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ABSTRACT

Dominant flow features in the near and intermediate wake of a horizontal-axis wind turbine are studied at near field-scale Reynolds numbers.
Measurements of the axial velocity component were performed using a nano-scale hot-wire anemometer and analyzed using spectral meth-
ods to reveal the extent and evolution of the flow features. Experiments were conducted at a range of Reynolds numbers, of
2:7� 106 � ReD � 7:2� 106, based on the rotor diameter and freestream velocity. Five different downstream locations were surveyed,
between 0:77 � x=D � 5:52, including the near wake, transition to the intermediate wake, and the intermediate wake. Three dominant wake
features are identified and studied: the tip vortices, an annular shear layer in the wake core, and wake meandering. The tip vortices are shown
to have a broadband influence in the flow in their vicinity, which locally alters the turbulence in that area. It is shown that shedding in the
wake core and wake meandering are two distinct and independent low frequency features, and the wake meandering persists into the inter-
mediate wake, whereas the signatures of the core shedding vanish early in the near wake.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0086746

I. INTRODUCTION

Wind energy is emerging as one of the most successful renewable
energy sources when pitted against fossil fuels. The global wind energy
sector is aggressively expanding; the estimated compound annual
growth rate for offshore wind energy is 31.5% for the period of
2020–2025.1 Despite this impressive growth, there are still many unan-
swered questions regarding the flow physics of individual turbines and
their integration and collective behavior into wind farms. The wakes
of wind turbines are incredibly complex, and their effects on other tur-
bines and the farm as a whole are still not completely understood.2

Many numerical simulations,3–7 field campaigns,8–11 and laboratory
experiments12–15 have been performed to study these flows. However,
the flow conditions, in combination with the large length scale charac-
teristic of wind turbines and wind farms, significantly complicate these
efforts.16 Understanding the physics of the flow in the wake of a wind
turbine, at the real-world flow conditions, is of utmost importance for
our ability to predict, plan, and enhance the overall performance of
wind farms.

Environmental conditions are expected to have an effect on wake
development such as atmospheric stability, represented through the
Richardson number and Obukohv length,17 large atmospheric bound-
ary layer (ABL) lengthscales,18 nonuniform flow due to the ABL,19

and turbulence intensity.20 The results presented here should be con-
sidered idealized with canonical conditions, neglecting many of the
added complications of the ABL. Considering a canonical axisymmet-
ric wake generated by a rotor, the flow physics in the wake is primarily
governed by two non-dimensional numbers; the Reynolds number,
ReD ¼ U1D��1, and the tip speed ratio, k ¼ xRU�11 , where U1 is
the freestream velocity, D and R are the rotor’s diameter and radius,
respectively, x its angular velocity, and � is the kinematic viscosity.21

Their importance in experimental scaling can be seen first in the rotor
aerodynamics, which in turn have an effect on rotor performance met-
rics, such as the thrust coefficient, CT ¼ T=ð1=2qAU2

1Þ, and the
power coefficient, CP ¼ P=ð1=2qAU3

1Þ,
22 although it is also worth

noting that CT has an effect on the wake, namely, in the form of the
wake evolution12 and shape.23 T is the thrust force on the turbine, A is
the area swept by the turbine, A ¼ 1=4pD2, q is the fluid density, and
P is the turbine’s power. In order to recreate the flow behind a wind
turbine in a wind tunnel using scaled-down models, dynamic similar-
ity must be achieved. This implies that the non-dimensional numbers,
as well as the non-dimensional boundary conditions, need to be
matched between field and model scales, although Reynolds number
invariance of the statistics has been observed to be obtained at
Reynolds numbers as low as 100 000.24 Modern wind turbines have
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been growing rapidly in size, and as a result, so have the Reynolds
numbers they operate at. Modern offshore machines operate at
Reynolds number on the order of ReD ¼ oð108Þ and tip speed ratios,
6 < k < 8. Simultaneous ReD and k matching using scaled-down
models has not been achieved in laboratory experiments because of
the velocities and rotational speeds required to achieve dynamic simi-
larity when the models are scaled down. This is due to the inverse rela-
tionship of x and U1 in k with some authors noting that
simultaneous Reynolds number and tip speed ratio matching is impos-
sible in conventional wind tunnels.21,25,26 With respect to numerical
simulations, computational costs are strongly dependent on the
Reynolds number, making resolved simulations out of reach for these
flows. As a consequence, models are required both to capture the flow
physics in the wake and the details of the wind turbines them-
selves.27–29 Due to a lack of well-resolved reference data, the accuracy
of the models and validity of the assumptions are difficult to evaluate.

