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Abstract—Vast survey of investigations to determine the optimal pitch angles for Darrieus H-rotor
blades was implemented. Wind tunnel tests were done for a four bladed rotor. It was shown that there
was the pitch angle providing the better power and torque characteristics.

Index Terms—Angle of attack; tip speed ratio; power and torque coefficients.

I. INTRODUCTION

Wind power is to be a vital source of environ-
mental-friendly energy and becomes more important
in the recent years. Development and improvement
of alternative energy sources is an urgent problem
for Ukraine. Three-bladed horizontal-axis propeller
type wind turbines (windmills) are widespread in the
world. This is due to their high rate of wind energy
use. As for the vertical axis wind turbines (VAWT)
only a Darrieus rotor has the close values of the
power efficiency. However, VAWT are capable of
producing a lot of power and offer many advantages
for small-scale and domestic applications. Small
scale VAWTs show potential for urban rooftop in-
stallations where they can capture the highly unsta-
ble, turbulent wind flow patterns which are typical in
an urban environment. Being axisymmetric, they are
omni-directional turbines which respond well to
changes in wind direction, unlike their horizontal
counterparts.

The drawback of Darrieus type VAWT is their
inability to reliably self-start at low tip speed ratios
(TSR). The starting torque may be very low and
even negative at low TSRs. Therefore, one way is
having a special motor to start the rotor. Another
way is combining it with Savonius rotor operating
well at low TSRs (about 1). The design TSR A for
Darrieus rotor may not be taken lower than about 4
because of that it results in stalling of the blade as it
moves about square to the wind at lower values of A.
The design TSR A may not be taken higher than
about 7 because of that it results in too high C, /C,

(drag to lift ratio) at higher values of A.

Since the blade has a positive angle of attack o at
the front side of the rotor and a negative angle o at
the back side, one has to use symmetrical airfoils.
These airfoils have lower maximum lift coefficients
if compared with asymmetrical airfoils of the same
thickness.

For the low values of TSR (about 4 and less) the
pitch angle B at which a symmetrical airfoil stalls

depends on the relative airfoil thickness and on the
Reynolds value. The airfoil NACA 0015 already
stalls at 11° and Re=1.66-10". Therefore, one
needs thick airfoils at low Reynolds values which
occur at low chords and low wind speeds. However
thick airfoils have higher minimum C,/C, values
than thin ones and this has an unfavourable influ-
ence on the value of power coefficient C,.

Besides, it is difficult to protect the H-rotor tur-
bine against high wind speeds. Braking the vertical
shaft mechanically to turn the turbine out of the
wind is the only possibility, but it is not really fail
safe because the turbine will turn unloaded if the
brake fails for some reason. Impairing the efficiency
of the turbine with the pitch control maybe the only
possible way to escape but it requires a complicated
construction.

II. REVIEW OF PREVIOUS INVESTIGATIONS

South and Rangi [1], performed a wind tunnel
investigation of a 4.27 m diameter Darrieus H-rotor.
The 2-bladed rotor had a solidity 6=0.07, and chord
ratio ¢/r = 0.07. It was noted an increase in C, of

11% when their blades were offset from an initial
pitch p =—4° (toe-out) to a pitch of f = 0°.

Klimas and Worstell [2], investigated the effects
of blade offset on a 5 m diameter Darrieus H-rotor
with ¢ = 0.22, and ¢/r = 0.06. Using a geometric
analysis presented later, that relates blade offset with
equivalent preset pitch, they observed power in-
creases of 3% for blade pitch angles up to B = —2°.

The effect of some design parameters such as,
pitch angle and airfoil type was experimentally in-
vestigated by Kinloch Kirke [3]. He studied ways for
self starting of the rotor, performance prediction and
the different parameters of airfoil which affect the
performance. It was shown that increasing in power
coefficient may be achieved with thick airflows.

Paraschivoiu [4] reported predictions of the ef-
fects of preset pitch on the performance of a low so-
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lidity H-rotor. His results indicate increases in pre-
dicted power of 5% for a preset of p = —2°.

