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Abstract: The accurate prediction of wind energy distribution on the terrain has been of great signifi-
cance for wind farm selection. Therefore, this paper evaluated the influence of a two-dimensional hill
with a relatively large slope (i.e., 0.83) on wind turbine wake. Firstly, the wakes on flat terrain and
wind characteristics around a single hill were investigated by using a hot-wire anemometer. Subse-
quently, wake distributions combined with the hill were measured when the turbine was located 2D
in front and on the hilltop. The results of the hill showed that a flow separation was formed within
6D of the leeward side (where D is the rotor diameter). The turbulence intensity increased initially
and then decreased as height increased, leading to a high turbulence region 2.28 times the hill height,
according to the experiment of a wind turbine combined with the hill. In conclusion, wake recovery
was promoted on the windward side and 4D behind the hilltop. As the longitudinal coordinate
increased, the intensity of the turbulence changed to a single peak, and the peak value was more
than twice as high as on flat terrain. Based on this, it may be possible to optimize the design of wind
turbines for better performance.

Keywords: rotary wind turbine; wake; wind tunnel experiment; hot-wire anemometer; hilly terrain

1. Introduction

In the last few years, the wind power industry has experienced rapid growth, the
location selection of wind farms is moderately diversified, and more and more wind farms
are located in mountains, hills, and other complex terrains. According to the relevant
literature [1–3], by creating a wake, the wind turbines upstream reduce the generation
power and increase the fatigue load of their downstream counterparts. Due to the fact
that the performance of a turbine wake is extremely dependent on the velocity of inflow,
the intensity of turbulence, and the conditions of the upstream turbine, the wind turbine
wake could interact with the topography in complex terrains, forming wake development
laws different from flat terrains [4,5]. Consequently, the wake effect should be a critical
factor that needs to be considered in evaluating wind farm power generation and micro-site
selection, and detailed research about this is of great practical importance.

Wind turbine wake characteristics in complex terrains have been studied extensively
over the past few years by numerous scholars through various methods. In the field
measurement, the wake distribution of wind turbines under complex terrain is the focus of
scholars. Lidar measurements of a single 2 MW turbine located on a double-ridge position
were conducted by Menke et al. [6]. It was determined that the wake displacements
resulted from fluctuations in the flow field caused by the changes in atmospheric stability
and topographic features. A measurement examined the performance of wind farms with
complicated terrain and another on a ridge with a single turbine; Hansen et al. [7] analyzed
the comparison results in detail. This research showed that the wake tracks presented
different development trends day and night. Subramanian et al. [8] used UAVs (Unmanned
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Aerial Vehicles) to measure the wake of a single wind turbine in the Mont Crosin wind farm
and Altenbruch II wind farm, respectively. Compared with these two different forms of
terrain, in the near-wake region, the wake structure of hilly terrain was about 35% shorter
than on flat terrain, while in the far-wake region, the distribution was roughly no different.

By reason of high costs and extended period of field measurement, it cannot be widely
applied. Hence, some scholars choose to conduct wind tunnel experiments to determine
wind turbines’ wake characteristics. Ibrahim et al. [9] studied a two-dimensional hill’s
wake velocity profile with a hill slope of 0.328 and its change in wake width around the
hill. It was found that the wake width gradually decreased from the foot of the windward
hill to the top. In contrast, when it reached the leeward side, the width mildly increased.
Tian et al. [10] conducted the wake structure of a model wind turbine by testing the flow
field of a two-dimensional hill with a slope of 0.25. Studies have shown that when the wind
flows toward the hilltop, it causes a speed-up effect. Hence, the turbine installed on the
uphill position and the hilltop could produce more power and less fatigue load than the
case without the hill. Moreover, in this test scheme, when the wind turbine was placed
downhill, in contrast to on flat terrain, the power output was even higher, and the fatigue
load was correspondingly more elevated, which needs to be considered in future designs.
Hyvarinen and Segalini [11] explored the variation rule of wind turbine wake in a series of
two-dimensional sinusoidal hills (hill slope = 0.156) through wind tunnel experiments. It
was confirmed that compared with flat terrain, the velocity recovered faster at hub height
on complex terrain. As part of their study, Hyvarinen and Segalini [12] also examined
wind turbine wake structures for two aligned turbines and a single turbine on identical
terrain. Based on the investigation findings, it has been found that if wind turbines were
aligned, the turbine wakes had an apparent deviation in the height direction. Furthermore,
a model hill and a wind turbine were arranged by Howard et al. [13] after the test wind
turbine, respectively. By measuring the time-averaged and pulsating electrical power of
the downstream turbine, the influences of the aerodynamic characteristics combined with a
hill (slope = 0.67) and a turbine upstream of the downstream turbine were discussed, and
the correlation function of the instantaneous output voltage sequence was analyzed. The
results showed that the 25% and 30% reductions in downstream time-averaged and pulsed
power resulted from the upstream turbine, respectively. In comparison, the upstream hill
reduced the time-averaged power of the downstream turbine by 13% but increased the
pulsation output power by 7%.

