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Abstract

The wake vortices generated by a wind turbine or a wind farm could imérée with passing-by flying vehicles. A wind
turbine wake study using engineering wake modelling, CFD, LIDAR fieldsneement and piloted flight simulation are carried
out at University of Liverpool in cooperation with CAA, UK. A modifiedokurek wind turbine wake vortex model has been
developed to simulate wind turbine wakes. It has been validated on the ®EX¥ind turbine with the PIV wind tunnel
measurements and the full CFD wake simulation results. This wake vorelelmvas applied to a WTN250 wind turbine,
which has been installed near the East Midlands Airport, UK, where fielsaorements of wind turbine wake using LIDAR
were carried out. The LIDAR measurement data were compared witlvaéke velocity fields generated by different wake
modelling methods. The WTN250 wind turbine wake velocities generatedebi{aburek wake vortex model were integrated
into an aircraft flight dynamic model to simulate a wind turbine wake enessecenario, designed for a light aircraft approaching
an airport, where a wind turbine was installed. The severity of the wind teivake encounter was investigated using piloted
flight simulations. The simulation results suggest that the wake generated upsets on the aircraft and resulted a severity
rating of B if only the disturbances caused by wake velocity deficits weentadto account.

1 INTRODUCTION aircraft (wind turbine wake encounter). Here, the flow con-
vection and turbulent diffusion are the two main mechanisms

The wake vortices generated by a wind turbine or a wind farm that determine the far flow field.
have similar, but not identical, characteristics as aftevake There are similarities between helicopter rotor wakes and
vortices. They can also be hazardous to passing-by flying ve-wind turbine wakes and the vortex methods that are used for
hicles as in the case of aircraft wake encounters. Windrierbi the analysis of helicopter wake problems can be adopted to
wakes have their own structure, duration and decay [12, 15].represent the strengths and the spatial locations of thieabr
With increasing size of the modern large wind turbine rqtors wake elements that are trailed by each blade and convected
the strength and influencing region of the wind turbine wakes into downstream. Prescribed vortex wake models [7] have
increase, which might potentially generate risk to neanpy fl also been developed for wind turbine applications. Like the
ing aircraft. In the UK wind turbines are being proposed and helicopter rotor wake cases, the models are usually based on
built close to aerodromes, indicating an urgent need tosasse the assumption of incompressible, potential flow, and @xper
the potential impact of wake turbulence on aircraft and in pa mental observations.

ticular, to light aircraft and helicopters [3]. So understing CFD simulation of wind turbine wakes is an active area
and prEdiCtion of wind turbine wake characteristics aralvit of research, and with increasing Computer power, grid.dbase
to prevent flight accidents during wind turbine wake encoun- CFD simulation of wind turbine from Navier—Stokes (NS)
ters. equations are practical. However, the far wake simulation
Wind turbine wakes can be divided into near and far wake needs fine grid resolution. Actuator disk [12, 15] and actu-
regions [12,15]. The near wake is the area just behind theator line [14] methods were used to simulate the rotor and
rotor approximately up to one rotor diameter downstream, the rest of flow was simulated by solving the NS equations,
where the effect of rotor properties, including the blad®ae  which enabled the CFD domain to cover the region extending
dynamics and geometry determine the flow field. The nearfrom rotor plane to several diameters downstream to study
wake research is focused on the wind turbine performanceboth the near and far wake development. Recently full CFD
and the physics of power extraction. The far wake is the re- methods [4, 5] were used to study the wake development and
gion beyond the near wake, where the details of the rotor arebreakdown. These methods are very computationally expen-
less important. The main interest in this area is the wake in-sive and require very fine grid to cover the far wake region.
terference with other wind turbines (wind farm) or passiiyg-  In most CFD wake studies, the flow conditions were treated



as ideal. The effects of wind shear, terrain and ambientturb reaching a minimum wake radius. For the wind turbine case,
lence were normally ignored. This results in predictiorstth  due to the wind, the trajectory rates will be changed signifi-
show much stronger and coherent vortices. cantly by the axial transport. The wake transport is attatu

