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ABSTRACT

In the paper, four key design parameters with a strong in-

fluence on the performance of a small-scale high solidity-var
able pitch VAWT (Vertical Axis Wind Turbine), operating @l

tip-speed-ratio (TSR) are addressed. To this aim a numeri-

cal approach, based on a finite-volume discretization of-two

dimensional Unsteady RANS equations on a multiple sliding

mesh, is proposed and validated against experimental ddtie.

self-pitch VAWT design is based on a straight blade Darrieus

wind turbine with blades that are allowed to pitch around atfe
ering axis, which is also parallel to the axis of rotation. €rh
pitch angle amplitude and periodic variation are dynamigal
controlled by a four-bar-linkage system. We only consither t
efficiency at low and intermediate TSR, therefore the pitoh a
plitude is chosen to be a sinusoidal function with a conster
amplitude. The results of this parametric analysis will tdute
to define the guidelines for building a full size prototypeaof
small scale turbine of increased efficiency.

NOMENCLATURE

A Rotor disk area (f)

¢ Blade chord length (m)

Cp Coefficient of power

I Turbulence intensity (%)

| Turbulence length scale (m)
M Torque (Nm)
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N Number of rotor blades

P Power (W)

S Blade span (m)

t Time (s)

T Thrust(N)

Uwing Wind velocity (ms™1)

U; Blade tip velocity (ms1)

X coordinate of the reference framg,{/), due to the oscil-
lating and rotating motion of the blades, with origin in the
blade leading edge
Blade angle of attack}

Phase angle of eccentricit§)(

Tip-speed ratio
Angular pitching velocity (rad/s)

Pitch angle ()

Rotor solidity
Azimuthal blade position°{

Rotational Velocity (RPM)

Air density (kgm~3)

DTOEQDE >MQ

INTRODUCTION

Vertical Axis Wind Turbines (VAWTS) can be classified
as being drag-based or lift-based devices. Lift-based, ar D
rieus, wind turbines are composed by a set of straight, areclr
troposkein-shaped airfoils, that generate power by caimgethe
tangential component of lift into positive torque. The caolv
troposkein-shaped blade design was proposed in order tceed
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a) VARIABLE PITCH VAWT WITH A FOUR-BAR-LINKAGE PITCHING SYSTEM; b) COMPARISON BETWEEN THE VELOC-

ITY VECTORS AT LOW TIP-SPEED-RATIO BETWEEN A VARIABLE AND FXED PITCH VAWT. 4 = QRIS THE TIP SPEED VELOCITY

V2

wind

AND Vr =

+V{ IS THE RESULTANT VELOCITY ON THE BLADE. ONE CAN OBSERVE THATIN THE BACKWARD REGION OF

THE VAWT (W = 270°), THE ANGLE OF ATTACK, a, IS HIGHER FOR THE FIXED PITCH VAWT @1 > ay).

the structural centrifugal loads. The straight-blade moadso
known as H-rotor, is more sensible to the centrifugal lo&ds,
have a more useful area of operation since the entire spdadd b
length is operating at the same tip speed. Neverthelesg the
bines are limited to the amount of energy that they can eixtrac
from the wind, which is normally lower than the one gathered
by horizontal axis wind turbines (HAWT). In order to not l@os
wind energy resources, 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 sev
eral aspects in which a variable pitch design can improvenwhe
compared with classical VAWTs and HAWTS, see reference [1]
for more details.

In this paper a small scale, self-pitch, high solidity VAWT
is proposed for urban applications of micro electricity gen
tion. The turbine is designed to operate at low and intermedi
ate tip-speed-ratios < A < 1.5) for noise reduction. The ro-
tating blades are allowed to pitch around a feathering dods t
is parallel to the axis of rotation. The pitch schedule and am
plitude is controlled by a four-bar-linkage type mechanisee
Fig 1 (a) [2], which is very similar to the Voith-Schneidernaii
turbine [3]. While using this system it is possible to impediie
azimuthal load distribution and energy conversion at lod ian
termediatel. A pure straight blade Darrieus turbine is normally

