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Abstract

The wake of a horizontal-axis wind turbine (HAWT) is investigated at very high Reynolds numbers, through a set of unique
laboratory experiments. Well-resolved measurements of the axial component of velocity are performed using nano-scale
hot-wire anemometry. The experiments were conducted at Reynolds numbers, based on the model diameter and free stream
velocity, from 2.7x10° to 7.2x10°, significantly higher than most previous laboratory studies. Measurements were acquired
at five different downstream positions in the range of 0.77 to 5.52 diameters. It is shown that the Reynolds number effects
on both the mean and fluctuating velocity fields are minor, and that the mean velocity exhibits self-similar behavior, but the
variance does not. Analyses of the variance profiles, at different axial locations, are used to identify discrete tip vortices, and
their locations, as well as an annular shear layer in the wake core rather than discrete root vortices. The existence of these
structures is verified with phase averaged results.
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reduced flux of momentum compared to the undisturbed
flow, the energy available for the downstream turbine to
extract is reduced. A detailed understanding of how turbine
wakes evolve and interact with downstream turbines is of
great importance for improved wind farm planning and
control. Modern horizontal-axis wind turbines (HAWTs)
are characterized by their massive length scales, with mod-
ern rotors as large as 200 m in diameter. The large length
scale is one factor that has made HAWTSs successful, but
is also what makes them particularly challenging to study
in the field, laboratories, or numerically.

In general, turbine wakes can be divided into three
regions: the near wake, the intermediate wake, and the far
wake. In order to reduce computational and experimental
costs, it is common to model a wind turbine wake as being
generated by an axisymmetric and stationary drag genera-
tor, which eliminates the complex boundary conditions the
rotating blades represent and the turbulent flowfield around
them, which otherwise has to be calculated. For example,
one such simplified representation of a HAWT is the com-
monly used actuator disk model, or equivalently a porous
disk in experimental studies (Sforza et al. 1981; Espaifia et al.
2012; Howland et al. 2016). An underlying assumption in
these simplified models is that the flow being modeled is that
of the turbine’s far wake, where the influence of the specific
turbine geometry and blade-level details is not relevant.

The near wake is the flow region that is completely con-
trolled by the initial conditions, such as the turbine geom-
etry, resulting in tip vortices, and rotational effects (Vermeer
et al. 2003). This region is often assumed to persist to at least
a diameter downstream of the rotor. The intermediate wake
serves as the bridge between the near and far wake, whereby
the main flow characteristics are no longer dominated by
the initial conditions and a transition to self-similarity has
not yet been achieved. Self-similar behavior is the point at
which properly nondimensionalized statistics collapse. It is
also worth noting that the flow behavior in the intermediate
wake is most relevant to turbine wake models as the typi-
cal turbine separation is normally less than 10 diameters,
e.g., 5.8 diameters at the Nysted wind farm (Barthelmie and
Jensen 2010) or 7 diameters at the Horns Rev wind farm
(Gaumond et al. 2014). In addition, Meyers and Meneveau
(2012) in an LES study showed that the ideal separation
distance is 15 diameters. Therefore, an investigation of the
differences between the near and intermediate wake of the
studied turbine will be a theme of this study.

In the far wake, two different definitions are commonly
used, one associated with classical turbulent wake theory
and one in the wind energy community. In classical axisym-
metric wake theory, the far wake is where the flow has “for-
gotten” the initial conditions and has achieved a universal
self-similar behavior in the statistical moments. By this
theory, the far wake is not expected to begin until 30 to 50
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diameters downstream of the wake generator (Uberoi and
Freymuth 1970; Johansson et al. 2003). Within the wind
energy community, the far wake is commonly identified by
the point at which the mean velocity deficit profiles obtain
a Gaussian-like shape or the point at which any influence
of the rotor has disappeared (Ainslie 1988; Vermeer et al.
2003). This interpretation is more closely related to the defi-
nition of the intermediate wake in turbulent wake theory.
With this less stringent restriction, as compared with classi-
cal theory, the far wake of a turbine can be defined starting
as early as three (Bastankhah and Porté-Agel 2014) or five
(Chamorro and Porté-Agel 2009) diameters downstream.

The definition of the far wake commonly used in the clas-
sical turbulent wake literature will be used in order to make
arguments on the self-similarity of the wakes presented in
this study. Self-similar behavior in the statistical moments
can provide valuable contributions to the wind energy mod-
eling community. Wake models are used in wind farm layout
tools and significantly affect the turbine spacing and layout.
Increased understanding of the wake development down-
stream would lead to better models and more efficient wind
farm developments. In addition, it is well known that inflow
turbulence, whether due to the fluctuations in the atmos-
pheric boundary layer or from the wake of an upstream tur-
bine, has an effect on turbine performance (Lubitz 2014;
Kamada et al. 2016; Talavera and Shu 2017). Therefore,
an increased understanding of self-similar behavior in the
velocity variance profiles can lead to more accurate models
of turbines operating in the wakes of others.

