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This study experimentally investigates wake recovery mechanisms behind a floating wind
turbine subjected to imposed fore-aft (surge) and side-to-side (sway) motions. Wind
tunnel experiments with varying free-stream turbulence intensities (T1s € [1.1, 5.8] %)
are presented. Rotor motion induces large-scale coherent structures — pulsating for surge
and meandering for sway — whose development critically depends on the energy ratio
between the incoming turbulence and the platform motion. The results provide direct
evidence supporting the role of these structures in enhancing wake recovery, as previously
speculated by Messmer, Peinke & Holling (J. Fluid Mech., vol. 984, 2024, A66). These
periodic structures significantly increase Reynolds shear stress gradients, particularly
in the streamwise—lateral direction, which are key drivers of wake recovery. However,
their influence diminishes with increasing 71: higher background turbulence weakens
the coherent flow patterns, reducing their contribution to recovery. Beyond a threshold
turbulence level — determined by the energy, frequency and direction of motion —
rotor-induced structures no longer contribute meaningfully to recovery, which becomes
primarily driven by the free-stream turbulence. Finally, we show that the meandering
structures generated by sway motion are more resilient in turbulent backgrounds than the
pulsating modes from surge, making sway more effective for promoting enhanced wake
recovery.
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1. Introduction

Early work on idealised free shear flows (jet, mixing layer, wake) showed the existence of
‘large-scale orderly patterns’ forming due to the amplification of small excitation (Crow &
Champagne 1971; Oster & Wygnanski 1982; Cantwell & Coles 1983; Ho & Huerre 1984).
These structures play a central role in the development of the flow. In the context of floating
offshore wind turbines (FOWT), Li, Dong & Yang (2022), Messmer, Peinke & Holling
(2024a), Li, Yu & Sarlak (2024), Li & Yang (2024), Hubert, Conan & Aubrun (2025)
found organised flow structures in the wake of the turbine that arise from the harmonic
motion of the rotor. Numerical studies by Kleine et al. (2022) and Ramos-Garcia et al.
(2022) examined the influence of platform motion on wake dynamics under laminar wind
and found that rotor oscillations lead to near-wake instabilities (Kleine et al. 2022), while
also enhancing turbulence, mixing and energy distribution within the wake (Ramos-Garcia
et al. 2022). Experimental works by Rockel et al. (2017), Fu et al. (2019) and Fontanella
et al. (2022, 2025) further support these findings. Under more realistic conditions, the
intricate interactions between platform motion, inflow conditions and rotor aerodynamics
result in complex wake dynamics, as explored and discussed in recent research by Bossuyt
et al. (2023), Schliffke, Conan & Aubrun (2024), Pagamonci et al. (2025).

Wake recovery is a key aspect in wind energy, as it determines how the flow behind a
turbine can regain lost energy through interaction with its surroundings. Li et al. (2022),
Messmer et al. (2024a) showed in idealised conditions that rotor motion can enhance
wake recovery by up to 25 % more than that of a fixed turbine. Especially for motion
frequencies characterised by a platform Strouhal number St = f,D /U €[0.2, 0.6], with
fp the platform’s motion frequency, D the rotor diameter and U, the incoming wind
speed. They observed the formation of amplified meandering-like coherent structures from
sideways rotor motion and pulsating structures from fore-aft motion, synchronised with
the movements of the rotor. It remains to be seen what role these large-scale coherent
structures play in the enhanced wake recovery.

Interestingly, similar wake dynamics of synchronisation and enhanced recovery are
found for quite different types of harmonic excitation (actuation) on a fixed wind turbine
with helix blade pitching control strategy (Frederik e al. 2020; Korb, Asmuth & Ivanell
2023; Van der Hoek et al. 2024), periodic variation of inflow structures (Mao & Sgrensen
2018; Hodgson, Madsen & Andersen 2023; Wei et al. 2024), harmonic yaw motion (Miihle
et al. 2024) or with dynamic variation of a turbine’s thrust (Munters & Meyers 2018;
Yilmaz & Meyers 2018; Croce et al. 2023). Combined floating platform motion and rotor
excitation strategies were simulated by van den Berg et al. (2023), showing promising
results for the coupling of wake flow mixing strategies. Several studies suggest that an
optimal actuation frequency, f,, corresponding to St, = (f;D/U) ~ 0.3, leads to the
most enhanced wake recovery and the emergence of large coherent structures (Cheung
et al. 2024). This aligns with the findings of Crow & Champagne (1971), who reported that
St, =~ 0.3 induces the strongest instabilities in jets. The similarity suggests that common
dynamics may govern both jet flows and wind turbine wakes, as both are characterised by
strong shear layers.

The papers mentioned primarily investigated harmonic excitations with idealised
flow conditions (i.e. laminar). Previous studies on the wake of a fixed cylinder
(Kankanwadi & Buxton 2020) and fixed wind turbine (Neunaber et al. 2020; Gambuzza &
Ganapathisubramani 2023) analysed the impact of free-stream turbulence, characterised
by the turbulence intensity (71 =0/Us) and integral length scale (£p) on wake
mixing and development. These studies show that with increasing T1,, wake recovery
is enhanced, due to improved mixing. The interaction between inflow turbulence
and turbine harmonic excitation on wake dynamics has been studied numerically by
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Yilmaz & Meyers (2018), Korb ef al. (2023), who found that periodic control strategies
have a reduced impact on wake behaviour at higher turbulence intensities. Back to floating
wind, the computational fluid dynamics (CFD) results from Li et al. (2022), Li & Yang
(2024) further emphasise the sensitivity of wake dynamics and recovery to varying 7/
levels. The findings align with the observations of Yilmaz & Meyers (2018), Korb et al.
(2023); namely, the effect of rotor motion on wake behaviour decreases relative to that of
a fixed turbine as the intensity of the turbulence increases.

From the review of the literature, two key fluid dynamics questions for wind energy
remain open: How is wake recovery driven by the large-scale flow structures in the wake
of a periodically excited wind turbine and what is the interplay with increasing free-stream
turbulence? In this paper we address these questions by means of wind tunnel testings in
two facilities (Milan and Oldenburg). We conducted experiments with a model floating
wind turbine, varying the rotor motion’s amplitude, frequency and direction of motion
together with different inflow turbulence intensities (715, € [1.1, 5.8] %) modulated by an
active grid. Based on the rich literature from previous studies on canonical flows and the
wake of fixed wind turbines, we provide an experimental proof of the speculated role of the
excited coherent structures on wake recovery. We analyse their development and impact on
recovery with different levels of turbulence in the free stream. The paper is organised as
follows: § 2 details the experiments used and provides a theoretical basis for the analysis of
coherent structures and wake recovery, § 3 presents the results in terms of wake recovery
rate budget, recovery with increasing turbulence and motion-induced coherent structures
shape and energy depending on the direction and amplitude of motion, § 4 summarises
the main findings and § 5 discusses the results, draws parallels with previous work and
concludes with their implications for wind energy.

2. Methodology

First, we describe the experimental set-up used for the tests in Milan and Oldenburg and
detail the generation and type of inflows considered (§ 2.1). Second, we depict the platform
motion cases investigated and wind turbine operating parameters (§ 2.2). Third, we provide
a theoretical basis for the analysis of the wake data (§ 2.3).

2.1. Experimental set-up and inflows

In this study we carried out complementary measurements in two wind tunnel facilities:
Milan (M), Italy (13.8 m x 3.8 m section, length of 35 m) and Oldenburg (O), Germany
(3 m x 3 m section, length of 30 m) with a simplified model ‘floating’ wind turbine. The
lab-scale FOWT used is composed of the model wind turbine Oldenburg, MoWiTO 0.6
with a diameter D = 2R = 0.58 m mounted on a motorised Stewart platform (see figure 1);
further details on the model turbine and platform can be found in Messmer et al. (2022,
2024a).

In Milan (figure la) the model turbine was placed 25 m downstream of the inlet.
The natural flow of the boundary layer test section is uniform at the rotor area,
from bottom tip to top blade tip about 0.67—1.25 m from the ground. The inflow is

characterised by a background turbulence intensity T/o =4/ @/ Ux=15%+0.2% and

an integral length scale of Lo/D =0.240.05 for Us, =5 ms~, referred to as inflow
case M1.5. We computed the integral length scale in the x direction, Ly as follows:
Lo=Ux foro R, (t)dtr with R, the auto-correlation function of ’(¢) in the free stream
and 7¢ the time lag at which R, (79) =0 as done by Gambuzza & Ganapathisubramani
(2023).
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Figure 1. Experimental set-up: MoWiTO 0.6 mounted on the 6-degrees of freedom (DoF) motorised
platform. (a) Wind tunnel in Milan. (») Wind tunnel in Oldenburg (with active grid).
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Figure 2. (a) Measurement points y-z positions. (b) Picture of surge motion (fore-aft to streamwise).
(c) Picture of sway motion (sideways to streamwise).

We measured the wake of the wind turbine with two three-dimensional (3-D) hot
wires, getting the three components of the wind speed, expressed in a Cartesian frame
of reference (see figure la): u = u;e; = uey + vey + we; (with x pointing downstream).
The two probes were installed on a motorised mounting that allows translation in the
y—z plane and that can be manually moved to different downstream positions, x. With this
measurement set-up, we recorded wake data behind the turbine at x € {2, 4, 6, 8, 10}D
and different y and z positions (see the blue crosses in figure 2a) with a Ay and Az
spacing between points of 0.34R. Data were recorded with two triaxial fibre-film Dantec
Dynamics 55R9] probes. A temperature correction was applied on the calibration to
account for temperature drift, as described in the sensor data sheet (temperature coefficient
of resistance, TCR, about 0.5 %/°C). For each point, the measurement lasted 60 s and was
sampled with a frequency f; of 6 kHz. In Milan, three motion cases were investigated;
more details are given below.

In Oldenburg (figure 1b) the model turbine was placed in the closed test section of
the wind tunnel behind an active grid mounted at the inlet. The model was placed at
dgrid—mrbine = 10 m and 15 m downstream of the inlet depending on the inflow cases
(see table 1). Such long distances enable the development of a uniform inflow with a low
level of turbulence. The active grid used for the experiments is described in more detail in
Neuhaus et al. (2021). It is composed of 80 independent motorised shafts on which flaps
are mounted. Depending on the mean angle of the shaft, o, rotational speed and the type
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Inflow Ol.1 0l1.5 Ml1.5 Ol1.7 02.2 03.0 04.1 05.0 05.8
Wind tunnel (0] (0] M O (0] (0] (0] (0] O
Grid mode P P X P P A A A A
o (deg.) 0 10 X 10 25 30 30 30 30
std(a) (deg.) 0 0 X 0 0 5 8.5 11.5 15
dgrid—> turbine(m) 10 15 X 10 10 10 10 10 10
Uso (ms™1) 3 5 5 3 3 3 3 3 3
AUy 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Tl (%) 1.1 1.5 1.5 1.7 2.2 3.0 4.1 5.0 5.8
ATl £+ 0.1 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Lo/D (—) 0.08 0.2 0.2 0.12 0.2 0.57 1. 1.2 1.2
ALy/D + 0.01 0.05 0.0 0.02 0.05 0.07 0.2 0.2 0.2

Table 1. Inflow cases investigated. Here M stands for Milan and O for Oldenburg.

of shaft motion, the free flow can be tailored to different 7/, and Lo. Motivated by real
applications for offshore conditions where low to moderate turbulent inflows (71, < 6 %)
are found sufficiently frequently to be of relevance (Platis ef al. 2021; Angelou, Mann &
Dubreuil-Boisclair 2023), we investigated cases with Tl €~ [1, 6] % and Lo < 1.2D.
However, in this study we do not analyse and discuss further the role of Ly on the results.

The active grid was operated in passive mode, noted P (i.e no shaft motion but different
mean shaft angles), and active mode, noted A (i.e with shaft motion). For the passive mode,
we set a mean angle o between 0° and 25°. For the active mode, we used a coupled shaft
motion protocol ensuring a constant global blockage of the grid at any time, with a mean
shaft angle, @ of 30° and different levels of fluctuations around the mean, characterised
by std(«). We characterised the inflows without the wind turbine model placed by using
the same hot-wire array as for the wake measurements, described below. The passive grid
modes enabled us to generate inflows with 7/, < 3 % and the active grid modes, inflows
with Tl > 3 %. All the inflows analysed in this paper are reported in table 1. Most of
the tests were done at Us, of 3 ms™! except for the O1.5 case for which Uyo =5 ms,
and is a duplicate of the flow from Milan experiments. Important to note is that the
inflows generated were far enough from the grid to be fully developed, decaying and in
a region where the decay is low so that between x =0D and x = 10D a maximum of
20 % of decay was observed, meaning that 7/, remain sufficiently constant while moving
downstream.

