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Abstract. Research is flourishing on how to model, mitigate, or even try to exploit the complex motions floating offshore wind
turbines (FOWTs) are subjected to due to the combined loading from wind, waves, currents, and buoyancy effects. While
preliminary studies made use of simplified inflows to focus attention on blade-flow interaction, recent evidence suggests that
the impact of realistic inflows can be much larger than expected. The present study presents a critical analysis aimed at
quantifying to what extent turbulence characteristics affect the wake structures of a floating turbine undergoing large motions.
Numerical CFD simulations, using a Large Eddy Simulation (LES) approach coupled with an Actuator Line Method for the
rotor, are benchmarked against wind tunnel experimental data from the first campaign of the NETTUNO project on a scaled
rotor tested both in static conditions and when oscillating in pitch. A comparative analysis of the results at different turbulence
levels first confirmed that, whenever idealized flows with no significant turbulence are considered, platform motion in FOWTs
indeed leads to the creation of induced flow structures in the wake that dominate its development and the vortex breakdown
in comparison to bottom-fixed cases. More interestingly, analyses show on the other hand that, whenever realistic turbulence
comes to play, only small gains in terms of wake recovery are noticed in FOWTs in comparison to bottom-fixed turbines,
suggesting the absence of superposition effects between inflow and platform motion, with inflow turbulence contributing
significantly to dissipating the structures induced by turbine oscillation. Finally, as an ancillary outcome of the study, evidence
provided by LES high-fidelity simulations were used to understand to what extent a less computationally-intensive URANS
approach can be used to study the impact of realistic turbulence. In particular, an innovative URANS approach featuring

improved inflow boundary conditions proved to yield consistent results if mean wake profiles are considered.

1 Introduction

Floating offshore wind turbines (FOWTSs) are seen as the enabling technology to boost wind energy production worldwide
(Musial et al., 2020) as they will allow exploiting windy sites offshore even if characterized by significant water depths. While
industry has started developing the first large-scale floating wind farms, technical solutions for such projects are inevitably
conservative as still mostly adapted from bottom-fixed case studies. On the other hand, the research community is working in

parallel to progress in technology and develop more advanced solutions for a massive but sustainable deployment in years to
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come (Veers et al., 2022). Challenges posed by FOWTs are indeed many at all system levels (Veers et al., 2022). Due to their
deployment in open sea and the unprecedented dimensions of modern rotors, these turbines will have to face metocean
conditions that can be extremely variable and include extreme events (McCann, 2016); moreover, blades can now exceed the
atmospheric boundary layer, facing inflow conditions in terms of wind intensity and turbulence that have never been
encountered by wind turbines to date (Veers et al., 2019). More significantly, installing a wind turbine on a floating platform
means that the system is now subject to a combination of loads coming not only from wind, but also from waves and currents
(Chen et al., 2020). Floating wind dynamics are highly coupled, depending on aero/hydro loading, controls, and substructure
and mooring design, with a compliant support structure meaning that aerodynamic forces impact hydrodynamic loading and
vice versa, and each control maneuver that induce changes on aerodynamic loads necessarily also affecting the global dynamics
of system (Larsen and Hanson, 2007; Vanelli et al., 2022).

Among the implications of the fully coupled, aecro-hydro-servo-elastic response of FOWTSs, an aspect that is receiving special
attention is the potential impact on turbine wake. On the one hand, studies are being carried out to understand to what extent
blade performance can be affected by an interaction with their own wake in the case of massive turbine displacements (Ramos-
Garcia et al., 2022); similar events have been demonstrated to be possible, although probably not as frequently as originally
supposed (Papi et al., 2024). On the other hand, it is apparent from many studies that the platform motion may indeed affect
wake meandering mechanisms (Fontanella et al., 2022; Kleine et al., 2022; Messmer et al., 2024a). This evidence is even
prompting some researchers to speculate on how such motions could be turned into potential advantages, such as further
increasing the wake mixing and thus delivering a more energized flow to the downstream turbines in the farm. Advanced
control strategies like the Helix and the Pulse mixing have been proposed for the scope, and numerically investigated for both
fixed (Frederik et al., 2020) and floating conditions (Berg et al., 2022; van den Berg et al., 2023).

Overall, it is apparent that the study of FOWTs’ wakes is still an open question from many perspectives, with the lack of any
experimental validation at large scale still representing an obstacle towards a more complete understanding (Xu et al., 2024).
In response to this limitation, the scientific community is investing efforts in empowering research programs able to provide
experiments at wind tunnel scale to validate and tune numerical models (Wang et al., 2021). Among such programs, in Task
30 from the International Energy Agency (OC6 project (IEA Wind, 2022)) significant research has been devoted to investigate
aerodynamic models (ranging from state-of-the-art BEM to CFD) and evaluate their ability in reproducing the aerodynamics
of FOWTs (Bergua et al., 2023; Cioni et al., 2023). The OC6 project made use of the experiments carried out in the wind
tunnel of Politecnico di Milano (Fontanella et al., 2021), in which a scaled turbine has been mounted on a 6-dof robot and
subjected to floating-like pitch and surge motions at different frequencies. While good agreement between the project’s
participants (and the different levels of fidelity) was found when predicting rotor loads and near wake characteristics (Bergua
et al., 2023), more uncertainty was noted in the mid and far wake (Cioni et al., 2023), with a larger spread between simulations
and a large gap from experiments. Among the hypothesized reasons for such discrepancies, the simplified modeling of inflow
turbulence is seen as one of most critical. Indeed, most CFD-based models featured very low turbulence at the rotor plane,

while the ones based on lifting-line free vortex wake methods neglected these effects completely (Cioni et al., 2023). While
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this choice was reasonable in the perspective of a fair comparison between all codes, suggestions are being made about the
fact that turbulence may in fact change some of the phenomena described so far in numerical studies (e.g., (Xu et al., 2024));
this is particularly relevant to those using URANS CFD (e.g., (Fang et al., 2020), (Arabgolarcheh et al., 2022)), in which
turbulence in not explicitly solved and difficult to set due to the decay along large domains. Only recently higher fidelity tools
have been applied to FOWT wake analysis, with near and far wakes of floating systems being solved with ALM-LES
approaches (Combette, 2023; Fang et al., 2020; Firpo et al., 2024; Yu et al., 2023), although the investigation of the effects of
turbulent inflows still remains an open issue. In addition, recent experiments have underlined the influence of turbulence on
FOWT wakes. Messmer et al. (Messmer et al., 2024a) performed wind tunnel experiments on a small-scale rotor model and
noted improved mixing and wake recovery downstream the moving rotor in laminar conditions. When subject to varying levels
of inflow turbulence however, the effects of rotor motion appear to be greatly diminished (Messmer et al., 2024b).

Moving from this background, the present study aims to contribute to the understanding of FOWT wake development,
particularly regarding how rotor motion interacts with inflow turbulence. To this end, high-fidelity CFD simulations are used.
The computational approach is based on a Large Eddy Simulation (LES) for the flow field, while the turbine is modeled with
an Actuator Line Model. Simulations are validated with a new set of experiments, carried out again in the wind tunnel of
Politecnico di Milano within the framework of the NETTUNO research project (NETTUNO, 2023). The turbulence spectrum
used in simulations closely reproduces the one measured in experiments. Turbulent simulations are compared to idealized ones
with laminar inflow to point out how the macrostructures in the wake of a FOWT (both still and in pitch motion) are affected
by turbulence. As an ancillary outcome of the study, analyses are provided to quantify to what extent less computationally
expensive wake solution methods such as URANS (currently more affordable at industrial level than LES) can be used to
reliably study the problem of FOWT wakes.

