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Abstract

This paper presents the development of a vertical axis wind turbine
(VAWT) with blades in the form of a taper curved profile using caps on
the top and bottom of the turbine. The blade development was carried
out based on numerical calculations using the Computational Fluid
Dynamic (CFD) method using ANSYS Workbench 2018 software by
comparing the use of conventional blades. The flow pattern that occurs
around the turbine shows that the tapered curved blade design has a
more distributed vortex formation pattern compared to conventional
curved blades, and the turbulence that occurs at top speed ratio, or TSR
= 1.0 is still in the turbine blade area, which means the wind turbine in
this research has a larger speed range compared to previous research.
The experimental results of the characteristics of the wind turbine
prototype parameters obtained the maximum coefficient of power, Cp-
max =0,14 at TSR 1.11, and was able to turn on LED streetlight and was
able to fully charge the battery within 4 hours. The experiment results
of this study are presented in the form of bar chart of Cp-max, compared
with the Savonius results of previous studies, at almost the same TSR.
It is obtained that the Cp of this wind turbine works with Cp 18.9 %
greater than the previous results. So, this wind turbine is suitable for
use in urban areas in Indonesia which have wind speeds of 2 - 4 m/s.

1. Introduction

Around 20 percent of Indonesia's population still lack access to electricity [1]. Indonesia's electrical generation is
heavily dependent on fossil fuels, especially coal, but Indonesia's supply of fossil fuels estimated will run out in
the next 42 years and the coal-fired power plants (CFPP) cause environmental pollution problems, as well as
impacts on public health [2] [3]. So, the national energy policy revision set a target of 23% of renewables in 2025,
or 255 MW of capacity of wind power plans while until 2020 has only installed around 135 MW [4], even then
these wind turbines are located on islands that have high wind speed characteristics, 6-7 m/s [5], such as those
found on Selayar island and Janeponto in South Sulawesi [6], Sukabumi - West Java [7]; while the wind speeds
characteristic in the majority of urban and rural areas, such as on the island of Java and other islands with densely
populated, are low category, 1-4 m/s [8] based on the distribution map of onshore and offshore wind speeds as
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seen in Fig. 1, so these wind turbines are not suitable for applied. Thus, the development of wind energy in
Indonesia is still a national challenge.

From Fig. 1, it can be seen that the wind speed on Indonesia's onshore is dominated by green color, with a
rate of V = 1-2 m/s and green light color, with a rate of V = 3-4 m/s. The minimum wind speed required to spin
the blade of a wind turbine is 5 m/s, so the mean annual wind speed in Indonesia is low. Therefore, it requires
research to optimize the wind energy potential, especially regarding the type of blade that can spin at a lower
wind speed [9].

Fig. 1 Map of Indonesia’s wind speed measured at 11 locations by the Indonesian Center for Maritime and
Geological Development Research [8]

Due to their simplicity and ease of manufacturing, Savonius-rotor type vertical axis wind turbines (VAWT)
are still considered one of the most attractive solutions [10] [11] [12]. Besides, Savonius VAWTs are well suited
to such environments due to their inherent axisymmetric design, which can reduce loads on the turbine tower to
reduce material costs and enable urban areas with low wind potential to be supplied with clean electric power.
These benefits are necessary for the installation and continued operation of cheap small-scale wind turbines [13]
[14] [15]. In this paper, a vertical axis wind turbine (VAWT) with 3 blades in the form of a taper curved profile
using caps on the top and bottom of the turbine is developed that can be used as driving energy for street lighting
and has been adapted to the wind speed conditions of most Indonesia's onshore islands. This research was carried
out numerically and experimentally.

Numerical calculations are carried out to obtain the characteristics of the aerodynamic parameters of the air
flow around the turbine, such as flow patterns, pressure distribution, vortex formation, and determining the
coefficient values of aerodynamic forces, where the results obtained will be compared with the use of conventional
blade. This numerical calculation is carried out using the Computational Fluid Dynamic (CFD) method using
ANSYS Workbench 2018. Next,a VAWT prototype is made according to the design and then tested experimentally
to obtain performance parameters at the test location. With this type of VAWT, the wind's kinetic energy is
converted into mechanical energy through the rotation of the taper-tip wind turbine blades, and then the rotation
of the wind turbine will be forwarded to the generator through gear transmission and will be converted into
electrical energy by the generator. The electricity produced by the generator will be stored in the battery. The
process of storing and distributing electrical energy will be regulated by the charger controller.