We plot in figure 3 the y profile of Tl at hub height (figure 3a) and the power spectrum
of ul, noted @, of the different inflows with Uy, =3 m 57! (figure 3b). The turbulence
within the measurement area is homogeneous (see the low deviation of the different points
to the averaged lines in figure 3a) with a standard deviation, AT I, of maximum 0.2 %.
The lowest Tl generated is 1.1 % (case O1.1) with the grid fully open and the highest
is 5.8 % (case 05.8) obtained with a large amplitude of shaft motions, characterised by
std(o) = 15°. The power spectra in figure 3(b) further describe the inflows with regard to
the energy distribution across the various flow scales expressed in the frequency domain,
fD/Ux. All inflows feature a typical —5/3 Kolmogorov inertia subrange (Pope 2001),
ie @, x f —3/3 for f € fsub-range With different ranges depending on the case (see the
dashed line in figure 3b for the —5/3 slope). Case O1.1, for instance, has the shortest
inertia subrange with fyup-range D/ Uso €~ [2, 5] whereas case O5.8 has the largest with

Ssub-range D/ Uoo €~ [0.2, 10]. Since @: fooo @, (f)df, the higher Tl cases naturally
feature a larger level of energy. Last but not least, whereas passive modes generate inflow
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Figure 3. (a) Horizontal profile of turbulence intensity at x = 0D (measurement points and mean 77, plotted
with solid lines). (b) Power spectrum of u/,, the turbulent fluctuations of the inflow cases O1.1 to 0O5.8 in

table 1 (with Uso =3 m s™).

with a low level of turbulence intensity and low Ly, active modes lead to larger Ly up to
1.2D (see table 1).

In Oldenburg the wake measurements were carried out using 21 one-dimensional
(1-D) hot wires (grey points in figure 2a) aligned horizontally at hub height, measuring
a good estimate of u, the streamwise wind speed component. They were mounted
on a motorised array enabling them to travel downstream and measure at different
x positions. The hot wire covered y € [—2.8,2.8]R with a spacing of Ay~0.3R
and a finer spacing of Ay~ 0.25R within y € [-R, R]. Measurements were taken at
x €{2,4,6, 8, 10} D for all cases except cases (fixed-5-O, surge-5-0O, sway-5-O) hereafter
in table 2 for which x €[1.5, 101D with Ax =0.5D were measured. Similar to the
experiments discussed in Messmer et al. (2024a), data were acquired with multichannel
constant temperature anemometer (54N80-CTA) modules from Dantec Dynamics, with
2-minute measurements per case (Tjeqs = 120 s) and f; = 6 kHz. The hot wires were
calibrated twice a day, with a Prandtl tube placed in the free stream as reference for Uyo.
Similarly, a Prandtl tube was used to record Uy, during the wake measurements.

2.2. Motion cases investigated and turbine parameter

The review of the literature (§ 1) outlined that rotor excitation, characterised by a Strouhal
number St, = (f,D/Us) ~ 0.3, is often found to be the optimum excitation for wake
mixing. Interestingly, when considering realistic motions of floating wind turbines, such
as semi-submersibles or spar platforms, the natural period of rotational motion (fore-aft
and sideways) often falls within a range of f), ~ 1/40 Hz (Robertson et al. 2014). When
this frequency is normalised using a typical offshore wind turbine diameter of D &~ 150 m
and an inflow velocity of Us A 12 ms, it results in a platform Strouhal number, St
of ~0.3. This suggests that the ‘optimum’ wake excitation frequency naturally arises
in real offshore conditions, reinforcing the relevance of the wake-mixing mechanism for
floating wind turbines. The amplitude of platform motion, A, varies with environmental
conditions but generally remains low, typically below a few degrees (Robertson et al.
2014). For small amplitudes (A, < 3°), we demonstrated in Messmer et al. (2024a)
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Cases DoF f, (Hz) Ay (mm) Uy (m s7h) St (=) A* (=) Inflows x/D e
Fixed-5-M Fixed 0 0 5 0.0 00 M1.5 [2,10], Ax=2D
Surge-5-M Surge 3.33 6 5 0.38 0.01 M1.5 [2,10], Ax=2D
Sway-5-M Sway 3.33 6 5 0.38 0.01 M1.5 [2,10], Ax=2D
Fixed-5-0O Fixed 0 0 5 0.0 00 015 [1.5,10], Ax=0.5D
Surge-5-O Surge 3.33 6 5 0.38 0.01 015 [1.5,10], Ax=0.5D
Sway-5-O Sway 3.33 6 5 0.38 0.01 015 [1.5,10], Ax=0.5D
Fixed-3-O Fixed 0 0 3 0.0 0.0 [OL1,058] [2,10], Ax=2D
Surge-3-0.01-O  Surge 1.56 6 3 0.3 0.01 [Ol1.1,03.0] [2,10], Ax=2D
Surge-3-0.017-O Surge 1.56 10 3 0.3 0.017 [OL.1,03.0] [2,10], Ax=2D
Surge-3-0.024-O Surge 1.56 14 3 0.3 0.024 [O1.1,05.8] [2,10], Ax=2D
Sway-3-0.01-O  Sway 1.56 6 3 0.3 0.01 [OL1,03.0] [2,10], Ax=2D
Sway-3-0.017-O Sway 1.56 10 3 0.3 0.017 [O1.1,05.0] [2,10], Ax=2D
Sway-3-0.024-O Sway 1.56 14 3 0.3 0.024 [O1.1,05.8] [2,10], Ax=2D

Table 2. Matrix of motion cases and inflows. Here DoF stands for degree of freedom.

that rotational motions are equivalent to translational ones in terms of wake behaviour.
Therefore, in this study we focus on single translational surge (fore-aft) and sway
(sideways) motions. Figures 2(b) and 2(c) illustrate surge and sway motions, respectively.
We consider idealised harmonic motion, characterised by a single reduced amplitude,
A*=A,/D, and Strouhal, St, giving a motion signal, &(?):

. StUso
£(t) = A*D sin (27‘[ ( D ) t>. 2.1)

In Milan we measured the wake for three motion cases: fixed turbine (St = 0, used as
reference), and surge and sway motions with St =0.38, A* =0.01, with a free-stream
velocity of Us, =5 ms™'. As concluded by Yilmaz & Meyers (2018), a rotor excitation
frequency corresponding to St = 0.38 is effective for enhancing wake mixing, providing
further motivation for the selected cases. The turbine was operated with a constant blade
pitch and a tip speed ratio of A= (Rw/Ux) =6=%0.1 (w is the rotor rotational speed),
close to the turbine optimum. The thrust coefficient was measured using a strain gauge
mounted at the bottom of the tower, yielding Cr = 0.86 & 0.05. These tests are referred to
as fixed-5-M, surge-5-M and sway-5-M in table 2.

In Oldenburg we repeated the same motion cases as in Milan under equivalent inflow
conditions using the active grid to reproduce the free-stream turbulence (715, = 1.5 %),
and maintained the same turbine operating parameters.

In addition, we conducted further tests with St = 0.3 — identified in the literature as
optimal for wake mixing — with three low motion amplitudes: A* € {0.01, 0.017, 0.024},
with a wind speed U, of 3 ms~!. The choice of lower inflow velocity enabled the testing
of higher A* values (bounded by the platform’s maximum physical amplitude A, at a
given motion frequency f), as discussed in Messmer er al. (2022)) while preserving
comparable wake dynamics and recovery behaviour, as shown in Messmer et al. (2024a).
This is explained by the sufficiently high Reynolds number, Re = DUso/v = 1.4 x 10°
(for Us, =3 ms™'), which ensures that the wake behaviour is independent of Re for
Uso >3 ms!.

For the St = 0.3 cases, we varied the inflow turbulence intensity, T/, from 1.1 % (case
O1.1) to 5.8 % (case O5.8), to explore the combined effects of motion and turbulence on
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wake behaviour. The turbine was also operated at 4 =6+ 0.1, and we measured a thrust
coefficient of C7 = 0.80 £ 0.05. All investigated cases are summarised in table 2.

In Kleine et al. (2022) the authors analysed the effect of platform motion on the
interaction between blade-tip flow structures and platform motion. They define the ratio
between the platform motion frequency, f),, and the rotor rotational frequency, w /2, as
w* = 2n f,/w) = (wSt/A). In our experiments, since A = 6, we have w* € {0.16, 0.2} for
St €{0.3, 0.38}. This indicates that the platform motion’s frequency is about five times
slower than the rotor rotation frequency and lies below the range where the strongest
interaction between motion and vortex structures in the near wake is expected, as described
in Kleine et al. (2022), namely o™ € {0.5, 1.5}.

The data collected in the two wind tunnels are complementary. The experiments
conducted in Milan provide 3-D wake measurements, which are crucial for assessing the
role of coherent structures in wake recovery mechanisms as depicted later on. However,
these measurements are limited to a smaller set of motion and inflow conditions, as well
as fewer downstream positions.

In contrast, the Oldenburg experiments offer 1-D wake field data at a greater number
of downstream positions than those available from the Milan tests, for the three shared
cases (fixed-5, surge-5, sway-5). This extended spatial coverage is essential for computing
streamwise gradient terms (e.g. d/dx). Additionally, the Oldenburg data include a wider
range of motion and inflow conditions, with simultaneous measurements enabling the
reconstruction of the motion-induced large-scale wake structures.

2.3. Mathematical concepts on wake recovery and coherent structures

In this work we are interested in wake recovery as defined in Boudreau & Dumas (2017),
i.e the average wind speed in the wake on the rotor area. Since we mainly measure on a
horizontal line at hub height, we define the recovery as

Yet+R
Ry (x) :/ . u(x, y, )dy/(DUso) = (ut) /Uso, for yc=0, 2.2
Ye—

where y. is the wake centre identified as the region where u is the lowest, in this paper
for most cases y. & 0. Here (-) is the integrated value in the rotor area normalised by
D; R,, provides a good estimate of the wind available for a potential downstream wind
turbine aligned with the one upfront generating the wake. The rate, 0 R,,/dx, at which
the wake recovers can be expressed directly by the Reynolds-averaged Navier—Stokes
equation (RANS), as done for a fixed wind turbine by Bastankhah & Porté-Agel (2016),
Boudreau & Dumas (2017), van der Laan, Baungaard & Kelly (2023). The local RANS
equation projected in e, gives

(2.3)

sax oy TV T Ty Tz

Dou D 1|10p , _du  _ou  ouwu  ou'v N u'w’
Uso 3x Ul

after Boudreau & Dumas (2017), we neglected the viscous term 1/Re - V2u; - e, since
Re > 1. The integration of (2.3) provides a decomposition of the contribution of the
different terms to wake recovery. In this paper and based on our previous work (Messmer
et al. 2024a), we investigate platform motion cases that lead to the formation of a
synchronised coherent structure at the motion frequency characterised by St. In such
cases, the wake flow field can be decomposed as (Reynolds & Hussain 1972; Baj, Bruce &
Buxton 2015; Lignarolo et al. 2015)

ui =ui +u; =u; + i; +uj, (2.4)
1018 A23-8
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where the velocity fluctuations u are split up into i;, the contribution from the coherent
structure of St (with a frequency f),) and u, the stochastic turbulent contribution, i.e
the velocity fluctuations without any periodic coherence. As done in Cantwell & Coles
(1983), u; is calculated by phase averaging the measured wind speed signals so that
ui (1)) =ui(¢p(t +1/fp)). Here, ¢ () is the instantaneous phase of the periodic wake
motion, typically defined based on the known excitation frequency f,,

() =2m fpt + o, (2.5)

where ¢ denotes the initial random phase shift. Throughout this paper, we use the
normalised phase defined as ¢* = (¢ (t) — ¢p9) mod 27, which maps the phase into a
dimensionless range ¢* € [0, 27 ]. Further details on the methodology used to compute i;
are provided in Appendix A. Per definition, #;u; = 0. Accounting for the decomposition
of (2.4) in (2.3) writes as

“Usil oo oy TPt o T Ty Ty

D du D 1|1dp _ou _ou du'u” duu du"v" duv
——= =|-=+ + +
Uso 0x Usou

(2.6)

du"w" N duw
0z z |

The recovery rate DORy /ox := D/Ux(du/0x) is obtained from (2.6) by spatial
integration of each term as done in (2.2). The recovery rate budget, i.e. the different
physical mechanisms that contribute to the restoration of the mean flow velocity in the
wake, is composed of the following terms.

(i) The mean pressure gradient (—dp/dx < 0): the turbine induces a large pressure drop
that restores primarily to momentum (Boudreau & Dumas 2017). This term can thus
be viewed as a sink for the ‘recovery’ process.

(i1)) The mean speed transverse transport terms (—vdu /0y and —wdu/dz): wake rotation
generates horizontal and vertical mean wind speed components, v and w, involved in
momentum transport (Boudreau & Dumas 2017).

(iii)) The gradient of the Reynolds shear stress terms from incoherent fluctuations
(—du"v"”/dy etc.): incoherent turbulent fluctuations transport momentum and are
the primary contributors to wake recovery (van der Laan et al. 2023; Gambuzza &
Ganapathisubramani 2023).

(iv) The gradient of the Reynolds shear stress terms from the coherent fluctuations
(—duv/dy etc.): the organised structures may also contribute to wake recovery,
though their role has not been extensively studied in previous research on wind
turbine wakes, and is therefore addressed in this paper.

