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dynamics of its wake, irrespective of the means to move the 
turbine blades. This has significance for both experimental 
and computational studies where it may be necessary, or 
perhaps more economical, to prescribe the turbine kinemat-
ics in order to analyze its aerodynamic characteristics.

1 Introduction

When studying flow phenomena in a scaled laboratory 
experiment or in a computational simulation, it is often 
not possible to achieve dynamic similarity with the full-
scale flow of interest. In the case of wind and water turbine 
experiments, a scaled model turbine may not perform as 
well as in the field, or perhaps not at all, due to a mismatch 
of Reynolds number and other scaling difficulties such as 
increased bearing friction. Grant and Parkin (2000) note 
that in very small-scale model turbine experiments, the 
blades may operate below their design Reynolds number, 
causing extensive flow separation that can limit the extrap-
olation of these model tests to full-scale rotors. Despite 
this, both wind and water tunnel experiments are used as a 
practical means to study the flow characteristics of turbines 
even when dynamic similarity cannot be achieved.

Recent progress has been made in understanding the 
aerodynamics of cross-flow turbines, also known as verti-
cal-axis wind/water turbines (VAWTs). Bachant and Wos-
nik (2014) examined the effect of Reynolds number on 
the near-wake characteristics of VAWTs. They found that 
turbine performance becomes nearly independent of Reyn-
olds number above turbine diameter Reynolds number of 
ReD = 8× 105. They also observed that near-wake statis-
tics, such as mean velocity and turbulence intensity, showed 
only slight differences across the full range of Reyn-
olds number that was examined, i.e., ReD = 3–13 × 105.  

Abstract We present experimental data to compare and 
contrast the wake characteristics of a turbine whose rota-
tion is either driven by the oncoming flow or prescribed 
by a motor. Velocity measurements are collected using 
two-dimensional particle image velocimetry in the near-
wake region of a lift-based, vertical-axis turbine. The wake 
of this turbine is characterized by a spanwise asymmetric 
velocity profile which is found to be strongly dependent 
on the turbine tip speed ratio (TSR), while only weakly 
dependent on Reynolds number (Re). For a given Re, the 
TSR is controlled either passively by a mechanical brake 
or actively by a DC motor. We find that there exists a finite 
region in TSR versus Re space where the wakes of the 
motor-driven turbine and flow-driven turbine are indistin-
guishable to within experimental precision. Outside of this 
region, the sign of the net circulation in the wake changes 
as TSR is increased by the motor. Shaft torque measure-
ments show a corresponding sign change above this TSR 
threshold set by circulation, indicating a transition from net 
torque due to lift to net torque due to drag produced by the 
turbine blades, the latter of which can give wake measure-
ments that are inconsistent with a flow-driven turbine. The 
results support the claim that the turbine kinematics and 
aerodynamic properties are the sole factors that govern the 
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Fujisawa and Shibuya (2001) as well as Ferreira et al. 
(2009) investigated the dynamic stall characteristics of 
VAWTs using an isolated turbine blade. To mimic the 
VAWT dynamics, they used a motor to rotate the blade 
about a central axis within a freestream flow and observed 
the successive generation and shedding of vortices from 
the blade as it was rotated. Both studies concluded that 
the development of these vortices changed as the tip speed 
ratio (TSR), i.e., the ratio of blade speed to freestream 
flow speed, was increased, but neither made reference as 
to whether such observations were physical with respect 
to a functional VAWT whose rotation is only driven by the 
oncoming flow.

This practice of prescribing the motion of turbine blades 
within a flow is common among both experimental and 
numerical turbine investigations. A survey of previous lit-
erature is tabulated in the “Appendix”, with a distinction 
made between studies that used ‘flow-driven’ and ‘motor-
driven’ turbines, details of which are provided in Sect. 2. 
The compilation highlights the frequent use of the motor-
driven technique and also inconsistencies in reporting 
power or torque measurements, which is shown in the cur-
rent work to be an important aspect of matching the wake 
characteristics of flow-driven turbines.

Intuitively, one might anticipate that a motor-driven tur-
bine whose geometry, shaft torque, and TSR match that of 
a flow-driven turbine would also share the same perfor-
mance and wake characteristics. However, this conjecture 
has not been experimentally tested. A recent computa-
tional study by Le et al. (2014) compared the performance 
of a flow-driven turbine subject to a given load with that 
of one whose TSR is specified. Their results show reason-
able agreement in the measured power coefficient of the 
two configurations, which is consistent with the afore-
mentioned hypothesis. Still, it remains unclear how the 
prescribed motion affects the resulting flow field measure-
ments, e.g., the wake velocity profile and power spectra. In 
the present work, we use two-dimensional particle image 
velocimetry (PIV) to measure the velocity in the wake of a 
3-bladed VAWT. We examine the average velocity, veloc-
ity power spectra, wake circulation, and measurements of 
shaft torque among various flow-driven and motor-driven 
configurations.

2  Description of experimental test cases

2.1  Flow‑driven turbine

Under normal operating conditions, the rotation of a tur-
bine rotor about its central axis is driven by the oncoming 
flow. In practice, this means that the turbine rotation rate 
is fixed by the torque due to aerodynamic forces as well 

as any additional applied load, such as bearing friction, an 
electrical generator, or, often in experiments, an unpowered 
DC motor used to model a generator (see, e.g., Kang and 
Meneveau 2010). In a numerical simulation, this addition-
ally implies that the fully coupled fluid–structure interac-
tion (FSI) is modeled for the turbine. Of the literature sur-
veyed, relatively few researchers (see, e.g., Bazilevs et al. 
2011; Hsu and Bazilevs 2012; Le et al. 2014) included the 
turbine FSI in their numerical simulations.

