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Abstract We examined experimentally the effects of incom-
ing surface wind on the turbine wake and the wake interfer-
ence among upstream and downstream wind turbines sited
in atmospheric boundary layer (ABL) winds. The experi-
ment was conducted in a large-scale ABL wind tunnel with
scaled wind turbine models mounted in different incom-
ing surface winds simulating the ABL winds over typical
offshore/onshore wind farms. Power outputs and dynamic
loadings acting on the turbine models and the wake flow char-
acteristics behind the turbine models were quantified. The
results revealed that the incoming surface winds significantly
affect the turbine wake characteristics and wake interference
between the upstream and downstream turbines. The velocity
deficits in the turbine wakes recover faster in the incoming
surface winds with relatively high turbulence levels. Varia-
tions of the power outputs and dynamic wind loadings acting
on the downstream turbines sited in the wakes of upstream
turbines are correlated well with the turbine wakes charac-
teristics. At the same downstream locations, the downstream
turbines have higher power outputs and experience greater
static and fatigue loadings in the inflow with relatively high
turbulence level, suggesting a smaller effect of wake inter-
ference for the turbines sited in onshore wind farms.
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1 Introduction

Wake interferences among multiple wind turbines in a mod-
ern wind farm have been found to affect their aeromechanic
performance significantly. The velocity deficit recovery and
turbulence intensity level enhancement are two very impor-
tant aspects that characterize wake interferences among wind
turbine arrays. The velocity deficits in the wakes of upstream
wind turbines are closely related to the amount of the power
that can be extracted by downstream turbines, while turbu-
lence intensity levels in the wake flows are directly associated
with the dynamic fatigue loadings acting on the downstream
turbines. Depending on the wind turbine array spacing and
layout, downstream wind turbines operating in a large wind
farm were found to experience up to 40% power losses [1-3]
and up to 80% more fatigue loads [4,5], due to the effects of
wake interference.

To optimize the site design of array spacing and layout
of wind turbine in wind farms, a good understanding of the
turbine wake characteristics is very important for evaluating
the effects of wake interference among wind turbine arrays.
Better understanding has been obtained in recent years by
both experimental and numerical studies of the characteris-
tics of wind turbine wakes [6—12]. As described by Vermeer
etal. [13]. the wake flow behind a wind turbine can typically
be divided into a near and a far wake. The far wake char-
acteristics, which directly associate with the aeromechanic
performance of downstream wind turbines in large arrays,
are usually predicted by using turbine wake models, includ-
ing kinematic models and added turbulence models.
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Kinematic models are used to describe velocity deficits in
the region influenced by wind turbine wake. One of the most
widely used model is the Jensen wake model developed by
Jensen [14]. The wake diameter in the Jensen model is given
by:

Dy (x) = D + 2kx, (D

where x is the distance from upstream wind turbine, D is
the rotor diameter, and £ is the wake expansion coefficient.
Based on the empirical formula proposed by Frandsen [15],
k can be obtained by:

k = L 2)
In(H/zp)

where H and zp are the wind turbine hub height and sur-
face roughness length. One can calculate the fully developed
velocity in the wake as
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where Ct and Uy are the thrust coefficient of the wind turbine
and the incoming wind velocity.

It can be seen from Eq. (2) that the wake expansion coeffi-
cient is only related to the surface roughness length. In fact,
wake expansion is affected by many factors, such as tur-
bulence intensity in incoming atmospheric boundary layer
(ABL) wind. atmospheric stability, and additional turbulence
intensity caused by an upstream wind turbine. As indicated
by Politis et al. [16], the presence of a wind turbine pro-
duces additional turbulence, which enhances the turbulence
in the wake flow and accelerates the wake recovery rate. Sim-
ilarly, Bastankhah and Porté-Agel [17] suggested that the
complex vortex structures generated by the rotating turbine
blades increases the turbulence intensity levels in the turbine
wakes; therefore, the wake expansion coefficient, k, should
also be increased accordingly.

Since the wake expansion coefficient, k, is related to the
turbulence intensity level, the turbulence in the turbine wake
should be estimated before k is corrected. The added turbu-
lence intensity in the turbine wake. /.., is predicted by several
analytical models using the following definition

Iy =12 —13. (4)

where [y and [y are the turbulence intensity in the turbine
wake and the turbulence intensity in incoming ABL wind.

The wake added turbulence model as proposed by Quarton
and Ainslie [18] is expressed as

I = K\ CFH G2 (x fxa)™ ®)

Table 1 Parameters for the Quarton turbine wake models

Wake added turbulence model

K] o [+%) o3
Quarton original 4.8 0.7 0.68 —0.57
model [18]
Quarton alternative 5.7 0.7 0.68 —0.96

model [20]

where x, is the near wake length, which is defined by Ver-
meulen [19].

