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Dynamic Stall and Virtual Camber on High-Solidity
Vertical Axis Wind Turbines

Yair Reingewirtz and David Greenblatt

Faculty of Mechanical Engineering, Technion — Israel Institute of Technology

Abstract
The effects of dynamic stall and virtual camber were studied experimentally on 2- and 3-bladed
vertical axis wind turbine models, with NACA 0021 blade profiles, corresponding to chord-to-
radius ratios of 0.75 and 0.5, respectively, thereby enforcing constant solidity. Open jet wind
tunnel measurements were performed in the wind speed range 4.0 m/s to 8.2 m/s, where torque
and phase-resolved blade surface pressure measurements were made simultaneously. The 2-
bladed average peak torque and power exceeded those of the 3-bladed configuration, by
approximately 32%, primarily due to delayed dynamic stall, caused by increased blade pitch
rates, which are linearly proportional to the chord-to-radius ratio. However, the unsteady
turbine drag loads of the 2-bladed configuration were 92% higher. Virtually all positive torque
was developed in the upwind quadrants, consistent with previous studies, and the moments
developed around the strut-blade connection point, which are usually neglected, constituted a
significant fraction of the total torque developed. Virtual camber was studied by computing the
pressure coefficient distributions on a conformally cambered airfoil and then comparing them
to measured pressure coefficients at corresponding angles-of-attack. The close correspondence
between measurements and calculations represents the first unambiguous experimental
confirmation of virtual camber. The strut-blade connection point, between 40% and 60% chord,
had a profound effect on the nature of torque generation, but not the cycle-averaged values. A
connection point of 50% chord proved to be optimal, because it produced the lowest unsteady

and mean, drag and lateral, forces on the turbine.

Keywords: renewable energy, wind energy, vertical axis wind turbine, VAWT, dynamic stall,

virtual camber.



1 Introduction

Lift-based vertical axis wind turbines (VAWTS) appear to have advantages over their horizontal
axis counterparts due to their relatively low noise emissions, insensitivity to wind direction, and
ground-level location of the drive train [1-3]. Despite these ostensible advantages, large-scale
VAWTS historically suffered from relatively low energetic efficiency, inability to self-start, as
well as fatigue failure of blade connections and drive-train components [4-6]. The mechanical
failures derived from their inherent unsteady operation, where large cyclic loads are imposed
on the structure. Moreover, near peak power, the blades are routinely subjected to the
phenomenon of dynamic stall, that significantly increases the peak loads [7].

In contrast to large-scale turbines, multibladed lift-based small-scale (<100 kW) high-
solidity VAWTSs can overcome the problem of self-starting and are suitable for high-torque
applications [8-10]. We define high-solidity as o= Neg& >1, where N is the number of blades
and & =c/R is the chord-to-radius ratio. High-solidity also translates to low rotational speeds

o —commonly expressed as the blade tip-speed ratio (1= »R/U_)—which results in smaller

unsteady loads, lower noise emissions [11], and increased bird safety [12,13]. The downside is
that their energetic efficiencies are relatively low, i.e., power coefficients rarely exceed 30%
[14-17]. Two important factors that must be accounted for are dynamic stall and “virtual
camber,” and the combination of N and & that produce the identical solidity, strongly
influence both of these factors [18]. For dynamic stall, the dimensionless pitchrate is dependent
on &, and this affects the well-known lift overshoot [19-21] associated with dynamic stall. For
virtual camber, larger ¢ translates to larger differences between flow conditions at the leading-
and trailing-edges [18,22-26]. For a given solidity, fewer blades with larger chord-lengths bring
both advantages and disadvantages. Advantages include higher blade Reynolds numbers, which
generally improve aerodynamic performance [15,27], and proportionately thicker blades that
increase structural stiffness [35,27]. Disadvantages are that fewer blades negatively impact self-
starting and increase impulsive unsteady loads [7].

The analysis and design of VAWTS is based in either the Blade-Element Momentum
(BEM) method [3,7], or the Lifting Line Free Vortex Wake (LLFVW) method [28,29]. For both
methods, accurate estimates of the blade lift and drag coefficients throughout the cycle are
required for accurate performance and load predictions. For high-¢turbines, this means that the
combined effects of dynamic stall and virtual camber must be accurately accounted for. At
present, there is insufficient physical understanding of the combined effects to include them
successfully into analysis and design methods. This research aims to bridge this gap by directly



measuring and phase-averaging surface pressures on 2- and 3-bladed high-& turbines, in
combination with conventional turbine dynamometry. It is well known that pressure coefficient
distributions accurately reflect the flow state [30], and hence they are used as a diagnostic tool
and well as a guide for the development of analysis and design tools. In contrast to many other
studies, we maintain constant turbine solidity, irrespective of the number of blades. This avoids
the problem of varying two parameters, namely blade number and solidity, simultaneously.
The specific objectives are: (i) to study the role of dynamic stall in torque generation;
(ii) to identify and quantify the effects of virtual camber during routine operation; and (iii) to
quantify unsteady drag and lateral loads acting on the turbine. With greater understanding of
the aerodynamics, new methods and strategies can be developed to improve turbine
performance, reduce unsteady loads, and provide accurate load inputs for design. The remainder
of the paper is structured as follows: The concepts of virtual camber and dynamic stall, within
the context of high-solidity VAWT, are reviewed in section 2. The experimental facilities and
test turbines are described in section 3, followed by the results, analysis and discussion

presented in section 4. Finally, the main conclusions are summarized in section 5.