A schematic of the aerodynamic forces acting on a 
VAWT airfoil is shown in Fig. 1.

In the absence of any externally applied load, the turbine 
is free to spin to an average rate dependent solely on the 
balance of torque due to lift and drag of the blades. This is 
referred to henceforth as the ‘free-spin’ operating condition 
of the turbine and is shown schematically in Fig. 2.

Note that this condition is the theoretical upper bound 
on the average rotation rate for a given turbine geometry 
and flow Reynolds number. The addition of friction into 
the system or power extraction via an electrical genera-
tor serves to apply a torque in the direction opposing the 

Ft (drag)

Ft (lift)
Fdrag

Flift
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ωR
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Fig. 1  Vector diagram of the aerodynamic forces acting on a VAWT 
airfoil. Here U is the freestream velocity ω is the angular velocity 
of the turbine, R is the turbine radius, Urel is the relative freestream 
velocity as seen by the turbine blade, and Ft(lift) and Ft(drag) are the 
tangential components of the lift and drag forces, i.e., Flift and Fdrag,  
respectively

TdragTlift

flow

Fig. 2  Free-body diagram (top view) of a flow-driven VAWT for the 
free-spin operating condition. Here the net torque due to lift, Tlift, bal-
ances with the net torque due to drag, Tdrag
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torque due to lift, as indicated in Fig. 3, which slows the 
turbine to a new, lower equilibrium rotation rate.

2.2  Motor‑driven turbine

A scaled turbine often cannot produce sufficient torque 
to reach the TSR observed at full scale. This could be the 
result of excessive friction in the system, reduced aerody-
namic performance at the Reynolds number of the scaled 
turbine, or perhaps because an isolated blade is being 
investigated. Regardless, it often leads to the use of a motor 
to actively drive the motion of the turbine blade(s). A simi-
lar practice is common in numerical turbine simulations 
where the blade kinematics is specified but the dynamic 
fluid–structure interaction is neglected to reduce computa-
tional costs. By using a motor in an experiment, additional 
forces are applied to the turbine system. In particular, the 
motor itself has a finite amount of internal resistance that 
results in a torque in the same direction as the aerody-
namic drag on the turbine blades. Thus, in order to rotate 
the turbine shaft, power must first be supplied to the motor 
to overcome its own resistance and further power must be 
supplied to accelerate the turbine shaft. It is important to 
emphasize, however, that the lift and drag produced by the 
oncoming flow past the blades is always present, regardless 
of the motor. Therefore, it is the sum of all of these forces 
that determines the kinematics of the turbine, as illustrated 
in Fig. 4.

During steady operation, the motor can control the tur-
bine rotation within three distinct operational regimes: 
(a) a lift-dominated regime, wherein the net torque due 
to aerodynamic lift on the blades exceeds the net torque 
due to drag and the motor effectively acts as a generator 
to mimic power extraction in a flow-driven case, (b) a neu-
tral regime, wherein the net torque due to aerodynamic lift 
of the blades is balanced by the torque due to drag (i.e., 
the free-spin condition), and the motor only acts to over-
come its own internal resistance, and (c) a drag-dominated 
regime, wherein the net torque due to aerodynamic drag of 

the blades exceeds the torque due to lift and the motor acts 
to accelerate the turbine to a rotation rate that it could not 
achieve under flow-driven conditions alone. These three 
regimes are shown schematically in Fig. 4a–c, respectively. 
In our experiment, we evaluated the turbine wake charac-
teristics across all three regimes and compared with flow-
driven cases when possible.

3  Experimental setup

3.1  Model turbine

A three-bladed model turbine was 3D printed for the 
experiment using a polycarbonate-like material (3D Sys-
tems Accura® 60 Plastic). The printed model was sanded 
and bead-blasted to 320-grit, giving a smooth surface fin-
ish. Figure 5 shows a CAD drawing of the turbine along 
with relevant dimensions. Each of the three turbine blades 

Tdrag

Tlift

flow
Tload

Fig. 3  Free-body diagram (top view) of a flow-driven VAWT operat-
ing with an applied load. Here the net torque due to lift, Tlift, of the 
blades exceeds the torque due to drag, Tdrag, and is balanced by the 
torque added by an applied load, Tload
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Fig. 4  Free-body diagram of the motor-driven turbine when operat-
ing in, a the lift-dominated regime, b the neutral regime, and c the 
drag-dominated regime. The components of torque that contribute 
to the overall shaft torque are shown in each regime with colored 
arrows. Note that only torques due to the motor and aerodynamics are 
considered, i.e., friction is neglected
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consisted of a NACA 0018 airfoil with a 0.1-m chord and 
extruded to a length of 0.45 m. The turbine diameter was 
0.3 m, as measured by a circle tangent to the chord of each 
airfoil. The turbine blockage ratio, based on its frontal pro-
jected area, varied between 8–16 % over one revolution.

