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ABSTRACT

The utilization of wind power has been a sustainable way for renewable energy utiliza-
tion in developing countries. The operation of water pump by wind energy has been used
for many years. The project is about designing and fabricating a Helical Savonius wind
turbine for water pumping application. The Helical Bach design was selected because of
simplicity in design, producibility, efficient and able to operate at very low-wind condi-
tions. The blade modeling was done in SolidWorks and analysis was done in ANSYS
2021. The fabrication process involves the selection of appropriate materials, design of
rotor and shafts, followed by manufacturing and assembly of the components. The ex-
perimental study was done at the average wind speed ranging from 1.1 m/s to 4 m/s. The
torque was measured using rope brake dynamometer setup. The CFD approach used for
study at the wind speed of 4m/s and Tip speed ratio(TSR) of 0.32 calculates the coefficient
of performance (Cp) to be 0.107 and in experimental found to be 0.025. The maximum
average wind speed that the turbine was tested was 4 m/s with a rotational speed of 48.18
rpm. The cut-on speed was found to be 1 m/s. Overall, this project demonstrates the
potential of Helical Savonius wind turbine for water pumping applications in low wind
speed conditions thus facilitating the country for promoting indigenous and sustainable

energy resources for low carbon development path.
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1 CHAPTER ONE: INTRODUCTION

1.1 Background

Today, wind turbines can generate even more energy to power water pumps than tradi-
tional windmills, which have been used to pump water for centuries.As a general rule,
wind energy is used to pump water through a pump driven by a wind turbine. A wind
turbine generates electricity, which is then used to power an electric motor to drive a wa-
ter pump. An elevated or different location is then reached by pumping the water from
a well, pond, or reservoir.An important advantage of using wind energy to pump water
is its clean and renewable nature. Wind energy does not emit greenhouse gas emissions
or air pollution, which makes it an environmentally friendly alternative to fossil fuels.
Additionally, wind energy is abundant and free, which means that once the infrastructure
is in place, it is relatively inexpensive to pump water using it. The ability of wind power
to pump water in remote areas that are not connected to the electrical grid is another ad-
vantage of this method. In these areas, wind turbines can be used to power water pumps
for irrigation, livestock watering, and other agricultural uses. In regions where water is
scarce, this can improve the sustainability of agriculture and increase food production.
Wind energy can, however, also be a challenge for pumping water. It is important to note
that wind energy is intermittent, which means that the wind turbine may not always be
able to generate enough electricity to power the water pump. It is possible that this will re-
sult in fluctuations in water supply, which can be problematic for agriculture and domestic
use. In order to overcome this problem, some wind-powered water pumps are designed
with energy storage systems that can store excess energy generated during periods of high

wind and use it during periods of low wind.

1.1.1 Wind Turbine

Increasingly, renewable energy sources are being used to reduce the dependence on fossil
fuels and to promote a more sustainable future. Wind turbines have become increasingly
popular as a result. Wind energy is a clean and sustainable source of energy that does not
emit harmful pollutants and greenhouse gases that contributes to climate change.Wind en-
ergy is one of the fast growing sources of electricity in the world ,with the global installed
wind capacity reaching over 837 gigawatts(GW) in 2022(Global Wind Report,2022).

Wind turbines are devices that convert kinetic energy into electric and mechanical energy

when the wind blows. They consist of rotor blades that turn whenever the wind blows.



Wind turbines are angled in such a way as to catch the wind and rotate the central shaft.
The central shaft spins to generate the power. Wind turbines can be located either onshore
or offshore. In contrast to a fan, a wind turbine produces electricity by using wind instead
of electricity to create wind as does a fan. Wind turbines can be classified into two types:
Vertical Axis Wind Turbine (VAWT) and Horizontal Axis Wind Turbine (HAWT).

1.1.2 Horizontal Axis Wind Turbine(HAWT)

Horizontal axis wind turbine is a type of wind turbine where the main rotor shaft is ori-
ented horizontally and perpendicular to the direction of the wind.It is the popular choice
for wind energy due to their proven technology and high performance.The blades of the
turbine rotate around the axis,driven by the wind’s force.

HAWTs are mainly used for electricity generation in wind farms,both onshore and off-
shore. They typically consists of three blades ,each of which is shaped like an airfoil to
maximize its lift and generate power.

The main advantage of HAWTS is the ability to produce higher power outputs compared
to Vertical axis wind turbines, with the higher efficiencies. But they have high mainte-

nance cost,requires large amount of space and can be noisy.

1.1.3 Vertical Axis Wind Turbines(VAWT)

Vertical axis wind turbines are the types of wind turbines that rotate around a vertical
shaft. They are applicable for small scale power generation, water pumping and for high-
way electricity generation.Vertical turbines can generate the power in any wind direc-
tion.They are also more complex to design and manufacture and have regular maintenance
requirements. VAWT are viable option for wind generation in urban and limited spaces.
VAWTs have a advantage of quieter and require less wind to start rotating. They are also
suitable for a wider range of wind directions, and their low profile design makes them
easier for the installation in urban environments.

VAWTS can be classified into different types based on their design,including the Dar-
rieus, Savonius and many more. The Darrieus types uses curved blades that resemble

aerofoils,while the Savonius use the straight blades arranged around the vertical shaft.



1.1.4 Savonius Wind Turbine

Savonius turbines operate as drag type turbines.The Savonius turbines are excellent in ar-
eas of turbulent wind and are self-starting.Savonius turbines are easy to harvest the wind
energy from lower speed to higher one as they are easy to transport in comparison to
HAWT since HAWT are very large.The main principle of the Savonius wind turbine is
that the drag coefficient on a concave surface is higher than that of a convex surface for
having the same surface area(Oghoghorie, Ebunilo, & Orhorhoro, 2020). When the on-
coming wind contacts the rotor, the concave side experiences a greater drag force than
that of the convex side which causes the rotor to spin and the turbine rotates.

The Savonius wind turbines can be of different types based on the blade profiles. They can
be of S-shape ,C-shape , L-shape ,Batch type and many more. Various researches have
been done on the blade profile of Savonius wind turbines.Among them Helical Savo-
nius wind turbines are found to be more efficient than the conventional straight blade
Savonius wind turbine (Kamoji, Kedare, & Prabhu, 2009a).The Helical design makes the
turbine to capture the wind from all direction.Helical Savonius perform at very low wind
speeds making it more suitable for residential purposes.Helical Savonius is the promising
technology with more environmentally-friendly option compared to other types of wind

turbines.(Premkumar, Sivamani, Kirthees, Hariram, & Mohan, 2018)

Figure 1.1: Savonius turbine with Helical profile (Kumar et al., 2019)



1.1.5 Centrifugal Pumps

In a fluid system, a pump serves as a device that converts mechanical energy into pressure
energy or kinetic energy, or both, of a fluid. A centrifugal pump transfers fluids by con-
verting rotational kinetic energy into the hydrodynamic energy of the fluid flow. The fluid
enters the pump impeller and is accelerated by the impeller, then flows out of the pump.
They are of three types i.e 1) Radial flow pumps (ii) Axial flow pumps (iii) Mixed flow
pumps(Rajput, 1998)

OUTLETT

IMPELLER

VOLUTE

Figure 1.2: Drawing of Centrifugal Pump(Parrondo et al., 1998)
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1.1.6 Reciprocating Pumps

As a positive displacement pump, the reciprocating pump suctions and raises liquids by
displacing it through a piston/plunger that is reciprocated within a cylinder that is closely
fitting. Pumping an amount of liquid equals the volume displaced by the piston. There
are two types of reciprocating pumps: single-acting pumps and double-acting pumps. The
total efficiency of a reciprocating pump is approximately 10 to 20 % higher than that of a
centrifugal pump of comparable size(Rajput, 1998).

