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Abstract: There has been a great effort towards development of renewable energy systems to combat
global warming with significant interest towards research and development of floating offshore wind
turbines (FOWTs). With commercial projects such as Hywind Scotland, Hywind Tampen and others,
there is a shift of industry attention from bottom-fixed offshore turbines to FOWTs. In this work, we
focus on comparing industry standard Potential Flow (PF) methods versus Computational Fluid
Dynamics (CFD) solvers for a scaled version of the IEA 15 MW turbine and associated FOWT system.
The results from the two solvers are compared/validated using experimental thrust values for the
fixed turbine. The motions and the thrust for the FOWT system are then compared for the two solvers
along with hydrodynamic properties of the floater hull. The wake features downstream of the turbine
are analyzed for the fixed and floating turbine using the CFD solver. The wake from the CFD solver
is also compared with a simplified PF model. Finally, a simplified cost-benefit analysis is presented
for the two solvers to compare the usefulness and utility of a CFD solver as compared to presently
used industry-standard PF methods.

Keywords: floating offshore wind turbine; CFD; potential-flow methods; renewable energy

1. Introduction

Floating offshore wind turbines (FOWTs) have been studied extensively from the
2000s due to the increasing need to shift to renewable sources of energy and the significant
potential for development of offshore wind in deep-water sites with large prevailing wind
velocities. Along with this, there has also been a shift from academic interest to industrial
and commercial projects. FOWTs are complex systems with extensive interaction between
aerodynamic loads on the rotor nacelle assembly (RNA), structural deformation of the
rotor blades and supporting tower, hydrodynamic loads on the floater hull coupled with a
mooring system and power cables, and the control modeling of the turbine (see Figure 1). To
design and dimension these systems, it is thus important to model critical physical aspects
as accurately as possible. Turbine capacities are quickly increasing from 5 to 8 MW (Hywind
Scotland and Hywind Tampen) towards designs with 15 MW (already being tested) and
even 20 MW. Such large structures, with rotor diameters in the order of 200 m or larger, pose
challenges for the numerical modelling. Matha and Schlipf [1] discussed exhaustively such
challenges along with the pros and cons of potential flow (PF) vs. Computational Fluid
Dynamics (CFD) methods. Otter et al. [2] provided a comprehensive review of experimental
and numerical modelling of FOWTs, where tools were classified as “low”, “mid”, and
“high” fidelity. As in all numerical modelling involving approximations, there is an inherent
trade-off between accuracy and efficiency. PF methods (classified as “mid-fidelity” methods
by Otter et al. [2]), which assume in-viscid and irrotational flow and an incompressible
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fluid, are generally used to calculate hydrodynamic loads on structures, combined with
simplified models for possible rotational and viscous flow effects. These provide efficient
numerical solutions that represent loads and motions with good accuracy for large-volume
structures, and are therefore widely used in marine/ocean engineering. CFD methods, on
the other hand, inherently account for viscous and other nonlinear effects and are classified
as “high-fidelity” methods by Otter et al. [2]. However, they are much less efficient than PF
methods, thus requiring significant computational resources.

r-—————"—"—>"—~———— 1
| |
| Turbine |
| | [Aerodynamic Loads
' |
Wind : |
| |
| _____ [ |
r— Hull” 1
)A@SS/W\L/’\ ‘/l’—\_/\J/:’\/\/‘\/
| ydrodynan
. h | tatic Load To shore
Mooring LI\ € MooringlLines — —— connection
: Substation
|
| Power Cable | /
[ N ' /

Figure 1. Basic components of a floating wind turbine along with the key physical effects.

There are several codes, both commercial and open-source, that have been used to
numerically model FOWT systems. FAST [3] is a widely used open-source software devel-
oped by the National Renewable Energy Laboratory (NREL) that is composed of several
individual modules, which are coupled in a time domain aero-hydro-elastic-servo solver.
Recently, FAST was renamed to OpenFAST. Orcaflex [4] is a commercial software for gen-
eral modelling of floating dynamic systems, which during recent years has been given the
possibility to perform aero-hydro-elastic-servo simulations for FOWTs, including extensive
validation against OpenFAST results. Both OpenFAST and Orcaflex use hydrodynamic
coefficients from well-documented frequency-domain Boundary Element Method (BEM)
solvers such as Wamit as input to represent wave loads. Structural loading/deformations
of the turbine tower and rotor blades are described using the Finite Element Method (FEM)
combined with the Blade Element Momentum Theory (BEMT) to resolve aerodynamic
loads. The FEM is also used to describe the behaviour of mooring lines. The respective
solvers for the various system components are coupled in time domain. Several studies
examining the capabilities of the two codes are available in the literature, and a few relevant
works are described in the following.

Dagher et al. [5] presented an extensive study for three floating platforms supporting
the NREL 5 MW turbine at a 1:50 scale and compared experiments with FAST simulations,
showing good agreement for wind-only cases but with some discrepancies when waves
were included. Stewart et al. [6] presented a comparison of a calibrated FAST model against
experimental data for a tension leg platform (TLP) FOWT, with good agreement in the
wave-excitation frequency range. Wang et al. [7] found good agreement between numerical
(OpenFAST) and experimental results during investigation for a 5 MW OC3 spar-type
FOWT at a scale of 1:50. The reasons for the differences in the results of the FOWT under
wind, wave, and current conditions were discussed. Kim and Shin [8] performed validation
of a numerical FAST model against experiments for a 1:40 scale 750 kW FOWT for various
load cases. They found good agreement between the numerical model and experiments
for surge and heave motions, but larger differences for pitch motion. Ahn and Shin [9]
compared results from FAST and an in-house code with experimental results for a 10 MW
FOWT model at scale 1:90 with good agreement. Thomsen et al. [10] studied the “TetraSpar”
floater concept and investigated the use of new modelling approaches in Orcaflex and
OpenFAST for the numerical representation of the floater hull. For this specific concept,
modelling the hull as either rigid or flexible gave considerable differences. Vittori et al. [11]



Energies 2023, 16, 7833

3 0f 30

performed experiments for a 1:49 scale model of a 10 MW FOWT system and compared
with OpenFAST numerical results. They noted that the pitch natural frequency shifts with
wind loading on the FOWT system. This effect could not be captured in the simulations,
since the numerical model does not update the hydrostatic restoring when the hull is
tilted. In addition to the ones referenced here, there are several other studies with similar
experimental and numerical analysis showing reasonable or good agreement. Among the
reasons for observed differences between experimental and numerical results, the inherent
limitation of potential flow theory has been suggested. PF solvers generally represent
hydrodynamic (and hydrostatic) loads based on a linear solution, and viscous loads are at
best represented in an approximate manner. Several researchers have tried to improve the
simulation accuracy by using CFD solvers in different ways. However, CFD simulations for
FOWTs present their own set of challenges ranging from complex setup to high-resource
computational requirements. In addition, the CFD setup and associated assumptions
(including turbulence modelling, neglecting structural blade deformation, etc.) imply that
these simulations should not by default be perceived as superior to PF solvers. However,
with proper setup and experience-based modelling choices in both aerodynamic and hydro-
dynamic modelling, accurate “high-fidelity” CFD simulations can be achieved. In addition,
CFD captures flow phenomena such as turbine wakes in a way that PF methods cannot.

Traditionally, CFD methods have been used in the floating wind industry to better
understand the hydrodynamics of floater hulls for FOWTs or to simulate the aerodynamics
for the rotor. For CFD modelling of (fixed) land-based wind turbines, a variety of literature
exists and a few important references are mentioned in the following with particular focus
on the use of the open-source code OpenFOAM (OF). Sanderse et al. [12] reviewed state-of-
the-art CFD simulations of wind-turbine wake aerodynamics, and discussed techniques for
modelling the rotor and the wake including turbulence models. Tossas and leonardi [13]
discussed the implementation of the actuator line model (ALM) and actuator disk model
(ADM) using OF. Stergiannis et al. [14] studied the differences in modelling a rotor wake
using CFD through the ADM model and a full rotor model. They found that the wake
behind the turbine using the two approaches can be quite different and, therefore, the
choice of model representing the best compromise between accuracy and efficiency should
be made based on the parameters of interest. For example, for estimation of loads on the
rotor, ADM is more efficient without sacrificing accuracy, whereas to analyse wake features
a full rotor model is needed.