Most of the wind turbine wake wind tunnel measurements to both induced velocities and wind. In the extreme case of
in the published papers were focused on the near-wake due t@ery high wind speeds, there will be no much induced flow
technical challenges of the experimental setup. With the ad effect because of the high pitch or settling rate of the wake
vance of LIDAR technology, field measurements are possible,spiral. In normal working conditions, it is assumed that the
in which the near and far wakes could be measured. LIDAR wind speeds are sufficiently high to require only mean in-
measurements results are still rare and not in the public do-duced effects to be included in describing wake trajecsorie
main. The LIDAR data are also highly dependent on the local In addition, wind turbine wakes expand rather than contract
atmospheric and environmental conditions. Since CFD sim-Different flow states, which are determined by the axial ve-
ulations and different wake models need to be verified with locity (corresponds to climb or descent rate for helicopber
experimental data, the aerodynamic research on wind energyor) through the rotor are considered in this model to dgvelo
shifts towards a more fundamental approach based on exexpressions for the axial and radial translation rates ef th
periments in controlled conditions. In the USA, the NREL turbine wake. The normal state extends from hover through
unsteady aerodynamic experiments of a full-scale rotoewer climb. From hover to decent, the rotor enters the vortex ring
conducted in the NASA-Ames 24.4m X 36.6m wind tunnel. state in which the induced velocity is opposed to the descent
The wind turbine is a two-bladed rotor with a diameter of speed. The streamline flow no longer exists and a highly un-
10m. In the NREL project, most of emphasis was put on pres-stable recirculating flow developed about the rotor. Attfart
sure distribution measurements over the blade and harglly an higher decent speeds, the rotor enters into the windmikéora
wake measurements were conducted. In the Europe, a similastate in which the streamline flow reorganises. This is the
project called MEXICO (model rotor experiments under con- primary work state that wind turbines operate at. In the nor-
trolled conditions) was also conducted. A three-bladedrrot mal and windmill brake states, the disk momentum theory is
model of 4.5 m diameter was tested in the DNW (German- applicable because of the existence of a continuous stream-
Dutch wind tunnel). In addition to pressure measurementstube. In the vortex ring state, because of the breakdown of
on the blade surface, wake velocity measurements with PIVthe streamline structure of the flow, the induced velocitly on
(particle image velocimetry) were also carried out. could be generated from empirical relationship.

A wind turbine wake study using engineering wake mod-  For a wind turbine rotor disk, when the wake convects
elling, CFD, LIDAR field measurements and piloted fight from upwind to downwind of rotor, the radial character of the
simulations are carried out at University of Liverpool in-co wake changes from contraction to expansion. In order to de-
operation with CAA, UK. The first results of this study are termine the wake radius A and rate, the reference value of
presented in this paper. hover helicopter rotor A=0.78 is taken from the experimenta
measurements. The rate parameter is assumed to be inversely
proportional to the wake pitch which sets the radial induced
velocities.

Modelling wind turbine wakes requires accurate prediction ~ The vortex circulation strength is dependent on the span-
and simulation of wake vortex geometry, wake breakdown, Wise loading of the blade, the degree of the rolled-up ofifne t
mean velocity deficits and wake induced velocity flow-fields. Vortex and changes induced by interference effects. The Bed
There are several wake models available in the literaturedoes circulation equation [2] was used to obtain the rollpd-
[12,15] with different levels of complexity and fidelity. Tée tip vortex circulation.The initial tip vortex core radiusa/set
wake modelling methods are used in this study. These are thd0 be 5 percent of the blade chord [2]. The formulae for wake
Kocurek wind turbine wake vortex model, the velocity deficit Vortex core growth [9] was used in the model to determine the
wake models and the full CFD method. core size.

The Kocurek wind turbine vortex model was applied to
. . the MEXICO wind turbine, for which the PIV wind tunnel
2.1 Ko_curgk wind turbine wake vortex model and measurements of wake [13] and CFD simulation results [1, 4]

validation are available for validation. The MEXICO wind turbine rotor

was designed for an optimum tip speed ratio of 6.7, reached at
a tunnel velocity of 15 m/s. The PIV measurements covered

2 WIND TURBINE WAKE MODELLING

Wind turbine wake was firstly modelled using the modi-
fied Kocurek wind turbine wake vortex model [7] to cap- X ; ; i
ture the location and strength of the tip vortices. The Ko- &T€gion from approximately one diameter upstream to a littl
curek wind turbine wake vortex model was extended from the OV€r one diameter downstream.

