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Abstract. This study investigates how the motion of a floating wind turbine affects the aerodynamic perfor-
mance and dynamic loading of a downstream turbine operating in its wake. Wind tunnel experiments were
conducted using a two-turbine setup, where the upstream turbine was subjected to controlled platform motions
(both sinusoidal and wave driven), while the downstream turbine remained fixed and was tested in multiple rel-
ative positions. Results show that large-amplitude, low-frequency sinusoidal motions of the upstream turbine,
especially in crosswind and yaw directions, can increase the power output of the downstream turbine under
low-turbulence conditions and at short turbine spacing (3-5 rotor diameters). The largest relative gain reached
26 % over the fixed case, although the absolute increase remained moderate because the highly persistent wake,
driven by low turbulence and strong thrust of the upstream turbine, resulted in very low baseline power of the
downstream turbine. The gains obtained under idealized sinusoidal motions were replicated in cases with realis-
tic wave-driven motions when wind and waves were aligned but not when wind—wave misalignment introduced
crosswind movements of the upstream wind turbine. In parallel, motion of the upstream turbine increased the
dynamic loading on the waked turbine. Load increments varied with turbine spacing and alignment, and were
more pronounced in sinusoidal motion cases than with wave-induced motions, which also produced increased
dynamic loading but with smaller amplitudes. The loads resulting from wave-induced motions exhibited a broad
spectral distribution, consistent with the wide frequency content of the wave excitation. Overall, these findings
underscore the fact that platform-induced wake dynamics are not a secondary effect but a key driver of wake
recovery, downstream turbine performance, and dynamic loading, and must be considered in the design and
operation of floating wind farms.

1 Introduction

The deployment of floating offshore wind farms is a key
strategy to harness wind energy in deep-water regions where
bottom-fixed turbines are not feasible. While the floating
wind technology enables access to abundant yet untapped
wind resources, it also introduces additional complexities,
especially regarding system dynamics due to the large mo-
tions of platforms and their influence on the wind turbine

aerodynamic response. In particular, the aerodynamic inter-
actions between wind turbines through wakes, which is al-
ready a critical factor in bottom-fixed wind farms, become
even more complex in floating wind farms, as the aforemen-
tioned large platform motions lead to more unsteady and ir-
regular wake flows. These wake effects alter power gener-
ation, fatigue loading, and control requirements at the tur-
bine and plant levels. Despite their importance, they remain
poorly understood (Meyers et al., 2022). One reason for the
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limited understanding of aerodynamic interactions in float-
ing wind farms is the lack of wake and performance data
from operational plants. In fact, to date, only a few floating
wind farms have been constructed, each comprising a small
number of turbines (Chitteth Ramachandran et al., 2022).

The motion of a floating wind turbine under environmen-
tal forcing is characterized by two distinct frequency ranges.
Motions at different frequencies are known to produce differ-
ent aerodynamic responses (Schulz et al., 2024, 2025), thus
the frequency content of the motion is an important factor,
as it can significantly influence wake development. Ocean
waves typically excite the platform at frequencies between
0.05 and 0.2 Hz; the tower-top motion amplitude resulting
from this forcing depends on both platform characteristics
and sea state. At lower frequencies, the platform eigenmodes
are excited by wind turbulence and wave forcing, which may
induce a response through nonlinear effects. These lower-
frequency motions can lead to response amplitudes substan-
tially larger than those in the wave-frequency range; the am-
plitude of this response is again influenced by platform char-
acteristics, wind, and sea state. Considering both frequency
ranges, the realistic range for rotor-reduced frequencies (the
ratio of the product of frequency and rotor diameter to wind
speed) spans from slightly less than 1 to 10 (Schulz et al.,
2025).

Most available studies focus on the wake behavior of in-
dividual floating turbines and do not address how turbines
interact through wakes in a full wind farm. A recent study
by Angelou et al. (2023) examined the far wake of a 6 MW
floating wind turbine in the Hywind Scotland offshore wind
farm, the world’s first floating wind farm, using LiDAR mea-
surements. The findings indicate that, under mild wave exci-
tation causing small-amplitude platform motions, the wakes
of floating turbines have time-averaged characteristics simi-
lar to those of bottom-fixed turbines. Under these conditions,
atmospheric turbulence was identified as the dominant mech-
anism for wake recovery, with platform motion having a neg-
ligible effect. However, the investigation focused on condi-
tions in which the turbine operated outside the wake of up-
stream units, and therefore did not address the impact of up-
stream wakes on turbine performance within the array.

The impact of platform motions on the wake behavior
of floating wind turbines has been extensively investigated
through wind tunnel experiments, which offer controlled and
repeatable conditions ideal for isolating aerodynamic phe-
nomena. Most of these studies have used model-scale wind
turbines in a low-turbulence inflow, subjecting them to si-
nusoidal motions, typically prescribed in 1 degree of free-
dom at a time. The investigated motions generally had rel-
atively large amplitudes and low frequencies, with reduced
frequencies of up to 1.5. This range is representative of both
the eigenmode responses of floating wind turbines and the
lower end of the wave-frequency spectrum. The amplitudes
were selected to create tower-top motions ranging from 2 %
to 10 % of the rotor diameter.
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The experiment of Bayati et al. (2017a) analyzed the effect
of surge motion on the near wake of a 1 : 75-scale model of
the DTU 10 MW wind turbine (Bak et al., 2013), demonstrat-
ing that platform motion introduces wind speed fluctuations
in the wake. Building on this, Fontanella et al. (2022b) ex-
plored additional surge motion conditions and showed how
motion affects the formation and evolution of tip vortices
near the rotor. In a later study, Fontanella et al. (2022a)
investigated the near wake of a 1:100-scale model of the
IEA 15 MW reference turbine (Gaertner et al., 2020) under
platform motions in along-wind and crosswind directions;
the results indicated that all motion types induced veloc-
ity fluctuations in the wake, although mean velocity in the
near wake was slightly reduced compared to the fixed-turbine
case. Messmer et al. (2024a) further examined wake behav-
ior under harmonic surge and sway motions in laminar inflow
conditions. The study found that sway motion enhances lat-
eral meandering, while surge motion induces wake pulsation;
both contribute to improved mixing and recovery of the far
wake. In a follow-up study, Messmer et al. (2024b) assessed
the effect of surge motion under inflow turbulence intensities
up to 3 %, showing that increased turbulence significantly di-
minishes the influence of platform motion on the far-wake
recovery.

A notable exception to the wind tunnel studies that focused
on individual turbines is presented in the work of Bossuyt
et al. (2023), which investigated a 1 : 400-scale floating wind
farm with 12 turbines in a wind—water tunnel under a sheared
inflow with 10 % turbulence intensity and wave excitation.
Despite the challenges of simultaneously scaling aerodynam-
ics and hydrodynamics, the study revealed clear differences
in wake recovery linked to periodic rotor motions: wave-
induced yaw and pitch led to synchronized vertical wake
oscillations that enhanced recovery but also increased tur-
bulence levels, potentially affecting the unsteady loading on
downstream turbines.

Taken together, these experiments consistently demon-
strate that large rotor motions influence wake development,
generating flow structures with the same periodicity as the
platform motion. These dynamic features, primarily seen as
pulsations in velocity and increased lateral meandering, are
absent in wakes of bottom-fixed turbines. Under nearly lam-
inar conditions, these wake dynamics can enhance recovery,
but their effect becomes negligible as inflow turbulence in-
creases. At low but realistic turbulence intensities, platform
motions still generate coherent periodic structures, but they
do not lead to substantial improvements in wake recovery.

The limited availability of experimental data has led to
diverse modeling approaches for floating wind farms, of-
ten yielding scattered results. Carmo et al. (2024) used
FAST.Farm, which neglects dynamic wake effects due to
platform motion, modeling only the wake vertical deflec-
tion due to average rotor inclination. This simplification
was deemed acceptable under typical turbulence conditions,
where wake pulsing effects are expected to be minimal. In
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contrast, Ramos-Garcia et al. (2022) used a vortex-multibody
solver to show that platform motions in an upstream tur-
bine enhance wake breakdown, increasing power and thrust
in downstream turbines, while this effect diminishes with
higher inflow turbulence. Simulations with prescribed surge
and pitch motions confirmed that platform dynamics signif-
icantly affect wake behavior and the loading of downstream
turbines, especially deeper in the array where resonant inter-
actions may occur.

A number of numerical studies using computational fluid
dynamics (CFD) has investigated wake behavior in floating
wind turbines, often focusing on isolated machines (Micallef
and Rezaeiha, 2021). Moving toward farm-scale interac-
tions, Arabgolarcheh et al. (2023) used unsteady Reynolds-
averaged Navier—Stokes (URANS) simulations to examine
the effect of prescribed surge motion on two aligned floating
wind turbines. Although the mean thrust and power output
of the upstream rotor were nearly unchanged between the
fixed and surging scenarios, the motion-generated periodic
wake structures increased the dynamic loading on the down-
stream turbine. Li et al. (2025) used large-eddy simulations
(LESs) to investigate wake interactions between two surging
NREL 5 MW wind turbines (Jonkman et al., 2009), consid-
ering a motion amplitude of 3 % of the rotor diameter and a
frequency of 0.1 Hz (reduced frequency of 1.1), representa-
tive of typical wave conditions. They found that, under lam-
inar inflow, the power of the downstream turbine increased
significantly. However, under inflow with a turbulence in-
tensity of 5.3 %, this gain became negligible. Additional in-
sight into the physical mechanisms governing this behavior
has recently been provided by Pagamonci et al. (2025), who
conducted LES-based CFD simulations on the same wind
tunnel-scale turbine used in the present study. Their results
show that, under turbulent inflow, the coherent flow struc-
tures induced by platform motion dissipate more rapidly than
in laminar conditions, thereby reducing the associated gains
in wake recovery.

Although CFD studies provide valuable insights into wake
dynamics and turbine interactions, their results often vary
due to differences in turbulence modeling, inflow conditions,
and domain size. This variability limits their reliability in
predicting wake effects in realistic floating farm configura-
tions. This motivates the need for controlled experimental
data, which can serve both to understand key physical mech-
anisms and to validate or calibrate numerical tools.

Through wind tunnel experiments, this study investigates
how wakes generated by floating wind turbines affect the dy-
namic loading and power output of a downstream turbine
operating in their wake. Building on previous numerical and
experimental studies that suggested such effects are possible,
the present work aims to quantify and characterize them un-
der controlled experimental conditions. Specifically, it seeks
to address the following questions:
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1. To what extent, and under which conditions, do the un-
steady flow disturbances induced by platform motion
propagate downstream and influence the load response
of a waked turbine?

2. How much, and under which conditions, can a turbine
operating in the wake of a moving upstream rotor ex-
tract more power than one operating behind a bottom-
fixed turbine?

The experiment and its results are presented in the fol-
lowing sections. Section 2 describes the methodology of the
study, including the experimental setup, the operating condi-
tions of the wind turbines, and the platform motions. Sec-
tion 3 presents and analyzes the experimental results. In
Sect. 4, these results are discussed, with the aim of evalu-
ating their relevance and applicability to the design and oper-
ation of floating wind farms. This discussion also considers
the limitations and simplifications inherent to the experimen-
tal setup. Finally, Sect. 5 summarizes the main findings of the
study and outlines the conclusions.

2 Methodology

The experimental campaign was conducted in the atmo-
spheric boundary layer test section of the Politecnico di Mi-
lano wind tunnel, which is 13.84 m wide by 3.84 m high
by 35m long and used two wind turbines (WTs) that are
1 : 75-scale models of the DTU 10 MW reference wind tur-
bine (Bak et al., 2013). In the experiment, the flow speed was
scaled by a factor of 1 :3 compared to a full-scale environ-
ment. The time scaling in the experiment was determined by
the geometric and velocity scales, resulting in a time scale
ratio of 1 :25. Consequently, the wind farm response in the
experiment occurred 25 times faster than at full scale.

In the experiment, only the upstream turbine (WT1) was
subjected to platform motions representative of a floating
wind turbine, while the downstream turbine (WT2) was fixed
at the tower base. This approach avoids introducing addi-
tional variables that could make it more difficult to iden-
tify the specific influence of the upstream turbine dynam-
ics on the downstream turbine response. Similar methodolo-
gies have been employed in previous wind tunnel studies
on wake interactions, particularly in active wake control re-
search, where only the most upstream turbine is dynamically
actuated, and downstream turbines are operated with fixed
settings (Van Der Hoek et al., 2024a, b). Once the effects of
upstream rotor motion are well understood, the analysis can
be extended to more realistic scenarios that also include the
motion of the downstream turbine.

The experiment with two turbines followed the one of
Fontanella et al. (2025b), which was performed in the same
wind tunnel using the same wind turbine and robotic plat-
form, and measured the wake of the upstream wind turbine
at the locations where WT?2 was placed in the current experi-
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Table 1. Geometry of the wind turbines used in the experiment.

Parameter Unit  Value
Rotor diameter (D) m 2.381
Blade length m 1.102
Hub diameter m 0.178
Hub height m 2.190
Rotor overhang m 0.139
Shaft tilt angle ° 5
Tower-to-shaft distance m 0.064
Tower length m 1.400
Tower diameter m 0.075
Tower base offset from ground m 0.730

ment. Hence, the inflow caused by the wake of WT1 on WT?2
is precisely known because it has been already characterized.

