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Experimental and numerical
investigations on the aerodynamic
performance of a pivoted Savonius
wind turbine

M Amiri, AR Teymourtash and M Kahrom

Abstract

Savonius turbines have been the subject of various wind energy projects due to their good starting characteristics, easy

installation, and independency of wind direction. However, the Savonius rotor suffers from low aerodynamic perform-

ance, which is mainly due to the adverse torque of the returning blade. A recently introduced design suggests using

pivoted blades for the rotor to eliminate the negative torque of the returning blade. In this study, the aerodynamic

performance of the newly proposed turbine has been investigated experimentally and numerically. The experimental

measurements are performed in a subsonic open-jet type wind tunnel facility. The numerical simulations are performed

using ANSYS-Fluent commercial software, by making use of the multiple reference frame model. The effects of the

number of blades (3-, 4-, and 6-bladed) on the torque and power coefficients are examined in details, at several Reynolds

numbers. Results show that the new rotor has no negative torque in one complete revolution and that the 3-bladed

rotor has the best aerodynamic performance, in a manner that, it reaches a maximum power coefficient of 0.21 at

TSR¼ 0.5. Although increasing the number of blades decreases the output torque oscillations, it also decreases the

average power coefficient of the rotor. Results show that Reynolds number does not have a significant effect on the

average power coefficient of the rotor in the studied range of 7.7� 1044 Re4 1.2� 105.
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Introduction

Wind energy is one of the best candidates for green
economical energy production, among the various
available renewable energy sources. Wind turbines,
a main element in the wind energy harnessing,
might be classified into two main categories based
on the rotation axis alignment:1 vertical axis wind
turbine (VAWT) and horizontal axis wind turbine
(HAWT). Savonius rotor is one of the simplest
designs of the VAWTs, a drag-type turbine that con-
sists of two or more semicircular blades. Despite its
low efficiency, the Savonius rotor takes advantage of
several privileges such as, good starting characteris-
tics, easy installation, and independency of wind dir-
ection (omnidirectional).2 These benefits have
motivated numerous researches to modify the aero-
dynamic performance of the Savonius-type rotors.

Fujisawa3 experimentally investigated the aero-
dynamic performance and the flow fields of
Savonius rotors at various overlap ratios, where the

best power coefficient occurred at an overlap ratio of
0.15. Kianifar and Anbarsooz4 studied the effects
of blade curve and overlap ratio on the performance
of Savonius rotors. The results showed that the semi-
circular blades with an overlap ratio of 0.2 had the
best power performance. Alexander and Holownia5

tested the effects of end plates and revealed that a
higher rotor performance can be obtained using end
plates for the Savonius rotors. That is because the
existence of end plates prevents the air to escape
from the buckets concave side to the external flow,
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which would result in a higher pressure difference
between the concave and convex sides of the buckets.

In order to reduce the fluctuations of the generated
torque, Hayashi et al.6–8 proposed and tested two-
bucket rotors. Their results showed that the rotors
with multiple stages can generate a smoother output
torque without significant performance loss.
Moreover, multi-stage rotors, which are mounted
with a phase shift, eliminate the negative static
torque of the Savonius rotors. Another possible solu-
tion to modify the starting characteristics of the
Savonius rotors is using helically twisted blades
instead of the semi-circular cylindrical buckets. Saha
and Rajkumar9 experimentally studied the twisted
Savonius rotors with 0� to 25� twist angles. The
results exhibited a relative increase of 27% in the
power coefficient of the rotor with 15� twist, with
respect to the zero-twist rotor. Kamoji et al.10 per-
formed experimental investigation on two-bladed hel-
ical Savonius rotors with 90� twist angle. It has been
shown that a shaft-less helical Savonius rotor, with
zero overlap ratio and 90� twist angle, having an
aspect ratio of 0.88, has almost a same power coeffi-
cient as a conventional one with an aspect ratio of 1.0.
However, the helical rotor takes advantage of the
positive static torque in all rotor angles. Recently,
Anbarsooz11 performed numerical and experimental
studies on the aerodynamic performance of helical
Savonius rotors with 30� and 45� twist angles.
Results showed that although the tested helical
rotors have provided a more uniform time variations
of the torque coefficient, the maximum power coeffi-
cient of the helical rotors were less than the conven-
tional one. Irabu et al.12 enhanced the performance of
a Savonius rotor with about 50% increase in its power
coefficient, using a guide-box tunnel with an area ratio
of 0.43. Saha et al.13 installed a semi-automatic valve
in the blades of a Savonius rotor in a manner that,
when the convex side of blade is on the windward
side, the valve is open to reduce the blade negative
torque. On the contrary, the valve is closed when
the concave side of blade is on the windward side.
Their experiments, using the new design, showed a
7% increase in the maximum power coefficient of
the turbine, with respect to the rotor without the
valves.

