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Definitions & Abbreviations 

anac Nacelle acceleration 

BEM Blade Element Momentum 

BM Bending moment 

CFD Computational Fluid Dynamics 

CFL Courant-Friedrichs-Lewy number 

CM Centre of mass 

DLC Design Load Case 

DOF Degree-of-freedom 

FAST Fatigue, Aerodynamics, Structures and Turbulence 

FIT Fluid Impulse Theory 

FLEX5 Aero-elastic code (DTU) 

FMBI Fluid-Multibody Interaction 

FOWT Floating Offshore Wind Turbine 

FSI Fluid-Structure-Interaction 

FVM Finite-Volume Method 

HAWC2 Aero-elastic code (DTU) 

KC Keulegan-Carpenter number  

LL Lifting-Line 

LL-FVM Lifting-Line Free Vortex Wake 

MBS Multibody System 

MULES Multidimensional Universal Limiter with Explicit Solution 

NREL National Renewable Energy Laboratory 

NWT Numerical Wave Tank 

OCW3D OceanWave3D (DTU) fully nonlinear wave code 

PSD Power spectral density 

QTF Quadratic Transfer Function 

RANS Reynolds-Averaged Navier-Stokes 

Re Reynolds Number 

RWT Reference Wind Turbine 

sHM Snappy Hex Mesh 

SLERP Spherical Linear Interpolation 

SS Substructure 

SWL Still water level 

TB Tower Base 

TLP Tension Leg Platform 

USTUTT University of Stuttgart 

VOF Volume of Fluid 

  

WAMIT Linear radiation-diffraction solver (MIT/WAMIT) 

WP Work Package 
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Executive Summary 

WP4 of LIFES50+ concerns the qualification of numerical models for design of floaters for offshore 

wind turbines. Models of different level of fidelity are considered. The present deliverable describes 

the development of five models at the advanced level. The developments are 

 

• Inclusion of floater flexibility in dynamic response calculations 

• Inclusion of second-order and fully nonlinear wave forcing 

• Validation of an OpenFOAM based CFD solver for hydrodynamic analysis 

• Coupling of Simpack and ANSYS CFX for hydrodynamic CFD coupled to structural motion 

• Development of a free vortex method for aerodynamic load calculations. 

 

For the inclusion of floater flexibility, a case study on the Triple Spar floater is presented. It is demon-

strated that flexible floater properties can lead to global coupled natural modes within the wave fre-

quency range and that these can be excited by the waves. This can lead to increased sectional loads for 

the tower top acceleration and the side-side tower bending moment – as demonstrated for an extreme 

wave group impact. 

 

The study on second-order and nonlinear forcing presents several approaches to inclusion of nonlinear 

kinematics in FAST for the reproduction of wave tank tests of a TLP floating wind turbine configura-

tion. It is found that for that study, the choice of ‘best model’ is unclear due to the uncertainty in repro-

duction of the nonlinear wave velocity field of the experimental data. It is suggested that a reasonable 

modelling approach would be to generate first-order wave kinematics from the measured signal when 

the corresponding test data are available and to employ nonlinear kinematics from the target signal 

otherwise. Also damping is discussed in this context. 

 

For the OpenFOAM CFD model the forcing from regular waves at varying amplitude is analysed for 

higher-harmonic content. Next, a weak instability in the motion solver is discussed. A comparison of 

added mass and damping across varying frequency is provided and a good match against WAMIT re-

sults is found for surge. For heave motion – and likely owing to the presence of heave plates – the 

added mass is larger than for WAMITs and the damping is smaller. A case of regular wave motion for 

a moored floater is shown too. 

 

The coupled Simpack-CFX solver is implemented with the ability to include rotor loads and a blade 

pitch control system. This enables advanced studies on control in harsh sea environments. The wave 

generation procedure is described in detail and an example application for the IDEOL floater is pro-

vided. It is demonstrated that the model can describe air trapped in cavities of the structure.  

 

For the free vortex method, generic step tests are provided and shows a good comparison with a Blade 

Element Momentum model. For sinusoidal floater motion, a good match in thrust is obtained at low 

frequencies, while at higher frequencies, the hysteresis loop is found to be much larger with the vortex 

model. This is linked to the difference in aerodynamic inflow model.  
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 Introduction 
 

The present deliverable describes the development of advanced models made within the LIFES50+ 

project. During the design process, models of varying fidelity is needed. In pre-design low-dimen-

sional models are sufficient and needed to give fast answers on early design variations while in the de-

tailed design advanced models are needed to reduce uncertainty. This is illustrated in the schematic in 

Figure 1 where model accuracy is depicted towards CPU execution time.  

 

 

Figure 1: CPU-time versus accuracy for design models. Task division in LIFES50+ WP4. 

Simplified models have been presented in D4.1 Simplified numerical models for up-scaled design, 

while State-of-the-art models have been presented in D4.5 State-of-the-art models for the two public 

10MW floater concepts. The present deliverable D4.7 Models for advanced load effects and loads at 

component level presents the advanced models developed in WP4 during LIFES50+.  

Five different model developments are presented with a focus on model development and ‘initial vali-

dation’. The latter is due to the time line of development, where many of the results have been pro-

duced before the two public designs of LIFES50+ in D4.5 were available. Thus, data from other con-

cepts and experimental studies have been used.  

A brief overview of the five model developments presented are given below: 

Inclusion of elasticity in dynamic substructure response calculations 

Motivated by the need for material saving and substantial size of the 10MW class floaters for 

offshore wind turbines, a method for inclusion of elasticity in dynamic substructure response 

calculations is developed. The framework is implemented in the HAWC2 aero-elastic model 

of DTU and utilizes the generalized mode feature in WAMIT. An example of application to 

the INNWIND.EU TripleSpar floater is presented. 

Nonlinear wave forcing 

The forcing from nonlinear waves leads to response at the floater natural frequencies from 

subharmonic waves and may also excite tower vibrations by super-harmonic forcing. Two 

methods are wide-spread for the prediction of these effects namely a) the second-order panel 

approach where Quadratic Transfer Functions (QTF’s) for wave forcing are pre-computed and 

next used in the response calculations; and b) higher-order wave kinematics in combination 
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with the slender-body Morison force model (strip theory). In the present deliverable, the QTF 

approach is outlined. Next a slender-body study in FAST with nonlinear kinematics from a 

fully nonlinear wave model, second-order kinematics and linear kinematics is presented with 

inter-comparison to model tests for a TLP turbine configuration from DTU and DHI.  

Validation of OpenFOAM CFD solver for added mass and damping 

An OpenFOAM hydrodynamic CFD (Computational Fluid Dynamics) model is setup for the 

LIFES50+ OO-Star Wind Floater Semi 10MW. The solver is a 6 degree of freedom solver 

with free surface and is validated with respect to added mass and damping properties by com-

parison to results of WAMIT. The perspective of the solver is to allow coupled computations 

with an outer wave model that drives the boundary conditions to a localized CFD domain. In 

the present deliverable, however, only the validation part against WAMIT data and decay tests 

in FAST are presented. 

Fluid-Multibody coupled solver for high-fidelity hydrodynamic analysis 

A second CFD solver with a coupling of Simpack and CFX has been developed. Details on the 

coupling technique to rotor load calculations are given and the approach to wave generation is 

detailed. Next, an example of application to the IDEOL floater in regular waves is provided. 

Vortex-based aerodynamic load calculations 

A vortex-based aerodynamic rotor model is presented as an alternative to the classical Blade 

Element Momentum (BEM) approach. Vortex methods represent a level of modelling between 

BEM and CFD. The present method is coupled through SIMPACK to include also floater 

surge and pitch motion. Next results of the model are compared to BEM calculations for ge-

neric step-motion and sinusoidal motion. 

While the present deliverable thus reports the initial model development, the inter-comparison be-

tween models at varying fidelity and the comparison to experimental test results for the two public 

floater designs of the LIFES50+ project is the subject of further deliverables. These deliverables are 

the D4.6 Model validation against experiments and map of model accuracy across load cases and 

D4.8 Validation of advanced models and methods for cascading into simpler models. 
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 Inclusion of elastic substructure deformation in design calculations 
This section describes the development of a methodology to advance state-of-the-art simulation tools to 

capture substructure elasticity and internal dynamic loads, and is based on the publications Borg et al 

[1], [2], [3]. 

2.1 Motivation 

From a designer's perspective, the larger support structures required for 10MW+ wind turbines may 

possess characteristics that are not readily captured by state-of-the-art design tools. Previously for wind 

turbines of smaller capacity, in the range of up to 5MW capacity, design practices have allowed for the 

flexibility of the floating support structure to be excluded when carrying out integrated dynamic load 

calculations. This was because support structures were typically stiff enough for this assumption to be 

valid, and not influence wind turbine loads. In the pursuit of optimal and cost-effective solutions, support 

structures for larger-capacity wind turbines have become more flexible, to the extent that this flexibility 

may influence the global system response as well as wind turbine and substructure loads. Hence it is 

relevant to include such support structure flexibility and the subsequent interaction with the environment 

within state-of-the-art design tools used by engineers. 

Recent work by Svendsen [4] combined a strip theory approach with a linear radiation-diffraction solver 

to map hydrodynamic pressures to a set of interconnected rigid bodies that represent the floating support 

structure in integrated simulations of a 5MW floating wind turbine. Here the potential flow solution was 

found for the floating structure undergoing rigid body motions only, with no hydroelastic effects con-

sidered. Likewise, Luan et al. [5] applied a similar approach, however providing a more comprehensive 

definition of sectional load calculations and inclusion of the fluctuating hydrostatic pressure force. 

In the above studies, there is a 'one-way' coupling between the flow field and structural deformations, 

that is, the influence of hydrodynamic pressure on structural deformations is considered but the opposite 

is not. In a sense this approach is zeroth-order in the context of hydroelastic modelling. A method to 

include first-order hydroelastic modelling of the floating support structure within integrated dynamic 

calculations of floating wind turbines was proposed by Borg et al. [1], whereby the relevant vibration 

modes of the support structure are considered in the potential flow solution and included in dynamic 

calculations as additional degrees of freedom (DOFs). This is achieved through dynamic sub-structuring 

of the floating wind turbine system. This is widely-used in the aerospace and automotive industries, and 

more recently applied to the fixed-foundation offshore wind industry [6], [7].  

A methodology is here formulated to combine hydroelastic analysis of large floating structures with 

dynamic sub-structuring within integrated dynamic simulation tools for floating offshore wind turbines. 

A theoretical overview of system reduction for physical structures and hydroelastic theory is first pro-

vided. Following the proposal of a reduced-order set of equations of motion for a floating support struc-

ture, a modelling framework is detailed that fully couples the substructure flexibility to the wind turbine 

in integrated dynamic aeroelastic calculations. This framework is then illustrated by application to a 

case study. 

2.2 Theoretical Background 

2.2.1 Dynamic sub-structuring 

Dynamic sub-structuring is applied to complex systems where modelling of the full details of 

the whole system results in unrealistic and unnecessary computational times that are not feasible for the 

deployment of such a system. Also referred to as superelement modelling, one derives reduced order 

models of one or more components of the system which are then coupled together to create a simulation 
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model of the whole system. As summarised by Voormeeren et al. [6], the model reduction approach first 

requires the whole system to be decomposed into a set of components or subsystems. Each of these 

components is modelled separately, and one may derive a reduced model when appropriate with a 

relevant reduction method. These component models are then coupled to establish a simulation model 

of the whole system. The method can therefore be decomposed into three stages: system decomposition, 

superelement modelling and component assembly. 

In the context of a floating wind turbine, the first stage is straightforward, with the system 

typically decomposed into the wind turbine generator, wind turbine tower, floating platform and station-

keeping system. Following the established practice in research and industry, the wind turbine generator 

and tower, and the station-keeping system are represented by weakly or fully nonlinear models [8] to 

adequately capture relevant phenomena. As will be described later, the floating platform has typically 

been modelled as a 6 DOF rigid body in combination with a potential flow force solution. The flexible 

floating platform is now proposed to be represented with a reduced order model, also referred to as a 

superelement in this work. The flexibility of the floater is represented here with additional superimposed 

modes. 

The reduced order model is established by assuming that the displacements DOFs, 𝐱(𝑡), can be 

expressed by a superposition of a limited number of mode shapes: 

 𝐱(𝑡) = Ω𝐫(𝑡) (2.1) 
 

Here, the columns of the reduction matrix, Ω, contain the mode shape vectors, and 𝐫(𝑡) is the 

vector of generalised DOFs describing the participation of each mode shape as function of time. The 

inherent use of mode shape superposition in this and other model reduction methods infer linearity on 

the structure. As is the case for existing wind turbine floating platforms and potentially also for future 

platforms, flexible deformations are small relative to the characteristic sizes of these structures, and thus 

this assumption is valid. 

Consider the linearised equations of motion that represent the floating platform: 

 𝐌�̈�(𝑡) + 𝐂�̇�(𝑡) + 𝐊𝐱(𝑡) = 𝐟(𝑡) (2.2) 
 

Here, 𝐌, 𝐂, and 𝐊 are the structural inertia, damping and stiffness matrices, respectively, 𝐟 is 

the external force vector, and 𝐱  represents the structure DOFs displacements, with an overdot 

representing a temporal derivative. In order to enable the reduced order model to interface with other 

components/structures in the system, a sub-set of the node DOFs in 𝐱, 𝐱𝒊, is chosen as interface DOFs. 

It is now assumed, that 𝐱 is ordered in such a way that 𝐱𝒊 located at the the top, then 
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Above, q  is the "generalised" DOF vector containing both the interface DOFs and generalised 

DOFs. Substituting Eq. (2.4) in Eqn. (2.2), and pre-multiplying by the transpose of RT , denoted 'RT , 

produces the equations of motion for the reduced order model of the support structure under 

consideration: 

 �̃��̈�(𝑡) + �̃��̇�(𝑡) + �̃�𝐪(𝑡) = 𝐟(𝑡) (2.5) 
 

The generalised mass matrix is given by 
RR MTTM '=

~
, the generalised structural damping 

matrix is given by RR CTTC '=
~

, the generalised structural stiffness matrix is given by 
RR KTTK '=

~
, 

and the generalised forcing vector is given by fTf '=
~

R . The generalised forcing vector contains 

external generalized forcing related to environmental loads, 𝐟𝑒𝑛𝑣, as well as interface loads from other 

connected structures within the system, 𝐟𝑐𝑜𝑛, as defined in (2.6). The formulation of 𝐟𝑒𝑛𝑣 for a floating 

platform is presented in the following section. 

 𝐟(𝑡) = 𝐟𝑐𝑜𝑛(𝑡) + 𝐟𝑒𝑛𝑣(𝑡) (2.6) 
 

2.2.1.1 Mode evaluation and selection 

 Two categories of modes should be considered during the construction of the superelement: 

eigen-modes (including rigid-body modes), and static modes. 

    Eigen-modes: The eigenmodes that are relevant are the ones that fall within the range of 

frequencies in which there is excitation from environmental loads and/or other components of the system 

that the superelement forms part of. In the context of offshore wind turbines this includes the range of 

frequencies at which there is significant wave energy as well as second- and higher-order wave forces, 

and the range of frequencies containing wind turbine 1P and NP operating frequencies. Here N 

represents the number of wind turbine blades.  

    ‘Quasi-Static’ modes: As mentioned earlier, the superelement DOFs are decomposed into 

boundary DOFs and internal DOFs. To represent the effect of external forces from interface nodes to 

which the superelement is connected on internal deformations, a number of so-called static deformation 

shapes are to be included. These deformation shapes are calculated by applying unit displacements in 

each interface node DOF within the floating substructure FE model whilst constraining all other 

interface DOFs. The resultant shape is considered as an additional DOF within the superelement. In the 

context of a floating wind turbine support structure, typical interface nodes would include the tower 

interface and the connection to each of the mooring lines.  

Depending on the complexity of the floating platform FE model, the influence of hydrostatic 

pressure needs to be included in the deformation shape evaluation, particularly for deformations in 

vertical planes. In the case of beam-type FE models, the effective distributed buoyancy forces can be 

applied to each node within the model. In the case of shell-type FE models, the hydrostatic pressure is 

mapped accordingly onto the wetted surface of the FE model. Likewise, gravity is also considered during 

deformation shape evaluation. 

Having established the homogeneous reduced-order model to be used, we now turn to defining 

how to appropriately derive the loading and influence of the structural flexibility with the surrounding 

hydrodynamic environment. 
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2.2.2 Hydroelastic modelling 

Due to the large range of scales over which fluid-structure interactions occur, utilising the Navier-

Stokes equations to obtain fully resolved flows and loads on an offshore structure in a myriad of envi-

ronmental conditions is not feasible. Thus, the offshore industry followed an alternative approach, uti-

lising semi-empirical and idealised flow methods well suited to typical flow regimes experienced off-

shore. 

The well-known Morison equation [9] has been widely used in the design of offshore structures. It was 

formulated to predict transverse forces on infinitely long slender cylinders, and this semi-empirical 

equation is composed of an inertia-dependent term and a drag-dependent term. Eqn. (2.7) presents the 

relative velocity differential form of the Morison equation applicable to floating structures. 

 
𝑑𝐹𝑚𝑜𝑟𝑖𝑠𝑜𝑛 = {𝜌𝐴𝑐𝑚(�̇� − �̈�) + 𝜌𝐴�̇� +

1

2
𝜌𝑐𝐷𝐷(𝑢 − �̇�)|𝑢 − �̇�|} 𝑑𝑧 (2.7) 

 

Here 𝑑𝐹𝑚𝑜𝑟𝑖𝑠𝑜𝑛 is the force in a direction perpendicular to the member axis, u  is the local water 

particle velocity projected in this direction, and �̇� is the member velocity projected in this direction. 