The blade level aerodynamics serve as the input to the near wake,
a region that is expected to extend two to five diameters downstream
of the rotor,30 which in turn serves as the input to the intermediate
and far wakes. As such, understanding the turbine and its wake in
detail at all levels is crucial. The blade level aerodynamics of most air-
foils can be expected to exhibit Reynolds number effects due to the
sensitivity of the transition location and boundary layer condition on
the surface.31 The Reynolds number sensitivity of airfoils has received
extensive study with commonly observed effects being an increase in
the maximum lift coefficient, CL, with increasing Reynolds num-
ber.32–36 Other findings showed that an increase in the Reynolds num-
ber led to a change in the slope of the CL curve for small angles of
attack, indicating a departure from the thin airfoil theory.32

Furthermore, it is well known that the Reynolds number dictates lami-
nar to turbulent transition.37,38 These effects manifest in changes to
the boundary layer growth, mean velocity profile, turbulent content,
and separation characteristics.36,39–42 To summarize, the Reynolds
number impacts airfoil performance, which in turn affects the flow in
the wake. Across the span of the turbine blades, the wakes of individ-
ual airfoil sections will be ReD dependent and will, therefore, lead to a
bulk ReD effect on the near wake of a wind turbine, as has been previ-
ously discussed.31 Even if the Reynolds number effects on individual
airfoil sections are fully understood, additional Reynolds number
effects may be unknown due to the additional complexities associated
with 3D airfoil behavior. Furthermore, wake flow is known to exhibit
Reynolds number dependencies, even at relatively large Reynolds
numbers, even with a wake generator that is not expected to exhibit
any such trends.43

Wakes of wind turbines are characterized not only by high
Reynolds number turbulence but also by the helical vortex structures
that are formed by the tip vortices.44,45 Tip vortices are shed from each
blade and organize themselves in a counter-rotating helical formation,
as a consequence of the blade angular velocity and conservation of
momentum. The helical tip vortices have been the subject of many
studies, but their behavior at high Reynolds numbers and effect on the
wake evolution are still poorly understood.46 In a study (Ref. 47), the
tip vortices were shown to introduce a shielding effect that reduces
wake growth in the near wake, signaling that additional information
on the tip vortex breakdown would be useful for understanding the
transition from the near wake. Tip vortex breakdown is thought to be
caused by the interaction of the tip vortices in a pairing formation,

which can be triggered by fluctuations in the inflow.48 Although a
shear flow, such as that seen in the atmospheric boundary layer, leads
to an asymmetric breakdown in the tip vortices, there is no change in
the wake’s growth rate when compared to an asymmetric wake.49

At some downstream distance, the tip vortices breakup and
evolve into a single annular shear layer. At this point, the flow transi-
tions to the intermediate wake. The intermediate wake has lost most of
the details of the rotor, but the statistics have not yet become self-
similar, which is the characteristic feature of the far wake.50 Self-
similar behavior is achieved when the statistical moments collapse
when nondimensionalized by the proper length and velocity scales.
Therefore, tip vortices and their eventual collapse are important for
understanding wake behavior, wake recovery, and the transition from
the near to the intermediate wake. However, questions remain regard-
ing the relationship among tip vortex evolution, wake recovery, and
Reynolds number.

Another important wake-flow feature is the hub vortex, which is
formed through the interactions of the wake generated by the nacelle
and the vortices from the blade roots. It has been observed that the
hub vortex does not persist as far downstream as the tip vortices, and
it is commonly thought of as the weaker structure of the two.30

Despite its weaker nature and shorter lifetime, the root and hub vorti-
ces still play an important role in the wake dynamics. It was shown
that the interaction between the tip and hub vortices plays a role in the
elusive wake meandering effect51 and in the reenergization of the
wake.52,53 The wake meandering effect is still a widely debated phe-
nomenon in the wind energy community that has been observed in
both field and wind tunnel experiments.13,52,54 In general, wake
meandering is characterized as a low frequency periodic behavior that
has been observed in velocity spectra. Proposed explanations for the
observed wake meandering effect include atmospheric boundary layer
structure convection of the wake and bluff body vortex shedding
behavior.18 The wake meandering signal was first investigated in a
wind tunnel experiment (Ref. 13) and can be characterized by the
Strouhal number, St ¼ fDU�11 , where f is the frequency of the shed-
ding. However, there has been a wide range of reported Strouhal num-
bers in the literature, ranging from 0.12 (Ref. 13) to 0.28 (Ref. 52).

