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Abstract. As floating offshore wind progresses to commercial maturity, wake and array effects across a farm
of floating offshore wind turbines (FOWTs) will become increasingly important. While wakes of land-based
and bottom-fixed offshore wind turbines have been extensively studied, only recently has this topic become
relevant for floating turbines. This work presents an investigation of the mutual interaction between the motions
of floating wind turbines and wakes using FAST.Farm. While FAST.Farm has been extensively validated across a
wide range of conditions, it has never been validated for FOWT applications. Hence, in the first part of this work,
we validate FAST.Farm by comparing simulations of a single FOWT against high-fidelity results from large-eddy
simulations available in the literature. The validation is based on wake meandering, mean wake deflection, and
velocity deficit at different downstream locations. This validation showed that the original axisymmetric (polar)
wake model of FAST.Farm overpredicts the vertical wake deflection induced by shaft tilt and floater pitch, while
the new curled wake model is capable of properly capturing the vertical wake deflection. In the second part, we
use FAST.Farm to analyze a small three-unit array of FOWTs with a spacing of 7 diameters across a wide range
of environmental conditions. The same National Renewable Energy Laboratory 5 MW reference wind turbine
atop the OC4-DeepCwind semisubmersible is adopted for the three FOWTs and for the validation against high-
fidelity simulations. To assess the effect of the floating substructure, we compare the power production, tower-
base moments, and blade-root moments obtained for the floating turbines with the results obtained in a fixed-
bottom configuration. The main differences introduced by the floating substructure are the motions induced by
the waves, the change in the natural frequencies of the tower caused by differences in the boundary condition at
its base, and the larger vertical deflection of the wake deficit due to the mean pitch of the platform. The impact
of these differences, as well as other minor effects, are analyzed in detail.
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1 Introduction

Floating offshore wind turbines (FOWTs) are a promising
solution to harness the vast wind resources located at wa-
ter depths that cannot be exploited by bottom-fixed tur-
bines (GWEC, 2023). Currently, floating wind applications
are transitioning from single-turbine installations to arrays
of a few turbines, as exemplified by the Hywind Scotland
(five 6 MW turbines, installed in 2017) (Equinor, 2023),
the WindFloat Atlantic (three 8 MW turbines, installed in
2020) (Ocean Winds, 2023), and the Hywind Tampen (11
8 MW turbines, installed in 2023) (Equinor, 2024) projects.
Larger-scale floating farms are expected in the near fu-
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ture (GWEC, 2023). As floating wind transitions to arrays
with multiple units, understanding the wakes and array ef-
fects of floating turbines is becoming increasingly relevant
for design and the associated needs of numerical modeling
and design tools.

The wake is a region of reduced wind speed and in-
creased turbulence intensity that forms downstream of the
rotor as the turbine extracts kinetic energy from the incoming
wind. Wake effects, which have been studied extensively for
land-based and bottom-fixed offshore wind turbines, impact
power production and increase structural loads for downwind
units (Thomsen and Sgrensen, 1999; Kim et al., 2015; Shaler
et al., 2022). However, due to the floating substructure and
the coupling between motions and aerodynamic loads, the
wake of an FOWT may behave differently from that of a fixed
turbine. Given that this topic has become relevant only re-
cently, the mutual effects between FOWT motions and wakes
are still not fully understood.

Previous works have studied the impact of the motions
of a single FOWT on power production, showing that the
upwind—downwind motion of the rotor from wave excita-
tion can increase mean power production (Sant et al., 2015;
Wen et al., 2017, 2018; Huang and Wan, 2019; Johlas et al.,
2021) and that the mean pitch of the floater caused by rotor
thrust reduces power production by increasing the relative
angle between the rotor and the incoming wind (Johlas et al.,
2021, 2022). The latter is similar to the reduction observed
for a yawed turbine (Fleming et al., 2015). While the power
performance of a single floating turbine compared to a fixed-
bottom turbine is mostly given by the balance between those
two opposing effects, the performance of floating arrays also
depends on how the wakes of floating turbines behave, which
may differ compared to those of fixed-bottom units.

Some studies have analyzed the wakes of FOWTs us-
ing high-fidelity simulations. Johlas et al. (2019) per-
formed large-eddy simulations (LESs) — using cou-
pled Simulator fOr Wind Farm Applications (SOWFA)—
OpenFAST (Churchfield and Lee, 2015; Jonkman et al.,
2023) simulations implemented through an actuator line
method — of a single National Renewable Energy Labora-
tory (NREL) 5SMW reference wind turbine atop the OC3-
Hywind spar to compare the downstream wake character-
istics against simulations of an equivalent fixed-bottom tur-
bine. They considered two different inflows and two different
sea states, concluding that the floating substructure affects
the wake by (i) a larger upward vertical deflection of the wake
deficit due to mean platform pitch, an effect that is similar
to the horizontal wake deflection caused by rotor yaw, and
(ii) larger wake fluctuations and wake-induced turbulence.
This increase in wake fluctuations and wake-induced turbu-
lence observed for the floating turbines, however, was small.
In subsequent work, Johlas et al. (2020) expanded their anal-
ysis to assess the impact of floating platform types on the
wake of a FOWT, analyzing the same NREL 5 MW reference
wind turbine atop the OC3-Hywind spar and atop the OC4-

Wind Energ. Sci., 9, 1827-1847, 2024

DeepCwind semisubmersible. They showed that the OC3-
Hywind spar presents a larger vertical wake deflection due
to a larger mean pitch and that the vertical deflection is more
important for the stable atmosphere boundary layer condi-
tion than for the neutral atmosphere condition analyzed in
their work. They also concluded that the rotor motions did
not significantly affect the middle- to far-wake fluctuations,
which were more noticeable in the stable atmosphere condi-
tion due to low turbulence levels.

The low impact of rotor motions on the wake fluctuations
reported by Johlas et al. (2019, 2020) agrees with wind tun-
nel experiments (Schliffke et al., 2020) and field observa-
tions (Angelou et al., 2023). Other experiments and high-
fidelity simulations considering laminar or low-turbulence
inflow indicate that the rotor motions do influence wake dy-
namics and recovery (Rockel et al., 2017; Fu et al., 2019; Li
et al., 2022; Messmer et al., 2024), but these effects seem
to be negligible for moderate to high atmospheric turbulence
levels.

While experiments and high-fidelity simulations are im-
portant to understand the physical mechanisms that differen-
tiate the wakes of FOWTSs from bottom-fixed turbines, their
high economic and computational cost restricts analyses to
only a limited number of different test cases. On the other
hand, engineering-fidelity tools like FAST.Farm (Jonkman
et al., 2017; Jonkman and Shaler, 2021) present a good bal-
ance between fidelity and computational cost, thus allow-
ing for analyses of hundreds of test cases within a reason-
able time frame and cost. FAST.Farm is an open-source,
mid-fidelity, multiphysics, nonlinear, time domain engineer-
ing tool developed by NREL for predicting the power per-
formance and structural loads of wind turbines, including
FOWTs, within a wind farm. FAST.Farm uses NREL’s Open-
FAST wind turbine simulation tool to solve the aero-hydro-
servo-elastic dynamics of each individual (floating offshore)
wind turbine but considers additional physics for farm-wide
ambient inflow, farm-level control, wake evolution and con-
vection including meandering, and wake merging. The soft-
ware is based on some of the principles of the dynamic wake
meandering model (Larsen et al., 2008), including passive
tracer modeling of meandering, but it addresses many of
the limitations of previous dynamic wake meandering im-
plementations such as wake overlap and wake merging (a
complete list of the previous dynamic wake meandering lim-
itations addressed in FAST.Farm is given in Jonkman et al.,
2017).