Further, 𝜌 is the fluid density, 𝐴 is the body cross sectional area, 𝑐𝑚 is the added mass coefficient, 𝑐𝐷 is 

the drag coefficient, 𝐷 is the hydraulic diameter of the body section, . Further investigations by Rainey 

[10], [11] proposed additional terms to the Morison equation to account for finite-length bodies, three-

dimensional flow and exit/entry forces at the free surface and on member end nodes. As floating 

structures became significantly more bulky, and in tandem with advances in seakeeping predictions of 

large vessels, alternative computational methods were developed based on linear potential flow, e.g. 

Newman and Lee [12]. The so-called panel methods allowed for the influence of the floating structure 

on the surrounding wave fields to be included in calculations, thereby considering diffraction and 

radiation forces when predicting the floating structure dynamic response. For slender floating structures 

such as spars, the Morison equation is readily applicable and due to the relatively low number of model 

degrees of freedom there was never a need to utilise dynamic sub-structuring during design. In the case 

of large-volume structures where one requires to solve the harmonic potential flow field around the 

structure in the frequency domain, the approach detailed by Newman [13] may be utilised. In the solution 

of the linearized potential flow field, the velocity potential in the fluid domain is decomposed into the 

incident (Φ0), diffracted (Φ𝑑), and radiated (Φ𝑟) wave fields:  

 Φ(𝑥, 𝑦, 𝑧, 𝑡) = Φ0 +Φ𝑑 +Φ𝑟 (2.8) 
 

The incident wave field potential is defined through linear gravity wave theory; the diffraction 

wave field potential represents wave scattering due to the presence of the structure, assumed fixed at the 

equilibrium position; and the radiated wave field potential represents waves generated by motion in each 

body DOF. The conventional rigid-body DOFs, that is, surge, sway, heave, roll, pitch and yaw, are 

denoted by 𝑗 = 1,2,… ,6. This notation is similarly followed for additional 𝑁 body deformation DOFs. 

For all (6 + 𝑁) modes a separate shape function, 𝐒𝑖𝑗 = [𝑢𝑖𝑗 𝑣𝑖𝑗 𝑤𝑖𝑗], is defined that relates the 

displacement of the 𝑖’th panel on the body surface to a displacement in the 𝑗’th mode, 𝜉𝑗. Given the unit 

normal vector 𝐧𝑖 of the 𝑖’th panel on the submerged structure surface 𝑆𝑏, the normal component of 𝐒𝑖𝑗 

on 𝑆𝑏 can be determined:  

 𝑛𝑖𝑗 = 𝐒𝑖𝑗 ∙ 𝐧𝑖 = 𝑢𝑖𝑗𝑛𝑥 + 𝑣𝑖𝑗𝑛𝑦 +𝑤𝑖𝑗𝑛𝑧 (2.9) 
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 The radiation wave field potential r  is composed of a linear superposition of contributions from 

motion in all (6 + 𝑁) modes, Eqn. (2.10).  

 

Φ𝑟 = ∑ 𝜉𝑗𝜙𝑗

6+𝑁

𝑗=1

 (2.10) 

 

 Here 𝜙𝑗  represents the unit-amplitude motion potential for radiation for the 𝑗 ’th mode. On the 

undisturbed position of the body boundary, the radiation and diffraction potentials are subject to:  

 𝜕𝜙𝑗

𝜕𝑛
= 𝑖𝜔𝑛𝑗 (2.11) 

 𝜕(𝜙𝑑 +𝜙0)

𝜕𝑛
= 0 (2.12) 

 

 By application of linearized boundary conditions at the seabed and free surface, as well as a far-field 

boundary condition, the velocity potential can be calculated. For further details, the reader is referred to 

Newman [13]. With knowledge of the velocity potential, the relevant quantities can be derived to 

determine fluid forcing on the floating body. The first-order wave diffraction force is defined as:  

 
𝐟𝐷 = −𝜌∬𝜙𝑑

𝜕𝜙0
𝜕𝑛

𝑑𝑆 (2.13) 

 

 The frequency-dependent added mass and damping due to first-order motion in each DOF is defined 

as:  

 
−𝜔2𝐴𝑖𝑗 − 𝑖𝜔𝐵𝑖𝑗 = −𝜌∬𝜙𝑗

𝜕𝜙𝑖
𝜕𝑛

𝑑𝑆 (2.14) 

 

The method proposed by Newman [13] for calculating stiffness contributions due to hydrostatic 

pressure from the surrounding fluid is adopted here. Newman defined the hydrostatic stiffness to be the 

change in hydrostatic pressure force between the undeformed and deformed submerged body surface 

due to a unit displacement in each DOF. This resulted in the hydrostatic stiffness defined in Eqn. (2.15). 

 
𝐾ℎ,𝑖𝑗 = 𝜌𝑔∬𝑛𝑗(𝑤𝑖 + 𝑧𝐷𝑖) 𝑑𝑆 (2.15) 

 

Here 𝐷𝑖 is the flow divergence at the 𝑖’th panel. The first order fluid force on the floating body 

in the time domain arising from the linearised potential flow solution is given by a superposition of the 

diffraction force, radiation force and hydrostatic force, following the definition of Cummins [14] of the 

radiation force: 

 
𝐟𝑒𝑛𝑣(𝑡) = 𝐟𝐷(𝑡) − �̃�∞�̈�(𝑡) − ∫ �̃�(𝑡 − 𝜏)�̇�(𝜏)𝑑𝜏

𝑡

0

− �̃�ℎ𝐪(𝑡) (2.16) 
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Here �̃�(𝑡)  is the retardation kernel and is obtained from a transformation of frequency-

dependent added mass and damping (c.f. Eqn (17)) described by Ogilvie [15]. Substituting (2.16) in 

(2.6) and subsequently in (2.5) results in (2.17), which is a modified form of the conventional Cummins 

equation. 

 
(�̃� + �̃�∞)�̈�(𝑡) + �̃��̇�(𝑡) + ∫ �̃�(𝑡 − 𝜏)�̇�(𝜏)𝑑𝜏

𝑡

0

+ (�̃� + �̃�ℎ)𝐪(𝑡) = 𝐟𝐷(𝑡) + 𝐟𝑐𝑜𝑛(𝑡) (2.17) 

 

As before, �̃� , �̃�  and �̃�  represent the generalized structural mass, damping and stiffness 

matrices. The latter also includes the contributions from gravity on all generalized coordinates. Also, 

𝐟𝑐𝑜𝑛  includes the interface loads originating from the connection to the wind turbine tower and the 

mooring lines. The right hand side of Eqn. (2.17) can be developed further to include additional forcing 

terms that represent the viscous effects acting on the structure. For example one may linearise the drag 

component of the Morison equation and map the distributed forcing to the generalized coordinates. 

It should also be noted that Eqn. (2.17) can be directly transformed into the frequency domain, 

using the appropriate frequency-time transformations detailed by Ogilvie [15]: 

 [−𝜔2 (�̃� + �̃�(𝜔)) + 𝑗𝜔 (�̃� + �̃�(𝜔)) + (�̃� + �̃�ℎ)] �̂�(𝜔) = 𝐟𝐷(𝜔) + 𝐟𝑐𝑜𝑛(𝜔) 

 
(2.18) 

A solution to Eqn. (2.18) on the frequency domain requires that 𝐟𝐷 is known a priori and that 

𝐟𝑐𝑜𝑛  can be linearised such that it can be represented within the generalised matrices on the left hand 

side of Eqn. (2.18). These requirements have been shown to be achievable in simulation tools such as 

QuLAF [16] and thus Eqn. (2.18) can be readily implemented in such a tool. 

2.2.3 Modelling framework 

To investigate the performance of this method, it was implemented within the HAWC2 aero-elastic 

simulation tool [17]. HAWC2 calculates the nonlinear loads and responses of wind turbines in the time 

domain for realistic environmental conditions. The tool has been validated against measurements for 

several wind turbine designs, e.g. [18], [19]. To enable the calculation of loads and responses of a 

floating wind turbine, it has previously been extended to consider the rigid body motion of a floating 

foundation through a coupling with the wave-structure analysis program WAMIT [20]. This interface 

has been extended to implement Eqn. (2.17) to account for additional vibration modes of the floating 

foundation, as well as provide the necessary deformation shapes from the HAWC2 finite element 

model to the WAMIT hydroelastic analysis. The overall process flow is depicted in Figure 2 and Fig-

ure 3, and described below. 
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Figure 2: Overview of methodology and modelling process 

 

Figure 3: Illustrative schematic of the methodology and modelling process. Left: a suitable finite element model of the 

system is set up. Centre: Deformation shapes are calculated and hydroelastic analyses performed. Right: The floater 

super element is constructed and assembled with the rest of the floating wind turbine subsystems. 

2.2.3.1 Part I: Setting up of the reduced-order model 

The preparation and construction of the superelement representing the floating substructure is 

described here, with reference to the upper part of Figure 2. With a definition of the structural design of 

the substructure, one may set up a finite element model. In this case we set up a beam-type FE model in 

HAWC2. A complimentary hydrodynamic model is also required to account for added mass effects 

within the solution of the support structure deformation shapes and natural frequencies. 

Typically two types of hydrodynamic force models could be considered here: the Morison 

equation or linear potential flow theory. The choice of hydrodynamic model depends on the geometrical 

complexity of the support structure; the desired accuracy of calculated deformation shapes; and the 

choice of finite element model. 

If the support structure has complex cross sections and hydrodynamic loads that are not readily 

represented by strip-theory combined with the Morison equation, then potential flow theory would need 

to be used. If one applies the Morison-type hydrodynamic force model, added-mass effects are 

frequency-independent. This is not necessarily valid for the structure under investigation, and may lead 

to discrepancies in derived ‘wet’ deformation shapes. On the contrary, use of a potential flow 

hydrodynamic force model within the calculation of deformation shapes would lead to an iterative 
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solution, whereby the added mass considered is updated to the current natural frequency, as outlined by 

Borg et al. [1]. However this would lead to multiple FE models, one for each considered eigenvalue, as 

the added mass would vary for each eigen-mode. Whilst this can improve the accuracy of the calculated 

deformation shapes, the added time and computational cost of constructing a significant number of FE 

models may outweigh this. If the structure can be sufficiently represented by a beam-type FE model, 

then utilising the Morison-type hydrodynamic force model with appropriately selected added mass 

coefficients would produce deformation shapes of sufficient accuracy using a single FE model.  

The choice of complexity of FE modelling may influence the type of hydrodynamic model used. 

With beam-type FE models, it is relatively straightforward to apply the Morison-type force model, but 

mapping of hydrodynamic pressure distributions from a potential flow solution may not be trivial, 

depending on the support structure geometrical complexity. Conversely, with shell-type FE models, it 

may be more straightforward to apply pressure distributions from the potential flow solution on the 

surface of the structure, rather than map the lumped forces from the Morison-type force model. The 

approach chosen in this work is that of using a Morison-type force model in combination with the beam-

type FE model as this has been seen to be the most practical approach for calculation of deformation 

shapes. 

Following the coupling of the FE and hydrodynamic models in HAWC2, the resulting setup is 

used to determine the eigen-mode deformation shapes of the support structure as well as the static mode 

deformation shapes for unit deformations at each of the interface nodes as described earlier. The model 

reduction process begins here, with a screening of the natural frequencies obtained, and selection of the 

associated deformation shapes relevant to the forcing the structure is expected to experience as detailed 

earlier. 

The selected set of deformation shapes are then prescribed to the potential flow solver WAMIT 

as additional DOFs, detailed by Borg et al. [1], and a frequency-domain hydroelastic analysis is carried 

out. This then provides a set of frequency-dependent generalized added mass, potential damping and 

wave excitation forces for the rigid body modes and additional prescribed modes, as well as a constant 

generalized hydrostatic stiffness matrix. 

Now we possess all the necessary data to construct the superelement matrices and forcing 

vectors for the governing equation of motion, Eqn. (2.17), in a HAWC2 model that is separate to the FE 

model used until this stage. The reduced-order HAWC2 model of the complete floating wind turbine 

system consists of a multibody representation of the wind turbine generator, tower and mooring system, 

which is interfaced to the support structure superelement. 

2.2.3.2 Part II: Dynamic calculations and post-processing 

With the reduced-order model of the floating wind turbine, time-domain integrated dynamic 

calculations can be done in a similar fashion as current state-of-the-art simulations. The results from 

such simulations include the dynamic response of the wind turbine to wind and wave loading, as well 

as the response of the additional degrees of freedom assigned to the support structure superelement. 

To obtain the equivalent stress distributions within the support structure for a given simulation, 

the displacements of the reduced-order model are mapped back to the full FE model used in Part I using 

the deformation shapes, as detailed by Borg et al. [3]. With knowledge of the local displacements of the 

FE model and structural stiffnesses, the stress timeseries at an arbitrary point within the support structure 

may be obtained for further post-processing. 
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2.3 Case study definition 

The floating wind turbine system considered here consists of the Triple Spar concept developed 

by University of Stuttgart [21]. The platform supports the DTU 10MW Reference Wind Turbine and 

consists of three vertical columns that are connected to the wind turbine tower base through a tripod 

structure, Figure 4. Each column is constructed out of reinforced concrete and contain ballasting 

material, and the tripod structure is constructed out of steel. A three-line catenary mooring system is 

used. The orientation of the platform is such that there is one aft spar column with the corresponding 

tripod arm aligned with the downwind direction and wind turbine rotational axis. The overall 

dimensions, properties and selected structural properties are presented in Table 1. 

 

 

Figure 4 - The TripleSpar concept [21] 

2.3.1 Deformation shapes 

 Here we describe the characteristics of the six eigenmodes included within the floating platform 

superelement to assist in interpretation of results. Figure 6 illustrates the modal amplitudes of each mode 

labelled FM1 through to FM6, ordered in increasing value of the corresponding eigenfrequency. The 

positions of the eigenmodes in relation to wave and wind turbine excitations in the frequency domain 

are depicted in Figure 5, and Table 2 listed the rigid and eigenmode natural frequencies. In addition, six 

static deformation shapes for each of the interface nodes (tower base, and three mooring line fairlead 

connections) were included. 

FM1: In this eigenmode the port leg, which consists of one concrete column and steel tripod leg, 

undergoes deformations in the radial direction, the starboard leg undergoes deformations in both radial 

and circumferential directions, and the aft leg undergoes circumferential deformations. The tripod 

arms do not undergo any significant deformations. 

FM2: In this eigenmode, the leg deformations are in the same orientaiton as FM1, however in this 

case the relative amplitude of the port leg is significantly larger than of the starboard and aft legs. Also 

the port tripod arm undergoes larger bending in the vertical direction. 

FM3: In this eigenmode, the port leg undergoes deformations in the radial direction, the aft leg 

undergoes largely radial deformations with a small component in the circumferential direction, and the 

starboard leg undergoes deformations of a relatively smaller amplitude in the circumferential direction. 
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FM4: In this eigenmode, both the starboard and port legs undergo deformations in the radial direction, 

but are in antiphase of each other. The starboard leg also experiences a deformation in the 

circumferential direction. The aft leg experiences deformations in the circumferential direction. 

FM5: In this eigenmode, the deformations of the three legs are in phase with one another and 

approximately in the same overall global direction. In this mode the aft tripod leg can be seen to be 

bending in the horizontal plane. 

FM6: In this eigenmode, the starboard and aft leg undergo circumferential deformations in phase, and 

the port leg undergoes a combination of radial and circumferential deformations. 

  

Table 1: Floating wind turbine properties 

 Platform   Draft [m]  54.46  

  Elevation of tower base above MSL [m]  25.0  

  Displacement volume [m
3
]  29311.1  

  Centre of buoyancy below MSL [m]  27.2  

 Columns   Material type  Concrete  

  Length [m]  65.0  

  Centre offset from tower centerline [m]  26.3  

  Diameter [m]  15.0  

  Deck elevation above MSL [m]  10.5  

  Wall thickness [m]  0.4  

  Mass-proportional damping factor 4 ∙ 10−3 

  Elastic modulus [Nm
2−

]  3.12 ∙ 1010  

  Shear modulus [Nm
2−

]  7.80 ∙ 1010  

 Heave Plates   Material type  Steel  

  Diameter [m]  22.5  

  Thickness [m]  0.5 

 Tripod   Material  Steel  

  Overall height [m]  15.0  

  Length of outer cylinder [m]  11.0  

  Diameter of outer cylinder [m]  3.1  

  Wall thickness [m]  0.056  

  Mass-proportional damping factor 2 ∙ 10−5 

  Elastic modulus [Nm
2−

]  2.00 ∙ 1011  

  Shear modulus [Nm
2−

]  7.60 ∙ 1010  

 Materials   Concrete density [kg/m
3
]  2750.0  

  Steel density [kg/m
3
]  7750.0  

  Ballast density [kg/m
3
]  2500.0  

 Masses   Platform mass [t]  28168.5  

  Wind turbine mass [t]  1109.9  

  Equivalent mooring system vertical mass [t]  1706.3  

Centre of mass below MSL  Platform (excl. turbine, tower, mooring) [m]  36.0176  

Mass moments   Platform I roll  [kg m
2

]  1.8674 ∙ 1010  

of inertia,   Platform I pitch  [kg m
2

]  1.8674 ∙ 1010   

w.r.t. CoM   Platform I yaw  [kg m
2

]  2.0235 ∙ 1010  

Mooring   Type  Steel chain 

  Un-stretched length [m]  610.0 

  Dry/Wet mass per unit length [kg/m]  594.0/516.59  

  Fairlead height above MSL [m]  8.7 

  Fairlead/Anchor radius [m]  54.58/600.00 
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Figure 5: Location of modes in frequency domain 

Table 2: Substructure eigenvalues 

Rigid modes Flexible modes 

Mode  Frequency [Hz]  Mode Frequency [Hz] 

Surge  0.006  FM1   0.124  

Sway  0.006  FM2   0.130  

Heave  0.060  FM3   0.152  

Roll  0.038  FM4   0.155  

Pitch  0.038  FM5   0.380  

Yaw  0.013  FM6   0.496  
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Figure 6: Flexible mode shapes. Note that substructure displacements have been amplified. 