The study presented herein is based on the same experimental
data as were used by the authors in Ref. 50. That study focused on
dynamic similarity and scaling of the mean and variance, whereas the
present study focuses on the flow structures and spectral analysis of
the wake flow.

Nanoscale hot-wire anemometry was used to measure the
streamwise velocity in the wake of a model wind turbine across a
Reynolds number range of 2:7� 106 < ReD < 7:2� 106. Since large
Reynolds numbers are achieved without large length scales, the small-
est length scales are unavoidably very small. To ensure well-resolved
measurements, the nanoscale thermal anemometry probe (NSTAP)
was used, which yields fully resolved measurements. All tests reported
here were performed at a constant tip speed ratio of k ¼ 5:546 0:11.
Values for CT and CP can be found in Ref. 50, but to summarize these
values here, the average CT ¼ 0:742 and average CP ¼ 0:352.
Measurements were acquired along horizontal profiles in the spanwise
direction for r=D � 0:81 at streamwise locations between
0:77 � x=D � 5:52, ensuring that the near wake and the intermediate
wake were surveyed, where the transition between them occurs
somewhere between 2:02 < x=D < 3:52 as reported in Ref. 50.
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The identification of dominant flow structures and features in wind
turbine wakes has been the subject of several previous numerical, labo-
ratory, and field studies.11–13,55–62 However, the current work is the
first to study such flow structures at near field-scale Reynolds num-
bers, while also ensuring well-resolved, well-controlled, and well-
known flow and operating conditions.

II. EXPERIMENTAL FACILITIES

Here, an overview of the experimental setup is presented. For a
more detailed description of the experimental facility, instrumentation,
model, and data acquisition system please refer to Ref. 50. The three-
bladed HAWT model rotor has a diameter of D¼ 0.2m and consists
of NACA 6 series airfoils. Detailed information regarding airfoil sec-
tions and twist can be found in Ref. 63. All experiments were con-
ducted within the High Reynolds number Test Facility (HRTF), which
is a high pressure wind tunnel that uses air pressurized up to 238 atm
with flow speeds up to 10 m/s, yielding near-field-scale Reynolds num-
bers. The turbulence intensity of the inflow is kept between 0.51% and
0.73% for all tests with the highest value observed at the highest
Reynolds number tested. These turbulence intensity values are not
representative of the turbulence levels that a field turbine would see,
but should be considered a canonical case. However, by decoupling
Reynolds number effects from inflow effects, it enables unique investi-
gations and can serve as a reference case for future studies investigat-
ing the effects of inflow conditions on wake evolution.

A custom designed measurement stack was used that consisted
of a six-axis load cell (JR3, Inc., model 75E20A4) and a torque trans-
ducer (Magtrol, Inc., model TM-305). The model turbine was self-
powered and self-starting, so that a magnetic hysteresis brake
(Magtrol, Inc., model AHB-3) was used to control the turbine’s angu-
lar velocity and, hence, the tip speed ratio. However, the self-starting
nature of the turbine limits the lower bound of the ReD operating
range, as the turbine is unable to start or measurement uncertainty is
increased at low ReD. Also, the upper bound of the ReD range was lim-
ited due to an increased risk of gear failure at high ReD. Figure 1
depicts a model of the turbine measurement stack mounted in the
HRTF along with the coordinate system used throughout this study.
The turbine rotates clockwise. The x direction represents the axial
direction, and r represents the radial direction. Please note that a posi-
tive r is denoted by the direction shown in Fig. 1, and a negative r is
for the opposite direction. A positive and negative r is used so that it is
easy to distinguish between the two sides of the measurement plane.

The nano-scale thermal anemometry probe (NSTAP)64 was used
to acquire measurements of the instantaneous streamwise velocity in
order to avoid spatial and temporal filtering effects, which would have
been present if a conventional hot-wire was used at these high
Reynolds numbers, in this facility. Calibration of the NSTAP was con-
ducted before and after every wake dataset using a pitot tube. A tem-
perature correction to the data was determined to be unnecessary,
because the change in temperature in between calibrations never
exceeded 1.28 �C. The error in the velocity measurements, based on
the maximum difference between the pre- and post-calibration data-
sets, was less than 0.44%.

