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ABSTRACT

Traditional horizontal-axis wind turbines are mainly designed as upwind configuration. In order to avoid blade
strikes, the rotor blades have to be positioned far enough away from the turbine tower and have to be designed
as inflexible as possible. In addition, a complicated yaw control system is required to keep the turbine rotor
facing the incoming wind. Due to these drawbacks, the turbine in downwind configuration is proposed to
overcome these disadvantages because, first of all, rotor blades can be designed more flexible since there is no
danger of blade strikes, and secondly, yaw control system could be eliminated if nacelle is designed appro-
priately to follow the incoming wind direction passively. In the present study, a comparative experimental
investigation was conducted to quantify the aeromechanic performance of a downwind turbine (DWT), in
comparison to that of a traditional upwind turbine (UWT). The thrust coefficient of the DWT model was found to
be increased slightly in the time-averaged quantity, but have a significant augment in the fluctuations. Due to the
shadow effect, the power outputs of the DWT model was found to be decreased by 3.2% when they were
operated in a same atmospheric boundary layer (ABL) wind. In addition, a high-resolution particle image ve-
locimetry (PIV) system was employed to characterize the ensemble-averaged and phase-locked wake flow
structures to quantify the turbulent flow characteristics in the turbine wakes. The velocity deficit in the lower
half turbine wake for the UWT case was found to be greater than that of the DWT case at the location of X/
D < 1.0. The higher wind load fluctuations for the DWT system were found to be correlated well with the higher
TKE distributions in the turbine wakes. The phase-locked PIV measurements illustrated that the wake regions
can be divided into four zones, which are dominated by the vortices shedding from different turbine compo-
nents. The detailed flow field measurements were correlated with the dynamic force and power measurement
data to elucidate the underlying physics.

1. Introduction

as an example, the rotor has to be positioned far enough away from the
turbine tower to avoid blade strike. Therefore, these rotor blades have

Wind energy is one of the primary renewable and clean energy
sources. Wind turbines are the most common system to convert the
kinetic energy from wind into electrical energy. As we know that, wind
turbines can be generally divided into two configurations: horizontal-
axis wind turbine (HAWT) and vertical-axis wind turbine (VAWT).
HAWT is usually more efficient and has a longer lifetime than VAWT
configuration [1]. Therefore, vast majority of the large-scale wind
turbines are applied as horizontal-axis designs. Traditional utility-scale
HAWTs have one singular rotor with three rotating blades, and most of
them are mounted in front of turbine tower. This upwind configuration
is mainly for the consideration of aerodynamic performance, for in-
stance, to reduce the tower shadow effect [2-4], etc. However, the
disadvantages of this design are also prominent. Take the rotor blades
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to be designed as inflexible as possible to avert such problems, espe-
cially for the blades employed in MW-class wind turbines. As a result,
this requirement would greatly increase the blade manufacturing cost.
It is massive especially compared with the numerous turbines (By the
end of 2016, the global cumulative installed wind power capacity ex-
panded to 486,749 MW) [5] installed in large-scale onshore and off-
shore wind farms. In order to avoid blade strike occurring in the op-
eration, people usually tilt the rotors (e.g., 2.5-8°) slightly to keep them
away from turbine towers [2,3,6,7], but which would reduce the power
generation in comparison to those turbines with zero tilt angle [8]. In
addition, upwind wind turbines require a complicated yaw control
system to keep the turbine rotor facing the incoming wind [9]. With the
concerns of these drawbacks, the downwind configuration was
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Nomenclature TKE turbulent kinetic energy [m?/s%]
TSR tip-speed-ratio [-]
A area of blade rotational disk [m?] Un freestream velocity at turbine hub height [m/s]
Cp power coefficient [-] a power law exponent [-]
Cr thrust coefficient [-] 0, root-mean-square of the turbulent velocity fluctuation [m/
D diameter of turbine rotor [m] s]
H turbine hub height [m] n efficiency of DC generator [-]
I, turbulence intensity [-] 0 blade phase angle [°]
P power output [W] ©y vorticity (out of plane) [1/s]
Rep Reynolds number based on rotor diameter [-]

proposed to overcome these disadvantages existing in the upwind de-
sign [4]. As we know that, the rotor in the downwind configuration is
installed behind turbine tower, which means the rotor blades can be
designed more flexible since there is no danger of blade strikes. This
could largely reduce the manufacturing cost and lower the weight of
rotor blades, potentially resulting in a 15-20% reduction in turbine
capital cost [10]. In addition, if nacelle can be appropriately designed
to follow the incoming wind direction passively, there is no need to use
a yaw control mechanism in the wind turbine system.

