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ABSTRACT

Dynamic stall of vertical axis wind turbine blades
strongly affects the efficiency of vertical axis wind turbines,
especially at low tip speed ratios. Here we report measure-
ments using stereoscopic particle image velocimetry of the
dynamic stall behaviour of such turbines, and discuss the
factors affecting the evolution, strength, and timing of vor-
tex shedding from the turbine blades. It is found that tip
speed ratio alone is insufficient to describe the circulation
production and vortex shedding behaviour, and a more com-
plete scaling is proposed.

NOMENCLATURE LIST

c Chord length of turbine blades
Kc Dimensionless pitch rate
k Turbulent kinetic energy
L Length scale
R Radius of vertical axis turbine
Rec Reynolds number
U Velocity scale
U∞ Freestream velocity
Urel Relative local velocity
αrel Angle of attack
Γ Circulation
Γ̂ Normalised circulation
θ Azimuthal blade angle
λ Tip speed ratio
ν Kinematic viscosity
Ω Rotation speed of vertical axis turbine

INTRODUCTION
Vertical axis wind turbines have the potential to surpass

horizontal axis wind turbines for large-scale power genera-
tion (Dabiri, 2011; Sutherland et al., 2012), but they have
not been examined in similar detail, primarily due to the
early success and current dominance of horizontal axis tur-
bines in the wind power industry. The primary aerodynamic
challenge facing vertical axis wind turbines is the tendency
for the blades to dynamically stall. This dynamic stall be-
haviour is associated with the rapidly changing angle of at-
tack experienced by the turbine blades during turbine ro-
tation, and it may induce structural vibration, reduce effi-
ciency, and increase noise production. Experimental stud-
ies at Sandia National Laboratories (Sutherland et al., 2012)
have examined the performance and power output of verti-
cal axis wind turbine designs, but they have not explored in
detail the conditions under which dynamic stall occurs in
vertical axis wind turbines, and its severity, and the scaling
behavior is not well understood. Here, we use Particle Im-
age Velocimetry (PIV) experiments to investigate dynamic
stall on vertical axis wind turbine blades in an effort to de-
termine the correct scaling for the growth of the dynamic
stall vortex and the effect of tip speed ratio and dimension-
less pitch rate on the evolution of the dynamic stall vortex
system.

NON-DIMENSIONAL PARAMETERS
The primary non-dimensional parameters are the tip

speed ratio λ , the relative speed ratio Urel/U∞, the relative
angle of attack αrel , the chord Reynolds number Rec, and
the dimensionless pitch rate Kc.

The tip speed ratio, λ , is defined as the ratio of the tan-
gential velocity of the blade tip to the freestream velocity,
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so that

λ = RΩ/U∞.

The relative speed ratio is given by

Urel
∗ =

Urel

U∞
=
√

1+2λ cosθ +λ 2,

where Urel is the instantaneous relative velocity experienced
by each blade, and the corresponding relative angle of attack
is given by

αrel = tan−1
(

sinθ
λ + cosθ

)
.

The variation of Urel
∗ and αrel during one cycle of rotation

is illustrated in figure 1. We see that the amplitudes of the
periodic oscillations in the local relative velocity and angle
of attack diminish with increasing tip speed ratio. We ex-
pect, therefore, that at a sufficiently high tip speed ratio the
flow over the blade would remain attached, and stall would
not occur.

Since the oscillations in local relative velocity are cen-
tred about the tangential blade velocity, RΩ, (figure 1(a))
this appears to be an appropriate choice for velocity scale
when considering blade aerodynamics. The appropriate
Reynolds number used in this experiment is therefore taken
as the chord Reynolds number

Rec =
RΩc

ν
.

Given that the blade-relevant length and velocity scales in
the case of vertical axis wind turbines are the chord length
c, and the blade tangential velocity, λU∞ = RΩ, the dimen-
sionless pitch rate becomes

Kc =
c

2R
,

which depends only on the geometry of the turbine. Note
that the dimensionless pitch rate may be varied indepen-
dently of the tip speed ratio.

