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Abstract. Wind energy is one of the most promising renewable energy
resources in Indonesia- however, its utilization remains limited due to
relatively low average wind speeds, particularly in Java, which range from
approximately 2.7 to 4.5 m/s. This study investigates the effect of shaft mass
variation on the performance efficiency of a horizontal-axis U-type Savonius
wind turbine designed for low wind speed applications. The research
employed an experimental method by developing a prototype consisting of
three U-shaped blades made of 0.3 mm clear polyvinyl chloride (PVC), with
blade dimensions of 93 cm in length, 16 cm in diameter, and 8 cm in radius.
To improve structural stability, each blade was equipped with four
supporting ribs. Three different shaft materials with varying masses were
tested: aluminum shaft (166 g), stainless steel shaft (453.5 g), and brass shaft
(486 g). Experimental testing was conducted under laboratory-scale
conditions using a blower and wind tunnel system with wind speed
variations ranging from 1 to 10 m/s. The measured output parameters
included shaft rotational speed, output voltage, and electric current
generated by a DC generator. The experimental results revealed that the
stainless-steel shaft (453.5 g) achieved the highest average efficiency of
2.41%, producing an average turbine power output of 2.37 mW at wind
speeds between 2 and 6 m/s. The aluminum shaft generated an average
efficiency of 1.42% with a power output of 2.37 mW, while the brass shaft
produced an average efficiency of 1.96% with a power output of 2.59 mW.
These findings indicate that shaft mass significantly affects rotational
stability and energy conversion efficiency in low-speed wind turbine
systems. This study highlights the potential of modified Savonius turbines
for micro-scale renewable energy harvesting applications in low wind speed
regions.
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1 Introduction

The increasing global demand for energy has encouraged many countries to accelerate the
development of renewable energy technologies as sustainable alternatives to fossil fuels.
Indonesia, as a tropical archipelagic country located along the equator, possesses abundant
renewable energy resources, including solar, hydro, biomass, geothermal, and wind energy
[1]. Among these resources, wind energy has attracted considerable attention due to its
environmentally friendly characteristics and continuous availability throughout the year.
Nevertheless, the utilization of wind energy in Indonesia remains relatively limited because
the average wind speed in many regions, particularly on Java Island, ranges only from 2.7 to
4.5 m/s, which is categorized as low wind speed conditions [2,3].

The Indonesian government has continuously promoted the development of renewable
energy through national energy policies aimed at increasing the contribution of renewable
sources to the national energy mix. The renewable energy target of 23% by 2025 highlights
the urgency of developing efficient small-scale wind energy conversion systems suitable for
Indonesia’s environmental conditions. Therefore, the development of wind turbines capable
of operating efficiently under low wind speed conditions has become an important research
topic [4].

Wind turbines are generally classified into two categories: Vertical Axis Wind Turbines
(VAWT) and Horizontal Axis Wind Turbines (HAWT). HAWTs are widely used because of
their relatively high efficiency and stable rotational performance. However, conventional
HAWTs typically require high wind speeds for optimal operation [5]. In contrast, Savonius
turbines are drag-based turbines capable of operating at lower wind speeds and receiving
wind from various directions. These characteristics make Savonius turbines highly suitable
for urban and low-wind-speed environments.

Several studies have investigated the performance characteristics of Savonius wind
turbines under various design modifications [6-9]. Previous research demonstrated that
horizontal-axis U-type Savonius turbines could generate electrical output under low wind
speed conditions using lightweight PVC blades and stainless-steel shafts [10,11]. Other
studies have examined the effects of blade geometry, rotor configuration, generator design,
and material selection on turbine efficiency and power coefficient. However, investigations
concerning the influence of shaft mass variation on the efficiency performance of horizontal-
axis Savonius turbines remain limited.

The shaft plays an essential role in turbine rotational dynamics because its mass directly
affects the moment of inertia of the rotating system. According to rotational dynamics theory,
an increase in moment of inertia influences the kinetic energy and rotational stability of the
turbine. A heavier shaft may improve rotational stability under fluctuating wind conditions,
but it may also require greater starting torque to initiate rotation. Conversely, a lighter shaft
may allow easier startup but potentially reduce rotational stability. Therefore, optimizing
shaft mass becomes crucial for improving turbine efficiency, particularly under low wind
speed conditions.