\a— Delivery pipe

Crank

Connecting
rod

Cylinder
«— L—» i/ Piston rod
7z L ¥

. ! 0.D.C
2.3 I Suction stroke )
‘—bl d < N ///
x Piston Delivery stroke x |;~ .~

h, Suction valve

l o~ Suction pipe
1.D.C = Inner dead centre
0.D.C = Outer dead centre

) Sump well

Figure 1.4: Schematic view of single-acting reciprocating pump(Rajput, 1998)

D = Cylinder diameter, m

A = Piston/cylinder cross-sectional area

r = Crank radius, m

N = Crank speed, r.p.m.

L = Stroke length (= 2r), m

hs = Height to the centre of the cylinder from the liquid surface, m and
w = Liquid weight density N/m?

hg = Raised height to the liquid from the centre of the cylinder, m
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*

1.1.7 Turbine Pump

Turbine pumps are centrifugal pumps that move fluids using rotating impellers. The im-
peller has curved blades that spin rapidly inside a volute casing, creating a centrifugal
force that pushes the fluid towards the outside of the casing and out of the pump. The
impeller in a turbine pump is usually made of bronze, stainless steel, or other materials
that are resistant to corrosion and wear. The pump’s motor is connected to the impeller
through a shaft, which rotates the impeller at high speeds. Turbine pumps are commonly
used in applications where high flow rates and low to moderate pressures are required.
They are often used for agricultural irrigation, water supply systems, and in industrial

applications where large volumes of fluid need to be moved.

1.1.8 Use of Vertical axis wind turbine in the field of water pumping

The vertical axis wind turbine (VAWT) can be used to pump water in areas where elec-
tricity is not readily available, or where grid connections are not feasible(Khammas, Hus-
sein Suffer, Usubamatov, & Mustaffa, 2015). With VAWTs, blades rotate around a vertical
axis instead of a horizontal axis as with horizontal axis wind turbines (HAWTSs). There-
fore, VAWTs are more suitable for environments with low wind speeds and changing
wind directions. In areas where electricity is not readily available, or grid connections are
not feasible, vertical axis wind turbines (VAWTs) can be used to pump water(Wadhai &
Rangari, n.d.).

As a result of a central vertical shaft connecting several blades to the rotor, a VAWT is
commonly known as a VAWT. In order to collect wind energy at higher altitudes, the rotor
is generally mounted on a tall tower. VAWTs are used for pumping water from wells or
other water sources to storage tanks or irrigation systems. Rotors are powered by gears
or belt drives. In addition to being able to operate at low wind speeds, VAWTs are also

effective at pumping water. Unlike HAWTs that require high wind speeds for electricity



generation, VAWTSs can generate electricity when wind speeds are as low as 2-3 meters
per second(Peimani, 2021). Due to this, they are suitable for use in areas that have low

winds.

1.2 Problem statement

The Savonius turbine has a wide range of applications in the field of water pumping. A
number of African countries where electricity is not readily available have utilized this
technology to generate electricity. Since, Nepal is primarily an agricultural country with
dry seasons throughout the winter, there is a difficulty with water for irrigation. Also, most
of the places in Nepal do not have access to different types of pumping facility so, there
has been pressing need to exploit the alternative energy. This problem could be solved if
there were affordable pumps that was accessible to large numbers of people and that used
alternative energy sources to operate. While wind speed feasibility study has been done in
different locations of Nepal, there is gap in the research of potential of the Savonius wind
turbine for pumping needs.So, this study aims to evaluate the suitability and efficiency of

Savonius wind turbine for water pumping application.

1.3 Objectives

1.3.1 Main Objective

The main goal of the project is to design and fabricate the vertical axis savonius wind

turbine and operate the water pump to study its efficiency.

1.3.2 Specific Objective

(a) To design and simulate the blade profile of Savonius wind turbine.
(b) To fabricate the helical profile of Savonius turbine.
(c) To compare the performance of Savonius turbine with the computational data.

(d) To study the performance of water pump powered by Savonius wind turbine.



2 CHAPTER TWO: LITERATURE REVIEW

2.1 Number of stages

An experiment conducted by Burton in 1988 revealed that the roto-dynamic pump out-
performed the piston-displacement pump in terms of performance(Burton,1998). Ghosh,
Kamoji,Kedare Prabhu,2009 found that the six peaks with a maximum static torque coef-
ficient of 21% occurred at rotor angles ranging from 30 to 330 degrees. . At rotor angles
of 45°,105°, 165°, 225°, and 285°, the six troughs with the lowest static torque coefficient
occur. Static torque coefficients does not depend upon the Reynolds number in the range
studied. A single stage rotor system has better discharge than the multistage pumping
system(Ghosh, Kamoji, Kedare, & Prabhu, 2009).

- 4@ - Single stage coupled to piston pump

—4@- Three stage coupled to piston pump
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Figure 2.1: Change of discharge in m? /month with the wind velocity for single and three
stage rotor which was coupled with the roto-dynamic pump (Ghosh et al., 2009)

2.2 Use of guide vane

In comparison with the Savonius turbine having no guide vane, the rotor having guide

vanes generates significantly more power. Up to 65.69 % more power is generated(Salim



et al.,2019).

It has been found that Savonius wind turbines produce more power when the wind speed
(v) increases. The addition of a guide vane increases the power coefficient when compared
to wind turbines that do not have a guide vane. At 10.7 m/s, the Savonius wind turbine
achieved 0.013 Cp. The maximum Cp of the Savonius wind turbine with the basic guide
vane design is 0.018. The power increased by 27.66 percentage when compared to the
maximum Cp of the rotor without a guide vane and with one. With the use of a rotor with
a guide vane with a tilt of 45° in comparison with a rotor without a guide vane, the results
improve by about 58.86 % and up to 65.90 % for the use of rotors with a guide vane with
a tilt angle of 30°(Salim, Yahya, Danardono, & Himawanto, 2015).

2.3 Number of blades

In (Wijianti, Setiawan, et al., 2020), three profiles of wind turbines having 3 and 4 blades
were tested using Savonius wind turbines. As a result of the tests, it is evident that the tur-
bine with the number of blades 3 gives the best performance of the three profile models.In
(Wijianti et al., 2020), three profiles of wind turbines with 3 and 4 blades were tested

using Savonius wind turbines(Wenehenubun, Saputra, & Sutanto, 2015).
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Figure 2.2: Wind Speed Vs TSR (Wijianti et al., 2020)
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2.4 Design of blade

In the research it was found that the lift and drag coefficient was increased by 65% by the
use of Novel Blade at certain optimal angle. It is a measure of the imbalance of forces
on both sides of the advancing blade and the returning blade, which is the difference
between the total drag force on the concave contour and the lift force on the convex
contour. The disparity of the Novel Blade was reduced by 93 % (0.0065 versus 0.0824)
when compared to that of the Savonius type, indicating that the Novel Blade improves the
aerodynamic performance of the rotor and minimizes oscillation and noise(Chang, Tsai,
& Chen, 2021).
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Figure 2.4: Schematic Drawing of Blade profile(Damak et al., 2018)

2.5 S-Rotor Savonius Wind Turbine

For the S-rotor, different Aspect Ratio and Overlap Ratio values have been observed in
the optimization study. From the S-rotor, the highest yield was obtained with Overlap
Ratio and Aspect Ratio values of 0.068 and 0.848 respectively(YIGIT, 2020).

