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Abstract. We investigate the characteristics of the inflow and the wake of a 6 MW floating wind turbine from
the Hywind Scotland offshore wind farm, the world’s first floating wind farm. We use two commercial nacelle-
mounted lidars to measure the up- and downwind conditions with a fixed and a scanning measuring geometry,
respectively. In the analysis, the effect of the pitch and roll angles of the nacelle on the lidar measuring location
is taken into account. The upwind conditions are parameterized in terms of the mean horizontal wind vector at
hub height, the shear and veer of the wind profile along the upper part of the rotor, and the induction of the
wind turbine rotor. The wake characteristics are studied in two narrow wind speed intervals between 8.5-9.5 and
12.5-13.5ms™!, corresponding to below and above rotor rated speeds, respectively, and for turbulence intensity
values between 3.3 %—6.4 %. The wake flow is measured along a horizontal plane by a wind lidar scanning
in a plan position indicator mode, which reaches 10D downwind. This study focuses on the downstream area
between 3 and 8 D. In this region, our observations show that the transverse profile of the wake can be adequately
described by a self-similar wind speed deficit that follows a Gaussian distribution. We find that even small
variations (~ 1 %—2 %) in the ambient turbulence intensity can result in an up to 10 % faster wake recovery.
Furthermore, we do not observe any additional spread of the wake due to the motion of the floating wind turbine

examined in this study.

1 Introduction

The increase in the global renewable energy capacity is
largely based on the continuation of the current expansion
rate of the wind energy sector and the reduction in the as-
sociated production costs (Wiser et al., 2021). To fill this
increased capacity, wind turbines and wind farms will con-
tinue to increase in size, with a growing focus on offshore
wind energy production. Despite the operational challenges
that wind turbines encounter in offshore conditions, several
factors favor offshore deployment: the size of the available
areas, the generally strong wind, and the spatial homogene-
ity of wind conditions. In order to optimize the energy pro-
duction of both onshore and offshore wind farms and to en-
sure that they are operational during their expected lifetime,

it is necessary to be able to realistically model intra- and
inter-farm flows, e.g. the individual wakes, the blockage in
front and speed-up around the wind farms, and the wind farm
wake. In the case of intra-farm flows, the wind turbines are
typically located in the far wake of adjacent wind turbines,
where the characteristics of the flow are mainly related to
the ambient wind conditions, which are usually described
by the inflow speed, shear and veer profiles, turbulence in-
tensity, atmospheric stability, and surface roughness. A thor-
ough review of the current state-of-the-art physical descrip-
tion of those flows is presented in Porté-Agel et al. (2020),
who highlights the importance of a realistic physical param-
eterization of the flow in the far wake to enable accurate pre-
diction of the wind turbine production and the wind-induced
loads. The impact of atmospheric conditions on wake prop-
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erties is investigated in numerical studies (e.g. Wu and Porté-
Agel, 2012; Rodrigues et al., 2015) and wind tunnel experi-
ments (e.g. Chamorro and Porté-Agel, 2009, 2010). For ex-
ample, the results of such studies have formed our current
knowledge that an increase in turbulence intensity results in
a faster wake recovery and that stable atmospheric stratifica-
tion favors the downwind propagation of the wake trace.

Due to the varying sea depth of the exclusive economic
zone of coastal countries and the wind farm construction re-
strictions regarding the minimum distance from land, float-
ing wind turbines will often be an attractive option for the
development of offshore wind farms. In the case of floating
wind turbines, the motion that results from the interaction of
the floating structure with the wind and sea has to be con-
sidered in addition to the atmospheric conditions. The wake
characteristics of floating wind turbines have been studied
using numerical (Wise and Bachynski, 2020; Kleine et al.,
2022; Nanos et al., 2022; Chen et al., 2022; Li et al., 2022)
and wind tunnel (Fu et al., 2019; Schliffke et al., 2020) ex-
periments. Those studies focused on the impact of the sway
(Fu et al., 2019; Nanos et al., 2022; Li et al., 2022), surge
(Fu et al., 2019; Schliffke et al., 2020; Chen et al., 2022), and
heave (Kleine et al., 2022) motions on the turbine operation.
Yet, the absence of the study of the motion of floating tur-
bines under realistic atmospheric turbulence conditions lim-
its our understanding of how the impact of the motion of the
wind turbine on the wake properties can be utilized in con-
trol strategies that optimize the operation of wind turbines
and subsequently wind farms.

In this context the conduction of field campaigns is nec-
essary for increasing our knowledge about the physics that
govern the wake flow. In this respect, the development of re-
mote sensing sensors based on the light detection and ranging
(lidar) technique has extended the study of wake flows gener-
ated by full-scale wind turbines in the atmospheric boundary
layer. This was achieved since their design enables the ac-
quisition of wind observations with high spatial and tempo-
ral resolution while operating either ground based (e.g. lungo
et al., 2013; Tungo and Porté-Agel, 2014; Archer et al., 2019;
Menke et al., 2020) or nacelle mounted (e.g. Bingol et al.,
2008; Aitken et al., 2014; Aitken and Lundquist, 2014; Car-
bajo Fuertes et al., 2018; Schneemann et al., 2021; Cafiadillas
et al., 2022; Brugger et al., 2022). Wind lidars are now used
to detect the propagation of the wake trace (Archer et al.,
2019) and, subsequently, measure both the mean (Iungo
et al., 2013; Tungo and Porté-Agel, 2014; Menke et al., 2020)
and the dynamic (Carbajo Fuertes et al., 2018) wake char-
acteristics. Thus, they are used to evaluate the accuracy of
different wake models (Trujillo et al., 2011; Trabucchi et al.,
2017; Brugger et al., 2022). Furthermore, the capability of
scanning wind lidars to acquire long-range measurements
(1-3km) enables the investigation of the far-wake region
while being installed on the ground and the nacelle of wind
turbines (Archer et al., 2019; Carbajo Fuertes et al., 2018;
Brugger et al., 2022).
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In this study, we use two wind Doppler lidars installed on
the nacelle of a floating wind turbine that is part of a small
offshore wind farm with five wind turbines. Using two lidars
enables the synchronous monitoring of the up- and down-
wind conditions. Thus it was feasible to acquire observations
of the characteristics of the wake and relate those to the in-
flow wind statistics. Similar studies using nacelle-mounted
lidars have been performed on onshore wind turbines focus-
ing on wake model validation (Carbajo Fuertes et al., 2018)
or investigating the relationship between the wake meander-
ing and the fluctuations in the transverse wind component
(Bingol et al., 2008; Trujillo et al., 2011; Brugger et al.,
2022).

Here we present, to our knowledge, the first combined in-
flow and wake measurements of a floating offshore wind tur-
bine using two nacelle-mounted wind lidars. In Sect. 2, we
describe the field campaign and the measuring configuration
of the two wind lidars as well as the data post-processing
steps. In Sect. 3, we present the two models used to describe
the acquired wind lidar measurements in the up- and down-
wind directions based on the characteristics of the free and
wake flow. Finally, we present our results in Sect. 4 where
the accuracy of both the up- and the down-wind wind lidar
is assessed, the properties of the mean free wind field are es-
timated, and the wake flow characteristics are quantified for
different inflow wind cases.