If it is desired to replicate the turbine wake, consid-
eration must be made regarding the matching of the most
important non-dimensional groups governing the aero-
dynamics of a wind turbine between the field and model
scales. These non-dimensional groups are the Reyn-
olds number, Rej, = UOODV_I, and the tip speed ratio,
A= a)RU;l, where U, is the freestream velocity, D and
R are the rotor’s diameter and radius, respectively, o its
angular velocity, and v the kinematic viscosity. In order to
accurately represent the aerodynamics of a wind turbine,
in a simulation or experiment, both of these parameters
need to be matched to field turbines. The Reynolds number
of the largest turbines can be on the order of 108. The high
Reynolds numbers alone represent a significant challenge
for conventional laboratory-scaled tests, even in nonro-
tating cases, and to simultaneously match the tip speed
ratio makes it significantly more challenging as they are
inversely related to velocity. Only a few controlled labora-
tory studies, that are within an order of magnitude of the
full-scale Reynolds numbers, have been performed. The
National Renewable Energy Laboratory (NREL) Unsteady
Aerodynamics Experiment (UAE) conducted experiments
at Rep, up to 1.8 x 107, but these experiments did not take
wake measurements (Butterfield et al. 1992; Robinson
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Fig.1 Re;, and downstream range comparison of the current
study, O, to previous wind turbine wake experiments conducted
within wind tunnel facilities: — (Chamorro et al. (2012)), O (Snel
et al. (2007)), * (Neunaber et al. (2021)), X (Chamorro and Porté-Agel
(2009)),1 (Iungo et al. (2013)), <t (Zhang et al. (2013)), /\ Medici
and Alfredsson (2006), > Maeda et al. (2011), \/ Zhao et al. (2021)

et al. 1999; Simms et al. 2001). The Model Experiments
in Controlled Conditions (MEXICO) project reached Re,
of nearly 9 x 10%, but wake measurements only a little over
a diameter downstream were acquired (Snel et al. 2007). A
comparison of the maximum Rej, and downstream range
of the presented study and a representative collection of
past wind tunnel experiments, in which wind turbine wake
data were acquired, can be found in Fig. 1. Immediately, it

Fig.2 Turbine measurement
stack in HRTF and coordinate
system of wake measurements.
The large red arrow indicates
the direction of flow. The diam-
eter of the turbine’s nacelle, Dy,
is 0.0146m

is clear that there is a lack of wake experiments conducted
at high Reynolds numbers and over a sufficient range of
downstream positions. The presented study fills this gap
by introducing an experiment in which data at high Re, are
collected over a significantly larger range of downstream
distances than any previous study. This enables investiga-
tions of high Reynolds number wake evolution.

It is often assumed that there exists a critical Reyn-
olds number above which the non-dimensional statistics
of the flow are independent of Reynolds number. How-
ever, there is little agreement over how high the Reyn-
olds number needs to be for the aerodynamics of a wind
turbine to reach such an invariant state, and if it extends
to higher-order moments. To further complicate mat-
ters, Reynolds number effects play different roles when
considering rotor performance, in the form of the thrust
coefficient (C; = T(O.SpAUi)_l) and the power coeffi-
cient (Cp = Pt(O.SpAUgo)_l), or the wake itself. Here, P,
is the power produced by the turbine, A is the area swept
by the turbine, p is the fluid density, and T is the thrust
force. When considering the axial induction factor and
in turn C, Sgrensen et al. (1998) argued in a numerical
study of an actuator disk that the Rej, limit could be as
low as 2000. When considering Cp, Miller et al. (2019)
determined that a far greater Reynolds number was needed
for invariance. For the studied turbine, the rotor’s Cp did
eventually achieve Reynolds number invariance that was
best characterized by a blade-level Reynolds number of
Re,. = 3.5 x 10°%, where the only effect of tip speed was
to set the local tip velocity. This corresponded to large
Rep, values, for example, at 4 = 7 the requisite diameter

JR3 Inc. load cell

Yaw stage

TM-305 torque
transducer

AHB-3 magnetic
hysteresis brake
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Reynolds number for invariance was Re;, ~ 8 X 105. When
considering the turbine’s wake, Chamorro et al. (2012)
showed evidence of a collapse of turbulence statistics at
ReD=9.3><104. Meanwhile, McTavish et al. (2012) showed
that the wake expansion and tip vortex location were still
evolving beyond that Reynolds number. Tip vortices are
signatures of the rotor and will be found in the near wake,
a region expected to be affected by Reynolds number
(Wang et al. 2021). In addition, the transition to self-
similarity requires studying the evolution of higher-order
statistical moments, as well as potential Reynolds num-
ber effects. Previous research of other axisymmetric wake
generators has shown that self-similar behavior for higher-
order moments requires a greater downstream distance and
higher Reynolds numbers (Johansson and George 2006;
Jiménez et al. 2010). To summarize, multiple thorough
attempts have been made to understand the effect of Reyn-
olds number on wind turbine wakes. However, the limited
number of high Reynolds number experiments makes it
difficult to validate any invariance or trends determined
from measurements obtained at lower Reynolds numbers.