The work is structured as follows. The case study of the NETTUNO project is first introduced (Section 2). A complete
description of the numerical set-up, including the domain, the mesh and the numerical setup necessary to achieve satisfactory
accuracy of the results is then provided (Section 3). The results (Section 4) first present phenomenological description of the
effects of turbulence on FOWT, comparing the results from LES simulations and experiments, and analyzing the modifications
in the main macro structures of the wake. Then, results from the URANS approaches, with both a standard approach and a
novel hybrid approach, which employs an injection of turbulent fluctuations, are compared with the LES results, assessing the
capabilities of both for similar studies. Finally, Section 5 presents some conclusions and provides handouts for future

developments.

2 Case study

Numerical analyses have run in parallel and shares the test-case with the first stage of the NETTUNO project, a new
experimental campaign realised by Politecnico di Milano (PoliMi) [X], which is part of a more extensive work investigating

the influence of the wake of a floating wind turbine, on the response of a second downstream turbine. The 1:75 scaled DTU
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10 MW wind turbine model was tested within the Galleria del Vento of PoliMi (GVPM). The wind tunnel has an extension of
35 m x 13.84 m x 3.84 m. The turbine is shown in Figure 1, and its main characteristics are reported in the Tab. 1. Further

details regarding the experimental test case can also be found in (Fontanella et al., 2021).

[ILLUTTLEL LS

Figure 1: Experimental testcase and geometric properties of the scaled DTU 10 MW model.

Table 1: Geometric properties of the scaled DTU 10 MW model.

Parameter Value
Rotor diameter [m] 2.38
Blade length [m] 1.10
Tilt angle [°] 0
Rotor overhang [m] 0.139
Tower-to-shaft [m] 0.064
Tower length [m] 1.4
Tower base offset [m] 0.73

The wind turbine model was installed on a six-DOF robot that is able to generate both translational and rotational motions
with user-defined frequencies and amplitudes. The wind tunnel was operated maintaining a constant undisturbed wind speed
of 4 m/s. Turbulence intensity at the rotor is approximately 1.5%, and the air density (constantly measured during the tests) is
1.18 kg/m3. Two cases were considered in the numerical campaign, with the rotor being fixed and in pitching motion,
following a fixed sinusoidal law with 1.3° of oscillation amplitude and a frequency of 1 Hz. More details are shown in Tab. 2.
The Strouhal number is defined as St=f,D/U., where f, is the platform motion frequency, D is the rotor diameter and U., is the
undisturbed wind speed.

In the experiments, axial velocity was measured on two horizontal traverses downstream the rotor plane at a distance of 3 and
5 diameters, respectively. For each traverse velocity was measured in 35 equally spaced acquisition points, from -1.7 m to +1.7

m with respect to the rotor center.
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Table 2: Main characteristics of the simulation runs.

Parameter fixed pitching
case case
Inflow speed 4 m/s 4 m/s
Rotor speed 240 rpm 240 rpm
Blade pitch 0° 0°
Pitch amplitude n/a 1.3°
Pitching frequency n/a 1 Hz
Strouhal number 0 0.595

3 Numerical setup
3.1 CFD solver settings and simulation setup

Two different numerical set-ups have been developed for the URANS and LES simulations, respectively, in order to tailor the
modelling strategy to the wake resolution method. Aspects such as mesh setup, turbulence model, and near wall modelling
have been treated according to each model’s requirements.

The CFD domain was set such as to represent the geometry of the wind tunnel testcase and corresponds to the wind tunnel size
(Fig. 2a). The robot, tower, nose, and nacelle (Fig. 2b) are included inside the wind tunnel domain as solid geometries and are
in the same position as in experiments with respect to the wind tunnel boundaries. This is a meaningful element of novelty
with respect to past similar studies, as the geometry of nose, nacelle, tower, and robot are often neglected (Arabgolarcheh et
al., 2022; Combette, 2023; Fang et al., 2020; Firpo et al., 2024) while, as discussed in section 3.1, these components interact
in a non-negligible way with the wake of the wind turbine. The blades are modelled using the ALM approach, explained in
detail in section 3.2. Dirichlet boundary conditions for velocity, temperature, and sub-grid turbulent kinetic energy are imposed
at inlet for the LES simulations, while turbulence intensity and length scale are imposed for the URANS simulations. In this
second case, turbulence parameters are fine-tuned in order to compensate for the numerical decay along the computational
domain, so that the actual length scale and turbulence at the rotor are consistent with the experiments. In the LES and URANS-
Hybrid simulations, turbulence is accounted for by inserting velocity perturbations inside the flow field, as detailed in section
3.3. A Dirichlet boundary condition is also imposed at the outlet for pressure, while a Neumann boundary condition is imposed
for velocity, temperature and sub-grid turbulent kinetic energy. The geometries of ground, robot, tower, nose, and nacelle are
set as no-slip walls, while lateral and upper walls are set as free-slip to avoid explicitly solving the boundary layer. In line with
this choice, and similarly to what was done during the OC6 project (Bergua et al., 2023; Cioni et al., 2023), these walls have
been moved slightly inward the domain to account for boundary layer blockage on the free-stream flow. Regarding turbulence
closure, the Realizable k-¢ model was chosen for the URANS simulations, with standard wall functions for the near wall

treatment. For LES simulations, the One-Equation Viscosity Model, as formulated by (Menon et al., 1996; Yoshizawa and
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Horiuti, 1985), was adopted, with the law of the wall resolved according to the Werner and Wengle model, which best fits for
internal flows and has been validated by simulating the flow around a cube on a plate channel (Werner and Wengle, 1993).

The mesh setup adopted for the URANS simulations is shown and presented in Appendix B.

a) b)

outflow

lateral walls

Figure 2: CFD domain: complete geometry (a) and focus on robot, tower and nacelle geometries (b); rotor represented with fictitious
ALM lines (number of nodes not consistent with the setup).

A preliminary grid sensitivity study was performed in the rotor wake to ensure that wake characteristics are insensitive to the
numerical resolution. Mesh refinement in the rotor region was not varied during such sensitivity analysis because the mesh
size had been already tuned in conjunction with the ALM set-up during the OC6 project (Bergua et al., 2023; Cioni et al.,
2023). Insensitivity of the wake profile was tested in terms of both convergence history in time and accuracy in comparison to
experimental data, as shown in Fig. 3. This sensitivity analysis - performed with a 2% turbulence intensity at the inlet in
accordance with preliminary estimations - led to a mesh of approximately 15%10° elements, indicated as M3 and described in
Tab. 3. In particular, as the values of R? in Tab. 3 demonstrate, the reduction in the AMR activation threshold (Tab. 3) in M2
brought mean wake velocity in closer alignment with experimental data (Fig. 3 (a)). On the other hand, a much smaller
improvement can be noticed when M2 and M3 are compared, which differ mostly in the vertical traverse (Fig. 3 (b)). These
differences, however, are mostly located in the bottom shear layer, which, as explained in the following sections, is heavily
affected by the robot’s wake. Despite the minor differences with respect to M2 which would suggest this set-up to be adequate,
M3 was ultimately chosen. This was a precautionary choice and is justified by the desire to accurately solve wake structures
also in the pitching case. For the URANS-hybrid simulation discussed in chapter 4.3, a similar mesh is adopted, except for the
box embedding region required for the turbulence injection in front of the rotor, which is similar to the LES mesh setup.

Moreover, AMR was deactivated, and a fixed embedding was set to obtain the same discretization of the wake.
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Table 3: URANS meshes tested during the sensitivity analysis. The coefficients of determination R? are computed between each mesh
and the experiments for the horizontal traverse at 3D from the rotor shown in Fig. 4 (a).

M1 M2 M3
Mesh size around the robot 0.013D 0.0065D 0.0065D
AMR threshold 0.01 0.005 0.0025
Maximum mesh elements 6.4M 11.5M 15M
End of near wake embedding 0.8D 0.8D 3D
R? @3D with respect to EXP 0.334 0.643 0.664
(b)
1.5
1.0 - ., —
e = EXP
051 g*
) . -~M1
= = 0.0 1 H
= o . f] M2
=]
R O, M3
1.0 > .,
1.5

04 05 06 07 08 09 1 11 12
U, [

Figure 3: Mesh and wake convergence; horizontal and vertical traverse at 3D from the rotor.

