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Abstract

The Savonius wind turbine appears to be particularly promising for low power
applications, such as those in urban areas, and it can take advantage of a simple,
reliable and cost-e�ective construction. Anyway, the Savonius wind turbine su�ers
from poor performance, when compared with other wind turbines having a ma-
jor overall complexity and higher costs. For this reason, several studies have been
carried-out in recent years in order to improve its energy performance.

The aim of the present work is to enhance the aerodynamic performance ofthe
Savonius wind rotor following two di�erent approaches: the �rst one i s based on
the development of innovative airfoil-shaped blades, while the second one concerns
the use of a new curtain system, self-orienting relative to the wind direction. For
the purpose of the present work has been applied a customized numerical model,
previously validated by means of experimental data obtained at the environmental
wind tunnel of the Universit�a Politecnica delle Marche.

The obtained results show that both the approaches here proposed, following two
distinct guidelines for the development of new and more e�cient rotor geometries,
are able to produce sensible enhancements in terms of the energy performance of
the Savonius wind turbine.
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Nomenclature

Cm Torque coe�cient
hi Angular average operator
Re Reynolds number
Cp Power coe�cient
i Irregularity degree
n Outward normal unit vector
! angular velocity vector [rad

sec]
_! angular velocity rate vector [rad

sec2 ]
� Tip{speed ratio
� Fluid density [kg=m3]
� Rotor angular position [rad]
T Stress tensor [Pa]
A Rotor cross section area [m2]
ak Resistant torque coe�cients [Nmsk ]
H r Rotor height [m]
I moment of inertia [kg � m2]
L Domain length [m]
P Extracted power [W]
R Rotor radius [m]
u1 Incoming wind velocity [ms ]
Wreference Domain width [m]
X r vector x{component [m]
X 0 r 0 vector x{component [m]
X 0 r 0 vector x{component [m]
Y r vector y{component [m]
Y 0 r 0 vector y{component [m]
Y0 r 0 vector y{component [m]
M a Aerodynamic torque [Nm]
M r Resistant torque [Nm]
M ext Net external torque [Nm]
r 0 Position vector in the rigid body domain[m]
r 0 Position of the rotor center of rotation [m]
r Position vector in the 
uid domain [m]
v rel relative wind velocity [ m

sec]
v absolute wind velocity [msec]
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1 Introduction

The Savonius wind rotor is a small vertical axis wind turbine, created for the
�rst time by the Finnish engineer Sigurd Savonius in 1925. It is commonly
classi�ed as a drag driven wind turbine, even if, for some angular positions of
the rotor, there may be lift contributions on the torque release mechanism, as
evidenced by values of tip speed ratio (� ) greater than one [1].

The Savonius wind turbine is suitable for local electricityproduction requiring
low power, such as street-lighting systems in urban areas [2,3]. For this kind
of applications it can take advantage of several aspects: ithas a simple, cost-
e�ective and reliable construction; it is well suited to be integrated in urban
environment, thanks to the vertical development of its overall design and to
low noise emission. In addition, the Savonius wind rotor hasno need to be
oriented in the wind direction, and it is self-starting due to high static torque
values.

Anyway, when compared with other wind turbines, the Savoniusrotor exhibits
lower performance; for this reason, in the last four decadesseveral authors have
tried to develop di�erent solutions, with the common targetof resolving its
main drawbacks [4]. Such solutions mostly rely on modifyinga number of
geometrical parameters that a�ect the performance of the rotor: among these,
the number of blades, their relative spacing and overlap, the number of stages
and their angular shift, rotor twist angle and aspect ratio;in addition, the use
of aerodynamic appendages can be useful to increase rotor global performance.

Nevertheless, a more challenging research area concerns theenhancement of
the aerodynamic performance of the Savonius wind rotor by means of the de-
velopment of new blade shapes. Modi and Fernando [1] proposed a new blades
geometry which proved to be able to increase the maximum power coe�cient
of the rotor (Cp;max ). Rahai et al. [5] realized an aerodynamic optimization
process of an airfoil-shaped rotor previously proposed by Benesh [6], getting
an enhancement in terms of dynamic behaviour. Kamoji et al. [7] proposed a
slightly modi�ed version of the Savonius rotor previously developed by Modi
and Fernando [1], gaining improvements in terms of both static and dynamic
performance. Mohamed et al. [8], by means of evolutionary algorithms, opti-
mized the blade shape of a Savonius rotor in presence of a 
at plate shielding
the returning blade: the optimized rotor set-up exhibits considerable enhance-
ments of power output in the entire operating range investigated. Most re-
cently, Kacprzak et al. [9] performed a numerical analysis of conventional and
modi�ed Savonius wind rotors, con�rming that the use of blade geometries dif-
ferent from the standard semi-cylindrical shape is a promising way to enhance
the energy performance of the Savonius rotor; in this e�ort,numerical inves-
tigations play an increasingly central role, as pointed outby Roy et al. [10].
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Moreover, another relevant research �eld concerns the use of suitable aerody-
namic devices able to enhance the overall performance of theSavonius wind
rotor, by means of the improvement of the 
ow conditions nearthe rotor
blades. In the last years, several authors [11,12,13,14] proposed many rotor
arrangements which proved to be able to achieve higher energy performance,
both in static and dynamic conditions, by means of guide-boxtunnel, obstacles
shielding the returning blade and curtain systems. Depending of the particular
design adopted, such aerodynamic devices reduce the negative torque acting
on the returning blade and/or increase local wind speed nearthe advancing
blade, channelling the 
ow towards the rotor in a better manner.