In comparison to a large amount of studies conducted to investigate
the flow performance on traditional upwind HAWTs [11-15], relatively
little attention is paid on the downwind design for commercial appli-
cation possibly due to the concern of shadow effect. Because people
found shadow effect would reduce the total power coefficient and in-
crease turbulence and fatigue on wind turbines [2]. As a result, very few
literatures on investigating downwind turbines can be found in the past
several decades and the corresponding flow characteristics are still not
quite clear. Therein, most of them were studied by computational
methods. Janajreh et al. [16,17] numerically investigated the rotor-
tower interaction of downwind turbine configuration. They found that
the aerofoil shape tower has a lower resulting aerodynamic force on
rotating blades and a reduced rotor wake in comparison to those in the
circular tower case. However, these advantages would be diminished
under highly-turbulent flows. Zhao et al. [9] used a high-fidelity CFD
code U?NCLE to compare two-bladed and three-bladed upwind and
downwind turbines, respectively. They stated that the unsteady aero-
dynamic loads are higher in the downwind turbine than those in the
upwind turbines, but the impact of rotor orientations (i.e., upwind or
downwind) are smaller than that caused by the blade number and the
rotating speed. Zhou and Wan [18] also observed that the rotor-tower
interaction in downwind turbines would cause a larger thrust reduction
when the rotating blades approaching turbine tower. Given that a
higher flow incidence across the rotational disk and a higher axial ve-
locity in the outboard portion of rotor blades, Frau et al. [7] found a 3%
enhancement of power coefficient in the downwind configuration.
However, the drawback is that the loadings on rotor blades are 14%
higher than that in the upwind design. In contrast with the numerical
studies on the downwind turbines, Kress et al. [6] conducted an ex-
perimental investigation to understand the unsteady torque character-
istics with different rotor cone angles. They observed that the un-
steadiness of rotor torque for the downwind configurations is about
38-68% higher than the values in the corresponding upwind designs,
which is similar with the results shown in the aforementioned compu-
tational studies. Larwood and Chow [19]confirmed this finding through
a wind tunnel study on a downwind NREL Phase VI wind turbine.
However, the fatigue loads can be significantly mitigated if an aero-
dynamic shroud that aligned with the incoming wind direction, is
amended on the turbine tower. They also stated that the downwind
coning could essentially reduce the average loads for blade flap-
bending, which shows a great benefit in applying the downwind design
for large-scale wind turbines. Furthermore, Kress et al. [20] found the
downwind rotor configuration is more suitable for yaw stability with a
given wind condition, which could be easier to control turbine rotors

and produce more power from the same incoming airflow.

According to the aforementioned studies, the flow characteristics of
downwind rotor design, such as the rotor-tower interaction, are not
fully understood because the shortage of detailed investigations. As a
result, the aim of the present study is to provide a comprehensive ex-
perimental study on the flow performance of a traditional upwind
turbine (UWT) and a downwind turbine (DWT). The instantaneous
wind loads acting on both wind turbines were measured to quantify the
fatigue analysis. The detailed velocity distributions were obtained by a
planar particle image velocimetry (PIV) measurement, under the same
incoming flow condition. The measured velocity and vorticity dis-
tributions were used to characterize the turbine wake characteristics
and evolutions of the unsteady blade tip and root vortices. The power
outputs of the model wind turbines were also measured to quantify the
influence of upwind and downwind configurations in power generation.

2. Experimental setup and wind turbine models
2.1. Wind tunnel

The experimental study was conducted in a large-scale Atmospheric
Boundary Layer (ABL) wind tunnel with the dimension of
20.0m X 2.4m X 2.3m in the test section [21]. It is a closed-circuit
wind tunnel with the capacity of generating a maximum ABL wind
speed of 45m/s and the side walls in the test section are transparent.
Fig. 1 shows the wind tunnel test section and a conventional upwind
HAWT model is mounted at the center of the ground. A series of alu-
minum chain arrays, which are perpendicular to the flow direction (i.e.,
x-direction) and with an equal spacing of 15-inch, are placed in the test
section in order to generate an incoming airflow with an ABL profile
usually seen in offshore wind farms. The wind tunnel ceiling can be
adjusted to ensure the boundary layer growth under approximately zero
pressure gradient in the streamwise direction. Further information of
this wind tunnel in generating ABL wind profiles can be found in the
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Fig. 1. The HAWT model and the test section of wind tunnel.



Z. Wang et al.

previous study of Tian et al. [22].

