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Abstract The phenomenon of meandering of the wind-turbine wake comprises the motion
of the wake as a whole in both horizontal and vertical directions as it is advected downstream.
The oscillatory motion of the wake is a crucial factor in wind farms, because it increases
the fatigue loads, and, in particular, the yaw loads on downstream turbines. To address this
phenomenon, experimental investigations are carried out in a wind-tunnel flow simulating
an atmospheric boundary layer with the Coriolis effect neglected. A 3× 3 scaled wind farm
composed of three-bladed rotating wind-turbine models is subject to a neutral boundary
layer over a slightly-rough surface, i.e. corresponding to offshore conditions. Particle-image-
velocimetry measurements are performed in a horizontal plane at hub height in the wakes
of the three wind turbines occupying the wind-farm centreline. These measurements allow
determination of the wake centrelines, with spectral analysis indicating the characteristic
wavelength of the wake-meandering phenomenon. In addition, measurements with hot-wire
anemometry are performed along a vertical line in the wakes of the same wind turbines,
with both techniques revealing the presence of wake meandering behind all three turbines.
The spectral analysis performed with the spatial and temporal signals obtained from these
two measurement techniques indicates a Strouhal number of ≈ 0.20 − 0.22 based on the
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characteristic wake-meandering frequency, the rotor diameter and the flow speed at hub
height.

Keywords Wind-tunnel-scale atmospheric boundary layer ·Hot-wire anemometry · Particle
image velocimetry · Wake meandering · Wind-turbine wakes

1 Introduction

Between the years 2000 and 2015, the cumulative wind-power installations in the European
Union increased from12.9GWto141.6GW(Corbetta et al. 2016) and, based on theEuropean
Wind Energy Association’s central scenario (Corbetta et al. 2015), wind-energy installations
are predicted to generate 320GWby2030.Hence,with the rise in the use ofwind energy,more
and larger clustered wind farms are expected to appear. An important aspect of a wind-farm
design is the optimization of the wind-farm layout, which consists in optimally positioning
the wind turbines within the wind farm, so that the wake effects are minimized and, therefore,
the efficiency and lifetime of downstream turbines are maximized. This requires an in-depth
knowledge of wind-turbine wakes, and, especially, a better understanding of the well-known
but less understood wake-meandering phenomenon. Because this phenomenon causes the
wake to be swept in and out of the rotor disk of downstream turbines, a considerable increase
occurs in the fatigue and, particularly, yaw loading of these turbines.

Two main possible reasons for the formation of wake meandering have been suggested
over the past few years. First, the intrinsic instabilities of the wake associated with a periodic
vortex shedding within the wake (España et al. 2012), the rotor swept disk of the wind turbine
acting as a porous bluff body with decreasing permeability as the tip-speed ratio increases.
Second, the effects of the large-scale turbulent eddies contained in the atmospheric boundary
layer (ABL) as observed for plume-dispersion analysis (España et al. 2012).

The experiments of Medici and Alfredsson (2006) using a scaled model of a two-bladed
rotating wind turbine subject to a uniform freestream flow suggest the role of intrinsic insta-
bilities. Medici and Alfredsson (2006) argued that the low-frequency vortex shedding may
be responsible for the wake-meandering motion. Their measurements were since supported
by the theoretical study of Okulov and Sørensen (2007). However, as mentioned in Larsen
et al. (2008), notable differences exist between the experimental conditions of Medici and
Alfredsson (2006), and the conditions present for a full-scale wind turbine located in the
ABL. Medici and Alfredsson (2008) further complemented earlier studies of the meandering
of wind-turbine wakes by investigating the influence of the number of blades, the blade pitch
angle and the tip-speed ratio on the meandering frequency. Their measurements show that
the Strouhal number

St = f D

Uhub
, (1)

based on the characteristic wake-meandering frequency f , the rotor diameter D and the
freestream wind speed at hub height Uhub, varies between 0.1 and 0.3 depending on the
operating conditions.

España et al. (2012) assumed that small-scale eddies (i.e. smaller than the rotor diameter)
constituting the high-frequency part of the turbulence spectrum are responsible for diffusive
effects in the wake only, whereas the low-frequency part composed of eddies larger than
the rotor diameter acts to transport the wake as a whole (España et al. 2012). The wake-
meandering process can, therefore, be described as a series of consecutive wake “releases”,
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each advected downstream with the mean velocity field and displaced by the large-scale
turbulent structures in the plane perpendicular to the mean flow direction. In relation to the
large-scale turbulent structures, the individual wake “releases” are thus presumed to behave
like passive tracers (Larsen et al. 2008). Experimental evidence of the role of large eddies
on the wake-meandering phenomenon behind a wind turbine modelled with a static porous
disk has been provided by Aubrun et al. (2011) and España et al. (2011, 2012). Experiments
performed in both neutral stability, and homogeneous and isotropic turbulence conditions,
show that the meandering process is only generated for turbulent length scales larger than the
disk diameter, and that the meandering phenomenon, characterized by random oscillations
of the wake, cannot be attributed to periodic vortex shedding.

Chamorro et al. (2013) provided evidence of wake meandering for a hydrokinetic turbine
located in a turbulent boundary layer. Their acoustic Doppler velocimetry measurements
show that, at distances greater than three rotor diameters, the wake has a strong lateral
periodic motion of low frequency corresponding to St = 0.28 at x/D = 4. From laser
Doppler anemometry measurements performed in the wake of a three-bladed wind-turbine
rotor located in a water flume, Okulov et al. (2014) found that the wake oscillates periodically
with St ≈ 0.23, independent of the operating conditions.