3. Results

First, in § 3.1 we present results from the shared cases between Milan and Oldenburg at
Tloo =1.5% (M1.5 and O1.5 inflow cases in table 1). Using these detailed datasets, we
compute the terms of the recovery rate budget (2.6) and provide quantitative evidence
for the role of coherent structures in enhancing wake recovery. Second, in § 3.2 we show
how wake profiles and recovery vary with inflow turbulence intensity and platform motion
amplitude, at a fixed Strouhal number of St = 0.3. Third, § 3.3 focuses on the coherent
structures formed in the wake. We analyse their shape, strength and dependence on both
Tl and the type of rotor motion. Fourth, based on these structures, § 3.4 explores their
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Figure 4. (a) Wake recovery (2.2) for the fixed-5-0O, surge-5-O and sway-5-O cases (St =0.38, A* =0.01).
Error bars represent the average discrepancy between the Milan and Oldenburg datasets (Appendix B).
(b) Wake recovery rate. Error bars represent the estimated uncertainty based on a Monte Carlo approach
(Appendix B). Both quantities are derived from the Oldenburg dataset.

influence on phase-resolved wake recovery. Finally, § 3.5 examines the energy content of
the coherent structures and analyses the dependency on inflow turbulence and platform
motion energy and relation with increased recovery compared with the fixed case.

3.1. Wake recovery mechanisms

We begin the results section by presenting findings from the shared cases of the Milan and
Oldenburg experiments. In Appendix B we detail the close agreement between the two
datasets, as well as the methodology used to compute the various terms of (2.6), which
supports the combined use of both datasets. The 3-D wake fields from Milan enable the
computation of the d/dy and 9/0z terms, while the 1-D measurements from Oldenburg,
with their higher resolution in the streamwise direction, are used to compute the d/0x
terms. Details regarding the estimation of uncertainty in the derivative calculations are
also provided in Appendix B.

For the three shared motion cases (fixed-5, surge-5 and sway-5; see table 2), figure 4(a)
shows the evolution of wake recovery and figure 4(b) presents the normalised recovery
rate, DOR,/0x. The wake of the moving turbine recovers more rapidly — with
approximately 14 % higher recovery for the sway case and 3 % for surge compared with the
fixed case at x = 6 D. Correspondingly, the recovery rate (figure 4b) is higher for both sway
and surge motions up to x < 5D. This enhancement in wake recovery is less pronounced
than in cases with laminar inflow, as reported by Li et al. (2022) and Messmer et al.
(2024a). Compared with surge motion, sway leads to a 11 % higher recovery, even though
both cases share the same values of St and A*. This result provides an initial indication
that sway motion has a larger impact on wake recovery enhancement than surge motion —
a point we investigate in more detail later in § 3.2.

In the following, we examine the mechanisms behind the enhanced wake recovery
found with rotor motion. Figure 5 presents horizontal (y) profiles of the individual terms
in the recovery rate budget. At x =4D (figure 5Sa—c), the black dotted line highlights
a larger value of du/dx for the sway case (figure Sc¢) compared with the fixed case
(figure 5a), particularly within y € [-0.5D, 0.5D]. While the fixed and surge cases still
exhibit characteristics of a developing wake — evidenced by a double-Gaussian-like shape
in 0u/dx — the sway case presents a developed wake profile, already resembling the single-
Gaussian distribution typical of the far wake (Neunaber et al. 2020). This suggests that
sway motion promotes a faster transition to the far-wake regime. By x = 8D (figure 5d—f),
all cases display Gaussian-like du/dx profiles, confirming that the far wake has been
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Figure 5. The y profiles of the terms in the recovery rate budget (2.6) for the fixed-5 (a,d), surge-5 (b,e) and
sway-5 (c,f) cases. Panels (a—c) correspond to x = 4D and panels (d—f) to x = 8D. In the legend, (M) indicates
terms computed using Milan data, while (O) indicates those based on Oldenburg data.

reached for all cases. These findings are consistent with observations under laminar inflow
conditions reported by Messmer et al. (2024a), where platform motion was shown to
accelerate wake development.

Returning to the profiles at x =4D, the primary contributor to the positive du/dx
appears to be the term —(1/@)du’v’/dy, i.e. the gradient of Reynolds shear stress in
the x—y plane. The gradient of u’w’ (the x—z component) also contributes positively
to wake recovery. As discussed in Boudreau & Dumas (2017), van der Laan et al.
(2023), Gambuzza & Ganapathisubramani (2023), these terms are known to dominate
wake recovery processes. The negative regions of du/dx observed at the edges of the
wake (|y| > 0.5D) act as sinks of recovery, supplying momentum toward the wake centre
where du/ox > 0, consistent with the interpretation of van der Laan et al. (2023). The
y-rotational term, —(1/u)vou/dy, is positive and, thus, contributes mathematically to
ou/dx > 0; whereas the other rotational term, —(1/u#)wodu/dz is negative. The sum of
the two appears to be counterbalanced by the remaining residual, which is mathematically
equivalent to the pressure gradient term. Finally, figure 5(d—f) shows that at x = 8D the
recovery rate is higher for the fixed case (figure 5d) than for the sway case (figure 5f), in
agreement with the results shown previously in figure 4(b). At this downstream location,
all cases have transitioned to the far-wake regime, where recovery is primarily driven by
gradients in Reynolds shear stresses in both the x—y and x—z planes.

To provide a broader view, we integrate all terms of the recovery rate budget (2.6)
over the rotor diameter, following the same approach used in (2.2) for u. This integration
yields a quantitative assessment of each term’s contribution (rotation, pressure, Reynolds
stresses) to the overall recovery rate. Figure 6 presents the downstream evolution of these
integrated contributions. Sway motion leads to a substantial increase in the Reynolds stress
gradient terms in both the streamwise — spanwise and streamwise—vertical planes — up
to 65 % higher than in the fixed case (blue 4 symbols in figure 6(a,c). In contrast, surge
motion shows only a modest enhancement of these terms. Meanwhile, mean flow transport
terms (associated with v and w) decay more rapidly for sway — see the yellow B symbols
at x = 6D in figure 6(c) — compared with fixed and surge cases. The turbulent transport in
the x direction (grey x) acts as a mild sink of recovery in all cases.
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Figure 6. Downstream evolution of recovery equation terms (2.6) integrated over the rotor diameter for fixed-5
(a), surge-5 (b) and sway-5 (c). Panels (d—f) show x—y Reynolds shear stress gradients; panels (g—i) show x—z
gradients for the same cases.

Notably, the residual term (green A) emerges as the dominant sink, suggesting that
a large portion of the momentum rate budget is associated with pressure restoration or
rotation-induced pressure effects. Noriega & Mazellier (2025) showed, using a porous
disk with tilted blades, that wake rotation can induce a low-pressure core in the wake.
This low-pressure region likely counteracts the potential benefits of rotational effects on
wake recovery. In fact, between x =4D and 8D, the rotation contribution (yellow H)
appears nearly balanced by the residual, potentially indicating a negligible net impact on
recovery.

Most importantly, for x € [2D, 6D), the enhanced recovery observed for sway primarily
originates from the increased Reynolds stress gradient terms: —((1/u)ou’u;/dx;) with
i €y, z. These terms represent turbulent transport in the x—y and x—z planes, and have
been consistently identified as key contributors to wake recovery in previous studies
on fixed wind turbines (Bastankhah & Porté-Agel 2016; Boudreau & Dumas 2017;
Gambuzza & Ganapathisubramani 2023; van der Laan et al. 2023). Finally, for x = 8D,
the far-wake regime is reached, where the recovery rate DdR,,/dx is well approximated
by the combined Reynolds shear stress gradients, i.e. DAR,,/dx ~ —((1/u)(du’v'/dy +
du’w’/dz)) where rotation and pressure terms are zero (Gambuzza & Ganapathisubramani
2023).

For a clearer insight into the underlying processes, we next explore the decomposition
of the Reynolds shear stresses. In the x—y plane the total term is expressed
as —(1/udu'v'/dy) = —(1/uduv/dy) — (1/udu’v"/dy) (see figure 6d—f) and in the
x—z plane it is written as —(1/udu'w’/dz) = —(1/uduw/dz) — (1/udu"w"/dz)
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(see figure 6g—i). Here, the tilde terms #v and @ww represent the contributions from the
coherent structures induced by platform motion at a given St, while the double-prime
terms u”v” and u”w” capture the contributions from purely stochastic turbulence.

Figure 6(f) shows that the total gradient of the Reynolds shear stress in the x—y plane
is significantly enhanced for the sway case compared with the fixed case (compare the
blue ¢ symbols in figures 6d and 6f). Surprisingly, for sway and 3D < x < 10D, more
than half of the total x—y term is covered by (1 Juduv/ By), i.e the coherent structure
contribution. In contrast, the x —z plane (figure 6i) shows both a lower overall Reynolds
shear stress gradient and a relatively smaller contribution from the coherent structure
subterm. Although surge motion (figures 6e and 6h) also exhibits contributions from
coherent structures in both the x—y and x—z planes, these are much lower than those
observed for sway, reflecting its reduced impact on wake recovery.

These results conclusively show that the coherent structures induced by platform motion
play a critical role in enhancing wake recovery. Consistent with previous findings on fixed
wind turbines (Boudreau & Dumas 2017; van der Laan ef al. 2023), our study shows
that the gradients of Reynolds shear stress in the x—y and x—z planes are central to
the recovery process. In the sway case, the improved recovery — evidenced by the higher
DORy /0x in figure 4(a) — is directly linked to increased Reynolds stress gradient terms:
—(1/udu'v’'/ay) — (1/udu’w’/3z).

Notably, a substantial portion of these gradients is attributable to the contributions of
coherent structures — an observation that supports our earlier speculation in Messmer et al.
(2024a). Previous studies, such as Yilmaz & Meyers (2018), Korb et al. (2023), Van der
Hoek et al. (2024), have similarly linked the presence of coherent structures from periodic
excitations to mechanisms like wake deflection and enhanced momentum entrainment. In
our work, the effect of these mechanisms on recovery are quantitatively represented by the
two terms: —(1/uduv/dy) — (1/uduw/az).

Later in the paper we further decompose wake recovery by distinguishing the effects
of periodic wake deflection and enhanced momentum entrainment, both of which are
influenced by periodic structures, as discussed in Korb et al. (2023). These factors are,
to some extent, hidden in our recovery rate budget analysis.

3.2. Wake profiles and recovery with increasing free-stream turbulence

So far, we have investigated wake recovery for a specific inflow condition with 71y, =
1.5 % and fixed values of St and A*. Next, we present the results on wake profiles and
recovery for a range of inflows with different 7/, (O1.1—05.8 in table 1) and for various
motion cases with St =0.3 and A* € {0.01, 0.017, 0.024} (see table 2). As detailed in
§ 2.1, the active grid at the University of Oldenburg was used to achieve Tl levels in
the range [1.1, 5.8] %. These experiments allow us to assess the combined effects of
increasing inflow turbulence and platform motion on wake development and recovery.
We present in figure 7 the lateral (y) profiles of the normalised wake deficit Au* =

(Uso —u)/Ux (figure 7a) and turbulence intensity 71 = \/u_/z/ﬁ (figure 7b). The data
are organised as follows.

(i) Three inflow conditions, with Tl € {1.1, 3.0, 5.8} %, corresponding to cases O1.1,
03.0 and O5.8 from table 1), shown respectively in (a—0)-(a—4), (b—0)—(b—4),

(c-0)—(c—4).

(i1) Two motion amplitudes per motion type (A* = 0.01, 0.024) for both surge and sway,
with St =0.3.

(iii) Five downstream locations, x € [2, 10]D denoted (.—0)—(.—4), where ‘.’ stands for a,
borc.
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Figure 7. The y profiles of normalised wake deficit (a) and turbulence intensity (b) for fixed, surge- and sway-
3-0.01 and 0.024, i.e St =0.3, A* =0.01, 0.024 (see table 2) for Ol.1 (a—0)—(a—4), 03.0 (b—-0)-(b—4), 05.8
(c-0)—(c—4) and x € [2, 10]D (0,4). Inflows in table 1.
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Figure 7(a) (a-0), (b—0) and (c-0) reveal that, in the near wake at x = 2D, the wake
deficit profiles are nearly identical across all motion cases for a given inflow condition.
This observation, consistent with earlier findings by Fontanella, Zasso & Belloli (2022)
and Messmer et al. (2024a) (in low turbulent inflows, T, < 2 %), suggests that the mean
induction, i.e. the average slowing of the flow by the turbine, is effectively unchanged
between cases. In other words, Cr is constant across motion cases. This equivalence is
crucial as it ensures that any observed differences in wake evolution further downstream
can be attributed to platform motion effects rather than discrepancies in the initial near-
wake, rotor-induction conditions.

As we move downstream, figure 7(a) (a—0)—(a—4) illustrate the pronounced impact of
platform motion on the wake deficit under low inflow turbulence (71, = 1.1 %). Both
surge and sway cases show enhanced wake recovery relative to the fixed case, with the
most significant effect observed for sway motion at the highest amplitude (A* = 0.024,
green x). This case produces a much broader and more uniform velocity deficit profile
compared with the fixed case (black dots), indicating that sway motion promotes a wider
wake and accelerates lateral wake expansion. Notably, by x = 10D, the wake profile
for this sway case deviates from the classic Gaussian shape, potentially challenging
conventional analytical wake models (e.g. the Bastankhah & Porté-Agel (2014) wake
model). In contrast, the lower amplitude case (green triangle) yields a wake profile more
similar to the fixed case, suggesting a weaker influence on wake growth. Comparing the
two motion directions, sway induces more noticeable changes in the wake mean structure
than surge, which remains closer to the fixed reference across all downstream positions.