2

composed by classic symmetric blade section profiles, these
ing usually designed to operate at small angles of attagk If

a criticala is achieved, the flow separates from the low pressure
surface of the airfoil and the blade experiences stall. lom c
ventional fixed pitch VAWT each blade experiences a periodic
variation ofa, which has contributions from the incoming wind
and rotational speeds, see Fig. 1 (b). At high valueks tife am-
plitude ofa variation decreases and \4s>> Vying, the variation

is almost negligible. Conversely, at intermedi&telue to a large
cyclic variation ofa, the blades on the rear half (with respect to
wind direction,W = 270°) experience stall. At low this effect

is even more severe, consequently the turbine producesarone
very low torque and loses the ability to self-start. With gire-
posed concept a pitching schedule for the blades is definad as
function of their position in the rotating cycle. The osailhg
movement of the blades minimize the variation of the angle of
attack, thus reducing stall effects in the rear half of thtenréor

low and intermediatd values. For lowA the blades could even
be orientated to act as more efficient drag devices allowing t
produce enough torque to start the turbine [4].

The efficiency of a wind turbine can be estimated through
the power coefficientCp, which describes how much energy is
possible to extract from the wind. HAWTs normally reach val-
ues ofCp = 0.4 toCp = 0.45 [5]. In VAWTs Cp values of 0.4
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to 0.43 were obtained 20 years ago [6] when many researcherstion of the rotating speed of the rotor, and also on the dact

proved, experimentally and analytically, that VAWTSs caadie
comparable performance levels to their horizontal axisten
parts. There are several aspects that could affect therpaaface
of a wind turbine, namely the design of an optimized airf@jt [
the modification of rotor solidity [5, 8]; or the inclusion afvari-
able pitch mechanism [9]. In the present paper several akthe
geometrical parameters are analyzed in a variable pitch VAW

and magnitude of the incoming wind. It is noted that the sys-
tem kinematics also allows for an asymmetric pitching scieed
of the blades, which could be beneficial since the frontah are
of the rotor operates at a different angle of attack than ¢ae r
region. However, an increase in power penalty due to the fric
tion losses, as well the increasing possibility of systeituifa
are anticipated consequences of adding more moving paets in

In the next section the pitch mechanism and the equations the VAWT. Further, the pitching system needs to be self-awér

that express the oscillating motion of the blades are brjmy
sented. Afterwards the two-dimensional numerical mettsod i
presented and validated with the available experimenttl.da
The influence of the geometrical parameters are then arthlyze
and finally the optimized design is compared with a fixed pitch
VAWT.

Variable pitch VAWT for improved aerodynamic effi-
ciency

The recent developments on cyclogyros for aeronautics will
be incorporated in the present work to solve the problemaigf v
able pitch vertical turbines. Through this cross-feréition we

the wind conditions (direction and intensity) and rotatibspeed
of the rotor. A set of sensors is therefore required and ai-int
ligent control system needs to be devised, in order to atsert
optimal rotor operational conditions that meet both aenaahyic
efficiency and system structural integrity.

NUMERICAL METHOD AND VALIDATION

The numerical methodology employed in this work is based
on a finite-volume implementation of the incompressible; Un
steady Reynolds-Averaged Navier-Stokes (URANS) equation
on two-dimensional hybrid grids. For simulating the raiatl
motion of the rotor, as well as the oscillating motion of the

propose, as a first approach, the pitching mechanism as shownp|ades, a sliding-mesh method is used. The assumption of in-

in Fig. 1 (a) [2]. It consists of three fixed lengths,, L3 andL4
and it is controlled by the length and orientationlef In the
proposed design the bar is equal to the rotor radius and is con-
nected to the blade in the respective pitching axis. Dhbar is
connected near the blade trailing edge, and the distanoebert
these two connections ls;. All the links between the bars are
free to rotate. Such mechanism allows for a cyclic pitchifig o
the blades as they follow the path of rotation.

The dynamic pitching provided by the four-bar-linkage
mechanism is expressed by the following equation:

6=""_sin? {ng cos(W + s)]

. [a2+L§—L§
2

—cos
2al4

} , (1)
where,
(2)

a?=L3+R— 2L2Rcos(‘P+s+ 7_21) :

The pitch angular speed is given by the time derivativ@ of

d6  do dw de

Tdt dv dt dv

3)

This mechanism, which has proved well for cyclogyros used
in aeronautical propulsion [10,10-12,12-15], is simpdiable
and has the ability to self-adjust the turbine dynamics asa-f

compressible flow is justified on the basis of the maximum ve-
locities involved. A pressure-based coupled algorithrsesdfor
solving the equations, which allows performing unsteadwy-co
putations with a Courant number of order 100 within each time
step. The remaining specifications of the numerical method,
which will be use throughout the entire paper are described i
Table 1.