FAST.Farm has been validated and successfully applied
to bottom-fixed turbines. Jonkman et al. (2018) validated
FAST.Farm against high-fidelity LESs from the Simulator
fOr Wind Farm Applications (SOWFA) for various cases,
showing accurate predictions of thrust and power in both
single-turbine and small wind farm scenarios; of wake mean-
dering across different atmospheric conditions; and of aver-
aged wake deficit advection, evolution, and merging effects.
Kretschmer et al. (2021) validated FAST.Farm in single-
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wake conditions using data from the Alpha Ventus offshore
wind farm, presenting good predictions for power and struc-
tural loads. They also demonstrated the importance of a
wake-added turbulence model to improve the accuracy of
fatigue load prediction, particularly for low ambient turbu-
lence conditions and for tower-base loading. Shaler et al.
(2022) employed FAST.Farm to investigate the impact of
wake steering on wind farm loads. They concluded that while
wake steering does not significantly affect ultimate loads —
because wake steering is typically applied below rated wind
speeds — it does increase fatigue of loads such as blade-root
and shaft bending. Nevertheless, this fatigue increase leads
to more uniform damage distribution across the array, which
might be beneficial for planning maintenance over the long
term. Thedin et al. (2024) also used FAST.Farm to investi-
gate wake steering, focusing on the trade-off between power
production and fatigue loading for a small wind farm. They
concluded that configurations with positive yaw of the na-
celle are preferred, even for negative wind inflows, due to
significantly lower fatigue loads compared to negative yaw
angles.

For floating wind applications, Wise and Bachynski (2020)
used FAST.Farm to simulate a two-turbine array with differ-
ent floater concepts (a semisubmersible, a spar, and a tension
leg platform) and investigate wake meandering, motions of
the floating substructure, and fatigue loads of the tower and
blades. They showed that wake meandering has a secondary
effect on surge and pitch motions of the floater but a sig-
nificant influence on the tower-top yaw moment and, conse-
quently, yaw motions. The results also showed that mooring
loads were sensitive to wake deficit but not meandering. The
different floater concepts presented distinct behavior con-
cerning tower-base fore—aft bending moment, which was at-
tributed to the distinct tower natural frequencies of each con-
cept. Rivera-Arreba et al. (2023a) employed FAST.Farm to
study the impact of vertical wake deflection on the power per-
formance of a waked floating turbine, while Rivera-Arreba
et al. (2023c) performed a similar investigation on the ef-
fect of atmospheric stability. Both works demonstrated the
importance of vertical wake deflection for the power pro-
duction and structural response of waked turbines. Rivera-
Arreba et al. (2023b) compared the results obtained with
FAST.Farm against LES results of the International Energy
Agency 15 MW reference turbine (Gaertner et al., 2020) un-
der different misalignment angles in yaw and tilt. All these
works that applied FAST.Farm to FOWTs considered the po-
lar wake formulation, with Rivera-Arreba et al. (2023b) re-
porting difficulties in matching the vertical and horizontal
wake deflection concurrently by calibrating model inputs —
in particular, the size of the polar grid used to calculate the
spatially averaged velocity adopted to propagate the wake.

This work aims to investigate the mutual interaction be-
tween the motions of floating wind turbines and wakes. To do
so, we use FAST.Farm to analyze a small three-unit FOWT
array across a wide range of environmental conditions, in-
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cluding variations in mean hub-height wind speed (below, at,
and above rated), shear profile (low to high shear), turbulence
intensity (low to high turbulence levels), and sea state sever-
ity (mild, medium, and severe). Due to the large number of
simulations required (648 different simulations), FAST.Farm
is well suited for this kind of study because it presents a
good balance between fidelity and computational cost. The
same NREL 5 MW reference wind turbine (Jonkman et al.,
2009) atop the OC4-DeepCwind semisubmersible (Robert-
son et al., 2014) is adopted for the three FOWTs. To assess
the effect of the floating substructure, we compare the power
production, tower-base moments, and blade-root moments
obtained for the floating turbines with the results obtained
from an equivalent fixed-bottom configuration.

Even though FAST.Farm has been validated in several
projects across a wide range of conditions, it has never
been validated for FOWT applications. Hence, before ana-
lyzing the floating array, we first compare FAST.Farm simu-
lations of a single FOWT — also employing the NREL 5 MW
reference wind turbine atop the OC4-DeepCwind semisub-
mersible — against high-fidelity results from LES reported
by Johlas et al. (2020). The validation is based on wake
meandering, mean wake deflection, and velocity deficit at
different downstream locations. In particular, we demon-
strate that the issue with the vertical wake deflection reported
by Rivera-Arreba et al. (2023b) can be solved by adopting
the curled wake model that was recently implemented in
FAST.Farm (Branlard et al., 2023) instead of the original po-
lar wake model.

2 Methodology

This section describes the FOWT, wind farm, and
FAST.Farm model considered in this work, as well as the
methodology adopted to post-process the simulation results.
Throughout this work, we adopt a coordinate system with
origin at the intersection between the mean water level and
the undisplaced tower axis, with the x axis aligned with the
nominal wind and wave directions, the z axis directed up-
wards, and the y axis following from the right-hand rule.

2.1 Floating offshore wind turbine and farm

The OC4-DeepCwind semisubmersible (Robertson et al.,
2014) consists of a 6.5 m diameter central column connected
to three 12 m diameter external columns arranged as an equi-
lateral triangle, with a draft of 20m. A 24 m diameter and
6 m high column is attached to the base of each external col-
umn to help suppress motions, similar to heave plates. The
NREL 5 MW reference turbine (Jonkman et al., 2009) is lo-
cated atop the tower, which is positioned atop the central col-
umn. The main properties of the semisubmersible and of the
turbine are summarized in Tables 1 and 2, respectively. For
the three-unit array, the turbines are aligned along the global
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Table 1. Main properties of the OC4-DeepCwind semisubmersible.

Displacement 13917m?>
Diameter of central column 6.5m
Diameter of outer columns 12m

Diameter of base columns 24m
Height of base columns 6m
Draft 20m

Table 2. Main properties of the NREL 5 MW reference turbine.

Rated power SMW

Rotor and hub diameter 126 and 3 m

Hub height 90m

Cut-in, rated, and cut-out wind speed 3, 11.4, and 25 m g1
Cut-in and rated rotor speed 6.9 and 12.1 rpm

x axis with a spacing of 7 D (882 m), where D is the rotor
diameter.

The platform is moored using three catenary lines. The
fairleads are located at the top of the base columns, at a depth
of 14m and at a radius of 40.9 m from the platform center-
line. The anchors are located at a water depth of 200 m and
at a radius of 837.6 m from the platform centerline. The nat-
ural periods and frequencies of the moored FOWT are pre-
sented in Table 3. Note that the frequency of the first tower
fore—aft bending mode reported in Table 3 of 0.426 Hz corre-
sponds to the tower atop the OC4-DeepCwind platform. This
frequency is higher than the value of 0.324 Hz obtained for
a tower cantilevered to the ground, as reported by Jonkman
et al. (2009), due to the different boundary condition (tower
clamped to a floating substructure). Also, the natural frequen-
cies of surge, heave, pitch, and yaw were obtained from de-
cay tests around the undisplaced body position in the absence
of wind; the values for the FOWT with mean aerodynamic
thrust loads may be slightly different due to changes in the
mooring system for different offsets.

An illustration of the floating turbine is given in Fig. 1.
For simplicity, all the simulations analyzed in this work con-
sider the turbines to be aligned with the mean wind direction
(i.e., no mean yaw error other than small dynamic yaw errors
resulting from floater yaw motion).

2.2 Environmental conditions

Due to the two different objectives of this work, we consider
two different sets of environmental conditions: one for the
validation against high-fidelity simulations and another for
the analysis of the three-turbine array.

2.2.1 For the validation against high-fidelity simulations

The validation against high-fidelity results from LESs is
based on one of the environmental conditions analyzed by
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Table 3. Natural periods and frequencies of the moored FOWT.

Period  Frequency

(s (Hz)

Surge 109 0.009
Heave 17.2 0.058
Pitch 25.6 0.039
Yaw 79.4 0.013
First tower fore—aft mode 2.32 0.426

/

Figure 1. Illustration of the NREL 5 MW reference turbine atop the
OC4-DeepCwind semisubmersible.