2.1 Experimental setup

The experimental setup is shown in Fig. 1. The upstream
wind turbine was mounted on a 6 degrees-of-freedom robotic
platform that mimics the rigid-body motions of floating foun-
dations. The downstream wind turbine was mounted on a
rigid support structure connecting the tower base to the wind
tunnel floor.

The two wind turbines are identical, and their main geo-
metric parameters are listed in Table 1. Each rotor has a di-
ameter (D) of 2.38 m and was designed at a 1 : 75 scale with
the primary objective of replicating the blade normal load
distribution of the DTU 10 MW reference turbine. Matching
this distribution ensures that the model reproduces the thrust
characteristics of the reference turbine with high accuracy
and also leads to a reasonable match in power performance.
Due to the reduced wind speed in the wind tunnel, the model
operates at chord-based Reynolds numbers between 5 x 10*
and 1.5 x 10°, well below the 100-107 range of the full-scale
turbine. To achieve the target loads under these conditions,
the rotor blades were specifically designed for low Reynolds-
number operation. The SD7032 airfoil was selected for its fa-
vorable aerodynamic characteristics at such conditions: min-
imal lift sensitivity to Reynolds number for angles of attack
below 10°, a linear lift curve, and no nonlinearities in drag
(Fontanella et al., 2021). Based on this airfoil choice, the
chord and twist distributions were adapted from those of the
DTU 10MW reference turbine (Bayati et al., 2017b). The
aerodynamic performance of the resulting rotor is compared
with that of the reference turbine in Appendix A.

The wind tunnel test section has a rectangular cross-
section. The rotor tips are located 5.7 m from the side walls
(corresponding to 2.4 D), while the rotor tip is approximately
I m (0.4D) above the ground and 0.5m (0.2D) below the
wind tunnel ceiling. As a result, the rotor operates in close
proximity to the ceiling, which introduces a physical bound-
ary that limits vertical flow development and is not present
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for full-scale wind turbines operating in the atmospheric
boundary layer.

Previous studies conducted in the same wind tunnel using
the same turbine geometry (Bergua et al., 2023) showed that
the overall aerodynamic performance of the rotor (in terms
of thrust and power) is not significantly affected by the prox-
imity of the ceiling. However, the limited vertical clearance
may influence wake development. In particular, the presence
of the ceiling can restrict the vertical entrainment of high-
momentum flow into the wake, a mechanism that plays a
dominant role in wake recovery in wind farms (Cal et al.,
2010). As a result, wake recovery in the present experiment
may rely more strongly on lateral mixing than would be ex-
pected under open-field conditions. In addition, the ceiling
may constrain vertical wake deflection induced by platform
motion. The proximity of this boundary can partially limit
the amplitude of upward or downward wake displacement
and may introduce asymmetries between upward and down-
ward deflections compared to an unconfined flow case.

The shaft of the wind turbines had a tilt of 5°, matching
the full-scale version of the DTU 10 MW. During wind tun-
nel tests, the towers of the two wind turbines were tilted at a
negative angle of 5° to ensure the rotors were orthogonal to
the wind tunnel floor and to the incoming flow. This simpli-
fication was intended to limit the analysis to axial thrust and
torque in scenarios without prescribed platform motion and
with the turbine operating in undisturbed flow.

During the experiment, the position of WT2 relative to
WT1 was varied to investigate how downstream distance and
crosswind offset influence the response of the downstream
turbine, as illustrated in Fig. 1. WT2 was placed at down-
stream distances of 3D, 4D, and 5D along the same line as
WT1. The maximum spacing was limited by the dimensions
of the wind tunnel test section, which did not permit placing
the downstream turbine beyond 5 D. While these spacings are
shorter than those typically used in commercial wind farms,
generally ranging from 6 to 10 rotor diameters (Stevens et al.,
2017), they are particularly relevant for experimental investi-
gation, as the dynamic wake behaviors induced by platform
motion remain well defined at these distances (Fontanella
et al., 2025b; Firpo et al., 2024) and can significantly af-
fect the performance and loading of downstream turbines.
Studying these effects at short spacing helps to isolate the im-
pact of wake—motion interactions, providing insight into its
fundamental mechanisms before turbulence and wake recov-
ery dominate at larger spacings. Based on our measurements
across 3-5D, we assume that, at greater distances, motion-
induced effects on power and loading of a downstream tur-
bine will progressively diminish as coherent velocity struc-
tures generated by the upstream rotor dissipate due to tur-
bulence development and wake mixing with the free stream.
However, under very low inflow turbulence, which can keep
the wake more stable and delay the decay of coherent flow
structures, such effects may still remain measurable.
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Figure 1. Experimental setup. (a) The two wind turbines in the wind tunnel, positioned at a distance of 5 rotor diameters (D), with a lateral
offset of 1 radius (R). (b) Schematic representation of the experimental setup with the coordinate systems. (¢) Wind farm configurations that

were tested.

For the 3D and 5D configurations, WT2 was also shifted
laterally in the negative y direction by either 1R or 1D,
where R is the rotor radius. When offset by 1R, approxi-
mately half of the WT2 rotor is immersed in the wake of
WTI; with a 1D offset, most of the rotor operates in free-
stream flow, with only a small portion affected by the wake.

2.1.1  Wind turbine measurements

The WT1 platform position was measured using Wenglor
PNBC107 laser transducers, with signals recorded at a sam-
pling frequency of 2 kHz. The rotor forces of both wind tur-
bines were measured using six-component ATI Mini45 force
transducers (SI-580-20 calibration) mounted at the top of
each tower, with data acquired at the same 2 kHz sampling
rate.

For WT1, the recorded loads also include inertial and grav-
itational contributions of the rotor—nacelle assembly induced
by platform motion. These contributions were removed fol-
lowing the method described by Fontanella et al. (2022a).
A two-test subtraction procedure was adopted: for each mo-
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tion case, two tests with identical prescribed platform mo-
tion were performed: (i) a no-wind, rotor-locked test and (ii)
a wind-on, rotor-spinning test. The six-component tower-top
signals from both tests were windowed to include the same
integer number of motion periods and subsequently sub-
tracted (wind-on minus no-wind). This procedure removes
inertial and gravitational loads associated with the rigid-body
motion of the wind turbine, under the assumption that the
structure behaves rigidly and that the structural response is
identical in both tests. The accuracy of the subtraction proce-
dure was quantified through dedicated no-wind repeat tests
and repeated wind-on measurements. The resulting uncer-
tainty estimates are reported in Appendix B.

After this post-processing, the resulting force signals are
expressed in the respective hub reference frames: x; —y; — 21
for WT1 and x; — y» — z for WT2. The final signals contain
approximately 100 full cycles of platform motion, ensuring
robust statistical convergence of the quasi-periodic aerody-
namic response due to platform motion.

The recorded loads of both WT1 and WT2 also in-
clude centrifugal contributions associated with rotor rotation.

Wind Energ. Sci., 11, 1821-1851, 2026




1826

Table 2. Thrust-equivalent wind speed (UTg), rotor speed, thrust
(Fy), and thrust coefficient (C¢) of the downstream wind turbine in
the different wind farm configurations tested in the experiment.

Configuration Utg Rotor speed Fy Cy

[ms~!] [rpm]  [N] [-]
3D 2.1 130 94 02
3DIR 33 190 220 0.5
3D1D 4.5 220 354 0.8
4D 2.3 140 109 03
5D 2.4 150 124 03
5DIR 33 190 237 0.6
5D1D 4.5 230 363 09

These loads arise primarily from rotor mass imbalance and
manifest at the blade-passing frequency — 4 Hz for WT1 and
between 2.2 and 3.8 Hz for WT2, depending on the farm con-
figuration (see Table 2) — as well as at its higher harmonics.
Since centrifugal loads arise only when the rotor is spinning,
they are not eliminated by the subtraction procedure applied
to WT1.

2.1.2 Wake velocity measurements

Wake velocities reported in this paper were obtained using
hot-wire anemometry. Measurements of the streamwise ve-
locity in the turbine wake were performed in a prior experi-
mental campaign using a single hot-wire anemometer capa-
ble of measuring both mean and fluctuating components of
one-dimensional flow (Fontanella et al., 2025b). The probe
was mounted on an automated traversing system, enabling
measurements in the crosswind (yi—z;) plane.

Velocity measurements were carried out at x; = 3D, 4D,
and 5D downstream of the rotor, along the hub-centered hori-
zontal (y; axis) and vertical (z; axis) traverses. At each down-
stream location, the horizontal traverse comprised 35 evenly
spaced measurement points, while the vertical traverse in-
cluded 27 points. The spacing between consecutive mea-
surement positions was 0.1 m (0.04D). For each measure-
ment point, the acquisition time corresponded to 12 platform
motion cycles or, in the fixed tower-base cases, to 12 rotor
revolution periods of WT1. A preliminary sensitivity study
conducted at the beginning of the experimental campaign
showed that 12 cycles were sufficient to ensure convergence
of the mean velocity, turbulence intensity, and — for the cases
with platform motion — of the spectral amplitude at the plat-
form motion frequency.

The hot-wire signals were acquired at a sampling fre-
quency of 10kHz and subsequently digitally low-pass fil-
tered with a cut-off frequency of 100 Hz to remove high-
frequency electrical noise.

To reconstruct phase-averaged spatial velocity fields, the
velocity time series acquired at each probe location were
recorded simultaneously with the platform motion signal.
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The signals were then phase aligned by synchronizing them
to a common reference point of the motion cycle and con-
ditionally averaged over the 12 cycles. The resulting phase-
resolved velocity signals from the different spatial positions
were subsequently combined to obtain the reconstructed ve-
locity fields.

2.2 Wind characteristics and turbine operating
conditions

2.2.1  Wind tunnel inflow conditions

All the main tests were carried out for a constant free-stream
wind speed (U) of 4.0ms™!, which corresponds to a chord-
based Reynolds number of approximately 1 x 107 at blade
mid-span. The free-stream wind speed was measured by a
pitot tube positioned 3.13 D ahead of the wind turbine on the
hub axis. An additional measurement at 2.4ms~! was also
performed to verify the performance of WT2 and is discussed
later in the paper. The free-stream flow was approximately
uniform across the wind tunnel test section, as demonstrated
in a previous study (Fontanella et al., 2025b): the mean ve-
locity over the WT1 rotor area varied by 5 % compared to
the hub mean velocity, and the average turbulence intensity
across the rotor disk was 1.5 %. Large-eddy simulations of
Pagamonci et al. (2025) showed that this relatively low free-
stream turbulence contributes significantly to dissipating the
coherent flow structures generated by platform motion, lim-
iting the gains in wake recovery compared to the laminar-
inflow case, where such gains are higher.

Another pitot system was placed laterally to WT1 at x; =
0.8D, yi =2.1D, and z; = 1.3D to measure the wind speed
influenced by blockage effects induced by the WT1 rotor,
recording a wind speed of 42ms~!. The increase in wind
speed due to wind tunnel blockage is sufficiently small, and
multi-fidelity simulations by Bergua et al. (2023) on the wind
turbine used in this study showed that blockage does not sig-
nificantly alter its aerodynamic behavior. The effect can be
accurately introduced in simulations by applying a corrected
inflow velocity that reflects the value measured by the lateral
pitot system.

Additional measurements performed at the WT2 rotor
plane, at hub height, and at a lateral position y; =1.5D
showed a mean velocity of 4.3ms~!. This corresponds to
a cumulative flow acceleration attributable to wind tunnel
blockage effects of approximately 7 %—8 % relative to the
upstream reference velocity U.

During testing, the air density (p) was 1.187 kgm 3.

2.2.2 Operating conditions of the upstream turbine

WT1 had a fixed rotor speed of 240rpm and a collective
blade pitch set to the optimal value of 0°. The turbine oper-
ated near its rated condition, which corresponds to the peak
of the thrust curve under the standard pitch-to-feather control
strategy, and therefore produced the strongest wake deficit. In
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these conditions, the thrust coefficient (calculated by Eq. 6)
was C; = 0.9. Because rotor speed was held fixed at 240 rpm,
the tip-speed ratio (TSR) varied with the apparent wind cre-
ated by platform motion. Under the tested conditions, the
TSR oscillation amplitude was 5 % of its value observed in
the bottom-fixed scenario. This small modulation causes a
slight dynamic shift of the operating point, without caus-
ing the rotor to enter a substantially different aerodynamic
regime (the angle of attack varies by & 1° at 70 % of the ro-
tor radius, as shown by Fontanella et al., 2021).

2.2.3 Free-inflow characterization and operating
conditions of the downstream turbine

The uniformity of the inflow generated by the wind tunnel
across the region occupied by the wind farm was verified
by measuring the loads on WT2 positioned at 5D down-
stream under free-stream conditions with WT1 removed
from the test chamber, while the robotic platform remained
installed on the wind tunnel floor. This configuration, in
which the robotic platform remained installed, preserves flow
conditions consistent with those of the subsequent wake-
interaction experiments involving both turbines. This verifi-
cation also ensured that WT2, when placed in the most down-
wind position, was not influenced by boundary effects near
the end of the test section. Measurements were conducted at
two wind speeds: 4.0 and 2.4 ms~!. The latter corresponds
to the average wind speed over the rotor plane in the 5D full-
wake condition, as estimated from the wake measurements
reported by Fontanella et al. (2025b). At 2.4ms™!, the ro-
tor speed was set to 150 rpm, corresponding to a TSR close
to the optimal value of 7.5. The resulting deviation from the
ideal TSR (about 4 %) is due to the practical resolution with
which the rotor speed can be prescribed and has a negligible
effect on the operating conditions.