3.2  Water channel facility

Experiments were conducted in a 40-m-long, 1.1-m-wide, 
and 0.6-m-deep, free surface, recirculating water chan-
nel facility capable of flow speeds up to approximately 
26 cm−1. The bottom end of the turbine central shaft was 
attached to a flange mount with Type 316 stainless steel 
ball bearings. This flange was mounted to a stainless steel 
plate that anchored the turbine to the floor of the water 
channel. The top end of the turbine shaft was connected 
to a rotary torque sensor with digital encoder (Futek 
TRS705). The torque sensor had a 0–20 N-m measure-
ment range with a maximum system error of +0.020 % 
rated output (i.e., +0.004 N-m) in clockwise torque and 
−0.025 % rated output (i.e., −0.005 N-m) in counter-
clockwise torque. An optically clear, cast acrylic sheet, 

approximately 1.8 m in length and spanning the width 
of the channel, was suspended to be flush with the free 
surface in order to eliminate surface distortion. A cross-
sectional view of the model turbine mounted in the water 
channel is shown in Fig. 6.

3.3  Diagnostics

For particle image velocimetry (PIV), the flow was seeded 
with 100 µm silver-coated hollow ceramic spheres (Potters 
Industries LLC). To illuminate the particles, a collimated 
laser sheet was created in a plane parallel to the mid-height 
of the turbine using a continuous, 1W, 532-nm DPSS laser 
system (Laserglow Technologies) along with a single 
plano-concave cylindrical lens with a −3.9 mm focal length 
(Thorlabs) mounted directly in front of the laser. A custom-
built infrared (IR) sensor was used to detect the starting ori-
entation of the turbine for each data set.

The voltage signal from this IR sensor as well as from 
the torque sensor and encoder was input into a National 
Instruments data acquisition (NIDAQ) device (USB-6221), 
which was controlled by LabView software (National 
Instruments). Using the TTL signal from the encoder, the 
NIDAQ device triggered a high-speed camera (Photron 
APX-RS), mounted above the channel, to capture two 
images of the turbine wake every 5° of shaft rotation. The 
camera has a resolution of 1024× 1024 pixels, which, 
for the field of view of the experiment, corresponded to a 
scaling factor of 6.81 pixels/cm. Each pair of images was 
taken at either 125 or 60 Hz, depending on the flow speed. 
Images were captured over a total of 59 turbine revolutions 
per case. This resulted in a total of 4248 image pairs per 
case that were later processed using DaVis imaging soft-
ware (LaVision) for obtaining two-dimensional (2D) PIV 
measurements. Figure 7 shows a top-view schematic of the 
PIV field of view relative to the mounting location of the 
turbine. The image plane was calibrated using a wire mesh 

(a)

(b)

Fig. 5  CAD drawing of the model turbine used in the experiment. a 
Isometric view and b top view. All dimensions are given in meters

rotary torque sensor

acrylic sheet

turbine

bearings

IR sensor

3.6D

1.8D

mounting plate

support structure

laser sheet

Fig. 6  Section view schematic of the experimental setup
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with equally spaced 2.54 cm squares. A multi-pass PIV 
algorithm was used with a decreasing interrogation window 
size and 50 % window overlap. Two passes were made with 
32× 32-pixel interrogation windows, followed by another 
two passes made with 16× 16-pixel windows, the latter of 
which corresponded to vector spacing of 1.2 cm. A median 
filter with universal outlier detection was used to remove 
spurious vectors, which were subsequently replaced by 
interpolation.

To measure the nominal speed of the flow at the meas-
urement location, PIV measurements were taken as 
described above, but with the turbine removed. The result-
ing streamwise velocity field was averaged in time as 
well as in the spanwise and streamwise directions to give 
a single-point measurement of the freestream flow speed. 
Measurements of six different flow speeds, each at a differ-
ent pump speed, resulted in a linear regression with an R2 
value of 0.9993, as indicated in Fig. 8a. The derived linear 
equation from these measurements was used to calculate 
all of the subsequent freestream speeds. A sample of the 
freestream streamwise velocity profile is shown in Fig. 8b 
corresponding to a pump speed of 15.5 Hz. Boundary lay-
ers are observed to form near the walls of the channel. 
Their effect is partially negated by considering only veloc-
ity measurements away from the wall, i.e., within the con-
tour, C (c.f. Fig. 7). In addition, since these wall effects (as 
well as turbine blockage) are always present, their effect is 
negligible when comparing similar flow-driven and motor-
driven cases.

As a check for consistency, the flow speed was actively 
monitored during each test using a current velocity meter 
(Swoffer model 2100) placed upstream of the turbine. This 
flowmeter has a measurement range of 0.03–7.5 m/s and 
was calibrated using a moving cart system equipped with 

a laser distance sensor (see details in, e.g., Whittlesey and 
Dabiri 2013).

In flow-driven cases, the end shaft of the torque sensor 
was either freely spinning or slowed by a brake, as indi-
cated in Fig. 9a.