2 Virtual Camber and Dynamic Stall
The analysis of high- & turbines must account for both virtual camber [22-24] and dynamic stall
[18,25,31,32]. Virtual camber is quantified based on the upwind, torque-producing, half of the

azimuth shown in Figure 1, where V, is the blade speed at the strut-blade connection point x_,
U, is the induced velocity (assumed temporally constant and constant across the turbine
diameter D) and W is the velocity relative to the blade at x, [18,26]. From the kinematics, the

nominal angle-of-attack at X, is:

a, =tan™ [ﬂJ +f, 1)

AT +cosé
where 1" =1/ (1-a), the average induction factor @ =1-U, /U_ and g is the physical offset

angle. From the blade kinematics, the virtual camber-line slope is:

dz'/dx =tan™ sin(0 + ) —tan‘l[gij—ﬁ' (2)
A" +cos(@+ ) AT +cosé
where the virtual offset angle:
B =tan™ ( at C_ X %) (3

The corresponding relative dynamic pressure along the chord-length is:
Ot =% P IW ['= 75 pUZ{[A" +cos(0+ B +sin*(0+ 5')} (4)
and the nominal dynamic pressure at X, is q,, = ., (8’ =0) . In the blade-element momentum

method, the average induction is calculated iteratively by applying conservation of mass and
momentum across the turbine, and equating this to the calculated or measured loads on the
blades [3,7]. The LLFVW method, on the other hand is time dependent, where each blade is
represented as a lifting line, and the wake is modeled as discrete vortex filaments that are shed
from the trailing edge at each time step—affected by their own induced velocity and the velocity
induced by other filaments (Biot—Savart law)—and the freestream [28,29]. Using the LLFVW
method, it was shown that the disparity between virtual camber effects increase with increasing

E.



Figure 1. VAWT blade schematic showing the relevant geometric and angular definitions (left),

with corresponding idealized velocity components and virtual angles on the upwind blade
(right).

The dynamic stall process produces the vast majority of torque on high-& VAWTS
when A ~1. This is because the static lift overshoot occurs during pitch-up, when the relative
dynamic pressure is high, while shedding of separated-flow vortices occurs when the dynamic
pressure is low. Thus, in the absence of some flow control device or method, the problem
becomes one of managing the dynamic stall process to maximize efficiency and reduce
unsteady loads. Furthermore, the vast majority of useful torque is produced in the upwind
quadrants, while the downwind quadrants can even produce negative net torque [27,33,34]. At
the strut-blade connection point (i.e., nominal conditions), the dimensionless pitchrate rate is
defined as:

Kk=a,cl2|W| (5)
To estimate this parameter during the pitch-up motion, we let 8 = @t and differentiate equation

(1) with respect to time, to yield the nominal blade pitch-rate at x_/c, namely:

. _da,  w(A7cosd+1)

" odt  (AY)?+24'cosO+1

(6)

Substituting equation (6) and the absolute value of W from equation (4) into equation (5),

results in:



£ AT (A7 cosd+1)
2 (A7) +24" cose+l\/(/1+ +C0S 49)2 +sin® @

(")

K=

Finally, for small values of & (typically valid up to 100°), equation (7) reduces to the
approximate relation:

e A

o S ) (8)
which is linearly dependent on ¢ and weakly dependent on A" around unity. This is a useful
result because it implies that wind tunnel data acquired on airfoils subjected to constant pitch-
rate rotation [19,20]—and not harmonic pitch oscillations—are directly relevant to high-&
aerodynamics. When this is taken into account, together with the weak dependence of virtual
camber on @, then unsteady aerodynamics associated with suitably cambered airfoils under
constant pitchrate motion are appropriate for turbine analysis.

The above relations are used to compare the relevant parameters for two configurations

considered here, namely N=2 (£=0.75) and N=3 (&£=0.5), with identical solidities
o =1.5, where peak power is attained at A ~1 [18]. For illustrative purposes we assume that
a=0.2 (i.e., less than the Betz limit, a =), which yields A" =1.21, and that blade static-
stall angle o, =20°. Variation of the parameters with azimuthal angle is shown in Figure 2,

where the shaded area on the graph corresponds to post-static-stall angles-of-attack. It is clearly
evident that the blades exceed the static stall angle for the major sector of the upstream
quadrants. Note, that under these idealized conditions, the difference between the two
configurations is the dimensionless pitch-rate «, which is larger by a factor of 1.5 for N =2.
It is anticipated that larger x will bring about larger peak lift coefficient overshoots, and hence
greater turbine performance. It is also expected, from the figure, that very little useful torque

will be generated for 6 >150° due to the relatively low dynamic pressure.
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Figure 2. Variation of nominal angle-of-attack, dimensionless pitch-rate and relative dynamic

pressure in the upwind quadrants for N =2 and N =3 configurations (o =1.5), under the
assumption a=0.2, which yields A" =1.21 (see equations (2) to (4)). The corresponding «,,

values, calculated from equation (8), are shown as the black dashed lines. The shaded area

represents post-stall angles-of-attack for o, =20°.



3 Experimental Facilities and Test Turbines
3.1  Wind Tunnel & Test Turbine Configurations
Experiments were performed using a test turbine mounted downstream of an open jet produced
by a blowdown wind tunnel [18,26], shown in Figure 3. The tunnel is driven by a 75-kW
centrifugal blower, attached to a large-angle diffuser, plenum and double-nozzle with an overall
contraction ratio of 2.6. The plenum is equipped with course turbulence reduction grids and an
anti-swirl mat. The jet exit area has dimensions 1.0 m (height) x 1.9 m (width), with a maximum

wind tunnel velocity of U_ =16 m/s, a relative standard deviation distortion of 1.4% and a

turbulence level Tu=0.5%. The wind tunnel velocity is measured by means of Siemens

QBM3020-1U 50 pascal pressure transducers.

large-angle diffuser
75 KW blower with screens double contraction nozzle

\ N

test section

fairings

slip-ring

test
turbine

plenum sections with mat  constant area section
and screens

Figure 3. Schematic of the blowdown wind tunnel and separate test section housing the test

turbine.

The test turbine was mounted in the center of a separate 1.56-meter-long test section,
with the sidewalls removed, and with 10 cm elliptic airings on the upstream floor and ceiling
part as shown in Figure 4. The turbine comprised a stainless-steel hollow shaft (diameter

d =50.6 mm), mounted on UC-210 self-aligning bearings above and below the test section.

Aluminum shaft-adapters, for accommodation of the blade-struts, were mounted equidistant
(300 mm) from the test section floor and ceiling. Two sets of adapters were designed to
accommodate either two-bladed or three-bladed configurations, referred to as N =2 and 3
configurations, respectively. (The design allowed for the accommodation of blade adapters for
an arbitrary number of blades.) Stainless-steel strut segments, of various lengths, were used to

connect the blades to the shaft adapters, and different combinations of segments were



concatenated in order to produce the desired turbine radius R. NACA 0021 blades were

employed, with chord-lengths ¢ =300 mm , span-lengths b=970 mm and trailing-edge
thicknesses of 2 mm. Radii R=0.4 m and 0.6 m, respectively were employed, in order to

produce o =1.5 for the N =2 and 3 configurations, and the projected area was defined as

A=2Rb. The small gap between the tips and the floor or ceiling (g =15mm), expressed in

dimensionless formas g/c=0.05 or g/b=0.016, ameliorated tip-loss effects [35,36].