EXPERIMENT
The 0.61 × 0.915 m cross-section wind tunnel at

Princeton University was used to test a vertical axis wind
turbine, of the H-type configuration, under a range of con-
ditions. The test model has two NACA0015 blades, of span
450 mm, and is constructed of aluminium and carbon fibre.
The turbine rotation is kept at a constant angular velocity
and the tip speed ratio is varied by changing the freestream
velocity. Three sets of blades were tested, with chord length
c = 50 mm, 75 mm and 100 mm. The experimental setup is
illustrated in figure 2.

Phase-locked stereoscopic PIV was performed in the
region of the radially inwards facing surface of the turbine
blade. Seeding was introduced into the freestream flow by
an MDG brand clean nitrogen fed fog machine, producing
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Figure 1. (a) Blade local relative velocity as a function of
azimuthal position and tip speed ratio. Horizontal dashed
line indicates tangential blade velocity, RΩ. (b) Corre-
sponding angle of attack.

a mean particle size of approximately 1 µm. One thousand
PIV image pairs were acquired at each of a range of az-
imuthal blade angles (30◦ ≤ θ ≤ 165◦), for each parametric
condition.

Two sCMOS double shutter cameras were used, with
a sensor resolution of 2560 × 2160 pixels. Each camera
was fitted with a 50mm focal length lens, and was used to
acquire particle displacement data over a region approxi-
mately 150×100 mm in size, corresponding to between one
to three chord lengths, depending on the blade chord length,
sufficient to capture the early-time development of dynamic
stall on the turbine blades. The cameras were mounted on
a turntable, centred on the turbine axis, to allow the rota-
tion of the complete camera system to arbitrary azimuthal
angles.

Data are presented for three chord-based Reynolds
numbers, Rec = 50,000, 70,000, and 140,000, at tip speed
ratios varying from λ = 1 to λ = 5. The dimensionless
pitching rate of the turbine blades was varied from Kc =
0.10 to Kc = 0.20. For each dimensionless pitch rate, the
turbine angular velocity was held constant to ensure con-
stant blade Reynolds number, while the freestream velocity
was varied to effect changes in tip speed ratio. Table 1 lists
the relevant parameters.

A multigrid cross-correlation (Soria, 1996) is per-
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Figure 2. Wind turbine in wind tunnel test section (top),
and schematic overview of turbine (as viewed from above),
with representative measurement domain, coordinate sys-
tem, and geometric parameters marked (bottom).

Table 1. Parameters of the experiment.

U∞ 4.5 – 22.6 m/s

c 0.05 – 0.10 m

Re 50,000 – 140,000

λ 1 – 5

Kc 0.10 – 0.20

θ 30◦ – 165◦

formed on the PIV images, iterating from an initial window
size of 64×64 pixels to a final size of 24×24 pixels. The fi-
nal spatial resolution of the stereoscopic PIV measurement
was approximately 0.7mm or 0.007c – 0.014c per vector.
Prior to image cross-correlation, background scattered light
and spurious reflections were removed from each image pair
via a high pass filter and subtraction of the minimum in-
tensity across the ensemble. Reflections from the turbine
blade were masked. Application of a maximum displace-
ment limit and a normalised local median filter (Westerweel
& Scarano, 2005) to the raw displacement vectors resulted
in the rejection of O(1%) of the vectors. The velocities at
the locations of the rejected vectors were interpolated from
their nearest positively validated neighbours.

RESULTS AND DISCUSSION

Topology and turbulent fluctuation
The early-time evolution of the stall depends strongly

on tip speed ratio. Buchner et al. (2014) observed that
in this early phase there exists an initial thickening of the
boundary layer towards the blade’s trailing edge, accompa-
nied by a small region of flow reversal, qualitatively similar
to the incipient stages of a quasi-steady type stall. At high
tip speed ratios no leading edge separation occurs, and no
dynamic stall vortex forms, and the blade remains largely
unstalled until the upper surface boundary layer reattaches
as the turbine blade recedes from the oncoming flow and the
angle of attack is again reduced.

At lower tip speed ratios, the turbine blades exhibit dy-
namic stall behaviour, with the boundary layer separating at
the leading edge, forming a small vortex attached to the up-
per surface of the airfoil. As the stall progresses, the leading
edge dynamic stall vortex grows significantly in spatial ex-
tent and moves away from the surface of the blade. The in-
teraction of the leading edge vortex with the no-slip bound-
ary condition at the blade’s upper surface induces a region
that has a circulation opposite in sign to the primary lead-
ing edge vortex, located between the primary vortex and
the blade surface. As the angle of attack increases further, a
trailing edge vortex develops, which interacts with the lead-
ing edge vortex to change its size, shape, and motion.