In this study, a horizontal-axis U-type Savonius wind turbine with three blades was
developed and experimentally investigated under wind speeds ranging from 1 to 10 m/s.
Three shaft mass variations were employed: aluminum shaft (166 g), stainless steel shaft
(453.5 g), and brass shaft (486 g). In addition, the turbine structure was improved by adding
four supporting ribs on each blade to enhance rotational stability. The output parameters
measured included voltage, current, and rotational speed, which were further analyzed to
determine turbine power and efficiency.

This research aims to analyze the effect of shaft mass variation on the performance
efficiency of a horizontal-axis U-type Savonius wind turbine operating at low wind speeds.
The findings of this study are expected to contribute to the development of portable and
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efficient small-scale wind power systems suitable for urban applications and low-wind-speed
regions in Indonesia.

2 Methodology

This study employed an experimental approach to investigate the effect of shaft mass
variation on the efficiency of a horizontal-axis U-type Savonius wind turbine under low wind
speed conditions. The research began with a literature study followed by the design and
fabrication of a three-blade U-type Savonius turbine using 0.3 mm clear PVC equipped with
four supporting ribs on each blade. Three shaft variations were used in this study, namely
aluminum (166 g), stainless steel (453.5 g), and brass (486 g). The turbine rotor was
connected to a DC generator through a pulley and timing belt transmission system and
positioned in front of a wind tunnel supplied by a blower.

The experimental procedure was carried out by varying wind speed from 1 to 10 m/s
using a slide regulator. Wind speed was measured using an anemometer, turbine rotational
speed was measured using a tachometer, while output voltage and current were measured
using a digital multimeter. Each experimental condition was repeated ten times to improve
data reliability. The measured parameters included wind speed, rotational speed, output
voltage, and output current.

The collected data were analyzed quantitatively by calculating electrical output power,
wind power input, and turbine efficiency. Comparative analysis was then conducted to
evaluate the influence of shaft mass variation on turbine rotational performance, power
generation, and efficiency under low wind speed conditions. The results were used to
determine the optimal shaft mass for improving the performance of the Savonius wind
turbine. Figure 1 illustrates the research flowchart.
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Fig. 1. the research flowchart.

3 Result

3.1 Turbine Fabrication and Experimental Setup

In this study, a horizontal-axis U-type Savonius wind turbine was successfully designed and
fabricated to operate under low wind speed conditions. The turbine consisted of three semi-
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cylindrical blades made from 0.3 mm clear PVC with a blade length of 93 cm, diameter of
16 cm, and radius of 8 cm. Four supporting ribs were added to each blade to improve
structural rigidity and rotational stability during operation.

Three shaft variations were implemented to investigate the effect of shaft mass on turbine
performance, namely aluminum shaft (166 g), stainless steel shaft (453.5 g), and brass shaft
(486 g). The turbine rotor was connected to a DC generator using a pulley and timing belt
transmission system. Experimental testing was conducted using a blower and wind tunnel
system with wind speed variations ranging from 1 to 10 m/s.

The turbine system operated properly during experimental testing. However, the turbine
performance characteristics varied depending on the shaft mass used. Differences in
rotational speed, electrical output, and efficiency were observed for each shaft variation under
identical wind speed conditions.

Fig. 2. Experimental setup.

3.2 Output Voltage Characteristics

The output voltage generated by the Savonius wind turbine increased with increasing wind
speed for all shaft variations. This occurred because higher wind speed produced greater
kinetic energy acting on the turbine blades, resulting in higher rotational speed and greater
electromagnetic induction within the DC generator.

Among the three shaft variations, the stainless-steel shaft produced the most stable
voltage characteristics within the low wind speed range of 2—6 m/s. The aluminum shaft
exhibited faster startup behavior because of its lower mass and smaller moment of inertia;
however, its rotational stability was relatively lower at higher wind speeds. Meanwhile, the
brass shaft required greater initial torque to initiate rotation due to its larger mass, resulting
in lower voltage generation under low-speed conditions.

The results indicate that shaft mass significantly influences the stability of rotational
motion and electrical generation performance. A moderate shaft mass provided better balance
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between startup capability and rotational stability, leading to improved electrical output
performance.
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Fig. 3. Relationship between wind speed (m/s) and electrical output (V).

3.3 Output Current Characteristics

Similar to the voltage characteristics, the output current generated by the turbine increased
as wind speed increased. Higher rotational speed enhanced generator performance and
increased current generation through electromagnetic induction.