— 7”& '.=.:. = i |

il
Figure 4. Cross-sectional plan views at the upper strut-blade connection height showing the
two-bladed (N =2, left) and three-bladed ( N =3, right) configurations, where o =1.5 in both

cases. Wind flows from left to right.

The load-bearing assembly of each blade was comprised of two aluminum ribs that were
bolted to two 20 mm diameter carbon fiber spars. The inboard sides of the ribs were equipped
with 16, 5 mm holes with stainless-steel helicoil insert threads. These were connected to the
struts using small flanges, which facilitated variation of the strut-blade connection point in the

range 0.13<x_./c<0.63 (see Figure 5). Six additional ribs, used to maintain the integrity of

the blade geometry, were 3D printed from Polylactic Acid (PLA) and screwed into the spars.
The outer shell of each blade comprised four 2 mm thick 3D printed PLA segments. The
segments were manufactured with mating slots and glued together. The shell assembly was then
screwed to the eight (two aluminum and Six PLA) ribs. One blade was equipped with a

pressure-port module, described below in section 3.2.



3.2 Dynamometry & Pressure Measurements

The turbine was loaded using a custom dynamometer, that comprised an HB-140M2 Magtrol
10 Nm hysteresis magnetic brake and a Kistler 4502A10RAU (10+0.02 Nm) torque meter (see
Figure 5). Torque was transmitted to and from the torque meter via two sets of flexible

couplings. The average rotational speed (f) was measured using a KFPS TL proximity sensor

as a tachometer, facilitating the calculation of the average power P =T w, where o =27 f , and
overbars indicate time-averaged values. Turbine performance and surface pressure experiments

were performed simultaneously in the wind tunnel velocity range 4.0 m/s<U_ <8.2m/s
(£0.15 m/s) . The data acquisition system was controlled using a dedicated LabVIEW®©
program. The brake loading was generated automatically via a TTI CPX400DP programable

power supply while acquiring real-time measurements from the various sensors. The loading

torque was varied in steps of 0.005 Nm < AT <0.02 Nm, and all data were acquired for 60 to

240 seconds when the rotational speed reached a nominal steady-state, namely, standard

deviation to average ratio less than 0.2%.

The total average parasitic frictional torque T, i.e., in the bearings and slip-ring, was

par ?
determined by removing the blades and struts, and replacing the brake with a 0.75 kW servo
motor. The torque was then recorded while rotating the shaft at the rotational speeds obtained

in the experiments.

slipring

upper bearing

blade
segments

upper strut \:

variable strut-blade
connection points

pressure-port
segment

lower strut

stainless-steel
shaft

tachometer ————» \ lower bearing

torque sensor — %
=== . magnetic brake

Figure 5. Schematic rendering of the 3-bladed turbine model configuration, with the test-section

removed, showing the main components.
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One blade was equipped with pressure ports, at the center-span location, connected to
an internally mounted pressure scanner. This was done by shortening one inner segment by 50
mm and replacing it with a corresponding 50 mm wide (Span) pressure-port segment, using
identical mating slots as those described above. The pressure-port segment was equipped with
32 pressure ports, constructed from stainless-steel tubing—16 and 14 ports were located on the
inner and outer surfaces respectively, and one each at the leading- and trailing-edges. The
pressure ports were connected internally to a 32-port, 10 in WC (250 pascal), ESP-32HD
electronic differential pressure scanner, by means of 200 mm long vinyl tubing. The reference
(static pressure) port was threaded along a top strut and through the shaft to a port in the center
of the shaft external to the test section. The ESP data acquisition and communication cable was
threaded in the same way and attached to a 16-channel Moflon MT-2069F-S16-VH slipring
mounted above the shaft, outside of the tunnel. The ESP pressure module was triggered using
an Agilent 33210a function generator that, in turn, was triggered by a proximity sensor.

To provide a comparison between turbine blade pressures and the corresponding static
pressure distributions, static blade pressure measurements were made at 2.5° increments using
a custom-designed bracket. These measurements were made at a wind speed of 11 m/s in order

to obtain similar Reynolds numbers to those experienced during turbine operation.
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4 Results, Analysis and Discussion

4.1 Performance Characteristics

The overall performance characteristics of the 2-bladed and 3-bladed (N =2 and N =3)
configurations were evaluated using both the custom dynamometer and by the integration of
the phase-averaged blade surface pressures. Upon reaching steady-state conditions defined in
section 3.2, phase-averaged pressures based on 60 or 240 turbine cycles produced results with
negligibly small differences, typically less than several pascals. Hence the majority of phase-
averaged results were based on 60 turbine cycles. Following phase-averaging, blade surface

pressures at equally spaced points on the blade surface p(s;,6,) were linearly interpolated from

the two adjacent pressure ports P(S;,6,) and P(S,,,,6,) . Here, s; and S; represents the

j+1
distance along the blade contour from the leading-edge, where i =1,...,1,000 and j=1,...,32,
and g, is anarbitrary phase angle. At each s;, the normal to the surface 1, was calculated from
the blade geometry, and s, were expressed in terms of the blade coordinates (x;,z,), and thus

for s, €(S;,S,,,), the interpolated pressures are calculated by:

PN A (C —2,-)+ F;(s,-,ekxsm—si) o
Y
This facilitated direct calculations of the tangential and radial force components:
Fi(0)=p(s.6,)-1-% (10)
F:(0)=p(s;,6)-A-§ (11)
as well as the moment about the strut-blade connection point:
M, (6)=F(6)- Y +F.(6)- (X =) (12)

Hence, the phase-dependent forces and moments acting on the blade were calculated according

to F(6)=2F,(6), F.(6)=2F.(6), and M(6,)=2M,(4,), and the torque due to

tangential forces accordingto F.(6,)-R. Finally, the cycle-averaged torque was calculated by:

N

C

L
N, i3

c

(M(ek)+Ft(ek)'R) (13)

where the number of points in each cycle N, varied between 110 and 150.
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Figure 6. Average turbine torque coefficients as a function of tip-speed ratio for the N =3 and
the N =2 configurations. Left: Experimental results based on dynamometer measurements.