Braking was achieved using a mechanical vise to adjust 
the amount of friction applied to the shaft and thus the 
average TSR of the turbine. In motor-driven cases, the end 
shaft of the torque sensor was connected to a DC motor 
(Pittman GM14904S013-R1), as indicated in Fig. 9b, and 
was controlled by a constant voltage power supply (Mas-
tech HY3005F-3) capable of providing 0–30 V at 0–5 A. 
The static load of the motor, i.e., the torque due to its inter-
nal resistance, was such that at any flow speed the turbine 
could not rotate unless power was supplied to the motor.

flow

turbine
rotation

2.8D

laser sheet

3.0D
1.3D

PIV
field of 
view

C

Fig. 7  Top-view schematic of the experimental setup. The contour, 
C, encloses the area that was used to calculate spatial averages of 
velocity as well as circulation. Dashed vertical lines indicate the rela-
tive position of C to the turbine center

Fig. 8  a Measured freestream flow speeds, U0, for different pump 
speed settings (symbols). The solid line is a linear fit to the points. b 
A sample of the measured streamwise velocity (symbols) for a pump 
setting of 15.5 Hz. The velocity has been averaged both in time and in 
the streamwise direction, indicated as 〈U〉x. The spanwise coordinate, 
Y, is normalized by the turbine diameter, D. Dashed lines are for ref-
erence only. The upper and lower dashed lines indicate the bounds of 
the contour, C (c.f. Fig. 7)
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4  Experimental procedure

4.1  Turbine neutral curve

With the motor disconnected from the turbine and no addi-
tional load applied, the turbine performance was evaluated for 
the entire range of flow speeds of the facility. In each case, a 
LabView program tracked the number of turbine revolutions 
to compute the average TSR, as well as voltage measure-
ments from the IR sensor, encoder, camera trigger, and torque 
sensor. All voltage measurements were sampled at 2500 Hz 
and recorded over a total of 59 turbine revolutions in each 
case. The average TSR over four trials for each flow speed 
is shown in Fig. 10 versus the turbine diameter Reynolds 
number, ReD. Also shown in the figure is a shaded region that 
bounds one standard deviation in the measurement of TSR, 
as estimated by standard error propagation analysis. This fig-
ure is referred to throughout as the ‘neutral curve’, and it rep-
resents an upper bound on TSR for flow-driven cases. Since 
the turbine system has inherent losses (e.g., due to imper-
fect bearings), this empirical curve is shifted lower than that 
would be theoretically possible in the presence of only airfoil 
lift and drag forces. Nevertheless, it is a useful reference to 
distinguish between motor-driven cases that operate at a TSR 
above and below the limits of the curve, as is done in this 
study and detailed in the next section.

4.2  PIV measurement conditions

Figures 11 and 12 indicate the nominal turbine operating 
conditions below and above the neutral curve, respectively. 
These were the conditions that were targeted for conduct-
ing PIV measurements of the wake.

The actual turbine operating conditions, measured dur-
ing the PIV measurements, are indicated in Figs. 13 and 
14; data in these figures are summarized in Tables 1 and 
2, respectively. Below the neutral curve (c.f. Fig. 11), the 
selected turbine operating conditions included varying 
TSR for a fixed ReD (red, blue, and black points), as well 

to turbine

torque
sensor 

coupling

DC motor

to turbine

torque
sensor 

shaft
brake

(a)

(b)

Fig. 9  Schematic of the setup used for controlling the turbine TSR in 
a flow-driven and b motor-driven cases

Fig. 10  Measured values (symbols) of the turbine neutral curve. The 
shaded region bounds one standard deviation in the measurement of 
TSR. The neutral curve indicates the maximum TSR that the turbine 
could reach for a given ReD without an external load applied to its 
shaft

Fig. 11  Nominal turbine operating conditions (symbols) on or below 
the neutral curve (solid black line) selected for PIV measurements. 
The yellow symbol corresponds to ReD = 5.1× 104, TSR = 1.45; the 
green to ReD = 6.6× 104, TSR = 1.45; the red, blue, and black to 
ReD = 7.8× 104 and TSR = 1.65, 1.45, and 1.20, respectively. The 
dotted lines are for visual reference only. The shaded region bounds 
one standard deviation in measured TSR along the neutral curve
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as varying ReD for a fixed TSR (green and yellow points). 
Above the neutral curve (c.f. Fig. 12), PIV measurements 
were taken for a fixed ReD with varying TSR (red, blue, and 
black points), as well as two cases at a lower ReD (green 
and yellow points). Of the latter two cases, the green point, 
which is motor-driven, was selected to match the TSR of 
the higher ReD, flow-driven case (red point).

4.3  Calculation of wake statistics

The PIV measurements of the wake were used to exam-
ine both its steady and dynamic characteristics. To exam-
ine the steady-state behavior, spatiotemporal averages of 
the streamwise component of velocity, U, were examined. 
For each case, U was first averaged in time over the entire 
measurement period. A sample of the temporally averaged 
streamwise velocity, U, is shown in Fig. 15. This temporal 
average was then spatially averaged in the spanwise (y) and 
streamwise (x) directions, denoted as 〈U〉y and 〈U〉x, respec-
tively, over the entire measurement domain bounded by the 
contour, C.