A positive effect of opening the overlap distance to the center of the S-rotor was observed
on its performance. As the air passes through the overlap distance, it assists the rotor in
rotating by hitting the center of the S-rotor. Increasing the overlap distance to the center

of the rotor greatly improves the performance of the S-rotor.
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Figure 2.5: Variation of C,, to TSR for various Design of Experiment. (YIGIT, 2020)
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2.6 Helical Savonius rotors

The Helical Savonius rotor has a high performance due to the fact that the aspect ratio is
0.88, which makes it performance superior to rotors that have aspect ratios of 0.93 and
1.17(Kamoji, Kedare, & Prabhu, 2009b). This is due to the fact that the rotor’s perfor-
mance is highly dependent upon the Reynolds number. As Reynolds number increases,
the maximum coefficient of power of the rotor will also increase. For a helical Savo-
nius rotor with aspect ratio of 0.26, the correlation equation for a helical Savonius rotor
will look as follows: The overlap ratio for Reynolds number 88 is zero, and the ratio for
Reynolds number 88 is 0.88 numbers ranging from 86,600 to 202,000. The static torque
coefficients at all the rotor angles for all helical rotor was positive. But in the case of con-
ventional Savonius rotor, there are several rotor angles at which static torque coefficient

is negative(Kamoji et al., 2009b).

O Present experimental results
—&—  Correlation; RCt =-0.0128 x TSR + 0.0162
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Figure 2.6: Reynolds numbers (from 86,600 to 202,000) variation effects on helical
Savonius rotor (Kamoji et al., 2009b)
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2.7 Numerical modelling and design of Vertical Axis Helical Wind Tur-
bine

According to the CFD analysis, the coefficient of performance for a variety of aspect ra-
tios has been determined, with the coefficient of power being 0.3927 for the rotor with
an aspect ratio of 1. On the basis of both power generation and efficiency, this turbine
has been considered to be the most economically efficient turbine around. A vertical axis
helical wind turbine with an aspect ratio of 1 can serve as a valuable renewable energy
source for highways as a valuable renewable energy resource. By using impact wind en-
ergy, which is generated by moving vehicles on the highways to generate electricity that
can be stored in batteries and then used in a variety of ways, including traffic signals and
street lights, we can generate electricity that is able to be used for a variety of purposes.
The results from the experiment indicate that impact wind energy at 4 pm has a velocity of
7.86 meters per second, which is a velocity that generates a maximum power of approxi-
mately 3.46 watts with the help of the prototype running at a speed of 446 rpm(Bartaula
& Shakya, 2020).

2.8 Helical Savonius rotor optimization through wind tunnel experi-
ments

A novel vertical wind turbine based on helical Bach rotors has been presented by (Damak
et al., 2018) in the form of a helical Bach rotor. A hybrid of a Bach rotor and a helical
rotor, the Bach rotor, had a high power coefficient Cp, but a negative static torque co-
efficient, which made it impossible for it to start on its own at certain angles due to the
negative static torque coefficient. As well, helical rotors were also known to have lower
power coefficients than Bach rotors, but also to have a positive static torque coefficient.
In order to accomplish this, this research designed a new rotor using resin and glass fiber
and tested it in the wind tunnel. This rotor would be combined to produce an improved
helical Bach rotor. In order to determine the power, torque, and static torque coefficients
of each rotor, the following test methods were used. As compared to helical rotors, helical
Bach rotors have the highest power coefficients and static torque coefficients, according to
experimental results. A power coefficient of approximately 0.2 was found for the helical
Bach rotor, whereas a power coefficient of approximately 0.18 was found for the helical

rotor for the helical rotor.
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2.9 Study on performance improvement of twisted-bladed Savonius
wind turbines

The literature (Saad, El-Sharkawy, Ookawara, & Ahmed, 2020) explains that the design
parameters like the twist angle, overlap ratio, and end plate sizes along with wind veloc-
ity affect the overall performance of the turbine. For the analysis RANS k-w model was
developed. Compared to other models of turbines, the Savonius turbine with a 45-degree
twist angle achieves the highest output power. Increasing the overlap ratio in the turbine
causes the formation of eddies and the loss of kinetic energy. A maximum power coeffi-
cient of 0.174 was found to be the maximum power coefficient(Saad et al., 2020).At some

rotor angles, it was also observed to be negative static torque.

2.10 Design of a Vertical Axis Wind Turbine Operated Water Pump

(Oghoghorie et al., 2020) researched about the designing of the optimum functioning
system of the Savonius turbine which was operated by the pump was done.The diameter
of the turbine blade was 1.45m and the length was 2.35m. The test was performed on
the wind velocity of average 3.49 m/s on the turbine of swept area of 3.41m?.Thus, from
the analysis the flow rate of 47.77liters of water per 3.08 minutes was operated where the
average value of flow rate was 16.16 liter per minute.So the performance of the Savonius

turbine with the pump operation was found satisfactory in Nigeria.
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Figure 2.7: Relation of wind speed with pumping time, volume of water pump and
volumetric flow rate.(Oghoghorie et al., 2020)
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2.11 Wind powered water pump design for irrigation

(Permadi, Andari, Sapsal, et al., 2019) developed a model of a pump utilizing a vertical
axis Savonius wind turbine. The test was conducted at a average wind speed of 3.6 m/s
with a rotational speed of 5.6 rpm. After analyzing all the data obtained, the average flow
rate of 2.03 liters of water per minute was calculated with an efficiency of 0.897. It was
found that the discharge of the pump varies in accordance with the number of rotations of

the windmill and the speed of the wind.

N Windmill Spin (Rpm) Wind Velocity (m/s) Water Volume(cm?)
1 4.00 2.37 1285.56
2 4.83 3.11 1879.17
3 5.08 3.34 1733.33
4 5.13 3.11 1896.25
5 5.44 3.38 2005.56
6 6.22 2.98 2311.11
7 6.27 4.79 2263.64
8 6.33 4.77 2266.67
9 7.08 4.15 2670.83
Average 5.6 3.6 2034.7

Figure 2.8: Variation of windmill rotation, wind speed, and the flow rate of water
(Permadi et al., 2019)

2.12 Study on coupling of roto-dynamic Pump and savonius Wind Tur-

bine for wind energy water pump system

A study by (Lukiyanto, 2016) examined the Savonius windmill, measuring 1 m in height
and the diameter of 0.8m , with two buckets and a centrifugal pump in two stages. By
replacing a couple of fixed orifices and sliding orifices with a double U pipe configuration,
the pump was viable for the low speed shaft of the system. Several belts and pulleys
were used to transmit the shaft of the windmill into the pump. As far as a 1.5m head is
concerned, the shaft speed 1s 120 rpm, with a shaft power of 13 watts, and the cut-in speed
is 4.5 m/s for the 1.5m head. As observed during the observation, the wind speed matched
the shaft speed to the cut-in speed such that the turbine was able to operate effectively,

and the transmission ratio was found to be adequate(Zemamou, Aggour, & Toumi, 2017).
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2.13  Characteristics of wind turbine operated Reciprocating Piston
Pump

The research by (Kedare & Date, 1990) was based on the starting torque of reciprocating
piston pumps. The pumps that are operated by wind machines have very high starting
torques, which adversely affect the starting speed. As the starting torque decreases, the
piston pump by which the wind machine operates will become faster, decreasing the op-
erating time for the turbine. As a result of this method, the pump stroke volume can be
adjusted or the flow rate can be adjusted. Therefore, these two methods can be applied by
drilling a small hole which lowers the piston pressure, resulting in a low starting torque,
but there will be a greater possibility of water leakage in this case. It was observed in this
study that the discharge of the normal pump is higher, but the cavitation phenomena will

be less, which ultimately improves the performance of the piston pump.

2.14 Water Pumping System fabrication by Using Vertical Axis Wind
Mill

The article by (Vignesh, Christopher, Albert, Selvan, & Sunil, 2020) researched on the
windmill which can be used in remote places where electricity is not available for agri-
cultural purposes. The wind energy obtained can be directly used to operate pumps. Here,
a multi-blade wind turbine with a piston pump was used where the windmill was attached
to the piston pump through the discs. The rotation of the windmill is converted into the
reciprocating motion of the pump. The paper also recommends that various parameters

for the windmill design must be considered for the advantage of this type of project.

