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Abstract: Intra-array wake meandering increases fatigue loading in downstream turbines and de-
creases farm total power output. In the case of floating offshore wind turbines (FOWTs), the motions
of the floating substructure could have a non-neglectable contribution to wake meandering dy-
namics. This research experientially analyses the influence of imposed motions on the far-wake
meandering of a FOWT. The study considers a 1:500 scaled porous disc representation of the 2 MW
FLOATGEN system (BW Ideol) located off the coast of Le Croisic, France. A representative marine
neutral atmospheric boundary layer is generated in a wind tunnel whilst monochromic and multi-
frequency content three degrees of freedom (surge, heave, pitch) motion is imposed on the model
tower. The stereoscopic particle image velocimetry (S-PIV) is then utilised to measure velocity vectors
at a cross-section located at 8.125 D downstream of the model. No significant effect on the far-wake
recovery in the velocity, turbulence and turbulent kinetic energy distribution is observed. However,
the frequency characteristics of the imposed motions were observed in the far-wake meandering
spectral content and streamwise characteristics of far-wake, such as normalised available power.
While the frequency spectrum of the vertical oscillations showed more sensitivity to the three degrees
of freedom (3DoF) imposed motion in all frequency ranges, the lateral oscillation was sensitive for
the reduced frequency above 0.15. The monochromic motions with a reduced frequency of less than
0.15 also did not influence the far-wake centre distribution in both lateral and vertical directions.
Regardless of reduced frequency, imposed motions show a strong effect on average power, in which
the harmonic signature can distinguish in far-wake memory. This study provides an investigation,
which its result could be beneficial to developing and examining wake models for offshore wind
turbines, with a particular focus on the influence of FOWTs motions.

Keywords: far wake meandering; floating offshore wind turbine; imposed motions; far wake power
fluctuation; stereoscopic particle image velocimetry; wind-tunnel experiment

1. Introduction

It is estimated that by 2050 the total installed floating wind energy capacity will
reach 250 GW [1]; however, the deployment of the technology at the array scale is in the
pre-commercial stage, and further fundamental studies are required to better understand
intra-array dynamics. A critical ongoing research field in wind farms and, more specifically,
floating offshore wind farms is studying wind turbine (WT) wake interactions. An overview
of the state-of-the-art of these analyses is provided in [2–6]; where research topics such as
performance and power losses of wind turbines due to wind turbine wake interactions
in model and prototype scale are reviewed and addressed. In a wind farm, while the
upstream turbines extract the kinetic energy of the incoming wind in undisturbed—inflow
conditions, the downstream turbines operate in waked conditions. The wakes of upstream
turbines influence the performance and the loading of subsequent located downstream
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within the array. Based on observations [7], intra-array wakes result in an average power
loss in an order of 10–20% in the farms total power output. Research on wake-induced
fatigue loading for wind turbines [8] indicates that this generated wake increases fatigue
loading up to 15% for the downstream WTs.

Turbine wake tends to fluctuate within the atmospheric boundary layer (See Figure 1),
a phenomenon known as wake meandering, which causes the turbine wake region to have
a fluctuating movement in the lateral and vertical directions. As a large-scale low-frequency
movement of the whole wake region, this far-wake instability forces the wake area to be
swept inside and outside of the rotor plane of the downstream turbine; hence, it plays
a critical role in the design and optimisation of wind farms. This phenomenon tends
to cause extreme loading and fatigue load cases [9] for downstream turbines. Among
ongoing research, rich studies on wake meandering, such as the dynamic wake mean-
dering model [10] should also be mentioned, where a physically based theory for the
wake meandering phenomena is developed, and a focus has been set on describing the
physical process of this phenomenon. As discussed in the literature [11], this large-scale
movement of the entire wake area could be forced by large-scale eddies structures present
in the atmospheric boundary layer that advected downwind. Another possibility of this
behaviour is the aerodynamic instability because of the vortex shedding behind the turbine
rotor itself since it could act as a bluff body. A combination of both causes could also be the
reason for the wake meandering phenomenon. While the first cause is widely measured in
real-world demos, the second is more seen in laboratory measurements [11].
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Figure 1. Schematic of wake meandering [12].

The wake meandering effects are even more critical in offshore conditions. Due to
reduced ambient turbulence and so less turbulent diffusion of the wake, the recovery of
turbine wakes can be significantly delayed, for instance, see [13]. Moreover, the atmospheric
turbulent eddies are larger in offshore fields; therefore, more meandering is expected.
Importantly, FOWTs substructure motions have the same order of magnitude compared to
the energetic turbulence scale of the atmosphere and the characteristics of the wake [14]. As
a result, substructure motions due to the environmental loading could potentially influence
the wake meandering process. Given the increasing complexity of wakes caused by offshore
platform motion, these effects make the area poorly understood in the case of floating wind.

