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Geometrical Parameters
Influencing the Aerodynamic
Efficiency of a Small-Scale
Self-Pitch High-Solidity VAWT
In this paper, four key design parameters with a strong influence on the performance of
a high-solidity variable pitch vertical axis wind turbine (VAWT) operating at low
tip-speed-ratio (TSR) are addressed. To this aim, a numerical approach, based on a
finite-volume discretization of two-dimensional (2D) unsteady Reynolds-averaged
Navier–Stokes (URANS) equations, on a multiple sliding mesh, is proposed and validated
against experimental data. The self-pitch VAWT design is based on a straight-blade Dar-
rieus wind turbine with blades that are allowed to pitch around a feathering axis, which
is also parallel to the axis of rotation. The pitch angle amplitude and periodic variation
are dynamically controlled by a four-bar linkage system. We only consider the efficiency
at low and intermediate TSR; therefore, the pitch amplitude is chosen to be a sinusoidal
function with a considerable amplitude. The results of this parametric analysis will
contribute to define the guidelines for building a full-size prototype of a small-scale wind
turbine of increased efficiency. [DOI: 10.1115/1.4032794]

1 Introduction

VAWTs can be classified as being drag-based or lift-based
devices. Lift-based, or Darrieus, wind turbines are composed of a
set of straight or curved troposkein-shaped airfoils. These generate
power by converting the tangential component of lift into positive
torque. The curved troposkein-shaped blade design was proposed
to reduce the structural centrifugal loads. The straight-blade rotor,
also known as H-rotor, is more sensible to the centrifugal loads
but have a more useful area of operation, since the entire span of
blade length is operating at the same tip speed. Nevertheless, these
turbines are limited to the amount of energy that they can extract
from the wind, which is normally lower than the one gathered by
horizontal axis wind turbines (HAWTs). Still, there are several
aspects that might enable the introduction of VAWT technology
in the energy production market [1]. One clear advantage of
VAWTs over HAWTs is that they are omnidirectional, i.e., they
accept wind from any directions without the need of a yaw system
to redirect the turbine toward the wind. This feature is quite useful
in regions where unstable and high turbulent wind can cause
significant problems for HAWTs [2]. In a VAWT, the generator
system is located on the ground level, whereas in an HAWT, it
needs to be fitted on the top of the tower, which increases the
initial capital cost since the HAWT supporting structure is heavier
and expensive. The operation costs are also expected to be higher
in an HAWT since the components are more inaccessible for
maintenance. Another inherent advantage is that H-rotors are
composed of a set of symmetric airfoils, which are cheaper to
manufacture. On the other side, the blades of HAWTs are much
more complex, since they require taper, twist, and varying airfoil
section in the spanwise direction. Still, there is a big gap between
the efficiency of an HAWT and a VAWT in ideal wind conditions.
In order to close that gap, a new technology of VAWT that can
have a superior or equivalent efficiency than HAWT is required.

We propose a concept of a dynamic self-pitch VAWT. There are
several aspects, in which a variable pitch design can improve
when compared with classical VAWTs and HAWTs, see Ref. [3]
for more details.

In this paper, a small-scale, self-pitch, high-solidity VAWT is
proposed for microelectricity generation in urban environment.
The turbine is designed to operate at low and intermediate TSRs
(0:5 < k < 1:5) for aerodynamic noise attenuation. Noise in a
wind turbine is mainly related to the blades tip-speed velocity
and to the drive train components. VAWTs usually produce less
aerodynamic noise since they operate at lower tip speeds than
their horizontal counterparts, which are normally designed for
much higher TSRs [2].