2.15 Design and Fabrication of wind turbine powered reciprocating
water pumping system

The project by (Nayeem, Kumar, Bhaskar, Jnanendra, & Kumar, 2019) is about the wind-
mill and the pumping. The up-down motion of the handle is given to the piston where
the water is sucked using the difference in pressure from the lower ground. The pump
used was the reciprocating water pump which was incorporated by the check valves that
allowed the water to flow in the upper direction. A torque of 106.4572 Nm was obtained
with a flow rate of 0.1736 liters per second. The total number of blades used was 24 with

a surface area of 0.5585 m22.
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2.16 Vertical Axis Wind Turbine to Power a Well Pump

This project (Rusenko, Hontz, Zhang, Norton, & Erdman, 2014) aims to investigate sus-
tainable methods of powering mechanical well pumps in developing societies in a social
and environmental manner. In this case, the vertical axis used was a conjunction of Savo-
nius and Darrieus. The turbine was tested in the Penn State wind tunnel at a speed of 26.1
feet per second. Power was extracted from the turbine through the use of a DC motor
connected to the turbine directly with a shaft that rotated. In general, the increase in wind
speed increases the voltage generated. Although the expected results were not achieved,
the researchers have recommended improving the shape of the airfoil and using deflectors
to change the direction of the wind. The speed of rotation of 66 rpm was observed at a
wind speed of 20 ft/s.

2.17 Vertical-Axis savonius wind turbine optimization for Water pump-
ing application in rural Africa

As described in (Zingman, 2007), the thesis aims to improve the current water pump
operated by the wind system which was produced by D-lab Honduras. The developed
Savonius rotor was turned on from 70 RPM to 100 RPM with significant torque before
connecting the pump. The Savonius rotor was tested in the Toyota Celica convertible with
the addition of the *wind tunnel” system at a speed of 15 mph. The washer and rope pump
was used in conjunction with the drive train. In this study, the Savonius rotor performance
was found to be less than ideal. In the thesis, the researcher proposes measures to reduce
weight and friction, thereby allowing the Savonius rotor to power rope and washer pumps
independently by reducing friction load. In addition to friction load, torque decreased

with increase in speed without consideration of bearing friction.
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3 CHAPTER THREE: METHODOLOGY
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3.2 Literature Review

Initially,numbers of research paper were studied to determine the responsible factor af-
fecting the performance of the helical savonius turbine. Geometrical parameter of the
rotor design for the highest efficiency of the batch type savonius turbine was selected and
similar research that were done previously in different countries were studied for the basis

of completion of this project.

3.3 Design

Based on the literature reviews of the various articles and researches,the best blade design
for Helical Savonius was selected. It was found that the helical Bach rotor had the highest
power coefficient and torque coefficient(static) compared to the other helical rotor. The
helical Bach rotor had a power coefficient of 0.2, whereas the helical rotor had a power
coefficient of 0.18.(Damak et al., 2018) After considering all the design parameters for

the rotor, 3D modeling was carried out in SolidWorks.

3.3.1 Numerical Formulation

It is possible to calculate the torque coefficient (Ct ) and power coefficient (Cp ) through
the following equation .

Power coefficient of rotor is expressed as,

3.1
Cr =Pt
Power of Savonius rotor Py 1S expressed as,

(3.2)
Protor =5PA(V 12 —V2?)Rw
Formula to extract maximum power Pp.x from wind is given by,

(3.3)

_1 3
Pmax = 7P AV freeblock
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Power coefficient is calculated as follows,

(3.4)
_$pA(V{2-V,?)Ro
3PAV freeblock”
Tip speed ratio of the Savonius wind rotor is
(3.5)
_u _nDN _R
A=y =%w =7
The torque co-efficient of the Savonius rotor is calculated as,
(3.6)
C
Ct =Tp
VAWT swept area depends on both the diameter and blade length of the turbine, so
(3.7)

Swept area(Ag) = Dyl

where,

A = Savonius wind turbine swept Area ( m?)

D¢ = Turbine diameter (m)

Iy, = Turbine blades length (m)

As power of the wind is directly proportional to the density of the air, as well as the area
of the segment of the wind .The relationship between density,wind speed and area of the

segment of wind is expressed mathematically as.
(3.8)

Py, =3 PAV China

where,

Py, = Power of the wind (watts).

p= Density of air (1.293 kg/ m?).

A= Area of a segment of the wind being considered ( m?)
V = Wind speed (m/sec)

Cpmax = Power coefficient

Hence the difference between output power and the input in the wind gives the extracted

mechanical power which is given as
_1 (16 4173
Pm,idt:al —jp(ﬁAV )

Betz coefficient = % = (0.593 which indicates that actual turbine cannot extract more than
59.3 percent of the power.

Tip speed of blade is calculated from the length of the turbine blades and the rotational
speed of the turbine (3.9)

- __Rotationalspeed(rpm)x T x D
Tip Speed of blades = %0
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Where, T is Torque (N-m), p is density of wind (kg/m?), V is wind velocity (m/s), A is the
cross-sectional area (m?), N is rotor speed (rpm) and @ is the angular velocity (rev/sec)

and D is overall rotor diameter (m)

3.3.2 Rotor Design

The design parameters for the Helical Savonius rotor were specified and the selection
blade profile was done.Using the design parameters, an initial blade shape was determined
and the performance are to be determined considering the factors like power,torque and

ease for the operation of pump.

3.3.2.1 Determining the Basic Design Parameters The aspect ratio and rotor height
of the Helical Savonius rotor was specified.The radius of the rotor was estimated from the
equation:

Aspect Ratio (AR) = Jeight

Diameter

Gap size effects on peak power coefficient
Gap size (a/d)=0

where, a=blade gap size and d= rotor diameter

[

.10 : T -
8.0 3.0 E.D 2.0 12.0

a/d =

Figure 3.3: Gap Size effects on Peak Power Coefficient
(Modi & Fernando, 1989)
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Overlap ratio effects
Blade overlap ratio( b/d)=0

where, b=blade overlap and d=diameter of rotor

Coefficient of power
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(Kamoji et al., 2009a)
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Aspect ratio effects
Aspect ratio (AR)= 0.7
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Blade shape parameters effects
Blade shape parameters(p/q)= 0.2

where, p=length of straight edge of blade and q= radius of circular arc
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Figure 3.8: Blade shape parameters effects on the power coefficient
(Modi & Fernando, 1989)
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Figure 3.9: Peak power coefficient variation with Blade shape parameters
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Blade arc angle effects
Blade arc angle (w)= 124°
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Figure 3.11: Blade arc angle effects on coefficient of torque
(Kamoji et al., 2009a)

In summary, the design parameters are listed on the table below:
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Geometric Parameters Value

Aspect Ratio 0.7(Zemamou et al., 2017)
Rotor Height 0.7m

Rotor Diameter Im

Overlap ratio 0 (Kamoji et al., 2009b)
Number of Blades 2 (Wenehenubun et al., 2015)
Blade arc angle 124°(Kamoji et al., 2009a)
Twist angle 90°(Damak et al., 2018)

Table 3.1: Design Parameters

Figure 3.12: Schematic Drawing of Blade profile(Damak et al., 2018)
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3.3.3 3D modeling

After the blade profile was selected the modeling of the rotor was done in SolidWorks

2021. The isometric view of the blade profile is as shown below.

Figure 3.13: Isometric View

3.3.4 Design of Shaft

The design of shaft must be done according to the rotational torque that the rotor imparts

to the shaft. The design is based on the considerations and literature reviews.
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Some assumptions were done before the design are as follows:
Considering the maximum velocity = 10 m/s

Factor of Safety(FOS)="7

Maximum rotational speed = 200rpm

Based on the assumptions above, the power is calculated as Power(P)= % pAV} =452.55 W

The ultimate strength of sheet metal that was used in the turbine was 49.4 MPa.

