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a b s t r a c t

In this study, the wake behind a wind turbine located on an escarpment is investigated using particle-
image velocimetry in a wind tunnel. Five different escarpment models are used, which vary in the
windward side shape from forward facing steps (FFS) with different curvatures at the leading-edge to
sinusoidal ramp shapes with varying slopes. The difference in the base flow (flow without the turbine)
resulting from the change in the geometry of the escarpment leads to significant differences in the
average and dynamic characteristics of the turbine wake. The relatively high level of turbulence intensity
in the base flow induced by the FFS escarpments leads to a faster wake recovery accompanied by higher
turbulence kinetic energy, compared with the ramp-shaped ones. The self-similar behavior of the ve-
locity deficit profiles in the far wake is confirmed for all the cases; unlike turbine wakes over flat terrain,
the wake growth rate is found to be larger in the vertical direction than in the lateral direction.
Meandering of the wake is observed to be higher on the FFS escarpment with an upward wake trajectory,
compared to the ramp-shaped one. Finally, an analytical model is assessed to predict the wake velocity
deficit of the turbine.
© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The global wind energy capacity has exceeded 600 GW in the
year 2019 [1]. Onshorewind energy, in particular, has experienced a
tremendous growth since the dawn of this century, accounting for
about 96% of the total installed wind energy capacity. With the new
onshore wind energy installations expected to cost less than the
cheapest fossil fuel alternatives from 2020 onward [2], it has a vital
role to play in our transition from fossil fuel to clean energy sources.
Some key contributors to the success of wind energy projects are
accurate wind resource assessment, wind farm power prediction
and layout optimization. Turbine wakes, characterized by high
velocity deficit and enhanced turbulence intensity, are one of the
most important turbine-induced flow phenomena responsible for
reduced power generation (up to 40% when the wind direction is
aligned with the turbine rows/columns in wind farm arrays [3,4])
and enhanced fluctuating loads on the downstream turbines.
Developing a thorough understanding of these wakes remains,
however, a non-trivial task due to the complex nature of in-
teractions between the wakes, the atmosphere and the underlying
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terrain. As wind farms operate in the inherently turbulent atmo-
spheric boundary layer (ABL), characterizing wakes under different
atmospheric conditions (thermal stability, turbulence intensity,
wind shear and veer), wind farm configurations (size and layout)
and surface characteristics (roughness, heterogeneity and topog-
raphy) is crucial for the improvement of existing power prediction
and optimization tools, as well as for ensuring optimal integration
of wind energy in the electrical grid.

Wake characteristics of wind turbines and farms sited on flat
terrain have been studied in great detail over the last two decades.
Earlier works investigating single turbine wakes ranged from uni-
form inflow velocity [5,6] to accounting for boundary layer effects
[7e9] under neutral atmospheric conditions. Further research
incorporated atmospheric stability [10e13] and wind veer [14] ef-
fects in wake development due to thermal stratification and the
Coriolis force. While studying single turbines is important for a
fundamental understanding of wake flows, wind farms often
comprise of multiple turbines grouped together. Flow characteris-
tics inside and above wind farms, including multiple wake in-
teractions, wind direction effects and the influence of wind farms
on local meteorology have been extensively explored under
different atmospheric conditions [15e27]. Insights gained from
these works led to the development of computationally fast
analytical tools for single turbine wakes [10,28e31] and wind farm
power predictions [32e34], which are widely used today by wind
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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farm developers.
In reality, however, there is a high probability that wind turbines

and farms are sited on different topographical features, such as
hills, ramps and escarpments. Although the flow speed-up induced
by the presence of the topography presents a lucrative incentive,
the complex flow characteristics such as varying levels of flow
shear, enhanced turbulence generation and hill-induced pressure
gradients require a comprehensive understanding of the flow in
such terrain. Current literature is rich in studies dealing with flows
over complex topography, including analytical solutions [35],
experimental [36e39] and numerical [40,41] works. Field mea-
surements of flow over topography have been carried out with
great success, such as the benchmark studies of flow around the
Askervein Hill [42,43] and the Bolund experiment [44,45]. The
study of flow over escarpments was pioneered by Bowen and
Lindley [46], who characterized the flow over sharp edged es-
carpments with varying slopes. Wind turbine wake behavior in
such challenging terrains is far from understood and has resulted in
overestimation of power output and underestimation of mechani-
cal loads in wind farms sited close to escarpments [47]. Some ex-
amples of wind farms potentially affected by flow separation across
steep escarpments are given by Rowcraft et al. [48]. In the
following, a brief account of recent developments pertaining to
wind turbines sited on topography is presented.

Politis et al. [49] used two different Reynolds Averaged Navier
Stokes (RANS) solvers to simulate wake effects of wind farms in
complex terrain, highlighting challenges in the modeling of such
complex flows. In addition, they showed that a linear superposition
of terrain and wake effects is insufficient to model wakes in com-
plex terrain. Tian et al. [50] did an experimental investigation of a
wind farm sited on a Gaussian hill to assess the interaction between
the turbine wakes and the topography. They showed that the
presence of the hill affects the power performance of the turbines
and also influences the wake of the turbines. Shamsoddin and
Port�e-Agel [51] performed large-eddy simulation (LES) of a wind
farm located on topography and validated the results with the
experimental data of Tian et al. [50]. Hyv€arinen and Segalini placed
wind turbines on periodic sinusoidal hills and reported that
topography improves turbine performance [52], and wake inter-
action with the terrain leads to a faster recovery [53]. Recently, an
extensive field campaign in Perdig~ao, Portugal, which aimed at
understanding the flow over a double ridged complex site and its
interaction with a turbine wake, was conducted [54,55]. A series of
studies using data from the Perdig~ao campaign look to answer
some fundamental questions about wakes in challenging terrains.
Menke et al. [56] analyzed the wake of the turbine to determine
whether it follows the topography or not. Their results found a
dependency on atmospheric stability where the wake followed the
terrain in stable conditions, was deflected upward in unstable
conditions, whereas no deflection was observed in neutral condi-
tions. Han et al. [57] also found that the wind turbine power per-
formance and wake has significant dependence on the atmospheric
stability. Barthelmie and Pryor [58] developed an algorithm to
automate the wake identification and characterization over a
downstream distance of up to 4.5 rotor diameters. Dar et al. [59]
extended the work of Berg et al. [60] to study the wakes under
different levels of terrain complexity and turbine locations using
large-eddy simulation. They found that wakes remain self-similar
in complex terrain, although, for a very short downstream dis-
tance due to faster wake recovery and higher turbulence compared
to the flat terrain. The faster wake recovery is a commonly observed
feature among turbines located in highly complex terrains
[49,61,62].