A typical wind profile over an open terrain condition can be ap-
proximately expressed as a power law function [23]. For the present
study, the incoming wind speed in vertical direction (U(2)) can be de-
termined by the function shown below:

U(Z) = Uy (z/H)* (€8]

where Uy is the wind speed at the turbine hub height H and the ex-
ponent ‘@’ in this equation is determined by surface roughness. As we
know that, the incoming airflows in offshore wind farms have relatively
lower turbulence levels in comparison to those in onshore terrains,
because the surface roughness of ocean surfaces is rather smaller.
Turbines operated in typical offshore wind farms (e.g., the Greater
Gabbard in UK and Horns Rev II in Denmark) are usually facing an ABL
wind profile with the exponent of a=0.10 [24]. Hsu et al. [25] also
recommended an exponent of a=0.11 for offshore terrains under
neutral stability condition, which is similar to the value recommended
by ISO standard [26]. Apart from the velocity profiles of incoming
airflow, the turbulence intensity of the wind profiles is another essential
parameter to be determined. Tong [27] suggested that a range from 8%
to 12% is usually used at the hub height of offshore wind turbines to
represent the typical uncertainties of incoming airflows. Fig. 2 shows
the streamwise velocity and its turbulence intensity profile used for the
current study, which were measured by using a high-resolution ane-
mometry system at the location where the test model turbines were
mounted. It should be noted that the streamwise velocity shown in
Fig. 2(a) is normalized by the streamwise velocity (Uy) measured at the
turbine hub height. By adjusting the ceiling height of the wind tunnel,
the incoming velocity profile is found to be fitted very well to a power
function plot with the exponent of a = 0.11. The turbulence intensity
(I) was also suitably set to 9.9% at the turbine hub height, which is
defined as follows:

Iu = Uu/ l7local (2)

where g, is the root-mean-square of the fluctuations in streamwise ve-
locity, and Uy is the time-averaged streamwise velocity where the
anemometer is located. Both of the wind speed and the turbulence in-
tensity profiles are suitably located within the ranges as suggested by
Hsu et al. [25] and Tong [27].
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2.2. Wind turbine models

In this study, two model wind turbines (UWT and DWT) were
constructed for the comparative investigations. The UWT shown in
Fig. 3(a), represents the most widely-used three-blade HAWT deployed
in large-scale wind farms. The detailed design parameters of this model
turbine can be found in our previous studies [21,26,28]. As a contrast,
Fig. 3(b) shows the schematic of the DWT, which has the same size in
rotor and the same distance between the rotor and turbine tower. For
DWT configuration, due to the turbine rotor is placed behind the na-
celle, there is another cone hub installed in front of the downwind rotor
to minimize the blockage effect from the nacelle. The rotational di-
rection of UWT and DWT was kept as the same during the operation.
The diameter of turbine rotor (D) is 0.28 m and the height of turbine
hub (H), namely, the distance between the ground and the turbine hub,
is 0.225m for all model turbines. The model turbines (with a scaled
ratio of 1:320) were designed to mimic a conventional utility-scale
HAWT with the rotor diameter of 90 m and turbine hub height of 80 m
sited in the typical offshore wind farms. The rotating blades, hubs and
nacelles, were fabricated through a rapid prototyping machine by using
stiff plastic materials. The blockage ratio in the test section was cal-
culated to be around 1.2%, thus, the blockage effect can be omitted in
the measurements [29].

During the test, the incoming streamwise velocity at the hub height
was adjusted to be around 6.5m/s (i.e., Uy = 6.5m/s). Therefore,
based on the wind speed at hub height and the rotor diameter, the
corresponding Reynolds number (Rep = UyD/v) was calculated to be
around 1.2 x 10°. Obviously, this value is much lower than those of
utility-scale HAWTs (Rep > 1.2 x 10”) operated in large-scale wind
farms [30]. According to the studies conducted by Hu et al.[31], Whale
et al.[32], Alfredsson et al.[33] and Medici & Alfredsson[34], while
Reynolds number of a wind turbine may have a significant effect on the
power production performance of the wind turbine (i.e., the maximum
power coefficient would be much lower for a small-scale model turbine
operating at a lower Reynolds number), the wake characteristics and
the evolution of the unsteady vortices in the turbine wake would be-
come almost independent of the chord Reynolds number when the
chord Reynolds number of the model turbine is higher enough. Cha-
morro et al. [35] found that, the flow characteristics in turbine wakes,
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Fig. 2. ABL wind profiles used in the experiments.
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(a) UWT

(b) DWT

Fig. 3. Schematics of the tested wind turbine modles.

such as velocity, shear stress and turbulence intensity, were found to
illustrate asymptotic manners with the changing of the Reynolds
numbers. While the independence of Reynolds number for velocity was
found to be reached at a lower value of Rep, = 4.8 x 10*, the Reynolds
number independence would reach at Rep, = 9.3 x 10* for higher order
characteristics (e.g., shear stress and turbulence intensity). As men-
tioned above, the corresponding Reynolds number of the present study
is about 1.2 X 10°, which is well above the required minimum Rey-
nolds number for the independence for both low and high orders flow
characteristics as suggested by Chamorro et al. [35]. Similarly, the

Incojning
ABL|Wind

Wind Tunnel

studies of Whale et al. [32] and Medici et al. [36] also revealed that, the
behaviors of the unsteady flow structures in the turbine wake would
become independent to the Reynolds number once it reaches to a cer-
tain level. The wind turbines would generate similar unsteady wake
flow structures under the same tip-speed-ratio (TSR).

