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and
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Dynamic stall is exploited to produce positive torque on a large chord-radius ratio (c/R) vertical axis wind
turbine (VAWT). An elementary kinematic analysis shows that the blades experience large variations in angle-
of-attack that produce deep dynamic stall, combined with large relative dynamic pressure variations, that are
phase-shifted by approximately 90°. The phase-shift allows dynamic lift overshoot effects associated with the
formation of a dynamic stall vortex to drive the turbine when the relative dynamic pressure is high, while lift-
stall associated with shedding of the vortex occurs when the relative dynamic pressure is low. Blades also
experience variable virtual camber (or “virtual morphing”) effects and favorable chordwise pressure gradients,
where the former produces a virtual leading-edge droop that reduces the leading-edge angle-of-attack. Open
jet wind tunnel tests of a two-bladed model turbine reveal maximum power coefficients of 16% that were almost
independent of ¢/R. Flow visualization confirms that dynamic stall, with the associated dynamic stall vortex, is
the mechanism that drives the turbine to maximum power. Due to the lack of reliable design tools for these
machines, either empiricism and dimensional analysis or high-fidelity CFD are proposed for optimization and

analysis.
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Nomenclature
average axial flow induction factor
blade mean chord-length

drag coefficient

lift coefficient

power coefficient

effective (or virtual) camber
number of blades

turbine radius

chord-based Reynolds number
relative dynamic pressure
normalized relative dynamic pressure
local wind speed
wind/free-stream speed
magnitude of the relative velocity
relative velocity magnitude along the chord
point along the chord

blade-strut connection point
angle-of-attack

blade pitch-rate

local angle-of-attack

static stall angle-of-attack

blade pre-pitch angle

blade virtual pre-pitch angle
chord-to-radius ratio

turbine azimuthal angle
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K =  blade dimensionless pitch-rate
A =  tip-speed ratio, 2R/U_

ye) = air density

o = turbine solidity

0 =  rotational speed

I Introduction

I n recent years, interest in vertical axis wind turbines (VAWTS) has surged [1]. Much of the research focusses on
offshore applications [2] or urban-scale implementation [3] arising from well-known advantages such as
insensitivity to the wind direction [4] and ground- or water-level location of the generator. Furthermore, symmetric
and uniform blade profiles along the span can significantly reduce manufacturing costs. The performance range of

VAWTS is strongly dependent on their solidity:
oc=Nc/R 1)
where N is the number of blades, ¢ is the blade mean chord-length and R is the turbine radius. In general, for high

solidity machines (o > 0.4), the operational tip-speed ratios:
A2 OR/U, 2
where €2 is the rotational speed and U is the wind speed, are relatively low (1< A <2), while for low solidity

turbines, they are relatively high (3< A <5) [5]. Although high solidity machines are less efficient, they have other

important advantages for urban installations, such as lower noise emissions [6], lower probability of bird strikes [7]
and better self-starting capabilities [8]. As a general rule, designers increase solidity by increasing the number of
blades (N); it is far less common to increase the chord-length (c) to the point that the chord-length and radius have
similar dimensions. In a break with convention, these turbines produce useful positive torque as a result of dynamic
stall. The conceptual underpinnings, atypical aerodynamics and operation of these machines form the basis of this
present paper.

The objectives of this paper are: (a) to describe the new concept of a dynamic stall driven turbine; and (b) to

construct and test a small-scale demonstrator machine. Description of the operating principles and atypical

aerodynamics of large blade-chord-to-radius ratio (& =c/R >>0) turbines are presented in section 11 and wind tunnel

3
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tests of the model are presented in section 111. An elementary kinematic analysis serves as motivation for the approach
adopted and illustrates the scope of the problem. The operational speeds of these high-solidity machines are typically
low (4 <2), which leads to so-called deep dynamic stall [9] in the presence of enormous variations in the relative
dynamic pressure. This is accompanied by “virtual camber” (see [10] and section Il. B) of the blades and chordwise
pressure gradients. Although some of these factors have been recognized by other researchers [10][11], they have not

been fully analyzed and the £ >> 0 regime has not been explored.

1. Large e VAWT Kinematics
It is common knowledge that both the efficiency and structural integrity of low-solidity conventional VAWTS are
adversely affected by dynamic stall [13], [14], which occurs when the blades pitch beyond their static stall angle-of-
attack (o) [15]. The dynamic stall process begins with the appearance of reversed flow on the pressure surface,
followed by the formation of a dynamic stall vortex (DSV) near the leading-edge that produces a static lift overshoot
and then shedding of the DSV resulting in lift stall. In the analysis below, we shall consider a high-solidity, high

chord-to-radius ratio design space where dynamic stall is exploited to drive the turbine.