The present work deals with two aspects still not treated into the two main re-
search areas aforementioned: the �rst one concerns the development of airfoil-
shaped blades with variable thickness distribution, whilethe second one is
relative to the design of curtain systems able to self-alignwith the direction
of incoming wind.

Thus, in order to enhance the aerodynamic performance of theSavonius
wind rotor, two main guidelines have been followed in this work. The �rst
one consists in identifying innovative designs for rotor blades, based on new
airfoil{shaped geometries; the second one concerns the useof a new conveyor{
de
ector curtain system on the conventional rotor, self-orienting relative to
the wind direction.

In this framework, two innovative blade designs for the Savonius wind rotor are
presented: they are based on the development of new high cambered airfoil
sections, speci�cally conceived for realizing non conventional blade shapes.
The �rst blade design is based on a reshaping of the original geometry of the
Goettingen 462 airfoil, while the second one has been obtained developing a
completely new airfoil section.

Due to the complex 
ow �eld around a Savonius wind rotor, there are not yet
analytical models able to perform a reliable prediction of the aerodynamics of
the rotor [15,16]. For this reason, in order to assess the energy performance of
the Savonius wind rotor with the above mentioned new blade shapes, it has
been used a customized computational model [17,18], previously validated by
comparing its results with experimental data obtained at environmental wind
tunnel of the Universit�a Politecnica delle Marche. This model is based on
coupling the Computational Fluid{Dynamics (CFD) code FLUENT with a
custom Matlab numerical algorithm, for the treatment of the
uid-rotor inter-
action. This numerical model takes advantage of resolving the angular velocity
of the rotor as a time-varying variable, according to the unsteady aerody-
namics of the Savonius rotor. This is a key point since performing unsteady
simulations by means of coupling 
uid{
ow equations with the rigid{body
ones allows to achieve a proper and reliable reconstructionof the dynamic be-
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haviour of the Savonius wind rotor [19]. The same computational model has
been also applied to investigate a more complex 
ow �eld, such as the case
of a Savonius rotor with conventional semi-cylindrical blades, provided with
an innovative conveyor-de
ector curtain system, self-orienting relative to the
wind direction. This analysis has proved useful to clarify why the use of such
aerodynamic devices enhances the overall energy performance of a Savonius
wind rotor. Lastly being the numerical approach reported in[17,18] originally
veri�ed without aerodynamic appendages around the rotor blades, in this work
has been also performed its further validation in presence of conveyor{de
ector
curtain system by means of experimental data.

2 New blade shapes and curtain systems

In this section the new blade shapes and the curtain system addressed in this
work are presented and their main features are outlined.

2.1 Designing new high-cambered airfoil sections

In order to de�ne innovative blade geometries for the Savonius{type wind
rotor, has been adopted, as main guideline, the use of high cambered air-
foil sections, with Camber values suitable for replacing conventional semi-
cylindrical blade shapes. For this aim a suite of airfoils was developed but
for the sake of compactness only the two more e�ective blade shapes are re-
ported in this paper and deeply analyzed. The �rst blade geometry has been
obtained modifying the Goettingen 462 airfoil (Fig. 17(a)),after a careful in-
spection of di�erent airfoil sections, selected into the University of Illinois at
Urbana-Champaign (UIUC) Applied Aerodynamics Group database [20], ac-
cording to a preliminary criterion of having Camber values greater than 5%
of the chord line. The strategy followed for transforming the shape of the
Goettingen 462 airfoil consisted in identifying a suitableincrease of the sec-
tion curvature, in order to induce low pressure regions behind the advancing
blade able to produce favourable contributions to the rotorrotation. Thus, the
original geometry of the Goettingen 462 airfoil has been reshaped increasing
its Camber above 30% of the chord line, paying particular attention to the
suction side curvature and to the leading edge radius. This new airfoil section
is characterized by a 33% Camber value placed at 45% of the chord line: thus,
it has been namedSR3345 airfoil (Fig. 17(b)), and the corresponding rotor
con�guration is coded in the following asSR3345 rotor(Fig. 2(a)). Our design
strategy for theSR3345airfoil was obviously aimed at the optimization of the
corresponding rotor performance. Thus the Camber was moved, as more as
possible, towards the rotors tip in order to increase the torque contribution,
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in certain angular positions, of low pressure zones of the airfoil suction side.
On the other hand the maximum Camber values was increased in order to
enhance the magnitude the suction peak. However in this case an upper limit
was prescribed by the strong adverse pressure gradients induced after the suc-
tion peak. Finally, in our opinion, a good comprimise has beenfound in the
Camber values here reported.
The second rotor type here introduced has been designed starting from the
development of a completely new airfoil geometry, and following the general
principle aforementioned of making the rotor blades highlycurved. This sec-
ond airfoil section has been namedSR5050 airfoil (Fig. 1(c)), having a 50%
Camber value placed at 50% of the chord line, and it has been obtained su-
perimposing the thickness distribution of the NACA 0012 airfoil over a mean
Camber line of suitable shape. The corresponding rotor con�guration is coded
SR5050 rotor (Fig. 2(b)). It is important to put in evidence that in this ro-
tor section has been adopted a Camber line equal to the classical Savonius
rotor. An aerodynamic shaped thickness distribution has been superimposed
to the standard Camber line with the aim of using its bene�ts related to the
limitation of 
ow separations and to increase the magnitudeof the suction
peak.