We start by validating the numerical model with the avail-
able experimental data. To this end, data for a cyclogyro of
similar dimensions as the wind turbine, operating in prejuu
mode WVwing = 0), is used. This configuration, here denomi-
nated IAT21-L3 rotor, was analysed as a part of a major Eu-
ropean ongoing project, which aims to develop the cyclogyro
technology as a mean of propulsion for small and medium size
aircraft [12, 15-19]. It is obvious that the results obtalirier
the IAT21-L3 rotor does not faithfully represent the feasiof a
VAWT, since in propulsion mode energy is being provided and
not extracted from the flow. Nevertheless, the IAT21-L3 roto
comprises similar aerodynamic features that will allowaugdl-
idate the CFD model in terms of relative unsteady blade flows.
Moreover, other authors have employed similar numerical-mo
els for studying the flow on classical VAWT [20, 21], which ind
cates that the current numerical framework can be considaite
isfactory for analysing the flow in the proposed design. Ifaen
detailed description of the flow is to be achieved, e.g. satioh
of dynamic stall [22—-24], the usage of detached eddy sinmulat
or large eddy simulation models is required.

The IAT21-L3 rotor is composed by six NACA0016 blades
with a chord and span equal to= 0.3 m andS= 1 m, respec-
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TABLE 1.

NUMERICAL FRAMEWORK USED IN THE ENTIRE PAPER.

Solver

Pressure-based coupled solver; 2D; double-poegisiiding-mesh; URANS

Boundary Conditions

Fluid type

Spatial discretization

Time discretization
Turbulence modelingy(™ < 1)
Grid size (IAT21)

Viscous wall (no-slip); Uniform flowlaeity inlet/outlet;l = 5%;| = 0.02c
Incompressible air

Second-order linear upwind; cdrdifferences

Second-order implicit
k- SST/ Spalart-Allimaras
300,000 cells (grid-0); 600,000 cellsi¢gt)

tively, the rotor radius is equal 8= 0.5 m. The pitching axis is
located at 35% of the chord length and the distance between th
pitching axis and the control rod ks, = 0.120 m. The periodic
pitching schedule varies frofh= +36°, in the top section of the
rotor W = 90°), to 6 = —39 in the bottom section of the ro-
tor (W = 270°), resulting in an asymmetric pitching profile. This
blade pitch angle variation is described by Eqgn. (1) and the a
gular velocity,w, of the oscillating blades is given by Egn. (3).
The length of the control rod_g = 0.61 m), the magnitude of
eccentricity [, = 0.073 m) and the phase angle of eccentricity
(e = 0°) were defined in order to obtain the desired pitching pro-
file.

Figure 2 shows the numerical domain and boundary condi-
tions, together with a close-up of the rotor and bld#le120°)
computational grids. The overall domain comprises three ci
cular zones, which are separated by sliding-mesh intesfaidee
first zone is the so called “Environment” that is fully coveley a
stationary Q = 0) unstructured grid; the second zone is the “Ro-
tor” that is also covered by an unstructured grid, but isthoga
in the counter-clockwise direction with a rotating spé&&dand
finally the third zone is the “Blade” domain, which is compdse
by an hybrid grid comprising a fully structured O-type mesh i
the boundary layer region, in order to comply with< 1, and a
fully unstructured grid in the remaining domain. Each bldde
main is centered in the pitching axis and prescribes anlatiog
motion,w, given by Eqn. (3). The boundary conditions are spec-
ified in the following way: for the validation test case theeu
circle BC works as an outlet, where the atmospheric pressure
specified; for the VAWT test cases a velodillying is imposed
together with a turbulence intensity,of 5%, which is a typical
value for wind and a turbulence length scald ef 0.02c. It is
noted that in the Spalart-Allmaras (SA) turbulence modelghs
no significant term that provides a decay in turbulence sitgn
from the freestream boundary until the rotor [25], thereffor
such a model a valuelo= 5% on the rotor is also expected.