The study of wake characteristics under complex terrain also has widely used numer-
ical simulation methods [14–18]. In these studies, the hill slope was less than 0.57. Fur-
thermore, the Reynolds-averaged Navier–Stokes equations (RANS) method was adopted
by Astolfi et al. [19] to simulate wind turbine clusters in southern Italy. The simulation
indicated that the terrain effect would considerably distort the wake of wind turbines, re-
sulting in the severe asymmetry of wake velocity distribution. Compared with flat terrain,
complex terrain allows a wind turbine to recover from wake faster. In a small coastal wind
farm with complex terrain, Makridis and Chick observed the wake effect by comparing
the results with those measured in the natural field with an effective slope ≈ 0.27. They
pointed out that the numerical simulation slightly overestimated the velocity deficit in the
wake (about 10% to 13%). However, the maximum error could reach 30% in a farther wind
direction [20]. A simulation by Zhou et al. [21] examined the turbine wake performance
under different positions relative to the two continuous model hills with slopes equal to
0.32 and 0.2, respectively. Upon further investigation, it came to light that the turbine had
the highest power output when installed at the second hilltop. If the wind turbine was
located downstream of a hill, it was highly recommended that the stall zone be avoided as
much as possible. Besides, the turbine located at the side position had higher power than
the turbine sited at the front and rear of the hill. As described in Dar et al. [22], the large
eddy simulation method was applied to simulate the wake structures in flat and complex
terrains with slopes of 0.57 and 0.77, and they observed that the self-similarity preservation
range of wind turbine wakes in complex terrains was greatly shortened. It was reported by
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Xu et al. [23] that a lattice Boltzmann method was carried out to explore the impact of hilly
terrain with three slopes (i.e., slopes = 0.26, 0.58 and 1.0) on the wind turbine wakes. They
found that the smaller the slope, the closer the downward-moving track of the wake would
be to the leeward of the hill.

As described in the literature above, research on wind turbine’s wake characteristics
under complicated topography has experienced numerous investigations with experimen-
tal and numerical analyses. However, the average slope (the ratio between the height of a
hill and the horizontal distance) of the terrain involved in most existing studies was rela-
tively small. Even though natural wind turbines were sited in those steeper hilly terrains,
very few test studies have been published on their wake characteristics. Flow separation
seems to occur with a more significant slope in the leeward of hills, and the greater the
slope, the more intense the flow separation. Nevertheless, there is still much work to be
done in understanding how the wind turbine wake changes as a result of such steep hilly
terrains interacting with them. Therefore, the purpose of this study was to describe the
wind turbine wake structure combined with a two-dimensional hill model with a larger
slope. These results could be used as a reference, validating the wind parameters so as
to make power generation and load calculation more accurate. Wind turbine wake exper-
iments on flat and hilly terrain were performed to analyze the influence of hills on the
wake characteristics to guide power generation prediction and micro-site selection under
complex terrain. The paper is organized as follows. In Section 2, the experimental setup
is described, including the wind turbine model, hill model, and test setup. As discussed
in Section 3, the velocity and turbulence intensity distributions at different locations are
examined. The conclusion, accompanied by the experimental investigations, is given in the
last section.

2. Experimental Setup

This wind tunnel experiment was conducted at Yangzhou University, and the closed
loop wind tunnel has two test sections. In the larger section with cross-sectional parameters
of 3 m × 3 m, a length of 3 m, measurements were performed. The axial fan was driven by
an alternating current motor that had a function of 185 kW, and the maximum velocity in
this test section was 25 m/s. Detailed information about this wind tunnel can be found in
Refs. [24,25].

During the tests, a horizontal axis wind turbine was used. The test model was
composed of the rotor, miniature direct current (DC) motor, tower, fixed base, and DC
motor bracket. The rotor was designed by three-dimensional modeling and printing,
the red wax resin materials were used to satisfy the hardness, toughness, and surface
smoothness requirements, and the blades were made up of a series of DTU-LN221 airfoils
(Technical University of Denmark, Kongens Lyngby, Denmark). The airfoil was designed
with low noise, low sensitivity to roughness, and high lift; the diameter of the blade was
D = 0.3 m, as seen in Figure 1. To improve the aerodynamic characteristics of the rotary
rotor, a three-dimensional inverse problem aerodynamic optimization design was carried
out. Hence, the impact of the low tangential velocity close to the blade root, caused by the
small relative radius and the tip loss effect near the blade tip, with a low Reynolds number,
was mitigated [26].