The degrees of freedom (DoF) of FOWTs make their wake structure more complex
to study. Research on a model wind turbine with imposed pitch and roll was carried out
by [15]. In this experiment, employing particle image velocimetry and hotwire anemometry,
the impact of a range of roll and pitch oscillations (with the reduced frequency range of
0.008–0.017 and the amplitude of 5◦–20◦) on the wake and output power of a floating wind
turbine was studied. This study revealed that the imposed motions significantly alter the
wake at the turbine symmetry plan. Research [16] was carried out on the effect of pitching
on the characteristics of the turbulent intermittency in the wake of a wind turbine. This
research considered two inflow conditions with 1.8% and 15% turbulence intensity. It
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shows that the flow behind a pitching wind turbine is more intermittent when compared to
a fixed wind turbine. Another study [17] investigates the effect of imposed surge motion
on the wake characteristics of a wind turbine model. A porous disc at a scale of 1:500 was
used, having two analysis approaches: fixed frequency with varied amplitude; and fixed
amplitude with varied frequency. In the spectral analysis, the frequency of the surge motion
was observed in the wake spectral content at longitudinal distance equal to 4.6 times rotor
diameter (x > 4.6 D).

While reviewing the literature shows a non-neglectable influence of the FOWTs mo-
tions on the downwind flow condition, an open research question is to investigate if these
motions could also alter the development of the wake meandering process. The main aim
of this research paper is to determine the influence of the FOWT substructure motion in
the far-wake (x > 8.125 D) meandering process and investigate if this influence can be
neglectable or should be considered for further wake model development. Most recently,
research in this area has focused on the surge motion signature in the wake meandering of
FOWTs [14]. The current study advances the state-of-the-art by extending to other motion
DoFs, considering the monochromic motions of pitch, as well as 3DoF motion (surge,
pitch, heave) with multi-frequency content time series. A wind turbine model made of
porous disc representing the full-scale 2 MW FOWT FLOATGEN (BW-Ideol) demonstration
project [18] is used. The porous disc model with a reduced scale of 1:500 respects geometric
and kinematic similarities with a real floating wind turbine prototype. The wakefield of
this porous disc at the distance of 8.125 D in crossflow direction is interrogated using stereo-
scopic particle image velocimetry (S-PIV). The paper then provides results based on high
fidelity velocity vectors to analyse the instantaneous wake centres statistics in crossflow
direction, as well as normalised available power in far-wake in streamwise direction, both
downstream of the turbine model.

The remained of this paper is divided into three main sections. In Section 2, the
experimental configuration, methodology, and data-processing approach are defined. In
Section 3, the results of the measurements are presented and discussed, in which data
quality metric on the immediate measurements data is applied. Then, the wake meandering
process is reviewed in four main subsections, including recovery of the far-wake, statistics of
the meandering process in the time and frequency domain, as well as normalised available
power in the far-wake. In each subsection, a discussion on results is made. Finally, in
Section 4, conclusions are provided, and key findings are summarised.

2. Experimental Setups
2.1. Wind Tunnel and Flow Condition

The experimental campaign is conducted in the open-circuit atmospheric wind tunnel
at LHEEA (Research Laboratory in Hydrodynamics, Energetics and Atmospheric Environ-
ment) test facilities in Ecole Centrale Nantes, France. The wind tunnel is 26 m long with
a cross-section of 2 m × 2 m. The centrifugal fan of the wind tunnel is powered up by
a 45 kW motor, allowing it to reach the maximum wind speed of 10 m/s with the freestream
turbulence intensity Ti around 1.2%. This facility has been used in the past for atmospheric
boundary layer (ABL) studies in the scale-ratio range of 1:200 [19] and 1:500 [14,17,20]. In
order to generate the ABL condition, the wind tunnel is equipped with a set of turbulence
generators, a fence at the entrance of the test section, as well as perforated metal plates
on the floor. Over an 18 m fetch length, these elements produce the boundary layer (BL)
with the characteristic of a marine boundary layer at a geometric reduction scale of 1:500.
The current ABL model is based on environmental meteorology standards, fully described
in [17,21], where the identical setup for ABL was used. This model represents the flow
over the sea site with a power-law exponent of α = 0.1, full-scale roughness length of
z0 = 5.5 × 10−6 m, and the full-scale integral length scale of Lx

u = 200 m, above a threshold
of two times of the rotor dimeter in full scale (160 m) [17]. These characteristics fall under
the category of slightly rough terrain, based on the Cat. I VDI Guideline 3783 [22]. With
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a reference wind speed of 2.85 m/s at hub height, the neutral incoming boundary layer has
a turbulent intensity of 8% at hub height.