The present study was designed to address some of the
open questions on the scaling of the near and intermediate
wake at some of the highest Reynolds numbers ever tested
in a laboratory environment for a wind turbine wake. Ini-
tial results for this setup were first presented in Piqué et al.
(2020), but they were limited to a discussion on Reynolds
number invariance and a brief discussion on the possibil-
ity of wake meandering being present in the turbine’s wake
as represented by a Strouhal number, St = 0.3. The study
presented here will expand on the initial investigation with
comments on self-similarity and the identification of peri-
odic structures. A more detailed investigation of the wake
structures will be the topic of a future study. The wakes
of a model-scale wind turbine were acquired using nano-
scale hot-wire anemometry at 2.7 X 10° < Rej, < 7.2 x 106,
Across all wake measurements, the tip speed ratio was
kept constant, A = 5.54 + 0.11. This tip speed ratio cor-
responds with a point near the turbine’s maximum power
production, Cp ., (Miller et al. 2019). Measurements were
acquired in the wake at —0.81< z/D <0.81 on a horizon-
tal plane at downstream distances of 0.77 < x/D < 5.52.
The downstream extent of the measurements was limited
due to the expected interaction between the tunnel walls
and the expanding wake. The authors have chosen to focus
in particular on the near to intermediate wake due to the
importance of this region to wind farm layout. Conclusions
on wake evolution are made through a discussion on the
presence of self similar behavior in the mean axial velocity
deficit and variance profiles. Phase averaged results are used
to validate the presence of dominant structures.
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2 Experimental setup
2.1 Flow facility and wind turbine model

The data presented herein were acquired in the High Reyn-
olds number Test Facility (HRTF) at Princeton University.
The HRTF is a closed-loop wind tunnel that uses dry com-
pressed air, up to 238 atm, as the working fluid. The high
pressure enables tests at high Reynolds numbers without
the need of large models and high velocities. A 149 kW
motor is used to propel the compressed air up to 10 m/s,
although the freestream velocities in this study were always
below 5 m/s (detailed test conditions for a series of experi-
ments conducted at x/D = 0.77 can be found in Table 1).
Before reaching the test section, the flow is conditioned,
which yields a uniform velocity field with axial turbulence
intensities ranging from 0.51% to 0.73% for the lowest and
highest Rej, tested in this study, respectively. These inflow
conditions are not representative of what a wind turbine in
the field would be exposed to, which would include shear,
veer, stability and other complicating factors. However, by
studying idealized and well-controlled inflow conditions, it
is possible to decouple inflow effects from true Reynolds
number effects on the aerodynamics and wake dynamics.
Furthermore, the canonical inflow conditions make the data
presented herein valuable as a reference data set.

The 4.88 m long test section has a circular 0.49 m diam-
eter cross section with a 0.25 m diameter access port, located
on top of the test section. The access port was used to mount
the turbine assembly and house its measurement stack such
that it was kept outside the test section but inside the high-
pressure environment. Electrical connections for the trav-
erse and hot-wire anemometry system were fed through a
0.1 m diameter access port located on the bottom of the test
section. For more information about the HRTF please see
Jiménez (2007); Miller et al. (2019).

The model turbine used in this study features NACA
6 series airfoils and is 0.2 m in diameter. For the range
of 0.074 < z/D < 0.5, the airfoil geometry consisted of a
NACAG63-235 at the root and a NACA63-214 at the tip. The
airfoil geometry between the tip and the root consisted of
a swept blend between the root and tip airfoil geometries.
The pitch is fixed at 5°and is defined positive in the direc-
tion of the oncoming flow from the rotor plane. The twist
angle at the root is 13°. The chord length at the blade tip is
11.11mm, and the chord length at the root is 28.89mm. The
rotor is identical to that used by Miller et al. (2019). CAD
files of the tested rotor and tower assembly can be found in
the public repository listed at the end of this manuscript. The
transmission assembly was completely housed within a cus-
tom turbine tower. The rotor was mounted to a drive shaft,
and the mechanical energy was transmitted through a 1:1
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Fig.3 Self-similar behavior of mean axial velocity deficit (a) and var-
iance (b) profiles with changing static pressure, P, and freestream
velocity, U, at Rep, = 3.6 X 10% and x/D = 0.77. For this study of
static pressure and freestream velocity invariance, 39 spanwise meas-