A. Dynamic Stall to Produce Torque
For the purposes of our discussion, consider the simplified instantaneous velocity diagram at the center-span of an
H-bladed VAWT shown in Fig. 1. We assume that power is only generated in the upwind quadrants of the azimuth

(0°< 6 <180°) and that the average axial flow induction factor & =1-U, /U _ is zero. From simple kinematics, the

angle-of-attack at the strut-blade connection point is:

a= tanl(ﬂ] 3
A+cosd
and the magnitude of the velocity relative to the blade is:
w =Uw\/(ﬂ,+cose)2+sin29 4)
Thus the relative dynamic pressure is:
0o =% PN? :}/zpuj[(/ucos@)ersinzeJ 5)
which can be normalized as:
Qrel = (\N /Wmax)2 (6)
4
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chord-line

25 Fig. 1 Relevant dimensions (left) and simplified velocity kinematics (right) of a VAWT blade where &£>>0

Curves for the nominal blade angle-of-attack « and normalized relative dynamic pressure ¢, as a function of

30 azimuth & are shown for A=3 and 1.5 in Fig. 2a and Fig. 2b respectively. These results represent nominal values where
32 the induction factor is zero and, by convention, & <<1is implicitly assumed [13]. In both cases, corresponding to slow
34 rotation relative to the induced velocity though the rotor, moderate (1=3) or large (41=1.5) post-stall angles-of-attack
36 are attained resulting in light or deep dynamic stall respectively [13]. On conventional turbines, the useful lift
overshoot associated with the DSV formation is negated when it sheds from the blade, producing a sharp drop in the
lift and an increase in drag. This results in a loss of torque and hence a power reduction in the stalled operation regime.
It comes as no surprise that researchers aim to avoid dynamic stall by periodically pitching the blades [16] or attempt

43 to control dynamic stall passively [17] or actively [18]-[21].

59 5
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Fig. 2 Representative values of angle-of-attack (pink) and normalized relative dynamic pressure (blue) as a
function of azimuthal angle for light and deep stall scenarios. Assumptions: induction factor equal to zero
and e<<1.

Fig. 2 also shows that relative dynamic pressure and angle-of-attack (based on the blade relative velocity
magnitude) are out of phase by approximately 90°. This led us to consider a design space that exploits the positive
lift-overshoot effects of dynamic stall to produce torque when q,, is high, and mitigate the negative effects of the
DSV shedding when g, is low. It is clear that conventional design techniques are of little use in this design space,
and we must, therefore, resort to a combination of empiricism and dimensional analysis. In particular, a multitude of

airfoil experiments indicate that static lift overshoot increases with increasing constant pitch rate x = ac/2U_ [13]
or harmonic pitching frequency k = wc/2U,, [15],[22]-[24]. On VAWTS, these definitions cannot be used because
U, must be replaced by W. Nevertheless, it can be shown that the blade pitch-rate is proportional to & as suggested
by Buchner et al. [25]. This confirms that, for a given design A4, , the most effective way to increase the dimensionless

pitch-rate, and hence the lift-overshoot, is to increase ¢ . This then serves as motivation for increasing the blade chord-
length and not the number of blades in order to produce a high-solidity machine. The increase in chord-length produces
higher blade Reynolds numbers, which is also an advantage, particularly for small machines whose blades suffer from
low Reynolds number effects.

AVAWT blade is unique in that it pitches to positive and negative angles of attack and therefore usually undergoes
dynamic stall twice in one cycle, upwind and downwind, where typically the dynamic stall timescale is some fraction

of each half-cycle. Here, however, we assume that useful power is only generated in the upwind quadrants as was

6
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demonstrated using blade surface pressure measurements [28]. Nevertheless, the timescales characterizing the
dynamic stall process, from the development and shedding of the DSV to reattachment, are strongly dependent on the
pitch-rate. Although the study of these timescales is beyond the purview of this paper, the timescale of the dynamic
stall process for a £ >> 0 machine and that of the turbine rotation half-cycle should be comparable. More importantly,
in instances where & >> 0, the virtual camber of the blades and imposed pressure gradients cannot be considered to

be fixed. This leads to unusual, or atypical, aerodynamics discussed in the next section.