2.3. Dynamic wind load and power output measurements

During the experiment, the wind turbine blades, hubs and nacelles
were assembled together and supported by a circular rod that was

Laser Arm

Fig. 4. Experimental setup for the dynamic wind loads and PIV measurements.
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employed as a turbine tower. In order to monitor the dynamic wind
loads acting on the wind turbines, a load cell called JR3 (model:
30E12A-140), was applied to measure the dynamic thrust forces and
bending moments through a high-sensitive force transducer. The details
about this load cell are available in our previous research [26]. Fig. 4
shows the experimental setup for the wind load measurement. The load
cell was mounted under the wind tunnel test section to support the
turbine tower. During the measurements, the aerodynamic forces acting
on these model turbines were continuously collected for 120 s with a
sampling rate of 1000 Hz for each model wind turbine. A Monarch
tachometer was adopted to capture the turbine rotational speeds. It
should be noted that the resonant frequencies measured from the load
cell were found to be essentially higher than the rotational frequencies
of turbine rotors.

The power outputs of the model wind turbines can be calculated
through measuring the voltages from the DC generator in the nacelle
and the currents in the electric circuits. By adjusting the electric re-
sistance in the circuits, the wind turbine rotational speed can be varied
from 0 to 2200 rpm, which are equivalent to the TSR from O to 6.5. The
optimum TSR (i.e., with the maximum power output) was observed to
be around 5.0 in the current study, which lies in the range of 4.0-8.0 for
typical modern wind farms [37].

2.4. Flow field measurements

Fig. 4 also illustrates the experimental setup for the 2-D PIV mea-
surements, which was used to measure the velocity fields at the vertical
central plane (i.e., Y = 0) to quantify the flow characteristics in the
turbine wakes (X/D < 2.2). A fog machine (ROSCO 1900) was used to
generate small oil droplets (~1 pum in diameter) and spray them in the
incoming airflow for illumination purpose. A double-pulsed Nd:YAG
laser (EverGreen 200) was utilized to produce a pulsed laser beam at a
wavelength of 532 nm. The laser beam was then formed as a sheet with
a thickness of around 1.0 mm after passing through a series of mirrors
along with cylindrical and spherical lenses. Two high-resolution 14-bit
CCD cameras (PC0O2000), with an overlapping capture window of
20 mm in streamwise direction, were placed perpendicular to the laser
sheet for image acquisitions simultaneously, because the window size of
one camera is not sufficient to capture the whole interested region in
the near wake. A digital time delay generator (BNC565) was applied to
control the timing sequences of the laser system and the image acqui-
sition. After the image acquisition, the instantaneous velocity compo-
nents can be derived from the measured PIV snapshots in the post-
processing by using a cross-correlation with an interrogation window of
32 x 32 pixels and an effective overlap rate of 50%. The ensemble-
averaged flow characteristics such as mean velocity, turbulent kinetic
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energy (TKE) and vorticity can be calculated from the velocity com-
ponents and their variances. For each test case, a sequence of 1000 pairs
of instantaneous images were captured so as to attain a good con-
vergence of flow characteristics of the ensemble-averaged measure-
ments. The uncertainty levels of measurements were estimated to be
around 2% for velocity and 5% for TKE and vorticity, respectively [38].

Both ensemble-averaged and phase-locked PIV measurements were
performed to achieve the time-averaged and instantaneous flow fields.
During the ensemble-averaged measurements, a constant image ac-
quisition rate (different from the blade rotating frequency) was utilized
to measure the flow quantities in the wake region under variant blade
phase angles. While for the phase-locked measurements, a digital
tachometer and another time delay generator (Stanford DG535) were
employed in the system to control the timing of image acquisition at a
specific blade phase position. They were performed to elucidate more
insights about the evolution of unsteady turbulent structures such as tip
and root vortices shedding from different blade phase positions. During
the measurement, the zero phase angle was pre-selected at the most
upward position of a rotor blade, which was also marked by a reflective
tape on the blade surface. Since the turbine rotor has 3 blades (with a
phase differentiation of 120°), 8 phase angles were selected ranging
from 0° to 105° with a constant increment of 15°. At each selected blade
phase angle, 400 image pairs were captured to calculate the phase-
averaged flow statistics in the wake regions.

3. Results and discussion
3.1. Measurements of dynamic wind loads acting on the wind turbines

The effect of dynamic wind loads acting on turbine is important in
the optimal design of large-scale HAWTs [31]. In this study, the in-
stantaneous force components were measured by a JR3 load cell with a
sampling frequency of 1000 Hz. The corresponding thrust coefficient
(Cp) of wind turbines, are defined as

Cr= = —

sPUn7D ®)
where T, is the thrust force component in x direction (i.e., streamwise
direction), p is the density of incoming airflow. Fig. 5 illustrates the
instantaneous thrust coefficient, the time-averaged results are also
plotted as red dashed lines.