Burcin et al.14,15 employed a curtain design in front
of a Savonius rotor to guide the wind towards the
concave side of the advancing blade and prevents
the wind from reaching the convex side of the return-
ing blade. The proposed arrangement prevents the
production of negative torque by the returning blade
and also accelerates the wind towards the concave side
of the advancing blade. Using the curtain design, the
power coefficient of the Savonius rotor increased con-
siderably from 0.16 to 0.38. However, a main draw-
back of the curtain design and also the guide-box
tunnel is that the Savonius turbine is no longer
omnidirectional.

In this study, based on the patent presented by
John Hunter (No. GB9524439.8),16 a new design of
the Savonius turbine is introduced, which keeps the
omnidirectional characteristics of the Savonius rotor
and at the same time, eliminates the negative torque of
the returning blade. A schematic of the new design is
depicted in Figure 1.

The blades are hinged to the drum and the negative
torque of the returning blade is eliminated using open-
ing/closing blades. The advancing blades are opened
by the upcoming wind until they are held in the fully-
opened position by stops. However, the returning
blades are closed by the air flow and the wind flows
over the drum with minimum resistance. A similar
design has also been employed as a tidal current tur-
bine by Yang and Lawn.16 However, no investigations
have been performed on the several geometrical par-
ameters that might have significant effects on the tur-
bine performance. Also, to the best knowledge of the
authors, the current design have not yet been
employed and tested for the wind energy production.
In this study, the effects of the number of blades and
the flow Reynolds number on the aerodynamic per-
formance of the new turbine are investigated experi-
mentally and numerically. The experiments are
performed in an open jet type wind tunnel facility.
However, for the numerical simulations, the multiple
reference frame (MRF) approach, in conjunction with
the SST k-o turbulence model are employed, through
ANSYS-Fluent 12.0 commercial software in a two-
dimensional computational domain. It has been ver-
ified by D’Alessandro et al.17 that, the end plates limit
the three-dimensional flow behavior around the
model tips. This fact allows comparing experimental
results obtained on three-dimensional models to
numerical data computed on two-dimensional
domains. This is why there exist several studies on

Figure 1. A schematic of the pivoted Savonius rotor with 6

blades.
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vertical axis wind turbines, which are performed on
two-dimensional computational domains.18–21

Rotor performance

A schematic of a 6-bladed rotor is depicted in Figure 2,
where D is the drum diameter, Rc is the distance
between the drum axis and the center of the fully
opened blade chord, Rt is the distance between the
drum axis and the tip of the fully-opened blade, and
� is the rotational angle, which is measured from
the closest point of the drum to the incident flow and
it determines the rotational angle of the trailing edge
of a blade.

Each blade experiences two dynamic processes in
one complete rotation, i.e. the opening and the closing
processes. Yang and Lawn16 experimentally deter-
mined the instances when these two processes are
started and finished. Using a high-speed camera,
instantaneous images of the turbine, running at vari-
ous rotational speeds, were captured. Based on image
processing, it was found that all the opening processes
were started at about 90�, and finished at about 120�.
Moreover, all the closing processes were started at
about 180� and finished at about 360�. It was con-
cluded that the opening and closing processes are
almost independent of the tip speed ratio. Based on
these findings, the blade positions in a cycle of rota-
tion are determined for 6-bladed, 4-bladed, and

3-bladed rotors, which are shown in Figures 3 to 5.
A cycle of rotation for a 6-bladed rotor is 60�; how-
ever, it is 90� and 120� for the 4-bladed and 3-bladed
rotors, respectively.