Numerous authors have studied the hydrodynamic loads of floater hulls using
CFD excluding the turbine and associated aerodynamics, but considering the structural
mass/inertia of the tower, turbine blades and RNA. Among them, Beyer et al. [15] analysed
surge free-decay tests using the Navier-Stokes (NS) equations for the OC3 spar model
in turbulent flow conditions. Benitz et al. [16,17] performed turbulent-flow CFD simula-
tions to calculate hydrodynamic loads on the OC4 semi-submersible floater hull in current
and waves, highlighting the presence of shadow effects behind the columns of the semi-
submersible hull. Rivera-Arreba et al. [18] performed laminar-flow CFD simulations for
heave and pitch free-decay of the OC5 semi-submersible. In addition they performed
simulations in regular waves, and found differences between CFD and PF results for large-
steepness wave cases. Nematbakhsh [19,20] performed laminar-flow CFD simulations for
a tension-leg platform (TLP), where they conducted free-decay tests in surge and heave,
and computed the regular-wave response using the level-set (LS) method to model the
free-surface deformations. Li and Bachynski [21] compared nonlinear diffraction wave
loads on the OC6 floater with CFD and a PF hybrid model (the latter including Mori-
son elements to approximate viscous loads), discussing the advantages of using CFD for
estimation of higher-order loads. They also discussed the effect of a mean pitch angle
(tilted hull geometry) on diffraction loads. Li and Bachynski [22] proposed a method for
correcting quadratic transfer function (QTFs) for wave-drift loads obtained from PF using
CFD data, and demonstrated that the modified QTFs improved the agreement with experi-
mental data. In addition, Galera-Calero et al. [23] performed numerical simulations for a
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semi-submersible FOWT platform using the commercial CFD code Star-CCM+, showing
reasonable agreement between numerical results and experimental results obtained in the
LIR/NOTF wave basin by Saitec Offshore Technologies.

Recently, with a general increase in CFD capability and availability of computational
power, CFD studies on coupled aero-hydrodynamics of FOWTs have been performed.
In this framework, Xu et al. [24] provided an exhaustive review on CFD simulations for
FOWTs. The authors discussed the advantages of using CFD for fully coupled simula-
tions, including detailed resolution of wake flow-field features. Among the drawbacks
and shortcomings mentioned are high computational requirements, the lack of studies
capturing blade deformation for large turbines (aero-hydro-elastic studies), and the lack of
studies with realistic modelling of turbine inflow conditions. Liu [25] and Liu et al. [26]
performed fully coupled aero-hydrodynamic simulations of FOWTs using OF, comparing
results against industrial /engineering codes (e.g., OpenFAST) with reasonable agreement.
In addition, these works discussed the advantages of using CFD, including high-detail
representation of the wake field behind the turbine. Such representation of the wake field
makes it possible to analyse the inflow for downstream turbines more realistically, and can
thus serve as a tool to optimize the layout/area of floating wind farms. Zhou et al. [27]
expanded on the work of previous authors comparing CFD simulations with OpenFAST
results, stating that nonlinearity of wave loads in steep waves causes differences between
CFD and other methods. Cheng et al. [28], Huang and Wan [29], analysed the fully cou-
pled aero-hydrodynamic model for a FOWT with an in-house OpenFOAM-based solver
called naoe-FOAM-SJTU for the hydrodynamics combined with an Unsteady Actuator
Line Model (UALM) for the aerodynamics. The authors concluded that the UALM model
resolves the flow with reasonable accuracy when compared to BEMT models, but less
accurate (albeit more efficient) when compared to full rotor modelling. Tran and Kim [30]
performed coupled aero-hydrodynamic simulations for a floating turbine focusing on the
surge motion, concluding that the power production of the turbine is influenced by the
platform surge motion. Tran and Kim [31] performed aero-hydrodynamic coupled CFD
simulations also including mooring line dynamics for the DeepCwind floating platform
and the NREL 5-MW turbine. A prescribed motion was enforced to the platforms, and
comparisons with experiments and FAST showed good agreement. Tran and Kim [32]
extended their previous work incorporating fluid-structure interaction for the rotor blades
allowing platform motions in six degrees of freedom (DOF), and showed good agreement
with FAST. Liu et al. [33] extended their CFD work for the NREL 5 MW turbine, coupling
the CFD solver with a code to solve the structural deformations of the rotor blades and
forcing the turbine to move sinusoidally in surge. Differences between the CFD solver
and FAST were observed, and between CFD simulations with rigid and deforming blades,
respectively. Arabgolarcheh et al. [34] performed CFD simulations for a 5 MW FOWT using
the ALM method, concluding that, as expected, the ALM modelling provides efficiency
compared to full rotor models. Zhang and Kim [35] also compared BEMT and CFD codes,
and showed that for a fixed turbine, the results for the two approaches were relatively
similar. However, for a floating system, there were differences in the thrust from the two
solvers. The wake behind the FOWT system was also discussed in detail.

Although a few are mentioned above, a relatively limited number of studies have been
published where the aero-hydrodynamic coupling for FOWTs using CFD and PF solvers is
compared. Even fewer studies have considered the aero-hydrodynamic-structural coupling
for FOWTs. The aim of the present research is to extend the work of aforementioned re-
searchers to a larger turbine and associated floater hull, since most of the published studies
use a 5 MW turbine in their analyses. With the global trend in the floating wind industry
to deploy larger turbines of 10 MW and beyond, larger aerodynamic and hydrodynamic
nonlinear loading effects appear. As a starting point, the open-source IEA 15 MW turbine
(defined in Gaertner et al. [36]) along with the associated open-source Volturn US-S floater
hull (defined in Alle et al. [37]) is selected. Due to computational limitations and to validate
the solvers used, the scaled version of the IEA 15 MW turbine defined in Kimball et al. [38]
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and Mendoza et al. [39] is studied, for which Mendoza et al. [39] has provided experimental
results for a “performance-matched” model turbine in varying wind, rotor speed and blade
pitch conditions. The main aim of the performed work is to further explore the utility of
PF (using Orcaflex) versus CFD (using OpenFOAM) methods for solving FOWT systems,
as a contribution to continue building knowledge for the floating wind community. To
assess the solver accuracy, we compare fixed-turbine thrust results obtained with the PF
and CFD solvers against the aforementioned experiments from Mendoza et al. [39] for a
load case. Hydrodynamic aspects related to the floater hull (excluding the RNA and tower)
are examined using both PF and CFD. Challenges related to accurate modelling of large
turbines and subsequently larger floating substructures in CFD are highlighted.

The present study is an extension of the work presented in Siddiqui et al. [40]. A
fully aero-hydrodynamic coupled FOWT model (including floater hull and turbine) is
implemented in OF, where the floater is allowed to move freely in pitch while disregarding
rotor blade deformations. The same setup is modelled in the PF solver to allow for a
proper comparison of the turbine thrust between the two solvers. The differences in the
wake-flow features between the fixed and floating turbines are studied using the CFD
solver. Furthermore, the wake field obtained with the CFD solver is compared with a
simplified model described in de Vaal and Muskulus [41]. Finally, a qualitative cost-
benefit analysis is presented comparing the usefulness and utility of CFD methods relative
to industry-standard PF methods for the analysis of FOWTs. The paper is structured
as follows: Section 2 provides a brief description of the properties of the IEA turbine
and Volturn US-S floater including the properties for the scaled turbine and the scaling
method. The simulation scenarios with related parameters are provided in Section 3. The
theoretical background for the PF and CFD solvers is described in Section 4, including
the associated boundary conditions, numerical setup, mesh generation, and simulation
parameters. Methods for data analysis to obtain hydrodynamic and aerodynamic quantities
of interest are described in Section 5. Results and discussion are provided in Section 6,
before the conclusions and suggestions for future work are given in Section 7.