The NSTAP and the pitot tube were positioned in the freestream
during the calibration procedure. The NSTAP’s position was con-
trolled via a four-axis traverse. All measurements were acquired on a
plane perpendicular to the turbine tower and parallel to the rotor’s

central axis. Data were captured at five different downstream locations,
x=D ¼ 0:77; 1:52; 2:02; 3:52; and 5:52. A higher point density was
deemed necessary for the most upstream location, x=D ¼ 0:77, due to
the estimated small radial extent of the tip vortex. Therefore, 81 mea-
surements were obtained at x=D ¼ 0:77, and 39 measurements were
obtained for x=D > 0:77, all along the horizontal plane. To validate
the level of experimental accuracy maintained in this experiment, pre-
multiplied spectra acquired in the wake of the turbine near the tip vor-
tex and in the core are shown in Fig. 2 for a range of different tunnel
pressures, flow velocities, and rotational rates, but at the same ReD and
k. When non-dimensionalized using the freestream velocity at the
specified downstream position, Ue, and rotor diameter, the data col-
lapse very convincingly, certifying the high degree of experimental
accuracy and repeatability that was maintained for these hot-wire
measurements.

III. RESULTS AND DISCUSSION
A. Signatures of dominant flow features in the wake

In the previous work by the authors, presented in Ref. 50, domi-
nant flow features were identified using a combination of velocity vari-
ance profiles, phase averaged velocity, and radial gradients of the axial
velocity. The near wake axial velocity deficit and variance profiles are
shown in Fig. 3, where tip vortices were identified at the wake’s edge
for x=D � 2:02. The streamwise extent of the existence of tip vortices
was used to define the end of the near wake to be somewhere in the
region 2:02 < x=D < 3:52. In the near wake, the core exhibited an
annular shear layer, which was identified through analysis of the phase
averaged data, which indicated a lack of discrete root and/or hub vorti-
ces. To give greater insight into these flow features, as well as addi-
tional features, an analysis of the spectra will provide detailed
information as to the prevalence of certain vortical structures and
other flow features, their effect on the surrounding wake flow, as well
as the physical phenomena they represent. Here, spectra are obtained

FIG. 1. Turbine measurement stack in HRTF and coordinate system of wake mea-
surements. The large red arrow indicates the direction of flow.
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in the form of power spectral density using Welch’s method.65

Evidence of the tip vortices would be expected to show up as a peak in
the spectrum at 3frot , with frot equal to the turbine rotation frequency,
in the outermost part of the wake, as the rotor has three blades. The
annular shear layer in the wake core is not necessarily expected to
have a signature in the spectra, apart from a turbulent spectrum, unless
it was exhibiting meandering or other kinds of shedding behavior
(such as a hub vortex).

Spectral results at ReD¼7.2 �106 for positions near the wake’s
edge (r=D ¼ 0:533) and near the central axis of the nacelle
(r=D ¼ 0:002) are shown in Figs. 4(a) and 4(b). No significant differ-
ences were found for the spectra on the opposite side of the spanwise
range surveyed, reinforcing the strong degree of radial symmetry
maintained in these experiments. Throughout this paper, the spectra
are plotted against the Strouhal number, St ¼ fDU�11 , which is the
non-dimensional frequency based on the convective timescale.

Narrow peaks are found in the spectra from the wake’s edge starting at
a frequency equal to frot and then peaks appearing at higher harmonics
of that frequency. The peak with the greatest magnitude is found at
3frot . A peak at 3frot is expected, as each blade creates one tip vortex.
The presence of peaks associated with frot and 2frot is less expected. It
is not clear what the cause for these peaks is, but it could be that one of
the blades has a specific signature associated with it. However, the
peak associated with 3frot is evidence of the tip vortex, as was shown
through phase averaged velocities in Ref. 50, and it has the greatest
magnitude of the frot harmonics. On the wake centerline, there is no
evidence of any additional energy associated with frot as can be seen in
Fig. 4(b). In addition to the peaks associated with frot, two low-
frequency peaks can be observed. One around St¼ 0.3, which can be
seen in Fig. 4(a) and one around St¼ 0.6, which can be seen in
Fig. 4(b). Wake meandering has been shown to correspond to St¼ 0.3
in Ref. 66 and is close to a wake meandering signature of St¼ 0.28,

FIG. 2. Pre-multiplied spectra acquired at x=D ¼ 0:77; ReD ¼ 3:6� 106 at different tunnel conditions near the tip vortex location r=D ¼ 0:526(a) and in the wake core
r=D ¼ 0:005 (b). Different combinations of tunnel static pressure, P, and freestream velocity, U1, can be used to achieve similar ReD.

