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ABSTRACT 

There are very few initiatives to engage students in learning about the sustainability of wind energy through Science, Technology, 
Engineering, and Mathematics education, also known as STEM. This awareness is essential for future generations to instill interest 
and understanding in the significance of sustainable energy. Therefore, a practical, hands-on Savonius turbine demonstration kit has 
been designed for Science, Technology, Engineering, and Mathematics (STEM) education. Two models of drag-driven vertical axis 2-
bladed and 3-bladed Savonius turbines were built to generate electricity and integrated with a model house as part of the STEM 
turbine kit. It was fabricated in-house and could display power using LED lights and actuating a few mechanical devices. The 
experimental study in this project aims to investigate and analyze the influence of the number of blades on turbine power 
performance in terms of power coefficient and torque coefficient with respect to tip speed ratio. The results revealed that the 3-
bladed Savonius turbine has a higher power coefficient than the 2-bladed at a tip speed ratio of 0.109. However, the torque 
coefficient decreased as the tip speed ratio increased due to an increase in the number of blades that eventually created a reverse 
torque. It is also observed that the 3-bladed turbine generated the highest power output of 1.28 Watt at a speed of 38.8 m/s. The 
results also discovered that all the components could run more efficiently using the 3-bladed Savonius turbine. This kit demonstrates 
the ability to contribute to the education system in developing countries, such as Malaysia by supporting the construction of an 
engaging educational process with practical integration and low production costs. 
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1. Introduction 

 
Global warming and the emission of greenhouse gases have become major concerns worldwide 

and renewable energy has emerged as a significant energy source that must be developed and 
sustained to address this issue in the future [1]. There are various types of renewable energy 
technologies, such as biomass, wind power, hydro, and geothermal that are safe and effective at 
mitigating the effects of global warming [2]. Malaysia plans to implement 50% renewable energy by 
2050 [3]. Wind energy has the ability to generate electricity with the lowest environmental impact of 
all the existing renewable energy sources. According to Renewables 2020 Global Status, solar 
photovoltaic (direct current) expansions accounted for 57% of total renewable power capacity 
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increases, followed by wind power (30%) and hydropower (8%). The remaining 5% came from bio-
power, geothermal power, and concentrated solar thermal power [4].  

A proactive effort to empower STEM must be made to ensure that students are equipped with 
the essential skills to face the challenges of developing technologies to assist Malaysia in becoming a 
developed nation. In Malaysia, the number of students enrolled in STEM subjects has decreased, 
indicating that the ratio of science classes to art classes has been one to five in the last decades [5]. 
Kampen et. al.,[6] conducted a comprehensive study to emphasize the learning process related to 
this renewable energy on the student, which primarily employed traditional lecture-based methods 
and should be replaced with problem-based learning (PBL) that involves hands-on activities. The 
science kits in STEM education would develop the students' metacognitive abilities in their learning 
process to improve their critical thinking [7]. As the wind turbine kit is still uncommon in Malaysia’s 
STEM education system, careful consideration in each step of developing the science kit is crucial to 
ensure that this kit enculturates the element of utilizing natural resources, to relate it to daily life 
activities [8] and to become most practical in STEM practices of teaching and learning process as 
illustrated in Figure 1.  

 

 
Fig. 1. The teaching and learning approach in STEM [8] 