2.2 New conveyor-de
ector curtain system

As introduced in section 1 an innovative conveyor-de
ector curtain system
(Fig. 3) has been also developed by means of experimental tests at the envi-
ronmental wind tunnel of the Universit�a Politecnica delle Marche. Such curtain
system is composed of two aerodynamic appendages, partially enclosing the
Savonius rotor. The �rst one, the conveyor, is placed alongside of the advanc-
ing blade, with the main target of channelling the incoming wind towards the
rotor. The second one, the de
ector, is adjacent to the returning blade, and
carries out the function of reducing the dynamic pressure acting on it, caused
by its motion against the incoming 
ow.
The curtain system here proposed is able to self{align relative to the direction
of the incoming wind: this attitude comes from the particular shape of such
device, and it has been experimentally veri�ed at environmental wind tunnel
of the Universit�a Politecnica delle Marche. The system has been developed
coupling the di�erent aerodynamic appendages, in such a waythe resultant
aerodynamic torque acting on them is zero. Under the action ofthe incoming
wind, the conveyor exhibits a counter{clockwise torque, while the de
ector
shows a clockwise torque (see Fig. 3 for a schematic representation). This
characteristic behaviour comes from the suitable shapes used for the convey-
ing and the de
ecting appendages: indeed, each of them is composed of two
distinct elements joined by a hinge, making it possible to adapt their relative
position in order to modify the aerodynamic torque acting onthe appendage.
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A set of wind tunnel tests has been conducted in order to iden�ty the proper
relative positioning of the four elements constituting theaerodynamic ap-
pendages. The obtained shape of the curtain system makes it self-orienting
relative to the wind direction. Moreover this attitude has been experimentally
veri�ed by means of wind tunnel tests for an incoming wind velocity ranging
from 4 to 12 m=s.
A paper with a more in{depth analysis of the experimental tests performed
on the curtain system here described is under preparation.

3 Numerical model description

A key point to obtain a reliable reconstruction of the energy performance of
the Savonius wind rotor consists in a proper modelling of therotor rotation.
For this reason in this work we exploit an approach, based on the Sliding Mesh
Model (SMM), which allows an accurate prediction of the unsteady interac-
tions between the rotor blades and the incoming wind [17]. The main features
of our numerical approach are summarized in the following subsections.

3.1 The computational domain

In [17] was veri�ed that, on untwisted classical Savonius rotors, the end plates
limit the three{dimensional 
ow behaviour around the modeltips. This ele-
ment allows to compare experimental results obtained on 3D models to nu-
merical data computed on a 2D domain. For this reason the rotors sections
here studied have been modeled with a 2D domain requiring a limited com-
putational load.
Moreover in our numerical approach the 
uid domain is composed of two dis-

tinct sub-regions. The �rst one,D1, contains the wind rotor and in particular
it is a moving domain rigidly rotating around a �xed axis normal to the repre-
sented plane and passing for the center of the rotor having a diameter of 0:4 m.
The second sub-region,D2, models the remaining portion of the wind tunnel
test chamber, and it is �xed in an absolute frame of reference; in particular
we have �xed L = 5:5 m and Wreference = 1:8 m. The ratio 2R=Wreference has
been set as in [17] in order to obtain a low solid blockage factor ensuring the
possibility to neglect the e�ect of the lateral walls. On theother hand we have
adopted an high value ofL=2R, i.e. 13.75, with the aim to move away to the
near{�eld conditions in the wake region.Inside D1 domain has been adopted
an unstructured triangular mesh, with a boundary layer gridre�nement in
the near wall region (Fig. 5).D2 domain has been discretized by means of a
structured multi-block mesh.
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(a) Goettingen 462 airfoil (b) SR3345 airfoil