Later, Hassan [20] proposed an alternative turbine wake
model based on the findings of wind tunnel tests. The param-
eters for the original and alternative models are given in
Table 1.

Moreover, Crespo and Hernandez [21] suggested the fol-
lowing model to calculate the added turbulence intensity in
the wake

]+ — 0‘73(10,8325 15].0325 (X/D)fl).?iz ] (6)

The applicability of this model is 0.07 < [y < 0.14,
0.1 <a <04, and 5 < x/D < 15, where a is the axial
induction factor.

It should be noted that Ct is used in Eq.(5), while a is
used in Eq.(6). The relationship between Ct and a can be
obtained as follow according to the actuator disk theory

Ct =4a(l —a). (7

While many investigations have been conducted in recent
years to assess wind turbine wakes. most of them focused
on offshore wind farms where wind turbine wake-induced
power losses appear much larger than predicted a priori [22].
This finding is likely due to the low turbulence levels of off-
shore wind farms. which impede wake recovery. According
to Barthelmie et al. [23], analysis of the data from onshore
wind farms does not indicate as large a “deep array effect”
as has been observed in offshore wind farms. It is also likely
due to the difference in turbulence levels between onshore
and offshore wind farms. In their work, Medici and Alfreds-
son [24] performed a wind tunnel study and indicated that
the wake characteristics behind a model wind turbine can
be significantly changed by the presence of turbulence in
the incoming flow. Furthermore, Chamorro and Porté-Agel
[25] carried out an experimental study to characterize in the
wake flow behind a wind turbine model sited in a bound-
ary layer wind tunnel with rough and smooth surfaces. They
showed that the effect of inflow turbulence is not negligible
even in the very far wake (i.e.. at a downwind distance of
15D). Wu and Porté-Agel [26] performed a large-eddy sim-
ulation (LES) to study the characteristics of turbine wakes
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over homogeneous flat surfaces in ABL flows with four dif-
ferent roughness lengths. They found that the ditferent inflow
turbulence levels would lead to distinct effects on the wake
characteristics, including mean velocity deficit, turbulence
intensity, and turbulent shear stress. More recently, an exper-
imental study performed by Tian et al. [27] reported the
effects of inflow turbulence on the near wake structures and
the dynamic wind loads of a model wind turbine placed in
an ABL wind tunnel.

In the present study, an experimental investigation was
conducted to examine the effects of incoming surface wind
conditions on the characteristics of turbine wakes and the
wake interference among upstream and downstream wind
turbines sited in ABL winds. The experiments were con-
ducted in a large-scale aerodynamic/atmospheric boundary
layer (AABL) wind tunnel. A set of horizontal axis wind
turbine (HAWT) models were mounted in the test section of
the AABL wind tunnel. Two different types of the incoming
boundary layer winds, i.e., one with a relatively low turbu-
lence level in the incoming airflow to simulate the ABL winds
over typical offshore wind farms, and the other with rela-
tively high turbulence level to represent those over typical
onshore wind farms, were generated in the AABL tunnel fora
comparative study. Flow characteristics in the turbine wakes,
including velocity deficits and turbulence intensity distribu-
tions, were measured by using a Cobra Probe Anemometry
system. The measurement results of the present study were
compared quantitatively against the predictions of the ana-
lytical wake models described above. The power outputs and
dynamic loadings acting on wind turbine models were also
monitored during the experiments. The detailed flow mea-
surements were correlated with dynamic wind loadings and
power output data for a better understanding about the effects
of the inflow conditions on the turbine wake characteristics
and wake interferences among upstream and downstream tur-
bines in wind farm settings for the optimal spacing and layout
design of wind farms.

2 Experimental setup and procedure
2.1 ABL wind tunnel

Experimental studies were conducted in the AABL wind tun-
nel at Jowa State University. The test section of the AABL
wind tunnel is 20 m long, 2.4 m wide, and 2.3 m high. Fig-
ure | shows a picture of the test section of the AABL wind
tunnel. During the experiments, different sizes and types of
triangular spires and wooden blocks were placed on the floor
at the entrance of the wind tunnel test section in order to
generate different types of boundary layer winds to simulate
different ABL winds over typical onshore and offshore wind
farms. A zero pressure gradient condition was achieved for
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Fig. 1 Testsection of the AABL tunnel used for the experimental study

the development of the ABL winds by adjusting the ceiling
of the AABL tunnel.