2.2. Model Description

The studied model is based on the FLOATGEN project [18], a 2 MW floating wind
turbine with an 80 m rotor diameter and 60 m hub height. This real-scale prototype, with
a barge-type substructure, was designed by BW Ideol and installed at the SEM-REV test
site [23]. This demo project has been operational since 2018. In the current experimental
study, the model wind turbine is represented at a scale of 1:500 with a porous disc, the
fundamentals of which are discussed in [24]. The characteristics of the disc model are
identical to [17]. With a metallic mesh, this porous disc is designed to produce the same
far-wake as a three-bladed wind turbine. Considering the geometrical scaling factor of
1:500, the equivalent diameter for the porous disc is 160 mm, giving a blockage ratio of 0.5%
in the test section. The disc comprises wires with a diameter of 1 mm and a thread spacing
of 3.2 mm, resulting in a solidity ratio equal to 55%. This leads to the thrust coefficient of
CT = 0.62, the power coefficient CP = 0.25, as well as an axial induction factor a = 0.21. The
turbine tower is also modelled, using a rod with a diameter of 0.05 D (where D is turbine
diameter), with a hub height equal to 120 mm. The model is shown in Figure 2.
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Figure 2. Porous disc model of the studied wind turbine.

The time-series of the substructure motion is imposed on the porous disc using a 3DoF
motion system. These motions include surge, pitch, and heave oscillation. The imposed
motions are presented in Table 1, which are imposed at the centre of gravity for the substruc-
ture located at the seawater level. In this table, motions type, amplitude, normalisation of
amplitude based on the rotor diameter, frequency, as well as equivalent reduced frequency
are presented. The reduced frequency is derived based on Equation (1).

fred =
f × D

Uref
(1)

where f is the frequency in Hz, D is porous disc diameter, and Uref is the streamwise velocity
at hub height without the presence of the wind turbine model, equal to Uhub = 2.85 m/s.

The order of magnitude of the imposed motions is selected based on numerical
simulations provided by BW Ideol [18] and based on the sea condition at the test site
location, which includes the significant wave height of Hs = 4.25 m, and peak period of
TP = 11.25 s. Due to the 1:500 scale ratio, the velocity and time scale factors are 2.5 and
200, respectively. The wind tunnel’s power forces the current study to introduce velocity
scaling, as reproducing the 8 m/s wind speed at hub height measured near SEM-REV was
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not possible in the wind tunnel in practice. The velocity scaling also contributes to reducing
the time scaling, which helps reduce the frequencies of the scaled-down motions.

Table 1. Test matrix for the imposed motions on the porous disc model.

Model Dimensionless Values
Test Case Motion Type Amplitude Frequency (Hz) Normalised Amplitude ** Reduced Frequency

1 Fixed model - - - -
2 Pitch I * 8◦ 5 8◦ 0.28
3 Pitch II * 8◦ 2.5 8◦ 0.14
4 3DoF (Surge, heave, Pitch) Time series Time series
5 Surge I 20 mm 2 0.125 0.11

* The mean pitch remained at 0◦, i.e., no pitch offset. ** Translational amplitudes: normalised on rotor diameter;
rotational amplitudes: no normalisation.

2.3. S-PIV Measurements and Data Analysing

The stereoscopic particle image velocimetry (2D3C) method [25] was used to measure
the velocity components downstream of the porous disc. The fluid flow was seeded with
a fine mist of olive oil droplets with a diameter of 1 µm. These droplets are sprayed at
the beginning of the wind tunnel by a LaVision seeding system. These seeds are then
illuminated in the area of interest using an Nd-YAG double cavity laser with 200 mJ energy
per pulse. The laser is located at the top of the test section ceiling. The emitting pulses
are 532 nm wavelengths with a time delay of 350 µs between pulses, and the emission
rate is 14.1 Hz. The emitted light sheet was oriented to the cross-section of the test section
and centred at a distance of 8.125 D downstream of the porous disc model. The cartesian
coordinate system is used for the measurement in the wind tunnel, in which x, y, and z axis
corresponds to the streamwise, lateral, and vertical directions, respectively. The light sheet
illuminates the measurement area with the size of 0.2 m× 0.4 m, vertical and perpendicular
to the flow main directions (see Figure 3). To remove the background effect, i.e., the tunnel
reflection due to laser emission, the test section and model is painted in matt black. The
image acquisition system consists of a pair of sCMOS 5.5 Mpx HighSense Zyla cameras
with 60 mm Nikon objectives lens. These cameras were located at the side windows of the
tunnel, as shown in Figure 3. The whole system is synchronised to acquire pairs of images
at the 14.1 Hz sampling rate, resulting in the Nyquist frequency of 7.05 Hz for frequency
domain analysis, which is equal to the reduced frequency of 0.40. Due to the 14.1 Hz
sampling frequency, the S-PIV device used here is not time-resolved. In order to estimate
representative statistics [26], 14,000 image pairs per test case were recorded. The mean
value of 14,000 images is subtracted from them to remove the remaining background effect
present in all images. Data acquisition, synchronisation, and velocity vector processing
are conducted with DANTEC DynamicStudio 6.1. A multi-pass adaptive correlation
algorithm along with Gaussian peak fitting was used to calculate the velocity vectors. This
algorithm is applied with an initial window size of 128 px × 128 px; then, two refinement
steps are applied to finally reach 32 px × 32 px interrogation windows with 50% overlap.
The resultant two-component velocity maps of each camera are then combined to form
instantaneous three-component velocity vectors. Quantifying the associated error to the S-
PIV technique is out of the scope of this study; however, a review of the source of errors and
uncertainties for PIV measurements can be found in [27]. The post-processing of velocity
vectors for the wake centre tracking purpose is carried out with a developed Python code
based on the maximum convolution between the field of instantaneous available power
and a Gaussian masking function. The method is comprehensively explained in [14].
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3. Results