LES simulations required a finer grid than their URANS counterparts. The mesh setup is shown and discussed in Appendix B
and results in an element count of approximately 120*10° elements, nearly 8 times the element number of the URANS setup,
resulting in a not negligible increase of computational cost. On a cluster with AMD EPYC 7413 24-Core processors and
approximately 200 GB RAM for each node, a single revolution run with the URANS approach requires a maximum of roughly
320 core hours per revolution on two nodes, while a LES simulation requires 2800 to 5000 core hours for the same revolution
on a maximum of ten nodes, depending on the complexity of the testcase. It must also be considered that the number of
revolutions required for convergence is not the same for all the simulations, as more time is required for the “statistical

convergence” of turbulent LES simulations, further discussed in section 3.4.

3.2 ALM blade model

The rotor blades are modelled with an Actuator Line Method tool, implemented inside the commercial software CONVERGE
(Richards et al., 2024). This method was first proposed from a theoretical point of view by (Serensen and Shen, 2002) and it
consists in replacing the physical geometry of the blade with dynamically equivalent momentum sources, evaluated through
tabulated polar data given as input to the model. The other variables at hand are the velocity of the flow domain, for the
calculation of the angle of attack, the Reynolds number, which is sampled from the CFD domain through a sampling algorithm,
and the properties of the distribution function adopted for the spreading of the momentum sources back into the CFD domain,

namely the Regularization Kernel (RK). Both velocity sampling and force insertion are non-trivial issues. The former has been
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here addressed through the line average approach (Jost et al., 2018; Melani et al., 2020), whereby the inflow velocity is obtained
by averaging the inflow velocity over a circle at one chord around the ALM point.

Force insertion is made using a piecewise smearing function (Xie, 2021). While similar in shape to the more commonly used
Gaussian function, the former has the benefit of being conservative in formulation. The setup of the Regularization Kernel is
particularly important for avoiding instabilities in the CFD code, as the insertion of point forces inside the domain would lead
to instability issues. On the other hand, spreading the forces to a large volume would lead to a dispersion of the rotor effects,
underestimating the induction on the incoming inflow. Therefore, the width of the RK is fine tuned to the blade chord and
mesh size, as explained in detail in (Papi et al., 2021; Xie, 2021).

The blade is discretized with 55 uniformly distributed sections. This choice, together with the RK calibration and the Line
Average velocity sampling strategy, is the same used by the authors during the OC6 project (Bergua et al., 2023; Cioni et al.,
2023). This choice ensured that the final rotor response simulated with the URANS approach is aligned with most of the other
numerical codes in the OC6 project, as well as the experimental results.

As widely demonstrated (Dag and Serensen, 2020; Hodgson et al., 2022; Martinez-Tossas et al., 2018), the accuracy in
reconstructing tip effects in HAWT blades is key for the reliability of the integral rotor response. In the present study, the Dag-
Serensen model (Dag and Serensen, 2020) was adopted. It is a computationally efficient model based on a Lifting Line Theory
approach for the correction of the angle of attack, with the scope of accounting for the downwash effects dissipated by the
over-diffusion proper of the ALM forces smearing in the near tip region. The method was developed for horizontal axis wind

turbines, and it does not require dedicated calibration.

3.3 Turbulence insertion in scale-resolving simulations

In LES and URANS-Hybrid simulations, rather than imposing the fluctuations in flow velocity at the inlet, they are injected
as volume forces close to the rotor to avoid numerical diffusion from the coarse mesh in front of the rotor. To this end, a

distribution of momentum forces in front of the rotor was defined, with the module of each source defined as in Eq. 1:

fx = C(x)p[(Ux;oo - Ux) + Au] (1)

where Au is the desired velocity perturbation in the flow downstream the rotor, U,.o is the undisturbed velocity flow and U,
the local velocity flow, p is the air density and C (x) is an exponential distribution function. This approach was inspired by the
work of (Gilling and Serensen, 2011), where an actuator disk approach is proposed for the turbulence injection. From this
starting point, similarly to what proposed in (Spyropoulos, 2024), the planar distribution of momentum sources has been
extended in the axial direction through the definition of an exponential distribution function. The input velocity perturbations
were calculated directly from the spectrum derived from the experimental velocity sampling and conveniently scaled to
compensate for numerical dissipation in the insertion process. The choice of the insertion plane, both in terms of dimensions,
spatial and temporal discretization, and distance from the rotor is key to obtaining the desired turbulent characteristics at the

rotor plane. Some parameters have been found to be strongly related to each other, such as temporal and spatial discretization,

8
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which must be appropriately related to the turbulence spectrum characteristics and to the rotor size. Conversely, others have
been found to be more set-up dependent. For instance, the location of the insertion plane is suggested at 1R upstream the rotor
in (Spyropoulos, 2024), while in IEA Task 29 — Phase IV project (Schepers et al., 2021, p.29), turbulent fluctuations are
inserted at 320m (=4D) distance from the NM80 turbine. In the present study, based on dedicated tests, the generation zone
has been positioned at 2 diameters in front of the rotor. Moreover, the generation zone extends along the entire test section in
the vertical direction, and for 5 m in the horizontal direction, to ensure the rotor and wake are completely immersed in the free-
stream turbulence. The time series of flow velocity was generated from the turbulent spectrum measured in the wind tunnel
(shown in Appendix A), with a maximum frequency of 100 Hz. In fact, very low energy was noted in the turbulent spectrum
beyond this frequency. Therefore, an insertion frequency of 200 Hz was chosen, according to the minimum requirements in

terms of signal reconstruction.

3.4 Simulation length and statistical convergence in scale-resolving simulations

Convergence was checked for main rotor performance metrics and wake profile. Once full convergence was reached,
simulation time recorded for data analysis was of 5 s, which ensured that the cycle-averaged variation of torque with respect
to the previous revolution was less than 1% in all cases. The only exception was represented by turbulent simulations using
LES (LES t) and pitching rotor, in which the varying inflow, coupled with platform motion, caused slow statistical
convergence of mean wake values. In this case, a 10s sampling window was necessary to ensure proper convergence at 5D
downstream the rotor plane, as shown in Tab. 4and Fig. 4. Selected sampling intervals are in good agreement with the

suggestions provided by (Martinez-Tossas et al., 2018). All numerical results are averaged over multiple rotor revolutions.

Table 4: Coefficients of determination R? for each number of cycles taken for averaging, with reference to the wake averaged over
the respective maximum number of cycles.

Cycle n° 3D - pitching 3D - fixed 5D - pitching 5D - fixed

1 0.953 0.948 0.889 0.911
2 0.972 0.994 0.884 0.970
3 0.990 0.995 0.948 0.989
4 0.993 0.999 0.984 0.996
5 0.996 1.000 0.988 1.000
6 0.997 0.985
7 0.999 0.992
8 0.999 0.997
9 1.000 0.998
10 1.000 1.000
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Figure 4: Mean velocity profiles at 3D and SD downstream the rotor for varying averaging windows for the fixed and pitching LES_t
cases.