2.3.2  Environmental conditions 

 With a scope to illustrate the implemented method, two load cases are considered here. One 

operating load case at rated wind turbine condition was selected, with the conditional sea state 

parameters taken from Bredmose et al. [22]. The other load case is a transient extreme event consisting 

of a focused wave impact whilst operating at the rated wind speed. Table 3 details the main 

environmental parameters for these two load cases. 

Table 3: Load Cases 

  
 U hub  [m/s]  

 H [m]  
 T p  [s]  

 Duration [s]  

LC1 (stochastic)   11.4   4.16   7.30   3600.0  

LC2 (transient)   11.4   18.84   -   700.0  

 

2.4 Results & Discussion 

 Apart from the global response of the floating wind turbine, here we also investigate the internal 

loads at two points within the substructure; the cornerpoint of the tripod structure in the starboard fore 

leg (1), and a point situated 25 percent from the base of the aft column structure (2). These locations are 

depicted and numbered in Figure 7. 

 

Figure 7: Locations considered in analysis 

2.4.1 Stochastic response. 

 Figure 8 presents the timeseries and power spectra of results for LC1, depicting the wave 

elevation (𝜂); hub-height wind speed (Uℎ𝑢𝑏); surge (𝜉1); heave (𝜉3); pitch (𝜉5); tower base fore-aft 

bending moment (TB BM); substructure bending moment in the radial direction at location point 1 (SS 



                                                   D4.7 Models for advanced load effects and loads at component level 

 LIFES50+ Deliverable, project 640741 20/79 

BM1); substructure bending moment in the radial direction at location point 2 (SS BM2); and the nacelle 

fore-aft acceleration (a𝑛𝑎𝑐). 

The rigid body motions of the platform largely follow the expected response, with significant 

response at around the peak wave excitation frequency in heave and pitch. Due to the coupled nature of 

this type of platform, the oscillations in surge at the surge natural frequency (approximately 0.006 Hz) 

also induce motion in heave and pitch at this frequency. Oscillations in this low frequency range are also 

in part due to the turbulent wind fluctuations, the frequencies of which can be observed in the second-

row plots in Figure 8. It is important to note that in pitch motion there is some response in the ranges 

0.09 - 0.13 Hz and 0.15 - 0.2 Hz, which is in the range of four of the substructure flexible modes. 

The tower base fore-aft bending moment follows the platform pitch response to a large degree, 

which is to be expected. Apart from responses at due to the low-frequency turbulent wind, wave 

excitations and substructure pitch motion, there is response at 0.15 - 0.2 Hz and 0.4Hz. The former is 

due to excitation of two of the substructure flexible modes, whilst the latter is due to excitation of a 

natural frequency of a flexible mode that couples substructure deformations and significant fore-aft 

tower bending. 

Analysing the bending moments within the substructure, it can be seen that there is a narrow-

banded response close to the peak wave frequency. This also coincides with two of the selected flexible 

mode natural frequencies, and the relatively narrow bandwidth (compared to wave excitation 

bandwidth) of the response for SS BM1 and SS BM2 indicates natural frequency excitation as these 

flexible modes are not significantly damped. Observation of the timeseries of these two signals further 

indicates significant excitation at a small set of frequencies. 

As expected, the nacelle fore-aft accelerations are dictated by the platform pitch motion and 

tower fore-aft deformations. The power spectrum of the nacelle fore-aft acceleration follows the 

platform pitch response, with significant energy in the wave excitation range (0.1 - 0.2 Hz) and flexible 

modes natural frequencies (0.12 - 0.13 Hz and 0.15 - 0.2 Hz). Furthermore there is a response at the 

coupled tower bending and substructure flexible mode around 0.4 Hz. 

There is also a spread of low-energy response up to approximately 0.5 Hz. It was seen that the 

rotor rotational speed fluctuated between 7.6 and 10.2 RPM during this load case. This translates into a 

3P excitation range of 0.38 - 0.51 Hz, which coincides with this low energy response. The lack of a 

distinctive response at the ‘steady-state’ 3P frequency of 0.48 Hz is due to this fluctuation in RPM. 

These fluctuations are due to the fact that the mean wind speed is the rated speed, but with turbulent 

incident wind and platform motion, the wind turbine controller would be switching between below, rated 

and above rated control regimes. 
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Figure 8: Results for LC1 - wind and wave forcing at rated wind speed 

  

2.4.2 Transient response. 

 The transient response relates to the turbine operating at rated turbulent wind conditions and 

experiences an extreme event represented by a focused wave. Figure 9 presents the results for LC2, with 

the same layout as described for Figure 8. Note that the power spectral plots in Figure 9 have a lower 

upper frequency limit that in Figure 8. This was done as there was no significant energy above this 

frequency range. 
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It is important to note that as the focused wave group impacted and passed the floating wind 

turbine, the wind turbine controller attempted to adjust for the apparent sudden change in wind speed. 

Due to the slower response of the floating wind turbine blade pitch controller, combined with the large 

platform motions, the torque limit for the low speed shaft was exceeded and the controller shut down 

the turbine at 290=t  seconds, approximately 30 seconds after the first large wave crest impacted the 

platform, c.f. top-row plots in Figure 9. The shut down is most apparent in the timeseries for surge 

motion (
1 ) and tower base fore-aft bending moment (TB BM), where one may observe differences in 

the mean offset of the signals before and after the extreme event. 

In the case of surge, there was significant response at the turbulent wind frequencies and surge 

natural frequency, with also some response at the peak wave frequency of approximately 0.085 Hz. This 

smaller response at 0.085 Hz may be in part due to the duration of signal considered during 

transformation into the frequency domain. To obtain a response spectrum with sufficient resolution a 

time series of 500 seconds was considered with the extreme event occurring towards the start of the time 

series. This allowed for a significant number of free decay oscillations at the surge natural frequency 

after the event, thereby contributing relatively more energy in the power spectrum at the surge natural 

frequency. In heave, there is some response induced by the surge motion at the surge natural frequency 

and the turbulent wind frequencies. However the largest response is about the heave natural frequency 

of 0.06 Hz, with some augmentation of the spread of the response at 0.072 Hz arising from the peak of 

the wave spectrum. 

The response in pitch, as well as the bending moments and nacelle acceleration considered in 

Figure 9 are mainly dominated by a response about the largest peak of the wave at 0.086 Hz. 

In the case of TB BM and SS BM1, there is the largest response at the surge natural frequency 

and turbulent wind frequencies. SS BM2 also contains some energy at the surge natural frequency, but 

at much lower levels than SS BM1. For SS BM1 there is some additional response in the range 0.12 - 

0.14 Hz, which relates to the flexible modes natural frequencies This is also seen in SS BM2, but once 

again at lower levels than SS BM1. 

The lower response of SS BM2 in relation to SS BM1 at the above mentioned frequencies is in 

part due to the nature of the mode shapes of the flexible substructure modes chosen for this analysis. For 

a subset of these modes, there is not significant motion at the location of analysis point 2 (c.f. Figure 7), 

whilst the opposite is true for analysis point 1. Thus it follows that there would not be large bending 

moments at analysis point 2 due to excitations of such modes. 
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Figure 9: Results for LC2 - operation at rated wind speed and focused wave group impact 
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 Methods for nonlinear wave forcing1 
The state-of-the-art numerical models for floating wind turbines often include linear or second-order 

modelling of the hydrodynamics. Nonlinear hydrodynamic effects can occur as a result of contributions 

from the wave kinematics, the hydrodynamic forcing, or both. Semisubmersibles and spars generally 

have low surge and sway natural frequencies, typically below the wave spectrum. On the other hand, 

tension-leg platforms (TLPs) are stiffer, with typical natural frequencies in heave, roll, and pitch above 

the wave spectrum. Even though floating platforms are designed to avoid resonance with the range of 

wave linear forcing frequencies, resonance may still occur when sub or super harmonics of the incident 

waves resonate with one of the platform natural frequencies. Numerically, these harmonic components 

of the wave forcing are captured by models that include either nonlinear wave kinematics, nonlinear 

forcing, or both.  

3.1 Strip-theory approach 

Within the numerical models used to compute wave loads in offshore applications, if the structure is 

slender it is common to describe the incident wave kinematics with linear Airy theory [23] and the 

hydrodynamic excitation forces with the Morison equation [9]. The Morison inline force on a submerged 

body is given by 

 
Fexc = ∫ (

1

2
𝜌𝐶𝐷𝐷(𝑢 − �̇�)|𝑢 − �̇�| + 𝜌𝐶𝑎𝐴(𝑢𝑡 − �̈�) + 𝜌𝐴𝑢𝑡)𝑑𝑧,

 

𝑧𝑏𝑜𝑑𝑦

 (3.1) 

where 𝜌 is the fluid density, 𝐷 and 𝐴 are the diameter and sectional area of the submerged body, and 𝐶𝐷 

and 𝐶𝑎 are the drag and added-mass coefficient, respectively. The local particle velocity and Eulerian 

acceleration are 𝑢 and 𝑢𝑡, whereas �̇� and �̈� represent the body local velocity and acceleration, respec-

tively. The Morison equation is nonlinear in the drag term, and the order of the inertia term is that of the 

model employed to describe the wave kinematics. For irregular sea states, second-order wave kinematics 

can be obtained with, for example, Sharma and Dean's method [24]. Fully nonlinear kinematics, how-

ever, are rarely employed in the description of the wave field. An extension of the Morison equation that 

includes nonlinear forcing terms has been developed by Rainey [10], [11].  

3.2 Radiation-diffraction approach 

For non-slender offshore structures radiation and diffraction effects become important and the wave 

excitation forces are computed with potential-flow, radiation-diffraction theory [25], [26]. For example, 

the frequency-domain solver WAMIT [20] provides a matrix of hydrostatic stiffness, as well as fre-

quency-dependent matrices of added mass and radiation damping and a frequency-dependent vector of 

wave excitation loads. These frequency-domain results are normally coupled to the time-domain dy-

namic model through the Cummins equation [14]. Since radiation-diffraction solvers are based on po-

tential-flow theory, viscous effects are not included, and they are typically modelled through the drag 

term in Equation (3.1). Although a case study with the radiation-diffraction approach is not included in 

the present document, radiation-diffraction analysis is widely used and is therefore outlined here. 

The solution to the first-order diffraction problem provides the wave excitation loads in all degrees of 

freedom (𝑗 = 1,2. . .6) for waves with unit amplitude and circular frequency 𝜔𝑘, 𝑘 = 1. . . 𝑁. These nor-

malized, complex, frequency-domain wave excitation loads 𝑋𝑘,𝑗 are transformed to the time domain by 

                                                      
1 Parts of this chapter have been extracted from [95]. 
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Fexc,j
(1)

= ℝ{∑𝐴𝑘𝑋𝑘,𝑗𝑒
𝑖𝜔𝑘𝑡

𝑁

𝑘=1

}, (3.2) 

where ℝ indicates the real part, 𝑖 is the imaginary unit and 𝐴𝑘 is the complex amplitude of the incident 

wave with circular frequency 𝜔𝑘. 

On the other hand, the second-order solution provides the wave excitation loads arising from the inter-

action of wave pairs with unit amplitude and frequencies 𝜔𝑘 and 𝜔𝑙, resulting in terms at the difference 

frequencies (𝜔𝑘 −𝜔𝑙) and at the sum frequencies (𝜔𝑘 +𝜔𝑙). These normalized frequency-domain ex-

citation loads are called Quadratic Transfer Functions (QTFs), and for each pair of frequencies (𝜔𝑘, 𝜔𝑙) 

and each degree of freedom 𝑗 there is a complex QTF for both difference- and sum-frequencies, namely 

𝑄𝑇𝐹𝑘𝑙,𝑗
−  and 𝑄𝑇𝐹𝑘𝑙,𝑗

+ . The transformation to time domain in this case requires a double summation, 

 

Fexc,j
(2)

= ℝ

{
 
 

 
 

∑∑𝐴𝑘𝐴𝑙
∗𝑄𝑇𝐹𝑘𝑙,𝑗

− 𝑒𝑖(𝜔𝑘−𝜔𝑙)𝑡 + 𝐴𝑘𝐴𝑙𝑄𝑇𝐹𝑘𝑙,𝑗
+ 𝑒𝑖(𝜔𝑘+𝜔𝑙)𝑡

𝑁

𝑙=1

𝑁

𝑘=1 }
 
 

 
 

, (3.3) 

where ∗ indicates the complex conjugate. The double summation in Equation (3.3) can be computation-

ally intensive, therefore the following symmetry relations are usually exploited: 

 𝑄𝑇𝐹𝑘𝑙,𝑗
− = 𝑄𝑇𝐹𝑙𝑘,𝑗

−∗   

𝑄𝑇𝐹𝑘𝑙,𝑗
+ = 𝑄𝑇𝐹𝑙𝑘,𝑗

+  

(3.4a) 

(3.4b) 

The diagonal of the matrices 𝑄𝑇𝐹𝑘𝑙,𝑗
−  and 𝑄𝑇𝐹𝑘𝑙,𝑗

+  correspond to the interaction of each wave with itself, 

yielding forcing terms at frequencies 0 and 2𝜔𝑘, respectively. The former are known as mean-drift 

forces, and can be obtained from the first-order solution.  

Newman [27] proposed an approximation of the difference-frequency QTF matrices, where each ele-

ment of 𝑄𝑇𝐹𝑘𝑙,𝑗
−  is estimated as the arithmetic mean of the mean-drift coefficients at frequencies 𝜔𝑘 and 

𝜔𝑙, 

 
𝑄𝑇𝐹𝑘𝑙,𝑗

− =
1

2
(𝑄𝑇𝐹𝑘𝑘,𝑗

− + 𝑄𝑇𝐹𝑙𝑙,𝑗
− ).  (3.5) 

Later, Standing et al. [28] suggested an alternative method where the geometric mean is used instead, 

 
𝑄𝑇𝐹𝑘𝑙,𝑗

− =
1

2
(sgn(𝑄𝑇𝐹𝑘𝑘,𝑗

− ) + sgn(𝑄𝑇𝐹𝑙𝑙,𝑗
− ))√𝑄𝑇𝐹𝑘𝑘,𝑗

− 𝑄𝑇𝐹𝑙𝑙,𝑗
− .  (3.6) 

The Newman approximation relies on the assumption that, for offshore structures with very long natural 

periods, the second-order wave excitation loads of interest are those at very low frequencies, which are 

produced by the terms near the diagonal of the 𝑄𝑇𝐹𝑘𝑙,𝑗
−  matrices. However, for shallow water or cases 

with significant wave spreading the full QTF approach is recommended instead. 
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3.3 Case study: Effects of second-order and fully nonlinear wave kine-

matics on a TLP wind turbine in extreme wave conditions 

3.3.1 Motivation 

Nonlinear hydrodynamics specifically applied to a floating wind turbine have also been modelled with 

computational fluid dynamics (CFD) [29]. These models, although accurate, often do not include aero-

dynamics or wind turbine aeroelastic response, due to their higher computational cost. Hence, there is a 

need to couple nonlinear hydrodynamics with the current aero-hydro-elastic tools. The aeroelastic code 

FLEX5 [30] has already been coupled with fully nonlinear wave kinematics and Rainey forcing for 

studying the National Renewable Energy Laboratory's (NREL's) 5-MW reference wind turbine [31] 

mounted on a monopole [32], [33], [34]. The undisturbed, fully nonlinear wave kinematics were com-

puted with OceanWave3D [35], a numerical tool developed at DTU able to perform large-scale, effi-

cient, fully nonlinear and dispersive wave modelling for offshore engineering applications. The coupled 

FLEX5-OceanWave3D tool has also been employed to study the effects of nonlinear wave forcing on a 

TLP wind turbine [36], [37] by comparing the TLP response with different hydrodynamic models, but 

the results have not been compared to experimental data. A successful comparison of FLEX5 simula-

tions on a TLP wind turbine to test data has been made by Pegalajar-Jurado et al. [38] within the 

LIFES50+ project [39], but only with undisturbed wave kinematics up to second order. 

The aero-hydro-elastic code FAST [40], in its standard version [41], includes hydrodynamics based on 

either strip-theory Morison forcing or WAMIT output coupled with the Cummins equation. Second-

order wave kinematics can be internally computed by FAST with the theory of Sharma and Dean [24] 

for the strip-theory solution. FAST has also been recently coupled with fluid-impulse theory (FIT) [42] 

and with second-order WAMIT output. Roald et al. [43] investigated the effect of WAMIT second-order 

forcing when FAST was not yet enabled to internally apply second-order WAMIT output. Hence, for 

their work, they linearized a FAST model of the floating wind turbine that included first-order WAMIT 

excitation forces and used the linearized model in WAMIT to compute the second-order response in the 

frequency domain. They followed this approach for a spar buoy and a TLP and found that the effect of 

second-order forcing was more important for the TLP floater. However, the limitations of their work 

were those inherent to solving the equations of motion in the frequency domain (e.g., inability to capture 

transient effects or nonlinear mooring loads), as well as other limitations specific to WAMIT (e.g., wind 

turbine modelled as a rigid body, absence of aerodynamics and viscous drag). Later on, FAST incorpo-

rated the capability of taking WAMIT second-order output. This new capability was employed by Guey-

don et al. [44] to investigate second-order hydrodynamic loads on a semisubmersible floating wind tur-

bine. They found that, while super harmonic forces (namely sum-frequency loads, because they arise 

from the sum of any pair of frequencies in the first-order spectrum) seemed to have a negligible effect 

on the motions, subharmonic forces (or difference-frequency loads) were of considerable importance, 

introducing resonance with the surge natural frequency of the system, which is very low for this type of 

floater. The effect of second-order hydrodynamics on a TLP wind turbine was also investigated by 

Gueydon et al. [45] and Gueydon et al. [46], finding some influence of the super harmonic forcing on 

the pitch motion. 