Table1 HRTF flow conditions for presented wake experiments at
x/D = 0.77. P, is equivalent to the tunnel static pressure. The meas-
ured Cr and Cp values have been corrected for blockage (Cr,. and
Cp . respectively) following Bahaj et al. (2007). As can be seen in the
table, the C; values differ by more than 10%, but this can be expected

—A— P, =16 MPa,Uy =211 m/s
—»— Py, =17.1 MPa,Uy, = 2.03 m/s
—6— P, =18.8 MPa,Ux =192 m/s

0.8 06 -04 -02 0 02 04 06 038
z/D

urements were taken. The pressure range of the profiles displayed
covers the approximate range over which all experiments were con-
ducted

to be due to the experimental uncertainty mentioned in (Miller et al.
2019) due to the use of a load cell with a resolution of +2.5N. Uncer-
tainty in the C; measurements ranged from 6.09% for the highest Re,
case to 41.8% for the lowest Re, case

Re, P, (MPa) U, (m/s) A Cr Cr, Cp Cp.

2.7 % 10° 18.7 1.42 5.61 0.896 0.788 0.422 0.349
3.6 % 10° 18.6 1.91 5.56 0.823 0.735 0.431 0.364
4.5%10° 18.6 242 5.49 0.823 0.735 0.427 0.361
7.2 % 10° 16.7 423 5.58 0.789 0.708 0393 0.334

miter gear assembly. In addition, the turbine was not driven
by an external motor, but was self-starting. The self-starting
nature of the turbine limited the lower bound of the Reyn-
olds number operating range. In addition, at lower Reynolds
numbers, the rotational speed of the turbine was reduced to
ensure tip speed ratio matching. At low shaft torques, the
losses present in the drive train are too great to accurately
measure the aerodynamic rotor torque. Also, experiments at
higher Reynolds numbers ran the risk of miter gear failure,
limiting the upper bound of the Reynolds number operat-
ing range. Another drive shaft transmitted the mechanical
energy down the length of the tower and to the measure-
ment stack. The drive shaft interfaced with an in-line torque
transducer (Magtrol Inc. model TM-305) that measured the
instantaneous torque generated by the turbine and its rota-
tional speed. The torque transducer interfaced in-line with
a magnetic hysteresis brake (Magtrol Inc. model AHB-3)
that was used to control the rotational speed and hence 4.
Despite a constant brake load imposed by the hysteresis
brake, small changes in fluid properties over the course of a
wake measurement caused changes in the turbine’s rotational

speed; however, changes in 4 never exceeded 1.39%. All
in-line connections were facilitated by Zero-Max flex cou-
plings. The turbine tower was secured to a 1000 N load
cell (JR3 Inc.) that collected the force measurements in all
three dimensions and moment measurements along all three
axes. Torque data from the torque transducer were processed
through an on-board 40 Hz low-pass filter and data from the
force sensor were collected at 1000 Hz. Data from these two
transducers, along with freestream velocity and density, are
used to calculate Cp and C; of the turbine. Freestream veloc-
ity was measured by a pitot-static tube that was mounted
0.74 m upstream of the turbine, and fluid density was found
with real gas relationships using measurements of the static
pressure and temperature inside the HRTF. The pressure
and temperature measurements were made using an Omega
PX419 sensor and a resistance temperature detector (Omega
Technologies Corporation), respectively. Due to the very
high Reynolds numbers of the experiments, the boundary
layers present on the tunnel walls are expected to be very
thin. Therefore, any streamwise pressure gradient effects due
to them will also be very small. The performance metrics of
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the turbine were not a focus of this study, as previous studies
have extensively investigated the performance of this rotor
and the role of Reynolds number (Miller et al. 2019). The
coordinate system used throughout this study is shown in
Fig. 2, where x denotes the axial direction, z is the spanwise
direction and the origin is at the center of the rotor. The tur-
bine rotates clockwise when viewed from the front.