2 Field study

Hywind Scotland is the world’s first commercial floating off-
shore wind farm. It is located approximately 26 km from
the east coast of Scotland (see Fig. la). In total, five
Siemens Gamesa SWT-6.0-154 turbines with a hub height
H =98.6m, a rotor diameter D = 154 m, and a rotor rated
speed of ~ 10ms~! are mounted on a ballast floating plat-
form (Jacobsen and Godvik, 2021). The blade pitch is con-
trolled as a conventional bottom-fixed wind turbine during
operation below the rated wind speed. However, above the
rated wind speed the blade pitch control system interacts with
a floater motion control system. The closest distance between
neighboring wind turbines is approximately equal to 1387 m
(9D). The wind turbines’ (denoted as HS1, HS2, HS3, HS4,
and HS5) locations form a “W”-shape layout, with a clock-
wise rotation of 30° in relation to the north, as shown in
Fig. 1b. The layout is presented in a right-handed coordinate
system whose y axis is aligned to the north, and the origin is
the location of the HS4 wind turbine. The HS4 wind turbine
was instrumented with two nacelle-mounted wind lidars: a
Wind Iris lidar by Vaisala Oyj (Finland) to measure the in-
flow and a G4000 Galion lidar by SgurrEnergy (Scotland) to
measure the wake. The two wind lidars operated for a pe-
riod of 3.5 months between June and September 2020. Dur-
ing this period, an additional G4000 Galion wind lidar was
installed on the HS2 wind turbine to measure downwind rel-
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Figure 1. (a) Map of the eastern coast of Scotland where the offshore Hywind Scotland wind farm is located (black rectangle). (b) Drawing
of the wind farm layout consisting of five wind turbines (denoted as HS1, HS2, HS3, HS4, and HSS5) using a right-handed coordinate system
where the y axis is aligned to the north, and the origin is placed at the location of the wind turbine (HS4).
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Figure 2. (a) Pitch ¢y and (b) roll ¢ values of the HS4 wind turbine for different wind inflow speeds U. The data presented in black
correspond to the mean measurements of the MRU installed on the nacelle over a 2 min period. The red line depicts the mean value of the
pitch and roll angles per wind speed. The dashed gray lines in the pitch plot highlight the interval used in the analysis of this study (see more

in Sect. 4.3).

ative to the turbine. Both HS2 and HS4 wind turbines were
further instrumented with a motion reference unit (MRU) to
monitor the motion of the nacelle. The MRU measured the
angles of rotation about the longitudinal and transverse axes
in relation to the yaw direction of the turbine. The data ac-
quired from the MRU were logged by the supervisory con-
trol and data acquisition (SCADA) system at 1 Hz. Figure 2
presents the pitch ¢, and roll ¢, angles averaged over a pe-
riod of approximately 2 min as a function of the mean hori-
zontal wind speed U. The 2 min period was selected in order
to study the response of the wind turbine over a period that
was similar to the duration of the wake scan performed by the
G4000 Galion wind lidar (see more in Sect. 2.1). The mean
pitch corresponds to a rotation about the transverse axis rel-
ative to the yaw direction and the roll about the longitudinal
axis.

https://doi.org/10.5194/wes-8-1511-2023

We observe that both the pitch and roll angles depend on
the wind speed. The pitch angle has an increasing trend with
wind speed, reaching approximately 7° at 11 ms~! (slightly
higher than the rotor rated speed), followed by a decrease
down to 3°. Positive pitch angles indicate a counterclock-
wise rotation of the rotor plane. The decrease to 3°, which is
observed when the wind is higher than the rotor rated speed,
is attributed to a decrease in the thrust exerted on the wind
turbine’s rotor due to the pitch of the wind turbine’s blades.
The roll angle shows a constant and slightly increasing trend
with increasing wind speed, which on average varies between
0 and 1°, balancing the torque of the rotor. Jacobsen and God-
vik (2021) studied the dynamic response of the wind turbines
at Hywind Scotland and found an increase in the standard de-
viation of both the pitch and the roll angle with an increasing

wind speed. However, up to mean wind speeds of 20ms~!,
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those variations are normally less than 1°, indicating that the
response of the floating platform is very stable.

2.1 Wind lidars

The two nacelle-mounted wind lidars used for this study are
the Wind Iris and the G4000 Galion monitoring the upwind
and downwind conditions, respectively, and both are pulsed
Doppler wind lidars. Doppler wind lidars measure the ra-
dial speed which corresponds to the projection of the wind
vector on the line of sight of a laser beam. In the case of
the Wind Iris, radial wind speed measurements are acquired
over four fixed line of sights, which form the corners of
a rectangle at any measuring distance. In our study, radial
wind speeds were measured at a sampling rate of 0.25Hz
in 10 separate range gates corresponding to the upwind dis-
tances 50m (0.32D), 80m (0.52D), 120m (0.78 D), 160 m
(1.04D), 200m (1.30D), 240m (1.56D), 280m (1.82D),
320m (2.08 D), 360m (2.34 D), and 400 m (2.60 D), when
the Wind Iris was leveled. The first seven range gates were
located within the swept area of the wind turbine, while the
last three were located outside the rotor plane with respect to
the transverse direction (see Fig. 3, red dots). The four tele-
scopes that define the measuring geometry are enclosed in a
single module installed 4.5 m above the rotor center, which
is 103.4ma.s.l. (above sea level), and 4 m behind the rotor
plane. Furthermore, the telescope of the Wind Iris was tilted
by 2.5° with respect to the horizontal plane to bring the center
of the measuring plane to hub height at a distance of 2.5 D,
when the wind turbine was not operating.

The G4000 Galion mounted on the HS4 wind turbine is a
pulsed Doppler lidar where a scanner controls the direction
of the beam. This lidar was configured to do a plan posi-
tion indicator (PPI) scan. The PPI scan consisted of 41 line-
of-sight measurements spanning from —20 to 20° in the az-
imuthal direction and had a duration of approximately 2 min.
Each line-of-sight measurement consisted of 50 range gates
that extended from 15 to 1485 m (9.6 D), which were sam-
pled at 0.32Hz. The 0.32 Hz was chosen in order to en-
sure high data availability along the measuring range. Fur-
thermore, the PPI scan was performed with an elevation an-
gle of 5°. This elevation angle was selected to compensate
for the pitch angle of the wind turbine’s nacelle so that the
scan was horizontal when the mean wind speed was between
either 8.5-9.5 or 12.5-13.5ms~!; see Fig. 2a. The pulsed
scanning Doppler lidars have the advantage that they can ac-
quire instantaneous measurements along a beam with a fixed
spatial resolution. However, the required pulse accumulation
time for producing reliable estimates of the radial speed lim-
its the scanning speed, especially when measurements at long
ranges are required. For these reasons, the PPI scan duration
of 2 min was chosen, followed by 26 s of resetting the scanner
head to its initial position. Thus, approximately 12 scanning
patterns were acquired per 30 min period, which was the time
period used in the wake analysis (see more in Sect. 4.3.2).
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Figure 3. Top (a) and side (b) view of the measuring configuration
used to monitor the up- and downwind flow relative to the HS4 wind
turbine when the pitch of the rotor is equal to 5°. The scanning
pattern of the G4000 Galion is presented with blue dots and the
measuring locations of the Wind Iris with red dots. The coordinate
system is defined such that the x axis is aligned with the downwind
direction relative to the wind turbine, and its origin is located at the
wind turbine’s rotor. The figure also depicts the expected position
of the rotor of the HS1, HS2, and HSS5 wind turbines when the yaw
of the HS4 was equal to 120, 180, or 240° (black line at 9 D). The
gray arc highlights those range gates, where the rotor of the HS1,
HS2, and HS5 wind turbines is expected to be located when the yaw
direction of the HS4 is within the 100-140, 160-200, and 220-260°
ranges.

The measurements were grouped in a Cartesian grid whose
x axis was aligned with the downwind direction parallel to
the yaw direction of the wind turbine, with an origin at the
center of the wind turbine’s rotor. The grid consisted of three-
dimensional cells with dimensions D/5 x D/5 x D/S. The
size of the cells was determined by the length of the range
gates (30 m) and resulted in having at least one measurement
per grid cell per scanning pattern (see Fig. 3a).

2.2 Post-processing of wind lidar data

Prior to the lidar data analysis, a quality check was per-
formed in order to minimize biases that could originate from
erroneous radial speed measurements. We present the post-
processing of the two lidar data sets separately in the follow-
ing two subsections.

2.2.1  Wind Iris wind lidar

In the analysis of the Wind Iris measurements, only the data
flagged with a valid radial wind speed estimation were used.
These data were selected based on the Radial Wind Speed
Status index (RWS Status index), a parameter that is pro-
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vided by the Wind Iris, which describes the quality of the ra-
dial wind speed estimation of each measurement (for more
information we refer to the Wind Iris user manual; Avent
Lidar Technology, Version 2.1.1). However, it was observed
that on 84 % of the 1h periods examined, on average 0.2 %
erroneous estimations of the radial wind speed still remained
after the valid data selection. Due to this, an additional fil-
tering was applied, in which values outside the lower and
upper outer statistical fences of the time series were treated
as outliers for each 1h period. The fences were defined by
the first (lower fence) or third (upper fence) quartiles minus
(lower fence) or plus (upper fence) 1.5 times the interquartile
range of the distribution of the radial wind speeds per period
per range gate. The highest signal-to-noise ratio (SNR) val-
ues in all four line of sights were found approximately at
200 m, corresponding to the range where the Wind Iris has
the highest sensitivity, and thereafter it decreased linearly
(in dB) with distance. The corresponding data availability
(defined here as the ratio between the selected and total ac-
quired data) varied between 90 % and 70 %, with a decreas-
ing trend for increasing measuring distance. In addition, the
two lower beams presented a slightly lower availability com-
pared to the two upper beams, which could be attributed to
blade blockage.