2. Floating System Specification

Commercial FOWT designs with their specific turbines and associated floating sub-
structures are generally copyrighted designs, lacking publicly available data required for
numerical modelling. In this regard, open-source reference turbines are important tools for
researchers and industry, being publicly available and extensively benchmarked and facili-
tating collaborative efforts. The International Energy Agency (IEA) 15 MW turbine, having
a size significantly larger than the NREL 5 MW turbine, which has been extensively studied
in referenced literature, is currently the largest available reference turbine openly available
Gaerter et al. [36]. With the size of turbines in offshore wind sector rapidly increasing ([42])
to harvest higher prevailing wind resources with fewer units, the IEA 15 MW turbine is
therefore used in the present work with the following rationales:

. Aligning the research output with the current and future industry trends;
¢  Providing insight into aspects potentially associated with larger-size turbines such as:

1.  Increased floater hull motions and larger nonlinear viscous loads;
2. Challenges in numerical modelling.

In addition, an ambition is to provide a reference for future research involving large
turbine sizes.

As floating substructure, the UMaine Volturn US-S semi-submersible specifically de-
signed by the University of Maine to support the IEA 15 MW turbine (Allen et al. [37]) is
adopted. Allen et al. [37] also specifies system components such as mooring, controller,
etc. The floater is an open generic steel version of the patented UMaine concrete de-
sign (see Figure 2). Dimensions and properties of the turbine and floater are shown in
Tables 1 and 2, respectively.
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Figure 2. The IEA 15 MW turbine with the supporting UMaine Volturn US-S semi-submersible floater
hull with main dimensions (lengths are in meters).

Table 1. Main particulars of the IEA 15 MW reference turbine.

Property Value

Rated power (MW) 15.0

Class IEC Class 1B
No. of blades 3

Rotor diameter (m) 240

Hub height (m) 150
Cut-in/rated / cut-out wind speed (m/s) 3.0/10.6/25.0

RNA mass (t) 991

Maximum tip speed (m/s) 95

Table 2. Main particulars of the UMaine Volturn US-S Floater.

Property Value
Outer columns diameter (m) 12.5
Central column diameter (m) 10
Column height (m) 35.0
Pontoon width (m) 12.5
Pontoon height (m) 7
Centre-centre distance (m) 51.75
Total substructure mass (t) 17,839
Displacement (t) 20,093
Draft (m) 20
Roll radius of gyration Ryy (m) 24.911/47.122
Pitch radius of gyration Ryy (m) 24911/47.122
Yaw radius of gyration Rz (m) 34.3011/34.522

1 For floating substructure only; 2 For entire FOWT system.

Scaled IEA 15 MW Model Wind Turbine

Originally, the aim was to compare results from a PF solver with CFD simulations for
the full-scale IEA 15 MW turbine. During initial simulations, however, it was realized that
a proper representation of the geometry and refinement of the associated flow field at full
scale was required in the order of 50 million cells in CFD. With the available computational
resources, this made full-scale simulations infeasible. This was especially the case for
longer wave periods, requiring a large computational domain together with significant
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simulation time. To mitigate this, it was decided to instead use a reduced-scale turbine for
comparison with PF results. In addition, moving from full scale to model scale justifies
the use of laminar flow conditions due to reduced values of Reynolds number, (Re). It is
to be noted that the model-scale FOWT is only used for cases where the (fixed or floating)
turbine aerodynamics are simulated. For cases without the turbine, i.e., pure hydrodynamic
analysis, the required number of cells is substantially reduced and the studies are performed
with the full-scale floater.

For the scaled turbine, the scaling method and scaled turbine design are briefly
discussed in the following with details provided in Mendoza et al. [39]. The Floating
Offshore Wind and Controls Advanced Laboratory (FOCAL) Experimental Program aims at
performing model scale tests and providing results for validation of fundamental concepts
necessary for FOWT controls design. In relation to the FOCAL project, Kimball et al. [38]
presented a scaled-down design (1:70 scale) for the IEA 15 MW turbine. Froude scaling
was assumed, i.e., the Froude number is kept equal in full and model scale. The Froude
number is given as Fr = U/ /gL where U is the characteristic velocity, g is acceleration
of gravity, and L is the characteristic length scale. Table 3 provides the relevant scaling
factors for various physical quantities with length scale parameter A (i.e., the ratio between
model-scale and full-scale length).

Table 3. Scale factors for various physical quantities following the Froude scaling law.

Quantity Scale Factor Scale Factor 1:70
Length (wave height, lengths) A 70
Time (wave period) AOS 8.37
Velocity (wind speed) A03 8.37
Angle Al 1
Angular velocity A0S 0.119
Frequency (rpm) A0S 0.119
Mass A3 343,000
Mass moment of inertia A5 1.68 x10°
Volume A3 343,000
Force (thrust) A3 343,000
Torque A* 2.401 x107
Power A3 2.87 x10°

Froude scaling is widely used in hydrodynamic model testing of large-volume fixed
and floating marine structures to proper model the response due to gravity waves. However,
with atmospheric pressure and Froude scaling it is not possible to have similarity of viscous
loads (i.e., the Reynolds number will be smaller at model scales). As seen in Table 3,
scaling down the full-scale turbine power of 15 MW with a scale factor of A =1/70 gives
a model-scale power of Py; = Pr/ A3% = 15/70%5 = 5.23 W, while the rated wind speed
becomes Uy = Uy / A% =1.27 m/s. This causes an inconsistency as the performance of
the airfoil sections used for the IEA 15 MW turbine blades varies significantly at lower
Reynolds numbers. The Reynolds number associated with a generic blade cross-section,
i.e., with an airfoil, can be defined as Re = Uc/v, where U is the characteristic velocity,
c is the characteristic length, coinciding with the chord length for an airfoil, and v is the
kinematic viscosity of the fluid (air in this case). Operating at smaller Re (such as in model
scale), the airfoils will produce less lift and more drag, thus giving less power than the
corresponding Froude-scaled value of 5.23 W. To mitigate this inconsistency, a new blade
design with a different airfoil geometry and associated blade properties was proposed. The
new turbine design with lower Re airfoils is labelled a “performance matched” design,
preserving the thrust (and power) at Froude-scaled rated wind speeds and rated revolutions
per minute (RPM). The airfoil applied in this model (§5D7032) has lower thickness-to-chord
ratio than the original design and experiences lower drag and higher lift at model scale
than the original Froude-scaled design. The geometric properties of the new blade design
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are defined in detail in Kimball et al. [38], and were used to construct a 3D CAD model (as
shown in Figure 3). The main particulars of the model-scale FOWT are listed in Table 4.

A

Figure 3. CAD model of the performance matched model-scale blade design perspective (left) and
front view (right).

Table 4. Physical properties of the model-scale FOWT system.

Properties Model Scale Value

Hub height (m) 2.140
Rotor diameter RDj, (m) 3.468
Shaft tilt (deg) 6.000

Wind speeds Uy (m/s) 0.400-3.600
Rated RPM in rad/s 6.130
Rated thrust (N) 6.660
Blade mass (kg) 0.236
Blade second mass moment of inertia (kgm?) 0.116
Total Rotor Mass (kg) 0.708
Floater hull displacement (kg) 58.4

3. Simulation Cases and Parameters

The CFD simulations are divided in two parts:

e  Hydrodynamic floater hull only cases, in full scale defined in Table 5;
*  Coupled aero-hydrodynamic floater-and-rotor cases, in model scale 1:70 defined in
Table 6.

Table 5. Simulation cases and parameters for floater hydrodynamics.

Case Analysis Type Parameters Qty. of Interest

Wave periods T =6, 8,10,12 s
Wave heights H =3 m, 6 m

0° and 180° heading

Mean pitch angle of 5°

1 Diffraction 1st order loads

Forcing periods Tf =6,10,15s Added mass
2 Radiation (forced motion) Heave ampl. A r=052m Damping
Pitch ampl. 9f =25°,5°

Resonance period

3 Free decay Heave and pitch motion Damping

0° and 180° heading

4 Fixed floater i if t .
ixed floater in uniform current . velocity U = 1m/s

Drag loads
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Table 6. Simulation cases and parameters for coupled aero-hydrodynamics of the floater and rotor.

Case Analysis Type Parameters Qty. of Interest
Wind velocity Uy =1.2m/s

5 Fixed turbine in uniform wind  Rotor angular velocity 6.13 rad/s  Thrust
Pitch of rotor blades

Wind velocity Uy =1.2m/s

Hull (free to pitch) and rotor Rotor angular velocity 6.13 rad/s  Thrust

in wind and waves H=0071m,T=0.71s Mean pitch motion
0° heading

The air and water densities are 1.25 kg/m? and 1025 kg/m3, respectively, and the full-
scale water depth is taken as 150 m (corresponding to 2.143 m in model scale). The seabed
is assumed to be flat. The kinematic viscosities of water and air are taken as 10~ m?/s
and 1.48 x 1075 m? /s, respectively. Other relevant quantities are described in individual
case setups.