The stainless-steel shaft demonstrated better current output consistency compared to the
aluminium and brass shafts. The aluminium shaft generated relatively unstable current
fluctuations at higher wind speeds because the lighter shaft mass reduced the rotational inertia
required to maintain stable angular momentum. In contrast, the brass shaft showed slower
acceleration during startup, which limited current generation under lower wind speeds.

The experimental results demonstrate that shaft mass affects not only rotational speed
but also the stability of electrical current generation. A balanced shaft mass can maintain
more stable rotational motion and improve generator performance.
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Fig. 4. Relationship between wind speed (m/s) and electrical current (mA).
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3.4 Rotational Speed Performance

The rotational speed of the turbine rotor increased proportionally with wind speed for all
shaft variations. The aluminium shaft achieved higher rotational acceleration due to its lower
inertia, enabling the turbine to rotate more easily under low wind speed conditions. However,
the rotational motion produced by the aluminium shaft tended to be less stable during
operation.

The stainless-steel shaft produced the most stable rotational performance among the
three shaft variations. The moderate shaft mass provided sufficient inertia to maintain
rotational continuity without excessively increasing startup resistance. Conversely, the brass
shaft exhibited lower rotational speed because its higher mass increased rotational resistance
and required larger aecrodynamic torque to sustain rotation.

These findings indicate that shaft mass directly influences the rotational dynamics of the
turbine system. Excessively light shafts may reduce rotational stability, whereas excessively
heavy shafts may reduce startup capability and turbine responsiveness under low wind speed

conditions.
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Fig. 5. Relationship between wind speed (m/s) and rotation (rpm).

3.5 Turbine Power Characteristics

The electrical output power generated by the turbine was calculated from the measured
voltage and current values. The experimental results showed that turbine power increased
with increasing wind speed for all shaft variations due to the increase in rotational speed and
generator output.

The stainless-steel shaft produced the best overall turbine performance within the
experimental range. The average turbine efficiency generated using the stainless-steel shaft
reached 2.41% with an average turbine power of 2.37 mW under wind speed variations of 2—
6 m/s. Meanwhile, the aluminium shaft produced an average efficiency of 1.42% with turbine
power of 2.37 mW, whereas the brass shaft generated an average efficiency of 1.96% with
turbine power of 2.59 mW.

The higher performance of the stainless-steel shaft indicates that moderate shaft mass
provides optimal rotational inertia for maintaining stable turbine rotation and improving
energy conversion performance.
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3.6 Turbine Efficiency Analysis

Turbine efficiency was determined by comparing the electrical output power to the
theoretical wind power input. The results showed that turbine efficiency generally increased
with increasing wind speed until reaching an optimum operating region within the low wind
speed range. Among the shaft variations tested, the stainless-steel shaft demonstrated the
highest average efficiency. This result suggests that the moderate shaft mass produced an
optimal balance between startup capability and rotational stability. The aluminium shaft,
although lighter and easier to rotate, produced lower efficiency because of unstable rotational
characteristics. Meanwhile, the heavier brass shaft produced greater rotational resistance,
reducing turbine responsiveness under low wind speed conditions.

The experimental findings confirm that shaft mass plays an important role in determining
the aerodynamic and mechanical performance of a Savonius wind turbine. Proper
optimization of shaft mass can improve turbine stability, rotational continuity, and electrical
power generagign under low wind speed environments.
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Fig. 7. Relationship between wind speed (m/s) and wind tubine efficency (%).

4 Conclusion

This study successfully demonstrated that shaft mass variation significantly influences the
performance of a horizontal-axis U-type Savonius wind turbine operating under low wind
speed conditions. Experimental results showed that the stainless-steel shaft with a mass of
453.5 g produced the best overall performance, achieving the highest average efficiency of
2.41% and stable electrical output within the wind speed range of 2—6 m/s. The moderate
shaft mass provided an optimal balance between startup capability and rotational stability,
resulting in improved voltage generation, current output, rotational speed, and turbine
efficiency compared to the aluminum and brass shafts. The aluminum shaft enabled faster
startup due to its lower inertia but exhibited lower rotational stability, whereas the heavier
brass shaft generated greater rotational resistance that reduced turbine responsiveness at low
wind speeds. These findings confirm that shaft mass optimization plays an important role in
enhancing the aerodynamic and mechanical performance of Savonius wind turbines and
highlights the potential application of this turbine design as an efficient micro-scale
renewable energy harvesting system for low-wind-speed regions such as Indonesia.
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