To validate the setup and estimate experimental errors,
the same test cases (non-dimensionally) can be achieved
using different combinations of static pressure and
freestream velocity. Dynamic similarity of the flow implies
that the results should be identical, when non-dimensional-
ized appropriately. One such test is shown in Fig. 3, where
three tests collapse almost perfectly when reduced by the
free stream velocity outside of the wake at the downstream
location, U,

2.2 Instrumentation

Hot-wire anemometry was used to acquire velocity data in
the wake of the turbine and has been used by many previ-
ous studies to study the wake and its structures (Medici
and Alfredsson 2006; Chamorro and Porté-Agel 2009;
Chamorro et al. 2012; Tungo et al. 2013; Zhang et al. 2013;
Piqué et al. 2020; Wang et al. 2021). However, achieving
high Reynolds numbers in small-scale experiments yields
reduced turbulent length scales, which can result in spa-
tial filtering using conventional sensors. To reduce spatial
and temporal filtering, the nano-scale thermal anemometry
probe (NSTAP) was used for all velocity measurements in
the wake. The NSTAP is fabricated in-house using stand-
ard micro-electromechanical system (MEMS) techniques.
It features a freestanding 60 pm X 2 um X 100 nm plati-
num sensing element supported by a silicon structure (Val-
likivi et al. 2011; Fan et al. 2015). Measurements of the
spectra were used to estimate the Kolmogorov length scale
and found to be 10.5 pum, at the highest Reynolds number
tested. With the longest dimension of the NSTAP being 60
um, only minimal spatial filtering is expected. The reduced
size of the sensing element not only reduces spatial filter-
ing, but the small thermal mass increases the bandwidth
as well (Hutchins et al. 2015). The NSTAP was operated
in constant temperature mode using a Dantec Streamline
CTA circuit. The measured NSTAP square wave response
was approximately 200 kHz in this configuration. The
NSTAP was calibrated in situ against a pitot tube which
was located 199 mm from the turbine centerline, on the
side opposite of the turbine tower, well outside of the wake.
Calibrations of the NSTAP were performed before and
after acquisition of each wake profile, at nine free-stream
velocities with the NSTAP located outside of the wake and
a fourth-order polynomial curve-fit was applied. Since tem-
perature changes were always less than 1.28°C between
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calibrations, temperature corrections were not applied to
the velocity measurements. In addition, conducting calibra-
tions before and after data collection indicated negligible
differences between pre- and post-calibrations. The error
in the velocity measurements, based on the maximum dif-
ference between the pre- and post-calibration datasets, was
less than 0.44%.

A four-axis traverse was used for controlling the NSTAP’s
position in the turbine wake. Spanwise velocity profiles were
acquired on a plane perpendicular to the turbine tower and
parallel to the rotor’s center-axis. Five different downstream
locations were sampled at x/D = 0.77,1.52,2.02,3.52 and
5.52. As mentioned before, these downstream positions were
expected to adequately encompass the near and intermedi-
ate wakes of the tested turbine. 81 spanwise measurement
points were sampled at the closest downstream position, and
39 points were sampled at all other downstream positions.
Additional spanwise points were collected at x/D = 0.77, so
that phase averaging could be used to identify vortical struc-
tures, whose formation is dependent on the unique geometry
of the tested turbine. At each spanwise point, velocity meas-
urements were acquired for at least 200 turbine rotations
(600 tip vortex passages) to ensure converged statistics up
to the second moment. Comparisons to previous wake meas-
urements will not be made because of the unique turbine
geometry used in this study and the previously discussed
effects of rotor geometry on the near wake (Kang et al. 2014;
Howard et al. 2015; Abraham et al. 2019).

3 Results and discussion
3.1 Self-similarity of the mean axial velocity

Classical turbulent wake theory suggests that the charac-
teristic velocity and length scales are the maximum defi-
cit velocity (1, = U, — U(z = 0)), and the wake half-width
(ly), respectively (Townsend 1956). The half-width is the
spanwise distance from the centerline at which the velocity
deficit is equal to 2. Here, to account for blockage in the
experimental setup (16.7%), U, is taken as the mean velocity
outside of the wake at the evaluated downstream location.
In addition, the authors refer the reader to Figs. 5 and 6
for axial velocity deficit and variance profiles, respectively,
that are nondimensionalized using U, and D, more common
scaling methods in the wind community. However, since
the focus of this study is on self-similarity, the analysis
and discussion will focus on the profiles nondimensional-
ized by conventional scaling methods, such as u, and ;.
Figure 4 shows the downstream evolution of the average
deficit velocity profiles, non-dimensionalized with the wake
length and velocity scales for Re;,=2.7 x 10%and 7.2 x 10°.
There is a convincing collapse of the profiles for x/D > 1.52
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Fig.4 Mean velocity deficit profiles at Re;, = 2.7 x 10° (a) and at
Rep, = 7.2 % 105 (b)

for both Reynolds numbers. For the closest test location at
x/D = 0.77, the profile does not collapse with those at the
other downstream locations, indicating that the mean veloc-
ity has not yet reached self-similarity. As such, memory of
the rotor therefore persists to at least x/D = 0.77.

0.9 (a) v’ 0.9 (b) 0.9 (C)

0.8 0.8
0.7

0.6

(U —U)/U.

