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ABSTRACT
Experiments were performed with a 1 m diameter, 1 m

tall three-bladed vertical axis turbine in a towing tank. Rotor
power and drag (or thrust) were measured at a tow speed of
1 m/s, corresponding to a turbine diameter Reynolds number
ReD = 106 and an approximate blade chord Reynolds number
Rec = lU•c/n ⇠ 105. Mechanical exergy efficiency estimates
were computed from power and drag measurements using an ac-
tuator disk approach. Characteristics of the turbine’s near-wake
were measured at one turbine diameter downstream. Variation
of all three mean and fluctuating velocity components in the ver-
tical and cross-stream directions were measured at peak turbine
power output via acoustic Doppler velocimeter. The effect of
tip speed ratio on near-wake mean velocity was observed at the
turbine center line. Transverse profiles of mean velocity, fluctu-
ating velocity, and Reynolds stresses were also measured at the
turbine’s quarter height for two tip speed ratios of interest. Re-
sults are compared and contrasted with previous lower Reynolds
number studies, and will provide a detailed data set for validation
of numerical models.

NOMENCLATURE
hII Mechanical exergy efficiency.
l Turbine tip speed ratio wR/U•.
n Fluid (water) kinematic viscosity.
w Turbine shaft angular velocity.
r Fluid density.

⇤Corresponding author; pxl3@unh.edu

s Turbine solidity.
A Turbine frontal area.
c Turbine blade chord length.
Cp Turbine power coefficient.
Cd Turbine rotor drag coefficient.
D Turbine diameter.
H Turbine height.
N Number of turbine blades.
R Turbine radius.
Rec Approximate turbine blade chord Reynolds number.
ReD Reynolds number based on turbine diameter.
T Turbine shaft torque.
U• Free stream or tow carriage velocity.
UT Fluid velocity through the turbine when modeled as an ac-

tuator disk.

INTRODUCTION
A renewed interest in cross-flow or vertical axis turbines for

offshore wind and marine hydrokinetic energy conversion has
inspired a push towards advancing understanding and predic-
tive capability for these devices, since they offer some techni-
cal advantages compared with horizontal axis turbines. Validat-
ing numerical performance models and providing input data to
higher level array and environmental models requires detailed
measurement of the unique and unsteady flow physics inherent
to the operation of these turbines. Furthermore, these models, if
they are to be used to design full-scale devices, should in gen-
eral be checked against experimental data acquired at as close to
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TABLE 1. APPROXIMATE BLADE CHORD REYNOLDS NUM-
BERS Rec = lU•c/n FOR SELECTED TIP SPEED RATIOS.

l 0.5 1.0 1.5 2.0 2.5 3.0

Rec(⇥105) 0.7 1.4 2.1 2.8 3.5 4.2

full-scale as possible, to minimize errors due to the inherently
approximate nature of various modeling techniques. Despite
the need for larger scale experiments, up until 2006 cross-flow
turbine wake data were rare and limited to Reynolds numbers
roughly 2-3 orders of magnitude smaller than those seen in full
scale devices [1, 2]. Starting in 2006, Ferreira et al. began accu-
mulating much-needed detailed wake data at moderate Reynolds
numbers (Rec = lU•c/n ⇠ 105) [3, 4], but the available exper-
imental database is still not sufficient. Reynolds number is as-
sumed to have significant effects on the turbine’s wake given its
effects on static and dynamic performance of airfoils [5, 6]. The
effect of Rec on average power output was shown to be significant
on the 2 m Sandia Research Darrieus turbine in wind tunnel test-
ing, where maximum power coefficient increased with Reynolds
number, along with a shift of the location of maximum Cp toward
lower tip speed ratios due to delayed blade stall [7]. Effects were
quite dramatic even over a relatively small range Rec = 106,000–
290,000. Because a cross-flow axis turbine blade’s angle of at-
tack and relative flow velocity varies throughout the turbine’s ro-
tation, it is hypothesized that Reynolds number independence for
near-wake flow cannot be achieved at typical laboratory scale.
It is also hypothesized that Reynolds number differences will
have a more noticeable effect in the near-wake, where the fea-
tures unique to blade performance have not yet been mixed by
turbulence [8].