Right: Experimental results based on the integration of blade surface pressures.

The average torque coefficients based on dynamometer and integrated surface pressures,

(Cry=(Ty+T,)/0,AR and C. =T /q, AR, respectively), are shown as a function of tip-

par

speed ratio (1=wR/U_) in Figure 6, for freestream wind speeds U_ =4.0 m/s, 6.1 m/s, and

8.2 m/s. The dynamometer-based measurements are on the left and the integrated surface
pressure results are on the right, where the latter, which was based on equation (13) was
multiplied by either N =2 or 3, depending upon the configuration. The results for all
configurations and wind speeds show consistent trends. First, there is a general increase in
maximum torque coefficient for wind speeds exceeding 4 m/s. This is most likely a Reynolds

number effect, where Re , =U_(1+A)c/v at U _=40m/s and 8.2 m/s correspond to
1.6x10° an 3.3x10°. It is well known that both airfoil aerodynamic efficiency C,/C, and

maximum lift C, _ reduce when Reynolds numbers are less than 2x10° [37,38]. Second, the

I, max
N =2 configuration consistently produces greater peak torque, while the N =3 configuration
produces greater torque at higher blade tip speeds, and this results in a “crossover” of the results.
These performance differences are clearly not due to solidity or Reynolds number effects,
because both are nominally the same. The differences must therefore be ascribed to the dynamic
stall effects, virtual camber effects, or both—as discussed in section 2—i.e., due to differences
in the parameter e =c/R.

The side-by-side comparison of the two results in Figure 6, shows that the integrated
pressure results are generally larger than the dynamometer results. This is primarily because

the net pressure integration neglects viscous drag and also does not account for tip effects.

13



During the experiments, it was noted that data points corresponding to U_ =4.0 m/s took
longer to converge and showed larger scatter when compared to the data at U =6.1 m/s and
8.2 m/s. These data were considered to be less reliable and/or accurate and were were not
considered for further analysis of the turbine blade aerodynamics.

Turbine average power coefficients (C,,=P,/q,U,A and C,=P/qU,A ,
respectively) are shown as a function of A in Figure 7, in the same format as Figure 6.
Observations relating to Reynolds number effects, superior performance of the N =2
configuration, and differences in torque measurements, made with respect to C_ (Figure 6), are
valid here too. The nature of the characteristic curves for the two configurations, however, are
different. In particular, the N =3 configuration produced a peak-power plateau in the
approximate range 0.9<1<1.2, whilethe N =2 configuration appeared to produce a plateau
around 0.9<A<1. The crossover of the two configurations also occurs consistently at
A =1.15. We refer to tip-speed ratios corresponding to the plateaus as the design range, because
this is where the turbine is intended to operate. The maximum difference between the two
configurations in the design range and recorded at U_ =8.0 m/s, of approximately 32%, is very
significant. Note that values of 4 below the design range were not obtained due to our use of
a magnetic brake to load the turbine. Lower values can only be obtained with a load such as a
variable speed motor, because the turbine torque decreases as the load increases. One repeatable
anomaly, for which we have no explanation, is that the N =3 configuration produced higher

C; values under lower loading, i.e., at larger values of A, i.e., outside of the design range, at

lower wind speed, i.e., Reynolds numbers.

14
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Figure 7. Average turbine power coefficients as a function of tip-speed ratio, for the N =3 and
N =2 configurations. Left: Experimental results based on dynamometer measurements. Right:

Experimental results based on the integration of blade surface pressures.

4.2 The Nature of Torque Generation

To better understand the performance differences between the two configurations, the phase-
averaged torque measurements were analyzed based on the integration of the blade surface
pressures, described in section 4.1. For clarity, the total torque imparted to the turbine is
resolved into the component resulting from tangential-loads acting on the blades and the

moment about the connection point, namely T (6) =T,(6) + M (6), where T,(6) =F,(8)-R (see

section 4.1). Our estimation of the tangential loads for both configurations is non-conservative,
because the retarding viscous effects and tip losses are neglected. This does not materially affect
our comparison because these effects are anticipated to be similar for both configurations.
Figure 8 shows the two individual components, as well as their sum expressed as the phase-
averaged torque coefficients as a function of the azimuthal angle &, for both configurations, at

U, =6.1m/s . In order to provide a meaningful quantitative comparison between the

configurations, the single-blade integrated results were multiplied by a factor of either 2 and 3,
for the N =2 and N =3 configurations, respectively. In this way, the integral in both cases
corresponds to the average torque coefficient shown in Figure 6 (right). In the discussion that
follows, we consider three representative cases, namely: an off-design, relatively high tip-speed
ratio case (4=1.53) ; an intermediate tip-speed ratio case, corresponding to the power

coefficient crossover region (1 =1.15); and a low tip-speed ratio case corresponding to the

peak power (design) region (4 =0.97).
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Figure 8. Phase-resolved torque coefficients at U_ =6.1 m/s as a function of azimuthal angle
in the off-design region (1 =1.53, top row), the crossover region (4 =1.15, middle- row), and

the peak power region (4 =0.97, bottom row), for a single blade (left: N =2; right: N =3).

Figure 8 shows that, irrespective of the blade number or tip-speed ratio, virtually all of the
useful torque, i.e., C; >0, is generated in the upwind quadrants, with the lower and upper
azimuthal limits around 30° < <50° and 130° <6 <180°, respectively. At the high tip-speed
ratio (1 =1.53), where the N =3 configuration produces greater average torque, the peak

tangential-load torque component is approximately 35% higher than that of the N =2



configuration, but this is partially offset by the %2-chord moment which is 24% smaller. The
N =2 configuration furthermore suffers from relatively large pitch-down %-chord moments
(negative, clockwise) in the downwind quadrants, which are approximately double those
associated with the N =3 configuration. A clearer comparison of the total phase-averaged

torque generated can be seen in Figure 9. In the crossover region (4 =1.15), where the

performance of both configurations is comparable, the N =3 peak tangential-load torque is
slightly greater than that of the N =2, but the N =2 pitching moment peak is significantly
higher, and therefore it attains a higher overall peak. However, in the aft quadrants, the N =2
pitching moment again has a larger pitch-down, negative effect, which offsets the higher torque
produced in the upstream quadrants. In the peak power (design) region (4 =0.97), which is by
far the most important, both the peak tangential-load torque and the peak pitching moment of

the N =2 exceed those of the N =3—and therefore their sum is significantly greater.
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Figure 9. Summary of the total phase resolved torque coefficients as a function of azimuthal

angle in the off-design region (4 =1.53), the crossover region (4 =1.15), and the peak power

region (4 =0.97), for both turbine configurationsat U _=6.1m/s.

