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Abstract — This study presents an experimental
investigation of a Savonius wind turbine conducted
under controlled wind tunnel conditions. Turbine
performance was evaluated at inlet airflow velocities of
5 7, and 9 m/s. Airflow velocities were measured
upstream and downstream of the turbine to determine
the effective rotor velocity, while rotational speed
measurements enabled calculation of the tip-speed
ratio (TSR).

The airflow velocity distribution along the turbine
height and width was analysed to examine air-blade
interactions and identify regions influencing turbine
performance. The results demonstrate a strong
dependence of rotor behaviour on inlet airflow
conditions, with improved performance observed at
higher velocities. Smoke-based flow visualisation
provided qualitative insight into airflow patterns and
vortex formation around the blades, confirming the
influence of flow guidance on turbine operation.

These findings contribute to a better understanding
of Savonius wind turbine aerodynamics and support
further optimisation of turbine design and flow control
strategies.
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1. Introduction

Data from the Global Wind Energy Council
(GWEC) indicate that 117 GW of new wind power
capacity was installed worldwide in 2024, increasing
the cumulative global capacity to 1.136 TW. By
2030, the global wind energy sector is projected to
expand by an additional 981 GW, corresponding to
an average of 164 GW of new installations annually
[1]. These figures clearly demonstrate that wind
energy will remain one of the fastest-growing energy
sources in the coming years. Moreover, wind power
is among the most widely adopted low-carbon energy
technologies, contributing significantly to global net-
zero emission targets. Numerous studies have
investigated wind energy potential, highlighting its
growing significance as a renewable energy source
[2], [3], [4], [5]. W.ithin this broad spectrum,
Savonius wind turbines have attracted considerable
research interest due to their simple construction,
robust performance, and ability to operate effectively
under low wind velocities and highly turbulent flow
conditions [6], [7]-

The effect of blade number on turbine efficiency
was investigated in [8], where it was demonstrated
that increasing the number of blades enhances the
dynamic torque while simultaneously reducing the
power coefficient, C,. Experimental analysis showed
that a two-bladed Savonius turbine exhibits higher
efficiency compared to a three-bladed configuration.
Similar findings were reported in [9], where the
influence of rotor geometry parameters, including
height-to-diameter ratio and blade twist angle, was
analysed. The results indicated that a conventional
Savonius turbine achieves a power coefficient of
approximately 0.15, while improved efficiency of up
to 0.20 can be achieved with optimized design
parameters.

Extensive research has been devoted to improving
blade aerodynamics in order to enhance turbine
efficiency.
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Although Savonius originally reported an
efficiency of 31% for the first rotor design,
subsequent experimental studies have been unable to
reproduce such values [6], [10], [11].

Numerical studies of modified semi-elliptical
blades indicated efficiency gains of 4.41% compared
to conventional semi-circular designs [12].
Moreover, two-dimensional and three-dimensional
simulations showed that turbine performance is
strongly influenced by the number of blade steps,
with optimal performance observed for six or nine
steps, and that blade twist angle significantly affects
efficiency [13], [14].

Advanced optimization techniques have also been
applied. The Taguchi method combined with
experimental measurements and three-dimensional
CFD simulations has been used to determine optimal
design parameters for Savonius rotors [15].
Additionally, recent studies analysed turbulent flow,
vortex dynamics, and the effects of tip-speed ratio,
solidity, and Reynolds number on the power
coefficients of Darrieus and Savonius rotors,
highlighting the critical influence of rotor geometry
on performance [16]. Further work included spiral
Savonius designs, transient aerodynamic loads, and

material optimization, providing practical
recommendations for small- and medium-scale
VAWTs [17].

Beyond aerodynamic optimization, experimental
investigations  have  assessed the practical
implementation of Savonius turbines in decentralized
energy systems. For instance, [18] evaluated the
suitability of a Savonius turbine for powering street
lighting, analyzing power output, torque, and
efficiency under varying airflow conditions.

