vqc =V0 +Vb + uw +Δub, ð2Þ

where V0 is the inflow velocity, Vb is the blade motion, uw is the wake induced velocity, and Δub accounts for a bound vortex correction applied

to curved blade geometries and explained in what follows.

Flexible backwards-swept blades are attracting the attention of the wind energy industry because of the potential passive load alleviation

through a structural bend-twist coupling. In this type of blades, the curved bound vortex as well as the out of line trailing vorticity induces an addi-

tional velocity along the lifting line, which modifies the blade loading. MIRAS lifting line model has been modified to model curved blades follow-

ing a similar approach to Li.27

Singularities appear once evaluating the induced velocity of the curved lifting line on itself using the Biot-Savart law. The introduction of a

vortex core model would make the results dependent on the vortex core size and blade discretization; thus, it is not a desired solution. Alterna-

tively, the bound vortex induction is evaluated at the three-quarter chord stations along the blade span for both a virtually defined straight blade

and the original curved blade. It is known that the bound self-induction in a straight blade is zero; therefore, the additional self-induced velocity

generated by a curved blade can be obtained as follows:

F IGURE 1 (left) Sketch of the
LL module running with the
filament-particle-mesh flow
model, and (right) hybrid filament-
particle-mesh simulation of the
NREL 5 MW wind turbine using
the LL aerodynamic module
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Δub = ub,cur3qc −ub,str3qc , ð3Þ

where ub,cur3qc is the velocity induced by the curved blade at the three quarter chord locations and ub,str3qc is the velocity induced by the virtual straight

blade at the same locations and with the same vorticity distribution as the curved blade. The geometry of the virtual straight blade is obtained

from the original blade by aligning the quarter chord points into a straight line while keeping their radius. The influence of the wake system is

computed at the quarter chord location as in a standard lifting line model.

A Newton method is used to attain the desired convergence, which is found once the residual of Vqc along the lifting line stations is lower

than 10−4. After each Newton iteration, an updated angle of attack is calculated, followed by an update of the first row of vortex elements

strength, which generates a new field of induced velocities. A constant under-relaxation factor of 0.25 is used to update the velocity components,

and convergence is usually attained within two to 10 iterations. The release angle of the first set of vortex elements has been fixed to follow the

chord direction at each span-wise station. In the LL method, unsteady aerodynamics related to attached flow are taken into account by the devel-

oping wake. Furthermore, Stig Øye's dynamic stall model28 is used on the airfoil data to account for the dynamics of separated flows subjected to

oscillatory movements.

The initial sheet of vortex filaments is transformed into a set of vortex particles which vorticity is later on interpolated into an auxiliary Carte-

sian mesh. The downstream location of the filament to particle transformation depends on the problem specifications and is usually defined by

the user. Optimization problems where a final steady solution is sought could benefit from a longer filament-based wake. On the other hand,

cases which include aeroelastic effects and turbulence strongly benefit from a short filament-wake. A study on the influence of this distance in a

hybrid filament-mesh method has been previously presented by Ramos-García et al.18

The motion of the vortex elements is determined by the velocity of their markers u xið Þ (filaments endpoints or the particles itself), which is

calculated by a superposition of the free-stream velocity V0 and the velocity contributions from all vortex and boundary elements at the marker

positions xi,

dxi
dt

= u xið Þ with u xið Þ=V0 + uΓ xið Þ+ ufw xið Þ+ upw xið Þ, ð4Þ

where uΓ is the velocity induced by the blade bound vortex, ufw is the velocity induced by the filament-wake, and upw is the velocity induced by

the particle-wake. The calculation of the different velocity contributions of Equation (4) as well as a study on the choice of the time-integration

scheme is explained in detail in previous works done by Ramos-García et al.18,19

It is important to note here that blockage effects arising from the vicinity of the domain boundaries are avoided by solving the Poisson equation

using a regularizedGreen function solutionwith free-space boundary conditions in all directions. A 10th-order Gaussian filter is used to regularize the

singular free-space Green function, obtaining a higher-order approximation developed by Hejlesen et al.29,30 A filter function of width 1.5h, where

h is themesh cell size, is chosen tominimize the smoothing error associatedwith the regularizationwhile resolving the filter function accurately.

The vorticity equation is resolved to accurately account for vortex stretching and diffusion. The equation is obtained by taking the curl of the

Navier-Stokes equation, and describes the evolution of the vorticity of a fluid particle as it moves with the flow. Assuming an incompressible fluid

with a constant and uniform viscosity, the vorticity equation is written as follows:

Dω
Dt

=
∂ω

∂t
+ u �rð Þω= ω �rð Þu+ νr2ω: ð5Þ

The left hand side of the equation characterizes the rate of change of the vorticity, including the unsteady term, ∂ω∂t , and the convection term,

u �rð Þω, which accounts for the changes in vorticity due to the motion of the fluid particle. On the right hand side, ω �rð Þu accounts for the vortex

stretching and νr2ω for the vortex diffusion due to viscous effects. An eight-order spatial discretization is used to avoid a non-physical distortion

of the cylindrical wake shape that appeared when using low order stencils. A particle re-meshing every time step is used to maintain a smooth

field, which is forced to remain divergence free by applying a periodic re-projection of the vorticity field.