The collapse of the mean velocity profiles for x/D > 1.52
is a potential indicator of a transition out of the near wake.
However, higher-order moments are known to evolve more
slowly than the mean and may still be subject to initial con-
ditions determined by the rotor geometry. A study of the
variance will shed more light as to when the main turbine-
dependent flow structures of the near wake, such as the tip
vortex, have decayed. Only once these flow signatures have
decayed can the wake be considered to have transitioned out
of the near wake. Previous turbine wake studies have made
similar conclusions regarding a rapid transition to a self-
similar mean velocity profile, with typical distances between
3-5 diameters (Chamorro and Porté-Agel 2009; Bastankhah
and Porté-Agel 2014).

In addition to studying the near-to-intermediate wake
transition, Reynolds number effects on wake recovery were
also investigated. Velocity deficit profiles nondimensional-
ized by U, and D are shown in Fig. 5 across the Rej, tested. A
convincing collapse across the Rej, range for all downstream
positions is found, except for x/D = 5.52. At x/D = 5.52,
no discernible trend can be found to explain the lesser
degree of collapse for this position when compared to the
x/D < 5.52. However, the lack of collapse may be due to a
relative increase in error as a result of the decreasing deficit
velocity with increasing downstream distance.

3.2 Downstream evolution of the velocity variance
profiles

To evaluate the wake evolution, the existence of rotor-
dependent flow structures, and the transition from the near
wake, the behavior of the second-order moment of the axial
velocity is investigated. A better understanding of the tur-
bulent fluctuations in the wake is also of great interest when
considering turbine placement in a wind farm, where the
wake of one turbine acts as the inflow to a downstream

0.9 (d) 0.9 (e)

0.8 0.8

0.7 0.7

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5
z/D z/D

Fig.5 Mean velocity deficit profiles nondimensionalized by U,
and D to illustrate wake recovery across all downstream positions,
x/D = 0.77(a), 1.52(b), 2.02(c), 3.52(d), 5.52(e) across all Reyn-

0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
z/D z/D z/D

olds numbers tested (/\, Rep =2.7x 10°, X, Rep, = 3.6 x 10°, o,
Rep = 4.5% 105, 4, Rep, = 7.2  105)
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Fig. 6 Axial variance profiles nondimensionalized by U, and D across all downstream positions, x/D = 0.77(a), 1.52(b), 2.02(c), 3.52(d), 5.52(e)
across all Reynolds numbers tested (/\, Re;, = 2.7 X 10°, X, Rep, = 3.6 X 10°, 0, Rej, = 4.5 x 10°, 4, Re;, = 7.2 x 10

turbine. Figure 7 shows the downstream evolution of the
non-dimensionalized variance of the axial velocity. By scal-
ing in this manner, it is difficult to visualize the axial vari-
ance profiles for x/D < 2.02. For this reason, the variance
profiles for x/D < 2.02 are also depicted in Fig. 8.

For x/D < 2.02, the variance profiles are characterized by
two narrow “outer” peaks near the edge of the wake, which
are likely signatures of the tip vortices, and two smaller
“inner” peaks located near the center that could be signa-
tures of the root vortices. Similar axial variance features
have been found in previous experimental works at much
lower Reynolds numbers and have been used to identify
the tip and root vortices (Maeda et al. 2011; Odemark and
Fransson 2013). The outer peak location is in the region of
1 < |z/ly| < 1.5, and the inner peak location is in the region
of 0.25 < |z/[,| < 0.75. However, local areas of high vari-
ance are not necessarily evidence of discrete vortices, but
could also indicate regions of intense mixing, such as in a
shear layer.

With increasing downstream distance, the nondimen-
sionalized outer peaks grow in both width and magnitude,
as shown in Fig. 7. The widening of these peaks is consist-
ent with tip vortex breakdown as the once coherent struc-
tures are being diffused due to interactions with other vor-
tical structures and momentum transfer between inner and
outer wake flow. In the region between 2.02 < x/D < 3.52,
the wake transitions from a four-peak behavior in the vari-
ance profile to a two-peak behavior. Previous research has
suggested that the tip vortices and the root vortex inter-
act in a destructive manner so that their periodic behav-
ior is destroyed and replaced by a single annular shear
layer (Foti et al. 2016). The two-peak profile observed at
x/D > 3.52 suggests that the wake is defined by an annular
shear layer, similar to a wake generated by a non-rotating
body. Another conclusion that can be made is that self-
similarity in the variance profiles is not obtained for any
of the downstream positions tested.
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Earlier, it was hypothesized that the near wake transi-
tioned to the intermediate wake somewhere in the region
0.77 < x/D < 1.52, due to the collapse of the mean pro-
files for x/D > 1.52. However, the variance profiles sug-
gest that the near wake extends to somewhere between
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Fig.8 Axial variance profiles for the near wake (x/D < 2.02) for Rep, = 2.7 x 10° (a) and 7.2 x 10° (b)