Vertical-axis wind turbines (VAWTS), including
Savonius designs, offer advantages over horizontal-
axis systems, such as extracting wind from any
direction without yaw control, suitability for
turbulent urban environments, and reduced
construction and maintenance costs [19], [20], [21].
This makes Savonius turbines particularly well-
suited for small-scale urban applications where
reliability is prioritized.

In this study, an experimental investigation of a
two-bladed Savonius wind turbine model was
conducted to evaluate its aerodynamic performance
under controlled wind tunnel conditions. The turbine
was first designed using SolidWorks CAD software
and subsequently manufactured through 3D printing
technology. The experimental investigation was
conducted in several phases at three inlet airflow
velocities: 5 m/s, 7 m/s, and 9 m/s. In the first phase,
airflow velocity was measured immediately upstream
and downstream of the turbine in order to determine
the effective rotor velocity.
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The second phase analysed the velocity
distribution along the height and width of the turbine
model. The third phase focused on measuring the
rotor rotational speed, enabling the calculation of
angular velocity and the tip-speed ratio, which are
essential parameters for evaluating turbine efficiency.
Finally, flow visualisation using smoke was
performed to provide a qualitative assessment of
airflow patterns around the turbine blades. These
measurements and visualizations collectively allow
for a comprehensive evaluation of the turbine’s
aerodynamic performance and energy conversion
efficiency.

2. Savonius Wind Turbine Model

The Savonius wind turbine model was designed
using SolidWorks, enabling detailed 3D modelling of
all structural components. After completing the
digital design, the physical model was fabricated
using 3D printing technology. The turbine consists of
five components, each carefully engineered to ensure
system functionality and structural stability. These
components include a turbine base structure with an
integrated bearing housing, two bearings, a central
rotating shaft, and two-blade segments, each
containing two spirally curved blades.

This modular configuration facilitates easier
assembly and more precise blade alignment. The
turbine base has a rectangular cross-section with
dimensions of 70x70x15 mm. Once the base
modelling was completed, the integrated bearing
housing was designed. The housing is cylindrical,
with a diameter of 50 mm and a thickness of 15 mm.
The central part of the housing contains circular slots
for the bearings, each measuring 22 mm in diameter
and 14 mm deep.

Figure 1a presents the final digital version of the
turbine base and integrated bearing housing
developed in SolidWorks, while Figure 1b illustrates
the corresponding 3D-printed components after
fabrication.

a) b)

Figure 1. Turbine base with integrated bearing housing:
a) 3D model and b) Manufactured model
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Bearings are essential components that enable
smooth rotation of the wind turbine by minimizing
friction. In this model, two standard ball bearings
were used and positioned inside the bearing housing.
The bearing dimensions are D =22 mm, d = 10 mm,
and B = 7 mm. The shaft serves as the primary
structural component of the wind turbine, supporting
the blade segments and transmitting torque generated
by the wind. In this model, the shaft is a steel rod
with a diameter of 10 mm and a length of 174 mm.
The blade segment is responsible for converting the
kinetic energy of the wind into mechanical rotational
motion, which can subsequently be transformed into
electrical energy using an appropriate generator and
transformer. The modelling process begins with the
creation of a central hub, which supports the blades
and mounts directly to the turbine shaft. The hub has
a diameter of 15 mm and a height of 80 mm.
Subsequently, the blades are designed and attached to
the central hub. Each blade has a rectangular profile
measuring 60 mm x 2 mm, resulting in a total
segment diameter of 120 mm. After defining the
blade profile, a circular outline is constructed for the
blade’s outer diameter, providing a base for
extruding the profile into a spirally curved surface.
The second blade is then created symmetrically on
the opposite side of the hub.

Figure 2a presents the complete digital model of
the wind turbine, while Figure 2b displays the
physical form of the Savonius wind turbine. In this
configuration, the model is fully prepared for
experimental analysis.

b)

Figure 2. Savonius wind turbine model: a) 3D model and
b) Fabricated prototype ready for experimental testing

3. Experimental Investigation of the Savonius
Wind Turbine

This  section presents the experimental
investigation of the Savonius wind turbine, with a
focus on the testing conditions and measurement
setup used to evaluate its aerodynamic performance.
The experiments were conducted in a controlled
environment to ensure reliable and repeatable results.