There is a need to investigate and compare to test data the effects of fully nonlinear hydrodynamics on 

a floating wind turbine within an aero-hydro-elastic model. In this study, results from wave tank tests 

on a 1:60-scaled TLP wind turbine are used as a benchmark [47], [48]. These test results have already 

been used to validate a FLEX5 numerical model with Morison forcing, employing undisturbed linear 

and second-order wave kinematics (Pegalajar-Jurado et al. [49] and Pegalajar-Jurado et al. [38], respec-

tively). For this work, the scaled floating wind turbine has been implemented in FAST and coupled with 
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three different levels of wave kinematics: linear, second-order, and fully nonlinear representations of 

the undisturbed wave field. Under the assumption of a slender body, the hydrodynamic forcing is com-

puted with the Morison equation. First- and second-order wave kinematics are externally computed in 

each case from a target, first-order, free-surface elevation. The fully nonlinear wave kinematics are ex-

tracted from OceanWave3D, in which the target free-surface elevation is imposed at the TLP location. 

A fourth case is also considered, in which the wave kinematics are computed directly from the measured 

surface elevation using first-order theory. The main reason to use the target free-surface elevation signal 

for three out of four models in this study is that, in most cases, designers do not have the corresponding 

experimental data and therefore they need to rely on theoretical environmental conditions for their com-

putations. Thus, this study does not present a validation study in the traditional sense, but instead, it can 

be seen as a "blind comparison," in which, for three out of four models, data for the actual environmental 

conditions in the tests are not available at the time of the numerical study. However, a subset of the 

experimental data—namely free-decay tests and response to white noise waves—is still used to calibrate 

the models. 

In this study, the response of the TLP wind turbine is analysed for extreme events represented by focused 

waves, as well as for irregular waves. The accuracy of the results with the different wave kinematics is 

assessed by comparing the predictions from each numerical model to the test data. Based on the com-

parison, the response phenomena and the accuracy of the forcing components of the waves are identified 

and discussed. 

3.3.2 Methodology 

For this work, results from laboratory tests on a 1:60-scaled TLP wind turbine are used as a benchmark 

for the numerical results obtained with a model of the same TLP wind turbine in the aero-hydro-elastic 

code FAST. The response of the TLP wind turbine to different extreme wave events is analysed. The 

performance of the numerical model with different wave kinematics is assessed by comparing the nu-

merical output to test data. A sketch of the approach followed in this study is shown in Figure 10, which 

is explained in detail below.  

 

Figure 10: Sketch of the general approach. The box colour for each of the five responses is consistent with the plots in 

the results and discussion section 
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For each environmental condition, the starting point is the target, linear, free-surface elevation signal at 

the TLP location. During the test campaign, this target signal was converted into a control file and fed 

to the wave maker in the test basin, where the TLP response was measured (black box labelled "Test 

response"). On the numerical side, the measured surface elevation at the TLP location was employed to 

compute linear wave kinematics, which were used as an input to FAST to produce a numerical response 

(dark yellow box labelled "FAST0 response"). The rest of the numerical responses stem from the target, 

linear, free-surface elevation, and correspond to the aforementioned concept of "blind comparison." The 

target signal was used as an input to obtain first- and second-order wave kinematics, which, once fed to 

FAST, resulted in the responses labelled FAST1 and FAST2 (blue and red boxes). It is relevant to state 

here that, for the FAST2 kinematics, the second-order terms were added to the target, first-order kine-

matics. Finally, the target signal was also employed as an input to generate fully nonlinear kinematics 

in OceanWave3D, corresponding to the response labelled as FAST3 (green box). All the five responses 

(Test, FAST0, FAST1, FAST2, and FAST3) to different environmental conditions are compared in the 

results section. 

3.3.3 Test data 

The test campaign, extensively described in [47] and [48], was carried out in 2015 at DHI Denmark as 

part of the INNWIND.EU project [50]. The wave basin is 20 m long, 30 m wide and 3 m deep, which 

corresponds to a depth of 180 m in full scale. The TLP, which consists of a main floater, a transition 

piece, and four spokes (as shown in Figure 11), was located 4 m from the wave maker. Among others, 

the available test data includes wave elevation at several locations in the basin, nacelle acceleration, and 

floater motion in six degrees of freedom (surge, sway, heave, roll, pitch, and yaw) obtained with a Qual-

isys system. For this study, attention will be given to free-surface elevation at the TLP location, floater 

surge and pitch, and nacelle acceleration. All results presented here are in lab scale, and the conversion 

to full scale can be done by applying the Froude scaling in Table 4. 

 

Figure 11: Sketch and dimensions of the scaled TLP used in the tests. SWL stands for still water level 

Table 4: Conversion of magnitudes from lab to full scale according to Froude scaling. In this study, 𝝀=60 

 Time Frequency Length Velocity Acceleration 

Lab scale 𝑡𝑙 𝑓𝑙 𝑥𝑙 𝑣𝑙 𝑎𝑙 

Full scale 𝑡𝑓 = 𝑡𝑙√𝜆 𝑓𝑓 = 𝑓𝑙/√𝜆 𝑥𝑓 = 𝑥𝑙𝜆 𝑣𝑓 = 𝑣𝑙√𝜆 𝑎𝑓 = 𝑎𝑙 
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This data set has been previously used to validate a FLEX5 model of the same floating wind turbine 

[49] within the INNWIND.EU project, and it was found that the test pitch signal was amplified by a 

factor of 7.3 because of a calibration error. The same reduction factor 7.3 is applied to the test pitch 

signal for this study. A set of four environmental conditions has been chosen, namely two irregular and 

two focused waves, as seen in Table 5 below (the values are first given in lab scale and in parentheses 

in full scale). In the table, irregular sea states are defined by 𝐻𝑠  and  

𝑇𝑝—namely the target significant wave height and wave peak period, respectively—and were generated 

from a Pierson-Moskowitz spectrum. The focused waves, produced with linear New Wave theory [51] 

for the target wave spectrum, are defined by a linear target wave height of 𝐻𝑚𝑎𝑥 = 1.86𝐻𝑠, correspond-

ing to the expected 3-hour Rayleigh-distributed wave height. For the irregular sea states, the first 60 

seconds of transient response are removed from the analysis. All the sea states considered in this study 

are two dimensional (i.e., without spreading). 

Table 5: Selection of target environmental conditions 

Label Type Duration 𝑯𝒔 or 𝑯𝒎𝒂𝒙 𝑻𝒑 

  [s] [m] [s] 

F3   Focused   30 (232)   0.102 (6.1)   -  

F6   Focused   30 (232)   0.192 (11.5)   -  

I3   Irregular   150 (1162)   0.055 (3.3)   0.84 (6.5)  

I6   Irregular   150 (1162)   0.103 (6.2)   1.15 (8.9)  

 

3.3.4 Numerical model 

FAST [40], developed by NREL, has the ability to input any externally generated wave kinematics and 

compute, in that case, the hydrodynamic forcing using the Morison equation. For this work, a FAST 

model of the 1:60 TLP wind turbine was developed. The model considers a rigid floating foundation 

and blades, whereas the tower is flexible, and the mooring model is dynamic (the FAST MoorDyn mod-

ule is used). No wind is considered in this study, and the turbine is always in parked condition. The 

FAST model is combined with four different sets of wave kinematics, as detailed below. 

3.3.4.1 Wave kinematics 

For the selected environmental conditions, four versions of wave kinematics are given to FAST as an 

input, and the corresponding numerical responses are compared to test data. Figure 12 shows the free-

surface elevation for environmental condition F6, including measured (test) free-surface elevation in the 

wave basin at the TLP location (with the floating structure present), first-order target signal, second-

order signal, and free-surface elevation obtained from the OceanWave3D (OW3D) simulation.  

 

Figure 12: Free-surface elevation signals for F6 
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It is observed that the maximum peak in the second-order signal is larger than in the first-order signal. 

The maximum peak in the measured free-surface elevation is slightly below the target first-order peak. 

The OceanWave3D signal presents a good reproduction of the test signal both in the main peak and the 

one following. However, the peak to the left of the main peak (around 13.5 s) is not well captured by 

any of the numerical signals. Some details on the different wave kinematics used with the FAST model 

are given below: 

• The label FAST1 corresponds to strictly linear wave kinematics computed from the target free-

surface elevation signal (blue signal in Figure 12). For consistency with linear Airy theory [23], 

the kinematics are computed up to still water level (SWL, 𝑧 = 0). 

• FAST2 corresponds to second-order wave kinematics computed from the target free-surface 

elevation signal using the theory of Sharma and Dean [24] (red signal in Figure 12). The second-

order terms are added to the first-order kinematics. This second-order solution is first computed 

up to SWL, and later truncated below (in the wave troughs) or extrapolated up to (in the wave 

crests) the surface elevation. Shown in Equation (3.7) is the extrapolation of the second-order 

horizontal particle velocity, u(2), for the region between SWL and first-order free-surface ele-

vation, 0 < 𝑧 ≤ 𝜂(1): 

 
u(2)(𝑥, 𝑧, 𝑡) = u(2)(𝑥, 0, 𝑡) + 𝑧

𝜕𝑢(1)

𝜕𝑧
|
(𝑥,0,𝑡)

 (3.7) 

 

To keep the kinematics strictly second order, both the surface elevation and the slope employed 

in the extrapolation are first order. 

• Fully nonlinear wave kinematics computed from the target surface elevation correspond to the 

label FAST3 (green signal in Figure 12). The fully nonlinear kinematics, computed up to the 

free surface, are extracted from OceanWave3D [35]. In OceanWave3D, the input is the target, 

linear free-surface elevation at the desired location. For cases where wave breaking occurs, 

OceanWave3D includes the option to enable an ad-hoc dissipation filter, which extracts energy 

from the system when the Lagrangian vertical particle acceleration �̇� exceeds a certain limit, 

given by −�̇� > 𝛽𝑔, where 𝑔 is the gravitational acceleration and 𝛽 is a user-defined parameter. 

The breaking filter, however, was not triggered in any of the cases for this study, which is con-

sistent with the absence of wave breaking observed in the wave basin for these environmental 

conditions. 

• The label FAST0 corresponds to linear wave kinematics computed from the measured surface 

elevation (black signal in Figure 12). As it was done for FAST1, and to ensure consistency with 

linear wave theory, the FAST0 kinematics are also computed up to the SWL. However, although 

the test surface elevation is considered first order in this approach, it contains the nonlinearities 

developed in the wave basin tests. 

All first- and second-order kinematics were computed with an external numerical tool, which has been 

validated against FAST internally-computed wave kinematics. The maximum frequency considered in 

the Fourier analysis was 3.87 Hz (0.5 Hz in full scale) for FAST1 and FAST2 kinematics, because this 

was the cut-off frequency of the target surface elevation. On the other hand, kinematics for FAST0 were 

computed considering a maximum frequency of 7 Hz (0.9 Hz in full scale), given that the test surface 

elevation showed energy up to this frequency. The kinematics for FAST3 were taken as computed by 

OceanWave3D. 
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In cases where test data are available, and a numerical reproduction of test results is sought, it is preferred 

to compute wave kinematics from the free-surface elevation measured at the wave basin (as in the cases 

labelled here with FAST0). However, although this approach is useful for re-simulation of scaled tests 

and has previously provided good results [38], [49], it is not generally applicable for design—because 

it would require a laboratory test for each design case. From a designer's point of view, the use of the 

target signal as a starting point is more relevant. In this study, we adopt both perspectives: one from a 

design point of view, where measured surface elevation is not available and therefore the target signal 

has to be employed in the computations (namely "blind comparison"), and one from a re-simulation 

point of view, where the kinematics are computed from the test surface elevation. 

3.3.4.2 Hydrodynamic forcing 

A submerged body exposed to wave loads can be considered as slender—meaning that the effect of the 

body on the wave field is negligible, and therefore undisturbed wave kinematics can be used—when 

𝐷/𝐿 ≤ 0.2, where 𝐷 is the characteristic diameter of the body and 𝐿 the characteristic wave length. For 

the environmental conditions considered in this study, 𝐿=1.10 m for I3 and 𝐿=2.06 m for I6. For the 

transition piece, 𝐷=0.15 m, therefore 𝐷/𝐿=0.14 for I3 and 0.07 for I6. For the main floater 𝐷=0.3 m, 

therefore 𝐷/𝐿=0.27 and 0.15 for I3 and I6, respectively. The spokes are considerably thinner than the 

floater or transition piece, therefore they are within the slender-body range of 𝐷/𝐿. Although the main 

floater for the sea state I3 is outside the limit of the slenderness condition, the TLP was considered as 

slender for this study, and the hydrodynamic forcing was modelled using strip theory and the Morison 

equation (Equation 3.1). 

3.3.4.3 Model calibration 

During the test campaign, the natural frequencies of the scaled floating wind turbine were measured as 

0.19 Hz for surge (0.025 Hz in full scale) and 1.9 Hz for the first coupled pitch-tower frequency (0.25 

Hz in full scale). These natural frequencies were matched in the numerical model by calibration of a set 

of parameters. First, the natural frequency of the tower with clamped floater was matched by adjusting 

the tower stiffness. Next, the floater was released, and the surge natural frequency was matched by 

adjusting the added-mass coefficients to 𝐶𝑎=0.77 for the main floater and transition piece and 𝐶𝑎=1.2 

for the spokes. The heave natural frequency was matched by adjusting the axial vertical added-mass 

coefficient at the TLP bottom to 𝐶𝑎,𝑎𝑥=0.7. The coupled pitch-tower natural frequency in moored con-

dition was also matched by adjusting the floater mass moment of inertia. In the model, viscous hydro-

dynamic effects are introduced through the Morison drag forcing term and a linear damping matrix, 

constant both in space and frequency. The drag coefficients were first estimated based on Reynolds and 

Keulegan-Carpenter numbers and later tuned based on free-decay tests to 𝐶𝐷=0.6 for the main floater, 

𝐶𝐷=1.0 for the transition piece, and 𝐶𝐷=1.2 for the spokes. Further, the coefficients in the linear damping 

matrix were obtained by comparing the response of the FAST0 model to test data for a case with irreg-

ular waves from a white noise spectrum. These damping coefficients were also employed in FAST1, 

FAST2, and FAST3 versions of the model. After the linear damping coefficients were adjusted, it was 

observed that the numerical model could not reproduce exactly the surge and pitch decay tests. However, 

it was decided to keep the damping coefficients as calibrated against the white noise test, given that the 

response to white noise provides information of the system in a broad range of frequencies, whereas 

decay tests contain information at only some frequencies—the system natural frequencies. 

3.3.5 Results and discussion 

In this section, the dynamic response of the TLP wind turbine to different environmental conditions is 

analysed. Special attention is given to sub and super harmonic components in the response, which may 

excite the TLP surge natural frequency (at 0.19 Hz) and first coupled pitch-tower frequency (at 1.9 Hz). 
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The ability of all models to correctly reproduce the response in the wave frequency range is also dis-

cussed. An analysis of extreme events for irregular waves, based on exceedance probability plots, is also 

included at the end of the section. Finally, some comments on the potential sources of uncertainty are 

made. 

3.3.5.1 Response to focused waves 

Results for the focused waves F3 and F6 are shown in Figure 13 and Figure 14 respectively, including 

time series and power spectral density (PSD) of free-surface elevation, platform surge and pitch, and 

nacelle acceleration. The PSD analysis is applied to the portion of time series shown in the time plot 

(i.e., between 12 and 18 s). 

In surge, the test response for F3 is dominated by the surge natural frequency, whereas for F6 the test 

surge response at the wave frequency range is of similar magnitude. For both F3 and F6, the FAST1 

model in surge only shows energy at the wave frequency range. This is expected, given that the kine-

matics for that model are strictly linear, and the hydrodynamic loads are integrated up to 𝑧 = 0 and 

inertia-dominated (the Keulegan-Carpenter number at SWL is 𝐾𝐶 = 2.41 for F3 and 𝐾𝐶 = 4.75 for 

F6), although some nonlinear effects may be introduced by the mooring lines. The surge response at the 

surge natural frequency for the FAST2 model matches the test signal for F3 but is largely overpredicted 

for F6. In the FAST3 model, the fully nonlinear kinematics introduce some subharmonic surge response 

as well, underpredicted for F3 but much closer to the tests for F6, as can be also observed in the surge 

time series for F6. The model FAST0 shows response at the surge frequency similar to FAST3, but it is 

the one to best reproduce the surge response at the wave frequency range. The rest of the models with 

kinematics from the target signal (FAST1, FAST2, FAST3) lack excitation at the wave frequency range, 

as could be anticipated from the differences in the wave spectra. 

The pitch motion is dominated by the response at the wave frequency range, and FAST1, FAST2, and 

FAST3 models slightly overpredict the response at the coupled pitch-tower natural frequency (1.9 Hz) 

for F3, whereas FAST0 is the one closest to the test. For F6, the coupled pitch-tower frequency is not 

within the linear target wave spectrum, hence the FAST1 model shows no response. FAST0 is again the 

one to best predict the system pitch response at that frequency. The remaining two models—FAST2 and 

FAST3—overpredict the response at the pitch-tower frequency for F6, likely due to an excess of energy 

at this frequency in the super harmonic part of the wave spectrum. In nacelle acceleration, which is also 

dominated by the response at the wave frequency range, all models predict well the response at the pitch-

tower frequency for F3 except for FAST0, which underpredicts it. For F6, FAST1 shows no response at 

the pitch-tower frequency and FAST3 overpredicts, whereas FAST0 and FAST2 are the ones to best 

reproduce the test response at the given frequency. In the wave frequency range, for both pitch and 

nacelle acceleration, the FAST0 model is again the best to reproduce the test response, although some 

overprediction is observed in pitch motion for F6. 