There are two types of wind turbines: horizontal axis wind turbine (HAWT) rotor shafts that 
operate parallel to the incoming wind flow and vertical axis wind turbine (VAWT) rotor shafts that 
operate perpendicular to the incoming wind flow [1]. The wind turbine is also classified based on the 
force exerted that rotates the turbine [9]. The HAWT has the highest efficiency in generating power 
compared to other turbines [10]. However, a yaw control mechanism is required to turn the wind 
turbine rotor toward the incoming wind flow [10]. In general, the conventional VAWT has a lower 
power efficiency than the HAWT [11]. Nevertheless, the VAWT is the most practical turbine to be 
used in this educational kit because it can operate in any direction of incoming wind flow, has a simple 
design and low manufacturing cost [12-16]. Furthermore, extensive research from previous studies 
expanded the potential of this turbine with a vast modification to the VAWT to overcome the 
shortcoming in its efficiency in power performance [17-21]. The VAWT includes the Darrieus turbine 
and Savonius turbine, which are lift-driven and drag-driven turbines based on the force that drives 
them to rotate. The Savonius turbine appears to be the most practical to be applied for this STEM 
education kit due to its simple working principle compared to the Darrieus turbine. The Savonius 
turbine typically operates with the incoming flow exerting a force on the advancing blades, providing 
a net positive torque that is represented in Figure 2 [22].  

The modification of the turbine could help students to use their knowledge in real-life application 
as one of the potential technology applications for river-based energy extraction in Malaysia [22]. 
The performance of the Savonius is governed by the turbine design parameters which are aspect 
ratio (AR), overlap ratio (𝛽), number of blades, turbine stages, blade shape, shaft and endplates. The 
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presence of endplates on the top and lower parts of the Savonius blades enhances the power 
performance of the turbine, resulting in a higher power coefficient compared to a turbine without 
endplates [23]. The increase in performance is due to the capability of the endplates to maintain the 
pressure difference between the concave and convex surfaces of the blades over the overall height 
of the turbine [24]. 

 

 

Fig. 2. The operation of the Savonius turbine [22] 

The extraction of energy from the incoming wind flow is shown in Figure 3 consisting of turbine 
blades, support systems, main shafts, generator, bearing and electrical converter [25]. The turbine is 
attached to a shaft that powers up the generator. The illustration of this kit is shown in Figure 4 which 
illustrates the conversion of kinetic energy to electrical energy with the house components.  

Before the establishment of this kit, the generator which converts mechanical energy into 
electrical energy was the most important component of this kit. Therefore, the selection of the 
generator is crucial for maximizing the energy conversion from rotational motion into electrical 
energy. The main types of wind turbine generators are direct current(DC), alternating current (AC) 
synchronous and AC asynchronous generators [26]. The most common generator used in small wind 
turbine applications is the DC Permanent Magnet Generator [27]. These electromechanical devices 
function by the interaction of the magnetic flux and electric current or flow of charge based on 
Faraday’s law of electromagnetic induction. The DC motor operates on direct current and consists of 
a stator with a permanent magnet that generates a magnetic field and a rotor that carries the current. 
The Savonius wind turbine from the previous study used a DC permanent magnet motor as a 
generator with a power of 350W and a rotational speed of 2700 RPM [28]. Another study utilized a 
similar generator with a power output of 5.9W from a Savonius wind turbine [29]. Previous studies 
have established the DC generator can be used to extract electricity from small wind turbines. 

 

 

Fig. 3. The energy conversion illustration was modified from [25] 
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Fig. 4. The overall configuration of the Savonius turbine kit illustration modified from [25] 

The present work aims to develop a learning kit based on a 2-bladed and 3-bladed Savonius wind 
turbine that is capable of demonstrating the power extraction process and analyzing the power 
performance. The development of this kit is aligned with the Malaysian Educational Blueprint 2013-
2025 [8] to promote practical knowledge and understanding of renewable energy. The drag-driven 
Savonius turbine dimension for this STEM educational kit was selected based on the previous study 
[30]  due to its simple working principle and ability to function at a low tip speed ratio with the DC 
permanent magnet generator selected for the conversion system. This generator was able to be 
utilized in the kit to extract the electrical power to avoid the need for a rectifier circuit, making the 
circuit compact, simple, and low-cost [31].  
 
2. Methodology 
 

In constructing the Savonius turbine kit to increase the awareness of renewable energy among 
the students, the design has an approach to visualize the basic working principle of energy generation 
from the turbine to increase their understanding [32]. The Savonius turbine will demonstrate the 
airflow on the turbine and convert the process into energy, while the house kit consists of electrical 
components that will demonstrate and display the output process. The quantitative measurement 
was used to analyze the power performance in terms of the coefficient of power and coefficient of 
torque with respect to the tip speed ratio.  

