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Influence of the downstream blade sweep on
cross-flow turbine performance

Abigale Snortland, Owen Williams, Brian Polagye

Abstract—Unlike axial-flow turbines, each cycle, cross-
flow turbine blades encounter a relatively undisturbed
inflow for half their rotation (the “upstream sweep”) and
then pass through their own wake for the other half
(the “downstream sweep”). While most research on cross-
flow turbine optimization focuses on the power-generating
upstream sweep, we observe that the downstream sweep
can also significantly affect time-averaged performance. We
utilize a 1-bladed cross-flow turbine to isolate the time-
averaged performance contributions from the upstream and
downstream sweeps. Additionally, flow fields are inves-
tigated to understand the hydrodynamic mechanisms for
the observed degradation in downstream performance as
tip-speed ratio increases. For this purpose, two-component,
phase-locked, planar particle image velocimetry data is
obtained inside the turbine swept area at two tip-speed
ratios. We find that the time-averaged power generation
from the upstream sweep continues to increase beyond
the optimal tip-speed ratio. In contrast, the time-averaged
power generation from the downstream sweep is net
neutral until just before the optimal tip-ratio, after which
it decreases faster than the upstream power generation
increases. This indicates that the optimal tip-speed ratio
is strongly influenced by the point at which the down-
stream sweep begins to consume appreciable power due
to oppositional torque caused by high tangential blade
velocities. These results highlight the importance of un-
derstanding the hydrodynamics in the downstream sweep,
where induction and upstream disturbances violate the
assumptions in commmon analytical models for angles of
attack and relative velocity. An improved understanding of
the downstream sweep may suggest strategies to improve
performance and increase the optimal tip-speed ratio and
performance of cross-flow turbines.

Index Terms—Cross-flow Turbines, Dynamic Stall, Hy-
drodynamics, ...

I. INTRODUCTION

ROSS-FLOW turbines are able to harness the ki-
netic energy in wind, tidal currents and rivers.
Relative to axial-flow turbines, cross-flow turbines may
be able to achieve higher power output per unit area
within an array [1]. Additional benefits include op-
eration at lower rotation rates (reduced noise, lower
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risk of animal collision), operation insensitive to inflow
direction (no need for active yaw control), lower blade
bending stresses, simpler blade construction, ability to
favorably position the generator (e.g., on the surface
with floating platforms), and increased scalability [2],
[3]. Because cross-flow turbines rotate perpendicular
to their inflow, blades encounter a continually fluc-
tuating angle of attack and relative inflow velocity
that can lead to the unsteady, non-linear phenomenon
of dynamic stall [4]-[11]. Additionally, deceleration of
the flow through the turbine rotor — “induction” —
is substantial, particularly for blades passing through
the turbine’s own wake, meaning the relative velocity
and angle of attack a blade experiences during the
upstream portion of its cycle differs appreciably to that
of the downstream portion. These factors cause the
power generated by a blade to vary throughout a single
turbine rotation.

Overall, cross-flow turbine hydrodynamics and per-
formance for a specific geometry and set of inflow
parameters are functions of the blade azimuthal po-
sition, # (§ = 0° defined as when the blade tangen-
tial velocity vector points directly upstream), and the
ratio of the blade tangential velocity (the product of
turbine radius and rotation rate) to the inflow velocity
— the dimensionless “tip-speed ratio”, A. The upstream
sweep (§ = 0° — 180°) is commonly referred to as the
“power stroke” of the turbine as it produces most of the
hydrodynamic power, while the downstream sweep
(0 = 180° — 360°) is characterized by parasitic drag,
post- and secondary-stall events, and boundary layer
reattachment. Because of this, the relationship between
the near-blade hydrodynamics and performance is
relatively complicated. While multiple computational
studies have investigated performance in conjunction
with the near-blade hydrodynamics [5], [9], [10], [12]-
[16], few [4], [7], [17] have done so experimentally.
Further, While some of these works consider phase-
averaged performance, to our knowledge, none have
specifically partitioned and interpreted performance in
the framework of upstream and downstream sweeps.
In fact, most research attention to date on interpreting
and optimizing cross-flow turbine performance has fo-
cused on the power-generating phase of the upstream
sweep. Conversely, the focus of this paper is on the
downstream sweep with an objective of illuminating
a greater understanding of its importance within the
broader community.