It is observed that the response spectral differences at the wave frequency range between the FAST1, 

FAST2, and FAST3 models and the test are directly linked to the difference in wave spectrum. For F3, 

the wave spectra for FAST1, FAST2, and FAST3 are poorly reproduced, hence these models yield re-

sponses that poorly reproduce the test response at the wave frequency. For F6, the wave spectra are more 

similar, which is translated into a better match in the response at the wave frequency range for the three 

models. However, these discrepancies in model input—and, consequently, in model output—are inher-

ent to the "blind comparison" approach employed for these three versions of the model. 
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Figure 13: Response to focused wave F3 - time series and PSD 

 

Figure 14: Response to focused wave F6 - time series and PSD 
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3.3.5.2 Response to irregular waves 

The response to irregular waves I3 and I6 is shown in the time and frequency domain in Figure 15 and 

Figure 16 respectively. The PSD analysis is applied to the entire time series after removal of transient 

(i.e., between 60 and 150 s). To improve readability, the PSD plots for irregular waves have been 

smoothed using local regression with weighted linear least squares, a first-degree polynomial model, 

and a span of 7 data points. 

Frequency-wise, some of the observations already made for focused waves apply also for irregular 

waves. For I3, subharmonic surge response is largely overpredicted by FAST2, slightly underpredicted 

by FAST0, and well predicted by FAST1 and FAST3. The linear model FAST1, which did not show 

surge response at the surge frequency—where there is no linear wave energy—for focused waves, pre-

sents a certain amount of energy at this frequency for I3, likely due to nonlinear effects introduced by 

the mooring lines. For I6, FAST2 predicts well, FAST0 and FAST3 underpredict the surge response at 

the surge frequency, and FAST1 shows almost no response. 

In the super harmonic region, FAST1 and FAST2 slightly overpredict the pitch motion at the pitch-

tower coupled frequency for I3, whereas FAST0 and FAST3 underpredict it. The agreement is better 

for all models for I6. For nacelle acceleration, all four models largely underpredict the response at the 

coupled pitch-tower frequency for I3, whereas they all come much closer to the test response for I6—

which is much lower than for I3, because of the differences in wave frequency ranges between I3 and 

I6. 

A statistical analysis of the response for I3 and I6 was carried out through exceedance probability plots, 

which are presented in Figure 17 and Figure 18 respectively. The time series of free-surface elevation 

was divided into individual waves defined between zero-down crossings, and a time window was de-

fined for each individual wave. Within the given window, the peak of each response signal was stored. 

These peaks were then sorted and assigned an exceedance probability, 𝑃, based on their position in the 

sorted list. The results show that the measured free-surface elevation generally has higher peaks than its 

numerical versions, with the exception of the second-order signal for I6. In surge, FAST1 and FAST3 

always underpredict the response, FAST0 is the closest one to the test (especially for I3), and FAST2 

can be found on one side or the other depending on the sea state. In pitch, all models generally overpre-

dict the response, with FAST3 being the one closer to the test in both sea states. Nacelle acceleration is 

overestimated by all models for I3, whereas they all provide a good prediction for I6. 
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Figure 15: Response to irregular wave I3 - time series and PSD 

 

Figure 16: Response to irregular wave I6 - time series and PSD 
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Figure 17: Response to irregular wave I3 - exceedance probability 

 

Figure 18: Response to irregular wave I6 - exceedance probability 
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3.3.5.3 Potential sources of uncertainty 

There were some uncertainties associated with the wave basin tests that could lead to some discrepancies 

between test results and numerical predictions. These uncertainties include, among others, the measuring 

equipment, where the most notable uncertainty is associated to the aforementioned calibration error in 

the measured platform pitch signal, and the consequent reduction factor applied to it, as mentioned in 

the description of the test data. 

Other sources of uncertainty are associated to the modelling approach. For three out of four models, the 

wave kinematics were purposely computed from a free-surface elevation signal different to that meas-

ured in the test ("blind comparison" approach), which will introduce discrepancies. The hydrodynamic 

viscous effects were modelled through a linear damping matrix and a drag forcing term proportional to 

the square of the relative velocity. The drag coefficient was estimated and calibrated based on decay 

tests, whereas the damping coefficients were chosen based on a test with white noise waves. Structurally, 

some simplifications were also made in the numerical model. The connection between spokes and main 

floater was assumed to be rigid, but some flexibility was observed in the test prototype during the test 

campaign. The assumption of a rigid floating platform was made in this study because it is closer to the 

situation a designer is faced with. However, current trends in research that have included structural 

flexibility of the foundation in combination with radiation-diffraction potential flow hydrodynamic forc-

ing [1] have found that there is an impact of floater flexibility on nacelle acceleration. 

3.3.6 Conclusions 

The effect of linear, second-order, and fully nonlinear wave kinematics on the numerical response of a 

TLP wind turbine was analysed and discussed. The choice of signal for free-surface elevation—from 

which wave kinematics are computed—has also been investigated. 

The use of second-order and fully nonlinear wave kinematics introduces subharmonic forcing that, in 

some cases, brings the numeric response closer to the test benchmark. In the super harmonic region, 

when there is linear wave energy, all models are able to show response at the coupled pitch-tower natural 

frequency. When such linear wave energy is not present, second-order and fully nonlinear wave kine-

matics also introduce energy at the pitch-tower frequency. 

By using the test free-surface elevation as the input to first-order wave kinematics, the system response 

at the wave frequency range is clearly improved. With this approach, some of the absent sub and super 

harmonic excitation could be introduced if the first-order wave kinematics were extrapolated from the 

SWL up to the free surface. The extrapolation would introduce some second-order effects. 

For the cases considered in this study and the methods applied, no particular choice of wave kinematics 

can be appointed as the "best choice" when it comes to accurate reproduction of test response at all 

frequencies and for all environmental conditions. The models with different sets of wave kinematics 

sometimes showed underprediction and some others overprediction of the test response. Therefore, a 

reasonable modelling approach would be to generate first-order wave kinematics from the measured 

signal when the corresponding test data are available and to employ nonlinear kinematics from the target 

signal otherwise—e.g., in a design scenario where test data do not exist. 

One possible reason for the inconsistent behaviour mentioned earlier could be the simplistic numerical 

damping employed in the model. The use of fully nonlinear wave kinematics only allows the user to 

introduce constant—independent of space and frequency—damping coefficients, which affect each de-

gree of freedom globally. In the future, a more detailed, customizable definition of the user-defined 

numerical damping may help improve the affinity between numerical and experimental results. 
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 Validation of an OpenFOAM CFD model with respect to added mass 

and damping 

4.1 Introduction 

Development of offshore wind farms at intermediate depths rely on the efficient design of floating 

platforms. While their motion response in wind and waves is often well predicted by the established 

aero-hydro-elastic models, the forcing from nonlinear waves, viscous damping effects and green-water 

events require higher fidelity modelling such as fully coupled computational fluid dynamics (CFD) 

simulations. We here consider the open source CFD solver, OpenFOAM, which has been successfully 

applied to fixed offshore structures by Paulsen et al. [52]. The present study concerns the validation of 

the solver with respect to added mass and damping for the LIFES50+ OO-Star Wind Floater Semi 10 

MW and further look into loads and motion responses from regular waves.  

4.2 Methodology 

The open source toolbox, Open Field Operation And Manipulation (OpenFOAM) [53] is employed to 

perform the computational fluid dynamics simulations. OpenFOAM uses a segregated cell-centred 

finite volume approach on unstructured polyhedral meshes. The governing equations for conservation 

of mass and momentum to be solved using OpenFOAM in a Eulerian frame of reference, are given by 

 𝛻 · 𝐮 = 0, (4.1) 

 𝜕

𝜕𝑡
(𝜌𝐮) + 𝛻 · (𝜌𝐔𝐮) = −𝛻𝑝 + 𝛻 · 𝛕 + 𝜌𝐟𝑏    𝑤𝑖𝑡ℎ 𝐔 = 𝐮 − 𝐮𝑔 (4.2) 

 

where 𝛻 is the 3D gradient operator, 𝐔 is the relative motion velocity, u and 𝐮𝑔 are the fluid and mesh 

velocity, respectively, p is the pressure, 𝜌 is the local density of the fluid.  𝜏 =  2𝜇𝐒 is the stress tensor, 

with 𝜇 and 𝐒 being the dynamic viscosity and the strain rate tensor and 𝐟𝑏 is the sum of the external 

body forces acting on the fluid.  

For the two-phase air-water flows with interface, in order to determine the position of the free surface, 

the volume of fluid method (VOF) is applied by solving a transport equation for phase volume fraction 

field, α (𝛼 ∈ [0,1]), and calculating fluid properties at each point as a mixture between air (α=0) and 

water (α=1).  

 𝜕𝛼

𝜕𝑡
+ 𝛻 · 𝐔𝛼 + 𝛻 · 𝐮𝑟𝛼(1 − 𝛼) = 0 (4.3) 

 

In the above equation, 𝐮r = min[𝐔, max(𝐔)] is an artifical compressive velocity and the last term in 

the left hand side is an extra artificial interface compression that is applied to the region near free sur-

face (through the term 𝛼(1 − 𝛼)) in order to avoid smearing of the wave interface which is a general 

weakness in the VOF approach, see [54], [55]. Given α, density and dynamic viscosity can be obtained 

as a linear weighting of both phases: 

 𝜌 = 𝛼𝜌𝑤 + (1 − 𝛼)𝜌𝑎, (4.4) 

 𝜇 = 𝛼𝜇𝑤 + (1 − 𝛼)𝜇𝑎 (4.5) 
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As opposed to active wave absorption [56], ocean waves in this research are passively generated at the 

inlet using the relaxation technique developed by [57] and extended by [58]. A relaxation function is 

applied inside the relaxation zone such that, 

 
𝛼𝑅(𝜒𝑅) = 1 −

exp(𝜒𝑅
3.5) − 1

exp(1) − 1
    for     𝜒R ∈ [0: 1], (4.6) 

 

Where 𝜒R is a scaled x-coordinate as illustrated in Figure 19. At the outlet, the function is responsible 

to act as a sponge layer by absorbing the outgoing wave field. Multiplying the computed values of the 

fluid velocity or volume fraction of air, ϕ, by the relaxation function  

 𝜙 = 𝛼𝑅𝜙𝑐𝑜𝑚𝑝𝑢𝑡𝑒𝑑 + (1 − 𝛼𝑅)𝜙𝑡arg𝑒𝑡 (4.7) 
 

 

Figure 19: The relaxation zone at both inlet and outlet. 

Here, integration of the pressure and components of the viscous stress tensor 𝜏𝑖𝑗around the floater re-

sults in inertia and viscous forces acting on the body, respectively, 

 
𝐹𝑝 = ∫ 𝑝𝐧𝑑𝐴

𝑆𝑓

, (4.8) 

 
𝐹𝑣 = ∫ 𝝉

𝑆𝑓

𝑑𝐴 = ∫ (𝜏𝑥𝑥 + 𝜏𝑦𝑥 + 𝜏𝑧𝑥)𝑑𝑥 + (𝜏𝑥𝑦 + 𝜏𝑦𝑦 + 𝜏 )𝑧𝑦
 

𝑆𝑓

𝑑𝑦

+ (𝜏𝑥𝑧 + 𝜏yz + 𝜏zz)𝑑𝑧, 

(4.9) 

 

And the total force and moment including mooring forces on the floater will be  

 𝐅 = 𝐹𝑝 + 𝐹𝑣 + 𝐅M, (4.10) 

 
𝐌 =∬(𝐫CS × (𝑝�̂� + 𝝉))

𝑆

d𝑆 + 𝐫CM × 𝐅M (4.11) 

 

where 𝐅M is the mooring force, 𝐫CM is the vector from the center of mass to the mooring attachment 

point and 𝐫CS 𝑖𝑠 the center of each surface panel.  
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A 6-degree-of-freedom (6 DOF) solver then uses external forces and moments to update the location 

of the floater. The equation of motion for the floater undergoing single degree of freedom free heave 

motion is given by  

 (M + A)�̈� + 𝑓(�̇�) + 𝑐𝑧 = 𝐹𝑧 (4.12) 
 

where M, A, c and Fz are the mass, added mass and external force in the z-direction, 𝑓(�̇�) is the damp-

ing force which can be written as a linear function of velocity (𝑏ż) with b being the linear damping 

coefficient, or nonlinear function of velocity which can be assumed to have the form (𝑏�̇�|𝑧|) or a com-

bination of linear and non-linear terms. For the free decay test for instance, 𝐹𝑧 = 0 and if linear damp-

ing is assumed the equation reduces to (M + A)�̈� + 𝑏�̇� + 𝑐𝑧 = 0. Note that unlike potential flow solv-

ers such as FAST, the added mass and damping are not given but directly calculated as a part of CFD 

simulations. The movement of the body is followed by the mesh deformation which uses the following 

Laplace equation to deform the mesh.  

 ∇ ∙ (𝛾∇𝑢) = 0 (4.13) 

Where γ is a diffusivity factor and u is the velocity of a particular grid that modifies the grid according 

to 𝑥𝑛𝑒𝑤 = 𝑥𝑜𝑙𝑑 + 𝑢Δ𝑡.  

 

4.3 Simulations set up 

The two-phase incompressible Navier-Stokes solver, interDyMFoam, is used in connection with 

a volume of fluid approach for tracking the free surface and a motion solver. The fluid solver is combined 

with the wave generation and absorbtion library, waves2Foam to support dynamic mesh motion and 

uses the PIMPLE algorithm for pressure-velocity coupling. As will be discussed, the numerical method, 

more specifically the moption solver, is prone to instabilities resulting from the weak coupling between 

the fluid solver and the motion solver. This is a well-known issue and is discussed previously in the 

literature. See [59], [60]. A non-conformal grid is generated and refined by importing the geometry and 

using the unstructured meshing library, snappyHexMesh (sHM) in such a way that the mesh is refined 

in the vicinity of the floater to reduce computational cost.  

The solver dynamicFvMesh is used to move the mesh surrounding the rigid body once it moves. 

Dynamic meshing is based on deformation of mesh without topological changes in the mesh 

configuration2. The 2nd order Newmark implicit solver is used for the time integration of the mesh 

motion. For mesh deformation, the spherical linear interpolation (SLERP) algorithm is usedin which 

mesh deformations (rotation and translation) are expressed using septentrions and quaternions [61]. 

SLERP algorithm is superior to the traditional interpolation in that it prevents degradation due to 

shearing of cells particularly near rotating boundaries. For each grid point, deformation is scaled from 

the full to no deformation based on the distance from the moving body surface. It is defined using a 

minimum and a maximum distance with lower bound (no deformation) being of the order of the 

boundary layer thickness, and the upper bound be limited by the minimum distance to any domain 

boundary. (see [62] for more information on dynamic meshing in OpenFOAM). 

                                                      
2 At extreme cases, mesh topology needs to be changed as well. This is, however, not the case in present simula-

tions.  
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Waves are generated and damped using the method described in [58] by employing relaxation 

zones at inlet and outlet boundaries. Lateral boundaries are slip-free walls and the top wall has an 

atmospheric boundary condition. 

Regarding the turbulence modeling, a literature survey reveals that there is no common consent 

on the necessity of turbulence modeling nor is there an agreement on the choice of a turbulence model 

[63]. A preliminary test on the choice of turbulence modeling for the cases with fixed platform revealed 

no noticeable discrepancies between applying a turbulence model or running simulations in laminar 

mode and this was mainly due to the flow staying predominantly laminar in current investigations. 

Therefore, to reduce the number of variables involved in the simulations and to save computational time, 

all cases presented here are computed using a laminar flow assumption. This assumption has also been 

practiced by [61], [64], [65], [66] among others.  

Variable time stepping is employed in all simulations by the Courant–Friedrichs–Lewy (CFL) 

number to ensure numerical stability and the 2nd-order Crank-Nicolson scheme is used for the time 

integration. The unbounded, conservative Gauss linear corrected scheme (second-order) is used for the 

Laplacian terms, while the gradient terms are discretized with linear Gaussian integration. The phase 

fraction equation is solved using a multi-dimensional universal limiter for explicit solution (MULES) 

algorithm, which ensures that values of scalar fields are bounded, in particular α remain between 0 and 

1, see [53], [67]. To relax the MULES limitation to Courant number, thereby reduce running time, the 

Semi-implicit version of MULES is applied to the current simulations, which first executes an implicit 

predictor step before constructing an explicit correction on which the MULES limiter is applied. Figure 

20 shows a sketch of the numerical set up, numerical mesh and boundary conditions.  

 

Figure 20: Schematic of the computational domain and boundary conditions 
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To get further insight, CFD results are compared with other hydro/aerodynamics software 

packages based on the nature of studies. In frequency domain for instance, CFD results are compared to 

the matrix of hydrostatic stiffness, as well as frequency-dependent matrices of added mass and radiation 

damping and a frequency-dependent vector of wave excitation forces provided by WAMIT [20]. In time 

domain, on the other hand, CFD results are compared  to those obtained with FAST [40]. In the FAST 

model used here, the frequency-domain radiation-diffraction results obtained from WAMIT are 

transformed to time domain by the use of convolution integrals. Viscous effects, not captured by the 

potential-flow solver, are computed internally in FAST through the Morison drag term. Further details 

on the FAST model used here are given in [68], [69]. 