Figure 2 shows the measured mean velocity and turbu-
lence intensity profiles of two different types of boundary
layer airflows generated inside the AABL tunnel at the loca-
tions where the wind turbine models would be mounted for
the experimental study. By fitting the logarithmic law to the
measured mean velocity profiles as shown in Fig. 2a, the
friction velocity and the surface roughness lengths of the
simulated ABL winds can be obtained [28]. For the low turbu-
lence inflow case, the friction velocity and surface roughness
length were found to be 1, = 0.20 m/s and zg = 0.01 mm,
while the parameters for the high turbulence inflow case were
iy = 0.30 m/s and zp = 0.30 mm.

Figure 2b shows that the turbulence intensity at the tur-
bine hub height (z/H = 1) for the low turbulence inflow
case was approximately 10%, i.e., within the range of the
field measurement results obtained by Hansen et al. [1] for
typical offshore wind farms. For the inflow with high turbu-
lence level, the turbulence intensity at the turbine hub height
is about 18%, which is close to the turbulence intensity levels
measured in an onshore wind farm as reported by Smith et
al. [29]. As described by Tian et al. [27], while the incom-
ing surface wind with low turbulence level could be used to
represent the ABL wind over typical oftshore farms, the sur-
face wind with high turbulence level was used to simulate
the ABL wind over typical onshore farms.

2.2 Tested wind turbine model

Figure 3 shows schematically the wind turbine model (three-
blade HAWT design widely used in modern wind farms)
used in this paper. The wind turbine model has a rotor with
radius of R = 140 mm and a turbine hub with height of
H = 225 mm. The ratio of the blade swept area to the wind
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Fig. 3 Schematic diagram of the tested wind turbine models

tunnel area is approximately 1:110, which is small enough
that the blockage effects of the test model for the wind tunnel
testing can be neglected. The rotor of the tested wind turbine
model consisted of three ERS-100 blades, which is developed
by TPI Composites Inc. Further detailed information about
the ERS-100 blade can be available in Ref. [30]. Similar wind
turbine models were also used by Tian et al. [27] and Yuan
et al. [31] for wind turbine aeromechanics studies.

During the experiments, the mean wind speed at the hub
height of the model turbine was set to be about 5.0 m/s (i.e.,
Upup = 5.0 m/s). As suggested by Chamorro et al. [32]. the
Reynolds number based on the turbine rotor diameter (D)
and the flow velocity at the turbine hub height (Upy), i.e.,
Rep, was usually used to characterize turbine wake flows.

The fundamental flow statistics (i.e., normalized profiles of
mean velocity, turbulence intensity, kinematic shear stress,
and velocity skewness) in the turbine wake flows would reach
Reynolds number independence at a Rep > 9.0 x 10*. The
Reynolds number based on the turbine rotor diameter and
the hub height velocity for the present study is about 90,000,
which is in the range of the required minimum Reynolds
number suggested by Chamorro et al. [32] in order to achieve
Reynolds number independence of the turbine wake statis-
tics. Further detailed statement about the Reynolds number
effects on the wake characteristics and aeromechanic perfor-
mances of wind turbine is available in Ref. [27].

2.3 Measurement of wake flow characteristics

A Cobra Probe Anemometry system (Turbulent Flow Instru-
mentation Pty Ltd) was used to measure the wake flow
characteristics behind the wind turbine model. The Cobra
Probe is a four-hole pressure probe, which is capable of mea-
suring all three components of instantaneous flow velocity at
a prescribed point at a sampling rate up to 2.5 kHz. Based on
the time sequences of instantaneous measurement data of the
flow velocity for 60 s, the ensemble-averaged flow quantities
including mean velocity, turbulent kinetic energy, Reynolds
shear stresses, and turbulence intensity can be derived. The
uncertainty of the Cobra Probe for flow velocity measure-
ment is = 0.5%, the uncertainties for the measurements of
ensemble-averaged flow quantities such as Reynolds stress
and turbulence intensity are estimated to be within 2%.
As shown schematically in Fig. 4, the flow characteristics
measurements were taken in the symmetrical plate of the

@ Springer



W. Tian. et al.

746
Unhub=5.0 m/s§
= g
=
=
o
I
<
Tested &
ipoints =
ol
=)
)
=
il [ : i : ; o
! 3p i i 3 i 3 i 3D I
: : : - .
z
s, )

Fig. 4 Schematic of the measurement points in the turbine far wake
(not scaled)

wind turbine (i.e., v = 0) at different downstream locations
(i.e.., x/D = 3.0,6.0,9.0, 12.0, 15.0). At each downstream
location, the flow measurements were performed with the
vertical coordinate ranging from z = 12.7mm (i.e., 0.5 in)
to z = 762 mm (i.e., 30.0 in) with the distance between the
neighboring measurement points being dz = 12.7mm (i.e.,
0.5 in).