 
2.1 Design and Fabrication of Savonius Turbine 

 
The Savonius turbine model constructed in this project was designed using Solidworks software. 

The CAD design consists of 2-bladed and 3-bladed Savonius turbines with identical dimensions 
consisting of a height of 0.1 m and a diameter of 0.12 m resulting in an aspect ratio of 1. The blades 
of the rotor had a semicircular profile with a diameter of 5 × 10!"	m and a thickness of 0.005 m thick 
aluminium. The blade was attached to a fixed central shaft of 0.01 m. This turbine includes endplates 
to cover the top and lower parts of the blades. Fig 5 shows the CAD design of the 2-bladed and 3-
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bladed Savonius turbines fully assembled with all components. The fabricated turbine is shown in 
Figure 6. 

                        

 

Fig. 5. The conceptual design of 2-bladed and 3-bladed Savonius turbine 
 

Table 1 
Savonius turbine components material and dimension 

Components Material Dimension 

Turbine blade Aluminium Height: 0.1 m 
Thickness: 0.0005 m 

Rod shaft Aluminium Length: 0.25 m 
Diameter: 0.01 m 

Top endplate Perspex Diameter: 0.12 m 
Thickness: 0.0025 m 

2-bladed bottom endplate 
3-bladed bottom endplate Perspex Diameter: 0.12 m 

Thickness: 0.0025 m 
 
 

   

Fig. 6. The Assembly of 2-bladed and 3-bladed Savonius turbines 
 
2.2 Fabrication of Model House Kit 
 
      This study utilized a model house kit to demonstrate the visual or qualitative analysis of this STEM 
educational kit. To make this kit more engaging for the students, visual and auditory representations 
were used to display the output of this kit, allowing the students to explore the turbine's capability 
to generate electricity. The model house consists of an LED lamp, a sliding gate and a monoaural 
speaker powered by electricity generated by the Savonius turbine as shown in Figure 7.  

Rod 
shaft 

Height: 0.1m 

Top end plate 

Height: 0.1m  

Lower end plate 

Diameter: 0.1m Diameter: 0.1m 
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Fig. 7. The Model house (new) 

The LED light was employed as one of the visual representations of the turbine’s output which is 
part of the electrical system. There are two types of LED light used in this model house:  a circular 
through-hole LED and a multicolor LED string as the LED enables the projecting of various range of 
colors. The house gate sliding mechanism is another visual representation that demonstrates the 
mechanism for opening the gate by moving the gate of the house. The servo motor is used to 
construct the sliding mechanism of the gate. Considering the importance of the auditory sense in 
grabbing the attention of the student, a musical module board was utilized to produce sound when 
the house door is opened. The Arduino Uno is used as the microcontroller with the servo motor to 
construct the automation system of the sliding gate moving feature in the kit.  

 
2.3 Integration of Components Setup 
 

The electronic components of the model house were connected to the generator in this kit. The 
platform is built of PVC pipe as shown in Figure 8, which serves to hold the generator and enables 
the Savonius turbine to rotate on the platform and consists of bearings, a timing belt pulley, a rod 
shaft, and a generator. 

The instruments in Figure 9 were calibrated to ensure the accuracy of the reading such as a digital 
multi-meter, anemometer and tachometer. For example, the digital multi-meter displayed the exact 
voltage of the 9V battery when the test probe was in contact with the battery. The reading for the 
rotational speed was obtained using a digital tachometer by applying reflective tape to the turbine 
blade and the blower supplied the wind to rotate the turbine. 