To analytically model the effect of topography on wakes, the
most common practice is to superimpose the velocity deficit in a
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flat terrain on topography [53,63]. This method, however, only
works for hills with gentle slopes and yields inaccurate results for
steeper terrains. Recently, Shamsoddin & Port�e-Agel [64] proposed
a new analytical model for turbine wake development over hills,
which accounts for the hill-induced pressure gradients and the
modified trajectory of the wake. Barthelmie et al. [65] presented a
data set from field measurements across an escarpment located at a
coastline. The height of the escarpment, however, was limited to
14 m compared to the hub height of 80 m for the turbines located
on the escarpment. Lutz et al. [66] performed detached-eddy
simulation of a wind turbine wake in a complex terrain, which
can be approximated by an escarpment with a certain slope up-
stream. A comparisonwith awind turbine in flat terrainwas carried
out to highlight the influence of topography. Qian & Ishihara [67]
numerically simulated a turbine sited on an escarpment and
showed that thewake development is affected by the ratio between
the turbine hub height and the hill height. More recently, Dar &
Port�e-Agel [68] performed a three-dimensional characterization of
thewake behind a turbine sited on two different escarpments using
tomographic particle-image velocimetry. They showed that the
shape of the escarpment has an influence on the mean, as well as
the dynamic characteristics of the wake.

The current work is motivated by the need of a systematic study
of wind turbine wakes sited on topography. The choice of escarp-
ments as the topographical feature originates from their common
existence in the real world. Coastlines, for instance, have the po-
tential to be very good sites for wind farms, as they can benefit from
the high winds coming from the oceans and low costs of onshore
wind energy installations. Approximately 80% of the ocean coasts
are known to have escarpments of varying heights [69]. In addition,
escarpments in an onshore environment are also a common site for
wind farms [66,70]. One distinguishing feature of escarpments is
the shape of their windward side, which can vary from a steep,
forward facing step shape to a sloped ramp shape [66,67,70]. The
sensitivity of a turbine wake to changes in the shape of the wind-
ward side of an escarpment is not well understood. In the current
work, we have developed five escarpment models, varying sys-
tematically in the shape of the windward side of the escarpments,
where a model wind turbine is placed at a distance of one rotor
diameter from the leading edge of the escarpment. The objective is
to characterize the differences in thewake flow that arise solely due
to the change in the shape of the escarpment. The rest of the article
is structured as follows: a description of the wind tunnel, wind
turbine model, details of escarpment models and flow measure-
ment setup are provided in section 2; key findings from the study
are presented in section 3; finally, a summary and conclusions are
given in section 4.

2. Experimental setup

2.1. Wind tunnel

The experiments were carried out in the boundary-layer wind
tunnel at the WiRE laboratory of EPFL. The wind tunnel is a closed-
loop low-speed one, where a 130 kW fan drives the flow in the test
section of dimensions 28 m � 2.56 m � 2 m. A contraction with a
5:1 area ratio is present at the inlet of the test section. A natural
boundary layer develops over the surface of the wind tunnel
without the use of an external tripping mechanism.

2.2. Wind turbine model

The wind turbine model used in the current study is a three
bladed model with a rotor diameter D of 15 cm and a hub height zh
of 12.5 cm. The blade profile has a circular arc shape with 5%



Fig. 1. Side view of the escarpment leading edge for the five topography models. The
inset shows a close-up of the leading edge of the forward-facing step models. Black:
90� Edge; red: 5% r/H; orange: 10% r/H; green: 33� Slope; blue: 21.5� Slope.
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camber and 5% thickness with respect to the chord length. The
chord length varies from 12 mm at the blade root to 8.4 mm at the
blade tip. The model is specifically designed to have power and
thrust coefficients comparable to those of full-scale commercial
turbines. The turbine rotor results in an aerodynamic blockage ratio
of 0.34%. For more details on the turbine model, the reader is
referred to Bastankhah & Port�e-Agel [71].

2.3. Escarpment model

Five escarpment models are studied in this work. The models
differ in the shape of the windward side of the escarpment. The
length of the models is 3 m (~ 20D) and the width is equal to 2.5 m
(i.e. covering the width of the tunnel cross-section). The height H of
the escarpments is chosen to be equal to the hub height of the
turbine model (i.e. 12.5 cm), resulting in a solid blockage ratio of
about 6.25%. The wind turbine model is placed one rotor diameter
downstream of the leading edge of the models. The escarpments
can be sub-divided into two categories: forward-facing step (FFS)
models, and models with a ramp shape upstream. A description of
the model shapes is given in the following.

Forward-facing steps with:

C sharp corner at the leading edge (labeled 90� Edge)
C 5% radius of curvature with respect to the escarpment height

at the leading edge (labeled 5% r/H)
C 10% radius of curvature with respect to the escarpment

height at the leading edge (labeled 10% r/H)

The flow separation and turbulence intensity generated by the
escarpment are known to be highly sensitive to the shape of the
leading edge [47]. It will, therefore, be interesting to see how the
turbine wake is affected by adding a radius of curvature as small as
5% with respect to the escarpment height.

The ramp shapes are sinusoidal and defined by the following
mathematical expression:

zrðxÞ ¼ 1
2
H
h
1þ cosðpx

2L
Þ
i
; (1)

where H is the escarpment height and L is the half-length of the
ramp. The two ramp models are described by:

C half-length L ¼ 2H, leading to a maximum local slope of
~21.5� (labeled 21.5� Slope)

C half-length L ¼ 1.25H, leading to a maximum local slope of
~33� (labeled 33� Slope)

Fig. 1 shows the shapes of the five escarpment models.