2.4 Measurement of dynamic wind load and power
output

In addition to measuring wake flow characteristics, the power
outputs and dynamic wind loadings of the upstream turbine,
as well as the downstream wind turbines placed with dif-
ferent turbine spacing (i.e.,x/D = 3, 6,9, 12, 15) were also
measured. For the dynamic wind loading measurements, alu-
minum rods, which were used as the towers of the wind
turbine models, were connected to high-sensitivity load cells
(JR3, model 30E12A-140) through holes on the floor of the
AABL tunnel. The JR3 load cell was mounted at the tower
base of wind turbine model, which can provide instantaneous
measurements of the forces and moment about all three axes.
The uncertainty level of the JR3 load cell for force measure-
ments was rated at 0.25% of the full range (40 N).

During the experiments, the rotation speed of the wind tur-
bine blades was measured by using a Tachometer (Monarch
Instrument). By applying different electric loads to the elec-
tric circuits connected to the direct current (DC) generators
installed inside the nacelles of the turbine models, the rotation
speeds of the turbine blades were adjusted to 0-2200rpm,
and the corresponding tip speed ratio (TSR) of the model
turbines was found to be in the range of 0-6.5. The power
output of the model wind turbine (P) was determined based
on the equation of P = Vz/r, where r is the electrical resis-
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tance that loads the electrical circuit, and V is voltage output
of the DC generators. The voltage outputs of DC generators
were acquired through a host computer via an A/D board
(National Instruments) at a data sampling rate of 1.0 kHz for
180s. The measurement uncertainty for the instantaneous
voltage outputs were estimated to be within 5.0%. During
the experiments, the power outputs and dynamic wind loads
of the turbine models were measured with the turbine mod-
els operating at different TSRs. For the measurement results
given in the present study, the wind turbine models were set
to operate at their optimum TSRs (i.e., at the TSRs with the
maximum power outputs).

3 Measurement results and discussions
3.1 Flow characteristics in the far wake
3.1.1 Mean velocity profiles in the turbine wake flows

It is well known that as the incoming airflow passes through
the rotation disk of a wind turbine, a portion of the kinetic
energy of the incoming airflow would be extracted by the
wind turbine. resulting in velocity deficits in the wake behind
the turbine. Figure 5 shows the normalized streamwise
velocity profiles measured at different downstream locations
behind a wind turbine model. The profiles of the incoming
airflow were also plotted in the graphs for quantitative com-
parison. Since the velocity deficits were superimposed on the
logarithmic distribution of the incoming flow velocity, a non-
axisymmetric velocity distribution was observed in the wake
flow behind the wind turbine model. High velocity deficits
caused by the turbine rotor blades and nacelle in the region
between the top and bottom blade tip heights can be observed
clearly for both test cases with different incoming flow char-
acteristics. Figure 6 gives the profiles of the “net” velocity
deficits in the wakes behind the wind turbine model, which
were obtained by subtracting the wake flow velocity from the
incoming flow velocity (i.e., Au (2) = 1 (x,2) — Uxs (2)).
It can be seen clearly that the distributions of the velocity
deficits in the turbine wakes show approximately axisym-
metric behavior, with the axis of symmetry located at the hub
height. This axisymmetric behavior breaks down at the fur-
ther downstream locations where the turbine wakes expand
becoming wide enough to reach to the ground.

As shown in Figs. 5 and 6, a key difference between the
two test cases with different incoming flow characteristics is
that the wake flow would expend much faster and the velocity
deficits would recover much more rapidly for the high turbu-
lence inflow case (i.e., for the onshore wind farm scenario).
As described in Ref. [27]. the recovery rate of the velocity
deficits are closely related to the turbulence levels in the tur-
bine wakes. The high turbulence intensity levels in the wake
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Fig. 6 Measured streamwise velocity deficits at different downstream locations in comparison with the predicted profiles of Jensen model [14].

a Low turbulence inflow case: b high turbulence inflow case

flows would play an important role in enhancing intensive
flow mixing to promote the transport of kinetic energy in
the turbine wakes, resulting in a much faster recovery of the
velocity deficits in the turbine wakes.

The velocity deficits predicted by using the analytical tur-
bine wake model suggested by Jensen [14] are also plotted
in Fig. 6 as the dashed lines in the graphs for quantitative
comparison. As mentioned above, Jensen model [14] is a
one-dimensional analytical model, which assumes that the
wind speed in the wake remains constant at a given down-
stream cross section. This assumption has a significant effect
on the accuracy of power production estimation. Numerous
studies have been performed to modify Jensen model by
introducing different wake zones that provide a more accurate
description of the turbine wake. For example, Tian et al. [33]

proposed alternative approaches to modify the Jensen model
by incorporating a Gaussian velocity profile that develops as
a function of the downstream distance behind upstream the
wind turbine.