_ 2nNT
P= 60

= T=21.60 Nm

We know,
T xFOS=Jexd>x1

Solving, we get
d=24.98mm

Nearest standard size available in the market was 25.4 mm shaft.

So, the shaft of 1 inch diameter was selected.

Though maximum velocity is assumed to be 10m/s the operating velocity is found to
be with an average velocity of 4m/s so,power extraction calculation is done with the av-
erage velocity of 4m/s (Laudari, Sapkota, & Banskota, 2018)

With the average wind velocity = 4 m/s

Factor of Safety(FOS)="7

Based on the assumptions above,

Possible energy that can be harvested with average wind velocity of 4m/s is

Power (P) = SpAv? =28.96 W

3.3.5 Design of Rotor

For a model turbine

Number of blades N =2

Density of air = 1.293 kg/m?

Cp =0.2 (Goh & Schliiter, 2016)
Average wind velocity(V) =4 m/s
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Expected Power = 6 W
Theoretical Power (Py,) = 0% W =30W,
Aspect Ratio(AR) = 0.7

H=0.7D

So,

Power (P) = % pAv3

30 = 3 x 1.293 x (0.7D x D) x 43 [A=H xD=0.7D x D]
Solving, we get

D=1Im

H=07xD=0.7m

3.4 CFD Analysis

3.4.1 Fluid Flow Domain Formulation

For the formation of the fluid domain, it should be large enough to capture the flow pattern
around the turbine, as well as extend upstream and downstream of the turbine. Therefore,
for appropriate analysis, the overall domain was divided into two zones. The domain is
divided into two sub-domains: the surrounding fixed blades and the inner rotating blades
A rectangular fluid domain was created using the design modeler. The enclosure feature
was used to define the fluid domain. Booleans were created to subtract the turbine from
the rectangular fluid domain, whose boundaries were referred to as inlet, outlet, walls,

rotor, rotating domain, and stationary domain.

30



3.4.2 Meshing

..

Figure 3.14: Three-dimensional Internal Region of the Computational Mesh used for
Rotor
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The mesh was made fine with the number of elements of 2859436. To ensure that the
resulting mesh is accurate and reliable, both global and local meshing controls are used.
Global meshing controls are used to set overall meshing parameters such as the maximum
element size and the growth rate of the mesh. These controls are applied to the entire mesh
domain.

Local meshing controls, on the other hand, are used to refine the mesh in specific regions
of the geometry. This is necessary because the flow field around the Helical Savonius is
highly complex and requires a high level of mesh refinement to capture all the details. In
this case, faced sizing and body sizing were used as local meshing controls.

Faced sizing involves specifying a target element size for individual faces or surfaces of
the geometry. This allows for more control over the mesh in regions where high levels of
detail are required. Inflation was also applied along the boundary of turbine.It created the
high density of cells near the boundary layer than on the other regions of the other regions
of the domain.So, the application of inflation helped to capture the simulation near the

boundary layer more accurately.

3.4.3 Turbulence model

In order to analyze turbulent flows in the rotor of the Helical Savonius rotor, a standard

k-w turbulence model was used with a logarithmetic surface function. There are two
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equations in the k-omega model, which means that it provides two additional equations for
solving for turbulent viscosity and specific rate of dissipation of turbulent kinetic energy.
By analyzing the flow field around the turbine, we are able to predict turbulence effects
more accurately. There are several advantages to using the K-omega model over other
turbulence models, such as its ability to accurately capture boundary layer separation,

streamline curvature effects, and vortical structures in the wake of the turbine.

3.44 Setup

As part of the Fluent, dynamic meshing was performed using 6 degrees of freedom. A
dynamic mesh model can be used to simulate flows where the form of a domain changes
over time as a result of action on the domain boundary. The use of six degrees of freedom
along with dynamic meshes enables aerodynamic forces from the surrounding flow field
to control an object’s trajectory. Additionally, the dynamic mesh schemes provide the
foundation for ANSYS Fluent’s dynamic mesh capabilities.

For the boundary conditions , inlet was made velocity inlet and outlet was made pressure
outlet. The solver used was pressure based and time was transient as it gives the instanta-
neous values in each time for each quantity.

The Least Square Discretization (LSD) method was used which is a numerical scheme
used for the solution of partial differential equations (PDEs), such as the Navier-Stokes
equations in fluid dynamics. The LSD method is a type of finite element method that uses
least-squares approximation to discretize the governing equations.

The partial differential equations are discretized using a least-squares approach when us-
ing the LSD method with second-order upwind discretization. By combining linear basis
functions at each node, a linear approximation of the unknown solution is achieved. By
minimizing the least-squares error between the exact solution and the discrete approxima-
tion, the coefficients of the basis functions are determined.The resulting system of linear
equations is then solved using numerical methods such as the conjugate gradient method
or the Gauss-Seidel method. The solution obtained from this process gives an approxi-
mation of the dependent variables (such as velocity or pressure) at each node in the mesh,

which can be used to analyze and predict the behavior of the fluid flow.

In summary the boundary conditions are as follows:
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Inlet Velocity Inlet
Outlet Pressure Outlet
Walls No-slip
Turbine walls | Stationary Blades

Table 3.2: Boundary conditions

3.5 Fabrication

The fabrication of wind turbine can be broke down in the following component.

3.5.1 Blade Profile

The complete blade profile was designed in the SolidWorks surface modelling and the
drawing of the blade profile obtained after flattening the respective blade profile was
printed in the AO paper(849 X1189mm) which was later pasted in sheet metal to cut
the profile.

Figure 3.15: Flattened view of blade profile
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3.5.2 Helical Profile Guide

In order to guide the sheet metal into the helix ,helical profile guide was necessary.The
guide profile was 3d printed.The each slot was of 87.5 mm in height with 8 number in each
side. The each side of slots give the helix path to the sheet metal used for the rotor.The
slots are riveted into the CPVC pipe and then the sheet metal is placed into the gaps of the
slots along with the supporting ribs which was already fabricated.

Figure 3.16: Helical Profile Guide

3.5.3 Shaft

The mild steel shaft of 1.5m and 25.4mm diameter was used according to the design.
It was fabricated by machining process in the workshop of Mechanical department by
turning and facing on the lathe machine.The clearance of 10 mm on each side is taken for
the ease of operation of shaft during the operation of turbine.Bearing mountings are also

placed in the shaft for the placement of bearings.
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Figure 3.17: Shaft

3.5.4 Supporting Ribs

The blade profile consist of the arc of 124 degree.Using the sheet metal only it will be
difficult to hold the sheet metal blades.So supporting ribs were made using the metal
stripe of 20mm mild steel flat stripe.The rectangular metal stripes were rolled in the rolling
machine to achieve the circle of required radius,which was later cut down into an arc of
124 degree.Similarly those ribs were joined by welding with the bush for making the
assembly process easier.
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Figure 3.18: Supporting Ribs

3.5.5 Frame

Frame has the length of 4.5ft,width of 4.5 ft and height of 6ft.It supports the helical batch
Savonius turbine.It is the mild steel structure with holes and slots which facilitates in
assembly of wind rotor.The frame is assembled by the fasteners so the structure was stable
to withstand the centrifugal load of the turbine assembly.
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Figure 3.19: Frame

3.5.6 Assembly

After the fabrication of entire components, the parts were assembled. At first, the frame
was assembled and the mid-section beams were held for the placement of turbine.The
bearing housings were also placed.The helical profile guide and CPVC pipe are rivetted
and then the supporting ribs were connected to them.The assembly was placed into the
shaft and finally the sheet metal was placed into the helical profile for the completion of

turbine.