4. Analysis Tools

PF time-domain simulations of the coupled RNA and floater system are performed
in Orcaflex with hydrodynamic coefficients used as input computed in the radiation-
diffraction code WADAM ([43]). The open-source code OpenFOAM, with its built-in
packages for pre-processing, numerical solution and post processing, is used to perform
CFD simulations.

4.1. Potential Flow Solver

First-order added mass and damping coefficients and transfer functions for first-order
wave excitation loads and second-order mean wave drift loads for the floater hull are
taken from frequency domain analysis in WADAM with the mean wetted part of the hull
discretised using quadrilateral planar panels (see Figure 4). The appropriate panel size
(61) is established through a convergence study considering three meshes, i.e., “coarse”,
“medium”, and “fine”. Properties for the meshes are given in Table 7. The convergence
study is performed for the mean wave drift loads, which are typically the results from such
analysis that are slowest to converge. The mean wave drift loads are calculated using the
Conservation of Fluid Momentum (CFM) method, since it is known that results obtained
with the alternative method of Direct Pressure Integration (DPI), within a perturbation
approach using inertial reference frame, are more sensitive to the size and shape of panels
near the free surface. In fact, Shao [44] showed that a main reason for differences between
DPI and CFM can be the presence of sharp corners in the body, and hence DPI in some
cases may never fully converge regardless of the panel size.

Based on the analysis, the “medium” mesh is found to give converged results, and
results for this mesh are therefore imported into the Orcaflex model. The frequency domain
analysis covers wave periods 3—40 s with an increment of 0.5 s for headings 0-180° with
an increment of 30°. The analysis to establish hydrodynamic coefficients was performed
using an external quadratic damping matrix with values defined in Allen et al. [37] to
approximate viscous damping effects.

Table 7. Details of mesh sizes for PF solver.

Mesh Name Average Panel Edge Total Number of Panels
Length (m)
Coarse 1.25 5034
Medium 1.00 9472

Fine 0.80 12,618
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Figure 4. Medium panel models of the floater hull used in convergence study.

Orcaflex is a software package for dynamic analysis of marine systems including
functionality to build up wind turbine systems, where turbine blade data can be inserted in
terms of geometric and aerodynamic data. The wind loads on the turbine are modelled
using a blade element momentum (BEMO) theory model. For wind generation, a constant
wind profile is used. The wind loads on the turbine are coupled with the hydrodynamic
loads on the floater in time domain while the wind loads on the turbine tower and the
floating foundation are neglected, along with structural deformation of the turbine blades
(although Orcaflex offers such capabilities). This is to provide a direct comparison with
the CFD model where these aspects are neglected. The blade properties (wing type,
aerodynamic properties, inertia properties, etc.) are taken from Kimball et al. [38] and used
to setup the “turbine” object in Orcaflex (see Figure 5).

Figure 5. Scaled IEA turbine model setup in Oracflex.

4.2. CFD Solver

OpenFOAM (OF) is an open-source environment based on the Finite Volume Method
(FVM) and implemented using C++ templates developed initially by H. Weller and H.
Jasak [45] that can be employed to simulate a variety of fluid—-body interaction problems.
OF runs well on parallel processors, and being a freely available open-source code, can
be modified to add new functionalities. The user manual ([46]) provides in-depth details
on implementation of the governing equations, solution algorithms, solver settings, and
boundary conditions, with a few main aspects discussed briefly in the following. Any devi-
ation from the general description provided below will be defined in the relevant sections.

4.2.1. Solver Settings

The viscous flow is governed by the nonlinear Navier-Stokes (NS) equations, which
are solved simultaneously with the continuity equation in the fluid domain (air and/or
water) resulting in a coupled pressure-velocity equation system. Here, these are solved
using the PIMPLE method, which is a combination of PISO (Pressure Implicit with Splitting
of Operator) and SIMPLE (Semi-Implicit Method for Pressure-Linked Equations). The
number of inner iterations (pressure correction for SIMPLE) and outer iterations (pressure
correction for PISO) are set to 2, which ensures convergence within the present studies.
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With the presence of both air and water the NS equations must be solved for both of these
phases, resulting in a two phase system. The Piecewise-Linear Interface Calculation (PLIC)
scheme, which is an improved version of the Volume-of-Fluid (VoF) technique proposed
by Hirt and Nicholas [47], is used by OF to estimate the air-water interface where an
additional transport equation for the volume fraction (x) emerges. This is evolved in time
in OF with the MULES (Multidimensional Universal Limiter with Explicit Solution) solver.
The time-stepping method in the solution algorithm is adaptive with variable time steps
depending on the average flow features to ensure stability following from a maximum
Courant number (Co) criterion. Here, the maximum Co is set to 1 and the maximum
interface Courant number (Coy) is set to 0.5. A first-order implicit Euler scheme is used
for time-evolution of the equations. The position of the free surface is estimated by locating
the contour where a = 0.5. Spatial terms are discretized with a second-order scheme. The
main machine used to perform the simulations is an AMD Threadripper processor with
32 physical cores (4 GB RAM per core). In addition, some nodes from UNINETT Sigma2—the
National Infrastructure for High Performance Computing and Data Storage in Norway were
made available.

4.2.2. Domain Size and Boundary Conditions

Separate domain and boundary condition setups are used for the floater hull only
cases in Table 5 and the floater plus rotor cases in Table 6.

Floater hull only: A two-phase 3D Numerical Wave Tank (NWT) is established in OF
with a 2D cut parallel with the xz plane shown in Figure 6. The left plot of the figure shows
the setup for the diffraction, forced motion and free decay simulations whereas the right
plot shows the setup for the simulations with a fixed floater in uniform current. The height
of the NWT is 190 m with a water depth d of 150 m, whereas the length L is modified for
the diffraction case with largest wave period and for the larger forcing/free decay period.
The free surface lies entirely within the zone |z| < 0.5d2 and the floater lies entirely in
zone |z| < 0.5d1. To resolve the free surface and flow features close to the structure with
sufficient accuracy, the cells in the z-direction are divided in half two times; first in the
zone with height d1 and thereafter in the zone with height d2. This means that in the zone
|z| < 0.5d2, the cell dimensions are Ax = 0.25Axy, Ay = 0.25Ayo and Az = 0.25Az(, where
(Axo, Ayo, Azp) are the cell dimensions for |z| > 0.5d1. In the zone 0.542 < |z| < 0.5d1, the
cell dimensions are Ax = 0.5Axg, Ay = 0.5Ayy and Az = 0.5Azy. The NWT is equipped
with a numerical beach on the side opposite of the wavemaker to prevent wave reflections.
The wavemaker at the NWT inlet is an “artificial” wavemaker represented by a numerical
boundary condition, while the numerical beach uses a shallow-water absorption condition
for which details can be found in, e.g., Higuera et al. [48]. The floater is placed at a distance
L1 from the wavemaker and L2 = L — L1 from the numerical beach. The values of the
parameters d1, d2, L and L1 are given in Table 8. In Table 8, A refers to the wavelength
associated with incident wave of wave period T and other variables as defined earlier in
the text. The NWT size in y-direction is approximately 1.8B, where B = 51.8 m (column
centre-to-centre distance).

The complete set of boundary names for the NWT is shown in Figure 7 with boundary
conditions specified in Table 9. Here, no-slip (zero velocity) boundary conditions are
enforced at the seabed and on the floater hull, while a slip condition is enforced on the side
wall, i.e., only the normal velocity is zero. At the top boundary (atmosphere), a constant
total pressure condition of zero is applied. As the floater is symmetric about the xz plane
through y = 0, only half of the floater and NWT are modelled with symmetry conditions
enforced at y = 0. For moving boundaries, the deforming mesh (DM) method is applied
with details described later.



Energies 2023, 16, 7833

12 of 30

di

Wavemaker/
Beach

L1 L2

Ze

di

Uniform
Velocity

Beach Outflow

L L

Figure 6. Boundary conditions for simulations with floater hull only. Left: Diffraction, forced motion
and free decay cases. Right: Uniform current cases.