Jon De Coste [5] made model of H-rotor using
NACA 0012 profile to evaluate the performance. It
was found that the rotor performs well at certain
TSR. At starting it faces negative torque which is re-
ferred as “dead band” in which low or negative tor-
que makes unable to start.

Armstrong, Gosselin et al. [6], [7] showed with
various experiments that, at least for high solidity
cases, changing the pitch angle f from 0° to a small
toe-out angle increased the efficiency of the rotor.

Fiedler et al. presented [8] the results of wind
tunnel tests on a high solidity H-rotors. Preset pitch
configurations of + 3.9° and + 7.8° were tested and
results show performance increases of up to 29%
with a toe-out configuration. The value of TSR at
peak power was observed to remain relatively con-
stant for changes in preset pitch. These phenomena
were observed for NACA 0015 and NACA 0021
blade profiles; however, the NACA 0021 profile re-
sulted in improved performance over a broader
range of TSRs. In general, imposing a toe-in preset
pitch resulted in dramatically decreased VAWT per-
formance, whereas toe-out preset pitch was seen to
improve overall performance.

Paraschivoiu et al. [9] also studied the optimal
variation of the blades pitch angles of an H-rotor that
maximizes its torque at given operational conditions.
They found that the optimized variable pitch leads to
an improvement in C, compared to 0° pitch angle

of about 21% at wind speed of 7.3 m/s and rotational
speed of 125 rpm. At higher wind speeds (above 9
m/s) it results in a decrease of the turbine power.
Samanoudy et al. [10] investigated the VAWT
performance with varying the design parameters
such as pitch angle, number of blades, airfoil type,
rotor radius and blades chord length. It has been
found that the pitch angle as the other parameters
has a significant effect on C,. The maximum value

of C, obtained in this research was 25% using rotor

radius of 40 cm, chord length of 15 cm, pitch angle
of 10°, airfoil type NACA 0024. Four blades case
was found to be the best configuration in this study.
The obtained maximum power coefficient was for
the pitch angle of about 10°.

Payam Sabaeifard et al. [11] also did computa-
tional and experimental study of the aerodynamics
and performance of small scale Darrieus H-rotor and
as a result, it has been found that a 3-bladed rotor
with 35% solidity has the best self-starting ability
and efficiency among all geometries.

Vast analysis with 2D and 3D simulations con-
ducting with the effect of pitch angle to the perfor-

mance of VAWT was produced by Gosselin R. et al.
[12]. It was shown that setting of a small toe-out an-
gle improves the efficiency of the turbine for the
case at A = 3. A small amount of toe-out to the blade
reduces the angle of attack in the upstream phase,
and increases it in the downstream one. Both are
good for a Darrieus rotor, as the angles of attack are
too high in the first pass due to the free stream veloc-
ity, and too low (in negative values) in the second
one due to the velocity deficit. It was noted that the
optimal angle of attack is around 9 degrees, close to
the maximal lift to drag ratio of the profile. It was
assumed that it is necessary to double the angles of
attack (up to —18 degrees) in the downstream phase
of the cycle. Simulation results for fixed, non-zero
pitch angle cases show that there is a great potential
of improvement in “medium” TSR (from 2 to 4) for
rotor with solidity around 0.5. This opens the way to
dynamic pitch control, with the ability to maximize
blade lift to drag ratio over a complete cycle. The
parametric study showed that the most efficient fixed
pitch angles are those with solidity about ¢ = 0.2,
which is consistent with the experimental data avail-
able. Higher solidity rotors can’t reach the same lev-
el of effectiveness without blade pitch control, but
the first tests with pitch control confirm there is an
improvement potential, with up to 27% relative
efficiency gain close to the Betz limit.

Hiren Tala [13] on the base of CFD simulations
(by using FLUENT in ANSYS Workbench 14)
showed that the optimal power output with fixed
pitch angle for the airfoil NACA 0012 can be deter-
mined at 8 degrees of the pitch angle.

