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Abstract. The wake flow produced from an Enercon E-70 wind turbine is investigated through three scanning
Doppler wind LiDARs. One LiDAR is deployed upwind to characterize the incoming wind, while the other
two LIiDARs are located downstream to carry out wake measurements. The main challenge in performing
measurements of wind turbine wakes is represented by the varying wind conditions, and by the consequent
adjustments of the turbine yaw angle needed to maximize power production. Consequently, taking into ac-
count possible variations of the relative position between the LiDAR measurement volume and wake location,
different measuring techniques were carried out in order to perform 2-D and 3-D characterizations of the mean
wake velocity field. However, larger measurement volumes and higher spatial resolution require longer sam-
pling periods; thus, to investigate wake turbulence tests were also performed by staring the LiDAR laser beam
over fixed directions and with the maximum sampling frequency. The characterization of the wake recovery
along the downwind direction is performed. Moreover, wake turbulence peaks are detected at turbinz top-tip
height, which can represent increased fatigue loads for downstream wind turbines within a wind farm.

1 Introduction work, or through nacelle-mounted LiDARSs in order to keep
the instrument always aligned with the mean wind direction
for varying wind conditionsBingol et al, 201Q Truijillo et

The evaluation of wind turbine performance, and design andh|,, 2011).

optimization of wind farms are typically performed through A Doppler wind LIDAR measures wind velocity through

a synergistical interaction of fierent tools. Indeed, results the evaluation of the Doppler shift undergone by a laser beam

obtained from basic analytical models are compared to thexmitted into the atmosphere and back-scattered due to tf
ones of CFD numerical simulations of the wake flow pro- presence of aerosol. Therefore, a Doppler wind LiDAR is

duced from wind turbines, or to wind tunnel tests of down- only sensitive to the wind component parallel to the lasef

scaled wind turbine models. However, all these tools neetheam, the so-called radial velocity or line-of-sight velocity.
to be assessed through field measurements of wakes preiDAR tests can be performed by staring the laser beam 4
duced by real wind turbines. Current industry standards fora fixed direction, i.e. producing 1-D velocity profiles car-
field measurements in wind energy consist in tests preformedied out with the maximum sampling frequency. These test
with instrumented masts, which could be iffatient for the  can be useful for the characterization of wake turbulence. 2
characterization of wind turbine wakes, because of the lim-D measurements with a |0nge|’ Samp“ng period can be pe
ited number of measurement locations. Therefore, in ordeformed over vertical planes, denoted as Range Height Ind
to investigate over larger measurement volumes, the use afator (RHI) scans, or over conical surfaces, denoted as P
remote sensing techniques is growing rapidly, in particularposition Indicator (PPI) scans (skésler et al.2010. 3-D
Doppler wind Light Detection and Ranging (LIDAR). Wind scans can be also performed as a combination of consed
turbine wake measurements can be performed with groundtive RHI or PPI scans. Multi-component wake velocity field
based LiDARs, as folungo et al.(2013 and for the present
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Figure 1. Velocity field measured over the wake vertical symmetry plane through simultaneous RHI scans with two LiDARS.

can be retrieved by simultaneously starinffetient LIDARs 3 LIiDAR measurements
at the same measurement volume, Btann et al.(2012

andlungo et al.(2013. A review on remote sensing tech- , . . . .
nigues for wind energy applications is reportecEimeis et The first L'DAR measyrement technique described N the
al. (2007). present paper is the simultaneous RHI performed with two

LiDARSs over the vertical symmetry plane of the wind turbine
wake. One LiDAR was located upwind afd=-6 and a
r.?econd LiDAR at/d = 6. The two LiDARs measured simul-
taneously by varying the elevation angle of the laser beams
from 1° up to 38 with an angular step of°1 The sampling

) o _ period required for a single RHI scan was 77 s, and 30 con-
2 Wind turbine site and experimental setup secutive scans were performed with roughly constant mean

Th ted LIDAR t ¢ dinJ wind conditions.
€ presented L Mmeasurements Were pertormed In JUNE e mean velocity field obtained as average of all the se-

2012. The tested wind turbine is a pitch-regulated 2.3 MWIected RHI scans is reported in Fif. Velocity values re-

Enlercon ?70’ located Illn C(_)I!Ir:)ngei,_ Swnzerlzpd, n thg Cen'ported for the locations upwind to the wind turbine position,
t?? parthql ahnzr[]ov_v \rﬁ_'e_y. 98e turbine rotor diametéris i.e. with x/d < 0, are obtained from the LiDAR located up-
M, wht€ hub heightt, 1S 95 m. wind at x/d = —6. Conversely, the wake velocity measure-