4 Results

Simulations analyzed in this section consist of eight cases, characterized by a combination of the key metrics investigated in
this study, i.e., fixed or pitching platform, laminar or turbulent inflow, URANS or LES solution of the flow field. For the sake
of brevity, simulations will be referred to as follows throughout this section:

= URANS_I - URANS simulation with laminar inflow

= LES_1- LES simulation with laminar inflow

=  URANS_t— URANS simulation with turbulent inflow

= LES_t— LES simulation with turbulent inflow

= URANS_h - URANS simulation with turbulent inflow (“h” stands for “hybrid”, as indicated in Subchapter 3.1)

4.1 Rotor performance

Good agreement can be generally noted for mean rotor quantities among all setups (Tab. 5) whenever no platform motion is
included in the analysis, with numerical results highlighting higher torque and lower thrust than the experimental results.
According to (Fontanella et al., 2024), possible causes for these deviations are small differences in inflow velocity in the wind

tunnel and small blade pitch errors in the experimental model. Importantly for this study, all four numerical models are in close
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alignment with each other. Mean rotor forces, predicted by numerical models or measured in experiments with pitching motion,
are shown in Tab. 6. Similar to the fixed case, all numerical approaches are quite well aligned, with relative differences below

1% for all quantities except for the URANS torque values.

Table S Rotor quantities for the fixed case and relative difference with reference to experimental results (EXP); for experimental
results, the maximum and minimum variation in mean values recorded during different runs is reported.

Torque [Nm] A [%] Thrust [N] A [%]

+6.23 +2.61
EXP 2.953 1o 36.469 s
LES t 3.241 +8.9% 35.296 -3.3%
LES 1 3.137 +5.9% 34.877 -4.6%
URANS t 3.211 +8.0% 35.184 3.7%
URANS | 3.203 +7.8% 35.149 3.8%

Table 6: Pitching case: mean values and amplitudes of phase-averaged rotor forces, relative difference of the mean values from the
LES simulation with turbulent inflow (LES_t).

Torque [Nm] A [Y%] Thrust [N] A [%]
LES t 3.16913473 +0.0% 34.988+131¢ +0.0%
LES | 3.143%3473 -0.8% 34.881119¢7 -0.2%
URANS t 3.19475453 +0.8% 35.042113%2 +0.2%
URANS | 3.217%5:45% +1.5% 35.173%1982 +0.5%

4.2 Effects of turbulence of FOWT wake

This section analyses the results from LES simulations, assumed as the closest numerical reproduction of reality, to assess the
effects of turbulence on the wake of FOWTs. Integral quantities, mean spanwise values, and contours of the most representative
flow variables are shown, trying to highlight the most interesting differences between fixed and pitching platform cases, either
with laminar or turbulent inflow.

Comparing first normalized streamwise velocity in Fig. 5 (a), sound match between experiments and numerical results can be
noted, especially for the LES t case, which closely matches the right-hand shear layer, and maintains high accuracy on the left
one. When the LES t and LES 1 cases are compared, the inclusion of free-stream turbulence apparently improves the
agreement in normalized mean velocity 3D downstream the rotor with respect to experiments in the outer shear layers. As
shown in Fig. 5 (a), LES 1 results are similar to those of Firpo et al. (Firpo et al., 2024), which were obtained with a similar
LES-ALM model. The main difference between the previous study is in the center of the wake, and it can be ascribed to the
lack of the tower and nacelle in the study by (Firpo et al., 2024). A discrepancy with respect to experiments is still noticed in
the center area of the wake for both the LES 1and LES t cases, where a different degree of symmetry clearly stands out. A

possible explanation could be a discrepancy in spanwise force distribution at blade root between experiments and numerical
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models; this hypothesis is still under investigation by the authors. The inclusion of inflow turbulence in the LES t case clearly
reflects also in a change of turbulence intensity at 3D downstream, as can be observed in the plots of streamwise turbulence
intensity (Fig. 5 (b)). Turbulence intensity is computed as in Eq. 2:

Lites = Ires = % (2)
When free-stream turbulence is considered, a noticeable improvement — in terms of agreement with experiments — is reached
in the shear region, where the addition of approximately 1.5% free-stream TI causes an increase of 10-15% in turbulence
intensity. Such an increase is due to the earlier wake transition that turbulence promotes. While present, this effect is less
pronounced in the central part of the wake, presumably due to the fact that the closely-spaced root vortices and turbulence
generated by the hub and the nacelle already promote mixing in the laminar simulations.
It is also worth noting that the shape of the wake at 3D from the turbine for the laminar inflow case (Fig. 5 (a)), greatly
resembles previous numerical campaigns (Bergua et al., 2023). This is to be expected as inflow turbulence played a minor role
in such numerical endeavors and was mostly neglected by those using lifting-line free vortex wake codes.
If the same comparison of mean quantities is performed at 5D from the rotor (Fig. 6), the improved agreement with experiments
of the LES t simulation is still noticeable, especially for the streamwise turbulence (Fig. 6 (b)), but less apparent. Such a

difference from 3D to 5D could indicate a different wake evolution trend, especially in the left part of the wake.

a b
12 () 25 (b)
L]
1.1 4.
1.0
+ 0.9 = EXP
s LES_|
= _!
2038 —LES_t
0.7 ---Firpo al.
0.6 -
0.5
0.4 T T T T T 0 r T T T T
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Figure 5: Fixed case, wake profiles of velocity at 3D, horizontal (a) and vertical (b) traverse LES simulations with laminar and
turbulent inflow conditions; comparisons with experiments (EXP) and results from LES simulations — with laminar inflow and
without solid geometries — in literature (Firpo et al., 2024).
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Figure 6: Fixed case, wake profiles of velocity at 5D, horizontal (a) and vertical (b) traverse LES simulations with laminar and
turbulent inflow conditions; comparisons with experiments (EXP) and results from LES simulations — with laminar inflow and
without solid geometries — in literature (Firpo et al., 2024).

The overall effect of including free-stream turbulence on the mean velocity profiles is similar to what was observed at 3D from
the rotor, with increased mixing and a larger shear layer when inflow turbulence is included, as shown in Fig. 6 (a). Moreover,
the mean velocity profiles obtained with inflow turbulence more closely resemble a single-Gaussian wake deficit profile, which
is characteristic of the far wake of a wind turbine, rather than the double-Gaussian deficit that is found in the near-wake. This
is the first indication of the fact that the inclusion of inflow turbulence has the effect of accelerating wake dissipation and near
to far wake transition. The differences noted in the left part of the wake in Fig. 6 (a) could be due to a different evolution of
root vortices, which are incorrectly captured in the simulations even at 3D (Fig. 5 (a)).

When platform pitching is included, similar conclusions can be drawn, but with some notable differences. Starting from the
wake profiles at 3D distance, good agreement — in absolute terms — is noted between LES t and experiments. Similar to fixed
cases (Fig 7 (a)), the inclusion of free stream turbulence in the LES t case still improves the agreement with the experiments,
but to a lesser degree. As the wake develops and moves to 5D distance (Fig. 8), LES simulations tend to coalesce to the same
trend, and get only marginally closer to experiments (again, similar to what was noted in the fixed case in Fig. 6). Rotor
pitching motion seems to have a very similar effect than free-stream turbulence, as it accelerates wake dissipation and moves
the near-to-far wake transition point upstream. However, the two effects (i.e., inflow turbulence and rotor pitching) do not
combine in a linear manner, as rotor motion does not significantly increase wake recovery when inflow turbulence is
considered. Such a non-linear combination between inflow turbulence and platform motion is in agreement with recent
observations from similar experimental test cases (Messmer et al., 2024b).

To more clearly highlight the reasons underlying the observed differences between the LES t and LES 1 simulations,

instantaneous contours of velocity magnitude are shown in Fig. 9, while iso-surfaces of g-criterion are shown in Fig. 10.
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Figure 7: Pitching case, wake profiles of velocity at 3D, horizontal (a) and vertical (b) traverse LES simulations with laminar and
turbulent inflow conditions; comparisons with experiments (EXP).
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Figure 8: Pitching case, wake profiles of velocity at 5D, horizontal (a) and vertical (b) traverse LES simulations with laminar and
turbulent inflow conditions; comparisons with experiments (EXP).