4.4 Results 

Various kinds of simulations have been performed in order to characterise the hydrodynamic behaviour 

of the floater. First, a brief investigation of the excitation loads on the fixed platform for a range of 

regular waves are performed. The study continues with the dynamic behaviour of the floater using free 

heave decay tests. Next, results of forced heave and surge motion in calm water are presented to obtain 

the hydrodynamic coefficients. Finally, we examine the interaction of regular waves on a floating OO-

star platform.  

Table 6 summarises the test parameters including type of the test, wave amplitude (floater amplitude in 

case of forced motion) and wave number k required to calculate wave steepness ka, water depth H, 

Keulegan-Carpenter number KC, wave amplitude a and wave period T. 

Table 6: Summary of the studied simulations. 

  

Case  

 

Type*  

Omega 

[rad/s] 
a k 

Wave 

type 
h(m) 

1-4 A 1 [0.5, 1.5, 2.5, 3.5] 0.11 
Stokes 

1st order 
130 

5-9 B 1 [0.1, 1, 2, 3] - - 130 

10-12 B 0.1 [0.1, 1, 2] - - 130 

13-16 C 1 [0.1, 1, 2, 3] - - 130 

17-19 C 0.1 [0.1, 1, 2, 3] - - 130 

20,21 D** ωn - - - 130 

22,23 E*** 1 1 0.11 
Stokes 

1st order 
130 

* A: fixed platform, B: Forced heave in calm water, C: Forced surge in calm water, D: Free heave decay, E: Floating body subject to waves. 

** Free decay simulations at two different floater displacements. ***: with and without mooring 

 

Figure 21 shows the results of the mesh refinement strudy. In the figures, cases a, c and d use the same 

base mesh but with the same refinement and snapping settings in the meshing tool snappyHexMesh to 

investigate the effect of domain refinement. The cases a, b and f as well as c, d and e on the other hand 

each use a different outer domain (basin) resolution while the same sHM settings Is utilised to examine 

the near wall refinement. From the comparison of the results usignthe mesh configurations a and c, the 

importance of setting the right parameters where negligible difference between the two cases is seen due 

to more efficient near wall refinement while keeping the basin resolution appropriately fine. The mesh 

using 0.75M cells is also shown to give results close enough to the more refined cases, except for a few 

cases where noticeable numerical wiggles apprear in the force simulations. For the current simulations, 

therefore, mesh c is used as a basis.   
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Figure 21: The sensitivity of force responses of the fixed platform to the grid refinement 

 

As mentioned in the previous section, the time step in the simulations is adjusted  by the Courant–Friedrichs–Lewy 

(CFL)  to ensure numerical stability. While a CFL number of less than unity is necessary to ensure numerical 

stability, a CFL number sensitivity is performed to examine the effects of time steps. A range of CFL numbers from 

0.1 to 1 is used and the force responses in both frequency and time domains are analysed. As can be seen in  

Figure 22, all CFL values capture the general response and higher force harmonics. There is, however, 

a notoceable difference between the peak forces predicted by each case. Based on the proximity of the 

two finest simulations, a CFL number of 0.15 is imposed on the current simulations. 

  
 

Figure 22: The sensitivity of force responses to the CFL number 
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Figure 23: Snapshot of the OO-star floater in the numeri-

cal wave tank 

 

4.4.1 Wave excitation loads 

 We investigate a fixed platform subject to waves of increasing height to examine the numerical 

model in predicting the wave excitation loads on the fixed foater. Regular Stokes waves of height 1 to 

3.5 m are used according to Table 6 and the low amplitude cases are compared against WAMIT 

computations. Figure 24 and Figure 25 show the contribution of pressure and viscous based excitation 

loads in heave and surge for various wave heights. As can be seen there is a strong contribution of higher 

harmonics especially for higher waves. Note that the viscous forces are almost negligible compared with 

the pressure forces with 5 orders of magnitude smaller contributions than the pressure forces. The 

viscous contributions have, however, a significant indirect impact on the pressure forces in the form of 

altering the location of separation on the submerged floater structures, thus possibly changing the added 

mass.  

 
 

a) Pressure forces 

 
 

b) Viscous forces 

 

Figure 24: Heave response of the fixed floater to the waves. Decomposition of excitation loads on the floater at differ-

ent wave heights into inertia/pressure (a) and skin-friction/viscous (b) forces. 
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c) Pressure forces 

 
 

d) Viscous forces 

 

Figure 25: Surge response of the fixed floater to the waves. Decomposition of excitation loads on the floater at differ-

ent wave heights into inertia/pressure (a) and skin-friction/viscous (b) forces. 

   

4.4.2 Free decay tests 

 CFD simulations of the damped oscillatory motion is carried out to determine the decay 

response behaviour of the floater in calm water in relation to FAST simulations. To best reproduce the 

CFD setup, the FAST simulation was carried out with only the heave degree of freedom active, and with 

the mooring system disabled. During the CFD simulations, it was found that the numerical solver has a 

strong sensitivity to the released degrees of freedom, numerical mesh as well as floater mass. Among 

the tested setups, two simulations have been successfully running. In both cases, the degrees of freedom 

are limited to only heave. It was also observed that for a successful simulation, one needs to deactivate 

degrees of freedom other than heave.  

Figure 26 and Figure 27 show the resulting response from two simulations where the floater 

mass is set to 2.2709E7 kg and 2.3709E7 kg, respectively. As can be seen, both cases appear to exhibit 

spikes in the force prediction with the lighter platform showing a higher degree of instability, there is 

stronger appearance of fluctuating spikes at certain time/motion amplitude range, which requires a 

further investigation. Figure 28 presents the resulting heave decay at the center of mass in time. It can 

be seen that contrary to the forces, the spikes in the motion amplitudes dissapear for both cases due to 

twice integration of the acceleration. As to the mass variation experiment, one should note that it is 

naturally expected that CFD simulations run successfully regardless of given mass and only rest at 

different displacement balance level. The effects of mass and degrees of freedom on stability as seen in 

this report cannot be readily explained at the moment and is subject to further investigations. It is 

expected that this behavior is associated with numerical solver’s stability, most notably the added mass 

instability resulting from the weak coupling between fluid and motion solvers. This issue is explained 

in more detail in [70], [64]. 
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Figure 26: Free heave decay simulation of the floater with given mass set to 2.2709E7 kg. 

   

   

Figure 27: Free heave decay simulation of the floater with given mass set to 2.3709E7 kg. 
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Figure 28: Free heave decay response: CFD vs. FAST simulations at different mass values.  

4.4.2.1 Investigation of linearity of damping coefficient 

Recalling the equation of motion for free heave decay, 

 (M + A)�̈� + 𝑓(ż) + 𝑐𝑧 = 0 (4.14) 

the damping behaviour of the floater can be studied using the free decay simulations. Figure 28 shows 

the comparison of decay rates obtained using FAST and the CFD simulations for the two mass 

configurationsof M = 2.2709E7kg and M = 2.3709E7kg. As can be seen, there is gernerally a very good 

agreement at almost all peaks, while similar frequencies are also captured. Looking at the peaks obtained 

from CFD and marked with stars, it can be seen that the decay rate ts slightly higher in CFD. These 

results indicate a similar but slightly larger damping ratio (𝛿) predicted by the CFD as compared to 

FAST, which is clearly an indication of the presence of viscous effects. The above comparisons give 

confidence in the damping values for the motion-based damping description in the FAST model and 

further indicates that the visous force effects are well described in the CFD model.  

To assess the linearity of damping, the damping ratio is first calculated using the logarithmic decrement 

method [71] 

 
𝛿 =

1

𝑛
ln

𝑥𝑖
𝑥𝑖+1

 (4.15) 

 

where xi and xi+1 are the consective peak amplitudes after one (n=1) cycle. The Damping ratio (ζ) can 

then be obtained using  

 
𝜁 =

𝛿

√𝛿2 + 4𝜋2
 (4.16) 

 

 

The effect of mass on the dynamics of the floater is shown in Figure 29 where the external forces acting 

on the floater as well as the natural frequencies of corresponding floater mass are depicted. Note that 

the natural frequency predicted by CFD at M = 2.3709E7kg is closely following that of the FAST 

simulations (ωn = 0.3048 rad/s).  
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a) M = 2.3709E7kg 

 
b) M = 2.2709E7kg 

 

Figure 29: Free heave decay simulation of the floater with two different given mass values. 

The average heave displacements are plotted against linear damping ratio in Figure 30 to assess the 

linearity of the damping term in normal axes. Looking at the energy dissipated per cycle using a linear 

and a nonlinear representation of the damping term, one can observe that the slope of the curve, when 

plotted in logarithmic axes, indicates the linearity of the damping force3. The same data are therefore 

                                                      
3 Starting from the equation of motion for free heave decay, (M + A)𝑥 ̈ + 𝑓(ẋ) + 𝑐𝑥 = 0, and 

assuming the general harmonic motion 𝑥 = 𝑥0 cos𝜔𝑡 and assuming a linear damping term of the form  

𝑓(�̇�) =  𝑏x ̇. The work done (energy lost per cycle) due to the damping force can be written as 𝑊 =

∫ 𝑓(�̇�)𝑑𝑥 and since 𝑑𝑥 = 𝑥 ̇𝑑𝑡, the equations becomes  

𝑊 = ∫ 𝑏𝑥 ̇𝑥 ̇𝑑𝑡
𝑇

0

=
𝑏�̇�0 

2𝜔2 𝑇

2
 = 𝜋𝜔𝑏𝑥𝑜

2  

The damping ratio 𝛿𝑙  for this linear system will be given by  

𝛿𝑙 =
𝜋𝑏

√(𝑀 + 𝐴)𝐾
=

𝑊

𝜔𝑥𝑜
2

1

√(𝑀 + 𝐴)𝐾
. 

 

Now assuming a quadratic damping function 𝑓(𝑧)
˙

=  𝑏ż|ż| , the work done on the system can be written as  

𝑊 = ∫ 𝑏�̇�0 
3𝜔3 sin2(𝜔𝑡) |𝑠𝑖𝑛(𝜔𝑡)| 𝑑𝑡

𝑇

0

= Γ𝜔2𝑏𝑥𝑜
3 

where Γ is a constant. The damping ratio 𝛿𝑛𝑙 in this case can be written as  

𝛿𝑛𝑙 =
𝜋𝑏

√(𝑀 + 𝐴)𝐾
= 
Γ𝜔2𝑏𝑥𝑜

3

𝜔𝑏𝑥𝑜
2 =  Γb𝜔𝑥𝑜

1

√(𝑀 + 𝐴)𝐾
= Γ′𝑥𝑜  

In general, for nonlinear damping terms of order n, the above equation can be written as  𝛿𝑛𝑙 =

 Γ̂𝑥𝑜
𝑛−1 which can also be written as 

log 𝛿𝑛𝑙 = log Γ̂ + (𝑛 − 1) log 𝑥0. 

This confirms that the slope of the log-log plot of decay displacement vs. damping ratio indicates the 

order of linear/non-linear damping terms. A horizontal line therefore indicates linear damping and a 

one-to-one scale corresponds to quadratic damping.  
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plotted in Figure 31 in logarithmic axes. Four cases have been considered for comparison. In all cases 

the floater is only allowed to move in heave direction. Both  CFD and FAST simulations are performed 

using M = 2.2709E7kg and M = 2.3709E7kg and without mooring restraints. 

 

Figure 30: Identification of linear damping through decay tests: CFD vs. FAST simulations. All cases shown except 

one FAST simulation are non-moored.   

 

Figure 31: Identification of linear damping through decay tests: CFD vs. FAST simulations on logarithmic scale. All 

cases shown except one FAST simulation are non-moored.   
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4.4.3   Forced surge and heave motion 

 In order to predict the hydrodynamic coefficients of added mass and damping for the floater, 

simulations of forced oscillating motions in heave and pitch degrees of freedom are performed in calm 

water. The floater is subject to a range of small amplitude harmonic motions at three frequencies and 

the results are compared against WAMIT computations. Figures 31 and Figure 32 show the comparison 

of added mass and damping coefficients for forced surge and heave motions, respectively. For all cases, 

a motion amplitude of 0.1 and 1 is forced to the floater, as described above. As can be identified, the 

surge motion predictions by WAMIT and CFD comply very well, while heave motion exhibits a less 

pronounced agreement. This may be indicative of several factors. First, the studied cases were, as 

discussed, very sensitive to the chosen mesh. As a result, it was not possible to perform a systematic 

mesh refinement study due to numerical stability reasons. Consequently, it is uncertain to quantify the 

impacts mesh quality could possibly  have on improvement of the results (although careful consideration 

is applied to ensure a satisfactoy level for the mesh quiality) for the moving mesh CFD cases. Secondly, 

since heave plates are only modeled in WAMIT simulations as opposed to them being simulated in CFD, 

and due to their significant impact on heave damping, it is naturally expected that CFD and potential 

flow’s agreement in heave simulations would be less than surge. Viscous forces have a major 

contribution in damping of large amplitude motion, whereas small amplitude motions are influenced by 

radiation damping. To assess the effect of visous damping, and also to evaluate the linearity assumption 

used in the potential flow solver, a few CFD cases are run at larger amplitudes of forced motion: Here, 

it should be pointed out that the WAMIT results take into consideration the heave plates, but since the 

viscous effects are not present, their contribution is mostly noticeable for addedmass. It was clear that 

the dixcrepancies between the CFD and WAMIT results significantly increase with increasing the 

motion amplitude. One such example is shown in Figure 32 at frequency 𝜔 = 1. where the star markers 

indicate a motion amlpitude of 0.1m and the triangular markers show the same numerical experiment 

using a motion amplitude of 1m.  

 

 

 
a) Added mass 

 

 
b) Damping 

 

Figure 32: Added mass and damping coefficients of the floater in forced surge motion. 
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a) Added mass 

 
b) Damping 

 

Figure 33: Added mass and damping coefficients of the floater in forced heave motion. 

   

Figure 33 shows the magnitude of the excitation forces on the floater in forced heave motion and Figure 

34 shows the same values for forced surge. Second and third harmonics are visible as small peaks in a 

number of cases as the amplitude increases. Such effects are associated with nonlinearities as motion 

amplitude increases. As can be seen, harmonics are more visible at heave compared to surge. This 

suggests that the effects of viscosity are more pronounced than other nonlinearities.   
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Figure 34: Frequency-domain magnitude of the excitation forces on the floater in forced heave motion at various os-

cillating conditions. 

 

Figure 35: Frequency-domain magnitude of the excitation forces on the floater in forced surge motion at various oscil-

lating conditions. 

4.4.4 Wave induced motion of the OO-star platform 

4.4.4.1 Regular waves 

This section presents results of the floater motion and corresponding forces excited by incoming 

waves. In a first simulation, no mooring is applied to the floater and the floater is therefore freely floating 

as a result of the incoming waves. A regular 1st order Stokes wave of height 1m and a steepness of ka = 

0.1 is generated and the heave excitation loads in time and frequency domain are shown in Figure 35. It 

should be noted that the choice of a 1st order skokes wave has been merely made to initially reduce the 
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complexity of physics while performing the proof-of-concept studies while the future works will utilise 

more realistic and inherently non-linear waves. The two distinct peaks in Figure 35 b) refer to the wave 

and natural frequency of the floater.  

In order to take into account the mooring forces in the simplest realistic manner, the mooring 

stiffness matrix is calcualted using FAST and the stiffness values at surge and pitch degrees of freedom 

are implemented to the center of floatation of the floating platform. The heave force associated with this 

computation is shown in figure 35a too and shows how the mooring force contributes to the heave force. 

Response of the platform in heave and surge motions is also plotted in Figure 36. The floater 

exhibits a somewhat non-harmonic heave response and oscillates at lower amplitudes. The surge motion 

shows an oscillatory motion in time with an accelerated mean offset, which is a result of absence of 

mooring. This illustrates the drift forcing from the waves.  

The response of the moored floater is also shown. As can be seen from the surge response, the 

mooring system is successfully controlling the surge degree of freedom. The low frequency resopnse 

observed in the surge motion can be associated with the surge natural frequency of the floater. This, 

along with further comparisons will be investigated in more detail in a future work.     

  
 

Figure 36: Response of the floater to incoming regular waves in a) time domain, b) frequency domain.  

 

 

a) Heave  b) Surge  
 

Figure 37: Response of the floater to the regular Stokes wave. a) Heave (mean values), b) Surge 
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4.5 Concluding remarks and future steps 

CFD simulations of the OO-star floater were conducted using the open source CFD toolbox, 

OpenFOAM. The floater geometry was modeled and an unstructured mesh was created using 

OpenFOAM’s snappyHexMesh toolbox and various cases were simulated numerically. As the first 

attempt, CFD simulations of free heave decay as well as forced heave and surge were validated against 

FAST and WAMIT. Generally a good agreement was found for the forced surge as well as free heave 

decay while the forced heave CFD simulations do not match very well. While further investigation of 

the CFD set up is necessary, the disagreement in forced heave simulations was found to be partially due 

to stronger viscous effects and the effects of heave plates being directly simulated in CFD. 

It should be noted that the above results are to be seen as proof-of-concept studies rather than 

detailed validations. Our ongoing investigations, therefore, include  

• Comparisons of CFD data against experimental results to accompany the current 

numerical validations against WAMIT and FAST  

• Implementation of detailed mooring systems (dynamic/quasi-static).  

• Response of the floater in more realistic waves including irregular and phase-focused 

waves 

• Quantification of turbulence models (especially for higher seastates/focused waves)  
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 Fluid-multibody coupling for high-fidelity hydrodynamic analysis 

5.1 Introduction 

State-of-the-art hydrodynamic analysis of floating offshore wind turbines (FOWT) is mainly based on 

three approaches: Morison equation, potential flow theory and a combination of both. The methods are 

applied because of the existing experience from the ship, oil and gas industry and the fast-computational 

speed. Keeping in mind that thousands of simulations have to be performed during the design and cer-

tification process of a wind turbine, computational speed is a major concern. Morison equation is a semi-

empirical approach, taking approximates of drag and inertia coefficient into account to determine wave 

loads on cylindrical offshore structures. As the hull shape becomes larger and non-cylindrical, diffrac-

tion effects are getting more relevant and potential flow theory is applied to determine the hydrodynamic 

response including added mass and radiation damping. However, viscous damping is neglected and has 

to be included in the numerical solution by additional drag terms that, in turns, rely on drag coefficients 

from literature, experiment or approximation. 