(c) SR5050 airfoil

Figure 1. New airfoil-shaped blade sections

(a) SR3345 rotor (b) SR5050 rotor

Figure 2. New rotor geometries

Figure 3. Sketch of the new conveyor{de
ector curtain system, self-orienting relative
to the wind direction.
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A slightly di�erent grid arrangement has been used for simulating the 
ow
�elds of a Savonius wind rotor, with conventional semi{cylindrical blades, pro-
vided with the conveyor{de
ector curtain system (Fig. 6). Indeed, the adopted
computational domain features for having a three times larger width than that
of the 
uid domain sketched in Fig. 4; this accounts for strongseparations in-
duced by the curtain system, which produces a wider wake thanthat of the ro-
tor without such aerodynamic appendages: thus, in this manner, the complete
wake expansion is guaranteed. Moreover, the conveyor{de
ector device has
been placed inside a third stationary sub-domainD3 in such a way its angu-
lar position corresponds to the equilibrium position producing self-alignment
with the incoming wind; the equilibrium condition of the curtain system has
been experimentally veri�ed at environmental wind tunnel of the Universit�a
Politecnica delle Marche, and it has been reproduced in the calculations. The
same mesh generation strategy previously described has been adopted forD1

and D2 sub-domains, discretizing the 
uid insideD3 sub-region by means of a
unstructured triangular grid, with boundary layer re�nement in the near wall
regions.
In all computational grids here employed the viscous sub-layer scaled �rst
centroid distance of the cells next to the walls,y+ , is such that O (y+ ) ' 1.

3.2 Governing equations and numerical discretization

The 
ow{�elds here studied have been modelled using a two-way coupling
between the 
uid and the rotor{blades. In particular the solid body motion
has been treated solving the second cardinal equation of dynamics by means of
a MatLab code able to import CFD data, calculate the rotor angular velocity
and export this variable as input to the CFD code. On the other hand, for
the turbulent 
ow around the rotor, the incompressible Reynolds Averaged
Navier-Stokes (RANS) equations coupled with di�erent turbulence models
have been used (Fig. 9 reports a 
ow chart of the adopted algorithm).
Starting from numerical solutions the classical energy performance parameters
for wind turbines, i.e. power coe�cient and the torque coe�cient, have been
obtained as a function of the tip speed{ratio at each rotor angular position.
The power coe�cient Cp and the torque coe�cient Cm are de�ned respectively
as:

Cp =
P

1
2 �u 3

1 A
; (1)

Cm =
jM j

1
2 �u 2

1 AR
; (2)
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while the tip{speed ratio is de�ned as:

� =
j! j R
u1

: (3)

In eq. 1, eq. 2 and eq. 3P represents the extracted power,M the net aero-
dynamic torque acting on the rotor, u1 the free{stream wind velocity, !
the angular velocity vector,R the rotor radius and A the frontal area where
A = 2 � R � H r with H r the rotor height which is �xed to 1 m in all the cases
considered in this work.
The instantaneous powerP, appearing in eq. 1, is evaluated as:

P = M a � ! (4)

whereM a is the aerodynamic torque computed as follows:

M a =
I

@
 s

(r 0 � r 0) ^
�
T � n

�
d� : (5)

In eq. 5T is the stress tensor including: pressure, viscous and turbulent com-
ponents, n is is the outward normal unit vector and 
 s is the solid body
portion. On the other hand r 0 = X 0̂i + Y 0̂j is the position vector identifying
a generic point in the rotating solid body whiler 0 = X 0̂i + Y0̂j is the rotor
center of rotation. Note that the origin of the reference frame is placed in left
bottom vertex of the computational domain reported in Fig. 4.
Furthermore the performance parameters, reported in eq. 1,eq. 2 and eq. 3,
have been averaged over each complete revolution of the rotor, according to
eq. 6, eq. 7 and eq. 8.

hCpi =
1

2�

Z 2�

0
Cp(� ) d�; (6)

hCm i =
1

2�

Z 2�

0
Cm (� ) d�; (7)

h� i =
1

2�

Z 2�

0
� (� ) d�: (8)

We have to remark that the rotor mean performance, in a �xed operating
point, were evaluated averaging the parameters reported ineq. 6, in eq. 7
and in eq. 8 once the asymptotic behaviour was reached,i.e. the aerodynamic
torque and the resistant torque are \in equilibrium". This corresponds to the
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trend of tip{speed ratio illustrated in Fig.18 of [17] (reported here for the sake
of completeness in Fig. 7).
Particular attention has been also devoted to RANS turbulencemodel selec-

tion for the analysis of the two new rotors. For this aim a sensitivity analysis
on the conventional Savonius wind rotor with semi{cylindrical blades has been
performed using the experimentally determinedCp;max point. In particular we
have tested the following closure models: SSTk{ ! [21], the correlation based
transition model of Menter and Langtry [22,23], the one{equation Spalart{
Allmaras model [24], thev2{ f version of thek{ � [25] and the the RNGk{
� [26]. In Fig. 8 the comparison, in terms of mean power{coe�cient (eq. 6),
is reported showing as SSTk{ ! model agrees very well with experimental
data. Moreover it exhibits similar results respect to more complex turbulence
models requiring a lower computational load hence it has used for studying
the new rotor con�gurations. This aspect has been a key element in planning
the numerical investigations here reported, due to the availability of standard
desktop PCs and the aim of studying the 
uid-dynamic behaviour of the new
rotor designs in several operating points.