The energy available to WT2 when operating under waked
conditions is reduced due to wake losses, which depend on
its position relative to the upstream turbine. Outside free-
stream conditions, WT2 operates in a non-uniform inflow
caused by partial or total immersion in the wake of WT,
depending on the specific farm configuration. In these cases,
the operating conditions of WT2 were defined in terms of
the thrust-equivalent wind speed (Utg). For each configura-
tion with fixed WT1, Utg was obtained by inverting a cali-
brated thrust—-wind-speed—rotor-speed relation derived from
a blade-element momentum (BEM) model of the rotor un-
der uniform free-stream conditions (see Appendix C). The
thrust-equivalent wind speed is introduced as an operational
parameter to define a consistent operating condition for the
WT?2 rotor across configurations characterized by different
wake interactions. Specifically, Utg denotes the uniform in-
flow speed that, in the calibrated free-stream thrust map, cor-
responds to the measured mean thrust at the prescribed rotor
speed. It is not intended to reconstruct the actual heteroge-
neous waked inflow experienced by the rotor.
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The blade pitch of WT2 was fixed at 0°, as for WT1, and
was not adjusted based on Utg in order to avoid added com-
plexity and to better isolate the effects of the wake on aerody-
namic loading. The optimal TSR of the rotor (equal to 7.5),
derived from the aerodynamic design, was used as the tar-
get operating condition. WT2 rotor speed was adjusted to
achieve this optimal TSR based on the mean Utg at each
position, except in the 3D1D and 5DID configurations. In
these two cases, the Utg for WT2 is higher than both the
free-stream wind speed and the wind speed measured by the
lateral pitot system, which accounts for the blockage induced
by the presence of WT1 within the test section. The addi-
tional increase in velocity observed at the WT?2 rotor plane
is attributed to wind tunnel confinement effects associated
with the presence of the second rotor, which contributes to
the overall test-section blockage. This interpretation is sup-
ported by additional measurements performed at the WT2
rotor plane (at hub height and at a lateral free-stream po-
sition), which showed a mean velocity of 4.3 ms™!. In the
3D1D and 5DI1D cases, the rotor speed was set to maintain
the same thrust force as in the free-stream condition. As a re-
sult, the TSR was lower than the design value of 7.5 because
of the blockage-induced speed-up at the rotor, but this choice
ensured comparable thrust loading of WT2 across the farm
configurations.

For the cases with dynamic WT1 motion, the rotor speed
of WT2 was not updated instantaneously with the fluctuating
inflow but kept constant at the value corresponding to the
mean Urtg, so that WT2 experienced small deviations from
the nominal TSR during the motion cycle. The resulting rotor
speed values, fixed for each configuration, are specified in
Table 2. For completeness and to support reproducibility, the
table also reports the corresponding average thrust force and
thrust coefficient of WT2, with C; being computed according
to Eq. (6) using the measured thrust and the reference free-
stream velocity (constant during the tests at 4.0ms™1).

2.3 Platform motion scenarios

The experiment included both sinusoidal platform motions,
applied either in a single degree of freedom or as combined
surge—sway motions and realistic platform motions represen-
tative of a 10 MW floating wind turbine subjected to irregular
wave excitation.

Platform motions were defined using the inertial reference
frame (x; — y; — z;j) and the platform reference frame (x, —
¥p — Zp) that are depicted in Fig. 1b. The platform reference
frame is fixed to the robotic platform and moves with the
turbine; it has the origin Op in correspondence of the tower
base, on the tower centerline. z;, points along the tower axis,
Xp points in the downwind direction when the platform is
fixed, and y, forms a right-hand coordinate system with x;
and zp. The origin of the inertial reference frame O; is at a
vertical distance of 0.73 m from the ground. When the wind
turbine is in the fixed position, Oy, is coincident with O;.
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2.3.1 Sinusoidal motion

The system was studied under sinusoidal motion of differ-
ent frequencies and amplitudes. For translational motions,
the displacement was defined as

d(t) = am sin(2w fint), (1)

where ay, is the displacement amplitude and f;,, the motion
frequency. Surge motion corresponds to a translation of the
platform reference point O along the x; axis. Surge-sway
motion corresponds to a translation at an angle y relative to
the x; axis (and hence to the wind). The displacement com-
ponents are d,(t) = d(t)cosy along the surge direction and
dy(t) =d(t)siny in the crosswind (sway) direction. Angles
y =15, 30, 45, and 90° were tested.

For pitch and yaw motions, the platform rotation was de-
fined as

0(t) = ap sin(27 fumt), 2)

where ay is the angular amplitude. Pitch motion corresponds
to a rotation around the y; axis with the rotor hub located at
a distance rhyp from the platform rotation point Op. When 6
is small, the resulting hub displacement along the wind di-
rection is dhyb,x (t) = rubf(¢). Yaw motion corresponds to a
rotation around the z; axis (see Fig. 1b).

Surge and pitch motions cause along-wind movement of
the nacelle and result in an apparent wind speed over the rotor
given by

ua(t) = U — dnub 1 (1), 3)

where dhub, y = d in the case of surge motion, dhub, =
d cos y in the case of surge—sway motion, and dhub, = rhubé
in the case of pitch motion. Accordingly, the amplitude of
the apparent wind oscillation is Au = 27 fmap, in the case of
surge motion, Au = 27 fmam cos y in the case of surge—sway
motion, and Au = 27 finrhubae in the case of pitch motion.

During yaw motion, because the yaw amplitude is small,
the apparent velocity remains predominantly aligned with the
xj axis. However, a velocity gradient develops across the ro-
tor span: the apparent wind speed perturbation is largest at
the blade tips and vanishes at the hub. The local apparent ve-
locity at position p, along the y, axis (measured from the
hub, with sign) is

ua(t, py) = U — (1) py. )

The oscillation amplitude of the apparent velocity there-
fore scales linearly with the spanwise position: Au(py) =
27 fmao py.

In research concerning the unsteady aerodynamics of
floating wind turbines (Fontanella et al., 2021; Messmer
et al., 2024a; Schulz et al., 2024), frequencies are typically
expressed in a non-dimensional form using the rotor-reduced
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frequency (f;), which is equivalent to a Strouhal number and
is defined as

_ JmD

==

4)
The sinusoidal motion conditions were characterized in
terms of reduced frequency and amplitude. The selected am-
plitudes and frequencies were based on those used in the pre-
vious wind tunnel experiment of Fontanella et al. (2025b)
that characterized the wake behavior. The selected condi-
tions were known to cause significant dynamic variations
in the wake and were consequently expected to produce a
substantial aerodynamic excitation of the downstream tur-
bine. The frequencies correspond to reduced frequency val-
ues representative of full-scale floating wind turbine dynam-
ics. Specifically, at a wind speed of 12ms~!, f, =0.3 and
fr = 0.6 correspond to full-scale frequencies of 0.02 and
0.04 Hz, respectively, which are typical of rigid-body modes
in 10 MW floating turbines. In contrast, f; = 1.2 corresponds
to a full-scale frequency of 0.08 Hz (with a period of 12.5s),
representative of platform motions at wave frequency.

The amplitudes of surge and pitch motions caused an ap-
parent wind speed variation, expressed as a ratio of apparent
wind to undisturbed wind speed (Au/U) of approximately
5 % at all reduced frequency values considered in the exper-
iment. In surge—sway motion, the displacement amplitude d
was the same as in pure surge, but the variation in apparent
wind speed decreased as the angle between the motion di-
rection and the wind (y) increased. For yaw motion, an am-
plitude of 2° was selected to investigate wake development
under large dynamic yaw rotations, representative of those
that may occur in real operating conditions under severe sea
states. When combined with reduced frequencies of 0.3, 0.6,
and 1.2, this yaw motion amplitude resulted in apparent wind
speed variations at the rotor edge of approximately 3 %, 7 %,
and 13 %, respectively.

2.3.2 Irregular waves

Following the analysis of cases with sinusoidal motions, the
experiment was extended to include motions similar to those
induced by irregular waves acting on a 10 MW floating wind
turbine from different directions, in order to assess whether
the observations from the simplified cases remained valid un-
der more realistic conditions.

In these tests, unlike the sinusoidal cases, the wind turbine
motion was not prescribed from simple parametric inputs
but was obtained from aero-hydro-servo-elastic simulations
of a realistic floating wind turbine. Specifically, we modeled
the SOFTWIND system, which consists of the DTU 10 MW
wind turbine mounted on a spar-buoy platform (Arnal, 2020;
Behrens de Luna et al., 2024; Papi et al., 2024), using the
OpenFAST simulation tool (Jonkman et al., 2023). Table 3
reports the frequencies of the rigid-body motion modes of
the SOFTWIND floating wind turbine. At these frequencies,
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Table 3. Frequencies of the rigid-body motion modes of the SOFTWIND floating wind turbine, with reduced frequencies evaluated at a

mean wind speed of 12 m s—L.

Mode Frequency (full scale) Frequency (model scale) Reduced frequency

[Hz] [Hz] (o)
Surge and sway 0.008 0.208 0.12
Roll and pitch 0.031 0.780 0.47
Yaw 0.077 1.925 1.16

the platform motion exhibits significant amplification of the
excitation from wind and wave forcing.

The OpenFAST simulations were run for representative
wind and wave conditions, and the resulting platform motion
time series were used as inputs to the wind tunnel experi-
ments. The waves in the simulation had a full-scale signifi-
cant height of 5 m and a peak period of 12 s corresponding to
a model-scale significant height of 0.067 m and a peak period
of 0.48 s. The same waves were applied at heading angles of
0 and 30° relative to the wind direction. The simulations were
carried out with a uniform wind field, with a full-scale wind
speed of 12ms~ !, turbulence intensity of 1.5 %, and fixed
rotor speed and blade pitch, matching the conditions of the
experiment. The time series of platform motions in six direc-
tions were downscaled and employed to prescribe the motion
of WT1 utilizing the robotic platform.

The time series of platform motions induced by irregular
waves are shown in Fig. 2 and the corresponding spectra in
Fig. 3. When waves are aligned with the wind direction (0°),
the platform response is dominated by surge and pitch, with
minimal motion in the other degrees of freedom. In contrast,
waves at 30° also excite significant sway, roll, and yaw move-
ments. Figure 2 shows that the frequency and amplitude of
the platform motions of the SOFTWIND driven by the se-
lected wave conditions are similar to those in the sinusoidal
motion cases. Specifically, sinusoidal surge-sway and yaw
motions represent movements in the sway and yaw directions
caused by waves with a 30° heading.

3 Results

The experimental campaign produced an extensive dataset,
which is openly available (Fontanella et al., 2025a). This pa-
per focuses on a subset of cases selected for their relevance to
floating wind farm dynamics and for the insights they offer
into the effects of platform motion and array configuration
on wake interactions.

The analysis of the results uses the aerodynamic thrust
force (Fy) and the torque (M) as key indicators of rotor
performance. Thrust plays a critical role in the coupled dy-
namics of floating wind turbines, linking aerodynamic forces
to platform motion and contributing significantly to tower
and blade loading. Torque, on the other hand, governs power
generation and influences drivetrain dynamics. In the experi-
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ment, the wind turbines operated at a fixed rotor speed, so the
aerodynamic power was directly calculated as the product of
aerodynamic torque and rotor speed.

To enable comparison with other studies, rotor loads are
also reported in terms of non-dimensional coefficients. The
thrust coefficient is defined as

F
Co=1— (©)
3T R-U
and the torque coefficient as
M,
Co=1—=7> @)
1 %pn R3U?

where U is the reference wind speed measured with the pitot
tube placed upstream of the rotor along the hub axis. During
the tests, this velocity remained constant at 4.0 m s~ !, In this
study, the same free-stream velocity U is used for the nor-
malization of both the WT1 and WT2 loads. This convention
is often adopted in wake and wind farm studies (e.g., by Van
Der Hoek et al., 2024b), as it facilitates direct comparison of
upstream and downstream turbine performance under identi-
cal reference conditions.

No blockage correction was applied to the results reported
in this paper. Classical correction methods (Inghels, 2013)
are based on simplified one-dimensional flow assumptions
and are valid only for isolated rotors in uniform inflow. While
they could be applied to WT1 operating in free stream, they
cannot be consistently extended to WT2 when it is partially
or fully immersed in the wake of WT1. To ensure consistency
across turbines and configurations, the results are therefore
presented without correction.