Table 8. NWT parameters for floater hull only cases.

Case/Case # d1l (m) d2 (m) T (s) Ty U (m/s) L L1
(s) (m) (m)
Diffraction (1) 7.0-14.0H 3.0-6.0H 6,8,10 - - 50A 2.0A
7.0-14.0H 3.0-6.0H 12 - - 4.0A 1.0A
. 84.0Af 36.0Af - 10.0 - 4.0B 2.0B
Forced motion and Free decay (2, 3) 2104 9.0A; ) 150 ) 40B 20B
Uniform current (4) B/2.0 B/4.5 - - 1.0 3.0B 1.0B

atmosphere

| Semi- |
symmetry submersible | = ——
Plane

| ground

Figure 7. Boundary names for floater hull only cases.

Floater hull and rotor: A single-phase 3D air domain with uniform inflow is established
for the case denoted as “case 5” (Figure 8), and a two-phase 3D NWT with two inlets and
outlets for the air and wave fields (Figure 9) is established for the cases denoted as “case 6”.
For moving boundaries, i.e., the rotor and the floater hull, the overset grid (OG) method
is used. In the OG method, a body-fitted overset grid follows the rigid motion of the
solid boundary it is fitted to, moving over the fixed background grid without any mesh
deformation. The dimensions of the OG and background grid are defined in Table 10 in
terms of the model-scale body length bj; and the model-scale rotor diameter RDy;. The
boundary names for the NWT are shown in Figures 8 and 9 with specification of the
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boundary conditions provided in Table 11. Due to the 3D nature of the considered flow,
no symmetry plane is used. The inlet and outlet boundaries are divided into two parts for
air and water, respectively. The air flow field at the inlet is represented by a uniform flow
with constant velocity, the air pressure is set equal to atmospheric at the outlet, and the
top boundary has a slip condition with zero normal velocity. The wave generation and
absorption at the water inlet/outlet boundaries are similar as explained in connection with

Table 9.

Table 9. Specification of boundary conditions for floater hull only cases.

Boundary Name

Physical Representation

Enforced Conditions

Diffraction cases

Inlet Wavemaker Prescribed wave velocity
Outlet Beach Shallow-water absorption
Ground Flat seabed Zero total velocity

Wall Slip Zero normal velocity
Atmosphere Atmospheric pressure P = patm

symmetryPlane Symmetry plane -

Semi-submersible Fixed body Zero total velocity

Forced motion/free decay cases

Inlet Beach Shallow-water absorption
Outlet Beach Shallow-water absorption
Ground Flat seabed Zero total velocity

Wall Slip Zero normal velocity
Atmosphere Atmospheric pressure P = paim

symmetryPlane Symmetry plane -

Semi-submersible

Prescribed/ free body motion

Zero relative velocity

Uniform current cases

Inlet Uniform inflow Prescribed velocity
Outlet Uniform outflow Mass flux outlet
Ground Flat seabed Total zero velocity
Wall Slip Normal velocity zero
Atmosphere Atmospheric pressure P = pam
symmetryPlane Symmetry plane -

Semi-submersible Fixed body Zero total velocity

m
InletAir

| } OutletAir

Figure 8. Boundary names for fixed rotor case.
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Overset

Figure 9. Boundary names for floater hull with rotor case.

Table 10. NWT parameters for floater hull and rotor cases, given in terms of by or RDy, respectively,

the model-scale body length and rotor diameter.

Case Lm Brm dym Loc1 Log2 Hog1 Hog: Bogi Bog:
5 175RDy  135RDy 1.75RDy - 0.15 by - 1.5 RDy - 1.2 RDy -
6 ” ” ” 1.67 by ” 1.3 by ” 0.55 by ” 1.7 by
Table 11. Specification of boundary conditions for floater hull and rotor cases.
Boundary Name Physical Representation Enforced Conditions
Fixed turbine (case 5)
Inlet Air Uniform inflow Prescribed velocity
Outlet Air Uniform pressure P = pamm
Inlet - -
Outlet - -
Ground Flat seabed Zero total velocity
Top Slip Zero normal velocity
Wall Slip Zero normal velocity
Turbine Rotating blades Prescribed angular velocity
Overset grid1l Interpolation between overset and background grid -
Semi-submersible - -
Overset grid2 - -
Rotating turbine with floater (cases 6)
Inlet Air Uniform inflow Prescribed velocity
Outlet Air Uniform pressure P = patm
Inlet Wavemaker Prescribed wave velocity
Outlet Beach Shallow-water absorption
Ground Flat seabed Zero total velocity
Top Slip Zero normal velocity
Wall Slip Zero normal velocity
Turbine Rotating blades Prescribed angular velocity
Overset grid1l Interpolation between overset and background grid -
Semi-submersible Free body motion (in heave and pitch) Zero relative velocity
Overset grid2 Interpolation between overset and background grid -

4.2.3. Meshing in OpenFOAM

The numerical solution domain for velocity and pressure in OpenFOAM is defined
through discretizing the fluid domain into cells. For simple body shapes and for general
background meshes, a Cartesian structured hexahedral (hex) mesh can be generated using
OpenFOAM’s “blockMesh” utility. The overset grid fixed to the body (semi-submersible)
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surface is generated using OpenFOAM’s “snappyHexMesh” utility, which refines cells
near the body surface to account for local flow features associated with the body shape.
For general bodies with arbitrary boundary shapes, such refinement cannot be performed
using hexahedral cells alone, and requires the addition of prism/tetrahedral (tet) cells.
This results in unstructured meshes, where an example of such “snapped” surface mesh is
shown in Figure 10.

Figure 10. Body-surface mesh for hull (left) and overset grids (right) generated with the Snappy-
HexMesh utility.

For the diffraction, radiation/free decay and uniform current cases, a structured
background mesh consisting of hex cells is established for the NWT with cell dimensions in
three directions defined in Table 12. Windt et al. [49] has shown that 10-20 cells per wave
height (CPH) in the free-surface region give accurate results for wave-propagation cases.
For diffraction cases, a CPH value of 12-24 is used in zone d2 depending on the wave
height H. For radiation/free decay and uniform current cases, a CPH value of 12 is used.
SnappyHexMesh is then used to generate a refined mesh “snapped” around the floater
hull. For cases 5-6, the mesh cell dimensions for the fixed background and moving overset
grids are given in Tables 13 and 14. The mesh cell dimensions for OG1 is the same for
both cases. Inside the overset grids a structured mesh for body surfaces is generated with
SnappyHexMesh. For the rotor OG, 5 layers of prism cells (boundary layer cells) are used
on the rotor surface, with a growth rate of 1.2. The thickness of first prism layer (6OG1,)
away from the blade surface is kept as 0.005 m; this implies that cyqx /60G1, = 40, where
Cmax is the maximum chord of foil sections along the entire blade.

Table 12. NWT mesh properties for floater hull cases 1-4.

Diffraction Cases T (s) B/Ax B/Ay HIAz H/Az (Zone d2)
6,810 2590 4144 3,6 12,24
12 17.27 4144 3,6 12,24
Forced Motion Tr (3 B/Ax  BIAy  AglAz H/Az (Zone d2)
10,15 1727 4144 2,4 12
Free Decay B/Ax  B/IAy  AflAz H/Az (Zone d2)
1727 4144 2,4 12
Uniform Current B/Ax  BIAy  AflAz H/Az (Zone d2)
17.27 4144 2,4 12

Table 13. NWT mesh properties for rotor case 5.

LM/Ax BTM/Ay HM/AZ LOGlle Ho(;l/Az Bo(;l/Ay
200 150 250 30 75 75
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Table 14. NWT mesh properties for floater hull and rotor case 6.

Ly/Ax Bry/Ay Hy/Az dy/Az Logi/Ax Hopg1/Az Bogi/Ay
200 150 400 200 120 62 100

4.2.4. Mesh Motion in OpenFOAM

In the present work, moving rigid bodies are assumed. The mesh motion in Open-
FOAM is solved using an arbitrary Lagrangian Eulerian (ALE) formulation by two methods:
deforming mesh (DM) and rigid body mesh motion. The overall mesh topology (cell umber
and the connection to neighbours) is retained in both techniques.