In the proposed system, the rotating blades are allowed to pitch
around a feathering axis that is parallel to the axis of rotation. The
pitch schedule and amplitude are controlled by a four-bar linkage
type mechanism, see Fig. 1(a) [4], which is very similar to the
Voith–Schneider wind turbine [5]. While using this system, it is
possible to improve the azimuthal load distribution and energy
conversion at low and intermediate k. A pure straight-blade Dar-
rieus turbine is normally composed of classic symmetric blade
section profiles, these being usually designed to operate at small
angles of attack (a). If a critical a is achieved, the flow separates
from the low pressure surface of the airfoil and the blade experi-
ences stall. In a conventional fixed pitch VAWT, each blade expe-
riences a periodic variation of a, which has contributions from the
incoming wind and rotational speeds, see Fig. 1(b). At high values
of k, the amplitude of a variation decreases and, as Vt � Vwind,
the variation is almost negligible. Conversely, at intermediate k,
due to a large cyclic variation of a, the blades on the rear half
(with respect to wind direction, W ¼ 270 deg) experience stall. At
low k, this effect is even more severe, consequently the turbine
produces none or very low torque and loses the ability to self-
start. With the proposed concept, a pitching schedule for the
blades is defined as a function of their position in the rotating
cycle. The oscillating movement of the blades minimizes the vari-
ation of the angle of attack, thus reducing stall effects in the rear
half of the rotor for low and intermediate k values. For low k, the
blades could even be orientated to act as more efficient drag devi-
ces allowing to produce enough torque to start the turbine [6].
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The power coefficient, CP, which describes how much energy
is possible to extract from the wind, is normally used to estimate
the efficiency of wind turbines. HAWTs normally reach values of
CP ¼ 0:4 to CP ¼ 0:45 [7]. In VAWTs, CP values of 0.4–0.43
were obtained 20 yrs ago [1] when many researchers proved,
experimentally and analytically, that VAWTs can reach compara-
ble performance levels to their horizontal axis counterparts. There
are several aspects that could affect the performance of a wind
turbine, namely, the design of an optimized airfoil [8], the modifi-
cation of rotor solidity [7,9], or the inclusion of a variable pitch
mechanism [10]; a more comprehensive VAWT parametric study
can be found in Ref. [11] and a revision of VAWTs technology
is given in Ref. [12]. In this paper, several of these geometrical
parameters are analyzed in a variable pitch VAWT.

In Sec. 1.1, the pitch mechanism and the equations that express
the oscillating motion of the blades are briefly presented. After-
ward, in Sec. 2, the 2D numerical method is presented and vali-
dated with the available experimental data. The influence of the
geometrical parameters is analyzed in Sec. 3, and the optimized
design is compared with a fixed pitch VAWT in Sec. 4.

1.1 Variable Pitch VAWT for Improved Aerodynamic
Efficiency. The experience gained and the recent developments
on cyclogyros for aeronautics will be incorporated in this work to
solve the problems of variable pitch vertical turbines. Through
this cross-fertilization we propose, as a first approach, the pitching
mechanism as shown in Fig. 1(a) [4]. It consists of three fixed
lengths, L1, L3, and L4, and it is controlled by the length and orien-
tation of L2. In the proposed design, the L1 bar is equal to the rotor
radius and is connected to the blade in the respective pitching
axis. The L3 bar is connected to the other end of the blade, and the
distance between these two connections is L4. All the links
between the bars are free to rotate. Such mechanism allows for a
cyclic pitching of the blades as they follow the path of rotation.

The dynamic pitching provided by the four-bar linkage mecha-
nism is expressed by the following equations [13]:

h ¼ p
2
� sin�1 L2

a
cos Wþ eð Þ

� �
� cos�1 a2 þ L2

4 � L2
3

2aL4

� �
(1)

where

a2 ¼ L2
2 þ R2 � 2L2R cos Wþ eþ p

2

� �
(2)

The pitch angular speed is given by the time derivative of h

x ¼ dh
dt
¼ dh

dW
� dW

dt
¼ dh

dW
� X (3)

This mechanism, which has proved well for cyclogyros used in
aeronautical propulsion [13–18], is simple, reliable, and has the
ability to self-adjust the turbine dynamics as a function of the
rotating speed of the rotor and also on the direction and magnitude
of the incoming wind. It is noted that the system kinematics also
allows for an asymmetric pitching schedule of the blades, which
could be beneficial since the frontal area of the rotor operates at a
different angle of attack than the rear region. However, an
increase in power penalty due to the friction losses as well the
increasing possibility of system failure are anticipated consequen-
ces of adding more moving parts into the VAWT. Further,
the pitching system needs to be aware of the wind conditions
(direction and intensity) and rotational speed of the rotor. A set of
sensors are therefore required and an intelligent control system
needs to be devised, in order to assert the optimal rotor opera-
tional conditions that meet both aerodynamic efficiency and sys-
tem structural integrity.