The Mann model31 is used to generate a turbulent velocity field on a uniform Cartesian mesh that mimics sea-based atmospheric conditions

for a given turbulence intensity (TI). The velocity field is transformed into a vortex-particle cloud which is gradually released into the computa-

tional domain at a plane located one diameter upstream of the wind turbine. These turbulent particles freely interact with the rest of the flow

after they have been set free.

The hybrid filament-particle-mesh implementation significantly increases the computational efficiency of the code while maintaining the

accuracy of the original free-wake method. MIRAS is a highly efficient code due to its vortex-mesh and high performance computing para-

llelization implementations. Therefore, MIRAS is capable of simulating long time series (>10min real time) involving complex three-dimensional

(3D) aerodynamic inflow scenarios in a few hours of computational time.

A comparison of the different aerodynamic and flow solvers in MIRAS against measurements and other codes for wind turbines as well as

translating wings are available in previous works.17,26,32-35
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2.1.2 | Hydrodynamic solver

The hydrodynamic solver includes a wave generator as well as methods for calculating the hydrostatic and hydrodynamic loads. The wave genera-

tor includes, for example, regular and irregular Airy waves, stream function, and deterministic waves. The irregular Airy waves can be obtained

from, for example, the JONSWAP and Pierson-Moskowitz spectrum. The hydrostatic loads are computed by analytical integration of the hydro-

static pressure along the different cylindrical and conical elements. The hydrodynamic load interaction can be calculated using Morison's equation

or using potential flow theory that reads the output files generated by WAMIT.36 In the present work, offshore support structures are assumed to

be slender and only Morison's equation is used for calculating the hydrodynamic load interaction.

2.1.3 | Controller

The controllers used in the present study contained a variable-speed generator torque and a blade-pitch controller. They were understood as

standalone codes and integrated as external libraries in the presented coupling. MIRAS-HAWC2 supports several of the controller interface stan-

dards used in commercial and research codes.

2.1.4 | Structural solver

The structural solver is the multi-body finite-element structural model of HAWC2.20,37 The wind turbine structure is divided into main bodies,

and each main body is divided into different sub-bodies. Each sub-body is divided into Timoshenko beam elements with six degrees of freedom.

The methodology allows, for example, blade flapwise, edgewise, and torsional flexibility to be accounted for.

2.1.5 | Aero-hydro-servo-elastic coupling and its framework

In MIRAS-HAWC2, the coupling strategy between the solvers described in the previous subsections is orchestrated by an in-house generic frame-

work. This platform, referred to in the present document as DTU coupling, is a tool developed at the Wind Energy department of the Technical

University of Denmark (DTU). It is based on the interpreted programming language Python,38 and it can handle the execution and data transfer of

an arbitrary number of numerical solvers. The current version of the DTU coupling supports the Linux operating system, and it was designed in

order to work in a parallel environment through the use of the Message Parsing Interface standard (MPI).39 As a prerequisite for the integration of

each of the independent solvers in the DTU coupling, those need to be compiled as external libraries (i.e., Linux shared objects). Additionally, a set

of C-compliant interfaces should be implemented in each of the solvers. These interfaces are supported by most of the programming languages

used for scientific codes (e.g., Fortran, C, and C++), and their objective is twofold. First, they allow to independently trigger the different actions

involved in the execution sequence. Second, the interfaces enable the data transfer with the DTU coupling during run-time by means of a collec-

tion of set and get methods. In practice, a Python module is also developed around each of the contributing solvers, in order to build an object-

oriented high-level interface that facilitates the definition of the coupling strategies inside the DTU coupling. A schema of a coupling involving

three different numerical methods is illustrated in Figure 2, where each of the contributing solvers is labeled as solverx, and their corresponding

Python modules as py_solverx. The DTU coupling also offers a set of built-in functionalities, aiming at speeding-up the development process. In

particular, it provides the following:

• An automatic way for loading the different shared objects involved in the coupling.

• Standardized input/output files, also used when coupling other solvers of the DTU Wind Energy department, for example, the EllipSys3D-

HAWC2 coupling described in Section 2.3.

• A set of tools for dealing with the parallelization of the coupling strategy, and the actions of the different solvers.

• A set of functionalities for dealing with the different reference systems involved in the coupling.

MIRAS-HAWC2 relies on a partitioned approach for the communication of already existing numerical software and was implemented with

the use of the DTU coupling framework. A simplified representation of MIRAS-HAWC2 is shown in Figure 3.