3.6 Testing

Digital anemometers were used to measure the average wind speed. The rotation speed of
the turbine was measured using a digital tachometer at different wind speeds as part of the
measurement. The dynamic torque of the turbine has been measured using a rope brake
dynamometer. In order to accomplish this task, a digital spring balance, dead weights,

pulleys, and rope have been used. The details of the instruments are as below.
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3.6.1 Measuring Instrument

3.6.1.1 Anemometer
An anemometer is an instrument to measure the wind speed. We used the digital anemome-
ter to measure the wind speed.The detail specification of anemometer is as below:
Make:Smart Sensor
Model No:AR826
Type:Digital
Range:0 m/s-45 m/s
Accuracy:+0.03

Anemometer

L8 ﬁggR' AR826

Anemometer Plus

Figure 3.20: Anemometer

3.6.1.2 Tachometer

Tachometer is an instrument to measure the rotational speed.We used the digital tachome-
ter to measure the speed of the shaft.It displays the rotational speed of the overall turbine.It
counts the number of times light reflected from the sticker that was stuck on the shaft.The

detail specification of tachometer is as below:
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Make:ezonedeal

Model No: DT-2234C*

Type: Digital

Range: 2.5 RPM to 99,999 RPM
Accuracy: £0.05

Figure 3.21: Tachometer

3.6.1.3 Digital Weight Balance
The detail specification of digital weight balance is as below:
Make:Fuzion Smile
Model No:GM28858
Type:Digital
Range:uptp 50Kg
Accuracy:+5 10g
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Figure 3.22: Digital Weight Balance

3.6.2 Experimental Setup

A 0.6 meter diameter axial fan was used in the testing. The turbine’s performance was
evaluated by field testing using axial fans at [IEC, Pulchowk Campus since a wind tunnel
was not available for the size of the turbine. Wind velocity was accordingly adjusted. A
digital anemometer was used to measure wind velocity and a digital tachometer was used
to measure rotational speed. In order to test the turbine, axial fans were arranged on a
table. The speed of the air was adjusted accordingly and the velocity was noted down
using digital anemometer. Using a digital tachometer, the rotational speed of the shaft

was measured. The laser of the tachometer was interfered with by the light. As a result, a
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reflector was placed in the shaft of the turbine, which solved the interference issue as well

as making it easier to take readings from a safe distance without incurring any errors.

3.6.3 Torque measurement

The rope brake dynamometer was designed and fabricated in order to measure torque ex-
perimentally. Digital weight balance, Nylon pulley, pulley, and a dead weight were used
in the design. The nylon pulley had diameter of 40mm. For torque testing, the rope pass-
ing along the groove of the pulley was connected to a digital spring balance and another to
a dead weight. As the dead weight was increased, the rotational speed of the turbine kept
on decreasing and finally stopped at certain time. After that, the digital weight balance
and dead weight reading’s were noted down. Finally, the torque was calculated mathe-
matically by using the weight obtained from the digital weight balance, the dead weight
and the radius of the pulley.

The formula to calculate the torque is:

Torque = (W) —W,) x 9.81 X R (3.10)

In this equation, W; represents the weight measured by the spring balance, W, represents

the dead weight , R represents the radius of the nylon pulley plus the radius of the rope.

A 140/

’-.J...g,,

Figure 3.23: Torque measurement
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4 CHAPTER FOUR:RESULTS AND DISCUSSION

4.1 CFD Analysis results

The data obtained from the ANSYS Workbench 2021 are listed as follows:

1. Effects of varying tip speed ratio in torque coefficient of the helical rotor
2. Effects of varying tip speed ratio in power coefficient of the helical rotor
3. Effect in rotor angle variation in the torque generation of helical rotor.

4. Velocity and static pressure distribution on helical rotor blade at aspect ratio 0.7.

Above listed data obtained via ANSYS Workbench 2021 are explained as follows:

4.1.1 Effects of varying tip speed ratio in torque coefficient of the helical
rotor

045 Ct vs TSR at the wind speed of 4m/s
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Figure 4.1: Torque coefficient variation with the Tip speed Ratios at 4m/s
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According to the figure, the torque coefficient decreases as the tip speed ratio increases.
The reason for this is that as the tip speed ratio increases, the RPM increases, which leads
to an increase in drag forces within the turbine. Furthermore, higher TSR values result in

more turbulent blades, which further reduces torque generation..

4.1.2 Effects of varying tip speed ratio in power coefficient of the helical ro-

tor.
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Figure 4.2: Power coefficient variation with the Tip Speed Ratios at 4m/s

When TSR is lower, the helical Savonius turbine produces relatively low torque and
power while experiencing low levels of flow separation. In addition to increasing drag
and torque, the flow over the blade becomes more turbulent as the TSR increases. By
increasing torque, the turbine is able to produce more power, leading to an increase in Cp.

So, upto the TSR=0.7 the value of Cp increases with the increase in TSR.

4.1.3 Effect in rotor angle variation in the torque generation of helical rotor.

The variation of torque,torque coefficient at various rotor angles can be studied using the

plots and the data presented in the tables below.
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Figure 4.3: Torque coefficient variation at different rotor angles at TSR=0.7

Rotor Angle (Degree) | Torque (Nm) | Torque Coefficient (Ct)
0 0.444 0.117
18 1.45 0.383
36 2.16 0.570
54 2.44 0.646
72 2.26 0.599
90 1.52 0.401

108 0.45 0.119
126 0.44 0.117
144 0.79 0.211
162 0.478 0.125
180 0.47 0.124
198 1.45 0.117
216 2.16 0.383
234 2.44 0.570
252 2.26 0.646
270 1.52 0.599
288 0.45 0.401
306 0.44 0.119
324 0.79 0.117
342 0.48 0.211
360 0.47 0.125

Table 4.1: CFD results of Variation of Torque and Torque coefficient with Rotor Angles
at TSR=0.7
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Ct vs Rotor angle at TSR =0.32
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Figure 4.4: Torque coefficient variation at different rotor angles at TSR=0.32

Rotor Angle (Degree) | Torque (Nm) | Torque Coefficient (Ct)
0 0.660 0.174
18 1.785 0.471
36 2.669 0.705
54 2.990 0.790
72 2.646 0.699
90 1.599 0.422

108 0.491 0.129
126 0.180 0.047
144 0.483 0.127
162 0.289 0.076
180 0.687 0.181
198 1.785 0.471
216 2.669 0.705
234 2.990 0.790
252 2.646 0.699
270 1.599 0.422
288 0.491 0.129
306 0.180 0.047
324 0.483 0.127
342 0.289 0.076
360 0.687 0.181

Table 4.2: CFD results of Variation of Torque and Torque Coefficient with Rotor Angle
at TSR=0.32
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Figure 4.5: Torque Coefficient Variation at Different Rotor Angles at TSR=0.2094
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Rotor Angle (Degree) | Torque (Nm) | Torque Coefficient (Ct)
0 0.825 0.221
18 1.935 0.518
36 2.710 0.726
54 2.937 0.787
72 2.550 0.683
90 1.709 0.458

108 0.823 0.220
126 0.087 0.0235
144 0.339 0.091
162 0.106 0.028
180 0.874 0.234
198 0.825 0.221
216 1.935 0.518
234 2.710 0.726
252 2.937 0.787
270 2.550 0.683
288 1.709 0.458
306 0.823 0.220
324 0.087 0.023
342 0.339 0.091
360 0.106 0.028

Table 4.3: CFD results of Variation of Torque and Torque Coefficient with Rotor Angle

at TSR=0.2094
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Figure 4.6: Variation of Torque Coefficient at Different Rotor Angles at TSR=0.0988

Rotor Angle (Degree) | Torque (Nm) | Torque Coefficient (Ct)
0 0.979 0.262
18 2.021 0.541
36 2.597 0.696
54 2.740 0.734
72 2.586 0.693
90 1.988 0.533

108 1.047 0.280
126 0.263 0.070
144 0.102 0.0272
162 0.218 0.0584
180 1.083 0.290
198 0.979 0.262
216 2.021 0.541
234 2.597 0.696
252 2.740 0.734
270 2.586 0.693
288 1.988 0.533
306 1.047 0.280
324 0.263 0.070
342 0.102 0.027
360 0.218 0.058

Table 4.4: CFD Results of Variation of Torque and Torque coefficient with Rotor Angle

at TSR=0.0988

47




Tip Speed Ratio | Power(W) | Torque(N-m) Cp C
0.7 5.054 2.448 0.1745 | 0.24
0.32 3.103 2.990 0.107 | 0.334
0.209 2.236 2.9377 0.0772 | 0.369
0.0988 1.171 2.74 0.0404 | 0.4093

Table 4.5: Variation of Power Coefficient and Torque Coefficient at Various TSRs when
Wind Speed =4 m/s and Rotor angle=54°.