Figure 10 shows the average torque coefficients resolved into tangential-load torque and %2-

chord moment components, for both configurations, at U_ =6.1 m/s (left) and 8.2 m/s (right).

The vertical lines on Figure 10 (left) indicate the representative A cases described above. It is
evident that, as the turbine is loaded, the negative net effect of the pitching moment decreases

linearly with 4 and even produces a small positive net effect in the design region. Thus, the
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positive pitch-up effect in the upwind quadrants is approximately balanced by the negative
pitch-down effect in the downwind quadrants. These results show that neglecting pitching
moments, fortuitously, does not have a large effect on the design region performance. However,
to accurately predict the entire turbine performance curve, neglecting pitching moments is only
justified if & <1. Equally important, the azimuthally resolved results presented in Figure 8,
clearly show that it is beneficial to mechanically offset the negative pitching-moment effects in
the downstream quadrants, in order to maximize the turbine performance. This can be achieved,
for example, by periodically decambering the blade as it traverses the downstream quadrants.
There are at least three ways of doing this: (i) periodically pitching the blades [39]; periodically
deflecting trailing-edge flaps [40] or slotted flaps [26]; and periodically morphing the blades.
[41,42].

contribution from tangential forces
from pitching moments
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Figure 10. Average torque coefficients based on the integration of blade surface pressures,
resolved into tangential-load torque and %2-chord pitching moment components, for the N =2
and the N =3 configurations, at 6.1 m/s (left) and 8.2 m/s (right).

4.3 Blade Pressure Distributions and the Role of Dynamic Stall

The blade pressure coefficient distributions are particularly useful for understanding the nature
of the attached and separated boundary layers on the blades. In particular, the quantitative and
qualitative distributions allow us to identify the effects of dynamic stall and compare the two
configurations. For the purposes of our discussion, we consider the same three representative

tip-speed ratio cases described above at U_ =6.1 m/s, with pressure coefficient results for the

off-design, crossover, and design regions, shown in Figure 11, Figure 12, and Figure 13,

respectively. Note that these pressure coefficient distributions are not multiplied by the number
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of blades, as was done in Figure 8 and Figure 9. For a quantitative torque generation comparison
between the two, the N =3 pressure coefficients must be multiplied by 1.5.

For the off-design case (A =1.53, Figure 11), the differences between the N =2 and
N =3 configurations are small and quantitative, and hence most of the discussion below
applies to both. At 8=0°, the inner and outer pressure distributions are characterized by a
crossover at x/c~0.25 and 0.3, for the N =2 and N =3 configurations, respectively. They
are nearly symmetric, and hence the tangential-load torque contributions are relatively small
(see Figure 8). This, however, is not the case for the pitching moments, because the low pressure
outer surface upstream of the crossovers, and the low pressure inner surface pressures

downstream of the crossovers, which are weighted by the distance from x, /c=0.5, have the

same pitch-down negative (counter clockwise) effect. With increasing azimuthal angle

(60 =25°) the higher leading-edge pressures tend to reduce the tangential-load torque, but

because the crossover points move forward on the blade, the low-pressure regions move
forward, and the pitching moment increases. The pressure distributions are significantly
different to those observed on static and dynamically pitching symmetric airfoils and are in fact
consistent with a cambered airfoil at negative angles-of-attack (see section 4.4). With further
increasing azimuthal angle (€ =40°), the crossover moves to the leading-edge, which
significantly increases the pitching moment, and the net effect is that the total torque is close to
zero. As the blade progresses further along the azimuth, the low pressures near the leading-
edge, combined with the pressure rise along the inner surface, results in a rapid increase in
tangential-load torque and less-rapid increase in pitching moment. This produces a relatively
flat pitching moment peak at & ~80° and a sharper tangential-load peak at & ~100°, with their
sum in between. The pressures then uniformly decrease and show no obvious sign of flow
separation, i.e., dynamic stall. This is due to the combination of rapid pitch rates—the
dimensionless pitch-rate only drops by about 4% between A =0.97 and 1.53, as shown in
equation (8)—and relatively low maximum angles-of-attack associated with this higher tip-
speed ratio. Note that at & ~180°, the pressure distributions are qualitatively similar to those at

0 ~0° and therefore, by the same reasoning, the pitching moment is again negative.
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Figure 11. Phase-averaged blade surface pressure coefficients at U =6.1m/s for the off-

design region (4 =1.53), at selected representative azimuthal angles, for both configurations.

For the torque and power crossover region ( A=1.15, Figure 12) the pressure

distributions at the small azimuthal angles (6 <60°) are qualitatively similar to those at

A=153. However, the pressure crossover points move forward more with &, and hence

positive torque is generated at lower 6 (see Figure 8). At larger angles (80° <6 <105°),
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separation bubbles are clearly visible on the inner-surface the leading-edge region; these were
not visible in the 4 =1.53 pressure distributions, and are due to the higher nominal angles-of-
attack with the increased loading of the turbine (i.e., lower 1). At #=115° there is a clear
difference between the N =3 and N =2 leading-edge distributions—the lower pressure
downstream of the original N =3 bubble location indicates the onset of bubble bursting, which
represents the onset of dynamic stall. The vortical flow associated with bubble bursting is
commonly referred to as the leading-edge or dynamic stall vortex (LEV or DSV). In the
azimuthal range defined by 105°<#<135° the N=3 LEV moves downstream to

x/c=0.25 produces a successively weaker low-pressure region. This should be contrasted
with dynamic stall observed on thick airfoils, under nominally constant freestream conditions,
where the DSV increases in size and continues to move downstream along the blade chord and
subsequently sheds into the wake [43]. On the turbine blade, with increasing azimuthal angles
approaching 180°, the blade and induced velocity magnitudes become comparable and hence
there is no mechanism to transport the DSV along the blade chord. The onset of dynamic stall
associated with the N =2 is seen to occur at & ~125°. The qualitative result is similar, but
because the vortex is shed at a larger azimuthal angle than that of the N =3 configuration, the
blade and induced velocities of the N =2 configuration are closer in magnitude and hence the