As inflow turbulence increases, the influence of motion diminishes. At 71, = 3.0 %,
the sway-induced differences are still visible (figure 7a (b-2)—(b—4)), but to a lesser
extent. For surge motion, however, this turbulence level appears to mark a threshold —
no discernible difference is observed between the surge and fixed cases, even at the
highest motion amplitude. Finally, under higher turbulence (71, = 5.8 %), all wake deficit
profiles converge, indicating that inflow turbulence dominates the wake mean profiles and
suppresses any motion-induced effects.

Concordantly, the differences in the turbulence intensity profiles between the motion
cases and the fixed case are most pronounced under low inflow turbulence (71, = 1.1 %),
as shown in figure 7(b) (a-0)—(a—4).

Surge motion primarily increases the level of turbulence intensity within the rotor region
(]y| < 0.5D); for instance, at x = 4 D, the surge case with A* = 0.024 (blue squares) shows
a pronounced increase in turbulence intensity compared with the fixed case (black dots), as
seen in figure 7(b) (a—1). This elevated turbulence accelerates the transition to the far-wake
regime, as detailed in Messmer et al. (2024a). The influence of motion amplitude is clear:
the lower amplitude case (A* = 0.01) induces only a slight increase in turbulence intensity,
consistent with its weaker effect on the wake deficit seen in figure 7(a) (a—0)-(a—4).

Sway motion, by contrast, predominantly enhances turbulence intensity at the edges of
the wake (|y| > 0.5D), particularly at downstream locations (x € [8D, 10D]); see green
crosses in figures 7(b) (a—3) and 7(b) (a—4). Similar to the trends observed for Au*, lateral
platform motion results in a broader and more uniform turbulence intensity distribution,
with a lower intensity in the wake centre and a higher intensity at the edges — indicating a
wider and more dispersed wake for the larger amplitude sway case.

As Tl increases, the influence of platform motion on wake turbulence intensity
diminishes. At 715, = 3.0 %, surge motion with A* = 0.024 leads to a moderate increase in
near-wake turbulence for x < 4D (figure 7b (b-0)—(b-1)). Sway motion at this turbulence
level still causes slight wake broadening in the far wake (x > 8D), though the effect is
noticeably reduced compared with the lower Tl case (figure 7b (b-3)—(b—4)). For both

1018 A23-15


https://doi.org/10.1017/jfm.2025.10509

https://doi.org/10.1017/jfm.2025.10509 Published online by Cambridge University Press

T. Messmer, J. Peinke, A. Croce and M. Holling

surge and sway, the lower amplitude case (A* =0.01) shows no discernible effect on
turbulence intensity profiles when 71y = 3 %.

Finally, at the highest inflow turbulence (715 = 5.8 %), platform motion has negligible
impact on turbulence intensity across all downstream positions beyond x = 2D (figure 7b
(c=D—(c-4)).

This analysis of the turbulence intensity profiles, in agreement with the wake deficit
observations, confirms that the effect of platform motion weakens as inflow turbulence
increases. This trend aligns well with previous CFD studies by Yilmaz & Meyers (2018)
and Li et al. (2022).

We next quantify the differences between the fixed case and the motion cases for
multiple inflow turbulence levels T, and all amplitudes of motion. To do so, we compute
the recovery using (2.2) for the fixed case (St = 0), as well as for surge and sway motions
at St =0.3 with A* € {0.01, 0.017, 0.024} (table 2). Figure 8(a—f) shows the results for
the different inflow turbulence conditions 71 € {1.1, 2.2, 3.0, 4.1, 5.0, 5.8} %.

As noted earlier in the wake deficit profiles (figure 7a), for a given inflow condition, all
cases — fixed or with platform motion — exhibit nearly identical wake recovery at x = 2D.
The effect of platform motion on the wake develops progressively farther downstream,
driven by nonlinear interactions (Messmer et al. 2024a). Between the different inflow
cases, Ry, (x = 2D) varies slightly but remains close to R, =~ 0.5.

The clearest differences between motion cases appear for the lowest free-stream
turbulence level Tl = 1.1 % (figure 8a), consistent with the wake profiles in figure 7(a).
Sway motion with A* = 0.024 improves recovery by up to 21 % compared with the fixed
case. For both surge and sway, the impact is less with decreasing motion amplitude; for
example, sway with A* =0.01 yields a 12 % increase in recovery over the fixed case.
Interestingly, even the largest surge amplitude results in a weaker recovery enhancement
than sway motion at the lowest amplitude.

As Tl increases (figure 8b—f), the influence of platform motion diminishes. At 715, =
2.2 % (figure 8b), surge with A* = 0.024 enhances recovery by only 3.5 %, while sway
still yields an 11 % increase. Sway at A* =0.01 continues to improve recovery by 4 %,
whereas surge at the same amplitude has no observable effect. At 71, = 3.0 % (figure 8c¢),
surge and fixed recovery curves overlap entirely, while sway continues to provide a 5 %
improvement. The effect of sway becomes almost negligible around 71, = 5.0 %, and at
Tl = 5.8 % all cases, fixed, surge and sway, converge.

Figure 8 highlights three important trends. First, sway motion has a stronger influence
on wake recovery than surge, a result we further quantify and discuss later in this paper.
Second, larger motion amplitudes lead to greater recovery improvements, as also pointed
out by Li ef al. (2022), Messmer et al. (2024a). Third, the effect of platform motion does
not add linearly to the effect of inflow turbulence; rather, the two blend. To highlight this
point, we present in figure 9 the downstream evolution of offset-adjusted wake recovery,
denoted as R, for the fixed case (figure 9a) and for the sway case with A* =0.024
(figure 9b), across all levels of inflow turbulence, Tl € [1.1, 5.8] %.

We define the adjusted recovery as

R} (x) = Ry (x) — Ry(x =2D) 4+ 0.5 3.1

in order to align all curves at a common starting point of 0.5 at x = 2D, thereby removing
small variations in Ry, (x = 2D) that arise from minor dependencies on 71.

In the fixed case, wake recovery increases with inflow turbulence. For example, R, (x =
10D) increases from approximately 0.7 at 715, = 1.1 % (dark blue in figure 9a) to about
0.83 at Tl = 5.8 % (light yellow in the same figure), in agreement with trends reported
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Figure 8. Wake recovery from (2.2) for different free-stream turbulence levels: Tl = 1.1 %—5.8 % (cases
01.1-05.8 in table 1). Results include fixed (Sr=0), surge and sway motions at St =0.3 with A* e
{0.01, 0.017, 0.024} (table 2).
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Figure 9. Offset-adjusted wake recovery: R} (x) = (Ry(x) — Ry(x =2D)) + 0.5 (R, defined in (2.2) for
different free-stream turbulence levels: T/, = 1.1 %—5.8 % (cases O1.1-05.8 in table 1). Panel (a) shows
the fixed case (St = 0) and panel (b) sway with St = 0.3 and A* =0.024 (table 2).

in the literature, such as Bastankhah & Porté-Agel (2014). This confirms the general
observation that higher levels of free-stream turbulence lead to faster wake recovery.

In contrast, for the sway case with A* = 0.024 (figure 9b), the recovery appears largely
independent of inflow turbulence: Ry, (x =10D)=0.83 £ 0.01 across all Tl levels.
A slight effect of turbulence is visible around x = 4D, where higher turbulence modestly
enhances recovery; however, this difference diminishes farther downstream. This suggests
that while higher 71, can slightly accelerate the onset of wake recovery, the influence
of platform motion is substantially stronger. Remarkably, platform motion at low T,
produces recovery levels equivalent to those achieved with high turbulence in the fixed
case, emphasising the dominant role of platform movements in accelerating wake recovery.
This effect is examined next in relation to motion-induced coherent structures.

3.3. Motion-induced coherent structures with increasing Tl

In figure 6 we found that coherent structures formed in the wake due to platform
motion contribute to enhanced recovery by increasing the gradients of Reynolds shear
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stresses in the x—y and x—z planes. However, as discussed in figures 8 and 9, this
improvement diminishes with increasing T1,. To investigate the connection between this
trend and the evolution of coherent structures at higher turbulence intensities, we examine
the phase-resolved wake dynamics. The Oldenburg experiments, which use an array of
21 hot wires to simultaneously measure the streamwise velocity along a vertical line,
enable the computation of i (¢*) at fixed streamwise positions. The measurements span
y € [—1.4, 1.4]1D and are synchronised — meaning that for a given x, all probes share the
same initial phase ¢y.

We begin by analysing surge-induced periodic structures, illustrated in figure 10 for
platform motion characterised by St = 0.3 and A* = 0.024 (case surge-3-0.024 in table 2).
Figure 10(a) shows contour plots of the combined mean and coherent streamwise velocity
(u + )/ Uso, while figure 10(b) presents the coherent fluctuation component it/ U alone.
Each panel (a.-), (b.-) and (c.-) corresponds to a different inflow turbulence intensity,
Tl €{1.1, 3.0, 5.8} % — denoted as O1.1, 03.0 and O5.8 in table 1 — and spans one full
oscillation cycle (¢* € [0, 27r]) at downstream positions x € [2, 10]D. At low turbulence
(Tlso = 1.1 %), the combined velocity field shows a distinct periodic pattern of alternating
bulges and constrictions, especially between x € [6, 8] D (see panels a.2—a.3 in figure 10a).
The corresponding fluctuation fields in figure 10(b) (a.0)—(a.4) display in-phase red and
blue bands — indicative of in-phase alternating speed-up and slow-down — characterising a
pulsating wake. This structure is analogous to the varicose mode observed in a planar wake
excited periodically in Wygnanski, Champagne & Marasli (1986). The pulsating structure
is likely resulting from symmetric vortex roll-up in the shear layer due to the platform’s
surging motion. Similar patterns have been reported for thrust-excited and surging floating
turbines in the studies of Yilmaz & Meyers (2018), Messmer et al. (2024a), Li & Yang
(2024), Li et al. (2024), Wei et al. (2024), Hubert et al. (2025).

For Tl = 1.1 %, coherent fluctuations reach amplitudes up to 15 % of the free-stream
wind speed, underscoring the strong influence of platform motion under low turbulence
conditions. The downstream evolution of the mode shows an initial low amplitude
near x =2D, which increases up to a peak around x = 6D before decaying further
downstream. This trend is consistent with observations at a fixed lateral position, which
we reported in Messmer et al. (2024a). As Tl increases, the amplitude of coherent
fluctuations decreases substantially. At 715, = 3.0 %, the pulsating pattern remains visible
(see figure 10b (b.0)—(b.4)) but is less pronounced, with amplitudes reduced by a factor
of approximately three. At the highest turbulence level (715, = 5.8 %), coherent structures
are barely discernible, with amplitudes nearly six times lower than in the low turbulence
case. At this level of inflow turbulence, the development of coherent wake structures is
significantly inhibited, consistent with the CFD analysis of Yilmaz & Meyers (2018).

An equivalent analysis can be performed for sway motion. Figure 11 presents results
for sideways platform motion characterised by St =0.3 and A* =0.024 (case sway-3-
0.024 in table 2), showing the same inflow conditions as for surge in figure 10. In contrast
to surge, sway-induced platform motion causes strong lateral displacement of the wake,
especially pronounced at Tl = 1.1 % (see figure 116 (a.0)—(a.4)). The phase-averaged
streamwise wake velocity, combined with the mean flow, exhibits a sinusoidal shape that
causes the entire wake to oscillate laterally. This lateral motion contributes to the increased
wake spreading observed in figure 7. For example, at x = 8D, the side-to-side amplitude
of wake motion reaches approximately one rotor diameter, as shown by the y displacement
between the wake centre at ¢* =0 and ¢* = 7 in figure 11(a) (@.3). This illustrates how
the relatively small lateral rotor motion (A, = 0.024 D) is strongly amplified in the wake —
a phenomenon we previously discussed in Messmer et al. (2024a) in terms of nonlinear
dynamics.
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Figure 10. (a) Sum of the mean wake flow and the surge-induced coherent fluctuation. (») Surge-induced
coherent fluctuation alone. All velocities are normalised by the free-stream velocity Us. Columns (-.0)—(-.4)
correspond to streamwise positions x/D € {2, 4, 6, 8, 10}. Each panel represents one full period of the motion,
shown over the normalised phase ¢* € [0, 27r]. Rows correspond to different inflow turbulence levels: (a.x)
Tl = 1.1 %, (b.x) Tlso = 3.0 % and (c.x) Tlso = 5.8 %, corresponding to cases O1.1, 03.0 and O5.8 in table 1.
The motion parameters are St = 0.3 and A* = 0.024 (case surge-3-0.024 in table 2).
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Figure 11. (a) Sum of the mean wake flow and the sway-induced coherent fluctuation. (b) Sway-induced
coherent fluctuation alone. All velocities are normalised by the free-stream velocity Uso. Columns (-.0)—(-.4)
correspond to streamwise positions x/D € {2, 4, 6, 8, 10}. Each panel represents one full period of the motion,
shown over the normalised phase ¢* € [0, 2r]. Rows correspond to different inflow turbulence levels: (a.x)
Tl =1.1 %, (b.x) Tlso = 3.0 % and (c.x) Tlsx = 5.8 %, corresponding to cases O1.1, 03.0 and O5.8 in table 1.
The motion parameters are St = 0.3 and A* = 0.024 (case sway-3-0.024 in table 2).
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Interestingly, the shape of the phase-averaged wake bears a resemblance to the flow past
a cylinder undergoing vortex shedding, as described by Cantwell & Coles (1983), and also
to the flow behind high-solidity porous disks (see the smoke visualisations in Cannon,
Champagne & Glezer (1993)). The periodic lateral wake motion shares similarities with
the sinuous mode identified by Wygnanski et al. (1986) in planar wakes and the coherent
structures found in excited jets (Crow & Champagne 1971). These analogies suggest that
many shear flows exhibit an intrinsic sinuous mode, which, when excited at the appropriate
frequency or under favourable conditions (e.g. low turbulence and strong shear layers),
can develop into large-scale coherent structures due to shear layer instabilities — even in
the presence of background turbulence, as observed in our case. In the context of wind
energy, this phenomenon is referred to as coherent wake meandering and studied in detail
in Mao & Sgrensen (2018), Li er al. (2022). In our case, the meandering motions are
triggered by the lateral turbine movements.