2.4. PIV setup

Stereoscopic particle-image velocimetry (S-PIV) is used to
obtain high spatial resolution flow measurements. The flow is
seeded with olive oil particles with a diameter on the order of 1 mm.
The field of view is illuminated by a dual head 425mJ Nd:YAG laser.
Two 16-bit sCMOS cameras (2560 � 2160 pixels) with 55 mm ob-
jectives and mounted on Scheimpflug adapters are used for
capturing images. The images are taken at a sampling rate of 10 Hz
and mean flow quantities are obtained by averaging over 1000
images. The sampling rate used in this study is not fast enough to
resolve the smallest temporal scales, but it is sufficient to provide
data for computing Reynolds averaged flow characteristics. More-
over, the PIV system also provides instantaneous information on
spatial development of the flow in a two-dimensional plane.
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Flow fields in the XZ plane passing through the turbine center-
line and YZ planes in the turbine wake are sampled. Fig. 2 shows a
schematic representation of the two S-PIV setups. Details of the
two setups are given in the following:

C PIV Setup 1: the size of the field of view (FOV) is 4D � 3D
with a resolution of 0.0106D. The angle between the cameras
is about 45�.

C PIV Setup 2: the size of the field of view (FOV) is 3D � 2D
with a resolution of 0.014D. The angle between the cameras
is about 42�.

The post-processing is performed in two steps, with an inter-
rogation window size of 64 � 64 pixels in the first step and 32� 32
pixels in the second step. An overlap of 75% is kept within the
interrogation windows and the correlation is obtained after two
passes through each window size. In addition to the PIV setups
described above, a two-dimensional two-component (2D2C) PIV
setup using one 16-bit sCMOS camera is used to sample the
streamwise and vertical velocity components upstream of the
escarpment. The spatial resolution of this PIV setup is also 0.0106D.

3. Results

3.1. Upstream boundary layer and base flow

The upstream boundary layer is characterized using a 2D2C PIV
setup. Fig. 3 shows the averaged streamwise velocity U seven rotor
diameters upstream of the topography, normalized by the free
stream velocity U∞ (¼ 4.37 ms�1) at the same streamwise position.
The vertical coordinate z/D ¼ 0 in Fig. 3 represents the surface,
whereas it represents the center of the turbine on the escarpment
in the rest of the article. The boundary-layer height d is approxi-
mately 39 cm and the mean hub height wind speed Uh,up is
3.55 ms�1. A power law is fitted to the velocity profile U ¼
Uh;upðz=zhÞn, where the scaling exponent n is 0.17. The streamwise
turbulence intensity Iu ¼ su/U∞, where su is the standard deviation
of the streamwise velocity component, is around 0.06 at the hub
height. The normalized vertical momentum flux is higher near the
surface due to high shear in that region. A friction velocity u* of
0.17 ms�1 and surface roughness length zo of 0.04 mm are esti-
mated by fitting a logarithmic profile to the lowest 15% of the
boundary layer. The logarithmic fit is done according to the
following relation: U ¼ u*

k logð zzoÞ, where k ¼ 0.41 and the fitted line
is shown in Fig. 3 (d). The ratio zo/D ¼ 2.67 � 10�4 scales to a
roughness length of about 0.0267m for a full-scale turbine of 100m
diameter, corresponding to a terrain with grass and shrubs [72]



Fig. 2. Schematic representation of the experimental setup and stereoscopic PIV setups (top view).

Fig. 3. Vertical profiles of the normalized averaged streamwise velocity component with the power law fit in black dotted line (a), streamwise turbulence intensity (b) and
normalized averaged vertical momentum flux (c) in the upstream boundary layer. The horizontal dashed black line shows the height of the escarpment (equal to the hub height). (d)
Normalized averaged streamwise velocity in semi-logarithmic coordinates, with the logarithmic fit in black solid line.
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upstream of the escarpments. The flow over the escarpments,
especially the forward-facing steps, is affected by the ratio of
boundary-layer to step height (d/H) [73]. The d/H ratio in the cur-
rent study is 3.12, which is similar to previous experimental studies
of flows on escarpments, e.g. see Kilpatrick et al. [74].

The flow characteristics over the escarpments in the absence of
the turbine, termed as the base flow, are now discussed. Fig. 4
shows the normalized averaged streamwise component of the
flow velocity on the escarpments in the base flow. A separated flow
region can be observed in the 90� Edge escarpment case. The
reverse flow region is identified by the dark blue contour in the
figure. This reverse flow zone has a maximum height of about 0.17
times the escarpment height and the flow reattaches to the surface
around two rotor diameters downstream of the leading edge (x/
D ¼ 1). High flow shear induced by the flow recirculation can be
observed. The strength of the flow separation is significantly
reduced by just adding a curvature of 5% radius with respect to the
escarpment height at the leading edge. The flow reattachment
occurs around one rotor diameter from the leading edge. As a result,
the shear in the flow is also relatively less in this case. For the
forward facing step with a 10% radius of curvature, no recirculation
region is observed in the captured field of view. The ramp-shaped
escarpments show lesser shear closer to the surface. This is due
to the absence of any flow separation, and due to the speed-up of
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flow closer to the surface over the escarpment.
An important feature of the flow over escarpments (or, in gen-

eral, topography) is the flow speed-up across the streamwise
transect. This flow speed-up is quantified as the ratio of velocity
across the escarpment to a reference velocity in the upstream at the
same height relative to the local surface. Fig. 5 shows the speed-up
across all the different escarpment models at the hub height. The
FFS escarpments have a higher speed-up, with the 90� Edge
escarpment showing the highest velocity at the chosen turbine
location. The FFS escarpments, however, have a faster decay in the
speed-up with the increase in the downstream distance. The es-
carpments with a ramp upstream have a lower speed-up, but also
show a slower decay with the downstream distance compared to
the FFS escarpments, which can prove beneficial from the point of
view of siting a wind farm on the escarpment.

Table 1 presents some basic flow parameters at the chosen
turbine location without the presence of the turbine. The mean
streamwise velocity in the base flow at the hub height of the chosen
turbine location Uh is used to normalize all the flow quantities in
the respective cases. The streamwise turbulence intensity at the
hub height is between 0.069 and 0.051 for different cases. It is to be
noted that the turbulence intensity in the FFS escarpments is much
higher closer to the ground due to high flow shear induced by the
flow separation from the escarpment leading edge. The shear



Fig. 4. Contours of the normalized averaged streamwise velocity component without
the turbine from top to bottom: 90� Edge, 5% r/H, 10% r/H, 33� Slope and 21.5� Slope.
In-plane velocity vectors are overlaid. The prospective turbine rotor is shown by the
vertical white line.