3.1 Time-average loads

This section presents an analysis of the average loads on the
two wind turbines. Specifically, thrust and torque were eval-
uated in the fixed tower-base configuration to assess the aero-
dynamic response of each turbine and the overall wind farm
behavior across different layouts (Sect. 3.1.1). The time-
average power output was examined under prescribed mo-
tions of the upstream turbine to quantify the impact of plat-
form motion on wake recovery (Sect. 3.1.2).
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Figure 2. The time series of wave-induced motions examined in the experiment are compared with sinusoidal motions of f; =0.6. The
wave-induced motions correspond to the SOFTWIND 10 MW floating wind turbine subjected to irregular waves, with a significant height of

5m and a peak period of 12 s (full scale).
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3.1.1 Fixed tower base

The loads of WT1 in the fixed tower-base condition were
measured in 40 repeated test runs. These repetitions were
carried out throughout the experimental campaign, particu-
larly after any changes in the test setup and following sys-
tem initialization, for example, at the beginning of each test-
ing day, to ensure consistency of the measurements. The av-
erage thrust force was 36.17 N and the average torque was
2.87 Nm. The loads were consistent during the experimental
campaign, with maximum deviations from their mean values
of +0.33N for thrust (£0.9 %) and £ 0.10 Nm for torque
(£3.5%). Under these conditions, WT1 produced an aver-
age power of 72 W, corresponding to a full-scale value of
10.93 MW.

To verify the aerodynamic equivalence of WT2 with re-
spect to WT1, WT2 was mounted on the robotic platform
in the WT1 position, and its performance was compared
under identical operating conditions. The measured thrust
force (35.9N, —0.7 % relative to WT1) and torque (3.03 Nm,
+5.6 % relative to WT1) for WT2 were in close agreement
with the values obtained for WT1. The thrust fell within the
variability range measured for WT1, while the torque showed
a slightly larger deviation but remained within an acceptable
margin. Overall, these results confirm that the WT2 rotor ex-
hibits equivalent aerodynamic performance.

The average WT2 loads are shown in Fig. 4. When
WT?2 operated in free-stream conditions at the 5D position
(with WT1 removed) and a wind speed of 4.0ms™1, its
loads were consistent with those measured when the turbine
was mounted on the robotic platform. At a wind speed of
2.4ms~!, which is representative of the average velocity in
full-wake conditions, the thrust force of WT2 matched the
scaled thrust of the DTU 10 MW turbine used as the ref-
erence in rotor design. These results confirm that the wind
tunnel provided a uniform inflow across the wind farm re-
gion and that the aerodynamic response and induction of
the downstream turbine were not significantly influenced by
proximity to the end of the test section. This comparison is
not intended to reproduce waked inflow conditions but sim-
ply to verify that, in the absence of a wake, WT2 operates
consistently at a downstream spacing of 5D, as it does at the
other tested spacings.

The WT2 loads in farm scenarios with fixed WT1 were
recorded across all farm configurations, with 2 to 9 repeated
tests. In the configurations with aligned turbines and those
with a lateral offset of 1R, the Urg for WT2 is below the
rated wind speed and the loads follow adequately the values
of the DTU 10 MW at model scale. In configurations with a
lateral offset of 1D, the thrust-equivalent wind speed Utg for
WT?2 exceeds the rated wind speed, resulting in a TSR lower
than the optimal value for the rotor. While the thrust remains
equal to that of the turbine in free-stream conditions, as in-
tended when defining the operating parameters, the torque is
higher.
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3.1.2 Effect of platform motion on the time-average
power of the downstream turbine

Large rotor motions induced by platform dynamics introduce
dynamic variations in aerodynamic loads, which in turn al-
ter the wake dynamics. This disturbance may enhance the
natural mixing between the wake and the surrounding free-
stream, leading to earlier wake recovery compared to a case
where the turbine is fixed at the tower base. Earlier mix-
ing implies that the flow regains free-stream characteristics
closer to the rotor, thereby increasing the available energy
for a downstream turbine. Wake velocity measurements ob-
tained from hot-wire anemometry at the WT2 positions by
Fontanella et al. (2025b) showed only minor increases in
mean wind speed relative to the fixed case. Larger improve-
ments were observed in crosswind and yaw motion cases,
with more significant gains at 5D than at shorter distances.

To assess the influence of upstream rotor motion on wake
energy recovery, we measured the power output of WT2 at
several downstream positions in the wake of WT1. Because
the rotor speed was prescribed and constant in each farm con-
figuration, the aerodynamic power of both turbines was ob-
tained directly from the measured torque and the known ro-
tational speed. In all tests, WT1 maintained a time-average
power output of 72W (10.93MW at full scale). Figure 5
shows the ratio of WT2 power to WT1 power for various
farm configurations and WT1 motion conditions, including
the fixed tower-base case. The complete set of time-averaged
power measurements for every farm configuration, including
all amplitudes and frequencies tested for sinusoidal motions,
is provided in Appendix D. For sinusoidal platform motions,
the values reported in Fig. 5 correspond for each farm con-
figuration to the maximum WT2 power observed across all
tested combinations of frequency and amplitude for that mo-
tion type.

When WT?2 is fully aligned with WT1, it operates within
the core of the wake and therefore produces the lowest power.
In the fixed configuration, WT2 power increases only grad-
ually with downstream distance, rising from 11 % of WT1
power at 3D to 15 % at 4D and 18 % at 5D, reflecting slow
wake recovery.

These wake losses are larger than those typically reported
in full-scale studies, where the power of a downstream tur-
bine at 5D often reaches 40 %—50 % of the upstream turbine
power (Shen and Mikkelsen, 2011). In the present experi-
ments, the stronger deficit can be attributed to the combina-
tion of a high thrust coefficient of WT1 (average C; = 0.9),
which generates a pronounced momentum deficit and a very
low free-stream turbulence intensity (1.5 %), which limits
turbulent mixing and reduces wake recovery. The value of C;
is consistent with the operating conditions adopted in previ-
ous wind tunnel investigations of floating wind turbine aero-
dynamics, where model rotors were typically operated near
rated conditions and produced similarly high thrust coeffi-
cients (Fontanella et al., 2021, 2022a, 2025b). In addition,
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the proximity of the wind tunnel ceiling (with the rotor tip
located approximately 0.2D below it) likely limits the verti-
cal entrainment of high-momentum flow into the wake. Since
vertical entrainment is a key mechanism governing wake re-
covery in field-scale wind farms, this confinement may fur-
ther delay wake recovery and contribute to the persistence
of a stronger wake deficit than would occur under open-field
conditions.

It is important to note that the free-inflow characteriza-
tion of WT2 at 5D (Sect. 3.1.1) was performed with the
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robotic platform mounted on the wind tunnel floor, i.e., un-
der the same geometric configuration adopted for the wake-
interaction experiments. Under these conditions, WT1 and
WT2 exhibited comparable power performance, indicating
that the presence of the robotic platform does not introduce
any significant alteration of the inflow under free-stream con-
ditions. Furthermore, as shown in Appendix E, the compari-
son between vertical and horizontal wake profiles at 3D in-
dicates that the robotic platform does not introduce a signifi-
cant distortion of the wake within the rotor-swept region. The

https://doi.org/10.5194/wes-11-1821-2026



A. Fontanella et al.: Experimental study of floating wind turbine wake effects 1833

reduced power levels of WT2 when operating in the wake
of WT1 are therefore attributable to the combined effects
discussed above, rather than to modifications of the inflow
induced by the experimental setup, and in particular by the
robotic platform.

As a result of the combined effects of the high thrust load-
ing of the upstream turbine, the low free-stream turbulence
intensity, and the vertical confinement imposed by the wind
tunnel boundaries, the wake remains coherent and persis-
tent over the investigated downstream distances, exerting a
strong influence on the downstream turbine. Consequently,
any additional recovery promoted by upstream turbine mo-
tion may have a more pronounced effect on downstream
turbine performance in the present experimental setup than
would be expected under open-field conditions. In an at-
mospheric boundary layer inflow, reduced confinement to-
gether with higher background turbulence would enhance
vertical entrainment and likely accelerate natural wake re-
covery, thereby reducing the relative importance of motion-
induced wake recovery.

As expected, the power generated by WT2 increases with
lateral offset from the wake centerline. At an offset of 1R,
WT?2 produces approximately 55 % of WT1 power, as the
rotor is only partially immersed in the wake. When the offset
reaches 1D, WT2 generates more power than WT1, consis-
tent with the local overspeed observed in the rotor-averaged
wind-speed estimates. Local flow acceleration around tur-
bines positioned near the edge of a wake has previously
been reported in experimental wind farm studies (Bossuyt
et al., 2018). However, in the present experiments, the mag-
nitude of this speed-up may also be influenced by wind tun-
nel confinement. The global blockage of the test section en-
hances lateral flow acceleration around the wake (Bergua
et al., 2023), potentially amplifying the velocity increase ex-
perienced by a partially waked turbine. Therefore, while the
qualitative behavior of the speed-up is consistent with obser-
vations in the literature, its quantitative magnitude may not
directly translate to unconfined flow conditions.

When WTI undergoes platform motion, WT2 power in-
creases under certain motion types relative to the fixed case.
The most significant power gains were observed with si-
nusoidal yaw and surge-sway motions at reduced frequen-
cies of 0.3 and 0.6. Wake velocity measurements reported
by Fontanella et al. (2025b) indicate that these motion types
have the strongest impact on wake recovery. Motions driven
by stochastic wave excitation at 0° incidence led to power
gains comparable to those observed under sinusoidal pitch
motion. For instance, in the 3D configuration, sinusoidal
pitch motion resulted in a 19 % increase in WT2 power, while
wave-induced motion at 0°, which excited platform pitch,
produced a similar gain of 24 %. In contrast, wave excita-
tion at 30° incidence, which introduced significant crosswind
and yaw motions, did not lead to increased power output for
WT2. This differs from the sinusoidal motion cases, where
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crosswind and yaw motions were generally associated with
noticeable power gains.

While relative power gains are most pronounced when
WT?2 is fully aligned with WTI, they remain small in ab-
solute terms due to the inherently low baseline power in this
configuration. The highest relative power increases over the
fixed-turbine case (+26 %) were observed in two scenarios:
the 3D aligned configuration with WT1 undergoing yaw mo-
tion (2° amplitude, reduced frequency of 0.3) and the 5D
aligned configuration with WT1 undergoing sway motion of
0.032 m amplitude (2.4 m at full scale), at a y =45° angle
with respect to the wind and reduced frequency of 0.6. In the
3D yaw case, WT2 power increased from 11 % to 13 % of
WT1 power, corresponding to arise from 7.7 W (1.17 MW at
full scale) to 9.7W (1.47 MW). In the 5D surge-sway case,
WT2 power increased from 19 % to 24 % of WT1 power, ris-
ing from 13.8 W (2.1 MW at full scale) to 17.4 W (2.64 MW).

While relative gains are most pronounced in aligned con-
figurations, the absolute power increases are more substan-
tial in partially misaligned layouts. For instance, in the 3D1R
configuration, when WT1 underwent surge—sway motion at
a reduced frequency of 0.6 with an amplitude of 0.032m
(equivalent to 2.4 m at full scale) and at a y =45° angle to the
wind, the power output of WT2 increased from 52 % to 59 %
of WT1 power. In absolute terms, this corresponds to a rise
from 37.1 W (5.63 MW at full scale) to 42.5W (6.45 MW at
full scale). Conversely, when WT2 was laterally offset by a
full rotor diameter (1D), the influence of WT1 motion on
downstream power became negligible.

It should be noted that the present ranking of motion types
in promoting wake recovery relative to the fixed case is de-
rived under confined flow conditions. The limited vertical
clearance between the rotor and the ceiling may constrain
vertical wake deflection and potentially reduce the wake re-
covery induced by platform pitch motion. As a result, the
comparatively stronger impact observed for yaw and cross-
wind motions in this study may be partly attributable to the
flow confinement of the experimental setup.

3.2 Dynamic loads induced by upstream turbine surge
and pitch motions

In addition to promoting wake mixing, the disturbances
introduced by rotor motions can propagate downstream
through the wake and induce dynamic loading on other tur-
bines in the wind farm.

3.2.1 Time-domain response of the downstream turbine

Figure 6 shows the aerodynamic thrust and torque measured
on WT1 and WT2 when WTI1 undergoes surge and pitch
motions at a reduced frequency of 0.6 and with Au/U of
5 %; in these tests, the two turbines are aligned and spaced
3D apart. Surge and pitch motions are considered because
they both involve nacelle translation in the wind direction,
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directly altering the apparent wind speed at the rotor, and are
therefore expected to produce similar effects on the aerody-
namic loads. In the figure, the load time series were binned
and phase averaged according to WT1 platform motion to
show variations at the platform motion frequency. The results
are reported both in dimensional form (force and torque) and
as non-dimensional coefficients. The thrust and torque co-
efficients were computed using Eqs. (6) and (7), with the
free-stream velocity U measured by the pitot tube located
upstream of WT1 on the hub axis (constant during the tests
at4.0ms™h).

In both cases, the thrust and torque of WT1 exhibits a
clear sinusoidal variation at the same frequency as the plat-
form motion. The peak loads occur at half the motion pe-
riod, when the nacelle reaches its maximum upstream veloc-
ity. This behavior, well documented in previous experimental
and numerical studies (Bergua et al., 2023), confirms that the
load oscillations are primarily driven by variations in appar-
ent wind due to platform motion. The rotor loads follow these
variations proportionally, indicating a quasi-steady response.