II. METHODS

Here, we specifically investigate the impact of the
downstream blade sweep on cross-flow turbine per-
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Fig. 1. (ab) Blade geometric definitions, (c) normalized nominal
relative velocity trajectories, and (d) nominal angle of attack for the
two tip-speed ratios. The tangential velocity is defined tangent to the
circular blade path. A positive pre-set pitch angle, p, is depicted in
(a), and (b) shows the angle of attack definition. The static stall angle
in (c) is for a foil in rectilinear flow at a similar Reynolds number
(Rec = 1:5x10%, [18]). because of the rapidly varying angle of
attack and appreciable induction, the comparison between and
the steady-state stall angle is qualitative. The vertical dashed line
in (c) delineates between the upstream and downstream sweeps at
= 180.

formance using a 1-bladed turbine. Because turbine
torque is measured at the center shaft in our exper-
iments, a one-bladed turbine allows us to isolate the
performance contributions for the upstream and down-
stream portion of the rotation (i.e., with a multi-bladed
turbine, the torque contribution from each blade is
ambiguous). Performance measurements are taken for
a range of tip-speed ratios, A = 1.1 — 3.6. Addition-
ally, flow fields are investigated to contextualize the
observed performance trends. For this purpose, two-
component, phase-locked, planar particle image ve-
locimetry data is obtained inside the turbine swept area
at the mid-span for two tip-speed ratios, A = 1.5,2.5.

A. Cross-flow Turbine Theory

Two parameters often used to describe the near-
blade hydrodynamics are the nominal angle of attack,
a* (affecting lift and drag coefficients), and the nominal
incident relative velocity, U}, (affecting the magnitude
of the lift and drag forces). In the absence of any in-
duced flow (i.e., proximate changes in streamwise and
cross-stream velocities as a consequence of interaction
with the blade), the nominal angle of attack, defined
as the angle between the chord line and U}, at the
quarter chord, c¢/4, is

sin(0)
—_— 1
)\+cos(0)] +ap @)
where ay is the blade preset pitch angle, ¢ is the blade
azimuthal position (f = 0° defined as when the turbine

a* (AN 0) = —tan_l{
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blade faces directly upstream), and A is the tip-speed
ratio. The latter is a non-dimensional representation of
the turbine rotation rate, defined as

rw

)\:UOO

2)
where r is the turbine radius and w is the rotation rate.
The nominal incident velocity (relative velocity to c¢/4)
is the vector sum of the tangential velocity, 7w, and the
freestream velocity, U, such that its non-dimensional
magnitude is

II(§7A0>II =V 2xcos(0) +1). ()

We refer to these as nominal quantities because deceler-
ation of the flow through the turbine rotor (induction)
is appreciable but unknown.

Because a* and U}, depend on ), the phase, dura-
tion, and severity of dynamic stall are influenced by
this parameter. A schematic of the blade geometry and
azimuthal variations in ||U/,|| and a* over one turbine
rotation is shown in Fig. 1. For negative a*, on the
upstream sweep, the lift vector points inward to the
center of rotation and, therefore, the suction side of the
blade is the inner surface. Conversely, for positive o*
on the downstream sweep, the suction side of the blade
is the outer surface. A decrease in A reduces ||U/||
and increases the range of o* encountered during a
cycle, which corresponds to earlier vortex shedding,
increased stall severity, and delayed flow recovery. In
severe, or “deep” dynamic stall cases (lower A, larger
a ranges), the near-blade flow field is characterized by
the formation and roll-up of an energetic dynamic stall
vortex that is on the order of the blade chord. After
shedding, the blade experiences a sharp drop-off in lift
production and an increase in drag and prolonged flow
separation. In contrast, any vortex growth in “light”
dynamic stall cases (higher A, smaller o ranges) is
prematurely terminated, prior to it reaching is greatest
strength, and the flow is able to recover faster relative
to deep dynamic stall [19], [20].

B. Experimental Facility

Experiments were performed in the Alice C. Tyler
flume at the University of Washington, a rendering of
which is shown in Figure 2a. The data presented in
this paper utilized a mean dynamic water depth, k, of
0.52 m, resulting in a channel cross-sectional area Ac
of 0.39 m? (0.75 m width). The water temperature was
maintained at 39+0.2 °C, giving a p of 993 kg/m?, and
a kinematic viscosity, v, of 6.7210~" m?/s. An acoustic
Doppler velocimeter (Nortek Vectrino) operating at a
100 Hz sampling rate and positioned approximately 5
diameters upstream of the turbine rotor, measured an
average Uy of 0.9 m/s with a turbulence intensity, 7'/,
of 1-2% . These conditions corresponded to a depth-
based Froude number, F'r = \L}T_lﬁ, of 0.4 where the

gravitational constant g is 9.81 m/s?.
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Fig. 2. (a) Annotated PIV and performance experimental setup in the flume, (b) “PIV measurement” test rig with the with camera and laser

sheet arrangement, and (c) “performance measurement” test rig.

