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1 Introduction

Due to their relatively smaller footprint, vertical axis wind turbines (VAWTs) can be
placed in tightly spaced arrays, resulting in an increase of energy density (deﬁned
as energy per acre of land) as compared to horizontal axis wind turbines (HAWTs)
which suﬀer from destructive interference unless well spaced [4, 6]. The vertical axis
of rotation however makes the aerodynamics of VAWTs much more complicated,
and as a result the eﬃciency of individual VAWTs is over 10 % lower than HAWTs.
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Abstract Vertical axis wind turbine blades undergo dynamic stall due to the large
angle of attack variation they experience during a turbine rotation. Particle image
velocimetry on a pitching and surging airfoil was used to perform time resolved
measurements at blade Reynolds numbers near turbine operating conditions of 105 .
These experiments were compared to simulations performed in the rotating turbine
frame as well as the linear, experimental, frame at a Reynolds number of 103 to
investigate rotational and Reynolds number eﬀects. The ﬂow was shown to develop
similarly prior to separation, but the kinematics of vortices shed post separation were
reference frame dependent.
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The turbines considered in this study are similar to the commercial 1.2 kW Windspire turbines used by Kinzel et al. [6] and rotate at a tip speed ratio 𝜂 = U𝜔R = 2
∞
where R is the radius of the turbine, U∞ is the wind velocity and 𝜔 is the turbine
rotation rate. A schematic of a VAWT is shown in Fig. 1 demonstrating angle of
attack 𝛼 and eﬀective velocity U. Only blades in the upstream half of the turbine
cycle (0◦ < 𝜃 < 180◦ ) will be considered here as it has been shown that blades in
the downstream half of the turbine rotation produce negligible power when compared to the upstream blades [5].
Dynamic stall on a representative one-bladed VAWT has been studied experimentally in the rotating frame at a limited number of angular positions at Reynolds
numbers near operating conditions and tip speed ratios of 2, 3 and 4 by Ferreira et al.
[7]. The growth of leading edge and trailing edge vorticity was analysed at several
positions around the turbine cycle and the total vortex circulation was shown to grow
until the vortex is shed at the point of dynamic stall. In order to capture the evolution
of vortical structure, time resolved velocity measurements of a pitching and surging airfoil as a surrogate for a VAWT blade were performed by Dunne and McKeon
[3]. They developed a simple 5 mode model using the dynamic mode decomposition
that captures LEV development and the dynamic stall process. Computations by Tsai
and Colonius at similar conditions but a much lower Reynolds number investigated
the eﬀect of the Coriolis force by comparing the pitch/surge motion of Dunne and
McKeon to the rotating frame of the turbine [8].
This paper combines experiment and simulation to investigate the eﬀect of
Reynolds number and the rotating reference frame on the dynamic stall process.
Experimental data in the equivalent planar pitch/surge reference frame, hereafter
EPME , provides measurements at Reynolds numbers characteristic of full scale
VAWTs at the expense of neglecting the Coriolis eﬀect. Direct numerical simulations provide comparisons at low Reynolds number of the equivalent planar motion
(EPMC ) and VAWT frame including Coriolis forces (VAWTC ). The rationale for
looking at the two-dimensional, low Reynolds number regime in computation is that
a much larger parameter space can be considered, and eﬀects of blade rotation, pitch,
surge, and so on can be isolated independently from uncertainties associated with turbulence models. Of course, the disadvantage of this approach is computations and
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Fig. 1 Top view of a
VAWT, showing the
conditions encountered by a
single blade at four angles
during VAWT rotation.
Wind speed U∞ , eﬀective
velocity U, blade velocity
𝜔R. Experimental ﬁeld of
view shown by grey boxes
(not to scale)
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Conditions for experiment were chosen to closely match those of a representative
𝜂 = 2 vertical axis wind turbine using a NACA 0018 airfoil. Sinusoidal pitch between