It is important to note that both the controller and the hydrodynamic solver were understood as internal components of the HAWC2 soft-

ware. For practical reasons, the former was also included as an external library, making it easily replaceable by any other controller algorithm. The

main role of MIRAS-HAWC2 is then to ensure that the loads of the deflected rotor are properly computed by MIRAS and that they are inserted

in the structural solution of HAWC2. This implies an exchange of information during run-time. In order to limit the required computational time,
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this data transfer is performed for a few selected sections along the blade, which are referred to in this document as aerodynamic sections. It

should be mentioned that from the point of view of HAWC2, the introduction of MIRAS-based loads does not imply any limitation with regards

to the other components of the assembly, for example, tower, shaft, and offshore support structure, that can still be modeled as flexible elements.

Analogously, the implementation of MIRAS-HAWC2 supports all the aerodynamic modules available in MIRAS, even if the present work focuses

on the lifting line. Together with the necessary modifications to the MIRAS and HAWC2 solvers in order to be compiled as shared objects, a set

of C-compliant interfaces has been developed. Those interfaces include the following:

• Main actions, in order of execution for both MIRAS and HAWC2:

- Initialization.

- Time stepping.

- Finalization.

• Data transfer of MIRAS:

- Get method in order to extract the loads computed by the aerodynamic model.

- Set method in order to include the structure kinematics computed by HAWC2 in the aerodynamic model.

• Data transfer of HAWC2:

- Get method in order to compute the kinematics of the structure.

- Set method in order to include the aerodynamic loads computed by MIRAS in the structural solver.

F IGURE 2 Schema of the DTU coupling

F IGURE 3 Schema of the HAWC2-MIRAS coupling. For clarity, the intermediate Python modules developed for each of the solvers were
omitted
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The DTU coupling is then in charge of the execution of the different main actions of MIRAS and HAWC2. During the initialization, both

solvers read the corresponding input files, exchange the necessary information to check potential discrepancies, and allocate the arrays involved

in the problem. The get and set methods are called before and during the time stepping sequence, in order to account for the blade deflections in

MIRAS and for the corresponding aerodynamic loads in HAWC2. When the current time exceeds the specified simulation time, the finalization

action of every solver is called in order to write the final output files and deallocate the arrays.

One of the most important aspects to take into account during the development of the get and setmethods was the correct transferring of

the exchanged variables between the solvers. In this context, it should be mentioned that both MIRAS and HAWC2 have their own coordinate

systems, requiring the application of the appropriate coordinate transformations. The coordinate systems of MIRAS and HAWC2 are illustrated in

Figure 4, and a brief description is given in the list below. It should be noted that the interpolation of the different quantities are performed

between HAWC2 center line and MIRAS quarter-chord line, requiring the application of an additional initial coordinate transformation.

• Blade section coordinate system, located at the half chord of each one of the sections along the blade span in HAWC2, BSsys, and at the blade

quarter chord in MIRAS, Csys.

• Blade coordinate system, with origin at the blade root in both HAWC2, BLsys, and MIRAS, Vsys.

• Hub coordinate system, origin at the hub center and rotating with the rotor, in both HAWC2, HUsys, and MIRAS, Rsys.

• Shaft coordinate system, origin at the end of the shaft, that is, in the center of the rotor, and fixed (not rotating) at the initial rotor position, in

both HAWC2, SHsys, and MIRAS, Hsys.

• Global coordinate system, origin at the tower bottom, in both HAWC2, GRsys, and MIRAS, Fsys.

For the time stepping, a loose coupling scheme based on a predictor-corrector strategy was adopted. Such approach was proven to be appro-

priate for similar wind turbine computations, both in terms of stability and accuracy.22 The stages followed at every time step during the coupling

procedure can be summarized as follows:

1. HAWC2, predictor step: Second order prediction of the structural coordinates for the next time step.

2. Python: Transfer of the predicted rotor position, blade deflections and body velocities obtained in HAWC2 to the MIRAS flow solver. The cou-

pling framework is in charge of transforming the coordinate system from GRsys in HAWC2 to Fsys in MIRAS.

3. MIRAS:

� Predicted rotations and translations in x, y, and z are applied to the MIRAS blade mesh in the blade coordinate system, Vsys.

� The cone angle is applied to the hub coordinate system, Rsys.

� Translations and rotations around x, y, and z (azimuthal, yaw, and tilt, respectively) are applied to the shaft coordinate system, Hsys.

� HAWC2 transformation matrices are transformed to the equivalent MIRAS transformation matrices and are used to transformVqc from the global

coordinate system, Fsys, to the blade section coordinate system, Csys, where the angle of attack can be computed.

F IGURE 4 Coordinate systems in
(left) MIRAS and (right) HAWC2
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� The angle of attack is computed in an inner Newton iteration procedure where the rotor geometry remains frozen. After this procedure, a con-

verged aerodynamic load distribution is assumed for the time step.

4. Python: Transfer of the rotor aerodynamic loads obtained in MIRAS to HAWC2. The coupling framework is in charge of the coordinate trans-

formation from MIRAS Vsys to HAWC2 BLsys.