If one considers the ocean and meteorological environment a FOWT is experiencing, designers need 

advanced simulation techniques to take nonlinear and complex flow physics into account to overcome 

the above-mentioned limitations of state-of-the-art approaches. Computational Fluid Dynamics (CFD) 

offer a detailed insight into the predominant flow characteristics with the drawback of more intensive 

computational efforts compared to simple methods. Thus, high-fidelity methods may be used for certain 

loading conditions where a better understanding of the cause of floater kinematics and loads is of inter-

est. One application may be the investigation of ultimate loads induced by extreme waves of 10-50 years 

return period.  

An advanced methodology, developed at USTUTT and applied in different national and international 

research projects, is presented in this report as basis for deliverable D4.8 “Validation of advanced mod-

els and methods for cascading into simpler models”. It is based on a coupled analysis between a CFD 

and a Multibody System (MBS) solver. At first, the methodology is explained, and the question is an-

swered why a coupled tool chain is of advantage. Afterwards, the setup of the CFD and MBS solvers is 

shown. At the end an example is given. 

5.2 Methodology of the coupled simulation environment 

Hydrodynamics are calculated with the commercial CFD code ANSYS CFX. It uses the Finite-Volume 

Method (FVM) to solve the Reynolds-Averaged Navier-Stokes (RANS) equations on structured and 

unstructured grids. The free surface is modelled by means of the Volume of Fluid (VOF) method that 

computes the shape and location of the free surface on the basis of a fractional volume function.  

The commercial MBS solver SIMPACK is applied for modelling of the structural properties and is 

coupled to CFD. The bodies of the floating system, characterised with mass, centre of gravity and inertia, 

are connected by joints of various type. External forces like simple spring-damper elements or complex 

aerodynamic forces on rotor blades using Blade Element Momentum (BEM) theory can be applied.  

A coupling between MBS and CFD is motivated by multiple reasons and applies the best of both worlds. 

CFX is only capable of implementing rigid bodies in a standalone simulation with limited complexity 

as only simple spring-damper properties, for e.g. the mooring system, are available. If one wants to 

investigate the influence of flexible bodies, a standard Fluid-Structure-Interaction (FSI) using FEM and 

CFD is usually applied with the drawback of unreasonable high computation time. The presented cou-

pled MBS-CFD environment allows an integrated aero-servo-hydro-elastic analysis of a FOWT, includ-

ing a complex, nonlinear mooring system, aerodynamics forces on the rotor and tower and controller 
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dynamics in the MBS domain. Even flexible bodies of the tower and blades implemented with modal 

reduction, can be used in MBS. 

The baseline MBS-CFD coupling has been developed by Arnold [72] for the simulation of fluid-struc-

ture interaction on tidal current turbines and is called Fluid-Multibody Interaction (FMBI). It was par-

tially funded by Voith Hydro Current Ocean Technologies GmbH & Co. KG. A validation based on 

submerged free-decay experiments of spring, gravity and bending pendulums in an aquarium filled with 

water is demonstrated by Arnold [73]. It demonstrates the validity of the methodology because of an 

excellent correlation between numerical and experimental results.  

The main challenge of the coupling methodology is the transfer of loads and motion information be-

tween the CFD and MBS solver, presented in Figure 38. Essential tasks are coordinate transformation 

and interpolation, collection of loads and motion information and the transfer to a shared storage location 

which may be a network drive. Also important are the distribution of loads and motion data and the 

synchronisation. A fully implicit iteration scheme is incorporated for transient simulations. Every time 

step is subdivided into multiple inner iterations, so called coefficient loops in CFX terminology, and 

coupling data like time step number, status flags, kinematics and loads are exchanged. The MBS solver 

is repeated after each coupling time step integration. Convergence and the number of coefficient loops 

of each time step are controlled by a moderator script that allows a user input during the simulation.  

 

Figure 38: Structure of the MBS-CFD coupling [USTUTT] 

The coupling methodology is very variable with respect to its field of application. Other fluid solvers 

are already coupled to MBS at USTUTT allowing the detailed consideration of aerodynamics by 

means of the public free wake code WInDS (Wake Induced Dynamic Simulator) and the CFD code 

FLOWer by the German Aerospace Center (DLR). Besides the assessment of fluid-structure interac-

tion on tidal current turbines the methodology is, in general, applied for the coupled analysis of wave 

loads on FOWT [74], funded partially by the European Community’s Seventh Framework Programme 

(FP7) under grant agreement number 295977 (FLOATGEN).  

5.3 Setup of structural model and external forces in MBS 

The structural MBS model is specified by the properties mass, centre of gravity and moments of inertia 

of the foundation, tower, nacelle, blades etc. bodies. Depending on the desired level of complexity and 

the symmetry of the investigated structure the kinematics of the floating foundation may be restricted to 

the three predominant Degrees-of-freedom (DOF) surge, heave and pitch. The mooring system may be 

modelled by simple spring elements calibrated to the global linear stiffness matrix of the mooring lines 

used in a wave tank model tests. Alternatively, a nonlinear multibody representation may be applied to 

include inertia and Morison drag effects on each element or a coupling to MAP++ [75] by NREL. The 

hydrodynamic loads are calculated by means of the fluid solver ANSYS CFX. A user written force 

element, called FLUID2SPCK, exchanges motion and loads information between the MBS and CFD 

solvers during the simulation. Aerodynamic loads on the rotor are included by means of the BEM solver 

AeroDyn [76] by NREL. Wind loads on the tower may be implemented by so called expressions that 
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calculate sectional drag forces over the height based on the current wind speed, velocity of tower mark-

ers and the deformation of the flexible tower. A controller, for e.g. the blade pitch actuators and gener-

ator torque, is usually implemented by the Bladed-style dll-Interface. A typical typology of a FOWT 

model in MBS is displayed in Figure 39. The number of DOFs should depend on the application and 

needed level of detail. For example, the higher the flexible blades are discretised the higher are the 

computational needs.  

 

Figure 39: Model topology of a FOWT model in MBS with flexible substructures displayed in blue [USTUTT] 

5.4 Setup of numerical wave tank in CFD domain 

5.4.1 Mesh and boundary conditions 

For simplicity only the surge, heave and pitch motion are considered. In CFD a symmetry plane is used 

to cut the domain in half to reduce the computational effort by a factor of 2. The three-dimensional 

computational domain is discretized into a structured grid using ICEM CFD. An example is shown in 

Figure 40. A structured mesh provides a better flow quality and scaling of the CPU-power but is more 

time consuming in generation than unstructured meshes. An O-grid type mesh is used around the floater 

and the grid is refined close to the hull of the floater to resolve the boundary layer. In total the mesh 

consists of approximately 1.3 million cells. 
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Figure 40: Illustration of the surface mesh of the floating foundation from [77] 

The rigid floater and the seabed are modelled using a no-slip wall boundary condition. The sidewall is 

represented by a free-slip wall. The top boundary of the Numerical Wave Tank (NWT) is of type opening 

with an opening pressure option. The outlet at the end of the NWT has a specified relative pressure 

based on the hydrostatic pressure distribution and is of type opening to enable fluid to enter the domain. 

The wave inlet is specified with velocity components u (x-direction) and w (z-direction) and volume 

fraction of air and water depending on the calculated data by the wave generator. Mesh motion is used 

(parallel to boundary) for the seabed and top boundary while a specified displacement is calculated by 

the coupled solution for the fluid domain and floater. The mesh is deformed in the vicinity of the floating 

foundation based on its motion and a deformation function (of shape sphere, ellipsoid, etc.) defined by 

the user. The dimensions of the NWT depend on the investigated case but should allow enough space 

in front and behind the region of interest to generate and damp the waves. A reference pressure of 1 atm 

is applied. 

5.4.2 Wave generation and damping 

CFX has no wave generation included as a standard feature. Thus, a wave generator, called 

WAVE2CFX, is implemented and based on the CFX Expression Language (CEL) written in 

FORTRAN. A scheme of the in- and outputs is demonstrated in Figure 41. It is interfaced with the CFX 

Command Language (CCL) that enables the user to specify parameters like wave theory, significant 

wave height and period, water depth etc. The function computes velocity in u and w, pressure and wave 

elevation for regular and irregular linear Airy and Fenton wave theory based on the x- and z-location of 

the inlet cells and the current time. An expression is used to compute the wave elevation and resulting 

volume fraction of air and water by calling WAVE2CFX. The expression is used for the inlet boundary 

condition. An alternative solution for wave generation in CFD is to load externally generated wave data 

and impose the velocity and volume fraction distribution for each time step directly at the inlet boundary 

condition. The data is generated by a Matlab pre-processor and stored in .csv-files that are read by a user 

written CEL function, called BCPROFILE2CFX, during the simulation. This method has shown ad-

vantages if one wants to include focused wave groups for extreme wave generation.  
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Figure 41: Implementation scheme of wave generator WAVE2CFX [USTUTT] 

Wave damping is crucial to avoid undesirable effects by wave reflection. Rather than including a phys-

ical beach in the CFD domain by means of a sloped seabed at the end (similar to a beach in reality), a 

numerical beach is favoured. It is implemented behind the measuring zone to avoid reflections. The 

measuring zone refers to the region of interest in the CFD domain, usually where the FOWT is located. 

The beach is implemented by means of momentum source terms Sx in x-direction and Sz in z-direction 

acting on the computational domain, see Eqn. (5.1) – (5.4) and Figure 42. They are a function of fluid 

density ρ, velocity u and w, water volume fraction θwater and x- and z-coordinates and are scaled by the 

constants Cx and Cz of unit [m-1]. The numerical beach starts at locations xs and ends at xe between the 

seabed zb and the still water level of the free surface zfs. Additionally, numerical damping is enforced in 

the beach region with cells of increasing size towards xe. 

 𝑆𝑥 = −𝐶𝑥 ⋅ 0.5 ⋅ 𝜌 ⋅ |𝑢| ⋅ 𝑢 ⋅ 𝑓𝑥 ⋅ 𝜃𝑤𝑎𝑡𝑒𝑟 (5.1) 

 𝑆𝑧 = −𝐶𝑧 ⋅ 0.5 ⋅ 𝜌 ⋅ |𝑤| ⋅ 𝑤 ⋅ 𝑓𝑥 ⋅ 𝑓𝑧 ⋅ 𝜃𝑤𝑎𝑡𝑒𝑟 (5.2) 

 𝑓𝑥 = [(𝑥 − 𝑥𝑠)/(𝑥𝑒 − 𝑥𝑠)]
2 (5.3) 

 𝑓𝑧 = 1 − (𝑧 − 𝑧𝑓𝑠)/(𝑧𝑏 − 𝑧𝑓𝑠) (5.4) 
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Figure 42: Illustration of the momentum source terms Sx and Sz for numerical damping [USTUTT] 

5.4.3 Time advection and partitioning for parallel runs 

A homogeneous multiphase fluid model is used. Thus, all fluids share the same velocity and turbulence 

field. The SST turbulence model [78] with curvature correction and Kato Lauder production limiter [79] 

is applied. The two-equation eddy-viscosity model combines the k-ω model in the viscous boundary 

layer and the k-ε model in the free-stream.  

A first order backward Euler transient scheme is applied with first order turbulence numeric option. This 

is necessary to avoid artificial added mass problems which are explained in more detail in [72]. The time 

step is fixed in the FMBI simulation. A parameters study of the time step in a two-dimensional wave 

tank without the floater has been conducted. Taking into account the accuracy, stability and efficiency 

of the simulation dt is a multiple of the wave period T, e.g. dt = T/100. The implicit coupled solver 

scheme is divided into four inner iterations enabling convergence and robustness. 

The CFD solution is computed in parallel. The domain is divided in subdomains during the partitioning 

process and each partition is associated to a solver process. However, CFX simulations with a free sur-

face are not robust if a portion of a partition boundary is parallel to the free surface [79]. A user specified 

partitioning method with direction [1, 0, 0] or [1, -1, 1] in the x- y- and z-direction is found to be stable 

and mostly prevents the above mentioned numerical problem. 

5.4.4 Simulation procedure 

To obtain reasonable results using the coupled MBS-CFD approach one has to follow a procedure. At 

the beginning, a two-dimensional NWT is setup without the inclusion of the floater model to speed up 

the initial wave calibration. The domain is of the same size and discretisation as the desired 3D do-

main. Depending on the wave height the cell size is refined above and below the still water level to re-

solve the free water surface. A grid size of approximately Δx = λ/30 and Δz = H/60 is used. A safety 

factor of 1.2 of the maximum wave amplitude is recommended in z-direction to avoid wave damping 

due to bad discretisation. The mesh is coarsened outside of the free surface and also towards the end of 

the NWT to increase wave damping, see Figure 43. At a later stage a grid study has to be performed 

with different spatial discretisation to assess the sensitivity of the mesh size on the solution. 
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Figure 43: Illustration of CFD mesh of 2D NWT with possible wave elevation in red [USTUTT] 

After the CFD mesh is finished the wave can be calibrated in 2D using CFD standalone. A linear scal-

ing factor is used to increase the wave height over the time. A surface mesh is positioned at the same 

location the FOWT will be located in the 3D-domain. It is hydrodynamic transparent and used as a 

wave gauge during the simulation. A function is defined by the area integral of the water volume frac-

tion on that surface mesh divided by the length of the NWT in y-direction. The value is subtracted by 

the water depth to obtain the instantaneous water elevation. It is tracked during the simulation and 

evaluated in a post-processing step to find the desired combination of wave height and scaling factor at 

the measurement location. One has to take into account that the CFD solution needs an initial phase in 

which the wave height and numerical beach is increased based on a ramp function of e.g. 1-2 times the 

wave period. The wave calibration in 2D saves a lot of time as only a reduced number of the cells re-

quired for 3D are needed.  

Next the wave properties are incorporated into the setup of CFD pre-processor using the 3D-domain. 

Depending on the wave condition and the sensitivity of the floating foundation on wave drift loads, the 

floater mesh may be translated in wave direction. If this applies, the initial condition of the structural 

model in surge needs to be modified accordingly. To prevent the FOWT from moving away from its 

mean surge position before the waves hit the hull, a spring element in MBS may be applied to hold the 

structure at the specified location until a certain time step is reached. The fluid domain is initialised 

with the hydrostatic pressure distribution and volume fraction of water and air as in still water condi-

tion. As in 2D, a ramp function increases the wave height over time and the momentum sources terms 

for damping in the numerical beach. Similar, in MBS a load factor is applied to increase the loads re-

ceived from CFD over e.g. 5 time steps from 0 to 2. As symmetry in y-direction is used the load factor 

needs to be 2 instead of 1. The solution process is started by means of the moderator script that man-

ages convergence and communication of data. The floater position and wave height at several loca-

tions is monitored during the simulation. Backup files for MBS and CFD model are written each wave 

period for restarting the coupling in case of solver failures. After the simulation is finished post-pro-

cessing of results of field data from CFD, like velocity, pressure, etc., and loads and motion infor-

mation from MBS is performed.   

5.5 Exemplary application 

Exemplary results are shown based on results from previous research by Borisade et al. [77], funded 

partially by the European Community’s Seventh Framework Programme (FP7) under grant agreement 

number 295977 (FLOATGEN). The purpose of this section is to demonstrate shortly possible findings 

using the described MBS-CFD coupling. The floating foundation designs developed within LIFES50+ 

are investigated in the following deliverable D4.8 “Validation of advanced models and methods for 

cascading into simpler models”. Here a regular wave with H = 6 m and T = 10 s is used as experi-

mental data from a wave tank model test showed extrema for green water loads and relative wave ele-

vation around the hull. Different spatial discretisations of the mooring foundation are investigated. The 
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wave runs over the fore resulting in green water on deck and large vortices are shed by the skirt at the 

bottom of the hull inducing damping, see Figure 44. 

 

Figure 44: Illustration of vortex shedding using q-criterion for different mesh discretisations from [77] 

During one wave period, air is entrapped in the mooring foundation, resulting in compression and de-

compression in the existing chamber (Figure 45). Even when the wave runs over the floater air is pre-

sent in the chamber. 

 

 

Figure 45: Visualisation of air density and compression level during one wave period (blue: reference density of air; 

red: 40 times the reference density) from [77] 
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 Vortex-based aerodynamic load calculations 
In general, wind turbines no matter whether mounted on floating or fixed platforms operate in changing 

aerodynamic conditions. This is a result of different inflow conditions due to variations in the atmos-

pheric boundary layer. Consequently, if those changes occur in the time range of seconds unsteady aer-

odynamic effects will appear at the rotor. In this context, FOWT experience not only changes in the 

atmospheric wind conditions but also are excited by waves. Therefore, six additional degrees of free-

doms are introduced for a FOWT compared to a fixed mounted wind turbine. This increases the range 

of motion for the rotor and leads to unsteady aerodynamic effects more often compared to the fixed 

counterparts. Therefore, adequate models are needed to calculate the coupled effects on the system 

FOWT. It has to be investigated, if models developed for calculating the aerodynamic effects on bottom 

fixed wind turbines, fulfil the requirements of models which are applied on FOWT. In this report, the 

free vortex wake method is presented as an advanced modelling technique for the calculation of aero-

dynamic loads on FOWT. The work will be continued in deliverable D4.8 “Validation of advanced 

models and methods for cascading into simpler models”, where the application of the method will be 

performed. 