TEM Journal —Volume 15 / Number 3 / 2026.

3.1. Wind Tunnel Description

The Laboratory for Process Engineering at the
Faculty of Mechanical Engineering, University of
Sarajevo, is equipped with a wind tunnel, as shown
in Figure 3, designed for analysing airflow around
aerodynamic models.

Figure 3. Wind tunnel

The wind tunnel comprises a test section, a
convergent nozzle, a flow straightening section, a
diffuser, a fan driven by an electric motor, air guide
vanes, a return duct, and a control unit. The test
section measures 380 mm in length and 200 mm in
height. Airflow velocity is controlled by adjusting the
operating frequency of the drive motor. The motor
has a maximum frequency of 50 Hz, with a fan
power of 0.37 kW and a rotational speed of 2780
rpm.

The experimental analysis was conducted at three
airflow velocities: 5 m/s, 7 m/s, and 9 m/s. The
corresponding motor frequencies required to achieve
these velocities were determined using the control
unit (Figure 4).

Figure 4. The control unit
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The maximum airflow velocity attainable at a
motor frequency of 50 Hz is 13 m/s. Table 1 shows
the correlation between airflow velocity and motor
frequency.

Table 1. Correlation between airflow velocity and motor
frequency

v (m/s) 5 7 9
f (H2) 17.6 23.9 30.9

Due to the symmetrical geometry of the wind
turbine and the requirement for the efficient airflow
direction, an additional structural element in the form
of a deflector was integrated within the test section.
The deflector is fabricated from an aluminium sheet
measuring 100 mm in width and 200 mm in height
and features lugs that allow for stable attachment
inside the test section, as shown in Figure 5.

Figure 5. Deflector positioned within the wind tunnel test
section

3.2. Measurement Equipment

During the experiment, suitable measurement
equipment was used. Before installing the wind
turbine, the relationship between the electric motor’s
operating frequency and the resulting airflow
velocity was analysed, as described previously. Air
velocity measurements were performed using a vane
anemometer, with its specifications listed in Table 2.

Table 2. Specifications of the vane anemometer (Testo
417)

Vane diameter 100 mm
Measuring range (air (0.3 - 20) m/s
velocity) '
Accuracy (air velocity) % (0.1 m/s + 1.5% of reading)
Temperature measuring (0+ +50) °C
range
Temperature accuracy +05°C
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A hot-wire anemometer (listed in Table 3) was
employed to analyse airflow velocities both upstream
and downstream of the wind turbine, as well as to
assess the velocity distribution along the height and
width of the blades. For precise point measurements,
it provides greater precision and enables localized
measurements, making it more suitable than a vane
anemometer.

Table 3. Specifications of the hot-wire anemometer (Testo
435)

Measuring range
(air velocity)
Accuracy (air

(0.3 -20) m/s

+ (0.1 m/s + 1.5% of reading)

velocity)
Temperature (-200 + + 400) °C
measuring range
Temperature * (0.2 °C + 0.5% of reading)
accuracy

A high-speed camera was employed both for
determine the number of rotor revolutions and to
visualise the airflow. The camera allowed acquisition
of high-quality video recordings, which were
subsequently analysed in detail. The recording
settings were configured to 240 frames per second at
a resolution of 1080p. LED lamps and camera strobe
were used to provide adequate illumination during
recording.

4. Results and Discussion

This section presents the results obtained from the
experimental investigation and provides a detailed
discussion of the airflow characteristics and turbine
performance. The analysis focuses on the distribution
of velocity in the vicinity of the wind turbine under
controlled testing conditions.

4.1. Velocity Measurement

Before conducting the experimental analysis, it
was necessary to mechanically fix the wind turbine
inside the test section. The wind turbine is positioned
at a distance equal to one-third of the total length of
the test section, measured from the inlet section
where air enters the test section. This location was
selected to provide sufficient space downstream of
the turbine for the development of the airflow, which
is essential for obtaining more accurate
measurements in the exit section.