The experiments of Muller et al. (2015) and Aubrun et al. (2015) using static porous
disks located in a neutral boundary layer show that, while the instantaneous horizontal wake
position correlates well with the upstream transverse velocity component for wavelengths
larger than three times the disk diameter, this is not true for wavelengths smaller than twice
the disk diameter. They argued that the lateral force is a better candidate than the upstream
transverse velocity component for predicting the real-time meandering process, since the
coherent frequency range between the position of the wake and the lateral force is wider than
that for the coherence with the upstream transverse velocity component (Muller et al. 2015).
Finally, using two porous disks located 5D apart from each other, an amplification of the
wake meandering for the downstream turbine was observed due to the upstream wake.

Fromparticle-image-velocimetry (PIV)measurements performed in thewake of two rotat-
ing three-bladed scale models placed in a neutral boundary layer, Howard et al. (2015)
reported that the velocity deficit in the wake, resulting from specific turbine operating con-
ditions, appears to be a key governing parameter for meandering. Indeed, they noted that a
larger velocity deficit compresses the wake meandering in both horizontal directions. More-
over, they observed large-scale oscillations corresponding to St ≈ 0.3 for a wind-turbine
scale model operating at an optimal tip-speed ratio.

The wake of a three-bladed rotating wind-turbine scale model in onshore (moderately
rough) and offshore (slightly rough) neutral boundary-layer conditions has been investigated
by Barlas et al. (2016). For offshore conditions, i.e. low turbulence intensity (I = σu/Uhub =
7.5% at hub height, where σu is the standard deviation of the freestream velocity component),
a wake-meandering mechanism was detected through a low-frequency peak in the turbulent
energy spectrum. It was found that the Strouhal number related to this meandering is always
≈ 0.25, which is a typical value for bluff-body vortex shedding (Sumer and Fredsøe 1997).
Additional investigations were performed in offshore and onshore conditions downstream of
a 3 × 3 wind farm, but, as for the single wind turbine in onshore conditions (I = 17.5% at
hub height), the incoming turbulence intensity was too high for the meandering to survive
(Barlas et al. 2015).

While most of the experimental studies on meandering of the wind-turbine wake concern
an isolatedwind-turbine scalemodel or twomodels alignedwith themean flow in a few cases,
the current study focusses on the three wind turbines of the middle row (in the streamwise
direction) of a 3× 3 scaled wind farm. Rotating scale models of three-bladed wind turbines
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Fig. 1 Wind-turbine scale model dimensions

enable more realistic flow dynamics (tip vortices and rotational momentum) than porous
disks. Furthermore, since each model is equipped with a generator, the power produced by
the turbines can be measured. In particular, our aim is to extend the study of Barlas et al.
(2015) by investigating whether the wakemeandering persists in a scaled wind farm placed in
a neutral boundary layer corresponding to a slightly-rough terrain (offshore conditions) in the
atmosphere, and to determine the characteristics of this phenomenon. This is accomplished
using state-of-the-art experimental techniques combined with spectral analysis.

2 Experimental Set-Up

2.1 Wind-Turbine Scale Model

The three-bladed wind-turbine scale models used for the experiments have a rotor diameter
of 0.15 m and a hub height of 0.13 m (Fig. 1). The scale-model dimensions make it possible
to position a 3 × 3 wind farm in our wind tunnel (see Sect. 2.3), and are well adapted to
obtaining integral length scales larger than the wind-turbine rotor diameter.

The rotors were designed based on blade-element momentum theory (Burton et al. 2001),
with optimization of the power coefficient Cp for an incoming flow speed of 8 m s−1 at
hub height. To deal with the low Reynolds numbers for the scale models (Re � 27 × 103,
based on the chord length and relative velocity for each blade element), the rotors were
made of a thin airfoil (i.e. the HAM-STD HS1-606 airfoil). The main characteristics of the
wind-turbine blades can be found in Table 4 (“Appendix 1”). The rotors were manufactured
by three-dimensional printing; each rotor is attached to a direct-current motor located inside
the nacelle and used as a generator, which can be “counter-loaded” by connecting it to an
electrical circuit to extract power from the incoming flow. By varying the resistance of the
circuit, the resistance of the generator is changed, which enables the control of the turbine
angular velocity Ω , and, therefore, the turbine tip-speed ratio

T SR = Ω R

Uhub
, (2)

123



Experimental Study on the Wake Meandering Within a Scale… 81

where Uhub is the mean flow speed at hub height, and R is the rotor radius. Based on the
incoming flow speed at hub height (Uhub = 8.3 m s−1), the tip-speed ratio of the first turbine
is equal to 7.2.

The scale-model dimensions are representative of a 2-MW offshore wind turbine (e.g.
scale 1/440 of a Vestas V66-2MW wind turbine), and given the large scaling factor, it was
determined whether the results of our scaled experiments could be extrapolated to full-scale
wind turbines. According to Chamorro et al. (2012), the Reynolds-number independence for
higher-order statistics (i.e. turbulence intensity and kinematic shear stress) starts at Re ≈
9.3×104, while themean-velocity deficit (lower-order statistics) already becomes insensitive
to Reynolds-number effects at Re = UhubD/ν ≈ 4.8 × 104, with D the wind-turbine
rotor diameter and ν the kinematic viscosity. For our scale model, the Re influence was
investigated by comparing the mean velocity and turbulence-intensity profiles obtained from
PIV measurements at hub height in the wake of the model at Re = 5 × 104 and Re =
8.5 × 104 (Fig. 2). The Reynolds-number independence for the mean velocity is already
reached at Re = 5 × 104, which is in agreement with the reference Re for independence of
lower-order statistics reported byChamorro et al. (2012). Concerning the turbulence-intensity
profiles, with a change in I (Eq. 7b) of less than 2% observed between Re = 5 × 104 and
Re = 8.5 × 104, it is expected that Re independence for the turbulence intensity is close to
the reference Re for the independence of higher-order statistics reported by Chamorro et al.
(2012). Therefore, for the highest Re reached during our experiments (Re = 8.5× 104), Re
independence is reached for the main flow statistics.