Johlas et al. (2020). They generated the inflow using a precur-
sor atmospheric boundary layer simulation in SOWFA con-
sidering a mean wind speed of 8 ms~! at hub height, a sur-
face roughness height zo = 5.62 x 107> m chosen based on
the Charnock model with « = 0.011, and neutral atmosphere
with a capping inversion height of z = 750m. Since we did
not have access to the original LES results or the original
inflow, we have tried to reproduce the reported wind profile
as well as possible — in particular aiming to match the shear
profile and mean wind speed standard deviation across the ro-
tor — using the synthetic turbulent wind field generator Turb-
Sim (Jonkman, 2009) with a Kaimal spectrum and the nor-
mal turbulence model from the International Electrotechnical
Commission standards (IEC, 2005). To reduce the uncertain-
ties associated with the stochastic nature of the wind inflow,
all results consider the average of six different realizations
with distinct seeds for the turbulent wind field. As illustrated
in Fig. 2, though the wind profile generated with TurbSim is
not the same as the one considered by Johlas et al. (2020), it
is deemed similar enough for our purposes — for instance, we
obtained a rotor-averaged standard deviation of 0.332ms ™!,
which is within 3 % of the value of 0.324 ms~! from Johlas
et al. (2020). One significant difference between the Turb-
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Figure 2. Comparison between the mean wind speed and turbu-
lence intensity profiles considered by Johlas et al. (2020) and the
ones obtained with TurbSim. The TurbSim results correspond to
the average of six seeds, with the result from each seed visible as
transparent dashed lines.

Sim and the LES inflows is that the LESs account for wind
veer due to the atmospheric Coriolis effect, an effect that is
not modeled in FAST.Farm and influences the comparisons
presented ahead.

We consider the same wave condition as Johlas et al.
(2020), namely a long-crested irregular sea characterized
by a JONSWAP spectrum with significant wave height of
Hg = 8.0m, peak period of T, = 14.0s, and wave propaga-
tion direction of 25° relative to the wind. For simplicity, we
consider only one realization of this sea state (i.e., only one
seed).

2.2.2 For the three-turbine array

We analyze the three-turbine array under a wide range of
environmental conditions, including variations in mean hub-
height wind speed, shear profile, turbulence intensity, and sea
state severity. We generated the wind inflows using TurbSim
with a Kaimal spectrum, the normal turbulence model from
the IEC standards, and a power-law shear profile. For the in-
coming wave field, we employ linear wave theory and irreg-
ular waves characterized by a JONSWAP spectrum. For sim-
plicity, both the wind and incoming waves are aligned with
the x axis of the global coordinate system. We consider all
the combinations of the following:

1. three different mean wind speeds at hub height — below,
at, and above rated;

2. three different turbulence intensity levels (TT) — low,
medium, and high TI,

3. three different shear profiles, characterized by the expo-
nent of the power-law profile — low, medium, and high
shear;

4. three different wave conditions — mild, medium, and se-
vere sea states.
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Table 4. Environmental conditions considered for the three-turbine
array.

Parameter Label Value
Below rated 8ms ™!
Mean wind speed Rated 11.4ms™!
Above rated 18 ms~!
Low 5%
Turbulence intensity Medium 10%
High 20 %
Low 0.02
Exponent of shear profile = Medium 0.20
High 0.40
Mild T, =8.0s, Hy=1.0m
Sea state Medium Tp =10.0s, Hs =4.0m
Severe Tp = 14.0s, Hs = 8.0m

The numerical values adopted for the different environ-
mental parameters are given in Table 4. Besides the floating
conditions, we also analyze FAST.Farm simulations of the
floater in a fixed configuration for the same set of wind con-
ditions. The fixed configuration is obtained by disabling the
degrees of freedom associated with floater motion and the
hydrodynamic loading; hence, the turbines behave as if they
were onshore and the response is insensitive to the wave con-
dition. We consider six different seeds for the wind inflow but
only one for each sea state, leading to a total of 648 different
simulations.

2.3 Numerical model in FAST.Farm

FAST.Farm employs different domains (in both time and
space) for the wind field. The first is a low-resolution do-
main that encompasses the whole wind farm and which is
primarily responsible for wake meandering and merging. For
accurate load calculation by OpenFAST, FAST.Farm also
employs high-resolution wind domains around each wind
turbine that need to encompass any turbine displacement.
We adopt a low-resolution domain with dimensions Xjow X
Yiow X Zjow = 3384m x 760m x 360m, a spatial resolution
AYiow = AZjow = 10m, and a temporal resolution Afjoy =
3.0s. To avoid double-interpolating the wind data in the X
direction, A Xy is different for each wind speed (Jonkman
and Shaler, 2021): AXPIOY =24m, AX[2° =30m, and
AX f‘fxve =50m. This spatial-temporal discretization is a
bit coarser than current modeling guidance (Jonkman and
Shaler, 2021), which evolved over the course of this project;
however, a subset of cases were run with finer discretization
that follows current modeling guidance, and the results were
generally found to be consistent with the present results, but
the present results show a small underprediction of fatigue
loads at low ambient turbulence levels.

Each high-resolution domain has dimensions Xpigh X
Yhigh X Zhigh = 152m x 160m x 160m originating 78 m up-
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wind of each turbine, with a spatial resolution AXpjgh =
4m and AYhigh = AZpigh = 5m and a temporal discretiza-
tion Atyigh = 0.3s. Figure 3 illustrates the low- and high-
resolution domains. Because we only have one turbine for the
validation against high-fidelity simulations, we use a shorter
low-resolution domain along the wind direction, Xjow =
1608 m, to reduce the computational cost; all other discretiza-
tion parameters are the same. We performed all numerical
simulations using FAST.Farm v3.4.1.

We also use the validation against high-fidelity simula-
tions to calibrate the numerical model before analyzing the
three-unit array. As discussed in Sect. 3, a particularly rele-
vant aspect for the floating turbine case is the choice of wake
formulation. The comparisons show that the original polar
(axisymmetric) wake model adopted by FAST.Farm over-
predicts the vertical wake deflection (due to shaft tilt and
floater pitch), while the new curled wake model (Branlard
et al., 2023) captures this vertical wake deflection well. We
adopt a radial increment for the finite-difference grid used
to solve the wake deficits of 13 m for the simulations with
the curled wake model and 5 m for the ones with the polar
wake model. This value follows previous modeling guidance,
which suggested using a radial increment dr S D™ /10 for
the curled wake model, and is a bit coarser than the current
recommendation of dr g D™'°'/15. Similar to the coarser
spatial-temporal discretization for the low-resolution grid,
this coarser dr did not lead to any problems in our simula-
tions.

The setup of the aero-hydro-servo-elastic part of the
FAST.Farm simulation is very similar to the analysis of a sin-
gle wind turbine with OpenFAST, and all the inputs required
to simulate the NREL 5 MW reference wind turbine atop the
OC4-DeepCwind semisubmersible are publicly available in
the OpenFAST repository on GitHub (Jonkman et al., 2023).
Wave forces and moments on the floating substructure are
computed with HydroDyn — the hydrodynamics module of
OpenFAST - using a hybrid approach that combines first-
and second-order potential flow coefficients precomputed in
the frequency domain with WAMIT (WAMIT, 2020) and
the quadratic drag from Morison’s equation. Aerodynamic
loads on the blades are obtained with blade element momen-
tum theory with various corrections such as dynamic inflow
and unsteady airfoil aerodynamics using AeroDyn (Jonkman
et al., 2015). The mooring system is modeled with Moor-
Dyn (Hall, 2015), which uses a lumped mass model. Tur-
bine control is included with ServoDyn using the conven-
tional baseline generator-torque controller and a full-span
rotor-collective blade-pitch controller. Structural dynamics
are solved using ElastoDyn considering the first and second
flap-wise blade modes, the first edgewise blade mode, rigid-
body rotor rotation plus shaft torsion, the first and second
fore—aft and side-to-side tower bending modes, and, for the
floating case, the six degrees of freedom corresponding to the
rigid-body motions of the platform. For the fixed configura-
tion, the degrees of freedom corresponding to floater motion
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are deactivated. Each of the simulations was performed for a
total of 4000 s, from which the first 400 s were discarded to
remove transients related to simulation startup.