The effect of floating turbine motion on wake meandering is investigated in this
section. In Section 3.1, a quality metric is applied to the detected wake centres to calculate
the statistical uncertainty in the wake centre data. Then, the velocity and turbulence
distribution for different test cases is investigated in Section 3.2. Next, statistics of the wake
meandering are studied. Data are then transformed to the frequency domain using Welch
(periodogram) method for frequency domain analysis. Finally, the effect of imposed motion
on the power in the far-wake of the turbine model is analysed. In all comparisons, the fixed
test case (case no. 1 in Table 1) is considered the reference case; other test cases are then
reviewed with the reference case. This approach allows us to investigate motions influence
on the wake characteristics, once separately and then all together.

3.1. Data Quality Metrics

In order to reach a statistical convergence for the velocity field and its fluctuation,
i.e., standard deviation, the number of n = 14,000 image pairs is taken by cameras for each
test case. Considering this number of images and the sampling rate of 14.1 Hz for S-PIV
synchronised acquisition, it results in the length of t = 992.8 s for each time series. According
to [26], an initial relative uncertainty estimation can be achieved by assuming a Gaussian
distribution for velocity fluctuations. Therefore, the convergence uncertainty of the mean
velocity and standard deviation of the velocity is estimated through (2) and (3), respectively.

ε〈u〉 =
Z.Iu√

Nb
(2)

εσ =
Z√
2Nb

(3)

where Iu is turbulent intensity in the streamwise direction, which for the current study
it is equal to 8%. The Z is parameter of the confidence intervals. According to [26], the
parameter Z is equal to 1.96 for the confidence interval of 95%. Moreover, Nb is the number
of independent samples, which is the ratio between time-series duration of 992.8 s to the
integral time scale, i.e., the time scale of each motion. According to [28], the separation of
two integral length scales between two samples is required to ensure independence of the
samples, therefore, two times of integral length scale is considered to calculate Nb in the
current study. Taking all together, the relative uncertainty at hub height, in the captured
velocity field, and its standard deviation is in the range of 0.31 to 0.49% and 2.78 to 4.39%,
respectively. In addition to the statistical error, a bias error (with a unit of m/s exists)
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resulting from the S-PIV processing of DANTEC DynamicStudio 6.1, approximately equal
to 0.1 pixels per local displacement.

3.2. Recovery of Far-Wake

The statistics of the far-wake velocity field, including the streamwise velocity profile
and its standard deviation and turbulent kinetic energy, are shown in Figures 4 and 5. In
the first figure, these values are measured at hub height and plotted against the lateral
distance

(
Y.D−1

)
, in second figure they are measured at y = 0 and plotted versus heights

of (z− zhub).D−1. These velocity profiles are calculated based on the resultant mean
velocity from the S-PIV images, normalised by the freestream velocity. The investigation
on the current incident ABL is provided in [17], where the incident non distributed flow as
well as flow with the presence of the porous disk is provided. The freestream velocity is
URef = 2.85 m/s, which is the streamwise velocity at hub height without the presence of
turbine model. Noted, that the non-symmetric shape of the velocity profile in the vertical
direction (see Figure 5A) is because that profile is a superposition of the velocity profile of
porous disc wake, as well as the incoming ABL. This non-symmetric shape is in line with
the wind tunnel studies conducted in the literature, for instance [29].
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The statistics of the velocity field for different test cases follow the trend and values of
the fixed case velocity distributions in lateral and vertical directions. The same pattern can
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be observed for the Turbulence kinetic energy (TKE) in both Figures 4 and 5. The TKE is
defined based on (4).