This paper discusses the streamlined patterns and pressure distribution that occur in the space between
blades to generate aerodynamic forces, compared to conventional VAWT. This paper also discusses the lift force
coefficient and drag coefficient as functions of the tip speed ratio (TSR).

2. Literature Review

The following are some reviews of previous studies related to this paper: Menet, ].-L., & Rezende, T. de [16]
developed a Savonius Wind Turbine with Double Wind Tunnels that could generate output voltage but had a
limited range of wind angle (60 to 75 degrees of wind angle). Sanusi et al. [17] presented a blade combination of
a Savonius wind turbine where the conventional circle-shaped model is combined with the one of a concave
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elliptical model. It improves the performance of the power coefficient maximum (Cpmax) up to 11% compared to
the conventional blade at TSR = 0.79, but there is a drop-in performance in the use of endplates linking shaft.

Nemati [18] combined Two-bladed Savonius with a three-bladed straight Darrieus. It can function at low wind
speeds and low TSR, but the geometry of the turbine is too complex to produce. Pallotta et al. [19] combined a
two-bladed Savonius with a three-bladed helical Darrieus. The turbine can be self-started; the cutting speed is less
than Darrieus, but it needs a high wind speed and is also too complex to produce. Lee & Zhao [20] stated that the
primary investment for a wind farm comes from the area and turbine cost, the initial investment was around USD
0.02/kWh. Therefore, further research is needed to reduce the cost of wind farm energy. Mishra et al. [21] studied
a novel concept of testing a Savonius wind turbine with dimple structures on its blades and investigating their
effect on the turbine’s efficiency. The study also deals with the experimental validation of the effect of using a
converging ducted structure with single-stage and double-stage configurations of the Savonius wind turbine. The
result proves that the power coefficient increases with the addition of dimple structures on the blades.

Belmili et al. [22] presented a conventional Savonius VAWT double blade equipped with a photovoltaic panel
and a storage system (battery) that can be used both for remote areas and for building integration on the Algerian
East-West Highway for lighting and/or petrol station electrical equipment supply. This paper also examines
numerically using SolidWork software but does not explain how this VAWT works at what wind speed.

The flow field and aerodynamic performance of a Vertical Axis Swirling Savonius Turbine (SST) was studied
using the CFD package of ANSYS CFX by Abdullah Al-Faruk, Ahmad Sharifian [23]. However, the lack of detailed
descriptions of the flow field around the swirling Savonius turbine inhibits a complete understanding of the
performance of VAWT. M. Zemamou, M. Aggour, and A. Toumi [24] compared several results of published articles
on the performance of new designs of Savonius rotors by optimizing different geometric designs and concluded
that the addition of some sets of new designs can achieve a 27,3 percent improvement in the performance
coefficient compared to the conventional Savonius VAWT.

B. D. Altan and G.S. Gultekin [25] determined that the power coefficient values of Savonius wind turbines with
additional exterior designs have been increased up to 0.520 levels, compared to 0,400 levels with interior designs.
However, turbines with exterior design additions occupy a larger space, which can lead to a wind blockage effect
in collective uses such as wind farms. Deda Altan, B., and Gungor, A. [26], Investigated the turbine performance of
dual Savonius wind turbines by placing a flat plate deflector in front of the turbines and obtained that the power
coefficient increased by 42% in the flat plate dual Savonius turbine system compared to the single Savonius wind
turbine. The study conducted numerical analysis using the CFD program ANSYS Fluent.

From the results of previous research, the savonius type VAWT was widely developed with blade
modifications, such as the use of tunnel-shaped blade by Promdee, C. & Photong, C. [27], as well as with the
addition of accessories, such as adding a slide to the blade by Shouman, M.R,, et al. [28], or the implementation of
a tubercle around the Savonius VAWT by Sridhar, S., et al. [29], all proved to improve the performance of the
turbine, but unfortunately all such designs did not fit the conditions of urban and rural Indonesian areas with low
wind speeds.