It can be seen on the right side of Figure 1 that the parameters of this small-scale
turbine blade include chord length and twist angle. According to this, the twist angle
and chord length of the turbine blade smoothly decrease along the spanwise direction,
and the maximum twist angle was 20.59◦ at 24.1% of the relative radius. By using a
bracket, the miniature DC motor was mounted on the tower. The tower was made from
steel rods measuring 16 mm in diameter, and the distance from the rotor was about
4.0 cm. Furthermore, a steel plate was bonded at the bottom of the steel rod as the base of
the test model, and a 31ZYT57-R permanent-magnet DC motor was used in the present
study (De Sheng Motor Co., Ltd., Dongguan, Guangdong, China). In order to drive the
motor efficiently, an additional DC constant-voltage power supply was used, and the
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rotational speed was measured using a Hall sensor. The turbine model had a hub height of
zhub = 0.25 m, and more detailed design parameters are exhibited in Figure 1.
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Figure 1. Arrangement of the test turbine and the parameters. 
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Figure 1. Arrangement of the test turbine and the parameters.

As a matter of fact, the Reynolds number of a large wind turbine in actual operation
is different from that of the wind tunnel experiment. It was calculated that the Reynolds
number was about 104 orders of magnitude in this study, much lower than the 106 to
107 values of a large-scale wind turbine. Referring to similar wind tunnel tests [27,28], the
reduction in the diameter of the turbine could result in a corresponding decrease in the
Reynolds number and degradation of power output performance. However, according to
the conclusion from Ref. [29], the wake turbulence behavior, including the turbulent flow
structures and unsteady vortices, was almost independent of the Reynolds number. In
addition, as recommended by the conclusion of Chamorro et al. [30], when the hub height
velocity and rotor diameter were taken as the characteristic length, the main flow statistics
of the wake were independent, with the Reynolds number reaching above 9.3 × 104. In
contrast, the Reynolds number calculated from this test was 1.6 × 105. In this way, it is
important to note that the results of these lower Reynolds numbers were also meaningful
and it can thus be ensured that numerical results are accurate by providing verification.

Figure 2 shows the test model used in this experiment. The hill, which spanned 1.5 m,
was made of special wood panels in the interior and filled with high-density foam to
reduce weight. In addition, two end-plates were added on the transverse ends of the model,
respectively, to ensure nominally two-dimensional flow on the model tests.

The contour line of the model adopted a cosine curve, as shown in Equation (1):

z = h cos2
(πx

2L

)
(1)

where z and x are the vertical and longitudinal directions. Since h = 25 cm represents the hill
model height and L = 30 cm represents the length of the half hill, the slope was calculated
by h/L ≈ 0.83.

According to Mason and King [31], flow separation over hilly terrain requires a critical
slope of approximately 0.3. Thus, the test model in this study can represent typical steep
hilly terrains with flow separation. For the hill model and the test turbine, the blockage
ratios were 4.167% and 0.785%, respectively. The total value was considerably lower than
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the 10% suggested by Ryi et al. [32] and Meng et al. [33], so the blockage effect was not
considered in this measurement.
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Figure 2. The hill model.

As shown in Figure 3, the hot-wire anemometer made by Dantec corporation and a
55P11 probe were used for the flow field experiment (Dantec Dynamics A/S, Copenhagen,
Denmark). The two-point calibrator 9054H0101 first acquired the relational expression
of the instantaneous velocity and then collected the velocities through the multi-channel
acquisition system CTA-54N81 (Dantec Dynamics A/S, Copenhagen, Denmark). In order to
fully describe the wake interference variation and reduce the possible flow interference, the
hot-wire probe was set vertically. Furthermore, to more conveniently measure the velocity
changes at multiple points, a three-dimensional motorized moving frame was employed to
accurately determine the exact location of the measuring points with a minimum moving
distance of 1.0 mm.
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In addition, experiments in this paper were carried out under uniform inflow con-
ditions, and the average inflow velocity was maintained at 8.0 m/s at hub height (i.e.,
Uinfinity = 8.0 m/s). This is because, as Uehara et al. [34] reported, when hill height was
taken as the characteristic length, the turbulence structure behind hills with a Reynolds
number greater than 2.9 × 104 was similar. Figure 4a,b displays the non-dimensional mean
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inflow velocity U/Uinfinity and the turbulence intensities Iu along the vertical direction for
this measurement, respectively. The Iu was calculated as σu/Uinfinity, where σu is the root
mean square of the instantaneous velocity. These two figures illustrate that the distribu-
tions seemed to be nearly constant in the test direction of the rotor inflow velocity. For
the stochastic uncertainty in the experiment, refer to the relevant research [35]. Multiple
repeated samples could overcome the stochastic uncertainties in the test to minimize the
uncertainty. In this respect, the sampling frequency was set at 5 kHz, and the number of
samplings was 50,000. The limitation of this study was that the atmospheric distribution
on the natural ground would change due to the influence of temperature. In this test,
the temperature was the same, and all measurements were made in a single hill model.
Therefore, more studies would be needed to evaluate a mountainous model.
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The measurements were performed to determine the wake distributions of a single
wind turbine, the flow field characteristics around a two-dimensional cosine hill, and the
wake characteristics of the complex terrain with a wind turbine with two times the rotor
diameter in front of the hill and with a wind turbine on the hilltop, respectively. These
four layouts of the measurements are shown in Figure 5. In the case of the flat terrain wind
turbine, the test range covered the wake distribution area, where flow fields were measured
at the positions of x/D = 1, 2, 3, 4, 5, 6, 7 and 8, respectively. The measuring points in all the
test sections were arranged on the vertical center line of the wind turbine. The height range
was z = 1–50 cm in flat terrain, and the interval between the measuring points was 1 cm
(the same below). The wind turbine should operate under similar conditions to make the
comparisons more meaningful. Hence, the blade tip speed ratio λ = 6 was selected. The λ