Accordingly — and in contrast to the surge-induced structures — the meandering patterns
in figure 11(b) (a.0)—(a.4) exhibit anti-phase velocity fluctuations: u(¢* =m, y=—R) ~
—u(¢p* =m, y = R). The amplitude of these streamwise meandering fluctuations reaches
up to 20 % of the free-stream velocity. As with surge, increasing inflow turbulence reduces
the magnitude of these coherent structures: at 71, = 3.0 % amplitudes are roughly halved,
while at T, = 5.8 % they are reduced by a factor of six. Similar to the results obtained
for surge motion, the shape of the mode remains consistent across different turbulence
intensities. Its magnitude increases with downstream distance, reaching a maximum
between x € [4D, 6D], before gradually decaying further downstream.

Later in the paper, we quantify the energy contained in these coherent structures and
examine the relationship between their energy content, wake recovery enhancement and
the energy input from platform excitation. A direct comparison between surge and sway
motions is presented to highlight the differences in their respective impacts.

Prior to this, we address and quantify a frequently debated issue in wind energy: the
effect of coherent fluctuations on the time evolution of phase-resolved wake recovery.

3.4. Coherent structures and phase-resolved wake recovery

It is often argued that the observed increase in wake recovery — computed using (2.2) and
shown in figure 8 — in response to platform motion or rotor excitation could be an artefact
of periodic wake displacement, as discussed by Korb et al. (2023). This is particularly
relevant in the case of sway-induced coherent structures (figure 11a), where the entire
wake undergoes large-amplitude lateral oscillations. When such motion is averaged over
time and across the rotor area, it can artificially smooth the wake profile, giving a feigned
increased recovery. This raises an important question: Is the enhanced recovery a result
of actual momentum exchange, or is it merely a consequence of averaging over periodic
lateral displacements? In the following, we clarify this distinction and present evidence to
evaluate the true contribution of coherent structures to enhance momentum exchange.

Figure 12(a) displays horizontal wind speed profiles in the wake at x = 6D. Panels
12(a)(c—g) show both the time-averaged wake profile and phase-resolved wake profiles for
the surging turbine operating at St = 0.3, A* =0.024 and T, = 1.1 %. For comparison,
the wake of the fixed (non-oscillating) turbine is also included. Similarly, the wake profiles
for the swaying turbine under identical operating conditions are shown in figure 12(a)(h-/).
We manually adjusted the phase origin ¢ such that, for ¢* = 0, the phase-resolved wake
aligns most closely with the time-averaged profile.

As ¢* increases (¢* € [0, ]), the surging turbine’s wake initially contracts and exhibits
higher wind speeds than the time-averaged case (see figure 12a(c—e)). To better illustrate
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Figure 12. Comparison of time-averaged and phase-averaged wake recovery. (a) Time-averaged and local
(phase-averaged) streamwise wind speed y profiles at x = 6D for selected phases ¢* € {0, 2x, 47, 67, 87}/5,
for both surge (a—e) and sway (f-j) motions, with St =0.3, A*=0.024 and Tl = 1.1 %. (b) Local wake
recovery Ry, (¢™) computed across the phase range ¢* /27 € [0, 1]. The plot includes the mean of the phase-

averaged recovery IZU((p*), the time-averaged recovery R,, (also for the fixed reference case), shown for both
surge (1) and sway (2) cases.

the connection between the wake profiles and the coherent dynamics, we display in
figure 12(a)(c—e) the structure previously shown in figure 10(b)(a.2), and mark with a red
thick line the position of ¢*. Beyond ¢* > 7, the streamwise component of the coherent
structure becomes negative, the wake expands, and the wind speed decreases below the
time-averaged profile. Notably, at ¢* = 87/5, the wake speed is even lower than in the
fixed case, i.e. Ufivea > (U + 1) surge-

To quantify the effects of motion on recovery at different phases, we define the phase-
resolved wake recovery R, (¢™*) as

1 R+yc(¢™)

Ru(@") = 55— . (@+ (")) dy. (3.2)

Here, y.(¢*) is the lateral location of the wake centre at a given phase, defined as
the position where u + i reaches its minimum. For surge motion, this position remains
approximately constant and centred: y.(¢*) ~ 0.
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Figure 12(b)(1) shows_the evolution of ﬁ; over a full motion cycle (¢* /27 € [0, ~ 1]),

alongside the average, Ry, and the conventional time-averaged wake recovery from (2.2),
both for the surging and fixed cases. In agreement with the profiles in figure 12(a)(c—g),
the phase-resolved recovery initially increases (red x-. curves) when i > 0 for ¢* /27 €
[0, 0.5]. Then, as the wake expands for ¢* /27 > 0.5, the recovery decreases, even falling

below that of the fixed case. Overall, R, (red dashed line) is only slightly higher (by
~ 1 %) than the conventional time-averaged value (blue solid line). This indicates that,
for surge motion, the coherent structures do not significantly alter the mean of the phase-
averaged recoveries, although they do introduce large fluctuations depending on ¢*. As a
result, downstream turbines in the wake would experience substantial power variability.

In contrast, the wake of the swaying turbine behaves differently. As seen in
figure 12(a)(h-I), the wake undergoes significant lateral movement, with the wake centre
Ve(¢*) varying between —R and R. This behaviour, driven by the meandering mode
illustrated in figure 11(b)(a.2) and reproduced in figure 12(a)(h-I), causes the phase-
averaged wake profile to shift side to side rather than contract or expand. Unlike the surge
case, the minimum of u + ¥ remains almost constant across phases, but is slightly lower
than that of the time-averaged wake alone. This suggests that the smoothed time-averaged
profile (green solid line in figure 12(a)(h-1)) also includes a contribution from the phase
displacements rather than solely from enhanced momentum transport.

Another important difference lies in the shape of the phase-resolved wake. For the
surging turbine, the wake retains a near-Gaussian profile even locally, whereas the swaying
turbine’s wake becomes asymmetric at different phases — indicating a distortion caused by
lateral motion. This further highlights the distinct nature of wake modulation between
meandering and pulsating modes.

In figure 12(b)(2) we display the phase-averaged recovery for sway motion at various ¢*
(orange squares), along with the average over all the phases, the time-averaged recovery
and the fixed case for reference. Compared with the surge case, the variation in phase-
resolved recovery is smaller (~6 % around the mean versus ~16 % for surge). Interestingly,
the time-averaged recovery (green solid line) is slightly greater than the mean of the phase-
resolved wake recovery, however, by only about 3 %, indicating that the enhanced recovery
for sway is primarily due to increased momentum transport rather than smoothing artefacts
— aresult also analysed by Korb er al. (2023). However, the approach of Korb et al. (2023)
differs: using CFD, they examined energy differences between the time-averaged wake and
the wake in a meandering frame of reference, integrated over the full wake area at a given
downstream position. They reported differences up to 15 %, whereas our wind-speed-
based line profiles show only a 3 % deviation. While the cases and metrics differ (they
examined energy; we analyse streamwise velocity), both studies highlight that averaging
over periodic wake motion introduces discrepancies in evaluating true recovery. If other

metrics like u? (kinetic energy) or u3 (wind power) were considered, these discrepancies
would likely be more pronounced in our case. Nonetheless, we find that the dominant
source of enhanced recovery remains the increased exchange between the wake and the
outer flow — a point we return to in the conclusion.

3.5. Coherent structures: energy perspectives

We conclude the results section with an analysis of the energy of the coherent structures
observed in the wake of the moving wind turbine, focusing on their relationship with
free-stream turbulence intensity, energy of platform motion and enhanced wake recovery.

Reynolds & Hussain (1972) provide a mathematical framework for the energy dynamics
of coherent structures, describing the transfer of energy between the mean flow, stochastic
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fluctuations and coherent motions. They define the local kinetic energy of a coherent
structure in a flow as

l= 15 = =
eC5=§Mi2=§(ﬁ2 +024+w ) 3.3)
In their work, Reynolds & Hussain (1972) derive a transport equation for ecs from
the phase-averaged Navier—Stokes equations. While such an analysis would be of interest
in the present context, it falls beyond the scope of this study. However, the concept of
energy remains relevant, as we can compute ecs from the full 3-D dataset available from

Milan, and evaluate %2 (a subset of ecs) across all cases with varying degrees of freedom
(DoF), Strouhal number S¢, motion reduced-amplitude A* and free-stream turbulence
intensity 71x.

Hussain (1986) emphasises the 3-D nature of coherent structures, which often occupy a
substantial volume of a sheared flow. This motivates extending the concept of local energy
to a more spatially integrated quantity, particularly across the dimensions where measure-
ments are available. Previous CFD studies from Yilmaz & Meyers (2018) and Li et al.
(2022) provide visual evidence of the large-scale extent of these structures in 3-D space.

In our case, measurements are taken along a horizontal line at hub height. As observed
in figures 10 and 11, the motion-induced coherent structures span a significant portion
of the lateral direction. Most of the energy is concentrated in the region y € [-D, D],
as illustrated, for example, in figure 11(b)(a.2). Based on this, and following a similar
approach to Yilmaz & Meyers (2018), we define the spanwise-integrated kinetic energy of
the coherent structures, normalised by the inflow mean kinetic energy:

E35=L/D 1(”q-l-ﬁ_Q-i-ﬁ)d)’/ le — /Decde- (3.4)
2D ) 2 2°>) T 2puL J_p

To enable comparison across all datasets, we also define a streamwise-only version,

Ej cs» Which uses only the streamwise component u?:

1 D _
E:,Cs=m/_1)u“2dy. (3.5)

Similar to (3.5), we define E;‘ csand E ;“’C s as the normalised energy contributions from

the spanwise (v2) and vertical (w2) components of the coherent structures, respectively.

We begin by examining the shared dataset between Milan and Oldenburg for the cases
surge-5 and sway-5 (see table 2), under inflow conditions M 1.5 and O1.5 with Tl = 1.5 %
(see table 1). Figure 13(a) presents the downstream evolution of E;C ¢ from both the
Milan and Oldenburg datasets, while figure 13(b) shows the evolution of E;fc g» Where
i €{x, y, z}, and the total energy Ef., using the 3-D data from Milan. The good agreement
(i.e. a mean deviation of less than 10 %) between the curves marked with empty symbols
(Oldenburg) in figure 13(a) and those with filled symbols (Milan) confirms the consistency
of the results from the two experiments. A more detailed comparison is provided in
Appendix B.

In figure 13(a) the normalised, spanwise-integrated energy of u2 for both surge- and
sway-induced structures initially increases for x <4D. This indicates that, in the near-
wake to the transition region, the coherent structures are gaining energy. The energy
associated with the meandering mode (sway, green curve) is approximately 50 % larger
than that of the pulsating mode (surge), correlating with the higher wake recovery for sway
observed in figure 4(a). Further downstream, for 3.5 < x/D < 5.5, the energy reaches a
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Figure 13. Integrated energy of surge- and sway-induced coherent structures for cases surge-5 and sway-5 (see
table 2). (@) Comparison of the integrated energy of the streamwise component of the coherent fluctuations
E:,cs (3.5) for surge and sway with St = 0.38, A* = 0.01, using Milan and Oldenburg datasets (Tl = 1.5 %).

(b) Integrated energy of each component of the coherent structure: streamwise 2, lateral 32 and vertical W2
velocities, as well as their total noted E ;k,c 5 E;,c 5 E;,c s and E}, respectively, for surge (b.1) and sway (b.2).
Panels (b.3) and (b.4) show the same energy components normalised by their respective maximum values.

peak and then decays. This decline indicates that the coherent structures are dissipating
energy, consistent with our pointwise analysis in Messmer et al. (2024a). By x = 10D,
the energy has dropped to about one-fifth of its peak value, showing strong dissipation
and potential breakdown into smaller-scale turbulence, consistent with the classic energy
cascade described by Richardson/Kolmogorov (Pope 2001).

Figure 13(b)(1-2) provide additional insights into the downstream development of
E;f’c 5 E;C ¢ and the total Efg for the Milan dataset. The differences between the

surge- and sway-induced structures are much more pronounced when considering the full

3-D energy components. In particular, the spanwise component 02 (triangular markers
with dashed lines) shows almost four times more energy for sway than for surge. As
a result, the total energy Ef is nearly three times higher for sway, emphasising the
energetic dominance of the meandering mode under identical excitation conditions (St =
0.38, A*=0.01).