3. Methodology

3.1 Model Description

The numerical calculation as the first stage of this study begins with determining the computational domain and
meshing. A 3D-Simulation was carried out with the assumption that the fluid is an incompressible and steady-
state, and were carried out using a laminar model for an inlet velocity of 2 m/s (Re = 821540) and a Spalart
Allmaras model was applied in this study because this model has the ability to decreases the complexity of the
problem and the overall simulation time [30]. A SIMPLE algorithm was used to solve velocity and pressure
coupling by discretizing the equation. A second-order method for solving gradient term and upwind scheme for
divergence term. The convergence criteria for the continuity, momentum, and energy equations, respectively,
must meet the conditions of less than 10-5, 10-5, and 10-8. The equations of aerodynamic forces are [31]:

Lift coefficient:

2L
G = 74 (1)
Drag coefficient:
2D
Ca= 74 (2)

Where: L = Lift, D= Drag, q = dynamic pressure, and A = surface area. Formation Equation used in the numerical
simulation were:
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Fig. 2 provides a simple flow chart of the work process of this study. The power coefficient is calculated
numerically from the aerodynamic forces of this VAWT simulation study and will be compared with the results of
the research conducted by N.M. Ali, A.K. Abdulhasan, S. Aljabair [32] for single stage Savonius wind turbine.
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Fig. 2 Working process flowchart

3.2 Prototype VAWT and Experimental Testing

A VAWT prototype with a scale of 1:1 was subsequently made according to the numerical simulation geometry
design. Mechanical and electrical components are also adapted to the design requirements in Table 1.

4. Results & Discussions

4.1 Numerical Simulation Calculation

Fig. 3 (a) shows the geometry of the Savonius-type, three-bladed, tapered-shaped VAWT of this study in an
arranged volume that shapes a block with the center of the VaWT on the axis (0,0,0). In this simulation, air flows
into the inlet with a velocity of 2 m/s. The positive x-axis direction is defined as a outlet with a pressure outlet
type with a distance of 3.5 m from the axis so that the flow is possible to fully developed. The other sides of the
surface are defined as Symmetry, and the VAWT is determined as Wall. The next process is the creation of the
mesh shown in Fig. 3. (b). Fig. 4 shows the streamline of the flow around the VAWT of this research. Seeing at TSR
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0.2 a vortex is formed at the upper end and the lower end at the back of the VAWT, then the vortex formation area
will be wider, and the two vortexes are closer to each other on TSR 0.4 and the area is increasingly enlarged and
approaching each other at TS R 0.8. This means that the drag force as a turbine propeller increases with the
addition of the TSR and reaches the optimum value at 0.8 TSR.

Table 1 Specification of VAWT prototype

No Component Dimension (mm) Specification

1 Pillar #9165 x 5000 Mild steel ASTM A53
2 VAWT blade ?400x1000 Aluminum

3 Turbine Shaft P25x 1700 ST 37 ASTM A29

4 VAWT flange #97 x 37 ST 37

5 VAWT top and bottom cover P500x 6 Acrylic

6 Top bearing mount #105x 33 Aluminum

7 Bottom bearing mount ?105x 23 Aluminum

8 Bearing #52x17 Tapered Roller Bearing ISO 355:2019
9 VAWT gear ¥ 232,50x 25 Spur gear M =1,57 =153
10 Generator gear P 93x25 Spur gear M =1,5Z = 60
11 Box panel 300x 200 x 400 Mild steel

12 Accumulator 150x100x 180 10A 12v

13 Street lamp 300x150x 100 LED DC 30 watt

14 Lamp Pole 920 x 400 Aluminum

15 Generator @78 x 130 12V 1A,1000 rpm
16 Sensor LDR 50x80 DC

17 bolts M5x10 ISO 4762

18 bolts M6 x 30 ISO 4017

19 bolts M10x 30 ISO 4762

20 Hex nuts M5 5mm thickness ISO 4035

21 Rivet 4 mm ISO 15973

22 Anchor bolts M 22 x 60 JIS G3112-1995

E))

(b)