B. Virtual Camber and Pressure Gradient

In instances where & >> 0, the blade experiences significant variations in angle-of-attack and relative speed along
its chord-length, as first explained by Migliore et al. [10]. This change in angle-of-attack can be modeled as a “virtual
camber” combined with a superimposed pressure gradient and is explained with respect to Fig. 1. Here, we generalize
the analysis of Migliore et al. [10] to account for the effect of the blade-strut connection point x_ , measured along the
chord-line from the leading-edge, where the blade connects to the strut. Turbine blades may have an angle offset,
known as the blade pre-pitch angle, £ [11],[12]. In this analysis, without loss of generality, we assume S to be zero.

Here we define a virtual pre-pitch angle between the rays emanating from the turbine axis to x_. (along R) and any

arbitrary point x along the chord (along R’"), namely:

ﬂ’zsin‘{x_x°] @)

which, for small angles, can be written in the form:

B =(x*/c)e (8)
where x*=x-X,. Itis evident from Fig. 1 that the angle between the local blade velocity and local relative velocity

varies as:

o af sin(@+p")
p=tan (}L+cos(0+ﬁ’)j ©

and hence from egs. (8) and (9) we can express the local angle-of-attack as:
a*=p-f (10)
and the chordwise change in angle-of-attack, or virtual camber, as:

(dz/dx) 4 =a*— (17)

7
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Likewise, the chordwise magnitude of the local relative velocity is:

and thus, the blade experiences an apparent chordwise acceleration, or pressure gradient equal to (w *2 -w?)/U? after

non-dimensionalizing.

0.2

W*=U_\[2+c0s(@ + B)] +sin*(6 + )

(12)

6=45°

6=90°

6=135°

0 0.2 04 06 08
x/c

1

0 0.2 04 06 038
x/c

1

0 0.2 04 06 038
x/c

1

Fig. 3 NACA 0015 virtual camber line (top row) and blade orientation for horizontal relatively velocity
(bottom row) at three azimuthal angles for £=0.6, x,/c=0.5 and 1=15.

Fig. 3 shows the virtual camber lines and blade profile shapes of a NACA 0015 blade profile (top row) generated

by integrating eq. (11) for £=0.6, x./c=0.5 and A =1.5 together with blade orientation relative to a horizontal

velocity vector (bottom row) from eq. (10). It can be seen that (in the upwind quadrants) the blade always experiences

a virtual positive camber that increases with increasing 6. From @ =45° to 135°, the virtual maximum camber

increases from 4.5% to 7.7% (both at X/c~0.5) and hence this process can be referred to as “virtual morphing”.

Virtual pitch-down of the leading-edge may serve to ameliorate dynamic stall (see below), while pitch-down of the
trailing-edge may produce premature separation on the aft region of the blade. Although the strut connection point

does not have a significant effect on the virtual camber-line (not shown), it does affect the local angle-of-attack. For

example, x./c=0.25 at &=90°, results in 4.4% virtual camber (versus 4.7% for x./c=0.5), but the local angle-

of-attack at the leading-edge is 34° — 6° (versus 34° — 12° for x /c=0.5). Another atypical aspect of &>>0

aerodynamics is that the blade is subjected to a favorable pressure gradient as illustrated in Fig. 4. This is roughly

8
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equivalent to the aerodynamics of an airfoil in a converging channel. Although it is well known that favorable pressure
gradients act to stabilize attached boundary layers, to the best of our knowledge no reliable aerodynamic load data

exists for either static or dynamic airfoil performance under such conditions.

(W*-W2)U;

0 0.2 0.4 0.6 0.8 1
x/c

Fig. 4 Chordwise non-dimensional pressure gradients at three azimuthal angles for £=0.6, x,/c=0.5 and
A=15. Similar results are obtained for x,/c=0.25.