H Thrgﬁ tStrgamIine Dopp(lje; Wmd LiDARS.’ prE)rcri]uciquﬁ ments forx/d > 0 were performed by the downwind LiDAR
alo rhotonics, were used for this campaign. fhe LI atx/d = 6. A large error on the velocity measurements is ob-

Iaser_i_s characterized by a wave_length oumand a pul_se ._served for the locations0.5< x/d < 0.5 and ¢—-H)/D <
repetition rate of 15kHz. The highest spatial resolution '30.5, which is due to the back-scattering produced from the

18m, W'th.the first m_easurement pomt at a distance of 40 Mwind turbine and fiecting wind measurements at those loca-
from the LiDAR location, and maximum range of 3km. The tions

maximum sampling frequency available to obtain a single ve- The vertical heterogeneity of the atmospheric boundary

locity profile along the direction of the laser beam is 0.77 Hz. layer (ABL) flow investing the wind turbine is observed, as

. The wind turbine location, the LIDAR locations and az- well as the wake flow produced from the wind turbine. The
imuthal displacements of the LIDAR laser beams were eval-,

typical velocity deficit induced by the blade rotation, which
yateq t'hrough a GPS system. Thg used reference fra}me h strictly connected to the power production, is clearly de-
its origin at the the base c_>f the_ turb_lne towe_r_. Th_e X-axIS COMya e, Moving downstream the wake recovers, and the ve
responds to the mean wind direction, positive in the down-IOCity deficit is reduced.
stream direction. The z-axis is along the vertical direction, .- quantitative information can be gained if the verti-
positive from the bottom to the top, while the y-axis is along ca

h ise direction. Th h hi h | profiles of the velocity field are extracted, as reported
the spanwise direction. Throughout this paper the approxiy, Fig. 2. For instance, the vertical profile of the incoming

mated streamwise velocity is always reported, which is thewind, evaluated for the locatioxyd = —2, clearly represents

proj_ection qf the mea_sure_d line-of-sight velocity_on m an ABL flow. This velocity profile is fitted through a power
rection. This calculation is performed by considering 9€0- 1w with an exponent of 1.085, which is typical for neu-

metrical relations that take location, azimuthal and elevation, | stability conditions of the ABL. The LiDAR measure-
angles of the LIDAR into accounMachefaux et a).2012. ments performed within the wake confirm the typical veloc-

More Qetalls about the site, the LIDARs and the setup can b(?ty profiles of wind turbine wakes, which have been observed

found inlungo et al(2013. through wind tunnel tests (e.@€hamorro and PogtAgel
2010 and numerical simulations (e.gVu and Por&-Agel
2011). The largest velocity deficit is observed in proximity of

The paper is organized as follows: the wind turbine site
and the experimental setup are described in 2egthereas
the used LiDAR measurement techniques are reported i
Sect.3. Finally, conclusions are drawn in Seét.
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with roughly constant wind conditions. For this tested wind
direction, the downwind LiDAR is not aligned with the mean
wind direction, but located at the transversal locatigth= 1

for logistical reasons.

The wind turbine wake is characterized through the simul
taneous PPI scans, as well as the incoming wind. Besidg
the possibility of performing wake measurements with vary-
ing wind direction and turbine yaw angle, the physical in-
terpretation of the wind data obtained through simultaneou
PPI scans is not straightforward as for the simultaneous RH
scans. Indeed, each transversal velocity profile, i.e. measur
ments with a fixed streamwise positiaid, corresponds to
different heights. In other words, in Figvelocity variations
are due to changes both in streamwise and vertical position

To overcome possible issues related to the variability o
08 06 04 0.2 wind direction and turbine yaw angle, for the RHI scans,

U/u_ or to physical interpretation of the wind data, for the PPI
scans, volumetric scans of the wind turbine wake flow field

Figure 2. Vertical velocity profiles obtained through simultaneous were also performed. These measurements were carried g
RHI scans. by varying both elevation and azimuthal angles of the Li-
DAR laser beam, thus they can be considered as a combin

tion of consecutive PPI or RHI scans. Measurements wer

the hub height, then moving downstream the wake recoverperformed by varying the azimuthal angle of the laser bear
approaching the vertical profile of the incoming ABL flow.  within a range of 20, centered with the turbine location, and

A limitation of the simultaneous RHI technique is that the an angular step of°2 The elevation angle was varied from
two LiDARs must be deployed in such a way to perform 2° up to 16 with an angular step of°2 The measurement
scans over the wake vertical symmetry plane. Thus, by convolume was chosen big enough to include the wake and cof