Fig. 3 (a) VAWT in control volume and its boundaries; and (b) Mesh generated

Fig. 4 Flow pattern and vortex creation on TSR variations
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From Fig. 5, it can be explained that the blade’s turbine area, which is expressed through a gradation of red to
yellow color, has a greater pressure, with a pressure range of 0.336 Pa to 2.95 Pa. Meanwhile, the blade area, which
is represented by a yellow to green color gradation, has a lower pressure, with a pressure range from -2.72 Pa to
0.336 Pa; thus, the turbine blade will move from blade 1 to blade 2 and blade 3 and rotate in a counterclockwise
direction. Fig. 6 shows the velocity distribution in vector form based on tip speed ratio (TSR) variation: 0.2, 0.4,
0.6, 0.8, and 1.0 indicates that the vortex formation occurs in the space between blades 1 and blade 2, and reaches
the middle of the area at TSR = 0.6, then increases towards the leading edge of the blade or towards the shaft at
TSR = 0.8, and finally fills the entire area at TSR = 1.0. The formation of a vortex indicates the addition of drag,
which in VAWT is required to rotate the turbine, so it can be analyzed that the maximum drag is obtained at TSR
= 1.0. The results of the simulation of the drag coefficient and the analytical calculation of power-coefficients are
shown in Table 2. The calculations at wind speed v = 2 m/s and TASR = 0.8 obtained a power coefficient of 0.195,
while the results of previous studies for a conventional three-blade savonius wind turbine with a single stage at
the same speed, obtain a power factor of 0.15 [32]. This means the three-bladed VAWT design with the tapered
type can optimize power by 30%.

W= 2m/fs, TSR =0,2 V=4 mfs, TSR=0,2

——
9 va |
i
e B
F P
) o
1 r 3
2 § .E =

Fig. 5 VAWT current study with pressure distribution at 3 cutting planes for TSR =02 atV=2m/sand V=4 m/s

T5R: 0.6 TSR: 0.8 TSR :1.0
32
ey ’ -

& L& ¥ { &5
Wy P e Ny 2
.'. 7

§ § =

AVimax): 4.04m/s  AVimax): 5.17mfs  AVimar): 591 m/s

0y

Fig. 6 VAWT current study with velocity vector on the cutting planes C-C with various TSR

Table 2 Specification of VAWT prototype

Tip Speed Rotation, o Drag Coefficient, Drag, D Torque, T Power, P Power
Ratio, TSR (rad/s) cd (N) (Nm) (watt) Coefficient, Cp
0.2 2.667 0.2469 4.559 1.368 3.647 0.049

0.4 5.33 0.2456 4.535 1.360 7.255 0.098

0.6 8 0.2448 4.520 1,356 10.847 0.147

0.8 10.667 0.2433 4.492 1.348 14.375 0.195

1.0 13.33 0.2437 4.499 1.350 17.977 0.214

1.2 14.2 0.223 4.102 1.230 17.466 0.20

4.2 Experimental Testing

The VAWT installation site of this research is located on Cihanjuang Rahayu street at a height of 1200 mdpl with
the majority of the population's subsistence as a flower farmer. Measurements were carried out in the morning
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and evening during the months of June and July 2023. The results of the measurement obtained an average speed
of 2.2 m/s, not much different from the input value of wind speed given in the numerical simulation.

The next test is a test on the VAWT without a load of a LED light or battery charging to know the voltage and
current that comes out of the generator. The results are shown in Table 3. Based on the load-free test results in
Table 3, the average voltage generated by the generator is 9.2 volts and the current generated is 0.16 Ampere, so
it is possible to know the charge time of the battery with a capacity of 10 Ah is 62.5 hours.

Table 3 Specification of VAWT prototype

Test Data Unloaded

Current, I out

Wind speed, v (m/s) Rotation Turbine (RPM) Voltage, V out (Volt)

(Ampere)
1.16 57.6 0.09 4.3
2.6 110.9 0.14 9.6
2.71 147.6 0.16 10
2.79 143.9 0.25 10.3
3.2 179.4 0.19 11.8