𝛼± = −30 and 30◦ about the leading edge (where the subscript ± indicates pitch up +
U −U
𝜔c
and down −) and surge of maxŪ min = 0.9 at reduced frequency k = 2𝜂U
= 0.12 were
∞
selected to mimic the frequency, angle of attack and velocity variation of the turbine
consisting of slightly skewed sinusoids at with similar magnitude (−30◦ ≤ 𝛼 ≤ 30◦
U −U
and maxŪ min = 1). Experimental Reynolds numbers of 105 match the physical turbine in the American Wind Energy Association (AWEA) national average wind
velocity of 5 m s−1 [1].
This ﬁeld of view shown by grey boxes in Fig. 1 is ﬁxed in the lab frame, and
the airfoil pitches/surges inside it to achieve the desired angle of attack and velocity.
Multiple experiments were performed using particle image velocimetry in overlapping forward and aft ﬁelds of view to measure the velocity ﬁeld over the entire airfoil
motion, then ensamble averaged and knit together to form a composite ﬁeld of view
shown in the airfoil reference frame by white lines in Fig. 2. Further detail of the
experimental setup including hardware, PIV setup, and processing details can be
found in Dunne and McKeon 2015 [3].
In the computation, the chord Reynolds numbers were limited to Re ≤ 1500,
but both the experimental, pitch/surge frame (EPMC ), and the full turbine frame
(VAWTC ) including Coriolis forces were investigated. Computations were performed on a single NACA 0018 airfoil using the immersed boundary projection
method developed by Colonius and Taira [2] to compute two-dimensional incompressible ﬂows in an airfoil-ﬁxed reference frame. To account for the non-inertial
reference frame appropriate forces were added to the momentum equation. Further
details, including a discussion of the veriﬁcation and validation of the algorithm, can
be found in Tsai and Colonius 2015 [8].
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experiments can only be compared qualitatively. In this paper, the diﬀerent techniques are used to model a region of the parameter space corresponding to VAWT
operation. The EPMC and VAWTC results oﬀer a self-consistent investigation of
the inﬂuence of rotation within an immersed boundary condition simulation, while
a comparison of EPMC and EPME cases isolate Reynolds number eﬀects and the
diﬀerences between experiment and simulation, including all considerations of relevant boundary conditions, which are assumed to be small.
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An isocontour of the spanwise vorticity colored by the velocity magnitude (scaled
by the maximum velocity) of the phase averaged velocity ﬁelds from experiment
(EPMC ) is shown in Fig. 2 where time is extruded along the Z axis for two periods
of the airfoil motion. The period begins at point A, 𝜃 = 0◦ , with maximum freestream
velocity (maximum surge) and zero angle of attack. At this point the ﬂow is attached
to the airfoil. As the airfoil pitches up and decelerates it separates at point B (𝛼+ ∼
25◦ ), well beyond the static stall point of 𝛼ss ∼ 11◦ , forming a separated shear layer
indicated by the vorticity isocontour lifting away from the airfoil. Finally the airfoil
pitches down to point C near 𝛼− = 0 when the ﬂow reattaches to the airfoil. From C
to A’, at the start of the second cycle, the airfoil is at negative angle of attack and the
vorticity indicates the shear due to the no-slip condition on the pressure side of airfoil
surface. The dynamic stall process including leading edge vortex (LEV) growth is
described in Dunne and McKeon 2015 [3].
The vorticity is plotted in the lab frame at various phases of the airfoil motion
in Fig. 3 for all three cases. The lower Reynolds numbers in the simulation result
in much more coherent vortices appearing at all angles of attack. Furthermore the
experimental data is an ensemble average of multiple experiments, and as such the
coherent vortex shedding apparent at 𝛼+ = 0◦ that is not exactly coupled to the airfoil
phase is smeared out in experimental results. This phase averaging also signiﬁcantly
weakens the positive (counter-clockwise) vorticity at the airfoil surface due to the
interaction of the recirculation region and the airfoil surface after separation, and as
such is only apparent in the computations.
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Fig. 2 Vorticity isocontour colored by scaled velocity magnitude (