FIG. 3. Axial velocity deficit (a) and axial variance profiles (b) of the presented turbine at ReD ¼ 7:2� 106 in the near wake, which was found to be for x=D � 2:02.
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which was found in Ref. 52. However, the peak at St¼ 0.6 has not
been observed before and will be discussed in detail in Sec. IIID 1.

The centerline spectrum exhibits a convincing f �5=3 region,
which spans more than two decades of frequencies, much like one
would expect in a canonical turbulent wake at very high Reynolds
numbers. In the outer part of the wake, there is no convincing f �5=3

region, as the energy associated with the tip vortices pushes the entire
spectrum up. Figure 5(a) compares the spectrum at the outer part of
the wake for the most upstream and downstream locations. It can

clearly be seen that the f �5=3 starts to appear first after the tip vortices
have vanished, approaching a shape that is very similar to that in the
core, Fig. 5(b). This suggests that the effects of the tip vortices are not
limited to the rotational frequency and the higher order harmonics
but affect the entire turbulence spectrum.

The large range of the f �5=3 behavior in the wake core is consis-
tent with the existence of an annular shear layer in that region, indicat-
ing that the wake core is free of the effects associated with any
surviving root vortices, which must have vanished upstream of

FIG. 4. Power spectral density at ReD¼ 7.2 �106 at x/D¼ 0.77 for radial positions r/D¼ 0.533 (a) and 0.002 (b). Green, blue, and red lines represent frequencies associated
with frot, 2frot, 3frot, respectively. The green arrow calls out the St¼ 0.3 event, and the blue arrow calls out the St¼ 0.6 event.

FIG. 5. Power spectral density at ReD¼ 7.2 �106 at x/D¼ 0.77 and x/D¼ 5.52. Due to the difference in sample point resolutions between the two downstream positions,
there is a small discrepancy in the radial positions. In (a), spectra near the tip vortex are depicted, where at x/D¼ 0.77, r/D¼ 0.533, and at x/D¼ 5.52, r/D¼ 0.526. In (b),
spectra near the wake core are depicted, where at x/D¼ 0.77, r/D¼ 0.002, and at x/D¼ 5.52, r/D¼ 0.005. To isolate the differences between the upstream and downstream
ranges at the high frequencies, the spectra for St> 20 were binned into 40 000 bins. The black arrow calls out the St associated with 3frot , the green arrow calls out the
St¼ 0.3 event, and the blue arrow calls out the St¼ 0.6 event.
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x=D ¼ 0:77. This is in agreement with previous studies that have
hypothesized that the shear layer is the result of the coalescence of dis-
crete root vortices and shear layers shed from the hub/nacelle.59,67 To
summarize, three dominant periodic structures have been identified in
the wake of the presented turbine: tip vortices and two independent
low frequency events with St of 0.3 and 0.6. The Reynolds number
dependence, spanwise length scales, and downstream evolution of
these structures will be discussed below.

B. Reynolds number invariance

Figure 6 shows non-dimensionalized pre-multiplied spectra at
the tip and core for two different Reynolds numbers. Interestingly,
there is no evidence of any Reynolds number effects on the wake
meandering, tip vortices, their higher order harmonics, or the low
Strouhal number region in general. There are some Reynolds number
effects at the high frequencies, which are to be expected as an increased
Reynolds number yields a larger separation of scales and a larger

extent of the inertial region. The same observation can be made in the
wake core, where the peak corresponding to St¼ 0.6 is unaffected by
the Reynolds number with the only discernible effect at the very high-
est frequencies. Due to the lack of significant Reynolds number effects
on the dominant flow features of interest herein, the remainder of this
paper will focus on the spectra at the highest Reynolds number,
ReD ¼ 7:2� 106.