5. HAWC2, corrector step: Computation of the structure kinematics for the next step by means of a Newmark time integration.40 This solution

accounts for not only the aerodynamic loads computed by MIRAS but also for the loads coming from the hydrodynamic solver and the effects

of the controller (if present).

The MIRAS panel method module and the structural solver in FLEX541 were coupled in a similar way for onshore wind turbines in Sessarego

et al.26 The coupled code was compared with the BEM-based aero-elastic codes FAST42 and FLEX5. Comparisons with other codes for the MIRAS

lifting line module coupled with FLEX5 were also carried out for a multi-rotor concept.35 In parallel to the present study, MIRAS-HAWC2 was

used to design curved wind turbine blades using neural networks.43 For brevity, the coupled MIRAS-HAWC2 aero-hydro-servo-elastic simulator

will be also referred in this document as simply MIRAS.

2.2 | HAWC2 standalone

In order to compare the capabilities of the developed MIRAS-HAWC2 coupling with a lower fidelity aerodynamic model, a set of simula-

tions labeled as HAWC2 standalone (or simply HAWC2) were performed. These simulations were based on the direct execution of the

HAWC2.so shared object presented in Figure 3. Instead of inserting a set of rotor loads computed by MIRAS, the built-in aerodynamic

solver of HAWC2 was used. The rest of the solution procedure remained unaltered, so that the same predictor/corrector strategy was

followed.

The aerodynamic solver in the HAWC2 standalone simulations is based on BEM. The basic BEM is modified to include wake expansion and

swirl and extended with models to handle: dynamic inflow, skewed inflow, shear effect on induction, effect from large blade deflections, tip loss,

and dynamic stall. The reader is referred to the recent publication of Madsen et al44 for more details regarding the BEM implementation

of HAWC2.

2.3 | EllipSys3D-HAWC2

To compare the performance of MIRAS-HAWC2 with a higher fidelity aerodynamic model, a set of aeroelastic simulations labeled as EllipSys3D-

HAWC2 (or simply EllipSys3D) were carried out. Those computations relied on the coupling of the structural solver of HAWC2 with the

three-dimensional CFD pressure-based solver EllipSys3D.45-47 The EllipSys3D-HAWC2 coupling, initially presented by Heinz et al,22 has been also

integrated in the DTU coupling framework. The coupling approach of EllipSys3D-HAWC2 is similar to the one followed by MIRAS-HAWC2, that

is, a loose coupling based on predictor and corrector steps. Additional information regarding the coordinates transformations, the necessary 3D

interpolations, and the mesh deformation algorithms can be found in Heinz.48

EllipSys3D is a finite volume code that solves the incompressible Navier-Stokes equation on a structured grid and in curvilinear coordinates.

Due to the particularities of the load cases where EllipSys3D-HAWC2 was applied, RANS simulations with the k-ω SST turbulence model of

Menter49 were used in the present study.

3 | SIMULATIONS SETUP

This section describes the setup of the simulation cases presented in this work, including the IEA 10MWRWT turbine and the offshore NREL 5

MW wind turbine with three different bottom-fixed support structures.

3.1 | IEA 10 MW RWT

The offshore reference design IEA 10 MW RWT21 is chosen for an initial assessment of the capabilities of the MIRAS-HAWC2 coupling. This tur-

bine is a re-design of the DTU 10 MW RWT.50 The primary motivation for the redesign was to increase the rotor diameter and hence the energy

production at below-rated wind speeds, such that the Pr/A (rated power to swept area ratio) is representative of the latest generation of commer-

cial wind turbines. Some important specifications of the IEA 10 MW RWT are summarized inTable 1.
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A single design load case has been considered in the present comparison, referred to as DLC 1.2, corresponding to a simplified steady config-

uration for the computation of power curves. A uniform freestream velocity is assumed, and the tilt and cone angles are disregarded. Two sets of

simulations have been performed. The first one aimed at assessing the differences between the aerodynamic models used in the present study,

and assumed stiff blades. At the same time, this first set of simulations is important to assess that the basic elements in the coupling are correctly

implemented. The second set of simulations accounted for the flexibility of the blades, offering an insight on the influence of every method on

the aeroelastic solution. For simplicity, the rest of the structural components are set to be stiff in both cases.

For the power curves in stiff conditions, all the performed simulations assume the same pitch and rotational speed with regards to the wind

speed (see Figure 5). The computation of the power curves for a flexible rotor is based on the same operating points as their stiff counterpart,

with a single exception. For wind speeds above rated, the pitch angle of the blades is allowed to vary, and the simulations are assumed to find

convergence once the rated electrical power is attained.

For all the methods considered in this study, the same structural model has been used. The blade geometry is divided in 10 bodies and

19 Timoshenko beam elements. The mechanical properties of the flexible simulations are chosen based on the description of the IEA 10 MW

RWT included in Bortolotti et al.21 For the stiff simulations, arbitrary high values are given to the Young and shear modulus along the blade

span. These structural models are coupled with the aerodynamic model of each of the methods through the use of 101 aerodynamic sections.

