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ABSTRACT. This study presents a comprehensive experimental investigation into the aerodynamic performance of six
Savonius wind turbine blade profiles with distinct geometries, tested systematically in an open wind tunnel facility. The
motivation behind this research stems from the need to optimize small-scale wind turbines for efficient operation under
low-wind-speed conditions, which are commonly encountered in urban and decentralized energy applications.

To achieve this, six different blade configurations—including classical semi-cylindrical, helical, and hybrid/optimized
models—were designed, fabricated, and subjected to rigorous testing. Each prototype shared identical rotor dimensions in
terms of diameter and blade height, ensuring that observed differences in performance could be attributed solely to blade
geometry rather than scaling effects. The experimental campaign was conducted under controlled wind conditions, with a
constant free-stream wind speed, allowing for repeatability and reliability of results.

Key aerodynamic performance parameters, including torque generation, rotational speed, tip speed ratio, and power
coefficient, were systematically measured and analyzed. The findings clearly demonstrate that blade geometry plays a
critical role in determining the overall performance of Savonius turbines.

The comparative results highlight the inherent trade-offs between achieving strong initial torque and maximizing
aerodynamic efficiency. These insights are particularly valuable for guiding future design improvements aimed at
small-scale renewable energy systems. By demonstrating the advantages of hybrid blade designs, this study contributes to
the ongoing development of compact, efficient, and reliable wind energy solutions suitable for applications in
low-wind-speed regions, such as urban rooftops, agricultural fields, and off-grid installations.

Ultimately, this research provides not only an experimental benchmark for Savonius turbine geometries but also practical
design guidance that can inform engineers and developers in the renewable energy sector. The results serve as a foundation
for further optimization studies and future innovations in the design of vertical-axis wind turbines.
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1. INTRODUCTION

The global demand for clean and sustainable energy is
increasing rapidly due to climate change concerns and the
depletion of fossil fuel resources. Wind energy, as a
renewable and environmentally friendly option, plays a
critical role in achieving carbon-neutral energy goals.

Wind energy has become one of the most prominent and
rapidly growing renewable energy sources due to
increasing energy demand and environmental concerns.
Among the various wind turbine types, Savonius wind
turbines are widely recognized for their simplicity,
low-cost construction, and ability to operate at low wind
speeds. These characteristics make them particularly
suitable for small-scale and decentralized energy
generation applications.

The performance of a Savonius turbine is strongly
influenced by blade geometry, including the shape,
number of blades, and tip configuration. While the
classical semi-cylindrical design is known for its high
starting torque, modifications such as helical and
spiral-tipped blades have been proposed to improve
aerodynamic efficiency and rotational speed. Despite
several studies on Savonius turbines, comparative
experimental investigations of different blade geometries
under controlled wind tunnel conditions remain limited.

This study aims to fill this gap by experimentally
evaluating six different Savonius blade profiles in an open
wind tunnel. The research focuses on key performance
parameters including torque, rotational speed, and
aerodynamic efficiency. This study provides a detailed
experimental evaluation of six different Savonius turbine
geometries under the same laboratory conditions, offering
new insights into the optimization potential of blade
configurations for efficient small-scale wind energy
harvesting.

The results are expected to provide valuable insights for
the design and optimization of small-scale wind energy
systems, particularly in low-wind-speed regions, and to
guide future developments in efficient and compact
renewable energy solutions. Due to their ability to operate
under low wind speeds, Savonius turbines are especially
suitable for small-scale power generation in urban
environments, agricultural irrigation, and decentralized
off-grid applications.

2. MATERIALS AND METHODS
2.1 Format

The experimental study was conducted using six different
Savonius wind turbine blade models, all having the same
rotor diameter and blade length. The tests were performed
in an open wind tunnel laboratory setup located at the
Motor Laboratory of Erciyes University, Kayseri, Turkey.
The wind tunnel used in this study is equipped with six
fans, which can be operated manually to generate the

desired wind flow. The fan motors were operated
individually in sequence to prevent overloading and
potential power interruptions. An emergency stop button
was also available to ensure safety in case of unexpected
situations.