2.2 Wind-Farm Set-Up

The 3× 3 wind farm was located at the end of the test section of the von Karman Institute’s
L-1B wind engineering facility (Fig. 3). The wind-turbine scale models were separated by
distances of 3D and 5D in the spanwise and streamwise directions, respectively, which are
representative of a full-scale wind farm, and were also used in Barlas et al. (2015), thus
enabling comparison of the results between both studies.

Due to the limitations in the positioning of the PIV camera underneath the wind tunnel
(see Sect. 2.4.1), the PIV system remained stationary, while the wind farm was shifted lon-
gitudinally for successive measurements in the wake of the first, second and third turbines as
depicted in Fig. 3. These changes in wind-farm positioning have no influence on the reliabil-
ity of the results, since the entire testing area is contained within a fully-developed boundary
layer. Furthermore, since the PIV system remains in the same position, the comparison of
the wind-turbine wakes is not affected by changes in the PIV set-up.

2.3 Boundary-Layer Modelling in the L1-B Wind Tunnel

The L-1Bwind tunnel of the vonKarman Institute for Fluid Dynamics is a low-speed, closed-
loop wind tunnel with a 2-m high, 3-m wide, and 20-m long test section. Different floors
with variable roughness elements enable the growth and control of a turbulent boundary layer
similar to the lower part of the neutral ABL, with the Coriolis effect neglected. Based on
Barlas et al. (2015, 2016), a neutral boundary layer corresponding to a slightly rough terrain
(offshore conditions) was modelled for the experiments. To initialize the neutral boundary
layer, a 0.15-m high fence and a monoplane grid with a mesh size of 0.02 m × 0.02 m were
located at the beginning of the test section containing no roughness elements. The length
of the flow-development section was equal to 11 m for the shortest scenario, corresponding
to the wind farm in configuration 3, which is sufficiently long for the establishment of a
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Fig. 2 Normalized velocity (a), and turbulence-intensity (b) profiles at hub height for Re = 5 × 104 and
Re = 8.5 × 104

fully-developed boundary layer. More information concerning the modelling of atmospheric
flows in the L-1B wind tunnel is found in Buckingham (2010) and Conan (2012).

After verification of the lateral homogeneity of the flow inside the PIV field-of-view,
the boundary layer modelled in the wind tunnel was characterized using a one-component
hot-wire anemometer. The measurements were performed along a vertical line located in

123



Experimental Study on the Wake Meandering Within a Scale… 83

(a) (b)

(c) (d) (e)

Fig. 3 Wind-farm location in the L-1B wind engineering facility of the von Karman Institute for Fluid
Dynamics. Photograph of configurations 1 (a) and 3 (b), and sketches of configurations 1 (c), 2 (d) and 3 (e)

the rotor plane of the first wind turbine of the wind farm in configuration 1 (Fig. 3c). From
10 mm to 320 mm, measurements were taken every 10 mm. For each location, the hot-
wire-anemometry signal was acquired for 120 s with a sampling frequency of 3 kHz and
filtered at 1 kHz. It is important to note that, despite the fact that the hot wire was positioned
to measure the streamwise velocity component, the velocity acquired with one-component
hot-wire anemometry is not the streamwise velocity component, but strictly the effective
velocity.

From the measured velocity profile, parameters corresponding to the logarithmic law

U

u∗
= 1

κ
ln

(
z − d0
z0

)
(3)

and power law

U

Uref
=

(
z − d0

zre f − d0

)α

(4)

are determined by fitting the experimentally-averaged velocity profile in a semi-logarithmic
and logarithmic-logarithmic plot, respectively. Here, U is the mean horizontal flow speed,
u∗ is the friction velocity, κ is the von Karman constant, z is the height above the surface,
z0 is the aerodynamic roughness length, which is a function of the real surface roughness,
d0 ≈ 0 is the zero-plane displacement, α is the power-law coefficient, andUref corresponds
to the velocity at a reference height zre f , which was set as the hub height.

Table 1 presents these modelled parameters. After scaling the aerodynamic roughness
length to its full-scale value (z0 f,s = 440 z0wt,s ), these parameters were compared to vari-
ous engineering guidelines (VDI Guidelines 3783/12 2000; Eurocode 2005; ESDU 1985).
According to these guidelines, the values of the parameters obtained correspond to the upper
limit of the slightly rough roughness class representing an ice, snow or water “terrain” (ter-
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Table 1 Parameters with their uncertainty bounds for the logarithmic law and the power law for the modelled
boundary layer in the L-1B wind tunnel

u∗ (m s−1) 0.330 ± 0.015

z0wind tunnel scale (m) 5.5 × 10−6 < 8.4 × 10−6 < 12.8 × 10−6

z0 f ull scale (m) 2.4 × 10−3 < 3.7 × 10−3 < 5.6 × 10−3

α 0.113 ± 0.005

rain category of type 0 according to the Eurocode standard (Eurocode 2005)). Based on these
standards, it can be concluded that a neutral boundary layer representing offshore conditions
is modelled in the L-1B wind tunnel.