can be calculated using Equation (2), which was considered the velocity at the hub height
and the rotational speed.

λ =
nπD

60Uinfinity
(2)

where n is the rotational speed, and Uinfinity is the average inflow velocity at hub height.
For the case of flow field characteristics around a two-dimensional cosine hill, the

velocity distributions were measured in the positions of x/D = −2, −1, 0.5, 0, 0.5, 1, 2, 3, 4,
5, 6, 7 and 8, respectively. The arrangement of the measuring points of a broader range for
z = 1–95 cm was adopted (the same below). For two cases of the wind turbine coupling
a hill, the wake distributions were measured as follows: in the downstream locations of
x/D = 1, 2, 3, 4, 5, 6, 7 and 8, respectively.
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3. Results and Discussion
3.1. Wake Characteristics on Flat Terrain

According to Dou et al. [36], in a wind tunnel experiment of the model wind turbine,
there existed two types of driving modes, the generator mode (passive mode) and the
motor mode (active mode). During the generator mode, the inflow drove the turbine rotor
to generate power, and then the current in the load circuit could be altered to change the
rotational speed of the wind turbine, which was similar to an actual wind turbine. However,
due to the load limit on the rotor, this method requires a higher incoming velocity or a
larger rotor diameter to overcome the motor’s starting torque. The rotor could only operate
within a limited range of rotational speed in the wind tunnel tests, while in the motor mode,
the rotor was driven by an additional power supply, and the rotational speed was larger
than the adjustment range. Considering that the turbine model in this experiment operated
in a motor mode, it was necessary to verify the impact on the wake characteristics of this
driving model first.

As shown in Figure 6, the lateral distributions of the wake characteristics at hub height
were compared between two driven modes at x/D = 2, 5 when λ = 6. y/D represents the
non-dimensional lateral coordinate, and U/Uinfinity represents the non-dimensional mean
velocity. Two dashed lines correspond to the wind turbine blade tip positions in the figure.
According to the results of the comparison, it can be seen that there was a substantial
similarity between them, which supported the conclusions of Dou et al. [36]. The existing
comparative experiments also showed that the rotational speed of the motor mode is more
stable than that of the generator mode. In accordance with these results, the motor mode
could also be used to reflect the natural wake characteristics of a wind turbine under the
same tip speed ratio. As a result of this, this study has been conducted in the motor mode.
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This section starts to present the results for measuring the wake on flat terrain (i.e.,
case 1). As shown in Figure 7a,b, the characteristics were distributed vertically in the wake
of the turbine. A low-speed wake area was formed after the inflow passed the rotary
rotor, and the mean velocity U decayed instantly in the wake. It was in the center position
that the biggest loss of velocity was observed; especially in the position of x/D ≤ 5, the
wake deficit reaches more than 50%. As the measuring point moves towards the spanwise
direction of the wind turbine blade and the downstream direction, momentum exchange
occurs due to the expansion of the wake and the continuous infiltration of the external
environment fluid, leading to velocity recovery. With the longitudinal position increased
further, about 37% inflow velocity in the hub height was deficient at x/D = 8. Due to the
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existence of the tower, there was an asymmetric distribution of velocity in the wake field
relative to the rotor’s center line. The velocity changed markedly in the region behind the
rotor (i.e., between two dotted lines), while the wake velocity at the outer region of the
rotor slightly decreased with the increase in x/D, and the wake width increased gently.
For the other lateral positions, according to the results from Li et al. [35], under different
inflow conditions, such asymmetrical velocity deficit distribution could appear in the
range of 1.5 ≤ y/D ≤ 1.5. Because of the inflow turbulence intensity and wind shear, the
wake would be asymmetrical in both the vertical and lateral directions. With the increase
in lateral coordinates, the deficit area gradually decreases, especially when y/D > 0.5.
When in the natural wind field, such asymmetric distribution occurs in a broader range.
According to the results of the outfield experiment [37], when x/D = 2, in the range of
−1.0 ≤ y/D ≤ 1.0, the velocity deficit region was similar, but the asymmetric distribution
was still significant. With the continuous increase in y/D, the wake velocity generally
recovered when y/D = 2.25.