The effect of inflow turbulence on the wake structures of both the fixed and pitching cases is evident in both figures. In
particular, the LES results for the fixed cases (Fig. 9 (a, b), Fig. 10 (a, b)), show that the tip-vortex breakdown and the
consequent transition from near to far wake is significantly moved upstream when inflow turbulence is considered. In fact, if
we consider the laminar simulation (Fig. 10 (c)), evenly spaced tip vortices can be noted up to approximately 1.8 to 2D
downstream the rotor. Some instabilities in these coherent structures can be noted from approximately 2D to 3D, where the
wake starts its transition to the chaotic structures that can be seen from 3D downstream. In the turbulent simulations, on the
other hand, transition is significantly anticipated (Fig. 10 (b)). Vortex pairing or leapfrogging, whereby two or more tip vortices
interact and overlap with each-other, can be noted at approximately 2D downstream the rotor, leading to a much earlier wake
breakdown, and a faster transition to the chaotic vortices typical of the far wake of a wind turbine. On the other hand, the
inclusion of platform motion in the laminar case (Fig. 9 (c) and Fig. 10 (c)) clearly shows that the wake breakdown, still located
at 3D, is much more abrupt, with the preliminary disturbance at approximately 1.8 to 2D that also seems to be moved inward

the wake.
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Figure 9: LES simulations, velocity contour and iso-surfaces of Q-criterion for the fixed case with laminar (a) and turbulent (b)
inflow, and for the pitching case with laminar (c) and turbulent (d) inflow, top view; vertical lines at 3D and 5D.
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Figure 10: LES simulations, velocity contour and iso-surfaces of Q-criterion for the fixed case with laminar (a) and turbulent (b)
inflow, and for the pitching case with laminar (c) and turbulent (d) inflow, lateral view; vertical lines at 3D and 5D.

If the inflow turbulence is included in the pitching case (Fig. 9 (d) and Fig. 10 (d)), its influence on the behavior of the wake
is noticeable even at 1D distance from the rotor, as can be easily noticed by the weakening of the tip vortex structures and the
formation of leapfrogging vortex rings. Moreover, the behavior of the fixed and pitching case with turbulent inflow looks very
similar over the first 3 diameters, with some minor differences in the vortex rings that arise in the far wake.

A first conclusion from this contour is that the impact of turbulence on a floating turbine is more relevant in the first diameters
of distance, but then is the motion-induced turbulence that definitely rules the wake recovery. Further proof of this conclusion
can be found in Fig. 11, where the integral values of wake deficit over the entire rotor wake span and at 1-2-2.5-3-5D distance

from the rotor are calculated as per Eq. 3:
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Figure 11: Along wake profile of normalized integral Wake Deficit, comparison between results with fixed platform and laminar (F-
L) or turbulent inflow (F-T) and the ones with pitching platform and laminar (P-L) or turbulent inflow (P-T).

For all numerical models, axial velocity downstream the rotor reaches a minimum between 2D and 3D and then starts to
recover. As expected the laminar fixed case (fixed 1) shows the slowest recovery, with a roughly 7% velocity increase from
its minimum value at 2.5D. It is important to note that, despite the minimum value being reached at 2.5D, axial minimum
velocity stays roughly the same at 2.5D and 3D in the fixed 1 case, and proper recovery starts from 4D downstream. On the
other hand, the point where axial velocity starts increasing and the wake starts recovering is moved significantly upstream
when inflow turbulence and rotor motion are included. In fact, the point where minimum velocity is recorded is moved
upstream to 2D for both the laminar and turbulent pitching cases (pitching_l/pitching t) and for the turbulent fixed case
(fixed_t). Moreover, while rotor motion significantly increases wake recovery in laminar simulations, the effect is substantially
diminished in turbulent cases. Indeed, when turbulent simulations are considered, rotor motion appears to move the wake
transition point slightly upstream, but the trend in axial velocity increase downstream of this point is similar. Interestingly, if
the pitching | simulation is compared to turbulent cases, despite reaching a lower minimum speed at 2D, it shows stronger
recovery from 3D downstream. This trend can be related to the behavior shown by the wake at 2D and highlighted by Fig. 10
(c): in fact, in absence of free-stream turbulence, the wake breakdown is more abrupt and, although it starts further downstream
than in turbulent cases, it shows steeper wake recovery.

Additional insights can be provided by analyzing the spatial distribution of axial velocity, from which integral values shown
in Fig. 11 are derived. Contours of differential Wake Deficit (WD_diff) are shown in Fig. 12; this metric is computed by
subtracting the axial velocity in the pitching and the fixed-bottom cases with and without the inclusion of free-stream
turbulence. In laminar cases, higher velocity for the pitching case can be seen in the shear layer at 3D, and in the upper part of

the rotor area at 5D. At 3D, this is caused by the faster breakdown of the tip vortices, while at 5D it indicates a faster transition
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from near to far wake. On the other hand, in the case of a turbulent inflow, the difference between fixed and pitching case is

once again far weaker, with distributed spots of higher recovery for the pitching cases.

(a) (c)

3D

5D

turbulent laminar
385
Figure 12: LES turbulent simulations, contours of differential wake deficit between the pitching and the fixed case, averaged over
the last S seconds of the simulations for all the cases except for the pitching turbulent one, which is averaged over the last 6 seconds.
Rotor shadow indicated with the black circle.
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390 Figure 13: Pitching case, contours of PSD calculated from the velocity field sampled at the 3D horizontal traverse; results from
experiments (EXP - pitching) and LES with turbulent inflow (LES_t - pitching) compared to fixed case (LES_t — fixed).
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While platform motion does not appear to have a significant impact in terms of mean velocity 3D and 5D downstream the
rotor plane, velocity oscillations in the wake appear to be significantly affected by motion. From a perusal of PSD contours
(Fig. 13), a significant response at the motion frequency in the LES t - pitching case is apparent. Nevertheless, oscillations at
the frequency of 1 Hz — corresponding to the motion frequency of the platform — can be noted even in the LES t fixed case,
especially around y/R=1, even if much smaller than the ones in the pitching case. This superposition of effects may partially
explain why 1 Hz rotor pitch oscillations were found to have a larger effect on wake characteristics than other frequencies in
the NETTUNO experimental campaign (Fontanella et al., 2024) or the one performed during the UNAFLOW project
(Fontanella et al., 2021). In the context of the latter work, in particular, with the wind tunnel set at the same operating
conditions, it was noted that the spectrum from the surge case with 1 Hz motion frequency was the highest. A possible
interpretation is that a sort of resonance is produced by this superposition of wind turbulence and platform motion.

In conclusion, rotor pitching motion is found to significantly anticipate tip vortex breakdown and near-to-far wake transition
when laminar inflow is considered. Despite the pitching motion introducing velocity oscillations in the wake, the benefits in
terms of increased mixing and mean wind speed downstream the rotor are clear. When inflow turbulence is considered,
however, even with a moderate 1.5% intensity, the effect of rotor pitching motion is found to be greatly diminished. In fact,
inflow turbulence, similarly to rotor pitching, moves the near to far wake transition point upstream. In these conditions, the
effect of rotor pitching is still noticeable, but is greatly diminished. Accounting for inflow turbulence in future analyses of

FOWTs is therefore essential.

4.3 Solving FOWT wake under turbulence: LES or URANS?

LES-based results, discussed in section 4.2, were able to provide insights into FOWT wake development in presence of inflow
turbulence, but came at a significant computational expense, i.e. the pitching case with turbulent inflow required a total
computation time of 37 days for 19 s of simulated physical time. Reducing computational cost, while maintaining accuracy in
reproducing the involved physics, would be an enabler for future analyses, especially for industrial projects. Therefore, the
following sections compare LES simulations to equivalent URANS simulations to evaluate the to what extent these methods

can still be used to resolve the complex wake dynamics of a FOWT in the presence of inflow turbulence.