During the experimental analysis, two types of
airflow velocity measurements were performed. The
first type of measurement involved determining the
airflow velocity both upstream and downstream of
the wind turbine. Four openings were placed on the
test section, directly in front of and behind the wind
turbine, as shown in Figure 6.
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Each opening corresponded to a measurement
axis, and the measurement height was adjusted by
levelling the probe within each opening. In this way,
four measurement points were determined along each
measurement axis at different heights. In total,
airflow velocities were measured at 16 points on both
sides of the wind turbine (4 axes x 4 heights),
enabling a detailed spatial analysis of velocity
distribution in the vicinity of the wind turbine. For
each experiment at a given wind velocity, the
minimum of the three separate readings of current
wind velocity are taken to ensure consistent wind
conditions.

Figure 6. Openings arrangement

Based on the measured values at the specified
points, mean flow velocities upstream and
downstream of the wind turbine were calculated for
three inlet airflow regimes. The effective wind
turbine velocity was determined as the average of the
airflow velocities upstream and downstream of the
turbine. Table 4 presents the correlation between
measured airflow velocities and the calculated
effective rotor velocity. These data enable
comparison of the effects of different airflow
velocities on the turbine’s performance.

Table 4. Results of airflow velocity measurements

upstream and downstream of the wind turbine

Operating regime, m/s 5 7 9

Average airflow velocity

before the wind turbine, m/s 303 434 583

Average airflow velocity

after the turbine, m/s 375 469 6.53
Rotor effective velocity, m/s  3.39 452 6.18
Figure 7 illustrates the relationship between

effective rotor velocity and the inlet airflow regime.

TEM Journal —Volume 15 / Number 3 / 2026.

w 1]

B

5 61

E

s 5

0

£ 4 y =0.697x-0.1869

2 R=0.99

T 3

=

8

2 2 . . \
4 6 8 10

Inlet air volocity, m/s

Figure 7. Correlation between rotor effective velocity and
inlet airflow velocity

The horizontal axis represents the inlet airflow
velocities (5 m/s, 7 m/s, and 9 m/s), while the vertical
axis displays the corresponding rotor -effective
velocities. As the inlet airflow velocity increases, the
effective rotor velocity increases approximately
linearly, indicating a direct dependence of rotor
performance on the inlet airflow conditions.

The second type of measurement involved
determining the velocity distribution along the height
and width of the wind turbine. To obtain detailed and
representative data, measurements were taken at 18
points along the turbine at height of 180 mm, spaced
10 mm apart. Similarly, to achieve sufficient spatial
resolution across the 120 mm diameter of the turbine,
velocity distribution along its width was measured at
12 points, also at 10 mm intervals.

Figure 8 presents the distribution of measured
velocities across the width of the wind turbine at inlet
airflow velocities of 5 m/s, 7 m/s, and 9 m/s. The
horizontal axis represents the wind turbine length in
millimetres, while the vertical axis indicates the
measured velocities.
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Figure 8. Airflow velocity profile across the turbine width
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As shown in Figure 8, in all three airflow regimes
a sharp increase in velocity is observed in the initial
section of the turbine width, followed by stabilisation
or a slight decrease. The very low velocities recorded
at the initial measuring points are attributed to the
influence of the deflector, since these points are
located in its immediate vicinity, where the airflow is
redirected at a specific angle. At an inlet velocity of 5
m/s, the measured velocity increases to 5.5 m/s and
then remains nearly constant across the wind turbine
width. For an inlet velocity of 7 m/s, the maximum
measured velocity is 8 m/s, followed by a slight
decrease along the remaining width. At an inlet
velocity of 9 m/s, the highest measured value is 10.5
m/s, with a subsequent decrease toward the end of
the wind turbine. This behaviour is attributed to the
interaction between the inlet flow and the deflector,
where velocity increases as the airflow is directed
toward the second half of the wind turbine, while the
end sections experience losses due to resistance and
turbulence.