In the DM method, the cells deform when the instantaneous position of the body
changes. For reference, comprehensive analysis of DM techniques and respective imple-
mentation in OF is given by Jasak and Tukovic [50]. In the present work, the “laplacian-
Displacement” solver is selected for implementation of the DM method, where the mesh
deformation depends on the body motion. The mesh motion is solved using an additional
Laplace equation. This equation is given as A(kyd) = 0, where ky is a diffusivity coefficient
with d being the displacement vector of each cell centre. A quadratic diffusivity coefficient
kg given as r? is employed, where r is the minimum distance between the cell and the
specified moving boundary. This choice of diffusivity coefficient implies that as we move
away from the body boundaries, the deformation decreases. The DM method is here
implemented for cases with forced motions and free-decay heave motions.

In the rigid mesh motion technique, the mesh moves with the body without deforming.
This is applied in the OG method where overset meshes are applied. Here, two grids are
considered, namely a (generally structured) background mesh over the entire domain, and
a smaller overset mesh which is fitted to the body and covering a small region around
the body. The background grid remains fixed, whereas the overset mesh follows the rigid-
body motion without any distortion. The governing fluid-flow equations are solved for
each mesh, and the physical quantities are coupled for the two meshes using interpolation
schemes. Information is exchanged between the meshes at two single-celled layers: One
for the background mesh close to and including the body boundary and the other for the
body-fitted overset mesh at its outermost cell layer. In the former layer, information is
exchanged from the body-fitted overset mesh to the background mesh, whereas in the latter
layer, information is exchanged in the other direction. The overset mesh is boundary fitted,
meaning that the region occupied by the body is not populated with cells. In the background
mesh, however, cells exist also inside the body. Such cells are denoted as “hole” cells and
there, no fluid equations are solved. An example of the “interpolation” layer and “hole”
region is shown in Figure 11. The OG method is implemented in simulation cases 5-6.

Interpolation
Layer

Hole region

Figure 11. Screenshot showing interpolation and hole regions in the OG method.
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5. Data Analysis

This section describes methods for extracting physical quantities of interest using the
data obtained from the PF and CFD simulations.

5.1. Potential Flow Solver

The added mass and damping along with transfer functions for first-order wave loads
and mean second-order wave drift loads are obtained directly as function of wave frequency
from WADAM and can be compared directly with CFD results for specific wave or forcing
periods. Based on the frequency domain solution from WADAM, Orcaflex computes the
hydrodynamic loads in time domain and then solves the coupled aero-hydrodynamic
problem. Results such as aerodynamic thrust, motions of the floater hull and RNA, etc.,
are available as time series upon a successful time domain simulation and can be directly
compared with results from CFD simulations.

5.2. CFD Solver

For the CFD solver, data must be post-processed to obtain results that can be compared
with the PF solver. For the cases where direct time-series comparison is not possible, the
methods used to extract the relevant quantities of interest are described below.

5.2.1. Diffraction Cases

To examine the wave generation, propagation and absorption capabilities of the
established NWT, regular waves are generated for all wave periods (given in Table 5)
without the presence of the floater using Stokes second-order wave theory with the free-
surface elevation measured in a wave probe (WP1) placed at the origin of the tank (L1
distance from the wavemaker). An example for T =12 s and H = 3 m is shown in Figure 12.
Compared with a theoretical Stokes second-order solution, the waves generated in OF are
in good agreement for all periods considered (difference less than 5%). The largest error
occurs for T = 6 s and H = 6 m, indicating that second-order theory may be insufficient to
capture the wave nonlinearity due to large wave steepness for this particular condition. A
steady-state time window of 4-8 T is available for all wave periods where reflection from
the numerical beach does not affect the free-surface elevation in the location of WP1 (where
the floater is located in subsequent simulations). The mean wave height H in WP1 for this
steady-state time interval (without the floater present) determines the wave amplitude,
A = H/2, used to estimate wave-load transfer functions when the analyses are re-run with
the floater present.

2.0
——  OpenFOAM
15

—— Theory

10

0.5 |'r\

N jr||
SATAY \

=0.5

-1.0

Wave Elevation WPL (m)

=15

—205 2 3 6 8 10 12 14 16
t/T

Figure 12. Wave elevation for T = 12 s and H = 3 m compared with the Stokes second-order theory.

In Siddiqui et al. [40], the focus was on mean wave drift loads, whereas we here focus
on first-order wave loads. Figure 13 shows the time series of the surge force (Fy) from OF
for 0° wave heading, T = 12 s and H = 3 m. A steady-state range from the force time series
(shown in blue in Figure 13) is used to estimate the first-order force Fy, 4. The steady-state
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range generally consists of 1 oscillation periods, where # is an integer number between 3
and 5 depending on the wave period T, and is taken such that the effect of reflection from
the beach and the wavemaker is minimal. Fj, 4 for surge (and F;, 4 for heave) is calculated
by taking the average of the crest (F4.) and trough (F4;) values in the time series over the
steady-state time window nT, i.e.,

j=n
Y (Fac| +[Fal)
_ =
Fixa = o 1)
100
81 - F
64| OF Signal Ac
4 —— nT Range for Calc ﬂ N
2 2
=z o
R -2
» I
» LU
8 [ S S S O VS
0 2 4 6 8 10 12 14 16
t/T

Figure 13. Surge force (Fy) from OF for T =12sand H =3 m.
5.2.2. Added Mass and Damping Coefficients

For radiation (forced motion) simulations, the method described in Journee and
Massie [51] is used to estimate frequency-dependent added mass a;; and damping coeffi-
cients by;:

F:
Ckj — %cos(e)
Uj=—",.2 2)
Fiiasin(e
bk]’ _ kjA ( ) 3)
wijjA

Here, Fy;(t) = Fyjasin(wt + €) is the hydrodynamic force in direction k due to forced
motion 77;(t) = y7jasin(wt) in direction j, w is the forcing frequency, cy; is the hydrostatic
restoring coefficient, and e is the phase difference between the force Fy;(#) and motion 7;(¢).

5.2.3. Free Decay Tests

The damping from the free decay cases is calculated using the logarithmic decrement
method described in detail by Faltinsen [52].

5.2.4. Uniform Current, Fixed, and Floating Turbine Forces

For these cases, force time series obtained directly from the simulations are evaluated.

6. Results and Discussion
Results for the cases described in Section 3 are here discussed in detail.

6.1. First-Order Wave Frequency Loads and Second-Order Mean Wave Drift Loads

We consider transfer functions for the first-order forces in surge and heave on the fixed
floater at two wave heights (H = 3 m and 6 m), two wave headings (0°, 180°), and two mean
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pitch angles (0°, 5°) from PF and CFD displayed in Figure 14. The forces in surge from CFD
are generally in fair agreement with PF results. Nonlinearity in the surge force from CFD
can be seen for T = 6 s where there is a notable difference between H = 3 m and 6 m, but is
less apparent for other wave periods. It is plausible that this observation may be related
to wave steepness and nonlinearity of the incident waves, since the smaller wave periods
are associated with larger steepness. The effect of adding a mean pitch angle to the floater
is generally small, but slightly more notable for the heave force than for the surge force.
The largest difference for both degrees of freedom occurs for the second smallest wave
period examined. Although not reported here, the effect of adding a non-zero pitch angle
is insignificant in the (linear) PF analysis. The fact that the CFD analysis shows a visible
difference suggests that the effect of a non-zero mean pitch is primarily of nonlinear nature.
Additionally, the CFD results on average display a somewhat larger difference between
results for the two wave directions from PF, which is possibly related to viscous effects.

Surge
8000 1 —— 0deg PF
—— 180 deg PF
7000 X 0deg CFD, H=3m
0 deg CFD, H=6
60001 ® i Attt m
0 deg CFD, 5deg Pitch, H=3m

£ 5000 180 deg CFD, H=3m
~
2, 4000
=2

30001

2000+

10001

0 |
5 10 15 20 25 30 35 40
Heave
6000
—— 0deg PF
® —— 180 deg PF
50007 X 0deg CFD, H=3m
® ® 0deg CFD, H=6m

40001 0 deg CFD, 5deg Pitch, H=3m
g ® 180 deg CFD, H=3m
;2*3000<
2 X

o
2000
1000
5 10 15 20 25 30 35 40

Figure 14. Comparison of first-order wave loads in surge and heave in PF and CFD.