As shown in Fig. 6, based on the comparisons of the mea-
sured and predicted velocity deficits in the turbine wakes,
significant differences can be observed between the two test
cases with different incoming flow conditions. For the low
turbulence inflow case, the measured velocity deficits in
the turbine wake were found to be much greater than the
predicted values by using the Jensen model [14]. The under-
predictions of the velocity deficits in the turbine wakes lead to
an over-estimation of the power outputs for the downstream
wind turbines sited in the turbine wakes, which was found
to agree well with the field measurement data collected in
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an offshore wind farm as reported in Ref. [22]. However, the
predicted velocity deficits shown in Fig. 6b were found to be
much closer to the measurement results for the high turbu-
lence inflow case. The findings derived from the present study
suggest that the incoming ABL wind characteristics signifi-
cantly affect the wake recovery, which should be considered
properly in the analytical turbine wake models in order to
provide a better prediction of the turbine wake characteristics
and more accurate estimation of the turbine power output.

Based on the measured velocity profiles in the turbine
wake flows as those shown in Fig. 6, the expansion of the
turbine wake as a function of the downstream locations,
in the term of the evolution of the diameter of the turbine
wake as called by Jensen model [14], can be determined. As
mentioned above, the axisymmetric distribution of the “net”
velocity deficits in the turbine wake would break down in
the far wake region when the turbine wake interacts with
the ground. Therefore, only the upper portions of the turbine
wake (i.e., the wake region above the turbine hub height)
were considered in determining the turbine wake diameter in
order to eliminate the ground effects. In the present study, the
turbine wake region is determined based on a criterion that
the magnitude of the velocity deficits (Au) on the boundary
of the turbine wake is smaller than 0.05m/s (i.e., <1.0% of
the turbine hub height velocity).

Figure 7 shows the variations of the measured wake diam-
eter as a function of the downstream distance away from the
upstream turbine model for the test cases with two different
incoming flow characteristics. The wake diameters predicted
by using the Jensen model [14] are also given in the plots for
comparison. It can be seen clearly that the turbine wake was
found to expend much faster (i.e., have greater wake diame-
ter values) for the test case with high turbulence levels in the
incoming airflow (i.e., for the onshore wind farm case), in
comparison with that of the low turbulence inflow case (i.e.,
for the offshore wind farm case). It can also be found that
the wake diameters based on the experimental data of the
present study would always be greater than those predicted
by using the Jensen model [14]. regardless of the turbulence
levels of the incoming surface winds. As described in Refs.
[16,17]. it is likely caused by the presence of additional tur-
bulence in the turbine wakes (i.e., the added turbulence as
induced by the upstream wind turbines) that were not con-
sidered properly in the Jensen model [14]. The additional
turbulence in the turbine wake would enhance the expan-
sion of the turbine wakes and accelerate the recovery of the
velocity deficits in the turbine wakes, causing the differences
between the measured and predicted wake diameter values
shown in Fig. 7. The characteristics of the added turbulence
in the turbine wake induced by the upstream wind turbine
and their impacts on the wake expansion and recovery of the
velocity deficits in the turbine wakes will be further discussed
in the next section.
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3.1.2 Characteristics of the turbulence intensities in the
turbine wakes

In comparison with those of the incoming surface winds,
the turbulence intensity levels in the wake flows behind
wind turbines were found to be enhanced greatly due to the
existence of the upstream wind turbines. The enhanced turbu-
lence intensity levels in the turbine wake flows would lead to
increased fatigue loadings for the downstream wind turbines.
Figure 8 shows the measured turbulence intensity distribu-
tions at different downstream locations in the turbine wakes
for the test cases with two different turbulence levels in the
incoming surface winds. It can be seen clearly that, unlike
the velocity deficits being axisymmetrically distributed in
the turbine wakes, the turbulence intensity distributions in
the turbine wakes were found to be non-axisymmetric at all
the downstream locations, regardless of the turbulence levels
of the incoming surface winds. Such behavior is believed to
be closely related to the non-uniformity of the turbulence lev-
els in the incoming surface winds as shown in Fig. 2 and the
presence of the ground. As reported by Huetal. [11] and Tian
et al. [27]. due to the periodic shedding of the unsteady tip
vortices, root vortices, and turbulent flow structures around
the turbine nacelle, the turbulence intensity levels in the tur-
bine wakes were found to enhanced greatly, especially in the
region above the wind turbine hub. As described in Ref. [27],
the dissipation of these complicated vortex structures with
downstream distance is relatively slow for the test case with
low turbulence inflow (i.e., offshore wind farm case), which
leads to a slow decrease in the enhanced turbulence levels in
the turbine wakes. As shown in Fig. 8a, the turbulence lev-
els in the turbine wakes were found to be still much higher
than those in the incoming surface even at the downstream
location of x /D = 15. For the test case with high turbulence
inflow (i.e., onshore wind farm case), the complicated wake
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Fig. 8 Measured turbulence intensity profiles at different downstream locations. a Low turbulence inflow case; b high turbulence inflow case