Kocurek-Tangler helicopter rotor hover wake model [8]. In  The tip vortices of the MEXICO wind turbine generated
the Kocurek-Tangler wake model, the wake vortex elementsby the Kocurek wind turbine wake vortex model and the PIV
are positioned by prescribed functions which give axial set measurements are shown in Fig. 1. The axial velocity con-
tling and radial contraction rates in terms of basic inflow pa tour plots were used to reveal the tip vortex structures én th
rameters. The tip vortex initially settles at a near cortstan Wake. Compared with the PIV measurements, the individual
rate until passing beneath the following blade, at whictetim Vvortex position in axial direction is accurately capturdthe

the additional induced velocity from the second blade’sfibu ~ Kocurek model, however, over-predicts the radial position
vorticity and wake increase the settling rate. The radialco A full CFD study of the MEXICO wind turbine wake was
traction behaves exponentially with increasing wake atimu  also carried out at University of Liverpool [4] and the wake



vortices generated by the full CFD simulation were shown in a nearby power station is available for supplying power to
Fig. [2. The flow field velocity comparisons of the Kocurek the LIDAR sensor system. The LIDAR set-up was carried
model and the full CFD simulation are presented in Fiy. 3. out by SurrgEnergy engineers and the campaign started on
Two values of thrust, one is CFD calculated and the other is06/02/2014 and finished on 09/04/2014.

experimentally measured, were used in the model to obtain

the induced velocities. Both the axial (w) and the tangéntia . .
(u) velocity components are shown good agreements. The -1 Galion LIDAR set-up and data processing

fluctuations in the CFD velocity components are absentin theThe Galion G4000 (Fig[16) of SurrgEnergy was selected as
results of the Kocurek wake model due to its steady nature. he | IDAR to measure the wind turbine wake. The Galion
is characterised as a second generation LIDAR device capa-
2.2 Wind turbine wake velocity deficit models ble of varying the measurement beam in azimuth and/or ele-
vation. It can provide an all sky scanning capability and up
Wind turbine wake velocity deficit models are used in the to 4 km range. The emitted laser beam is in the form of a
wind energy industry to provide simple methods to study the pulsed laser with a frequency of 20 kHz. The distance is cal-
wake interaction within a wind farm. These models are cat- culated from the time of flight of each range gate which in
egorised into three families [12, 15] The kinematic models turn controls measurement points_ The over|apping tedmiq
are based on self-similar velocity deficit profiles and globa was adopted to refine the measurement resolution. Position
momentum conservation. The wind turbine rotor thrust co- plane Indicator (PPI) scan or Arc scan (Fig. 7) was used in
efficient is the input. The wake growth is caused by ambi- this campaign to measure the wind turbine wake flow. In PPI

ent turbulence and the turbulence created by the shear in thgcan, multiple beams are used to build a detailed picture of
wake. The field models use analytical forms of eddy viscos- the flow field over the designed region.

ity to simulate turbulence and assume the wake flow is ax-  The azimuth range of the scan was set fro$0.694° to

ial symmetrical. The boundary layer wake models consider 186 454° at an interval of).24°. So the scan plane included
the nonuniform atmospheric boundary layer and model turbu-25 rays in azimuth. The scan covered an area from 478 m to
lence transport by—e model. The Park and Katic [6] models, 878 m in radial direction with a 3 m overlapping, which pro-

both of them are belong to kinematic model were used in this guced 133 measurement points per-ray. A single scan took 35
study to compare wind turbine wake velocity deficits with the gec.

LIDAR field measurements in the next section. The LIDAR data was processed at each measurement
point according to its azimuth and elevation angles. The flow
2.3 Wind turbine wake study by full CFD velocity at each point was calculated from the Doppler digna

which gave the line of sight velocity (the velocity along the
At University of Liverpool, a full CFD method [4] was used in  ray)

the HMB solver to Study wind turbine wake. The CFD results Apparenﬂm the current LIDAR set-up made the scan

showed good agreements of blade surface pressure distribupjane fixed in downwind region and could only capture the
tions and flow field velocities to the wind tunnel measure- wind turbine wake flow fu”y when the wind was b|0W|ng
ments. The wake was then solved on a very fine mesh abl&rom the south. It could also capture partially the wake if

to capture the wake vortices up to 8 radii downstream of the wind was blowing from south-east or south-west. Hence the
blades on the MEXICO wind turbine rotor. The location of scan data is only useful for these so-called ideal wind direc

the onset of instabilities and wake breakdown were predicte tions. The wind turbine cut-off wind speed is 4m/s which
at wind speeds of 15 m/s and 10 m/s [5]. The CFD simulated means that only when the wind speed is above 4m/s the scan
wake vortices of the MEXICO wind turbine are shown in Flg data is meaningfu| for the wake measurements.
2 A wind screening processing is therefore required to
pick up the meaningful scan data based on the wind
3 WIND TURBINE WAKE FIELD dl\z;télTXF:reestream.f g&iMer:?Or:()logicgl Ar:arodrorr;e Report
MEASUREMENT CAMPAIGN (__ )repqrtso » which recor _st e weather con-
dition of the airport, are accessible on-line. The report ca