Fig. 1. The Wind Tunnel Used in The Experiment-1

During the experiments, a wind speed of 5.7 m/s was
maintained, and the ambient temperature was 24.0 °C. The
wind speed was measured using an anemometer, and the
torque generated by the turbine was recorded with a torque
meter. The turbine models were placed on a vertical axis
configuration, and all measurements were conducted under
controlled conditions to ensure repeatability and accuracy.

Fig. 2. The Wind Tunnel Used in The Experiment-2
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This experimental setup allowed for a detailed evaluation
of the aerodynamic performance of the different Savonius
blade geometries under consistent laboratory conditions.

2.2 Turbine Specifications and Operating Conditions

The Savonius wind turbine prototypes used in this study
had a rotor diameter of 150 mm and a blade height of 200
mm. All six blade models shared these dimensions to
ensure consistency in the comparative analysis. During the
experiments, a wind speed of 5.7 m/s was maintained in
the open wind tunnel.

Based on the observed operating conditions and typical tip
speed ratios for Savonius turbines (approximately 0.4), the
rotational speed of the turbine was estimated to be around
290 revolutions per minute (RPM). These specifications
and conditions provided a controlled environment to
accurately evaluate the aerodynamic performance of each
blade geometry.

Fig. 3. The Anemometer

Test Section:

Dimensions: 0.5 m x 0.5 m cross-section, 2 m length .

The section houses the wind turbine models and
instrumentation.

Fan System:

Six variable-speed axial fans are installed at the inlet to
generate controlled airflow.

Fans can be operated manually to adjust wind speed in the
range of 2-10 m/s

Instrumentation Ports:

Equipped with access points for voltage sensors, torque
sensors, and anemometers.

Rotor Diameter: 150 mm

Blade Height: 200 mm

Number of Models Tested: 6 (Models 1-6, including
classical, helical, and hybrid/optimized configurations)

Mounting System:

Turbines are mounted on a low-friction vertical shaft
connected to a torque sensor.

Bearings are used to reduce mechanical losses and ensure
free rotation.

Measurement Devices

Voltage Measurement: Digital voltmeter (accuracy +£0.01
V) connected to the rotor output.
Torque Measurement: Torque transducer (accuracy +£0.02
Nm) installed on the rotor shatft.

Data Acquisition: All sensors are connected to a DAQ
system for continuous recording.

Experimental Procedure

Turbine model is mounted and aligned vertically.

Fans are operated to reach the desired wind speed.

Voltage and torque readings are recorded for 3-5
repetitions per condition.

Environmental parameters such as temperature and air
density are noted for correction.

2.3 Experimental Savonius Wind Turbine Models

In this study, a total of six different Savonius wind turbine
models were subjected to performance analysis in an open
wind tunnel. The models were selected based on their
distinct geometric features and blade designs. During the
experiments, the models were designated as Model 1
through Model 6, and the aerodynamic behavior of each
was examined.

Model 1 and Model 2: These were produced with a
classical half-cylinder blade design, representing the
fundamental Savonius turbine geometry.

Similarly, the double-step Savonius rotor proposed by
Menet (2004) and the curtain arrangements investigated by
Altan & Atilgan (2008) present different approaches to
improving the efficiency of classical designs. [11,12]
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Fig. 4. Model 1 - The experimental view of the classical,
blade models in front of the wind turbine

Fig. 5. Model 2- The experimental view of the classical,
blade models in front of the wind turbine

Model 3 and Model 4: These featured helical
(screw-shaped) blade designs, expected to exhibit
differences in torque and rotational speed compared to the
classical models.

These findings are also consistent with the study
conducted by Saha et al. (2008), which indicated that
helical blades guide the flow more smoothly and improve
load distribution. [10]

Fig. 6. Model 3 - The experimental view of the helical,
models in front of the wind turbine.