 

Model House 

Musical 
Mechanism 

Outdoor LED Lamp 

LED Light String House Gate 

House Kit Platform 

LCD 
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Fig. 8. The model and devices 

 
 

          

Fig. 9. The apparatus of the experiment setup 

The experiments were conducted at room temperature with wind speeds ranging from V=20 m/s 
to V= 38 m/s using the blower as shown in Fig 10. The rotational speed of the turbine was measured 
and recorded using the digital tachometer. The anemometer was used to measure the wind speed 
with the output voltage and current being measured using the multimeter. The output power was 
calculated using Equation 7.  

 

Apparatus: 

1. MT400 Maktec Blower 
2. Electrical wires 
3. Brannan Anemometer 
4. Digital multimeter 
5. DT-2234C+ digital optical Tachometer 

1 

2 

3 

4 

5 

Shaft

Savonius turbine 

Generator 

Platform  
Model house kit 

Wire Connection 
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Fig. 10. The position of the blower to the Savonius turbine 

 
2.4 Equations 
 

The performance of the Savonius wind turbine can be analyzed in terms of the coefficient of 
power 𝐶# and torque coefficient 𝐶$ with respect to the tip speed ratio or TSR (λ). TSR is the ratio of 
the speed of the tip blade to the wind speed through the blade. TSR can be determined as Eq (2.1) 
[33]: 

λ = %&'$'&	
%

= ).+
,%

 (1) 

where 𝑉𝑟𝑜𝑡𝑜𝑟 is the l velocity of Savonius rotor (m/s), 𝜔 is the angular velocity of the turbine (rad/s), 
𝑑 is the diameter of the blade (m) and 𝑉 is the wind speed (m/s). The maximum available power 
contained in the wind can be calculated based on the following Eq (2.2): 

𝑃-./ =	
1
2 𝜌𝐴𝑉

0 (2) 

where 𝑃-./	is maximum available power (W), 𝜌 is the density of the air (kg/m³) and A is the swept 
area of the turbine (m²). For a vertical-axis wind turbine, the swept area A= D×H where D and H is the 
diameter and height of the turbine (m) accordingly.  Additionally, the mechanical power extracted by 
the turbine is given by Eq (2.3): 

𝑃&'$'& = 	𝑇	𝜔 (3) 

where 𝑃&'$'&  is the mechanical power extracted by the turbine (W) and T is the torque generated by 
the turbine (Nm). Due to the necessity of maintaining the continuity of the wind passing through the 
turbine rotor and some losses in the energy conversion process, the turbine can only produce a 
portion of the kinetic energy. This turbine performance analysis is quantified by the power 
coefficient, 𝐶#, which is the ratio of the extracted power to the available power, expressed as Eq 
(2.4): 

𝐶# = 1!"#"!
1$%&

 (4) 

Then the torque coefficient  𝐶$	,	Eq (2.5) is given as the torque produced by the turbine rotor to the 
maximum torque available (Patel et al, 2016). 

𝐶$ =	
𝑇

1
4𝜌𝐷

,𝐻𝑉²	
 (5) 
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The functional relationship between 𝐶#	and 𝐶$, which is reduced by all the above equations, is: 

			𝐶# = 𝐶$	λ (6) 

The output power, 𝑃 (W) can be calculated by the reading of voltage output and current output based 
on the following equation, Eq (2.7) : 

𝑃 = 	𝑉𝑜	 × 	𝐼 (7) 
where  𝑃 is the output power (W), 𝑉𝑜 is the voltage (V) and 𝐼 is the current (A). 

3. Results and Discussion 
 

This section presents quantitative and qualitative data to evaluate the performance of the 
Savonius turbine kit and the functionality of the components of the home kit. The airflow speed 
ranges between 20 m/s and 38 m/s for both Savonius turbine performances. The experimental results 
were used to calculate the power and torque coefficient of the Savonius turbines. The qualitative 
result demonstrates the functionality of the components and the impact of employing various 
Savonius turbine configurations. Table 4.2 lists the output power in Watts. The comparison showed 
that the current study has a higher output power due to the capability of the 2-bladed turbine to 
extract wind energy more efficiently from the wind. 