TKE =
1
2

(
σ2

u + σ2
v + σ2

w

)
(4)

where σu, σv, and σw are standard deviations of velocity in streamwise, lateral, and vertical
directions, respectively.

It can be observed in Figures 4 and 5 that the imposed motions, including the multi-
frequency contest motion (namely 3DoF time-series in the figures), have a neglectable effect
on the mean wake recovery in the far-wake (8.125 D). Taken all together, these graphs
suggest that at 8.125 D downstream of the turbine for the DoFs imposed and in the range
of frequency/amplitude tested, far-wake velocity and turbulence distribution have no
sensitivity to imposed motions. Prior wind tunnel studies, for instance [17], also discussed
that monochromic motions have no influence on the wake recovery for distance over 4.6 D
from the disc model. Therefore, the findings of the current study are suggesting that
multi-frequency content motions also have no influence on the far-wake (8.125 D) recovery.

These findings are contrary to recent research studies [30,31], which have suggested
that surge and pitch motion of the floating platform could affect the wake recovery of the
turbine rotor. The inconsistency between the result of wake recovery of the current research
paper and [30,31] could be due to two reasons. Firstly, in that research a larger 15 MW wind
turbine (WT) is used, while here a 2 MW wind turbine model is studied. Secondly, the
flow configuration of [30,31] are significantly different to the current research study. Here,
a marine neutral ABL is induced to the model, while in [30] a laminar inflow condition,
and in [31] the Mann turbulence grid box is utilized. In that case, the before-mentioned
research mainly focuses on WT characteristics and the output quantities (such as power,
thrust, tower motion, etc.) of a second WT downstream a moving WT. In contrast, the
current research mainly focuses on wake properties.

3.3. Far-Wake Meandering Statistics

The statistics of the wake meandering for different test cases are investigated in this
section. The 95% confidence interval of the wake centres variance is plotted in Figure 6A
for each test case. Subplot A depicts the position of the mean wake centre compared to
centre of the porous disk. The mean wake centres are slightly shifted compared to the hub
and vary with testcases. There is no apparent reason for this random noise. The problem
could be raised from a non-symmetrical fluid flow source in the test section. However, it
does not affect the analysis of the wake meandering, as current research focuses on the
signature of the motion frequency in the wake meandering frequency spectrum.
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The standard deviation in two directions is represented in Figure 6B, and a 95% confidence
interval is indicated on each bar and is normalized on the rotor diameter of the model wind
turbine. Based on Figure 6B, it can be seen that difference between the standard deviations
is significant, along with no overlap between ranges of confidence intervals. Therefore,
one can conclude that estimated values are statistically distinguishable from each other.

In order to analyse the effect of the imposed motion on the wake centres, a special
focus has been set on comparing the distribution of instantaneous wake centres with respect
to the mean wake centre. So wake centres are revised based on Equation (5).

∆y = yc − yc

∆z = zc − zc
(5)

where the (yc, zc) are instantaneous, and (yc, zc) are mean wake centres.
The detected wake centres are plotted as a 2D histogram in Figure 7; a dashed circle

also shows the porous disc area. These wake centres are detected with a sampling rate of
14.1 Hz, resulting in 14,000 points for each test case. The 2D histogram is used to cluster
the detected wake centres in an area of Y in the range [−1.4, 1.4]D and Z in the range of
[−0.6, 1.2]D. The colour bar shows the density of the detected centres in each point location;
accordingly, the clustered locations where more wake centre points are detected are plotted
in dark red.
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As can be observed in this figure, wake centres are more oscillating in the lateral direc-
tion than in the vertical direction. This behaviour complies with prototype observation [32]
for fixed bottom turbines. Here, for the current study, it can be inferred that imposed
motions of the substructure, including 3DoF multi-frequency content time series, do not
alter this behaviour. Moreover, the wake centres are widely spread out of the rotor area
in both lateral and vertical directions; this is mainly because the measurements plane is
located at the far-wake (8.125 D), allowing the wake meandering to spread. This is well
aligned with the model test observation in the literature, see [14,20,21,33].