2 Numerical Method and Validation

The numerical work was performed with ANSYS FLUENT [19].
The numerical methodology is based on a finite-volume imple-
mentation of the incompressible, URANS equations on 2D hybrid
grids. For simulating the rotational motion of the rotor, as well as
the oscillating motion of the blades, a sliding-mesh method
is used. The assumption of incompressible flow is justified on
the basis of the maximum velocities involved. For coupling
the dependent variables that compose the incompressible
Navier–Stokes equations, a pressure-based coupled algorithm is
used, which allows performing unsteady computations with a

Fig. 1 (a) Variable pitch VAWT with a four-bar linkage pitching system and (b) comparison
between the velocity vectors at low TSR between a variable and fixed pitch VAWT. Vt 5 X R is

the tip-speed velocity, and VR 5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V 2

wind1V 2
t

q
is the resultant velocity on the blade. One can

observe that, in the backward region of the VAWT (W 5 270 deg), the angle of attack, a, is
higher for the fixed pitch VAWT (a1 > a2).
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Courant number of order 100 within each time-step. The remain-
ing specifications of the numerical method, which will be used
throughout this paper, are described in Table 1.

We start by validating the numerical model with the available
experimental data. To this end, data for a cyclogyro of similar
dimensions as the wind turbine, operating in propulsion mode
(Vwind¼ 0), are used. This configuration, here denominated
IAT21-L3 rotor, was analyzed as a part of an European research
project, which aimed to develop the cyclogyro technology as a
mean of propulsion for small and medium size aircraft
[13,18,20–23]. It is obvious that the results obtained for the
IAT21-L3 rotor do not faithfully represent the features of a
VAWT, since in propulsion mode energy is being provided and
not extracted from the flow. Nevertheless, the IAT21-L3 rotor
comprises similar aerodynamic features that will allow us to vali-
date the CFD model in terms of relative unsteady blade flows.
Moreover, other authors have employed similar numerical models
for studying the flow on classical VAWT [24,25], which indicates
that the current numerical framework can be considered satisfac-
tory for analyzing the flow in the proposed design. If a more
detailed description of the flow is to be achieved, e.g., simulation
of dynamic stall [26–28], the usage of detached eddy simulation
or large-eddy simulation models is required.

The IAT21-L3 rotor is composed of six NACA0016 blades
with a chord and span equal to c¼ 0.3 m and S ¼ 2R m, respec-
tively, the rotor radius is equal to R¼ 0.5 m. The pitching axis is
located at 35% of the chord length, and the distance between the
pitching axis and the control rod is L4 ¼ 0:120 m. The periodic
pitching schedule varies from h ¼ þ36 deg, in the top section of
the rotor (W ¼ 90 deg), to h ¼ �39 deg in the bottom section of
the rotor (W ¼ 270 deg), resulting in an asymmetric pitching pro-
file. This blade pitch angle variation is described by Eq. (1), and
the angular velocity, x, of the oscillating blades is given by
Eq. (3). The length of the control rod (L3 ¼ 0:61 m), the magni-
tude of eccentricity (L2 ¼ 0:073 m), and the phase angle of eccen-
tricity (e ¼ 0 deg) were defined in order to obtain the desired
pitching profile.