A CAA-coordinated LIDAR measurement of wind turbine provid.e.the half-an-hogr averaged Wind. data in E.MA' How-
wake flow has been conducted in the East Mideast airport ever, it is the overall wind data at the airport and is not very
where two WTN250 wind turbines (Fig.5) are installed and "accurate for the measurement locations. The wind data mea-
these are the first wind turbines that have been installdukin t surgd by two on-site anem(_)meters are also gvaﬂable. The. lo-
vicinity of an airport in UK. The WTN250 wind turbine has cation of one anemometer is close to the Galion LIDAR unit.

a 3-bladed up-wind rotor with a diameter of 30 m and a rotor Ithcan_ pcrjowdz'the ten-minute statistic wind data to detegmi
speed 40 rpm. the wind conditions.

The wind turbines were installed on the south side of the
runway at a distance about 22.5 rotor diameters (675 m) from3.2 Results and discussion of the LIDAR cam-
the runway. Due to the difficulty to obtain the planning per- paign
mit from the wind turbine operator and manufacturer to ithsta
the LIDAR device on the nacelle in a short period of time, the Wind turbine wakes are characterised by reduced mean wind
LIDAR site (Fig.[8) had to be located on the northern slope speeds (velocity deficit) and wake turbulence. In current LI
of the runway, about 868 m from the wind turbines. where DAR set-up, the measurements at each point were not simul-



taneous, so the LIDAR scan data can only capture the mearcate that the effects wind turbine rotor wake, in term of ve-
velocity deficits. Because the wind direction and speed con-locity deficit, are limited within a downwind distance of 5D.
stantly change with time, statistic measurement data are mo This is generally in agreement with the results of the fulDCF
appropriate to represent the averaged mean velocity deficit method and the velocity deficit models.
In wind industry and weather forecast, ten-minute, halftho
and one-hour statistic data are widely used.

Typical LIDAR scan results of the WTN250 wind turbine 4 WIND TURBINE WAKE ENCOUNTER
wake are presented in Hi.8, [Fig.9 and [F@§y.10, where ten- FLIGHT SIMULATION
minutes averaged Line of Sight velocities from 14 pm to 15 . . ) . )
pm on 07/04/2014 are plotted. The wind direction changes The piloted wake encounter flight simulations were carried
during this one-hour measurements were between 190 de@ut in this study to investigate the severity of wind turbine
to 210 deg and the wind speed changes were between 17 Kvake encounter. The wake encountering aircraft is a GA
to 18 kt. The one-hour averaged LIDAR data is shown in training aircraft configured to be similar to a Grob Tutolhlig
Fig. [[J. The estimated location of wind turbine (the loca- aircraft. During the simulation the rolling, pitching andwy-
tion was changed with wind direction as the rotor was turned iNg moments, aircraft altitude change, velocities and lacce
into the incoming wind direction) as well as the arcs of one- ations during an encounter were recorded together with the
diameter to five-diameter from the rotor hub were indicated Pilot's control inputs to capture a complete descriptiorhaf
in the figures. The one-hour statistic data reveal that thewa €ncounter. This data provided a quantitative measure of the
velocity deficit was recovered to approximately 10% of the effect of the wake on the aircraft. After each set of runs the p
free-stream wind speed at a downstream distance of 5D. NotdOt Was asked to rate the hazard using the Wake Vortex Sever-
that on the right side of the contour plots, there was a long ity Rating Scale [10].
low-speed contour bar that was extended to about to 2.5D in
down_wind. This was caysed by the LIDAR laser striking on 4.1 Wake encounter scenarios
a solid or solids (most likely the blades, or the nacelle er th
supporting tower) within the gate-range (30 m for curret se  The wind turbine wake encounter scenario was designed for a
up). The velocity signals in this region were distorted with light aircraft approaching an airport, where a WTN250 wind
any physical meanings. This phenomenon is quite common inturbine was installed. the wind turbine wake might generate
the LIDAR near wake measurements as can be seen in othefipsets on the passing-by aircraft. The WTN250 wind tur-
datasets. The location of this distorted contour bar seems t bine rotor hub was positioned at a height of 100 ft above the
be random. In some cases, there were more than one distorteground and at several offsets from the centerline of the run-
contour bars in the wake velocity contour plots. Consider- way at orientation angles ¢f0° and45°. The pilots were
ations must be taken in analysis of the measured data to tasked to fly the aircraft at different altitudes along thewan
avoid any distractions by these near wake distortions. to penetrate the wind turbine wake to simulate the crossing