Results for mean wave drift loads were discussed in Siddiqui et al. [40] with main
findings briefly summarized below:

e  There are considerable differences between CFD results and PF results, even when the
empirical formula for viscous-flow corrections (ExWave) proposed in Yang et al. [53]
are included in the latter. The difference increases for large wave periods and wave
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heights. This may be of significance for analysis of FOWT systems with hulls consisting
of slender members, and should be further studied;

¢ Adding a non-zero mean pitch angle shows little influence on the PF results but is
more visible in the CFD results. The exact reason for this difference and the underlying
physics need further examination.

6.2. Added Mass and Damping Coefficients
6.2.1. Forced Oscillatory Motions

Figure 15 compares the added mass and radiation damping coefficients calculated
from CFD harmonic motions and from PF, where the CFD simulations were performed
for two amplitudes and three forcing periods each. The added mass in heave and added
inertia in pitch from CFD are in fair agreement with PF, whereas the damping coefficients
from CFD are larger than from PE. The latter can possibly be explained by viscous effects,
which is not accounted for in the PF results.
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é : X By CFD e = 5deg
= 2.2 < 4
220 i3
= 3
: P!
1.8 *
1
1.6
5 10 15 20 25 30 35 a0 9 s 10 15 20 25 30 35 40
T (s) T (s)
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Figure 15. Comparison of added mass (left) and damping (right) in heave (top) and pitch (bottom)
motions estimated with PF and CFD.

The significance of viscous effects in the CFD results is further indicated by the nonlin-
earity for Ty = 10 s, observed as difference in coefficients for different forcing amplitudes.
Figure 16 shows the CFD velocity field at two different time instants during forced heave
motion for this forcing period. Significant differences are observed in the flow field during
downward (left plot) and upward motion of the hull (right plot), where one may notice
the formation of positive vortices during downward motion and negative vortices during
upward motion. These vortices contribute to additional viscous damping in heave, and a
similar phenomenon is observed during forced pitch motions.

Each combination of forcing period and amplitude in the forced-motion CFD analysis
takes around 10-15 h of CPU time. By comparison, computing results in frequency domain
for all 75 wave periods with the PF solver takes less than 30 min of CPU time.
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Figure 16. Screenshots at two different time instants showing the velocity field in a xz cut-plane for
forced heave motions from CFD simulations for Tr =10sand 13, = 0.5 m.

6.2.2. Free Decay Simulations

Figure 17 shows the comparison of free decay heave motion with an initial amplitude
of 1.5 m from PF and CFD. The PF method here refers to time domain simulations in
Orcaflex, where quadratic damping is represented using a Morison element (ME) model
(shown in Figure 18) with generic drag coefficients defined in Table 15. It is seen that the
natural heave period is in good agreement between the two methods, whereas the CFD
results indicate slightly larger damping than the PF results. The estimated natural periods
and damping coefficients from the decay test are listed in Table 16, indicating that both
linear and quadratic damping are larger in the CFD simulations. The results in this section
therefore demonstrate that by performing decay tests in CFD, a PF model can potentially be
calibrated to achieve a more accurate damping level than by using generic drag coefficients.
Alternatively, a PF model may be calibrated against experimental decay tests. Performing a
hydrodynamic model test is however usually more expensive and time consuming than
performing free-decay CFD simulations, which in this case took around 15 h for one decay
test. In addition, model test results may be influenced by improper scaling of viscous
effects. The reason for why calibrating a PF model may lead to improved damping accuracy
over using generic coefficient is partly due to hydrodynamic interaction effects: although
generic coefficients may represent the drag load on a single structural member well in
isolation, there is uncertainty related to, e.g., shielding effects behind “upstream” columns.
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Figure 17. Comparison of free decay heave motion from PF (including quadratic damping from
empirical formula) and CFD.

Table 15. Drag coefficients for Morison elements (based on DNV [54]).

CDx CD z

Columns 1.0 1.0
Pontoons 2.3 14
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Table 16. Natural period and linear and quadratic damping in heave from free decay tests.
Tn3 (S) B33L(st/m) B33Q(kN52/m2)
PF 20.40 33.68 463.32
CFD 20.54 143.77 776.73

Figure 18. ME representation of floater hull in Orcaflex model.

6.2.3. Drag Force in Uniform Current

The ME formulation described earlier (with coefficients defined in Table 15) is used
in the PF solver to estimate drag loads in uniform current. Since the drag coefficients in
the PF solver are generic and do not account for shielding effects, they give the same total
drag force in x-direction for both 0° and 180° current directions. The resulting drag forces
from PF and CFD with a uniform current velocity of 1 m/s are compared in Figure 19,
where one may observe that the mean value in the CFD simulations for 0° current direction
(after the initial transient) is close to the PF value. However, the CFD simulation gives a
significantly smaller drag force than the PF results for 180°. Evidently, the drag force takes
some time to converge towards steady state in the CFD simulations. This is also seen in the
snapshots in Figure 20, demonstrating how the flow field around the floater develops over
time. Far from the body and close to the walls, a uniform velocity of 1 m/s (coinciding with
the incoming current velocity field) is seen, indicating that the size of the computational
domain is sufficient. In regions close to the floater columns, there are pockets of lower and
higher velocities, and a strong interaction between the central column and the side columns
can be observed. The fact that the hydrodynamic interaction between the central and side
columns interests the upstream flow region for 180° heading and the downstream region
for 0° heading is likely a major reason for the less satisfactory agreement between CFD and
PF for current direction 180° than for 0°.

The influence on shielding and hydrodynamic interaction effects, as well as 3D flow
features at the connections between columns and pontoons, should be further investigated
in future work.

For the uniform current simulations presented here, the CFD solver takes about 5-10 h
of CPU time compared to 2 min for the PF solver.
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Figure 19. Comparison of drag forces in x-direction from PF and CFD.
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Figure 20. Snapshots of velocity field from CFD simulations in a xy cut plane at two different time
instants for 0° (top) and 180° (bottom) current directions.

6.2.4. Fixed and Floating Turbine

PF simulations have been performed for the fixed down-scaled turbine without the
tower in Orcaflex with rigid turbine blades. Similarly, a CFD simulation was performed for
the fixed turbine using the OG method for the rotating turbine. An inflow wind velocity
of Uy = 1.2 m/s and an angular turbine rotation velocity of 6.13 rad/s for the turbine
was used in both solvers. The simulation time was restricted to 2 s due to excessive
CPU time required by the CFD simulation. However, it is recognized that a longer run
time is required to ensure steady-state conditions. Figure 21 shows the comparison of
the aerodynamic thrust force in x-direction between the two solvers. There is an initial
transient in the CFD time history, but it converges against steady-state condition near the
end of the simulation with a mean value around 6.5 N. The results from both solvers are
compared against experimental results from Kimball et al. [38] to validate the simulation
setup for both solvers. The CFD solver thrust is around 6.2% larger than the experimental
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result while the PF solver gives a values around 12.7% larger. Based on this, both solvers
are deemed to provide reasonable thrust forces. Different from the PF solver, the CFD
solver also provides information about the flow field around and behind the turbine (wake
region). Such information can be important for turbine interaction analysis in a wind farm
and blade design. Further discussion about the wake behind the fixed turbine is discussed
in relation with the floating turbine later.

For these 2 s of simulation, the CFD solver took about 2.5 days of CPU time compared
to approximately 10 s for the PF simulation.
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Figure 21. Comparison of aerodynamic thrust force in the x-direction between PF and CFD for fixed
turbine with wind velocity Uy = 1.2 m/s and turbine blade rotation angular velocity 6.13 rad/s.

PF and CFD simulations were also performed for the floating down-scaled turbine and
floater with a uniform wind velocity of Uy = 1.2 m/s, incident wave height H = 0.071 m,
and wave period T = 0.7 s. A ramp function for the wave generation and turbine rotation
was implemented for in solvers with a ramp-up time of 0.1 s. The PF setup in Orcaflex is
shown in Figure 22, while snapshots of two different time instants from the CFD simulation
are shown in Figure 23.