Figure 9 shows the distribution of measured
velocities along the height of the wind turbine for
three different airflow regimes. The horizontal axis
represents the turbine height in millimetres, while the
vertical axis indicates the corresponding airflow
velocities.
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Figure 9. Airflow velocity profile the height of the turbine

Figure 9 indicates that, across all three inlet
airflow regimes, the airflow velocity remains
relatively uniform throughout the full height of the
wind turbine. For the lowest inlet velocity of 5 m/s,
the measured velocity values oscillate within a
narrow range around 5.5 m/s, without significant
deviations. A similar pattern is observed in the 7 m/s
regime, where values remain near 7.8 m/s with
minimal variation along the height. For the 9 m/s
inlet flow regime, the fluid velocity is approximately
10 m/s, with slight variations, indicating lower
energy loss in the upper zones of the wind turbine.
This velocity profile shows that there are no
significant changes in the distribution of Kkinetic
energy along the vertical axis of the wind turbine, a
desirable characteristic in turbine system design.
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The relatively uniform velocity distribution along
the turbine height is consistent with the expected
behaviour of Savonius type vertical-axis wind
turbines operating under uniform inlet flow
conditions.

5. Measuring the Number of Rotations and
Determining the Power Efficiency Coefficient

In the following phase, the rotational speed
(RPM) of the wind turbine rotor was analysed. A
small piece of duct tape was attached to the tip of one
blade to mark a reference position and enable visual
tracking of the rotation. The rotor was recorded for
duration of one minute, after which the total number
of revolutions was determined from the high-speed
video.

Figure 10 presents the variation of rotor RPM as a
function of inlet airflow velocity. The horizontal axis
represents the inlet airflow velocity, while the
vertical axis corresponds to the RPM of the rotor. It
can be observed that increasing the inlet airflow
velocity results in a proportional increase in the
rotor’s rotational speed.

600 -
400 -

200 -

Number of rotations, r/min

4 6 8 10
Inlet air volocity, m/s

Figure 10. Experimental RPM versus inlet airflow velocity

At an inlet velocity of 5 m/s, the rotor reaches 180
RPM, while at 9 m/s it attains 524 RPM. This
behaviour indicates a positive, almost linear trend
between the analysed variables, confirming the
rotor’s sensitivity to changes in wind velocity and its
efficiency in converting wind kinetic energy of the
airflow into rotational motion.

Based on the measured number of rotor
revolutions, the angular velocity can be calculated as
follows:

2nn
_— 1
20 1)

where ® is angular velocity in rad/s and n is the
number of rotations in r/min.

Knowing the angular velocity, the tip-speed ratio
(TSR) can be calculated as the ratio of the peripheral
velocity at the rotor blade tip to the velocity of the
incoming airflow.

w =
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The TSR, referred as A, is calculated as follows:
Rw

)
v

where R is the rotor radius in m, o is the angular
velocity in rad/s, and v is the inlet airflow velocity.
Table 5 presents the calculated values of angular
velocity and the TSR.

A

Table 5 Calculated values of angular velocity and TSR

Operating regime, m/s 5 7 9
Angular velocity, rad/s 18.85 3434  54.87
Tip-speed ratio 0.23 0.29 0.37

Based on the calculated TSR values, it is possible
to estimate the power coefficient C,, of the Savonius
wind turbine.

Figure 11 illustrates the estimated power
coefficients for inlet airflow velocities of 5 m/s, 7
m/s, and 9 m/s, respectively.
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Figure 11. Power coefficient based on calculated TSR values at an inlet airflow velocity: 5 m/s (blue line), 7 m/s (red
line), and 9 m/s (green line)

From Figure 11, it can be observed that the power
coefficient increases with increasing inlet air
velocity. At 5 m/s, C,, is 0.07, rising to 0.1 at 7 m/s.
The maximum efficiency is observed at 9 m/s, where
C, reaches 0.12. This trend demonstrates that the
wind turbine converts kinetic energy of the airflow
into mechanical power more efficiently at higher air
velocities.