vortex structures (i.e., the tip vortices, root vortices, and the
unsteady vortices shedding from the turbine nacelle) would
break down and dissipate quickly after being shed from the
wind turbine model, as reported by Tian et al. [27]. As shown
clearly in Fig. 8b, the added turbulence levels in the turbine
wake were found to decrease dramatically and reach to a
relatively low level as the downstream distance increasing
from x/D = 3.0 to x/D = 6.0. Beyond the downstream
distance of x/D = 6.0, the added turbulence levels in the
turbine wakes for the test case with relatively high turbulence
inflow were found to become much smaller, in comparison
with those of the low turbulence inflow case. Similar findings
were also reported by Wu and Porté-Agel [26]. It can also
be seen that, unlike the region above the turbine hub with
enhanced turbulence levels in the turbine wakes, the turbu-
lence levels in the region near the ground was found to be
reduced, in comparison to those in the incoming ABL winds.
As described by Chamorro and Porté-Agel [25], such reduc-
tion of the turbulence intensities in the near ground region
would be induced by the decreased mean shear and associ-
ated turbulent kinetic energy production of in the near ground
region.

Following up the work described by Quarton and Ainslie
[18] and Crespo and Hernandez [21], the mean values of the
added turbulence intensity levels in the turbine wakes were
calculated based on the measurement results of the present
study. Similar to that used in determining the turbine wake
diameters, only the measurement data at in upper portion of
the turbine wakes (i.e., the wake region above the turbine
hub height) were used to calculate the averaged values of the
added turbulence intensity levels in the turbine wake in order
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Fig. 9 Measured values of the added turbulence intensities at different
downstream locations

to exclude the ground effect. In the present study. the aver-
aged values of the added turbulence intensities in the turbine
wakes at different downstream locations were calculated by
using the following equation

1R
1+ = T[_]a‘%,_/(; I+(r)2n1'dr. (8)

where Ry, is the radius in the upper part of the turbine wake
and I, (r)=1.(z— H)for H <z <(H + Ry).

Figure 9 shows the variations of the averaged values of
the added turbulence intensities in the turbine wakes, I:r,
as a function of the downstream distance away from the
upstream wind turbine model for the test cases with two dif-
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ferent incoming flow characteristics. It can be seen clearly
that for the test cases with low turbulence inflow (i.e., for the
offshore wind farm scenario), the added turbulence inten-
sity levels in the turbine far wake (i.e., x/D = 6-15) were
found to be 3%-5%, which is comparable to the background
turbulence levels (i.e., the turbulence levels of the incoming
surface wind, which were about 6%—10% at the upper por-
tion of the turbine model as shown in Fig. 2). Therefore. the
added turbulence intensity induced by the upstream wind tur-
bine would greatly affect the evolution of the turbine wakes.
As shown clearly in Fig. 7, due to the effects of the added
turbulence intensity in the turbine wake, which was not taken
into account in the Jensen mode, the measured values of the
turbine wake diameters were found to be much greater than
those predicted by using the Jensen model [14]. However, for
the test case with relatively high turbulence inflow, the magni-
tude of the added turbulence intensity levels in the turbine far
wake was found to be only ~2%, which is much smaller than
the background turbulence levels (i.e., the turbulence levels
in the incoming surface winds, which were about 16%—18%
at the upper portion of the turbine model as shown in Fig. 2).
As aresult, the evolution of the turbine wake characteristics,
including the wake expansion and recovery of the velocity
deficits, would be mainly determined by the background tur-
bulent levels in the turbine wake flows. Therefore, as shown
clearly in Figs. 6 and 7, the predicted values of the velocity
deficits and turbine wake diameters were found to agree with
the measurement result reasonably well for the test case with
relatively high turbulence inflow (i.e., for onshore wind farm
scenario).

By examining the change rates of the added turbulence
intensity levels along with increasing downstream distance
as shown in Fig. 9, it was found that the decay profiles of
the added turbulence intensities in the turbine far wake of
6 < x/D < 15 could be fitted well by using power functions.
The power exponents were found to be about —0.54 for the
low turbulence inflow case and —0.42 for the high turbulence
inflow case. The findings derived from measurement results
of the present study were found to agree well with those
reported in the previous studies of Quarton and Ainslie [18],
Crespo and Hernandez [21], and Chamorro and Porté-Agel
[25] about the turbulence characteristics in the turbine far
wakes.