Experimental setup

The experiments are performed in the low-speed
open-jet type wind tunnel facility at Ferdowsi
University of Mashhad, as shown in Figure 6. The
wind tunnel test section is a 600� 600mm2 cylinder
with a length of 2000mm. However, the wind turbine
assembly is placed 300mm downstream of the tunnel
exit. The wind speeds are accessible in the range of 0–
25m/s by varying the input voltage to the fan motor.
The tested rotors with different number of blades (3,
4, and 6 blades) are shown in Figure 7. The turbines
are made up of galvanized iron with a thickness of
0.4mm. All the blades are pivoted on a cylindrical
drum with 160mm diameter. The geometrical param-
eters of the tested turbines are presented in Table 1.

Various mechanical loads are applied to the tur-
bines through a pulley which is attached to the turbine
shaft. A rope connects the pulley to two load cells.
The accuracy of the load cells are �1N. The pulley
and the shaft rotate simultaneously, while the rope is
fixed and, as a result, a frictional force would be gen-
erated between the rope and the pulley. The frictional
force is equal to the difference between the values of

Figure 2. Rotor parameters.
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the load cells. Multiplying this force by the radius of
the pulley results the generated torque. A schematic of
the pulley and load cells arrangement is depicted in
Figure 8. The wind speed is measured by a blade
anemometer (Lutron AM-4200) with an operating
range of 0.8–30m/s and an accuracy of 0.1m/s. The
rotational speed of the turbine is measured by an
optical tachometer (Compact Instruments CT6/LSR)
with an accuracy of 0.05% and operating range of 3–
99,999 r/min.

All the experimental data were corrected to con-
sider the blockage effects, based on the methodology
proposed by Roy and Saha22 and also used by
Anbarsooz,11 which was confirmed to be appropriate
for open-jet type test sections.

The uncertainty analysis was carried out for all the
experimental data, following the sequential perturb-
ation technique suggested by Moffat.23,24 The calcu-
lated maximum uncertainties in the main parameters
are given in Table 2.

Figure 4. Blade positions in a cycle of rotation for the 4-bladed rotor.

Figure 3. Blade positions in a cycle of rotation for the 6-bladed rotor.
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Figure 6. Experimental setup at Ferdowsi University of Mashhad.

Figure 5. Blade positions in a cycle of rotation for the 3-bladed rotor.
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Numerical procedure

The commercial software, ANSYS Fluent 12.0, is
employed to perform the numerical simulations. In
order to consider the effects of the turbine blades rota-
tion on the flow field, the MRF model is used.25 In the
MRF formulation, the computational domain is
divided into two subdomains, stationary and rotating,
as shown in Figure 9. The size of the domain and the
applied boundary conditions are also given on the
figure. A constant rotational speed, ~!, with respect

to the stationary frame, can be applied to the rotating
zone. The two-dimensional fluid flow governing equa-
tions, the conservation of mass and momentum, in the
MRF model, are as follows26

r � ��r
!� �
¼ 0 ð1Þ

r � �~��r
!� �
þ � ~!� ~�

� �
¼ �rpþ r � ��ð Þ þ �~g ð2Þ

Figure 7. The rotors used for the experimental measurements of the current study.

Figure 8. A schematic of the pulley and load cells

arrangement.11

Table 1. Geometrical parameters of the tested turbines.

Rotor type D (mm) H (mm) Rc (mm) Rt (mm)

3-bladed 160 320 144 211

4-bladed 160 320 135 193

6-bladed 160 320 120 160

Table 2. Uncertainties in various basic parameters.

Parameter uncertainty (%)

Wind velocity 1.18

Diameter 0.18

Tip speed ratio 2.8

Torque coefficient 4.6

Power coefficient 5.1

Figure 9. The computational domain and the boundary

conditions.
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where �r
! is the relative velocity and ~� is the absolute

velocity, defined as

�r
!
¼ ~�� ur

!
ð3Þ

Here, ur
! is the moving frame velocity. For the rotat-

ing zone of the current study, it can be written as

ur
!
¼ ~!� ~r ð4Þ

where ~r is the position vector, considered from the
origin of the rotating frame.