Figure 7b shows that wind turbine rotation caused severe disturbances in the flow
field. An increase and asymmetric vertical distribution were found. When x/D = 1, it was
evident that the blocking effect of the tower contributed a great deal to the turbulence
intensity of the flow field, which reached a maximum of 0.12 at the bottom of the flow field.
Nevertheless, the turbulence intensity behind the tower was strikingly reduced with fluid
exchange with lower turbulence intensity outside when x/D > 2, and the blockage effect
of the tower was significantly eliminated. Meanwhile, the maximum turbulence intensity
emerged at x/D = 3, and the turbulence intensity distribution showed a double peak shape
downstream of this position. Moreover, the high turbulence level region mainly arose in
the middle of the blade. This phenomenon was because the tip vortex and hub vortex
continuously lose the coherence of the vortex structure during shedding, coupling with the
intense momentum exchange, so a considerable amount of turbulent kinetic energy was
created between the external flow field and the inner field.
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3.2. Wind Characteristics around a Cosine Hill

An analysis in case 2 of the wake measurements around a single cosine hill is presented
in the current section. Figure 8 illustrates how the average velocity distribution changes
as the x/D increases, and comparisons on flat terrain are also provided as a reference. To
make the comparison more intuitive, in the horizontal axis, the mean velocity of the wind
is represented by the sum of the two non-dimensional components U/4Uinfinity and x/D
(i.e., U/4Uinfinity + x/D). Hence, one scale division represents the normalized distance on
the horizontal axis.
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Since the hot-wire anemometer cannot accurately acquire the negative wind speed.
As a consequence, the first measuring point with an average velocity less than 0.4 m/s (i.e.,
U/Uinfinity < 0.05) from top to bottom in each vertical position was taken as the dividing
point of positive and negative wind velocity in the data processing of this paper. Therefore,
the position lower than this point was considered the negative wind speed region. In the
above figure, the wind velocity in the negative velocity region was set to zero, and this
region was omitted in subsequent turbulence intensity analyses. On both the windward
and leeward sides of the hill, it was evident that the hill had a speed-up effect in the
upper part of the flow fields. The maximum dimensionless wind velocity measured in the
experiment was at the height of z/zhub = 1.88 in the position x/D = 2, and its value could
reach about 1.27. Meanwhile, the increase in slope made the wind velocity of the lower
flow field on the leeward side decrease sharply, and a flow separation was formed within
6D on the leeward side. With an increased horizontal distance, eventually, the lower flow
field on the leeward side recovered to positive velocity.

Figure 9 illustrates the distribution of turbulence intensity at different points in x/D
vertically on the tested hill. In a similar manner, the horizontal axis represents the sum of
2σu/Uinfinity and the longitudinal coordinate x/D. On the bottom of the windward side, it
can be seen that the turbulence intensity was slightly higher than at the top and quickly
recovered to the inflow level with the increase in height, while the turbulence intensity on
the leeward side increased significantly. The turbulence intensity depicted a single peak
shape on the leeward side. With a height increase in the identical downstream position, the
value increased first, then decreased. Moreover, the peak value of each measuring position
all appeared above the hilltop’s height, meaning wind turbines installed on the leeward
side of the hill were subjected to more severe pulsating loads. The maximum value was
measured at the height z/zhub = 1.52 at x/D = 3, and its actual value was about 0.29.
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It can be concluded that for the hill with larger slopes, the turbulence at the height
close to the hill and the region behind the hill still remain at a high level in the test range.
Compared with the published literature of Kamada et al. [38], the flow field characteristics
around a two-dimensional hill model had slopes of 0.5 and 1.0. In agreement with the
test results, regions of high turbulence intensity were formed behind both peaks of the
two slopes. When the slope was 0.5 and 1.0, respectively, the high turbulence region
(i.e., σu/Uinfinity > 0.2) behind the hill appeared within the range of 1.8 and 2.2 times the
hill height, which seemed to become higher with the increase in the slope, while in this
experiment, the corresponding value reached 2.28 times the hill height. Although the slope
of this test was within the range of both, the high-turbulence region was slightly larger. The
possible reason for this was that in Kamada’s experiment, the vertical distribution of the
inflow turbulence intensity was about 5–10%, slightly larger than in this test. Therefore, in
this experiment, the momentum exchange between the external low-turbulence flow field
and the wake flow field was more intense, and the range became wider. The results also
indicated that slope was not the only factor affecting the turbulence intensity behind the hill.
It is worth noting that the turbulence intensity of 20% is close to the limit of 18% specified
by the International Electrotechnical Commission (IEC) in the IEC61400-2 standard for
the design and installation of wind turbines. The actual wind turbine location needs to
avoid these areas. Obviously, it is ideal for the wind turbine layout since the inlet velocity
can be recovered, and the turbulence intensity can be reduced to a lower level at a higher
location on the leeward side of the hill. However, in practical engineering applications, it
is unrealistic to blindly improve the hub height of wind turbines because the structural
stability of wind turbines deteriorates as hub height increases. Hence, a wind turbine
located in complex terrain will be discussed in more detail in the following section.