Fig. 5. Flow speed-up across the escarpments (without the turbine). x/D ¼ 0 shows the
location of the turbine model and Uh,up is the streamwise velocity at the hub height in
the upstream boundary layer.

Table 1
Overview of key flow parameters at turbine location without the presence of
turbine.

90� Edge 5% r/H 10% r/H 33� Slope 21.5� Slope

Uh (ms�1) 4.70 4.60 4.52 4.34 4.27
Iu ¼ su/Uh (%) 6.9 6.25 6 5.15 5.26
n 0.8171 0.48 0.28 0.12 0.1265

Fig. 6. Flow inclination angle a at the leading edge of the escarpments (-1D) and
prospective turbine location. The horizontal lines trace the rotor top and bottom tips.
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exponents are computed over the rotor diameter as
n ¼ lnðUz1 =Uz2 Þ=lnðz1 =z2Þ [65], where z1 and z2 are the heights of
the rotor top and bottom, respectively. The values of the shear
exponents for the FFS escarpments are considerably higher than
the recommended value of 0.2 [75] as per IEC standards. This is
understandable, as the IEC recommendation is based on turbines
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sited on flat terrain. High shear exponents have been observed for
escarpments [47,65] and imply high fluctuating loads on the blades.
For the ramp-shaped escarpments, the flow shear is reduced
compared to the incoming flow due to the effect of flow speed-up
closer to the ground.

As per IEC standard 61400-1 edition-3 [75], the inclination angle
awith respect to the horizontal axis of themean flow should be less
than 8�. High inclination angles can induce significant additional
loads on the rotor. Using the streamwise and vertical velocity
components, we compute the flow inclination angles in the
absence of the turbine. Very high inclination angles are observed
over the leading edge of the FFS escarpments, whereas, ramp-
shaped escarpments have inclination angles around 5� (see
Fig. 6). At the turbine location, the flow inclination angle ranges
from 0� to 6� for the 90� Edge, with a high variation in the lower
half of the rotor. The other two FFS cases show very similar trends
with a varying between � 3� to 3�. The ramp-shaped cases have a

less than 3�. It is to be noted that, the inclination angles are within
the 8� IEC recommendation for all the escarpment shapes.
3.2. Power and thrust coefficients

The turbine rotor is mounted on a permanent magnet direct
current machine. To extract energy from the wind, the DC machine
is operated in the ‘generator mode’. The power coefficient Cp is
calculated by:

Cp ¼ QU
1
2 rAU

3
r

; (2)

whereQ is the torque generated by the rotor,U the rotational speed,
A the rotor area and Ur is the rotor averaged velocity in the base
flow at the turbine location. In addition, to measure the thrust force
Tof the turbine, the tower of the turbine is mounted on amulti-axis
strain gauge sensor. The thrust coefficient CT is calculated by:

CT ¼ T
1
2 rAU

2
r

: (3)

Fig. 7 shows the variation of power and thrust coefficients with
tip-speed ratio l for all escarpment models. The maximum power
coefficient is between 0.31 and 0.35 for different cases, with the 90�

Edge escarpment case showing the maximum Cp out of all the



Fig. 7. Power (circles) and thrust (triangles) coefficient as a function of tip-speed ratio
for different escarpment models. The colors correspond to same cases as in Fig. 5.
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cases. The thrust coefficient is fairly constant between different
cases, with an approximate value of 0.8 for the tip speed ratio
corresponding to maximum Cp. The tip-speed ratio is adjusted by
changing the rotational speed of the rotor while keeping the
incoming velocity constant. For PIV measurements, the turbine is
operated at the tip-speed ratio corresponding to the maximum Cp
for each case.
3.3. Mean flow and turbulence characteristics

Wenowpresent some key features of the flow in thewake of the
turbine. Fig. 8 shows the averaged normalized streamwise
component of the flow velocity. In the FFS escarpments, the recir-
culation near the surface in the base flow is removed in the pres-
ence of the turbine. The normalized streamwise velocity is lowest
in the turbine wake for the 90� Edge case, with values getting
higher with the increase in the leading edge curvature. The ramp-
shaped escarpments show even higher normalized streamwise
velocity in the turbine wake. This can be explained by the fact that,
as the normalized streamwise velocity in the base flow near the
Fig. 8. Contours of the normalized averaged streamwise velocity component in the
wake of the turbine for all cases.
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surface increases with the increase in the leading edge curvature
and with the addition of the ramp, the normalized streamwise
velocity in the turbine wake also increases.

The turbulent momentum fluxes play a role in the exchange of
energy between the outer and wake flow, thereby contributing to
the recovery of the wake. In addition, these fluxes are responsible
for the mechanical production of turbulence along with the mean
shear in the flow. Figs. 9 and 10 show the normalized vertical and
lateral momentum fluxes, respectively, in the turbine wake for
different escarpment cases. The magnitude of these fluxes is
highest in the 90� Edge case and shows a gradual decrease with the
increase in the leading edge curvature. The magnitude of these
fluxes gets even smaller with the addition of the ramp in front of
the escarpment. An exchange of momentum between the turbine
wake and the outer flow near the surface can also be observed in
the FFS escarpments at shorter downstream distances from the
turbine.

Contours of the normalized turbulence kinetic energy (tke ¼
1
2 ðu02

̄

þ v02
̄

þw02
̄

Þ, where u0, v0 andw0 are the fluctuating part of the
streamwise, spanwise and vertical velocity components, respec-
tively) in the turbine wake are shown in Fig. 11. The highest
magnitude of the normalized tke is observed in the 90� Edge case,
with maximum energy at around 3 rotor diameters downstream.
Themagnitude of the normalized tke decreases with the increase in
the leading edge curvature, and it is almost half for the ramp-
shaped cases when compared to the 90� Edge case. In general,
the trend observed in the magnitude of the tke with respect to the
escarpment shape is consistent with that of the turbulent mo-
mentum flux. As explained byWu& Port�e-Agel [77], the flow shear
around the rotor bottom tip is small which leads to less turbulence
production in this region compared to the rotor top tip, even
though the magnitude of the turbulent momentum flux is almost
the same in both regions. As a result, the region of high tke re-
sembles a horseshoe shape, whosewidth is highest for the 90� Edge
case and decreases for the curved edged FFS and ramp-shape cases.
Another interesting observation is the presence of high turbulence
kinetic energy close to the surface surrounding the turbine wake in
the FFS escarpment cases. This high tke region is a result of the high
shear induced by the flow separation from the escarpment leading
edge.