The pulsating loads on WT1 generate a periodically vary-
ing momentum deficit and shed vorticity in the wake; addi-
tionally, the rotor itself moves in space during the platform
motion cycle. Together, these effects create flow structures
that evolve with the same periodicity as the rotor motion and
remain coherent with it as they are advected downstream. For
surge and for small-amplitude pitch motion, these structures
manifest as a pulsing of the wake velocity, with periodic ac-
celeration and deceleration of the flow during the motion cy-
cle (Fontanella et al., 2025b; Messmer et al., 2024a). This
pulsing behavior is illustrated in Fig. 6, which shows the ve-
locity in the wake of WT1 at 3D downstream, spatially av-
eraged along a horizontal line at hub height within the extent
of the WT2 rotor (—D/2 <y < D/2). Wake velocity data are
obtained from hot-wire measurements reported in Fontanella
et al. (2025b). Since velocity fluctuations are not uniform
across the wake (see spectra of Fig. 9), this metric provides
only a qualitative measure of the inflow over the WT2 ro-
tor. Nevertheless, both surge and pitch motions produce peri-
odic increases and decreases of the spatially averaged veloc-
ity, with comparable amplitude (= 1.5 % of U) and a phase
shift of approximately —150° relative to WT1 platform mo-
tion (with the negative sign indicating that the WT2 wake is
delayed relative to WT1).

The unsteady wake of WT1 therefore creates a periodi-
cally varying inflow for WT2. In response, WT2 exhibits pe-
riodic thrust and torque fluctuations at the same frequency as
the motion of the upstream turbine. The amplitude of these
oscillations is much smaller than for WT1: in the surge case,
0.25N versus 1.98 N in thrust and 0.05 Nm versus 0.47 Nm
in torque. The peaks in the WT2 loads occur with a delay of
about 0.4 motion periods relative to the WT1 loads (i.e., a
phase shift of ~ —140°; the negative sign indicates that the
WT2 response is delayed relative to WT1). This corresponds
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to a phase shift of approximately —230° relative to the WT1
motion.

The reduced amplitude of the WT2 load oscillations re-
flects the fact that the velocity fluctuations in the wake are of
lower amplitude and less uniformly distributed across the ro-
tor compared to the apparent wind variations acting on WT1,
which are generated by its own motion. At the reduced fre-
quency of 0.6, the induction response of the scale-model ro-
tor to such inflow variations is expected to be quasi-steady
(Bergua et al., 2023; Schulz et al., 2024), as also evidenced
by the WT1 loads when its own motion modulates the inflow.
A similar quasi-steady behavior can therefore be assumed for
WT2, meaning that induction dynamics do not introduce ad-
ditional phase shifts or attenuate the load oscillation ampli-
tude. The observed time lag is therefore primarily associated
with the advection of coherent flow structures shed by WT1I.
The corresponding advection velocity varies downstream as
the wake recovers and the local mean velocity changes, and
it is further influenced by the induction region upstream of
the WT2 rotor.

3.2.2 Spectral analysis of downstream turbine loads at
different spacings

Figure 7 presents the fast Fourier transform (FFT) of the
thrust force of WT2 when aligned with WT1 and positioned
at various downstream distances. In these tests, WT1 under-
goes surge or pitch motions at reduced frequencies of 0.3,
0.6, and 1.2, with Au/U of 5%. The FFT is used to quan-
tify load variations at the motion frequency and to identify
whether additional harmonics appear at other frequencies.

The load spectra of WT2 consistently show a sharp peak at
the frequency of WT1 platform motion, corresponding to the
periodic load oscillations observed in Fig. 6. Across all tested
configurations, this peak is clearly visible at the platform mo-
tion frequency, while the rest of the spectrum remains largely
unchanged relative to the fixed case. In addition, all spectra
exhibit a distinct peak at the 1P frequency of WT2, associated
with imbalance loads generated by the spinning rotor. The
frequency of this peak varies with the rotor speed, which dif-
fers across farm configurations (see Table 2), whereas its am-
plitude remains essentially unchanged whether WT1 is fixed
or subjected to motion.

Figures 6 and 7 show that surge and pitch motions produc-
ing equal variations in apparent wind speed lead to dynamic
loads of comparable amplitude on the downstream wind tur-
bine. In general, load variations are slightly higher for pitch
motion than for surge motion, likely due to the additional
vertical wake meandering induced by pitch. WT2 exhibits
a clear dynamic response at the frequency of WT1 motion
when the reduced frequency is 0.3 or 0.6, confirming that
the upstream rotor motion is the primary driver of its load
oscillations. This response is not observed at f; = 1.2, indi-
cating that higher-frequency motions of the upstream plat-
form do not significantly influence the downstream turbine.
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This observation is consistent with the findings of Fontanella
et al. (2025b), who reported that wake velocity oscillations
induced by platform motion decrease in strength as the re-
duced frequency increases from 0.6 to 1.2. At a reduced fre-
quency of 1.2, the periodic velocity structures in the wake
of WT1 at the WT2 location have reduced amplitude and
rapidly become comparable to the background turbulence of
a fixed-turbine wake.

At a reduced frequency of 0.6, the spectral peak in WT2
thrust is visible at distances of 3D and 4D from WT1 but
disappears at 5D. This again agrees with previous wake mea-
surements of Fontanella et al. (2025b), which showed that
at larger distances, turbulence in the flow masks the peri-
odic structures introduced by platform motion. The observed
reduction in motion-induced effects with increasing spac-
ing is consistent with a gradual loss of wake coherence due
to turbulence and shear-layer instabilities. As the wake ad-
vects downstream, motion-imposed velocity patterns are pro-
gressively replaced by smaller-scale turbulence, diminishing
their influence on the downstream rotor.

3.2.3 Second-harmonic load response induced by pitch
motion

Interestingly, when WT1 is subjected to pitch motion at a re-
duced frequency of 0.3, a secondary spectral peak appears at
twice the excitation frequency. The amplitude of this second
harmonic increases with the spacing between the turbines.
This peak is absent under surge motion at the same reduced
frequency, despite producing similar variations in apparent
wind speed and is of much lower magnitude in the other
pitch cases with higher frequency and smaller rotation am-
plitude. This difference is attributed to the nature of pitch
motion, which periodically tilts the rotor upward and down-
ward, causing vertical deflection of the wake. As a result, the
wake undergoes oscillatory vertical motion. The second har-
monic in the WT2 load spectrum likely originates from this
vertical displacement: each upward or downward shift of the
wake produces a drop in thrust on WT2, creating a load fluc-
tuation at twice the pitch motion frequency.

The effect is most evident at a reduced frequency of 0.3
because this case produces the largest rotor tilt amplitude
(2.5°) and, consequently, the greatest vertical wake deflec-
tion. This interpretation is supported by Fig. 8, which shows
phase-averaged velocity fields in the wake of the upstream
turbine at 3D, measured with hot-wire probes as reported in
Fontanella et al. (2025b) for two pitch motions: reduced fre-
quency of 0.3 with 2.5° amplitude and reduced frequency of
0.6 with 1.3° amplitude.

In both cases, the wake exhibits periodic acceleration and
deceleration, but in the 2.5° case the upper portion of the
wake also undergoes a clear periodic vertical displacement.
This displacement is quantified by tracking, over one mo-
tion cycle, the vertical position of the upper wake minimum:
the resulting peak-to-peak excursion is 0.24D for the 2.5°
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case and 0.11D for the 1.3° case. The larger displacement
observed for the higher pitch amplitude is consistent, with
the stronger second harmonic identified in the load spectrum
of the downstream turbine.

3.2.4 Effect of turbine relative positioning

The influence of lateral offset between the two turbines on
the dynamic loading induced by the wake of a moving up-
stream turbine on a downstream rotor is examined for a pitch
motion with an amplitude of 1.3° and a reduced frequency
of 0.6. This case was selected because the motion produces
pronounced velocity oscillations in the wake of the upstream
turbine (see Fig. 8) and induces clear dynamic loads on the
rotor of the downstream turbine in aligned configurations.

Figure 9 presents the power spectral density (PSD) of the
wake velocity at hub height, measured with hot-wire probes
by Fontanella et al. (2025b) at different downstream loca-
tions. The figure also shows the amplitude of thrust and
torque oscillations at the platform motion frequency experi-
enced by the downstream turbine. In the figure, the thrust and
torque amplitudes for the “fixed” case represent the load os-
cillations experienced by WT2 when WT1 has a fixed tower
base. These values are extracted from the load spectra eval-
uated at a reduced frequency of 0.6 by computing the FFT
of the load signals and taking the magnitude of the spec-
tral component at that frequency. The observed oscillations
in this configuration result from turbulence generated by the
upstream turbine and the natural meandering of its wake.

In all farm configurations, WT?2 experiences greater load
amplitudes when WTI is subject to platform motion than
when it is fixed. The dynamic loads on WT2 reach their
maximum when it is aligned with WT1. In this configura-
tion, WT2 operates fully within the wake of WT1, and ve-
locity fluctuations at the platform motion frequency affect
the entire rotor-swept area. In the velocity PSD, the spectral
peak corresponding to the motion frequency is less promi-
nent at 5D than at closer distances, as it is masked by tur-
bulence that increases downstream of the rotor. As a result,
the motion-induced loads on WT2 are also reduced at 5D,
consistent with observations from Fig. 7. In the 4D configu-
ration, the load amplitude is maximum. This trend is consis-
tent for both thrust and torque. The motion of WT1 induces
zero-to-peak variations in WT2 thrust of 0.4 N (equivalent to
20.3 kN at full scale) representing approximately 3 % of the
average thrust developed by the turbine. The torque variation
reaches 0.084 Nm (319.3kNm at full scale), corresponding
to about 12 % of the turbine average torque.

As WT?2 is laterally offset from WT1, the amplitude of its
dynamic load oscillations decreases. This reduction occurs
because a larger portion of the WT2 rotor operates outside
the wake. As the lateral offset increases, only part of the ro-
tor is exposed to the unsteady wake flow and its coherent
structures, while the remaining portion operates in relatively
steady free-stream conditions. The steadier inflow on part of
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the rotor mitigates the effects of the wake-induced fluctua-
tions, leading to a net reduction in dynamic loading. When
the offset reaches 1 rotor diameter, motion-induced loads on
WT?2 become negligible. This conclusion, however, is spe-
cific to the streamwise spacing investigated in this study (3—
5D). At larger spacings, wake spreading would increase the
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fraction of the rotor exposed to unsteady flow, potentially
modifying this trend.

3.3 Effect of motion-induced lateral wake meandering

While surge and pitch motions primarily induce oscillations
in thrust that lead to a pulsating wake, motions in the cross-
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wind (sway) and yaw directions predominantly excite the lat-
eral meandering of the wake (Messmer et al., 2024a, 2025;
Fontanella et al., 2025b). Here, the term “meandering” refers
to the coherent lateral displacement of the wake forced by
the platform motion, which differs from the natural large-
scale meandering that typically develops in the far wake of
a bottom-fixed turbine. This side-to-side displacement of the
wake introduces a different type of unsteadiness in the flow
compared to the pulsing associated with surge and pitch. A
rotor operating in such a wake is therefore subjected to dy-
namic loads that differ from those generated by along-wind
motion of the upstream turbine examined in Sect. 3.2.

Section 3.3.1 investigates the effects of yaw motion of the
upstream turbine, while Sect. 3.3.2 analyzes the crosswind
motion associated with the surge—sway movement of the up-
stream turbine.

3.3.1  Yaw motion

Figure 10 shows the amplitude of thrust and torque oscil-
lations on WT2 (Fig. 10a and b) together with the phase-
averaged wake velocity field at 3D downstream (Fig. 10c),
generated by sinusoidal yaw motion of WT1 with a reduced
frequency of 0.6 and an amplitude of 2°. The wake measure-
ments were obtained from Fontanella et al. (2025b), and the
loads are reported for WT2 positioned at different locations
relative to WT1 (loads were not measured in the 4D config-
uration).

Phase-averaged velocity time series at hub height show a
coherent lateral displacement of the wake. This is particu-
larly evident at the wake center, which deviates from the x;
axis and returns to it over the course of one motion period.
By tracking the instantaneous position of the wake center
over one platform motion cycle, a lateral peak-to-peak dis-
placement of approximately 0.3 D is obtained. This behavior
is linked to the periodic change in the WT1 rotor orientation
relative to the wind due to platform yaw motion, which de-
flects the wake laterally. As a result of this lateral displace-
ment of the WT1 wake, the axial velocity field in the fixed
frame of reference becomes asymmetric about the x; axis at
each instant in time. With respect to the x; axis, one side of
the flow field exhibits a velocity reduction (slowdown), while
the opposite side shows a relative velocity increase (speed-
up).

When WT2 is aligned with WT1 along the x; axis (in the
3D and 5D configurations), the periodic lateral meandering
of the wake causes opposite sides of the WT2 rotor to expe-
rience axial velocity fluctuations of opposite sign: one side
undergoes a velocity increase while the other experiences a
velocity decrease. These local fluctuations largely cancel in
the rotor-averaged thrust and torque, so their net oscillations
remain small and comparable to those caused by inflow tur-
bulence in the fixed-WT1 case. In this aligned configuration,
the unsteady WT1 wake mainly generates asymmetric inflow
conditions across the WT2 rotor, leading primarily to lateral
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force and moment fluctuations (not examined here), while
the rotor-averaged thrust and torque remain only weakly af-
fected.