3.3. Velocity Profiles Combined with a Cosine Hill and a Wind Turbine

The velocity deficit under hilly terrain can be calculated by Equation (3) for a better
analysis of wake recovery.

Udef = UNW − UW (3)

where the average velocity deficit at a measuring point is represented by Udef. UW and
UNW represent the normalized mean velocities in a certain position in the wake with and
without a wind turbine, respectively. Both the velocities in cases 3 and 4 were compared in
the subsequent analyses.

The wake center was defined as the position downstream of the turbine where the
maximum deficit was measured in the same longitudinal coordinate. Following are the
equations for describing the average velocity deficit at the wake center Uc,def and the wake
center height zc:

Uc,def = max[Udef(z)] (4)

zc = argmax[Udef(z)] (5)

where Udef(z) is the average wake deficit at height z.
Figure 10 describes the vertical distribution of velocity deficit with a wind turbine

installed 2D upstream of the hill. Due to the hill blockage and the separation on the leeward
side, the wake obviously changes in the near wake and transition area. Figure 11 illustrates
more detailed information about case 3 on the average wind speed at different locations
downstream. The average velocity at the same locations with no wind turbine was also
exhibited. In this figure, UW and UNW are indicated by red and black dots, respectively,
and the dotted line in Figure 11 represents the wake center height determined according
to Equation (5). It can clearly be seen that with the development of the terrain on the
windward side, the wake center’s height increases consistently. When x/D= −1 and 0,
the zc is 1.24 and 1.80, respectively. Although the height decreased behind the hilltop, the
height of the wake center still increased. With the increase in longitudinal coordinates, the
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wake center height grew slowly in the range of experimental measurements. In comparing
the wake profiles with and without a wind turbine, it has been shown that both the deficits
were mainly centered near the wake center and had an asymmetric distribution, and the
velocity deficits above the wake center were smaller than below.

Figure 10. Wind turbine wake distributions when sited 2D in front of the test hill (case 3).
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Figure 11. A detailed comparison of the wake with the wind turbine located 2D in front (case 3, x/D 
= −1 to 6). 

Figure 11. Cont.
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For the case with a wind turbine, when x/D = 3, 4, 5 and 6, the zc was 2.16, 2.24, 2.24
and 2.28, respectively. Furthermore, as expected, the separation of flow was observed for
the hill when the flow passed through it. The vortices in the wake began to break and fall
off. The vortices eventually disappeared when x/D = 6, and the wake velocities in the
near-wall region were gradually returned to a positive value. It should be noted that the
separation range from the hilltop was about six times the horizontal distance of the rotor
diameter, and the variation seemed unchanged with or without a wind turbine arranged
in the wake field. Furthermore, the reverse flow region was between hills with slopes of
0.5 and 1.0, as described in Ref. [38] (about 5.5 and 9.5 times hill height, respectively). This
means that the hill slope influenced the separation flow on the lee side. These areas should
be avoided as much as possible in the site selection of wind turbines.

Furthermore, there was an investigation of the wake velocity distribution when the
wind turbine was located on a hilltop (i.e., case 4). As seen in Figure 12, similar to the
above case, the distribution is also apparent for the average wind velocity of the wake field
at the lower leeward side decreased, which formed a shear flow form, and a separation
zone within the range of =6D was found. Although the height of the terrain behind the
wake decreased, the wake center continued to maintain a certain height with the increase
in longitudinal coordinates.

Figure 12. Wind turbine wake velocity distributions when sited on a hilltop (case 4).