Figure 22. Setup of the scaled wind turbine along with the floater in Orcaflex.
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A simulation time of 2.8 s (4 wave periods) was used, where the CFD simulation was
terminated due to excessive CPU time. However, the simulations should strictly speaking
have been run longer to reach steady-state behaviour. The aerodynamic thrust for the two
solvers is compared in Figure 24. The difference in mean thrust (around 33% relative to PF)
is larger between the PF and CFD solvers for the floating turbine compared to the fixed
turbine discussed previously. However, longer simulations must be investigated as part of
future work to conclude on this aspect. No experimental data was available for this case.

For these simulations, the CFD solver took around 7 days of CPU time compared to
5 s for the PF solver.

T

r—
e

Figure 23. Snapshots from two different time instants from simulation of the scaled wind turbine
along with the floater in CFD.
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Figure 24. Comparison of aerodynamic thrust force in x-direction between PF and CFD for float-
ing turbine.

One of the subsequent aims mentioned in the present work was to understand the
flow behind the floating turbine blades (wake region), which cannot be described by the
PF solver. Such a study can help in operational aspects and understanding optimal FOWT
locations within a wind farm. Figure 25 demonstrates the velocity field behind the floating
turbine in a xy plane section for three different time instants. The xy section is through a cut
with z = 1.941 m (centre of the rotor hub). As the CFD simulations are run for a relatively
short simulation time, it is not possible to comment on the wake features in intricate detail
(as has been done in some of the mentioned literature here). However, the main aim is to
demonstrate that the velocity field can indeed be captured well for a CFD solver and can be
an important tool to understand how far the wake region extends behind the turbine before
reaching ambient velocity levels, and subsequently how the wake affects the other turbines
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downstream in a FOWT farm. The present work represents a starting point towards such a
study. Future work should be performed with larger simulation times along with a study
towards influence of turbulent-flow effects in the wake features.

Figure 25. Snapshots of the velocity field in a xy plane section (cut with z = 1.941 m) at three different
time instants from the floating-turbine CFD simulation.

7. Conclusions

The aim of the present work was to investigate the usefulness of CFD in the analysis
of FOWTs by comparing CFD results from OpenFOAM with PF results from Orcaflex.
The former properly accounts for nonlinear hydrodynamics including viscous-flow effects,
whereas the latter uses hydrodynamic coefficients from a frequency domain analysis based
on perturbation theory combined with empirical formulations for viscous-flow effects.
A 15 MW open-source turbine with an associated floater, mirroring the industry trend
of going towards larger turbines, are used as basis for the study together with relevant
environmental parameters. To avoid excessive computational demands, scaled versions
of the turbine and floater were modelled in the CFD setup. However, a full-scale floater
was modelled for pure hydrodynamic cases. Details for the boundary conditions, mesh
generation, and solver setup are thoroughly explained. The following observations are
highlighted from the comparison between CFD and PF:

*  Hydrodynamic coefficients estimated with PF and CFD generally agree well. However,
some nonlinear behaviour not captured in the PF results are indicated by the CFD
method. For diffraction scenarios, the CFD results indicate instances of moderate
nonlinearity related to increasing wave steepness and mean floater pitch, and for
the mean wave-drift forces, the CFD results indicate some nonlinearity related to
increasing wave height (documented in Siddiqui et al. [40]);

*  Added mass coefficients from forced oscillation CFD simulations are in fair agreement
with PF results. The damping forces due to forced oscillations in the CFD simulations
are on the other hand significantly larger than the PF radiation damping. This is
attributed to rotational and viscous-flow effects. For a direct comparison between
CFD and PF radiation damping, CFD simulations should ideally have been performed
without viscosity. Nevertheless, the results indicate that viscous damping must be
added in PF, preferably calibrated against CFD or experiments, to yield physically
sound behaviour. This is here exemplified through a comparison of free-decay CFD
and PF simulations;

* In uniform current, the drag force obtained with the CFD solver shows a directional
dependence that cannot be reproduced by using Morison elements in the PF solver.
This is due to viscous directional dependent interaction effects between the columns
that may be important to account for to reliably estimate hydrodynamic loads due
to current and/or waves, or resistance during towing. In this regard, the use of CFD
may help to capture flow physics not revealed by PF at a reasonable computational
cost (as a moderate simulation time is needed to estimate loads in uniform compared
to unsteady inflow). Such information may, e.g., be used to enhance the accuracy
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of a PF model by introducing different Morison drag coefficients depending on the
flow direction.

*  The aerodynamic thrust forces obtained from the PF and CFD solvers are in good
agreement for the fixed turbine case with differences less than 6%. However, for the
floating turbine a significant difference (around 33%) is observed for reasons that
should be examined in a future work.

To quantify the experiences made in the present work, Table 17 presents a cost-benefit
analysis for the simulations performed considering four parameters: CPU time, setup
complexity, potential advantages, and software license cost. The parameters are classified
as “low”, “medium”, and “high” with points assigned from 1 to 3 to each depending on
the parameter. For example, a “high” potential advantage corresponds to 3 points, whereas

a “high” license cost corresponds to 1 point.

Table 17. Cost-benefit analysis for the simulations in the present work for PF and CFD solvers.

. Setup . . Total
Solver CPU Time (s) Complexity Potential Advantages License Cost (Max. 12)
Diffraction cases
CFD 54,000—.90,000 Medium May provide more accurate description of forces Low (open-source) 8
(Medium) for some scenarios (Low)
PF 1200-1800 (Low) Medium Reliable and efficient force calculation (Medium) Medium 9
Forced motion/free decay/Uniform current cases
36,000-54,000 . Detailed flow information in addition to forces.
CFD (Medium) Medium Realistic estimation of damping (High) Low ?
PF 1200-1800 (Low) Medium Low Medium 8
Fixed turbine simulations
. . Provides flow field information and may aid in
CFD 216,000 (High) High blade design, in addition to force etc. (Medium) Low 7
PF 10 (Low) Medium Allows 1mpleme'zn’tat10n of flexible blades, Medium 9
controller (Medium)
Floating turbine simulations
. . Provides flow field information in addition to force
CFD 604,800 (High) High etc., optimum turbine placing (Medium) Low 7
PF 1300-1900 (Low) Medium Allows implementation of flexible blades, Medium 9

controller (Medium)

The cost-benefit analysis in Table 17 indicates that, in general, available industrial PF
tools provide as good (if not better) results as the CFD solver while incurring significantly
lower computational costs. When looking specifically towards analysis of hydrodynamic
properties, on the other hand, the CFD solver has equal or better rating than the PF solver.
This is, e.g., due to a more accurate representation of viscous damping. Although the
computational cost of CFD for pure hydrodynamic studies is significantly larger than for
PF, it is still considered reasonable.

The computational cost of performing coupled aero-hydrodynamic simulations with
CFD is too high to justify the use of CFD for general analysis of floater motions, turbine
thrust, etc. In addition, implementation of the controller and flexible blades in the CFD
solver is needed, whereas state-of-the-art PF methods already have such capabilities built
in. CFD does however present the opportunity to investigate the detailed flow patterns
in downstream aerodynamic wakes, which can have utility in the overall design of a
wind farm.

The main conclusion from the work is therefore that, considering the present state-
of-the-art, available industrial PF tools are preferable for coupled aero-hydrodynamic
simulations of FOWTs. CFD may however be a useful tool to improve the accuracy of
hydrodynamic coefficients in PF models through calibration, and may in some cases be
considered as an alternative to performing hydrodynamic model tests.
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Abbreviations

The following abbreviations are used in this manuscript:

2D two-dimensional

3D three-dimensional

ALE Arbitrary Lagrangian-Eulerian
BEM Boundary Element Method
BEMO Blade Element Momentum

CFD Computational Fluid Dynamics
CFM Conservation of fluid momentum
Co Courant Number

DPI Direct Pressure Integration

FOWT Floating offshore wind turbine

FVM Finite Volume Method

IEA International Energy Agency

ME Morison Element

MULES  Multidimensional Universal Limiter with Explicit Solution
NWT Numerical Wave tank

OF OpenFOAM

PF Potential Flow

PISO Pressure Implicit with Splitting of Operator
PLIC Piecewise-Linear Interface Calculation
QTF Quadratic Transfer Function

RNA Rotor nacelle assembly

SIMPLE  Semi-Implicit Method for Pressure-Linked Equations
TLP Tension Leg Platform

VOF Volume of fluid
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