Results are obtained for several rotating speeds <100<

1000, which means that the chord based Reynolds number is in
the range of 1560< Re; < 1,256,600. For each value d@

a total of twenty rotations are computed, but a time-coreerg
periodic solution is obtain after ten revolutions. Therefdhrust

and power are presented in terms of time-average data obtain
for the last ten rotations of each. For the VAWT test case a
periodic solution is obtained after the first two rotatioimsthat
case only the last three revolutions of a total of five wereduse
for obtaining the time-average values@f. The time-step is
defined so as to obtain a rotor azimuthal displacemehtofper
time-step [21].

Figure 3 shows a comparison between the numerical results
and the experimental data. It is noted that thrust and poamsr v
with the square and cube of rotation speed, respectivelgreFh
fore, in order to verify if the numerical model validates the
entire range of2, a log,y—0g; o Scale was selected. In Fig. 3 (a)
the results obtained for the time-averaged variation afgtwith
rotation speed are compared with experiments. The nunherica
results are also compared with each other in terms of tuncele
model (SA, kew SST) and grid refinement (grid-0, grid-1). One
can observe that both turbulence models predict the same, tre
and that the results do not significantly change as the nuofber
grid points is increased. It is noted that this is a two-disienal
model and that the 3D losses are being neglected, which could
explain the discrepancy between the experimental data &id C
results in some plot regions. Figure 3 (b) shows the vanatio
power with rotational speed. Here the comparison between ex
periments and CFD shows a better agreement, once again the re
sults do not significantly change with the refinement of thd.gr
However, in the prediction of power consumption, the SAtudrb
lence model is providing a better answer (less than 10% of)err
than the keo SST model. These are indicators that the results
obtained with grid-0 are satisfactory in terms of grid refiveant,
and that the Spalart-Allmaras model could be used for the re-
maining part of this paper.
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FIGURE 2. TWO-DIMENSIONAL NUMERICAL DOMAIN USED FOR COMPUTING THE AT21-L3 ROTOR TEST CASE, A CLOSE-UP
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FIGURE 3. RESULTS OBTAINED FOR THE VALIDATION TEST CASE IN logy—log;g PLOTS: a) VARIATION OF THRUST WITH ROTA-
TIONAL SPEED; b) VARIATION OF POWER WITH ROTATIONAL SPEED.

ANALYSIS OF TWO-DIMENSIONAL GEOMETRICAL
PARAMETERS

In this section four geometrical parameters influencing the

aerodynamic efficiency of a small-scale high solidity VAW,
low tip-speed-ratios, are analysed. We start by analys$iagr-
fluence of the airfoil thickness, afterwards the effect af@asing
the number of blades is assessed@as. A plot. The chord-to-
radius ratio and the pitching axis location are analysetérfol-

lowing subsections. The rotor dimensions selected for tiat-a

ysis are listed in Table 2. The rotor diameter and span aralequ

to 1 m and the pitch angle amplitude is fixed betwee0’and

—30°. Such an high value for the amplitud®,was chosen since
for the lower tip-speed-ratiod, < 1, an higher pitching angle
will give a lower variation ofa. This is illustrated in Fig. 1 (b),
wherea, is reduced with an increasingy This will no longer
be true for the intermediatd,= 1, and higherd > 1, tip-speed-
ratios, since the variation af decreases with an increasiig
Therefore an optimur will exist for a givenA, and normally@
should be increased as we decreasd-or the parametric anal-
ysis a sinusoidal pitch angle equation was used to desctiiteed
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oscillatory movement of the blades:

6 = 6o sin(Qt + Wo) (4)

The time derivative of Eqn. (4) provides the angular pitghie-
locity of the blades:

w=6=6Q cogQt + W), (5)

wherefy = 3(° is the pitch amplitude an# is the initial blade
position. The rotor rotates counter-clockwise and for thére
simulation the rotational speed is fixeQ,= 10.47 rad/s (100
RPM). Therefore, in order to vary the tip-speed-ratio,

Vwind
A =
\/t )

(6)

only the wind velocityying Varies. In Egn. (6t = QRis blade
tip velocity, which is kept constant for the entire rangeiofin
the following subsections the aerodynamic efficiency ofrtiter
is expressed in terms of power coefficient,

P

Cp= o,
05pAV3.