C. Visualization of spanwise spectral content

Although the spectra presented in Sec. IIIA provides detailed
information on the most energetic frequencies in the flow, the span-
wise distribution and length scales of these features could not be easily
determined. To better visualize the spanwise extent of the different
flow features, pre-multiplied energy spectra at different radial positions
are compiled so that the spanwise extent of dominant periodic struc-
tures can be visualized in Fig. 7. The different subfigures correspond to
different downstream locations. In these figures, the color represents

FIG. 6. Premultiplied energy spectrum at ReD¼ 2.7 �106 and ReD¼ 7.2 �106 near the tip vortex (a) and (b) and near the wake core (c) and (d). Near the tip vortex, r=D
¼ 0:533; x=D ¼ 0:77 (a), r=D ¼ 0:526; x=D ¼ 5:52 (b). Near the wake core, r=D ¼ 0:002; x=D ¼ 0:77 (c), r=D ¼ 0:005; x=D ¼ 5:52 (d). The black arrow calls out the
St associated with 3frot , the green arrow calls out the St¼ 0.3 event, and the blue arrow calls out the St¼ 0.6 event.
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the magnitude of the premultiplied spectrum, the x-axis is the
Strouhal number (non-dimensional frequency), and the y-axis is the
radial position. Presentation of the spectra in this manner will be used
to further examine wake evolution as it enables identification of differ-
ent regions in the flow, as well as assisting in identifying characteristic
spanwise length scales.

D. Low frequency flow features

Two low frequency peaks can be observed in the spectra in Fig. 7.
One at St¼ 0.3, which is seen throughout all tested downstream loca-
tions, and another one at St¼ 0.6, which is seen only in the core of the
most upstream location. The low frequency event at St¼ 0.3 is

FIG. 7. Premultiplied energy spectrum at ReD¼7.2 �106 at x/D¼ 0.77 (a), 1.52 (b), 2.02 (c), 3.52 (d), and 5.52 (e). Black dots represent frequencies associated with frot, 2frot,
and 3frot. The yellow arrow indicates the St¼ 0.6 signature, and the orange arrows indicate the wake meandering signature at St¼ 0.3. Eðf Þf is nondimensionalized by the
deficit velocity, u0 ¼ Ue � Uðr ¼ 0Þ.
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suspected to be a signature of wake meandering as the Strouhal num-
ber is close to that found in other previous studies such as St¼ 0.28 in
Ref. 52. Reference 68 has suggested that the onset of wake meandering
requires a downstream distance of several diameters, because an unsta-
ble wake is necessary for wake meandering. Here, it is shown that this
is not the case as it is established even at the most upstream location,
less than a diameter downstream of the rotor. It is interesting to note
that the St¼ 0.3 peak is established long before the tip vortices have
vanished. A peak at St¼ 0.3 was expected for the flow near the wake
center, as observed in Ref. 69, but interestingly, this is only true further
downstream, and it is not until x=D ¼ 3:52 the St¼ 0.3 peak spans
the entire wake.

The low frequency event identified at the most upstream location,
with a higher Strouhal number St¼ 0.6, has not been reported before.
Since an annular shear layer has previously been determined to exist
in the core of the near wake, the St¼ 0.6 signature may be a character-
istic of it. However, the magnitude of the Strouhal number is larger
than one would expect to find if this was due to vortex shedding. It is
possible that the large Strouhal number is fictitious and that a different
length scale better characterizes the low frequency event in the wake’s
core. The short lived nature of the St¼ 0.6 peak and the fact that the
wake meandering signal starts to extend toward the wake center with
increasing downstream distance suggest that the annular shear layer in
the wake core starts to interact with the outer part of the wake to form
a single annular shear layer downstream.

1. Core shedding

Many recent studies would suggest that the low frequency
St¼ 0.6 structure is a signature of a hub vortex. Previous laboratory
studies,58,70 stability analysis,71 and an LES study68 have made great
efforts in understanding the dynamics of the hub vortex, and they
have discerned that it can be represented by a helical-like structure in
the wake core of their studied turbines. In addition, there are similari-
ties between the studied turbine and the previous studies. For example,
in Ref. 58, the nondimensional frequency, fhub=frot , is equivalent to
0.34, and for the turbine of this study, it is 0.35. However, the wake
core structure observed in this study has other unique features. In the
studies of Refs. 58, 70, and 71, only a single low frequency structure
was observed in their studied wakes and was thought to be caused by
the hub vortex. For the studied turbines, two low frequency structures
were observed at the same downstream location. Furthermore, the
study of Ref. 68 concluded that the breakdown of the unstable hub
vortex gave way to wake meandering. No such conclusion can be
made for the turbine of this study, as the wake meandering and wake
core structures exist at the same downstream location of x=D ¼ 0:77.
Therefore, it cannot be concluded that the wake core structure
observed for the measured turbine is the same hub vortex that was
found in the aforementioned efforts.