Fig. 5 shows the time sequences of the instantaneous thrust acting
on the model wind turbines in terms of thrust coefficient (Cy) in a
continuous 120-s measurements (only one out of every 10 original
measurement data being shown in the plots). The instantaneous thrust
forces are found to be highly fluctuated during the test, which could be
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2 times higher than the time-averaged values. The time-averaged thrust
coefficient of UWT model is measured to be 0.346, which is close to the
values reported in the experimental studies of Lebron et al. (0.32) [39],
Cal et al. (0.32) [40], and Zhang et al. (0.48) [41] under similar tip-
speed-ratios (TSR). However, the thrust coefficient values in computa-
tional studies are usually found to be much higher than those in the
experimental investigations. For example, Wu and Porte-Agel [42]
found the thrust coefficient was about 0.75 at the TSR near 5.0 due to a
much higher Reynolds number used in their study. For downwind
configuration, as expected, both of the mean thrust coefficient and its
standard deviation (o) values are found to be higher than those in the
UWT model, which agree well with the findings shown in Zhao et al. [9]
and Frau et al. [7]. The thrust coefficient is found to be slightly en-
hanced (0.355 versus 0.346) by 2.6%, while its fluctuation (i.e., stan-
dard deviation) increases by 18.7%. The majority of instantaneous
thrust coefficients for the UWT case are found to be within the range
between 0.20 and 0.55, while for the DWT case, the majority of them
are observed to be concentrated from 0.15 to 0.60. As suggested by Hu
et al. [31] and Tian et al. [22], the standard deviation values of the
dynamic wind loads can be employed as an essential parameter to
evaluate the fatigue loads acting on wind turbines. The larger variations
(i.e., with high fluctuations) of wind loads in the DWT configuration
would indicate greater fatigue loads acting on the turbine, which is
believed to be due to the shadow effect occurred between the turbine
tower and rotor blades. Although the mean thrust coefficients for both
compared configurations are almost identical, the larger fluctuations
may indicate a less lifetime of the DWT configuration. In addition, ac-
cording to the description in Troldborg et al. [43], the shadow effect in
the downwind design would also cause power reduction, which will be
discussed in the following section of power measurement analysis.

3.2. Power measurements

In order to evaluate the drawback of DWT configuration in power
generation due to the shadow effect, the power coefficient of the two
wind turbines was also measured for comparison. It is well known that,
the Reynolds number in such small-scale wind turbines is much lower
than that of the utility-scale ones, which has a substantial effect on the
power generation in wind-tunnel testing [31]. In the present study, the
power coefficient (Cp) is defined as follows:

__ "

P= 1 13 a0

SPURAR, (@)
where R; is the electric resistance applied in the circuit, V is the mea-
sured voltage of Ry, A is the blade rotational area and 7 is the efficiency
of the small DC generator. As described in Hu et al. [31], the maximum
power coefficient of wind turbines operating at low Reynolds number
could be significantly lower than that of large-scale wind turbines in
modern wind farms. In fact, the optimum mechanical power coefficient
of the traditional UWT model was found to be about 0.2 for the present
study, which is significantly lower than that of utility-scale HAWTSs
(e.g., Cp = 0.40-0.45) placed in modern onshore and offshore wind
farms. Instead of comparing the absolute value of power coefficients
directly, they were normalized based on the power coefficient (Cp r.s) of
the traditional UWT system.

Fig. 6 gives the normalized power coefficients of the UWT and DWT
models with the same incoming flow condition. As expected, the power
generated from the DWT model was found to be lower than that in the
UWT model due to the shadow effect that results in a considerable
velocity deficit and turbulent unsteady vortices behind the turbine
tower. As a result, the incoming flow velocity would be much lower and
the turbulence level in the wake flow would be much higher in this
region for the DWT case. It can be clearly seen from the results that only
a 3.2% reduction is observed in the downwind configuration in com-
parison to the typical upwind design, which is slightly lower than the
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value (7.3%) in the computational study on a large-scale wind turbine
with the same configurations [9]. The results obtained in the present
study is close to the investigation in Larwood and Chow [19], they also
found that there is no obvious evidence of lower power generation for a
downwind design, only a mild difference existing at a high wind speed.
It indicates that, the shadow effect has less impact on the power gen-
eration for the downwind configuration when compared with the effect
in fatigue loads. Moreover, Yoshida et al. [44] and Reiso et al. [45]
stated that if the downwind turbine system can be designed appro-
priately, the power output can be increased by mitigating the shadow
effect when turbines were sited in some complex terrains.