u2 +v2
√
).
max( u2 +v2 )

Two periods

shown. Arrows indicate incoming angle of attack variation. Points A, A’ correspond to 𝛼 = 0, B
to separation location, and C to reattachment D to minimum angle of attack. White lines show ﬁeld
of view in airfoil ﬁxed frame
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Fig. 3 Vorticity contours from experiment EPME (left) and computation of the pitch/surge motion
EPMC , (middle) and the computation of the VAWTC , (right). Red and blue contours indicate
positive and negative vorticity respectively and green area indicates the PIV laser shadow. a 𝜃 =
0◦ , 𝛼+ = 0◦ , b 𝜃 = 60◦ , 𝛼+ = 19.1◦ , c 𝜃 = 90◦ , 𝛼+ = 26.6◦ , d 𝜃 = 120◦ , 𝛼 = 30◦ , e 𝜃 = 150◦ , 𝛼− =
23.8◦

Apart from these Reynolds number and experimental diﬀerences the ﬂow evolution is similar between the three cases and qualitatively similar to the experiments of
Ferreira et al. [7]. Initially at 𝛼+ = 0◦ the ﬂow is attached and a symmetrical wake
can be seen behind the airfoil. At 𝛼+ = 19◦ a leading edge vortex begins to form,
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visible as a distinct structure in computation and indicated by increased intensity
in experiment. At this point the ﬂow remains primarily attached without a large
reversed region behind the airfoil. At 𝛼+ = 27◦ the LEV appears even stronger in
experiment, and the ﬂow has just begun to separate, in both computations however
the LEV has moved downstream, indicating ﬂow separation occurring slightly earlier at low Reynolds number. At maximum 𝛼 = 30◦ the ﬂow is fully separated in both
experiment and computation with a shear layer between stagnant and freestream ﬂow
visible in experiment, and large scale vortex shedding from leading and trailing edge
continuing in the computation, while the initial leading and trailing edge vortices,
apparent further downstream in computation corresponding to the slightly earlier
separation point. Slight diﬀerences can be seen in the trajectories of the shed vortices between the EPM and VAWT frames, with a vortex pair moving up away from
the airfoil in the linear frame and, two distinct but opposite vortices moving downstream in the rotating one. Finally on pitch down at 𝛼− = 24◦ the VAWT shows two
vortices captured by the airfoil, while in the linear frame vortices can be seen to shed
from the leading and trailing edges. More detail of this wake capture phenomenon
can be found in Tsai and Colonius 2015 [8].
Vorticity contours are plotted in the turbine reference frame for both the experiment and the VAWT simulation at various points in the airfoil cycle in Fig. 4. Similar
to Fig. 3 the VAWT computation shows more coherent vortices as to be expected due
to the lower Reynolds number. The eﬀect of the experimental and turbine reference
frame can be seen clearly, as the vortices in the airfoil reference frame convect from
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Fig. 4 Clockwise vorticity contours from experiment EPME (top) and VAWT computation
VAWTC (bottom) at 𝜃 = 70◦ , 90◦ , 108◦ and 133◦ respectively from left to right
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Dynamic stall, ﬂow separation and leading edge vortex development were studied
to analyse the ﬂow experienced by vertical axis wind turbine blades. The VAWT
ﬂow was modeled in two diﬀerent ways: using experiments on a blade undergoing
linear motion and by simulation of both rotating and linearly traversing blades using
an immersed boundary condition code. A ‘pitch/surge’ model of the ﬂow was used
experimentally to perform time resolved measurements at full scale turbine blade
Reynolds numbers, at the expense of a change of reference frame, which excluded
the rotational, Coriolis force. The high Reynolds numbers of physical turbines were
not simulated in computation, however both experimental (pitch/surge) and turbine
reference frames were calculated such that self-consistent comparisons across all
three conditions can be made. As such this dual approach provides insight into the
evolution of vortical structure and separation on VAWT blades as well as understanding of the eﬀect of Reynolds number and Coriolis forces.
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left to right with the turbine relative freestream, while the vortices in the experiment
convect behind the airfoil with the blade relative free stream. However, at the blade
level and immediately behind it, agreement is good.
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