Figure 2 shows the numerical domain and boundary conditions,
together with a close-up of the rotor and blade (W ¼ 120 deg)
computational grids. The overall domain comprises three circular
zones, which are separated by sliding-mesh interfaces. The first

zone is the so-called “environment” that is fully covered by a sta-
tionary (X¼ 0) unstructured grid; the second zone is the “rotor”
that is also covered by an unstructured grid, but is rotating in the
counterclockwise direction with a rotating speed X; and finally,
the third zone is the “blade” domain, which is composed of an
hybrid grid comprising a fully structured O-type mesh in the
boundary layer region, in order to comply with yþ < 1, and a fully
unstructured grid in the remaining domain. Each blade domain is
centered in the pitching axis and prescribes an oscillating motion,
x, given by Eq. (3). The boundary conditions are specified in the
following way: for the validation test case, the outer circle BC
works as an outlet, where the atmospheric pressure is specified;
for the VAWT test cases, a velocity Uwind is imposed together
with a turbulence intensity, I, of 5%, which is a typical value for
wind and a turbulence length scale of l ¼ 0:02 c [19]. It is noted
that in the Spalart–Allmaras (SA) turbulence model there is no
significant term that provides a decay in turbulence intensity from
the freestream boundary until the rotor [29], therefore for such a
model a value of I ¼ 5% on the rotor is also expected.

The results are obtained for several rotating speeds,
100 < X < 1000, which means that the chord-based Reynolds
number is in the range of 12;560 < Rec < 1;256;600. For each
value of X, a total of 20 rotations are computed, but a time-
converged periodic solution is obtained after ten revolutions.
Therefore, thrust and power are presented in terms of time-
average data obtained for the last ten rotations of each X. For the
VAWT test case, in Sec. 3, a periodic solution is obtained after
the first two rotations, in that case only the last three revolutions
of a total of five were used for obtaining the time-average values
of CP. The time-step is defined so as to obtain a rotor azimuthal
displacement of 1=2 deg per time-step [25].

Figure 3 shows a comparison between the numerical results and
the experimental data. It is noted that thrust and power vary with
the square and cube of rotation speed, respectively. In Fig. 3(a),
the results obtained for the time-averaged variation of thrust with
rotation speed are compared with the experiments. The numerical
results are also compared with each other in terms of turbulence
model (SA, k–x SST) and grid refinement (grid 0 and grid 1).
One can observe that both turbulence models predict the same
trend, and that the results do not significantly change as the num-
ber of grid points is increased. It is noted that this is a 2D model

Table 1 Numerical framework used in this paper

Solver Pressure-based coupled solver; 2D; double-precision; sliding–mesh; URANS

Boundary conditions Viscous wall (no-slip); uniform flow velocity inlet/outlet; I ¼ 5% ; l ¼ 0:02c
Fluid type Incompressible air
Spatial discretization Second-order linear upwind; central-differences
Time discretization Second-order implicit
Turbulence modeling (yþ < 1) k–x SST/ Spalart–Allmaras
Grid size (IAT21) 300,000 cells (grid 0); 600,000 cells (grid 1)

Fig. 2 Two-dimensional numerical domain used for computing the IAT21-L3 rotor test case, a
close-up of the rotor and blade grid is also displayed. The grid is composed by three circular
zones, which are separated by sliding-mesh interfaces. The same numerical configuration and
boundary conditions are used throughout this paper.
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and that the 3D losses are being neglected, which could explain
the discrepancy between the experimental data and CFD results in
some plot regions. Figure 3(b) shows the variation of power with
rotational speed. Here, the comparison between the experiments
and CFD shows a better agreement, once again the results do not
significantly change with the refinement of the grid. However, in
the prediction of power consumption, the SA turbulence model
provides a better answer (the range of the numerical error is
slightly lower than 10%) than the k–x SST model. These are indi-
cators that the results obtained with grid 0 are satisfactory in terms
of grid refinement, and that the SA model could be used for the
remaining part of this paper.