 
Table 2 
Comparison data for the 2-bladed Savonius turbine 

Previous studies Output Power 
(W) 

The output power of 
the current study (W) 

Abubakkar [34] 0.67 0.64 

Tabassum et al., [35] 0.62 0.65 

Gatabaki[36] 0.60 0.62 

Rosmin et al., [37] 0.30 0.32 

Zien at el., [38] 0.24 0.21 

 
 

3.1 The Performance of the 2-Bladed and 3-Bladed Savonius Turbine 
 

The power and torque coefficient curves are plotted with respect to the tip speed ratio in Figure 
11 and Figure 12 to investigate the influence of the number of blades on its power performance. 
Figure 11 shows the power coefficient for both 2-bladed and 3-bladed Savonius turbines. The results 
revealed that generally, the values of 𝐶# tend to increase with respect to the increment of the tip 
speed ratio[39][40]. The 3-bladed turbine has a higher coefficient of power than the 2-bladed turbine. 
The maximum coefficient of power,	𝐶#-./ for the 3-bladed turbine, is 0.0035 at λ =0.109 while the 
2-bladed turbine is 0.0021 at λ = 0.101. This is due to the 3-bladed turbine's capability to extract the 
flow as a result of reduced drag force on the returning blades, which consequently produced in less 
negative torque and allows the turbine to spin at its maximum rate. 
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Fig. 11. The coefficient of power variation with tip speed ratio for the 2-bladed and 3-bladed Savonius 
turbine 

 

Fig. 12. The coefficient of torque variation with tip speed ratio for the 2-bladed and 3-bladed Savonius turbine 

The coefficient of torque, 𝐶$ against the tip speed ratio graph in Fig 12 demonstrates that 𝐶$ 
decreases with the increment of λ with the 𝐶$	curve for the 3-bladed turbine was slightly higher than 
the 2-bladed turbine. The experimental data revealed that the 𝐶$ that corresponds to the 𝐶#-./ of 
the 3-bladed occurred at 0.0326 which was higher than the 𝐶$ that corresponds to the 𝐶#-./ of the 
2-bladed turbine. The increasing value of 𝐶$  was due to the increased number of blades that reduce 
the drag which leads to a decrease in the reverse torque and consequently increase in the net torque 
acting on the blades of the Savonius turbine. 

Based on Table 3, 𝐶#-./ for the 3-bladed turbine is slightly higher than 𝐶#-./ of the 2-bladed 
turbine. The power of the 3-bladed and 2-bladed turbines was 1.28W and 0.65W, respectively, 
corresponding to the λ of 0.109 and 0.101. As the wind flowing towards the turbine increases, the 
turbine will rotate at higher RPM. The Savonius turbine rotates when there is a difference between 
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the drag force exerted by the wind on the advancing or returning blades. Hence, as the wind speed 
approaching the turbine blades increases, the Savonius turbine can rotate faster. The energy required 
to power the Savonius turbine model house is around 1.47 W. The power output of the 3-bladed 
turbine to generate electricity for the model house was 1.28W which was slightly closer to the 
required power output to generate electricity for the model house. The lower output power of the 
2-bladed was caused by the loss of energy when the DC motor used as a generator caused the loss in 
power when its mechanical energy was converted to electrical energy in the DC generator. 
 
Table 3 
Summary list of 𝐶!"#$ with respect to the 𝐶%, λ	and 𝜆"#$ of the 2-bladed and 3-bladed Savonius turbine 

Turbine 
blade 𝑪𝒑𝒎𝒂𝒙 𝑪𝒕 at 𝑪𝒑𝒎𝒂𝒙 𝛌 at 𝑪𝒑𝒎𝒂𝒙 𝝀𝒎𝒂𝒙 Rotation of turbine 

(RPM) Power (W) 

2-bladed 0.0021 0.0205 0.101 0.106 716.8 0.65 
3-bladed 0.0035 0.0326 0.109 0.110 810 1.28 