6.1 Unsteady Aerodynamic Effects 

In the operation of a conventional horizontal axis wind turbine different unsteady aerodynamic phenom-

ena can occur on different time- and spatial-scales. They can be classified into global rotor effects and 

local blade-segment effects [80]. The inspection of local blade effects requires the inclusion of the 

boundary layer around the blade and is expensive to model directly by simultaneously keeping a physical 

basis. Local blade-segment effects include for example the dynamic stall effect. In contrast to the local 

blade effects global unsteady aerodynamic effects (e.g. dynamic inflow) affect the flow regime around 

the entire rotor significantly. Especially in flows around FOWT, these unsteady aerodynamic effects are 

important to capture because of the additional motions of the floating platform. 

6.1.1 Dynamic Inflow 

Changing the load state of the wind turbine rotor leads to a new equilibrium state. However, if the change 

of load is performed rapidly a new equilibrium state will not be reached instantaneously [81]. Due to 

inertia of the surrounding air the rotor induction adapts with a time lag to the new state leading to over-

shoots of the equilibrium values; for instance blade root moments are temporarily higher than their equi-

librium values. This behaviour was demonstrated in experiments [82]. 

6.2 Methodology for Aerodynamic Modelling 

In order to account for the unsteady aerodynamic effects emerging in flows at FOWT different method-

ologies exist. In this report, the widely used BEM theory was used representing state-of-the-art practice 

in industry. Furthermore, the free vortex wake method was applied as a modelling technique on an ad-

vanced level. Both aerodynamic modelling methods are coupled to the MBS software SIMPACK to 

calculate the dynamic response of the wind turbine. 

6.2.1 State-of-the-Art: BEM 

Being computationally inexpensive using BEM theory is common practice for the calculation of aero-

dynamic loads on wind turbines. It combines blade element theory and general momentum theory. 

Hereby, assumptions are made such as that there is no radial interaction of the flow when passing the 

wind turbine blades. Being state-of-the-art practice BEM theory is not explained more deeply in this 

section but it is referred to [81]. 
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6.2.2 Lifting-Line Free Vortex Wake 

The Lifting-line free vortex wake (LL-FVM) method is based on potential flow theory and is mathemat-

ically described by Laplace’s equation. In particular, a wing geometry is replaced by a lifting-line (LL) 

with bound vorticity distributed in span wise direction. The flow field in wake of the wing geometry is 

modelled via a vortex lattice in order to preserve the basic law of conservation of vorticity. With ad-

vancing time vorticity is shed from the LL and is transported downstream as shed vortices which is 

shown in Figure 46. The shed vortices form in total the vortex lattice. Their position is calculated by 

convection of the wake vortex-lattice nodes with the flow. 

 

Figure 46: Evolution of the wake of an elliptical wing (grey) with lifting-line (solid, black) modelled by a vortex 

lattice of trailing (dashed, black) and shed vortex filaments (solid, red) with indices according to 

spanwise location and vortex age [83] 

 

Important aspects of the LL-FVM theory are explained in the following sub-chapters. 

6.2.2.1 Potential Flow 

Potential flow theory assumes inviscid, incompressible and irrotational flow. In terms of Reynolds num-

ber Re potential flows are characterised by a Re number which approaches infinity: 

 
𝑅𝑒 =

𝑣∞ ∗ 𝐿

𝜈
→  ∞ (6.1) 
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where 𝑣∞ is the flow velocity, 𝐿 a geometry length and 𝜈 the kinematic viscosity. Typical flows around 

wind turbines are described by large Re numbers which means that inertial forces dominate substantially 

over friction forces.  

Combining the assumptions of potential flow theory leads to the Laplace equation which is given as: 

 ∆ Φ = 0  (6.2) 

with the Laplace operator ∆ and the velocity potential Φ = Φ(x, y, z) as a function of the spatial coor-

dinates [84]. The actual velocity field is the gradient of the velocity potential. Laplace’s equation is a 

second-order linear partial differential equation. Due to its linearity, solutions of elementary flows 

(e.g. vortex flow) may be superimposed to form complex flow patterns. 

6.2.2.2 Vortex Filament 

One solution of the Laplace equation is vortex flow. For vortex flow streamlines form concentric circles 

about a given center as illustrated in Figure 47. The tangential velocity 𝑉𝜃 along each streamline is con-

stant but decreases with increasing distance from center. It follows the equation: 

 
𝑉𝜃 = −

Γ

2𝜋𝑟
 (6.3) 

for a given circulation Γ. The radial velocity 𝑉𝑟 is zero. 

 

Figure 47: Illustration of vortex flow (adapted from [84]) 

6.2.2.3 Vortex Core Model 

Vortex flow as described in the previous chapter is irrotational in every point except at its center 𝑟 = 0 

where a singularity exists with infinite voriticity. In order to overcome this discontinuity vortex core 

models are introduced. Basically, the vortex core model replaces the asymptotic part near the center of 

the vortex flow by an alternative approach. For this, different models exist and some of them are listed 

in the following: 

• Cutoff Method [85] 

• Rankine Vortex Model [86] 

• Lamb-Oseen Vortex model [86] 

• Vatistas Vortex Model [87] 

• Ramasamy-Leishman Vortex Model [88] 
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6.2.2.4 Biot-Savart Law 

The Biot-Savart law was originally established for describing the magnetic field generated by a station-

ary electric current. However, the Biot-Savart law can also be applied to fluid mechanics for relating the 

induced velocity in the fluid to the vorticity strength Γ of a curved vortex filament by using the following 

equation [84]: 

 
𝑑𝑉 =

Γ

4𝜋

𝑑𝑙 × 𝑟

|𝑟|
3   (6.4) 

Hereby, the velocity 𝑑𝑉 at an arbitrary point P is induced by the vortex filament with length 𝑑𝑙 and 

vorticity strength Γ. The distance between the vortex filament and point P is given as 𝑟. The velocity 

induced by the entire vortex filament can be calculated by integrating over the filament length. 

6.2.2.5 Kutta-Joukowsky relation 

The relation between lift per unit span 𝐿′ generated by a rotating cylinder in an inviscid and incompress-

ible flow and the circulation Γ around the cylinder is given by Kutta-Joukowsky: 

 𝐿′ = 𝜌∞𝑉∞Γ (6.5) 

with 𝑉∞ indicating the incoming undisturbed velocity. Consequently, a vortex filament fixed at a loca-

tion will experience a lift force. This is used by modelling a wing geometry with a vortex filament which 

is then called a bound vortex or lifting line. This lifting line is located at the quarter chord of the wing 

or wind turbine blade geometry. As Helmholtz’s vortex theorems must be satisfied, one vortex filament 

cannot end abruptly. Thus, the bound vortex is extended in the flow field by trailing vortex filaments of 

equal strength. This pair of trailing vortex filaments is closed by the starting vortex.  

6.2.2.6 Flow Visualization Capabilities  

For analysis purposes the flow field created with LL-FVM can be visualized. This is helpful for the 

investigation of unsteady operational states, where for instance the wind turbine is moving in its own 

wake. One example for flow visualization is given in Figure 48, in which the velocity field created with 

LL-FVM is shown. 

6.2.3 Comparison of models 

The two applied models (BEM and LL-FVM) are compared in Table 7 which is adapted from [89]. The 

classification refers to global and local effects as it is explained in chapter 6.1 as well as in stationary or 

non-stationary effects.  

Figure 48: Velocity field visualisation of flow field created with LL-FVM. NREL 5MW turbine model; 9 m/s 

wind speed with shear exponent α=0.02. Left: Plane at y=0m; Right: Plane at x=0m 
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Aerodynamic Effect Classification Consideration in 

BEM 

Consideration LL-

FVM 

Axial induction Global / stationary Intrinsic Intrinsic 

Tangential induction Global / stationary Intrinsic Intrinsic 

Radial induction Global / stationary Not included Intrinsic 

Finite number of 

blades 

Global / stationary Empiric Correction Intrinsic 

Oblique inflow Global / stationary Empiric Correction Intrinsic 

Turbulent wake state Global / stationary Empiric Correction Intrinsic 

Dynamic inflow Global / non-stationary Empiric Correction Intrinsic 

Stall delay Local / stationary Empiric Correction Empiric Correction  

Dynamic stall Local / non-stationary Empiric Correction Empiric Correction 
Table 7: Comparison of BEM theory and the LL-FVM approach including different aerodynamic phenomena 

(adapted from [89]) 

The comparison shows that global effects such as dynamic inflow are inherently captured by the LL-

FVM method, whereas an empiric correction model must be used in a BEM implementation. Conse-

quently, the LL-FVM models should give better results in the case of FOWT where those effects play 

an important role. 

6.3 Tools 

6.3.1 SIMPACK 

The commercial multi body simulation software SIMPACK is used to calculate the dynamic response 

of the system. Different aerodynamic modules are coupled to SIMPACK including BEM models and 

free vortex wake models. This coupling is based on an exchange of aerodynamic forces calculated by 

the aerodynamic tool and displacements which are provided by SIMPACK.  In general, the principle is 

similar as it is explained in chapter 5.2. 

6.3.2 ECN Aeromodule BEM 

For the calculation of aerodynamic loads, the Energy research Centre of the Netherlands (ECN) devel-

oped the tool ECN AEROMODULE; this includes the module BEM (in the following referred as ECN 

BEM). It is based on the BEM theory and coupled to SIMPACK. Several correction models are imple-

mented; dynamic inflow effects are considered by the ECN dynamic inflow model [90]. 

6.3.3 ECN Aeromodule AWSM 

Another Module in the ECN AEROMODULE is the Aerodynamic Wind turbine Simulation Module 

(AWSM) which utilizes the LL-FVM method approach for investigating aerodynamic loads. A detailed 

description can be found in [91]. 

6.4 Advanced Modelling: Systematic Comparison 

Differences in the applied aerodynamic models are presented by performing a systematic comparison. 

Therefore, simplified load cases were chosen which are related to the specific requirements of a FOWT. 

6.4.1 Wind Turbine Model 

The generic NREL 5 MW wind turbine model was chosen for this report which is considered to be a 

state-of-the-art design [92]. The turbine was modelled via rigid bodies in the MBS software Simpack in 

order to isolate aerodynamic effects. Uniform wind fields with no turbulence and shear were applied to 

focus on the general capabilities of the flow models in capturing the unsteady aerodynamics. 

6.4.2 Simulation Setup 

The simulation setup is given in Table 8. 
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Description ECN Aeromodule BEM setup ECN Aeromodule AWSM setup 

Time step 1° rotor rotation per timestep 10° rotor rotation per timestep 

Rotor speed 9.1 rpm 

Wind field Uniform wind field, 8 m/s 

Finite number of 

blades 

Prandtl Tip Loss Intrinsic 

Turbulent wake state Linear Relationship tangential 

to quadratic relation of induc-

tion factor and thrust coeffi-

cient 

Intrinsic 

Dynamic inflow ECN dynamic inflow model 

[90] 

Intrinsic 

Stall delay 3D correction model [93] 

Dynamic stall Not included 
Table 8: Simulation setup for demonstrating the capabilities of BEM and LL-FVM methods in capturing unsteady 

aerodynamic effects of FOWT 

6.4.3 Simplified Floater Movements 

Two simplified platform motions were chosen in order to show basic differences in the aerodynamic 

models. At first, a step function was applied in surge and pitch direction of the floating platform. Then, 

the platform was moved using prescribed sinus functions of different amplitude and frequency. The 

degrees of freedom of the platform are shown in Figure 49. The results in this section are shown exem-

plarily and will be extended in deliverable D4.8 “Validation of advanced models and methods for cas-

cading into simpler models”. 

 

Figure 49: Schematic sketch describing degrees of freedom of platform for analysing aerodynamic effects 

6.4.3.1 Surge/Pitch-Step 

A function defining a step-in surge- and pitch- direction was used for prescribing the motion of the 

floating platform. This function was applied in Simpack at the joint connecting the platform to the iner-

tial coordinate system. The step for surge- and pitch-motion was varied in terms of amplitude and gra-

dient. The variation in time is exemplarily shown for an amplitude of 3 m in surge-direction in Figure 

50. 
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The response of aerodynamic force is shown in terms of the aerodynamic thrust value in Figure 51. It is 

shown that both models give similar values in terms of amplitude. However, different shapes of the 

curves can be observed indicating that this type of motion is not fully included in the dynamic inflow 

correction of the BEM model. 

 

    

6.4.3.2 Surge/Pitch-Sinus 

Sinus functions of different amplitude and frequency are used to prescribe the platform motion in 

surge- and pitch-direction. For visualization one sinus function is shown in Figure 52 having an ampli-

tude of 7.5m in surge direction and a frequency of 0.056 Hz.  

The aerodynamic response is shown in Figure 53 by plotting the aerodynamic thrust value versus the 

velocity of the nacelle. For low frequencies the two models are in good agreement whereas for higher 

frequencies a stronger hysteresis for the advanced model can be observed. Hereby, a more pronounced 

hysteresis indicates a greater time lag of the thrust force with respect to the nacelle velocity and can be 

referred to the dynamic inflow effect as explained in [94].  

Figure 50: Exemplary definition of step function applied as prescribed motion for the floating platform in 

surge direction; step size is 3m 

Figure 51: Aerodynamic thrust as response to step-motion of platform in surge direction (Amplitude 3m). Left: 2 s 

for step; Right: 10 s for step 
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Figure 52: Exemplary definition of sinus function applied as prescribed motion for the floating platform in surge di-

rection with an amplitude of 7.5m 

 

 

 

6.5 Conclusions 

Due to the additional degree of freedoms of the platform for a FOWT in stationary aerodynamic effects 

can occur. In-order to capture these transient effects adequate simulation models are necessary. In this 

chapter the LL-FVM method was introduced as an advanced modelling technique which captures un-

steady aerodynamic effects (e.g. dynamic inflow effect) inherently. First results of the aerodynamic 

forces during basic platform motions such as in surge or pitch direction were shown. Hereby, the LL-

FVM results were compared to a state-of-the-art BEM implementation. It could be shown that especially 

for higher frequencies of the platform motion the results of the models differ due to different calculations 

of the dynamic inflow effect. The results will be shown in more detail in the following deliverable D4.8 

“Validation of advanced models and methods for cascading into simpler models”. 

Figure 53: Aerodynamic thrust as response to sinus-motion of platform in surge direction (Amplitude 3m).          

Left: frequency 0.056 Hz; Right: frequency 0.17 Hz 
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 Summary and future work 
 

In the present deliverable, five model developments at the advanced level have been presented, namely 

• Inclusion of floater flexibility in dynamic response calculations 

• Inclusion of second-order and fully nonlinear wave forcing 

• Validation of an OpenFOAM based CFD solver for hydrodynamic analysis 

• Coupling of Simpack and ANSYS CFX for hydrodynamic CFD coupled to structural motion 

• Development of a free vortex method for aerodynamic load calculations. 

While application to the floater concepts of LIFES50+ and comparison to the physical model tests is the 

topic of later deliverables, the initial findings of the present investigations can be summarized as follows. 

For the inclusion of floater flexibility, a case study on the Triple Spar floater [21] was presented. It was 

demonstrated that flexible floater properties can lead to global coupled natural modes within the wave 

frequency range and that these could be excited by the waves. This next lead to increased sectional loads 

as demonstrated for tower top acceleration in a random sea state and the side-side tower bending moment 

for an extreme wave group impact. 

For the study on nonlinear wave forcing, the final choice of ‘best model’ was unclear due to the uncer-

tainty related to a proper reproduction of the nonlinear wave velocity field of the experimental data. The 

models with different sets of wave kinematics sometimes showed under prediction and some others over 

prediction of the test response. Therefore, a reasonable modelling approach would be to generate first-

order wave kinematics from the measured signal when the corresponding test data are available and to 

employ nonlinear kinematics from the target signal otherwise—e.g., in a design scenario where test data 

do not exist. 

One possible reason for the inconsistent behaviour mentioned earlier could be the simplistic numerical 

damping employed in the model. The use of fully nonlinear wave kinematics only allows the user to 

introduce constant—independent of space and frequency—damping coefficients, which affect each de-

gree of freedom globally. Thus, a more detailed, customizable definition of the user-defined numerical 

damping may help improve the affinity between numerical and experimental results. 

For the OpenFOAM CFD model the forcing from regular waves for the fixed structure showed increased 

higher-harmonic content for increasing wave amplitude. This is a clear sign of nonlinearity and high-

lights the potential of CFD for advanced load computations. A weak instability in the motion solver was 

discussed, which lead to strong variations in the floater force during the iterative solution procedure. 

This, however, did not carry over to the floater motion due to the large structural mass. A comparison 

of added mass and damping across varying frequency showed a good match against WAMIT results. 

For heave motion – and likely owing to the presence of heave plates – the added mass was larger than 

for WAMITs potential flow solution and the damping was smaller. The latter is subject to further inves-

tigation – it may be partially explainable by a phase shift of the forcing between CFD and WAMIT. 

The coupled Simpack-CFX solver was implemented with the ability to include rotor loads and a blade 

pitch control system. This enables advanced studies on control in harsh sea environments. The wave 

generation procedure has been described in detail and an example application for the IDEOL floater has 

been provided. Here it was shown that the model can describe air trapped in cavities of the structure.  
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For the free vortex method, generic step tests provided a good comparison with a BEM model. For 

sinusoidal floater motion, a good match in thrust was obtained at low frequencies, while at higher fre-

quencies, the hysteresis loop was much larger with the vortex model. This can be linked to the difference 

in aerodynamic inflow model. 

 

The five model developments have thus been demonstrated with application examples. The next step 

in LIFES50+ will be to compare the models to the experimental test results of the SINTEF Ocean Test 

Basin and the POLIMI wind tunnel. This work will be reported in D4.8 Validation of advanced models 

and methods for cascading into simpler models. 
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