Further testing is carried out on the VAWT with a load of LED light to determine the voltage and current that
comes out of the accumulator with the results as in Table 4. From the data measurement of wind speed and turbine
rotation speed calculations obtained the calculation of power estimates and power coefficients on the VAWT with
the load of the light. Table 5 displays the calculation data for turbine power and electric power generated by the
VAWT. Fig. 7 (a). show the results of VAWT production this research results after assembly and ready for testing
and Fig. 7 (b). show evidence of the VAWD test has managed to turn on the LED light, so that the result of this
research can be used as an alternative to the production of street lighting in urban and rural areas in Indonesia or
elsewhere that has characteristics of low wind speed. The numerical calculation results of this research are
displayed in the form of a CP curve for the specified TSR variations, as seen in Fig. 8 (a) which is compared with
the conventional Savonius [32]. It can be seen that the maximum Cp value resulting from this study is 18.9%
greater than conventional. Apart from that, the peak of the curve that moves from TSR = 0.8 to TSR = 1.0 will
provide a wider speed range, which means the performance of the wind turbine will increase. Furthermore, the
results of numerical calculations and experiments in this study, compared with previous results, are shown in Fig.
8 (b) and provides an increase in performance at a TSR value that is almost the same, namely 30.77% from the
previous result [28] and 18.9% from previous study [32]. For experimental results, an increase of 7.14% was
obtained from the previous experimental results [28].

Table 4 Test Data LED
Test Data with Lighting light

Load Current, I, out (Ampere) Voltage, V, out (Volt)
LED light 2.5 12

Table 5 Calculation Result Data
Wind VAWT Angular Wind Electric

Force, F Torque, T . . VAWT power

speed (N) (Nm) rotation velocity,w power (Watt) power
(m/s) (rpm) (rad/s) (Watt) (Watt)
1.16 2.07 0.41 57.6 6.03 1.20 2.50 0.39
2.6 10.40 2.08 110.9 11.61 13.52 24.15 1.34
2.71 11.30 2.26 147.6 15.45 15.31 34.92 1.60
2.79 11.98 2.40 143.9 15.07 16.71 36.10 2.58
3.2 15.76 3.15 179.4 18.78 25.21 59.18 2.24
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Table 6 C, comparison of numerical and experimental
NUMERICAL EXPERIMENTAL

TSR=1.0 Cp=0.24 TSR = 1.11 Cp=0.14
TSR =1.12 Cp =0.20 TSR = 1.28 Cp=0.13

(b)
Fig. 7 (a) VAWT current study after assembly; and (b) VAWT test at night

Comparison Cp vs TSR this research and previous

CD vs TSR studies
0.25 025
® ... 0.2
0.2 . .
= .
&S L -, @ g 015
': 0.15 . ) . max
= 7 01
£ 01 -
o ", 0.05
& i
¥ 0.05 . 0 TSR
o :
o : 0.7 07 08 1 i 112 1.28
0 ¥
1 0.2 0.4 o6 nle 1 1.2 1.4 Shoumin, M. & Helal, M. numerical {2023}
1 o 1 N 1 | B Shouman, M. & Helsl, M. experimental (2023)
-
L - . B Al N, Abdulhasan, A & Aljabair (2022)
Tip Speed Ratio {TSR) B This research.: numerical at TSR 1.0
Thic research.: sxperimental at TSR 1.11
ethisresearch g Ali,N., Abdulhasan A. & Aljabair (2022) N T research.: numerical st TSR L12
This research - experimental at TSR 1.28
(a) (b)
Fig. 8 (a) Comparison this research with conventional; and (b) Comparison Cp-max this research with previous

studies

5. Conclusions

From the numerical result, the flow pattern that occurs around the turbine suggests that the design of the tapered
blade has a more diffused pattern of spinning than conventional blade, and the turbulence occurring at the TSR =
1.0 is still in the turbine sweep are. The experimental test results indicate that maximum efficiency is achieved
when the wind intensity is constant, so that it can produce large voltages and currents. VAWT can still rotate at a
low wind speed of less than 1 m/s, but cannot charge the accumulator. From Table VI, on the TSR relatively the
same, the difference between Cp of numerical and experimental results is about 50.1%. This is reasonable because
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the experiments included loads, lights, generators, and so on. The generator can only charge the battery at a
minimum wind speed of 2 m/s, and based on the test results, VAWT can provide electricity for lighting for 4 hours.
So, the target of this research has been achieved. It is seen that the Savonius type VAWT can function properly and
can produce electrical power so that it can be used as a source of street lighting. Further research, the installation
of wind turbines as a result of this study will be hybridized with solar cells so that they can be used to work
throughout the season in Indonesia.
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