2.2.2 G4000 Galion wind lidar

As described in Sect. 4.3, the G4000 Galion wind lidar data
were filtered for cases where the PPI scans were leveled.
The data filtering was based on the intensity values provided
by the Galion software (SgurrEnergy Ltd., Galion Toolbox,
User manual Revision 2017 B3), according to which the
lower threshold value of 1.01 is recommended as the lower
acceptable threshold for a valid measurement. This value cor-
responds to an SNR of —20 dB. Even though this is a conser-
vative threshold, in relation to the ones typically used in pro-
filing (e.g. —29dB in Gryning and Floors, 2019) and scan-
ning (e.g. —24 dB in Menke et al., 2020) wind lidars, ade-
quate data availability was observed in the acquired data set.
In addition, in order to exclude erroneous wind estimations
that were observed mainly in the closest and furthest range
gates, an additional filter was constructed following the same
method as the one applied to the Wind Iris data to detect out-
liers.

3 Methods

The parameterization of the upwind and downwind condi-
tions was performed using a right-handed coordinate system
whose x axis was anti-parallel to the axis normal to the ro-
tor plane and thus aligned to the mean downwind direction in
cases with no yaw misalignment. Furthermore, we denote the
three-dimensional wind vector U = {u, v, w} = {u1, ua, u3},
where u is the component aligned with the x direction. Us-
ing Reynolds decomposition, we express each of the three

https://doi.org/10.5194/wes-8-1511-2023

components as the sum of a mean (denoted with an over-
bar symbol) and a fluctuating (denoted with a prime symbol)
component: u; = u; + u}.

3.1 Upwind radial speed model

The parameterization of the inflow wind conditions was per-
formed by assuming the following:

— the two components of the horizontal mean wind speed
{u, v}, at a given height, are horizontally homogeneous
within each measuring distance;

— the vertical wind component is negligible (w =
Oms™! );

— the wind shear g—z and veer g—g within the vertical range
of the measuring area of the nacelle lidar are constant
with height.

The first two aforementioned are justified by the horizontal
homogeneity of the offshore mean wind field. The third as-
sumes that in the vertical range between 68—138 m (where
the Wind Iris measurements are acquired), non-linearities in
the wind profile are weak at the measurement height (Pefia
et al., 2009). Based on the above assumptions, the mean wind
vector U in any given location with coordinates (x, y, z) can
be expressed only as a function of height z as

_ _ ou  _ av
U(Z)Z(M,U,w)z MOO+_'ZavOO+_'ZaO ) (1)
0z 0z

where 1, and v, are the mean free horizontal velocities at
_ v

the height of the Wind Iris (103.4 m), and 3—'; and a_v are the
z

vertical gradients. The wind component u is not expected to
be homogeneous along the streamwise direction due to the
induction by the wind turbine. We express this blockage ef-
fect using the induction factor a that characterizes the reduc-
tion in the longitudinal wind speed along a line normal to the
center of the rotor, based on the vortex sheet theory (Conway,
1995; Medici et al., 2011). This can adequately describe the
wind speed evolution as it approaches a wind turbine rotor, as
demonstrated in a field test by Simley et al. (2016) in the case
of an onshore wind turbine, using the following formula:

u ¢
—=l-al|ll+—=2-], 2
- a( T;ﬂ) )

where { = —x /R is the distance normalized by the rotor ra-
dius R =77 m. Here, it is also assumed that the induction
effect does not induce a spatial variability of the transverse
component of the wind and that the induction is independent
of y and z for the positions of the range gates. These simpli-
fying approximations are judged to be reasonable compared
to the full expressions of Conway (1995).
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Based on the above considerations the wind vector of
Eq. (1) can be rewritten as

Ux,2) = {(ﬂw Lo ~z> Find(0), oo + 2 .z,o}, 3)
0z 0z

where

—(x—xL)/R
14+ (=2 /R

describes the expected reduction in the longitudinal speed
across the whole rotor area, and xp is the distance between
the rotor plane and the nacelle lidar (i.e. 4 m). Such param-
eterization formulations of the radial speed of a wind lidar
have also been used in other studies of nacelle-mounted wind
lidars (e.g. Borraccino et al., 2017).

The Wind Iris acquires radial wind speed v, measurements
in four different upwind directions, which correspond to the
projection of the wind vector U onto the unit vector of each
of the line of sights of the wind lidar:

findx)=1—a |1+ “

v = —n® . U(x,2), (5)

where n®) = {n(') ng),n3)} is the three-dimensional unit

vector, and the superscripts i = 1, 2, 3, 4 denote the index
of each beam. The unit vector n, which is defined by both
the azimuth ¢ and the elevation 6 angles of the line of sight,
and by the pitch ¢, and roll ¢, angles of the wind turbine’s
nacelle, is equal to

n® =Ry (¢)) Ry ()", ©)
where n'?" is equal to
ll/(l)
n'® 1
n’® | 71+ tan¢ + tan20
n/(4)
—1 —tan(¢p) tan(9)
—1  tan(¢) tan(6) A
—1 —tan(¢p) —tan(@) |’
—1 tan(¢) —tan(h)

where ¢ = £15° and 6 = £5° depending on the line-of-sight
direction.
Equation (5) can be written as

0

oo

el o
G |=—M|% |where M=

r Ud‘zo

v

v 3%

1 fna () W0 | (8)

l’l(ll)n3)dffmd (n(ll)d ) n(zi)
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is the matrix of the line-of-sight unit vectors, and dy is the dis-
tance from the instrument to the measurement volume. In the
Wind Iris data, for each beam, an upwind distance xy is re-
ported, which is the nominal x distance from the instrument.
Thus, df can be computed by multiplying x¢ by the norm of
the vector {1, tan¢, tan0}.

The estimation of the upwind parameters #oo, Voo, g’g
g—g and of the induction factor a was performed by solving
Eq. (8). The solution was found using a non-linear model
solver in Mathematica (Wolfram Research), based on the
10 min mean values of the radial speeds in all available range
gates. The solver had as input the initial estimation of the
wind conditions using only the radial wind speed measure-
ments acquired in the furthest available range gate per 10 min
period. In this analysis, we have selected only the 10 min pe-
riods with a radial speed availability larger than 50 %. The
performance of the model, in estimating the upwind mean
wind speed characteristics, is investigated through the calcu-
lation of the root mean square error (hereafter denoted as ¢,,)
between the modeled and measured radial wind speeds, for
each 10 min period.

3.2 Wake radial speed model

The study of the wake characteristics was performed by ex-
pressing the radial wind speed as a function of both the up-
wind conditions (mean wind speed and direction) and the
corresponding wind speed deficit that propagates downwind
from the wind turbine, using the following expression:

B(x)
V2mo(x)

Ly =y®))’
exp| —z| ——— , 9
P( 2( o) ©)
where v, is the radial wind speed measurement acquired
by the scanning wind lidar in different longitudinal x and
transverse y distances in relation to the center of the rotor,
= Voo + Voo 1s the mean free speed of the horizontal

wind at the height of the wind lidar, ¢ is the azimuth an-
gle of the line of sight of the scanning wind lidar equal to

vi(x,y) =Ucos(¢p —y) (1 -

arctan X, y is the mean wind direction relative to the yaw of
X

the wind turbine equal to arctan =2 g (x) is a parameter rep-
resenting the spread of the wake Yo(x) is the center of the
wake defined by the location of the maximum wind speed
deficit in the transverse direction at any downwind distance,
v is the transverse coordinate relative to the center of the ro-
tor, and B(x) is a scaling parameter representing the wind
speed deficit.