The operational parameters representing each of the studied simulations are introduced through the use of the Basic DTU Wind Energy

Controller.51

The aerodynamic model of HAWC2 standalone relies on the use of pre-computed airfoil data. In particular, six different thicknesses of the

FFA-W3 airfoil family ranging from 21% to 36% have been used. The corresponding aerodynamic coefficients are computed using the 2D CFD

solver EllipSys2D v16.0.47 A fully turbulent boundary layer is assumed, and a single Reynolds number has been simulated. AirfoilPreppy52 has

been used to extrapolate to 360� polars with no 3D correction.

TABLE 1 General specifications of the IEA 10 MW RWT21

Change with respect to original DTU 10 MW RWT

Wind class IEC Class IA

Rotor orientation Clockwise rotation - upwind

Control Variable speed, collective pitch

Rated electrical power 10 MW

Rotor diameter 198m Increased from 178.3 m

Airfoil series FFA-W3

Hub height 119m

Drivetrain Direct drive Originally a medium-speed, multiple-stage gearbox

Minimum rotor speed 6 rpm

Maximum rotor speed 8.68 rpm Constrained by maximum tip speed

Maximum tip speed 90 m/s

Hub overhang 7.1 m

Shaft tilt angle 6 deg Increased from 5�

Rotor precone angle -4 deg Increased from −2.5�

Blade prebend 6.2 m Increased from 3.2 m

F IGURE 5 Parameters
characterizing the different
simulation points included for the
DLC1.2 test case, including the
resulting tip speed ratio
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The rotor-resolved mesh used in the EllipSys3D-HAWC2 simulations is shown in Figure 6. It has been generated in two consecutive

steps. First, a structured mesh of the blade surface is generated with the openly available Parametric Geometry Library (PGL) tool.53 A total

of 128 cells are used in the spanwise direction, and the chordwise direction is discretized with 256 cells, with eight of them lying on the

trailing edge. Second, this surface mesh is radially extruded with the hyperbolic mesh generator HypGrid54 in order to create a volume grid.

A total of 256 cells are used in this step, and the resulting outer domain is located at 22.7 blade lengths. A boundary layer clustering has

been taken into account, with an imposed first cell height of 1 � 10−6 m. The resulting volume mesh accounts for a total of 14.2 million cells.

The choice of the herein described grid discretization is based on previous EllipSys3D studies involving similar wind turbine designs, where

the results were proven to be mesh independent.55-57 An inlet/outlet strategy has been followed for the boundary conditions of the outer

limit of the CFD domain. A three level grid sequence has been used during the simulation to speed up the development of the wake flow.

The flow is assumed to be fully turbulent. At the boundaries, a value of 1 � 106 s−1 was imposed for the specific dissipation and 1 � 10−2 m2

s−2 for the turbulent kinetic energy.

The Cartesian mesh used in the MIRAS-HAWC2 simulations is extended Lx × Ly × Lz =10:0R×10:0R×4:0R, where Lx, Ly, and Lz is the stream-

wise, lateral, and vertical domain length, respectively. A constant spacing of 5.0 m, approximately 20 cells per blade, is used in all three directions,

resulting in a mesh with 200 × 200 × 80 cells. This sums up to a total of 3.2 million cells with a number of vortex particles in the same order. The

bound vortex represented by vortex filaments is divided in 80 segments for obtaining a highly resolved blade loading. Discretization studies

regarding the use of MIRAS for rotor simulations have been previously carried out,17,18 and knowledge obtained from such studies has been

employed to setup the herein described model. Five hundred seconds have been simulated in all cases with a fixed time step of 0.04 s, which

F IGURE 6 Mesh of the IEA 10 MW RWT rotor used in EllipSys3D-HAWC2 simulations. For clarity, only one out of four grid lines is shown.
Left: Outer domain and rotor surface mesh. Right: Radial cut of a blade at 48 m

F IGURE 7 The three offshore wind turbine foundation structures considered in the present study, from left to right: monopile with rigid
foundation, tripod and jacket [Colour figure can be viewed at wileyonlinelibrary.com]
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results in an azimuthal discretization between 1� to 2� per time step, depending on the rotational speed of the rotor. The same airfoil data used

for the HAWC2 standalone simulations have been adopted. Each MIRAS-HAWC2 simulation was carried out in approximately 6 hours using

twenty 2.8 GHz processors of a Linux cluster.

3.2 | Offshore NREL 5 MW

The setup for the simulations included in this section is based on the descriptions provided in the OC3 and OC4 projects, for example, pre-

vious works6,7,23 where the 126m diameter NREL 5MW wind turbine25 is used as the baseline turbine. The aerodynamic coefficients were

originally corrected for rotational stall delay using the Du-Selig method58 for lift and the Eggars method59 for drag. As shown in Figure 7,

the bottom-fixed offshore support structures considered in the study are the monopile with rigid foundation, the tripod, and the jacket.