A more detailed comparison can be seen in Figure 13, keeping a consistent color
scheme with case 3, which exhibits the vertical distribution of average wind velocity at
various locations downstream. The central heights of the wake with dotted lines are also
lined out for comparison. The figure shows that when the position of x/D was 1 to 8, the
heights of the wake center fluctuated between 2.04 and 2.16. Compared with the case in
Figure 11, the wake center height zc decreased slightly, and the velocity deficit with a wind
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turbine was larger than that of the turbine located 2D in front. The possible reason may
be that when the test turbine is located in the front, the speed-up effects caused by the hill
could mix with the free inflow in the outer region of the wake more easily, leading the wake
to expand more widely and recover faster.
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It should be noted that only the streamwise velocity components were measured in
this study. However, in the near-wake of the turbine, the flow will be three-dimensional
due to the intense development of tip vortices, central vortices, and tower vortices. The
vertical and lateral velocity distributions behind the rotor fluctuated wildly. According to a
similar investigation of the flow field around a single two-dimensional hill [38], when the
inflow velocity was close to this study, the windward side of the hill would have a vertical
velocity of about 0.4 m/s. Thus, it can be reasonably inferred that the vertical velocities
with opposite and nearly symmetric directions appearing in the vertical distribution behind
the rotor might be shifted, which could be different from the flat terrain [39]. Meanwhile,
this situation should be more apparent when installing a wind turbine located 2D in front,
because in the near-wake region, the rotor’s aerodynamics would significantly impact the
wake structure, and the evolution of the vortex structure in the wake is bound to be affected
by the obstruction of the hill near the wake. Hence, for the wind turbines installed in the
natural terrain, this situation could cause the meandering phenomenon and increase the
turbulence intensity, which would directly lead to the increase in the load of the wind
turbine downstream and a decrease in the output power.

Figure 14 compares the mean velocity deficit of the wake center. The measurement
results are presented in the cases of two hilly terrains and the flat terrain, respectively. The
horizontal and vertical axes represent the non-dimensional relative distance to the plane
of the rotor and the non-dimensional wake center deficit, respectively. For the case of the
wind turbine located 2D upstream of the hilltop, the position x/D = 2 is the hilltop. A rapid
decrease in the average velocity deficit of the wake center on hilly terrain was about four
times greater than on flat terrain, with locations x/D = 1 to 2, which indicates that on the
windward side, the steep hill played an essential role in promoting wake recovery. When
x/D = 2 to 6 (i.e., the corresponding position less than 4D on the leeward side), the wake
recovery was markedly slowed. The decrease in the non-dimensional average deficit in
the wake center was only about 67% on the flat terrain. Based on this, the wake recovery
was restricted within the 4D range of the leeward side. Besides, when x/D = 6 to 8, the
decreasing amplitude of the average velocity deficit was slightly larger than that on flat
terrain, which was about 1.07 times.
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For the case with a wind turbine located on the hilltop, the wake recovery was also
limited when the position of x/D =1 to 4. The decrease in the wake deficit at the center
position was only about 85% of that of the flat terrain. The adverse pressure gradient on the
lee side may have enhanced the wake effect by preventing turbulent flow mixing between
the low-speed inner wake and the outer flow. Hence, the recovery of the wake flow was
reduced. While the wake recovery was promoted at the position of x/D = 4 to 8, the
decrease in mean velocity deficit at the center position was 1.25 times that on flat terrain.



Machines 2022, 10, 753 16 of 21

3.4. Turbulence Intensity in the Wind Turbine Wake over the Cosine Hill

Figure 15 describes the vertical distribution of turbulence intensity at different loca-
tions downstream when the wind turbine is located 2D in front of the hill. As a comparison,
the change rule of turbulence intensity at the corresponding position with no wind turbine
in the hilly terrain is also presented in the figure. It can be observed that on the windward
side of the hill, the existence of the wind turbine had a great influence mainly on the
wake area and the area above, and the turbulence intensity distribution resembled that on
flat terrain, while on the leeward side of the hill, the turbulence intensity resulted from
the interaction between wind turbine wake and hill-induced turbulence. As shown in
Figure 15c–f, the wind turbine installation’s impact on turbulence intensity in the flow
field mainly occurred above the wake center and at the peak of turbulence intensity below
the wake center. In the position of x/D ≤ 4 on the leeward side, turbulence intensity
distribution presented a double peak shape in the vertical direction. Compared with the flat
terrain, the asymmetry of the peak shape was greater. When x/D = 2, the upper and lower
peak values were 11.62% and 27.14%, while the peak values on the flat terrain were 10.03%
and 9.78%, respectively. With the increase in the longitudinal coordinates, the turbulence
induced by the wind turbine strongly affected the wake flow field in a more extensive
range. The turbulence intensity above the wake center increased markedly, and the double
peak shape gradually disappeared and became a single peak shape that appeared between
the wake center and the hub. Compared with the case with no wind turbine installed, the
value decreased slightly, and the difference seemed to become more prominent with the
increase in x/D. From Figure 15f–h, for the peak of turbulence intensity at the position
x/D = 4, 5 and 6, the difference values were 3.47%, 4.00% and 4.37%, respectively. It is
worth noting that the peak turbulence intensity results occurred within the range of the
typical spacing of adjacent wind turbines in an actual wind farm layout. Moreover, at the
further position of x/D = 6, the peak turbulence intensity was still above 20%. Hence, the
influence of additional turbulence intensity in complex terrain should be considered when
siting the wind turbine or calculating the load downstream.