3.4. Wake structure

In order to characterize the difference in the turbine wake flow
with respect to the base flow, the streamwise velocity deficit is
computed. For this purpose, the streamwise velocity in the base
flow is subtracted from that in the wake flow as DU ¼ Ub � Uw,
where Ub and Uw is the time averaged streamwise velocity in the
base and wake flow, respectively. Fig. 12 shows the two dimen-
sional velocity deficit fields in several y-z planes at different
downstream distances from the turbine. The presence of the tur-
bine has an impact on the surrounding flow over the FFS escarp-
ments. This is evident from the negative velocity deficit region
surrounding the lower part of the rotor up to a downstream dis-
tance of 3D in these cases. The magnitude of this negative velocity
deficit decreases with the increase in the curvature of the escarp-
ment leading edge. This negative velocity deficit region is gener-
ated as the presence of the turbine suppresses the development of
separated flow from the escarpment leading edge, which causes a
decrease in themean flow shear in the surrounding flow and higher
velocity compared to those in the base flow, thereby leading to a
negative velocity deficit region in the FFS escarpments.

The rotation of the wake up to a downstream distance of 3D is
also affected by the escarpment geometry. Specifically, the vertical



Fig. 9. Contours of the normalized vertical momentum flux in the wake of the turbine. From top to bottom: 90� Edge, 5% r/H, 10% r/H, 33� Slope, 21.5� Slope. In-plane velocity
components are overlaid. Black circles represent the rotor position.

Fig. 10. Contours of the normalized lateral momentum flux in the wake of the turbine. From top to bottom: 90� Edge, 5% r/H, 10% r/H, 33� Slope, 21.5� Slope. In-plane velocity
components are overlaid. Black circles represent the rotor position.
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velocity induced by the escarpment in the base flow can affect the
wake rotation; high vertical velocity in the base flow of the turbine
sited on the 90� Edge escarpment results in a weaker rotation. As
the base flow vertical velocity component reduces with the in-
crease in the curvature of the escarpment leading edge and by the
addition of the ramp, thewake rotation gets stronger in these cases.
To compare the streamwise velocity deficit quantitatively, Fig. 13
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shows the lateral and vertical profiles in y-z and x-z planes pass-
ing through the turbine axis. The velocity deficit is observed to be
higher in the FFS cases and it also appears to recover faster than in
the ramp cases.

To elaborate on the recovery of the wake center velocity deficit,
we plot the maximum velocity deficit for each case as a function of
the downstream distance in Fig. 14. The three FFS escarpment cases



Fig. 11. Contours of the normalized turbulence kinetic energy in the wake of the turbine. From top to bottom: 90� Edge, 5% r/H, 10% r/H, 33� Slope, 21.5� Slope. In-plane velocity
components are overlaid. Black circles represent the rotor position.

Fig. 12. Contours of the normalized averaged streamwise velocity deficit in the wake of the turbine. From top to bottom: 90� Edge, 5% r/H, 10% r/H, 33� Slope, 21.5� Slope. In-plane
velocity components are overlaid. Black circles represent the rotor position.
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have higher velocity deficit maxima in the near wake than the
ramp-shaped escarpment cases. This can be related to the effect of
pressure gradient induced by the topography on the turbine wake.
As shown earlier, the thrust coefficient of the turbine is almost
unchanged for different escarpments (see Fig. 7). In topography,
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however, the wake velocity deficit also has a contribution from the
pressure gradient induced by the terrain [76]. The streamwise
variation in base flow velocity is higher in the FFS escarpments
compared to the ramp-shaped ones (see Fig. 4), which implies a
higher contribution from the pressure gradient, and thereby, a



Fig. 13. Normalized averaged streamwise velocity deficit: lateral (top) and vertical (bottom) profiles passing through the turbine axis. Horizontal dashed lines trace the rotor axis
and tip positions.

Fig. 14. Maximum velocity deficit as a function of downstream distance.

Fig. 15. Contours of the added streamwise turbulence intensity in the turbine wake for
two selected cases.
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higher wake velocity deficit. The maximum velocity deficit also
shows a minimal change in this near wake region. This is because
the shear layer around the rotor tips, which brings outer flow into
the wake, has not grown enough to re-energize the wake center. In
the far wake, the recovery of the wake center velocity deficit is
faster for the FFS cases compared to that for the ramp-shape cases.
This is due to the higher levels of turbulence andmomentum fluxes
for the FFS cases compared to the ramp-shaped escarpment cases.
The far wake region is also characterized by the Gaussian profile of
the velocity deficit and linear expansion of the wake with the in-
crease in the downstream distance. Both characteristics will be
discussed later in this section.

To understand the impact of thewind turbine on the streamwise
turbulence intensity in the wake, we compute the added stream-
wise turbulence intensity as follows:

Iadd ¼

8><
>:

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2u;w � I2u;b

q
; Iu;w � Iu;b;

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
I2u;b � I2u;w

q
; Iu;w < Iu;b;

where Iu,b and Iu,w are the streamwise turbulence intensities
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without and with the turbine at the same physical location. Fig. 15
shows the streamwise contours of added streamwise turbulence
intensity for two selected cases. The added turbulence intensity is
positive in the upper half of the rotor due to high turbulence pro-
duction behind the rotor tip. Its magnitude is larger for the FFS
escarpment compared to the ramp-shaped escarpment. The
magnitude of Iadd is highest at a downstream distance of around 3D
where the tke production is highest and the transition from near to
far wake happens. The Iadd is observed to be negative below the
turbine hub height for the FFS escarpment throughout the down-
stream extent of the domain, whereas in the ramp-shaped
escarpment it is positive except for a small region around the
rotor bottom tip in the near wake region. Change in the flow shear
close to the rotor bottom tip is responsible for the negative Iadd in
the ramp-shaped escarpment. In the FFS escarpment, the negative
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Iadd appears because the high turbulence intensity region generated
due to the flow shear induced by the leading edge flow separation
in the base flow is suppressed in thewake flow due to the change in
the flow shear caused by the turbine.