No further pattern due to imposed motion can be observed in these 2D histograms;
therefore, in Figure 8, these contours are broken into 1D histograms for better inspection.
The probability density function (PDF) of the wake centres in the lateral and vertical
directions is calculated and plotted in this figure. It is shown in Figure 8 that the wake
centres distribution has a Gaussian shape in the lateral direction, while it has a narrow
distribution with a skew-normal shape in the vertical direction. This discrepancy is because
that vertical velocity fluctuations are damped due to the physical ground effect in the
wind tunnel (as a wall boundary condition); hence no wake centres are detected below the
−0.25 D. A similar condition is reported in [14], where the physical ground effects cause
the same damping on wake centre locations. The ground effect caused the 1D histogram of
wake centre vertical locations to be skewed toward positive values and highly tailed on the
right side of the 1D histogram (i.e., higher altitudes).
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The statistics of the wake centre time-series for different test cases are presented in
Table 2, in which the standard deviation, skewness, as well as kurtosis are presented.
Comparing the lateral and vertical time-series of wake centre oscillations, the higher values
in standard deviations of lateral oscillations show that the instantaneous wake centres are
more spread in the lateral direction for all test cases, as discussed earlier in this subsection.
Meanwhile, the lower value for the skewness shows that the distribution of the wake centres
in the lateral direction is symmetric in general compared to the vertical direction. Moreover,
the kurtosis value shows that the distribution tail is heavier in the vertical direction rather
than the horizontal. In reviewing the wake centre time history statistics, no pattern can
be observed as an impact of the imposed surge, pitch, or multi-frequency 3D motions, as
they all follow the random distribution shown in Figure 8. These investigations suggest
that imposed motions on the substructure, including pitch, as well as multi-frequency
content time series, have no visible effect on the wake centre distribution of the far-wake
meandering process in the condition tested.
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Table 2. Statistics of wake centre time histories.

Row Test Case
Standard Deviation Skewness Kurtosis

∆y ∆z ∆y ∆z ∆y ∆z

1 Fixed model 0.422 0.080 −0.094 3.035 −0.396 17.521
2 Pitch I (Amp: 8◦; fred: 0.28) 0.472 0.172 0.326 4.331 0.572 22.585
3 Pitch II (Amp: 8◦; fred: 0.14) 0.582 0.240 0.737 3.313 1.000 10.934

4 3DoF realistic time-series
(Surge, Heave, Pitch) 0.635 0.291 0.314 2.613 0.552 6.094

5 Surge (Amp: 20 mm; fred: 0.11) 0.495 0.174 0.442 4.468 0.765 23.235

3.4. Spectral Analysis of Far-Wake Centres

The wake centre data are then processed into the frequency domain for further investi-
gations. The frequency spectrum of wake centres time histories is calculated with the Welch
method. The Welch method with the segment length of 128 samples and the overlapping
ratio of 50% is employed. Moreover, as mentioned in Section 3.1, the duration of each
time-series is t = 992.8 s. In Figure 9, the power spectral density (PSD) of yc and zc are
shown for different imposed monochromic motions. In each subplot, the reduced frequency
of imposed motions is shown with a red dashed line. Note that due to the sampling rate
of 14.1 of the S-PIV measurement, the Nyquist (or folding) frequency is equal to 7.05 Hz
(equal to a reduced frequency of 0.4) for all frequency spectra. Closer inspection of the
figure shows the influence of the motion frequency only for case B. Pitch fred = 0.28. So
that a peak is observable in the zc-PSD of this test case in the reduced frequency of 0.28.
No peak for other monochromic motions can be observed in the subplots of Figure 9. This
result accords with earlier wind tunnel experiments [17], which showed that the frequency
of motion is observable in far-wake (x > 4.6 D) velocity spectra, only when the reduced
frequency is fred > 0.15. Similarly, studying the effect of imposed surge motions on the
near and far-wake meandering [14] has shown no influence of the motions on the yc and zc
PSD of the far-wake meandering, when the motion frequency was under this limit. Taken
these all together, it can suggest that regardless of the induced monochromic motion, the
frequency of the substructure motion could affect the wake meandering centres fluctuation,
only when the motion reduced frequency is over the limit of fred > 0.15.

As the 3DoF case is based on the 3D multi-frequency motion time series, it contains
a wide range of motion frequencies. To better review this spectrum with the reference
test case, both are presented in Figure 10. As shown in the figure, compared to the fixed
model, the model with imposed 3D motion has a different power spectral density for
its lateral as well as vertical wake centres PSD. While the spectral content of the lateral
position follows the fixed test case up to a reduced frequency of 0.15, the vertical position
has a higher spectral content in all the frequency ranges, resulting in having more energy
across all frequency ranges. This could interpret that in a realistic situation with the multi-
content frequency of the FOWT substructure motions, these motions have a more significant
influence on the vertical wake oscillation rather than the lateral oscillation in the wake
meandering process.