3.3. PIV measurement results

As mentioned in the previous section of experimental setup, two
cameras were employed in tandem to measure the whole interested
regions. Fig. 7 shows the ensemble-averaged streamwise velocity dis-
tributions in the turbine wakes of the UWT and DWT systems ranging
from X/D = —0.2 to X/D = 2.2, which are normalized by the incoming
streamwise velocity at the turbine hub height (Uy). It should be noted
that the velocity data shown in window #1 are captured by the first
camera (the left side of the vertical dashed line) and the following ones
shown in window #2 are measured by the second camera (the right side
of the vertical dashed line). As expected, from the velocity comparison
between the upstream and downstream regions of turbine rotor, large
deficits are observed in the turbine wakes of both model wind turbines,
indicating a significant portion of wind energy is harvested by the up-
stream wind turbines. There is an essential distinction can be found in
the central turbine wake regions (e.g., —0.2 < Z/D < 0.2). From the
comparison, a region teemed with high-momentum flow is found to
occur over the nacelles for both cases because little to no wind energy is
harvested in the region near blade root [26]. However, it is observed to
travel to a further downstream location in the turbine wake of DWT
design.

In addition, the velocity deficit in the wake of the UWT model is
found to be greater than that in the DWT model, especially in the lower
half turbine wake. This is because more kinetic energy from the in-
coming flow is harnessed by the upwind turbine rotor and is believed as
the reason why UWT system generates a slightly higher power output as
shown in Fig. 6. Due to the existence of nacelle and turbine tower, the
airflow is essentially affected and decelerated in the region of 0 < X/
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Fig. 7. Ensemble-averaged streamwise velocity distributions in the turbine wakes.

D < 0.2 in the lower half turbine wake. While for the DWT case, the
turbine blades are found to rotate in this low-momentum region as the
blades in the shadow region of the turbine tower, which causes a much
lower kinetic energy (U/Uy < 0.3) available in the incoming airflow
for the downwind rotor. This low-momentum region would extend up
to X/D = 0.12 behind the turbine tower.

Fig. 8 shows the vertical profiles of streamwise velocity distribution
extracted from the PIV measurement results given in Fig. 7 at the
downstream locations of X/D = 0.5, 1.0 and 2.0, respectively. The
profiles of the incoming ABL wind (i.e., for the case with no model wind
turbines placed at the measuring locations) were also given in plots,
which can be used as the baseline to reveal the evolution of the velocity
deficits in the turbine wake flows. Due to the difference of rotor posi-
tion, an essential differentiation can be identified at the downstream
location of X/D = 0.5, as shown in Fig. 8(a). The velocity deficit in the
region of Z/D > 0.3 in the wake of UWT model was found to be
slightly larger than that in the DWT system. This is because a longer
distance between rotor blade and the downstream position X/D = 0.5
for the upwind case could help to recover the streamwise velocity at a
higher level. A larger velocity deficit is also found in the region of

—0.2 < Z/D < 0.1 behind the UWT model, this is more related to the
effect induced by root sections and nacelle. While in the lower half
turbine wakes (Z/D < —0.2), the streamwise velocity distributions are
almost identical from near wake (X/D = 0.5) to far wake (X/D = 2.0)
regions. Compared with the significantly higher force fluctuations in-
duced by the shadow effect, only very little differences were observed
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in the turbine wake flows. While differentiations in the streamwise
velocity profiles for the two compared cases can still be found at the
downstream location of X/D = 1.0, the differences were found to be-
come much smaller, in comparison to those at the upstream location of
X/D = 0.5. Only very little changes can be identified in the compared
turbine wakes at the further downstream location of X/D = 2.0.

In order to provide further insights in the turbulent flow char-
acteristics in the turbine wakes, the in-plane distribution of normalized
turbulent kinetic energy (TKE) is derived from the measured flow fields,

which is defined as below:
1 ==  —y
TKE = —
2(u + w')/U; )

where u' and w' are the variations of streamwise and vertical velocity,
respectively. Fig. 9 illustrates the in-plane TKE distributions in the cases
of UWT and DWT. It can be seen clearly that, the TKE distributions have
a significant differentiation in the lower half turbine wake. Very high
TKE levels (with red color) are concentrated in a region just right be-
hind the nacelle and turbine tower (up to X/D = 0.4), which is closely
related to the formation and shedding of the highly-turbulent root,
nacelle and tower vortices. Similar structures and magnitudes of the
flow characteristics were also observed in the studies of Tian et al.[22]
and Jin et al.[46]. However, the region with similar high levels of TKE
shown in Fig. 9(b) is much smaller than that illustrated in Fig. 9(a),
indicating the TKE levels behind the turbine tower are significantly
mitigated due to the existence of downwind rotor. According to the
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Fig. 8. Vertical profiles of streamwise velocity in the turbine wakes.
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results shown in Fig. 7, when the turbine blades rotate approaching the
tower, they are operated in a flow not only with very low-momentum
but also with extremely high unsteadiness. This could be a good ex-
planation for the higher dynamic wind load fluctuations in the DWT
configuration shown in Fig. 5.