Despite these differences, the overall trends are similar: Ef increases to a peak before
decreasing downstream. This full 3-D analysis shows that a significant portion of the
meandering mode’s energy resides in the spanwise direction (v), as expected from its
lateral motion characteristics. Figure 13().(3—4) show the same quantities as in b.(1-2),
but normalised by their respective maximum values. While the normalised total
energy Efg/ max Efg does not exactly match the normalised streamwise component
E;‘ cs/ max E;‘ cs- the trends remain consistent. This supports the decision to investigate
E;‘ cs as a proxy for total energy across all cases — while acknowledging that it only
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Figure 14. Integrated energy of the streamwise component of the coherent structures induced by motions
X cs for surge (@) and sway (b) both with St =0.3, A* =0.024 (surge- and sway-3-0.024 in table 2) for

Tls €[1.1, 5.8] % (O1.1-05.8 in table 1). The red symbols represent the normalised energy of the free-stream

ﬂuctuatlons €, (3.6) and the dashed line shows e , the normalised energy of the platform motion (3.7).

represents a portion of the total energy. In particular, for the meandering mode (sway),
a large fraction of the total energy is concentrated in the spanwise component E;" cs>
meaning that differences between surge and sway are more significant than suggested by
E7 . alone. Nonetheless, it is reasonable to assume that a lower E7 ¢ generally implies
a lower total energy E7,

We next analyse the E t.cs dependency to inflow conditions and motion parameters.
We start with figure 14 for the normalised energy evolution of the pulsating mode
from surge motion (figure 14a) and meandering mode from sway (figure 145) both with
St =0.3, A*=0.024 for the different inflows: Tl € [1.1, 5.8] %. On both panels, we
added red symbols that represent the normalised energy of the free-stream fluctuations,

., defined as

€ = e/ (1/2U2%) = (1/2u2)/(1/2U%) =u2 JUL =TI%. (3.6)

From (3.6), the higher the inflow 71y, the higher the energy of the fluctuations. Here
can be compared with E7 ¢ as well as the normalised energy of the platform motion,

which we defined and dlscussed already in Messmer et al. (2024a), as

k
EOO
*
P

€= 2( StA¥)?, (3.7)

which quantifies the normalised energy of the platform motion. Figure 14 illustrates that,
for both surge (figure 14a) and sway (figure 140), increasing inflow turbulence intensity
Tl (i.e. higher €%)) leads to a reduction in the energy of the coherent structures. This
trend is also visible in figures 10 and 11, based on the spatial maps of u.

For example, in the surge case, the normalised streamwise energy of the coherent
structure, E7 .cs» 1s approximately eight times larger for /oo = 1.1 % than for Tl =
5.8 %. A similar trend is observed for sway, with the energy about five times higher at low
turbulence. At a fixed inflow condition, sway-induced coherent structures exhibit higher
energy levels than those induced by surge, consistent with the observations in figure 13(a).

Both surge and sway exhibit a similar evolution in coherent structure energy: an
initial growth up to x &~ 4—6D, followed by a downstream decay. At x =2D, the energy
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levels are nearly identical across all inflow turbulence intensities 77, and closely
match e}“, — the energy associated with platform motion. This suggests that at this early
position, the coherent structures have not yet developed and their energy is primarily
determined by the imposed motion. Further downstream, however, the growth and peak
level of coherent structure energy become strongly dependent on Tl,. For low turbulence
intensities (Tlx < 2.2 %), the structures grow substantially in energy. In contrast, for
higher turbulence levels (71, > 3 %), their growth is significantly dampened. The location
of the peak energy E7 g, as well as the rate of energy increase and decay, vary depending
on both the direction of motion and T/4,. This indicates that the formation and evolution
of coherent structures are highly sensitive to inflow conditions.

Under surge excitation, when the inflow turbulence intensity exceeds approximately
Tl 2 3 %, the energy of the streamwise coherent structure, E} ¢, generally falls below
the platform motion energy threshold €%*. While a slight increase above €* is observed
close to the source, it quickly diminishes downstream, suggesting that higher turbulence
intensity inhibits the formation and persistence of coherent structures. For sway, by
contrast, coherent structure energy remains above the threshold until turbulence levels
exceed approximately 5 %, demonstrating that the sway-induced structures are more
resilient to free-stream turbulence.

Interestingly, this energy threshold seems to correlate with the wake recovery trends
shown in figure 8. In the surge case, no significant improvement in recovery is observed
for Tl 2 3 %, whereas for the sway case, this limit rises to Tl = 5 %. This suggests that
e; may act as a critical threshold — below which the coherent structure’s energy is too
weak to affect wake recovery meaningfully. Figure 14 also highlights that sway-induced
structures not only carry more energy but also better resist the damping effects of increased
inflow turbulence compared with surge-induced structures.

So far, we have investigated only the highest amplitude of motion (A* =0.024).
We now extend the analysis in figure 15 to include all three tested amplitudes: A* €
{0.01, 0.017, 0.024}. To facilitate the analysis of how coherent structure energy depends
on A* and inflow turbulence intensity 77, we introduce a streamwise-integrated metric.

As shown in figure 14, increasing levels of T, lead to a clear reduction in the overall
energy of the coherent structures. On average, this energy is well above the platform
motion energy threshold e}“, for low turbulence levels (715, < 2 %), approximately equal
to it around 71, =~ 3 %, and falls below it for higher turbulence intensities (T1s, > 3 %) in
the surge case (figure 14a). For sway, the thresholds are at higher 71, values (figure 14b).
These observations motivate the use of a spatially integrated metric that captures the
overall strength of the structure and allows direct comparison with €. Inspired by the
approach of Yilmaz & Meyers (2018), we define the streamwise-integrated coherent
structure energy as

. 1 x=10D .
fEx,CS=8—D/x:20 EY cs(x) dx. (3.8)

This quantity represents a spatially averaged estimate of the coherent structure energy
in the x direction, computed over the region where the structures are observed (x x y €
[2D, 10D] x [—-D, D]). Figure 15 presents f E:,cs as a function of inflow turbulence
intensity 71 for surge (a) and sway (b) excitation, at fixed Strouhal number St = 0.3, and
for all amplitudes and inflow conditions considered (O1.1-05.8 in table 1, corresponding
to Tl € [1.1 %, 5.8 %]).

A consistent trend is observed for both motion directions: for a given inflow condition,
increasing A* leads to a higher coherent structure energy. For example, at Tl = 1.1 %,
the integrated energy for surge at A* = 0.024 is approximately three times higher than at
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Figure 15. Streamwise-integrated energy of the coherent structures in the x direction, defined as [ E* .o =
(1/8D) [*5P E* -5(x) dx, plotted against the inflow turbulence intensity 7/x for (a) surge and (b) sway.
All cases use St =0.3 and A* € {0.01, 0.017, 0.024} in table 2 and inflows O1.1-05.8 in table 1. Here red :,

—,- lines represent 6;; defined in (3.7).

A* =0.01 (compare blue e and x in figure 15a). Similarly, for sway, the increase is about
1.8 times (compare green e and X in figure 15b).

A higher A* naturally results in a higher excitation energy €, which scales with A*2
(3.7). Thus, the platform motion at A* =0.024 carries approximately 5.8 times more
energy than at A* =0.01. Interestingly, the relative response of the wake structures (i.e.
the energy of the structures relative to e;) is larger for smaller A*, which aligns with
classical findings in periodic excitation and synchronisation theory. As shown by Pikovsky
et al. (2001), weakly forced nonlinear systems often exhibit enhanced sensitivity, leading
to more efficient energy amplification at lower excitation amplitudes. Nonetheless, in
terms of absolute energy levels, our results show clearly that increasing the excitation
amplitude leads to more energetic coherent structures. Since e;’j &« 1, even the largest tested
amplitudes still fall in the range of what can be considered infinitesimal forcing.

The further analysis of figure 15 confirms, as previously analysed in figure 14, that
sway motion generates coherent structures with higher energy and greater resilience to
increasing inflow turbulence intensity 71/, compared with surge. The connection between
the energy of the coherent structures and wake recovery enhancement becomes apparent:
as Tl increases, the energy of the structures decreases, and so does the impact of the
structures on recovery. For the largest amplitude A* = 0.024, the energy drops below the
corresponding platform motion energy EI’S (A* =0.024) at approximately T, ~ 3.0 % for
surge and Tl & 5.0 % for sway. For the lower amplitudes (A* < 0.017), [ E;“ ¢ Temains
above the respective e; (A*) for all inflow conditions, but the absolute energy remains
significantly lower than that of the structures induced by A* = 0.024. By linking figures 8
and 15, we observe that, for any A*, when f E;ck,cs SEZ(A* =0.024), the impact of
platform motion on wake recovery improvement becomes negligible. Therefore, the higher
energy of the meandering structures induced by sway, along with their greater robustness
to increasing 71, leads to an extended range of inflow turbulence conditions where sway
motion improves recovery compared with surge. This observation is further quantified in
figure 16.

Figures 14 and 15 have shown that both €}, (the normalised energy of the free-
stream fluctuations) and €, (the normalised energy of the platform motion) are key
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Figure 16. Relative increase in wake recovery, AR/R (3.10), plotted against the ratio €3, /€7, which compares
the normalised energy of free-stream fluctuations to that of platform motion. Data includes all motion cases
with St = 0.3 and inflow conditions from O1.1 to O5.8 (see tables 1 and 2). A threshold of 1.5 % is shown as a
red dashed line.

parameters governing the energy of coherent structures and, consequently, the wake
recovery enhancement. An increase in €, leads to more energetic structures for a fixed €3,
while an increase in € results in weaker structures, as they struggle to emerge and persist
in a more turbulent background at constant 61";. As the energy of the coherent structures
decreases, so does their impact on wake recovery improvement.

This observation motivates the study of the relative increase in wake recovery, AR /R,
between a case with platform motion and the corresponding fixed-platform reference, for
different energy levels of inflow and platform motion. The streamwise-integrated wake
recovery R is defined as

1 x=10D 1 y=R + ,
1 1Y) 4y d

| x=10D
R = — Ry (x) dx. 3.9
8D Jy—op D Jy——r Ux 8D /x:ZD v

Here, R represents the average recovery over the measurement region x € [2D, 10D].
The relative increase in recovery is given by

AR R(St, A*, Dof, T o) — R(St =0, T )
R R(St, A*, Dof, T I) '

This quantity quantifies the relative improvement in wake recovery due to platform
motion, averaged over the streamwise measurement domain. The final figure 16 shows
the evolution of AR/R (3.10), plotted against the ratio €3,/€; for all motion cases
with St =0.3 and inflows ranging from O1.1 to O5.8. This figure complies some of the
outcomes of figures 8, 14 and 15 combined.

For Tl =1.1%, €}, =12 x 10~4, which is lower than 6;); for all A*. For example,
for A* =0.024, €5, /€, ~ 0.1, indicating that there is an order of magnitude more energy
in the platform motion than in the free-stream turbulence. As a result, the energy of
the coherent structure found in the wake and induced by the platform is significant (the
largest) for both surge and sway DoFs (see the blue and green e in figure 15(a) and
15(b) for quantification). Consequently, the impact on recovery is also large: about 16 %
more averaged recovery is observed for sway compared with 7 % for surge, relative to
the fixed case’s recovery (see the e points for €3 /e; ~ 0.1 in figure 16). As €3 /€,
increases, the inflow turbulence either increases (if e;‘, is fixed) or e}“, decreases (with
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fixed € ). Regardless of the scenario, as € /6;; increases, the relative importance of
the motion diminishes because the inflow turbulence becomes more dominant. For both
surge and sway, small discrepancies in the impact of motion on recovery improvement
can be observed at different amplitudes for a given €%/ e;‘; ratio. Specifically, the lowest
amplitude (x in figure 16) leads to larger recovery improvements compared with the
highest amplitude, consistent with the statement that ‘the lower the excitation amplitude,
the greater the relative impact’. Nevertheless, the overall trend remains clear: as €3, /€,
increases, the influence of platform motion on wake recovery diminishes, eventually falling
below 1.5 % — a level at which the effect becomes indistinguishable from measurement
uncertainty here (Messmer et al. 2024b).

Notably, the difference between surge and sway, discussed throughout the paper,
becomes evident here. For €, /€}, 2 1 (marked with the transparent blue rectangle
in figure 16), the impact of surge motion on wake recovery becomes negligible. In
contrast, the threshold for sway is about 3.5 times higher, with no measurable impact
for €%, /e; 2 3.5. This key result demonstrates that surge-induced coherent structures,
responsible for enhanced recovery, are more sensitive to inflow turbulence than sway-
induced structures, with a factor of about 3.5. This is further discussed in the conclusion.

4. Summary of the main findings

In this paper we investigated wake recovery mechanisms and the interplay between
inflow turbulence and motion-induced coherent structures in the wake of a model
floating wind turbine. We considered harmonic surge and sway motions (figure 2b,c),
with motion parameters St € {0.3, 0.38} and A* € {0.01, 0.017, 0.024}. Wind tunnel
experiments (figure 1) were conducted in two facilities under various inflow conditions,
with turbulence intensities 71, € [1.1, 5.8] %, controlled using an active grid. Hereafter,
we summarise the main findings.

The new insights of this paper are the connection between motion-induced coherent
structures and enhanced wake recovery, as well as the interplay with increasing 77n.