3.2 Effects of wake interference on the downstream
turbines performance

3.2.1 Power output
Normalized power output of the downstream turbine model
varying with the spacing between the upstream and down-

stream turbines (x/D) was plotted in Fig. 10. It shows that,
corresponding to high velocity deficits in the wake flows
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Fig. 10 Power outputs of the downstream turbine at different down-
stream locations

behind the upstream wind turbine (Fig. 5). the downstream
turbine has much less power output than the upstream tur-
bine, due to the ingestion of the low-momentum wake flow of
the upstream wind turbine. For the downstream turbine model
sited at ~3 D away from the upstream turbine, the wake inter-
ferences caused ~45% power losses in the inflow with low
turbulence level and 30% in the inflow with high turbulence
level. Since the velocity deficits in the turbine wakes recover
gradually, the power losses of the downstream wind tur-
bine caused by wake interference continuously decrease with
increasing space between the upstream and downstream tur-
bines. A distinct difference can be observed between the two
test cases with different incoming flow characteristics, which
were also found to be correlated very well with the measured
velocity profiles in the turbine wakes given in Fig. 5. The
downstream wind turbine in the inflow with high turbulence
level always has higher normalized power outputs than the
one with low turbulence level, since its velocity deficits in
the turbine wake has a much faster recovery. The biggest
difference in power outputs for the two compared case was
found to appear with the downstream turbine mounted at the
downstream location of x/D = 6, where the power out-
put of the downstream turbine with high turbulence level
is approximately 30% higher than that with low turbulence
level. While the difference becomes smaller as the turbine
spacing increases, it still retains approximately 16.5% higher
than the case with low turbulence level, for the downstream
turbine mounted at the downstream location of x /D = 15.
As revealed clearly in Fig. 10, for the downstream wind
turbine located at x /D = 12, the inflow case with low turbu-
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Table 2 Dynamic wind loads acting on the wind turbine models under different test conditions

Upstream turbine

Downstream turbine

3D 6D 9D 12D 15D
Low turbulence inflow case
Mean thrust coefficient, Ct 0.470 0.312 0.352 0.378 0.394 0.403
Standard deviation of thrust coefficient, o¢;. 0.141 0.193 0.175 0.169 0.163 0.158
High turbulence inflow case
Mean thrust coefficient, Ct 0.511 0.390 0.472 0.486 0.488
Standard deviation of thrust coefficient, a¢;. 0.232 0.282 0.252 0.244 0.238 0.236

lence level has a power loss of ~25%, which agrees well with
the field measurements over an offshore wind farm conducted
by Barthelmie et al. [2]. For the inflow having high turbulence
level, the normalized power output of the downstream tur-
bine sited at x /D = 12 was found to be approximately 0.95,
which reaches almost the same level as the power output of
the undisturbed upstream turbine. As suggested by Tian et
al. [27]. for the incoming surface winds with higher turbu-
lence levels (i.e.. onshore wind farms), enhanced turbulent
mixing occurs in the turbine wake flows promote the kinetic
energy transport by entraining more of the high-speed sur-
rounding airflow to recharge the low-momentum wake flows
behind the upstream turbines, thereby facilitating the velocity
deficitrecovery in the turbine wakes. As aresult, compared to
offshore wind farms with incoming ABL winds of low turbu-
lence levels, onshore wind forms can produce much greater
power outputs by placing the downstream wind turbines in
the incoming ABL winds of higher turbulence levels.

3.2.2 Dynamic wind loads

The dynamic wind loadings acting on wind turbines are very
important aspects for the mechanical design of wind turbines,
as they would greatly affect the fatigue lifetimes of wind
turbines. In the present study, the dynamic wind loadings
acting on the wind turbine models under different test cases
were also measured in order to evaluate the effects of the
incoming flow characteristics on the dynamic wind loadings
acting on the wind turbines in wind farm settings. Here we
only measure the thrust coefficients, C, for conciseness.
The thrust coefficient is defined as Ct = %, where
2PUpyp ™ R
T is the thrust acting on the wind turbine model, p is the air
density, Upyp 1s the incoming wind velocity at the turbine hub
height, and R is the radius of the wind turbine rotor. During
the experiments, the thrust force was acquired for 120 s at
the sample rate of 1000 Hz.