For the upper half turbine wake, the region with high TKE levels is
found to appear in the shedding path of tip vortices. The TKE levels are
observed to gradually increase from near to far wake regions, which
also confirms with the findings reported in Lu and Porte-Agel [47] and
Yang et al. [48]. Fig. 9(b) depicts a slightly higher magnitude within the
region of 0.4 < Z/D < 0.6 in the DWT model, indicating similar
strength and structures of vortices shedding from the blade tips. But a
second row of high levels of TKE is found to occur in the region of
0.25 < Z/D < 0.4, which may imply a series of vortices also shedding
from the mid-section of rotating blades. In order to provide a more
quantitative comparison, the TKE levels at three paths (i.e., top tip,
center and bottom tip shown in Fig. 9), were also extracted from near to
far wake regions from the PIV measurements. Fig. 10 presents the TKE
profiles from X/D = 0.2 to X/D = 2.0 at these three paths. It can be
seen clearly that, the distributions of TKE in the shedding path of tip
vortices (i.e., top tip) are quite close in the turbine wakes of the UWT
and DWT models. However, the TKE values in the UWT case are found
to be almost kept at a same level, while in the DWT case, the TKE values
are observed to be increased slightly from near wake to far wake re-
gions. Compared to the TKE levels at the other two paths (center and
bottom tip), they are found to be the lowest in the near wake region (X/
D < 0.6) but with the highest level in the far wake regions (X/
D > 1.0). In contrast, the TKE values in the paths of center and bottom
tip decrease dramatically as the distance increases. As we can see from
Fig. 7, very low-momentum flows existing in the region just right be-
hind nacelle and tower, meanwhile, which also have very high-kinetic
energy as shown in Fig. 9. Fig. 10 depicts a steep drop of TKE in the
region of X/D < 0.6, and then a mild reduction beyond that region for
both center and bottom tip paths. As suggested by Tian et al. [22], the
TKE levels can be employed as an important parameter to indicate the
turbulent mixing and velocity deficit recovery in the wake regions.
Therefore, as illustrated in Fig. 8, the velocity deficit in the lower half
turbine wakes is found to recover faster than that in the upper half
wakes due to the stronger wake mixing in the downstream regions,
especially in the region near the blade bottom tip in the UWT case.

In addition to the ensemble-averaged results shown above, the
phase-locked measurements were also conducted in order to unveil the
evolution process of the unsteady flow structures in the wakes. As
mentioned above, a rotor blade was labeled to record the phase angles
during the measurement, and the zero phase angle was set to when this
blade at the most upward position (i.e., PIV measurement plane). A
digital tachometer, shown in Fig. 4, was utilized to monitor the

rotational speed via the signals generated by the periodic pulses re-
ceived from the labeled blade. Then, the laser and the camera systems
were synchronized and triggered by these pulsed signals when the la-
beled blade position was assumed to be frozen at a certain time. The
vorticity (wy) in the PIV measurement plane (i.e., Y = 0) is defined as
follows:

ow du

T T 6)

It is used to characterize the unsteady turbulent structures such as
the formation, breakdown and dissipating processes of the vortices
shedding from tip, root, and nacelle as well as turbine tower in the
wake flows.

Fig. 11 presents the normalized vorticity (w,D/Uy) distributions in
the vertical central plane of the UWT and DWT models. As we can see
that, the flow characteristics are very complex, and a series of unsteady
vortices are generated from the rotor blades, roots and nacelles as well
as towers with various orientations and sizes. It should be mentioned
that the increment of blade phase angle is set to 15°, but there are only
four phase angles (6 = 0.0°, 30.0°, 60.0°, 90.0°) presented in this paper
for conciseness. As shown in the figure, the wake region can be divided
into four zones, from top to bottom, which are dominated by the vor-
tices shedding rotating blades, roots, nacelle and tower, respectively.
Obviously, the vortices depicted in the upper half turbine wakes are
much clear than those in the lower half turbine wakes in both cases.
This indicates that the airflows in the lower half turbine wakes are
significantly affected by the turbulent mixing effect from tower, nacelle
and rotating blades in the vertical PIV measurement plane, instead of
only being determined by the rotating blades as shown in the upper half
wake regions. During the measurements, the tip vortices are found to be
induced from the labeled blade tip at the phase angle of 6 = 0.0°. With
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Fig. 10. TKE profiles extracted from the PIV measurements.
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Fig. 11. Phase-locked PIV measurement results in the wake flows.

the phase angle increases, these tip vortices are observed to shed
downstream and align sequentially with the other tip vortices shedding
from the other two rotor blades in the wake regions. The shape and
strength of the tip vortices in the turbine wakes of the UWT and DWT
designs are observed to be quite similar.