vortex does not move as far along the chord.
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Figure 12. Phase-averaged blade surface pressure coefficients at U_=6.1m/s for the
crossover region (4=1.14), at selected representative azimuthal angles, for both

configurations.
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Under design conditions (4=0.97 , Figure 13), qualitatively similar pressure

distributions to those at 4 =1.15 (Figure 12) are evident until & =95°. However, the onset of
dynamic stall is evident at lower azimuthal angles, namely 6 =100° and 105°, for the N =3
and the N =2 configurations, respectively. The vortex shedding trends are also qualitatively
similar, with the N =3 LEV being transported further downstream than the N =2 LEV. By
comparing the two latter cases, namely 4 =1.15 and 0.97, different conclusions can be drawn
depending upon the configuration. For the N =3, dynamic stall occurs within our defined
design range. Its occurrence at lower azimuthal angles increases the torque coefficient and does
not harm the power coefficient. For N =2, the occurrence of dynamic stall at smaller azimuthal
angles produces both higher torque and power coefficients.

It is clear from the results presented in Figure 13, that the greater the azimuthal angle of
dynamic stall onset, the larger the torque developed by the turbine. Due to the fact that we
maintained constant solidity, the delayed dynamic stall and the corresponding increased torque

are clearly due to the increased dimensionless pitchrate during the pitch-up motion «,, , which

up !
is proportional to & (see section 2). The design of these turbines, therefore, must model
dynamic stall in order to obtain accurate load estimates. It is also self-evident that the passive
[44,45] or active [46-48] delay of dynamic stall on VAWT blades can further increase
performance, but the discussion of these techniques is beyond the scope of this paper.

23



-18 . . . .

==== N = 2, outer surface
= N =2, inner surface

13- . === N = 3, outer surface i
= === N =3, inner surface 5° Q 25°

43k J
w 600
j -

C_ -8r : Ta.
pr Tezaol
P T T T~ S~IT—-o 1
[ e el e TTTm=E=aas
2 B e - SSS=zzoao
P YTy ST PP TR T P = ]
Lf‘"‘ -------- L
=
3 1 1 1 1
-18 T T T T
h 3 1
&=
A3k . il % °
N 80 Y 95
v N _
W \\\
C r 8 \\\\“‘- | Al
p S % Yoo |
20 B 1 % e
.. T s "":::-.. ]
3 1 1 1 1
-18 T T T T
13t~ 1 b
RS 100° . 105°
\\\\ \\- ~ o
C -8 ] AN 7 —‘-"“:“\
pr % RN NN
-..\\‘_‘- So 4
ST —— Ses o
_2, e e e L L T e m - s T s - i -, -~ T e i Em TR ——

/!

I
1
1
1

T

-
o

., T T s e T T T T T T e = -
ot~ ]
126°
I " '"""“'""-------:--_-:?-:__-‘-_1__"'"_“'_—1——.—_—:7‘:—.«:-—:‘-‘_'
3 1 1 I I 1 I I 1
0 0.2 0.4 0.6 0.8 10 0.2 0.4 0.6 0.8 1

x/c x/c

Figure 13. Phase-averaged blade surface pressure coefficients at U _=6.1m/s for the peak

power region (41 =0.97), at selected representative azimuthal angles, for both configurations.
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4.4 The Role of Virtual Camber
Virtual camber plays an important role in high-¢ VAWT turbine aerodynamics but is generally
not accounted for in analysis and design. The effects manifest differently in the upwind and
downwind quadrants and must be accounted for accordingly. In the discussions below, we focus
on the upwind torque-producing quadrants. For a first approximation, we neglect dynamic
effects, and we use the simplified blade kinematics, described in section 2, to conformally
transform the airfoil geometry. Note, however, that the aerodynamic problem cannot strictly-
speaking be conformally transformed, because the operation violates conservation of mass.
(This may not be the case in parts of the downwind quadrants where a ~1). To account for this
violation, we introduce a mass correction term, described below.

To generate the blade shape with virtual camber, we use the virtual camber line,
expressed in equations (2) and (3), together with the experimental operation point at 4 =0.97
and assume that a =0.2 (see section 2), which is typical for a VAWT, and gives 4" =1.21.

Under these assumptions, for £ =0.75 and x_ /¢ =0.5, we integrate equation (2), which yields
(z'/C) ey =5.0% and 5.3% for §=0° and 70° , respectively (see below), and thus we select a

NACA 5521 as representative for our analysis. This, then allows us to calculate the pressure
coefficients around both NACA 5521 and 0021 airfoils, and we use the airfoil analysis program
Xfoil [49], where N, =-8.43—2.4In(Tu) =4.3 [50] based on the wind tunnel turbulence level
Tu=0.5%. Now, because the conformal transformation violates conservation of mass, we
apply a correction in the formof C . . =C_ /(q,,/q,) based on equation (4).

The problem is now one of relating the blade nominal angles-of-attack «, to the
corresponding to the azimuthal angles €. We do this by determining the theoretical angle-of-
attack a,— using both thin airfoil theory and Xfoil—that produces a zero moment about the
strut-blade connection point (x, /¢ =0.5), and we lock this to the experimental azimuthal angle

6,, which also produces zero moment about the strut-blade connection point. The nominal

experimental angle-of-attack/azimuthal-angle relationship is now expressed as:

(. — ;) = tant| —SNO*G) | (0+6)  yg, g,y (14)
AT +cos(6+6,) AT +1

where 4™ =1.21 corresponds to 1/ (A" +1) =0.45, while ¢, =0° and 6, = 26°.

A side-by-side comparison of static and turbine cases is shown in Figure 14, that shows

pressure coefficient data and simulations at corresponding geometric and nominal angles-of-
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attack. Immediately evident is the effect of virtual camber, which produces an asymmetric
pressure distribution with lower and flatter upper surface pressures on the inner blade surface
(also observed in section 4.3). The fact that the turbine blade surface pressure coefficients
correspond well to de facto physical camber simulations represents the first unambiguous
experimental confirmation of high-solidity VAWT blade virtual camber. There are, however,
some differences between the data and simulations, for both static and turbine pressure
coefficients, that warrant explanation.