III. PROBLEM STATEMENT

A Darrieus H-rotor, as well as all of the VAWTs,
operates on the principle of lift to generate torque.
As the rotor rotates, the vector summation of the in-
coming wind velocity with the rotational velocity of
the blade creates an angle of attack, resulting in a lift
force. When broken down into components, the
thrust component contributes to the rotor rotation,
whereas the fluctuating radial component can lead to
rotor vibration and blade fatigue (Fig. 1). Both a ro-
tational velocity component and an external wind
velocity are required in order to have sustained rota-
tion. The blade preset pitch angle 3 is defined as the
angle between the blade chord and the tangent to the
swept arc at the mount point, as shown in Fig. 2. [8].

So we have to find the pitch angle p providing
the maximum of power coefficient C, over the wide

range of TSR A:
max, C, (B.2).
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Fig. 1. Velocity and force triangles at different positions
of the blade for A >1

Fig. 2. Plan view of rotor showing the preset blade pitch
angle B, angle of attack a, the incident wind speed due to
U, androtational speed U, , and mount location

offset a
III. PROBLEM SOLUTION

As it was said before the H-rotor had a problem
of self-starting and had unsufficiently acceptable
power at low speeds of wind.

As for rotors that have high solidity ¢/r ratios
when the rotor spins the leading edge of the blade
experiences a negative angle of attack (AOA), the
centre will see an effective 0° AOA, and the trailing
edge results in a positive AOA (Fig. 2). That is why
the high solidities should be out of the consideration.

Three modifications for variable pitch control to
improve the performance of the rotor were studied
by Staelens et al. [14] (Fig. 3). They examined the
performance of a H-rotor when the local angle of at-
tack is kept just below the stall value throughout its
cycle of rotation. This is accomplished by adjusting
the local geometric angle of attack of the blade. This

modification results in a very significant increase in
the power output for wind speeds above 10 m/s.
However, this modification requires sharp changes
(jumps) in the local angle of attack making it physi-
cally and mechanically impossible to realize. Here
they replaced the local geometric angle of attack by
the local profile stall angle.

Fig. 3. Example of rotor with pitch control

Also the performance characteristics of H-rotor
with the controlgear of blades were studied by Grin-
chenko et al. [15] (Fig. 4). The results of experimen-
tal researches in a hydrotray and a wind tunnel
showed the self start of the rotors at low speeds of
the incoming flow, a significant increase in both of
the flow energy and the torque moment, and a de-
crease of the wind loads on the shaft in comparison
with the preset blades H-rotors.

Fig. 4. Rotor with pitch control mechanism of blades
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Four bladed Darrieus H-rotor (Figs 5-8) with the
height of 400 mm and the diameter of 260 mm was
tested in the wind tunnel with various values of
TSR. Length of chord with airfoil NACA 0018 was
100 mm and offset from the leading edge was 30
mm. The blades with symmetric airfoil were done
from polymer and wrapped in with one layer cloth
that was sticked to the polymer with glue. Besides it
was equipped with endplates with the diameter of
290 mm and with the thickness of 2 and 3 mm. Two
ball bearings were mounted on the both ends of the
rotor. The stepping motor (Fig. 5) was applied as the
generator which was attached to the top end of the
shaft with the diameter of 12 mm.

IV. RESULTS

The dependences of torque and power coeffi-
cients versus TSR were presented in Figs 9 and 10.

Fig. 5. Darrieus rotor to be tested

It was seen that the value of pitch angle of about 10
degrees brings the better torque and power characte-
ristics. It is possible to assert that the proper choice
of the pitch angle can bring the increase of the tor-
que and power coefficients.

V. CONCLUSIONS

It is possible to conclude that pitch angle of 10
degrees shows the better torque and power charac-
teristics over a broad range of TSR.

Also we can make a Darrieus rotor to self start by
introducing a cyclic variation of the blade pitch an-
gle. However, this requires a rather complicated con-
trol mechanism with many turning points and the
advantage having the omni-directional feature is
lost.

Fig. 6. Optocouple to measure the speed of rotation

Fig. 8. Kinematics to vary and fix the pitch angles
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Fig. 9. Torque coefficient versus TSR
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