For a quantitative comparison between all cases, profiles of Iadd
in lateral and vertical planes passing through the turbine axis are
plotted in Fig. 16. The FFS escarpment cases show a gradual
decrease in the magnitude of the added turbulence intensity with
the increase in the curvature. The two ramp cases have a lower
magnitude of the added turbulence intensity compared to the FFS
cases and show very similar values compared to each other.

Another important characteristic of the turbine wakes is their
rate of expansion as a function of the downstream distance, known
as the wake growth rate. The wake is shown to grow linearly in the
far wake [11,79] and, therefore, its width can be estimated by the
following relation:

s

D
¼ k

x
D
þ ε; (4)

where the slope k of the linear relation is the wake growth rate and
ε is the initial wake width. The wake width s, defined as the stan-
dard deviation of the Gaussian fit to the lateral and vertical velocity
deficit profiles, is plotted in Fig. 17. A linear fit is done on the
normalized standard deviation, the slope of which yields the wake
growth rate k. As can be seen, the wake growth rate in the lateral
direction is similar for all the cases. In the vertical direction, how-
ever, the 90� Edge case shows the highest wake growth rate, with
values gradually decreasing for the rest of the cases. A relatively
higher mean flow shear and enhancement of turbulence in the
vertical direction, compared to that in the lateral direction, can
Fig. 16. Added streamwise turbulence intensity: lateral (top) and vertical (bottom) profile
positions.
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explain the observed trend. Fig.18 shows themaxima of the vertical
and lateral turbulence intensities in the vertical and lateral profiles
at the turbine centerline and hub height, respectively. The vertical
turbulence intensity is observed to be higher than the lateral one in
the FFS cases, whereas their difference decreases in the ramp-
shaped escarpment cases. This is consistent with the larger
magnitude of the momentum fluxes and, consequently, the wake
growth rates in the vertical direction compared with the lateral
one. This is, however, in contrast with what is reported over flat
terrain, where the momentum fluxes and, thus, the wake growth
rates are higher in the lateral direction compared to the vertical one
[10,78].

Finally, wind turbine wakes are known to depict self-similar
behavior in both flat [10,29,30] and complex [59] terrains. Here,
we plot the normalized streamwise velocity deficit profiles as a
function of distance from the wake center normalized by the wake
half-width r1/2. Thewake half-width is defined as the distance from
the velocity deficit maximum to the point where the velocity deficit
is reduced to 50% of its maximum value. We verify that the self-
similarity holds for both vertical and lateral profiles in all escarp-
ment cases and the velocity deficit can be approximated by a
Gaussian profile (see Fig. 19). This is important, especially for the
FFS escarpments, as it shows that the interaction between the wake
and flow separation does not affect the self-similarity of the ve-
locity deficit in the far wake.
3.5. Comparison of experimental and analytically modeled velocity
deficit profiles

In this section, we test an existing analytical tool to model wakes
s passing through the turbine axis. Horizontal dashed lines trace rotor axis and tip



Fig. 17. Normalized standard deviation of the streamwise velocity deficit for the lateral (top) and vertical (bottom) profiles at the turbine hub height and centerline, respectively.
Black: 90� Edge; orange: 5% r/H; red: 10% r/H; green: 33� Slope; blue: 21.5� Slope. The legend shows the linear fits according to equation (4) for each case.

Fig. 18. Maximum of the lateral and vertical turbulence intensity in the lateral and
vertical direction at the turbine hub height and centerline, respectively. The circles and
squares represent the lateral and vertical turbulence intensity values, respectively.
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behind wind turbines sited on escarpments. The problem under
focus is stated as: given that the mean streamwise velocity at the
hub height in the base flow Ub(x) is known, canwe then predict the
wake using an analytical model? The dominating effect of the
escarpment on the flow is a pressure gradient that is induced due to
the presence of the topography. Therefore, we choose themodel for
turbulent axisymmetric wakes under a pressure gradient proposed
by Shamsoddin & Port�e-Agel [76]. For details on the model, the
reader is referred to the original work; here, wewill briefly describe
the procedure followed to obtain the velocity deficit profiles.

We generate a velocity profile using the power law fit in Fig. 3 to
represent the upstream flow. For model inputs, we choose a thrust
coefficient CT of 0.8 (Fig. 7). The wake width s0(x) for the miniature
wind turbine is computed using the linear relation in equation (4),
where the wake growth rate is estimated using the empirical
relation k ¼ 0.3TI [80] and TI is the rotor averaged turbulence
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intensity in the base flow at the turbine location; and ε is taken
equal to 1=

ffiffiffi
8

p
[81]. Using these parameters, the model returns the

maximum velocity deficit under zero pressure gradient C0:

C0ðxÞ ¼ 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� CT

8
�
s0ðxÞ
D

�2

vuuut ; (5)

and the invariant ratio of velocity deficit to wake width:

L0ðxÞ ¼ LðxÞ ¼ C0ðxÞUin

s0ðxÞ
; (6)

where Uin is the upstream velocity at the hub height, L0 is the
invariant ratio under zero pressure gradient and L is the invariant
ratio under pressure gradient. As a next step, the base flow infor-
mation and the invariant ratio are used to compute the maximum
velocity deficit C under the pressure gradient induced by the
escarpments:

dCðxÞ
dx

¼ �1

ðU
4
b

L2
0
Þð3C2 � 2C3Þ

"
1
4
dU4

b
dx

C3

L2
0

þ ðC3 �C4

2
Þ d
dx

ðU
4
b

L2
0

Þ
#
; (7)

with the following boundary condition:

CðxiÞ ¼ C0ðxiÞ; (8)

where xi represents the start of the far wake, taken as the
streamwise position where the maximum velocity deficit (in ex-
periments) is equal to the theoretical value (1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� CT

p
).

Furthermore, the wake width s(x) is computed using the new ve-
locity deficit and base flow information:



Fig. 19. Self-similar normalized streamwise velocity deficit lateral (left) and vertical (right) profiles at the turbine hub height and centerline, respectively. A Gaussian curve is
overlaid for comparison.
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sðxÞ ¼ UbðxÞCðxÞ
LðxÞ : (9)

Finally, the velocity deficit profiles are computed using the
Gaussian shape function:

UbðxÞ � Uwðx; rÞ
UbðxÞ

¼ CðxÞe
�
�

r2

2s2

�
; (10)

where Uw is the streamwise velocity in the wake and r is the radial
distance from the maximum velocity deficit position. It is to be
noted that the turbine wakes in the current study are not perfectly
axisymmetric and experience flow shear in the vertical direction
due to the effect of the surface. As stated by Shamsoddin & Port�e-
Agel [76], in such case the wake width obtained from the model is
the equivalent wake width of the lateral and vertical wake widths,
which is computed as the geometric mean of the two wake widths:
seq ¼ ffiffiffiffiffiffiffiffiffiffi

sysz
p .