Motivated by the scarcity of data and the disparity between
full scale and laboratory experiments, a turbine model and in-
strumentation system was developed to acquire performance
and wake measurements in a towing tank at a turbine diameter
Reynolds number ReD =U•D/n = 106, or an approximate blade
chord Reynolds number Rec ⇠ 105. We present both since each
should be a relevant driving parameter at their respective scale.
Note that calculating true blade chord Reynolds number is not
a trivial task, as it varies throughout the turbine’s rotation, and
this variability is decreased by streamwise induction, hence the
definition above. Values of approximate blade chord Reynolds
number for selected tip speed ratios are shown in Tab. 1.

Using the newly developed model and instrumentation, the
turbine’s power and drag (also called thrust) curves were ob-
tained, from which mechanical exergy efficiency—the fraction
of the mechanical energy removed from the fluid converted to
shaft work—is estimated. This quantity is not commonly as-
sessed for these types of devices, but the method presented here
provides an approximate and relatively easy-to-obtain measure

FIGURE 1. TURBINE MODEL DIMENSIONS.

of the additional decrease in available mechanical energy down-
stream due to dissipation during wake recovery, which is relevant
to maximizing turbine array performance.

Regarding the turbine’s wake, we first set out to obtain a
detailed view of the structure and three-dimensionality of the
near-wake at optimal operating conditions, i.e. peak power out-
put. Next we wanted to observe the effects of tip speed ratio
on the near-wake characteristics, namely variation of center line
(y/R = 0) mean velocity throughout the entire operating range,
and the difference in quarter height velocity profiles between op-
timum operation and a decreased tip speed ratio, which should
increase maximum blade angle of attack, and therefore depth and
duration of stall.

EXPERIMENTAL SETUP
Turbine Model

A 1 m diameter, 1 m tall model turbine, shown in Fig. 1, was
constructed from three 14 cm chord NACA 0020 blades, result-
ing in a solidity s = Nc/pD = 0.13. The blades were fixed at
half-chord and mid-span, leaving their tips free. The blade at-
tachment struts were also built from NACA 0020 foils, and fixed
to a 9.5 cm diameter shaft.

Experimental Facility and Instrumentation
Experiments were performed in UNH’s tow & wave tank,

which is 36 m long, 3.7 m wide, and 2.4 m deep. The model tur-
bine had an 11% blockage ratio based on its frontal area. It was
installed in a frame built from NACA 0020 struts, mounted to the
carriage via linear bearings, allowing a pair of S-beam load cells
to measure total streamwise drag. The turbine shaft was loaded
with an AC servo motor and gearhead, which provided precise
control of turbine tip speed ratio. Shaft torque was measured
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FIGURE 2. FRONT CROSS-SECTION VIEW OF EXPERIMEN-
TAL APPARATUS.

with an Interface T8 inline torque transducer mounted between
the servo motor and turbine shaft. A schematic of the turbine
and instrumentation installed in the tank cross-section is shown
in Fig. 2. Signals from the torque transducer and drag load cells
were sampled at 2 kHz via National Instruments 9205 and 9237
modules, respectively. Turbine shaft angle was sampled from the
servo drive’s 105 count/rev emulated quadrature encoder output
by a National Instruments 9401 counter module.

A Nortek Vectrino+ acoustic Doppler velocimeter (ADV),
sampling at 200 Hz, was used to measure wake velocity. The de-
vice is capable of measuring all three orthogonal components of
velocity simultaneously with an accuracy of ±0.5% its measured
value ±1 mm/s.

Experimental Procedure
The turbine was towed through the tank at 1 m/s, result-

ing in approximately 17 s of steady turbine operation per run.
To ensure repeatability of experimental conditions, minimum
standby time between tows was assessed using ADV measure-
ments taken after towing a turbine and returning the tow car-
riage to its starting position. Turbulence intensity decayed more
quickly than low frequency oscillations in the mean streamwise
flow, but these were effectively damped by the tank’s energy dis-
sipating “beach.” From these measurements, a minimum standby
time of 4 minutes was chosen.

Tip speed ratio was prescribed and held constant during
each tow, ranging from 0.1–3.1. The ADV was mounted on a
cross-stream traversing system at 1 turbine diameter downstream
(x/D = 1) from the turbine axis, the coordinate system for which
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FIGURE 3. TOP VIEW OF TURBINE AND MEASUREMENT CO-
ORDINATE SYSTEM.
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FIGURE 4. FRONT (DOWNSTREAM) VIEW OF TURBINE
WAKE MEASUREMENT LOCATIONS. DIMENSIONS ARE IN ME-
TERS

is shown in Fig. 3. For the power and drag measurements, the
ADV was placed at the quarter height z/H = 0.25, with z/H = 0
corresponding to the turbine center. A duplicate set of measure-
ments were also taken for z/H = 0 to show how quarter height
and center line measurements differ as a function of tip speed
ratio.