In the figures, the wind turbine wake can be distinguished and oblique wake encounters. A wind speed of 10 m/s was
from the background free stream by the velocity deficit con- used in the simulation for the wake generation. In some simu-
tours. The measurements indicated that statistically th@m  lation sorties, the pilots were asked to hold the controisgu
velocity deficit was almost recovered to the free-streandwin the encounter to measured the maximum attitude and altitude
speed in the downwind area about 5D from the rotor. deviations without interventions of pilot. In each simidat

The LIDAR measurement was firstly compared with the Sortie, the pilot was asked to give the subjective seveaity r
full CFD results [5], indirectly, as the full CFD method was 1ng [10] if the wake was detected. The simulation scene is
applied on the MEXICO rotor in an uniform inflow. Atwind ~ Shown in Fig.[1# where the light aircraft is penetrating the
speed of 15 m/s, the MEXICO rotor tip speed ratio is 6.67. Wind turbine wake during approaching an airport.
The full CFD results [5] revealed that wake vortices indtabi
ity started at a position of abou_t 2.5D downstream of therroto 4.2  Simulator, aircraft flight dynamics model and
and the breakdown occurred in downstream region from 3D

to 4D. The mean velocity in the wake was about 9.5 m/s at pilot rating scale

the hub height (63% of the free stream wind speed) at 5D The simulator used in the trials is the HELIFLIGHT simula-
downstream. As a reference, at a wind speed of 10 m/s, theo [11]. Itis a full motion simulator with a single-seat doc
WTN250 wind turbine tip speed ratio is 6.3, close to that of it * There are 3 channels collimated visual displays for the
the full CFD case. Out-the-Window view and two chin-window displays. Pilot

The Park and Katic [6] wake velocity deficit models were controls are provided by a four-axis dynamic control logdin
applied to the WTN250 wind turbine at the wind speed of 10 system. It has a six DOF full motion platform and the pilot is
m/s and the results are shown in Hig] 12. The park model andable to communicate with the control room at all times via a
Katic model predicted the mean velocity deficit recovered to headset.
10% of the free stream wind speed at about 4D and 8.5D, re-  The aircraft flight dynamics model was developed in the
spectively. As in the full CFD case, in these models the &ffec FLIGHTLAB simulation package based on a Grob Tutor con-
of wind shear, terrain and ambient turbulence were not takenfiguration. The main aircraft components of wing, fuselage,
into account. propeller, tail, fin, landing gears, engine and control eyst

In general, the LIDAR measurements captured the regu-are modelled. The WTN250 wind turbine wake velocity fields
lar wake mean velocity patterns. Statistic LIDAR data indi- generated by the Kocurek wind turbine wake vortex model



were integrated into the aircraft dynamics model as interfe

wind turbine with a similar tip speed ratio, and also comgare

ence on the aircraft using look-up tables. The wake has anwith the velocity deficit wake models. In general, reasoeabl

impact on the wings, fuselage, propellers, tail, fin and lift
surfaces.
During the trials, the pilot was asked to give feedback on

agreements were shown.

The WTN250 wake induced velocity fields, which was
generated by the Kocurek wake vortex model, were integrated

the wake encounters and rate the severity according to a wakénto an aircraft flight dynamic model based on a Grob tutor

vortex encounter pilot rating scale, which is a scale that ha
been used in a previous study by Padfield et al [10]. It pro-
vides a simple decision tree that enables the pilot to peoaid

subjective assessment of the level of wake encounter hazard

4.3 Simulation results and discussion

The results of a typical wake encounter are shown in[Eijy. 15,

where the aircraft dynamic responses are plotted during the

approach. In this case, the pilot flew the GA aircraft through

configuration to simulate the wind turbine wake encounter
scenario of a light aircraft approaching an airport. Piote
flight simulations were carried out to study the severityhig t
type of wake encounter. The flight simulation results sugges
that the WTN250 wind turbine wake mainly generated yaw
disturbances on the encountering aircraft and caused a yaw
angle deviation less than 10°. The wake encounter severity i
regarded as minor.