3 Analysis of 2D Geometrical Parameters

In this section, four geometrical parameters influencing the aer-
odynamic efficiency of a small-scale high-solidity VAWT, at low
TSRs, are analyzed. We start by analyzing the influence of the air-
foil thickness, afterward in Sec. 3.2, the effect of increasing the
number of blades is assessed in a CP versus k plot. The chord-to-
radius ratio and the pitching axis location are analyzed in
Secs. 3.3 and 3.4, respectively. The rotor dimensions selected for
the analysis are listed in Table 2. The rotor diameter and span are
equal to 1 m, and the pitch angle amplitude is fixed
betweenþ 30 deg and �30 deg. Such an high value for the ampli-
tude, h, was chosen since for the lower TSRs, k < 1, a higher
pitching angle will give a lower variation of a. This is illustrated
in Fig. 1(b), where a2 is reduced with an increasing h. This will no
longer be true for the intermediate, k¼ 1, and higher, k > 1,
TSRs, since the variation of a decreases with an increasing k.
Therefore, an optimum h will exist for a given k, and normally h
should be increased as we decrease k. For the parametric analysis,
a sinusoidal pitch angle equation was used to described the oscil-
latory movement of the blades

h ¼ h0 sinðXtþW0Þ (4)

The time derivative of Eq. (4) provides the angular pitching veloc-
ity of the blades

x ¼ _h ¼ h0 X cosðXtþW0Þ (5)

where h0 ¼ 30 deg is the pitch amplitude, and W0 is the initial
blade position. The rotor rotates counterclockwise and for the
entire simulation, the rotational speed is fixed, X ¼ 10:47 rad/s
(100 rpm). Therefore, in order to vary the TSR

k ¼ Vt

Vwind

(6)

only the wind velocity Vwind varies. In Eq. (6), Vt ¼ XR is the
blade tip velocity, which is kept constant for the entire range of k.
In Secs. 3.1–3.4, the aerodynamic efficiency of the rotor is
expressed in terms of power coefficient

CP ¼
P

0:5 q A V3
wind

(7)

variation with k. The power coefficient relates the power extracted
from the wind, P ¼ M X, with the total power contained in
the wind Pwind ¼ 0:5 q A V3

wind, where q is the density of air,
A ¼ 2 R S is the rotor disk area, and M is the torque.

For the VAWT test case, the chord base Reynolds number is
both dependent of the rotation speed and wind velocity. It is esti-
mated that Rec is in the range of 90;000 < Rec < 266;000, which
means that it is still in the range of validation.

3.1 Airfoil Thickness. We start by analyzing the effect of the
airfoil thickness on the aerodynamic efficiency of the rotor. To
this end, the turbulent flow on four NACA profiles (0006, 0010,
0015, and 0018) is computed. In this test case, the number of
blades, the chord length, and the pitching axis location are fixed
parameters, N¼ 4, c¼ 0.25 m, and x0=c ¼ 0:25, respectively.

Figure 4(a) shows the variation of CP with k obtained for the
different blade profiles. One can observe that, for this specific
rotor dimensions, the power extraction with the NACA0006 and
NACA0010 blades is significantly lower when compared with the
thicker airfoils. However, as the airfoil thickness increases from
15% to 18% of the chord length, the increase in power coefficient

Fig. 3 The results obtained for the validation test case in log102log10 plots: (a) variation of
thrust with rotational speed and (b) variation of power with rotational speed

Table 2 Rotor dimensions and parameters that were analyzed for the proposed VAWT design.
Four parameters were computed: the airfoil thickness, the number of blades, the chord-to-
radius ratio, and the location of the pitching axis, in terms of percentage of chord length.

Rotor dimensions Parameter Variable

Span, S 1 m NACA profile 0006/0010/0015/0018
Radius, R 0.5 m No. of blades, N 2/3/4/6
Pitch amplitude, h0 30 deg Chord, c (m) 0.125/0.25/0.375
Rotational speed, X 100 rpm PA location (x0=c) 0.125/0.25/0.35/0.5
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is not so pronounced. This behavior is illustrated in Fig. 4(b),
where CP is plotted as a function of the airfoil thickness, for con-
stant values of k. One can observe that the slope of the CP versus
NACA is decreasing with the blade thickness and we can see that
a maximum may have been reached for the NACA0018 profile.