 
3.2 The Mechanism of the House Kit Components 
 

The model house mechanisms such as LED light, gate and musical mechanism for the 2-bladed 
and 3-bladed turbines were investigated at various RPM. The outdoor house LED mechanism displays 
the LED light at a higher intensity in both cases. This demonstrated that the Savonius turbine could 
provide sufficient power for outdoor LED lights even at lower RPM, as the LED strings become 
brighter when the power and RPM are increased. At a higher RPM of 716.8 with a power of 0.646 W, 
the LED string illuminated with more luminosity than at a lower RPM of 400 with the same power. 
Meanwhile, the sliding gate demonstrates no movement at an RPM of 700 corresponding to a power 
of 0.61 W. This has caused the required operating voltage for Arduino to decrease as the gate 
mechanism requires a servo motor to move the gate. The 3-bladed Savonius exhibited superior 
performance to power at 810 RPM with a power of 1.28W. The 2-bladed turbine has a limited 
capability to power the music module. However, when the RPM gradually increased, the music 
volume increased from a low sound to a loud sound at 516 RPM with a power of 0.47W.  The 3-
bladed turbine presents better capability with the buzzer starting to produce a clear musical tone. 
This suggests that the 3-bladed turbine could produce a loud sound at a lower RPM. 

 
4. Conclusions 
 

A Savonius turbine STEM KIT has been developed as an interactive way to facilitate and engage 
the visual and auditory senses based on 2-bladed and 3-bladed design configurations. The 
experiments were performed at a wind speed between 20 m/s to 38 m/s to evaluate their power 
performance in terms of power coefficient,	𝐶# and the torque coefficient,	𝐶$ with respect to the tip 
speed ratio,	λ. The output power (W) produced by both turbines was also obtained. The conclusions 
from the present work are as follows: 

 
1. The values of 𝐶# were observed to increase with respect to the increment of the tip speed 

ratio. The 3-bladed Savonius turbine has demonstrated a higher coefficient of power than its 
2-bladed counterpart. The maximum coefficient of power, 𝐶#-./  for the 3-bladed turbine 
was 0.0035 at λ =0.109 whereas the 2-bladed turbine was 0.0021 at λ = 0.101, respectively. 
The number of blades showed a significant influence on the power performance of the 
turbine. 
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2. The coefficient of torque, 𝐶$ decreased with the 3-bladed exhibiting the highest 𝐶$ compared 
to the 2-bladed. The	𝐶$-./ of the 3-bladed is found 0.0326 at λ = 0.042 but for the 2-bladed 
it was observed to be 0.0205 at λ = 0.061. The increasing value of 𝐶$  was caused by the 
increase in the number of blades which eventually reduced the drag and consequently 
reduced the reverse torque and generated an increase in the net torque acting on the blades 
of the Savonius turbine. 

3. The performance of the 3-bladed turbine was superior to the 2-bladed turbine in terms of 
power output. The 3-bladed turbine exhibited a maximum power of 1.28 W at 810 RPM at a 
speed of 38.8 m/s, whereas the 2-bladed demonstrated the highest power of 0.65W at 716.8 
RPM at a speed of 37 m/s. The lower value of output power on the 2-bladed was due to the 
losses of energy conversion as the DC motor used as a generator caused the loss in power 
when its mechanical energy was converted to the electrical energy in the DC generator. 

4. The visual representation of LED for both turbines indicated that the turbine had effectively 
generated electricity for the LED string and exterior part of the house model. As the RPM 
increases, the brightness of the LED also increases with the 3-bladed turbine exhibiting better 
performance for powering the house gate compared to the 2-bladed turbine. The sliding gate 
demonstrated zero movements because the 2-bladed turbine produced insufficient 
operational voltage to power the gate mechanism. The musical mechanism revealed that the 
3-bladed turbine generated louder sound than the 2-bladed turbine.  
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