When WT2 is laterally offset with respect to the x; axis
(by 1R or 1D), this symmetry is broken: part of the rotor
is exposed to the oscillatory velocity field associated with
the wake meandering, while the remainder operates in rel-
atively undisturbed inflow. The reduced cancellation of ve-
locity fluctuations leads to stronger thrust and torque oscilla-
tions. In the 1R case, approximately half of the rotor is im-
mersed in the fluctuating velocity field of the wake, produc-
ing substantial dynamic loads, whereas in the 1D case only
the outer portion is affected, resulting in a smaller load re-
sponse than in the 1R configuration.

In the 3D1R configuration, WT2 experiences zero-to-peak
thrust variations of 0.4 N (equivalent to 20.3 kN at full scale)
and torque variations of 0.074 Nm (281.2 kNm at full scale).
These values are comparable to the load fluctuations ob-
served in the 3D aligned configuration when WT1 under-
goes pitch motion with an amplitude of 1.3° and a reduced
frequency of 0.6. This indicates that a downstream turbine
can experience similar dynamic loading either when fully im-
mersed in a pulsating wake induced by pitch motion or when
partially exposed to a laterally meandering wake caused by
yaw motion.

3.3.2 Crosswind motion

Figure 11 shows the amplitude of thrust and torque oscil-
lations on WT2 (Fig. 11a and b) together with the phase-
averaged wake velocity field at 3D downstream (Fig. 11c),
generated by sinusoidal surge—sway motion of WT1 defined
in Sect. 2.3.1. The motions are characterized by a reduced
frequency f; = 0.6, a displacement amplitude ay, =0.032 m
(model scale), and different angles y relative to the wind
direction. The wake measurements were obtained from hot-
wire data reported by Fontanella et al. (2025b), and the loads
are shown for WT?2 positioned at different locations relative
to WT1 (loads were not measured for the 4D configuration).

When y =0°, the motion corresponds to pure surge, pro-
ducing a pulsing behavior of the wake characterized by ve-
locity oscillations concentrated near the wake center. By
tracking the instantaneous position of the wake center over
one motion cycle, a limited lateral peak-to-peak displace-
ment of approximately 0.07D is obtained. As the motion an-
gle increases, the wake exhibits more pronounced lateral me-
andering, similar to what is observed in yaw motion. The cor-
responding peak-to-peak displacement of the wake increases
to about 0.25D for y =30° and reaches 0.28 D for y =90°.
For comparison, the lateral displacement of the nacelle is
much smaller. In the y =30° case, the lateral motion ampli-
tude is ~0.014 D, while for y =90° it is ~0.026D. The re-
sulting wake center displacement is therefore about 18 times
larger than the rotor lateral motion in the y =30° case and
about 11 times larger in the y =90° case. This clearly indi-
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cates that the perturbation introduced by rotor motion is sig-
nificantly amplified as it develops through the wake, in agree-
ment with the wind tunnel experiments of Messmer et al.
(2025), who reported a pronounced lateral wake meandering
induced by sway motion.

In the farm configuration with aligned turbines at a dis-
tance of 3D, the amplitude of the WT2 load oscillations at
the platform motion frequency decreases as the motion an-
gle y increases. This trend reflects a shift from wake pulsa-
tion to lateral meandering. As explained in the yaw motion
case, meandering-induced velocity fluctuations tend to can-
cel out across the rotor when the turbines are aligned, reduc-
ing dynamic thrust and torque variations. At 5D spacing, this
behavior is less pronounced: the dynamic loads on WT?2 re-
main nearly constant for motion angles of up to 45° but show
a noticeable increase at y =90°. This rise in loading is likely
due to pure sway motion which induces strong velocity os-
cillations in the wake that do not fully cancel out across the
rotor.

In farm configurations where WT?2 is laterally offset, the
trend of loads reverses compared to aligned configurations.
Here, the amplitude of dynamic loads increases with the mo-
tion angle, as only a portion of WT2 rotor is exposed to the
periodic lateral wake meandering. As in the yaw motion case,
the dynamic loads are higher in the 1R configurations than in
the 1D configurations, reflecting the greater extent of rotor-
wake interaction. In the 3D1R configuration, when WT1 un-
dergoes motion at a 30° angle to the wind direction, WT?2
experiences zero-to-peak thrust variations of 0.37 N (18.7kN
at full scale) and torque variations of 0.064 Nm (243.2 kNm
at full scale). These values are similar to load fluctuations
seen in the 3D aligned configuration with pitch motion and
in the 3D 1R configuration with yaw motion. The load ampli-
tudes during crosswind motions reach their maximum when
WT1 moves orthogonally to the wind direction (y =90°),
with thrust variations of 0.61 N (30.9kN at full scale) and
torque variations of 0.109 Nm (418.1 kNm at full scale).

3.4 Dynamic loads with irregular waves

Sinusoidal platform motions of the upstream wind turbine
along different directions produce distinct dynamic loads on
a downstream turbine operating in its wake. When WT1 un-
dergoes wave-induced motion, it experiences simultaneous
movements in all 6 degrees of freedom across a broad fre-
quency range. The tests with wave-driven motions aim to as-
sess whether the observations made under sinusoidal motion
still hold in these more complex and realistic scenarios.

Figure 12 analyzes the effect of wave-driven motion on
the thrust force spectrum of WT?2, considering different wind
farm configurations and wave headings of 0 and 30° relative
to the wind direction.

In the cases with WT1 fixed, the thrust spectrum of WT2
is lowest when it is laterally offset by 1D from WTI. The
downstream turbine operates mostly outside the wake, expe-
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riencing minimal influence from turbulence in the wake of
the upstream turbine. In the aligned configuration and with a
lateral offset of 1R, the thrust spectrum is noticeably higher
as wake interactions are stronger.

When WT1 was subjected to wave-induced motion, the
thrust spectrum of WT2 increased at reduced frequencies be-
low 0.6 in both the aligned and IR configurations. This in-
dicates that upstream platform motions occurring near the
surge/sway and roll/pitch natural frequencies contribute to
dynamic loading of the downstream turbine in these layouts.
The increase was similar for both wave headings (0 and 30°),
suggesting limited directional sensitivity under the tested
conditions.

Across all farm configurations, no increase in load ampli-
tude was observed at frequencies near the spectral peak of the
irregular waves (corresponding to a reduced frequency of ap-
proximately 1.25), despite the significant amplitude of plat-
form motions occurring at this frequency (see Fig. 3). This
result aligns with previous sinusoidal motion tests, which
demonstrated that motions at reduced frequencies of around
1.2 do not lead to appreciable load oscillations on the down-
stream turbine.

To facilitate comparison with sinusoidal cases, the ampli-
tude of the WT2 thrust spectrum in the irregular wave case
was evaluated at a reduced frequency of 0.6 for the 3D con-
figuration. With upstream motion driven by 0° waves, which
excite primarily surge and pitch motions, the thrust spec-
tral amplitude increased from 0.05N (2.5kN at full scale)
in the fixed-WT1 case to 0.08 N (4.1 kN at full scale) under
wave-induced motion. However, this remains substantially
lower than the dynamic loads induced by prescribed sinu-
soidal motion: WT2 experienced zero-to-peak thrust fluctu-
ations of 0.25 N (12.7kN at full scale) with sinusoidal surge
at f; =0.6 and 0.4 N (20.3kN at full scale) with sinusoidal
pitch at the same frequency. These comparisons highlight
the more moderate impact of wave-driven motion on the dy-
namic loading of a downstream turbine compared to sinu-
soidal movements.

In cases with a lateral offset of 1R, the increase in WT2
thrust spectrum relative to the fixed case was more pro-
nounced than in the aligned cases, particularly at reduced
frequencies below 0.5. At frequencies above 0.6, the spec-
trum remained nearly unchanged. In configurations with a
1D lateral offset, the influence of wave-induced motion on
WT?2 thrust oscillations was minimal, confirming that the ro-
tor was largely outside the region affected by the wake.

4 Discussion

The analysis of aerodynamic loads from the two wind tur-
bines was carried out from two complementary perspectives:
the effect on average performance, particularly the power ex-
tracted by the downstream turbine, and the influence on dy-

https://doi.org/10.5194/wes-11-1821-2026



A. Fontanella et al.: Experimental study of floating wind turbine wake effects 1841
0.8 3D 4D 5D
z [1&8 13 EE R EE Se e |0 [ —rd
. 12 1S T = 18 12 T = 18 1S T = L _aneg;
(=4 | | 12 | | (= | | —— Wave 30°
£00r 8 " | LA | LA | 2 o
g g I I I I I I I I I E
| | | | | | | | |
g} — 0.4 | | | | | | | | | 0.010 E
= O | | | | | | | | |
< ¢ | | \ | | | | \ | =]
> | | | | | | | | | B
£ 027 I I I I I I I I 0.005 @
8 | ‘ | M;_A‘ ‘ ‘ | 3
| | | m‘\
n 0 m ) I 1 : 0
0 0.5 1 1.5 2 25 3 0 0.5 1 15 2 2.5 3 0 0.5 1 15 2 2.5 3
Frequency [Hz] Frequency [Hz] Frequency [Hz]
0 03 06 09 1.2 15 18 0 03 06 09 12 15 18 0 0.3 06 09 12 15 18
Reduced frequency [-] Reduced frequency [-] Reduced frequency [-]
3D 5D
= 08TF T T FR ;T3 0.020 — TRixed
= ‘g ‘é > B ‘é \é = K M 1D fixed
- %] [ 3 ol 3 © —— 1R wave 0°
2 2 06 |5 |F | R | 0015 Q| e 1D wave 0°
= = I I | I | I ——1R wave 30°
o g : ; ! : ! : s 1D wave 30°
© 041 | | | | | 0.010 G
1S 3 E
) o I | | I | I
© = I I | I | I g
> | | | | | |
- E 02 | | | | | | 0.005 9
@ | | | I | I t%
(% | ' |
o

2.5 3

0 0.5 1 1.5 2
Frequency [Hz]
0 03 06 09 12 15 18

Reduced frequency [-]

0 0.5

5 2

1
Frequency [Hz]
0 03 06 09 12 15 18

Reduced frequency [-]

Figure 12. Spectrum of the thrust force on a downstream wind turbine operating at various positions in the wake of an upstream turbine
subjected to wave-induced motions. The motions correspond to those of the SOFTWIND 10 MW floating wind turbine under irregular waves,
with a significant wave height of 5m and a peak period of 12s (full scale). The vertical dashed lines mark the natural frequencies of the
upstream wind turbine rigid-body modes, the solid vertical line indicates the frequency associated with the peak wave period, and the dotted

vertical line corresponds to the rotor rotation frequency of WT2 (1P).

namic oscillations of thrust and torque experienced by the
downstream rotor.

4.1 Effects of platform motion on downstream turbine

power

In the low-turbulence short-spacing conditions considered in
the experiment (3-5 rotor diameters), large low-frequency
motions of the upstream rotor were found to modestly en-
hance the power extracted by the downstream turbine. These
enhancements were particularly pronounced when the up-
stream turbine underwent sinusoidal motions in yaw or cross-
wind directions. In two cases with aligned turbines, WT?2
power increased by 26 % over the fixed-turbine baseline,
but this corresponded to only a 2-3.5W (0.3-0.5 MW at
full scale) absolute gain. Similarly, in partially offset lay-
outs, surge—sway motions yielded increases of up to 5.4 W
(0.82 MW at full scale). These modest absolute gains are at-
tributed to the highly persistent wake produced by the combi-
nation of low-turbulence inflow, limited vertical entrainment
of kinetic energy due to flow confinement, and the high thrust
loading of the upstream turbine, all of which resulted in very
low baseline power for WT2 in the fixed case.
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The power gains observed under idealized sinusoidal mo-
tion were only partially reproduced in tests involving realis-
tic wave-driven platform motions of a 10 MW spar floating
wind turbine. In particular, waves aligned with the wind di-
rection (0° heading), which strongly excited pitch motion,
resulted in power gains of the downstream turbine compa-
rable to those observed under sinusoidal pitch motion. In
contrast, wave excitation at 30° incidence, which introduces
combined crosswind and yaw motions, did not consistently
lead to power increases in the downstream turbine. This con-
trasts with the sinusoidal motion tests, where motions in the
yaw and crosswind directions were generally associated with
improvements in wake recovery and power output. These re-
sults suggest that the irregularity, phase coupling, and lower
coherence of realistic platform motions may limit the effec-
tiveness of wake recovery mechanisms driven by rotor mo-
tion, which appear more pronounced under idealized single
degree-of-freedom sinusoidal excitations.

4.2 Influence of flow confinement on wake recovery

It should be noted that, in the wind tunnel environment, both
the inflow velocity around the wind turbines and the wake
losses are influenced by flow confinement. Blockage effects
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arising from the presence of the rotors in the confined test
section accelerate the flow outside the wake, which is partic-
ularly relevant for configurations in which the downstream
turbine is partially exposed to the free stream. In addition,
the proximity of the ceiling may restrict vertical entrainment
of high-momentum flow into the wake, thereby contributing
to a more persistent wake deficit than would be expected un-
der open-field conditions. Despite these confinement effects,
the relative differences in WT2 power between the fixed
and moving WTT cases are primarily attributable to motion-
induced wake dynamics, since all configurations were tested
under the same experimental setup.