1) Cross-flow turbine and test rigs: Two experimental
test rigs are used in these experiments. The “PIV
measurement” test rig is shown in Figure 2b, and
the “performance measurement” test rig is shown
in Figure 2c. In either configuration, turbine rotation
rate, w is held constant by a servomotor. Blade
position is measured by the servomotor encoder with
a resolution of 2 counts/rotation and w is estimated
by differentiation. MATLAB Simulink Desktop Real-
Time is used for data collection and turbine control.
For each control set point (i.e., a single w), all data
are acquired for 60 seconds at 1 kHz. Experiments
utilize a one-bladed (NACA 0018 foil) turbine. The
turbine has a radius of 8.6 cm, blade span of 23.4 cm,
a blade chord length, C, of 4.06 cm and a 6° preset
pitch. The blockage ratio, 8 = i\—"cr is 10.3% and
the Reynolds number, Re; = Y2¢ is 5.5210*. While
our Reynolds number is lower and our blockage
is higher than what may be expected for full-scale
operation, these experiments enable the study of the
fundamental dynamics of cross-flow turbine operation.

“PIV  measurements” test rig: The “PIV
measurement” test rig utilizes a Yaskawa SGMCS-02B
servomotor rigidly coupled to the flume cross beam.
In this configuration, no forces are measured during
the PIV acquisition. To facilitate PIV imaging of
streamwise planes along the blade-span from cameras
positioned below the flume, the turbine is constructed
with a 40 cm diameter (2.3x turbine diameter) acrylic
plate at the bottom and a NACA 0008 foil strut at the
top. The plate is intentionally oversized so that the
index of refraction is constant across the field of view.
This turbine, however, is sub-optimal for performance
measurements (specifically at high rotation rates).
Additional details are provided in [21].

“Performance measurement” test rig: Forces and
torques are measured by a pair of six-axis reaction
load cells (above rotor: ATI Mini45, below rotor: ATI
Mini40) and the turbine is controlled with a Yaskawa
SGDV-2R1F01A002 drive. Additional details are pro-
vided in [22]. To improve performance measurements,

this turbine is comprised of NACA 0008 foil struts
supporting each end of the blade span. Since the tur-
bine support structure incurs an appreciable parasitic
torque from the struts and turbine shaft, blade-level
performance is isolated by subtracting phase-averaged
performance for the turbine support structure (blade
removed, at the same operating conditions) from the
full turbine performance measurements. We note that
this relies on an assumption that secondary interac-
tions between the blades and support structures are
minimal, which has been confirmed by prior work
[23], [24]. All torque measurements were filtered with
a low-pass, zero-phase, Butterworth filter to remove
high-frequency electromagnetic interference from the
servomotor. The 30 Hz cutoff frequencies used for the
turbine and support structure force data are more than
10 harmonics faster than the blade passage frequency
and the filter is unlikely to remove any hydrodynamic
forcing.

Through a turbine rotation, the hydrodynamic
power, P, is non-dimensionalized as the coefficient of
performance, Cp. This is defined as

P(o)
pUS Lr

where p is fluid density and L is the blade span. The
hydrodynamic torque, @, is non-dimensionalized as

Q)
pUZ Lr?’
The torque and performance coefficients are directly
related by the tip-speed ratio as

Cp = Co\. 6)

Cr(\6) = @

CQ ()‘7 9) = @)

Time-averages of any quantity, X, are represented
as X. The overall time-average is an average of the
entire time-series for a single A, truncated to an integer
number of rotations. We also present time averages
conditional on 6. For example, the upstream time-
averaged performance coefficient is computed by av-
eraging all of the data points in the time-series that
were measured between § = 0° and § = 180°.
A corresponding calculation is used to define a time-
averaged downstream performance coefficient. Phase
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averages of any quantity X are represented as (X).
The phase average is an average for a single azimuthal
position across multiple cycles with constant A. Since
the performance data is captured continuously, we
utilize a 1° 6 bin for phase-averaging.

C. PIV Measurement

Two-dimensional, two-component, phase-locked,
flow-field measurements were obtained in a
streamwise plane at the mid-span of the turbine.
PIV acquisition was controlled by TSI Insight and
acquisition for each cycle commenced upon receipt of
trigger pulses sent at a specified 6 from the Simulink
model controlling the turbine.