Fig. 20 shows the comparison between the experimentally and
analytically obtained maximum velocity deficit and equivalent
wake width. The degree of agreement between the experiments
and the model is observed to be dependent on the escarpment
shape. For the ramp-shaped escarpment cases, the maximum ve-
locity deficit is predicted reasonably well, with slight underesti-
mation until a downstream distance of 4.75 rotor diameters. For the
forward facing step cases, however, the velocity deficit prediction
getsworsewith the increase in the edge sharpness. The escarpment
with 10% curvature at the edge (with respect to the escarpment
height) shows good agreement between the experiments and the
Fig. 20. Comparison of the maximum normalized streamwise velocity deficit (a) and the equ
experimental data and solid lines represent the PG model. Color codes for different cases a
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model beyond 5 rotor diameters. The other two forward facing step
escarpments show an underestimation of the maximum velocity
deficit by the model, with the highest difference for the case with a
sharp edge. The equivalent wake width shows a similar trend, with
the best agreement between the experiments and the model in
ramp-shaped escarpment cases and worst in the sharp-edged
escarpment. The equivalent wake width is observed to be under-
estimated by the model.

Finally, a comparison of the averaged streamwise velocity deficit
profiles is shown in Fig. 21. As can be seen, the velocity deficit are
well reproduced for the ramp-shaped escarpments and forward
facing step with 10% curvature beyond 5 rotor diameters, even
though the effect of wake width underestimation is seen in the
vertical profiles. For the rest of the two forward facing step cases, an
underestimation of velocity deficit profiles is observed.

The underestimation of the maximumvelocity deficit, as well as
the equivalent wake width in some cases (as shown in Fig. 20) can
be related to the fact that the analytical model used here assumes
no pressure gradient in the base flow at the turbine location. This
assumption is embedded in the boundary condition given in
equation (8). In the ramp-shaped escarpments, the pressure
gradient imposed by the base flow at the turbine location is not
very high, which is why the model gives acceptable results. In the
forward facing step escarpments, the agreement between the
model and experiments gets worse with the increase in the
sharpness of the escarpment edge. As a sharper edge induces a
higher pressure gradient via the base flow at the turbine location,
the difference between the model and the experiments gets higher.
This highlights the need to develop analytical models capable of
capturing pressure gradient effects in the base flow at the turbine
ivalent wake width (b) between the analytical model and experiments. Circles mark the
re same as Fig. 17.



Fig. 21. Comparison of the normalized averaged streamwise velocity deficit profiles between the analytical models and experiments for different cases. Experimental data is
marked by circles and solid line represents the PG model.
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location.
3.6. Wake meandering and trajectory

Defined by low-frequency and large-scale coherent oscillations,
meandering is an important dynamical feature of the wake,
contributing to the unsteady wake dynamics. To characterize
meandering of the turbine wake over different escarpments, we
employ a ‘center of mass’ method [78,82,83]. The method quan-
tifies the displacement of the center of the instantaneous velocity
deficit in the lateral and vertical directions using the following
equations:
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yc ¼ ∬DUydydz
∬DUdydz

; (11)

zc ¼ ∬DUzdydz
∬DUdydz

: (12)

The information on the instantaneous wake center location in
the lateral and vertical direction is then used to compute the joint
probability density function (PDF) for different cases. Fig. 22 shows
the joint PDFs for two cases at different streamwise locations. In
general, the spread of the instantaneous wake centers is observed
to increase with the downstream distance. This spread is higher in



Fig. 22. Normalized joint probability density function of the instantaneous wake center at different downstream locations for the 90� Edge (top row) and 33� Slope (bottom row).
Plus signs indicate the mean wake center.
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the lateral direction compared to the vertical one. The spread in the
joint PDFs is higher for the turbine on the FFS escarpment
compared to that for the turbine on the ramp-shaped escarpment.
This indicates that the FFS escarpment enhances the meandering of
the wake compared to the ramp-shape escarpment. The unsteady
nature of the flow separation in the base flow of the FFS escarpment
can explain the relatively higher meandering observed in this case.

Another important observation is the vertical displacement of
the mean wake center from the turbine axis in Fig. 22. In the near
wake, the mean wake center is shifted above the turbine axis, fol-
lowed by a gradual downward shift with the increase in the
downstream distance. This mean wake center displacement is
comparatively higher for the turbine on the FFS escarpment than
for the one on the ramp-shaped escarpment. In addition, the wake
trajectory, defined as the vertical position of the maximum velocity
deficit zDUmax

at each streamwise location, is plotted in Fig. 23 for all
the cases. The wake is observed to have an upward trajectory in the
near wake regionwith a downward shift in the far wake for the FFS
escarpments. For the ramp-shaped escarpments, however, the
wake is more attached to the surface and shows a lower trajectory
than for the three FFS escarpments. In order to understand this, we
first look at the normalized vertical velocity component without
the turbine in Fig. 24 (a). The vertical velocity component in the
base flow is much higher for the turbine on the FFS escarpment
compared to the one on the ramp-shaped escarpment. This high
positive vertical velocity component causes the wake to shift up-
ward in the near-wake region for the turbine on the FFS escarp-
ment. As the difference in the mean wake center between the two
cases is highest at a downstream distance of 2D, we show the
vertical velocity component at this position in Fig. 24 (b). In the case
of the ramp-shaped escarpment, the vertical velocity component is
Fig. 23. Wake trajectory as a function of the downstream distance.
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solely caused by the wake rotation, with positive and negative
vertical velocity in the right and left halves of the wake, respec-
tively. In the case of the FFS escarpment, however, there is a positive
vertical velocity component around the center of the rotor. This
positive vertical velocity component is a result of the higher vertical
velocity faced by the turbine, and pushes the wake center in the
upward direction for the turbine on the FFS escarpment.
3.7. Counter-rotating vortex pair and energy entrainment