Wake dynamics were evaluated by computing the 
power spectra for the spanwise fluctuating velocity com-
ponent, v′, using the standard method of Welch (1967). 
The spectra for the flow-driven cases were computed at 
a single-point 1.3 turbine diameters (D) downstream of 
the turbine center and along the span where the rms of the 
velocity fluctuations was a maximum. This was typically 
near the edge of the wake, as indicated by the red circle 
in Fig. 15, where periodic blade vortex shedding would 
occur. The spectrum for a given motor-driven case was 
computed at the same point in the flow as in the corre-
sponding flow-driven case. Since the turbine rotation rate 
fluctuated due to the unsteady hydrodynamic torque, the 
PIV data were not equally distributed in time, which is a 
necessary condition for spectral analysis. To account for 
this, the single-point velocity measurement was interpo-
lated into an equally spaced vector in time before comput-
ing the spectra. Specifically, the time stamps for the 4248 
velocity fields were determined using the camera trigger 
signal, which had a known sample rate of 2500 Hz. Each 
TTL pulse to the camera corresponded to one velocity 
field time stamp. These temporal data were used to per-
form a spline interpolation of the measured velocity fields 
to obtain 4500 interpolated velocity fields that were uni-
formly spaced in time and were used for computing the 
spectra. Figure 16 shows a sample of the measured (black 
line) and interpolated (red line) velocity data that corre-
spond to the point in the flow indicated by the red circle 
in Fig. 15. It is worth noting that the computed spectra 
from this velocity data are limited by both the sample 
size and Nyquist frequency (i.e., half of the sample rate), 
which were both taken into consideration when plotting 
the spectra.

The circulation, Ŵ, in the wake of the turbine was evalu-
ated by numerically integrating the vorticity within a rec-
tangular area bounded by the contour, C (c.f. Fig. 15). By 
definition,

Fig. 12  Nominal turbine operating conditions (symbols) on or above 
the neutral curve (solid black line) selected for PIV measurements. 
The yellow symbol corresponds to ReD = 3.7× 104, TSR = 1.35; the 
green to ReD = 3.7× 104, TSR = 1.65; the red, blue, and black to 
ReD = 7.8× 104 and TSR = 1.65, 1.87, and 2.03, respectively. The 
dotted lines are for visual reference only. The shaded region bounds 
one standard deviation in measured TSR along the neutral curve

Fig. 13  Measured turbine operating conditions (symbols) on or 
below the neutral curve (solid black line) during PIV measurements. 
Symbols correspond to either flow-driven (‘O’) or motor-driven (‘X’) 
cases. Values for each symbol are given in Table 1. Dotted lines are 
for visual reference only and correspond to the nominal conditions 
(c.f. Fig. 11). The shaded region bounds one standard deviation in 
measured TSR along the neutral curve
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where ω is the vorticity derived from the temporally aver-
aged velocity and dA is a differential area element.

4.4  PIV error analysis

Confidence bounds on the PIV measurements were esti-
mated using a statistical technique called dependent circu-
lar block bootstrapping. Details of the method are given by 
Theunissen et al. (2008). To summarize, at each point in the 
flow, the 4500 velocity samples were divided into overlap-
ping blocks, where the block length for a given case was 
specified by the degree of autocorrelation among the sam-
ples. The blocks were then randomly sampled with replace-
ment to construct a new series of 4500 velocities, called 
the bootstrap series. It is with this bootstrap series that any 
desired statistic can be calculated, e.g., the mean. Repeat-
ing this a number of times gives an estimate of the confi-
dence bounds for a given statistic. For normally distrib-
uted data, the bootstrap estimate of a given statistic tends 
to converge toward its ‘true’ value by increasing the num-
ber of bootstrap series used to calculate this statistic. Note 
that this error estimate does not account for any systematic 
error in the experimental method itself, but is sufficient for 
a comparative analysis, as in the case of this study. For the 
current PIV data set, a total of 5000 bootstrap series were 
created for each point in the flow. From these, the tempo-
ral mean and standard deviation were calculated and then 

(1)Ŵ ≡

∫∫

A

ω · dA,

Table 1  Measured turbine operating conditions on or below the neu-
tral curve during PIV measurements

Symbols correspond to Fig. 13; linetypes correspond to Figs. 17, 18, 
21, and 22

The ‘driver’ of the turbine rotation is indicated as either ‘flow’ for 
flow-driven or ‘motor’ for motor-driven

Color Symbol Line Driver ReD TSR

Yellow O Solid Flow 5.1× 10
4 1.41

Yellow X Dashed Motor 5.1× 10
4 1.38

Green O Solid Flow 6.6× 10
4 1.43

Green X Dashed Motor 6.6× 10
4 1.42

Red O Solid Flow 7.8× 10
4 1.69

Red X Dashed Motor 7.8× 10
4 1.70

Blue O Solid Flow 7.8× 10
4 1.46

Blue X Dashed Motor 7.8× 10
4 1.44

Black O Solid Flow 7.8× 10
4 1.19

Black X Dashed Motor 7.8× 10
4 1.22

Table 2  Measured turbine operating conditions on or above the neu-
tral curve during PIV measurements

Symbols correspond to Fig. 14; linetypes correspond to Figs. 23 and 24

The ‘driver’ of the turbine rotation is indicated as either ‘flow’ for 
flow-driven or ‘motor’ for motor-driven

Color Symbol Line Driver ReD TSR

Red O Solid Flow 7.8× 10
4 1.69

Red X Dashed Motor 7.8× 10
4 1.70

Blue X Dashed Motor 7.8× 10
4 1.88

Black X Dashed Motor 7.8× 10
4 2.02

Yellow O Solid Flow 3.7× 10
4 1.36

Green X Dashed Motor 3.7× 10
4 1.65

Fig. 14  Measured turbine operating conditions (symbols) on or 
above the neutral curve (solid black line) during PIV measurements. 
Symbols correspond to either flow-driven (‘O’) or motor-driven (‘X’) 
cases. Values for each symbol are given in Table 2. Dotted lines are 
for visual reference only and correspond to the nominal conditions 
(c.f. Fig. 12). The shaded region bounds one standard deviation in 
measured TSR along the neutral curve