Figure 4a, c presents the measured vertical profiles of the normalized mean velocity
U (z)/Uhub, the turbulence intensity I (z) = σ(z)/U (z), where σ is the standard deviation
of the streamwise velocity component, and the normalized integral length scales L(z)/D in
the streamwise direction. The mean velocity profile is compared with the logarithmic law
(Eq. 3) and the power law (Eq. 4). The turbulence-intensity profile is comparedwith the limits
for a slightly-rough terrain corresponding to 10−5 m < z0 < 5 × 10−3 m, as suggested by
the VDI Guidelines 3783/12 (2000). The integral length scales (L) are computed by apply-
ing the autocorrelation method to the time series and invoking Taylor’s frozen turbulence
hypothesis. Due to a lack of information in these guidelines concerning the integral length
scales, the limits were computed based on the ESDU guidelines (ESDU 1985), with 10−5 m
< z0 < 5 × 10−3 m. The integral length scale at hub height appears to be about three rotor
diameters, which is the characteristic size of the energy-containing eddies corresponding to
the conditions presented in España et al. (2011, 2012), where the wake-meandering phe-
nomenon requires turbulent scales in the inflow larger than the wind-turbine rotor diameter.

A usual representation of the distribution of energy for atmospheric flows is the neutral
Kaimal spectrum (Kaimal and Finnigan 1994), which is the energy spectrum normalized by
the frequency and the square of the friction velocity ( f S( f )/u2∗), where a reduced frequency
n = f z/U based on the height z and mean velocity at that height, is used. The Kaimal
spectrum for the streamwise velocity component (Kaimal and Finnigan 1994) is given by

f S( f )

u2∗
= 102n

(1 + 33n)
5
3

. (5)

The normalized turbulent spectrum obtained at hub height compares well with the Kaimal
spectrum in Fig. 4d, but with a slight overshoot in the amplitude of the peak, which is
consistent with Conan (2012). This overshoot is most probably caused by a low-frequency
instability ( f ≈ 1.5 Hz) produced by the two counter-rotating fans of the wind tunnel. Note
that this frequency is about ten times smaller than the meandering frequency.

2.4 Measurement Techniques

2.4.1 Particle Image Velocimetry

The 2D2C-PIV technique was used to perform measurements in a horizontal plane at hub
height in the wake of the wind-turbine scale models. Therefore, the laser was positioned on
one side of the test section, with the CCD camera (Imager SX 4M) located below the test
section, and recording images through a flush-mounted Plexiglas window in the turntable of
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Fig. 4 Vertical profiles and normalized spectrum of the modelled boundary layer in the L-1B wind tunnel.
The normalized mean velocity (a), turbulence intensity (b), integral length scales (c), normalized spectrum at
hub height and Kaimal spectrum (Kaimal and Finnigan 1994) (d). Note that all the statistics are based on the
streamwise velocity component

thewind tunnel (Fig. 5). The camera has a spatial resolution of fourmegapixels, was equipped
with a 35-mm Nikkor lens, and was located at approximately 2 m from the laser sheet to
obtain a field-of-view larger than 4D in the streamwise direction. To collect a large amount
of light scattered by the seeding particles, the aperture was set to f# = 2.8. The seeding
particles are oil droplets of diameter of 1–5 μm, produced by a smoke generator composed
of a plate heated at 180 ◦C on which oil is vaporized. To obtain a uniform seeding, the oil
particles were injected into the end of the test section so that mixing aided by the counter-
rotating fans occurs in the return circuit of the wind tunnel. Measurements were performed
using LaVision’s DAVIS 8 software. Two cavities of a Nd-Yag pulsed laser were used to
obtain two flashes of light separated by a fixed time of Δt = 290 μs for Uhub = 8.3 m s−1

and Δt = 470 μs for Uhub = 4.9 m s−1, resulting in particle displacements of about eight
pixels. For each measurement, 800 image pairs were acquired at a frequency of 2.5 Hz to
provide statistically independent quantities for computation of the mean velocity and the
standard deviation. The processing of the images was carried out using in-house software
(Scarano 2000) with 64× 64-pixel interrogation areas, and an overlap of 75%. For all fields-
of-view, the signal-to-noise ratio is approximately six, giving confidence in the quality of
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Fig. 5 PIV set-up in the L-1B wind tunnel

the measurements and processing. Based on the uncertainty analysis procedure proposed by
the International Towing Tank Conference (2008), and considering a confidence interval of
95%, the uncertainties in the mean and standard deviation of the velocity are 1.5% and 2.5%,
respectively.

2.4.2 Hot-Wire Anemometry

The hot-wire anemometer was calibrated using a low-turbulent, uniform jet created by a noz-
zle and controlled by a pressure difference. The calibration was carried out before and after
each experimental campaign to verify the validity of the calibration throughout the experi-
ments. The calibration curve was then fitted with a third-order polynomial for converting the
instantaneous voltage signature into an instantaneous flow. The measurements in the wind-
turbine wakes were performed at x = 2D downstream of each rotor disk for heights ranging
between z = 30 mm and z = 320 mm in increments of 10 mm, as well as at the lower and
upper blade-tips heights. For each location, the hot-wire-anemometry signal was acquired
for a duration of 120 s, with a sampling frequency of 3 kHz, and low-pass filtered at 1 kHz.
Based on classical uncertainty analysis (Anthoine et al. 1994) and considering a confidence
interval of 95%, the uncertainty is 4.1% for a hub-height flow speed of 7.8 m s−1. Note that,
even if the use of a single hot wire within a wake is questionable, it was sufficient for the
present objective of acquiring power spectra for the determination of the wake-meandering
frequency.