(z-H)/d

- |

sidering fixed LiDAR locations, this setup can be ensuredsidering possible variations of the turbine yaw angle. Cont

only for a roughly constant wind direction, and with negligi- sequently, a limited spatial resolution was used, i.e. angula

ble adjustments of the turbine yaw angle. For the presentedtep of 2, in order to ensure a reasonable sampling period.

test the standard deviation of the wind direction was.dn Each volumetric scan was performed with a sampling pe
case a proper setup is not ensured, RHI scans are performetbd of 220 s, if all the measurements were acquired with
over planes not parallel to the mean wind direction, thus mis-one LiDAR,; otherwise the sampling period was halved if the

leading wake measurements can be carried out. measurements were simultaneously carried out with two Lit

To overcome this drawback, wind turbine wake flow can DARs, thus the measurement volume split in two parts. A
be characterized through simultaneous PPI scans, which athird LiDAR was used to characterize the incoming wind.
performed with a fixed elevation angle of the LIDAR laser A wake velocity field measured through a volumetric scarn
beams and varying the azimuthal angle. By performing PPlis reported in Fig. 4. For this test the LIDAR was deployed
scans, variations of the wind direction, thus of the turbineat the downstream locatiatyd = 12. Transversal planes are
yaw angle, are observed through changes of the wake loreported for diferent downstream locations, which enable to|

cation. For these tests one LIDAR was located upwind andcharacterize cross-sections of the wind turbine wake, in paf

one LiDAR downwind, both at a streamwise distance df 6 ticular its shape, location and wake velocity deficit. It is ev-
from the turbine location. The LiDARs measured over an az-ident the clarity for the physical interpretation of the wind
imuthal range of 1§ centered with the azimuthal location of data obtained through a volumetric scan; however, the signi

the wind turbine, and an angular step d°0 The sampling icant sampling period required does not enable to investigate

period for each PPl scan was 70s. possible time variations of the wake and wake turbulence.
The upwind LIiDAR measured with an elevation angle of  To this end, the maximum sampling frequency of 0.77 HZ
the laser beam of 1%, in order to intersect hub height at was achieved by scanning the LiDAR at fixed directions, by
the locationx/d = —1, which is convenient for the character- setting the laser beam over fourffédrent elevation angles,
ization of the incoming wind. The downwind LIDAR mea- and using 110 gates. Consecutive measurements were p
sured with diferent elevation angles in order to intersect hub- formed for a sampling time of 11 min for each tested laser di
height at diferent downstream locations. In Figjthe mean  rection. In Fig.5 vertical profiles of standard deviation show
velocity field obtained by scanning the downwind LIDAR at peaks for diferent elevation angles in correspondence of th¢
hub-height at the locatior/d = 2 is reported. This plot was turbine top-tip height for downstream distances lower thar
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obtained by averaging 30 consecutive PPI scans performed
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Figure 4. Volumetric scan of the wind turbine wake.

Poré-Agel (2010 and Wu and Poré-Agel (2011 through

—— (=17.7° . . . . .
o wind tunnel tests and numerical simulations, respectively.

—— (=19.2°
—— ¢=23.1°
—— (=52.5°

1.5}

4 Conclusions

Several LIDAR measurement procedures have been pre-
sented for the characterization of the wake flow produced
from an Enercon E-70 wind turbine. Simultaneous tests
were performed with three scanning Doppler wind LiDARs
in order to characterize incoming wind and wake flow. The
presented measurement techniques are characterized by
different size of the measurement volume, spatial resolution
and sampling period, depending if they were optimized
for the characterization of the mean wake flow or of the
wake dynamics. 2-D scans were performed over the wake
‘ ‘ ‘ ‘ vertical symmetry plane, in order to characterize the wake
0 05 1 1.5 2 25 recovery, or over conical surfaces to detect variations of
StdU[ms™'] the wake position due to changes of the wind direction
and turbine yaw angle. 3-D volumetric scans were also
Figure 5. Velocity standard deviation obtained by staring a LIDAR performed for a global characterization of the wake flow;
with different elevation angles. however, the significant sampling period required does not
enable to investigate wake dynamics. Finally, tests with fixed
directions of the LiDAR laser beam were performed with
o . the maximum sampling frequency in order to characterize
5d. This increased turbulence could represent a wake regiofyake turbulence. Turbulence peaks have been observed in
with an increased turbulence and a hazard for downstreargorrespondence of the turbine top-tip height, which can
turbines, because of the increased fatigue loads. This wakgepresent dangerous fatigue loads for downstream wind
feature confirms previous results presente@limmorro and  turbines within a wind farm.

-0.5}
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