Figure 12 presents the correlation between inlet
airflow velocity and the power efficiency coefficient
C, of the wind turbine.
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The observed increase in C, with increasing
velocity indicates that the tested wind turbine model
performs efficiently under stronger wind conditions.
To determine the optimal operating regime, further
investigation at higher airflow velocities is required,
including assessment of whether Cp plateaus or
decreases due to increased aerodynamic losses.

6. Flow Visualisation

The final phase of this research involved
visualizing the airflow over the turbine blades. Flow
visualization was conducted in a wind tunnel using
smoke to reveal the fluid flow. Testing was
performed without deflectors to observe the natural
airflow over the blades.

Figure 13a presents the airflow over a section of
the blade, clearly illustrating the flow path along the
curved surface. Figure 13b shows the overall
performance of the Savonius wind turbine inside the
wind tunnel, enabling a clear analysis of the airflow
distribution around the blades.

Figure 13. a) Visualised flow over the section of the blade
and b) Air distribution along the turbine

2094

Figures 13a and 13b illustrate that, upon entering
the test section, the smoke flow is symmetrically
distributed on either side of the wind turbine, while
flow separation occurs in the central part of the rotor.
This phenomenon results in a lack of rotational force
moment, indicating the need for an additional
structural component, such as air deflectors, to
enhance directional flow and improve rotational
performance.

The findings indicate that, in the absence of a
deflector, significant efficiency losses occur due to
incomplete utilization of the airflow. Incorporating
an air deflector redirects the airflow toward the active
side of the blade, thereby generating the torque
required for wind turbine rotation.

7. Conclusion

The performance of a Savonius wind turbine
model was investigated through a detailed design,
manufacturing, and experimental testing process
conducted in a wind tunnel at three inlet airflow
velocities (5 m/s, 7 m/s, and 9 m/s) within a wind
tunnel. Due to the symmetrical blade geometry,
effective operation required either the use of an air
deflector or a specific orientation of the turbine
relative to the incoming airflow. In this study, the air-
deflector configuration was selected. The results
confirm that the analysed Savonius wind turbine can
also operate in a horizontal configuration when
appropriate flow guidance is applied.

The experimental investigation was carried out in
several phases. In the first phase, airflow velocities
were measured upstream and downstream of the
wind turbine to determine the effective rotor velocity.
The results showed an almost linear increase in
effective rotor velocity with increasing inlet air
velocity, indicating a direct dependence of turbine
performance on airflow conditions. The second phase
focused on analysing the velocity distribution along
the width and height of the wind turbine. The results
showed that airflow velocity increases along the
turbine width and then stabilizes, highlighting the
significant influence of the deflector on local flow
behaviour. Lower velocities were observed near the
deflector due to flow redirection. In contrast, velocity
measurements along the turbine height revealed a
relatively uniform distribution across all three flow
regimes, indicating minimal variation in Kkinetic
energy along the vertical axis. The third phase
involved analysing the rotor rotational speed for all
operating regimes. The results demonstrated that
rotor speed increases almost linearly with increasing
inlet airflow velocity. Based on the measured
rotational speeds, angular velocity and tip-speed ratio
(TSR) were calculated, enabling the estimation of the
power efficiency coefficient C,,.

TEM Journal — Volume 15 / Number 3 / 2026.
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The analysis showed that C, increases with inlet
airflow velocity, reaching a maximum value of
approximately 0.12 at 9 m/s. The final phase of the
study focused on flow visualization to analyse
airflow behaviour around the blades. This analysis
was performed without a deflector to better assess its
influence. The visualization results showed that, in
the absence of a deflector, flow separation and
disturbances occur around the blades, resulting in
insufficient aerodynamic torque and preventing rotor
rotation. This confirms the necessity of flow-guiding
elements to enhance turbine performance.

Future research on this type of wind turbine may
focus on several aspects. These include investigating
the influence of different construction materials on
efficiency and structural reliability, optimizing
turbine orientation without additional flow-guiding
elements, and evaluating the potential application of
this Savonius turbine design as a horizontal turbine
under various fluid flow conditions.
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