4.3.1 Fixed case

Time-averaged wake velocity profiles along the horizontal (left) and vertical (right) axes are shown in Fig. 14, while contours
of the flow field (in terms of velocity variation with respect to undisturbed flow) on the respective planes are shown in Fig. 15
and 16. Figure 14 shows that the URANS approach is able to qualitatively predict results similar to those generated by LES.
Also in this case, in fact, improved agreement with respect to experiments can be noted when inflow turbulence is considered
both in the horizontal (Fig. 14(a)) and in the vertical direction in Fig. 14 (b), especially in the top shear layer. Smaller

differences between the models can be noted instead in the lower shear layer, where significant interaction between rotor and
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robot wake takes place (as can be observed in more detail from the velocity contours in Fig. 16). Agreement between numerical

425 models and experiments is anyhow considered satisfactory in this region.
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Figure 14: Fixed case, wake profiles of velocity at 3D, horizontal (a) and vertical (b) traverse from URANS and LES simulations;
comparisons with experiments (EXP).
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430 Figure 15: Fixed case, velocity contour for URANS with laminar (a) and turbulent (b) inflow, and LES with laminar (c) and turbulent
(d) inflow, top view; vertical lines at 3D and SD.
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Figure 16: Fixed case, velocity contours and iso-surfaces of Q-criterion for URANS with laminar (a) and turbulent (b) inflow, and
LES with laminar (c) and turbulent (d) inflow, lateral view; vertical lines at 3D and 5D.
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With this in mind, it is important to remark that the evaluation of the potential disturbance on the main rotor wake induced by
a robot like that used herein (needed to reproduce floating-like motion in wind tunnels) is meaningful when it comes to
accurately reproducing the experiments with simulations. In a broader perspective, such an effect is worth of consideration in
any FOWT system, where the sub-structure generally has considerable dimensions and non-aerodynamic shape, thus able to
potentially influence rotor wake.

Shifting the attention on contours, good agreement can be noted between URANS and LES in laminar conditions (Fig. 15
(a,c)). Despite URANS simulations appearing able to capture the most relevant flow phenomena close to the rotor, they are
apparently not able to preserve the same flow structures downstream the rotor highlighted by LES. Similar considerations also
apply to the turbulent case (Fig. 16 (a, b)). However, interestingly the effect of free-stream turbulence is also visible in the
URANS simulations, with the tip vortices in Fig. 16 (a) persisting in the flow much longer in the laminar case than in the

turbulent one.
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Figure 17: Fixed case, streamwise turbulence intensity of the wake at 3D from the rotor, horizontal traverse; comparisons with
experiments (EXP).

Additional evidence of the effects of including free-stream turbulence in numerical models can be gathered from Fig. 17, where
the streamwise turbulence intensity I, are compared, with the values from LES calculated as per Eq. 2 and the ones from

URANS as per Eq. 4::

—. )

In the equation, the footer res refers to resolved turbulence, calculated from the sampled velocity field, while the mod one

SIS

Ix;URANS = Ix;res + Ix;mod =

refers to modelled turbulence, quantified based on RANS-based turbulent kinetic energy (7KE). The turbulence intensity
calculated from LES simulations is indeed approximated to a fully resolved one, as the contribution of the sub-grid scale
kinetic energy on mean I, is negligible (=1%). Upon examination of Fig. 17, the increase in I, when free-stream turbulence
is included in the URANS simulations is apparent. This trend matches the one noted in LES simulations but to a lesser extent,

as I, is underestimated in the outer shear layers in the URANS t simulation.
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Figure 18: Fixed case, mean velocity (a) and turbulence intensity (b) profiles of the wake at 5D from the rotor, horizontal traverse;
comparisons between experiments (EXP), reference (REF) results from literature (Firpo et al., 2024) and simulations with turbulent
and laminar inflows.

Significant differences in terms of mean wake profile (Fig 18 (a)) between the numerical models and the experiments can be
finally noted in the central portion of the wake between y/R of -0.5 and 0.5. In this area, URANS results are comparatively
similar to LES ones, pointing out that some phenomena taking place in reality are here not captured by the numerical modeling

per se.

4.3.2 Pitching case

Analyses shown in section 4.3.1 have shown that URANS simulations can still provide reliable results whenever mean
quantities are concerned, even if turbulence is included. To evaluate if these considerations hold true in the case of FOWT-
like motions, simulations with the rotor undergoing pitching motions are compared in this section. Similar to the previous case,
Fig. 19 and Fig. 20 first compare the contours of relative velocity, with and without turbulence, in the horizontal and vertical

planes, respectively.
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Figure 19: Pitching case, velocity magnitude for URANS with laminar (a) and turbulent (b) inflow, and LES with laminar (c) and
turbulent (d) inflow at t/Tc =5, top view at hub height; vertical lines at 3D and 5D.
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Figure 20: Pitching case, velocity magnitude and iso-surfaces of Q-criterion for URANS with laminar (a) and turbulent (b) inflow,
and LES with laminar (c) and turbulent (d) inflow, lateral view; vertical lines at 3D and 5D.

Looking first at URANS cases (Fig. 19 (a, b)), it is apparent how the turbulence, although being here only modeled as an
artificial viscosity, has an influence on the transversal velocity gradients, with the URANS t case showing more significant
mixing, less abrupt shear layer, and a quicker decay of the vortical structures. In the URANS 1 case, on the other hand, the
absence of inflow turbulence brings to a slower vortex breakdown, with large macrostructures that persist throughout the wake;
some of these structures are quite similar to those predicted by the LES 1 simulations (Fig. 20 (a-c)), with most recognizable
ones being the upper vortex at 3D and the two diagonal vortices between 3.5D and 4.5D. The persistence of such macro
vortices could also explain the high localized radial gradients in the shear region, with regions with unexpectedly high speed
like the one in the lower right flow region of Fig. 19 (a). Looking at turbulent cases, it is possible to notice instead the similarity
between URANS and LES velocity contours (Fig. 19 (b-d)) in the main wake patterns, with the exclusion of the external shear
regions, where LES can model resolve in a more detailed way the interactions between the turbulent inflow and the pitching
turbine wake. These considerations are more evident if the iso-surfaces of Q-criterion (Fig. 20 (b-d)), i.e. the second invariant
of the velocity gradient tensor as defined by (DALLMANN, 1983), are compared. As a general remark, velocity contours in
the case of a moving turbine look much more similar than those in the fixed case, as further proved by the mean profiles of
velocity and turbulence intensity at 3D and 5D shown by Fig. 21 and Fig. 22, respectively. Fair agreement is noted for all
numerical models except for some regions (e.g., from -1D to -0.5D), where the inclusion of the free stream turbulence brings
results closer to the experiments.

Interestingly, as the wake develops and moves to 5D distance (Fig. 22 (b)), URANS simulations tend to overestimate the
turbulence intensity in most of the wake, while LES simulations are closer to experimental results. At first glance, this outcome
could seem counterintuitive if compared with the fixed case, where the streamwise turbulence was always underestimated by
URANS simulations. The turbulence induced by the platform motion, superimposed to the modelled inflow turbulence of the

URANS tcase, is accurate in terms of turbulence intensity in the near wake, but causes overproduction in the far wake. Similar
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considerations apply for the URANS 1 case, except for some localized overshoots and undershoots noticed at 3D. In any case,
in both LES and URANS approaches relatively little difference is noted in the wake in terms of turbulence intensity between

laminar and turbulent inflow conditions.
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Figure 21: Pitching case, mean velocity (a) and turbulence intensity (b) profiles of the wake at 3D from the rotor; comparisons
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Figure 22: Pitching case, mean velocity (a) and turbulence intensity (b) profiles of the wake at 5D from the rotor; comparisons
between experiments and simulations with turbulent and laminar inflows.