For the static case, the suction peaks predicted by Xfoil are somewhat higher than those
obtained in the experiments. These differences are possibly due to the experimental setup,
which has the blade mounted significantly off-center in the open-jet wind tunnel. This setup,
while not ideal, was chosen to minimize, as much as possible, differences between the static

and turbine cases. Another source of error may also be related the selection of N_. , which has

crit
a strong effect on the leading-edge suction peak, but no attempt was made to vary this
parameter. For « >10°, Xfoil simulations show a pressure recovery that is consistent with
turbulent trailing-edge separation further upstream than that observed in experiments. An error
of this kind is considered to be within the accuracy bounds of Xfoil, owing to the difficulty
associated with accurate predictions of turbulent boundary layer separation.

For the turbine case, differences between measurements and simulations are apparent
on both the inboard and outboard blade surfaces. Inboard, the simulated leading-edge suction
lags the experimental data, and trailing-edge turbulent separation is not correctly predicted.
Regarding the latter point, the simulation predicts a separation point that creeps upstream from
the trailing-edge with increasing angle-of-attack, while the measurements show a pressure

recovery until ¢, >17.5°. This is at least partially due to a delay-and-decay effect that is known

to occur under dynamic pitching of airfoils that exhibit trailing-edge stall [51,52]. On the
outboard surface, the simulations produce a more pronounced stagnation point than the
experiments. This may be due to a rotating effect of the blade, which is absent in the simulation,
and produces a gentler stagnation region peak in the turbine experiments. Considering the
limiting simulation assumptions—namely, steady flow, constant induction factor, conformal

transformation, estimation of N_. , and the prediction of turbulent boundary separation, the

crit ?

predictions are more than reasonable.
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Figure 14. Continued.

Aerodynamic analysis in the downwind quadrants presents a very difficult challenge
because: (i) the flow reverses, i.e., from the trailing-edge to the leading-edge in azimuthal

segment around & =180°; and (ii) it operates either where W ~ 0 or in a “dead air” region, i.e.,
U, ~0 (@=1). The net result is that it is essentially dragged around the azimuth resulting

mainly in viscous losses and pitch-down counterclockwise pitching moments.

4.5 Effect of Strut-Blade Connection
Two additional parameters governing turbine performance are the strut-blade connection point

X. /¢ and the preset angle S. When & <<1, x_/c is not a leading parameter, but in our prior
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research [18], we observed that a mild peak turbine power peak was attained at x./c=0.5,
which was consistent with the experiments of [53] and the computations of [54]. Moreover, we
observed that for x_/c=0.25—namely, the conventional aerodynamic center in low solidity

wind turbines—the turbine barely produced any torque. This was confirmed in the present

experiment, where no positive torque could be generated at U_ <6 m/s. There are two reasons
for this, and the most important is related to virtual camber. The connection point x, /¢ =0.25

produces (i) 5° less virtual camber at the leading-edge, and (ii) large virtual camber,

z'/Ic(x/c=1)=8.9%, at the trailing-edge (see Figure 15). Hence both leading-edge stall due

to smaller “nose droop” and trailing-edge stall due to excessive curvature conspire to decimate
the generation of useful torque. The second reason is that the center of pressure moves aft of
the connection point, which also acts counter to the turbine rotation. These effects can be offset

by introducing a pitch-down (negative) preset angles S <0 [18,53] and because these two

effects compensate for one another. In the discussion below, we will consider only the effects

of connection point.
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Figure 15. Effect of strut-blade connection points on virtual camber, based on the integration
of equation (2) at 8=70° for £=0.75, A=1,and a=0.2.

In the present experiments, comparable total torque was produced at A=1 with

connection pointsat x, /c=0.4,0.5and 0.6, resulting in C, =0.27, 0.27 and 0.28 respectively.

Nevertheless, the mechanisms of torque generation varied significantly, as can be seen in Figure

16. In the first quadrant, the peak torque resulting from blade forces with x./c=0.4 is

significantly larger than either x./c=0.5 and 0.6, which are comparable, but drops
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precipitously at &~85° . Note, however, that the moments developed around the strut

connection points increase with increasing X_/c because the moment-arm increases. The net
result is that both x./c=0.4 and 0.6 connection points produce higher peak torque than that
at x,/c=0.5, as can be seen in Figure 17. In the downwind quadrants, the blade forces produce

successively higher torque, but the moments produce successively less torque. On balance, the

greatest negative downwind torque is produced at x_ /c = 0.6.
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Figure 16. Effect of strut-blade connection point on the development of torque as a function of

azimuthal position, for A=1.0,and U_=6.1m/s.
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Figure 17. Comparison of total torque developed as a function of azimuthal position, for

different strut-blade connection points, extracted from Figure 16.

Surface pressure coefficients at selected angles (Figure 18) illustrate how dynamic stall
is affected by the strut-blade connection point. At §=5°, the inner surface pressures of

X./c=0.4 are already lower than those of x./c=0.5 and x_./c=0.6. This disparity increases

with increasing azimuthal angle, until the onset of dynamic stall at & ~85°. The primary reason
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for this disparity is due to the smaller leading-edge virtual camber with smaller values of x_/c.
At 6=95°, the aft pressure distribution of x./c=0.4 is consistent with an aft vortex, which

is the dynamic manifestation of trailing-edge stall [43], and visible up to & =105°. Surprisingly,
the effect of the strut connection point is not a linear one, because leading-edge stall occurs for

X./c=0.6 prior to that for x./c=0.5, corresponding to approximately 5° in terms of the

azimuth. At this stage, the authors do not have a clear explanation for these observations, other

than to note that the separation bubble is slightly longer for x./c=0.6 and therefore more

likely to burst at a lower angle.
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Figure 18. Phase-averaged surface pressure coefficients at peak turbine power for different
strut-blade connection points.



4.6 Steady and Unsteady Turbine Loads

Accurate estimates of steady and unsteady loads are important because they directly affect the
design of the blades, struts, shaft, and drivetrain. Design optimization, therefore, involves
maximizing turbine performance while minimizing the average and unsteady loads. In the
discussion below, we compare the N =2 and 3 configurations, as well as the effect of the strut-

blade connection point.
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Figure 19. Phase-resolved turbine drag and lateral-force coefficients (upper and lower) for the
N =2 and 3 configurations, corresponding to off-design, crossover, and peak power cases,

U,=6.1m/s.