According to the above plots and tables, the maximum torque and power can be obtained
with a rotor at an angle of 54 degrees.

4.1.4 Pressure and velocity distribution on the Savonius rotor blade
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Figure 4.7: Pressure contour at the Wind Speed of 4 m/s at the TSR=0.7

The maximum and minimum pressure are -9.42 Pa and 36.95 Pa respectively at the aver-
age wind speed of 4 m/s at the Tip speed ratio of 0.7. Because of the helical shape of the
Savonius rotor there is pressure difference in advancing blade and returning blade of the

rotor where due to difference in pressure causes generation of torque.
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Figure 4.8: Velocity Contour at the Wind Speed of 4 m/s at the TSR=0.7

The figure above demonstrates the velocity distribution of the air at the average wind
speed of 4 m/s with the tip speed ratio of blade of 0.7. According to the contour, maximum

velocity of air is available at the tip of the blades and minimum at the shaft of the rotor.

4.2 Results from the experiment

The turbine was tested at IIEC, Pulchowk with the axial fans provided by Center of Energy

Studies.The testing was done at various wind speeds and data was recorded.

4.2.1 Comparison of average wind speed and rpm of turbine

During the testing , the results of average wind speed,their respective rotational speeds
and torques were noted at a certain time interval. The wind speed was ranging from 1.1
m/s to 4.0 m/s . So, total eight data sets were noted down ranging from 1.1 m/s to 4.0
m/s.The direction of rotation of turbine was in anticlockwise direction because the right

blade was concave and the left one was convex.
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Figure 4.9: Average Wind Speed vs RPM

Average Wind Speed(m/s) | RPM
1.1 15.593
1.5265 19.25
1.9 23.0525
2.45 31.975
3.0166 39.506
3.6 44.6
3.8825 46.9

4 48.18

Table 4.6: Average Wind Speed vs RPM of Turbine
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4.2.2 Torque of turbine at different average wind speed
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Figure 4.10: Average Wind Speed vs Torque

Average wind speed(m/s) | Torque(N-m)
1.10 0.0765

1.53 0.153

1.90 0.258

2.45 0.335

3.01 0.355

3.61 0.4220

3.88 0.427

4.00 0.457

Table 4.7: Torque of turbine at different average wind speed
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The plot shows the details about the torque generated by the blade with respect to average
wind speed. It is evident that the torque generated is directly proportional to the wind
speed. Also, the torque generated is increased sharply as the rotational speed correspond-

ing to the average wind speed is also increasing.
4.2.3 Torque of turbine at different rpm
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Figure 4.11: RPM vs Torque

RPM | Torque(N-m)
15.59 | 0.0765

19.93 | 0.153

23.053 | 0.258

31.97 | 0.335

39.50 | 0.355

44.60 | 0.4220

46.90 | 0.427

48.20 | 0.457

Table 4.8: Torque of turbine at Different Average Wind Speed
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As in the plot above, the torque generated by the rotor increases with the increase in the

rotor speed. It is clear that torque generated by the rotor is the function of rotational speed.

The relation between torque and rpm is observed non-linear.

4.2.4 Power of turbine at different average wind speed

25T

Power (W)

05T

-0.5

1.5

i
I T
z’/../
y =-0.00"x> + 0.75°x + -0.75_&7
//
o
///
-
~
el
e
// [
o
1 1.5 2 2.5 3 3.5 4 45

Wind Speed (m/s)

Figure 4.12: Power vs Average Wind Speed(m/s)

It is noticed that the power produced linearly increases with the wind speed.Due to the

mechanical losses and Betz’s limit , there is difference in experimentally produced power

and the theoretical power produced by the wind turbine.

Average Wind Speed(m/s) | Power(W)
1.1 0.124
1.5265 0.320
1.9 0.624
2.45 1.124
3.0166 1.471
3.6 1.970
3.883 2.098
4.0 2.306

Table 4.9: Power of turbine at different average wind speed
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4.2.5 Performance of turbine at different TSR

Various tip speed ratios were also tested at 4.0 m/s for the turbine at the same wind speed

but with varying rotational speed in order to determine its performance. A rope brake

dynamo meter was used to adjust the turbine’s rotation speed.

The test results are as follows:

Average wind Speed(m/s) | Tip speed ratio | Torque(N-m) | Cp Ct
4.0 0.630 0.551 0.093 | 0.0147
4.0 0.321 0.295 0.0254 | 0.0791
4.0 0.209 0.406 0.0228 | 0.108
4.0 0.098 0.495 0.013 | 0.132
Table 4.10: Characteristics of Turbine at Different TSRs
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Figure 4.13: Torque vs RPM at various TSRs at Wind Speed of 4 m/s
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Figure 4.14: Power Coefficient vs TSR at Wind speed of 4 m/s
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Figure 4.15: Torque coefficient vs TSR at Wind Speed of 4 m/s
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4.3 Comparison of Experimental and CFD results

4.3.1 Comparison of Power coefficient vs TSR from CFD and experimental
analysis

018 Comparison of CFD and experimental Cp data vs TSR
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0.14

012

0.1

Cp

0.08 °
0.06 |
0.04 o

0.02 t L

0 0.1 0.2 0.3 04 0.5 0.6 0.7
TSR

Figure 4.16: Comparison of Power coefficient vs TSR from CFD and Experimental
analysis

The analysis of the experimental results and computational fluid dynamics (CFD) simu-
lations indicate that the power coefficient (Cp) increases with an increase in the tip speed
ratio (TSR) for the tested wind turbine. This trend is consistent with different literature
and confirms the expected performance of the wind turbine. However, it should be noted
that the test was limited by the bearing friction at the wind speed of 4 m/s, preventing the

observation of the complete nature of the curve.
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4.3.2 Comparison of Torque coefficient vs TSR from CFD and Experimental

analysis

045 Comparison of CFD and experimental Ct data vs TSR
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Figure 4.17: Comparison of Torque coefficient vs TSR from CFD and Experimental
analysis

Based on the analysis of the experimental data and CFD simulation, it was observed that
the value of torque coefficient (Ct) decreases with an increase in the tip speed ratio (TSR)
for the tested Helical Savonius Bach type wind turbine. At lower TSR values, the incom-
ing wind flow strikes the blades at a higher angle of attack, resulting in a greater amount
of wind energy being transferred to the rotor and converted into mechanical energy. As
the TSR increases, the angle of attack decreases, causing a reduction in the amount of
wind energy transferred to the rotor. This reduction in the amount of energy results in a

decrease in the value of Ct.
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4.4 Cost Analysis

The overall cost of the project was Rs 48,050.The cost for the overall project is shown in
the table below:

Particulars Material Size Quantity | Cost(Rs)
UP fila PLA PLA - 1kg 6500 /-
CPVC Pipe CpPVC 50.8 mm 3m 4500 /-
Sheet metal(0.20mm) GI 0.20 mm 20ft 6000 /-
Shaft MS 25.4 mm ¢ 1 8000 /-
Cylindrical Rod(47mm ¢) | MS 47 mm ¢ 230mm 500 /-
Slotted Angle Beam MS 20 ft 4 6400 /-
Roller Bearing 6002 4mm ¢ ID 2 700 /-
Square pillow block bearing | 6500c 20mm ¢ ID 1 2200 /-
Thrust Bearing - 20mm ¢ ID 1 1200 /-
20mm rectangular stripe MS 20 ft 3 2400 /-
M6 Allen screw - 12mm 20 300 /-
M10 nut Bolt - 20mm 100 600 /-
Rivet Aluminimum | 4mm 200 800 /-
Welding Rod Iron - 20 200 /-
Nylon Shaft Nylon 38mm 305mm 350 /-
Digital Balance - - 1 400 /-
Tachometer - - 1 2000 /-
Miscellaneous - - - 5000 /-
Total 48,050/-

Table 4.11: Cost Breakdown
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S CHAPTER FIVE: CONCLUSIONS,LIMITATIONS AND
RECOMMENDATIONS

5.1 Conclusions

The main conclusions from the project are as follows:

1. Turbine operating at the average wind speed of 4.0 m/s, the coefficient of perfor-
mance (C,) was found to be 0.1071 numerically and 0.025884 experimentally at the
(TSR) of 0.32. Both numerically and experimentally, the C,, increased with increas-
ing TSR. The torque coefficient (C;) was found to be higher at the low tip speed and
goes on decreasing at higher tip speed ratios both numerically and experimentally.
This difference in CFD and experimental values is due to the friction in bearing

which avoided the turbine to rotate freely and eventually decrease the power.

2. Although the overall power coefficient of the turbine is low, it has a wide range
of applications. The cut-in speed of the turbine is 1m/s, so it can be applicable to
locations where the wind speed is very low. Also, the wind direction has no effect

on the rotation of the turbine because of its helical shape and twist in 90 degrees.

3. This project demonstrates the practical applications of Savonius turbines in the field
of renewable energy and presents opportunities for future research and develop-
ment. With continued efforts to optimize the design and scale up the system, Savo-
nius turbines have the potential to provide sustainable solutions for water supply

and irrigation systems in various parts of Nepal.

5.2 Limitations

1. Operation of reciprocating pump was not completed due to time constraints.

2. The appropriate testing facility was not available.

5.3 Recommendations

Based on the comprehensive study conducted during project , it has been demonstrated

that Helical Savonius wind turbine has a wide range of applications. It is still possible to
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conduct detailed research to make wind energy more economical and reliable. As noted

below, there is ample space for future work.

1. Combination of Helical Savonius and Darrieus wind turbine could increase the per-

formance of wind turbine.

2. Installation of end plates can increase the overall efficiency of the turbine. For that

the fabrication of blades must be done carefully.

3. Fabrication defects might have reduced the efficiency significantly so, if better fab-

rication process are followed, efficiency can be increased accordingly.

4. The use of torque sensor instead of rope brake dynamometer and load cell can give

better results.

5. The appropriate testing facility for the wind turbine can be fruitful to get better

results and performance evaluation.
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APPENDICES
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Figure 5.2: Tachometer

Figure 5.3: Digital Weight Balance
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Figure 5.5: Fabrication of shaft on lathe
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Figure 5.7: Fabrication of support for blade
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Figure 5.8: Frame Setup

Figure 5.9: Experimental Setup
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Figure 5.11: Measuring Wind velocity using Anemometer
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Figure 5.12: Measuring RPM of Turbine
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Cp vs Rotor angle at 0.7 TSR
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Figure 5.13: Variation of Power coefficient at different rotor angles at TSR=0.7
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Figure 5.14: Power coefficient vs TSR
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03 Cp vs Rotor angle at TSR=0.32
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Figure 5.15: Variation of Power coefficient at different rotor angles at TSR=0.32

Cp vs Rotor angle at TSR = 0.2094
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Figure 5.16: Variation of Power coefficient at different rotor angles at TSR=0.2094
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0.09 Cp vs Rotor angle at TSR = 0.0980
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Figure 5.17: Variation of Power coefficient at different rotor angles at TSR=0.0988

Table 5.1: Test Data 1

Wind speed(m/s) | RPM | W1 (Spring) | W2 | Difference
3.3 44.5 2.61 0.505 2.105
34 45.8 2.54 0.505 2.035
3.5 44.3 3.015 0.505 2.51
3.6 44.6 2.575 0.505 2.07
44.7 2.54 0.505 2.035

Table 5.2: Test Data 2

Wind speed(m/s) | RPM | W1 (Spring) | W2 | Difference
4.1 48 243 0.305 2.125
4.2 48.1 3.015 0.505 2.51
48.7 2.86 0.505 2.355
47.9
48.2
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Table 5.3: Test Data 3

Wind speed(m/s) | RPM | W1 (Spring) | W2 | Difference
3.61 43 2.8 0.505 2.295
3.81 47.4 2.42 0.505 1.915
3.91 48.3 2.645 0.505 2.14
4.2 48.9 2.87 0.505 2.365
Table 5.4: Test Data 4
Wind speed(m/s) | RPM | W1 (Spring) | W2 | Difference
2.9 39.3 2.765 0.705 2.06
3.0 40.02 2.095 0.505 1.59
2.7 40.02 2.185 0.505 1.68
34 39.2 2.43 0.505 1.925
3.1 39.3
3.0 39.2
Table 5.5: Test 5
Wind speed(m/s) | RPM | W1(Spring) | W2 | Difference
2.5 32.5 1.65 0.505 1.145
2.7 329 2.125 0.505 1.62
2.2 31.6 2.62 0.705 1.915
2.4 31.1 2.635 0.705 1.93
31.8 2.41 0.505 1.905
31 2.305 0.505 1.8
334 2.275 0.505 1.77
32.1 2.01 0.505 1.505
32.5 2.325 0.505 1.82
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Table 5.6: Test Data 6

Wind speed(m/s) | RPM | W1(Spring) | W2 | Difference
1.9 23.1 2.685 0.705 1.98
2.1 23.01 2.425 0.705 1.72
1.7 23.5 2.045 0.705 1.34
2 22.6 2.69 0.705 1.985
1.8 2.345 0.705 1.64
0.93 0.505 0.425
1.045 0.505 0.54
1.01 0.505 0.505
1.335 0.505 0.83
2.14 0.505 1.635
2.075 0.505 1.57
2.175 0.505 1.67
Table 5.7: Test Data 7
Wind speed(m/s) | RPM | W1(Spring) | W2 | Difference
1.4 20.3 1.215 0.505 0.71
1.5 19.6 1.2 0.505 0.695
1.6 19.8 1.62 0.505 1.115
1.41 20 1.55 0.505 1.045
1.7 1.085 0.505 0.58
1.5 1.065 0.505 0.56
1.5
1.6
Table 5.8: Test Data 8
Wind speed(m/s) RPM W1(Spring) | W2 | Difference
1 15.593447 0.86 0.505 0.355
1.1 15.593447 0.93 0.505 0.425
1.2 15.593447 0.895 0.505 0.39
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Wind Speed(m/s) | RPM | W1(kg)(Spring) | W2(kg)(Dead Weight) | Difference(kg)
4.0 48.87 | 3.51 0.705 2.80

4.0 2496 | 1.71 0.205 1.505

4.0 16.24 | 2.37 0.305 2.07

4.0 7.667 | 2.933 0.405 2.528

Table 5.9: Test data at wind speed of 4 m/s at various rotational speed(TSRs)
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Design and Fabrication of Savonius Wind Turbine and
Experimental Study of its Use in a Water Pump
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