However, confinement may influence not only the abso-
lute magnitude of wake losses but also the way wake re-
covery responds to different platform motion types. Because
the flow in the wind tunnel is vertically constrained by the
ceiling, vertical wake deflection and the associated enhance-
ment of mixing may be limited. This constraint is partic-
ularly relevant for pitch-induced wake oscillations, which
may promote recovery through vertical wake displacement
and enhanced entrainment of kinetic energy. In contrast, un-
der open-field conditions, vertical confinement is effectively
present only due to the ground, while the flow above the ro-
tor is unbounded. Therefore, vertical wake deflection and en-
trainment mechanisms may develop differently at full scale
compared to the wind tunnel environment.

Consequently, the quantitative ranking of the different mo-
tion types in terms of their effectiveness in enhancing en-
ergy recovery may be influenced by the specific confine-
ment characteristics of the present experimental setup. This
aspect should therefore be considered when extrapolating
the results to full-scale conditions. Additional benchmarking
against scale-model experiments performed under different
levels of flow confinement, as well as against numerical sim-
ulations conducted in progressively less constrained compu-
tational domains, would help to isolate and quantify the im-
pact of confinement on the observed trends.

4.3 Dynamic loading induced by wake motion

Regarding dynamic loading, sinusoidal motion tests clearly
showed that the frequencies of upstream turbine motion were
directly reflected in the aerodynamic loads on the down-
stream rotor, with a well-defined periodic response. The
magnitude of these dynamic loads depended on turbine dis-
tance, lateral offset, and the type of motion of the upstream
wind turbine. For instance, load fluctuations reached up to
12 % of the mean torque and 3 % of the mean thrust when
WT?2 operated fully within the wake of WT1, which was un-
dergoing motion aligned with wind (surge or pitch), resulting
in wake pulsation. Comparable load oscillation amplitudes
were also observed when WT?2 was only partially immersed
in a laterally meandering wake, generated by crosswind or
yaw motions of WT1.
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Both wake pulsing and wake meandering can induce sub-
stantial cyclic loading on a turbine operating within the wake,
pulsing predominantly in fully aligned turbine configurations
and meandering when there is a lateral offset between the
turbines. In real operating conditions, the first scenario is
likely to occur when waves are aligned with the wind, ex-
citing surge and pitch motions, and when wind is aligned to
wind farm rows placing downwind turbines directly in the
full wake of upstream machines. The second scenario may
arise under significant wind—wave misalignment and when
the wind approaches the wind farm at an angle, resulting in
partial wake exposure for downstream turbines and increased
wake meandering due to lateral or yaw-induced motion.

Irregular wave-induced motions reproduced these dynam-
ics with broader spectral content but lower amplitudes of load
oscillations on the downstream turbine. Key behaviors, such
as increased load oscillations at low frequencies, persisted,
although the absolute loading levels were smaller than those
observed in the sinusoidal motion tests.

Compared to atmospheric boundary layer inflow, the low-
turbulence conditions of the present experiment produce a
highly coherent wake with steep velocity gradients at its
boundaries. In this inflow environment, the wake response
to platform motion — particularly forced meandering — in-
duces significant variations in the inflow experienced by a
downstream turbine. As the wake moves laterally across the
downstream rotor, the strong velocity gradients give rise to
pronounced temporal fluctuations in the velocity encountered
by the blades, thereby amplifying the associated dynamic
loads. In contrast, under higher-turbulence atmospheric con-
ditions, stronger turbulent mixing and natural wake meander-
ing would smooth the wake structure and accelerate recov-
ery of the velocity deficit. This would moderate the periodic
inflow fluctuations experienced by a downstream rotor and,
consequently, reduce the sensitivity of its dynamic loads to
platform-induced wake oscillations.

Conversely, flow confinement — particularly due to the
proximity of the ceiling — may restrict the amplitude of wake
deflection, especially in the vertical direction. This limita-
tion can attenuate motion-induced loading mechanisms on
the downstream turbine that depend on vertical wake dis-
placement, such as the periodic vertical meandering gener-
ated by platform pitch motion.

4.4 Implications for floating wind farms and study
limitations

Overall, the results on wind farm power and dynamic load-
ing indicate a tradeoff: platform motions can promote mod-
est downstream energy gains by enhancing wake recovery,
but they also introduce additional cyclic loading on down-
stream turbines. Whether this tradeoff persists under higher-
turbulence atmospheric inflow, at larger turbine spacing, or
when active blade pitch and generator torque control are con-
sidered remains an open question. In realistic atmospheric
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boundary layer conditions, turbulence is expected to become
the dominant driver of wake behavior, governing mixing, re-
covery, and natural meandering (Wu and Porté-Agel, 2012;
Hodgson et al., 2023).

It is also important to note that in this study only the up-
stream turbine was subjected to motion, while the down-
stream one remained fixed. This configuration was adopted
to isolate the effect of wake-induced unsteady loading on
the downstream turbine and to enable a clearer identification
of the underlying physical mechanisms. The use of a fixed
downstream turbine therefore represents a tightly controlled
and physically meaningful idealization, which is more read-
ily reproducible in numerical simulations, thereby supporting
the validation and further development of numerical model-
ing tools for floating wind farms.

In reality, both turbines in a floating array will experience
platform motion induced by waves and wind. If the down-
stream turbine also undergoes motion, its aerodynamic load-
ing will be affected not only by the wake fluctuations gen-
erated by the upstream turbine but also by its own platform
kinematics. The phasing between the velocity oscillations in
the wake and the motion of the downstream rotor may play
a critical role: depending on whether the downstream tur-
bine moves in phase or out of phase with the wake fluctu-
ations, the aerodynamic loads can be amplified or mitigated.
Moreover, the motions of neighboring turbines are not inde-
pendent, since wave forcing is spatially correlated as waves
propagate across the farm. Such correlated motions could
further influence wake—motion interactions. While these cou-
pled effects are beyond the scope of the present work, they
highlight the need to account for wave propagation and cor-
related turbine responses in future studies.

Finally, further research is needed to assess the validity of
the conclusions of this work when the downstream turbine is
located at larger distances from the upstream one and when
static rotor inclination alters the effective rotor-swept area
exposed to the flow or deflects the wake vertically, as these
effects were not captured in the present experimental setup.

5 Conclusions

Through wind tunnel experiments, this study investigated
how the motion of a floating wind turbine affects the per-
formance and dynamic loading of a downstream turbine op-
erating in its wake. The upstream turbine was subjected to
controlled platform motions, including both sinusoidal exci-
tations and motions induced by irregular waves, while the
downstream turbine remained fixed and was tested at differ-
ent relative positions.

Under the low-turbulence inflow and short turbine spac-
ings investigated (3-5 rotor diameters), large-amplitude low-
frequency motions of the upstream turbine — particularly in
the yaw and crosswind directions — produced moderate in-
creases in the power output of the downstream turbine. It
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should be noted, however, that the proximity of the wind tun-
nel ceiling may constrain vertical wake deflection induced by
pitch motion, thereby limiting its ability to enhance mixing
and promote wake recovery. Consequently, although yaw and
crosswind motions produced the largest power gains for the
downstream turbine in the present experimental setup, fur-
ther investigations under flow conditions representative of
full-scale turbines — where the flow above the rotor is un-
bounded — are required before generalizing the relative effec-
tiveness of different platform motion directions to open-field
conditions.

In the most favorable cases, the downstream turbine gained
up to 26 % relative to the fixed-turbine baseline, although the
corresponding absolute increase remained limited due to the
very low baseline power associated with the persistent wake
of the upstream turbine. These gains were most evident in
sinusoidal tests and were only partially reproduced under re-
alistic wave-induced motion scenarios.

At the same time, platform motion of the upstream tur-
bine introduced periodic flow disturbances that propagated
downstream and increased dynamic loading on the waked
turbine. The magnitude and frequency content of these dy-
namic loads depended on the type of motion, relative turbine
positioning, and turbine-to-turbine distance. Oscillation am-
plitudes of the downstream turbine loads at the frequency of
the upstream turbine motion reached up to 12 % of the mean
torque and 3 % of the mean thrust in certain farm configu-
rations. Both wake pulsing induced by along-wind motions
and lateral wake meandering driven by crosswind and yaw
motions contributed comparably to the cyclic loading of the
downstream turbine. Key patterns in the aerodynamic loads
of the downstream wind turbine identified under sinusoidal
motion were also evident in tests involving realistic motions
induced by irregular waves. However, the resulting load am-
plitudes were lower, reflecting the broader spectral content
of the wave-driven platform response and its influence on the
upstream turbine wake.

Overall, platform-induced wake dynamics can modestly
enhance the energy capture of a waked turbine but also in-
troduce increased cyclic loads. Sinusoidal motion tests are
effective for isolating the key mechanisms governing wake
response and turbine—wake interactions, whereas tests with
motions induced by irregular waves provide a more realistic
assessment of turbine performance and loading.

Further studies are needed to assess whether the trends ob-
served in this work persist under higher-turbulence inflows
and when multiple turbines are in motion. However, the find-
ings of this study clearly underline the importance of con-
sidering wake—motion coupling in the design and analysis of
future floating wind farms.
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Appendix A: Aerodynamic performance of the scale
model rotor

The aerodynamic performance of the scale model rotor was
evaluated in a steady and uniform wind field with a tur-
bulence intensity of 1.5 %, matching the free-stream inflow
conditions of the rest of this study. Measurements were per-
formed at a constant blade pitch angle of 0°, while the tip-
speed ratio was varied by adjusting the rotor speed at a fixed
free-stream wind speed of 4ms~!.

Figure A1 reports the measured thrust coefficient (C) and
power coefficient (Cp) as functions of tip-speed ratio both
with and without blockage correction. The blockage correc-
tion was performed using Glauert’s wind tunnel interference
model presented by Inghels (2013). The correction defines
an increment to the free-stream wind speed. The increased
wind speed is then used for the computation of the perfor-
mance coefficients. The wind speed correction depends on
the ratio between the rotor-swept area and the wind tunnel
cross-section, as well as on the turbine thrust coefficient.

After correction, the model rotor C; closely matches the
DTU 10 MW reference turbine near the design tip-speed ra-
tio of 7.5. The Cp curve has a comparable shape to that of
the reference turbine, but its maximum value is lower (0.38
vs. 0.48). This reduction is attributed to the lower efficiency
of airfoils at low Reynolds numbers, which is only partially
mitigated by the use of a low Reynolds airfoil in the scale
model blades.

In the main body of the paper, performance results are re-
ported without blockage correction, since available correc-
tion methods are not applicable to downstream turbines op-
erating in wakes.
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Figure A1. Thrust (Ct) and power (Cp) coefficients of the rotor at different tip-speed ratios. The dashed vertical line indicates the design

tip-speed ratio of 7.5.
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Appendix B: Accuracy of inertial and gravitational
load removal in the aerodynamic loads estimation

The accuracy of the aerodynamic load estimation of WTI1
obtained with the two-test subtraction procedure described in
Sect. 2.1.1 was assessed through two complementary analy-
ses.

First, two identical no-wind, rotor-locked tests were per-
formed for representative surge and pitch motion cases. The
resulting load time histories were processed and subtracted
from each other following the same procedure adopted for
the wind-on minus no-wind tests. Since both no-wind mea-
surements contain only inertial and gravitational contribu-
tions associated with the prescribed rigid-body motion, their
difference provides an estimate of the residual error intro-
duced by the subtraction procedure, primarily due to possi-
ble non-identical structural response and measurement noise.
For the surge case ( f; = 0.6, ap, = 0.032 m), the residual load
amplitude at the motion frequency was 0.037 N in thrust and
0.001 Nm in torque. Compared to the aerodynamic load os-
cillation amplitudes obtained under the same motion con-
dition (1.95N in thrust and 0.46 Nm in torque), this corre-
sponds to relative uncertainties of approximately 2 % and
0.2 %, respectively. For the pitch case (f = 0.6, ay, = 1.3°),
the residual load amplitudes were 0.379N in thrust and
0.016 Nm in torque. Relative to the corresponding aerody-
namic load oscillation amplitudes (2.35N in thrust and ap-
proximately 0.35Nm in torque), this yields relative uncer-
tainties of about 16 % and 5 %, respectively.

Second, seven repeated wind-on tests were performed for
each of the two motion conditions (corresponding to WT?2
operating in the different wind farm configurations listed in
Table 2, while WT1 underwent the same prescribed motion
in each case). This analysis assesses the repeatability of the
wind-on response. Across the repeated tests, the oscillation
amplitudes of aerodynamic thrust and torque at the motion
frequency exhibited a standard deviation of 1 %-3 % relative
to their mean value, indicating a high level of repeatability.

Appendix C: Thrust-equivalent wind speed estimator
for operating-point definition

The thrust-equivalent wind speed (Utg) was estimated from
measured rotor thrust using a calibrated thrust-rotor—speed-
wind speed relation. Thrust was preferred over power as the
feedback variable because it is less sensitive to Reynolds
number effects at the model scale.

The estimator relies on a pre-computed thrust map
F.(w, U) obtained from a blade-element momentum (BEM)
model of the rotor, previously validated against wind tunnel
measurements (Bergua et al., 2023), where it showed excel-
lent agreement with the measured thrust and power charac-
teristics. The model was simulated under steady and uniform
inflow for a range of wind speeds U and rotor speeds w, pro-
viding the corresponding steady thrust force F.
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During the experiments, the rotor speed and thrust sig-
nals were averaged over the acquisition window to obtain the
mean rotor speed wy and mean thrust force F' x, m. The pair
(wm, Fx m) was then used to invert the pre-computed thrust
map and estimate the corresponding thrust-equivalent wind
speed:

Ute = F7 N (om(t), Frm()), (Cl)

where F~ 1(.) denotes the inversion of the thrust map. This
process is illustrated in Fig. C1.
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Figure C1. Estimation of thrust-equivalent wind speed (UTg) by
inverting the BEM-based thrust map Fy(w, U). The measured mean
thrust Fy m and rotor speed wp define a unique operating point (red
marker) from which UTg is obtained.