(7)

variation withA. The power coefficient relates the power ex-
tracted form the windP = M Q, with the total power contained
in the windRying = 0.5pAVS, 4, Wherep is the density of air,

A = 2RSis the rotor disk area and is the torque.

For the VAWT test case the chord base Reynolds number
is both dependent of the rotation speed and wind velocitis It
estimated that Reis in the range of 9W00< Re; < 266,000,
which means that it is still in the range of validation.

Airfoil thickness

We start by analyzing the effect of the airfoil thickness on
the aerodynamic efficiency of the rotor. To this end the turbu
lent flow on four NACA profiles (0006; 0010; 0015; 0018) is

efficient is not so pronounced. This behaviour is illustulaite

Fig. 4 (b), whereCp is plotted as a function of the airfoil thick-
ness, for constant values »f One can observe that the slope of
theCp vs. NACA is decreasing with the blade thickness and we
can see that a maximum may have been reach for the NACA0018
profile.

Number of blades

In the second test case the only parameter that varies is the
number of bladesN. Here the NACAO0018 airfoil was select,
since it was the one that preformed better in the thickneak an
ysis. The chord length and the pitching axis location aréraga
fixed atc = 0.25 m and<'/c = 0.25, respectively. Itis noted that,
by increasing the number of blades, the rotor solidity,

Nc
0=35 8)
also increases. Another possible effect that results framreas-
ing N is an increase of the aerodynamic interference effects, tha
could improve or decrease the aerodynamic performancecbf ea
blade.

Figure 5 (a) shows the variation 6 with A computed in
each one of the four rotors. One can observe that, for the low-
est values ofA the rotor that preforms better is the one with six
NACAO0018 blades. In the range offd< A < 0.8 it is the rotor
with four blades that is capable of generating more torquev-H
ever, afterA = 0.8, the rotor with six blades is again preforming
better, since the four bladed rotor is showing a rapid deeréa
torque production. The rotors with three and two blades are p
forming worst for all cases. In Fig. 5 (b) the variationGf with
the number of blades is plotted for constant values.ddne can
observe that, for lom values, the rotor seems to preform better
as more blades are included. However it seems that a maximum
is reached with six blades.

Chord-to-radius ratio

The effect of solidity is now analyzed just by increasing the
chord length and keeping the number of blades at a constant
value ofN = 4. For the remaining parameters, the values of the
previous sections are usex /[c = 0.25; NACA0018). By vary-

computed. In this test case, the number of blades, the chording the chord length and keeping the radius constant, ore als

length and the pitching axis location are fixed paramebé¢es 4;
c=0.25 m;X /c = 0.25, respectively.

Figure 4 (a) shows the variation 66 with A obtained for
the different blade profiles. One can observe that, for fresiic
rotor dimensions, the power extraction with the NACA0006 an
NACAO0010 blades is significantly lower when compared with
the ticker airfoils. However, as the airfoil thickness isases
from 15% to 18% of the chord length, the increase in power co-

6

varies the chord-to-radius ratio. It is known that @y ratio

can have a strong influence in the turbine aerodynamics due to
the flow curvature effects [14]. In curvilinear flow, the lbea-

gle of flow incidence and local velocity, along the blade chor
line, are functions of radiu®, and chord locationx(). This ef-

fect can be represented by a cambered airfoil in linear flow. |
the VAWT of Fig. 1 (b), the virtual camber is negative in théaro

top position @ = 90°) and positive in the rotor bottom position
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TABLE 2. ROTOR DIMENSIONS AND PARAMETERS THAT WERE ANALYZED FOR THEROPOSED VAWT DESIGN. FOUR PARAME-
TERS WERE COMPUTED: THE AIRFOIL THICKNESS; THE NUMBER OF BLZES; THE CHORD-TO-RADIUS RATIO; AND THE LOCA-
TION OF THE PITCHING AXIS, IN TERMS OF PERCENTAGE OF CHORD LENH.