Fig. 15  Contour plot of the temporally averaged streamwise compo-
nent of velocity, U, corresponding to ReD = 7.8× 104 and TSR = 
1.69. The velocity is normalized by the freestream velocity, U0, and 
X and Y are measured relative to the turbine center. The rectangular 
contour, C, encloses the area used to calculate spatial averages of 
velocity as well as circulation. At 1.3 D downstream of the turbine 
center, the red circle corresponds to the Y/D location where the rms 
of the transverse velocity fluctuations, v′, was a maximum
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averaged in space corresponding to either the spanwise or 
streamwise averages of velocity. For all cases examined, 
the bootstrap estimate of error in each calculated spatiotem-
poral average of the measured velocity was approximately 
2 % of the freestream velocity with 95 % confidence.

5  Results

5.1  PIV measurements on or below the neutral curve

The spatiotemporal average velocity measurements corre-
sponding to the operating conditions given in Table 1 are 
shown in Figs. 17 and 18, where solid lines indicate flow-
driven conditions, and dashed lines indicate motor-driven 
conditions.

Representative error bars are only drawn at the begin-
ning and end of each curve in the figures so as not to 
obscure the data. In all instances, there appears to be close 
agreement among the flow-driven and motor-driven cases. 
There also appears to be a strong dependence of the wake 
velocity on TSR, while relatively little dependence on 
Reynolds number, as indicated by the overlapping velocity 
profiles in Fig. 18. This weak Reynolds number depend-
ance is consistent with the previous results of Bachant and 
Wosnik (2014). It is interesting to note in Fig. 17a a change 
in the trend of the velocity recovery as TSR increases. Just 
behind the turbine (i.e., X/D < 1.5) as TSR is increased 
from approximately 1.2 (black curve) to 1.5 (blue curve), 
the velocity decreases. However, as TSR is increased fur-
ther from approximately 1.5 (blue curve) to 1.7 (red curve), 
the velocity increases in this region. It is speculated that 
this change in the velocity recovery could be due to the 
influence of TSR on the vortices shed from the turbine, 
similar to the suppression of vortices observed by Chan 
et al. (2011) in the wake of spinning cylinders.

To more closely inspect the spatial development of the 
velocity profile, spanwise sections of the time-averaged 
velocity are shown in Fig. 19 for a fixed ReD and TSR. 

Additionally, the corresponding Reynolds stresses are 
shown in Fig. 20 for the same conditions as in Fig. 19.

In both Figs. 19 and 20, there is reasonable agreement 
observed between flow-driven and motor-driven condi-
tions, indicated by overlapping symbols that are connected 
by either solid (flow-driven) or dotted (motor-driven) lines. 
Comparing Figs. 17 and 19, it is interesting to observe the 
similarity between the trend in the streamwise develop-
ment of the velocity profile and the TSR dependance of 
the spatial averages. Specifically, it appears that increas-
ing the TSR leads to a greater velocity deficit that occurs 
further downstream, thus delaying the onset of its recovery. 
Examining Figs. 19 and 20, it is evident that the spanwise 
asymmetry in the velocity profile is reflected in the asym-
metry of the spanwise Reynolds stress distributions. There 
are two peaks in both the longitudinal and shear Reynolds 
stresses (i.e., �u′u′� and �u′v′�, respectively) that differ in 
magnitude and occur on either side of the minimum wake 
velocity. This minimum velocity is shifted away from the 
centerline of the channel in the direction of the maximum 

Fig. 16  Sample of the measured spanwise fluctuating velocity com-
ponent, v′, normalized by the freestream velocity, U0. The velocity 
sample corresponds to the point in the flow indicated by the red cir-
cle in Fig. 15. The black line indicates the velocity as measured from 
PIV, and the red line is the interpolated velocity used to compute the 
spectra
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Fig. 17  Spatiotemporal average velocity in the a spanwise and 
b streamwise direction when ReD is fixed and TSR is varied. Solid 
lines indicate flow-driven conditions and dashed lines indicate motor-
driven conditions. Colors correspond to the nominal operating condi-
tions on or below the neutral curve, i.e., ReD = 7.8× 104 and TSR =

1.65 (red), 1.45 (blue), and 1.20 (black). The measured conditions for 
each line are given in Table 1. Error bars indicate one standard devia-
tion
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Reynolds stress (i.e., at Y/D = −0.3). It is thought that 
this asymmetry in the wake is initiated by a stronger shear 
layer that forms on the side of the turbine where the blades 
advance upstream.