3 Estimation of the Wake Centre

From thePIVmeasurements of the scaledwind-turbinewakes, a specificprocessing technique
is used to determine the instantaneous deviations of the wake-centre position from its time-
averaged location. A processing technique applied to the instantaneous velocity fields, and
based on the determination of the wake-deficit borders through a threshold value based on the
external velocity of the flow (Uth = 0.95Uext ) was tested by España et al. (2011). However,
the high turbulence intensity contained in the flow leads to very noisy velocity fields, making
the determination of the instantaneous borders of the wake deficit both difficult and uncertain
(España et al. 2011).
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Fig. 6 Gaussian fit of two profiles of the normalized instantaneous wake velocity deficit (Udef =
U f ree stream −Uwake) at hub height for x = 0.5D (a) and x = 3D (b)

An alternative approach detailed in Bingöl et al. (2010), and used in Aubrun et al. (2012)
and Vollmer et al. (2016), is based on the determination of a Gaussian profile fitted to the
instantaneous wake velocity deficit

f (y) = A

2πσ
exp

(
− (yi − μy)

2

2σ 2

)
. (6)

The independent Cartesian spatial variable of the function is referred to as yi and the shape
of the function is parametrized in terms of the position parameter of the profile μy , the width
parameter of the profile σ , and a scaling parameter A (Vollmer et al. 2016).

The fitting procedure is performed as follows. For each snapshot, the Gaussian function
defined by Eq. 6 is fitted to the instantaneous velocity-deficit profiles at hub height (Fig. 6)
for the streamwise locations xi from x = 0.5D to x = 4D. For each position xi , the
Gaussian function is fitted using a least-squares approach, with A bounded on [0,∞], μy

on [−1.5D, 1.5D], and σy on [0, 2D]. The wake-centre position at each location xi is then
determined from the location of themaximumof the fittedGaussian function to each velocity-
deficit profile.

4 Results and Discussion

4.1 Wake-Meandering Characteristics from Particle-Image-Velocimetry Fields

The results presented here are obtained from PIV measurements performed in a horizontal
plane at hub height in the wake of the three wind turbines in themiddle row (in the streamwise
direction) of the wind farm. The horizontal velocity and the turbulence intensity presented
in the figures below are computed as

|U | =
√
u2 + v2 (7a)
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Fig. 7 Normalized average velocity (a) and turbulence intensity fields (b) at hub height for the first (left),
second (centre) and third (right) turbines

and

I =

√
u′2 + 2 v′2

3
Uhub

, (7b)

respectively, where u and v are the instantaneous streamwise and lateral velocity components,
respectively, and a prime denotes a fluctuation.

Figure 7a shows the average velocity fields, which reveal the extension of the wake of
the first wind turbine further downstream than the wakes of the second and third turbines.
The faster wake recovery of the latter two turbines results from the higher turbulence inten-
sity of the wake-disturbed inflow compared with the undisturbed inflow reaching the first
wind turbine. Indeed, the mechanical turbulence created by the upstream turbine(s) (Fig. 7b)
enhances the mixing of the low-velocity fluid in the wake with the undisturbed high-velocity
fluid outside of it, resulting in the increased transfer of momentum into the wake, which
reduces the velocity deficit and, consequently, the distance over which the wake recovers.

The difference in flow velocities inside and outside the wake results in the formation of
turbulent eddies within a shear layer, which thickens downstream (Fig. 7b) until reaching the
wake axis, and marking out the end of the near-wake region. The near-wake region extends
from the turbine rotor disk to approximately 2.75D, 2.2D, and 2.1D downstream of the first,
second, and third turbines, respectively.

The wake extension has a direct impact on the power produced, which for the second
turbine is about 55% of the power produced by the first turbine, and for the third turbine is
about 58% of the power of the first turbine. This slight increase for the third turbine results
from the faster wake recovery behind the second turbine compared with that of the first
turbine (Fig. 7a), consistent with other wind-tunnel (Barlas et al. 2015) and field experiments
(Churchfield et al. 2015).
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Fig. 8 Normalized instantaneous velocity fields at hub height at three different times (a, b, c) revealing wake
deflection for the first (left), second (centre) and third (right) turbines

Normalized instantaneous velocity fields at hub height (Fig. 8) clearly highlight the wake-
meandering phenomenon that, in contrast to the results of Barlas et al. (2015), persists inside
the wind farm, and is clearly still present beyond the first two rows. The different meandering
behaviours follow from the difference between the two experimental campaigns, including (i)
the wind-turbine rotor, (ii) the tip-speed ratio, and (iii) the boundary-layer properties. While
both rotors are based on very similar airfoils (Fig. 9), ours is slightly thicker than the GM15
airfoil of Barlas et al. (2015) for 0.4 ≤ x/c ≤ 1. This is to avoid the very high costs and poor
quality of three-dimensional printing, and then the additional manufacturing needed for the
thinnest airfoil. While both rotor designs are based on the blade-element-momentummethod
described in Burton et al. (2001), and are thus similar, the differences between the two rotors
cannot justify the different meandering behaviours observed. Barlas et al. (2015, 2016) have
shown that the Strouhal number corresponding to the meandering frequency is ≈ 0.25 for
a tip-speed ratio ranging from 5 and 7.75. Since our tip-speed ratios fall within this range,
this also cannot justify the different meandering behaviour. Therefore, the difference is most
probably due to the higher turbulence intensity of the inflow here (I = 10.5% at hub height)
compared with that (I = 7.5% at hub height) of Barlas et al. (2015). The major influence
of the turbulence intensity on the meandering is confirmed by the fact that, in Barlas et al.
(2015, 2016), the absence of meandering is observed in the wake of a single wind turbine