The non-zeromean vertical velocity component in the base flow
also leads to the development of a counter-rotating vortex pair
(CVP) in the far wake of the wind turbines sited on the escarp-
ments. The CVP is fully developed in the case of the sharp edge
escarpment; therefore, we will focus on the mentioned case in this
section. To visualize the formation of the CVP, we show the
normalized out-of-plane vorticity in Fig. 25. In the near wake, there
is an outward flow from the wake, which creates a negative
vorticity region surrounding the rotor. However, as we move
downstream (x/D ¼ 3), the positive vertical velocity component
around the top of the wake diminishes and we observe outer flow
moving into the wake due to the presence of a negative vorticity
region at the top of thewake. In the far wake, the distribution of the
in-plane velocity components becomes almost perpendicular to the
surface at the turbine center, depicting a strong vertical compo-
nent. This vertical velocity component is positive in the region
under the rotor center and negative above it, and is believed to give
rise to the development of the CVP in order to satisfy continuity.
This mechanism is similar to the one observed by Bastankhah &
Port�e-Agel [81] in yawed wind turbines, where the formation of a
CVP is due to the strong lateral velocity component.

It is to be noted that the vertical velocity component is not as
high as the lateral velocity component in yawed turbines, such that
it does not cause a significant distortion in the shape of the wake.
However, it does appear to play a role in the entrainment of energy
from the outer flow into the wake and, thus, contributes to the re-
energization of thewake. To explain this, we show two dimensional
fields of the advection term of mean kinetic energy in Fig. 26. The
advection term is negative in the near wake surrounding the rotor
area, where the vorticity is negative, showing an outward flow of
energy. As we move downstream, however, when the formation of
the vortex pair starts bringing outer flow into the wake, the



Fig. 24. (a) Contours of the normalized averaged vertical velocity component on the escarpments without the turbine. White vertical line shows the position of the prospective
turbine. (b) Contours of the normalized averaged vertical velocity component at a distance of 2D in the wake of the turbine. The black circle indicates the rotor outline.

Fig. 25. Contours of the normalized out-of-plane vorticity with in-plane velocity vectors overlaid for the 90� Edge escarpment. The black circle indicates the rotor outline.

Fig. 26. Contours of the normalized advection of mean kinetic energy with in-plane velocity vectors overlaid for the 90� Edge escarpment. The black circle indicates the rotor
outline.
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advection term becomes positive at the rotor top and around the
vortex cores, leading to a faster wake recovery in the far wake.
4. Summary

Onshorewind energy has grown tremendously over the last two
decades, with wind farms often located in complex terrain. Lack of
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adequate knowledge of wind turbine behavior in such challenging
terrains is known to result in inaccurate estimation of power per-
formance and dynamic loads. Understanding wakes in complex
terrain, therefore, has become crucial in today's renewable energy
market for better resource assessment, power optimization and
layout design of wind farms in such sites. In the current study, we
have characterized the wake generated by a single wind turbine
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sited on different escarpments using stereo-PIV measurements.
Escarpments are a common topographical feature and a potential
location for wind farms.

Focusing on the sensitivity of the wind turbine wake to the
geometrical details of the topography, we have studied five
different escarpment models approximated by forward facing steps
(FFS) and ramp-shaped escarpments. The shape of the escarpment
leading edge is found to have a strong influence on the base flow
(flowwithout the turbine) velocity, shear, speed-up and turbulence
over the topography, which eventually have an impact on the wake
of the turbine. The presence of the turbine suppresses the devel-
opment of the flow recirculation near the surface in the wake for
the FFS escarpments, and the normalized streamwise velocity in
the turbine wake is lowest for the FFS with a sharp edge.

The turbine wake velocity deficit shows fastest recovery and the
turbulence kinetic energy is observed to be highest in the case of
the FFS with a sharp edge, which is consistent with the highest
magnitude of momentum fluxes in this case. By adding a curvature
as little as 5% at the leading edge with respect to the escarpment
height, the turbulence kinetic energy is significantly reduced
compared to the sharp edge case. The turbine wake on the ramp-
shaped escarpments shows lower turbulence kinetic energy than
the one on the FFS escarpments. Consistent with the amount of
turbulence in the base flow, the near wake length is also observed
to be shorter for the turbine on the FFS escarpments compared to
that on the ramp-shaped escarpments. The streamwise added
turbulence intensity in the wake shows that, in comparison to the
base flow, the turbine suppresses the production of turbulence
below the hub height and enhances it above the hub height for the
FFS escarpments. This is because the shear layer formed due to the
leading edge flow separation is suppressed in the turbine wake. For
the ramp-shaped escarpments, however, the wake flow is more
turbulent compared to the base flow except for a small region
around the rotor bottom tip level in the near wake region. Thewake
growth rate in the lateral direction is found to be very similar in all
cases; in contrast, it differs in the vertical direction. The vertical
growth rate is also observed to be higher than the lateral one,
which is related to a comparatively higher turbulence and mean
flow shear in the vertical direction compared to the lateral one in
the turbine wake. The velocity deficit profiles show self-similarity
in the far wake for all the cases.

We have also assessed an analytical model for the prediction of
velocity deficit in thewake of the turbine sited on escarpments. It is
found that, the performance of the model depends on the escarp-
ment shape, as the model works reasonably well for the ramp-
shaped escarpments, but underestimates the maximum velocity
deficit and wake width for the forward facing step cases. This is due
to the fact that the analytical model assumes no pressure gradient
induced by the base flow at the turbine location, whereas in the
forward facing step cases the induced pressure gradient by the base
flowat the turbine location is not negligible. Future research should
address this limitation of the analytical model.

The shape of the escarpment is also observed to affect the
instantaneous location of the turbine wake center and, thereby, the
dynamics of wake meandering, with higher meandering in the FFS
escarpments compared to the ramp-shaped ones. This is associated
with the unsteadiness of the base flow, which is higher for the FFS
due to the dynamic nature of the flow separation. The center of the
wake is shifted above the turbine hub height in the near wake of
the turbine on the FFS escarpment, with a gradual downward shift
in the far wake. This is associated with a higher vertical velocity
component in the base flow. The relatively large vertical velocity
component also leads to the formation of a counter-rotating vortex
pair in the far wake of the 90� Edge FFS escarpment, which plays a
role in the energy entrainment from the outer flow into the wake.
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