We assume using Eq. (9) that the transverse profile of the
flow in the wake can be described by a wind speed deficit
with a Gaussian distribution. A similar wake model is pre-
sented in Aitken et al. (2014) and applied to nacelle-mounted
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Figure 4. Example of two 10 min periods where Eq. (5) either adequately (a) or inadequately (b) describes the measured radial wind
speed per upwind distance. The dots correspond to the mean radial wind speed measured by the Wind Iris, and the solid lines represent the
corresponding simulated radial wind speeds of each of the four line of sights for the upwind distances between 50 and 400 m, using the fitted
parameters presented in the bottom-right part of each plot. The negative x axis denotes upwind distances in accordance with the coordinate

system shown in Fig. 3.

wind lidar data in Aitken and Lundquist (2014). The parame-
terization of the radial speed measurements in the wake using
Eq. (9) enables the investigation of not only the propagation
of the wake center due to wake meandering, but also the im-
pact of potential wind direction changes in the area scanned
by the wind lidar. This is possible since each of the two afore-
mentioned parameters induces a different pattern in the dis-
tribution of the radial wind speeds along the transverse axis.
Similar to the analysis of the upwind conditions, the solution
of Eq. (9) was computed using a non-linear model solver in
Mathematica (Wolfram Research), based on the 30 min mean
values of the radial speeds. The solver was applied in each
streamwise distance, and the measurements at x /D = 6 were
chosen as an input of the initial estimation of the free wind
and wake parameters. This choice is supported by the suffi-
cient number of measurements distributed in the transverse
direction and a well-defined wake profile (an example is pre-
sented in Fig. 9¢).

4 Results

4.1 Free wind

During the approximately 3.5-month period when the Wind
Iris was operating, a total of 10529 10 min periods of data
were acquired, corresponding to a 70 % system availabil-
ity. Equation (8), which describes the measured radial wind
speeds as a function of the mean upwind conditions, was
applied to 4502 10 min periods. They were selected on the
basis that (i) both Wind Iris and SCADA data were avail-
able (9348), (ii) the wind turbine was operating (7900),
(iii) radial wind speed measurements were available in all 10
ranges (7315), and (iv) the yaw direction was between either
90 and 270° or 12.5 and 37.5° (4502) to avoid cases where
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the Wind Iris measured partially or fully in the wake of one of
the adjacent wind turbines. We selected those wind directions
based on the wind farm layout (see Fig. 1b) and by investigat-
ing the standard deviation of the line-of-sight measurements
of the two lower beams of the upwind-staring lidar. In those
wind direction sectors, we observed consistent values of the
standard deviation of the radial speeds. This finding is typical
in free wind conditions, as shown by Held and Mann (2019).

Figure 4 presents two samples of 10 min mean radial wind
speed measurements of each of the four line-of-sight beams
(denoted in the figure as n") and n® for the two top beams
and n® and n® for the two bottom beams, shown as ar-
rows), along with the simulated radial wind speeds using the
estimated values of the upwind conditions and Eq. (8). The
figure presents two cases where the applied model is found to
describe either accurately (Fig. 4a) or inaccurately the wind
conditions (Fig. 4b), determined by relatively low or high
values of ¢,, respectively. In both plots, we observe that the
radial speed values of all beams decrease as wind approaches
the wind turbine rotor. This is attributed to the induction
of the operating wind turbine. However, in Fig. 4a, we see
that the radial wind speeds of the two top beams are lower
than those of the corresponding bottom beams and have a
decreasing trend as the upwind distance increases. This pat-
tern corresponds to a negative wind shear as it is predicted

by the model in this case, where g—’; is found to be equal to

—0.028 s~!. The reason why the two right beams (2® and
n™) report higher values than the left ones (2" and n®) is
attributed to the negative value of the mean transverse com-
ponent of the free wind V.. On the other hand, in Fig. 4b,
even though we see a similar trend in the two bottom beams
with decreasing speed closer to the rotor, the two top beams
present an increase in radial wind speeds with upwind dis-
tance up to 180 m, followed by a decrease. The derived wind
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Figure 5. Scatterplot of the 10 min mean wind sheer (a) and veer (b) versus the longitudinal component of the mean free wind speed. The
color scale depicts the magnitude of the root mean square error &, of the fit of the 10 min mean radial wind speed measurements of the
Wind Iris to Eq. (8). The mean and standard deviation sheer and veer in different 1 m s~ ! bins are presented with blacks dots and error bars,

respectively.

characteristics in both cases could be attributed to a wind
speed profile with an inversion. Such wind profiles are typi-
cally observed either in very stable atmospheric stability con-
ditions with a low atmospheric boundary layer height or in
the case of low-level jets. Low-level jets are not uncommon
over offshore areas in northern Europe. They are character-
ized by a non-linear wind shear (Emeis, 2014; Kalverla et al.,
2019), which in our case results in a high root mean square
erTor &y.

To further investigate the relationship between the fitted
values of the wind shear and veer and the resulting root
mean square error, we plot the fitted values of g—z and g—j
as a function of the mean horizontal wind speed in Fig. 5.
Each dot corresponds to a 10 min period, and the color high-
lights the corresponding value of ¢,. We observe that on av-
erage the wind shear is usually within 0-0.02s~!, which can
be considered to be a low range of values, typical of off-
shore conditions. However, an increasing trend of the wind
shear values is found when the mean free wind speed is
higher than 12 ms™!, as seen by the mean shear values (black
dots) in Fig. 5a. Furthermore, when ¢, is usually higher than
0.2ms~! then negative wind shear cases are found. This is
observed in 31 % of the 10 min periods examined. This shows
that wind profile inversions are common at those heights
(100-150 m) and should be considered when studying the
wind turbine operation. In the case of g—g, we find generally

negative values that on average range between 0 to —0.2s~!
(Fig. 5b). These values are expected from the Ekman spiral in
the Northern Hemisphere. Similarly to the wind shear, high

. . av
&y is related to strong negative values of —.

z
For assessing the accuracy of the model of Eq. (8), we
compare the 10min mean horizontal wind speed at hub
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height with the corresponding values of the nacelle-mounted
anemometer. Figure 6a presents a scatterplot between the es-
timated free wind at hub height based on the Wind Iris and
the nacelle anemometer data. For this purpose we use only
cases where ¢, < 0.2ms~!. We find an overall good agree-
ment between the two data sets, with a bias of less than
0.1 ms~! and a high Pearson correlation coefficient 7 > 0.99.
When studying the mean differences between the two data
sets we find that the higher errors are observed between
7-9ms~! and between 18-22ms~!, as it is presented in
Fig. 6b. This error could be attributed to a non-optimal trans-
fer function used in the nacelle-mounted anemometer.
Furthermore, the Wind Iris data were used to estimate the
turbulence intensity (TI) of the ambient wind conditions.
The turbulence statistics are not expected to be biased by
the wind turbine operation, as it was demonstrated by Mann
et al. (2018), where they have showed the induction zone
mainly influences the low-frequency fluctuations. Therefore,
the measurements acquired the closest to the rotor distance
(i.e. 50m) were used for the estimation of TI. This choice
was based on (i) having the smallest spatial separation of
the two measuring points that can introduce a bias in the
estimated second-order statistics (i.e. standard deviation of
u) and (ii) the fact that the vertical displacement between
the two line of sights due to the roll angle was on aver-
age small, since a 1° mean roll angle induced a mean ver-
tical displacement of less than half a meter. Furthermore,
at those range gates, we observe the maximum data avail-
ability. The estimation was performed by using the 0.25 Hz
time series of the radial wind speeds, by solving the equation
Mﬁi) = {n(li), n(zi)} -{u, v}. In the calculation of the standard de-
viation of u we do not take into account the contribution of
the nacelle’s motion to the radial speed. Thus, the estimated

https://doi.org/10.5194/wes-8-1511-2023



N. Angelou et al.: Revealing inflow and wake conditions of a 6 MW floating turbine

25 T T T

y=1.013x+ 0.063
r=0.996 ',’,-

20} N} omin = 3821 y B
T
4
- £
Ty 15t 1 %
£ g =
£ =
E o 2

= 10f ]
= g
<
&)
g
. 2

5F 4

(@)
0 ‘ . . :
0 5 10 15 20 25
Uscapa [ms™]

0.8
0.6
0.4
0.2

|
S 2
v o

|
o
~
o

1519

(b)

20 25

Uscapa [ms™']

Figure 6. (a) Scatterplots of the estimated free wind speed Uwind Iris at hub height using the Wind Iris measurements and the corresponding
10 min mean value Ugcapa as measured by the nacelle-mounted anemometer. (b) Bin-averaged mean difference (UscaApA — UWind Iris) @S

a function of UscapA-

TI values are expected to be slightly biased, as it is presented
in the work of Grife et al. (2022). However, considering the
magnitude of the pitch of the wind turbine’s nacelle, this er-
ror is expected to be less than 15 %.