Air—sea interaction is not considered in FAST.Farm or the
LES results that FAST.Farm is validated against. Moreover,
though wake-added turbulence was recently implemented in
FAST.Farm, it was not fully integrated to the software when
we performed the simulations. Hence, this effect is not con-
sidered in this work, which is an important limitation for the
low-turbulence cases (Kretschmer et al., 2021). Inclusion of
wake-added turbulence and the use of finer spatial-temporal
discretizations is important future work.

2.4 Post-processing of simulation results

The quantities of interest analyzed in this work are the mo-
tions of the floating substructure, bending moments at the
blade root and tower base, and generator power. Additionally,
wake deflection and meandering are important for validation
against the high-fidelity simulations and to help explain the
results obtained for the other quantities of interest. Due to the
large number of simulations, we concentrate the analysis on
the mean and standard deviation for most of the quantities
of interest. We also present power spectral densities (PSDs)
of some cases of interest to illustrate the physical effects in-
volved.

In place of standard deviation for the bending mo-
ment quantities, we present short-term damage-equivalent
loads (DELs) calculated using a modified version of
pCrunch (Nunemaker and Abbas, 2023). A DEL is a
constant-amplitude fatigue load that produces equivalent
damage as the original load time series. The short-term DEL
for a given time series j about a fixed mean load, DEL?TF, is
computed as

1
Sinji (L™ "

STF __
DELTT = | == | (M)
n.
J
ST
nj = fequ, (2)

where nj; is the number of cycles in the ith bin of the rain-
flow histogram, Ll}iF is the cycle’s load range about a fixed

load-mean value using Goodman correction, 757 is the to-
tal equivalent fatigue counts for time series j, £ is the DEL
frequency, T is the elapsed time, and m is the Wohler expo-
nent. We adopt f®4 = 1Hz, m =4 for the steel tower and
m = 10 for the composite blades.

To account for load directionality, we compute the DELs
by first computing the moment along several directions 6
within the blade-root and tower-base cross-sections, M(t, 0),
as

M(t,0) = M,(t)cos8 + My(t)sin0, 3)

where M, and M, are the moments along two orthogonal
directions — for instance the fore—aft and side-to-side tower-
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Figure 3. Illustration of the three-unit wind farm, showing the low- and high-resolution domains adopted in FAST.Farm, with the turbines

marked with dots and vertical lines.

base moment. We then compute the DEL for each direction
0 and take the maximum value across all directions as the
final DEL for that given time series. We consider directions
ranging from O to 180° with a 10° discretization — the values
between 180 and 360° are equivalent to their symmetrical
counterparts.

We use Goodman’s correction to take into account the
mean loads in the DEL calculation. For the tower, which is
made of a single isotropic material, the ultimate load required
by Goodman’s correction follows directly from the ultimate
stress and the geometry of the cross-section at the tower base:

oule!
Lug = “Tf, 4)

where I =2.925m* is the cross-sectional area moment of
inertia (the same for all #) and R = 3.0m is the radius of
the tower base (Jonkman et al., 2009). The stress is not as
readily computed for the composite blades, so we assume a
circular cross-section with a thickness of 10 % of the radius
for simplicity and for lack of better information. Given the
root radius of the blades of 1.771m, the resulting area mo-
ment of inertia is / = 2.657 m*. Because neither the ultimate
stress of the tower nor the ultimate stress of the blades is
available in the documentation of the NREL 5 MW reference
turbine, we adopt oi°! = 300MPa and ¢3*% = 1000 MPa,
which are within the expected range for the steel tower and
the composite blade.

We analyze the wakes based on their wake center. Though
FAST.Farm outputs the instantaneous center of the wake at a
given downstream position, this value is not necessarily cor-
rect when adopting the curled wake model due to its asym-
metric shape. Hence, we compute the instantaneous wake
center using the SAMWICH toolbox (Quon, 2017) with the
constant area method (Quon et al., 2020) to post-process the
visualization files output by FAST.Farm. The left panel of
Fig. 4 provides an example of an instantaneous wake outline
and corresponding wake center computed with SAMWICH
from a velocity snapshot output by FAST.Farm. From the
time series of wake position, we use the mean value to char-
acterize wake deflection and the standard deviation to char-
acterize wake meandering.
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3 Validation and calibration against high-fidelity
simulations

This section presents the validation and calibration of
FAST.Farm against high-fidelity results from LESs reported
by Johlas et al. (2020). The comparisons are based on the
mean and standard deviation (meandering) of the wake cen-
ter position, as well as on the mean velocity deficit at differ-
ent downstream locations.

Before moving to the analysis of wake quantities, Fig. 5
shows the good agreement between the motions of the float-
ing substructure obtained with FAST.Farm and the ones re-
ported by Johlas et al. (2020). Though not identical, they are
close enough that differences in the wake results cannot be
attributed to differences in platform motions.

3.1 Cut-off frequency

The first parameter that required tuning is the cut-off fre-
quency, f¢, of the low-pass filter that FAST.Farm uses for
computing wake advection, deflection, and meandering to
ensure high frequencies do not enter the quasi-steady wake
deficit calculation. Branlard et al. (2023) recommend a cut-
off frequency given by

24 1.1 R

fe=Tmm=12 1. 3min(dayg. 0.5) U

®)

where ) is the timescale used in the @ye dynamic inflow
model, a,yg is the average axial induction factor across the
rotor disk, R is the rotor radius, and U is the mean wind
speed at hub height. For the present case, the recommended
value results in 0.083 Hz.

This value works well for the FAST.Farm simulations of
the fixed turbine but leads to nonphysical results for the
simulations of the floating turbine. As illustrated in Fig. 6,
the wind field obtained with FAST.Farm downstream of the
floating turbine presents nonphysical streaks that result from
a limitation of the present method adopted by FAST.Farm
to compute wake evolution. In FAST.Farm, the wake deficit
evolution is solved within wake volumes that are delimited
by wake planes. Those wake planes are generated at the ro-
tor at each time step and convect downstream in subsequent
steps. The problem is that the motions of the floating sub-
structure change the position where those planes are gener-
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Figure 4. (a) Example of an instantaneous wake outline and corresponding wake center computed with SAMWICH from a velocity snapshot
output by FAST.Farm and (b) all the instantaneous wake center locations obtained for this given case as well as the corresponding mean
wake position. These results correspond to a vertical plane located 6 D downwind of the undisplaced rotor center of the floating turbine case

considered in the validation against LES.
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Figure 5. Comparison of the motions of the floating substructure
obtained in this work and the ones reported by Johlas et al. (2020).

ated and also their propagation velocity in such a way that
they can pass each other. In reality, this would result in pul-
sation of the wake. But this situation is not well handled by
FAST.Farm, leading to the nonphysical behavior of streaks
in the wake resulting from overlapping wakes, as shown in
Fig. 6. Such overlapping wakes would lead to nonphysical
step changes in the aerodynamic loading of downstream tur-
bines, resulting in inaccurate DELs.

Addressing this issue is planned for the future but re-
quires significant changes in the formulation adopted in
FAST.Farm. For now, a workaround to avoid this nonphysical
behavior is to reduce f to a value close to the resonance fre-
quency of surge of the floating substructure. For the present
study, we adopt f. = 0.010Hz. As shown in Fig. 6, this value
is enough to remove the nonphysical streaks from the wake.

However, by lowering the value of f, we filter out the dy-
namic influence of floater motions on the wake, thus reducing
the amplitude of pulsations in the wake resulting from surge
and pitch of the floating substructure. This effect is expected
to be more relevant in very low-turbulence inflow conditions,
similar to what is observed for wake-added turbulence. We
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Figure 6. Top view of the wake obtained with FAST.Farm for
(a) the fixed turbine with the recommended value of f. = 0.083Hz
for this case, (b) the floating turbine with the recommended value
of f. =0.083Hz, and (c) the floating turbine with f. = 0.010Hz, a
value close to the resonance frequency of surge.

consider this limitation to be acceptable for the present work
and in need of reassessment in future work.

3.2 Wake formulation

FAST.Farm can solve for the wake dynamics within a wind
farm using either a polar wake formulation (Jonkman et al.,
2017), which assumes an axisymmetric wake, or the re-
cently implemented curled wake formulation (Branlard et al.,
2023), which allows for an asymmetric wake as a result of
skewed flow from rotor yaw and/or tilt.