The total moment vector, ~MA, about a specified
center A, is computed by summing the cross products
of the pressure and viscous force vectors ( ~FP, ~F�) for
each computational face with the position vector, ~rAB.

The position vector is a vector from the specified
moment center A to the force origin B26

~MA ¼ ~rAB � ~FP þ ~rAB � ~F� ð5Þ

The terms in the above summation, represent the pres-
sure and viscous moment vectors.

In this study, the SST k-o turbulence model is
used. The capability of this turbulence model in con-
junction with the MRF model in simulating the aero-
dynamic performance of wind turbines has been
confirmed by several researchers.19,27

A mesh study has been performed, in which, the
size of the computational cells were gradually
decreased until no noticeable changes in the generated
power coefficient were observed. The effects of the
grid size on the numerical power coefficients are
depicted in Figure 10. The results suggested that an
unstructured grid containing 223,000 cells is the most
suitable grid in terms of both the numerical accuracy
and computational cost. The final grid resolution near
the turbine blades is shown in Figure 11. The value of
yþ depends on TSR, angular position of the rotor and
number of the blades. For all of the simulations per-
formed in this study, the value of yþ has not exceeded
1.47. The rotating zone must contain the rotor at the
fully-opened condition. In this study, the radius of the
rotating zone is considered 1.05Rt.

The boundary conditions for the turbulent equa-
tions at the inlet are a Turbulence Intensity¼ 1% and
Turbulence Length Scale¼ 0.6m. At the pressure
outlet boundary, zero gradient for turbulent kinetic
energy and specific dissipation rate are considered.

Results and discussion

The aerodynamic performance of the wind turbines
can be expressed using two dimensionless coefficients,

Figure 11. The computational grid near the turbine blades.
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Figure 13. Pressure contours (Pascal) for the 4-bladed rotor at TSR¼ 0.5, for various rotor angular positions.

Figure 12. Pressure contours (Pascal) for the 6-bladed rotor at TSR¼ 0.4, for various rotor angular positions.
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the power coefficient and the torque coefficient, as
follows16

CP ¼
2T!

�U3 Rt þD=2ð ÞH
ð6Þ

CM ¼
2T

�U2 Rt þD=2ð ÞHRc
ð7Þ

where T is the torque and ! is the rotational speed.
The tip speed ratio, TSR, is defined as

TSR ¼
!Rc

U
ð8Þ

The power and torque coefficients could be correlated
using TSR as

CM ¼
CP

TSR
ð9Þ

The flow Reynolds number, Re, is defined based on
the drum diameter as

Re ¼
�UD

�
ð10Þ

where U is the free stream velocity and � is the air
viscosity.

The numerical pressure distributions around the 6-
bladed rotor is depicted in Figure 12, for the air vel-
ocity of 9m/s, corresponding to a Reynolds number
of 9.9� 104 based on the drum diameter. The 6-
bladed rotor has six 60� cycles in one rotor revolution.
The pressure contours are presented for six different
angular positions of the rotor, in a cycle in one rotor
revolution, at TSR¼ 0.4, which corresponds to the
condition of maximum power coefficient of the
rotors. At �¼ 0�, Blades 1 and 6 are fully closed and
are lying on the cylindrical surface of the drum.
Blades 2 and 3 are fully opened and Blades 4 and 5
are in the closing-process. Therefore, the only blades
that contribute to the positive torque generation are
Blades 2 and 3; however, Blade 2 has the main con-
tribution as can be seen in the figure. As the angular
position increases, at �¼ 20�, still Blades 1 and 6 are
closed, while Blades 3, 4, and 5 are in the closing-
process and the only blade in the fully-opened pos-
ition is Blade 2. However, as shown in Figure 12, the
pressure difference between the two surfaces of Blades
2 has decreased, which would lead to a decrease in the
generated torque. At �¼ 40�, Blade 1 is in the open-
ing-process. At this angular position, Blade 1 acts as

Figure 14. Pressure contours (Pascal) for the 3-bladed rotor at TSR¼ 0.5, for various rotor angular positions.
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Figure 16. Velocity vector for the 4-bladed rotor at TSR¼ 0.5, for various rotor angular positions.