In terms of mean velocity, the inclusion of free-stream turbulence improves agreement of URANS simulations with
experiments at 3D (Fig. 21 (a)), while some inconsistencies in the left side of the wake for LES t and the URANS [ simulation
can be noted at 5D (Fig 22 (a)). In particular, the higher wake recovery in the URANS 1 simulation respect to the URANS t
case is counterintuitive, as turbulence should increase recovery rather than diminish it. For a more in-depth analysis, the
standard deviations of the axial velocity are shown in Fig. 23, splitting velocity variations from the modelled turbulence. The
extrapolation of the standard deviations shows a high variability of the velocity in the -1.0 < y/R < -0.5 region. Notably, the
URANS 1 case is much higher than the URANS t case and more in line with the LES results. This peculiar behavior is likely
linked to the steeper shear layer of the URANS [ case with respect to the URANS t one, as shown in Fig. 19 (a). In fact, as
the wake starts meandering and pulsing as a consequence of the rotor pitching motion, sampling points at the wake’s edge start
to move in and out of the wake, causing larger velocity fluctuations than in the case with inflow turbulence, where the wake

shear layer is wider.
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Figure 23: Pitching case, standard deviations of the wake velocity at 5D from the rotor; comparisons between experiments and
simulations with turbulent and laminar inflows.
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Figure 24: Pitching case, contours of PSD calculated from the velocity field sampled at the 3D horizontal traverse; results from
experiments (EXP - pitching) and LES (LES_t — pitching) and URANS (URANS _t — pitching) simulations with turbulent inflow; x
axis - position on the horizontal traverse, y axis — frequency of each PSD value (colormap).

If the same velocity time series are analyzed in terms of PSD (Fig. 24), other significative differences are outlined between
LES and URANS simulations. As already discussed in section 4.2, LES is able to capture the frequency response of the wake
well; on the other hand, URANS t simulations show very low amplitudes, even if at the correct frequencies and positions.
This evidence, coupled with the inaccurate wake development highlighted in Figs. 21, 22, and 23, indicates that including the
effect of inflow turbulence in URANS simulations by setting appropriate boundary conditions for the turbulence transport
equations may not be sufficient for studying FOWT wakes. In fact, this approach eliminates all velocity fluctuations from the
inflow, even those that URANS is conventionally deemed capable of resolving. Indeed, as shown in detail in Appendix A, the
inflow turbulence spectrum includes large scale fluctuations, comparable to or even larger than the flow features that URANS
is considered capable of resolving such as tip vortices. These large-scale fluctuations may interact with the FOWT wake and
with the structures created by the rotor motion in a significant matter and neglecting these interactions may be the cause of the

incorrect trends highlighted throughout this section.
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4.4 Hybrid URANS approach

To overcome the discussed limitations of URANS simulations, a novel “hybrid” approach is proposed here in an attempt to
combine the strengths of the LES approach with the lower computational cost of the URANS simulations. Large scale velocity
fluctuations are inserted into the domain — similarly to LES simulations (section 3.3 and Appendix A) — while maintaining
URANS grid requirements and solution. The mesh required for this case features a total cell count of 30*10° elements, roughly
one fourth of the cell count required for the resolution of turbulence in LES simulations. Only the pitching case is investigated,
as it is the most effective test case to be considered.

Good agreement is confirmed with the adoption of this hybrid method in terms of mean velocity at 3D (Fig. 25 (a)). The two
URANS approaches are in good agreement regarding turbulence intensity (Fig. 25 (b)), although I, is slightly higher in the
hybrid approach, possibly due to some overproduction or to some inaccurate estimations in the superposition of modelled and

resolved turbulence in the inflow conditions.
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Figure 25: Pitching case, wake profiles of streamwise normalized velocity (a) and turbulence intensity (b) at 3D, comparison between
experiments (EXP), results from LES simulation with turbulent inflow (LES_t) and from URANS simulation with (URANS_h) and
without (URANS t) the same turbulence injection adopted for the LES.
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Figure 26: Pitching case, wake profiles of streamwise normalized velocity (a) and turbulence intensity (b) at 5D, comparison between
experiments (EXP), results from LES simulation with turbulent inflow (LES _t) and from URANS simulation with (URANS_h) and
without (URANS t) the same turbulence injection adopted for the LES.
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Interestingly, at 5D (Fig. 26 (a)), the wake profile given by the hybrid approach is more similar to the LES one. Regarding
streamwise turbulence intensity (Fig. 26 (b)), I, is higher even than the classical URANS approach, although the trend on the

y/R axis is more in line with experiments.
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Figure 27: Pitching case, contours of PSD calculated from the velocity field sampled at the 3D horizontal traverse; results from
experiments (EXP - pitching) and LES with turbulent inflow (LES_t - pitching) compared to the URANS case with imposed velocity
fluctuations (URANS _h — pitching).
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Figure 28: Pitching case, contours of PSD calculated from the velocity field sampled at the SD horizontal traverse; results from
experiments (EXP - pitching) and LES with turbulent inflow (LES_t - pitching) compared to the URANS case with imposed velocity
fluctuations (URANS _h — pitching).

The LES and URANS h approaches are compared in Fig. 27 in terms of PSD of the velocity signal. The similarity with the
corresponding LES case (central plot) is noticeable, especially in the main spectral components at 1 Hz. Moreover, spectral
components in the 0-3 Hz range also appear, and are qualitatively similar to the much more computationally expensive LES
simulations. Moving to 5D (Fig. 28), the main frequency response from wake structures is still captured in both space and
frequency, but a general overestimation in terms of amplitude is noticed for the hybrid URANS. This result looks in agreement
with the higher streamwise turbulence intensity noted from Fig. 26 (b). To better understand the implications of the differences

in amplitude arisen from Fig. 27 and Fig. 28, particularly at the motion frequency of 1 Hz, the mean values and amplitudes of
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Wake Deficit have been calculated from the horizontal traverses at 3D and 5D according to Equation (5) from (Bergua et al.,
2023):

_ =N w-vo)lry

Wb = Iqlril ®)
In terms of mean quantities (Fig. 29 (a)), all approaches seem to outline the same trend, despite some differences in the slope
of the curve. Similarly to what is shown in Fig. 11, wake deficit decreases from 3D to 5D, and this trend is consistent with the
experiments, although overestimated in the numerical models. On the other hand, from the trend of amplitude of wake deficit
(Fig. 29 (b)), some meaningful differences can be noticed. In fact, while experiments show a slight decrease in wake deficit
fluctuations (a trend which is well predicted by the LES t simulation) all other numerical results predict an increase in the
oscillation of wake deficit. As also argued by Fontanella et. al. (Fontanella et al., 2024), the large coherent structures in the
wake are breaking down into smaller eddies as they move downstream, leading to lower overall oscillations in wake deficit at
the motion frequency. That being said, two meaningful conclusions can be drawn from Fig. 29 (b). Firstly, the amplitude of
Wake Deficit AWD is influenced by free-stream turbulence, as this value tends to decrease moving downstream in the LES t
results, while it increases in the LES 1 result. Indeed, as discussed in section 4.1, turbulence influences the large coherent
structures at the motion frequency in the wake, which are more persistent in the laminar case, ultimately leading to the higher
oscillations shown in Fig. 29 (b). Secondly, all URANS approaches, including URANS h, are unable to capture the
experimental trend in AWD. Such inability is again linked to the incorrect prediction of the breakdown of the large eddies in
the wake. In fact, as discussed in section 4.2, the large coherent structures in the wake are more persistent in URANS
simulations than they are in LES, meaning that some wake structures are still dynamically influencing the global wake recovery
throughout the traverse span. This conclusion is of highest importance within the scope of this work, as finally demonstrates
to what extent the refined resolution of each aspect of the wake — the vortex breakdown, the wake meandering, the turbulent

inflow, and its resolution — is directly related to the final accuracy in the analysis of the wake development.
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Figure 29: Pitching case, mean values and amplitudes of Wake Deficit, comparison between results from URANS-hybrid
(URANS_h), URANS with turbulent inflow (URANS _t), LES with laminar (LES_I) and turbulent (LES_t) inflow, and experiments
(EXP). The amplitudes of Wake Deficit are calculated from the phase-averaged cycle, considering the entire sampling time interval
adopted for each simulation.