The mean wake trajectory (deflection) and wake motion
standard deviation (meandering) from both wake models are
illustrated in Fig. 7. Neither wake model captures the hori-
zontal wake deflection from the LES results. This horizontal
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wake deflection seen in the LES solution results from an at-
mospheric Coriolis effect that is not in FAST.Farm. This is
reflected in the wind veer reported by Johlas et al. (2020)
that is not present in our FAST.Farm simulations, as noted in
Sect. 2.2.1.

Neglecting this difference for now, the polar wake model
yields good results for wake standard deviation (meandering)
in both the vertical and horizontal directions. However, the
polar wake model is unable to match the vertical wake de-
flection (resulting from shaft tilt and floater pitch) from the
LESs, even when calibrating a key input of the polar wake
model within a range of reasonable values. The parameter
that most impacts the vertical wake deflection computed with
the polar wake model is Cpeander- This parameter determines
the size of the polar grid used to calculate the spatial aver-
age of the velocity in the passive tracer model, which is used
to propagate the wake. By increasing Cpeander, the size of
the polar grid is increased, thus reducing the wake deficit’s
influence on the spatial average and, consequently, reducing
the vertical wake deflection. Figure 7 shows that we can re-
duce the overestimation of the vertical wake deflection ob-
tained with the polar wake model by increasing Creander, but
we would need to consider an unrealistically large value of
Cieander to match the vertical wake deflection from the LESs
at the expense of reducing the wake meandering and devi-
ating considerably from the default value of 1.9 (previously
calibrated in Doubrawa et al., 2018, to ensure that the wake
meandering from FAST.Farm matches LES in the absence of
significant skew).

The curled wake model, on the other hand, can reproduce
the vertical wake deflection from the LESs very well, with a
nearly perfect match at 6 diameters downstream of the rotor.
Wake meandering is also well captured by the curled wake
model. Though the vertical wake meandering for x < 4D is
better modeled by the polar wake model, this is not very rel-
evant because we are not interested in the near-wake region
for wind farm analyses. Considering the horizontal wake de-
flection again, while in the LES results the horizontal wake
deflection is mainly due to an atmospheric Coriolis effect that
is not in FAST.Farm, the curled wake formulation captures
the opposite deflection that results from swirl of the curled
wake induced by rotor torque (this is demonstrated in Fig. 7
through the curled wake results shown without swirl). This
deflection resulting from swirl is also captured in LES, but
the Coriolis effect is opposite in magnitude and stronger. It is
noted, though, that the strength and direction of the Coriolis
effect will depend on the latitude of a given wind farm.

As shown in Fig. 8, the main difference between the fixed
and floating cases is the larger vertical wake deflection in-
duced by the mean pitch (tilt) of the floating substructure.
Because our objective is to assess the differences between a
floating wind array compared to a fixed one, we accept the
small differences in the horizontal wake deflection given the
good agreement between the curled wake model and the LES
results for the vertical wake deflection.
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3.3 Summary of the calibrated model

Based on the results presented in this section, we adopt
the curled wake model with swirl, f. =0.010Hz, and
Cmeander = 2.1 for the simulations of the three-turbine array.
We adopt this value of Creander for consistency with the po-
lar wake model, but the same conclusions are obtained with
the default value of 1.9. In the end, FAST.Farm has a reduc-
tion in the amplitude of pulsations in the wake induced by
floater motions (related to the choice of f;) and a difference
in the mean horizontal wake deflection (due to the lack of an
atmospheric Coriolis effect in FAST.Farm) compared to the
LESs. Despite these limitations of FAST.Farm, this valida-
tion provides confidence to proceed with the primary objec-
tive of investigating the interactions between the motions of
floating wind turbines and wakes using FAST.Farm.

The good agreement with the LES results is illustrated by
the temporal mean wake deficits at different downstream dis-
tances shown in Fig. 9. The figure shows that FAST.Farm can
reproduce the transition from a bimodal distribution in the
near wake to a more Gaussian distribution further downwind
with a good match of the wake deficit values.

4 Results

This section presents the results of the three-unit array sim-
ulations with FAST.Farm to assess the differences between a
floating wind array and a fixed one across a comprehensive
range of environmental conditions. The main differences in-
troduced by the floating substructure are the motions induced
by the wind and waves, the change in the natural frequencies
of the tower, and the larger vertical wake deflection due to the
mean pitch of the platform discussed in the previous section.
In the following, we investigate how these differences affect
the power production and the tower-base moment. Because
the floating substructure did not impact the blade-root mo-
ments in a meaningful way, the blade-root moment is only
briefly discussed in Appendix A.

4.1 Generator power

One of the main motivations for studying the wakes of wind
turbines is the impact on power production of downstream
units. As shown in Fig. 10a — which presents the mean gener-
ator power along the array for a mean wind speed of 8ms™!,
TI 5%, and low shear — the waked turbines can produce sig-
nificantly less power than the free-stream unit. To verify the
effect of the floating substructure, we analyze the relative dif-
ference between the generator power of the floating turbines

with respect to their fixed counterparts:

—floating  —fixed
Rpi= %7 (6)
P.

1
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Figure 7. (a) Mean horizontal wake deflection, (b) mean vertical wake deflection, (c¢) horizontal wake meandering (expressed in terms of
standard deviation of the wake center), and (d) vertical wake meandering as a function of downstream distance obtained with FAST.Farm
considering different wake models compared with LES results from Johlas et al. (2020) (floating case).
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Figure 8. (a) Mean horizontal wake deflection, (b) mean vertical wake deflection, (¢) horizontal wake meandering (expressed in terms of
standard deviation of the wake center), and (d) vertical wake meandering as a function of downstream distance obtained with FAST.Farm
(adopting the curled wake model) compared with LES results from Johlas et al. (2020) for the floating and fixed cases.

—floatin, —fixed
where P; ¢ and P, are the mean generator power of

turbine i in the floating and fixed conditions, respectively.
The value of Rp; across the three-turbine array is illustrated
in Fig. 10b for the same wind condition as Fig. 10a but dif-
ferent wave conditions, showing how each floating turbine
compares with its fixed counterpart. Fig. 10c to k show how
Rp,; varies for each turbine in the array across all the envi-
ronmental conditions considered in this work.

The results demonstrate that the free-stream floating tur-
bine (T1) generates, on average, less power than its fixed
counterpart for below and rated conditions. This is due to
the mean floater pitch angle, which reduces power by re-
ducing the effective swept area with respect to the incoming
wind (similar to yaw misalignment). Hence, cases with larger
mean pitch angles perform worse in terms of generator power
than cases with smaller mean pitch angles. The largest differ-
ence in generator power for the free-stream floating turbine
occurs at the rated condition for TI =5% and high shear,
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with a power reduction of 2 %. While the sea condition does
not significantly impact Rp; at rated mean wind speed, the
severity of the sea state slightly improves the performance
of the free-stream floating turbine in the below-rated con-
dition — increasing by about 0.6 % when comparing the se-
vere and the mild sea states. This increase in power with sea
state severity arises because the waves induce floater and ro-
tor motion, which increases and decreases the relative wind
speed at the rotor and power extracted from the rotor, with
the increases outweighing the decreases due to the cubic re-
lationship of power to wind speed. This trend, however, is
likely heavily tied to the turbine controller and could be dif-
ferent with a different controller. For the above-rated condi-
tion, the floating and fixed turbines generate practically the
same mean power due to the action of the control system.
For the waked turbines in the below-rated condition,
Fig. 10c, f, and i show that the floating turbines yield more
power than their fixed counterparts in a few cases. This is
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(adopting the curled wake model) compared with LES results from Johlas et al. (2020).
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Figure 10. (a) Illustration of the mean generator power along the array for a given wind condition (mean wind speed 8 ms—!, TI 5%, and
low shear). (b) Relative difference between the floating turbines along the array and their fixed counterpart for the same wind condition as
(a) and all wave conditions. The relative difference between floating and fixed across all environmental conditions for (c—e) the first turbine

in the array, (f=h) the second, and (i-k) the third.

a consequence of the larger vertical wake deflection and the
floater motions compensating for the power reduction due to
the mean pitch angle in those cases. This improvement re-
duces with TI and shear in such a way that the best scenario
for the waked floating turbine (in terms of power production
compared to the fixed case) is in low TI, low shear, and severe
sea state. For rated mean wind speed, the first waked floating
turbine (T2) produces less power than its fixed counterpart
for all conditions, with the different sea states and shear con-
ditions converging to the same results as TI increases. The
second waked floating turbine (T3) behaves similarly to T2 in
the below-rated condition, but it is different in the rated con-
dition: due to the larger vertical wake deflection, floating T3

https://doi.org/10.5194/wes-9-1827-2024

compares better to fixed T3 to the point that it produces more
power than its fixed counterpart in low shear and low TI. T3
also exhibits less sensitivity to the sea condition than T2. Just
like for the free-stream turbine, the waked floating and fixed
turbines generate the same mean power for the above-rated
condition.