Figure 15. Velocity vector for the 6-bladed rotor at TSR¼ 0.4, for various rotor angular positions.

96 Proc IMechE Part A: J Power and Energy 231(2)



an obstacle which prevents the air from effectively
reaching the fully opened Blade 2. In other words,
Blade 2 is in the wake of Blade 1 and as a result, at
this rotor angular position, the blade with maximum
generated torque is Blade 1. It must be noted that the
blades which are in the closing-process produce
adverse pressure. Their contribution to the total
torque is however not substantial (for the 6-bladed
rotor at TSR¼ 0.4 and �¼ 40�, the power coefficient
of Blade 5, which is in the closing- process, is:
�0.014.).

Similar pressure distributions are depicted for the
4-bladed and 3-bladed rotors in Figures 13 and 14,
respectively. The 4-bladed and 3-bladed rotors have
90� and 120� cycles in one rotor revolution, respect-
ively. As the number of blades decreases, with a same
value of the drum diameter, the number of fully
opened blades in one revolution decreases. However,
the blades would be closer to a semicircular blade,
which has a higher value of drag coefficient.28

The velocity vector distributions around the rotor
blades at several angular positions are also illustrated
in Figures 15, 16, 17 for the 6-, 4-, and 3-bladed
rotors, respectively. The wake regions between the
fully opened blade and the blade in the opening pro-
cess can be well observed in these figures.

For a quantitative comparison between the torques
generated by each blade, the torque coefficient of the
blades which have considerable effects on the total

torque, are plotted in Figure 18 at TSR¼ 0.5. For
the 3-bladed rotor, in the 0�< y< 80�, Blade 1 is
closed and Blade 2 is fully-opened. In this angular
range, it is only Blade 2 that is generating positive
torque, until at y> 80�, Blade 1 starts its opening pro-
cess. At y¼ 120�, Blade 2 is replaced by Blade 1 and
the cycle would be repeated as explained above. The
4-bladed rotor has been also performed similarly;
however, for the 6-bladed rotor, there are always
two blades producing positive torque. The overall
output torque coefficient of the rotors with various
number of blades, in a full revolution are depicted
in Figure 19.

As shown in Figure 18, the output torque oscilla-
tions are decreased, as the number of blades increases.
In other words, increasing the number of blades
would result in a smoother torque generation of the
turbine. Nevertheless, as the number of blades
increases, the minimum values of the torque coeffi-
cients are not changed considerably, but the max-
imum values are decreased. This figure also reveals
that the proposed rotor has no negative total torque
coefficient in a revolution, which is the main advan-
tage of these rotors.

The total averaged torque coefficients as a function
of TSR is plotted in Figure 20 for the rotors with
different number of blades. In this figure, the numer-
ical results are also compared with the experimental
data. As shown in the figure, the numerical and

Figure 17. Velocity vector for the 3-bladed rotor at TSR¼ 0.5, for various rotor angular positions.
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experimental results are in a convincing agreement,
which validates the employed numerical
methodology.

As the TSR decreases, the relative velocity between
the wind and the advancing blade decreases. This
would lead to a higher pressure on the blade and as
a result, the torque coefficient increases. Figure 20
also demonstrates that the 3-bladed rotor has a
higher value of torque coefficient in all the TSRs, in
comparison with the 4-bladed and 6-bladed rotors. As
explained above, the reason for this behavior is that as
the number of blades increases, each advancing blade
would deflect the air from reaching the next advan-
cing blade, effectively. This behavior has also been
observed in the traditional Savonius rotors which is
referred to as the ‘‘cascade effect’’.28

The numerical results for the power coefficient as a
function of TSR are compared with the experimental
data in Figure 21, for the rotors with different number
of blades, where a good agreement can be observed.