After the tip speed ratio l = 1.9, corresponding to maximum
power output was found, transverse wake profiles were obtained
at z/H = 0– 5

8 , with a range of y/R = ±3, shown in Fig. 4. One
additional profile was then acquired at z/H = 0.25 for the lower-
than-optimal tip speed ratio l = 1.4.

Turbine power was calculated from the measured torque and
angular velocity. Turbine shaft torque was corrected for bearing
friction by adding a tare torque, measured in air by driving the
turbine shaft with the servo motor. Similarly, drag values were
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FIGURE 5. TURBINE POWER COEFFICIENT VERSUS TIP
SPEED RATIO.

corrected by subtracting the tare drag, measured by towing the
test frame with the turbine removed.

RESULTS AND DISCUSSION
Power, Drag, and Mechanical Exergy Efficiency

Turbine power and drag (thrust) coefficients,

Cp =
T w

1
2 rAU3

•
(1)

and

Cd =
Fd

1
2 rAU2

•
, (2)

are shown in Fig. 5 and Fig 6, respectively. Each data point cor-
responds to a sample mean computed over an integer multiple of
blade passages to minimize bias from the periodic nature of the
device.

The drag coefficient curve looks as expected—increasing
monotonically with tip speed ratio. The power coefficient curve
also looks similar in shape to previous experiments with vertical
axis turbines [9], reaching a maximum value of 26%.

In order to estimate mechanical exergy efficiency hII of
the device, we use the actuator disk approach, i.e. the one-
dimensional momentum theory used to derive the Betz limit [10].
This method assumes the power being removed from the fluid
by the turbine is equal to the drag force times the flow velocity
through the device. Dividing the mechanical power output by
rate of change of the fluid’s kinetic energy as it passes through
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FIGURE 6. TURBINE DRAG COEFFICIENT VERSUS TIP
SPEED RATIO.

the streamtube-bounded control volume, and assuming the inlet
and outlet pressures have equalized, we obtain

hII =
Cp

(1�a)Cd
, (3)

where the induction factor,

a =
U• �UT

U•
, (4)

quantifies the fractional decrease in free stream velocity as it
reaches the turbine. For drag coefficients below 8/9, the in-
duction factor is estimated using the familiar actuator disk so-
lution [10],

a =
1�

p
1�Cd

2
. (5)

For Cd > 8/9, the induction factor is estimated using a modified
version of the Glauert empirical formula

a =
18F �20�3

p
Cd(50�36F)+12F(3F �4)

36F �50
, (6)

where we assume the tip loss factor F = 1 [11]. Using this
method, the resulting values of a are approximately a linear func-
tion of l .

To solve for hII , we substitute the estimate for a into Eqn. (3)
along with the measured power and drag coefficients. Result-
ing exergy efficiency estimates are plotted in Fig. 7, reaching a
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FIGURE 7. TURBINE MECHANICAL EXERGY EFFICIENCY
ESTIMATED BY APPLYING ACTUATOR DISK THEORY TO MEA-
SURED POWER AND DRAG COEFFICIENTS.

maximum of 45% at the tip speed ratio corresponding to maxi-
mum Cp. This implies that a turbine directly downstream could
theoretically extract

⇣
1� Cp

hII
⇡ 0.43

⌘
times the power of the

upstream, neglecting mixing and entrainment of kinetic energy
from the free stream.

Near-Wake Characteristics at Maximum Power Output
Our first goal regarding the wake was to get a detailed pic-

ture of what’s happening to the flow when the turbine is operating
at its peak power output. Similar to the performance measure-
ments, wake velocity statistics were computed over an integer
multiple of blade passages. Mean and fluctuating streamwise ve-
locity contours for the turbine operating at l = 1.9 are shown
in Fig. 8. From these plots we can see the complex asymme-
try and three-dimensionality of the wake. We can also see the
flow accelerating around the turbine due to blockage. The peak
momentum deficit occurs away from the center line at positive
values of y/R, while the majority of turbulence intensity occurs
around y/R = �1, showing evidence of separated flow, possibly
due to blades in dynamic stall. Turbulence is found to be approx-
imately locally isotropic, i.e. sv and sw contours are similar to
those of su shown in Fig. 8. A mean streamwise vortex, likely
caused by blade end effects, also appears to be passing through
the y/R < 0 region, as can be seen in the mean v and w veloc-
ity components, shown in Fig. 9. The clockwise rotation makes
sense considering the blade’s suction side faces the inside of its
path on the front half of the turbine, and faces outward for the
rear half.