In the case of the conveyor{de
ector curtain system equipping a conventional
Savonius wind rotor with semi{cylindrical blades, more accurate results have
been obtained using thev2-f turbulence model [25] and the Reynolds Stress
Model (RSM) with linear pressure{strain closure [27,28]. Such turbulence
models have been required by the nature of the 
ow{�eld of theSavonius
rotor, featured by the strong Reynolds{stress tensor anistropy induced by the
presence of the curtain system.

As already introduced the adopted model reconstructs the unsteady aerody-
namics of a vertical axis wind rotor providing, for each timestep, the solution
of the 
uid-dynamic �eld as a function of the instantaneous angular velocity;
the latter has been calculated evaluating the rigid body kinematics, and in-
tegrating the second cardinal equation of dynamics for a 1{DOF (Degree of
Freedom) rotating system (9):

I _! =
X

M ext (9)

which is referred to the �xed rotation axis of the system. Torques acting on
the rigid body, M ext , are the aerodynamic and the resistant contributions,
indicated respectively asM a and M r . The �rst one derives from the numerical
integration of eq. 5 and it is evaluated per unit length; the second one can be
computed by means of aH -order polynomial function of the angular velocity
with coe�cients ak :
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M r =

 HX

k=0

ak j! jk
!

dM r : (10)

In the present work the resistant torque has been assumed a linear function
of the angular velocity (H = 1 and a0 = 0) and dM r is aligned with the
direction normal to the rotor plane. H was �xed to 1 in order to reproduce
the experimental conditions used for the study of the classical Savonius rotor
section reported in [17] .

This allows to express equation (9) in the form of:

I _! = jM a j � j M r j ; (11)

whereI is the moment of inertia of the rotor, and _! is the norm of the angular
velocity rate vector.

It is worth noting that in our numerical approach RANS equations coupled
with the turbulence model, were solved by means of a second order accurate
Finite Volume Method (FVM). The convective 
uxes were evaluated using a
third{order MUSCL approach [29] while di�usive 
uxes were computed with
a central di�erence scheme adopting a Green-Gauss cell based method [29];
lastly pressure{velocity coupling was handled with the SIMPLEC [30] ap-
proach. For what concerns time-integration a second order accurate implicit
scheme [29] was adopted for 
uid{
ow equations while eq. 11 was solved using
a fourth{order accurate explicit Runge{Kutta scheme as in [17]. Moreover our
solution procedure adopts an appropriate choice of time{step size in order to
avoid overlapped cells at the sliding boundary and assuringconformal grid in
every time{step [17].

4 Results and discussions

In order to obtain a detailed characterization of the overall performance of
the new Savonius rotor designs, several operating points for both the SR3345
rotor and the SR5050 rotor have been simulated, ranging from low to high
� values; being the incoming wind velocity �xed at 9 m/s, this corresponds
to model the 
ow �eld of the rotor from low to high rotational speeds. More-
over this imply a Reynolds number, computed on the rotor diameter, of about
Re = 2:34� 105.
Completing a numerical investigation of such extent required a strong com-

putational e�ort. Indeed, each operating point (Tab. 1) hasbeen de�ned im-
posing a suitable value of thea coe�cient in equation (10), performing data

12



extraction for evaluating results only after a stable periodic working condition
has been reached by the rotor: this corresponds, as already introduced in sec-
tion 3, to the trend of � illustrated in Fig.18 of [17], and implies aerodynamic
and resistant torques (M a and M r ) in equilibrium state. Values of a are in
the range 0:01{0:1, and they have been chosen empirically with the following
targets: (i) to cover to wide range of tip{speed ratios, thusa good compu-
tation of the performance curves; (ii) to obtain a suitable spacing between
successive working points. In particular lowera coe�cients, corresponding to
low resistant torque M r , identify operating conditions at high � ; vice versa
for the case of higher values ofa.

In a similar manner, has been performed the numerical investigation of the

ow �eld of a conventional Savonius wind rotor provided with the conveyor{
de
ector curtain system: anyway, in this particular case, only the operating
point corresponding toCp;max has been analyzed (Tab. 2), with the main target
of identifying which 
uid 
ow structures are responsible for the higher energy
performance as compared with the case of the rotor without such aerodynamic
appendages. The analysis has been limited to only one working condition of
the rotor because it implied a much higher computational loadrespect to
the rotors without such aerodynamic appendages (about one month of wall{
clock time): thus, due to the availability of standard PCs desktop, it was not
feasible to reconstruct the 
uid-dynamic �elds for severaloperating points of
the system. Similarly to case of the new Savonius rotor designs, the incoming
wind velocity has been �xed at 9 m/s obtaining the same Re number ofSR3345
and SR5050rotors.

4.1 New Savonius wind rotor designs

4.1.1 The energy performance

Compared to a standard Savonius wind rotor with conventional semi-cylindrical
blades, both the new developed rotor designs seem to able to gain some im-
provements in terms of energy performance (Fig. 10) evaluated in terms of
average parameters (eq. 6, eq. 7 and eq. 8). For� < 0.5 the SR3345 rotor
showsCp and Cm values slightly greater than those of the standard Savonius
rotor and the SR5050rotor. For 0.5 < � < 0.9 the energy performance of the
SR5050 rotor is similar to that of the conventional rotor, while for � > 0.9
the SR5050 rotor exhibits higher power and torque coe�cients comparedto
the values of the classical wind rotor.