Phase-resolved turbine drag and lateral-force coefficients, C,=F,/q,D and N=2, are

shown for off-design, crossover, and peak power cases, in Figure 19 (upper and lower plots,
respectively). These results are based on summing the contribution of all blades, where the
phase-angle represents the position of one (arbitrary) blade. Owing to the fact that these results
are based on the blade surface pressure measurements, they do not include drag on the shaft or
tip effects. Nevertheless, they clearly illustrate the significant drag coefficient differences

between the N =2 and 3 configurations, where the peaks are spaced at 180° and 120°
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respectively. The most striking feature is the increase in unsteady drag forces due to decreasing
the number of blades. For example, under peak load, the root-mean-square of the unsteady

component increases from C) =0.36 to 0.69 (i.e., 92%), while the mean values are virtually
constant (C; =0.78 vs. 0.77). Consideration of a single blade (not shown) shows larger

differences in the peak values, but these are offset by thrust components in the downwind
quadrants. Lateral force coefficients also show an increase in the unsteady loads, but they are
smaller, and the mean values in all cases are small. For example, under peak load, the root-

mean-square value increases from C/=0.48 t0 0.61 (i.e., 27%), while the absolute mean values
are both |C; |=0.04. It is also evident that the lateral loads are less “sinusoidal” than the drag

loads, particularly for the N =2 case. This is because a single blade (not shown) produces two

lateral force peaks; a large one at & =40° and a smaller one at 6 =180°.

Table 1. Summary of mean and root-mean-square drag and lateral force coefficients for

different strut-blade connection points, N =2, U_=6.1m/s.

X./c o C, C; C/
0.4 1.07 0.90 0.26 0.84
0.5 0.79 0.69 0.06 0.61
0.6 1.01 0.75 0.04 0.76

A similar presentation of results illustrating the effect of the strut-blade connection point
is shown in Figure 20, for the N =2 configuration (see section 4.5), and the mean and root-
mean square values are shown in Table 1. The largest mean and oscillatory drag and lateral-

forces are associated with the x./c=0.4 case and this is consistent with the large tangential

forces developed, which are responsible for the majority of the driving torque (see Figure 16).
The large loads were attributed to the smaller leading-edge virtual camber, which precipitated

early dynamic stall (see Figure 18). The x./c=0.6 unsteady drag forces are larger than the
those for x./c=0.5 and the reason for this is more subtle. Consideration of a single blade (not
shown), shows comparable peak drag coefficients at 8 ~90°, butthe x./c=0.6 case produces

larger values in the downwind quadrants. Hence the summation for both blades results in larger
mean and unsteady values as shown in Table 1. A similar observation is made considering the

unsteady lateral force coefficients of a single blade. The x./c =0.6 average value is relatively

small, however, because a single blade produces a relatively large negative lift force between
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6 ~300° and 0°. In light of the fact that similar power coefficients are generated for the the

different strut-blade connection points, the connection point x./c=0.5 is optimum in terms if

mean and unsteady load reduction.

3 - -
. x /c=0.40
c

xc/c =0.50 r’
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Figure 20. Phase-resolved turbine drag and lateral-force coefficients (upper and lower) for

different strut-blade connection points at peak power, N=2,U_=6.1m/s.
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5 Conclusions

High-solidity VAWT blades have unusual aerodynamics, characterized by dynamic stall and—
when the chord-to-radius ratios are large—virtual camber. This experimental research
systematically studied the role of both dynamic stall and virtual camber on 2- and 3-bladed
turbine models, with NACA 0021 blade profiles, corresponding to chord-to-radius ratios of
0.75 and 0.5, respectively, thereby enforcing constant solidity. Open jet wind tunnel
measurements were performed in the wind speed range 4.0 m/s to 8.2 m/s, where phase-
resolved blade surface pressures were measured simultaneously with torque, based on
dynamometry.

With the strut-blade connection point at 50% of chord, the peak torque and peak power
produced by the 2-bladed configuration always exceeded that of the 3-bladed configuration.
Consistent with previous investigations by other researchers, virtually all positive torque was
developed in the upwind quadrants. Moreover, it was observed that the moment developed
around the strut-blade connection point, which is usually neglected, constituted a significant
fraction of the total torque developed. In the upwind quadrants, these moments were generally
positive, i.e., pitch-up moments, but in the downstream quadrants pitch-down moments
produced negative torque. These negative effects can potentially be ameliorated by cyclically
cambering the blade.

Three cases were selected for the study of dynamic stall, based on blade surface
pressures, namely an off-design case, a crossover case where the performance of both
configurations was comparable, and a peak power case. At off-design conditions, no dynamic
stall was observed due to a combination of rapid pitch rates and relatively low angles-of-attack
associated with the larger blade-wind tip-speed ratios. For the crossover and peak power cases,
the two-bladed configuration consistently experienced dynamic stall onset at larger azimuthal
angles. This was due to the increased blade pitch rate, which is linearly proportional to the
chord-to-radius ratio. For the peak power case, the higher pitchrates associated with the two-
bladed configuration led to greater lift forces, which translated to increased turbine
performance. The downside of the two-bladed configuration was, as anticipated, unsteady loads
on the turbine. At peak power, 92% and 27% greater unsteady drag and lateral force coefficients
were recorded for the two-bladed versus the three-bladed configuration.

Virtual camber under peak power was studied by conformally cambering the blade
profiles based on the turbine kinematics, performing Xfoil calculations, and then locking the

angle-of-attack to the nominal turbine blade angle-of-attack based on zero moment about the
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strut-blade connection point. Close correspondence was observed between the calculated
cambered blade pressure coefficients and the measured pressure coefficients. These
observations were the first unambiguous experimental confirmation of high-solidity VAWT
blade virtual camber.

The strut-blade connection point had a profound effect on torque generation. Most
surprising, with the connection point at 25% of chord, i.e., the traditional aerodynamic center,
the turbine produced almost no useful torque. This was due to a combination of small virtual
camber at the leading-edge, large virtual camber at the trailing-edge, and location of the center
of pressure aft of the connection point. The cycle-averaged average peak torque values
produced by 40%, 50%, and 60% strut-blade connection points were comparable, but the
mechanisms were markedly different. For the 40% connection point, greater torque was
generated at low azimuthal angles, but dynamic stall occurred prematurely in the first quadrant.
For the 60% connection point, the moment about the connection point produced a relatively
larger fraction of the total. A strut-blade connection point at 50% was optimum, because it

produced the smallest mean an unsteady drag and lateral-force loads.
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