3.2 Number of Blades. In the second test case, the only
parameter that varies is the number of blades, N. Here, the
NACA0018 airfoil was select, since it was the one that performed
better in the thickness analysis. The chord length and the pitching
axis location are again fixed at c¼ 0.25 m and x0=c ¼ 0:25,
respectively. It is noted that, by increasing the number of blades,
the rotor solidity

r ¼ N c

R
(8)

also increases. Equation (8) provides a parameter that measures
the blade sweep area divided by the rotor frontal area. At
this stage, it is important to define the criteria used to rank the
configurations with respect to solidity. In the literature, it seems to
exist a consensus that the limits of low solidity and high solidity
are r ¼ 0:1 and r¼ 1 [11]. Another possible effect that results
from increasing N is an increase of the aerodynamic interference
effects, which could improve or decrease the aerodynamic
performance of each blade.

Figure 5(a) shows the variation of CP with k computed in each
one of the four rotors. One can observe that, for the lowest values
of k, the rotor that performs better is the one with six NACA0018
blades (r¼ 3). In the range of 0:6 < k < 0:8, it is the rotor with
four (r¼ 2) blades that is capable of generating more torque.
However, after k ¼ 0:8, the rotor with six blades is again

preforming better, since the four-bladed rotor is showing a rapid
decrease in torque production. The rotors with three (r ¼ 1:5) and
two blades (r¼ 1) are performing worst for all the cases. In
Fig. 5(b), the variation of CP with the number of blades is plotted
for constant values of k. One can observe that, for low k values,
the rotor seems to preform better as more blades are included.
However, it seems that a maximum is reached with six blades.

3.3 Chord-to-Radius Ratio. The effect of solidity is now
analyzed just by increasing the chord length and keeping the num-
ber of blades at a constant value of N¼ 4. For the remaining
parameters, the values of Secs. 3.1 and 3.2 are used (x0=c ¼ 0:25;
NACA0018). By varying the chord length and keeping the radius
constant, one also varies the chord-to-radius ratio. It is known that
the c/R ratio can have a strong influence in the turbine aerodynam-
ics due to the flow curvature effects [17]. In curvilinear flow, the
local angle of flow incidence and local velocity, along the blade
chord line, are functions of radius, R, and chord location, (x0).
This effect can be represented by a cambered airfoil in linear
flow. In the VAWT of Fig. 1(b), the virtual camber is negative in
the rotor top position (W ¼ 90 deg) and positive in the rotor bot-
tom position (W ¼ 270 deg). The previous statement is only valid
for high TSRs, where the velocity of the wind has a very small
contribution in the relative velocity. The blade curvature effect is
more pronounced in higher c/R; therefore, the length of the chord
should play a significant role in the aerodynamic efficiency of the
rotor.

Figure 6(a) shows the variation of CP with k for different chord
lengths. For lower values of CP, the rotor with larger blades
(c¼ 0.375 m and r¼ 3) preforms better than the other two. This is
mostly related to the fact that, at very low k, the larger blades
operate as more efficient drag devices. As the tip-speed velocity is

Fig. 4 The results obtained for the airfoil thickness: (a) power coefficient variation with TSR
and (b) power coefficient variation with airfoil thickness for different TSRs

Fig. 5 The results obtained for the variation of the number of blades: (a) power coefficient
variation with TSR and (b) power coefficient variation with the number of blades for different
TSRs
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increased, the rotor should start operating as a lift-based device. In
the range of 0:6 < k < 1, the intermediate airfoil (c¼ 0.25 m and
r¼ 2) preforms better. However, above k¼ 1, the larger airfoils
show a rapid decrease in CP in contradiction with the smallest
airfoil (c¼ 0.125 m and r¼ 1), where the maximum CP was com-
puted between the values of 1 < k < 1:1. These results, together
with the ones provided by the variation of the number of blades,
clearly show that turbines with higher solidity preform better
in very low k values, the same trend was observed in Ref. [30].
Figure 6(b) shows the variation of CP with the chord length for
different values of k. One can observe that for low TSRs, k ¼ 0:5,
the power coefficient increases with the chord length. However,
there should exist a limit for the chord length where the CP is
maximum. For the k¼ 1, the optimum blade, for this specific rotor
dimension and pitch amplitude, should have a chord length in the
range of 0:2 < c < 0:25.