The load cases in the current study are summarized in Table 2. Load cases 5.1, 5.2, and 5.3 from Phase I of the OC3 are studied. Only load

case 5.1 is considered for the tripod support structure from OC3 Phase III. Finally, load cases 5.6 and 5.7 from Phase I of OC4 correspond

to the jacket support structure. As described in previous studies,6,7,23 the water depth varies for the different support structures, that is,

20m for OC3 Phase I, and 45m and 50m for OC3 Phase III and OC4 Phase I, respectively. The variation in water depth is reflected

approximately in Figure 7. All degrees-of-freedom (DOFs) are enabled in all load cases. The controller algorithms used in the simulations of

the present study are compliant with the specifications of the OC3 and OC4 projects for every considered load case. Their integration into

the HAWC2 software is performed through an interface to the DISCON standard, which was initially developed for GH Bladed.60 In the

same way, the hydrodynamic coefficients involved in the setup of the hydrodynamic solver corresponded to the specifications of the afore-

mentioned projects.

The same structural model is considered for both HAWC2 standalone and MIRAS-HAWC2. It accounted for all the components of the wind

turbine assembly, including the offshore substructure. In the rotor component, the blade geometry is divided in nine bodies and 19 Timoshenko

beam elements. The structural model of the rotor has been coupled with the aerodynamic model of each of the methods through the use of thirty

aerodynamic sections.

Publicly available airfoil data are used in the HAWC2 standalone model.25 It is based on airfoils of the Delft University (DU) family, as well as

the National Advisory Committee for Aeronautics (NACA). The considered airfoil data account for 3D corrections for rotational effects near the

blade root region.

In MIRAS-HAWC2, the auxiliary Cartesian mesh has an extent of Lx × Ly × Lz =10:0R×3:0R×3:0R with a constant spacing of 1.0 m in all

three directions, approximately 63 cells per blade. The resulting mesh has 630 × 90 × 90 cells, summing up to a total of 20.5 million cells.

The bound vortex represented by vortex filaments has been divided in 20 segments, which is the standard discretization used in previous

works with the solver; 700 seconds have been simulated in all cases, with a time step of 0.02 s, which results in 35 000 time steps per sim-

ulation and an azimuthal discretization between 1� to 2� per timestep. The aforementioned publicly available airfoil data were also used for

the MIRAS computations. For load case 5.7 of OC4 Phase I, as specified above, simulations are run for only 700 s as opposed to the 3600 s

as done in Popko et al.7 The reason is the higher computational cost of MIRAS, since MIRAS simulations required around 34 hr to simulate

700 s. Approximately 1 week per 3600-s simulation is needed, which was considered as too high for the current study. Each MIRAS simula-

tion in this study uses one hundred sixty 2.8 GHz processors on a Linux cluster.

F IGURE 8 Comparison of the rotor coefficients obtained with the different aerodynamic models for the stiff configuration. (left) Thrust
coefficient Ct. (right) Power coefficient Cp [Colour figure can be viewed at wileyonlinelibrary.com]
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4 | RESULTS

The results are presented in two sub-sections. First, an initial assessment of the capabilities of the new coupling is performed for the IEA 10 MW

reference wind turbine for stiff as well as for flexible blades. In the second sub-section, the NREL 5 MW wind turbine is simulated with a variety

of offshore foundations and flow scenarios of different complexity, allowing to take advantage of the full potential of the coupling.

4.1 | IEA 10 MW RWT

The rotor coefficients of the stiff simulations performed by each of the methods are presented in Figure 8. At wind speeds below rated, the LL

method has a closer agreement with respect to the CFD solution. For the particular case of 8 m/s, MIRAS predicts a relative difference of −0.11%

F IGURE 9 Comparison of the different
aerodynamic models predictions for the flexible
configuration, (A) thrust coefficient Ct, (B) power
coefficient Cp, (C) pitch angle, (D) blade tip
position in flapwise direction, and (E) blade tip
position in edgewise direction [Colour figure can
be viewed at wileyonlinelibrary.com]
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for the thrust coefficient and −1.93% for the power coefficient, while the corresponding values for HAWC2 standalone are 1.69% and 4.80%.

Above rated, the three numerical methods have a good agreement.

The comparison of the integrated load coefficients for the flexible simulations is included in Figures 9A,B. As a general remark, the consider-

ation of flexible blades led to a better agreement in the rotor loads for the wind speeds of 4, 6, and 8 m/s, specially in the case of BEM predic-

tions. This is probably related to the reduction in blade curvature due to the backwards bending of the blades under loading. At the wind speed of

10 m/s, the tip deflection exceeds in absolute value the initial blade prebend of 6.2 m, showing at the same time larger discrepancies in the

predicted power. As for the stiff configuration, the predictions of the LL model are closer to the CFD results than the BEM method for wind

speeds below rated. For the particular case of 8 m/s, MIRAS predicts a relative difference of −0.13% for the thrust coefficient and 0.90% for the

F IGURE 10 Comparison between the three considered methods for the flexible configuration. Radial evolution along the outer part of the
blade for (left) in plane load, (middle) out of plane load and (right) position in flapwise direction. From top to bottom wind speeds of 8, 10, and
20 m/s [Colour figure can be viewed at wileyonlinelibrary.com]
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power coefficient, while the corresponding values for HAWC2 standalone were −0.51% and −1.32%. From the operational point of view, all

methods predict a good agreement of the pitch angle above rated as can bee seen in Figure 9C. A similar deflection of the blade tip was also com-

puted by every numerical method as shown in Figure 9D.