2.02 < x/D < 3.52, as the strong presence of the inner and
outer peaks is present for locations upstream of x/D = 3.52.
This transition region from the near to the intermediate wake
is also affected by the low turbulence intensity inflow condi-
tions of the HRTF. The observed behavior with self-simi-
larity in the mean velocity deficit, but not in the variance
profiles at the same downstream position, has been seen in
other axisymmetric wake flows (Jiménez et al. 2010; Dairay
et al. 2015). The collapse of the inner and outer peaks pro-
files and the transition to an annular shear layer in the flow
region of 2.02 < x/D < 3.52 is evident from the variance
profiles shown in Fig. 7, suggesting that a transition to the
intermediate wake occurs in that region. From this discus-
sion, by the wind energy community assumption, the far
wake would be defined as starting somewhere in the region
of 2.02 < x/D < 3.52, because in this region, the vortical
structures unique to the rotor, specifically the tip vortex,
have broken up.

As can be seen in the near wake depicted in Fig. 8, the
outer peaks do not collapse, whereas the inner peaks seem
to collapse fairly well in the region —0.5 < z/[;, < 0.5, espe-
cially at the lower Reynolds number. For the high Reynolds
number, Fig. 8b, there is some evidence of collapse near the
core, but the spanwise extent is less than at the lower Reyn-
olds number, 8a. The observed local collapse in the wake
core is somewhat surprising due to expected strong interac-
tions between the vorticity shed across the blade’s span. The
collapse at the core of the wake suggests that it might not be
dominated by discrete vortical structures solely generated
at the turbine’s root, but that the root may be producing an
annular shear flow, which could be the signature of hub and
root vortices that had been broken up further upstream. In
addition, a strong level of asymmetry can be observed for the
inner peaks. At this time, the authors do not have an explana-
tion for the observed phenomenon. A slight misalignment

of the turbine could explain the asymmetry in the variance,
as has been observed in, for example, Lin and Porté-Agel
(2019), but no evidence of misalignment of the turbine can
be found in the symmetric deficit profiles. It is also possible
that the presence of the tower, which breaks the axisymme-
try of the setup, can contribute to the observed asymmetry.

4 Validation of dominant vortical wake
structures

In Sect. 3.2, it is indicated that the near wake is populated by
discrete tip vortices in the tip area, given the large variance
peaks at the wake edge. It is further indicated that the wake
core does not contain discrete root vortices, but instead is
characterized by a shear layer. To verify these observations,
phase averaging was conducted under the assumption that
the phase period was equal to the turbine rotation period,
T,,,. which provides insight as to the extent that the wake
flow is affected by a periodic motion with a frequency equal
to the turbine’s rotation rate.

The experimental setup did not include an absolute
position encoder for the turbine, meaning the location of a
certain turbine blade was unknown during the experiment.
However, it was expected that the vorticity shed from an
individual turbine blade would interact with the tower as it
passes, leading to a periodic signal in the streamwise force
(Fontaine et al. 2020). Spectra of the streamwise force signal
confirmed this expectation because the signal had a domi-
nant periodic signal equal to 3 f, ,. The time signal of the
first blade passing in the force signal was used to initiate the
velocity data set that would be phase averaged. Following
the bin phase averaging method discussed in Sonnenberger
et al. (2000) and using 4000 bins per period, the remaining
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velocity data set was divided up into periods based on the
average turbine rotation rate for that spanwise location.

Phase averaged results of the axial velocity data at
x/D = 0.77 for Rep=2.7x10° and 7.2x10° are shown in
Fig. 9. If discrete root vortices were present, there should
be at least three regions of high and low velocity in the
wake core. From Fig. 9, there is no sign of an alternating
velocity signal in that region of the wake, thus supporting
the conclusion that the wake core is populated by a shear
layer, and that any memory of discrete root vortices is gone
already at x/D = 0.77. The coherent core of low velocity,
(|lz/D| < 0.2), also suggests that there is a small amount of
wake recovery between the core and the external flow in the
near wake. Accuracy of any observed length scales associ-
ated with the tip vortices is limited due to the spanwise reso-
lution of the sample sites (0.0231D), which is comparable to
the tip vortex size. To probe the core region in the near wake,
the spanwise gradients of the mean velocity deficit profiles
at x/D = 0.77 are shown in Fig. 10a.