4.2 Induction zone

In Fig. 7, the induction factor a is presented as a function of
the estimated free horizontal wind at the height of the Wind
Iris. Similarly to Fig. 5, the color of each dot denotes the
corresponding RMSE ¢, value of Eq. (8). An increase in the
&, results in a spread of the estimated induction factor val-
ues per wind speed. In general, we observe that the induc-
tion factor is on average equal to 0.37 £0.07 in the below
rated wind speed range, between 4 and 10ms~!. These val-
ues are close to the theoretical Betz limit, assuming that the
operation of a wind turbine can be simulated using an actu-
ator disk model (Hansen, 2015, Chap. 4). Above that wind
speed range, the induction factor is decreased until it reaches
0.05+0.02 when the wind speed exceeds 18 ms~!. Over-
all, we do not observe any correlation between the induction
factor and the estimated wind speed shear or veer (plots not
shown).

4.3 Wake

In addition to the selection criteria listed in Sect. 4.1 for the
characterization of the upwind flow, four additional criteria
were included for the wake study. First, only G4000 Galion
wind lidar data acquired during periods when the mean tilt
angle of the wind turbine was within 4.425 and 5.575° were
selected, to ensure that the PPI scan was approximately hor-
izontal. This tilt angle range results in a vertical displace-
ment of the furthest range gate by =D /10, equivalent to half
the dimension of one grid cell. Further, to avoid systematic

https://doi.org/10.5194/wes-8-1511-2023

&y [ms™']
0.00 0.10 0.20

0.8 T T r -

0.6+ E
L 04l E
<]

02 i

0.0

0 25

Ums™]

Figure 7. Estimated values of the induction factor a per 10 min
mean horizontal wind speed using Eq. (4). The colors denote the
corresponding RMSE ¢, values.

biases introduced by spatial variations in the data availabil-
ity, only the scans with a data availability of 75 % or higher
were selected. A total of 5907 scanning pattern iterations re-
mained after applying the two criteria above. Subsequently,
to study the wake characteristics in relation to the upwind
conditions, we first had to identify the 10 min periods where
(i) both SCADA and Wind Iris data were available (1719),
(i1) the wind turbine was operating (1719), (iii) the inflow
was free from wakes (1121), and (iv) the measured radial
wind speeds of the Wind Iris could be modeled using Eq. (8)
with relatively low errors defined by an empirical threshold
of &, <0.2ms™! (868).

In the wake analysis, and in addition to the parameters of
the upwind conditions, we used the variations in the pitch
angle to estimate the standard deviation of the velocity of
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Figure 8. Four examples of radial wind speed measurements in the wake flow acquired during individual PPI scans over a 2 min period.
The examples correspond to cases with two different levels of turbulence intensity of ~ 2 % (a, b) and ~ 4 % (c, d), for mean wind speeds
below (a, ¢) and above (b, d) rated speed. The boxes above each plot list the upwind conditions, as well as the Strouhal number (St) of the
side-to-side motion, the standard deviation of the roll angle (o, ), and the yaw direction of the wind turbine.

the rotor and the frequency f, of the periodic side-to-side
motion to estimate the Strouhal number St for each of the
selected cases as %. We find that the standard deviation of
the longitudinal velocity of the rotor is, on average, 6 times
smaller than the standard deviation of the wind speed. There-
fore, we can assume that in this field study, the impact of the
longitudinal motion of the wind turbine’s rotor on the wake
conditions is negligible compared to the effect of the random
variations in the longitudinal wind speed. Thus, we investi-
gated the wake characteristics as a function of the mean wind
speed and turbulence intensity values.

Wind Energ. Sci., 8, 1511-1531, 2023

4.3.1 Single wake scan

Figure 8 presents four examples of single wake scans ac-
quired over different 2min periods. The examples corre-
spond to cases with below and above rated mean wind speeds
and two TI levels equal to 2 % and 4 %. The different TI lev-
els could be attributed to the atmospheric stability conditions
and possibly to the sea state. We observe that regardless of
the turbulence intensity in the above rated speed (Fig. 8b
and d), the trace of the wake is visible down to 9 D, without
a clear wake expansion. In the case when TI is equal to 2 %
(Fig. 8b), we observe a very low standard deviation of the
roll angle (o4, < 0.1°). Jacobsen and Godvik (2021) studied
the response of the wind turbines at Hywind Scotland and
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found that very low standard deviations of the roll angle were
usually associated with stable atmospheric stratification. In
Fig. 8b, the wind shear appears to be negative, concordant
with a very stable atmosphere, which could explain the prop-
agation of the wake down to 9 D. However, we observe that
the wake deficit is still visible but less strong when both the
TI and the wind shear increase, as seen in Fig. 8d. This in-
dicates that the different signs of the wind shear do not have
a significant impact on the wake propagation, at least for the
ambient conditions of the cases examined here.

When the wind was below the rotor rated speed, the 2 min
scans showed less systematic characteristics. In the top-left
plot (Fig. 8a), we present a case with a negative shear and
low standard deviation of the roll angle, indicating a stable
atmospheric stratification. The wake deficit is visible down
to 4 D, while a reduced wind speed deficit in the range be-
tween 1 and 2 D downstream of the nacelle is observed. How-
ever, after 4 D, the wake is less evident. Instead, we observe
wavy patterns in the distribution of the radial speeds that are
spread in the longitudinal and transverse directions. This fea-
ture could be attributed to a combination of the flow char-
acteristics (i.e. atmospheric stability and/or wind direction
changes) and the relative slow scanning speed of the wind
lidar. The PPI scan starts from the positive y axis and rotates
towards the negative, possibly explaining the direction of the
“stripes” in the plot. This feature is not a necessary charac-
teristic of all the below rated wind speed cases, as shown in
the bottom-left plot (Fig. 8c), where the wake trace reaches
9D and meandering is visible. In Fig. 8c we can also see
the effect of the induction zone of one of the adjacent wind
turbines (i.e. HS2), whenx ~9D and y ~ —1D.

4.3.2 Mean wake scan

In order to perform a systematic study of the wake character-
istics, the individual single scans that were acquired during
periods that satisfied the criteria stated in Sect. 4.3 were gath-
ered in 30 min periods and averaged to produce 170 cases of
a time-averaged wake in a fixed frame of reference. Further-
more, in the analysis, we chose only periods characterized
by a quasi-stationary time series of the longitudinal wind
speed, based on the assumption that the time series are quasi-
stationary when their dependence on time has a slope of less
than 0.5ms~ ! h™!. These periods were identified by apply-
ing a linear regression on the 0.25 Hz time series of the lon-
gitudinal component measurements from the upwind wind
lidar, over different 1h periods. Finally, we selected only
the 30 min periods that had at least 7 PPI scans, which re-
sulted in 89 cases, in which the mean free wind speed was
between 8.2 and 14.8 ms ™! and the TI varied between 1.4 %
and 8.1 %. For those cases, we found that the fluctuations
in the tilt angle of the wind turbine were either correlated
or anti-correlated to the time series of the longitudinal wind
speed depending on whether the mean wind speed was below
or above rated speed (i.e. 10ms™!), respectively. The mean
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peak-to-peak difference in the tilt angle for the selected cases
equals 1.8° £ 1.1°. On the contrary, the roll angle of the na-
celle was characterized by a stronger periodic sinusoidal mo-
tion with a varying phase and a mean peak-to-peak difference
equal to 0.9°1+0.6° (see also the power spectral densities pre-
sented in Fig. B1). This side-to-side motion corresponds to a
mean lateral displacement of the rotor equal to approximately
98.5m x tan % = 0.7m or less than 1 % D. The small varia-
tions in both the pitch and the roll angle show that the wind
turbine is relatively stable regardless of the wind conditions,
in accordance with the findings reported by Jacobsen and
Godvik (2021), where neither the mean wind speed nor the
atmospheric stability had a significant impact on the wind
turbine response.