The general arrangement of the PIV laser and cam-
eras is shown in Figure 2a. A dual cavity, Nd:YLF
laser (Continuum Terra PIV) illuminated the flow with
an approximately 2 mm thick light sheet in the field
of view, FoV. A high-speed camera (Vision Research
Phantom v641) with 2560 x 1600 resolution acquired
images. Three PIV setups were utilized in this work.
The first two, “wide” and the “narrow” utilized a
horizontal laser sheet in the cross-stream direction
while the “angled” case utilized a horizontal laser
sheet angled with respect to the cross-stream direction
to capture portions of the cycle that were otherwise
blocked by shadows from the turbine blade and sup-
port structure. The “wide” setup utilized a 60 mm lens
at f#16. The calibration was 7.9 pixels/mm producing
a FoV of 324 x 20.3 cm [8¢ (1.9D) x 5¢ (1.2D)]. The
“narrow” setup utilized a 135 mm lens at f#16. The
calibration was 12.6 pixels/mm producing a FoV of
20.3 x 12.7 cm [5¢ (1.2D) x 3.1¢ (0.74D)]. The “angled”
setup utilized a 135 mm lens at f#16. The calibration
was 10 pixels/mm producing a FoV size in between
that of the “wide” and “narrow” setups of 25.6 x 16
cm [6.3¢ (1.5D) x 3.9¢ (0.93D)]. FoV positioning relied
on a combination of camera and turbine movement.
A motorized, three-axis gantry positioned the camera
relative to the laser sheet and provided the dominant
adjustment for cross-stream FoV positioning, as well as
fine adjustments in the streamwise direction. The size
of the FoVs for the “narrow” and “angled” setups were
smaller then the turbine diameter, so PIV data were
acquired at multiple cross-stream camera locations to
capture the whole turbine rotation. A calibration was
taken for each camera location. The limited stream-
wise extent of the laser sheet necessitated shifting the
turbine by ~ D upstream to illuminate and capture
the downstream blade sweep (logistically preferred to
shifting the laser).

Sequences of 59 image pairs for the “wide” setup,
and 15 image pairs for the “narrow” and “angled”
setups were acquired per rotational cycle with pre-
scribed angular displacements between frames ranging
between approximately 3 and 5°, depending on de-
sired phase resolution. 20 images pairs were captured
at each phase for the “wide” setup and 85 for the
“narrow” and “angled” setups. The flow seeding (10
pm hollow-glass beads) produced particle images of
approximately 3 pixels in diameter. To minimize laser
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reflections at the blade surface, matte black paint was
applied. PIV processing was performed in LaVision
DaVis (version 10.1.1) and post-processing and data
visualization were done in MATLAB. Background sub-
traction using a Butterworth filter on phase-matched
images mitigated residual reflections and background
illumination variation. The shadowed regions, visi-
ble turbine structures, and remaining reflections were
manually masked prior to PIV processing. Processing
utilized a multi-grid, multi-pass cross-correlation algo-
rithm with adaptive image deformation, resulting in
final window sizes of 32 x 32 pixels with a 75% overlap.

Both the turbine shaft and blade cast shadows in the
laser sheet. Therefore, to obtain data adjacent to the
suction and/or pressure sides of the foil at all phases
of interest, PIV measurements were conducted with
the turbine spinning in both clockwise and counter-
clockwise directions. Both rotation directions were
combined into composite fields in post processing. This
was done by first determining the center of rotation,
as described in [21]. The phase-averaged flow fields
were then interpolated to a common grid and the two
rotation directions at each phase for the same FoV were
averaged. In this way, the influence of the shadows is
minimized.

The flow field analysis in this work utilizes either
global time-averaged horizontal velocity magnitude

fields, ||V||, or phase-averaged relative velocity fields
in the blade-centric reference frame, (|[(Urer)||). Here

the || || denote the magnitude. The ||V|| fields are com-
puted separately for the upstream and downstream
sweeps and are an average of all the composite fields
from the “wide” data set. Any regions of missing data
in the composite fields (regions that are in the masked
areas in both rotation directions) are set to NaN and
ignored in the time-average. While this is is not a
true time average since the data is phase locked, the
phase separation is small for the “wide” cases, 3°, and
all phases are weighted equally in the average. The
(I1{Urer)||) fields are computed using the composite
“narrow” and “angled” fields following the process
laid out in [21].