To review the spread (variability) of the PSD of instantaneous wake centres, the box
plot of PSD values of yc and zc is shown in Figures 11 and 12, respectively. The detected
wake centres are separated into four equal parts, each presenting 25% of the data belonging
to the power spectrum density of each test case. The fixed test case is plotted as the
reference on the left side of the figures. As shown, for the cases with motions, the range
of the detected wake centres is equal to the reference test case, with a positive skewness
towards lower frequencies, showing a density of the data toward higher frequencies of
motions. This combination of findings provides support for the conceptual premise that
induced motions could not affect the wake meandering process when the induced motion
frequency is under the fred = 0.15 limit. As another observation, from Figure 12, it can be
seen that for the case with 3DoF multi-content time series, the PSD content is over the
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max value compared to the fixed references test case. This is not observed for the PSD of
the lateral oscillations in Figure 11, supporting the conclusion that the effect of imposed
motions with multi-frequency content is stronger for the vertical oscillation of the far-wake
meandering.
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3.5. Normalised Available Wind Power

The present study was conducted to determine the effect of imposed motions on the
far-wake meandering process in the lateral and vertical oscillation of the far-wake centres.
The influence of imposed motions on the streamwise characteristics of the far-wake could
be superimposed with the wake meandering process, which is a crosswise characteristic
of the flow, and they can influence the downstream turbine within the array in terms of
fatigue loadings. In the final part of this study, the influence of the imposed motions on
the available power of the far-wake meandering is investigated. Available power in a disc
with the diameter D of the porous disc model, centred at the instantaneous wake centre, is
calculated based on the measured velocity contours. The velocity contour is converted into
the normalised power per area (W/m2) field contours with (6).

P =
1
2

u. |u|2 (6)

The normalised power time-series is formed for all test cases at the distance of 8.125 D
and with a sampling rate of 14.1 Hz, similar to the image acquisition rate for the data
acquisition stage. This time history is then converted into the frequency domain using the
Welch method with 128 segments and 50% overlap for the time-series with the length of
t = 992.8 s. The resultant PSD spectrums are plotted in Figure 13. As shown, the frequency
of imposed motion is also distinguishable in power fluctuation, leaving an influence of
the imposed motion in far-wake of normalised power. A closer inspection of Figure 13
shows that, compared to the fixed reference case (blue dash line), Pitch motions (yellow
and green lines) reduced the energy of the power fluctuations within frequencies below
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their motion frequency. This result is aligned with previous experiments in the literature,
for example see [15].
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As discussed in [15], the Pitch motion induced a signature on the wake structure on
the wind turbine model as well as its output power, which depends on the amplitude
and frequency of the oscillations. Additionally, the current experimental study suggested
that in terms of the wake meandering process, regardless of the amplitude and frequency,
the frequency of the motion would exist in the PSD of available power in the turbines
wake. Although the imposed motion does not show a strong effect on the cross-stream
wake meandering, a great harmonic signature in the streamwise direction can be seen,
which will travel through the wake of the rotor to the downstream turbine. This behaviour
was also observed in surge motion by [17] on the streamwise velocity component. With
reviewing the PSD of the power in Figure 13, the influence of the imposed motions on the
average power shows a strong effect of weak motions, where a harmonic signature in the
wake memory can be distinguished, although it does not look too intense. This harmonic
signature exists in all the test cases regardless of the reduced frequency of the motions.
Therefore, it shows that even for cases where motions frequency could not be observed in
the lateral characteristics of the wake meandering process, this frequency still exists in the
integrative metric of the wake in the streamwise direction, i.e., normalised power of the
far-wake. It’s like a pulsive wave travelling in the streamwise direction that can affect the
second turbine downstream. The second turbine receives harmonic motions available in
power from the upstream turbine, which can cause resonance in loadings.

4. Conclusions

This study investigated the influence of the imposed motions on the development of
far-wake meandering of a floating wind turbine as a follow-up of [14]. A porous disc model
is used for this study. The disc model experienced a typical neutral marine ABL, while
the imposed surge, pitch, as well as 3DoF motion (Surge, heave, and Pitch) with multi-
frequency time-series are applied to the model using a motion system. In order to conduct
high-fidelity velocity field measurements, the S-PIV method is used at 8.125 D of the
wind turbine model at a cross-section plan. The velocity contour is then post-processed to
investigate the time-series of far-wake centres and normalised available power of far-wake
in time and frequency domains.

There were three limitations associated with the current measurements. Firstly, having
an acquisition rate of 14.1 Hz in the S-PIV measurements has resulted in a Nyquist frequency
of 7.05 Hz, which limited the frequency domain investigations up to this folding frequency.
Therefore, all designed test cases have motion frequency under this limit value. Secondly,
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the results of the present experimental study are limited to only one type of prototype
FOWT with a given sea state of the installed test site. Therefore, further investigation into
different types of floating substructures and different turbines size in various sea states
is required. Thirdly, using a porous disc to model the floating wind turbine instead of
a rotating-blade model prevents the reproduction of all physical details in the near wake
and the near–wake–moving rotor interactions. Since one deals here with the influence
of length scales much larger than the rotor diameter, it can be expected that the draw
conclusions are valid for a rotating wind turbine model. However, this last aspect needs to
be checked.