The velocity power spectra for the same cases as dis-
cussed above are shown in Figs. 21 and 22.There is again 
reasonable agreement among the flow-driven and motor-
driven cases, indicated by the overlap of the solid and 
dashed spectral distribution curves. This implies that the 
underlying vortex dynamics in the wake are virtually unaf-
fected by the use of the motor to mimic the flow-driven tur-
bine kinematics. It is also of interest to note the effect of 
TSR on the distribution of the spectra. Specifically, there 
appears to be both a broadening and a shift of the larg-
est spectral peak toward lower frequencies with increas-
ing TSR, as can be observed between Fig. 21 (a) and (b). 
The broader peak suggests more diffuse vortex structures, 
which is consistent with an earlier decay of shed vortices. 
Also, since the spectra were sampled at the same X/D loca-
tion, it further indicates that the TSR plays a role in the spa-
tial development of these structures, as noted earlier when 
examining the spatially and temporally averaged velocity 
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Fig. 18  Spatiotemporal average in the a spanwise and b streamwise 
direction when ReD is varied and TSR is fixed. Solid lines indicate 
flow-driven conditions, and dashed lines indicate motor-driven con-
ditions. Colors correspond to the nominal operating conditions on or 
below the neutral curve, i.e., TSR = 1.45, ReD = 5.1× 104 (yellow), 
ReD = 6.6× 104 (green), ReD = 7.8× 104 (blue). The measured 
conditions for each line are given in Table 1. Error bars indicate one 
standard deviation
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Fig. 19  Time-averaged streamwise velocity, U, at (◦) X/D = 1.3;  
(square) X/D = 1.9; (triangle) X/D = 2.5; and (asterisk) X/D = 3.0.  
Symbols connected by a solid line correspond to flow-driven condi-
tions, and those connected by a dotted line correspond to motor-
driven conditions; both are nominally ReD = 7.8× 104 and TSR =  
1.45. Dashed vertical lines correspond to dominant peaks in the 
Reynolds stress distributions (c.f. Fig. 20), i.e., at Y/D = −0.7 and 
Y/D = 0.6. The solid vertical line corresponds to the minimum veloc-
ity at Y/D = −0.3
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Fig. 20  a Longitudinal and b shear Reynolds stress. All symbols cor-
respond to those of Fig. 19. Dashed vertical lines correspond to dom-
inant peaks in the Reynolds stress distributions, i.e., at Y/D = −0.7 
and Y/D = 0.6. The solid vertical line corresponds the minimum 
velocity at Y/D = −0.3
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profiles. In contrast, the spectral distributions look quali-
tatively similar between Fig. 22a–c, in which the TSR is 
nearly identical but ReD differs.

5.2  Measurements on or above the neutral curve

The spatiotemporal average velocity measurements corre-
sponding to the operating conditions given in Table 2 are 
shown in Figs. 23 and 24.

Above the neutral curve, it is not possible to directly 
compare motor-driven with flow-driven cases as was done 
previously. However, it is still interesting to note from 
Fig. 23 that the shape of the velocity profile continues to be 
a strong function of TSR in this regime.

Figure 24 shows a comparison of the velocity profiles 
between two flow-driven cases along the neutral curve, but 
at different Reynolds numbers, and one motor-driven case 
above the neutral curve that attempts to match the TSR of 

the higher Reynolds number, flow-driven case. A some-
what surprising result is that the velocity profile for the 
motor-driven turbine (dashed green line), operating above 
the neutral curve, is close to matching the profile of the 

Fig. 21  Power spectra for the spanwise fluctuating velocity compo-
nent, v′, in flow-driven (solid lines) and motor-driven (dashed lines) 
cases. Colors correspond to the nominal operating conditions on or 
below the neutral curve, i.e., ReD = 7.8× 104, TSR = 1.65 (red) 
and 1.20 (black). The measured conditions for each line are given in 
Table 1

Fig. 22  Power spectra for the spanwise fluctuating velocity compo-
nent, v′, in flow-driven (solid lines) and motor-driven (dashed lines) 
cases. Colors correspond to the nominal operating conditions on or 
below the neutral curve, i.e., TSR = 1.45, ReD = 7.8× 104 (blue), 
6.6× 104 (green), and 5.1× 104 (yellow). The measured conditions 
are given in Table 1
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flow-driven turbine (solid red line) at nearly the same TSR 
but higher Reynolds number. The implications of this result 
are discussed in the next subsection.

5.3  Circulation and torque measurements

Figure 25 presents wake circulation measurements for a 
fixed ReD = 7.8× 104 and TSR ranging from approxi-
mately 0.9–2.8. There is qualitative agreement in the trend 
of the net circulation for similar flow-driven and motor-
driven cases, though there are slight magnitude differences 
observed that could not be established conclusively at the 
precision level of the experiment.

Interestingly, there is a change in sign in the circula-
tion near TSR ≈ 2, which is above the empirically meas-
ured free-spin limit of the turbine at this Reynolds number, 
which was TSR ≈ 1.7. This suggests that just beyond the 
empirical TSR limit, the motor acts to overcome losses in 
the turbine system, while the turbine blades continue to 
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Fig. 23  Spatiotemporal average velocity in the (a) spanwise and (b) 
streamwise direction when ReD is fixed and TSR is varied. Solid lines 
indicate flow-driven conditions, and dashed lines indicate motor-
driven conditions. Colors correspond to the nominal operating condi-
tions on or above the neutral curve, i.e., ReD = 7.8× 104 and TSR = 
1.65 (red), 1.88 (blue), and 2.02 (black). The measured conditions for 
each line are given in Table 2

1.5 2 2.5 3

0.65

0.7

0.75

0.8

0.85(a)

(b)