ITI. RESULTS
A. Performance and Torque Measurements

The characteristic time-averaged performance curve
presented in Fig. 3 highlights the dependency of tur-
bine performance on the tip-speed ratio. Overall tur-
bine performance increases up until a certain optimal
tip-speed ratio (A = 2.8) beyond which performance
begins to decrease. Most research attention to date
has interpreted the mechanisms behind this optimal
performance condition in the context of the power-
generating phases of the “upstream sweep”. However,
when the upstream and downstream time-averaged
performance are partitioned, as in Fig. 3, it is clear
the performance in the upstream sweep continues to
increase beyond the optimal tip-speed ratio. In con-
trast, the performance in the downstream sweep is
net neutral (i.e., Cp =~ 0 when averaged over the
downstream sweep) until around A = 2.5 where
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Fig. 3. Time-averaged coefficient of performance. The black line
is the characteristic time-averaged performance curve (time-average
over the full cycle). The teal line is the time average of performance
data for just the upstream sweep ( = 0 — 180 ). Similarly, the
yellow curve is the time-average of performance data for just the
downstream sweep ( = 180 — 360 ). The purple dotted line
represents a hypothetical case for full cycle performance using actual
upstream sweep performance and neutral downstream performance
(i.e, Cp = 0). The points outlined in magenta correspond to the
optimal tip-speed ratio.
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Fig. 4. (Top) Phase-averaged coefficient of torque (bottom) and
coefficient of performance. The inset is the value of the maximum
coefficient of torque with tip-speed ratio. The vertical dashed line
represents the delineation between the upstream and downstream
sweeps.

it begins to decrease at a faster rate than the up-
stream performance increases. This indicates that the
optimal tip-speed ratio is strongly influenced by the
degradation in the downstream performance. This is
further highlighted by a hypothetical case of neutral
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downstream performance which indicates that perfor-
mance would continue to increase with tip-speed ratio
over the range tested if the downstream performance
remained neutral at the high tip-speed ratios.

To further investigate the contributions of the
upstream and downstream blade sweeps, we
present the phase-averaged coefficient of torque
and power/performance in Fig. 4. As the tip-speed
ratio increases, the nominal angle of attack range
experienced by the blade decreases (Fig. 1), dynamic
stall weakens, and the relative velocity incident on
the blade increases. In aggregate, this increases the
amplitude of the torque peak in the upstream sweep
and shifts that peak later in the cycle until the timing
and amplitude of the peak becomes independent of A
around A = 2.5 (Fig. 4 inset). Therefore, the increased
phase-average performance at high tip-speed ratios in
the upstream sweep (Fig. 4 bottom) is primarily the
result of the multiplication of torque with the higher
tip-speed ratio (Eq. 4) and not higher hydrodynamic
force production by the blades. In contrast, parasitic
torque becomes increasingly detrimental in the
downstream sweep at higher tip-speed ratios. While
the degradation in downstream performance appears
subtle, it dominates over the performance gains in the
upstream sweep.

B. Flow Fields

To better understand the hydrodynamic mechanisms
underlying performance in the downstream sweep,
flow fields are analyzed for two cases (one with lower
performance, A = 1.5, and one near-optimal A = 2.5).
The flow field with lower performance is relevant to
turbine operation when “underspeed” control is used
to shed power above rated speed. The A = 1.5 case
experiences deep dynamic stall, while the A = 2.5
experiences light dynamic stall. The A = 2.5 case is
slightly less than optimal (A = 2.8) and corresponds to
the point where the downstream performance switches
from being consistently nearly net-neutral to decreas-
ing monotonically.

The large differences in performance and torque
production between the upstream and downstream
sweeps is primarily a consequence of deceleration
of the flow through the turbine due to momentum
extraction. The inflow velocity alteration through the
rotor and near-wake is termed “induction” and is
accompanied by flow field acceleration around the
rotor. For all tip-speed ratios, performance and torque
production are at a minimum during the downstream
sweep, in part due to lower incident velocities. The
magnitude of induction differs between the upstream
and downstream sweeps and with tip-speed ratio, as
highlighted in the time-averaged flow fields in Fig.
5. The higher tip-speed ratio case, A = 2.5, exhibits
lower in-rotor velocities during both the upstream
and downstream sweeps with the most pronounced
deceleration in the downstream sweep and near-wake.
The higher average velocity region for the A = 1.5 case
between # = 90° — 180° is a signature of the strong
dynamic stall vortex while the blade is in that region.