Fig. 7. Model 4 - The experimental view of the helical,
blade models in front of the wind turbine

Model 5 and Model 6: These were modified hybrid
models, offering potential for optimization in terms of
both torque and aerodynamic efficiency.

Copyright © and.
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Fig. 8. Model 5 - The experimental view of the
hybrid/optimized blade models in front of the wind turbine

Fig. 9. Model 6 - The experimental view of the
hybrid/optimized blade models in front of the wind turbine

These results support the performance improvements
achieved with new blade geometries by Kacprzak et al.
(2013) and the aerodynamic enhancements identified in
Darrieus—Savonius hybrid turbines by Islam et al. (2008).
[9,13]

The experimental appearances of the models are
presented. The dimensions of each model, blade widths,
and placement details within the wind tunnel were
tabulated to ensure the reproducibility of the experiments.
The performance data obtained from these models are
discussed in detail in the subsequent sections.

3. FIGURES AND TABLES

3.1 Figures and Tables

The experimental results for the six Savonius wind turbine
models are presented in Figures and Tables. The turbines
were grouped as Model 1-2, Model 3—4, and Model 5-6

according to their blade geometry.

Table 1 Voltage and Torque Measurements for Savonius
Wind Turbine Model 1 - Model 2

Cv Model 1-Torque Model 2-Torque
(Nm) (Nm)
0,1 0,0075 0,0080
0,5 0,0073 0,0078
1 0,0069 0,0075
1,5 0,0063 0,0071
2 0,0057 0,0066
2,5 0,0049 0,0058
3 0,0040 0,0055
3,5 0,0032 0,0049
4 0,0024 0,0043
4,5 - 0,0038
5 - 0,0032
5,5 - 0,0025
6 - 0,0019

Each table provides key performance parameters,
including torque (Nm), rotational speed (RPM and rad/s),
tip speed ratio (TSR), and power coefficient (Cp) under a
constant wind speed of 5.7 m/s.

Table 2 Voltage and Torque Measurements for Savonius
Wind Turbine Model 3 - Model 4

Cv Model 3-Torque Model 3-Torque
(Nm) (Nm)
0,1 0,0054 0,0050
0,5 0,0051 0,0047
1 0,0047 0,0046
1,5 0,0041 0,0043
2 0,0037 0,0039
2,5 0,0031 0,0036
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3 0,0026 0,0032
3,5 0,0020 0,0028
4 - 0,0022

Figures illustrate the variation of torque, TSR, and Cp
with respect to different blade models. These
visualizations highlight the aerodynamic performance
differences among the six blade geometries, providing
insights into the efficiency and rotational characteristics of
each configuration.

Table 3 Voltage and Torque Measurements for Savonius
Wind Turbine Model 5 - Model 6

Cv Model 5-Torque Model 6-Torque
(Nm) (Nm)
0,1 0,0058 0,0070
0,5 0,0054 0,0066
1 0,0049 0,0061
1,5 0,0045 0,0056
2 0,0040 0,0051
2,5 0,0034 0,0047
3 0,0039 0,0043
3,5 0,0022 0,0038
4 0,0034
4,5 0,0030
5 0,0026
5,5 0,0022

Table 1, Table 2, and Table 3 correspond to the
experimental data of Model 1-2, Model 3—4, and Model
5-6, respectively, summarizing the measured parameters
for easy comparison.

The presented data serve as the basis for evaluating the
aerodynamic efficiency and operational behavior of the
different Savonius turbine designs.

4. EQUATION

In this study, the aerodynamic performance of Savonius
wind turbines was evaluated using the following
equations:

Tip Speed Ratio (TSR) — the ratio of the tangential speed
of the rotor tip to the free-stream wind speed:,

TSR = “EB

v (1)
Where:
® = rotational speed of the rotor (rad/s)

R = rotor radius (m)
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V = wind speed (m/s)

Rotor Rotational Speed (RPM) — conversion from angular
velocity to revolutions per minute:

60
RPM =w - —

2w ()

Power Coefficient (Cp) — The power coefficient
represents the efficiency of the wind turbine in converting
the wind’s kinetic energy into mechanical power:

P

7 Lpave 3
where:

p = air density [kg/m?],
A=D"-H rotor frontal area [m?],
D = rotor diameter [m],
H = rotor height [m],
V = wind speed [m/s].