In summary, the proposed hybrid approach is able to provide meaningful information both in terms of mean wake development

and resolve the most important frequency components in the wake at a reasonable computational cost if compared to the LES
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approach. However, the breakdown of the large eddies in the wake caused by rotor motion as they interact with free-stream

turbulence is inaccurate and LES simulations appear to be more in line with experimental results.

5 Conclusions

In this study a numerical investigation of the influence of turbulence on the characteristics of a FOWT wake is performed.
Multiple fidelity CFD approaches are used to solve the wake, ranging from LES to URANS. Results are validated by comparing
them to experimental results recently obtained in the Politecnico di Milano wind tunnel. In the numerical campaign, the 1:75
scale experimental rotor is simulated with and without inflow turbulence in fixed conditions and undergoing sinusoidal pitching
motion. Numerical tools differ not only in their ability to resolve the wake structures but also in the way free-stream turbulence
is accounted for. Indeed, the actual turbulent spectrum measured in the Politecnico di Milano wind tunnel is modelled in the
LES simulations, while only mean turbulence intensity and length scale can be included in the URANS approach.

Results have shown that free-stream turbulence affects FOWT wake significantly. Once free-stream turbulence is included in
the simulations, the slope of the outer shear layers as recorded in the experimental campaign were correctly predicted by all
the numerical approaches. In the central part of the wake, while some differences remain between numerical models and
experiments, most likely due to the approximate nacelle geometry in the simulations, free-stream turbulence improved
agreement with experiments by decreasing velocity differences in this wake region.

More importantly, the relatively low 1.5% free-stream turbulence intensity that was included in this campaign, is found to
greatly influence the effect of rotor motion on the wake. In fact, while rotor motion is found to accelerate near to far wake
transition and promote faster wake recovery in the laminar case, its effect is almost nullified if free-stream turbulence is
accounted for at 3D and 5D downstream the rotor. This result is consistent with experimental observations. Despite this, the
signature of rotor motion remains visible in the wake at the reduced frequency of 0.595 that was tested herein.

This result reinforces other recent experimental observations and indicates that free-stream turbulence must be included in
numerical simulations focused on FOWT wake development. Although not directly addressed in this study, this conclusion
can be also applied — to a certain extent — to future studies on dynamic induction control of FOWTs, which can greatly benefit
from inflow turbulence modelling.

In terms of agreement with experimental results, LES simulations faired the best among the tested approaches, if at a very high
computational cost. LES with the addition of free-stream turbulence was able to predict mean wake velocity and streamwise
turbulence intensity in the wake at 3D and 5D and is found to agree well with experiments frequency wise, despite some
differences emerging at 5D. These differences are imputed to the aforementioned discrepancies in the center part of the wake,
which develop downstream and could lead to different wake characteristics at 5D. Despite this, LES is able to predict the
correct wake deficit evolution both in terms of mean and oscillation at 3D and 5D, as long as the inflow turbulent spectrum is

considered. In fact, it is worth remarking that noticeable differences may arise in this regard if a laminar inflow is assumed.
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On the other hand, URANS can be used to gain useful information at a fraction of the computational cost. In fact, despite its
limitations, this approach is able to clearly highlight the effect of turbulence intensity on the mean wake profile 3D and 5D
downstream the rotor. Where the method falls short of its LES counterpart is in the prediction of the evolution of velocity
oscillations in the wake, especially in presence of free-stream turbulence. In fact, in terms of frequency content, the only
oscillations that are preserved are those at the rotor motion frequency, and at a lower intensity than in the experiments.
The inclusion of the turbulence spectrum in the URANS simulations through a LES-inspired boundary condition represents a
middle ground between the two approaches and brings URANS results more in line with LES, allowing it to resolve the most
important frequencies in the wake. However, the method still falls short of LES if velocity oscillations at 5D are concerned,
and it appears unable to correctly predict the evolution and breakdown of the large eddies in the wake as LES does.

In conclusion, this study has confirmed the strong influence of inflow turbulence on FOWT wakes, and proved that numerical

tools, if appropriately tuned, can model these effects with varying degrees of accuracy.
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Figure Al: Experimental spectrum adopted for the turbulence injection inside the LES simulations, visual representation in case of
uniform acceleration, cell centroids represented by the black dots represent.

The wind tunnel velocity spectrum shown in Fig. Al in terms of Power Spectral Density (PSD) was sampled from experiments

with 100 Hz sampling frequency and is adopted for the URANS-hybrid and the LES turbulent simulations presented and

discussed in Chapter 4. A peak at 1 Hz can be noticed, corresponding to the motion frequency investigated throughout the

paper. The main frequency components extend to a frequency of 10 Hz, where the amplitude of PSD is decreased by a factor

of 1/10 with respect to the maximum value.
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APPENDIX B — Mesh resolution in URANS and LES simulations
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Figure B1: Mesh setup adopted for URANS simulations, lateral view; yellow vertical lines at 3D and 5D from the rotor and mesh
sizes indicated in the labels; red lines — indicative rotor position.

The domain adopted in this work is discretized using a cartesian grid with progressive levels of refinement (embeddings) close
to the rotor. For the URANS simulations (Fig. B1), the cartesian grid with a base size of 0.25 m (~0.2D) was progressively
refined up to the robot, rotor, wake regions, tower, nose and nacelle. For the rotor and the rotor wake, the embeddings have a
cylindrical shape, while for the robot a box shape was chosen to completely envelop the entire geometry and accurately solve
the wake. The Adaptive Mesh Refinement (AMR) feature available in the flow solver was used to precisely refine the wake
mesh according to the velocity gradient measured in each cell.

LES simulations required a finer grid than their URANS counterparts, as shown in Fig. B2. Starting from a base grid mesh of
0.32 m, cells were progressively refined up to 0.01 m of size, around the rotor, tower, robot and root and tip region. For the
rotor, which is centered at the origin of the cartesian reference frame, a cylindrical refinement region extending from -0.5 to
1.4 m (=0.8 D) and with radius 1.5 m (=0.625 D) was used. The mesh size in this region corresponds to a R /A ratio equal to
119, which is consistent with the values adopted by other author for this kind of simulations. Nilsson et al (2015) (Nilsson et
al., 2015) adopted a maximum resolution of R/122 at the tip region when simulation the MEXICO rotor, while in the context
of the NREL Phase VI, a uniform resolution of R/100 was adopted (Churchfield et al., 2017). In a more recent work (Blaylock
et al., 2021), the ratio R /A was also higher than 100.
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Figure B2: Top-down: lateral view of the mesh setup adopted for the LES simulations, mesh zones divided by color; front view of
the sections (indicated by yellow lines in the lateral view); particular of the mesh adopted for rotor and near wake (blade radius in
blue).

In addition, the resolution in the wake region was checked a-posteriori to ensure that Pope’s criterion (Pope, 2004), whereby
the grid must be small enough to allow 80% of the turbulent kinetic energy to be solved, was respected. Finally, to ensure that
the injected turbulence is preserved through the computational domain, a box of 0.02 m mesh size (0.03125 m for the URANS-
hybrid case) starts from the window 2 diameters upstream the rotor and extends over 5 diameters of distance downstream. In
the laminar cases, this region starts approximately 1.3 diameters in front of the rotor, with the same downstream end. For the
resolution of the tip vortexes, a toroidal refinement region, with internal and external radius of approximately 0.9 and 1.6
meters, was defined and maintained from 1.4 m up to approximately 3 diameters, similarly to the hub region, where a conical
refinement region is defined starting from 1.4 m of distance from the rotor was chosen. The mesh refinement around the robot,
here defined with a cylindrical shape to best follow the geometry and to optimize the cell count, is again justified by the interest

in investigating the possible interaction of the wake detaching from these surfaces with the rotor wake.
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