Relevant Reynolds stress contours are plotted in Fig. 10. In
general, peak values are located in regions of high turbulence in-
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FIGURE 8. CONTOURS OF NORMALIZED STREAMWISE VE-
LOCITY MEAN (TOP) AND STANDARD DEVIATION (BOTTOM)
AT x/D = 1 AND l = 1.9. SOLID BLACK LINES INDICATE TUR-
BINE FRONTAL AREA.

0.1 m/s
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FIGURE 9. MEAN CROSS-STREAM AND VERTICAL VELOC-
ITY COMPONENTS AT x/D = 1 FOR l = 1.9. RED LINES INDI-
CATE TURBINE FRONTAL AREA.

tensity. It is unclear whether or not we can glean any significant
physical intuition from Reynolds stresses so close to the turbine,
since periodic forcing from the blades will still play an impor-
tant role, but at the least Reynolds stresses serve as higher order
model validation metrics.

Effects of Tip Speed Ratio on the Near-Wake
From our measurements we can observe how mean veloci-

ties at two fixed points downstream of the turbine axis vary with
tip speed ratio. These velocity components are shown in Fig. 11.
Mean streamwise velocity deficit at at z/H = 0 increases with tip
speed ratio, which is expected in light of the drag measurements.

5 Copyright c� 2013 by ASME



�3 �2 �1 0 1 2 3
y/R

0.00
0.13
0.25
0.38
0.50
0.63

z/
H

�0.015�0.010�0.005 0.000 0.005 0.010 0.015 0.020
u0v0

�3 �2 �1 0 1 2 3
y/R

0.00
0.13
0.25
0.38
0.50
0.63

z/
H

�0.0150 �0.0094 �0.0038 0.0018 0.0074 0.0130
u0w0

�3 �2 �1 0 1 2 3
y/R

0.00
0.13
0.25
0.38
0.50
0.63

z/
H

�0.0080 �0.0052 �0.0024 0.0004 0.0032 0.0060
v0w0

FIGURE 10. REYNOLDS STRESS CONTOURS AT x/D = 1 AND
l = 1.9. SOLID BLACK LINES INDICATE TURBINE FRONTAL
AREA.

However, mean velocity deficit at the quarter height is highest
at tip speed ratios corresponding to high power coefficient, but
decreases at higher values of l . Mean vertical velocity at the
turbine center remains relatively constant across the entire oper-
ating envelope, implying the wake is approximately symmetric
about z/H = 0. However, mean vertical velocity at the quarter
height shows a markedly higher downward component at higher
l , corresponding to the similar aforementioned trend of decreas-
ing streamwise velocity deficit at that location. Since drag coef-
ficient continuously increases with l , we are led to believe the
turbine is becoming more like a solid cylinder, letting less flow
through, therefore more fluid must flow over the top. Asymmetry
about y/R = 0 is seen in the mean cross-stream velocity at val-
ues of l away from those of highest power output, with a mean
component in the positive y-direction.

Next we want to look more closely at the effects of lower-
ing l , thereby increasing maximum blade angle of attack and

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
�

�0.4

�0.2

0.0

0.2

0.4

0.6

0.8

u
/U

�

u v w

FIGURE 11. NORMALIZED CENTER LINE MEAN VELOCITY
COMPONENTS AT x/D = 1 VERSUS TIP SPEED RATIO. FILLED
MARKERS INDICATE MEASUREMENTS AT z/H = 0, WHILE
OPEN MARKERS INDICATE MEASUREMENTS AT z/H = 0.25.

inducing increased stalling behavior. Quarter height streamwise
mean velocity profiles for the two tip speed ratios of interest are
shown in Fig. 12. Some similarities can be identified with the
study by Brochier et al., namely the assymetry of the wake and
how its shape changes on the side of the turbine where the blade
faces into the flow—positive y for our experiments and negative
for theirs [1].

Regarding turbulence intensity in the wake, we can make
similar comparisons. The data in Brochier et al. shows two
peaks on opposite sides of the turbine axis, with the lower tip
speed ratio case having a relatively higher peak on one side [1],
which should correspond to negative y values in our case. This is
somewhat in agreement with our results, though the value at the
origin for our case is relatively higher, which may be due to the
larger shaft wake. However, when we compare our two profiles,
we notice for the lower value of l there is higher average turbu-
lence intensity throughout the center region. This appears to be
caused by more intense blade stall, beginning earlier along the
blade path, i.e. at higher positive values of y. This effect is seen
in all three components of turbulence intensity, agreeing with our
earlier observations of local isotropy.