123



90 N. Coudou et al.

x/c

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
y/
c

-0.05

0

0.05

0.1

Fig. 9 Comparison between our airfoil (HAM-STD HS1-606) (continuous line) and that (GM15) of Barlas
et al. (2015, 2016) (dotted line)

located in a rough-terrain boundary layer of very high turbulence intensity (I = 17.5% at
hub height).

Figure 10a, b show an instantaneous wake width of the downstream turbines often clearly
larger than one rotor diameter directly behind the rotor (x/D = 0). Because ofwakemeander-
ing, the wake of upstream turbines asymmetrically impacts the rotor of downstream turbines,
which highlights the problem of wake meandering inside wind farms.

Less than 10 of the 2400 acquired instantaneous velocity fields reveal a possible interaction
between the wakes of the lateral rows, and those of the central row of turbines (Fig. 10c).
Therefore, it is not possible to draw a firm conclusion about the lateral interactions of the
wakes without additional data, which is the purpose of future experiments.

Normalized vorticity fields corresponding to the instantaneous normalized velocity fields
of Fig. 8a, b are presented in Fig. 11. As the blade-tip vortices following a helical path
with rotation opposite to the rotor are clearly visible, the wake boundaries can easily be
determined. Furthermore, the tip vortices become disorganized through the wind farm due
to the increased overall turbulence intensity.

As described above, the wake position as a function of the streamwise position is obtained
by locating the maximum of the fitted Gaussian functions to the instantaneous wake velocity
deficits at hub height. Figure 12 presents the instantaneous normalized wake-centre positions
as a function of the streamwise location at hub height for each instantaneous velocity field.
The wake-centre displacements in the y-direction sometimes reach the limit of the field-of-
view of the camera. These “extreme deflections” of the wake are evident in Fig. 8c.

For each wake-centre-position curve, a fast Fourier transform is applied, after subtraction
of the mean position and zero-padding, to obtain the characteristics of the wake-meandering
phenomenon. Since the fast Fourier transform is applied on a spatial signal, the resulting
spectrum is obtained as a function of the wavenumber k or the wavelength λ = k−1. By
applying Taylor’s frozen turbulence hypothesis, the spectrum is then expressed as a function
of the frequency

f = Uhub

λ
, (8)

and subsequently of the Strouhal number

St = f D

Uhub
= D

λ
. (9)

To investigate the influence of the incoming flow speed on the meandering phenomenon,
the same methodology is applied for measurements performed for a flow speed of 4.9 m s−1

at hub height. The average spectra of the wake-centre position as a function of the Strouhal
number, and of the frequency normalized by the wind-turbine frequency (Table 2), are shown
in Fig. 13. The wake-meandering characteristics obtained from the spectra are summarized
in Table 3. The characteristic Strouhal numbers and normalized frequencies match well with
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Fig. 10 Normalized instantaneous velocity fields at hub height at three different times revealing the asym-
metrical impact of the upstream wake on the rotor of downstream turbines (a, b), and a possible interaction
between the wakes of the lateral rows and the wakes of the central row (c) for the second (left) and third turbine
(right)

St ≈ 0.25 and f/ fT ≈ 0.09 obtained in the experiments of Barlas et al. (2015, 2016).
Also consistent with Barlas et al. (2015, 2016) is the independence of the Strouhal number
of the meandering phenomenon from the incoming flow speed. Note that the meandering
wavelength (λ = D/St) is ≈ 4.5D − 4.75D, thus justifying the large field-of-view required
for the PIV measurements.
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Fig. 11 Normalized instantaneous vorticity fields at hub height at two different times (a, b) revealing wake
deflection for the first (left), second (centre) and third (right) turbines
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Fig. 12 Normalized wake-centre positions at hub height as a function of the streamwise position for each
instantaneous velocity field for the first (left), second (centre) and third (right) turbines

Table 2 The rotational
frequency fT of the wind-turbine
scale models

Uhub (m s−1) fT (Hz)

WT1 WT2 WT3

4.9 66.7 51.5 54.6

8.3 127.2 102.9 105.1

To validate the concept of our wake-centre algorithm, the meandering characteristics
obtained from PIV measurements (spatial approach) at hub height are compared with those
obtained with hot-wire anemometry (temporal approach) at x = 2D, and at the same height
(see Sect. 4.2). While the results agree well, particularly for the second and third turbines
(Table 3), the comparison of the first wind-turbine wake is slightly worse because Taylor’s
frozen turbulence hypothesis is probably less valid at the origin of thewakemeandering. Nev-
ertheless, the general excellent agreement between the two techniques provides an excellent
validation of the wake-centre algorithm.
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Fig. 13 Average zero-padded spectra of the wake-centre position at hub height for Uhub = 4.9 m s−1 (a)
and Uhub = 8.3 m s−1 (b) for the first (left), second (centre) and third (right) turbines