The balance between these different effects — (i) mean
power reduction due to mean floater pitch angle, (ii) mean
power increase for waked turbines due to larger vertical
wake deflection, and (iii) mean power increase due to floater
motions — dictates how the floating array compares with
the fixed array. This is illustrated in Fig. 11, with the top
row showing the mean generated power of the whole farm
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(summed across all three turbines) and the bottom row show-
ing the relative difference between the floating and the fixed
arrays. The differences in mean generator power between the
floating and fixed arrays are small, being within —2.6 % and
1.5 % depending on the environmental condition. Like the
behavior observed for the turbines individually, for below
and rated conditions, the performance of the floating array
with respect to the fixed array increases with the severity of
the sea state but decreases with both increasing shear and in-
creasing TI. Compared to the fixed array, the floating array
produces less power in most cases, with the exceptions being
some cases in the below-rated condition for the severe and
medium sea states.

Concerning power fluctuation, Fig. 12 presents the PSD
of the generator power, evidencing the two frequency ranges
of interest: (i) the low frequencies of the turbulent incom-
ing wind (shown in the top row) and (ii) the wave frequency
range (shown in the bottom row), which is increasingly more
pronounced with the severity of the sea state. For the severe
sea state, we can notice a peak in Fig. 12d to f that is due
to the wave frequency range encompassing the natural fre-
quency of heave for this relatively large peak period.

As expected, the motions of the floating substructure in-
troduce power fluctuations at the frequency of the waves that
are not present in the fixed case, but these occur with a much
lower intensity than the fluctuations at the frequency of the
turbulent wind. On the other hand, the mean floater pitch an-
gle slightly reduces the fluctuation at the frequency of the
turbulent wind for the below-rated and rated conditions, sim-
ilar to how it reduces the mean generator power. The magni-
tude of this reduction at the frequency of the turbulent wind
is proportional to the turbulence intensity.

Figure 13 shows the impact of those two opposite effects
on the standard deviation of the generated power of the whole
farm. For the below-rated and rated conditions, the reduction
of standard deviation at the frequency of the turbulent wind
due to the mean pitch angle is more pronounced for the cases
with larger TI, offsetting the increase in standard deviation
due to the motions of the floating substructure that can be
clearly seen in the low-TI cases. For the above-rated condi-
tion, the control system is able to attenuate the fluctuations
at the frequency of the turbulent wind — notice that the PSD
values presented in Fig. 12¢ are much lower than in Fig. 12b,
even though the standard deviation of wind fluctuation, given
by 6y = Unean - T1, is larger — but it is incapable of attenuat-
ing the relatively high frequencies of the incoming waves.
Hence, for the above-rated condition, the standard deviation
of the generated power of the floating array is larger than the
fixed array, irrespective of the turbulence level.

4.2 Tower-base moment

Though the mean loads play a part in the DEL (as a result
of the Goodman correction applied), the dynamic variation
of the loads — which can be measured by the standard de-
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viation — is the main factor influencing the DEL. Fig. 14a
illustrates how the mean and standard deviation of the tower-
base moment (in the fore—aft direction) vary along the array
for a given wind condition (mean wind speed of 8ms~!, TI
5%, and low shear). For this particular case, the mean tower-
base moment decreases from the free-stream (T1) to the first
waked turbine (T2) and then increases again for the second
waked turbine (T3), regardless of the turbine being floating
or fixed. This behavior of the mean tower-base moment is di-
rectly related to the mean thrust force. The floating system
has higher means than the fixed system due to mean floater
pitch.

Differently, the standard deviation presents qualitative dif-
ferences between the fixed and floating cases that show up in
the DEL. As presented in Fig. 14b, even though the DEL
of the floating turbines is always larger than the DEL of
their fixed counterparts (due to wave-induced floater mo-
tion, which increases with sea state severity), a difference
between the fixed and floating cases is how the waked tur-
bines compare to the free-stream turbine. Figure 14b shows
that, for this particular case, the DEL of the tower-base mo-
ment (which includes the contribution from both the fore—aft
and side-to-side tower-base moments) increases from T1 to
T2 for the fixed case, but it decreases from T1 to T2 for the
floating case. This is related to the different natural frequen-
cies of tower bending in the fixed and in the floating condi-
tions, as discussed later in this section.

To investigate this difference between the fixed and float-
ing arrays, Fig. 14c to e present the tower-base moment DEL
for the fixed and floating turbines across all the environmen-
tal conditions considered in this work. The other two rows
of Fig. 14 present the relative difference between T2 and T1
(Fig. 14f to h) and between T3 and T1 (Fig. 14i to k).

Figure 14c to e show that the DEL of the tower-base mo-
ment increases with the severity of the sea state, TI, and
shear. Though not shown in the plots, this trend with respect
to sea state, TI, and shear is true for the waked turbines as
well.

Figure 14f to h and Fig. 14i to k illustrate that the reduc-
tion in DEL from T1 to T2 for the floating case observed in
Fig. 14b is exclusive to below-rated conditions. For the rated
condition, the waked turbines present larger DEL than T1 re-
gardless of being fixed or floating, but this difference is less
important with the severity of the sea state. This is a conse-
quence of the relevance of the loads introduced by the wave
frequency motions, which make the free-stream and waked
turbines more similar. For the above-rated condition, though
the tower-base moment DEL of the waked turbines is simi-
lar to the DEL of the free-stream turbines, the values for the
waked floating turbines can be about 10 % larger than for the
free-stream floating.

To better understand the physical effects leading to the
trends observed in Fig. 14, we analyze the PSDs of the tower-
base moment at the different frequencies of interest. There
are four frequency ranges of interest: (i) the slow frequencies
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Figure 11. (a—c) Mean generated power of the whole farm for all environmental conditions and (d—f) the relative difference between the

floating farm and the fixed farm.
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Figure 12. PSD of the generator power of each turbine in the array for low shear, TI = 5 %, and the three different mean wind speeds. The
first row (a—c) corresponds to the low frequencies that are excited by the turbulent wind, while the second row (d—f) corresponds to the

frequencies that are excited by the waves.

induced by the turbulent wind spectrum; (ii) the frequency
range of the incoming waves, which is different for each sea
state; (iii) the natural frequency of pitch; and (iv) the blade-
passing frequency (3P). These different frequency ranges are
illustrated in Fig. 15, which presents the PSD of the fore—aft
tower-base moment of the turbines for three distinct condi-
tions. For the severe sea state, the wave frequency range en-
compasses the natural frequency of heave (0.056 Hz, as also
pointed out when discussing power), leading to one of the
peaks identified in the PSD — caused by the inertial loads
due to the center of gravity of the tower and RNA not be-
ing aligned with the tower axis, especially when the platform
is tilted by the aerodynamic loads, and by the fluctuation of
aerodynamic thrust due to the rotor moving vertically within
the wind shear profile. Here, we focus on the fore—aft tower-
base moment because its contribution to the DEL is much
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more relevant than the side-to-side bending moment due to
the wave and wind incidence of 0°.

Figure 16 presents the PSD of the fore—aft tower-base mo-
ment at the frequency range most excited by the turbulent
wind for the three different mean wind speeds (below, at, and
above rated). Each row focuses on the impact of a different
aspect. The first row, Fig. 16a to c, shows that the tower-base
moment excited by the turbulent wind does not depend on
the sea state, as expected, but it is larger for the floating tur-
bines than for the fixed turbines. The reason is that while the
tower of a fixed turbine mostly has to resist the fluctuation of
aerodynamic loads, the tower of a floating turbine also has to
resist the inertial loads caused by the motions of the floating
substructure induced by the fluctuating wind.