At—0.6 < z/D < —0.45, alarge and sudden change in the
magnitude of the spanwise gradient is observed in Fig. 10a.
This sudden change in spanwise gradient is an indicator of
the tip vortex. However, near the center, at z/D = —0.2,
there is another local maximum in the spanwise gradient,
albeit smaller than that at the wake edge. This is consistent
with the core acting like a wake within the wake and that the
root vortices must have already broken up. This flow feature
can be pictured as the wake produced by the turbine’s hub
and root and is likely a unique flow feature for the stud-
ied turbine. The coexistence of two wakes suggests that the
wakes produced by the turbine and the hub are characterized
by different scales. The turbine wake dominates the span and
is characterized by the turbine’s diameter. The “hub wake” is
characterized by a smaller length scale, which also explains
the more rapid transition to self-similarity observed in the

—A— Rep = 2.7 x 10°
—>— Rep = 3.6 x 10°
—6— Rep = 4.5 x 10°
—%— Rep = 7.2 x 10°

_dU L
dz ug
—

@
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—— Rep = 3.6 x 10°
—6— Rep = 4.5 x 10°
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5 0.6]
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Fig. 10 Spanwise gradients of the axial velocity, 'fi—lz/ at x/D = 0.77 (a)
and x/D = 3.52 (b) across half of the wake span (z/D < 0) across all
Reynolds numbers tested

core region of the axial variance profiles. A potential differ-
ent characteristic length scale of the “hub wake” will be the
subject of a future study.

Fig. 9 Phase averaging of axial velocity data at x/D = 0.77 and Re,=2.7x10° (a) and 7.2x10° (b). The phase averaged period was equal to that

of the rotation period of the turbine, i.e., ¢=2r is equivalent to 7,,,
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To reinforce this hypothesis, the spanwise gradients at
x/D = 3.52, a position in the intermediate wake, are shown
in Fig. 10b as a comparison. At x/D = 3.52, no features of
the rotor are present, as discussed in Sect. 3.2. The spanwise
gradients at this position are more similar to what one would
expect for a classical axisymmetric wake, and considering
the lack of a local maxima closer to the wake core or edge of
Fig. 10b unlike that of Fig. 10a, it is clear that unique near
wake features are present in the wake at x/D = 0.77. There
is no evidence of a Re;, dependence in the spanwise gradi-
ents, which supports the findings from Piqué et al. (2020)
that found a lack of a Reynolds number dependence for the
axial velocity variances across the same range of Rej,.

5 Conclusions

The data presented herein represent one of the highest
Reynolds number studies of a wind turbine wake acquired
to date and serve as a valuable reference dataset for numeri-
cal or analytical efforts at modeling wind turbine wakes.
The wake of a horizontal-axis wind turbine was investigated
using a high-pressure wind tunnel that enables tests at very
high Reynolds numbers. Measurements of the axial veloc-
ity were acquired with a nano-scale thermal anemometry
probe (NSTAP), to ensure well-resolved data. The data were
analyzed to characterize the near and intermediate wake and
to identify the transition between the two. Phase averaged
results were used to investigate the presence of vortical
structures first identified in the variance profiles.

The near wake was determined to persist for about
two rotor diameters downstream, where it transitions
to the intermediate wake somewhere in the region
2.02 < x/D < 3.52. The mean velocity deficit profiles
exhibited self-similar behavior for all locations tested,
except for the most upstream position (x/D = 0.77).
The far wake, as defined in the classical turbulent shear
flow sense, was not observed for any of the downstream
distances tested because of the failure of the statistical
moments above the first order to obtain self-similarity.
Reynolds number effects were determined to be small in
all the mean and variance profiles and the mean velocity
spanwise gradients. In the wake core of the near wake
(x/D <£2.02), minor Reynolds number effects were
observed in the variance profiles of the axial velocity, with
a stronger degree of collapse for the lower Re, case. At
the farthest wake position, x/D = 5.52, the deficit profiles
had a lesser degree of collapse with Reynolds number than
the farther upstream positions when nondimensionalized
by U, and D. This observation is likely due to a relative
increase in experimental uncertainty due to a decreasing
deficit velocity with increasing downstream distance and

a difficulty in measuring U, at the farthest downstream
position.

The presence of a self-similar region of the variance
profiles in the wake core indicates that discrete root vorti-
ces are not present in the wake of the tested turbine model,
even at the most upstream location tested. Phase averaged
results over the period of the turbine’s rotation verified
the presence of a shear layer in the wake core rather than
discrete root vortices. The self-similar region at the core
indicates that the wake core is evolving faster and effec-
tively acts as a wake within the wake which reaches a
far-wake state sooner than the outer part. The spanwise
gradient of the axial velocity across the wake is found
to be independent of Reynolds number, which supports
previous findings of Reynolds number invariance for the
axial variance in the wake of the same model turbine and
across the same Rej, range.
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