M. Experimental Evaluation
A. Model Turbine and Wind Tunnel
To evaluate the hypothesis described above, a high ¢ VAWT was built and tested in a low-speed open jet wind
tunnel. It employed an H-rotor configuration (Fig. 5, left) with two NACA 0015 blades of chord-length ¢ =150mm,

connected to a vertical shaft (diameter d =50mm), by means of variable-length horizontal struts of R =200, 300

and 350mm. The shaft, bearing mounts and dynamometer system (Fig. 5) were similar to those used in previous
investigations [18]-[21] and consisted of a Magtrol HB-140M2 hysteresis brake to regulate torque and a 1+0.0015 Nm
Kistler 4502A1RAU torque meter (Fig. 5, right). The turbine was mounted in the center of a 1000 mm x 2000 mm
test section. The brake was controlled via a TTi CPX400DP power supply with a control sensitivity of 0.001 A. This
led to a 0.01-0.001 Nm torque control sensitivity. An optical sensor and a reflector located on the shaft were used to
measure the turbine RPM with an estimated accuracy of £2 RPM. All the sensors were connected to a LabVIEW
analog-digital 1/0 and controlled through a dedicated program. The original tunnel nozzle [26] was removed and

replaced by two inserts designed according to [27] to produce a 1600 mm x 2010 mm open jet. The average wind

9
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tunnel speed (U_ =6.7+0.05m/s for all experiments) was monitored by traversing a Pitot-static probe across the

span of the test section at one diameter upstream of the turbine.

2x1m test section

upper.bearing

lower bearing
adapter

flexible coupling

torque meter

flexible coupling

hysteresis brake

dynamometer

Fig. 5 Schematic of the turbine wind tunnel setup (left) and the dynamometer details (right).

Flow visualization was performed using 22mm-long, white fluorescent tufts attached inboard to a high contrast
matte black paint covering 255mm of the blade span. The tufts were placed in the normal direction to the flow, pointing
downwards. A total of 42 tufts on each blade were spaced using a 22mm x 40mm grid and attached to the surface
using a 75 um polyamide tape. A 180W UV diode cannon was used to illuminate the tufts, while a high-speed Phantom

V7.3 camera, recording at 5000 frames per second, was used to videotape the tufts.

B. Experimental Results

Initial experiments were attempted with the strut connection pointat x./c=0.25 and &=0.6, but the turbine did
not produce positive torque. Subsequently, the connection point was shifted aft to x./c=0.38 and the turbine did

indeed produce positive torque as shown in Fig. 6, attaining C ~10%. A further shift aftto x./c=0.5 produced

P, max
Cp max ®16% , which is approximately half of the commercially-available best performing high-solidity VAWTSs [11],
although those turbines typically operate at higher Reynolds numbers. Unfortunately, the blade design did not facilitate
further aft connection and thus additional experiments, at £ =0.5 and 0.4, were conducted with x,/c=0.5 (Fig. 6).
It is reasonable to assume, however, that moving the connection point further aft will produce even larger power
coefficients. As expected, the A for optimum power increased with decreasing & together with a small increase in

the operation range (the difference between maximum and minimum A4 ). In contrast to other studies [28], the

10
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maximum power coefficient did not increase with decreasing solidity. This might be due to the fact that we decrease
& as opposed to reducing N to decrease the solidity. It is difficult to pin down to a single factor because lower values
of 4 are simultaneously associated with increased pitch-rate, less virtual camber and decreased Reynolds number.
Due to the small physical dimensions of the turbine as well as the relatively low wind speed, the maximum Reynolds
numbers:

Re,, =(A+)U_c/v (13)
at peak power vary between 1.6x10° and 2.2x 10°, for £ =0.6 (c=1.2) and £=0.4 (o =0.8) respectively. It is
well known that at these Reynolds numbers airfoils perform relatively poorly [29]. Considering the large increases in

C and C_/C,, itis expected that higher Reynolds number experiments (Re >10°) will produce higher C, .

L, max

The profound effect of the strut attachment point is particularly intriguing. When x_ /c is further aft, the effect of
virtual camber increases, and this can be best understood as if the leading-edge “droops”. For example, moving X, /¢
from 0.25 to 0.5 increases the leading-edge droop angle by approximately 5°. As an analogy, on many aircraft wings,

a “droop-nose” or leading-edge flap is used to increase C and ¢, for take-off and landing. This concept was

L,max
extended to variable-droop leading-edges on rotorcraft blades, for the purpose of ameliorating the negative effects of
dynamic stall [29],[30]. For example, for an airfoil pitching to ¢, =25°, a variable leading-edge droop of 13°
eliminated the DSV and thereby significantly reduced lift hysteresis, as well as the drag rise and pitching moments.

The kinematic analysis presented above shows that a similar mechanism is at play here.

11
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Fig. 6 Model wind turbine performance characteristics for different values of x./c and ¢.