Apart from the tip vortices, an additional row of vortices with high
strength are also observed shedding from 60 to 70% spanwise of the
rotor blades. This is believed due to the effect of low Reynolds number
of the scaled turbine model to cause laminar flow separation at the
locations. Similar vortex structures were also reported in the studies of
Whale et al. [32] and Hu et al. [31]. As can be seen from Fig. 11, they
are found to move outward mildly in the wake of the UWT model but
slightly move inward in the wake of the DWT system. The strength of
these vortices shed from the DWT system is also observed to be higher
than those in the UWT model, which makes these vortices breaking
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down and dissipating at a further downstream location. The reason for
these distinctions could be caused by the blockage effect from the na-
celle and tower in the DWT model, which incurs the flow changing in
spanwise (cross) direction. Recall the higher levels of TKE in the region
of 0.25 < Z/D < 0.4 in the turbine wake of the DWT model, they are
associated with the stronger vortices shed from the corresponding
sections of rotating blades. In addition to the vortices shed from the
blade tip and outboard section (i.e., 60-70% spanwise), a series of
vortices with opposite rotational direction are observed to shed from
the root section. In Fig. 11(a), the root vortices are found to shed with
circular shape and to dissipate rapidly in the near turbine wake. While
in the DWT case, they are elongated in vertical direction and are found
to dissipate finally at further downstream location, which is consistent
with the higher TKE levels shown in Fig. 9(b) in the same region. Due to
the existence of the turbine tower, the vortices in the lower half turbine
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wake are not as distinct as those in the upper half wake. However, the
rotor installed at upwind or downwind position changes the Karman
vortex streets shedding from the turbine tower. They are found to be
generated clearly and shed gradually in the upwind configuration, but
which are broken down quickly by the rotating blades in the DWT
design. It may cause the lower TKE levels in the lower turbine wake
shown in Fig. 9(b).

4. Conclusion

A comprehensive experimental study was conducted in a large-scale
wind tunnel to investigate the aeromechanic performance of a wind
turbine with downwind configuration (i.e., DWT in short), in compar-
ison with that of a traditional upwind wind turbine (UWT) design. The
dynamic wind loads and the power coefficients of the model wind
turbines were measured in an atmospheric boundary layer wind profile
under a neutral stability condition. A high-resolution PIV system was
also employed to perform both ensemble-averaged and phase-locked
measurements to characterize the evolution of turbulent flow structures
in the turbine wake regions. Based on the results derived from the
present study, the conclusions can be summarized as follows:

(1) The dynamic wind loads acting on the wind turbine models were
found to fluctuate greatly. The time-averaged thrust coefficient of
the DWT model is slightly enhanced by 2.6% compared with that of
the UWT system, while its fluctuation is found to increase by
18.7%, indicating much greater fatigue loadings acting on the DWT
model due to shadow effect occurred between the turbine tower
and rotor blades.

The power coefficient of the DWT design is measured to be only
3.2% lower than that measured from the typical UWT model, which
confirms with the findings reported in previous literatures.

The PIV measurement of ensemble-averaged velocity field shows
that the velocity distributions in the region of Z/D > 0.2 for both
turbine are almost identical, but there is an essential distinction can
be found in the central turbine wake regions (—0.2 < Z/D < 0.2).
This region is observed to fill with high-momentum flow and travel
to a further downstream location in the wake of DWT design. In
addition, the velocity deficit in the upper half turbine wake in the
UWT model is found to be greater than that in the DWT model,
which is because more kinetic energy from the incoming airflow is
harvested by the upwind turbine in the UWT design.

The TKE distribution results illustrate that the turbine rotor in the
DWT design is operated in a flow with very low-momentum and
with extremely high unsteadiness, which could be a good ex-
planation for the higher dynamic wind load fluctuations in the DWT
shown in the force measurement.

The phase-locked PIV measurement reveals that the turbulent flow
structures in the turbine wakes are very complex. The vortices in
the upper half turbine wakes are much more clearly identified than
those in the lower ones since they are mainly determined by the
rotating blades. Apart from the small distinction existed in tip
vortices, an additional row of vortices with high strength are ob-
served shedding from 60-70% spanwise of the rotor blades, which
is believed to be due to the effect of laminar flow separation asso-
ciated with the low Reynolds number in these scaled-down wind
turbines. They are found to move outward mildly in the wake of the
UWT model, but slightly move inward in the wake of the DWT
design. The Karman vortex streets shedding from the turbine tower
are found to be generated clearly and shed gradually in the upwind
configuration, but which are broken down quickly via the interac-
tions with the rotating blades in the downwind design.

(2

3

C)

()

While the findings derived from the present study are very helpful to
elucidate the underlying physics for the development of novel wind
turbines in either downwind or upwind configuration, much more
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comprehensive studies are still needed to explore/ optimize design
paradigms for higher power yield and better durability of the wind
turbines operating in complex atmospheric boundary winds.
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