First, at T, = 1.5 %, we found that the increased wake recovery with platform motion,
most pronounced for sway (figure 4a), is directly linked to an increase (up to 65 % more
than the fixed reference case) in the Reynolds shear stress gradient term in the x—y plane
(i.e. from streamwise-lateral fluctuations), and secondly in the x—z plane. Previous work by
Bastankhah & Porté-Agel (2016), Boudreau & Dumas (2017), van der Laan et al. (2023),
Gambuzza & Ganapathisubramani (2023) identified these terms as the main drivers of
recovery. In this paper we further decompose the terms —((1/u)(du’v’/dy + du'w’/9dz))
as the sum of the contributions from the coherent structure (12v, zZw) and purely stochastic
turbulence (W, u”"w’”). We showed in figure 6 the large contribution (more than 50 %)
from — ((1/5)37’5/ 8y>, i.e. from the coherent structure induced by the rotor motion of

the floating platform to the improved —((1/%)du’v’/dy). This term is found in the wake
recovery rate budget (2.6) and contributes to the higher recovery rate, DdR,,/dx. This
new result confirms our speculation in Messmer et al. (2024a) and provides clear evidence
as well as quantification of the role of large-scale coherent structures in improving wake
recovery.

Second, as Tl increases, the wake recovery of the moving turbine approaches that of
the fixed case, indicating that higher inflow turbulence reduces the influence of motion on
recovery enhancement (figure 8). This trend is consistent with CFD results for sway motion
reported by Li et al. (2022) and surge motion from Li et al. (2024), as well as with other
rotor excitation techniques investigated in Yilmaz & Meyers (2018), Korb et al. (2023).
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We considered three amplitudes of motion and observed that higher amplitudes result
in a more pronounced impact on recovery. Comparing fore-aft and sideways motion, we
saw in figure 8 that sway motion leads to a larger increase in recovery than surge for
equivalent cases. Furthermore, this study identifies the inflow turbulence levels, TI,
beyond which the impact of platform motion on wake recovery becomes negligible.
Specifically, for the maximum amplitude tested (A* =0.024 at St =0.3), the critical
threshold is approximately 71, = 3 % for surge and T1s, ~ 5 % for sway motion.

Third, the measurements from Oldenburg enabled the computation of the shape of the
coherent structures and allowed us to distinguish two different modes induced by surge
(fore-aft) and sway (sideways) motion, as well as their development under increasing free-
stream turbulence. Fore-aft motion leads to the formation of pulsating coherent structures
(figure 10), characterised by alternating shrinking and expansion of the wake, also reported
in Yilmaz & Meyers (2018), Li & Yang (2024), Li et al. (2024), Wei et al. (2024), Hubert
et al. (2025), and resembling the varicose mode observed in planar wakes described by
Wygnanski et al. (1986). In contrast, sway motion generates structures that oscillate side
to side, a typical meandering mode, similar to those found and discussed in Li et al. (2022),
Li & Yang (2024). This structure shares characteristics with vortex shedding behind bluff
bodies (see figure 11) and with the sinous mode described by Wygnanski et al. (1986). Both
types of structures (pulsating and meandering) contribute to increased Reynolds shear
stresses, du’v'/dy and du’'w’/dz, as discussed earlier and shown in figure 6. For both
DoF, increasing the level of inflow turbulence, T/, leads to less pronounced coherent
structures, which become barely visible at T, = 5.8 %.

Fourth, we investigated the influence of coherent structures on phase-resolved wake
recovery, by examining changes in the phase-resolved wake profiles (figure 12).
Surge motion induces significant phase-to-phase variations in wake recovery, but these
fluctuations average out over a cycle to result in little to no difference in the average
of the phase-averaged recoveries compared with the time-averaged recovery defined in
(2.2). Sway motion, in contrast, causes smaller phase-to-phase fluctuations, yet the mean
phase-resolved recovery is lower than the classic time-averaged recovery. This suggests, as
also noted by Korb ef al. (2023), that part of the enhanced wake recovery observed with
sway motion, reflected in the increased term du’v’/dy, is due to lateral smearing of the
wake profile. However, this smearing mechanism accounts for only about 10 % of the total
recovery enhancement, indicating in our case that the dominant contribution arises from
increased momentum entrainment.

Finally, we linked enhanced recovery and coherent structures by examining the energy
of the large-scale organised patterns. We focused on the streamwise component of the
coherent structure energy, E ;"CS (3.5), and provided rationale for this choice in figure 13.
Results show that meandering structures exhibit higher energy and are more resilient
to increasing inflow turbulence than surge-induced structures (figure 14). Moreover,
higher motion amplitudes, A*, generate structures with greater energy compared with
lower amplitudes, directly linking to the lower recovery increase under smaller motion
amplitudes (figure 15). Last but not least, we quantified the relationship between the
energy of free-stream fluctuations, €%, (3.6), and that of the platform motion, e;’; (3.7),
in relation to the relative increase in wake recovery (figure 16). For €5, /ey, <0.5, ie.
when motion energy dominates over free-stream fluctuations, both surge and sway motions
enhance wake recovery, with sway leading to up to 16 % improvement. However, as €,
increases, the impact of motion on recovery diminishes. Our results clearly show that
sway consistently leads to larger recovery enhancement than surge and that sway-induced

structures are more resilient to inflow turbulence. We found that, for € /e;'; > 1, the
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effect of surge motion on wake recovery improvement becomes negligible, while for sway,
this threshold is about €%, /e; = 3.5, indicating the greater robustness of sway-induced
structures to free-stream turbulence.

5. Discussion and conclusion

Last, we discuss and draw conclusions based on our results regarding the similarity with
canonical flows and local wake recovery mechanisms (§ 5.1), the formation of coherent
structures in turbulent backgrounds (§ 5.2) and the implications for wind energy (§ 5.3).

5.1. Similarities with canonical flows and local wake recovery mechanisms

Despite the complexity of wind turbine wakes and the high Reynolds numbers involved,
it is remarkable to observe wake dynamics similar of those found in canonical shear flows
with laminar backgrounds, as described in foundational studies from the 1970s and 1980s
(Crow & Champagne 1971; Ho & Huerre 1984; Wygnanski et al. 1986). These structures
arise from shear-flow instabilities, where periodic disturbances are strongly amplified
(Gupta & Wan 2019), even in turbulent environments where excitations are less distinct.
In the wake of a fixed turbine, we observed inherent sinuous (Wygnanski et al. 1986) (i.e.
meandering) modes, as evidenced by the erratic meandering reported in Messmer et al.
(2024a). However, these modes are typically smeared out, resulting in disorganised motion
similar to that observed behind porous disks with high porosity (Cannon et al. 1993). This
behaviour occurs within a characteristic meandering frequency range ( f;,), defined by the
Strouhal number St,, = (fi, D/Us) € [0.1, 0.5], as previously discussed in Messmer et al.
(2024a). When such a shear flow is excited at an appropriate frequency (e.g. f, D/ Ux &
0.3), via harmonic platform motion or other methods, the convectively unstable wake
responds strongly, even to small perturbations (Ho & Huerre 1984). The dynamics then
become dominated by the excited coherent structures, similar to vortex shedding behind a
cylinder. As noted by Cantwell & Coles (1983), ‘the relatively large stress associated with
deep incursions of free-stream fluid into the regions between the (coherent) vortices’ is the
‘most interesting feature’ of such flows. This observation raises questions about the local
mechanisms driving wake recovery, which we discuss in the following.

Our findings demonstrate that, in a time-averaged sense, large-scale periodic structures
enhance wake recovery by increasing the gradient of the Reynolds shear stresses.
Instantaneously, two key mechanisms appear to be involved: periodic wake deflection
(Korb et al. 2023) and enhanced entrainment — achieved via engulfment and nibbling
processes, as discussed by Kankanwadi & Buxton (2020) in the context of cylinder wakes.
As shown in figure 12, the majority of the recovery enhancement originates from increased
entrainment, while wake deflection plays a secondary role.

An open question remains: Which local entrainment mechanism is primarily enhanced
by the presence of large-scale structures — nibbling, engulfment, or both? On one hand,
the organised structures likely increase the length of the interface between the wake
and the outer flow (i.e. the turbulent—turbulent interface), potentially enabling enhanced
momentum transfer via small-scale nibbling (da Silva ef al. 2014). On the other hand,
following the observations of Cantwell & Coles (1983), large-scale structures may promote
engulfment by drawing outer fluid into the wake core, thereby accelerating momentum
recovery.

At this stage, these remain hypotheses, but they represent promising directions for future
investigation aimed at better understanding the very local mechanisms by which large-
scale coherence influences wake recovery.
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5.2. Formation of excited coherent structures in a turbulent background

In this paper we turned to analytical methods originally used to study coherent structures
in canonical flows (Reynolds & Hussain 1972), applying them here to measure structures’
energy and its dependence on free-stream turbulence to a problem motivated by wind
energy. We observed that increased inflow turbulence (71, ) leads to less energetic motion-
excited coherent structures. This suggests that higher turbulence levels either smear out
the periodic excitation, preventing the formation of coherent structures, or disrupt the
structures rapidly, or both. We found that reduced coherent structure energy corresponds
to weaker enhancements in the Reynolds stress gradients, as evidenced by the comparison
between surge- and sway-induced structures in figure 13(b.1,.2). The reduced surge-
induced structure energy is further linked to the diminished du/v’/dy, du’w’/dz observed
in figure 6(e) compared with figure 6(f) for sway, highlighting the limited capacity of low
energy structures to improve wake recovery.

Hussain (1986) wrote: ‘the excitation amplitude should be small but sufficiently
above the background disturbance or free stream turbulence’ for organised structures to
emerge from periodic excitation. This highlights a key requirement: although platform-
induced excitations may be of low amplitude, they must remain distinguishable from
the background turbulence to effectively influence wake dynamics. In this context, the
energy ratio between free-stream turbulence and platform motion, € /e;‘,, emerges as
a useful metric for assessing the conditions under which coherent structures can form
and grow sufficiently to enhance recovery. Our results, illustrated in figures 13, 14, 15
and 16, reveal pronounced differences between the effects of surge (fore-aft) and sway
(side-to-side) excitations on wake dynamics and recovery. For surge, when the energy
of inflow turbulence approaches that of the platform motion, the wake fails to sustain
coherent structures with sufficient energy to influence recovery. In contrast, sway-induced
structures remain effective up to significantly higher turbulence levels, with €3_/ e;", ~3.5.
This suggests that meandering modes triggered by sway motion are either more easily
excited, more robust against turbulent noise or both — making sway-induced excitations
more persistent than their surge-induced (pulsating) counterparts under similar inflow
conditions. To enhance practical applicability, it becomes essential to identify excitation
methods that retain their influence on wake dynamics even under high € /e;‘, where
background turbulence dominates over platform motion, and to understand further the
underlying flow mechanisms.

The fundamental differences between surge- and sway-induced wake structures, along
with their varying resilience to inflow turbulence, raise important questions about the
underlying mechanisms driving their formation. Previous studies by Kleine ef al. (2022)
and Wei et al. (2024) suggest that blade-tip vortices play a key role in the development
of pulsating wake structures. As T, increases, however, tip vortices become destabilised
by the background fluctuations, leading to their early breakdown in the wake (Neunaber
et al. 2020; Porté-Agel et al. 2020). This raises the question: Could the breakdown of
these disturbed tip vortices limit the ability of pulsating structures to form? In contrast,
sway-induced meandering structures (as seen in figure 11) are more resilient in turbulent
conditions, suggesting that their formation is less dependent on near-wake tip vortices.
However, Biswas & Buxton (2024a) found that the hub vortex may also influence the
development of meandering structures. These findings emphasise the need for further
investigation into the local flow mechanisms behind the formation and stability of large-
scale wake structures due to periodic excitations, and their relationship with near-wake
flow structures, such as tip and hub vortices.
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Furthermore, the origin of the energy feeding the excited large-scale structures remains
a key question. Portela, Papadakis & Vassilicos (2020) showed that in the wake of a square
obstacle, coherent structures are primarily energised by the mean flow. Analogous results
were observed in the wake of a fixed wind turbine by Biswas & Buxton (2024b), who
investigated energy exchanges in the near wake and identified the mean flow as the primary
source of erratic wake meandering. A similar mechanism is likely at play in our case.
Other contributions — such as from tip vortices, hub vortices or even inflow turbulence
with the hypothesis of a backward energy cascade — may also be found. While a full
analysis of these energy exchanges lies beyond the present scope, these aspects merit
further investigation.

Our line measurements are limited in providing a full 3-D picture of the coherent
structures, especially the meandering mode. It remains uncertain whether this mode forms
as a helical structure or resembles a more von Karmén-like vortex, primarily driven by lat-
eral motion with minimal vertical displacement. Additionally, it remains unclear whether
meandering and pulsating wake modes emerge from a common system of interacting
helical vortex structures, or if they represent fundamentally different vortex dynamics.

In the broader fluid dynamic context of transition to turbulence, our study shows
similarities with other means of transition to turbulence in a flow. Figure 14 suggests
a behaviour qualitatively similar to that observed downstream of passive fractal grids
(Valente & Vassilicos 2011; Hearst & Lavoie 2014) and active grids (Mora, Obligado &
Vassilicos 2019; Neuhaus et al. 2020). In both cases, flow structures (periodic in our case)
initially gain energy at a rate determined by factors such as the direction of motion (which
influences the type of flow structure), excitation energy (e.g. forcing amplitude or grid
motion) and the inflow turbulence intensity 7/.,. As these structures accumulate energy
while being advected downstream, they eventually become unstable, roughly at the point
where the local turbulence level is highest, as observed in Messmer et al. (2024a). The
destabilised, high-energy structures then decay, likely to small-scale eddies, feeding the
turbulent cascade, similar to the mechanisms described by Mora et al. (2019) behind
an active grid. Although grid-generated turbulence typically begins with a non-turbulent
inflow, the underlying phenomena remain qualitatively similar to what is observed in
turbine wake dynamics. From this perspective, a row of floating wind turbines within a
wind farm can be seen as an array of independently actuated elements — analogous to
shafts in an active grid — each capable of modulating the flow and potentially accelerating
the transition to turbulence in the whole wake, offering potential applications for cluster
wake control, as outlined by Gutknecht et al. (2024).