Another aspect worth to be particularly emphasized concernsthe overall trend
of the power curve in the region ofCp;max , for both the SR3345and SR5050
rotors. Indeed, as evidenced by Fig. 10(a), the new rotor designs here proposed
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SR3345 rotor SR5050 rotor

� Cp � Cp

0.36 0.17 0.40 0.16

0.41 0.18 0.50 0.19

0.48 0.20 0.64 0.21

0.56 0.21 0.72 0.22

0.65 0.22 0.85 0.23

0.69 0.21 0.96 0.24

0.78 0.21 1.03 0.25

0.85 0.20 1.13 0.24

0.88 0.20 1.23 0.24

0.94 0.19 1.32 0.23

0.99 0.19 - -

1.08 0.18 - -

1.16 0.17 - -
Table 1
List of simulated operating points for the new Savonius wind rotor designs.

have values ofCp slowly decreasing after the� value corresponding to the
maximum power output; this behaviour makes the power curve rather 
at in
the area ofCp;max , with a clear advantage from an operational point of view.
For this reason, when compared with the standard Savonius rotor, the SR3345
and SR5050 rotors exhibits a major 
exibility in terms of coupling with the
power generator.

The irregularity degreei has been also evaluated as an additional performance
parameter, according to the following de�nition

i =
j! jmax � j ! jmin

j! jmean

(12)

where j! jmax , j! jmin , and j! jmean are respectively the maximum, minimum
and mean norm values of the rotor angular velocity, during a complete revolu-
tion in the aforementioned steady periodic working condition. From this point
of view (Fig. 11), for � > 0.6 the new rotor designs show similar values and
trends as those of the standard Savonius wind rotor, while for low values of�
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the SR3345rotor exhibits a considerable degree of irregularity. Thisparticu-
lar behaviour might be related to the lower moment of inertiaof the SR3345
rotor as compared with theSR5050and the standard Savonius rotors, and to
the presence, for some angular position of the rotor, of strong suction regions
behind the advancing blade (Fig. 13), that make the local rotational speed
much higher than its mean value. However, this is not so much a worrying
drawback of the SR3345 rotor, because it exhibits high values ofi at very
low � , while for values of� in the region ofCp;max the irregularity degree has
the same magnitude of a conventional Savonius wind rotor. Finally we have
to note that the moment of inertia per unit length for the SR5050 rotor is
0:2926 kg� m2 while for SR3345 is 0:2295 kg� m2. In both the cases we have
hypothesized as material the polycarbonate.

Analysing the polar plot of the torque coe�cients corresponding to maximum
power output (Fig. 12), the SR3345rotor seems to be able to gain some im-
provements when compared to the other two rotors. Indeed, the SR3345rotor
shows positive values ofCm in every angular position of a complete revolu-
tion, while the standard Savonius rotor exhibits negative values of the torque
coe�cient for � ranging between 300� {330� (0� angular position of the rotor
is shown in (Fig. 13). This behaviour is particularly evidentfor the SR5050
rotor, whoseCm values enters deeply the shaded region of the polar plot cor-
responding to negative torque coe�cients.
Lastly we have to put in evidence that, within the suite of con�gurations de-
veloped during this research (not fully reported for the sakeof compactness),
SR3345and SR5050rotors are the more e�cient. However it is our intention
to remark that the selection was performed on the basis of theperformance
parameters, above described, which are particularly relevant for practical ap-
plications of wind rotors.

4.1.2 Flow �elds analysis

A proper description of the aerodynamic behaviour of the Savonius wind rotor
requires the analysis of the 
uid 
ow structures from the point of view of
the rotor. This can be made reconstructing the complex 
ow �eld developing
around the rotor by means of the relative wind velocity, in order to take
into account how the rotor blades actually interact with theincoming 
ow.
The relative wind velocity v rel has been computed according to the general
equation

v = v rel + h! i ^ (r � r 0) (13)

wherev is the absolute wind velocity andh! i is average the angular velocity
vector of the rotor, after a stable period working conditionhas been achieved;
r = X î + Y ĵ is the position vector identifying a generic point in the 
uid
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portion of the computational domain. Note that the origin of the reference
frame also in this case is placed in left bottom vertex of the computational
domain.

The 
ow{�eld in the blade region for SR3345rotor, during a complete revolu-
tion at Cp;max , has been characterized using pressure contours with streamlines
of relative velocity.

When the SR3345rotor is normal to the free{stream wind velocity (Fig. 13),
two main vortex structures are clearly recognisable on the back of the ro-
tor. Behind the advancing blade there is a vortex core maintaining the 
ow
attached to the blade, and determining a wide region of low pressure which
is the main responsible of the torque generation of the advacing blade. Two
other vortex cores of di�erent dimension are con�ned withinthe concave side
of the returning blade, due to the action of the jet 
ow passing through the
gap between the returning blade and the rotor shaft (Fig. 14).