For both floating and fixed turbines, the waked turbines
have lower dynamic tower-base moment induced by the tur-
bulent wind in the below-rated condition, a result of the lower
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Figure 13. (a—c) Standard deviation of the generated power of the whole farm for all environmental conditions and (d—f) the relative

difference between the floating and the fixed farm.
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Figure 14. (a) Illustration of the mean (solid line) and standard deviation (shaded area) of the fore—aft tower-base moment along the array
for a given wind condition (mean wind speed Sms_l, TI 5%, low shear). (b) Similar illustration, but for the tower-base moment DEL.
(c—e) DEL of the tower-base moment of the free-stream turbine (T1) across all the environmental conditions considered in this work. The
relative difference between the tower-base moment DEL of (f-h) the first waked turbine (T2) and T1 as well as (i-k) the second waked

turbine (T3) and T1.

apparent wind speed and consequent lower thrust. The oppo-
site happens in the rated condition, with the waked turbines
presenting larger dynamic tower-base moment because they
are operating in a below-rated condition due to the veloc-
ity deficit. In the above-rated condition, the waked and free-
stream turbines are very similar due to the weak wake deficit
and low thrust when the blades are pitched. As expected, the
importance of the tower-base moment induced by the turbu-
lent wind increases with turbulence intensity, as evidenced by
Fig. 16g to i. Figure 16d to f show that the impact of shear is
less relevant, with the dynamic tower-base moment increas-
ing with shear. The effect of shear is mostly noticeable for
the below-rated wind speed, being less relevant for the rated
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condition and practically negligible for the above-rated con-
dition.

Figure 17 presents the PSD of the fore—aft tower-base mo-
ment at the wave frequency range. Figure 17a evidences the
large impact of sea state severity on the tower-base moment.
The wave frequency range is especially important because
it is wide (about 0.10 Hz slightly depending on the sea con-
dition), thus contributing significantly to the standard devi-
ation, and occurs at relatively high frequencies (relative to
the low-frequency wind), thus heavily impacting the tower-
base moment DEL. As shown by Fig. 17b, the wind condi-
tion impacts the tower-base moment at the wave frequency
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range only slightly via the mean wind speed, but the impact
of shear or TI is negligible in the wave frequency range.

Though other frequency ranges are also responsible for the
larger tower-base moment DEL of the floating turbines com-
pared to their fixed counterparts — such as the 3P frequency
range discussed ahead — most of this difference is due to the
wave frequency range. Because the wave frequency range
has a large contribution to the DELs and is not affected by
the wake, the wake effects are not as important for the tower-
base moment of the floating array as for the fixed array (see
Fig. 14f to k).

Besides the wave frequency range, another frequency
range of interest exclusively experienced by the floating tur-
bines is the natural frequency of the pitch of the floating sub-
structure, which is about 0.039 Hz. This frequency is excited
by the control system in above-rated speeds as the rotor-
collective blade-pitch controller resonates with the natural
frequency of pitch of the floating substructure. Hence, it is
observed for the above-rated mean wind speed and, to a
smaller extent, for the rated mean wind speed as the relative
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wind speed transitions between below and above rated. This
frequency range is illustrated in Fig. 18 for the above-rated
mean wind speed only. As expected, the dynamic tower-base
moment at this frequency range increases with the turbulence
intensity, as shown in Fig. 18c. It also increases with shear,
as presented in Fig. 18b, but to a smaller extent. It is more
significant for the waked turbines than for the free-stream
turbine.

Perhaps surprisingly, Fig. 18a shows that the magnitude of
the tower-base moment around the natural frequency of the
platform pitch decreases with the severity of the sea state.
Though the slow floater pitch induced by the second-order
wave loads is indeed larger for the mild sea state in wave-
only conditions, the wave loading is negligible for the slow
pitch in the face of the turbulent wind; hence, it is not the ex-
planation. It is not clear why this happens, but it is possible
that the larger motions induced at the frequency of the waves
increase the damping at the natural frequency of pitch. It is
worth mentioning that the fluctuation at the natural frequency
of pitch could be attenuated by adapting the controller, for in-
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stance by adding a floating feedback term to the pitch control
signal (Abbas et al., 2022), but this feedback is not included
in the baseline controller used here.

The last range of interest is the blade-passing frequency
range, illustrated in Fig. 19. The middle and bottom rows
in Fig. 19d to i show that the fore—aft tower-base moment
at the 3P frequency range increases with shear, though only
slightly in the rated condition, and with TI. The top row in
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Fig. 19a to c shows that the fore—aft tower-base moment at
the 3P frequency range is insensitive to the sea state, which
is expected for this frequency range that is rotor-dominated.

Figure 19a shows an interesting qualitative difference be-
tween the floating and fixed turbines for the below-rated
mean wind speed. Due to the different boundary condition
at the base of the tower, the first natural bending frequency
of the tower for the fixed condition is 0.324 Hz, which is sig-
nificantly lower than for the tower atop the OC4-DeepCwind
semisubmersible of 0.426 Hz. As shown in Fig. 20, the 3P
frequency range — which is essentially the same for both
the fixed and floating turbines — of the free-stream turbine
in the below-rated condition has significant content around
0.426 Hz. The first waked turbine operates at a lower rotor
speed so that the 3P frequency range does not excite tower
resonance as much. As a consequence, the waked floating
turbines present a smaller tower-base moment at the 3P fre-
quency than the free-stream floating turbine. The opposite
occurs for the fixed turbine, with the waked turbines pre-
senting a 3P frequency range that is closer to 0.324 Hz than
the free-stream unit. Hence, for the below-rated mean wind
speed, the waked fixed turbines present a larger tower-base
moment at the 3P frequency than the free-stream fixed tur-
bines. This effect is only present for the below-rated wind
speed, and it is the reason for the reduction in the DEL of
the tower-base moment from T1 to T2 and T3 observed in
Fig. 14f and i for the floating turbines. Clearly, this reduc-
tion in DEL from T1 to the waked turbines depends on the
tower natural frequency. For the rated condition, the waked
turbines present larger loads than T1 at the 3P range for both
the fixed and floating turbines — see Fig. 19b, e, and h. No
difference is observed between waked and free-stream tur-
bines for the above-rated condition — see Fig. 19¢c, f, and i —
due to the weak wake deficit and low thrust when the blades
are pitched.

5 Conclusions

This work presented an investigation of the mutual interac-
tion between the motions of floating wind turbines and wakes
using FAST.Farm. Since FAST.Farm had never been vali-
dated for FOWT applications, the paper consists of two parts:
a validation against high-fidelity simulation results reported
in the literature and the study of a three-unit floating array
across a wide range of environmental conditions. For both
parts, we considered the NREL 5 MW reference wind tur-
bine atop the OC4-DeepCwind semisubmersible.

The validation process against LES results showed that
the original axisymmetric (polar) wake model of FAST.Farm
overpredicts the vertical wake deflection induced by shaft tilt
and floater pitch. On the other hand, the new curled wake
model provides very good agreement with the LES results.
The validation process also evidenced two limitations of the
FAST.Farm model. The first is a nonphysical behavior of the

https://doi.org/10.5194/wes-9-1827-2024



L. Carmo et al.: Investigating FOWT-wake interactions using FAST.Farm 1843
—— Turbine 1 ==- Turbine2 ===+ Turbine 3
Below rated Rated Above rated
§ o~ 750 = S = T - 1
N @i g —— Fixed (b) s () o
S& 00T — Mild 4 i3 o £l
5 NE 250 N i i —— Medium 1 :,’ % _-E: U_Cj:
2% TN seere | “ CEPRET
L= 0 et B \T —T = T — *_f”'Fz' T Tt
g 750
5 ) | — Low (e) P () |
$E 0T — wedum | T T
5 NE 250 ! I High 4 :lr‘:‘, —— i
[a) § H AY £@ H Jf \“Q~ ' Ad‘#;xha._
L 0 S = T T ! I T T o T T T T
§ ~ 1500
§ N (9) i — TI5% (h) E (i) E
& 1000 7 | — TI10% T : 4 !
- € i { TI 20% i i i i
O o 500 1 1T (i T I
o) = 1 [} 1 1,4 \:'\ 1 1
o = ! A_ H paseSes ] S
a = 0 T I ! 1 T T T ! 1 T 1 T T i '
0.3 0.4 0.5 0.6 0.7 0.3 0.4 0.5 0.6 0.7 0.3 0.4 0.5 0.6 0.7

Frequency (Hz)

Frequency (Hz)

Frequency (Hz)

Figure 19. PSD of the fore—aft tower-base moment at the 3P frequency range for the three different mean wind speeds. (a—c) Different sea
conditions for TT 10 % and medium shear. (d—f) Different shear conditions for the severe sea state and TI 10 %. (g—i) Different TI conditions

for the severe sea state and medium shear.