In Fig. 9, we present the mean and the standard deviation,
over a 30 min period between 12:30-13:00LT on 1 Septem-
ber 2020, of the radial wind speeds in the downwind side
of the wind turbine. By averaging all scans of the period,
we minimize the effect of both random noise and biases due
to the natural fluctuations in the wind speed and direction
during a single scan (e.g. Fig. 8a). Furthermore, we should
expect that the time-averaged wake has a smaller deficit and
wider distribution than an instantaneous snapshot of the wake
flow. The measured plane covers the downwind propagation
of the wake, where wind speed deficits can be traced down
to 1500 m (9.7 D). The wake is concentrated within an area
with approximately the same width as the wind turbine rotor.

An example of the application of the wake model of
Eq. (9) is presented in Fig. 9b—d for three different down-
wind distances. Applying a Gaussian model to fit the wake
deficit is not always suitable for describing the characteristics
of the flow. We assess the model’s suitability by investigat-
ing the root mean square error &q values between the model
described in Eq. (9) and the radial speed profile per down-
wind distance for each of the 89 cases selected for this study.
In Fig. 10, we present the mean values of ¢4 per downwind
distance, based on all the selected cases. At close distances,
&4 takes values above 0.4 ms~! but decreases with distance.
This trend is attributed to the fact that at short distances the
measurements are distributed over a limited transverse range
of the PPI scan and that the profile of the wake cannot typ-
ically be described by a single Gaussian deficit (e.g. Aitken
et al., 2014). We empirically define the acceptable threshold
of valid application of the model as ¢4 < 0.25ms~!. Using
this criterion, we conclude that the adequate model area is
within the range 2.7 < x/D < 8.3. The increase in g4, at the
range 8.3 < x/D, is attributed to both the lower SNR of the
measurements at those distances, which typically results in
higher random errors in the measured radial speeds, and the
fact that occasionally the flow in those ranges was further dis-
torted by the induction zone of the adjacent wind turbines.

To investigate the accuracy of Eq. (9), we assumed that the
free wind speed is constant along the whole measured area
where wakes are absent. Then, the ensemble average of the
free wind speed (U) is calculated based on the mean of the
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Figure 9. (a) Mean radial speeds of a 30 min period over the scanned area and three examples of the transverse profile of the mean and the
radial speed (b—d) at x/D = 2.7, 5.9, and 8.3. The result of the application of Eq. (9) is presented in red in plot (b)—(d).
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Figure 10. The mean (black dots) and standard deviation (error
bars) of the root mean square error £q between the acquired radial
wind speeds and the Gaussian wake deficit of Eq. (9) for different
downwind distances. The opaque gray rectangular area denotes the
limits 2.7 < x/D < 8.3 over which, on average, we observe accept-
able g4 values and thus denotes the range over which the velocity
deficit in the wake can be simulated reasonably well by a Gaussian
distribution.

free horizontal wind values, U, estimated in each downwind
distance between 2.7 and 8.3 D. Subsequently, the estima-
tions are compared to the ones derived using the Wind Iris
data. Using a regression analysis, based on the least-squares
perpendicular distance method (Deming fit), we find that
the down- and upstream estimations of the horizontal wind
speed have a good correlation (i.e. » = 0.99) and a small bias
(~—0.1ms™"). We also find good agreement in the esti-
mated mean yaw misalignment y . In particular, based on the
upwind-staring nacelle lidar (i.e. Wind Iris), the mean y over
the 89 examined 30 min periods is equal to 0.1°£1.8°, while
from the downwind scanning lidar it is —0.2° £ 2.8°.

4.3.3 Self-similarity in the far wake

To investigate the similarity in the far wake, we calculate
the self-similar velocity defect f as a function of the scaled
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cross-stream variable &, which, according to Pope (2000,
Chap. 5), are defined as

fE = Lo IO g Y
V)2

Uoo — U (X, Y0) 1o
where y;/2 = +/2In20 and o correspond to the half width of
the half maximum of the wind speed deficit and the standard
deviation of the Gaussian distribution of the wind deficit, 1o
is the mean free wind speed, #(x, y) is the mean longitudinal
wind speed, and yy is the center of the wake. For estimating
the u values in the wake, we first assume that the mean ver-
tical speed component is zero. This assumption is based on
both the offshore wind conditions and the fact that the flow
in the far-wake region of the wake is mainly related to the
ambient wind conditions (Vermeer et al., 2003). Thus, one
should not expect any rotational motion in the wake flow af-
ter x/D > 3, as seen in Zhang et al. (2012), which would
introduce a vertical component in the wind vector. Therefore
a mean radial wind speed Uy measurement at a given point
{x, y} is equal to the projection of the mean # and v compo-
nents to the line-of-sight direction:

Ur(x, y) =u(x, y)cos(¢ — y) +v(x, y)sin(¢ — y), (11)

where y and ¢, similarly to Eq. (9), denote the yaw misalign-
ment and the azimuth direction of a line of sight, respectively.

Since the ¢ angles are small {—20, 20°}, and the mean
absolute yaw misalignment, derived from the estimated val-
ues of Uy and Ve of the 89 selected periods, is equal to
y =1.5 +£1.1°, we can neglect the term vsin(¢ — y) with-
out introducing a bias. Thus, through Eq. (11) we can express
the mean u# component as

vr(x, y)

y 12
cos(¢ —y) (12

u(x,y)=
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Therefore, the longitudinal wind speed at the center of the
wake yp, using Egs. (9) and (12), is equal to

AL) ) (13)

u(x, =U(]l— ——
u(x, yo) < N2

An example of using Egs. (12) and (13) in Eq. (10) is pre-
sented in Fig. 11 for a 30 min period with a mean free speed
equal to 13ms~!. The figure presents the transverse profile
of the self-similar velocity defect for different downwind dis-
tances between 2.7 < x/D < 8.3. We visually observe that
the estimated profiles of the velocity defect f are indepen-
dent of the downwind distance and can be expressed as a
function of the variable & of Eq. (10). Furthermore, we find
that the velocity defect profiles are in good agreement with
a Gaussian distribution, defined as e~ 2'52. This observation
shows that in this case study, a uniform turbulent viscosity
could be used to simulate the far-wake flow reasonably well
(van der Laan et al., 2023).

Subsequently, we apply the same analysis for all selected
89 30 min periods. Between 3—-10D, we find relatively low
RMSE ¢; values (< 0.25ms™ ') between the estimated and
modeled velocity deficit profile. This result supports the hy-
pothesis that the profile of the velocity deficit is generally
self-similar and, thus, independent of the downwind distance,
regardless of the mean free wind speed and the corresponding
turbulence intensity. The results here agree with the findings
of Chamorro and Porté-Agel (2009), who, in a wind tunnel
study, found that the vertical profile of the wind speed deficit
in the wake developed over both smooth and rough surfaces
is approximately symmetric.

4.3.4 Case studies

Before studying the wake characteristics for different am-
bient free wind conditions, we investigate the variability in
the wake measurements between 30 min periods with the
same mean wind speed and TI values. In Fig. 12, we present
11 profiles of the mean longitudinal wind speed at the cen-
ter of the wake when the 30 min mean wind speed is equal
to 9ms~! and TI is equal to 5.0 %. The wind speeds were
normalized by dividing them by the mean horizontal wind
speed of each 30 min period estimated using Eq. (9). The
profiles are generally in agreement in the region x/D < 8.
Profile no. 1, where a faster wake recovery (smaller velocity
deficit as the downwind distance increases) is observed, is an
exception, with no apparent correlation with the wind shear
or veer values. Furthermore, in profile nos. 2, 5, 9, and 10,
we see a decrease in the radial wind speeds when x /D is be-
tween 8.5 and 10. This decrease is attributed to the presence
of the induction zone of neighboring wind turbines. There-
fore, we apply an additional filter by removing measurements
beyond 8.3 D, regardless of the value of 4. Moreover, the
30 min periods with negative shear are also excluded from
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the analysis in order to avoid cases with inversions in the up-
wind wind profile.