In addition to the effect of tip speed ratio as docu-
mented by Buchner et al. (2014), the effect of dimensionless
pitch rate on the dynamic stall evolution is also important.
Figure 3 illustrates the dynamic stall behaviour at θ = 105◦

for a tip speed ratio of λ = 2. The three figures relate, from
top to bottom, to Kc = 0.10, 0.15, and 0.20, and show that
the primary effect of increasing pitch rate is to diminish the
spatial growth of the leading edge vortex, thereby reducing
and delaying the interaction between leading and trailing
edge vorticity. Mutual induction between the leading and
trailing edge vortices tends to pull the leading edge vortex
away from the blade, leading to the topological differences
seen in figure 3(a), where the leading edge vortex has shed
early and convected significantly aft, and a second stall vor-
tex is seen to be forming.

The Reynolds number of the flow over the turbine
blades is such that the unsteady separating flow is of a
highly turbulent nature. Referring to figure 4, it is possible
to observe the spatial distribution of turbulent fluctuations
in the dynamic stall vortex system for the same conditions
as those in figure 3. The magnitude of the turbulent kinetic
energy appears to scale across pitching rates and tip speed
ratios with the square of the freestream velocity, and the dis-
tributions presented here are normalised by this value. The
highest pitching rate case presented here, Kc = 0.20, (fig-
ure 4(c)) displays a smaller leading edge vortex core than
the lower pitch rate cases, with intense fluctuations in the
core. At the other end of the parameter range, the Kc = 0.10
case, the strikingly different topology seen in figure 3(a) is
reflected in the turbulent kinetic energy distribution (figure
4(a)). As with the higher pitching rate cases, turbulent fluc-
tuations are associated with vortex cores, but the region of
interaction between the leading and trailing edge vortices,
where the leading edge vortex is being stretched away from
the blade, exhibits significant fluctuation also.

The effect of the leading–trailing edge vortex interac-
tion may be quantified by tracking the core of the leading
edge vortex as it convects away from the turbine blade. The
path taken by the leading edge vortex at λ = 1 is plotted in
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Figure 3. Phase-averaged vorticity contours and vector
fields in the vicinity of a NACA0015 vertical axis wind
turbine blade, at Rec = 70,000, θ = 105◦, λ = 2. (a)
Kc = 0.10, (b) Kc = 0.15, (c) Kc = 0.20.

figure 5 as the dimensionless pitch rate varies. Post-stall,
as the blade recedes from the oncoming freestream, one
might expect at this tip speed ratio that the shed vortices
should convect downstream at about the same streamwise
position as the blade. Indeed, this is observed in the case of
Kc = 0.15 and Kc = 0.20. The leading edge dynamic stall
vortex initially grows close to the plate’s upper surface be-
fore moving away in close to a normal direction to the chord
line. As dimensionless pitch rate is decreased however, the
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Figure 4. Turbulent kinetic energy k/U2
∞ at Rec = 70,000,

θ = 105◦, λ = 2. (a) Kc = 0.10, (b) Kc = 0.15, (c) Kc =

0.20.

leading edge vortex is instead seen to travel rapidly aft of
the blade, due to increased interaction with the trailing edge
vortices.

Stall angle
The azimuthal angle at which leading edge dynamic

stall vortex first appears, θstall , is plotted against tip speed
ratio in figure 6(a). We see that the primary effect of in-
creasing tip speed ratio is to delay the angle at which stall is
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1, showing variation with dimensionless pitch rate.
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Figure 6. Stall angle (angle at which leading edge vortex
first appears) in degrees. (a) Azimuthal stall angle; (b) rela-
tive angle of attack at stall.

initiated. This observation is consistent with the inferences
made from the stall topology. The data also suggest that the
dimensionless pitching rate, Kc has minimal or no effect on
the initial stall angle of the blade.