The vertical distribution of turbulence intensity at different positions when the wind
turbine is located at the hilltop is shown in Figure 16, and the results at the corresponding
position without a model wind turbine are also presented.

Similar to the test case where the wind turbine was located 2D in front, the turbulence
intensity distribution was also the result of the coupling of the wake and the hill-induced
turbulent flow when the wind turbine was on the hilltop. Compared with the case without
wind turbines, the turbulence generated by the interference of hills and wind turbine wake
mainly affects the flow field near the center of the wake. It interacts with the wake to form
a double peak shape within the position of x/D ≤ 3. In addition, the peak value below
the wake center was significantly greater than that above the wake center. When x/D = 1,
2 and 3, the corresponding peak values were 24.50%, 25.04% and 25.02%, respectively,
and the peaks appeared at 1.32, 1.44 and 1.56 times the hub height. With the longitudinal
coordinate x/D increased further, affected by the hill, the turbulence above the wake center
also tended to be enhanced. In the position of x/D ≥ 4, the turbulence intensity changed to
a single-peak distribution in the vertical direction. It should be noted that, in this case, the
peak value of turbulence intensity was more than twice that of flat terrain. Although the
turbulence intensity in the wake was higher than that in the flat terrain, the wake recovery
in this region was slower than in the flat terrain. This phenomenon indicated that the wake
of the wind turbine in the hilly terrain does not entirely follow the development law that
the higher the turbulence intensity, the faster the recovery speed will be.
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Figure 15. Vertical distribution of the turbulence intensity with and without a wind turbine located
2D in front of the hill (case 3, x/D = −1 to 6).
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4. Conclusions

By conducting wind tunnel experiments, this paper investigated the wake characteris-
tics of a wind turbine on flat terrain, the flow field characteristics close to a model hill, and
the wake characteristics of a wind turbine located at two specific positions on hilly terrain
with a slope of 0.83. In summary, the major findings are as follows:

(1) On flat terrain, the lowest wind velocity in the same vertical position of the wake
emerged in the center of the rotor, and the wind shear was formed along the vertical
direction. At the position of x/D = 8, the average velocity deficit at hub height
was about 63% of the inflow. Without considering the tower’s blocking effect, the
turbulence intensity mainly presented a double shape in a vertical direction. The
peak value tended to increase first and decrease with each successive increase in
longitudinal distance. The maximum peak values of turbulence intensity occurred
downstream of the turbine at the x = 3D position.

(2) Based on the single test hill with a slope of 0.83, the speed-up effect existed on the
upper part of the windward and leeward sides. In contrast, the wind velocity on the
lower part of the windward and leeward sides decreased, and a flow separation zone
was formed within the range of 6D on the leeward side. The turbulence intensity on
the leeward side increased significantly and showed a single-peak shape, with the
vertical height growing first and then decreasing.

(3) The wake flow field was measured when the turbine was sited on the hilltop and 2D
in front. The wake recovery of the wind turbine was promoted on the windward side
and 4D behind the hilltop in two test cases, while it was limited within the range of
4D on the leeward side in comparison with the flat terrain. When the wind turbine
was located 2D in front of the hilltop as well as on the top, values were achieved
at 67% and 85% of that of the flat terrain, respectively. Furthermore, the turbulence
intensity changed into a single peak shape in the x = 4D position downstream in the
vertical direction. The generated peak value of turbulence intensity with a slightly
higher position than the test hill with no wind turbine was smaller. However, the
turbulence intensity peak was more than twice that of the flat terrain, suggesting that
the wind turbine’s site selection and load calculation need to be paid attention to.

It should be noted that the test object in the present research was a two-dimensional
cosine shape with a uniform incoming flow. Considering the existence of three-dimensional
hilly terrain and atmospheric boundary layer wind in the natural environment, it is evident
that such flow characteristics differences may have a certain degree of impact on wind
turbines’ aerodynamic performance. Therefore, in future work, wind tunnel studies will
be carried out to reveal the aerodynamic characteristics and wake interference of the
atmospheric boundary layer flow into the wind turbine over typical dimensional hills.
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