Rotor dimensions Parameter Variable
SpanS Im NACA Profile 0006/0010/0015/0018
Radius,R 05m Nr. of bladesN 2/3/4/6
Pitch amplitudefy 3 Chord,c (m) 0.125/0.25/0.375
Rotational speed) 100 RPM PA location ' /c) 0.125/0.25/0.35/0.5
0.281 o NACA0006 0267 4 s
] = NACA0010 | w2075
0.26 ] :
1 NACAO0015 024 i=1
] 4 NACA0018 ]
0.24 1
] 0.22
S 022 S
] 0.2
0.2 ]
0.18 0.15-
0.16 ‘ ‘ ‘ : : : 016 ‘ : :
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 0006 0010 0015 0018
A NACA

@
FIGURE 4. RESULTS OBTAINED FOR THE AIRFOIL THICKNESS.

(b)
a) POWER COHERENT VARIATION WITH TIP-SPEED RATIO. b)

POWER COEFFICIENT VARIATION WITH AIRFOIL THICKNESS FOR DIFERENT TIP-SPEED RATIOS.

(W =270). This effectis more pronounced in high#R, there-
fore the length of the chord should play a significant rolehia t
aerodynamic efficiency of the rotor.

Figure 6 (a) shows the variation 6b with A for different
chord lengths. For lower values@# the rotor with larger blades
(c=0.375 m) preforms better than the other two. This is mostly
related to the fact that, at very low, the larger blades operate
as more efficient drag devices. As the tip speed velocity-is in
creased the rotor should start operating as a lift-baseidelen
the range of B < A < 1 the intermediate airfoilo= 0.25 m)
preforms better. However above= 1 the larger airfoils show
a rapid decrease i@p in contradiction with the smallest airfoil
(c =0.125 m) where the maximui@ was computed between
the values of kx A < 1.1. Figure 6 (b) shows the variation Gf
with the chord length for different values #f One can observe
that for low tip-speed-ratios) = 0.5, the power coefficient in-
creases with the chord length. However, there should ekisita
for the chord length where thér is maximum. ForA = 1 the
optimum blade, for this specific rotor dimension and pitctplm
tude, should have a chord length in the range.2f0c < 0.25.

Location of the pitching axis

The location of the pitching axis in terms @/ c ratio is the
last parameter to be analyzed. For this case a chord length of
¢ = 0.25 m was selected together with a total of four NACA0018
blades.

Figure 7 (a) shows the variation of power coefficient with
tip-speed-ratio. One can see that, for several valueks, dhe
X /c = 0.35 is giving higher values ofp. It is also observed
that a more smooth distribution 66 is obtained when the pitch-
ing axis is located closer to half of chord lenggy,c = 0.5. In
Fig. 7 (b) we have again plotted ti@ variation with the geo-
metrical parameter, for constant valuesiof Here is possible
to observe that for the lowest and intermediate valua ofhe
optimum location of the pitching axis should be in the range
of 0.35< X'/c < 0.5, and that this location is moved towards
X' /c= 0.5 as we increask.
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RESULTS OBTAINED FOR THE VARIATION OF BLADE CHORD LENGTH.)aPOWER COEFFICIENT VARIATION WITH

TIP-SPEED RATIO. b) POWER COEFFICIENT VARIATION WITH THE BADE CHORD LENGTH FOR DIFFERENT TIP-SPEED RATIOS.

COMPARISON WITH A FIXED PITCH VAWT

In this section the proposed design is compared with a con-
ventional fix pitch turbine. We assume that the optimizedgies
is composed by a rotor with four NACA0018 blades with a pitch-
ing axis located at 35% of a chord lengthoof 0.25 m. We have
selected this design since it was the one that reach thestighe
value in the last “trial and error” parametric analysis. Hwer
one can also verify that the six-bladed rotor is also vergigffit
for a wider range of\.

Figure 8 (a) shows a comparison between the fixed and vari-

able pitch turbines in € vs A plot. Three pitch amplitudes are

8

analyzed in the variable (V) and fixed (F) pitch rotors, namel
6y =5°; 15°; 30°. As expected, for the loweat, theCp increases
with pitch amplitude, where the V-rotor witby = 30°provides

a Cp four times superior to that provided by the F-rotor with
6y = 5°. One can also observe that the pitch amplitude must de-
crease a4 increases. In particular one can verify that the V-rotor
with 8y = 15°is quite efficient in the range of B5< A < 1.5 but

if, for the same rotor, we decrease the amplitude Bife= 5°,
more efficiency is obtained for values above 1.75. For an am-
plitude of 6y = 5° the F-rotor gives a similar efficiency as the
V-rotor in the 075 < A < 1.5 range, but it cannot provide the

Copyright © 2015 by ASME
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FIGURE 7. RESULTS OBTAINED FOR VARIATION OF THE PITCHING AXIS LOCATON. a) POWER COEFFICIENT VARIATION WITH

TIP-SPEED RATIO. b) POWER COEFFICIENT VARIATION WITH THE PCHING AXIS LOCATION FOR DIFFERENT TIP-SPEED RATIOS.

same torque in the remaining cases. The F-rotor @5tk 15° is
here plotted to better illustrate the problems of VAWTSs at fo.