Table 3 Meandering
characteristics, Strouhal number
and frequency normalized by the
rotor rotational frequency fT ,
obtained with PIV and hot-wire
anemometry at hub height

Uhub (m s−1) WT1 WT2 WT3

St f/ fT St f/ fT St f/ fT

PIV 4.9 0.22 0.11 0.22 0.14 0.22 0.13

8.3 0.21 0.09 0.22 0.12 0.21 0.11

HWA 7.8 0.14 0.06 0.22 0.11 0.20 0.10

4.2 Spectral Wake Characteristics from Hot-Wire-Anemometry Measurements

Figure 14 enables comparison of the energy spectrum of the inflowwith that at x = 2D in the
wake of the turbines in the middle row for heights of z/ztip = 1.4, z/ztip = 1, z/zhub = 1,
and z/ztip = 0.2, where energy appears clearly larger in the wake than in the inflow. In
contrast to Barlas et al. (2015, 2016), the energy spectra acquired in the wakes do not present
a well-pronounced narrow peak at low frequency, but rather an elongated peak spread over
a larger low-frequency range, especially at tip height. Furthermore, the peak corresponding
to the rotational frequency of the rotor obtained at tip height in Barlas et al. (2015, 2016)
is not visible here. As discussed previously, the differences observed most probably result
from the higher turbulence intensity of the inflow (I = 10.5% here, I = 7.5% in Barlas et al.
(2015, 2016) at hub height). As with the PIV results, the hot-wire-anemometry results show
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Fig. 14 Comparison of the energy spectra of the inflow with that at x = 2D at z/ztip = 1.4 (a), z/ztip = 1
(b), z/zhub = 1 (c), and z/ztip = 0.2 (d) for the first (left), second (centre) and third (right) turbines

that, in contrast to Barlas et al. (2015), the meandering phenomenon persists within the wind
farm. Note that, even if the spectra presented in Barlas et al. (2015, 2016) were obtained
at x = 1D, the peaks would even be more pronounced at x = 2D when considering the
spectrograms presented in Barlas et al. (2015, 2016).
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Fig. 15 Differential energy spectra between the wake and the inflow spectra for different heights at x = 2D
for the first (left), second (centre) and third (right) turbines. Here, I = 10.5% in the boundary-layer inflow

Energy spectra for the wake and inflow at x = 2D (Fig. 15) show a peak at f/ fT ≈ 0.07
(St ≈ 0.17), f/ fT ≈ 0.10 (St ≈ 0.2 ), and f/ fT ≈ 0.08 (St ≈ 0.17) for the first, second and
third turbines, respectively. Both the spectrograms presented in Barlas et al. (2015, 2016) and
the spectrogram of the first turbine (Fig. 15) show a peak at around f/ fT ≈ 0.09. As stated
for the spectra at hub height, our spectrograms give a peak spread over a larger low-frequency
range than those presented in Barlas et al. (2015, 2016). Furthermore, the peak is centred here
around the upper-tip height, but around the hub height in the results of Barlas et al. (2015,
2016). In addition, while the turbine rotational frequency is visible in the spectrograms of
Barlas et al. (2016), it is not visible here. As above, such results can be explained by the
difference in boundary-layer turbulence intensity.

5 Discussion and Conclusion

The wake-meandering phenomenon has been investigated experimentally within a 3 × 3
scaled wind farm placed in the neutral boundary layer of a wind tunnel, corresponding to
an ABL with slightly rough terrain (offshore conditions). As the turbulence intensity at
hub height is I ≈ 10.5%, and the integral length scale at hub height is L ≈ 3D, the
characteristic size of the energy-containing eddies fulfils the conditions specified in España
et al. (2011, 2012) for ensuring the wake-meandering phenomenon. For this purpose, the
modelled turbulent scales must be larger than the turbine rotor diameter in the inflow. With a
rotor diameter of 0.15 m and a hub height of 0.13 m, the models are representative of scaled
2-MW offshore wind turbines (e.g. a scale 1/440 of a Vestas V66-2MW).

Particle-image-velocimetry (PIV) measurements were performed in a horizontal plane
located at hub height in the wake of the three turbines of the middle row (in the streamwise
direction) of the scaledwind farm. Themeandering phenomenon is clearly visible in thewake
of the turbines. From the PIV measurements, a good estimate of the instantaneous wake-
centre position as a function of the streamwise location is obtained by tracking the maximum
value of a fitted Gaussian profile to the instantaneous velocity deficit for each position in
the wake. For each wake-centre-position curve and after subtraction of the mean position, a
zero-padded fast Fourier transform is applied to obtain the frequency characteristics of the
wake-meandering phenomenon. In contrast to what has previously been observed (Barlas
et al. 2015), the wake-meandering phenomenon persists within the scaled wind farm, and
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is clearly visible in the instantaneous velocity fields for each of the three turbines in a row.
In addition to the PIV technique, hot-wire anemometry was performed at x = 2D in the
wake of the turbines to support the conclusions drawn in Barlas et al. (2015, 2016). The
measurements show a correct spectral behaviour with regard to the expected −2/3 slope. As
with the PIV results, the hot-wire-anemometry results show that themeandering phenomenon
persists in the scaled wind farm, and is clearly still present beyond the first two rows. The
differentmeandering behaviours observed inside thewind farmcould be due to the differences
between the two experimental campaigns, i.e. (i) the wind-turbine rotor, (ii) the tip-speed
ratio, and (iii) the boundary-layer properties. We argue that neither the differences between
the two rotors nor the different tip-speed ratios explain the different meandering behaviours,
since our tip-speed ratios fall into the range of tip-speed ratios for which Barlas et al. (2015,
2016) have observed wake meandering with Strouhal numbers ≈ 0.25. The differences are
most probably due to the higher turbulence intensity of our boundary layer (I = 10.5% at
hub height ) compared with that (I = 7.5% at hub height ) of Barlas et al. (2015, 2016). The
major influence of the turbulence intensity is reinforced by the fact that, in the experiments
of Barlas et al. (2015, 2016), the absence of meandering was observed in the wake of a
single turbine located in a rough-terrain boundary layer, resulting in a very high turbulence
intensity, I = 17.5% at hub height.