3.4 Location of the Pitching Axis. The location of the
pitching axis in terms of x0=c ratio is the last parameter to be
analyzed. For this case, a chord length of c¼ 0.25 m was selected
together with a total of four NACA0018 blades. The location of
the pitching axis should ideally be determined by the location of
the aerodynamic center. In Ref. [31], it was verified that the loca-
tion of the aerodynamic center for a NACA0018 blade was at
x0=c ¼ 0:285. They have also demonstrated that this location is
only valid until an angle of attack of 20 deg. Above that angle, the
moment coefficient starts to increase and the location of the aero-
dynamic center starts to shift. In this section, we have analyzed a
pitch amplitude of 30 deg. Such pitch amplitude does not mean
that the actual angle of attack in all the azimuthal positions is
higher than 20 deg; however, we will expect that this will occur in

some specific locations. Therefore, different locations for the
pitching axis were analyzed.

Figure 7(a) shows the variation of power coefficient with TSR.
One can see that, for several values of k, the x0=c ¼ 0:35 is giving
higher values of CP. It is also observed that a more smooth distri-
bution of CP is obtained when the pitching axis is located closer
to half of chord length, x0=c ¼ 0:5. In Fig. 7(b), we have again
plotted the CP variation with the geometrical parameter, for con-
stant values of k. Here, it is possible to observe that for the lowest
and intermediate value of k, the optimum location of the pitching
axis should be in the range of 0.35 <x0=c < 0.5, and that this loca-
tion is moved toward x0=c ¼ 0.5 as we increase k.

4 Comparison With a Fixed Pitch VAWT

In this section, the proposed design is compared with a conven-
tional fixed pitch turbine. We assume that the optimized design is
composed by a rotor with four NACA0018 blades with a pitching
axis located at 35% of a chord length of c¼ 0.25 m. We have
selected this design since it was the one that reached the highest
CP value in the last “trial and error” parametric analysis.
However, one can also verify that the six-bladed rotor is also very
efficient for a wider range of k.

Figure 8(a) shows a comparison between the fixed and variable
pitch turbines in a CP versus k plot. Three pitch amplitudes are an-
alyzed in the variable (V) and fixed (F) pitch rotors, namely,
h0¼ 5 deg, 15 deg, and 30 deg. As expected, for the lowest k, the
CP increases with pitch amplitude, where the V-rotor with
h0¼ 30 deg provides a CP four times superior to that provided by
the F-rotors with h0¼ 5 deg and h0¼ 15 deg. One can also observe
that the pitch amplitude must decrease as k increases. In particu-
lar, one can verify that the V-rotor with h0¼ 15 deg is quite

Fig. 6 The results obtained for the variation of blade chord length: (a) power coefficient varia-
tion with TSR and (b) power coefficient variation with the blade chord length for different TSRs

Fig. 7 The results obtained for variation of the pitching axis location: (a) power coefficient
variation with TSR and (b) power coefficient variation with the pitching axis location for differ-
ent TSRs
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efficient in the range of 0:75 < k < 1:5 but if, for the same rotor,
we decrease the amplitude into h0¼ 5 deg, more efficiency is
obtained for k values above 1.75. For an amplitude of h0 ¼ 5 deg,
the F-rotor gives a similar efficiency as the V-rotor in the 0:75 <
k < 1:5 range, but it cannot provide the same torque in the
remaining cases. The F-rotor with h0 ¼ 15 deg is here plotted to
better illustrate the problems of VAWTs at low k.