Another interesting difference between the present turbine performance curves and those of other turbines is the
abrupt power loss when the turbine is loaded near peak power. Typically, high solidity machines have a long tail that
extends well below A =1. This means that the advancing blades stall, while the retreating blades are being driven by
drag. As the blades stall more deeply, the performance drops further leading to the appearance of a tail. There are two
possible reasons for the observed difference. One is the method used to load the turbine (hysteresis brake) that is
different from other investigations that employ generators [11], [31]. More likely, however, is that because the large
& turbine is being driven to peak power by dynamic stall, additional loading causes the DSV to form and shed at
lower azimuthal angles. Simultaneously, the opposite blade is too far advanced into the third quadrant to produce
sufficient drag for net positive torque. Thus, the different mechanism of power generation results in different
qualitative performance characteristics. It is possible that a three-bladed, large & would not exhibit the performance
drop due to large drag forces imposed on the retreating blades.

Flow visualization experiments conducted with tufts attached conventionally, i.e. pointing downstream, did not
produce positive results because the centrifugal forces acting on the tufts exceeded the fluid forces producing flow
separation. In order to render them more sensitive to the flow, they were subsequently attached laterally, pointing
vertically downward, as described in section IlI.A. Visualization images for £=0.6 with increasing power
corresponding to 2 =2, 1.7 and 1.5 are shown in Fig. 7 for azimuthal angles between 95° and 135°. For A =2,

12
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corresponding to C, ~ 8%, the tufts do not indicate flow separation for all of the azimuthal angles recorded. Although
this may appear surprising because ¢, ~30°, it should be noted that the leading-edge droops by 22° and hence

dynamic stall is avoided. With higher loading of the turbine, at 1 =1.7, tufts indicate incipient leading-edge separation
at ¢=125°, and we associate this with the formation of the DSV. Although the nominal ¢, ~39° is large, the
leading-edge has a virtual droop of 14° and the nominal ¢, =0.35. As the azimuth increases to =135°, the tufts
begin to point upstream thus indicating more advanced formation of the DSV. By loading the turbine further to attain
the maximum power coefficient, C, ~16% at A =1.5 incipient leading-edge reverse flow can already be seen at
6=110°. As the blade advances further around the azimuth to #=125° and 135°, the reverse flow region increases
and this is associated with further growth of the DSV. Note, however, that the aft tufts remain virtually unchanged
and hence we can conclude that the DSV has not yet shed from the blades. When considering the flow visualization
of Fig. 7 together with the power coefficient curves in Fig. 6, it becomes evident that the DSV is an integral, and
indeed vital, feature associated with peak power performance. Indeed, when dynamic stall is completely absent, at
A = 2, the turbine power is relatively low. In contrast, when the DSV forms on the blade during the operation cycle,

the turbine attains peak power.

6=95° 06=110° 6=125° 6=135°

Fig. 7 Tuft grid on the wind turbine blade, inboard, with the leading-edge on the left side.

13
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V. Conclusions

In this paper, the concept of wind energy generation by dynamic stall was explained, the associated atypical
aerodynamics were described and a model turbine was used for the purposes of demonstration. The analysis shows
that these machines operate at low blade-speed/wind speed ratios and hence the blades experience large changes in
angle-of-attack, associated with dynamic stall, and large dynamic pressure variations, that are phase-shifted by
approximately 90°. The underlying hypothesis was that positive dynamic stall effects, associated with the generation
of a dynamic stall vortex (DSV), drive the turbine when the relative dynamic pressure is high, while negative effects
associated with shedding of the DSV transpire when the dynamic pressure is low and thus their effect is mitigated.
The analysis also showed that the blades experience virtual camber effects and favorable pressure gradients, where
the former produces a virtual leading-edge droop that reduces the leading-edge angles of attack.

Experiments demonstrated relatively low power coefficients of 16% that were virtually independent of & between
0.4 and 0.6. It was determined, however, that the turbine strut connection point plays a critical role, where a shift
forward of 25% chord from the 50% chord position, resulted in a total loss of turbine power. Another feature of the
machine was an abrupt power loss when an additional load was applied at peak power. Flow visualization appeared
to confirm our hypothesis that dynamic stall is the mechanism by which the turbine attains maximum power. This is
an unexplored design space where conventional techniques are of little use. At this point, we have no alternative to
empiricism and dimensional analysis to design machines for maximum power operation. High-fidelity CFD could
also be employed to gain a deeper understanding of the physics.

In the quest to obtain greater power coefficients, a system must be designed to facilitate further aft strut
attachment and blade offset angles. Different blade profiles and higher Reynolds numbers can also be expected to

produce further increases in the power coefficient.
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