Torque Coefficient (CT) — The torque coefficient is a
non-dimensional parameter representing the torque
relative to the wind dynamic pressure and rotor area:

T

Cr=1———
EpARV2 (4)

where all symbols are as defined above.

4.1 Correction Factors

4.1.1 Air Density Factor

The turbine output power is directly proportional to air

density:

Pref
Pactual (5)

Pcorrected = Pmeasured '

where:

pref: Reference air density (1.225 kg/m?)
pactual : Actual air density during the experiment

4.1.2 Sensor Calibration Factor

V::orrected = Ks . Vmeasured (6)

4.1.3. Mechanical Loss Factor

T _ Tmeasm‘ed
corrected —
Km

(7

To correct for bearing and shaft friction in torque
measurements.

Copyright © and.
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RESULTS

In this study, the aerodynamic performances of six
Savonius wind turbine models with different geometric
designs were compared through open wind tunnel
experiments. All models were tested under constant wind
speed (5.7 m/s), fixed rotor diameter (150 mm), and blade
height (200 mm) conditions. The experimental findings
were evaluated based on torque—Cv (moment coefficient)
curves.

TORQUE - Cv CURVES

0,009

0,008
— 0,007
Z 0,006
o 0,005
3 0,004
£ 0,003
= 0,002

0,001

—&—TORQUE CURVE OF CLASSICAL BLADE

—8—TORQUE CURVE OF CLASSICAL BLADE WITH PLATE

Fig. 10. Voltage Values and Torque Variations Model 1
and Model 2

In the graph comparing Model 1 and Model 2, it was
observed that both designs produced similar torque at low
Cv values, whereas Model 2 maintained higher torque
values as Cv increased. This indicates that Model 2
managed flow separation more effectively and operated
more efficiently under load. This trend is consistent with
the pioneering study of Sheldahl and Klimas [1]

TORQUE - Cv CURVES
0,006
0,005
0,004
0,003
0,002
0,001

TORQUE (Nm)

0 0,5 1 15 2 25 3 35 4 45
Cv

—&8—TORQUE CURVE OF HELICAL BLADE
—&—TORQUE CURVE OF HELICAL BLADE WITH PLATE

Fig. 11. Voltage Values and Torque Variation Model 3 and
Model 4

Models 3 and 4 are turbines with helical (screw-shaped)
blade geometries. The graphs show that both models
exhibited similar behavior at low Cv values, whereas
Model 4 generated higher torque compared to Model 3 in
the medium and high Cv regions. This result is supported
by the fact that helical structures guide the flow more
smoothly and improve load distribution on the blade
surface.

The introduction of helical blade geometry in Models 3
and 4 resulted in smoother torque curves and reduced
torque fluctuations. These outcomes agree with the results
of Hosseini Rad et al. [4], who showed that helical
Savonius turbines provide superior acrodynamic stability
and improved performance over classical straight-blade
designs. Similarly, Liu et al. [5] and Eftekhari et al. [8]
confirmed that the helical configuration increases power
output and efficiency due to better flow attachment along
the blade surface.

TORQUE - Cv CURVES

0,008
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—@— TORQUE CURVE OF HYBRID/OPTIMIZED BLADE
—&— TORQUE CURVE OF HYBRID/OPTIMIZED BLADE WITH PLATE

Fig. 12. Voltage Values and Torque Variations Model 5
and Model 6

Models 5 and 6 consist of hybrid designs. According to
the obtained results, Model 6 provided higher torque
values than Model 5 across all Cv ranges. This indicates
that hybrid designs offer advantages in terms of
aerodynamic efficiency compared to classical Savonius
blades, and particularly that the design of Model 6 has
optimization potential.