After applying the two additional filtering criteria, we ex-
amine two cases where the mean wind speed is either below
(i.e. 9ms™!) or above (i.e. 13ms™') rated speed. In these
two mean wind speed values, we have the maximum number
of cases (17 and 23, respectively), which thus enables the es-
timation of the statistical variability of the derived mean pa-
rameters. The data from these cases are split and examined
based on their TI values. The wind conditions of these cases
and the corresponding upwind profiles are presented in Ta-
ble 1 and Fig. 13, respectively. We observe that, on average,
the wind shear and veer have similar values for all cases. An
exception is case III, where stronger shear and veer values are
found. Overall, as seen in Fig. 13, we observe that the mea-
sured longitudinal and transverse wind components increase
linearly with height, which supports our hypothesis of con-
stant shear and veer in Eq. (1). In all cases, the absolute yaw
misalignment is less than 2°, and we find a Strouhal number
(St) of the side-to-side motion between 0.1 and 0.2, except
for case V where even lower values of St are observed. For
each of the selected five cases we study the wake character-
istics in terms of the downwind propagation of the wake cen-
ter’s position, the wake’s spread, and the maximum velocity
deficit.

4.3.5 Wake center

The propagation of the wake center yp, normalized by the
rotor diameter D, for each of the five cases is presented in
Fig. 14. The yo values are derived from fitting the radial
speed model of Eq. (9) to the measurements of the scan-
ning wind lidar in each downwind distance ranging from
2.6 to 8.3 D. Subsequently, the mean and the standard er-
10T 0/ N30 min Of the yo values for each of the cases exam-
ined were calculated. In cases I and II (Fig. 14a), we ob-
serve that the wake center is translated towards the nega-
tive y axis with an increasing trend with the downwind dis-
tance down to approximately 7 D. The observed translation
of the wake center could be partially attributed to the esti-
mated yaw misalignment angle y values presented in Table 1.
According to those values the maximum yaw misalignment
of the examined cases was equal to —2°, which could re-
sult in a transverse displacement by —0.3 D at 8§ D. On the
contrary, in cases III-V, even though the estimated yaw mis-
alignment angles are of the same magnitude, the mean wake
center, presented in Fig. 14b, shows hardly any translation.
Specifically, it is within 0.05 and —0.10 D from the center of
the rotor within the downwind range 3-8 D, with, however,
larger standard error values (denoted as error bars in Fig. 14).
We could not find any correlation between these trends and
any other free wind condition characteristics. In all cases, the
standard error of the wake center increases with the down-
wind distance, which could be attributed to the meandering
of the wake.
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Figure 11. Mean profile over a 30 min period of the self-similar velocity defect f as a function of the scaled cross-stream variable & for
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Table 1. The number of 30 min periods N3gmin and the corresponding characteristics of the upwind profile (longitudinal speed o, tur-
bulence intensity TI, yaw misalignment y, shear ‘3“ and veer g , oy) at hub height, the wind turbine’s induction zone (a), the standard
deviation of the wind rotor speed (o, ), and the Strouhal number of the side-to-side motion (S;) for each of the five cases examined.
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L T p—— wake expansion is similar to the one reported in the case of
:L) 050 J e § 9 — 10 — 11 field studies of onshore wind turbine wakes by Aitken and
2 Lundquist (2014) and Bodini et al. (2017). Furthermore, as
£ 040 \/\/ the ambient TI increases from 3.4 to 5.0 % the wake width
- 0.00 ‘ also increases. In the above rated cases in Fig. 15b, we find
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Figure 12. Wind profiles of the velocity in the wake center normal-
ized by the mean wind speed us, 4 for 11 cases when the 30 min
mean wind speed was equal to 9 ms—! and the corresponding TI

was equal to 5 %.

4.3.6 Wake width

Similarly to Aitken et al. (2014), we define the wake width
equal to 40, i.e. the spanwise range where the 95 % wind
speed deficit is concentrated. The values are normalized by
the rotor diameter D and presented in Fig. 15. In all cases,
we observe an increase in the wake width with downwind
distance. Below rated (cases I and I in Fig. 15a), already at a
downwind distance of 3 D, the wake width is approximately
equal to 1.5-2.0D and increases up to 2 times at 8 D. This
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a slowly growing width as a function of downwind distance,
with values ranging between 1.3 and 2.0D. In these cases
(III-V) the observed expansion takes place after 5-6 D. The
relatively constant values indicate a slow wake recovery in
the 3.3 %—6.4 % TI range.

4.3.7 Velocity deficit

The velocity deficit in the center of the wake can be ex-
pressed as the relative difference between the mean longi-
tudinal wind component in the center of the wake along the
spanwise axis u(x, yp) and the free wind speed u,. Thus,
using Eq. (13) and by assuming that U = i, the velocity
deficit in the wake center is equal to

oo —U(X, Vo) B(x)
_ , 14
Uoo V2o (x) (19
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Figure 14. Mean wake center along the downwind distance between 2.7 and 8.3 D in a fixed frame of reference when the mean wind speed
is equal to (a) 9ms~! (below rated speed) and (b) 13 m s~! for different TI levels that range from 3.4 % to 6.3 % (see Table 1). The error

bars correspond to the standard error in each mean value.
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Figure 16. Mean velocity deficit at the wake center along the downwind distance between 2.7 and 8.3 D when the mean wind speed is equal
to either 9ms~! (a) or 13 ms—! (b) (below rated speed) and for different TI levels. The dashed gray line in each plot represents the predicted
longitudinal speed using Eq. (2) and the induction factor values of @ = 0.38 (a) and a = 0.15 (b).

where B(x) and o(x) correspond to the fitted values in
Eq. (9). In Fig. 16, we present the percentage of the veloc-
ity deficit for different downwind distances extending from
2.7 to 8.3D, when the mean free wind speed is 9ms™!
(cases I-IT) and 13 ms~! (cases III-V), respectively. Below
rated, in Fig. 16a, we observe a maximum velocity deficit
around 69 %—78 % at 3 D that decreases to 38 %—41 % at § D.
The estimated percentages of the velocity deficit have rela-
tively low standard errors that, depending on the downwind
distance, range between 0.7 %—3.1 %. Furthermore, we ob-
serve that a 1.6 % increase in TI results in a velocity deficit
decrease of 7.5 % %+ 3.0 % in the range between 3 and 8§ D,
which is independent of the downwind distance. The ob-
served high-velocity deficit values at x = 3 D agree with the
high induction factors presented in Fig. 7. By taking into ac-
count the induction factor value and Eq. (2), we should ex-
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pect a maximum relative velocity deficit, equal to twice the
induction factor 2a x 100 % =76 % (which is presented by
a dashed black line in Fig. 16a). We therefore find that, es-
pecially in case I, the velocity deficit at 3D is approaching
the theoretical maximum relative velocity deficit. However,
in the case above rated, in Fig. 16b, we find that the velocity
deficit spans from around 37 %-38 % at 3D and decreases
with increasing distance down to 27 %-29 % at 8.3 D. Thus,
the observed velocity deficit at 3 D is almost 8 % higher than
the theoretical deficit based on the estimated induction factor
(a = 0.15). Furthermore, an increase in the TI from 3.3 % to
4.7% and from 4.7 % to 6.4 % results in a decrease in the
velocity deficit of 5.7 % 4 3.4 % and 9.9 % =+ 3.8 %, respec-
tively. This decrease becomes larger as the downwind dis-
tance increases. Overall, the observed decrease in wind speed
deficit is a lot slower than cases I and II. Specifically, we find
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that wind deficit scales with the downwind distance x on the
power of —0.4, —0.5, and —0.6 for cases III-V, respectively.
The slow flow recovery in cases III-V is consistent with the
slow expansion of the wake width that is observed in Fig. 12.
These values are lower than in cases I and II where we find
that the wind deficit scales with the downwind distance on
the power of —0.9, which is in close agreement with the find-
ings of Barthelmie et al. (2004).

5 Discussion

To investigate the impact of the ambient atmospheric wind
conditions on the wake flow generated by floating wind tur-
bines, we assumed that (i) the wind shear and veer are con-
stant across the wind turbine rotor area; (ii) the wake flow, on
overage, propagates horizontally; (iii) turbulence rather than
the atmospheric stability plays the dominant role in the wake
recovery; and (iv) estimations of turbulence intensity can be
derived by combining radial speed measurements acquired at
a 50 m upwind distance and a spanwise separation of 26.8 m
(0.17D).

Regarding the first assumption, constant and height-
independent wind sheer and veer were used to parameterize
the upwind conditions and simulate the radial wind speed
measurements of the Wind Iris lidar. In 74 % of the cases, we
have found a good agreement between the Wind Iris mea-
surements and the upwind model of Eq. (3). Cases with a
non-constant wind sheer and veer can be attributed to low
atmospheric boundary layer height or low-level jets. In ei-
ther case, measurements at higher and lower heights would
provide insight into a more comprehensive description of the
vertical profile and are recommended in future studies.