During the rotor rotation the aforementioned vortex structures interact with
each other, producing the typical wake developing behind a Savonius wind
rotor: this is evident from the turbulence intensity map shown in Fig. 15.

For the sake of completeness, Fig. 16 shows the 
ow �eld contour plots for a
complete revolution of theSR5050rotor at Cp;max . Similar conclusions as for
the SR3345rotor hold also for theSR5050wind rotor.

4.2 The conveyor{de
ector curtain system self-orienting relative to the wind
direction

The curtain system here proposed is the only known in the literature able to
self-align with the direction of incoming wind [2]. Having experimentally ver-
i�ed this attitude at environmental wind tunnel of the Univer sit�a Politecnica
delle Marche, in the present work the attention has been focused on investigat-
ing the complex 
uid-dynamic phenomena responsible for thehigher energy
performance of a conventional Savonius wind rotor with suchaerodynamic
appendages. Considering the innovative design of the conveyor{de
ector de-
vice and the lack of available similar studies, a CFD reconstruction of the

ow �eld made it possible to gain an insight on how 
uid interactions with
rotating and stationary elements of the whole system determines the power
output increase.
Lastly we have to remark that the standard Savonius rotor here considered
(equipped with the new curtain system) is exactly the same deeply investi-
gated in [2,17,18].
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v2-f

turbulence model

� Cp;max

Exp. Num. Exp. Num.

0.751 0.729 0.301 0.277

Err. 2.9 % Err. 8 %

RSM

turbulence model

� Cp;max

Exp. Num. Exp. Num.

0.751 0.718 0.301 0.274

Err. 4.4 % Err. 9 %
Table 2
Comparison between experimental data and numerical results atCp:max for a con-
ventional Savonius wind rotor with the conveyor{de
ector curtain system.

4.2.1 The energy performance

The use of a curtain system like that here proposed produces an overall im-
provement of the energy performance of a conventional Savonius wind rotor,
increasingCp values over the whole range of working points: this is evident by
the inspection of Fig. 17, that shows an enhancement of maximum power out-
put greater than 20% relative to the rotor without aerodynamic appendages.
Fig. 17 shows also a performance comparison in terms of torquecoe�cients.

As previously speci�ed, CFD computations have been performedonly for
the operating condition corresponding toCp;max (experimentally evaluated);
Tab. 2 shows the �nal values of the mean power coe�cient and the related
percentage errors as compared to experimental data. Both the v2-f and RSM
turbulence models exhibit a good agreement with the experimental values,
being the overall accuracy of the �rst one slightly higher. Thus, they can be
assumed reliable and fully equivalent for the purposes of the investigation to
perform.

Even in this case, has been evaluated the irregularity degree of the rotor,
obtaining the results shown in Fig. 18. By the inspection of the trends reported,
it is clear that the irregularity degree is quite higher; this is particularly evident
for the v2-f turbulence model, and it is substantially con�rmed by the RSM
approach, even if with slightly lower values ofi.
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Anyway, even if the use of the conveyor{de
ector device here proposed in-
creases the irregularity degree of a Savonius wind rotor, such drawback is
largely compensated by the fact that, at the same time, it guarantees a remark-
able enhancement in terms of the power output, with the additional advantage
of being self-orienting relative to the wind direction. Thelatter attitude is a
fundamental requirement to maximize energy extraction from the incoming
wind, when the rotor is provided with a curtain system playing the role of a
guiding box vane.

4.2.2 Flow �elds analysis

The analysis of the 
uid-dynamic �eld allows to clarify which are the main rea-
sons directly responsible for the higher energy performance of the conventional
Savonius wind rotor when provided with the curtain system aforementioned.
Two are the standpoints for outlining such kind of investigation: the �rst one
pertains to a global point of view, considering the entire 
ow �eld, while the
second one is of local type, focusing on characteristic 
uid
ow phenomena in
the near rotor region.

The pressure contour depicted in Fig. 19 allows to appreciatethe dimensions
of the wake featuring such rotor arrangement. The adoption of the conveyor{
de
ector curtain system induces a blockage-like e�ect upstream the rotor,
producing two important consequences. The �rst one consists in the generation
of a wider wake than that of the rotor without the aerodynamicappendages:
this aspect is particularly evident comparing the width of the wake with that
reported in Fig. 26 of [17], and justi�es the need of using the grid arrangement
sketched in Fig. 6. The second consequence is relative to the increased pressure
drop across the rotor section, that guarantees a greater 
owquantity to be
elaborated: from a global point of view, this is the main reason explaining
the higher energy performance of the Savonius wind rotor equipped with the
conveyor{de
ector device here described.