Even if the PIV system employed is unable to resolve in time wake meandering given its
characteristic frequency of 10−15 Hz, the large field-of-view of the PIV camera make it pos-
sible to perform a spatial analysis of the meandering structure from the acquired PIV velocity
fields. That the Strouhal numbers obtained from hot-wire anemometry (St = f D/Uhub) and
PIV (St = D/λ) are both St ≈ 0.20− 0.22 proves the validity of Taylor’s frozen turbulence
hypothesis for identification of the wake-meandering phenomenon. Our results fall into the
range of Strouhal numbers obtained by Medici and Alfredsson (2008) for their study of
the influence of the number of blades, the blade pitch angle and the tip-speed ratio on the
frequency of wind-turbine-wake meandering. Indeed, the measurements performed in the
near wake (x/D = 1) of a three-bladed model show that the Strouhal number may vary
from 0.15 to 0.3 depending on the operating conditions. Wake oscillations at low frequen-
cies corresponding to Strouhal numbers falling into this range have also been observed in
other studies. Indeed, acoustic Doppler velocimetry performed in the wake of a hydrokinetic
turbine located in a turbulent boundary layer reveal that the wake shows a strong lateral
periodic motion at low frequency corresponding to St = 0.28 at x/D = 4 (Chamorro et al.
2013). From laserDoppler anemometry performed in thewake of a three-bladedwind-turbine
rotor mounted on a long arm and located in a water flume with a homogeneous freestream
velocity and 2% turbulence intensity, Okulov et al. (2014) reported that the wake oscillates
periodically with St ≈ 0.23, independent of the operating conditions. Finally, Howard et al.
(2015) observed wake meandering at St ≈ 0.3 for a wind-turbine scale model operating at
an optimal tip-speed ratio in a boundary layer corresponding to slightly rough terrain.

Nevertheless, in providing experimental evidence of the role of large-scale turbulent eddies
on wake meandering, España et al. (2012) could not obtain a typical Strouhal number from
hot-wire-anemometry measurements performed at x/D = 3 behind a wind turbine modelled
by a porous disk and placed in a boundary layer corresponding to a moderately-rough terrain.
After collecting evidence for the presence of wake meandering behind the porous disk, they
argued that the meandering phenomenon cannot be attributed to periodic vortex shedding,
since the wake oscillations are without any periodicity.

The formation of wind-turbine-wake meandering seems to be neither entirely due to the
intrinsic instabilities of the wake associated with a periodic vortex shedding, nor entirely
due to the effects of the large-scale turbulent eddies contained in the ABL as observed for
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plume-dispersion analysis. Rather, the wake-meandering formation appears to be due to a
combination of both of these mechanisms. Indeed, the Strouhal number obtained is in favour
of the role of intrinsic instabilities of the wake, and that meandering does not appear for
integral length scales smaller than the rotor diameter (España et al. 2012) underlines the
influence of large-scale eddies within the ABL. The formation of wake meandering appears,
therefore, to be caused by the amplification of the intrinsic instabilities of the wake by large-
scale turbulent eddies within the ABL.

While the perspectives of our study are many, the influence of the terrain roughness and
atmospheric stability, as well as the influence of the wind-turbine operating conditions on
the wake-meandering phenomenon, require further investigation. Furthermore, since several
of the velocity fields obtained reveal a possible lateral interaction between the wakes of the
lateral rows and those of the central row, we are planning further PIV measurements, with
a field-of-view including the wakes of two laterally adjacent wind-turbine models, for the
study of this possible interaction.

Acknowledgements Nicolas Coudou was supported by a fellowship of the Belgian FRIA F.R.S-FNRS for
part of this work.

Appendix 1

See Table 4.

Table 4 Wind-turbine blade characteristics for the chord length (c) and pitch angle (β) as a function of the
distance from the turbine axis (r ). Here, R = D/2

r/R 0.067 0.100 0.133 0.167 0.200 0.233 0.267 0.300 0.333 0.367

c/R 0.334 0.326 0.319 0.311 0.303 0.295 0.287 0.279 0.271 0.263

β [◦] 21.1 21.7 20.3 19.0 17.8 16.7 15.6 14.7 13.8 12.9

0.400 0.433 0.467 0.500 0.533 0.567 0.600 0.633 0.667 0.700

0.256 0.248 0.240 0.232 0.224 0.216 0.208 0.201 0.193 0.185

12.1 11.4 10.7 10.1 9.5 9.0 8.4 8.0 7.5 7.0

0.733 0.767 0.800 0.833 0.867 0.900 0.933 0.967 1.000

0.177 0.169 0.161 0.153 0.146 0.138 0.130 0.122 0.114

6.6 6.2 5.7 5.3 4.9 4.5 4.0 3.6 3.1
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