-1.5 -1 -0.5 0 0.5 1 1.5
-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Fig. 24  Spatiotemporal average in the, a spanwise and b streamwise 
direction when both ReD and TSR are varied. Solid lines indicate 
flow-driven conditions, and dashed lines indicate motor-driven con-
ditions. Colors correspond to the nominal operating conditions on or 
above the neutral curve, i.e., ReD = 7.8× 104 and TSR = 1.65 (red), 
ReD = 3.7× 104 and TSR = 1.36 (yellow), ReD = 3.7× 104 and 
TSR = 1.65 (green). The measured conditions are given in Table 2
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Fig. 25  Measured circulation for flow-driven (black) and motor-
driven (green) cases. Error bars represent an estimate of one standard 
deviation in measurement error. Motor-driven points are connected 
with straight-line segments
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produce net torque due to lift. Beyond the zero crossing in 
circulation, the turbine blades produce net torque due to 
drag, which results in wake measurements that are quali-
tatively different from a flow-driven turbine. Therefore, the 
zero crossing in circulation represents a measure of the the-
oretical maximum TSR for a motor-driven turbine, below 
which wake measurements will agree with that of a corre-
sponding flow-driven turbine.

An interesting consequence of this result is that the 
motor-driven case at TSR = 1.88 (blue curve) in Fig. 23, 
which had no corresponding flow-driven case for com-
parison, can now be considered as a legitimate repre-
sentation of the flow-driven turbine wake, assuming it 
could overcome the losses inherent to its system. Addi-
tionally, though it is not shown in Fig. 25, a check of 
the circulation for the motor-driven case above the neu-
tral curve (green dashed line) in Fig. 24 gives a value of 
approximately −0.2× 10−2 m2 s−1. This negative value 
indicates that the turbine blades are still producing net 
lift for this case, which is consistent with the observed 
agreement between the flow-driven (solid red line) and 
motor-driven (dashed green line) velocity profiles. How-
ever, the wake corresponding to the motor-driven case at 
TSR = 2.02 is unphysical as a representation of a flow-
driven turbine.

Turbine shaft torque measurements are shown in Fig. 26 
for the same flow conditions as the circulation in Fig. 25. 
There is again good agreement between flow-driven and 
motor-driven torque measurements. However, the change in 
sign in torque occurs at an earlier TSR than that which was 
indicated by circulation. This is not surprising given that no 
effort was made to quantify the torque due to losses in the 
turbine system. Howell et al. (2010) note that in small-scale 
VAWT experiments, the power loss due to bearing friction 
and windage can be very significant and is a complex func-
tion of TSR. For low TSR, they report nearly 50 % of the 
total torque produced by the turbine is lost to the bearings, 
support arms and windage in the system; for high TSR, 
these losses were nearly double the torque produced by the 
turbine. For this reason, the zero crossing in torque pro-
vides a conservative estimate of the theoretical maximum 
TSR for a motor-driven turbine to still give reliable wake 
measurements.

6  Conclusion

These results demonstrate the existence of a finite region 
in TSR versus Re number space where a motor-driven 
turbine can reproduce the physics of a flow-driven tur-
bine. That region extends beyond the free-spin limit of 

the flow-driven turbine, which is hindered by frictional 
losses. It was shown that this region is bounded by a 
sign change in the net circulation of the wake above a 
TSR threshold, indicating a transition from net torque 
due to lift to net torque due to drag produced by the tur-
bine blades. Shaft torque measurements support this con-
clusion by also showing a sign change above the TSR 
threshold set by circulation. However, not accounting 
for torque losses due to bearing friction and windage 
leads to a zero crossing in the torque measurement at a 
lower TSR than that is thought to be theoretically possi-
ble, making this a more conservative estimate of the TSR 
limit (see ‘Tfriction’ in Fig. 26). At or below this TSR limit, 
wake measurements agree between a motor-driven tur-
bine and that of a corresponding flow-driven turbine. Fur-
ther increasing TSR beyond this limit, however, leads to 
the turbine operating in a drag-dominated regime, which 
gives wake measurements that are inconsistent with a 
flow-driven turbine.

A notable feature of the wake evaluated in this study is 
a spanwise asymmetric velocity profile. This is attributed to 
a stronger shear layer that develops on the side of the tur-
bine where the blades advance upstream and are reflected 
in an asymmetric Reynolds stress distribution across the 
span. The velocity in the wake, both averaged and time-
varying, was found to be strongly dependent on TSR and 
only weakly dependent on Reynolds number. Increasing 
the TSR was found to create a larger velocity deficit with 
the minimum velocity shifted downstream.

The conclusions of this work suggest that the turbine 
kinematics and aerodynamic properties are the sole factors 

Fig. 26  Measured torque for flow-driven (black) and motor-driven 
(green) cases. Error bars represent an estimate of one standard devia-
tion in measurement error. A fourth-order polynomial is fit to the 
motor-driven points
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that govern the dynamics of its wake, irrespective of the 
means to move the turbine blades. This implies that inves-
tigations where turbine blade kinematics is prescribed are 
justified, and may even allow greater flexibility in experi-
ments where inherent system losses hinder the operational 
conditions of interest. However, future studies in which tur-
bine rotation is prescribed (either in experiments or numer-
ically) should examine the behavior of the net torque and or 
wake circulation to confirm that the results are physically 
meaningful for studies of turbine fluid mechanics.
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