It is recognised that either the Kocurek wake model or the
current LIDAR measurements can only generate the wake ve-

the WTN250 wind turbine wake at a same altitude as the thelocity deficit flow fields. The mean velocity deficit in wind

height of the wind turbine rotor centre (100 ft) in the crogsi

turbine wake normally decay faster than that of the wake tur-

encounter. The wake generated some upsets on the GA airbulence. The wake turbulence might be persistent longer in

craft and a severity rating B was awarded by the pilot for this

downstream. If the length scales of the wake turbulence is

encounter. The results indicate that the wake mainly gener-compatible with the size of aircraft lifting surfaces, itubd

ated yaw disturbances on the aircraft and caused a yaw ang|
deviation which is no more thard°. Only minor control cor-
rections were needed from pilots to rectify the flight path.
The most significant disturbance cased by a wind turbine
wake is in its axial direction and manifested as a velocity
deficit in the downwind region. Although the wake vortices
also cause disturbances velocities in the radial and e¢die
rection, they are smaller than the axial disturbance vgloci
The fluctuation of these velocities, which can be seen in the
full CFD simulation (Fig[B), were not captured in the cutren
wind turbine wake model as the model is only for steady flow.
So when the aircraft flew through the wind turbine wake, only
these spatial axial velocity gradients had impacts on the ai
craft's flight dynamics. The disturbances exerted sidedsr
on the aircraft and caused its yaw angle changes when it en
tered and left the wake region.

5 CONCLUSION AND FUTURE WORK

Different methods of modelling a wind turbine wake namely
the Kocurek wind turbine wake vortex model, far-wake ve-
locity deficit models and the full CFD method have been used
to study wind turbine far wake. The Kocurek wake model
has been validated with the wind tunnel experimental mea-
surements on the MEXICO wind turbine. The wake induced
velocities has been compared with the full CFD results. €hes
comparisons prove that the Kocurek model predicts wind tur-
bine wake with a reasonable accuracy.

The kocurek wind turbine vortex model was then applied
on the WTN250 wind turbine, which was installed near the
East Midland Airport, UK, and where a wind turbine wake
field measurement using LIDAR was also carried out. The
results of LIDAR measurements captured the wake flow pat-
terns in terms of wake induced mean velocity deficit. The
statistic LIDAR data indicated that for this particular \in
turbine the wake mean velocities recovered to the freerstrea

speed at a position about five rotor diameters downstream.

The LIDAR measurements were compared with the results of
a full CFD simulation, which was conducted on the MEXICO

eause unsteady upsets on the encountering aircraft. Se meth
ods of modelling and measuring wind turbine wake turbu-
lence will be sought and be implemented in the future wake
encounter flight simulations. A helicopter model will be de-
veloped to simulate the wind turbine wake encounter in the
same fashion. The responses of helicopter and pilots’ con-
trols are anticipated to be different due to the differergghfli
dynamics.
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Figure 1: MEXICO wind turbine wake vortices at wind speed 1/5,n(a) generated by the Kocurek wind turbine wake model,
(b) PIV measurements.
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Figure 2: MEXICO wind turbine wake vortices generated byla@&D simulation at wind speed 15 m/s [4].
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Figure 3: Comparisons of the tangential (u), radial (v) aridlgw) velocity profiles generated by Kocurek wake moded an
CFD [4] on the MEXICO wind turbine at 62.2%R (left column) a88%R (right column), wind speed 15 m/s, the velocities
were normalised by the wind speed. K_model_m: Kocurek wagdeahwith the measured thrust; K_model_c: Kocurek wake

model with the CFD calculated thrust.



Figure 4: WTN250 wind turbines of the East Midlands airport.

Figure 5: The WTN250 wind turbines and the runway of the Eastidids airport.

Figure 6: The Galion LIDAR on site.
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Figure 7: Schematic of the PPI scan plane for wind turbineenvakasurements.
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Figure 8: Ten-minute averaged line of sight velocity meadwmn 07-04-2014.

(b) From 14:10 to 14:20
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Figure 9: Ten-minute averaged line of sight velocity meadwon 07-04-2014.
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Figure 10: Ten-minute averaged line of sight velocity meadwn 07-04-2014.
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Figure 11: One-hour averaged line of sight velocity measore07-04-2014.
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Figure 12: Wake velocity deficits using the Park and Katic eiedor an approximate WTN250 wind turbine at a wind speed of
10 m/s.
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Figure 14: Simulation scene of a light aircraft encounggrnind turbine wakes.
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Figure 15: Dynamic responses of GA aircraft and pilot’s colstduring wake encounter, WTN250 wind turbine hub heigltt 10
ft, wind speed 10 m/s, crossing encounter, offset 1.5D.
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