This investigation found that imposed motions, including three DoF (Heave, surge,
pitch) time-series with multi-frequency content, have no visible effect on the mean far-wake
recovery. These results are in line with [14] which was focused only on surge motions. The
velocity statistics, such as streamwise velocity, its standard deviation, and TKE have shown
no sensitivity to imposed motions. This result was contradictory to [30] due to the different
flow configurations used. Where in current research, the focus was mainly on the wake
properties, while in [30] attention is made to turbine characteristics. Investigating how
the wake dynamics translate into the performance of a downstream floating wind turbine
remains to be done in the current research study.

The 2- and 1-dimensional histogram of the wake centre position is reviewed in the
time domain for different test cases. The statistics of wake meandering, such as standard
deviation, skewness, and kurtosis, have shown no significant statistical sensitivity to im-
posed motions. The study shows that the wake centres oscillation is clustered in the vertical
direction and spread in the lateral direction regardless of imposed motions. Moreover, the
lateral distribution of wake centres follows a Gaussian shape, while vertical distribution
follows a skew-normal shape with negative skewness towards height increment. The PSD
of different test cases have shown that the motion frequency could leave a peak in frequency
spectrum, if the frequency motions was higher than limit value of reduced frequency equal
to 0.15. This was a different case for the 3DoF motion; while lateral fluctuations were
affected only after a reduced frequency of 0.15, the vertical oscillation had higher values of
energy for all frequency ranges, leaving the conclusion that imposed motions might have
a stronger influence on the vertical oscillation of far-wake centre while analysing 3DoF
multi-frequency time series. While the monochromatic imposed motions with a reduced
frequency of less than 0.15 do not strongly influence the cross-stream wake meandering,
a significant harmonic signature (as a pulse wave) is still observable in the normalised
power even for motion cases with a reduced frequency of less than 0.15.

This research has contributed to advancing the state-of-the-art in wave-structure-
wind interactions for FOWTs. This is important since the frequency characteristics of
the floater motion could act as a pulse wave and travel through the wake of the rotor to
a downstream turbine and cause some resonance in the downstream turbine due to their
induced pulsive loads. These facts suggest that it would be important for future research
to examine and develop the far-wake dynamic models with consideration to the floating
wind turbine motions on the wake meandering phenomena. Future research will address
some of the limitations of the research presented in this paper, such as reconducting current
test campaigns for different types of FOWT with different substructures, rotor model and
capacity, and sea states. Additionally, reviewing the performance of a downstream wind
turbine operating within the wake meandering of a moving upstream one remains to be
done to confirm the recent results available in the literature.
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Nomenclature

Abbreviations Symbols and Indices
FOWT Floating Offshore Wind Turbine CT Thrust coefficient
WT Wind Turbine f Frequency in Hz
S-PIV Stereoscopic Particle Image Velocimetry fred Reduced frequency
DoF Degrees Of Freedom Uref Reference velocity of incident wind in meter per second
3DoF Three-degrees-of-freedom Uhub Reference velocity of wind at hub height in meter per second
ABL Atmospheric Boundary Layer Hs Significant wave height in meter
BL Boundary Layer TP Wave peak period in second
2D3C 2-Dimensional-3-Component Mpx Megapixel
2D 2-Dimensional px Pixel
Nd-YAG Neodymium-Doped Yttrium Aluminum Garnet Ti Turbulence intensity (%)
TKE Turbulence Kinetic Energy σu, σv, σw Standard deviation of velocity component (x, y, z)
PDF Probability Density Function Iu Streamwise Turbulence intensity (%)
PSD Power Spectral Density Nb Number of independent samples
Symbols and Indices ε〈u〉 Uncertainty of estimated streamwise mean-velocity
GW, MW, kW Gigawatt, Megawatt, Kilowatt εσ Uncertainty of estimated standard deviation
D Diameter of turbine rotor in meter x, y z Space coordinates (streamwise, lateral and vertical, respectively)
α Power-law exponent of ABL velocity profile yc, zc Instantaneous crosswise location of wake centre
a Axial induction factor of porous disc yc, zc Mean crosswise location of wake centre
z0 Roughness length of ABL in meter ∆y, ∆z Revised location of wake centre
Lx

u Integral length scale of ABL in meter Y.D−1 Normalized lateral distance on rotor diameter
CP Power coefficient zhub Hub height in meter
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