Furthermore, since we used only PPI scans in this analysis,
it was not possible to study if vertical motions of the wake
occurred, which could introduce a bias in the observed ve-
locity deficits. For this reason, we had to hypothesize that the
mean wake propagation takes place horizontally. Observa-
tions that support this hypothesis have been acquired by the
Galion wind lidar on HS2 that was measuring in a RHI scan-
ning mode (see more in Appendix A). The measurements of
that lidar could not be analyzed in depth since, due to the lay-
out of the wind farm (see Fig. 1) and for the wind direction
sector examined in this study (southern winds), the inflow of
HS2 included wake flows from adjacent wind turbines. How-
ever, when we investigated the measurements from that lidar
for northern wind directions and for the same wind speed
ranges (see Fig. A1), we observed that on average we could
not detect a significant vertical motion of the center of the
wake (see Fig. A2). Overall, assessing the wind characteris-
tics with a scanning lidar is challenging but also offers a lot of
possibilities. The acquired data sets point to the direction that
wind lidars are technologically mature enough to be used in
monitoring the flow around offshore floating wind turbines.
As a future best practice, we recommend a combination of
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PPI and RHI scanning configurations to study the mean char-
acteristics of floating wind turbine wakes. For example this
would enable a more thorough study of the features that we
observed in the downwind propagation of the wake center
(Fig. 14). Furthermore, due to the relative stable response of
the floating wind turbine examined in this study, an active
motion compensation was not implemented in the scanning
wind lidar. However, this could be necessary for the monitor-
ing of the wake flow, especially in the far-wake region, in the
case of floating wind turbines that are characterized by larger
motions.

A limitation of this study was the lack of information about
atmospheric stratification. Unfortunately, during the lidar
measuring campaign, no sea surface temperature measure-
ments were available, which could have enabled the charac-
terization of the atmospheric stability. This knowledge would
allow a more thorough investigation of the wake properties
and their dependence on atmospheric conditions. However,
the relatively high speeds, the strong shear values at the ex-
amined heights, and the low standard deviation of the roll
angles (based on the findings of Jacobsen and Godvik, 2021)
support the hypothesis that the data set was acquired during
either neutral or stable atmospheric stability, and thus the im-
pact of convective effects of the wake can be considered to
be limited.

Finally, regarding the impact of the motion of the floater
on the wake characteristics, and considering the measured
pitch and roll variations, the amplitude of the surge and sway
motions of the wind turbine used in this study was rela-
tively small compared to the values used in numerical (Nanos
et al., 2022; Chen et al., 2022) and wind tunnel (Fu et al.,
2019; Schliffke et al., 2020) experiments, which focused on
the study of the effect of the wind turbine motion on the
wake characteristics. Comparing the standard deviation of
the surge motion speed with the one of the longitudinal wind
speed showed that the standard deviation of the wind was
1 order of magnitude larger. For this reason, we studied the
wake characteristics as a function of the mean wind speed
and TTI values. Similar amplitudes of side-to-side motion with
the one observed in our study, with, however, an almost dou-
ble Strouhal number, have been reported in the work of Li
etal. (2022). They state that the side-to-side motion amplifies
the wake meandering when the ambient TI is low (< 3 %),
leading to a faster recovery of the wake deficit. However, in
the 4 %—8 % TI regime studied here, the wake recovery of a
floating wind turbine is similar to that of a fixed wind turbine,
as reported by Li et al. (2022). This similarity in wake recov-
ery could explain the agreement of the wake characteristics
presented in this analysis with results from previous numer-
ical and wind tunnel studies of fixed wind turbine wakes. In
this study we have not investigated the impact of the rota-
tional speed of the rotor and the blade pitch angles on up-
and downwind conditions, which could be a subject of future
work.
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6 Conclusions

This study uses two nacelle-mounted wind lidars to investi-
gate the characteristics of the up- and downwind conditions
relative to an offshore floating 6 MW wind turbine, which
was mounted on a ballast platform. The acquired radial wind
speeds from the two lidars are parameterized as a function
of the upwind and wake characteristics. In the case of the
upwind conditions, we find that, in 74 % of the cases, mod-
eling the radial speeds as a function of a linear wind shear
and veer along the rotor, and of an induction factor due to
the wind turbine’s operation, performed adequately. Over the
examined data set, we found that in 31 % of the cases, the
wind shear had negative values. These negative values high-
light that deviations from a linearly increasing profile at a
height range between 100 and 150 m are not negligible in
the wind profile at the offshore area of east of Scotland. The
wake study focused on the self-similarity of the wind deficit
and the downwind propagation of the wake’s center, width,
and deficit in the far-wake region. The knowledge of these
parameters is important since they determine the inflow con-
ditions that the adjacent wind turbines would encounter in
a wind farm. The wake measurements were grouped based
on the mean wind speed at hub height and the corresponding
TI, allowing for a statistical analysis of the wake properties.
Our findings support the hypothesis that the spanwise veloc-
ity deficit in the wake can be considered self-similar in the
far-wake region (3—8 D). Finally, an increase in the ambient
TI enhances the recovery of the velocity deficit and the ex-
pansion of the wake. These results indicate that the wakes of
floating wind turbines, which do not experience high pitch
and roll rotations, will have similar characteristics to those
of fixed wind turbines. Thus, even though the rotor of the
floating wind turbine investigated in this study was subject
to motions induced by both wind and sea fluctuations, the
primary mechanism for the wake recovery is considered to
be the atmospheric turbulence.

Appendix A: Range height indicator lidar scans

The Galion on the HS2 wind turbine scanned in two alter-
nating modes, i.e. a PPI and a range height indicator (RHI)
scan. The PPI scan had the same characteristics as the one
performed by the Galion lidar on HS4. The RHI scan con-
sisted of 36 line-of-sight measurements with elevation angles
that extended from —15 to 20°. In our study, the RHI mea-
surements acquired on the HS2 wind turbine were used only
to investigate the average vertical motion of the wake. Fig-
ure Al presents the mean longitudinal speed, estimated by
dividing the radial wind speed measurements by the cosine
of the elevation angle of the line of sight. The estimation of
the mean is based on two different data sets based on the wind
speed range of 7.4-10.5 and 10.6-13.5ms~!. The two sets
had 426 and 266 scans for the first and second wind speed
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Figure A1. Mean longitudinal wind speed acquired during a range
height indicator scan for the two different wind speed ranges of (a)
7.4-10.5ms~! and (b) 10.6-13.5ms~ .
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Figure A2. Vertical profiles of the longitudinal wind speed at dif-
ferent downwind distances (3, 4, 5, 6, 7, and 8 D) and for two wind
speed ranges of (a) 7.4-10.5ms~! and (b) 10.6-13.5ms L.

ranges, respectively. The data are grouped based only on the
mean wind speed.

Figure A2 presents the vertical profile of the wind speed
based on the RHI scans of Fig. A1 for six different downwind
distances corresponding to 3, 4, 5, 6, 7, and 8 D. Each profile
is normalized by the mean free wind speed at hub height. The
profiles show a visible velocity deficit for all the ranges down
to 8 D. Furthermore, the maximum velocity deficit is near
hub height regardless of the downwind distance. On average,
the wake center shows no significant vertical motion even
though the pitch angle of the wind turbine’s nacelle is 5°.
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Appendix B: Pitch and roll angles of the wind
turbine’s nacelle

Figure B1 presents the power spectral density of the pitch
(Fig. Bla) and roll (Fig. B1b) angles. We observe that in gen-
eral higher energy levels appear in the spectrum of the pitch
angle, which corresponds to oscillations longitudinal to the
yaw direction. However, in the roll angles we observe a more
predominant frequency peak at 0.01 and 0.03 Hz, which cor-
responds to the natural frequency of the sway and roll mo-
tions of the wind turbine (Jacobsen and Godvik, 2021), re-
spectively.

f [Hz]

1073 102 107!

1073 1072 107!

Figure B1. Power spectral densities of the pitch (a) and roll (b) angles of the wind turbine measured by a motion reference unit (MRU) in
the nacelle. The gray lines correspond to the individual spectra for each of the 89 30 min periods examined in this study, and the black lines

depict the corresponding mean over all cases.
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