It is interesting to express the blade loads and the blade coordinate in the flapwise direction as a function of the radial position, in order

to have a deeper insight of the performance of the different methods. This is done in Figure 10 for a set of selected wind speeds. The span

range is limited to the outer two thirds of the blade length (excluding the tip point) in order to facilitate the visualization of the differences.

Below rated, MIRAS and EllipSys3D show an almost perfect agreement in terms of sectional loads, while considerable deviations are

predicted by HAWC2. This was especially true for the in plane component of the blade loading. Above rated, the differences between the

three considered methods are reduced. Regarding the blade deflection, a very good agreement of the considered aerodynamic models is

found, regardless of the studied wind speed.

From the presented results of the IEA 10MW RWT, it can be concluded that the use of the MIRAS LL aerodynamic model gives closer results

to CFD than the BEM method. It is expected that this would translate as a better estimation of the real operating loads, even if experimental data

would be required to make a firm conclusion. Showing that with the actual design trends in wind turbine blades, which promote longer, slender,

and more curved geometries, vortex methods are arising as a tool capable of coping with such futuristic designs. It should be emphasized at this

point that the already minor discrepancies between MIRAS and CFD could still be reduced by using another set of airfoil data, accounting for 3D

corrections and different Reynolds numbers.

4.2 | Offshore NREL 5 MW

Figure 13A shows the time series from MIRAS, HAWC2, and the OC3 participant codes of electrical generator power, blade out-of-plane and in-

plane tip deflection, and mudline fore-aft bending moment for the load case 5.1 of Phase I. The MIRAS results generally are in line with the major-

ity of the OC3 participants codes. The main differences between MIRAS and HAWC2 are seen in the mean power production, where MIRAS pre-

dicts approximately a 4% more power, and in the out of plane tip deflection since the tower effect is not taken into account in MIRAS. It is

important to note here that the NREL 5 MW blades do not have any curvature, meaning that BEM based methods should accurately capture the

correct loading in steady attached flow conditions, differences in the results should mostly be related to the foundation and the influence of the

hydrodynamic modeling. It is to be noted that a difference in the rotational speed causes a phase shift in the in-plane tip-deflection. Differences

in rotational speed are caused by the controller. The controller will not respond in the same way for different aerodynamic models that produce

different torque levels (as seen in the power output). The phase shift should also be present in the out-of-plane tip-deflection plot, but it is not as

obvious. The cycles in the Mudline Fore-Aft Bending Moment are governed by the waves and are not influenced by the phase shift due to the

controller. Figure 11 depicts the undeflected and deflected rotor blades as predicted by the HAWC2 structural model for load case 5.1 of OC3

Phase I.

Similarly, Figure 13B depicts the power spectral density from MIRAS, HAWC2, and the OC3 participant codes of the same sensors for

load case 5.2 of OC3 Phase I. MIRAS simulations show very similar results to the HAWC2 ones, being in good agreement with the majority

of the OC3 participants codes. For brevity, the load case 5.3 results are not presented, but a very similar agreement with the rest of the OC3

participants was obtained. As specified in the OC3 report,6 discrepancies between the different participant predictions of the 5.X load cases

are not significantly larger than for the simplified systems defined in load cases 2.X and 4.X, which means that such discrepancies are triggered

F IGURE 11 Visualization of the (left) undeflected and (right) deflected rotor blades as predicted by the HAWC2 structural model
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by common sources to all three load cases like the turbulent inflow, the modal properties of the coupled subsystems, or the modeled rotor

aerodynamics. Figure 12 illustrates the instantaneous velocity magnitude depicted on a two-dimensional plane for a MIRAS simulation of load

case 5.2 of OC3 Phase I.

The time series from MIRAS, HAWC2, and the OC3 participant codes of electrical generator power, blade out-of-plane tip

deflection, axial force in tower at MSL (member 53 at node 47), and shear force in center of upwind brace (member 13 at node 16) for

load case 5.1 of OC3 Phase III are shown in Figure 14. Sensor locations for member 53 at node 47 (Figure 14C) and member 13 at

F IGURE 12 Instantaneous velocity
magnitude depicted on a plane along the stream-
wise and vertical directions for a MIRAS
simulation of OC3 Phase I load case 5.2

F IGURE 13 MIRAS, HAWC2,
and OC3 participant codes
predictions of, from top to
bottom, electrical generator

power, blade out-of-plane and in-
plane tip deflection, and mudline
fore-aft bending moment (left)
time series of OC3 Phase I load
case 5.1 and (right) power
spectral density of OC3 Phase I
load case 5.2
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node 16 (Figure 14D) are explained in Jonkman and Musial6 and Vorpahl et al.23 The MIRAS and HAWC2 results generally agree with

the OC3 participant codes, with the largest difference appearing in the generated power, for which MIRAS predicts around 4% higher

power.