Here, we hypothesize that it instead is conventional bluff-body
shedding that is responsible for the St¼ 0.6 signature, and it is created
by only the innermost part of the rotor. This results in the presence of
a different length scale, which can explain why the St¼ 0.6 region
overlaps, almost perfectly, with the region where the wake meandering
behavior is absent in Fig. 7(a). The St¼ 0.6 peak is found for �0:05
< r=D < 0:14 at x=D ¼ 0:77, while the spanwise extent of the root is
�0:074 < r=D < 0:074. Using the spanwise extent of the St¼ 0.6

core region, r=D ¼ 0:28, as the characteristic length, lcore, a different
Strouhal number can be defined for this peak, Stcore¼ 0.17. In classical
solid disk wake experiments, shedding has been characterized by St
¼ 0.135,72–74 and in another study, (Ref. 75), the shedding was classi-
fied by St¼ 0.15. In porous disk studies, shedding has been character-
ized by similar Strouhal numbers, St¼ 0.15, with vortex shedding
being the most evident for porous disks with high solidity.75 The
Stcore¼ 0.17 is close to the expected values of porous and solid disks,
which suggests that the core of the turbine may be acting like that of a
high-solidity porous disk, such that there is core shedding. The disk-
like behavior of the wake could be supported by the high solidity, r, of
the turbine’s core, which is due to the large chord length of the model
used in this study. r is the ratio between the area occupied by the
turbine, including the hub, to a set radius and the area swept by the
turbine to the same set radius. The solidity of the St¼ 0.6 region of
�0:14 < r=D < 0:14 is r ¼ 0:654. Reference 75 showed that classical
solid disk shedding was not present for porous disks with low solidity
but hypothesized that for porous disks with a minimum critical solid-
ity, rcrit, classical solid disk shedding would be present. The range for
this critical solidity was 0:6 < rcrit < 0:85. The calculated r ¼ 0:654
of the St¼ 0.6 region fits within this range. The tip speed ratio of this
experiment was also relatively high, and it has been suggested that
high tip speed ratios tend to make turbines act as if the solidity is
higher.59 A combination of high solidity, high tip speed ratio, and a
lack of evidence for the presence of discrete root vortices leads to the
conclusion that the wake core in the near wake is characterized by an
annular shear layer with bluff body-like shedding. In addition, these
findings indicate that the previously chosen lcore can be seen to repre-
sent the diameter of a porous disk.

The aforementioned conclusion suggests that there are two inde-
pendent low frequency events: one restricted to the wake’s core and
the other is the wake meandering phenomenon that occupies the
majority of the wake. The presence of two low frequency structures
implies that one must be careful in how to characterize the wake
meandering phenomenon in the near wake, as the wake core shedding
may lead to misleading conclusions. For example, a common tech-
nique for measuring the wake meandering using flow visualization is
to map out the instantaneous point of minimum velocity in the
wake.51,76 From the current study, we know that such a technique
would incorrectly be mapping the core shedding instead of the
meandering, at least in the near wake.

E. Distribution of dominant vortical structures in the
near and intermediate wake

In the near wake, 0:77 � x=D � 2:02, Figs. 7(a)–7(c), there are
large narrow peaks at frequencies associated with the harmonics of the
turbine’s rotation rate as discussed in Sec. IIIA. Another interesting
observation is that the energy content around the tip vortices extends
across a much larger frequency range than is observed for other flow
regions. This observation is true for all downstream locations but most
prominent at the most upstream location. Another implication of the
broadband nature of the tip vortices is that generalized Joukowsky
models, such as those of Refs. 77 and 78, which tend to represent the
tip vortex as the only dominant structure in this region of the flow,
might not capture this effect.

To better understand the effect that downstream distance has on
the energy distribution associated with the tip vortices and the annular
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shear layer in the wake core, the premultiplied spectrum near the tip
vortex is presented in Fig. 8(a). From Fig. 7, it can be seen that with
increasing downstream distance, the peak magnitudes associated with
the flow near the tip vortex decrease and the high frequency extent of
that region decreases due to viscous dissipation and wake recovery. In
Fig. 8(a) that trend is shown by the decrease in the magnitude of the
higher order harmonics of frot with increasing downstream distance.