These findings align with the work of Ghafoorian et al.
[3], who demonstrated that hybrid Darrieus—Savonius
turbines benefit from combined self-starting capability and
higher efficiency. In addition, the optimized hybrid blade
geometries investigated by Ghosh et al. [6] and Bakirci [7]
reported similar improvements in torque performance and
energy capture efficiency.

TORQUE - Cv CURVES

0,009

0,008

TORQUE (Nm)

—e—TORQUE CURVE OF CLASSICAL BLADE —e—TORQUE CURVE OF CLASSIC

ADE WITH PLATE

TORQUE CURVE OF HELICAL BLADE —8—TORQUE CURVE OF HELIC

BLADE WITH PLATE

—e— TORQUE CURVE OF HYBRID/OPTIMIZED BLADE TORQUE CURVE OF HY

/OPTIMIZED BLADE WITH PLATE

Fig. 13. Torque-Cv Curve Graph for All Tested Blade
Models

Model 1 and Model 2: At the initial Cv = 0, Model 1
produced approximately 0.0075 Nm of torque, while
Model 2 generated 0.008 Nm. At Cv = 4, the torque of
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Model 1 decreased to 0.0025 Nm, whereas Model 2
maintained a torque of 0.0045 Nm at the same point. This
difference indicates that Model 2 can produce
approximately 80% higher torque under high load
conditions. [1,2]

Model 3 and Model 4: At the initial Cv = 0, Model 3
produced 0.0055 Nm, and Model 4 generated 0.005 Nm of
torque. At Cv = 3.5, the torque of Model 3 dropped to
0.002 Nm, while Model 4 maintained a torque of 0.0028
Nm. This demonstrates that Model 4 can generate
approximately 40% higher torque than Model 3 at high Cv
values. [3,4]

Model 5 and Model 6: At Cv = 0, Model 5 produced
approximately 0.006 Nm, and Model 6 produced 0.007
Nm of torque. At Cv = 3, the torque of Model 5 was
0.0025 Nm, while Model 6 measured 0.0038 Nm. Under
maximum load conditions, the torque values of Model 6
were found to be nearly 50% higher than those of Model
5.[5,6]

Summary of Comparative Findings:

Classical Designs (Models 1-2): Model 2 displayed higher
and more stable torque than Model 1, emphasizing the
impact of small geometric adjustments even within
traditional designs.

Helical Designs (Models 3-4): Showed balanced
performance, with Model 4 outperforming Model 3 under
higher Cv values due to better flow control characteristics.

Hybrid/Optimized Designs (Models 5-6): Model 6
emerged as the most efficient among all tested models,
maintaining superior torque output across all tested Cv
values.[7,8]

The increases in power coefficient (Cp) obtained by
raising the aspect ratio reached higher levels compared to
similar designs in the literature [20]. This indicates that
our designs have improved aerodynamic efficiency and
that the performance of Savonius turbines can be
optimized.

In conclusion, this study emphasizes the importance of
optimizing the aspect ratio to enhance Savonius turbine
performance and provides a valuable contribution to the
existing literature. The findings, supported by
experimental data, also serve as a foundation for future
research in this field.

These results demonstrate that blade geometry
significantly influences torque performance in Savonius
turbines. While classical designs provide a foundational
benchmark, both helical and especially optimized hybrid
configurations offer notable improvements in aerodynamic
efficiency. Future research may focus on further refining
hybrid blade geometries and testing them under variable
wind speeds and turbulence intensities to determine their
applicability in real-world environments.

Energy, Environment and Storage, xx(xx),Xx-xx

ABBREVIATIONS

TSR - Tip Speed Ratio

Cp - Power Coefficient

Ct - Torque Coefficient

RPM - -Revolutions Per Minute
Nm - Newton meter

Cv - Moment coefficient

A- Front View Area of Turbine
D-Diameter of Turbine
H-Height of Turbine

p = air density

V = wind speed

o = rotational speed of the rotor

R = rotor radius
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