A close investigation of the 
uid 
ow structures in the near rotor region
(Fig. 20) makes it possible to clarify which local 
uid-dynamic phenomena
determine the enhancement of the overall performance. The conveyor chan-
nels the incoming wind toward the advancing blade in a bettermanner and,
thanks to its extension up to the rear side of the rotor, increases the interaction
angle between 
ow and blade. Moreover, the de
ector plays the fundamental
role of a shielding appendage, avoiding the drag induced by the dynamic pres-
sure of the incoming 
ow acting on the returning blade. Thus,the combined
e�ects of such aerodynamic appendages allow the rotor to realize a more ef-
�cient energy extraction from the wind, getting a relevant enhancement in
terms of the power output of the system.
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5 Conclusions

The present work summarizes and collects �nal results of a wide research ac-
tivity aimed at enhancing the energy performance of the Savonius wind rotor.
By means of a detailed computational study, two di�erent guidelines have been
followed in order to get this target: the �rst one consists inthe development of
new blade geometries, di�erent from the conventional semicylindrical shape,
while the second one is based on the use of an innovative conveyor-de
ector
curtain system.

Designing new airfoil-shaped blades proved to be a challenging task, as rotor
interaction with the incoming 
ow is strongly dependent on geometric features
of the blades. New blade geometries here proposed are both based on the
common principle of imposing a considerable increase of themean Camber
line of a base airfoil shape, in order to design a section of suitable curvature
for replacing the traditional semicylindrical blade geometry. In this context,
two new rotor con�gurations have been proposed, namedSR3345and SR5050
rotors, which both guarantee several enhancements in termsof the energy
performance; indeed, both these rotor designs take advantage of low pressure
regions behind the advancing blade able to produce favourable contributions to
the rotor rotation, and hence to the power output. Thus, the results obtained
con�rm that the development of airfoil-type blades is a promising way in order
to get higher energy performance for the Savonius wind rotor.

Moreover, an innovative conveyor-de
ector curtain systemhas been proposed
as an alternative way to obtain similar improvements. The key element of
such curtain device is in its attitude to be self-orienting relative to the wind
direction: this behaviour has been experimentally veri�edat environmental
wind tunnel of the Universit�a Politecnica delle Marche, andhas a crucial role
in order to maximise the energy extraction from the incomingwind. By means
of the same computational approach used for the developmentof the new rotor
designs, a detailed investigation of the 
uid-dynamic �eldof a conventional
Savonius rotor with such aerodynamic appendages has been realized. This
analysis clari�ed that a proper coupling of a conveyor device with a de
ector
one channels the 
ow in a better manner toward the advancing blade, while
at the same time avoiding the drag induced by the dynamic pressure acting
on the returning blade.
The results described in the present reaserch con�rm that both the adopted
guidelines represent a feasible way to enhance the overall performance of the
Savonius wind rotor. Such guidelines correspond to di�ent philosophies for
the development of more e�cient rotor con�gurations, and they can coexist
together. Indeed, the adoption of the conveyor-de
ector curtain system is more
e�ective in terms of the power output increase but, at the same time, makes the
rotor construction more complex. Conversely, the use of airfoil-shaped blades
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guarantees some ehancements of the energy performance as compared with
the case of a Savonius wind rotor with semicylindrical blades, while preserving
its characteristic simple construction. Therefore, the �nal choice between the
strategies here described is not unique, depending on the particular case to
deal with.
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Figure 4. Layout of the computational 2D domain reproducing the test chamber of
the environmental wind tunnel of the Universit�a Politecnica delle Marche.

Figure 5. Details of the grid arrangement insideD1 domain for the SR3345 rotor:
mesh region near the rotor blades (left), and grid re�nement near the blade tip
(right).
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Figure 6. Layout of the computational 2D domain for a conventional Savonius wind
rotor, with semi{cylindrical blades, provided with the conveyor{de
ector curtain sys-
tem. WReference is the reference width of the computational domain showed in Fig.4.
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Figure 7. Classical Savonius wind rotor. Mean tip{speed ratio versus rotation number
(Experimental value: � = 0.735),[17].

Figure 8. Turbulence models comparison for a conventional Savonius wind rotor
with semi{cylindrical blades.
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Figure 9. Flow chart of 
uid-rigid body coupling algorithm.
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(a) Power curve

(b) Torque curve

Figure 10. Performance curves comparison.
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Figure 11. Irregularity degree comparison.

Figure 12. Torque release comparison.
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Figure 13. Contour of static pressure [Pa] for the SR3345 rotor during a complete
revolution at Cp;max (� = 0.65). (Counterclockwise rotor rotation).
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Figure 14. Contour of turbulent kinetic energy [m2=s2] for the SR3345 rotor at
Cp;max (� = 0.65).

Figure 15. Contour of turbulence intensity for the SR3345 rotor at Cp;max (� =
0.65).
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Figure 16. Contour of static pressure [Pa] for the SR5050 rotor during a complete
revolution at Cp;max (� = 1.03). (Counterclockwise rotor rotation).
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(a) Power curve

(b) Torque curve

Figure 17. Performance curves comparison.
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Figure 18. Irregularity degree comparison for a conventional Savonius windrotor
with the conveyor{de
ector curtain system.

Figure 19. Pressure contour [Pa] for a conventional Savonius wind rotor with the
conveyor{de
ector curtain system.
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Figure 20. Pressure contour [Pa] and streamlines of absolute velocity for a conven-
tional Savonius wind rotor with the conveyor{de
ector curtain system.
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