—— Turbine 1

0.55

0.50

0.45

0.40

3 x Rotor speed (Hz)

T
2000
Time (s)

3000

—— Turbine 2

4000

1st tower FA (floating)

(b)

Occurence rate (%)

0.350 0.375 0.400 0.425 0.450 0.475 0.500 0.525 0.550
3 x Rotor speed (Hz)

Figure 20. Time series (a, one seed only) and histogram (b, all six seeds) of the blade-passing frequency (3P) for the below-rated wind

speed, TI 10 %, medium shear, and medium sea condition.

wake of the floating turbines in place of what in reality would
be pulsations in the wake associated with floater motion that
is visible in the flow-field snapshots of the simulations. This
behavior is exclusive to floating wind applications and is
due to a limitation of the current formulation employed in
FAST.Farm. For now, we adopted a workaround that con-
sists of filtering the impact of motions of the floater on the
wake. Though this leads to a reduction in the amplitude of
pulsations in the wake induced by motions of the floating
substructure, it is not expected to significantly affect the con-
clusions of the present work, although this limitation should
be assessed in future work. The second limitation is the lack
of an atmospheric Coriolis effect captured by LES that is not
in FAST.Farm. Together with differences in the inflow, this
leads to some differences between the horizontal wake de-
flection predicted with the curled wake model and the LES
results. Overall, though, this horizontal deflection is small
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and is not expected to significantly affect the conclusions of
this work (and will be latitude-dependent).

In the second part of this work, we used FAST.Farm to
analyze a three-unit floating array across a wide range of
environmental conditions, including variations in mean hub-
height wind speed (below, at, and above rated), shear profile
(low to high shear), turbulence intensity (low to high turbu-
lence levels), and sea state severity (mild, medium, and se-
vere). The turbines were aligned with both the wind and the
waves with a spacing of 7 diameters (7D = 882m). To as-
sess the effect of the floating substructure, we compared the
power production, tower-base moments, and blade-root mo-
ments obtained for the floating turbines with the ones ob-
tained in a fixed configuration. The main differences intro-
duced by the floating substructure are the motions induced
by the waves and wind, the change in the natural frequencies
of the tower caused by differences in the boundary condition

Wind Energ. Sci., 9, 1827-1847, 2024
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at tower bottom, and the larger vertical wake deflection due
to the mean pitch of the platform.

Concerning the mean generator power, the performance
of the floating array compared to the equivalent fixed array
is the outcome of three different effects: (i) the mean pitch
angle of the floating substructure, which reduces power by
increasing the relative angle between the rotor and the in-
coming wind (similar to yaw misalignment); (ii) the motions
of the floating substructure, which tend to increase genera-
tor power in the below-rated condition (an effect that could
be different depending on turbine control); and (iii) the larger
vertical wake deflection compared to the fixed turbine, which
increases the power available to downwind units. Because
shear and TI play a role in the wake, they affect the per-
formance of the downstream turbines. Overall, the best sce-
nario observed for the waked floating turbines (in terms of
power production compared to the fixed case) is in below-
rated wind speed, low TI, low shear, and severe sea state,
although this scenario is not expected to be common in real-
ity.

The motions of the floating substructure increase the fluc-
tuation of the generator power compared to the fixed struc-
ture. However, for the medium and high turbulence levels,
this effect is offset by a smaller fluctuation of power at the
frequency range of the turbulent wind for the floating tur-
bines — due to the mean pitch angle of the platform — in
below- and at-rated conditions. In above-rated conditions, the
control system can attenuate the fluctuations at the frequency
of the turbulent wind but not wave-induced fluctuations, re-
sulting in larger power fluctuation for the floating array com-
pared to the fixed array regardless of turbulence levels.

The tower-base moment of the floating turbines is con-
siderably larger than that of their fixed counterparts, with
certain cases exhibiting DELs nearly 7 times greater. This
is mostly due to the large contribution of the inertial loads
caused by the motions of the floating substructure. Because
of the large influence of these inertial loads, which are in-
sensitive to the wake, wake effects are less relevant for the
tower-base moment of the floating turbines than for the fixed
turbines. Moreover, while the wake increases the tower-base
moment DEL of the fixed turbine for all wind conditions —
except above rated, where wake effects did not play a sig-
nificant role — this is not always the case for the floating
turbines. For the below-rated condition, the waked floating
turbines presented a lower tower-base moment DEL than the
free-stream unit. This reduction is related to the lower 3P
frequency of the waked turbines compared to the free-stream
unit, which happens in the below-rated condition, and to the
higher natural bending frequency of the tower for the float-
ing case. This effect depends on the natural frequencies of
the tower so that a different behavior might be observed for
other concepts.

Motions of the floating substructure did not impact the
blade-root moment in a meaningful way. Therefore, the
blade-root moment DEL of the floating turbines, both free-
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stream and waked, is very similar to the one exhibited by
their fixed counterparts for all environmental conditions ana-
lyzed in this work.

A natural progression for the present work is to address the
limitations of FAST.Farm observed during validation to cap-
ture pulsations in the wake associated with floater motions
and the Coriolis effect. Moreover, a similar analysis could
be performed considering other wind farm layouts (including
the number of turbines, their placement, and their spacing),
wind and wave directionality, different floater concepts, and
different turbine sizes. Other quantities of interest, such as
tower-base yaw moment and mooring loads, should also be
investigated.

Appendix A: Blade-root moment

The blade-root moment DEL is nearly completely due to the
fluctuations at the turbulence frequency range and at the rotor
speed range (1P), as illustrated in Fig. A1, with no significant
blade moment at the wave frequency range or at the natural
frequencies of motions of the floater. As a consequence, the
blade-root moment DEL of the floating turbines is very simi-
lar to the one exhibited by the fixed turbine. This is illustrated
in Fig. A2a, which shows how the mean and standard devi-
ation of the blade-root moment — in the out-of-plane direc-
tion — vary along the array for a given wind condition (mean
wind speed of 8m s~ TI 5%, and low shear). Figure A2b is
a similar plot but for the blade-root moment DEL resulting
from both the out-of-plane and in-plane blade-root moments.
Figure 14c to k present the blade-root moment DEL (com-
bining the effects of out-of-plane and in-plane moments) for
the fixed and floating turbines across all the environmental
conditions considered in this work.

(a)
T
(b)
P
0 T T T T

0.00 0.05 0.10 0.15 0.20 0.25
Frequency (Hz)

40 Turbulence

20

PSD of Mbpjage - OOP
(MN?m?Hz~ 1)

0 T T T

400

200

PSD of Mbpjage - IP
(MN?m?Hz~ 1)

Figure A1. PSD of the out-of-plane (a) and in-plane (b) blade-
root moment for the rated wind speed, TI 10 %, medium shear, and
medium sea condition.
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Figure A2. (a) Illustration of the mean (solid line) and standard deviation (shaded area) of the out-of-plane blade-root bending moment
along the array for a given wind condition (mean wind speed 8 ms_l, TI 5%, low shear). (b) Similar illustration, but for the blade-root
bending moment DEL. The relative difference between the blade-root bending moment DEL of the floating turbines compared to their fixed
counterparts for all environmental conditions for (c—e) the first turbine in the array, (f-h) the second, and (i-k) the third.
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