Appendix D: Power of the downstream turbine for all
motion cases and farm configurations

This appendix provides the complete set of time-averaged
power measurements for all wind farm configurations and
motion scenarios investigated in this study. Because the rotor
speed was prescribed and constant in each farm configura-
tion, the aerodynamic power of both turbines was obtained
directly from the measured torque and the known rotational
speed. In all tests, WT1 operated at a fixed rotor speed of
240 rpm and maintained a time-averaged power output of
72 W (10.93 MW at full scale). The power of WT2 depended
on the farm configuration and on its position relative to WT1.

Table D1 reports the time-averaged WT2 power for the
fixed tower-base condition across all configurations, together
with the fixed rotor speeds at which WT2 was operated.
For each configuration, the table also lists the minimum and
maximum WT2 power recorded over the repeated tests. The
power ratio is defined as the ratio between the WT2 and WT1
power.
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WT1 sinusoidal motions were tested using different com-
binations of amplitudes and frequencies for each wind farm
configuration. Table D2 reports the corresponding time-
averaged WT?2 power in the case of surge motion, Table D3
for pitch motion, Table D4 for yaw motion, and Table D5 for
combined surge—sway motion. In Tables D2-D6, the power
ratios that exceed the maximum ratio observed in the fixed
tower-base case (Table D1) are highlighted in bold.

Table D1. Time-averaged power output of WT?2 for the fixed tower-
base condition across the different farm configurations. WT2 was
operated at fixed rotor speeds. Values in brackets indicate the mini-
mum and maximum WT2 power recorded over the tests, along with
the corresponding minimum and maximum power ratios when nor-
malized by the average power of WT1.

Configuration  Rotor Power Power ratio
speed [W] [-1
[rpm]
3D 130 7.716.7,8.2] 0.11[0.09,0.12]
3DIR 190 37.1[35.4,38.8] 0.52[0.49,0.54]
3D1D 220 86.1[83.6,88.5] 1.20[1.16,1.23]
4D 140 11.1[9.7,11.8] 0.15[0.14,0.16]
5D 150 13.8[12.8,14.6] 0.19[0.18,0.20]
5DIR 190 42.6[41.1,43.9] 0.59[0.57,0.61]
5D1D 190  92.9[91.0,93.0] 1.29[1.26,1.30]
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Table D6 reports the time-averaged power of WT2 for the
different farm configurations when WT1 was subjected to
wave-driven platform motions generated for various wave
directions. In these tables, the power ratios that exceed the
maximum ratio observed in the fixed tower-base case (Ta-
ble D1) are highlighted.

Table D2. Time-averaged power output of WT?2 for the different farm configurations under surge motion of WT1. WT2 was operated at a
fixed rotor speed, set according to each farm configuration. Values highlighted in bold correspond to power ratios that exceed the maximum
ratio observed in the fixed tower-base case (Table D1).
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Configuration Reduced Motion Rotor Power Power ratio Variation
frequency (fr) [-] amplitude (am) [m]  speed [rpm] [W] [-] w.urt fixed

3D 0.3 0.064 130 6.7 0.09 —14 %
0.6 0.032 130 6.7 0.09 —14%

1.2 0.016 130 6.7 0.09 —14 %

3DIR 0.3 0.064 190 39.0 0.54 +5%
0.6 0.032 190 39.0 0.54 +5%

1.2 0.016 190 38.9 0.54 +5%

3DID 0.3 0.064 220 83.7 1.16 —3%
0.6 0.032 220 83.6 1.16 3%

1.2 0.016 220 83.5 1.16 —3%

4D 0.3 0.064 140 114 0.16 +3%
0.6 0.032 140 11.3 0.16 +2%

1.2 0.016 140 114 0.16 +3%

5D 0.3 0.064 150 13.3 0.19 —4 %
0.6 0.032 150 12.5 0.17 —10%

1.2 0.016 150 124 0.17 —10%

SDIR 0.3 0.064 190 44.9 0.62 +5%
0.6 0.032 190 44.7 0.62 +5 %

1.2 0.016 190 44.6 0.62 +5%

SD1D 0.3 0.064 230 92.9 1.29 0%
0.6 0.032 230 92.6 1.29 0%

1.2 0.016 230 92.5 1.29 0%
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Table D3. Time-averaged power output of WT2 for the different farm configurations under pitch motion of WT1. WT2 was operated at a
fixed rotor speed, set according to each farm configuration. Values highlighted in bold correspond to power ratios that exceed the maximum
ratio observed in the fixed tower-base case (Table D1).

Configuration Reduced Motion Rotor Power Power ratio Variation
frequency (fr) [-] amplitude (ag) [°]  speed [rpm] [W] [-] w.rt. fixed

3D 0.3 2.5 130 8.2 0.11 +6 %
0.6 1.3 130 7.3 0.10 —6%

1.2 0.6 130 9.2 0.13 +19 %

3DIR 0.3 2.5 190 39.0 0.54 +5%
0.6 1.3 190 37.5 0.52 +5%

1.2 0.6 190 38.8 0.54 +5%

3D1D 0.3 2.5 220 83.5 1.16 —3%
0.6 1.3 220 85.5 1.19 —1%

1.2 0.6 220 87.6 1.22 +2%

4D 0.3 2.5 140 11.8 0.16 +6 %
0.6 1.3 140 10.3 0.14 7%

1.2 0.6 140 12.1 0.17 +9 %

5D 0.3 2.5 150 15.5 0.22 +13 %
0.6 1.3 150 13.6 0.19 —1%

1.2 0.6 150 13.6 0.19 —2%

5DIR 0.3 2.5 190 44.8 0.62 +5%
0.6 1.3 190 42.8 0.59 +1%

1.2 0.6 190 46.2 0.64 +9 %

5D1D 0.3 2.5 230 922 1.28 —1%
0.6 1.3 230 89.7 1.25 —4%

1.2 0.6 230 93.6 1.30 +1%

Table D4. Time-averaged power output of WT2 for the different farm configurations under yaw motion of WT1. WT2 was operated at a
fixed rotor speed, set according to each farm configuration. Values highlighted in bold correspond to power ratios that exceed the maximum
ratio observed in the fixed tower-base case (Table D1).

Configuration Reduced Motion Rotor Power Power ratio Variation
frequency (fr) [-] amplitude (ag) [°] speed [rpm] [W] [-] w.rt. fixed

3D 0.3 2.0 130 9.7 0.13 +26 %
0.6 2.0 130 8.7 0.12 +13%

1.2 2.0 130 8.4 0.12 +9 %

3DIR 0.3 2.0 190 41.2 0.57 +11 %
0.6 2.0 190 39.9 0.55 +8 %

1.2 2.0 190 38.1 0.53 +3 %

3D1D 0.3 2.0 220 90.6 1.26 +5 %
0.6 2.0 220 89.5 1.24 +4 %

1.2 2.0 220 88.2 1.22 +2 %

5D 0.3 2.0 150 15.6 0.22 +13 %
0.6 2.0 150 13.6 0.19 —2%

1.2 2.0 150 13.5 0.19 —2%

5DIR 0.3 2.0 190 45.5 0.63 +7 %
0.6 2.0 190 42.8 0.59 0%

1.2 2.0 190 43.2 0.60 +1%

5D1D 0.3 2.0 230 90.1 1.25 —3%
0.6 2.0 230 88.6 1.23 —5%

1.2 2.0 230 89.2 1.24 —4%
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Table D5. Time-averaged power output of WT2 for the different farm configurations under surge—sway motion of WT1 (all motions with
an amplitude of 0.032 m). WT2 was operated at a fixed rotor speed, set according to each farm configuration. Values highlighted in bold
correspond to power ratios that exceed the maximum ratio observed in the fixed tower-base case (Table D1).

Configuration Reduced Motion Rotor Power Power ratio Variation
frequency (fy) [-]  direction (y) [°]  speed [rpm] [W] [-]  w.rt. fixed

3D 0.6 15 130 8.6 0.12 +11%
0.6 30 130 8.8 0.12 +14 %

0.6 45 130 9.4 0.13 +22 %

0.6 90 130 8.4 0.12 +8 %

3D1R 0.6 15 190 36.9 0.51 —1%
0.6 30 190 37.3 0.52 0%

0.6 45 190 425 0.59 +15 %

0.6 90 190 40.8 0.57 +10 %

3D1D 0.6 15 220 87.3 1.21 +1%
0.6 30 220 87.2 1.21 +1%

0.6 45 220 90.0 1.25 +5 %

0.6 90 220 85.9 1.19 0%

5D 0.6 15 150 13.6 0.19 —2%
0.6 30 150 154 0.21 +12%

0.6 45 150 17.4 0.24 +26 %

0.6 90 150 154 0.21 +11%

5DI1R 0.6 15 190 44.0 0.61 +3 %
0.6 30 190 44.4 0.62 +4 %

0.6 45 190 473 0.66 +11 %

0.6 90 190 45.6 0.63 +7 %

5D1D 0.6 15 190 88.4 1.23 —5%
0.6 30 190 88.1 1.22 —5%

0.6 45 190 90.7 1.26 —2%

0.6 90 190 87.5 1.22 —6%

Table D6. Time-averaged power output of WT?2 for the different farm configurations under wave-driven motions of WT1 caused by waves
from different directions. WT2 was operated at a fixed rotor speed, set according to each farm configuration. Values highlighted in bold
correspond to power ratios that exceed the maximum ratio observed in the fixed tower-base case (Table D1).

Configuration Wave Rotor Power Power ratio Variation
direction [°]  speed [rpm] [W] [-]  w.rt. fixed

3D 0 130 9.6 0.13 +24 %
30 130 8.9 0.12 +15%

3DIR 0 190 40.4 0.56 +9 %
30 190 38.1 0.53 +3 %

3DID 0 220 86.3 1.20 0%
30 220 85.5 1.19 —1%

4D 0 140 12.5 0.17 +13 %
30 140 12.2 0.17 +10 %

5D 0 150 15.5 0.22 +12 %
30 150 14.1 0.20 +2 %

5DIR 0 190 41.5 0.58 -2 %
30 190 43.2 0.60 +2 %

5D1D 0 190 88.9 1.24 —4 %
30 190 91.3 1.27 -2 %
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Appendix E: Assessment of potential wake
distortion induced by the robotic platform

To assess whether the presence of the robotic platform in-
troduces a significant distortion of the WT1 wake flow, the
vertical profiles of mean streamwise velocity and turbulence
intensity at a downstream distance of xj =3D from WTI1
were compared with the corresponding horizontal profiles
measured at the same downstream location.
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Figure E1. Comparison between vertical and horizontal wake profiles at a downstream distance of x; = 3D from WT1. (a) Mean streamwise
velocity normalized by the free-stream value (u)/U. (b) Turbulence intensity Iy, = o (u)/{u). Vertical profiles are measured along a line
passing through the rotor axis, while horizontal profiles are measured at hub height and rotated by 90° to enable a direct comparison with the
vertical distributions. The dashed horizontal lines indicate the rotor-swept region and the rotor axis. The “tower base” line marks the vertical
position corresponding to the location where the tower is connected to the robotic platform.

Figure E1 presents the mean velocity normalized by
the free-stream velocity ((#)/U) and the turbulence inten-
sity (Iy = o(u)/(u)) measured along a vertical line passing
through the rotor axis. These profiles are compared with
those obtained along the horizontal direction at hub height.
For clarity, the horizontal profiles are rotated by 90° to allow
direct overlap with the vertical ones.

Within the rotor-swept region (—0.5 <z/D <0.5), the
vertical and horizontal profiles show very good agreement
in both the magnitude and spatial distribution of the velocity
deficit and turbulence intensity. The shape of the wake and
the peak deficit levels are comparable in the two directions,
and no systematic vertical asymmetry or additional velocity
gradient attributable to the robotic platform is observed. The
turbulence intensity profiles likewise exhibit consistent levels
and similar variations across the wake core and shear-layer
regions. Small discrepancies appear outside the rotor-swept
area and near the lower boundary of the measurement do-
main, where the proximity of the tower base and the robotic
platform may locally influence the flow. However, within the
region relevant to the downstream turbine rotor, these dif-
ferences remain limited and do not modify the overall wake
structure.

These results indicate that the robotic platform does not in-
troduce a significant distortion of the wake at a downstream

https://doi.org/10.5194/wes-11-1821-2026

distance of 3D. At larger downstream distances, any local-
ized perturbations would be expected to further diminish as
the wake evolves and mixing processes promote spatial ho-
mogenization.

Data availability. Measurements of the upstream wind tur-
bine wake under various platform motions are available at
https://doi.org/10.5281/zenodo.13994980 (Fontanella et al., 2024).
Load measurements for two wind turbines in various farm setups
and motion conditions, including those not covered here, are avail-
able at https://doi.org/10.5281/zenodo.15582187 (Fontanella et al.,
2025¢).
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