As shown in Figure 21, both the maximum
Cp-averaged and its corresponding TSR increase, as
the number of blades decreases. Furthermore, the
operating range of TSR is larger for the 3-bladed

rotor in comparison with the 4-bladed and 6-bladed
rotors. The values of the operating range of rotors
(based on TSR) and also the points of maximum
power coefficients are given in Table 3. In this table,
the numerical results are also compared with the
experimental data. The error between the numerical
results might be due to the two-dimensional assump-
tion for the numerical simulations and neglecting the
effects of tip vortices at the endplates. Although the
bearings are carefully designed to have minimum fric-
tion, some errors might be due to the small frictions in
the bearings, which are inevitable.

The effects of the Reynolds number on the aero-
dynamic performance of the 3-bladed rotor are also
investigated numerically and experimentally. The
investigations are performed at three Reynolds num-
bers of 7.7� 104, 9.9� 104, and 1.2� 105 correspond-
ing to the wind speeds of 7.0, 9.0, and 11.0m/s, and the
results are presented in Figure 22. The figure shows
that the Reynolds number does not have significant
effects on the average power coefficient of the rotor,
in the studied range of Reynolds numbers. Increasing
the Reynolds number from 7.7� 104 to 1.2� 105

have increased the maximum power coefficient
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Table 3. The experimental and numerical operating ranges and the points of maximum power coefficient, for the rotors with

different number of blades.

Rotor type

Maximum Cp-averaged

Error (%)

TSR corresponding to the

maximum Cp-averaged Operating range of TSR

Num. Exp. Num. Exp. Num. Exp.

6-bladed 0.195 0.18 8.33 0.4 0.4 0–0.75 0–0.7

4-bladed 0.211 0.19 11.05 0.5 0.5 0–0.8 0–0.75

3-bladed 0.225 0.21 7.14 0.5 0.5 0–0.85 0–0.8
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2.68 % in the numerical simulations and 3.19% in the
experiments.

Conclusion

In order to eliminate the negative torque of the return-
ing blades of the Savonius rotor, a recently introduced
design has suggested pivoted blades, which might be a
promising solution. In this study, the aerodynamic per-
formance of the newly proposed turbine has been
investigated, using experimental wind-tunnel measure-
ments and numerical simulations. The experimental
measurements are performed in a subsonic open-jet
type wind tunnel facility at Ferdowsi University of
Mashhad. The numerical simulations are performed
using the Ansys-Fluent commercial software, using
the MRF model in conjunction with the SST k-o tur-
bulence model. The numerical results are in a convin-
cing agreement with the experimental data with less
than 12% relative error. The investigations are carried
out on rotors with three different number of blades, i.e.
3, 4, and 6 blades, at several Reynolds numbers. The
most significant findings of the current study can be
summarized as:

3 The new rotor has no negative torque in one com-
plete revolution and the 3-bladed rotor has the
best aerodynamic performance, in a manner that,
it reaches a maximum power coefficient of 0.21 at
TSR¼ 0.5.

3 Although increasing the number of blades
decreases the output torque oscillations, it
decreases the average power coefficient of the
rotor, due to a cascade effect.

3 Both the maximum Cp-averaged and its correspond-
ing TSR increase, as the number of blades
decreases.

3 The operating range of TSR is larger for the 3-
bladed rotor in comparison with the 4-bladed
and 6-bladed rotors.

3 In the studied range of Reynolds numbers,
7.7� 1044Re4 1.2� 105, the Reynolds number
does not have significant effects on the average
power coefficients of the rotors.
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Appendix

Notation

CP power coefficient
CM torque coefficient
D drum diameter

~FP pressure force vector
~F� viscos force vector
H drum height
~MA total moment vector
p pressure
r position vector
~rAB position vector
Rc distance between the drum axis and the

center of the fully-opened blade chord
Rt distance between the drum axis and the

tip of the fully-opened blade
Re Reynolds number
T torque
TSR tip speed ratio
ur moving frame velocity
U freestream velocity

� air viscosity
! rotational speed
� air density
�
�

stress tensor
� rotational angle
� absolute velocity
�r relative velocity
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