We measured the mean values (indicating the static wind
loadings) and standard deviations (representing the fatigue
wind loadings) of the dynamic wind loadings acting on the
wind turbine models by using the time sequences of the

instantaneous dynamic wind loading measurements. Table 2
summarizes the mean thrust coefficients and their stan-
dard deviations for the downstream turbine under different
test conditions. The dynamic wind loadings acting on the
upstream turbines are also listed in the table for comparison.

It is well known that a wind turbine’s power output is pro-
portional to the wind speed cubed at the turbine hub height,
and the mean wind loadings acting on the wind turbine would
be proportional to the square of the hub height velocity.
Therefore, as listed in Table 2, the variations of mean wind
loadings acting on the downstream turbine are tightly con-
nected to the wake flow characteristics behind the upstream
turbine, which have very similar behaviors as those of the
measured power output data discussed above.

To optimize the mechanical design of wind turbines, more
and more attention is paid to dynamic wind loadings because
of its close relationship to the fatigue lifetime of wind tur-
bines. As shown clearly in Table 2, the fatigue loadings acting
on the wind turbine models (1.e., standard deviation values
of the instantaneously measured wind loadings, o) were
found to be correlated well with the characteristics of the
measured turbulence intensity distributions in the turbine
wakes as those shown in Fig. 8. Higher fatigue loadings acting
on both the upstream and downstream turbines were found
in the inflows with high turbulence levels than those with low
turbulence levels. It can also be seen in the inflow with low
turbulence level that compared to turbulence acting on the
upstream wind turbine, due to the wake interference effects
from the upstream turbine, the fatigue loadings acting on the
downstream turbine increase ~37% (with x/D = 3.0) and
~12% (with x/D = 15.0). The increase percentages are
much greater than those in the inflow with high turbulence
level (i.e., ~20% at x /D = 3.0 downstream and only ~2%
at x/D = 15.0 downstream). Such features were found to be
consistent with the behaviors of the added turbulence inten-
sity levels in the turbine wakes described above.

4 Conclusion

Incoming surface wind effects on turbine wake characteris-
tics and wake interference among upstream and downstream
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winds turbines sited in ABL winds were experimentally
examined in a large-scale ABL wind tunnel available at
Towa State University. Two types of incoming surface winds
with distinct mean and turbulence characteristics were inves-
tigated, simulating the wind turbines operating in typical
onshore/offshore wind farms. In addition to power outputs
and dynamic wind loads, we also studied the characteristics
in the wake flows behind the turbine models.

The experimental results show that the turbulence levels
of incoming surface winds play a crucial role in determining
the characteristics of the wake flows behind wind turbines. A
higher turbulence level results in enhanced turbulent mixing
in turbine wake flows and causes a much faster recovery of
the velocity deficits in the turbine wakes. We also compared
quantitatively experimental results against the predictions of
the analytical wake models proposed in previous studies.
This suggests that the effects of the incoming flow condi-
tions (especially the turbulence intensity levels) should be
considered properly in the turbine wake models for more
accurate predictions of turbine wake characteristics.

The power measurement results reveal clearly that com-
pared to the upstream turbines, the downstream turbines have
much less power outputs because the low-momentum wake
flows induced by upstream wind turbines. The turbulence lev-
els of the incoming ABL winds were found to affect the power
losses due to wake interference greatly. Even though they
are mounted at the same downstream locations behind the
upstream turbines, the downstream turbines in the inflow with
higher turbulence levels have much higher power outputs
than those with lower turbulence levels. More specifically,
for x/D = 3.0 downstream, the wake interference causes
a high power loss of the downstream up to ~45% for the
inflow with low turbulence level and ~30% for the inflow
with high turbulence level. When the downstream turbine
was moved to x /D = 12 downstream, the power loss due to
the wake interference was found to become less than 5% for
the high turbulence inflow case (i.e., for onshore wind farms
scenario). The corresponding power loss was still found to
be as high as 25% for the low turbulence inflow case (i.e., for
offshore wind farms scenario).

Dynamic wind loadings acting on the wind turbines were
found to be tightly connected to the flow characteristics
approaching the wind turbines. Corresponding to the higher
power outputs, the downstream turbines would also expe-
rience higher static and fatigue wind loadings for the test
case with high turbulence levels in the incoming flows. The
increase of the fatigue loadings acting on the downstream
turbine due to the wake interference was found to be more
significant for the test case with low turbulence inflow (i.e.,
offshore wind farm scenario) than that of the high turbulence
inflow case (i.e., onshore wind farm scenario). In summary,
the findings of the present study suggest that the effects of
the wake interference on the aeromechanic performance of

@ Springer

the downstream wind turbines would be smaller in onshore
wind farms than those in offshore wind farms, which agree
well with those reported in previous field studies.
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