5.3. Implication for wind energy

The wake profiles and recovery results presented in figures 7 and 8 demonstrate that
platform motion — or, more generally, periodic excitation strategies applied at the rotor
level — can enhance wake recovery, particularly under low to moderate inflow turbulence
conditions (715, < 3—4 %). From a wind energy perspective, this implies that downstream
turbines can benefit from increased mean flow velocities when placed behind an upstream
rotor undergoing periodic excitation at a Strouhal number St & 0.3. For instance, a 3 %
increase in mean streamwise velocity (#) was observed for sway excitation at Tl = 4.1 %
(see figure 8). This corresponds to a 9 % increase in available power (@°), eventually
converted into electrical power by a potential downstream wind turbine, highlighting the
industrial relevance of wake control strategies even under moderate turbulence intensity
conditions.
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Future studies should focus on optimising wake mixing at the wind farm scale. The
current findings suggest that promoting wake meandering may be particularly effective
in enhancing momentum recovery. This is especially relevant for floating wind turbines,
which could be designed to naturally exhibit motion dynamics favouring wake mixing;
e.g. oscillations near St ~ 0.3. However, the potential benefits must be carefully balanced
against possible increases in structural loads. More broadly, the effectiveness of wake
control strategies appears to diminish at higher inflow turbulence intensities (775, >
5 %), where natural turbulent mixing already promotes sufficient wake recovery. In such
conditions, active control may either be energetically inefficient or require derating to
achieve meaningful gains.

Last, this study did not analyse the influence of the largest-scale structures in the inflow,
characterised by the integral length scale £y, on wake dynamics and recovery. These
structures have been shown to be an important additional parameter influencing wake
behaviour (Gambuzza & Ganapathisubramani 2023; Bourhis & Buxton 2024; Bourhis
et al. 2025; Hodgson, Troldborg & Andersen 2025). Given the variability of large-scale
structures that wind farms might encounter (Hodgson et al. 2025), the interaction between
Lo and rotor-induced motion is of particular interest, especially in the context of wake
meandering modelling. As discussed by Li et al. (2022), two primary mechanisms are
typically considered for wake meandering. The first is passive advection, where large-scale
inflow eddies passing through the rotor (typically having a size £ > 2D, corresponding
to Sty = D/L < 0.5) displace the wake laterally and vertically, as described in the well-
known dynamic wake meandering (DWM) model from Larsen et al. (2008). The second
is shear-flow-induced meandering, where natural instabilities in the wake give rise to
organised large-scale motions. These instabilities may arise naturally within the shear layer
or be externally excited, as demonstrated in the present study, where platform sway induces
large coherent meandering structures (figure 11) at the platform motion frequency, f).

The forced meandering observed here is highly amplified: platform motions with
amplitudes of only about 2 % D generate lateral structures of span ~ D, and the associated
energy amplification is substantial. For example, figure 13(b) (b.2) shows that the total
energy in the coherent structure Efg is approximately 30 times greater than the input
excitation energy e;. This indicates a strong nonlinear response that is not captured by
classical passive-advection-based models like DWM.

Our results suggest that, for inflow turbulence intensities 71, < 4 %, shear-flow-induced
meandering may play a dominant role in wake dynamics, especially when the rotor
experiences forced excitations. Incorporating such nonlinear amplification effects into
engineering models — for example, through low-order resolvent-based frameworks such as
that proposed by Li & Yang (2024, 2025), or other methods — could improve predictions
of structural loads and performance for downstream turbines. Finally, an improved
understanding of the interplay between Lyp-driven meandering (i.e. passive advection,
a primarily linear phenomenon) and shear-flow meandering (a nonlinear phenomenon),
recently discussed by Bourhis et al. (2025), is of great interest. For Tl <4 %, wake
meandering is likely driven by shear-flow instabilities, whereas increasing levels of T/,
lead to a reduced impact of shear instabilities and an increased impact of the linear effect of
passive advection. The overlap, interaction and dependence on C7, L, Tl and potentially
the wake excitation strategy remain open questions that are of interest for improving
models and predictions.
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Appendix A. Phase-averaging methodology

We briefly present the methodology used to compute i; (see 2.4), the phase-averaged
component of the wind speed signal with a period equal to the platform excitation, T, =
1/fp. This method applies to both the Milan dataset (3-D field) and the Oldenburg dataset
(1-D field).

The goal is to compute i; (¢*), a periodic function of a coherent mode at frequency
fx, identified in the wake. The phase satisfies ¢ (t) = ¢ (r + 1/f) and is rescaled to a
normalised phase via ¢* = (¢(t) — ¢p) mod 2. In this study we focus on T, =1/f, =
D/(Ux St), but the methodology is applicable for any f; for which the signal exhibits
coherent energy (i.e. a distinct spectral peak; see Messmer et al. (2024a) for details).

To compute u;(¢*), we implement the following steps (which we display in figure 17)
using a Python algorithm that takes as input the fluctuating velocity field

up(x,y,z, ) =ui(x,y,z, 1) —ui(x,y,z,1), withi=x,y,z. (A1)

(i) Step 1: apply a low-pass filter to u with cutoff frequency f.,; 3 fi to isolate
coherent fluctuations. Denote the filtered signal as uf "

(i1) Step 2: segment u’: " into bins of size nx = fs/fr, where f; is the sampling frequency.
This results in approximately Ngeg = Tineas + fx segments, each corresponding to
one period of the coherent mode. Since Ny >> 10 in all cases, phase averaging is
statistically meaningful. The segmented signal is (see as an example the 20 segments
in figure 17a):

"=, W), Ll ]+ (A2)
[ (e + 1), .., W @n) ]+ (A3)
o (A4)
[ (Nseg - 11), oy 1] (Nyeg + 1) - ). (AS)

(iii) Step 3: compute the phase-averaged signal over all periods (figure 17b):

uf?t = |:(I,{/jlt(1) + ll?lt(l’lk + 1) +--- 4+ M];il[(Nseg <N+ 1))/Nseg’ (A6)
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Figure 17. Visualisation of phase-averaging methodology. (a) Wake wind speed time series of the floating
wind turbine partitioned in bins of size f;/f), giving one bin per period 7, = 1/f), (step 2). (b) Superposition
of the Ny. bins and phase averaged signal (step 3). (c) Raw signal decomposed as the sum of the mean,
phase-averaged and stochastic fluctuations (2.4).

( u,im @) + u’f”(nk L)t uf”(Nseg “ 1k +2))/Nyeg. (A7)
. (A3)
(" ) + 12" @iy + -+ " (Neg + 1) = m)) /N g] )

(iv) Finally, we define the discrete phase-averaged signal as u; (¢) with ¢y € [0, ng],
corresponding to ¢* € [0, 27r] sampled at ny points per cycle. The decomposition of
(2.4) is displayed in figure 17(c).

Appendix B. Comparison of Milan and Oldenburg data and additional details about
the computation of d/dx; terms and error estimation

In § 3.1 we use two datasets (corresponding to the cases fixed-5, surge-5 and sway-5 in
table 2) to compute the recovery rate budget terms of (2.6). These datasets were obtained
from experiments conducted in two different wind tunnels — Milan and Oldenburg —
but great care was taken to replicate identical inflow and operating conditions across
both facilities. To validate the comparability of the datasets, we present in figure 18(a)
comparison of wake profiles of the mean streamwise wind speed (figure 18a—e) and
streamwise velocity fluctuations (figure 18f—j), both normalised by the free-stream wind
speed. Figure 18a—e show good agreement between the mean wake velocities measured
in Milan (solid lines) and Oldenburg (semi-transparent dashed lines) across all three
motion cases. The inter-experimental discrepancy, defined as the relative difference
between datasets, | (upyy —uo)/up |, reaches a maximum of approximately 10 % at
x =6D (figure 18c), while remaining below 5 % at most other downstream locations.
For the velocity fluctuations (figures 18f—j), the relative difference between the two
experiments is generally within 5 %, indicating a satisfactory level of consistency between
the independently acquired datasets. To reflect the inter-experimental uncertainty between
the two independent datasets, error bars corresponding to +5 % were added to figure 4(a).
Note that the intrinsic measurement uncertainty of hot-wire anemometry for an individual
measurement, €gw, is considerably lower, estimated at approximately epyw ~2 % in
Neunaber (2019) for similar experiments.

It is worth noting that the experiments in Milan were conducted on different days and
even in different months depending on the downstream position: measurements at x = 2D,
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Figure 18. Comparison of Milan and Oldenburg datasets (fixed-5, surge-5 and sway-5 cases in table 2).
(a—e) Horizontal profiles of the mean streamwise wind speed at x € [2D, 10D]. (f—j) Horizontal profiles of
the streamwise wind speed fluctuations at x € [2D, 10D]. Both quantities are normalised by the free-stream
velocity.

6D and 10D were taken in March 2022, while those at 4D and 8 D were performed in June
2022. This required resetting the experiment each time, resulting in slight variations in
turbine and probe positioning as well as operating conditions. In contrast, the experiments
in Oldenburg for all three cases were performed consecutively on the same day for x €
[1.5D, 10D] under consistent operating conditions. As such, we expect the Oldenburg
data to exhibit greater stability in the mean wind speed. The close agreement in velocity
fluctuations between the Milan and Oldenburg datasets further validates our approach —
namely, using Oldenburg data for recovery computation and Milan data for Reynolds stress
terms — as the comparison of profiles in figure 18f—j indicates that the essential turbulent
features are robust to minor experimental variations.

As a point of comparison, Aubrun et al. (2019) evaluated wake measurements of fixed
porous and actuator disks across nine wind tunnel facilities worldwide under nominally
identical inflow conditions. Despite the simplicity and standardisation of these tests,
differences of up to 15 % were observed between facilities. These discrepancies are often
attributed to numerous factors, including probe positioning, probe type and calibration,
operating conditions (e.g. inflow turbulence intensity 71, thrust coefficient C7), yaw
misalignment and reference wind speed. Even slight differences in these parameters
between two experiments can cumulatively lead to variations in the results.

Given these considerations and looking at our results, the Milan and Oldenburg datasets
are sufficiently consistent to be jointly analysed in this study.

The different terms in (2.6) involve derivatives of the mean flow field and Reynolds
stresses in the x, y and z directions. To compute these terms, we used the Milan dataset
for those involving d/dy and d8/dz. Specifically, we applied the numpy.gradient (v2.1
at the time of the analysis) function in Python to the wake field, where the spatial
resolution is Ay, Az =0.34R — the spacing between measurement points (see figure 2a).
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For derivatives in the streamwise direction, d/dx, we used the Oldenburg dataset, which
provides data points at intervals of half a rotor diameter, i.e. Ax =0.5D.

As mentioned in the manual of numpy.gradient: ‘the gradient is computed using
second order accurate central differences in the interior points and either first or second
order accurate one-sides (forward or backwards) differences at the boundaries’. For
the interior points (i.e. x €]2, 10[D, {y, z} €] — 1.34, 1.34[R,), the derivative of a given
g(x,y, z) is computed as

a_ o A ) —-g _A s Vo

98 8+ Ax,y,2) —glx — Ax,y, 2) +O(Ax?), Ax=05D, (B1)
ax 2Ax

8_ rd y A 3 —-g 9 _A ’

9 8wy T Ay D) =80 Y T AV D L hA2 Ay=0.17D, (B2)
ay 2Ay

8_ g Vo A -8 >/ _A

g ~ gx,y,z+Az) —g(x,y,z2 ) +O(AZZ), Az =0.17D. (B3)
3z 2Az

The resulting recovery rate budget shown in figure 6 balances well, especially in the far
wake (x > 8D, where the pressure and rotation terms are null), supporting the assumption
that the spatial resolution in all three directions is sufficient. Thus, we consider the finite-
difference approximation dg/dx; ~ Ag/Ax; to be appropriate for our computations.

To quantify the uncertainty in spatial derivatives, we employed a Monte Carlo
uncertainty propagation method, similar to the approach of Rezaeiravesh et al. (2018).
A total of Nyc > 107 synthetic realisations of each measured quantity g(x, y, z) were
generated by perturbing the original data with Gaussian noise. The noise amplitude
corresponded to a typical hot-wire measurement uncertainty of egw =2 %, consistent
with values reported in previous experimental studies (e.g. (Neunaber 2019)). For each
realisation, the gradient 9g/dx; was computed using the numpy.gradient function. The
standard deviation across the ensemble of synthetic gradients was then taken as the
estimated uncertainty in the derivative. On average, the resulting uncertainty in the various
mean flow and Reynolds stress derivative terms (e.g. 9u/dx, du/v'/dy, etc.) is
approximately €j/5y; =15 %, as shown in figure 4(b) for the example of D(du/dx).
This Monte Carlo-based uncertainty estimate supports the interpretation of the derivative
terms presented in figures 5 and 6, which can be assumed to carry an error margin of
approximately €;/5x; = 15 %.
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