Figure 6(b) shows the relative angle of attack, αstall , at
which stall begins. Within the margin of error of the mea-
surement, the angle of attack of dynamic stall appears in-

variant with both tip speed ratio and dimensionless pitch
rate, at a constant value between 18 and 23 degrees. At
comparable Reynolds numbers, the static stall angle for a
NACA0015 airfoil is approximately 10 degrees.

Scaling the circulation production
The phase-averaged circulation in the leading edge dy-

namic stall vortex is shown in figure 7(a) as a function of θ
for Kc = 0.15, and tip speed ratio λ = 1, 2, and 3. It is clear
that, consistent with observed stall onset delay, the produc-
tion of circulation is also significantly delayed as tip speed
ratio is increased. This trend holds true for Kc = 0.10 and
Kc = 0.20 also.

Figure 7(b) illustrates the circulation production trend
with dimensionless pitch rate at λ = 2. A weak dependence
of the rate of circulation production post-stall on the pitch
rate can be seen. Higher pitch rates tend to reduce the rate
at which circulation is shed into the leading edge vortex.

It appears that the relevant velocity scale for the pro-
duction of circulation from the turbine blades’ leading edge
is the freestream velocity. Normalising the leading edge
vortex circulation by the chord length and freestream veloc-
ity,

Γ̂ =
Γ

cU∞
,

and subtracting the stall angle from the azimuthal angle,
collapses the data at any given tip speed ratio. This scal-
ing does not however account for variation in pitch rate. To
adjust for pitch rate effects on circulation production rate,
the time-scale must also be modified.

All circulation shed post-stall from the leading edge
has its genesis in the shear-layer at the leading edge of the
blade, where the velocity differential is O(U∞). Per unit
length along the blade’s surface, the circulation produced
here might scale according to

∆Γ ∼U∞∆x ∼U∞R∆θ

since ∆x equates to the tangential distance travelled by the
blade, R∆θ . We expect, therefore, that

Γ̂ =
Γ

cU∞
∼ R

c

∫ θ

θstall

dθ

so that

Γ̂ =
Γ

cU∞
∼ 1

Kc
(θ −θstall) .

Figure 7(c) demonstrates that the data agree well with this
basic scaling, and although the relationship is not linear it
seems clear that the production of circulation at the leading
edge is governed by the post-stall distance travelled by the
blade, about the circumference of the turbine.

CONCLUDING REMARKS
It has been found that both the rate of accumulation of

circulation in the leading edge dynamic stall vortex, and the
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Figure 7. Phase-averaged normalised circulation in the
dynamic stall vortex. (a) Variation with λ at Kc = 0.15,
(b) variation with Kc at λ = 2, and (c) collapse with scaling
of production rate based on dimensionless pitch rate.

azimuthal position of the initial formation the stall vortex
depend on multiple parameters.

Increasing tip speed ratio tends to delay the azimuthal
angle at which a dynamic stall vortex forms, and to decrease
the total circulation ultimately shed into the dynamic stall
vortex. These observations are consistent with the increased
dominance at high tip speed ratios of the tangential veloc-
ity of the blade over the freestream velocity component,
and thus the smaller variation in angle of attack at these
tip speed ratios. At a tip speed ratio of approximately 3 to
3.5, no leading edge separation occurs and no dynamic stall
vortex forms.

Changes in the dimensionless pitching rate signifi-
cantly affect the stall topology. The spatial extent of the
leading edge vortex varies inversely with pitching rate, with
greater spatial growth of the dynamic stall vortex at lower
pitch rates forcing a stronger interaction between the lead-
ing and trailing edge vortices, inducing the leading edge
vortex to pinch off from the blade at an earlier azimuthal po-
sition, and a second leading edge stall vortex to form. This
phenomenon has a significant effect on the overall velocity
field and is an important consideration in the prediction of
the effect of dynamic stall on the production of blade forces.

The total circulation shed in the dynamic stall process
at the leading edge was found to scale with the chord length
of the turbine blades and the freestream velocity, but an ad-
justment to the time-scale over which this occurs is neces-
sary to account for pitch rate effects on the circulation pro-
duction rate. The rate of circulation shedding at the lead-
ing edge was found to scale with the post-stall azimuthal
distance travelled by the blade. The circulation production
and shedding behaviour is consistent across the range of
Reynolds numbers tested here.
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