Figure 8 (a) shows the variation @b with the azimuthal
position of a single blade in a fixedf = 5°) and in a vari-
able @y = 30°) pitch rotor, forA = 0.5. One can easily ver-
ify that a significant higher value of power is extracted with
the V-rotor blade, when this is in the frontal region of the ro
tor (0° < W < 180°), and that some power is also obtained in
the backward region (180< W < 36C°). With a F-rotor this is
no longer possible: less power is extracted in the first twadgu
rants, and even some considerable negative torque is ebtain
9(° < A < 160°, meaning that the turbine blade is providing en-
ergy to the flow. These aspects are illustrated in Fig.9, eher
the contour plots of velocity magnitude ((a) and (b)) and-non
dimensional vorticity, with superimposed stream lineg god
(d)), are shown. In these plots on can observe that a moretemoo
flow is obtained with a variable pitch rotor, and that in theafix
pitch rotor a significant portion of kinetic energy is beingne
verted into vorticity.

CONCLUSIONS

In this paper we have proposed design guidelines for what
could be the next generation of vertical axis wind turbiriEise
proposed concept is based on a self-pitch turbine that pibesc
a pitching schedule for the blades during the rotating cycle
We have demonstrated, trough the use of numerical tools, tha
the proposed concept, when compared with a classical fik pitc
VAWT, can generate higher torque for lower tip-speed-matio
Such increase for low and intermediates due to a reduction
of the variation of the angle of attack, which reduces sféiots

in several azimuthal positions of the rotor.

A parametric study was also preformed for several key geo-
metrical parameters ruling the design of variable pitclings.
One could verify that the aerodynamic efficiency, at higltipit
amplitudes, increases with airfoil thickness until a maximis
obtained for the NACA0018 blade. Regarding the number of
blades, our results show that higher torque can be obtaowat |
A values with the six-bladed rotor, and that more blades seem
to give a slightly constant torque production over a widege
of A. The results for the chord-to-radius ratio show that higher
torque is produced a very low tip-speed-ratios with lardadbes
and that for thee/R should decrease with. The CFD solution
for the pitching axis location shows that, for a givéy the op-
timum location is also dependent @n but should be located in
the range B5< X' /c < 0.5.

For future work several topics must be addressed:

(1) Explore the effect of the Reynolds number.

(2) Analyse the rotor behaviour 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 structural viablenpitc
ing kinematics is allowed, for the sake of integrity.

(4) Full three-dimensional analysis of the rotor in differept o
erational conditions.
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FIGURE 8. COMPARISON BETWEEN THE PROPOSED AND CONVENTIONAL DESIGH) POWER COEFFICIENT VARIATION WITH
TIP-SPEED RATIO (F-FIXED PITCH, V-VARIABLE PITCH, FOR6y = 5°; 15°; 30°). b) POWER COEFFICIENT VARIATION WITH THE
AZIMUTHAL POSITION OF ONE BLADE FORA = 0.5.
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FIGURE 9. INSTANTANEOUS CONTOUR PLOTS OF VELOCITY MAGNITUDEX = 0.5) COMPUTED AFTER FIVE REVOLUTIONS IN
THE: a) PROPOSED DESIGN:& 0.25 m;N = 4; NACA0018;X /c = 0.35; 6 = 30°); b) CONVENTIONAL ROTOR WITH A FIXED PITCH OF
5°. INSTANTANEOUS CONTOUR PLOTS FOR THE NON-DIMENSIONAL VORTITY, w; = w,¢/Uyind: WITH SUPER IMPOSED STREAM-
LINES: c) PROPOSED DESIGN; d)CONVENTIONAL ROTOR.
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