The collapse of the tip vortices can be seen to occur around
x=D ¼ 3:52 [Fig. 7(d)], consistent with the observations in Ref. 50
where a four-peak profile of the variances transitioned to a two-peak
profile around the same downstream location. It can be observed that
this transition is also marked by a general change in the shape of the
spectrum in Fig. 8(a), where the region between the energetic core and
the tip vortices is slowly being energized to engulf the entire wake.
This observation is likely the signature of the wake transitioning to a
more classical axisymmetric wake.

From Fig. 8(b), there is no obvious downstream evolution of the
wake core except for the presence of a low frequency signature at
St¼ 0.6 for x=D ¼ 0:77, which is absent further downstream. At
x=D � 3:52, the wake meandering signature, found at St¼ 0.3, is pre-
sent throughout the span of the wake, and its magnitude continues to
increase. Unlike in the tip vortex region, there is no distinct feature dis-
tinguishing the near and intermediate wake in the core. This supports
the previous conclusions made in Ref. 50 that a more rapid transition
to intermediate wake behavior is observed in the wake core.

IV. CONCLUSIONS

The dominant flow features in the wake of a wind turbine are
studied in the near and intermediate wake at near-field-scale Reynolds
numbers. The application of nano-scale hot-wire anemometry reduced
any spatial and temporal filtering effects on the data due to the high
Reynolds numbers. Spectral analysis in the form of PSD and premulti-
plied spectrum aided the discussion on the identification of flow

features, their downstream evolution, and the mechanisms giving rise
to them. Overall, tip vortices, wake meandering, and a low frequency
shedding event in the wake’s core were found to dominate the wake.
Over the limited ReD range shown here, there were no distinguishing
ReD effects on the spectral signatures of any of these flow features,
except for at the extension of the inertial subrange and dissipation
scales. This observation agrees with the previous findings of ReD
invariance.24,79 However, for quantities that are more sensitive to blade
sectional drag, such as CP, it appears that field scale Reynolds numbers
are still required.63

As has been found in recent wake studies, the tip vortices play an
important role in the outer part of the wake, and signatures associated
with higher order harmonics of the turbine’s rotation rate were shown
to affect the entire turbulent spectrum. With increasing downstream
distance, the tip vortex signature and the signatures of the higher order
harmonics decrease in relative magnitude and vanish entirely within
the region of 2:02 � x=D � 3:52.

Clear signatures of wake meandering, although still a contentious
topic in the wind energy community, were found at St¼ 0.3. Wake
meandering was found to be present at less than one diameter down-
stream of the turbine, despite previous results arguing greater distances
are required. This low frequency structure was present throughout the
near and intermediate wake; however, it was not present in the wake
core at the most upstream location of x=D ¼ 0:77. Instead, a different
low frequency event, at St¼ 0.6, was found to be present in the wake
core at x=D ¼ 0:77. In addition, the spectra in the wake core experi-
ence little change in the transition from the near to the intermediate
wake, suggesting that near wake structures, such as discrete root vorti-
ces, experienced a rapid collapse, hastening the transition to interme-
diate wake behavior in the core. It was found that when the spanwise
extent of the annular shear layer was used to form the Strouhal num-
ber, instead of the rotor diameter, the Strouhal number of the peak is
Stcore¼ 0.17, on the order of what is expected for bluff-body or high

FIG. 8. Premultiplied energy spectrum at ReD¼7.2 �106 at 0:77 < x=D < 5:52 near the tip vortex (a) and near the wake core (b). In (a), the spectrum at x/D¼ 0.77 is at r/
D¼ 0.533, and the spectrum at x=D > 0.77 is at r/D¼ 0.526. In (b), the spectrum at x=D ¼ 0:77 is at r=D ¼ 0:002, and the spectrum at x=D > 0:77 is at r=D ¼ 0:005.
The black arrow calls out the St associated with 3frot , the green arrow calls out the St¼ 0.3 event, and the blue arrow calls out the St¼ 0.6 event.
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solidity porous disk shedding. It was also shown that the radial extent
of the wake core signature was consistent with the region of the tur-
bine with high enough solidity to expect such shedding.
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