Figure 8(b) shows the variation of CP with the azimuthal posi-
tion of a single blade in a fixed (h0¼ 5 deg) and in two variable
(h0¼ 30 deg and h0¼ 5 deg) pitch rotors, for k ¼ 0:5. One can
easily verify that a significant higher value of power is extracted
with the V-rotor 30 deg blade, when this is in the frontal region of
the rotor (0 deg < W < 180 deg), and that some power is also
obtained in the backward region (180 deg < W < 360 deg). With
a F-rotor, this is no longer possible: less power is extracted in the
first two quadrants, and even some considerable negative torque is
obtained in 90 deg < k < 160 deg, meaning that the turbine blade
is providing energy to the flow. When the V-rotor 5 deg is com-
pared with its fixed counterpart, a similar, although slightly lower,
Cp distribution is observed in the rotor frontal region. However, in
the backward region, the V-rotor 5 deg preforms much better,
since the critical angles of attack are being reduced by the pitch-
ing mechanism. These aspects are illustrated in Fig. 9, where the
contour plots of velocity magnitude ((a) and (b)) and nondimen-
sional vorticity, with superimposed stream lines ((c) and (d)), are
shown. In these plots, one can observe that a more smooth flow is

obtained with a variable pitch rotor, and that in the fixed pitch
rotor a significant portion of kinetic energy is being converted into
vorticity.

5 Conclusions

In this paper, we have proposed design guidelines for what
could be the next generation of VAWTs. The proposed concept is
based on a self-pitch turbine that prescribes a pitching schedule
for the blades during the rotating cycle. We have demonstrated,
through the use of numerical tools, that the proposed concept,
when compared with a classical fix pitch VAWT, can generate
higher torque for lower TSRs. Such increase for low and interme-
diate k is due to a reduction of the variation of the angle of attack,
which reduces stall effects in several azimuthal positions of the
rotor.

A parametric study was also performed for several key geomet-
rical parameters ruling the design of variable pitch turbines. One
could verify that the aerodynamic efficiency, at high pitch ampli-
tudes, increases with airfoil thickness until a maximum is obtained
for the NACA0018 blade. Regarding the number of blades, our
results show that higher torque can be obtained at low k values
with the six-bladed rotor, and that more blades seem to give a
slightly constant torque production over a wider range of k. The
results for the chord-to-radius ratio show that higher torque is
produced at a very low TSRs with larger blades and that the c/R

Fig. 8 Comparison between the proposed and conventional design: (a) power coefficient var-
iation with TSR (F—fixed pitch and V—variable pitch, for h0 5 5 deg, 15 deg, and 30 deg) and
(b) power coefficient variation with the azimuthal position of one blade for k 5 0.5

Fig. 9 Instantaneous contour plots of velocity magnitude (k 5 0.5) computed after five revolutions in the (a) proposed design
(c 5 0.25 m; N 5 4; NACA0018; x 0=c 5 0.35; and h0 5 30 deg) and (b) conventional rotor with a fixed pitch of 5 deg. Instantaneous
contour plots for the nondimensional vorticity, x�z 5 xz c=Uwind, with super imposed streamlines: (c) proposed design and (d)
conventional rotor.
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should decrease with k. The CFD solution for the pitching
axis location shows that, for a given h0, the optimum location is
also dependent on k, but should be located in the range
0:35 < x0=c < 0:5.

For future work, several topics must be addressed:

(1) Explore the effect of the Reynolds number.
(2) Analyze the rotor behavior under realistic wind profiles.
(3) The definition of the optimum pitching schedule for the

blades. This must be done in conjunction with the design of
the mechanical system, since only structurally viable pitch-
ing kinematics is allowed, for the sake of integrity.

(4) Full three-dimensional analysis of the rotor in different
operational conditions.

(5) Impact of the parasitic drag, associated with supporting
arms and pitching mechanism, on the turbine efficiency.
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