Fig. 13 shows mean vertical velocity profiles for the two tip
speed ratios of interest. The large gradient appearing at nega-
tive values of y, suspected to be the result of blade tip vortices,
remains a approximately the same location. However, the peak
seen at y/R = 1.2 is decreased for the lower tip speed ratio case.

Fig. 14 shows profiles of mean cross-stream velocity. Un-
like the streamwise and vertical profiles, these show relatively
large differences at our two tip speed ratios of interest, indicating
significant fluid motion—on the order of 10% of the free stream
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FIGURE 12. STREAMWISE MEAN VELOCITY PROFILES FOR
l = 1.9 AND l = 1.4 AT x/D = 1 AND z/H = 0.25.
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FIGURE 13. MEAN VERTICAL VELOCITY PROFILES FOR l =

1.9 AND l = 1.4 AT x/D = 1 AND z/H = 0.25.

velocity—to the left on the left edge of the rotor at l = 1.9 and
to the right at the right edge of the rotor at l = 1.4.

Fig. 16 shows profiles of u0v0 Reynolds stress. Similar to the
profiles of su in Fig. 15, we see a rightward shift of the left peak
from what we infer is earlier blade stall, while the right hand
peaks are almost identical. In Fig. 17, we see that profiles of v0w0

Reynolds stress contain peaks once again on the left side of the
turbine, but the correlations are opposite for the two tip speed
ratios.
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FIGURE 14. MEAN CROSS-STREAM VELOCITY PROFILES
FOR l = 1.9 AND l = 1.4 AT x/D = 1 AND z/H = 0.25.
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FIGURE 15. STREAMWISE VELOCITY STANDARD DEVIA-
TION FOR l = 1.9 AND l = 1.4 AT x/D = 1 AND z/H = 0.25.

CONCLUSIONS
In general, this study was a step towards accumulating de-

tailed performance and wake flow data at increased Reynolds
number, which should prove useful in validating turbine perfor-
mance models and improving accuracy of higher level array or
environmental models. This effort will help improve predictive
capability of device physics, thereby reducing technical and eco-
nomic risk.

We presented experimental measurements of power, drag,
and near-wake velocity for a vertical axis turbine at moderate
Reynolds number, acquired in a towing tank. Drag coefficients
increased with l as expected, reaching a maximum value around
1.1, while power coefficient peaked at 26% at a tip speed ratio of
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FIGURE 16. u0v0 REYNOLDS STRESS PROFILES FOR l = 1.9
AND l = 1.4 AT x/D = 1 AND z/H = 0.25.
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FIGURE 17. v0w0 REYNOLDS STRESS PROFILES FOR l = 1.9
AND l = 1.4 AT x/D = 1 AND z/H = 0.25.

1.8–1.9. Using actuator disk theory combined with the Glauert
empirical relation applied to measured power and drag, mechan-
ical exergy efficiency was estimated, reaching a maximum of
45%. This measure provides some insight on the excess fluid
energy dissipation of the device when the wake is fully mixed far
downstream.

We have investigated the near-wake structure across a rela-
tively large measurement plane at what would be a realistic op-
erating tip speed ratio l = 1.9, showing the wake to be highly
asymmetric and three-dimensional, shedding what appears to be
large streamwise blade tip vortices that show up in the mean flow.

Near wake mean velocity profiles at quarter height show
some qualitative agreement with lower Reynolds number 2-D

studies, e.g. Brochier et al. and Strickland et al., e.g the change
in profile shape when l was reduced [1, 2]. However, compared
with Brochier et al., our turbulence intensity seems to be more
spread out over the center region of the turbine, and this effect
is increased at our below-optimal tip speed ratio. We attribute
this to increased depth and duration of blade stall, caused by an
increased maximum blade angle of attack at lower l .

Regarding future work, despite the wake’s complexity it is
expected that as the wake evolves downstream, turbine-specific
flow structures such as dynamic stall and blade tip vortices will
break down and the wake will become better mixed. At some
distance—at least in the center plane—we expect the wake to
become a fully developed self-similar turbulent plane wake as
described by [12]. It is of interest where this will happen, since
the wake generated by one turbine will eventually reach a down-
stream turbine if placed in an array. This will be addressed in
future studies, both theoretically and experimentally.
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