Figure 15A depicts the time series from MIRAS, HAWC2, and the OC4 participant codes of electrical generator power, blade out-of-

plane tip deflection, axial force in leg 2 (L2) at K-joint level 1 (K1), and axial force in leg 4 (L4) at mudbrace (MudbraceL4) for load case 5.6

of OC4 Phase I. The placement of the sensors at K1L2 and MudbraceL4 are explained in Popko et al.7 As in all the previous cases, MIRAS

simulations predict a larger power output; in terms of tip deflection, differences mostly appear due to the use of a tower shadow model in

the HAWC2 standalone solver. Regarding the predicted axial force in K1L2 and MudbraceL4, there is an excellent agreement between

MIRAS and HAWC2 results, showing larger discrepancies with the rest of OC3 participant codes, which do not tend to agree specially for

the predictions at K1L2.

Similarly, the power spectral density from MIRAS, HAWC2, and the OC4 participant codes of the same sensors for load case 5.7 of OC4

Phase I are shown in Figure 15B. MIRAS and HAWC2 results agree with each other and are generally aligned with the majority of the OC4 partic-

ipant codes, which show smaller discrepancies than for the previous load case.

F IGURE 14 Time series from MIRAS, HAWC2, and OC3 participant codes of, from top to bottom, electrical generator power, blade out-of-
plane tip deflection, axial force in tower at MSL, and shear force in center of upwind brace for OC3 load case 5.1 of Phase III
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5 | CONCLUSIONS

The complexity of the environment of offshore wind turbines requires advanced numerical methods for load prediction that are able to

account for the different physics involved. Particularly important are the aerodynamic models, since they have a direct impact on the estima-

tion of the generated power and the extreme and fatigue loads of the blades. This work described a novel aero-hydro-servo-elastic simulator,

where a multi-body vortex-particle based solver was used to predict the rotor aerodynamics. This constitutes an increase in the model fidelity

with respect to the traditional blade-element momentum (BEM) approach. The wind turbine blades and rotor-wake aerodynamics are modeled

using the lifting-line theory and filament-particle-mesh approaches, respectively. The wind turbine structure and foundation are modeled using

a finite-element and multi-body system approach. Finally, hydrodynamics are modeled using Airy wave theory together with Morison's equa-

tion. In the first part of the study, the IEA 10 MW RWT was employed for a simplified validation of the aero-servo-elastic coupling. A stiff as

well as a flexible blade configuration was considered. MIRAS-HAWC2 LL simulations have been compared against the EllipSys3D-HAWC2 and

HAWC2 standalone solvers. A very good agreement between MIRAS and EllipSys3D has been shown below rated, while the BEM solver dis-

played larger discrepancies. Differences between the three methods above rated are inappreciable. In the second part of the study, the NREL

5 MW turbine with three different bottom-fixed offshore support structures was considered, a monopile with rigid foundation, a tripod as well

as a jacket. The simulations were compared with the code-to-code comparison results from the Offshore Code Comparison Collaboration

(OC3) and Continuation (OC4) projects with reasonable agreement. This study showed the capabilities of an aero-hydro-servo-elastic tool for

predicting bottom-fixed offshore wind turbine response with a higher aerodynamic fidelity compared to traditional tools based on the BEM

method. Future work could include the application of the developed methodology to more sophisticated blade geometries, such as blade tip

extensions accounting for high sweep and dihedral angles. Additionally, the study of complex flow scenarios, for example, accounting for high

yaw angles or shear, is also foreseen. Finally, the developed approach could be also applied to some of the floating configurations included in

OC3 and OC4, in order to analyze the influence of a higher fidelity aerodynamic modeling in a more challenging multi-physics context.

F IGURE 15 MIRAS, HAWC2, and OC4 participant codes predictions of, from top to bottom, electrical generator power, blade out-of-plane
tip deflection, axial force in leg 2 at K-joint level 1, and axial force in leg 4 at mudbrace (left) time series of OC4 Phase I load case 5.6 and (right)
power spectral density of OC4 Phase I load case 5.7
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NOMENCLATURE

3D three-dimensional

BEM blade element momentum

CFD computational fluid dynamics

DOFs degrees of freedom

HAWC2 Horizontal Axis Wind turbine simulation Code 2nd generation

MPI message passing interface

MSL mean surface level

MIRAS Method for Interactive Rotor Aerodynamic Simulations

NREL National Renewable Energy Laboratory

OC3 Offshore Code Comparison Collaboration

OC4 Offshore Code Comparison Collaboration Continuation

RWT reference wind turbine

LES large-eddy simulations

FSI fluid structure interaction
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